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Preface

Tribology is a multidisciplinary science that encompasses mechanical engineer-
ing, materials science, surface engineering (surface coating, surface modification,
and surface topography analysis), lubricants, and additives chemistry. Earlier, the
tribology — rubbing science — was seen as an emergent and very challenging topic
because it brings together different aspects as principles of friction, lubrication, and
wear. The knowledge of tribology science was applied first about 3500 BC at a basic
level for moving stone in which water was used as a lubricant in order to reduce fric-
tion and protect the materials surface, finally leading to reduced wear. Nowadays,
the science of tribology is used very broadly and covers the field of metal, polymer,
ceramics, and a combination of composites with tremendous applications. To further
help the research community and industry environment to be informed with the lat-
est advancement, the proposed book will provide an update of all different materials
pairs used in tribological contact in a widespread way. Leading researchers from
industry, academia, government, and private research institutions across the globe
will benefit from knowledge provided by this book, which is highly application-
oriented. Moreover, it provides a cutting-edge research from around the globe on
the tribology field. Current status, trends, future directions, opportunities, etc., are
discussed in detail, making it friendly for young researchers too. Further, this part of
the book is focused mainly on providing a provide a systematic and comprehensive
account of the recent progress in lubrication and nanobio tribology.

The contents of this book part are spread over eleven chapters that cover:

Chapter 1. introduces the mechanical and sliding wear performance of AA2024 -
AIN/ Si;N, hybrid alloy composites using preference selection index method.

Chapter 2. discusses the wear properties of UHMWPE by investigating a gas
spring, which includes a piston head made from UHMWPE. Furthermore, wear per-
formance of UHMWPE is given for different boundary conditions.

Chapter 3 provided the knowledge and idea about the selection of suitable rein-
forcement materials and operating conditions for the aluminium alloys and their
composite synthesized by spray forming process for the tribological applications.

Chapter 4 presented the ranking analysis and parametric optimization of ZA27-
SiC-Gr alloy composites based upon mechanical and sliding wear performance.

Chapter 5 introduces the surface characteristics of the as machined and post pro-
cessed additive manufactured parts. Surface texture properties and their importance
on the tribological behavior of the surfaces were discussed in terms of different AM
surfaces.

Chapter 6 discussed and investigate various materials used in wind turbine, fail-
ure analysis of wind turbine components and corrosion aspects of wind turbines fol-
lowed by commonly used corrosion testing methods.

Chapter 7 discusses about the texturing of cutting tools for machining of super
alloys, viz. Inconel 718 and Ti6Al4V. Besides, detailed discussions on the LST of
cutting tools, also forms a major part of this work.

vii



viii Preface

Chapter 8 introduces the surface engineering techniques and surface characteri-
sation. In Surface engineering technique, the emphasis is laid on metallic coating and
metal substrate. While the later class covers the widely used sophisticated techniques
for surface characterisation.

Chapter 9 described the details of various surface engineering processes for
petroleum and automotive industries followed by advancement in surface coating
techniques.

Chapter 10 presents a review of advances in the tribological practice and knowl-
edge of such traditional processes as cutting tools, rolling, drawing, extrusion, forg-
ing and sheet metal forming while giving an insight into surface treatments and
finishing processes.

Chapter 11 introduces the mechanism of electroless coating process and role of
parameters like pH, nature and concentration of second phase particles, temperature,
etc., inelectroless Ni-P coatings have been discussed. In addition, different types of
electroless coatings and inclusion of second phase particles in composite coatings
have also been summarized.
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2 Tribology and Surface Engineering for Industrial Applications

1.1 INTRODUCTION

Aluminum metal is one of the abundantly available metals in our earth’s crust. Owing
to its peculiar features such as lightweight, manufacturability, mechanical proper-
ties, etc., material engineers and scholars are actively working in order to enhance
the performance usage as part components across industries. Consequently, various
grades of cast and wrought alloys are prepared. The functional features of such alloys
could further be enhanced by reinforcing them with suitable ceramic particulates as
per application requirements. AA2024 wrought alloy is widely used for tribological
applications, and research is still going on to enhance its functional features by mode
of alloy composites [1]. Some significant research has been going on with solid lubri-
cant particles like graphite along with hard ceramic particulates to enhance tribologi-
cal performance [2]. Various studies are available to describe the effects of ceramic
reinforcements on the tribological, mechanical, and fracture properties like Bhaskar
et al. [3-5] reported AA2024 alloy composite reinforced with SiC, Si;N,, and graph-
ite particulates. They observed a significant enhancement in physical, mechanical,
thermal, thermomechanical, fracture, and tribological performance. In addition,
popular decision-making techniques like the hybrid AHP-TOPSIS technique could
be successfully used for ranking the compositions. Kumar and Kumar [6] found sig-
nificant improvement in the sliding wear performance of AA6061 alloy compos-
ite reinforced with graphite particulates. The Taguchi design of the experimental
approach is applied and obtained that the sliding velocity is the most influential fac-
tor affecting the specific wear rate. Kumar and Kumar [7] found significant improve-
ment in mechanical and sliding wear characteristics of the AA7075-B,C-rice husk
ash alloy composite. Devaraju et al. [8] reported improvement in wear resistance of
AA6061-T6- Gr/Al,05-SiC alloy composites. Rao et al. [9] and Rao and Das [10]
reported improvement in wear resistance with the addition of SiC particulates in
Al-Zn-Mg-Cu alloy. Hong et al. [11] observed improvement in mechanical properties
of AA2024 alloy composites reinforced with (3, 5, 7, and 10 vol.%) SiC particles.
Selvam et al. [12] observed an increasing trend in mechanical properties of AA6061-
(TiB, + Al,0,) alloy composites. Sharma et al. [13] reported improved physical and
mechanical characteristics of AA6082-Si;N, alloy composites. Both hardness and
tensile strength were significantly enhanced with the amount of Si;N, ceramic partic-
ulates. Umanath et al. [14] observed higher sliding wear resistance of Al-(SiC + Al,O;)
alloy composites. Dharmalingam et al. [15] reported improved wear performance of
Al-Si-10Mg)-MoS,/Al,O; alloy composites. Ozdemir et al. [16] observed higher UTS
and yield strength of fine particulates relative to coarse particulates in AA2017-SiC/
Al,O; alloy composites. Rajeev et al. [17] observed higher wear resistance with silicon
particulates in A319 and A390 alloys. Herbert et al. [18] observed higher wear resis-
tance of as-cast Al-Cu-TiB, alloy composites. Kurt [19] observed an increase in the
UTS of AA5083 when reinforced with Gr, SiC, ZrO,, CNT, and AL,O;.

Stimulated from the literature mentioned above, the novelty of research work pre-
sented here comprises (1) design, development, and fabrication of hybrid AA2024-
AIN/Si;N, alloy composites with acomplementary combination of ceramic particulates
through semi-automatic stir casting technique; (2) exploring the synergistic combined
effect of both the ceramics on physical, mechanical, thermal conductivity, fracture
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toughness, and tribological behavior of hybrid alloy composites as per ASTM stan-
dards; (3) adopting the Taguchi design of experiment methodology for designing
sliding wear experimental simulations as well as input control parameter (such as
sliding velocity, sliding distance, normal load, composition, and environment tem-
perature) optimization using Analysis of Variance (ANOVA) and ranking of hybrid
alloy composites using preference selection index (PSI) method; and (4) analyzing
worn-out surface using SEM/EDXS.

1.2 EXPERIMENTAL DETAILS AND METHODOLOGY

1.2.1 MaTterIALS, DESIGN ASPECTS, AND FABRICATION PROCEDURE

The absolute properties of the ingredients of hybrid alloy composites are listed in
Table 1.1 [1,20]. The other details such as design aspect and standard industrial fab-
rication procedure are cataloged in Figure 1.1 [3].

1.2.2  PHysicAL, MECHANICAL, THERMAL CONDUCTIVITY, AND
FRACTURE TOUGHNESS CHARACTERIZATION

The theoretical density (p,,) of the alloy composites samples was calculated using
Equation 1.1, as proposed by Aggarwal and Broutman [21]:

1
o« WA12024 + WSiC + WSi3N4 + WGr

P (1)

Pai2o2s  Psic  PsisNg PGr

where w and p represent the weight fraction and density, respectively. The actual den-
sities (p,,) of the specimens were obtained experimentally by a simple water immer-
sion technique following the Archimedes principle, as per ASTM D792. The presence
of voids (V) in the composite samples was determined using Equation 1.2 [22]:

Vc — Pet — Pee (12)
Pet

TABLE 1.1
Properties of Materials Used in the Formulation (Supplier’s Data)
Properties
Tensile  Flexural  Young's Thermal
Melting  Density Strength Strength Modulus  Conductivity

Materials Point (°C) (g/cc) (MPa) (MPa) (GPa) (W/mk)
AA2024 500 2.78 185 237 70-80 193
Graphite 3600 2.28 115 50 4.8 24
Aluminum nitride (AIN) 2200 3.26 197-270 320 330 285

Silicon nitride (Si;N,) 1900 3.31 360 679 317 27
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Materials:

v AA2024 alloy matrix as supplied by Vijay Prakash Gupta & Sons. New Delhi having Copper (4.3-
4.5%), Manganese (0.5-0.6%). Magnesium (1.3-1.5%) and Zinc. Nickel. Chromium. Lead. Bismuth (<
0.5%) and confirmed by Batra Metallurgical & Spectro Station. New Delhi [3].

¥ Graphite (Gr) as supplied by Central Drug House Private Limited. New Delhi: particle size of 99 pm:
constant 2 wt.%.

v Silicon Nitride (Si;Ny) as supplied by Triveni Chemicals, Gujarat: particle size of 44 ym.

v" Aluminum Nitride (AIN) as supplied by Triveni Chemicals, Gujarat: particle size of 44 um.

v

Design of hybrid AA2024 - AIN/Si;N; alloy composites:

(i) NASO4 (ratio of AIN to SizN4is 0 to 4 wt.%: constant 2 wt.% of Gr: rest AA2024 alloy)
(i) NASI13 (ratio of AIN to Si;Nyis 1 to 3 wt.%: constant 2 wt.% of Gr: rest AA2024 alloy)
(iii) NAS22 (ratio of AIN to SizNyis 2 to 2 wt.%: constant 2 wt.% of Gr: rest AA2024 alloy)
(iv) NAS31 (ratio of AIN to SizN4is 3 to 1 wt.%: constant 2 wt.% of Gr: rest AA2024 alloy)

(v) NAS40 (ratio of AIN to Si;Nyis 4 to 0 wt.%: constant 2 wt.% of Gr: rest AA2024 alloy)

v

Fabrication procedure:

The fabrication of hybrid AA2024-AIN/Si;N; alloy composites was performed using in-house semi-

ic stir casting apparatus. The following procedure as per Industrial standard was adopted [3]:
1. Cleaning and Cutting of AA2024 allov rods: The cleaned tiny pieces of AA2024 alloy rods of 22

mm diameter were melted in the graphite crucible using induction furnace as per designed proportion.

5

Melting of allov matrix: The melt was then held at ~ 800°C for 15 mi 1 ft

lowered to 660°C (to mushy zone 1.e. between solidus and liquids temperatures of the alloy).

3. Preheating of ceramic particulates: The ceramic particulates preheated separately at 700 °C for 3 h
were added as per design proportion.

4. Addition of Magnesium powder: In-order-to enhances the wettability of reinforcing phases in the
molten alloy melt 2 wt.% Mg powder was added.

5. Addition/mixing of preheated reinforcing phases: To achieve a umform nux of reinforcing phase
in the molten melt, automatic stirrer (stainless steel; speed ~ 500 rpny; time = 10 min.) was used.

6. Pouring and solidification of the molten mix: The mixture was then poured into a permanent cast-

iron mould with dimensions 150 x 90 x 10 mm’and allowed it to solidify to room temperature in air

for one hour.

7. Cutting of specimen samples: The sp iples were prepared using a wire EDM machine as
per ASTM dard di followed by polishing with emery paper, for various physical,
mechanical, tribological, etc. charac

&

FIGURE 1.1 Materials, design aspects, and fabrication procedure.
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The tensile strength of the specimens (dimension of 140X 12X 10 mm3; span
length=65mm; as per ASTM D 3039-76) was measured on the Universal Testing
Machine (UTM) of Heico Company [3]. The same equipment was used for mea-
suring the flexural strength of specimens (dimension of 127X 12.5X4 mm3; span
length=70mm; as per ASTM D 2344-84) [23]. The toughness of the specimens
(dimension of 55 % 10X 10 mm?3; notch at 45° 2.5 mm depth; as per ASTM D-256)
could be measured by impact test in terms of absorbed energy (J) required to frac-
ture it, by Charpy V-notch test method and Charpy Impact tester machine [24]. The
Rockwell hardness using B-scale on Krystal Elmec Rockwell hardness tester, meant
for aluminum alloys as per ASTM EI8 [3], was adopted for hardness measurement.

The thermal conductivity features of the specimens (dimension of 25 mm X
25 mm X 2 mm; as per ASTM E-1530 standard) were investigated by a hot disc method
on a thermal constant analyzer (Hot Disk TPS 500, Gothenburg, Sweden). It has a
thermal conductivity range of 10-200 W/mK; a temperature range of 80°C—-140°C;
and thermal resistance range of 0.01-0.05 m?K/W [4].

To measure the material propensity to brittle fracture, fracture toughness was
performed. This information is required for safe and reliable part design. The plain-
strain fracture toughness analysis at the crack length of 0.1, 0.3, 0.5 mm, specimen
size of 3.5%x13x60mm? (thickness X width X height) as per ASTM-E399 standard
were performed through single-edge notched tension method on UTM of Heico
Company having cross-head velocity 0.5 mm/min. To compute stress intensity factor
(K), Equations 1.3 and 1.4 are adopted [25].

P
K= Wi’(ﬁ) (1.3)

/Ztanzni u ra \
V(ﬁ)=J[O.75+2.02(W)+0.37(1—sinﬁ) ] (14)

Ta
CcoS——
2w

where P is the maximum load (N) at the fracture point, B is the thickness of the
specimen (m), W is the width of the specimen (m), and « is the crack length.

1.2.3 DRy SLIDING WEAR TRIBOMETER

Sliding wear tribometer of pin-on-disc type (supplied by DUCOM; ASTM G99)
was used to simulate the experiment test runs [26]. Pin specimen dimensions were
25%10%x 10 mm3, and counterbody or disc was made of hardened ground steel
(EN-32; 72 HRC, surface roughness of 0.6 pRa). The material loss of pin specimen,
before and after the test run, was measured using a precision electronic balance with
an accuracy of + 1 mg. The specific wear rate (mm?*Nm) of the specimens could be
computed using Equation 1.5:

W= im®/Nm) (1.5)
ptV, F
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where Am is the mass loss during a test run (g), p is the density of the composite
(g/mm?), 1 is the test duration (s), V, is the sliding velocity (m/s), and F is the average
normal load (N) [6].

1.2.4 PSI MetHOD AND TAGUCHI DESIGN OF EXPERIMENT OPTIMIZATION

The PSI technique is a novel and efficient tool that aids in decision-making when-
ever finite alternatives have finite attributes/criteria of conflicting nature. Nowadays,
such techniques have been receiving attention in areas such as economics, military,
materials, management, etc. It is easier to understand and involve fewer numerical
computations. The algorithm of the PSI methods has been elaborately discussed [27].
Thus, it enables analysts in making more credible, understandable, compelling, or
persuasive recommendations.

The Taguchi design of experiment methodology was adapted (1) to identify the
input control factors as listed in Table 1.2 that influence the response performance,
i.e., specific wear rate of hybrid alloy composites under investigation; (2) to design
experimental runs using identified input control factors; and (3) to identify the order
of input control/operating factors that actively monitors the response performance.
Standard L,5 orthogonal array was used for designing experimental trials and cor-
responding S/N ratio, and ANOVA was computed for analysis as per methodology
using MINITAB 17 software. Since the objective here is to have a minimum specific
wear rate of hybrid alloy composites, hence smaller-the-better S/N ratio characteris-
tic was adopted as per Equation 1.6 [28]:

.. 1
Smaller-the-better characteristic : S =-10 logfz y? (1.6)
N n

where n refers to the number of trials and y refers to the observed data.

1.2.5 SURFACE MORPHOLOGY STUDIES

The surface morphology images from a scanning electron microscope (supplied by
FEI Nova Nano SEM 450) were used to study wear mechanisms responsible for

TABLE 1.2
Experimental Input Control Factors and Their Levels
Level

Factor | ] i v \% Unit
A:  Sliding velocity 0.565 1.132 1.696 2262  2.825 m/s
B: Sliding distance 678 1357 2035 2714 3392 m
C: Reinforcement Composition NAS04 NASI3 NAS22 NAS31 NAS40 ASN series (Wt%)
D: Normal load 10 20 30 40 50 N
E: Environment temperature 30 35 40 45 50 °C
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surface damage during sliding wear experiments. Simultaneously, energy-dispersive
X-ray spectroscopy data were utilized to analyze the elemental composition and its
dispersion on the specimen surface [3,29].

1.3 RESULTS AND DISCUSSION

1.3.1  PHysicAL, MECHANICAL, THERMAL CONDUCTIVITY,
AND FRACTURE TOUGHNESS ANALYSIS

Various physical/mechanical features of hybrid AA2024-AIN/ Si;N, alloy compos-
ites are plotted in Figures 1.2 and 1.3, while fracture toughness in terms of stress
intensity factor and thermal conductivity features is plotted in Figure 1.4.

The density and voids content features of hybrid AA2024-AIN/Si;N, alloy com-
posites are shown in Figure 1.2. The detrimental trend of theoretical density remains
in the range ~2.7840-2.7884 g/cc due to the detrimental proportion of dense Si;N,
harder phase (1580 kg/mm?) and gradual complementary proportion of AIN less dense
phase (1100 kg/mm?) [30]. The actual density remains in the range ~2.576-2.735 g/cc,
which is much lower in magnitude relative to the former. The presence of voids
remains in the range of ~1.85%—7.47%. The actual density follows the trend NAS22 >
NAS31 > NASI13 >NAS04 >NAS40, while the voids content follows NAS22 <
NAS31 <NAS13 <NAS04 < NAS40 across the formulation. It infers that the NAS22
alloy composite through highest actual density and moderate theoretical value gives
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27884 W———pg [ 9.0
2786 Bl —— [ 85
2.784 4 —————n Bl
2.782 4 _-8.0
2.780 = [ 75
g7 * o Hh
wn 2724 F7.0 _
E 2.70 6.5 &
'g 2.68 - :6-0 =
< 266 55 g
T 264 . [50 §
'ﬁ 2.62 4 4.5 %
& 2.60 A 4.0 'S
£ 258 L35 &
= 2564 —B— Theoreticaldensi 3.0
2.54 1 2.5
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FIGURE 1.2 Density and voids content.



8 Tribology and Surface Engineering for Industrial Applications

33 4 86 280 420

e - 1 405

ba 84_ - &,

o i 4 270 b 300

" 82 - 1

30 4260 4 375

29 80 ~ _. 4360 =

| =

sx] gmnl TPE Jssg
g 2] & 1 € 1m0 S
S =761 4240 = ] =
$x6] 3 B {315 ?
E 25 ] E/*"‘ -4230;:_: _.3005
2 o4 72 @ J25 F
g 2 =72 {208 1% §
= 234 70 4 § 4270 %

» {210 T Joss E

=0 68 - —I—Hardflcss M ="

21 4 ™1 —@— Tensile strength Se . - 240

20 4 66 —k— Flexural strength 1200 1555

= * —¥~— Impact strength s

19 4 64 T 190 <210

T T T T
NAS04 NASI3 NAS22 NAS31 NAS40
Composition (%)

FIGURE 1.3 Mechanical characteristics.

Q 40 176
- —— NAS04 a S
E. B—NASI3 (a) v —l— Thermal conductivity (b) u
§ 38 —A-NAS22 /l % 1744
—d—NAS31
@ 361 k-nasd0 I/' E 1724
344 .

13
3 A 2 1704
b5 324 - / ;
& A * £ 1684
& 304 L / é
@«
= * 1664
= gl i > 1644
g * g

1 162
g ™ 5

2 : , = 160 , . . . .
0.1 0.3 0.5 NASO4  NASI3  NAS22  NAS31 NAS40
Crack length (mm) Composition (wt.%)

FIGURE 1.4 (a) Stress intensity factor (K) at different crack lengths and (b) thermal con-
ductivity characteristics.

rise to the presence of the lowest voids. This may be possible only when there is bet-
ter synergy between complementary ceramic particulates and other ingredients of
the hybrid alloy composite. It means that there were better interfacial adhesions or
wettability between matrix-reinforcing phases that reduce the probability of voids
formation, thereby making the matrix stiffer and denser. Components made from
such materials would be used for structural and mechanical applications such as gear,
liner, etc. The other alloy composites like NAS31/NAS13 with an unequal presence
of either reinforcement show next level density and voids content, thereby showing
lower synergy between the ingredients. The NAS04/NAS40 alloy composites having
either presence of ceramic particulates show last order density and the presence of
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voids. Such materials have poor interfacial adhesion or wettability between ingredi-
ents that promote chances of voids formation-retention that minimizes stiffness of
the matrix, making it less dense. Components from such material have lesser reli-
ability under functional structural and mechanical applications [31].

The Rockwell hardness (HRB) of the alloy composites remains within the
range ~66.6—85 HRB and follows the trend NAS22>NAS31>NASI3>NAS40>
NASO4. A similar trend was also followed by flexural strength (range~223.73—
373.06MPa) and impact strength (range~20-32J). The tensile strength of the alloy
composites is in the range ~201-277.13 MPa and follows the trend NAS04 > NAS13 >
NAS22>NAS31>NAS40 across the entire formulations. The variation in the trend
across the formulation has an in-build impact on the type of ceramic combination as
reinforcement in the matrix.

The mechanical characteristics of hybrid AA2024-AIN/Si;N, alloy composites
observed to shows a similar trend pattern with slight variation across the formulation.
Some significant observations are: (1) NAS22 alloy composite exhibits the presence
of the lowest voids that makes the matrix denser and stiffer with better interfacial
adhesion strength between the ingredients. Such material when subjected to exter-
nally applied mechanical loads/forces (like indenting/flexural/impact/tensile) readily
transferred to reinforcing phases that sustained a larger portion leaving minimal for
the matrix to sustain. The matrix phase is prevented from any catastrophic failure
until all the reinforcing phases fail. This might result in higher mechanical strength
magnitudes relative to others. Further, the uniform spread of fine particulate phases
into the alloy matrix tends to refine the grain size of the matrix making it stiffer
against any kind of deforming or fracturing mechanism [32]. On the other hand,
compositions like NAS31/NAS13 alloy composites having unequal presence and
NAS40/NAS04 having either presence of reinforcing phases show lower mechanical
features. The presence of relatively higher voids might lower the interfacial adhe-
sion strength that makes the load transfer mechanism between matrix-reinforcing
phases relatively inefficient. Henceforth, the matrix has to bear considerable load
as it retains partial load, along with reinforcements that might be sufficiently high
to get deformed or fractured under the application of externally applied mechanical
load/force. Further, the voids act as in-build stress raisers and concentrators that
add on the external forces in deteriorating the mechanical characteristics of alloy
composites [3].

The fracture toughness expressed in terms of stress intensity factor aids in dam-
age tolerance design facet of any product. It is evaluated at different crack lengths
such as 0.1, 0.3, and 0.5 mm and is shown in Figure. 1.4a. It is observed that the “K”
magnitude increases with crack length across the formulation may due to change in
the area of cross-section of the crack and increase in the aspect ratio (a/W) with crack
length. At any crack length, the trend follows NAS04 > NAS13 >NAS22 > NAS31 >
NAS40 across the entire formulation. It seems that toughness magnitude decreases
with AIN particulates (3.5MPa.m!”?) the presence in complementary combination
with Si;N, particulates (8 MPa.m!?). The fewer presence of voids promotes better
interfacial adhesion between the ingredients that makes the load transfer mecha-
nism effective between matrix and reinforcement. This delays and minimizes the
cycle of crack formation-propagation-deformation-fracture. Further, the hard phase
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is reported to strengthen the matrix properties by Hall-Petch or grain-boundary
strengthening and pinning point mechanism and will improve the fracture toughness
of alloy composites [4].

The thermal conductivity analysis of the alloy composites shown in Figure 1.4b
shows an incremental trend with the synergistic combined complementary effect of both
the ceramic particulates and follows order NAS04>NAS13>NAS22>NAS31 >
NAS40 across the formulation. This may be attributed to the incremental presence
of AIN particulates with thermal conductivity of 82—-170 W/mK relative to the decre-
mented presence of Si;N, particulates (27 W/mK). It seems that reinforcement lowers
the overall thermal conductivity features of the alloy matrix. This is probably caused
due to the addition of the phase with a lower value than the matrix and the formation
of an interface between matrix reinforcement [33]. However, the values are as per
industrial standard; hence, the alloy composites could suitably be used for compo-
nents like rotor disc/drum applications.

1.3.2  ANALysis UsING PSI METHOD AND TAGUCHI
DEsSIGN OF EXPERIMENT OPTIMIZATION

The stepwise computation of the PSI algorithm is as follows:

Step 1: After brainstorming sessions with experts, the information gathered could
be arranged as per the hierarchy structure shown in Figure 1.5. The goal must be
at the top, the performance criteria must be at the middle, and material alternatives
at the bottom. The identification of performance criteria and their implications are
listed in Table 1.3.

Ranking of material formulations that overall optimizes the performance

Performance

i PC; 000000000 00 PCs 00000000000 PCn

|

|
l Allernalives> NAS(Q4 ¢vececccceccee; NAS22 sesosencessccse NASH0

FIGURE 1.5 Hierarchy structure of the investigation problem.
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TABLE 1.3

Performance Criteria’s and Their Implications [5]

PC’s No.
PC-1
PC-2
PC-3
PC-4
PC-5
PC-6
PC-7
PC-8
PC-9
PC-10
PC-11

PC’s

Experimental density (g/cc)
Voids content (%)

Tensile strength (MPa)
Flexural strength (MPa)
Impact strength (J)

Hardness (HRB)

Specific Wear Rate (mm?/Nm)
Thermal conductivity (W/mK)
Fracture toughness (MPa. \/ m)
Coefficient-of-friction

Cost (Rs.)

Implications of PC’s
Lower the better
Lower the better
Higher the better
Higher the better
Higher the better
Higher the better
Lower the better
Higher the better
Higher the better
Lower the better
Lower the better

1

Step 2: The performance parameters as evaluated in Section 1.2 are utilized here
as performance criteria, whereas compositions are taken as material alternatives.
The decision matrix is as follows (Table 1.4):

Steps 3—7: It involves computation of (1) normalization of the decision matrix, (2)
preference variation value (PV)), (3) overall preference value () (here the X y; comes
out to be equal to unity hence consistent), and (4) overall PSI (). Finally, the ranking
order of the material alternatives is made based on the descending order of “/;” score

and shown in Table 1.5.

TABLE 1.4
Decision Matrix

PC’s No. PC’s NAS04

PC-1 Experimental density (g/cc) 2.585

PC-2 Voids content (%) 7.33 491
PC-3 Tensile strength (MPa) 277.13

PC-4 Flexural strength (MPa) 223.73

PC-5 Impact strength (J) 22 24
PC-6 Hardness (HRB) 66.6 79.8
PC-7 Specific wear rate (mm3/Nm) 5.2100E-05

PC-8 Thermal conductivity (W/mK) 161.076

PC-9 Fracture toughness (MPa. \/ m) 37.89

PC-10 Coefficient of friction 0.21 0.2
PC-11 Cost (Rs.) 512 506

Material Alternatives

NAS13
2.651

230.91
270.02

4.52E-05
164.16
35.79

NAS22 NAS31
2.735 2.708
1.85 2.76
220.61 210.53
373.06 270.75
32 26
85 80.8
3.09E-05 3.95E-05
167.47 171.03
33.19 31.47
0.18 0.19
499 493

NAS40
2.576
7.47
201.01
247.48
20
79
6.07E-05
174.87
28.68
0.22
486
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TABLE 1.5
Ranking Order of Material Alternatives
Material Alternatives NAS04 NAS13 NAS22 NAS31 NAS40
Overall preference index (1)) -7.39 -3.77 0.89 -0.63 —7.66
Preference Ranking 4 3 1 2 5
TABLE 1.6
Taguchi’s Factorial Experiment Design Using L,; Orthogonal Array

Sliding  Reinforcement  Siding  Normal Environment Specific

Velocity Content Distance Load Temperature = Wear Rate  S/N Ratio
S. No. (m/s) (Wt%) (m) (N) (°C) (mm3/Nm) (dB)
1. 0.565 NAS04 678 10 30 0.0001895790  74.44
2. 0.565 NAS13 1357 20 35 0.0001381720 77.19
3. 0.565 NAS22 2035 30 40 0.0000415912 87.62
4. 0.565 NAS31 2714 40 45 0.0000451544 86.91
S. 0.565 NAS40 3392 50 50 0.0000073336  102.69
6. 1.132 NASO4 1357 30 45 0.0000947198 80.47
7. 1.132 NAS13 2035 40 50 0.0001126130 78.97
8. 1.132 NAS22 2714 50 30 0.0000218300 93.22
9. 1.132 NAS31 3392 10 35 0.0000722577 82.82
10. 1.132 NAS40 678 20 40 0.0007949440 61.99
11. 1.696 NASO04 2035 50 35 0.0000589512 84.59
12. 1.696 NAS13 2714 10 40 0.0001995820 74.00
13. 1.696 NAS22 3392 20 45 0.0000810949 81.82
14. 1.696 NAS31 678 30 50 0.0005623360 65.00
15. 1.696 NAS40 1357 40 30 0.0001451230 76.77
16. 2.262 NASO04 2714 20 50 0.0001262930 71.97
17. 2.262 NAS13 3392 30 30 0.0000777974 82.18
18. 2.262 NAS22 678 40 35 0.0002808790 71.03
19. 2.262 NAS31 1357 50 40 0.0001685760 75.46
20. 2.262 NAS40 2035 10 45 0.0003259700 69.74
21. 2.825 NASO04 3392 40 40 0.0001010490 79.91
22. 2.825 NAS13 678 50 45 0.0004670600 66.61
23. 2.825 NAS22 1357 10 50 0.0008108300 61.82
24. 2.825 NAS31 2035 20 30 0.0001505520 76.45
25. 2.825 NAS40 2714 30 35 0.0001171170 78.63

The consistent PSI ranking analysis of performance data found to be in line with
our subjective analysis i.e., NAS22 >NAS31 > NAS13>NAS04>NAS40 discussed in

Section 1.3.1.

Taguchi’s factorial design of experiment modus operandi, as discussed in Section
1.2.4, was implemented here for the analysis. Table 1.6 shows the scheme of the
experimental simulation, and Figure 1.6 shows the main factor plot for the S/N ratio.
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Main effects plot for S/N ratios

Data means
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FIGURE 1.6 Main effect plot of input control factors (S/N ratio) on SWR.

TABLE 1.7
Ranking Order of Significance of Input Control Factors

A: Sliding B: Reinforcement C: Sliding D: Normal E: Environment
Level  Velocity (m/s) Content (Wt%) Distance (m) Load (N) Temperature (°C)
1 85.77 79.48 67.82 72.56 80.61
2 79.49 75.79 74.34 75.08 78.85
3 76.43 79.10 79.47 78.78 75.80
4 75.28 77.33 82.14 78.72 77.11
5 72.68 77.96 85.89 84.52 77.29
Delta 13.09 3.69 18.07 11.95 4.81
Rank 2 5 1 3 4

Table 1.7 shows the ranking order of input control factors, and ANOVA results are
shown in Table 1.8. The result outcome from the confirmation experiment is shown
in Table 1.9. Minitab 17 software is used for methodology-based computations.

The mean S/N ratio for SWR was computed to be 77.93dB. The ranking order
based on the significance of input control factors is sliding distance >> sliding
velocity >normal load >environment temperature > reinforcement content and the
input control factor combination setting A, B, C, D, E, (Figure 1.6), i.e., sliding
velocity =0.565m/s, reinforcement content of NAS04, sliding distance =3392m,
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TABLE 1.8
ANOVA Results for the Specific Wear Rate

Input Control Factors DF Seq.SS Adj.SS Adj. MS F p P (%)
A:  Sliding velocity (m/s) 4 503.67  503.67 125.92 6.32 0.051 24.02
B: Reinforcement content (wWt%) 4 43.56 43.56 10.89 0.55 0.713 2.08
C:  Sliding distance (m) 4 992.94  992.94 248.24 1247 0.016 47.36
D: Normal load (N) 4 407.99  407.99 102.00 5.12  0.071 19.46
E:  Environment temperature (°C) 4 68.35 68.35 17.09 0.86 0.557 3.26

Error 4 79.65 79.65 19.91

Total 24 2096.67

S (4.463); R-sq (96.2%); R-sq (adj) (77.2%); R-sq(pred)(0.00%).

DF, degree of freedom; Seq. SS, sequential sum of squares; Adj. SS, Adjacent sum of square, Adj MS,
Adjacent sum of mean square; F, Variance; p, Test statistics; P (%), Percentage contribution of each
factor in overall performance (SWR).

TABLE 1.9
Results of the Confirmation Experiment for SWR

Optimal Control Parameter

Prediction Experimental Error
Level A,B,C,D,E, A, B, C,D,E,
S/N ratio for SWR (dB) 85.02 82.15 3.49%

normal load=50N and environment temperature =30°C; observed to have optimal
SWR. The ANOVA tool could aid to know the extent of contribution of each factor
in monitoring response performance of a hybrid alloy composite system under inves-
tigation. In this case, the level of significance (denoted by p) of 5% (i.e., the level of
confidence of 95%) is considered for the analysis; thus, the lower magnitude of p sig-
nifies a higher contribution of that factor in the output response or percentage contri-
bution (P%) may be calculated to understand the same fact. Henceforth, the order of
influence of input control factors and their contribution in the SWR is sliding distance
(P=47.36%)>sliding velocity (P=24.02%)>normal load (P=19.46%) > environ-
ment temperature (P =3.26%) > reinforcement content (P =2.08%), which is found to
be in line with Table 1.8.

The confirmation experimental test was performed to validate the conclusion
drawn from the analysis phase, in the last and final stage. For that, consider an arbi-
trary factor combination setting like A, B; C, D, E, and estimated the S/N ratio using
predictive Equation 1.7:

Mm=T+[A-T|+[B~T|+[Ci~T |+[Ds-T |+[ E,-T ] (1.7)
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where 1); is the estimated average; T is the overall experimental average; Zz, §3, 64,
D,, and E, are the average response for the factors at indicated levels. The S/N ratio
was computed to be 77;=85.02dB. This was followed by a confirmation test for
the same factor combination experimentally and was found to show 82.15dB S/N
ratios. Comparatively, an error of 3.49% is observed, which can further be reduced
by increasing experimental runs. In addition, it indicates that the model could be
suitably used to predict the SWR of hybrid alloy composites understudy with good
accuracy based on input information. Hence, the levels of factors for both steady-
state condition and the Taguchi design of experiment are in-tube with each other.

1.3.3  STEADY-STATE-SPECIFIC WEAR RATE AND
COEFFICIENT-OF-FRICTION ANALYSIS

The steady-state-specific wear rate (i.e., sliding distance = 678-3392 m; sliding veloc-
ity =1.132m/s; normal load=20N; and environment temperature =35°C) and coef-
ficient-of-friction of AA2024-AIN/Si;N, alloy composites are shown in Figure 1.7.
It infers that the SWR (Figure 1.7a) and coefficient of friction (Figure 1.7b) of the
alloy composites tend to lower with an increase in the sliding distance in general
irrespective of the composition; however, sliding test at a certain specific distance
results in the following order of wear performance NAS22>NAS31>NAS13>
NASO04 > NAS40, while the coefficient of friction follows the order NAS22 < NAS31 <
NASI3 <NAS04 <NAS40 across the formulation. During initial lower running
cycles, the sharp contact asperities across pin-disc contact surface undergo a repeated
cycle of plastic deformation-destruction, thereby generating wear debris. Such debris
actively accelerates three-body abrasion across the mating surfaces and generates more
debris; this along with debris particles generated through destruction of the tribo-layer
accelerates specific wear rates and coefficient of friction of the alloy composites. The
compatible synergistic combination between reinforcement-matrix phases results in
interfacial adhesion that might be responsible for functional mechanical properties
of alloy composites (discussed in Section 1.3.1) that directly or indirectly control
the order of performance of SWR and COF. As the sliding distance increases, the
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FIGURE 1.7 (a and b) Effect of sliding distance on specific wear rate and coefficient of
friction.
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contact asperities smoothen out slowly, and due to the generation of sufficient high
interfacial flash temperature across the mating surfaces, the mechanism of tribo-
film, i.e., formation-deformation-destruction, strengthens due to graphite as a solid
lubricant, resulting in minimizing the SWR and frictional forces that might lower the
COF of the alloy composites [34].

1.3.4 WORN SURFACE MICROGRAPH ANALYSIS

The damaged surface of sliding wear has been studied using SEM in order to under-
stand hidden wear mechanisms responsible for wear rates of the investigated hybrid
alloy composites. Henceforth, micrographs (shown in Figure 1.8) of the NAS22
hybrid alloy composite under steady-state conditions are taken for analysis. The
micrograph in Figure 1.8a shows severe wear caused by surface destruction, shallow
grooves, and deep ploughing action. This is owing to higher contact asperities con-
tacts-deformation-rupture phenomenon during the initial running period leading to
a higher amount of debris, which further accelerated through a three-body abrasive
wear mechanism [3]. The micrographs shown in Figure 1.8b—e indicate relatively
lower order of surface damaged, this owing to smoothening out the contact asperi-
ties that reduced apparent contact area and formation of tribo-film (due to higher
interfacial flash temperature at pin-disc contact, the solid lubricant graphite actively
form the lubricating film whose thickness varies with the amount of sliding) reduces
metal-to-metal contact, thereby reducing the rate of surface damage during sliding.

The spectra curves and mapping of EDAX analysis (shown in Figure 1.9) of
AA2024-A1IN/Si;N, alloy composites determine the presence/dispersion of different
elements in the alloy composite samples. It shows the presence of elements such as Al,
C, O, Cu, Mg, Si, Mn, Fe, Zn, N, Ti, Cr, etc. Al-element presents in the major amount
as shown by the largest peak owing to its presence in the alloy and AIN. Similarly,
the presence of C-element is due to graphite; Fe (iron) element may be due to counter-
surface made of steel; Mg-element may be due to its presence in the alloy and external
addition to enhance wettability during fabrication; O-element may be due to the for-
mation of oxide layer during sliding action as it was done in the ambient environment;
N-element may be due to the presence in Si;N, and AIN particulates; rest elements
such as Cr, Cu, Mn, Ti, Zn, Pb presence may be due to alloy composition. The propor-
tion of Si-element decreases with the decreasing weight content of Si,N, particulates,
but the presence of N-element remains almost constant across the formulation.

1.4 CONCLUSIONS

The novelty of the research work presented in this chapter lies in the design and fabri-
cation of hybrid A A2024-AIN/Si;N, alloy composites. This follows physical, mechan-
ical, thermal conductivity, fracture toughness, and tribological behavior (steady-state
sliding wear analysis) study adopting ASTM standards. The performance data were
then analyzed using the PSI method. The significant findings are as follows:

1. Theoretical density remains in the range ~2.7840-2.7884 g/cc and actual
density remain in the range ~2.576-2.735 g/cc, while the presence of
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FIGURE 1.8 Surface micrographs of NAS22 hybrid alloy composites (the steady-state-
specific wear rate (i.e., sliding distance =678-3392m; sliding velocity =1.132m/s; normal
load =20N; and environment temperature =35°C)). (a) NAS22 at 678 m, (b) NAS22 at 1357 m,
(c) NAS22 at 2035 m, (d) NAS22 at 2714 m, and (e) NAS22 at 3392m.
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the voids remains in the range ~1.85%-7.47%. The actual density follows
the trend NAS22>NAS31>NAS13>NAS04 >NAS40, while the voids
content follows NAS22 <NAS31 <NASI3 <NAS04 <NAS40 across the
formulation.

. The Rockwell hardness (HRB) of the hybrid alloy composites remains
within the range ~66.6—85 HRB and follows the trend NAS22>NAS31 >
NASI13>NAS40>NAS04. A similar trend was also followed by flexural
strength (range ~223.73-373.06 MPa) and Impact strength (range ~20-321).
The tensile strength of the alloy composites is in the range ~201-277.13 MPa
and follows the trend NASO04 > NAS13 >NAS22 >NAS31 >NAS40 across
the entire formulations. The NAS22 alloy composites exhibit superior
mechanical features relative to others.

. The fracture toughness expressed as stress intensity factor K increases with
crack length (0.1, 0.3, and 0.5mm). For any crack length, the order of K
followed is NASO4 > NAS13>NAS22>NAS31 > NAS40 across the entire
formulation. The magnitude of K remains within 22-39 MPa.\/m.

. The thermal conductivity analysis of the alloy composites shows an incre-
mental trend with the synergistic combined complementary effect of both
the ceramic particulates and follows order NAS04>NASI3>NAS22 >
NAS31>NAS40 across the formulation.

. The consistent PSI ranking analysis of performance data found to be in line
with our subjective analysis, i.e., NAS22 > NAS31 > NASI13 > NAS04 > NA
S40. Thus, MCDM methods like the PSI method could effectively be used
for taking decisions whenever there are finite material alternatives and finite
performance evaluating criteria that too of conflicting nature.

. Taguchi’s factorial design of the experiment shows the mean S/N ratio for
SWR to be 77.93dB. The ranking order based on the significance of input
control factors are sliding distance >> sliding velocity > normal load > envi-
ronment temperature > reinforcement content and validated by ANOVA
results. The confirmation test reveals an error of 3.49% that validates the
robustness of the experimental design. The levels of factors for both steady-
state condition and the Taguchi design of experiment are in-tube with each
other.

. The steady-state wear and friction analysis infer that both SWR and coeffi-
cient of friction of the alloy composites tend to lower with an increase in the
sliding distance in general irrespective of the composition; however, sliding
test at certain specific distance results in the following order of wear per-
formance NAS22>NAS31 >NASI13>NAS04 >NAS40, while the coeffi-
cient-of-friction follows the order NAS22 < NAS31 < NAS13 <NAS04 <N
AS40 across the formulation. This finding correlated with the mechanical
characteristics of the alloy composites.

. The surface micrographs reveal the wear mechanisms/sub-mechanisms
liable for surface damage during sliding wear. The spectra curves and map-
ping of EDAX analysis reveal the presence/dispersion of different elements
in the alloy composite samples.
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2.1 INTRODUCTION

Ultra-high molecular weight polyethylene (UHMWPE) is one of the advanced engi-
neering polymers with excellent physical and mechanical properties. Self-lubrication,
wear resistance, anti-impact behavior, chemical inertness, and ecofriendly properties
make this polymer a good candidate for various engineering applications. Most of
UHMWPE utilization in the world is for industrial applications such as sliders, lin-
ers, bearings, and seals in machinery as well as bumpers and sidings for ships and
harbors, in which wear and impact resistances are prominent in service conditions.
In addition to industrial applications, UHMWPE has been extensively utilized as
artificial joint implants in orthopedics due to its self-lubricating and anti-wear prop-
erties as well as its biocompatible behavior (Kurtz 2004). Artificial ice rinks are also
made from this polymer, which seems like ice with its white and bright appearance.
Figure 2.1 shows various industrial products made from UHMWPE.

Polymers are formed by molecular chains unlike crystalline materials such as
metals. Polyethylene is produced from ethylene (C,H,) gas having a molecular weight
of 28. Owing to the polymerization process, the chemical formula of polyethylene
becomes —(C,H,),—, where n is the degree of polymerization. UHMWPE may include
a large number of repeated ethylene units more than 200,000. Polyethylene can be
divided into three main groups in terms of molecular weight such as low-density
polyethylene (LDPE), high-density polyethylene (HDPE), and ultra-high molecular
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FIGURE 2.1 Various industrial products made from UHMWPE.

weight polyethylene (UHMWPE). LDPE generally includes lower molecular weights
less than 50,000 g/mol, whereas the molecular weight of HDPE may reach 200,000
g/mol (Kurtz 2004). On the other hand, UHMWPE includes a molecular weight as
high as 10 million g/mol (A. Huang, Su, and Liu 2013). UHMWPE has a linear
molecular architecture, which consists of long polyethylene chains aligning in the
same direction. However, in industrial applications, UHMWPE can be copolymer-
ized with different monomers such as polypropylene to tune the mechanical proper-
ties, and therefore, branched-chain structures can be observed in these polymers. At
the microstructural level, linear molecular chains are tangled by extending to very
long distances, and these structures are stimulated by temperature. Below the melt-
ing point, molecular chains are more prone to coil up the C—C bonds, thereby gen-
erating chain folds in the microstructure. These chain folds generate locally ordered
regions, namely crystalline lamella, in the microstructure. In addition to crystalline
lamella, amorphous regions occupy considerably large areas, and the connections
of these two distinctive regions are established by tie molecules in the microstruc-
ture. Figure 2.2 shows a schematic of molecular chains in UHMWPE. Various fac-
tors such as molecular weight, manufacturing conditions (temperature, pressure,
etc.), and environmental conditions (loading, etc.) are determinants on the degree
of crystallinity. For polymer properties, there are three main temperatures such as
glass transition temperature (7,), melting temperature (7,,), and flow temperature (7)).
Below the glass transition temperature, polymers have brittle molecular chains like
glass because insufficient thermal energy hinders the motion of molecular chains,
and therefore, upon loading, the response of polymers becomes stretching of molec-
ular chains, which may end up with rupture. However, by increasing temperature
above the glass transition temperature, molecular chains in amorphous regions gain
mobility and the polymers exhibit melting. The degree of crystallinity affects the
melting temperature of polymers because crystalline regions are more prone to melt
at higher temperatures. At elevated temperatures above the melting point, polymers
may turn into a liquid state by a flow transition. This point is called flow temperature;
however, high molecular weight polymers are generally prevented from flowing due
to the entanglement of long molecular chains within the polymer melt. For example,
polyethylene with a molecular weight lower than 500,000 g/mol exhibits a flow tran-
sition, whereas it is not observed in UHMWPE (Kurtz 2004). Table 2.1 gives the
physical and mechanical properties of UHMWPE.
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FIGURE 2.2 Schematic of molecular chains in UHMWPE (Kurtz 2004).

TABLE 2.1
Average Values for the Physical and Mechanical
Properties of UHMWPE (Kurtz 2004)

Property Value
Glass transition temperature (°C) —160
Melting temperature (°C) 125-138
Poisson’s ratio 0.46
Density (g/cm3) 0.932-0.945
Elastic modulus (GPa) 0.8-1.6
Yield strength (MPa) 21-28
Ultimate tensile strength (MPa) 39-48
Ultimate tensile elongation (%) 350-525
Crystallinity (%) 39-75

2.2 TRIBOLOGICAL PROPERTIES OF UHMWPE

Tribology is a branch of material science dealing with three main concepts: wear,
friction, and lubrication between interacting bodies. These three concepts are in rela-
tion to each other. Various factors are affecting the tribological systems such as mate-
rial properties, surface conditions, contact mechanics, dynamics of a sliding system,
environmental conditions, etc. For this reason, the tribological behavior of sliding
systems may exhibit unsystematic responses under different conditions, and therefore,
the design of tribological systems may come to a state of struggle while optimizing
the process parameters. For example, an increase in friction may lead to accelerated
wear in materials; however, high wear-resistant materials may exhibit high friction
during sliding conditions.
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Metal/metal contacts predominate the tribological systems in engineering appli-
cations; however, polymer included tribological applications have become prevalent
due to the recent developments in polymer science. First, tribological studies on
polymers were started with rubbers, which are the main materials in the automo-
tive industry (Roth, Driscoll, and Holt 1942; Schallamach 1952). In 1952, frictional
properties of different polymers — polytetrafluoroethylene (PTFE), polyethylene
(PE), polystyrene (PS), polymethylmethacrylate (PMMA), and polyvinylchloride
(PVC) — were investigated by Shooter (Shooter 1952). After these studies, polymers
were recognized as proper materials for tribological applications, and therefore,
polymer tribology became more of an issue in the 1960s (Sinha and Briscoe 2009).
Emerging of UHMWPE in tribological systems can be traced back to 1962 when
John Charnley used this polymer for prosthesis purposes. UHMWPE is still widely
used in biomedical applications to take advantage of its low friction and very low
clinical wear rates (Kurtz 2004). Figure 2.3 shows an artificial total hip replacement
in exploded view. As shown in the figure, the acetabular side is generally produced
from UHMWPE (Oonishi et al. 2008).

In addition to medical purposes, UHMWPE is an excellent material for mating
surfaces as such in bearings, sliders, seals, and liners (Giirgen 2019; Giirgen, Celik,
and Kughan 2019). This polymer is a correct choice in dry sliding conditions such
as bushes in toys and instruments. Gears in food, textile, and paper industries are
also dry systems due to unacceptable lubrication, and thus, UHMWPE is widely
utilized in these sectors. Aircraft control linkage bearings can be another example
for dry or rarely lubricated systems, where UHM WPE emerges as a suitable material
(Friedrich 2014). Hydraulic, pneumatic, or unlubricated systems also take advan-
tage of this advanced polymer for sliding surfaces. However, UHMWPE usage is
restricted by low-temperature applications (Tewari, Sharma, and Vasudevan 1989).
Since the melting point of this polymer is quite low, high-temperature applications
result in the degradation of molecular structures in UHMWPE.

Acetabular cup

\/ Ball

Femoral stem

FIGURE 2.3 Components of a hip prosthesis (Oonishi et al. 2008).
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The molecular structure of UHMWPE is a determinant of wear properties for this
material. This polymer is composed of crystalline lamellas and amorphous regions
as depicted in Figure 2.4a. When the material is subjected to a frictional interaction,
molecular chains are stretched in the sliding direction. Because molecular chains
in crystalline regions are closely packed, dislocations are initiated in amorphous
regions due to loose and entangled chains as illustrated in Figure 2.4b. As suggested
in previous works (Galetz and Glatzel 2010), the activation energy for the deforma-
tion of amorphous regions is only 2%—-10% of that for the deformation of crystalline
lamellas. Moreover, deformation in amorphous regions is reversible up to a strain rate
of 0.4% due to the elastic recovery of molecular chains. The main deformation mech-
anisms in this material are stretching and shearing of entangled molecular chains in
amorphous regions located between crystalline lamellas (Bowden and Young 1974).
However, at excessive loadings, crystalline lamellas are also plastically deformed by
being induced at slip planes as shown in Figure 2.4c. Hence, inter-planar distances
get larger within the microstructure as shown in Figure 2.4d. During this process,
UHMWPE chains remain unbroken; however, very large deformations take place in
crystalline structures (J. Huang et al. 2013).

UHMWEPE is used for low frictional interactions, and the contact surfaces of this
polymer are generally accompanied by metallic components in most applications.
Since metallic counterparts are much harder than UHMWPE, the wear mechanism
is developed by an abrasive effect such as ploughing. The abrasive effect is seen when
hard surfaces slide on soft polymer surfaces. This effect remains scratches, gouges,
and wear debris on the sliding surface of polymers. Abrasive wear is mostly associ-
ated with asperities of counterpart, which plastically deform the polymer surface.

Crystallme Crystalline

Iame"a l (a) Crystalline r ‘-.!ame"\a (b) i e

............ : lamella

lamella

g Ay

molecule

Amorphous Amor;.)hous
region region
Crystalline Crystalline
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Crystallme Crystalline
lamella lamella
Mﬁw JMWWMMWM
Tie Amorphous T|e Amorphous
molecule region molecule region

FIGURE 2.4 (a—d) Schematic illustration of molecular structures in UHMWPE during wear
deformation (J. Huang et al. 2013).
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In ploughing, the contacted surface is pushed ahead and the material flows side-
ways by forming ridges of a groove. During this process, material removal does not
take place significantly; however, there is a displacement of material on the polymer
surface. Almost invariably, ploughing is seen together with adhesion, and further-
more, micro-cutting may involve these wear mechanisms during frictional interac-
tions (Sinha and Briscoe 2009). Micro-cutting is observed due to sharp asperities of
counterpart, and this mechanism is mostly identical to micro-machining. Material
removal is plausible because the polymer surface is cut into small pieces, which
produces wear debris like chips. In addition to sharp asperities, the inclusion of hard
third-bodies develops the micro-cutting mechanism at the sliding interface. For
example, polymer matrix composites may include hard particulate fillers, and filler
detachments result in three-body interactions in the tribological systems. Hence, free
abrasive particles enhance the wear rate of the polymer surface through micro-cut-
ting. Figure 2.5 shows ploughing and micro-cutting effects on UHMWPE surfaces.
For polymers, adhesion is a much stronger mechanism than abrasive effect
because in general, polymers generate transfer films on the contact surface of metal-
lic counterparts (BelyI 1982). Transfer films attenuate the direct contact of the coun-
terparts, thereby improving the tribological properties of the sliding system (Qi et al.
2020). At the sliding interface, thin layers of UHMWPE are transferred to a metallic
counterpart, and, thus, a thin polymer film is formed on the metallic surface. The
driving force in this phenomenon is electrostatic forces, which get stronger between
UHMWEPE and counterpart in comparison to inside of the bulk UHMWPE. Although
transfer films are piled up at sliding interfaces and form wear debris in many poly-
mers, UHMWPE has a unique characteristic in terms of generating stable transfer
films. For this reason, UHMWPE in tribological systems provides a stable and low-
wear rate sliding interaction. Transfer films of UHMWPE are generally up to 10 um
in thickness while the molecules within the polymer are mostly oriented in the sliding
direction. Molecular orientation of sliding direction is also typically observed in bulk
UHMWEPE. This orientation is responsible for highly low wear rates in UHMWPE
at frictional interactions (Wise 1995). Molecular mobility is also a strong factor in
the tribological properties because molecular orientation is dependent on mobility.

FIGURE 2.5 (a) Ploughing (Giirgen 2019) and (b) micro-cutting (Peng 2013) effects on
UHMWPE surfaces.
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In addition, perfection and degree of crystallinity have a considerable impact on the
tribological behavior of UHMWPE. For example, low-molecular-weight inclusions
such as oxygen, oxidation products, or inhibitors are more prone to aggregate in
amorphous regions within the microstructure, thereby increasing the heterogeneity
in the polymer. For this reason, there is a nonuniform distribution in microstructure,
which affects the polymer tribology. Another advantage of transfer film is reduced
roughness on counterpart surface. Transferred material from polymer fills the val-
leys between the asperities of counterpart and thereby developing a smoother surface
on the counterpart. Hence, stability of the tribological system is achieved after a cer-
tain sliding time of period, and thus, the abrasive effect is suppressed at the contact
interface (Sinha and Briscoe 2009). Figure 2.6 shows a metallic counterpart coated
by UHMWPE transfer film after a frictional interaction.

Fatigue wear is detected by crack formation, pitting, and delamination by the
effect of repeated motions in frictional interactions. Wear debris is observed due to
the intersections of cracks growing paths generally perpendicular to sliding direc-
tions. Fatigue mechanism develops in long-term frictional interactions, where smooth
counterparts slide on polymers without a strong adhesive effect. Deformations in
fatigue wear accumulate at surface or subsurface regions contrary to the extension to
all body as such in the fatigue of bulk materials. Fatigue-based cracks are originated
at the maximum tangential stress points, where friction coefficients exhibit exces-
sive levels. In general, maximum shear stresses are observed at subsurfaces in low
friction coefficients (f<0.3) while at high friction coefficients (f>0.3), maximum
stress regions shift to the surfaces (Yamaguchi 1990; Totten and Liang 2004). Crack
initiation is facilitated by structural defects, which are responsible for stress accumu-
lations within the body. Structural defects can be dents, marks, scratches, and pits
on surfaces or inclusions, voids, and cavities in subsurface regions. Under repeated
loadings, these defects gradually grow and come close up to each other. Hence, they
form larger defects within the structure, thereby leading to material removal from

FIGURE 2.6 A metallic counterpart coated by UHMWPE transfer film after a frictional
interaction (Trommer et al. 2015).
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FIGURE 2.7 Fatigue wear cracks on UHMWPE surface after a frictional interaction
(Trommer et al. 2015).

the body (Sinha and Briscoe 2009). Figure 2.7 shows fatigue wear cracks on the
UHMWPE surface after a frictional interaction.

In recent works, different types of filler materials have been included in the
UHMWPE matrix to enhance wear resistance of this polymer. Hard particulate fill-
ers such as carbides, nitrides, and oxides are widely investigated in the UHMWPE
matrix due to their superior anti-wear properties. Hard reinforcing materials pro-
tect the soft polymer matrix from heavy wear conditions by increasing the material
hardness (Giirgen, Sert, and Kughan 2021). Particle size comes into prominence in
composites having particulate fillers. A well-distributed filler phase is achieved by
using finer particles in the polymer matrix, and therefore, mechanical and tribologi-
cal properties show further development by means of small-size fillers. According
to a recent work, nano-size boron carbide particles provide about 15% higher wear
resistance than micro-size ones (Sharma, Bijwe, and Panier 2016). However, agglom-
eration is a major problem in nano-size fillers. To eliminate this drawback, particle
loading should be precisely adjusted in the polymer matrix while ensuring homoge-
neously distributed fillers in the microstructure. In general, a maximum filler amount
of 3%—4% is suggested for nano-filler composites (Sharma et al. 2015). Although the
adhesive effect predominates over abrasive wear in neat UHMWPE, micro-cutting
and micro-ploughing are pronounced in hard particle reinforced UHMWPE compos-
ites. In long-term tribological interactions, particle detachment is a common defor-
mation mechanism for UHMWPE composites. Particle removals lead to a third-body
interaction in the sliding zone and sometimes accelerate wear formation by means of
micro-cutting and micro-ploughing. At this juncture, filler concentration and filler/
matrix adhesion are important issues to lower the particle detachment during fric-
tional interactions (Kumar, Bijwe, and Sharma 2017). In addition to hard particles,
fibers in the UHMWPE matrix are extensively studied in the literature. Carbon fiber
is one of the options being widely included in the UHMWPE matrix. These fibers
are effective to reduce the friction coefficient, thereby contributing to the tribological
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properties of the polymer matrix (Wood, Maguire, and Zhong 2011). In wet condi-
tions, water absorption of composites slightly increases due to carbon fiber reinforce-
ment, and thus, water lubrication provides development for wear resistance. Fibers
also support a certain part of applied load, thereby reducing the contact area between
polymer matrix and counterpart (Y. Wang et al. 2017). In addition to carbon fibers,
different types of fibers such as glass, basalt, and wollastonite are used as fillers in
UHMWPE composites (Tong et al. 2006; Cao et al. 2011; Li et al. 2013).

2.3 A CASE STUDY: WEAR DEFORMATION ON
UHMWPE PISTON HEAD IN A GAS SPRING

A gas spring is a simple pneumatic system similar to a mechanical spring in terms
of work produced. It uses a compressed gas, generally nitrogen due to its inertness in
a cylinder sealed by a piston. When an external loading acts on the piston, the gas is
compressed within the cylinder and stores potential energy. After removing the exter-
nal load, the potential energy is converted into work by extracting the piston from the
cylinder. Gas springs are widely utilized in many applications generally to support the
weight of a structural member. For example, in the automotive industry, gas springs
are incorporated into the struts to support tailgates when they are opened. Machinery,
furniture, medical, and aerospace industries also benefit from these simple pneumatic
structures in their different applications. Depending on the applications, required
force ranges are changed from very light levels to heavy-duty points up to 30 tons in
manufacturing and tooling equipment. Figure 2.8 shows the details of a gas spring.
The investigated gas spring in this chapter was removed from a machinery sys-
tem, which uses a set of gas springs to open flaps on a conveyor band. The failure in
the gas spring was detected by a loss in load-bearing capacity as well as extended
time period during piston extension. In the inspection of this gas spring, oil leak-
age was detected around the sealing package. Figure 2.9 shows the detailed views
of the failed gas spring. After a preliminary investigation, it was observed that the
sealing package was damaged while the piston package was worn due to the slid-
ing motion of the piston during the service life of the gas spring. The O-ring in the
piston package provides sealing between the separated rooms by the piston head in
the cylinder. The oil acts as a lubricator for the piston package, thereby reducing

Cylinder

Nitrogen Pistonrod

Piston package Sealing package

FIGURE 2.8 Components of a gas spring.
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FIGURE 2.9 Detailed views of the failed gas spring.

the friction between the piston package and cylinder walls. However, in the failed
gas spring, insufficient lubrication due to the oil leakage resulted in an accelerated
wear on the piston package by the effect of increased friction between the mating
surfaces. Figure 2.10 shows the microstructural views for the sliding surfaces on the
piston package. As shown in the images, there are ploughing tracks on the polymer
surface, which are not common in the interface of piston package and cylinder wall.
In general, UHMWPE/metal contacts produce friction coefficients of lower than 0.15
(Garino and Willmann 2002), which is a quite low value for the formation of heavy
ploughing effect. Upon investigating the residual oil in the gas spring, some con-
taminations are consisting of solid particles. The contaminants look like sand grains
being included inside the cylinder most probably from the external environment dur-
ing the service life of the gas spring. To identify the contaminant particles, electron
dispersive spectroscopy (EDS) analyses were carried out. From the EDS results, the
chemical composition of these particles is composed of silicon and oxygen as shown
in Figure 2.11. It can be interpreted that these particles are silicon dioxide grains. It is
possible to state that these hard particles act as a third body between the piston pack-
age and cylinder wall, thereby resulting in ploughing effect on the polymer surface.
Although UHMWPE usually wears through plastic deformation with a formation
of transfer film on the counterpart while leading to smooth wear tracks, sharp and
hard third-bodies produce deep scratches on the soft polymer surface, and therefore,
abrasive type wear predominates the frictional interaction. In addition to the wear
deformations on the piston package, there are some cuts on the outer surface of the
O-ring. It is likely that these formations arise from the particulate inclusions and lead
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FIGURE 2.10 Microstructural views for the sliding surfaces on the piston package.
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FIGURE 2.11 (a) Contaminant particles and (b) EDS analysis.

to a gradual pressure loss in the compressed nitrogen room of the gas spring. For this
reason, this spring shows a reduction in the load-bearing capacity while extending
the time period of piston extension.

2.4 WEAR TESTS FOR UHMWPE

In this section, the wear behavior of UHMWPE was investigated in a ball-on-disk
configuration. The specimens were produced from UHMWPE powder (43951, Alfa
Aesar) having an average particle size of 150 um according to the manufacturer’s
specifications. Compression molding method was used to produce the disc-shaped
specimens with a diameter of 30 mm and a height of 5mm. According to early works
(S. Wang and Ge 2007; Wu, Buckley, and O’Connor 2002), high molding pressure is



34 Tribology and Surface Engineering for Industrial Applications

suggested to have a consolidated microstructure in the polymer. On the other hand,
particular attention is paid to molding temperature because the selected point should
be sufficient to fully melt the polymer powder while avoiding thermal degradation
due to elevated temperature. For this purpose, the molding process was conducted at
a high-pressure level of 350 MPa and 150°C, which is just above the melting point of
UHMWPE. A 3mm diameter tungsten carbide ball was used as a counterpart in the
wear tests, in which the sliding distance was selected as 1000m. To investigate the
effect of contact force, the applied load was changed from 2 to 10N while three dif-
ferent sliding speeds were used in the tests. Table 2.2 gives the experimental design
in this study.

In the results, wear tracks on the specimens were analyzed by using optical micros-
copy. In addition to the visual investigations, specific wear rate (W) was calculated
for each specimen from Equation 2.1. In this formulation, AV is the volume loss from
the specimen, L is the contact load, and d is the sliding distance. The contact load and
sliding distance are the known inputs in the experimental setup; however, we need a
calculation step before finding the volume losses from the specimens. In this step, the
cross-sectional areas of wear tracks were multiplied by the length of wear tracks to
find the volume losses from the specimens. To do this, the cross-sectional areas were
calculated in software, OriginPro9.0, by using the surface profile measurements from
the wear tracks with a Mitutoyo SJ-400 surface profilometer. Friction coefficients
were also discussed in the results.

3
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Figure 2.12 shows the cross-sectional areas of the wear tracks on the specimens. As
shown in the schematics, there is an obvious increase in the cross-sectional area by
increasing the contact force during the wear tests. At the lowest loading condition,
which is the case with the specimen PE-2N-20, the maximum Hertzian contact pres-
sure is around 62 MPa. This is a quite high level for UHMWPE, and therefore, the
polymer exhibits plastic deformation under this loading. For this reason, the point
contact between the components turns to areal contact. Moreover, the diameter of
the contact area increases by increasing the applied load. In this light, it is possible to
mention that frictional interaction between the contacted surfaces gets larger under

TABLE 2.2

Experimental Design in the Wear Tests

Specimen Code Contact Load (N) Sliding Speed (cm/s)
PE-2N-20 2 20
PE-5N-20 5 20
PE-10N-20 10 20
PE-10N-10 10 10

PE-10N-5 10 5
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FIGURE 2.12 Cross-sectional areas of the wear tracks on the specimens.

heavy loadings, thereby leading to wider wear tracks on the specimens. On the other
hand, the effect of sliding speed is quite lower in comparison with the load effect.
Despite the slight deviation, there is a gradual increasing trend in the cross-sectional
area by increasing sliding speed. This can be associated with the accelerated adhe-
sive wear by the effect of increasing heat generation as sliding speed increases in the
process. Similar results are seen in the specific wear rates as shown in Figure 2.13.
Considering the contact load effect, there is a sudden jump in the specific wear rate
by applying higher forces. The specific wear rate of the specimen under 5N is 1.5
times higher than that under 2N. This increase is around twofold by changing the
applied load from 2 to 10N. Regarding the sliding speed, the specific wear rates
are in a narrow bandwidth such as varying from 3.09 X 10- to 3.45x 10~ mm?%Nm.
Although these values are close to each other, there is a systematic variation in the
results with respect to sliding speed.

Figure 2.14 shows the optical microscopy images of the wear tracks on the spec-
imens. Wear deformation gets larger by increasing contact load in the tests. The
width of the wear track significantly increases under heavy contact loads. As afore-
mentioned in the previous paragraph, plastic deformation on the UHMWPE surface
extends to a large scale under heavy loadings and, therefore, contact area increases
at the sliding interface. From the micrographs, abrasive effect predominates the wear
characteristics of the polymer; however, adhesive type wear is also visible in the
wear tracks. The ploughing tracks indicate abrasive wear while the adhesive effect is
determined by the exfoliations in the wear tracks and the lamellar material build-ups
at the ridges. In the wear tests, the sliding interaction begins with two-body contact,
and as the process goes on, frictional interaction results in heat generation in the wear
track. Owing to the increased temperature, the specimen shows thermal softening,
thereby producing wear debris sticking on the counterpart. Wear debris is involved
in the sliding system as a third body. This process leads to material removal areas on
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FIGURE 2.13  Specific wear rates for the specimens.
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FIGURE 2.14 Micrographs of the wear tracks on the specimens.

the wear track base, which is labeled as exfoliation in Figure 2.15. During the slid-
ing system, the wear debris on the counterpart is fed from the wear track due to the
sticky nature of polymer. As the material pile-up reaches an excessive amount on the
counterpart, this debris is smeared toward the track ridges as shown as pile-ups in
Figure 2.15. This mechanism indicates the adhesive type wear in the sliding system.
In addition to the adhesive effect, deep scratches along the wear track due to plough-
ing indicate that abrasive type wear is also predominant in the frictional interaction
as shown in Figure 2.15.

Figure 2.16 shows the mean friction coefficients for the specimens. From this
chart, the friction coefficients are varied from 0.049 to 0.082. This shows that each
case produces very low friction between the contacted bodies. Considering the cases
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FIGURE 2.15 Detailed view of the wear track on the specimen PE-5N-20.
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FIGURE 2.16 Mean of friction coefficients for the specimens.

with different contact loads, there is not a systematic variation in the friction coef-
ficients. Although the friction coefficients under the applied loads of 2 and SN are
quite close to each other, under 10N, there are reductions of 28% and 23% in the
friction coefficient with respect to the cases with 2 and 5N, respectively. On the
other hand, there is a decreasing trend in the friction coefficient by reducing the slid-
ing speed in the wear tests. This variation is attributed to the adhesive effect that at
higher speeds, heat generation increases in the wear track. For this reason, thermal
softening gets stronger as sliding speed increases in the interaction and consequently
accelerating the material removal from the polymer. The removed material acts as
wear debris in the wear track, thereby acting as a third body in the system. Hence,
frictional interactions are increased between the contacted bodies.
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2.5 CONCLUSIONS

This chapter discusses the wear properties of UHMWPE and within this context and
incorporates a failure case of the UHMWPE piston head of a gas spring into the
discussion. According to the failure analysis of this part, contaminant particles, most
probably sand grains result in accelerated wear on the piston head surface. These hard
particles act as a third body at the sliding interface of the piston head and cylinder
wall, thereby causing a heavy abrasive effect on the polymer surface. In addition, a
set of wear experiments is designed to study the effect of different factors on the wear
behavior of UHMWPE such as contact load and sliding speed. The contact load effect
is investigated by applying three different loads during the sliding interface while slid-
ing speed is changed from 5 to 20 cm/s in the wear tests. By increasing the loading at
the sliding interface, there is a drastic jump in the specific wear rate of the polymer.
On the other hand, changing the sliding speed within the investigated range does not
change the specific wear rate significantly. Despite unsystematic variation in the fric-
tion coefficients, the lower contact loads of 2 and 5N produce higher frictional inter-
action than the load of 10N. Regarding sliding speed, there is a systematic reduction
in the friction coefficient by increasing speed; however, the results are in a close range.
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3.1 INTRODUCTION

The aluminum/aluminum alloys are conventional lightweight materials for structural
implementations due to their inherent performance such as low density, excellent
corrosion resistance in water, petrochemicals, and many chemical systems [1]. In
addition, for other applications such as in automobile, aerospace, and marine indus-
try, these properties are not sufficient. They also require the excellent mechanical
and tribological performance accompanying the properties mentioned above [2],
which is generally exhibited by the composites. Composites are an important cat-
egory of engineering materials. These materials consist of two or additional different
materials that have distinct physical, chemical, and mechanical properties [3]. In
composites, one material is a continuous phase; however, other material or materi-
als is a discrete phase. The continuous one is ductile and binds the discrete phase in
a particular orientation and position, which transfers the load to the discrete phase.
This phase is called the matrix phase, while the discrete phase has high mechani-
cal properties, which improve the properties of the continuous phase. This discrete
phase is called the reinforcement phase for the continuous phase in the composites.
In general, the properties of composites are superior to the properties of their materi-
als, which have been used to fabricate composite materials [4]. There are different
ways to classify composite materials in which the most common way is based upon
the type of matrix material. There are metal matrix composites (MMCs), organic
matrix composites (OMCs), and ceramic matrix composites (CMCs) [5].

The aluminum matrix composites (AMCs) are the prime engineering compos-
ite materials of the MMCs category, which have been very popular in the last few
decades because of their lower density, relatively inexpensive, high strength and
stiffness, good properties at elevated temperature and damping capacity, high anti-
wear life, and good thermal properties [6—7]. These AMCs are generally utilized to
manufacture suitable components in different industries such as aerospace, marine,
sports and automotive-like in engine parts: cylinder blocks, cylinder liners, pistons,
piston insert rings, and brake drums [8-9]. In the AMCs, aluminum and its alloys
are used as a continuous matrix material, while generally ceramics (e.g., SiC, B,C,
Al 0,, TiC, TiO,, Si0,, TiB,, ZrB,, Si;N,, BN, AIN, and fly ash), intermetallics (like
ALNi, AlsFe, AL, Ti, and Al;Zr) are used as a reinforcement material [10—12]. Besides
to that, the other reinforcement materials such as solid lubricants, for example, tin
(Sn), molybdenum disulfide (MoS,), tungsten disulfide (WS,), graphite (C), and lead
(Pb) are also used to improve the properties of the AMCs [13]. These reinforce-
ment materials are used in single or hybrid forms in composite materials [14—15].
The AMC:s can be classified based on reinforcement morphology. However, the par-
ticle-reinforced AMCs (PRAMCs) are generally preferred in the above-mentioned
applications because these composites exhibit isotropic properties throughout the
volume [16-18].
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Among many synthesis techniques to produce aluminum alloys and their com-
posite materials, spray-forming technique is a relatively preferred one because this
technique can produce near-net shape material with improved properties and perfor-
mance [19]. In addition, this technique also exhibits fast metal deposition and solidi-
fication rates, which help to reduce the segregation and oxide content and refine the
morphology of particles [19]. This technique is also known as the spray casting, spray
processing, and spray deposition technique. This technique is a single-step technique
that has the sequential stages of atomization of liquid metal in the inert atmosphere,
droplet consolidation, and deposition on a substrate or collector [20-22]. Figure 3.1
shows the schematic illustration of the spray-forming technique with distinct parts
to fabricate the aluminum alloys and their composites [23]. Different aluminum
alloys and their composites are developed through this spray-forming technique with
enhanced mechanical and tribological performance [24-28]. These alloys and com-
posites are utilized in a broad range of applications in different industries such as
aerospace, automotive, electrical, and electronic packaging. Besides to that, these
materials are also used as bearing materials and tribo-constituents for tribological
applications [29].

Tribology is explained as the study of three parameters, namely wear, friction
and lubrication. It is a fact that due to wear and friction, the components under rela-
tive motions like sliding, rolling, etc., in automobile, aerospace, and marine indus-
tries encounter huge losses in the form of materials and energy. These losses could
be reduced either by the replacement of components by new materials having an

1. Graphite crucible, 2. Molten Al-Si alloy, 3. Electric heater, 4. Graphite powder, 5. Atomizer, 6. Nozle,
7. Process chamber, 8. Spray cone, 9. Copper substrate, 10. Cyclone, 11. Atomization gas direction

FIGURE 3.1 Schematic illustration of the spray-forming technique with distinct parts to
fabricate the aluminum alloys and their composites [23].
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outstanding mechanical and tribological performance like lightweight aluminum
alloys and their composites or by the application of suitable surface treatment/
coating [5]. The tribology of the aluminum alloys and their composites depends
on several factors, which include the test operating factors such as sliding distance,
applied load, etc., material factors such as mechanical properties, type and amount of
reinforcement, physical factors, etc. [30—32]. Therefore, in this chapter, some of the
above-mentioned parameters, which influence the wear and friction performance of
spray-formed aluminum alloy and their composites are discussed.

3.2 WEAR AND FRICTION BEHAVIOR

The wear is characterized as a continuous loss of material under respective move-
ment into the two bodies. Wear behavior of the spray-formed aluminum alloys and
their composites generally displays in terms of cumulative volume loss and wear
rate. The value of the wear rate is quantified by the division of volume loss by the
sliding distance. However, the volume loss is quantified by the mathematical equa-
tion, as shown in Equation 3.1 [33]. The friction is the resistive force of an object that
encounters under the motion over another. The friction behavior is defined in terms
of friction coefficient or the coefficient of friction. The value of coefficient of fric-
tion is calculated by the friction force between bodies and the applied force, which
presses together. It can be expressed mathematically in Equation 3.2 [12].

Volume loss = 8881088 600 3.1)
Density

The volume loss, mass loss, and density are in millimeter cube (mm?), gram (g), and
gram per centimeter cube (g/cm?), respectively.

Friction f
Coefficient of friction = M (3.2)
Applied force

The coefficient of friction is a number having no physical unit. However, the friction
force and the applied force are in newton (N).

Different parameters control the tribology of spray-formed aluminum alloys and
their composites. These are [30-31]:

(I) Test operating parameters such as sliding distance, applied normal load, etc.
(2) Material parameters like morphology of the matrix phase, morphology (shape
and size), type and amount of the reinforcement, and mechanical properties. (3)
Physical (environment) parameters such as atmospheric condition (humidity, etc.)
and temperature.

Besides to that, the other parameters such as a secondary process, process vari-
ables, etc., are also the controlling parameters for the tribology of material through
changes in the morphology of the particle and matrix and the mechanical prop-
erties [32]. In the following subsections, the influence of some parameters on the
wear and friction behavior of spray-formed aluminum alloy and their composites is
discussed.
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3.2.1  Test OPERATING PARAMETERS

These parameters of wear and friction test are sliding distance, applied load, etc.,
which affect the tribological properties of spray-formed aluminum alloys and their
composites. These have been explained in detail by responsible mechanisms and
worn surface analysis.

3.2.1.1 Effect of Sliding Distance

The volume loss of material with sliding distance generally consists of two differ-
ent regimes: (1) running-in and (2) steadystate. The steadystate has occurred when
the input energy owing to sliding is stabilized with the alteration of mating material
surfaces to provide wear condition and it is controlled by the applied load [34]. The
increasing tendency of volume loss with sliding distance has been noticed and stud-
ied by many material researchers for aluminum alloys and their composites [11,35].
The alteration in volume loss with the sliding distance of spray-formed composite
reinforced with graphite particles is shown in Figure 3.2 [36]. It illustrates a lin-
ear relationship with the sliding distance. However, the regime regarding running in
wear is absent in the plot of volume loss with sliding distance. It may be due to the
less number of wear test experiments at a lower sliding distance. The linear alteration
of volume loss with sliding distance denotes the steadystate regime.

During sliding under the wear test, the input energy is consumed in two ways:
first, plastic deformation followed by removal of material; and second, overcoming
the frictional force. The friction force is responsible for the heating of the mating
material surfaces. At the initial condition, it is assumed that the temperature of the
contact surface is less and wear occurs mainly by the fragmentation of asperities
which occurs by the action of cutting and ploughing caused by the penetration of
hard asperities (counter steel disc) into the soft asperities or surface (aluminum base
materials). This is called the running-in wear, and in this condition, the frictional
force and the volume loss of material are high. As the sliding continues, the tempera-
ture increases at the interface due to frictional heating, and material gets soft and
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FIGURE 3.2 The volume loss of spray-formed Al-Si alloy composite consisted of graphite
particles with varying sliding distance at (a) 20N and (b) 40N load. Testing condition; sliding
velocity —1.06 m/s [36].
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asperities deform easily. When the temperature gets stable through the dissipation
of heat through sample, then this condition is called the steadystate and the wear is
steadystate wear [37].

Figure 3.3 shows the worn surfaces of spray-formed composite reinforced with
graphite particles after different sliding distances. At a small distance (1000 m), the
worn surface exhibits shallow grooves and less plastic deformation; but at the large
distance (3000m), it shows the deep grooves, high plastic deformation, and debris
particles. It denotes that the wear is mild in condition at a small distance while severe
at a large distance.

The coefficient of friction with sliding distance exhibits the steadystate condition
after an initial period in the spray-formed aluminum base materials [37]. It has a
higher value in the initial period (running-in distance) than the steadystate. Initially,
the wear of the material is affected by topographical features (peaks and valleys) of
the mating surfaces. These features on the sample create the higher pressure on the
peaks and make the cold welding of the mating materials, which give the adhesive
part to the coefficient of friction. Hence, this makes the higher coefficient of friction
in the initial period than the other.

3.2.1.2 Effect of Normal Load

Normal load is the main test operating variable that significantly influences the wear
rate and friction coefficient of aluminum base materials. In general, with increasing
normal load, the wear rate increases. The increasing trend of wear rate with normal
load has been observed by different material researchers for aluminum base materi-
als [22,38-40]. This type of tendency of wear rate with applied load has also been
seen in spray-formed Al-Si alloy composite consisting of graphite particles [36], as
shown in Figures 3.2a and b.

Many factors influence the wear rate of spray-formed aluminum base materials.
These are broken reinforcement or debris particles, increased real area of contact,
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FIGURE 3.3 SEM images revealing the surfaces after wear test of spray-formed Al-Si alloy
composite consisted of graphite particles at 20% thickness reduction with varying sliding dis-
tance (a) 1000m and (b) 3000 m. Testing conditions; applied load of 20N and sliding velocity
of .06 m/s.
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and changed wear mechanism. At high load conditions, the particles in the aluminum
matrix may break and increase the wear rate through third body wear [38].

The material surfaces to investigate the wear and friction behavior are not per-
fectly smooth. They always have some roughness, which indicates that the surface
of materials has peaks and valleys. During the wear test, the actual contact occurs
at the peaks. That means the real area is different than the apparent area. The
real area is the total area of the asperities, which are really in contact. The value
of it is always less than the apparent area. Under the application of normal load,
the asperities of the surfaces, which are in contact, are plastically deformed and
increase the real area, which results in a rise in the wear rate of the aluminum base
materials [41].

Apart from this, the temperature at the interface of the mating material surfaces
also rises during sliding due to frictional force and an oxide layer generated. At a
less load, the generated oxide layer decreases the contact between the material sur-
face and makes an effort to keep the low material loss. Therefore, at a less load, the
loss of material is small and the mechanism is mild/oxidative. However, at the high
load, the temperature is more as compared to the previous case, which enhances
the extent of an oxide layer. This may fracture on continuous sliding and behaves
like a third object in the middle of material surfaces and material loss increases. In
this condition, the wear mechanism alters from mild/oxidative to severe/oxidative-
metallic [32]. The critical value of the normal load whereon the wear mechanism
changes from mild/oxidative to severe/oxidative-metallic depends on types of alumi-
num matrix composites.

Figure 3.4 exhibits the SEM micrograph of the worn surface of spray-formed
Al-Si alloy composite consisted of graphite particles at varying loads (20 and 40N).
The SEM micrograph at 20N load consists of shallow grooves and mild deformation
of the surface. However, at the 40N load, the SEM micrograph shows deep grooves,
debris particles, and cracks, which indicates that the wear mechanism changes from
mild/oxidative (at 20N) to severe/oxidative-metallic at high load (40N). In addition
to that, the debris analysis at high normal conditions depicts that the debris particles
are large with different morphologies and different colors as shown in Figure 3.5.
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FIGURE 3.4 SEM micrographs of the surfaces after wear test of spray-formed Al-Si alloy
composite reinforced with graphite particles at 20% thickness reduction on (a) 20N and (b)
40N load. Testing conditions: sliding distance of 3000 m and sliding velocity of 1.06 m/s.
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FIGURE 3.5 (a) SEM micrograph with EDS analysis and (b) EDS mapping of debris of
spray-formed Al-Si alloy composite reinforced with graphite particles. Testing conditions:
thickness reduction 20%, sliding distance 3000m, applied load 40N, and sliding velocity
1.06 m/s [32].

The EDS spectrum and elemental mapping of the debris particles display the exis-
tence of different elements such as aluminum, silicon, carbon, oxygen, and iron,
which validate the severe/oxidative-metallic wear mechanism at high load and the
huge amount of material loss [32]. The debris particles are generally released from
and below the surface of testing pin material under the wear. Many factors affect
the generation of debris particles such as adhesion, distortion, rupture of asperities,
ploughing of hard entrapped material, etc. [21].

In general, there is no fixed trend between the coefficient of friction and nor-
mal load for aluminum base materials. In some materials, the coefficient of friction
decreases with an increase in normal load due to the merging of hard particles in the
aluminum matrix [42,43]. While in the other material, the coefficient of friction first
decreases and attains minima followed by increases with an increase in normal load.
This trend between the coefficient of friction and normal load is due to the genera-
tion and breaking of the mechanically mixed layer [44]. In addition, the coefficient of
friction also shows an entirely different trend, i.e., fluctuating with a normal load. It
is due to the formation and removal of oxides periodically or the happening of differ-
ent complex reactions during the sliding under the wear test [45,46]. However, in the
case of spray-formed aluminum alloys and their composites, the coefficient of fric-
tion exhibits a decreasing tendency with increasing normal load [32,38]. This may
be owing to the generation of transfer film under the wear test. This generated film is
observed to be stable for the broad scale of normal load and long period. However, at
a very high load, this generated film may break, and it may increase the coefficient
of friction [47].
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3.2.1.3 Effect of Sliding Speed

The sliding speed is also a main operating variable that governs the wear rate and
friction coefficient of spray-formed aluminum base materials. The wear rate at first
decreases with an increase in sliding velocity and gets a minimum value at a particu-
lar sliding velocity, and further, it increases with an increase in the sliding velocity
in the spray-formed aluminum base materials as reported by material researchers
[22,37,48].

In the spray-formed immiscible alloys (aluminum-lead system), at an early stage,
the wear rate decreases due to the smearing of lead particles at the interface of mate-
rials, which acts as a shield for the matrix surface, leading to decreased further wear.
However, after that, the wear rate increases because of the instability of lead film
at the interface of materials, which results in subsequent seizure of the material
surface [22].

However, in the other aluminum alloy systems (Al-Si alloys and Al-Si-Sn alloy),
the wear rate decreases up to a specific value with sliding speed is owing to the
competing results of strain rate and temperature developed during wear [49]. Besides
that, other possible wear mechanisms are based on worn-out particles [50]. The gen-
eration of fine equiaxed particles at low sliding velocities, delamination of compacted
equiaxed particles at medium sliding velocities, and delamination of the plastically
deformed material at high sliding velocities are the responsible phenomena in the
above-mentioned behavior of the wear rate with the sliding velocity.

However, according to another theory, the wear rate initially decreases owing to
the evolution of the oxide layer at the sample surface, which minimizes the metallic
contact and interaction of asperities. While in the later stage, the wear rate increases
after the critical sliding speed due to metallic wear. The high sliding velocity rises
the temperature of the sample surface, which softens the material and causes plastic
distortion of the matrix outcomes in metallic wear [48].

In certain situations, the wear rate decreases continuously with an increase in
sliding speed in the aluminum alloy system [51]. This is owing to the competing
results of strain rate and temperature development during the sliding. In addition
to that, this can also be caused by the microstructure alteration in the alloy. At low
sliding velocities, there is sufficient time for the growth of micro welds. This raises
the needed force to shear off the micro welds to continue the relative movement
and causes a high wear rate. While at higher sliding velocities, there is shorter time
available for the micro welds growth, which decreases the required shear force and
causes a less specific wear rate [52]. However, the coefficient of friction is more or
less constant with the sliding velocity in the spray-formed aluminum base materials
[51,52].

3.2.2 MATERIAL PARAMETERS

3.2.2.1 Effect of Hardness

The wear behavior also depends on the hardness of the spray-formed aluminum base
materials. The decrease in wear rate with an increase in hardness has been observed
by material researchers in spray-formed aluminum materials [38,53]. The correlation
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between the wear rate and the hardness of the materials is given by Archard’s law,
which is explained in the following way:

w
Q=kx 3.3)

where Q is the wear rate defined as volume loss of the material per unit sliding
distance, k is the wear coefficient, W is an applied load and H is the hardness of the
surface material [54]. It shows that the wear rate is inversely proportional to the hard-
ness of the material.

The high hardness of the material decreases the tendency of ploughing under the
wear test. The ploughing of the material occurs when the hard asperities of one mate-
rial interact with the soft asperities of an other material. The low hardness material
having soft asperities on the surface exhibits deep and long grooves with a high value
of surface roughness. However, the high hardness material consisting of hard asperi-
ties shows the shallow and narrow grooves with less value of surface roughness. In
this condition, the worn surface displays a smooth surface [55].

3.2.2.2 Effect of Multiple Reinforcements

The wear behavior of spray-formed aluminum base materials is significantly affected
by the addition of multiple reinforcements. The material containing multiple rein-
forcements shows the lowest wear rate than the separate materials consisting of
single reinforcement, as observed by the material researcher in the spray-formed
aluminum-copper-aluminum oxide-lead-based composites [56]. This is because of
the combined results of the multiple reinforcements in the material. The first rein-
forcement, lead is the solid lubricant, which smears on top of the material surface and
constructs the thin film of low shear strength, reducing the direct contact of a metal-
lic surface, while the other reinforcement (aluminum oxide) is hard, which restricts
the flow of the matrix material (in the above system). In addition, the fine reinforce-
ment harder particles in the composite act as a reservoir, which retains the solid
lubricating layer on the wear surface through mechanical interlocking and decreases
the wear rate of the material [57].

3.2.2.3 Amount of Reinforcement Particles

The wear behavior of the spray-formed aluminum base materials also depends on
the number of reinforcement particles. In general, with an increase in the number of
reinforcement particles, the wear resistance of the aluminum base materials increases.
This is mainly owing to the enhancement of properties like strength parameters and
hardness of the material with an increasing amount of reinforcement particles [58,59].
In the spray-formed aluminum base materials, the anti-wear property of the material
also improves with the number of particles [28]. This behavior of wear resistance
with the number of particles affected by an applied load and may change with an
increase in applied load. During sliding wear, the hard reinforcement particles keep
out the matrix material from wear, while sometimes, these particles come out from
the surface and entrap in between the surfaces. Here, the wear rate increases through
the third body wear. The matrix of the material can be protected to a maximum
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extent through the incorporation of the critical weight of reinforcement particles. In
addition, the increasing amount of reinforcement particles reduces the plastic defor-
mation at the subsurface level, which finally decreases the adhesive wear of the mate-
rials [60].

3.2.2.4 Effect of Solid Lubricant

The wear behavior of the spray-formed aluminum base materials is strongly influenced
by solid lubricant particles. The decrease in wear rate and coefficient of friction by
solid lubricant particles in the aluminum base materials has been noticed and consid-
ered by many material researchers in their investigation under dry sliding wear test
[22,37,48]. During a dry sliding wear test, these solid lubricants smear and form a
fine film of low shear strength between the surfaces, which behaves as a lubricant and
minimizes the direct contact between the mating surfaces. This assists in easy shear
between the sliding surfaces, which leads to less friction and wear. An ultra-fine and
homogeneous distribution of these particles due to the spray-forming process ensures
preferable smearing to avoid metallic interaction during sliding.

3.2.2.5 Effect of Porosity

The porosity in the spray-formed aluminum base materials greatly affects the wear
and friction behavior. The wear rate of the spray-formed aluminum base materi-
als decreases with a decrease in the porosity under dry sliding wear [32,61]. The
improvement in wear resistance of the material with a decrease in porosity is owing
to the additive results of decreased surface roughness and increased mechanical
properties of the material. The high porosity in the material increases the possi-
bilities of crack nucleation and linkup of pores and decreases the load-bearing area,
which results in weak material leading to a decrease in strength and hardness. In
addition, the high value of surface roughness at the high porosity decreases the real
area of contact between the surfaces and results, increasing the contact pressure,
which promotes the generation of wear debris through asperity-asperity interaction.
This formed wear debris accelerates the third body abrasion leading to a higher wear
rate of the material. High porosity also increases the coefficient of friction, which
may be because of the increase in asperities interaction during sliding of material
surfaces that increases the material loss [62].

3.2.3 PHysicAL PARAMETERS

3.2.3.1 Effect of Environment

The environment is one more variable, which significantly influences the wear
and friction behavior of the spray-formed aluminum base materials. The material
researcher has performed the tribological test in different environments such as air
and vacuum atmosphere [63]. They have observed that the wear resistance of the
spray-formed aluminum base materials is more in a vacuum atmosphere than in the
air atmosphere, while the coefficient of friction is lower in a vacuum atmosphere than
in the air atmosphere. This depends on the width and the spreading of the formed
film of the element (reinforcement-lead) on the surface of the test material. The film
width over the worn surface in a vacuum atmosphere is very fine than the film width
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in the air atmosphere while the spreading of the lead film is maximum. An optimum
thickness of the lubricating film is about 1 um [64]. The lead spreads easily on the
surfaces of the complete material and produces uniform friction with less scatter and
steady film. This impedes the adhesion of material surfaces and enhances the wear
resistance and lowers the coefficient of friction.

3.2.3.2 Effect of Temperature

The temperature is also the crucial variable that influences the wear performance of
the spray-formed aluminum base materials. Kaur and coworkers [65] have studied
the variation in wear behavior with the temperature of the spray-formed aluminum
alloy and its composites. They have observed that the variation of wear behavior
with temperature depends on the types of materials. In some materials, the wear rate
initially exhibits an increasing tendency with an increase in temperature, and after
that, it shows a decreasing tendency with further increase in temperature. However,
in other material systems, the wear rate first decreases with an increase in tempera-
ture upto a critical value and beyond that, an increasing trend follows with a fur-
ther increase in temperature. This tendency of wear with temperature is affected
by the material properties and wear mechanisms. In general, the thermal proper-
ties of the constituent materials of the composite may affect the wear behavior of
aluminum-based materials [66]. With the high thermal conductivity of the reinforce-
ment particles in the composite, the highest wear resistance of the composite can be
observed.

3.2.4 OTHER PARAMETERS

The wear and friction performance of the spray-formed aluminum alloys and their
composites are also affected by other parameters such as secondary processes, pro-
cess variables, fabrication process, etc., as discussed in the following subsections.

3.2.4.1 Effect of Warm Rolling

Warm rolling is a major factor that affects the wear performance of the spray-formed
aluminum base materials. The warm rolling significantly decreases the wear rate
of spray-formed aluminum base materials [36], which is displayed in Figure 3.6.
In addition, the wear rate continuously decreases with an increase in % thickness
reduction. This is attributed to the increase in mechanical properties such as tensile
strength, % elongation, and hardness. Also, the decrease in grain size of a-aluminum
and % porosity contributes to a decrease in wear rate and the coefficient of friction.
Figures 3.7 and 3.8 show the variation in mechanical properties and other properties
(% porosity & grain size of primary phase) with % thickness reduction in the com-
posite [32,23]. These clearly indicate that the mechanical properties are enhanced by
the rolling, and it consistently improves with an increasing % reduction. However,
the other properties, such as % porosity and grain size of the primary phase, exhibit
the opposite trend. The reduction of grain size of a-aluminum improves the hardness
value, which decreases the ploughing of the material, while the improved % elonga-
tion of the material restricts the particles in the matrix and lowers the third body
wear. Besides that, the decreased porosity reduces the chances of crack nucleation
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FIGURE 3.6 Effect of thickness reduction (%) on the wear rate of spray-formed Al-Si alloy
composite reinforced with graphite particles. Testing conditions: sliding distance of 3000 m

and sliding velocity of 1.06 m/s [36].
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FIGURE 3.7 Hardness, tensile strength, and yield strength of spray-formed Al-Si alloy

composite reinforced with graphite particles with a thickness reduction (%) [32].

during sliding while improving the strength of the composite by enhancing the inter-
facial strength between the particle and the matrix. This also reduces the detachment
of the particle, hence, third body wear.

The worn surfaces of the warm rolled aluminum base material after different %
thickness reduction are shown in Figure 3.9 [32]. At lower % thickness reduction, the
worn surface of the composite exhibits the ruptured oxide layer, deep grooves, high
plastic distortion, and fewer particles of solid lubricant in the grooves (Figure 3.9a).
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FIGURE 3.8 Variation in elongation (%), porosity (%) with thickness reduction (%) of spray-
formed Al-Si alloy composite reinforced with graphite particles. The grain size of the pri-
mary phase in composite after different rolling reduction (%) is also shown [23].

Nevertheless, at higher % thickness reduction,the worn surface displays shallow
grooves, less plastic distortion, a smooth oxide layer, and more particles of solid
lubricant (Figure 3.9d).

3.2.4.2 Effect of Hot Pressing

Hot pressing is also an important factor, which affects the wear performance of the
spray-formed aluminum base materials. The hot pressing significantly decreases the
wear rate of spray-formed aluminum base materials [67]. This is attributed to reduc-
ing porosity and the refinement of the particles and intermetallics presented in the
spray-formed composite. The morphology of the particles affects the wear behavior
of the aluminum base alloy to a large extent. The coarse particles are broken more
frequently compared with fine particles under the sliding, which increases the loss of
the material through third body wear. In this condition, the worn surface shows very
little deformation.

3.2.4.3 Effect of Surface Treatment

The surface treatment of spay-formed aluminum base materials also affects the
wear behavior. Jung and coworkers [68] have studied the wear behavior of the spray-
formed aluminum base materials after plasma nitriding and the duplex treatment
(plasma nitriding followed by electron beam remelting). They have observed that
under dry sliding condition, the wear volume of the spray-formed aluminum base
material is significantly reduced after the plasma nitriding and duplex treatment.
However, a higher wear resistance is achieved after the duplex treatment. This is
due to the destruction of the diffusion-induced cavities beneath the nitride film and
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FIGURE 3.9 SEM micrographs of worn surface of spray-deposited Al-Si alloy composite
reinforced with graphite particles with thickness reduction (%) (a) 20, (b) 40, (c) 60, and
(d) 80. Testing conditions: sliding distance of 3000 m, applied load 20N, and sliding velocity
of 1.06m/s [32].

enhanced bond strength between the nitride layer and substrate. The increased hard-
ness after the duplex treatment also improves the load-bearing support for nitride
film, which also contributes to an improvement in the wear resistance.

3.2.4.4 Effect of Fabrication Process

The wear behavior of the composite is also influenced by the fabrication process. The
wear resistance of the composite fabricated by the spray-forming process is signifi-
cantly higher than the composite fabricated by the stir casting process [38]. This is
owing to the drawbacks in microstructural uniformity, porosity, and interfacial bond-
ing in between matrix and the reinforcement particles in the composite fabricated by
the stir casting process [69]. In addition, the lower hardness of the composite fabri-
cated by the stir cast process also imparts lower wear resistance than the composite
fabricated by the spray-forming process.
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3.2.4.5 Effect of Process Variables

The spray process variables are key parameters, which influence the wear perfor-
mance of the aluminum base materials. With optimization of spray process variables,
the high wear resistance material can be produced. Rudrakshi and coworkers [70]
have worked on the influence of spray process variable, namely deposition distance
on the wear behavior of the Al-Si-Pb system. They have added that at a high deposi-
tion distance, the ultrafine lead particles with unvarying size are noticed owing to a
reduction in the volume of liquid phase on the substrate. Further, these ultrafine and
uniform distributed lead particles improve the process of smearing lead particles on
the material surfaces.

3.3 SUMMARY

This chapter addresses key parameters that influence the tribological performance of
the spray-formed aluminum alloys and their composites. The operating mechanisms
responsible for the alteration in wear and friction with testing parameters like sliding
distance, normal load and sliding velocity of different spray-formed aluminum base
materials are well discussed with the critical analysis of the worn surface. Besides
that, the influence of material parameters such as hardness, porosity, and amount of
reinforcement (single and multiple) on wear and friction behavior is also addressed.
The other parameters, such as warm rolling, hot pressing, surface treatment, etc.,
which affect the microstructure and mechanical properties of the materials leading
to improved wear and friction performance of spray-formed aluminum base materi-
als are also explained. With proper choice of spray process variables, wear resistance
and friction coefficient of the material can be optimized.
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4.1 INTRODUCTION

The Al alloy, like ZA27, has a better mechanical frame of the structure, and wear
properties were utilized for preparing and replacing traditional materials/selections,
e.g., surfaces of sliding like a disk or bearing material. Nowadays, using metal matrix
composite (mmcs) materials in automobile industries is growing day by day, leading
to enhancing the demand for developing fabricating methods, which can enhance
the mechanical and sliding performance of such newly developed composites [1].
“This article scopes to investigate the optimal weight percentage filler (SiC/Gr) into
ZA27 for mechanical and dry sliding wear performance meant for bearing appli-
cations. Several authors have reported similar results like Liu et al. [2] examined
the mechanical and wear performance behavior of aluminum (Al)-magnesium
(Mg)—graphite (Gr) composite and seen that the mechanical properties improve with
increment in filler content. Karakulak et al. [3] observed an increase in mechanical
performance with nickel in aluminum alloy composite. Kumar et al. [4] investigated
diminish in the rate of wear with fly ash and graphite-reinforced alloy composite.
Karthick et al. [5] observed the maximum rate of wear and mechanical performance
of composite enhances with enhanced Al,O,/SiC reinforcement. Singh et al. [6] ana-
lyzed the performance of coefficient of friction (COF) and wear rate of composite
reduction with decrements in SiC filled ZA27 alloy composite. Girisha et al. [7]
examined the impact of graphite-filled ZA27 aluminum alloy composites prepared
through the stir casting method. It found a decrease in the wear rate of Gr mixed
ZA27 alloy composite with increased filler content and improved wear resistance
at 6wt% Gr reinforced ZA27 aluminum alloy composite. Baradeswaran et al. [8]
found the mechanical properties (like hardness, tensile, flexural, and compressive)
and resistance of wear increase with increasing the filler content. Kumar and Kumar
[9] found the mechanical and dry sliding performance improves with an increase in
the B,C/rice rush and filler content for armor application. Goudarzi and Akhlaghi
[10] investigated the performance of COF and the rate of wear improved with incre-
ment in load. Toptan et al. [11] found the influence of B,C on different parameters
(like velocity of sliding, load, and a distance of sliding) on sliding performance of
composite, and worn mechanism of specimens is computed by SEM. Similar results
are reported by Ashiwani Kumar and Mukesh Kumar [12], and they found the higher
performance of wear rate of composite showed impendence of graphite-reinforced
alloy composite. Kumar et al. [13] observed the performance of the tribological and
mechanical properties of Ni powder filled with AA7075 composite for gear applica-
tion. Bhaskar et al. [14] found the material performance of reinforcement (silicon
carbide) filled AA-2024 alloy composite is computed through MCDM methods (like
AHP and TOPSIS). The reported outcomes are in tune with the raking performance
of fabricated composite and prove that the MCDM techniques are used for adept
decision in order for the newly developed materials of performance based on evalu-
ation criteria. Kranthi et al. [15] recommended the neural network method through
developed the mathematical model to run experiment outcomes with the planning of
parametric design and investigated the effective or systematic in expecting the wear
response to different experimental conditions.”
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The novelty of the research work presented here comprises (1) designing, develop-
ing, and fabricating hybrid ZA27-SiCGr alloy composites with a particular combina-
tion of ceramic reinforcements through high vacuum casting method; (2) exploring
the interactive combined effect of both the ceramics on physical, mechanical, and
tribological behavior of alloy composites as per ASTM standards; (3) adopting the
Taguchi design of experiment for designing sliding wear experimental simulations
as well as input control factor (such as sliding distance, sliding velocity, normal load,
composition, and environmental temperature) optimizing using ANOVA and rank-
ing of new developed ZSG alloy composite using AHP-TOPSIS method; and (iv)
analysis of worn-out surface using SEM/EDXS.

4.2 MATERIALS AND METHODOLOGY

4.2.1 MaTterIAL, DESIGN ASPECTS, AND FABRICATION
ofF ZA27-S1C-Gr ALLoy COMPOSITES

Details of ingredients, design aspects, and fabrication procedure of the alloy com-
posites are described in the flow chart as shown in Figure 4.1. The surface morphol-
ogy and EDX spectrum of the ingredients are shown in Figure 4.2.

4.2.2 PHysICAL AND MECHANICAL CHARACTERIZATION

The actual/experimental density of design composite specimens was computed through
the water displacement method. The experimental density of fabricated specimens
was computed as per ASTMD792 standard using the Archimedes principle; the
density of theoretical was measured through the rule of mixture method through
Equation 4.1 [16].

1

whereas it is expressed that the weight fraction=w and density of friction=p,
respectively.

The density of voids of the fabricated composite sample was computed through
utilizing Equation 4.2 [17].

@)

Theoretical ( o2 ) — Experimental ( Pe )
Theoretical ( Pr )

Voids fraction = 4.2)

The Vickersmicro hardness of fabricated composite was computed through the
hardness equipment like Walter Uhltesting tester as ASTM E-92 standard [13]
with each five test trials are performed on each sample and the results are recorded
in the file. For Vickersmicro hardness, tests are selected parameters (like normal
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Materials:
a) Base material ZA27; supplied by Bharat Aerospace Metals, Mumbai;
b) Solid lubricant Graphite (Gr); supplied by Savita Scientific Prt. Ltd., Jaipur; 98 um size; 0-6 wt.%;

c¢) Silicon Carbide (SiC); supplied by Savita Scientific Pvt. Ltd., Jaipur; 10 um size; 0-6 wt.%;

)

Design aspects:

ZSG-0 = 0 wt.% SiC and Gr; rest ZA27

7ZSG-2 = 2 wt.% SiC and Gr; rest ZA27
7Z5G-4 = 4 wt.% SiC and Gr; rest ZA27
Z8G-6 = 6 wt.% SiC and Gr; rest ZA27

Fabrication procedure:

1. The computed quantity of ZA27 alloy rods was cleaned and its small parts were melted in a graphite crucible
using a high vacuum induction furnace. The melted material was held at 850°C for 15 minutes; thereafter the
value of temperature lowered to 650°C (zone of mushy i.e. between solidus and liquidus temperatures of the
base matrix).

2. The metal powder reinforcements were preheated separately at 800°C for 2 hours.

3. In order to improve the wettability of filler phases in the molten melt 2 wt.% Mg powder was added.

4. The achieve uniform mix fully automatic stirrer (stainless steel; speed ~ 300 rpm; time 15 min.) was used.

5. The blend was poured into fixed cast iron mould with dimensions 150 x 90 x 10 mm 3 and permitted to
solidify to room temperature in air (normalizing process).

6. The samples may be cut out using wire Electric Discharge Machine(EDM) as per dimensions followed by

polishing with emery papers.

FIGURE 4.1 Materials, design aspects, and fabrication method of ZSG alloy composites.

load = 190kg; time duration = 15 seconds) and performed on specimens. We get from
Equation 4.3

HV =1854 L @3)
D

Here, it is expressed that L =applied load (kg) and D =diagonal diameter (mm).

The tensile experiment of fabricated composite specimen was conducted on
the UTM tester (ASTMD-3039-76)[38] and taken parameter (like the flat shape
specimen dimension=160x 10X 10mm?; length of span=75mm; cross-head
speed =2 mm/s).
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Flexural tests of designing ZSG alloy composite specimens were conducted on
a UTM machine parameter (taken as specimen dimensions=>50X 10x 10 mm?
span length =40 (mm); cross-head speed =2 m/s) followed as per (ASTM D 2344-
84) [8] standard. Flexural strength (FS) was computed through using Equation
4.4 [13].

_3PL
2b¢*

“4.4)

whereas it is expressed that P=1load (kg), b=width of specimen (mm), r=sample
thickness of the sample (mm), and L = span length of the sample (mm).

The impact strength (in terms of impact energy) of fabricated composite speci-
mens was computed using an impact tester (ASTM E-23) [13] and taken machine
parameter (such as specimen size =64 X 12.8 X 3.2 mm?; depth of notch=10.2 mm).
The compressive strength of fabricated composites was computed through using
the compression test (ASTM E9-09) [18] and taken parameter (specimen size=
10 10 x 10 mm?; span length =50 mm; speed =2 m/s), and compression test was per-
formed on UTM.

4.2.3 DRy SLIDING WEAR TRIBOMETER

The friction and sliding wear performance was measured through using MST
(Multi-specimen Tribo-tester: Model: TR-705; Ducom; ASTM G-99) [4] equipment
(Figure 4.3) SiC-Gr filled ZA27 alloy composites. The machine parameters (such as
rotating disk =62 HRC, EN-31, hardened steel; specimen dimension = 14 X 9 X 10 mm?,
and load applied to the fixed specimen in the vertical direction) have taken for the
experimentations. The steady-state tests were taken parameter (like constant load
20N; the sliding velocity of 1, 1.25, 1.5, and 1.75 m/s). Sliding wear performance for
sliding distance of 700m and constant disk track diameter of 40 mm was conducted
on Tribo-tester and measured the wear data. All the experiments were performed at
the environmental conditions and were completed in given duration of time. After
each test, the pin and disk surfaces were cleaned with alcohol to eliminate the col-
lected wear debris particles and material moved to sample.

Finally, for each experimental data, the pin type sample was cleaned and previ-
ously weighed by an Electronic Balance machine (EBM) (taken + 1 X 103 mg accu-
racy). The experimental collection data on wear rate and COF was obtained from the
machine, which analyzed data. Therefore, the experimental specific wear rate data
are analyzed. The newly developed alloy composite of wear rates (W,) was obtained
by Equation 4.5 [19]

Am

= @.5)
PXVXtX fn

s

here, it indicates Am =mass loss (g), density (p), sliding velocity (V,), test duration (7),
and normal load (fn).
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FIGURE 4.3 (a and b) Multi-specimen tribometer.

4.2.4 TacucHI DESIGN OF EXPERIMENT OPTIMIZATION

The design structure of the Taguchi exploratory is a technique to reduce the number
of preliminaries/cycle and productively accomplish the best outcome for a specific
combination. Taguchi methods are developed broadly in the area of engineering and
optimization of execution attributes with the permutation of design factors. Therefore,
this procedure is associated with the trial and logical idea to compute the factor of
the most grounded impact on the outcomes and response for a noteworthy improve-
ment in the entire execution. The attributes of execution in terms of the S/N ratio for
smallest the better (SB) characteristic are utilized for computing the specific wear
rate of SiC/Gr powder-filled ZA27 alloy composite. This article investigated that
four parameters (normal load, reinforcement, sliding velocity, and sliding distance)
are indicated in Table 4.1, and the design of the L16 orthogonal array is utilized to
acquire the ideal parameter combinations. The better characteristics of the S/N ratio
are indicated in Equation 4.6.

s 1 )
—=-10log— » X 4.6
5 =—10l0g > @.6)

whereas Y=no. of trials/observation and X=computes response of wear rate.
Subsequently, the ANOVA strategy was utilized to acquire the noteworthy parameter
and ideal execution setting of working parameters [13].

4.2.5 SURFACE MORPHOLOGY STUDIES

The wear micrograph analysis of the worn surface was investigated by utilizing a
micrograph and acquired through FESEM equipment. The microstructure behav-
ior of ZA27-SiC-Gr alloy composites was investigated under the below mechanism
through SEM.
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TABLE 4.1
Sliding Wear Processes Parameters and Their Levels

Levels
Input Control Factors 1 1 11 v
A: Normal load (N) 10 20 30 40
B: Reinforcement content (wt%) 0 2 4 6
C: Sliding velocity (m/s) 1 1.25 1.5 1.75
D: Sliding distance (m) 700 1400 2100 2800

4.2.6 HysriD AHP-TOPSIS RANKING OPTIMIZATION METHOD

The AHP-TOPSIS method is an efficient multi-criteria decision-making tool that
aids scholars in taking the right decision under complex decision situations and is
frequently used in areas such as military, economics, inventory management, and
material selection. AHP is an adaptable planning and process developed by Thomas
Saaty in the 1970s [14] that gives an approach of decision making including the rela-
tive performance and order criteria. It includes both conventional and quantitative
selection of decisions that reinforced its flexible pertinence. The basic steps are the
construction of hierarchy; required priority test; and the confirmation of consistency
with the assurance of relative weights[14,20]. The algorithm of the analytic hierarchy
process (AHP) is as follows:

Step 1: Construction of hierarchy structure: “The construction of hierarchy struc-
ture for intricate decision-making problem enables to comprehend the problem. The
deciding target should be in the upper position; criteria of evaluating at the center
section and choice (alternatives) lie in the down position of construction of hierarchi-
cal structure” as shown in Figure 4.4.

Step 2: Construction of a pairwise comparison matrix: this matrix is prepared
by entrusting/passing targets, which depend on human decision, and according to
Sattay’s 1-9 scale comparison of Pairwise matrix (c), it would appear as:

Cl CZ Cn

Cl 1 C12 Cln

C C 1 Cy,
Cnxn ? 2 I g
Cn Cnl Cn2 1

here, C;; would be that the degree of choice of (ith criteria (row); jth criteria (column);
(4,j valueequal to 1, 2, 3, ... , n; no. of the criteria value indicates n). So, the matrix (C)
indicates that the square matrix of nth order having target values equals to one diago-

(n—1) 1
2

nal. If it is n-criterion, then it is pairwise comparisons of such that (C; = C—).

Ji
“If the pair wise comparison matrix (C)= [C,-j ]m justified C;=CyxC,; for put-
ting any value (i, j, k € 1...n) then, matrix (C) is said to be consistent; otherwise it
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FIGURE 4.4 The hierarchy chart.

indicates inconsistent. Therefore, for a given C of the comparison pairwise matrix
(C); the vector of weight (w) may be computed through the CE (characteristic equa-
tion): Cw=21,,,w, i.e., w is a vector of the weight of the real total loads or eigenvec-
tors related to the aging esteem and (4,,,) indicates the best Eigenvalue estimations
from the matrix (C). It demonstrated that for immaculate consistency (4,,,,)=n or
rank= 1. Quite, an irregularity in needs task may prompt various estimations of 4_,.;
in such cases A4,,, ~n for more prominent consistency of outcomes. Such type of
technique for calculating the vector of the weight of the matrix (C) is alluded to as
the chief right eigenvector strategy (saaty; 1980). It is well revealed that a comparison
matrix (C) significantly influences the outcomes; subsequently, the test of consistency

is performed by determining the index of consistency (CI) =(2;max_1)n). (The whole
n—

consistency (4,,,x = n or rank=1 or CI=0)).

Step 3: Finally, admissible consistency of matrix (C) or the degree of consistency check
CI (Consistency Index)

RI (Random Index)

“For steady pairwise comparison matrix (CR) value is greater than equal to 0.1 or
10 percentages; then comparison matrix (C) requires to be remade to decrease the
irregularity. Therefore, the calculating (CR) value assesses the consistency of judg-
ment inventor also the consistency of the hierarchical network. Table 4.5 illustrates
the irregularity index (RI) values in the matrix (C) with the sequence from 1 to 10.
The average of the consistency index of 500 arbitrarily produced matrices through
RI” [14].

“The TOPSIS idea is reported by Hwang and Yoon [21-23]; its dominance in
calculating genuine life crucial issues of different branches is well defended through
previous literature.

is assessed by determining consistency proportion (CR)=



70 Tribology and Surface Engineering for Industrial Applications

The basis step calculations of TOPSIS are followed:

Step 1: Prepare decision matrix: the multi-alternative/choices (e.g., m alternatives/
choices) and multi-criteria (say n-criteria) of the issue are indicated in the matrix
form (say matrix D of m x n order).

C c, - C,
A pu P2t P where C|,C,.....Cyy are the n-criteria and
D = Ay P P2t Pu A Ay....,Am are the m-alternatives
mxXn — . . . . .
Am Pm1 Pm2 tee DPmn

The component p,; indicates the performance value of the id alternative/choices (A,
with regards to the jth attribute ) herei=1,2...mandj=1,2 ... n.

Step 2: To obtain the criteria in unit less form and to ease between attribute com-
parison; the passages of the upper matrix are normalized (utilizing Equation 4.7).
Hence, obtained standardized/normalized matrix is R={r;} (of the order mXn).

nj_L,herej:LZ,...n @.7)
3o
i=1

Step 3: A normalized decision matrix (R) is changed into the V (weighted, normal-
ized decision matrix); V= {V;} (utilizing Equation 4.8).

N =

Vy=w,xr; where, =12, m; j=1.2,mwj=0; ) wy=1 (@48

J=1

where w; indicates the relative weights or relative importance of jth criteria. It is cal-
culated by using the AHP method as described in the earlier section.

Step 4: Calculate the positive ideal solution (A™) and the negative ideal solu-
tion (A”) (following under criteria) that depend on the normalized weight matrix as
achieved by Equation 4.9.

+ + o+ +
A :(Vl ,Vz,...,VJ)

4.9)
A = (v[,v;,...,v})
whereas
max Vj,if j is a benefit criteria or larger-the-better
vi= whereas j=1,2...n
min Vj, if j is a cost criteria or smaller-the-better

{max V;,if j is a benefit criteria or larger-the-better

min Vj, if j is a cost criteria or smaller-the-better
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Step 5: To determine the distance of Euclidian (D) between every alternative and the
positive ideal solution or the negative ideal solution by utilizing Equation 4.10:

n

D = Z(vf-—v,-j)z wherei=1,2,....m
- .10)

n

D; = Z(v; - v,-j)z

Jj=1

Step 6: At last, determine (the relative closeness of the overall preference or coef-
ficient of closeness (CC)) the perfect solution for every alternative through utilizing
Equation 4.10. Here, D; and D; both are more than zero, then CC € (0, 1). We get
from Equation 4.11,

Dy

CCi=f
D} + D;

fori=12,...,m @.11)

Step 7: Finally, rank the options/alternatives in plunging order of preferences as indi-
cated by the closeness coefficient (CC). The larger the CC, the betters the options/
alternatives compared to others.

4.3 RESULTS AND DISCUSSION

4.3.1 PHysicAL AND MECHANICAL CHARACTERIZATIONS

Figure 4.5 shows the influence of SiC-Gr on the voids content of different fillers
0, 2, 4, and 6 wt%) of Zinc aluminum (ZA27) alloy composite. It is observed that
the density of fabricated composites shows a decreasing trend. The density fol-
lows the trend ZSG-4>7SG-2>7ZSG-0>7ZSG-6, while the voids content follows
7SG-4 <ZSG-0<ZSG-6 <ZSG-2 across the formulation. It infers that the ZSG-4
alloy composite exhibits maximum density and moderate density value rise to mini-
mum voids presence. This may be possible only when there is better synergy between
complementary ceramic particulate and other ingredients of hybrid composites. It
means that there are better interfacial adhesions or wettability between matrix and
reinforcement that decrease the probability of voids formations, thereby making
the matrix stiffer and denser. Therefore, the results of the voids content of prepared
composite materials are evaluated from both the densities (such as theoretical and
experimental). Voids of alloy composites are slowly improving by an increment in
filler content. The consequences of voids depict the negative impact on the strength
of materials and wear rate of composite.

The effect of SiC-Gr on the hardness of ZA27 alloy composites is shown in
Figure 4.6. The hardness is enhanced with increment in reinforcement. The 6 wt%
SiC-Gr of ZA27 alloy composites shows a higher hardness when contrasted to the
base alloy composite. Therefore, the hardness of alloy composite growth is at the
rate of 23%, 38%, and 60% higher base alloy. Therefore, the results of the hardness
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FIGURE 4.6 Hardness of the alloy composites.

of composite are increased because of the impendence of metallic hard particulate in
base material matrix and load moved competency of the matrix toward the side of the
filler was enhanced. The result outcomes have a great concurrence with the impact of
mechanical properties on SiC-Gr filled ZA27 alloy composite [13,24].

The impact of tensile strength on SiC—Gr reinforced filled ZA27 alloy composite is
depicted in Figure 4.7. It was estimated by utilizing the computerized UTM machine.
It was concluded that the tensile strength results improve with increment in reinforce-
ment. The strength of an alloy composite increases due to increased hardness and
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FIGURE 4.7 Tensile strength, flexural strength, and impact strength of the alloy composites.

dispersion of strength, and another reason is that the specimen of tensile strength
increases with a diminished percentage of elongation [25]. It can see from the chart
that it is 280 MPa at O0wt% SiC/Gr particulate reinforcement. Further expansion of
2wt% SiC/Gr content of strength of the composite is 340 MPa. Again, the addition of
4wt% SiC/Gr and 6 wt% SiC/Gr content of composite strength are 390 and 425 MPa.
A similar finding is also reported by Ramnath et al. [26]. This might be attributed
to that most grounded holding among base material matrix and filler are playing a
significant contribution in improving the specimen strength of the composite.

The variation of FS on SiC/Gr filled ZA27 alloy composites is employed in Figure
4.7. 1t is seen from the chart that the FS of the composite specimen enhanced to incre-
ment in filler content up to 2% by addition of weight percentage and then reduced
with further reinforcing content. This may be an improper distribution particle and
weak bonding generated because of improper casting. It concludes that the strength
of the composite dependent on the overall impact of the size of particular reinforced
particles, filler content/interlink bonding strength of the matrix, and impendence of
voids content. The result outcomes stated by Baradeswaran et al. [8] studies show
that the strength (flexural specimen) of composites improves with increment in par-
ticulate reinforcement in the alloy matrix.

The effect on the impact strength of a composite by the addition of SiC/Gr parti-
cles is employed in Figure 4.7. It is seen from the chart that the strength of composite
specimen achieved by Izod experiment increases the wet.% of reinforcement. This
strength is 22J at Owt% SiC/Gr content. Again, the expansion of 2, 4, and 6 wt% of
the reinforced content of impact strength of the composite is 33.4, 56.8, and 64.4J.
The maximum increase in impact strength of composite compared to base alloy was
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less than 19%. The same findings are stated by Kumar et al. [19] manifested that
the impact strength improved because of ductile fracture in material and excellent
holding reinforcement and matrix. This might be credited that the impact strength
is superior at 6 wt% SiC/Gr because of the cracking in the material deposited at the
energy of plastic deformation. The fabricated composites have extraordinary resis-
tance ability because of increment in impact strength [27]. Kumar et al. [13] detailed
a comparable trend to enhance reinforcement with increment in the impact strength
of composite because of the temperature effect and the molecule size.

4.3.2 TAGUCHI ANALYSIS

The Taguchi technique is implemented in the present fabricated composite; the level
of factors is selected on the steady-state test condition. Table 4.2 shows the scheme of
the experimental simulation, and Table 4.3 shows the ranking order of input control
factors. Figure 4.8 shows the main factor plot for S/N ratio, and Table 4.4 shows the
result of ANOVA analysis and Mini tab 16 software are utilized for methodology-
based computations.

In these investigations, L, symmetrical collection DOE is implanted by having
four factors and four levels. The entire mean for S/N proportions for the wear rate of
the composite was acquired to be 77dB. An entire sequence of the significance of
control parameters in the diminishing rate of composite, i.e., sliding distance > nor-
mal load > reinforcement > sliding velocity [28—30]. ANOVA was utilized to observe
the % share of control factors in calculating response, i.e., wear rate of composite.

TABLE 4.2
Taguchi L;; Orthogonal Array for Experimental Runs

Normal  Reinforcement Sliding Sliding
Level Load Content Distance Velocity SWR S/N Ratio (dB)
1 10 0 700 1 0.000745666 62.5491
2 10 2 1400 1.25 0.000189801 74.4340
3 10 4 2100 1.5 0.000293945 70.6347
4 10 6 2800 1.75 0.000111857 79.0268
5 20 0 1400 1.5 3.88368E-05 88.2151
6 20 2 700 1.75 0.000253068 71.9352
7 20 4 2800 1 0.00012204 78.2700
8 20 6 2100 1.25 9.05508E-05 80.8622
9 30 0 2100 1.75 3.45216E-05 89.2382
10 30 2 2800 1.5 0.000173985 75.1898
11 30 4 700 1.25 0.00015747 76.0560
12 30 6 1400 1 0.000127836 77.8669
13 40 0 2800 1.25 7.96154E-05 81.9801
14 40 2 2100 1 5.27226E-05 85.5601
15 40 4 1400 1.75 0.000181091 74.8421
16 40 6 700 1.5 0.000239693 72.4069
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TABLE 4.3
Ranking Order of Significance of Control Factors

Levels A (Load) B (Reinforcement) C (Sliding Distance) D (Sliding Velocity)
1 71.66 80.50 70.74 76.06
2 79.82 76.78 78.84 78.33
3 79.59 74.95 81.57 76.61
4 78.70 77.54 78.62 78.76
Delta 8.16 5.54 10.84 2.70
Rank 2 3 1 4
Main effects plot for SN ratios
Data means
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FIGURE 4.8 (A-D) Impact of control factors on the specific wear rate of alloy composites.

TABLE 4.4

ANOVA for Specific Wear Rate

Source DF Seq SS Adj SS Adj MS F
Normal load (L) 4 1400.73 1326.63 330.37 6.97
Filler content (F) 4 571.05 448.73 110.97 3.05
Sliding velocity (V) 4 551.11 595.85 147.62 3.68
Sliding distance (D) 4 1472.82 1372.89 342.58 7.18
Error 8 402.35 444.35 54.46

Total 24 4393.32

S =8.35242; R-Sq=87.87%; R-Sq(adj) =67.64%.

P

0.017
0.186
0.111
0.015

P (%)
31.80
13.99
11.54
33.52
9.15
100
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In this case, the level of significance (represented by p) of 5% (i.e., the level of confi-
dence of 95%) is considered for the analysis; thus the lower magnitude of p signifies
a higher contribution of that factor in the output response or percentage contribu-
tion (P%) may be calculated to understand the same fact. Henceforth, the order of
influence of input control factors and their contribution to the SWR are sliding dis-
tance (33.52%)>normal load (31.80%) > reinforcement (12.99%) > sliding velocity
(12.54%). The sequence of significant control factors determines the entire mecha-
nism of the wear system.

4.3.3 SteADY-STATE WEAR/FRICTION ANALYSIS (EFFECT OF SLIDING DISTANCE)

The influence of the wear rate of changing the sliding distance (700—-1400m) of
SiC-Gr reinforced ZA27 alloy composite is shown in Figure 4.9. It is seen that the
wear rate enhances with an increase in the distance of sliding of composites. The
order of wear rate is ZSG-0>ZSG-2>7ZSG-4>7SG-6. It was observed from
the graph that the wear rate of composite depicts the lesser value of the lesser sliding
distance (250 m), but beyond the increased 1400-2800m sliding distance of specific
wear was increased. Generally, the wear rate (unfilled alloy) is higher as related to
developed alloy composites, but the higher content of alloy composite of wear rate
was lower relative to another particulate alloy composite. It might be attributed that
the wear rate of fabricated composites is improved with an enhancement in the slid-
ing distance owing to the lower section of a sliding disk which is stable, then the
particles were fractured and exhausted debris particles generated through the coun-
ter surface. It may be due to the fact that as the contact area at the sliding surface is
enhanced with an increase in the interaction time and number of turns, simultane-
ously the specific wear rate is also increased [28].
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FIGURE 4.9 Effect of sliding distance on the specific wear rate of ZSG alloy composites.
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FIGURE 4.10 Effect of sliding distance on the coefficient of friction of ZSG alloy composites.

The impact of sliding distance (700-2800m) on COF (u) of SiC-Gr filled ZA 27
alloy composites is presented in Figure 4.10. The value of COF(u) improves with
increment in SiC-Gr (0-2 wt%) content of alloy composite. The COF value of com-
posites shows the higher at 0 wt% filler content, and the lower value of COF shows at
2wt% SiC/Gr powder reinforced ZA27 alloy composite. However, reduction in wear,
damage of aluminum-lead alloy dependent on micrograph structure, specific sizes;
distribution of grain shape; and lead are supportive to wear properties. It might be
that the magnitude of COF was lower at a lower sliding distance for the ZSR alloy
composite. The COF of the composite is slowly improved with an increase in sliding
velocity for SiC-Gr filled ZA27 alloy composite. The COF(u) is improved with the
sliding distance due to the grain-growing mechanism and hardness increase in wear
resistance [28,13].

4.3.4 WORN SURFACE DAMAGE ANALYSIS

The SEM micrograph of silicon carbide—graphite filled ZA27 alloy composites for
sliding wear (steady-state condition; Taguchi DOE; L16 orthogonal array) at chang-
ing load (10-40N) are presented in Figure 4.11a—d. It was evident that from graph
Figure 4.11a, the wear rate (WR) of unfilled alloy composites was 0.000745666 mm?/
Nm at level 1 (Table 4.2). This may be due to the delamination mechanism that
may occur at lower applied normal load, i.e., 10N and lower sliding velocity of
1 m/s due to small frictional heating between the interfaces of two materials. While
delamination happens in lesser sliding speed and load that outcomes in the additional
deficit of materials through delamination [29]. Figure 4.11b for 2% SiC-Gr filled
ZA27 alloy composite demonstrates the specific wear rate, i.e., 0.000253068 mm?/
Nm (exp. run 5, Table 4.2) with steady-state parameters (Sliding distance=700m,;
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FIGURE 4.11 Worn surface micrographs of the alloy composites. (a) ZSG-0, (b) ZSG-2,
(c) ZSG-4, and (d) ZSG-6.

Normal load= 20 N; Sliding speed = 1.75 m/s). The particle of debris (PD) is seen on
the worn surface underneath the utilization of increment of load. (At the interface,
heat is created due to the mellowing of the surface and impairment of wear par-
ticles [30].) ZA27 alloy with 4wt% SiC-Gr filled composite material of the specific
wear rates is 0.00015747 mm3/Nm (exp. run 11, Table 4.2) at steady-state parameters
(Sliding distance=700m; Normal load=30N; Sliding speed=1.25m/s) are pre-
sented in Figure 4.11c. The ploughing mechanism generates because of the maxi-
mum content of plastic deformation [31]. The SEM micrograph of sliding wear in
Figure 4.11d of 6 wt% of SiC-Gr filled ZA27 alloy composite indicates that the wear
rate (SWR) is 0.000239693 mm?3/Nm (exp. run 16; Table 4.2) at the steady state of
sliding-wear parameters (high-sliding velocity = 1.5 m/s; normal load=40N; sliding
distance=700m). In steady-state sliding tests, when the two flat pieces are rubbed
together, they generate friction heats at the interface of the material surface because
of the mellowing of surface, impairment of wear particles, and shallow grooves of
the composite [32-34].

4.3.5 HysriD AHP-TOPSIS RANKING OPTIMIZATION

The ranking optimization of ZSG alloy composites is evaluated using hybrid AHP-
TOPSIS methods as discussed in Section 2.6. The stepwise computations as per the
AHP algorithm are as follows:
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Step 1: The brainstorming sessions with subject experts and literature aid in gath-
ering relevant information regarding investigated problem and may be arranged in
the hierarchy structure as shown in Figure 4.12. Here, the decision goal of ranking
material formulations that overall optimizes the performance remains at the top.
The performance criteria as evaluated in the above sections remain at the center,
and material alternatives like ZSG-0, ZSG-2, ZSG-4, ZSG-6 remain at the end. The
implications of performance criteria on the decision goal are listed in Table 4.5.

Steps 2-3: In this step, a pairwise comparison matrix (shown in Table 4.6) is pre-
pared in consultation with experts, thereafter relative weights are obtained. Thereafter,
consistency verification of the obtained weights must be done to ensure robust rank-
ing results. The maximum Eigenvalue (4,,,,)~8.04, Consistency Index (CI)=0.0061,
and Consistency Ratio (CR)=0.00435, which is significantly <« 0.1 (upper limit of

Decision goal Ranking of material formulations that
overall optimizes the performance

Voids content Hardness | ,,.00000000 | SWR

Performance (X )

criteria

ZSG-0 Teeveveniie ZSG-4 | esesesnsene ZSG-6

FIGURE 4.12 The hierarchy structure of the present problem.

TABLE 4.5

Performance Criteria and Their Implications

PC’s No. PC’s Implications of PC’s
PC-1 Tensile strength (MPa); TS Greater the better
PC-2 Flexural strength (MPa); FS Lesser the better
PC-3 Impact strength (J); IS Greater the better
PC-4 Hardness (HRB); HRB Greater the better
PC-5 Specific wear rate (mm?*/Nm); Wear Lesser the better
PC-6 Density (g/cc); DEN Lesser the better
PC-7 Voids content (%); VC Lesser the better

PC-8 Coefficient of friction; COF Lesser the better
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TABLE 4.6
Pairwise Comparisons Matrix and Relative Weights

PC-1 PC-2  PC-3 PC-4  PC-5 PC-6 PC-7 PC-8 Relative Weights
PC-1 1 1 1 1 2 2 3 2 0.147
PC-2 1 1 1 1 2 2 3 2 0.147
PC-3 1 1 1 1 2 2 3 2 0.147
PC-4 1 1 1 1 2 2 3 2 0.147
PC-5 12 172 172 12 1 1 2 1 0.053
PC-6 172 172 12 172 1 1 2 1 0.077
PC-7 173 173 1/3 173 12 172 1 12 0.141
PC-8 172 172 172 172 1 1 2 1 0.141
Sum of relative weights: 1.00

acceptance of CR for consistency). From Table 4.6, it infers that order of priority of per-
formance criteria’s are Tensile strength ~ Flexural strength ~ Impact strength ~ Hardness
(0.147) > Wear ~ Coefficient-of-friction (0.141) > Density (0.077) > Voids content (0.055).

Since the obtained relative weights are consistent, these may be used in the
TOPSIS algorithm for ranking analysis of the alloy composites. The stepwise com-
putations as per the TOPSIS algorithm is as follows:

Step 1: This step involves organizing the evaluated performance data in the form
of a decision matrix as shown in Table 4.7.

Steps 2—5: The normalization of the decision matrix followed by the computation
of closeness coefficients and ranking order is shown in Table 4.8.

It could be observed that the ranking of the alloy composites follows the order
7SG-6>7SG-4>7ZSG-2>7ZSG-0. The subjective analysis of the performance crite-
ria discussed in Section 4.3.1-4.3.4 also reveals a similar ranking order. Thus, in this
case, the ranking analysis is found to be in line with the subjective analysis. This may
be due to a better and strong interface between ingredients with higher reinforcement
of 6 wt% that keeps lowering as their proportion decreases [35-37].

TABLE 4.7
Evaluate Performance Data of Alloy Composites

PC’s

PC-1 PC-2 PC-3 PC-4 PC-5 PC-6 PC-7 PC-8

Materials Alternatives TS FS IS HRB Wear DEN vC COF
7SG-0 280 310 22 110 2.8 4.3 0.49 0.19
7ZSG-2 340 360 33.4 135 2.5 4.4 1.25 0.28
75G-4 390 340 56.8 151.5 1.8 4.55 0.036 0.35

75G-6 425 490 64.4 176.5 1.4 43 0.97 0.55
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TABLE 4.8
Closeness Coefficient and Ranking of Alloy Composites
Materials Alternatives D+ D- cC Ranking
75G-0 0.0495 0.1043 0.6783 4
7SG-2 0.0332 0.1010 0.7528 3
7SG-4 0.0316 0.0979 0.7556 2
75G-6 0.0002 0.0969 0.9980 1
CONCLUSION

The salient inferences made from the above investigation are as follows:

1.

2.

. The maximum Eigen value (4

The mechanical characteristics of the alloy composites show improvement
with reinforcement content, while density shows a reverse relation.

The specific wear rate and friction coefficient of the alloy composites observed
anincremental trend with sliding distance irrespective of reinforcement content.
The order of specific wear rate followed is ZSG-0>ZSG-2 >ZSG-4>7ZSG-6
at any particular sliding distance.

. The order of influence of control factors on specific wear is sliding dis-

tance >normal load > filler content > sliding velocity as obtained through
the Taguchi method and validated with ANOVA analysis.

. The study of wear data and the SEM micrograph of ZSG-6 alloy composites

show superior wear performance compared to other composites; hence, it
fits for bearing material application.

max) ~ 8.04, Consistency Index (CI)=0.0061,
and Consistency Ratio (CR)=0.00435, which is significantly < 0.1 (upper
limit of acceptance of CR for consistency).

. The order of priority of performance criteria is Tensile strength ~Flexural

strength ~ Impact strength ~Hardness > Wear ~ COF > Density > Voids content.

. The ranking of the alloy composites follows the order ZSG-6>7ZSG-4 >

ZSG-2>7SG-0 and is found to be in line with the subjective analysis.
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5.1 INTRODUCTION

Tribology is a multidisciplinary science of interacting surfaces and includes several dis-
ciplines such as mechanical engineering, surface engineering (coatings, surface modi-
fication, surface analysis, and metrology), materials science, and chemical engineering.
It is a comprehensive term that represents friction, wear, and lubrication subjects [1],
which are very important phenomena in terms of service life of functional sliding
parts, energy losses, environmental pollution, economy, and finally human life [2].

Friction is the resistance to the motion of sliding surfaces moving relative to each
other. This resistance is highly influenced by surface topography, physics, and tex-
ture properties such as surface roughness, surface energy, wettability, etc. Therefore,
it is highly affected by the manufacturing technique of the surface, post-processing,
cleaning, coating, and surface modification. The friction force is expressed as F'=uW,
where W is the normal component of applied load for pressing the two sliding bod-
ies and pis the friction coefficient, which is highly dependent on texture properties
of sliding surfaces. With the increase in surface roughness, bonding between the
contact points of the surfaces occurs and the resistance of the surface increases, so
a higher load is required for starting and maintaining the relative motion. Therefore,
energy consumption and the cost of the sliding system also increase. During the
motion, the input energy converts into frictional heating and dissipates into the
system [3,4].

Surface properties of the sliding parts change by the frictional temperature rise.
To decrease these effects, suitable lubricants in solid or liquid form are used in gen-
eral. Lubrication is the most important way of reducing both friction and wear of the
surfaces. Moreover, by the reduction of friction, energy consumption, and frictional
heating also decreased. The effectiveness of lubrication is highly affected by the
physical and chemical properties of the surface and lubricant. For fluid lubricants,
lubrication film formation depends on the surface energy, wettability, roughness, and
viscosity while powder size is important for solid lubricants [3]. Surface energy is the
measure of impaired intermolecular bonds, which is generated during manufactur-
ing, and it affects the wettability and lubrication of the surface. Surfaces with higher
energy are very unstable and tend to lose their energy and become more stable.
While a liquid drop is placed on a solid surface with high energy, the surface tends to
interact with liquid and generate bonds. Therefore, the liquid drop spreads onto the
surface. This is called wettability of the surface and is measured in terms of contact
angle. Contact angle (¢) represents the angle between the liquid drop and the solid
surface. While the contact angle is high, it refers that the wettability of the surface is
low. Contact angle decreases with an increase in surface energy. The surface with 0°
water contact angle is completely wettable. While the contact angle lower than 30°is
defined as a super-hydrophilic surface, the surface with a contact angle between 30°
and 90° is hydrophilic. Surface with a water contact angle between 90° and 120° is
defined as hydrophobic and above 120° named as super-hydrophobic surfaces. A rep-
resentative scheme of the surfaces is shown in Figure 5.1. Surface with high energy
provides high wettability and better lubrication condition [5].

Three different lubrication regimes occur between sliding surfaces. These are
boundary lubrication, mixed lubrication, and full film lubrication. In some references,
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v

Increasing contact angle, decreasing surface energy

FIGURE 5.1 Representative drawing of different contact angles and surface energy relations.

elastohydrodynamic lubrication (EHL) regime is also counted as the fourth lubrica-
tion regime, which is considered as a subcategory of full film hydrodynamic lubri-
cation in some other references. Surface texture properties, roughness values, and
lubricant rtheology have important effects on the lubrication regimes. While the arith-
metic mean surface roughness value is higher than fluid film thickness, roughness
peaks of the sliding surfaces will contact constantly, which is defined as boundary
lubrication. In mixed lubrication, some of the roughness peaks contact each other,
and the fluid film cannot provide full surface separation between the sliding surfaces.
The full-film [ubrication regime occurs when the fluid film completely separates the
surfaces in relative motion. In that regime, the film thickness is much larger than the
surface roughness. It is possible to control friction and wear by providing effective
lubrication. Friction and wear decrease with achieving fluid film lubrication [1,4].

Wear is a complex phenomenon that causes gradual material loss from the slid-
ing surfaces of functional solid bodies. It is affected by many factors such as surface
properties, texture, hardness, material type, loading, lubrication, and temperature [6].
Different wear mechanisms such as adhesive, abrasive, erosive, corrosive, fretting,
and fatigue wear aroused between sliding surfaces, and all of these wear mechanisms
cause loss of functionality. It is stated in reference [7] that 23% of the total energy
consumption of the word is caused by tribological contacts. Twenty percent of this
consumption is caused by frictional losses where 3% of it is caused by remanufac-
turing and maintenance of worn parts. From the point of view of environmental
concern, tribology also increases hazardous waste release by worn parts and used
chemical lubricants. By taking advantage of technological development in materials
science, lubrication technology, and the manufacturing industry for the generation of
new functional surfaces, it is possible to decrease tribological losses and save about
40% of energy consumption in 15 years [7].

Additive manufacturing (AM) is a newly developing technology that provides an
opportunity to generate complex-shaped functional parts with new surfaces. Because
tribology has a great effect on the national and global economy, the characterization
of newly generated surfaces and understanding their tribological characteristics are
vitally important for developing long-lasting, energy-saving, and environmentally
friendly functional system parts. This chapter aimed to define additive manufactured
surfaces. After an overview of the AM technology, surface post-processing methods
were defined. Surface texture properties and their importance on the tribological
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behavior of the surfaces were discussed in terms of different AM surfaces. Finally,
tribological properties of the AM surfaces have been defined with the reference of
experimental studies.

5.2 ADDITIVE MANUFACTURED SURFACES

5.2.1 AbpDITIVE MANUFACTURING PROCESSES

AM is a newly developed and rapidly growing technology that provides an opportunity
for generating three-dimensional (3D) functional parts by using 3D computer-aided
design (CAD) data of the manufactured geometry. It was first developed in the 1980s
and has been mostly used for rapid prototyping under the name of 3D printing. It is
a layer-based manufacturing method that builds up 3D geometry without using any
tools, dies, fixtures, or molds. Therefore, unlike subtractive and other conventional
manufacturing methods, AM enables us to create complex geometries which provide
design freedom without waste of materials [8].

AM processes start with the design of the geometry by any kind of CAD program
and conversion of this data to the stereolithography file (STL). By using the related
programs, the digital geometry gets sliced and layered according to the geometry,
material, and desired specifications. Then the G codes are generated, and the pro-
cesses start for building up 3D geometry [9]. The general steps for AM processes can
be seen in Figure 5.2.

With the developing technology, AM techniques have become a promising manu-
facturing method for companies and it is started to be used for manufacturing near
net-shaped functional parts for end users [10]. By providing an opportunity to gener-
ate freeform surfaces and lightweight bodies with different lattice structures, AM
has been widely used in aerospace, defense, automotive, and medical industries [8].
A wide range of materials such as metals, polymers, ceramics, clays, and composites
can be used in AM techniques [11]. Different AM methods have been developed for
processing these materials, and the methods can be classified according to the type
of material and form of the feedstock such as powder, bar, filament, resin, and slurry.
Besides, it is possible to make a classification according to the heat source of the
method such as laser, electron beam, UV, etc. The American Society for Testing and
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FIGURE 5.2 Steps of additive manufacturing processes.
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Materials (ASTM) group, ASTMF42-Additive Manufacturing committee has classi-
fied AM methods in seven categories. These categories are vat photopolymerization,
powder bed fusion (PBF), material extrusion, material jetting, binder jetting, directed
energy deposition, and sheet lamination [9] listed in Table 5.1.

However, each of the AM methods has its own process parameters and differ-
ent properties, and the factors that affect the surface quality of the AM parts are
quite similar. Two basic ways are used for achieving the desired surface integrity of
the AM parts. These ways are process parameter optimization and post-processing.
Factors that affect the surface integrity of the AM parts are build orientation [13],
layer thickness, support structures, laser power, road width, and speed [14—16]. In most
of the AM methods, support structures are necessary for building up geometries with
overhang. To removing these structures, cleaning is required. However, after clean-
ing, support structures leave marks and roughness which cause uneven surfaces with

TABLE 5.1
Classification of Additive Manufacturing Methods [8,12]
Classification Method Name Material Description
VAT Stereolithography Photopolymers  Uses UV light for selectively
photopolymerization  Digital light processing Ceramics curing the photosensitive liquid
polymer layer by layer in vat
Material extrusion Fused deposition modeling  Thermoplastic ~ Builds up the 3D layered
polymers geometry by mechanically
Sand extruding the molten material
Powder bed fusion Selective laser melting Metals Uses energy beam to fuse the
Selective laser sintering Polymers powders together in accordance
Direct metal laser sintering  Ceramics with 3D designed geometry
Electron beam melting
Multijet fusion
Material jetting Polyjet Photopolymers  Directly deposits wax or
Inkjet Wax photopolymer droplets
Thermojet according to the desired
geometry and uses UV light
for curing the material.
Binder jetting Inkjet Metals Deposits binding agents onto
Polymers the material powder,
Ceramic selectively according to the
designed geometry
Sheet lamination Ultrasonic consolidation Metals Generates 3D geometry by
Laminated object Ceramics cutting sheet form of the
manufacturing Hybrids material which is adhesively
bonded in accordance with
CAD model data
Direct energy Laser engineered net shape  Metals Powder or wire form of the
deposition Direct metal deposition material is directly fed into
Direct light fabrication the melt pool of the substrate

3D laser cladding
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low quality. In Figure 5.3, the SLM manufactured Ti6Al4V surface can be seen after
trimming support structures without any post-cleaning operations.

In Figure 5.4, the design of a part that contains inclined and overhang sections
and FDM manufactured from the part that contains support structures can be seen.

Because of the layer-based nature of the AM methods, the surface quality of the
manufactured part is highly affected by the thickness of each layer. To achieve better
surface quality, the layer thickness must be small that causes longer manufacturing
time and so higher cost. With the increase in layer thickness, surface roughness also
increases [17]. This effect is prominent, especially on the inclined edges, circular
geometries, and holes. It results from nonsmooth surfaces, which look like stair-
stepping and is called “staircase effect” [14]. It emerges by slippage between layers
of inclined surfaces and depends on the inclination angle of the external surface and
layer thickness [18].

The effect of layer thickness on the staircase effect can be seen in Figure 5.5. In
(a) part of the figure layer, thickness is lower so the edge surface of the inclined part is
smoother. In (b), the layer thickness is higher than (a) and the surface is rough because
of the stair-stepping effect. Therefore, to obtain better surface quality, it is important to
choose proper manufacturing parameters in accordance with the designed geometry.

(a)

i

FIGURE 5.4 Design data of a workpiece with inclined and overhang sections (a), 3D geom-
etry of the workpiece manufactured by FDM method, contains support structures just before
the cleaning process (b).



Surface Texture Properties 91

FIGURE 5.5 Effect of layer thickness on staircase effect with different layer thickness.
Staircase effect with lower layer thickness (a), staircase effect with higher layer thickness (b).

-11.5

FIGURE 5.6 Surface of SLM manufactured AlSilOMg part

Another important factor that affects surface integrity of metal PBF AM parts
is semi-molten powder grains that poorly stick to the outer surface of the part and
remains spherical voids after being cleaned. These voids cause high surface rough-
ness and high friction coefficient values. An example of surface texture and voids of
SLM manufactured AlSil0Mg part surface can be seen in Figure 5.6. Post-processing
techniques are applied to decrease these surface irregularities and roughness values.

5.2.2 SURFACE PosT-PROCESSING OF AM PARTS

Additive manufacturing provides a great opportunity for generating intricate geom-
etry near net-shaped functional parts. However, surface integrity that affects the
performance of these parts has not been at the desired value yet. The term surface
integrity refers to the properties of surface and near-surface regions such as rough-
ness, hardness, residual stress, oxidation, phase transformations, and pores. Low sur-
face integrity represents low functional performance, especially from a tribological
point of view [3]. Therefore, the improvement of surface quality is vitally important
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for enhancing tribological properties of the AM parts. The layer-based nature of
the AM methods is a common reason for poor surface quality, although the surface
quality of the built parts differs according to the AM method. Undesired surface
texture features generated by semi-molten powder, stair-stepping effect, and sup-
port structures cannot be fully eliminated by process parameter optimization [8]. At
that point, surface post-processing techniques are required. There are different post-
processing methods applied for the improvement of surface quality of AM parts such
as abrasive blasting, chemical etching [19], shot peening, polishing, machining, and
laser-assisted finishing [20-23]. The list of the most commonly used post-processing
methods can be seen in Table 5.2.

In this chapter, the most effective post-processing methods both for reducing sur-
face integrity and enhancing tribological properties of the AM surfaces are discussed.

5.2.2.1 Abrasive Blasting

Abrasive blasting is a mechanical surface processing method that removes material
and changes the texture of the surface by shooting the abrasives with high pres-
sure [20]. Abrasive particles may scatter or rotate while they collide on the work-
piece surface and generate an indentation or crater for ductile and brittle materials
surfaces, respectively. The level of the abrasive impact velocity is a very important
parameter for the process. Abrasive particles will only rotate, not scatter when the
velocity is lower than the critical value and material removal by cutting cannot be
achieved because of the inadequate energy, just plastic fatigue damage occurs. If the

TABLE 5.2
Post-Processing Methods for Additive Manufactured Parts

Material Post-processing Method Additive Manufacturing Method
Polymer Abrasive blasting (sand, glass bead) SLS, MJF [13], FDM [24]

Chemical post-processing FDM [25], SLS [19]

Acetone bath FDM [24]

Ultrasonic-assisted Machining FDM [26]

Electroplating FDM [27]

Laser-assisted finishing (laser remelting, FDM [24,28]

micromachining, polishing)
Magnetic field-assisted finishing (MFAF) SLS [29]
Precision grinding SLS [29]

Metal Abrasive blasting SLM/DMLS [20]
Shot peening SLM/DMLS [5]
Vibro finishing SLM [30]
Chemical post-processing SLM [31]
Laser-assisted finishing (laser remelting, SLM [32,33]
micromachining, polishing)
Polishing (chemical, optical electropolishing) SLM/DMLS [34]
Ceramic Laser-assisted finishing [21]

Precision grinding

SLS [29]
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impact velocity is high enough, the abrasives scatter, rotate, and create a crater onto
the surface [35]. Besides impact velocity, abrasive type and geometry and feeding
media of these abrasives to the surface are also important factors that affect the final
surface texture and tribological behavior of the part. Different types of abrasives
such as silica sand, aluminum pellets, copper shots, glass beads, steel grits, sodium
bicarbonate, and even agricultural materials (olive pit) can be used as abrasive in the
blasting process. The stream of these abrasive particles is fed to the surface in dif-
ferent media such as pressured air, fluid, or centrifugal force. The blasting process
takes special names according to the abrasive type and feeding media. Such as wet
blasting, bead blasting, wheel blasting, hydro-blasting, micro-abrasive blasting, dry-
ice blasting, and vacuum blasting. Sandblasting [29], glass bead blasting [13], and
steel grit blasting are generally used for polymer and metal additive manufactured
surfaces [20]. The principle of abrasive blasting and images of SLM manufactured,
abrasive-blasted AlSil0Mg surface can be seen in Figure 5.7.

5.2.2.2 Shot Peening

Shot peening is a mechanical surface post-processing method that causes cold plastic
deformation of the surface bombarded with small spherical shots. Metal, ceramic, or
glass spherical shots act like a small hammer and generate compressive stresses by
imparting small dimples on the surface without any material removal. Near below
the surface, compressed grains of the material tend to come back to their original
position that causes high residual stress. Repeated shots generate a uniform surface
layer of residual stress which increases mechanical properties, surface hardness, and

FIGURE 5.7 Principle of abrasive blasting (a); metal bead blasted, SLM manufactured
AlSi10Mg surface (b); 3D texture view of the abrasive blasted AlSil0Mg surface (c); and
SEM image of the AlSi10Mg surface (d) [20].



94 Tribology and Surface Engineering for Industrial Applications

~ 7

FIGURE 5.8 Schematic description of the shot-peening process

fatigue strength by work hardening. A schematic description of the shot peening
process can be seen in Figure 5.8 [3,36,37].

During AM processes, especially in metal PBF processes, residual thermal stress
and micro surface cracks, pores, or some other surface integrity problems arise
because of the nonuniform temperature gradients and high cooling rates. These
surface integrity problems decrease mechanical properties, load-carrying capacity,
tribological properties, and service life of the functional parts. The shot peening pro-
cess decreases surface pores, cracks, and crack propagation by severe plastic defor-
mation of the surface. Peening exposure time, impact angle, shot size and type, shot
velocity, and distance between nozzle and surface are the parameters that affect the
performance of the shot peening process. Exposure time affects the intensity of the
peening and determines the saturation of the surface. Shot material and its diam-
eter have to be selected in accordance with the workpiece material. If the surface is
harder than shot material, the shot will be deformed and the desired peening effect
cannot be achieved. Moreover, fractured shots may cause material removal and dam-
age the surface. It is preferred to apply the shots perpendicular to the surface. Angles
smaller than 45° cannot provide sufficient deformation [38,39]. The principle of shot
peening and images of SLM manufactured, shot-peened AlSilOMg surface can be
seen in Figure 5.9.

5.2.2.3 Polishing

Polishing is another type of mechanical surface processing method that works by
the material removal principle from the surface. Different from abrasive blasting,
polishing pads on which abrasive grains stacked are used for removing micron size
chips from the surface [40]. Because the AM surfaces are rough, mechanical polish-
ing has applied a sequence of stages that decrease the surface roughness gradually
by using pads with different grit sizes. Asperities and higher peaks of the surface
texture are removed at each repetitive polishing step [41]. Surface roughness of AM
parts highly decreased [20] and fatigue resistance increased by the polishing process
[42]. Schematic description of the process and images of polished AM surfaces can
be seen in Figure 5.10.

A comparative microscopic image can be seen in Figure 5.11. It can be seen that
surface pores on additive manufactured AlSilOMg surface were decreased after the
shot peening process while scratches were detected after polishing.
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FIGURE5.9 Principle of shot peening (a); metal shot-peened, SLM manufactured AISil0Mg
surface (b); 3D texture view of the shot-peened AlSilOMg surface (c); and SEM image of the
AlSilOMg surface (d) [20].

Micro abrasives stuck
on polishing pad

FIGURE 5.10 Principle of polishing (a); polished SLM manufactured AISilOMg surface
(b); 3D texture view of the polished surface AlSilOMg surface (c); and SEM image of the
AlSil0Mg surface (d) [20].
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FIGURE 5.11 A comparative microscopic image of the post-processed surface of additive
manufactured AlSil0Mg Parts

5.2.2.4 Laser-Assisted Surface Finishing

Laser-assisted surface finishing is one of the most widely used techniques by provid-
ing different laser-based processes such as micromachining and remelting. The laser
micromachining process provides thermal energy by translating a long wavelength
laser beam into a large spot diameter in accordance with kerf width [21]. Pulsed laser
irradiation is used for melting the material surface [43]. Molten surface materials
are redistributed by gravity and surface tension [30]. Micro-scaled molten material
then solidifies and smoothens the part surface. The most important problem in laser
micromachining is the heat-affected zone which causes residual stresses and metal-
lurgical property changes. For decreasing these drawbacks, process parameters such
as wavelength, spot size, intensity, and implementation of the laser have to be opti-
mized [44].

Another effective laser-based surface quality improvement process for PBF tech-
nology is laser remelting which is applied to the top surface of the part during the
selective laser melting process. It provides an opportunity to decrease surface rough-
ness without any post-processing. By melting the top surface of the part, it fills the
voids and valleys between the peaks [10] and smoothens the surface texture by the
application of continuous wave laser radiation [43]. It is referred to as “surface shal-
low melting” mechanism [10]. Laser remelting improves surface quality by about
90% and increases the density of the SLM manufactured part by about 100% [45].
With rapid melting and cooling process, chemical transformations occur in the near-
surface zone [46]. Therefore, laser remelting changes surface microstructure, chem-
istry, hardness, and density. By selecting proper process parameters such as laser
power, scan speed, and laser wavelength, it is possible to increase mechanical and
tribological properties of the AM surfaces [47-49]. Laser remelted, SLM manufac-
tured Ti6Al14V surface and as-built surface can be seen in Figure 5.12.

5.2.2,5 Ultrasonic-Assisted Machining

Ultrasonic-assisted machining (UAM), which uses piezoelectric transducers to con-
vert electrical energy into mechanical energy, is a promising method for improving
the surface quality of AM parts. Ultrasonic piezoelectric transducers transform elec-
trical signals into sound and vibration as mechanical motion. Abrasive slurry is fed
between the workpiece and tool while the vibration frequency of the tool is above
20 KHz [50]. The process does not require electric conductivity, and it is nonther-
mal and does not cause chemical reactions and corrosion threats. By having these



Surface Texture Properties 97

FIGURE 5.12 SLM manufactured Ti6Al4V surface; laser remelted (a), as build (b).

superiorities, besides conventional machining applications, UAM is used for improv-
ing FDM manufactured polymer parts surface quality [51].

5.2.2.6 Precision Grinding

Precision grinding is used for hard and brittle materials with relatively small surfaces
to increase surface texture properties and form accuracy. According to the work-
piece geometry, it can be applied in the form of horizontal, cylindrical, internal, and
centerless grinding with the abrasive material of aluminum oxide, zirconia alumina,
and silicon carbide. The method has been used for surface post-processing of SLM
manufactured PA12 parts, and it is concluded that the precision grinding achieved
a decrease in surface roughness from 15 to 2.85 um Ra. Moreover, it decreased the
surface hardness by releasing residual stresses and decreasing wear resistance of the
surface [29].

5.2.2.7 Magnetic Field-Assisted Finishing

Magnetic field-assisted finishing (MFAF) uses a homogeneous particle mixture that
contains abrasive and magnetic particles. The mixture is manipulated by the mag-
netic field to apply machining force to the workpiece [52]. Chips are removed from
the workpiece surface by relative motion between particles and workpiece [29]. The
method was used both for metal [53] and polymer additive manufactured surfaces.
It is reported in the reference [29] that MFAF has decreased surface roughness and
increased tribological performance of SLS manufactured PA12 part surfaces.

5.2.2.8 Chemical Post-Processing

Chemical post-processing is one of the most widely used finishing operations on
both metal [31,54] and polymer [55]-based AM surfaces. The process can be applied
under different media and special names such as chemical etching, acetone dipping,
vapor smoothing, painting, and electroplating. Major superiorities of the chemical
post-processes are that there is no geometrical restriction on the manufactured part
for application of the post-processing. Moreover, there is no need to use any tool
that contacts the workpiece surface, so it is possible to achieve better surface quality
and dimensional accuracy [51]. The selection of proper chemicals for the workpiece
material, concentration of the used solutions, portion of the chemicals, and dura-
tion of processing are important parameters that determine the effectiveness of the
chemical post-processing.
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5.2.3 SuRFACE TEXTURE PARAMETERS AND THEIR
ErrecTs ON TRIBOLOGICAL BEHAVIOR

Surface integrity and texture properties such as hardness, residual stress, roughness,
and waviness of the functional machine parts have an important effect on defin-
ing their performance. Load-carrying capacity, tribological properties, corrosion
resistance, and any other surface-related properties depend on the surface integrity
and texture properties of the manufactured part. Therefore, it is vitally important to
evaluate these properties and understand their effects on the tribological behavior of
the functional parts. In this section, surface roughness parameters were defined and
their effects on the tribological behavior of AM surfaces were discussed.

Manufacturing surfaces are built up from micrometer-scale deviations such
as peaks, valleys, lays, and flaws. These deviations can be seen at high magni-
fication even on the best-polished surfaces. While the two mating surfaces slide
together, asperities tips contact first which cause a decrease in the real contact area
and an increase in contact pressure. Plastic deformation and initial wear of the
surface are seen on these asperity contacts [56]. The representative drawing of the
first contact of the surfaces at macroscopic and microscopic levels can be seen in
Figure 5.13.

Shape and distribution of the surface deviations have an important effect on fric-
tion, lubrication, and wear behavior of the machine parts. Each characteristic of the
surface roughness is represented by a special parameter. These roughness charac-
teristics can be measured by 2D (across a line) [57] or 3D (across an area) [58] tech-
niques such as tactile mechanical profilometer and nontactile optical profilometer
respectively. 2D surface roughness parameters have been used for decades for both
quality control of the parts in the manufacturing industry and definition of surface
texture properties in research studies. However, it is difficult to define surface tex-
ture properties of the functional parts by 2D line measurements because the surface
of a workpiece is of a 3D (areal) nature. However, because of the complexity of
3D roughness, the characterization of 2D has been still used [59]. 3D areal surface
parameters are derived by 2D line parameters. Therefore, in this section, the most
important 2D surface roughness parameters (R) and their effects on tribological
behavior of the surface were examined, which can be extended to 3D areal (S)
parameters.

Macro scale

FIGURE 5.13 Representative drawing of the first contact of the real rough surfaces at mac-
roscopic and microscopic level [1].
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5.2.3.1 Arithmetic Mean Deviation

Arithmetic mean deviation (Ra) is one of the most widely used surface parame-
ters and represents the arithmetric mean of the absolute deviations in Z(x) ordinate,
around the mean line, within the sampling length (Figure 5.14). The mean line is the
least square mean line or generated by a standard filter and used for defining Ra by
the following equation [60].

1 1
Ra= ;‘[0 |Z(x)|dx .1)

Ra just defines the mean value of the surface roughness and does not differenti-
ate between peaks and valleys. Therefore, it provides relatively weak information
about the roughness character but it is an effective parameter for the determina-
tion of lubrication regime between the sliding surface [61]. Lubrication regime is
defined by the relation between average surface roughness and film thickness. The
ratio between minimum film thickness 4, and the composite roughness Ra, which
is generally used for determining the distance between the frictional surface asperi-
ties, is expressed by A parameter [62].

hmin hmin
A= = 73 5.2

Ra  [(Ra))’ +(Ra,)’ ]

With the evaluation of 4 correctly, the lubrication regime can be identified by the
following ranges [61].

0.1< 4 <1; boundary lubrication,
1< 2 <3; mixed lubrication,

A >3; full film lubrication.

Schematic drawing of relation between the surface roughness and the film thickness
can be seen in Figure 5.15.

ZAL

Z(x)

Mean line

Sampling length 1

FIGURE 5.14 Representation of arithmetic mean deviation, Ra.
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FIGURE 5.15 Schematic drawing of relation between surface roughness and film thick-
ness [1]. (a) boundary lubrication, (b) mixed film lubrication, and (c) full film lubrication.

5.2.3.2 Root Mean Square Height

Root mean square height, Rq (RMS) is the standard deviation () of the heights
from the mean line, which represents the root mean square for Z(x) within the sam-
pling length (Figure 5.16). It is statistically meaningful and approximately 1.25 times
higher than Ra if the heights are normally distributed [60,63].

1
qufiLV%mwx (5.3)

Surface properties define the wear regimes by affecting the deformation mode of sur-
face asperities, which is called plasticity index. It was first introduced by Greenwood
and Williamson and can be calculated by the following formula:

y=E 0 (5.4)

HN\R

where ¥ is the plasticity index, E” is Young’s modulus, H is hardness of the softer
material, R is radius of asperities, and o is standard deviation of the asperity value
which corresponds root mean square with other name Rq [64].

While ¥ < 0.6, asperities on the sliding surface would be deformed elastically. If
the contact pressure is high enough, plastic deformation occurs. If ¥ > 1.0, asperities
would be plastically deformed even if the contact pressure is low. While 0.6< ¥ <1.0,
deformation mode is in intermediate area and is not clear [65]. For understanding
contact mechanics and determining tribological behavior of the functional surface,
the mode of surface deformation is vitally important. Surface roughness or contact
pressure has to be lowered to obtain elastic deformation mode. It is possible to design
desired surface deformation mode by proper surface post-processing.

The model is generated for one processed, isotropic surfaces with a statistical
assumption of Gaussian height distribution. However, after sliding motion of the sur-
faces, the initial symmetrical height distribution will turn into asymmetric height
distribution. An example of this type of surface can be seen in Figure 5.17. The
deformation at initial contact of the surfaces is plastic, and after the sliding period,
it will be elastic and the texture properties of the surface will change. Therefore,
Greenwood and Williamson model would not be enough for accurate calculations of
the plasticity index. Different researchers proposed further models by likening the
surface after a low wear process to two-process surfaces [64,65].

Dzierwa et al. compared the tribological properties of one-process (just processed
by vapor blasting or lapping methods) and two-pen lapping methods) isotropic surface
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FIGURE 5.16 Representation of the root mean square height, Rq (RMS).
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FIGURE 5.17 Asymmetric height distribution of a polymeric material surface after the low
wear process.

with similar root-mean-square deviation values, and they reported that wear of two
process samples was lower than one process sample’s wear [66]. In another study,
Pawlus et al. suggested a method for the determination of the texture properties
(0 and R values) of a two-processed isotropic surface [64]. However, most of the engi-
neering surfaces represent anisotropic surface characteristics. Therefore, the models
proposed for isotropic surfaces are not suitable for determining the plasticity index
of anisotropic surfaces. Newly developed models consider the degree of anisotropy y
and assume that all the roughness peaks shape is ellipsoidal.

E |o

Y =0(y) Re \Re (5.5)
Here, Re is an equivalent radius of roughness curvature, the geometric mean of the
basic radii, ¢(y) is a correction factor of near unity if y>0.2 [65]. However, these
models developed for the determination of the cylinder linear surface characteristics,
the last model may be the most suitable one for AM surfaces which are generally
showing anisotropic properties because of the layer-based building principle. At that
point, measurement of texture properties and defining their dimensions correctly gain



102 Tribology and Surface Engineering for Industrial Applications

FIGURE 5.18 Effect of surface roughness measurement direction on FDM manufac-
tured PLA part. Lines represented by the numbers 1 and 2 refer to measurement directions
(a). 3D image of the surface (b). 2D surface profile obtained by the measurement direction
1 (¢). 2D surface profile obtained by the measurement direction 2 (d).

importance for determining tribological properties of AM surfaces. It is important
to take measurements that represent the whole surface homogeneously especially for
anisotropic surfaces. For instance, a PLA surface manufactured by FDM can be seen
in Figure 5.18. It is clear from the figure that measurement direction (represented by
1 and 2) highly affects the surface texture characterization results.

5.2.3.3 Maximum Height of Profile

Besides the mean values, it is important to characterize the maximum peak and val-
ley heights that are affected by contamination, scratches, and measurement noise and
have an important effect on the frictional behavior of the surface. Rv is the maximum
depth of the valleys along the sampling length, while Rp is the maximum height
value. Rz is the total height between top and deep points of the profile in sampling
length and is determined by the absolute vertical distance between the Rv and Rp
(Figure 5.19) [67].

Rz=Rv+Rp (5.6)

Height parameters just give information about the distribution of the deviations and
their height values but they do not provide any data about height direction and hori-
zontal features characteristics such as mean width of the profile elements, which
highly affect contact pressure, lubrication, and friction properties of the surface.
Therefore, for definition of the tribological behavior of the surface, further analysis
and detailed characterization are needed.
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FIGURE 5.19 Representation of the maximum height of profile.

5.2.3.4 Skewness

Skewness (Rsk) is a mean height direction parameter that gives information about the
topography height distribution of the surface. It is the measure of profile symmetry
about the mean line and is calculated by the ratio of the mean cube value of Z(x) and
the cube of the root mean square deviation within the sampling length. It is a unit-less
parameter and represents different characteristic properties of the surface accord-
ing to being negative, positive, and zero. Representation of the positive and negative
skewness profile can be seen in Figure 5.20.

_ Lt
Rsk = Rq’ [l J-O 77 (x) dx:| 5.7

Rsk > 0: Deviation below the mean line
Rsk < 0: Deviation above the mean line
Rsk=0: Symmetric against the mean line (normal distribution)

Skewness highly correlates with porosity, tribological properties, and load-carrying
capacity of the surfaces. It defines the abrasion characteristic and sump of lubricant
for bearing surfaces. Porous surfaces such as sintered and casted have a large value of
negative skewness, which means a relatively higher number of deep valleys and rare
peaks. Deep valleys provide better lubrication for sliding pairs by preventing lubri-
cant and oil film. Positive skewed surfaces such as turned and grinded have a higher
number of peaks which will contact counterbody first and simply worn out. Positive
skewed surface cannot provide good lubricant retention by not having enough num-
ber of deep valleys. Therefore, for generating good bearing surfaces, negative skew-
ness is a desired texture property [59,60].

5.2.3.5 Kurtosis

Kurtosis (Rku) defines the sharpness of the surface height distribution. It is the ratio
of the fourth power of the deviations height values Z(x) to the fourth power of the root
mean square deviation within the sampling length.
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FIGURE 5.20 Representation of the skewness, Rsk.

_ i
Rku = Rq' [l J.O z (x)dx] (5.8)

Kurtosis is a unit-less quantity like skewness and represents the spread of the height
distribution.

Rku=3: Normal (Gaussian) distribution
Rku > 3: The height distribution is sharp
Rku < 3: The height distribution is even

If a surface has a kurtosis value above 3, it means that the surface has sharp heights
while low kurtosis denotes even heights. Figure 5.21 shows two profiles with low and
high values of Rku.

Kurtosis just defines the tip geometry of surface deviations, and it does not recog-
nize peaks and valleys. It is one of the important parameters for explaining the real
contact between tribological pairs and their behavior in terms of wear and lubrication
performance [59,60].

5.2.3.6 Mean Width of the Profile Elements

The mean width of the profile elements (RSm) indicates the mean value of the length
Xs of profile elements that contain a profile peak and following valley along the
sampling length (Figure 5.22). Height and spacing discrimination have to be speci-
fied for this parameter; otherwise, 10% of Rz for height discrimination and 1% of the
sampling length for spacing discrimination defined as default [60].

1 m
RSm=— ) Xsi 5.9
m m; Si (5.9)

RSm is an effective parameter for evaluating the horizontal dimensions of the paral-
lel surface textures such as grooves and grains. The RSm parameter is important
especially for the characterization of the layer-based AM surface texture and it is
affected by layer thickness of the manufacturing process.

5.2.3.7 Material Ratio of the Profile

The material ratio of the profile is the ratio of bearing length to the evaluation length
and is presented as percentage. Material ratio curve shows the amount of surface
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FIGURE 5.21 Representation of the kurtosis, Rku.
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FIGURE 5.22 Representation of the mean width of the profile elements, RSm.

above a given height level for a profile, which is defined by drawing a line parallel to
the mean line. If the slice level is at the highest peak, the ratio is 0% while it is 100%
at the deepest valley. The material ratio curve is also known as the Abbott-Firestone
curve (Figure 5.23) [60].

Rpk, Rk, Rvk, Mrl, and Mr2 parameters describe the wear characteristics in
numerical terms by using a material ratio curve. These parameters were especially
generated for the automotive industry for wear analysis of cylinder bores. They are
frequently used to evaluate lubricity, friction, and abrasion behavior of the surfaces.

Rpk is reduced peak height that represents peaks of the surface. The high value
of the Rpk refers to a surface that contains high peaks, which will be the first contact
point of the surface with a small contact area and high contact stress. Therefore,
this region of the surface will be the first worn part. Rpk also defines the load-bear-
ing capacity of the surface. Rk is the Kernel roughness depth, which represents the
roughness depth of the core region. This parameter is important especially for long-
term sliding surfaces because it affects the performance and service life of the bear-
ing surfaces. Rvk is the measure of valleys depth below the core region. It defines the
lubricity of the surface. High Rvk values represent oil retention; moreover, these deep
valleys serve as debris entrapment. Mrl and Mr2 are the material ratios and refer to
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FIGURE 5.23 Material ratio curve of a profile.
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FIGURE 5.24 Bearing area curve.

the upper limit position and lower limit position of the roughness core respectively.
All of these parameters can be seen in Figure 5.24 [67—69].

All of these parameters define tribological characteristics of an engineering sur-
face such as from initial real contact pressure to achieved lubrication regimes. As
mentioned above, the first contact of the sliding bodies occurs at the top surface of
the peaks, which means that the real contact area is smaller than the nominal one.
The representation of the first contact can be seen in Figure 5.25. In general engi-
neering applications, the real contact area is about 1%—30% of the nominal contact
area. The range depends on the surface texture of the sliding parts. Real contact
pressure, which is calculated by using real area, is significantly higher than nominal
pressure [56].

Ay = ZA,» (5.10)
i=1

Pu= - (5.11)

reat
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FIGURE 5.25 First contact points of the surfaces.

5.2.4 ADDITIVE MANUFACTURING SURFACES AND
THEIR TRIBOLOGICAL PROPERTIES

Experimental investigations about 2D and 3D surface texture properties and tribo-
logical behavior of AM surfaces under different lubrication conditions are discussed
here with reference to previous studies.

The tribological behavior of polymer-based FDM manufactured surfaces highly
depends on process parameters and finishing operations. Adhesive, abrasive, and
fatigue wear occurs by breaking of interfacial bonds which are affected by process
parameters. There is a complex interaction between these parameters. As can be con-
cluded from literature studies, the most effective parameter is layer thickness, which
affects the bonding performance of the layers and so their wear resistance. While
layer thickness decreases, heat transfer between the previous layer and the new layer
increases, which causes local remelting and diffusion of the neighboring filaments.
Therefore, fatigue, adhesion, and deformation resistance of the surface increase by
strong bonding. Part orientation, infill density, shell number, raster angle, and raster
gap also affect the bonding and so as to wear resistance [70—73]. Average roughness
(Ra) of the FDM manufactured polymer surfaces was reported as from 4.57 to 25.3
um while skewness values were negative without post-processing [16]. Therefore, it
can be concluded that these surfaces provide better lubrication during sliding [63].
An example of a 2D roughness profile with high skewness and 3D optical profilom-
eter image of the worn surface manufactured by FDM can be seen in Figure 5.26.

Krishna et al. [24] studied post-processing effects on the surface quality of the
FDM manufactured parts. They applied acetone vapor smoothening, laser-assisted
finishing, and shot blasting finishing methods to the ABS sample surfaces. They
reported that acetone vapor smoothening provided the best surface quality, while
laser-assisted finishing also achieved a significant decrease in surface roughness with
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FIGURE 5.26 2D roughness profile of FDM manufactured PLA surface with high skewness
(a) and 3D optical profilometer image of the worn surface manufactured by FDM (b).

implementing isotropic surface properties, and blasting time had a significant effect
on final surface properties of FDM manufactured ABS parts surfaces. In another
study [70], effect of FDM process parameters on wear behavior of ABS parts was
investigated. It was reported that the wear rate of the parts increased by increas-
ing raster angle and air gap while the wear rate decreased with a decrease in layer
thickness and build orientation. The authors concluded that FDM process param-
eters highly affect the tribological properties of the manufactured part by leading
to various microstructural changes. Sinmazgelik et al. [74] studied the erosive wear
behavior of additive manufactured ABS surfaces. They built up the rectangular pris-
matic surface textures in different dimensions by the FDM method and reported that
erosive wear resistance of the additive manufactured surface was highly affected by
texture properties and erosion direction.

For PBF manufactured metal AM surfaces, Ra value can change in a wide range
such as from 8 to 25 um [20] depending on process parameters again. Texture prop-
erties, hardness, surface energy, and porosity of metal PBF parts are highly affected
by the melting and cooling process which affects the microstructure of the part. Fine
grains provide higher surface roughness and higher friction coefficient while they
provide higher wear resistance by having a large number of grain boundaries and
higher hardness values [75,76].

AlSi10Mg manufactured by PBF technology represented a higher friction coef-
ficient and lower wear rate than casted AISilOMg. This was because of the smaller
grain structure of the PBF manufactured part [77]. PBF manufactured Ti6Al4V
represented higher surface hardness and better wear resistance than conventional
Ti6Al4V. In the PBF process, a and o hard phases were formed during rapid cool-
ing which provides better wear resistance. Post-heat treatment of AM metal parts
decreases wear resistance by the formation of coarse grains; however, post-heat treat-
ment increases wear resistance of Ti6Al4V with the formation of protective oxide
layer on the material surface [78]. Zhu et al. studied about tribological behavior of
SLM manufactured 316L stainless steel. They compared AM surfaces performances
with traditionally manufactured material surface, and they concluded that SLM
manufactured samples had obviously lower friction coefficient and wear rate than
traditionally manufactured samples [79].

Post-processing also has an important effect on the tribological behavior of metal
AM parts. Shot peening, abrasive blasting, and polishing effects on tribological
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FIGURE 5.27 Microscopic images of the AM manufactured A1SilOMg worn surfaces.

properties of DMLS manufactured AISilOMg parts were investigated in Ref. [20]. It
was reported that minimum surface roughness and hardness were measured on the
polished surface while maximum roughness and hardness values were recorded on
the abrasive blasted surface. Negative skewness was recorded for shot-peened and
polished surface, while it was positive and near to zero for abrasive blasted surface.
As a result of generated surface properties, minimum friction coefficient and maxi-
mum wear factor were measured on polished surface while minimum wear factor
was calculated for shot-peened surface. By having maximum roughness and hard-
ness values, abrasive blasted surface wear factor was in medium value while the fric-
tion coefficient was highest. Roughness peaks on an abrasive blasted surface worn
out first but it did not progress because of the high surface hardness.

Microscopic images of the worn surfaces of AM manufactured AlSilOMg can
be seen in Figure 5.27. The difference between the wear tracks reveals the effect of
different post-processing.

5.3 CONCLUSION AND FUTURE REMARKS

Additive manufacturing is a rapidly growing technology, which has a wide range of
application from architecture, aerospace to medical and defense industries. Desired
properties of the AM products such as mechanical properties, dimensional accuracy,
and surface quality alter according to the functional application area. Surface quality
has an important effect on tribological properties and functionality of the manufac-
tured products. Surface texture properties and roughness parameters can be improved
by AM process parameters or post-processing applications. Although significant
developments have been recorded in the AM technology, surface quality is still under
consideration. Further research is needed to investigate proper surface post-processes
for the products manufactured by different AM technologies with different materials.
Furthermore, it is important for the development of measurement systems in parallel
with manufacturing technology for the characterization of surface texture properties
and their effects on functional and tribological properties of the AM parts.
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6.1 INTRODUCTION

The aim of clean energy future which avoids environmental pollution and decreases
global warming has compelled researchers to divert toward wind power as a reliable
and emission-free energy source available in nature; it has become the world’s fast-
est-growing renewable energy source. Wind energy is one of the most important sus-
tainable and renewable energy sources which can be converted into electrical energy
for both industrial power supplies and household electricity consumption [1-4].

The total energy production share of wind energy is continuously increasing on
a very rapid scale. Presently, the installation of wind turbines is at its peak and the
focus is shifting from onshore (turbines that are located on land) to offshore (turbines
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located in the ocean) locations. Figures 6.1 and 6.2 respectively represent the projec-
tion of wind energy growth worldwide with more development of offshore compared
to onshore wind turbines [5,6].

In addition, installation and the fast-growing wind industry in more than 100
countries have given employment to more than one million people worldwide. The
development of the cumulative wind installations throughout 35 years (1981-2016)
has been plotted in Figure 6.3 [7].

Offshore wind turbines have various benefits which include advantages of loca-
tion and environmental constraints inland or public concerns, higher wind speeds
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and lower turbulence, and less visual and noise impacts; hence, most wind power
installations have shifted to offshore sites. It is believed that around 2030 nearly 7.7%
of overall electricity consumption in Europe will be covered by power production
from offshore wind turbines by an installed power capacity of 66 GW [8].

6.2 COMPONENTS OF WIND TURBINES

The principle used in wind turbines is the conversion of kinetic wind energy (mechan-
ical) to electrical components and is opposite to fan wherein electrical energy is con-
verted to mechanical energy. Figure 6.4 shows the important components of wind
turbines. Wind turbine rotor components consist of a set of blades attached to the rotor
hub. The rotor is deflected by airflow creating force on blades which produce torque
on the shaft which is connected to a gearbox and generator. The gearbox and genera-
tor are inside the nacelle and are located at the top end of the tower. The gearbox can
increase rotation speeds. The common ratio is 90:1, input is 16.7 rpm and converted to
@1500rpm), which allows the generator to connect to the electric grid [2,10].
Modern wind turbines can be broadly classified into two distinct types, based on
the orientation of the rotating axis: (1) horizontal axis wind turbines (HAWTs) (here
the rotating axis of the wind turbine is horizontal, or parallel with the ground and is
in the direction of the wind) and (2) vertical axis wind turbines (VAWTS) (rotational
axis of the turbine stands vertical or perpendicular to the ground) [4,11,12]
Typically, the VAWT can be efficiently used in a residential area as it can generate
more power at a relatively low speed. However, under the same operating conditions,
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HAWT will generate more power since aerodynamic drag is less and higher power
is generated due to the entire rotation of all blades. Table 6.1 gives the comparison
of HAWT and VAWT.

6.3 MATERIALS USED FOR WIND TURBINE COMPONENTS

As shown in Figure 6.5, there is a combination of various types of materials in the
construction of offshore wind turbines, including polymers, composites, concrete, and
metallic alloys. The criteria for the selection of typical construction material depends
on the size and part of the wind turbine and its location. Figure 6.5 also indicates the
future trend of various materials used in wind turbines.

6.3.1 Tower AND FOUNDATION

It provides structural support, and on it, nacelle and rotor blades stand. Typically, for
a5 MW turbine, the rotor has 120t weight and the nacelle weight is 300t. It constitu-
ent a major portion of the overall cost of an installation. The tower cost accounts for
26%, the largest component, of the total turbine component cost. The size of tubular
tower is 3—4 m (10-13 ft), with a height of 75-110m (250-370ft) is however size is
dependent on the size of the turbine and its location. The taller the height, the more
it is subjected to more wind with higher speed. Usually, the height of the tower is the
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TABLE 6.1
Comparison of HAWT and VAWT [12]

Horizontal Axis Vertical Axis
Performance Wind Turbine Wind Turbine
Generated power efficiency (%) 50-60 70
Electromagnetic interference Yes No
Mechanism of wind steering Yes No
Gearbox mechanism Yes No
Blade rotation space Quite large Quite small
Wind confrontation capability Weak Strong
Effect on birds Great Small
Ground projection effect on the human being Dizziness No effect
Noise (dB) 5-60 0-10
Cut in wind speed(m/s) 2.5-5 1.5-3
Failure rate system High Low
Operation and maintenance Complicated Convenient
Revolving speed High Low
Cable position problem Yes No

Nacelles Turbine total

100000

Materials used annually

(Metric tons - 1,000 kg)

80000

40000

2008-2010
2001-2005
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FIGURE 6.5 Wind turbine material usage trend in the US and worldwide [20].
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TABLE 6.2
Distribution of Various Components of Weight and Cost of Wind
Turbine [20]

Component % of Machine Weight % of Machine Cost
Rotor 10-14 20-30
Nacelle and machinery, less 25-40 25

Gearbox and drive train 5-15 10-15
Generator systems 2-6 5-15
Weight on top of tower 35-50 N/A

Tower 30-65 10-25

same as the diameter of the rotating circle of blades. However, to manage buoyancy
force, an increase in height is associated with an increase in the diameter of the tower
which correspondingly increases the cost of material as well as transportation.

The type of metal and the kind of alloy vary depending on the size and part of the
wind turbine. For tower and foundation, aluminum (Al) alloy (classified aluminum
alloys including the AA 3103 and 5052 because of their good cost-efficiency) or steel
is widely used. For a small turbine, Al alloys are typically chosen to decrease the
cost of production; while for a large turbine, higher structural strength is required for
steels (structural steels such as weathering steels), which are known as atmospheric
corrosion—resistant steels.

Composite materials (polymer matrix composites) have the potential to decrease
the total weight of the wind turbine towers, leading to substantial savings in trans-
portation and erection costs, making wind energy more affordable for remote and
rural communities where the number of turbines required is usually small [7,13,14].

6.3.2 NAaceLLe, GEARBOX, AND THE RoTOR HuB

A nacelle is a cover housing that houses all of the generating components in a wind
turbine, including the generator, gearbox, drive train, and brake assembly. Carbon
steels with a small percentage of aluminum and copper alloys are commonly used for
the nacelle gearbox and rotor hub. Carbon steels are commonly employed for nacelle
bedplates; however, because of low corrosion resistance, this bedplate must be pro-
tected by surface treatments like epoxy painting or metal spraying.

The load-bearing power transmission gears usually used in wind turbines
are 18CrNiMo7-6, gears. Nickel-chromium-molybdenum SAE 4820, SAE 9310,
18CrNiMo7-6, 3CrMo, 3CrMoV, and 3NiCrMo are widely used. The general require-
ments for high-performance gear components are a hard case providing adequate
fatigue strength, as well as wear resistance and a tough core preventing brittle failure
under high impact load. To achieve these surface requirements, various alloy con-
cepts and thermomechanical and thermochemical treatments have been developed.
Among these, the most common technique adopted is carburizing (the thermochemi-
cal process of carbon diffusion at elevated temperature) to improve fatigue strength
and wear resistance. However, there is a potential for the replacement of carburizing
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with nitriding (thermochemical diffusion of nitrogen in steel) because the process
temperature of nitriding is relatively lower, allowing greater flexibility during surface
treatment.

Wind turbine generator converts wind energy to electrical energy. Since copper
has excellent electromagnetic conductivity, a larger percentage of copper alloys is
found in generators [15,16].

The rotor transfers the kinetic energy from the wind to a revolving shaft that
drives a generator that produces electric power. The rotor in the generator has a mag-
netic field, which is created by either permanent magnets or electromagnets.

Stainless steels have high hardness, good corrosion resistance, and mechanical
properties, hence they can be used for rotor hubs and blades. However, stainless
steel is heavy; hence to reduce weight and decrease cost, Al alloys of series 2XXX,
3XXX, 6XXX, and 7XXX can be used [17].

6.3.3 RoTOR BLADES

Rotor blades are subjected to various structural loading effects (cyclic tension and
compression loads), lightning strikes, physical impacts, and damaging surface ero-
sion conditions while in operation. To reduce leveraged cost per unit of electricity,
there is a trend to increase the size of rotor blades. However, this increase in size is
associated with an increase in the cost and weight of the blade. Hence, for stability
and weight reasons, composites are used.

The progress in turbine technology is associated with a continuous increase in
usage of composites as the trend will be toward high strength, fatigue-resistant mate-
rials. Depending on the types of reinforcement used, the composites may be classi-
fied as glass fiber, carbon fiber, aramid fiber, or hybrid composites.

Since the fiber’s stiffness and volume content determine the stiffness of composite,
the maximum acceptable proportion of E glass is 65% by volume; otherwise, there
will be dry areas without resin between fibers, and the fatigue strength of the compos-
ite is reduced. The advantages of glass fibers are their low-specific weight combined
with high strength, good chemical, thermal and electrical properties, easy handleabil-
ity, good processing qualities, and general availability at a competitive price. Another
alternative to E glass is carbon fibers having much higher stiffness and lower density,
allowing thinner, stiffer, and lighter blades. However, the major drawbacks are low
damage tolerance, low compressive strength and ultimate strain, low negative coef-
ficient of thermal expansion, conductive, and more expensive than E glass composite.
However, carbon fiber composites are sensitive to fiber misalignment and waviness:
even small misalignment leads to a strong reduction of fatigue strength [18,19].

In the case of aramid fibers besides their high specific mechanical strength, these
fibers are extremely tough, damage tolerant and have a high acoustic velocity, enabling
them to dissipate energy quite effectively, which explains their use in all impact resis-
tant applications like ballistic parts. The disadvantages of this fiber are a compressive
strength far lower than that of carbon, relatively poor adhesion to resins, degrada-
tion on exposure to ultraviolet (UV) light, and its tendency to humidity absorption.
Hybrid reinforcements (E-glass/carbon, E-glass/aramid, etc.) represent an interesting
alternative to pure glass or pure carbon reinforcements. Full replacement would lead
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to 80% weight savings and cost increase by 150%, while a partial (30%) replacement
would lead to only a 90% cost increase and 50% weight reduction for an 8 MW tur-
bine. In certain cases, natural fibers — for example, sisal, flax, hemp, jute, or bamboo —
can be used. These natural fibers have advantages of low costs, easy availability, and
environmental-friendly; however, they have low thermal stability and a tendency to
absorb moisture.

The matrix material most commonly used is either thermoset, which accounts for
nearly 80% of market or reinforced composite or thermoplast [18]. The advantages
of thermoset are the possibility of curing at room temperature and lower viscosity,
which simplifies the infusion process and increases processing speed. Thermoplastics
have advantages like they can be recycled but have disadvantages of high processing
temperature which may damage the fibers and higher viscosity which is problematic
for manufacturing very large blades.

The latest development includes the use of nanoengineered polymers and compos-
ites for blade manufacturing. The literature demonstrates that the addition of a small
amount of 0.5wt% of nanoreinforcement (carbon nanotubes or nanoclays) in the
polymer matrix of composites, fiber sizing to nano or interlaminar layers increases
mechanical properties like fatigue resistance, compressive or shear strength, and
fracture toughness by 30%—-80% [18].

TABLE 6.3
Various Materials Used for Large and Small Turbines [20]

Large Turbine (Small Turbine?)

Component/ Permanent Prestressed Steel Al Cu Glass- Wood Carbon
material % magnetic concrete reinforced epoxyc filament
by weight ~ material plastice reinforced
plastic?

Rotor
Hub (95)-100  (5)
Blades 5 95 (95) (95)
Nacelle® 17) (65)-80 34 14 1-(2)
Gear box" 98-(100) (0)-2 (<1)=2
Generator® (20)-65 (30)-35
Frame, 85—-(74) 9-(50) 4-(12) 3-(5)

machinery,

and shell
Tower

Notes:

2 Small turbines with rated power less than 100 KW listed in italics were different.

b Assumes nacelle is 1/3 gearbox, 1/3 generator, and 1/3 frame and machinery.

¢ Approximately half the small turbine market (measured in MW) is direct drive with no gearbox.

4 Rotor blades are wither glass-reinforced plastic, wood epoxy, or injection molded plastic with carbon
fibers.
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6.4 TRIBOLOGICAL FAILURE ANALYSIS OF
WIND TURBINE COMPONENTS

As mentioned in the introduction, wind energy is one of the fastest-growing renewable
energy sources. However, there is an increase in operation and maintenance costs due
to premature main component failure. Hence, to enhance reliability and availability,
condition monitoring system (CMS) that detects turbine fault in the early stage is
required. The main components are the focus of all CMS since they cause high repair
costs and component downtime. Most of the failure that occurs due to bearing can be
mainly classified into three types according to the kind of used sensor or monitoring
object:

i. Vibration-based monitoring (used to monitor bearing faults in machine
components)
ii. Oil debris-based monitoring (deterioration of lubricant) and
iii. Blade monitoring [21]

6.4.1 ViBRATION-BASED MONITORING (FOcus ON BEARING FAILURE)

Figure 6.6 indicates that gearbox, generator, and blade constitute the maximum cost
and downtime for any maintenance of wind turbine. Recently, it has been known that
the around 70% of gearbox downtime and 21%-70% of generator downtime (21%
on small generators (P <1 MW), 70% on medium generators (1 MW <P <2 MW),
and 50% on large generators (P>2 MW)). Figure 6.7 illustrates the downtime for
gearboxes and medium generators. Hence, it is crucial to use condition-based main-
tenance on bearings and also to develop tools and methods that can be used to early
diagnose faults.

The bearings in wind turbines can be classified in terms of rotation speed: (1) very
slow-speed bearings (yaw bearings and pitch bearings), (2) slow-speed bearings
(main bearings and gearbox low-speed bearings), and (3) high-speed bearings (gearbox
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FIGURE 6.7 Aggregated downtime for gearbox and medium generators (I MW <P
<2 MW) [22].

high-speed bearings, gearbox intermediate-speed bearings, and generator bearings).
Their different rotation speeds and unique working mechanisms lead to different
failure modes.

Various types of large-scale wind turbine bearings are as follows:

e Main bearings: (Main shaft bearing)
The function of the main bearing is to hold hub and blades and transmit
torque to gearbox. It has to work in a harsh and unstable environment. The
types of main bearings are normally chosen as spherical roller bearings,
cylindrical roller bearings, and tapered roller bearings (of size greater than
1 m) as they have to support heavy radial load. This bearing can be pro-
tected by frequent greasing with an adequate amount of lubricant.

e Gearbox bearings:
Gearbox bearing in wind turbine gearbox supports shafts in different gear
stages, i.e., a low-speed stage, intermediate-speed stage, and high-speed
stage. The size of the bearing varies with respect to the type of load. The
choice of bearing varies from cylindrical roller bearings, tapered roller bear-
ings, four-point contact bearings, and tube roller bearings.

e Generator bearings:
It is a deep groove ball bearing filled with grease to support the shaft in gen-
erator. This type of bearing suffers from electrical pitting wherein damage
occurs on raceway and roller surfaces of bearing as electric current passes
through bearing resulting in the creation of spark at the contact point. When
electrical pitting progresses, a striped pattern develops on the raceway and
rolling surfaces resulting in severe vibration and improper function of the
bearing.

e Blade bearings/pitch bearings:
The functions of blade bearings are to pitch the blades, optimize the elec-
trical energy output, and stop the wind turbine for protection if the wind
speeds are larger than a cut-out speed.
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*  Yaw bearings:
The yaw bearings in wind turbines are used to angularly realign the nacelle
into the predominant wind direction in order to optimize power input.

Different types of bearings have different designed function and opera-
tion conditions and hence different failure modes, including multiple failure
modes simultaneously. The tribological research has evolved new informa-
tion and detailed knowledge describing the mechanism of failure. The data
in Figure 6.8 indicates that improper lubrication is the most common reason
for bearing failure and accounts for nearly 80% of breakdowns (Figure 6.8).
However, depending on operating conditions and maintenance, the propor-
tion may vary [23,24].

Other reasons for bearing failure may include plastic deformation of
bearing may be due to overloading, misalignment, or loose fit. The details
are discussed below.

Plastic deformation is very complicated, and its progress is irreversible,
It is a type of indirect failure which is caused due to the worst operating con-
ditions. The specific types of plastic deformation are explained as follows:

* Excessive load/overloading:
Overloading of a stationary bearing by static load or shock load leads to
plastic deformation at the rolling element/raceway contacts, i.e., the forma-
tion of shallow depressions or flutes on the bearing raceways in positions
corresponding to the pitch of the rolling elements. In the case of large-scale
wind turbine bearings, transient wind loads can easily give rise to overload-
ing, thus leading to plastic deformations in a bearing.

Improper Indirect Material
bearing failures, 4% defects and
mounting, 5% ___— manufacturing

errors, 1%
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lubrication
without
renewing, 20%

FIGURE 6.8 Common bearing failure causes in % [24].
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e Misalignment:
Load imbalance, misalignment, or improper load distribution are the main
reasons for bearing failure due to improper installation, and this accounts
for 5% of premature failures. A change of misalignment of 0.01/10 mm is
enough to cause a huge rise in vibration and temperature in the bearing.
Misalignment is a very common problem for transmission system bear-
ings as the bearings are mounted on rubber bushings. The bushings may be
deflected under the condition of large torque and extreme environment, both
of which will cause bearing misalignment.

e Loose fit/incorrect seating fit:
It occurs if the bearing ring is in relative motion to a mounting shaft or house
or due to deterioration of rubber bushings in the transmission system bearing.
If there is continuous relative motion it leads to vibration, fretting followed
by adhesive wear, overheating, and finally leading to noise and cracking.

6.4.2 OiL DeBris-BAsSED MONITORING (DETERIORATION OF LUBRICANT)

For the continuous motion of parts, lubricants are used between contact surfaces.
Further, to reduce or avoid metal-to-metal friction between rolling and sliding con-
tact surfaces, lubricants are added. Additional functions of lubrication include heat
dissipation from the bearing, removal of solid wear particles and contaminants from
the rolling contact surfaces, corrosion protection, increase of the sealing effect of the
bearing seals. Thus, for proper functioning and maintenance of wind bearing, lubri-
cation is done. The following are the two most common failure modes:

e Lubricant Failure:
The failure due to lubricant is identified as a change in grease color, and
there is either a darker shade of the grease or jet black color. In addition,
there will be a smell of burnt petroleum oil. Other symptoms include abnor-
mal rise in temperature, noise, bearing discoloration, and inadequate lubri-
cant viscosity. The identified cause for lubricant failure is the selection of
incorrect lubricant. Which is unable to achieve maximum efficiency and
endurance, dirty lubricants (in which contaminants are found which act as
abrasive compound increasing probability of early failure) should be dis-
carded, too much lubricant (wherein the friction heat developed within the
lubricant will cause its own rapid deterioration) or inadequate (frictional
heat due to under-lubrication) or inadequate viscosity of lubricant (unable to
separate bearing surfaces). If proper care is not taken, this may lead to the
catastrophic failure of large-scale wind turbines.
e Lubricant contamination

Particle contamination in lubricants has been identified as a major cause
of premature bearing and gear failure and can dent bearing raceways. The
detrimental effect of debris contamination begins with surface indentation.
Wear debris, residual particles, dirty lubricants, and water are the most
common sources of contamination. Figure 6.9 shows wear debris particles
embedded in the gearbox bearing roller surface.
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FIGURE 6.9 Embedded wear debris particles on the wind turbine gearbox bearing roller
surface [2].

Lubrication quality and oil cleanliness play an important role in the dete-
rioration rate of gearbox rolling elements. Literature indicates that poor oil
cleanliness reduces the lifetime of new gearbox components by up to 50%
in comparison to a well-lubricated gearbox [2,16,24,25].

6.4.3 BLADE MONITORING

As per reference [7], up to 40% of the world’s energy supply will be based on renewable
energy sources by the year 2030. The average capacity of wind turbines installed in 1987
was less than S0kW, and it has increased by a factor greater than 30—1.5 MW in 2003.

Among the various important design factors, turbine blade area affects the power
generated by wind turbine, and the relation is depicted by the Betz law. The power P
in Watts is given by

P= %apAv3 ©6.1)

where v is the upwind speed (i.e., the wind velocity that is incident on the turbine) in
meters per second (m/s), A is the area mapped out by the turbine blades in m?, p is the
density of air in km/m?, and a <0.593 is the coefficient of performance.

Figure 6.10 shows a schematic diagram of the increasing size of the blade area
(i.e., rotor diameter) that has and continues to evolve in order to produce wind
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FIGURE 6.10 Blade length and rated power trend of wind turbine [26].

turbines with greater power output. However, increasing the blade size poses sub-
stantial design challenges in terms of strength, stiffness, and weight of the blade.
Wind turbine blades, which are normally manufactured by continuous glass fiber-
reinforced resin matrix composites, account for nearly one-fifth of the cost of a wind
turbine. Since blade size as well as its manufacturing cost contributes to wind turbine
efficiency in terms of total failure, downtime, and repair and/or manufacturing cost,
as shown in Figure 6.6. Blade monitoring has been generating much interest recently
and has been actively studied.

A significant damage form observed in operating turbine blades is caused by
(abrasive) airborne particulates impacting and eroding the leading edge, especially
toward the tip where velocities are higher. These airborne particles can cause sig-
nificant blade erosion damage that reduces aerodynamic performance and hence,
energy capture. Moreover, in some environments, insect debris and other airborne
particles can accrete on the leading edges of wind turbine blades. Leading-edge
blade erosion and debris accretion and contamination can dramatically reduce blade
performance particularly in the high-speed rotor tip region that is crucial to optimum
blade performance and energy capture. The details are discussed in the corrosion
section [26-28].

6.5 CORROSION ASPECTS OF WIND TURBINES

Among the two most common types of wind turbines, offshore wind turbines are
placed in locations where wind speeds are both higher and more reliable than onshore
locations hence more preferred nowadays. However, offshore turbines are placed
near or in the coastal areas, hence constantly exposed to marine water. In addition
to humid and salty air near the offshore environments, the structures have long-term
exposure to humidity with high salinity, intensive influence of UV light, wave action,
and bird droppings, which decrease the corrosion resistance. The presence of dis-
solved oxygen, which depends on water level and temperature, increases corrosion
rate by initiating cathodic reaction and increases with increase in flow velocity of air
as it provides oxygen to steel structures, thereby damaging the surface film. Further,
microorganisms adhere to material in water causing corrosion. Temperature, pH, and
NaCl may increase corrosion (Figure 6.11).
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FIGURE 6.11 Relationship between corrosion rate and sodium chloride and pH [29].
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FIGURE 6.12 Various zones of offshore wind turbines [29].

The corrosion rate is dependent on the composition of environment, and since
sodium chloride in the offshore environment is 3%—-3.5%, severe corrosion occurs
(Figure 6.11b). However, since the pH in the offshore environment is 8, the effect of
pH is negligible (Figure 6.11a) [29].

As shown in Figure 6.12, there are several zones to which the tower of offshore
wind energy tower is exposed including the following:

e Immersed zone (UZ): As the name indicates, this area is permanently
exposed to water;

e Splash zone (SZ): In this area, there is a synergetic impact of water and
atmosphere. Here water level changes due to natural or artificial effects
increasing corrosion rate. This area is continuously exposed to seawater by
wave and spray action resulting in high corrosion stresses.

Figure 6.12 indicates the classification of various environmental zones. Literature
indicates that the highest corrosion is observed in the splash zone.

The cost due to corrosion can be bifurcated between corrosion protection (which
includes steps to prevent the corrosion, maintenance cost for corrosion protection
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system) and corrosion damage costs (replacement of corroded parts and unplanned
maintenance and repair and costs for downtime). The unplanned corrosion damage
may be reduced by using corrosion-resistant materials or coatings [26,29-33].
Corrosion on offshore structures is highly dependent on site-specific factors such
as water temperature, salinity, chlorinity, water depth, and current speed. The appli-
cation process and the specificity of the corrosion protection system are extremely
important and should be suitable for the substrate and the environment. Effective,
unambiguous, feasible, and achievable specifications should be prepared by experts
with a good understanding of the technology involved in protective coating systems.

6.5.1 VArious FOrMs oF CORROSION OCCURRING IN WIND TURBINE

Corrosion can be classified according to the appearance of the corrosion damage or
the mechanism of attack as [34]:

e Uniform or general corrosion:
There is a uniform loss of metal mass from the surface and is converted into
the metal from the surface is converted to metal oxides. The extent of the
metallic loss can be predicted by laboratory or field test.

* Pitting corrosion:
There is the formation of localized pits on the surface of metal while
reminder surface is unaffected, and this results in reduction in physical and
mechanical properties of metal.

e Crevice corrosion:
Similar to pitting, crevice corrosion is localized corrosion; however, there is
a requirement for the presence of crevice of a very small gap, for example,
in riveted plates and threaded joints.

 Filiform corrosion:
It is observed in coated samples that are exposed to the humid atmosphere
have a network of threadlike filaments.

e Galvanic corrosion:
It is also known as bimetallic corrosion wherein metals of different compo-
sitions are in close proximity and have electrical contact.

* Erosion-corrosion:
It includes synergetic corrosion (chemical reaction with the environment)
and erosion (physical removal of the external surface) due to the movement
of fluid (liquid or gas).

e Intergranular corrosion:
Corrosion occurs near the grain boundaries due to chemical inhomogeneity
in the steel, especially stainless steel.

e De-alloying:
Generally observed in certain alloys under certain environmental condi-
tions wherein one of the alloying elements is selectively dissolved resulting
in perforation.

Environmental-assisted cracking, including stress corrosion cracking

(SCC), corrosion fatigue, and hydrogen damage: combined effect of the
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TABLE 6.4

Corrosion Zones and Form of Corrosion in Offshore Wind Turbines [34]
Corrosion Zones Main Form of Corrosion
External and internal areas of steel structure Uniform and erosion-corrosion, SCC

Internal surfaces without control of humidity Uniform and pitting corrosion

Internal surfaces of structural parts Crevice, pitting and Galvanic corrosion, SCC

Splash and Tidal Zone

External and internal areas of steel structure Uniform, crevice, pitting Corrosion, SCC
Internal surfaces of critical structures Uniform, crevice, pitting corrosion
Components below mean water level (MWL) Uniform corrosion

Components below 1.0 water level of the MWL
External surfaces in the splash zone below MWL

Submerged Zone
External and internal areas of steel structure Uniform corrosion and erosion-corrosion, MIC
Internal surfaces of steel structure Uniform, crevice and pitting Corrosion,
microbiological influence corrosion (MIC)
Critical structures and components Uniform and/or pitting corrosion MIC, SCC

chemical attack and mechanical stresses (e.g., corrosion fatigue, tensile
stress with specific corrosive environments).

6.5.2 CORROSION PROTECTION

The protection of the system from corrosion is a complicated process that requires
knowledge and expertise in various disciplines.

Various variables starting from composition of material, geographic and local
environment, intensity of the corrosive environment, shape and size of the compo-
nent to be protected, loading condition on component, and finally the life of the
component required determine the corrosion protection system.

The wind turbine location environments and weather conditions have a signifi-
cant impact on the operation and maintenance process, which are directly linked to
energy production cost, performance, efficiency, and life of the device.

Corrosion protection may be classified into two broad systems: (1) active meth-
ods and (2) passive methods. However, in service, most protection systems use both
methods. From a formal point of view, the corrosion protection methods can be clas-
sified into active or passive methods, though it is important to stress that most protec-
tion systems use both methods of protection.

6.5.2.1 Active Corrosion Protection: Cathodic Corrosion Protection (CCP)
The following methods can be considered to be active corrosion protection methods:

i. selection of corrosion-resistant materials,
ii. corrosion allowance,
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iii. appropriate constructive design,
iv. influencing the corrosive medium,
v. cathodic corrosion protection

Cathodic protection (CP) is a technique used to control the corrosion of a metal sur-
face by making it the cathode of an electrochemical cell [32,35].

Further, the cathodic corrosion potential can be divided into two main classes:

(1) Galvanic Anode Cathodic Protection (GACP): This uses sacrificial anodes to
protect the main structure. It is more preferred for offshore wind turbines. Zn and
Al are most commonly used as galvanic anode and (2) Impressed Current Cathodic
Protection (ICCP): This consists of anodes connected to a DC power source that
imposes protective current. Any submerged structure irrespective of size can be
protected by varying the size of anode and current requirements. In addition, the
ICCP system continuously monitors the level of protection and adapts to the current
required to avoid corrosion. However, it is less popular than GACP as it is more sus-
ceptible to environmental damage and mechanical damage [36].

6.5.2.2 Passive Corrosion Protection

This involves the requirement of coating for corrosion protection. Coatings improve
the operational life of wind turbines. Generally, the surface of blades and towers of
wind turbines are coated. Various types of coatings are polymer coatings, ceramic
coatings, and metal coatings. As seen in Figure 6.13, the consumption of polymer
coatings is high across the globe due to its excellent cost-to-performance ratio. Three
types of coating are most commonly applied: (1) nonmetallic coatings (including
organic or inorganic layers), (2) metallic coatings, or (3) the combinations of these
two types of coatings on the steel surface to form a multilayer protective system
(named duplex or triplex) [37].
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FIGURE 6.13 Market utilization of various types of coating [38].
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Both the types of turbines — offshore and onshore — need coatings to enhance the
service life along with the best performance for their service life with the least main-
tenance. Various components of wind turbines viz blades, towers, nacelles, founda-
tions, and equipment are coated. Among all the components, coating on blades is
most important as they are continuously exposed to weather and moving in the air.
Unstable harmonics is created due to pitting, which results in a decrease in turbine
efficiency as well as an increase in maintenance and repair costs. The choice of the
coating composition is dependent on environmental conditions, service life, required
permanence, and composition of the substrate, the purpose being optimum perfor-
mance. Depending on the composition, various types of coatings can be classified as:

e Polymer coatings
Epoxy, polyurethane, acrylic, and fluoropolymers
The most widely used polymer coatings are epoxy, polyurethane, acrylic,
and fluoropolymer. The polymer coatings may be applied in the factory or in
situ depending on equipment restrictions. The advantages of polymer coat-
ings include high-performance properties: corrosion resistance, durability,
chemical resistance, smooth finish, and toughness.

Polymer coatings are chosen for their high-performance properties: cor-
rosion resistance, durability, chemical resistance, smooth finish, and tough-
ness. Fluoropolymers have the added benefit of dirt resistance and to combat
biofouling at the turbine base.

Another type of coating commonly used in powder coatings in which an
organic coating is applied as a free-flowing, dry powder. Powder coatings
perform better than liquid coatings and are resistant to chips, scratches, wear,
and fading, The powder used for coating may be either thermoset or ther-
moplastic material. Because of more stability of thermoset, they are widely
used for applications where high-temperature resistance service and chemi-
cal resistance are most important. However, they have the disadvantage of
high maintenance cost and they cannot be repaired. The major advantage of
thermoplastic is that it can be melted and remelted and easy maintenance.
The most common polymers used are polyester, polyurethane, polyester-
epoxy (known as hybrid), straight epoxy (fusion bonded epoxy), and acrylics.

Rubber linings

It is widely used for corrosion and abrasion resistance for protecting car-
bon steel equipment because of strong adhesion in the most aggressive pro-
cesses of the chemical industry. For wind turbine applications, Neoprene
One (chloroprene rubber) is most widely used because of its flexibility and
excellent resistance to ozone, seawater, and weathering. Hence, it is used in
most corrosion-prone regions of wind turbines, i.e., splash zone.

Epoxy — Aluminum oxide composite coatings

Composites are a combination of two types of materials. To increase adhe-
sion and flexibility for increased corrosion resistance, a composite of epoxy
novolac polymers and salinized micro-ceramic aluminum oxide charges are
innovative coatings in application.
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The latest development in polymer-based coatings includes anti-icing or
icephobic surfaces that can be applied to a number of engineering applica-
tions that require the prevention of icing and easy removal of ice, such as
wind turbine blades. The presence of ice on wind turbine rotors results in an
imbalance of weight between turbine blades, changes in aerodynamic per-
formance, mechanical vibrations, decrease in turbine efficiency, increase in
maintenance time, and higher operating cost [38,39].

The hydrophobic surfaces can be generated by microscale or nanoscale
roughness. Several important low-surface-energy polymers, for example,
polytetrafluoroethylenes (PTFE) and polydimethylsiloxane (PDMS), can be
used to develop these water-repellent surfaces. In reference [40], low-cost
spray coating of polytetrafluoroethylene (PTFE) particles are identified and
successfully deposited having micro-scale roughness and low ice adhesion
strength.

¢ Metallic coatings — zinc and aluminum
Generally, nonferrous metals, commonly zinc, aluminum, and its alloys, are
used. The metallic coating protects the structure by both galvanic action and
barrier. Sprayed metals are usually applied to flange connections, frames,
and platform railings. However, they are also frequently applied to the whole
tower sections (usually in combination with organic coating systems).

Hot-Dip Galvanizing

In this process, the steel structure is dipped in a molten zinc bath. The vari-
ables are immersion time, composition, size and thickness of the workpiece,
and surface preparation of the workpiece. There is the presence of various
sublayers in a galvanized layer which consists of varying amounts of Zn-Fe
and Fe content increasing toward the substrate. This property is important
for abrasive resistance compared to other coatings. The addition of Mg and
Al in Zn coating improves mechanical properties as well as corrosion resis-
tance. In the case of Al-added Zn-galvanized coating on steel, there is the
formation of ductile nonbrittle of FeAlZn instead of FeZn brittle intermetal-
lic [41].

Thermal Spraying:

The most applied technique for the application and repair of metallic coat-
ings on steel structures in the offshore sector is thermal spraying on par-
ticles that are too large to be deposited in the galvanizing bath. Among
several thermal spray processes most commonly used are flame spray and
electric arc. The process involves propelling molten or semi-molten metal
particles toward substrate by a stream of air creating layer by layer deposi-
tion till the desired thickness of the coating is achieved [37,42,43].

¢ Ceramic coatings — aluminum oxide, aluminum titania, and chromium
oxide
Ceramic coating has advantages like very high hardness, low friction,
low abrasion and wear resistance, anti-galling, good corrosion resistance,
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TABLE 6.5
Alternative Coating System That Can Be Used on Own Structures,
Classified According to Exposure Zone [34]

Atmospheric Zone
Vinyl Systems (3—4 layers)
Zn phosphate pigmented two-pack epoxy primer (one layer)
Two-pack epoxy (two layers)
Chlorinated rubber system (3—4 layers)

Submerged Zone
The main control is CCP (Cathodic Control Protection). The use of coating systems is optional,
generally EP-based coatings, and these should be compatible with CCP. When coatings are used,
fewer anodes are necessary and the corrosion protection system is expected to last longer

Splash and Tidal Zone
Coatings similar to those for the atmospheric zones are used. Higher film thickness is employed
The steel thickness is increased (to act as corrosion allowance) and is coated with the same coating
system as the rest of the structure
Thick rubber or neoprene coating up to 15 mm thickness
Polymeric resins or glass-flake reinforced polyester materials are often used to protect against
mechanical damage

thermal stability, and high durability. Rotating machinery such as bearings
needs coating to increase their lifetime while decreasing maintenance costs.
The most commonly used ceramic coatings are aluminum oxide, aluminum
titania, chromium oxide, etc.

Due to higher abrasion resistance (important to increase leading edge
erosion resistance) than polymer coating, ceramic coating is now applied
on blades of wind turbines. Although polymeric coating can provide barrier
protection, it has a drawback as it is permeable to water and oxygen, result-
ing in poor performance in the marine environment. In addition, they have
less resistance to solid particle impingement [44,45].

In addition to corrosion protection, wind turbine coatings protect two most threat-
ening hazards:

a. Leading-edge erosion:
There is mass loss and surface damage due to erosion on wind turbine
blades when exposed to raindrops.

There is a constant impact of airborne projectiles such as rain, ice salt,
or sand. In addition due to the wind effect, large turbines can travel up to
250 mph as they rotate. Various variables are affecting the extent of ero-
sion which includes the force of impact of particulate on airfoil and impact
velocity which depends on wind speed and rotational speed, geometric
shape, and relative velocity of airfoil and impacting particle. Hence the
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synergetic effect of varying angle and varying velocity is observed on the
surface of the rotor. Ductile and elastic materials have low erosion resis-
tance toward particles impingement at low angles, and brittle materials have
high erosion resistance toward high impact angle as particles are unable to
transfer a high amount of kinetic energy to the surface. Hence characteristic
of coating behavior plays important role in its life durability and total blade
failure [38—40].
b. High maintenance costs:

There is an uninterrupted observation of coating while the operation of
turbine for the life span of 15years. A reduction of about 20% in turbine
energy output is due to rain and sand. In addition, the location and posi-
tion of offshore wind turbines result in a very high expense of mainte-
nance. The best wind power coatings aim to be maintenance-free for their
lifetime [41].

6.6 CORROSION TESTING

There are two main classifications of testing and assessment of corrosion protection
systems [46].

6.6.1 Fiep TesT

It consists of long-term exposure tests in a real corrosive environment. There will be
three galleries (underwater zone, intermediate zone, and splash zone). All specimens
are to be tested for the long term. Functional maintenance of the impressed current
system (cathodic protection) is part of the site test procedure.

6.6.2 LABORATORY TESTS UNDER DEFINED ARTIFICIAL
STRESS CONDITIONS

The laboratory tests were subdivided into aging tests according to ISO 20340,
cathodic disbonding tests, and tests based on electrochemical impedance spectros-
copy (EIS) [46] (Figure 6.14).

The aging resistance test procedure, which consists of a 7-day cycle, is exposed to
three loading mechanisms and passed for 25 times thus in total 4200 hours. Adhesion
strength, coating deterioration, and delamination are considered as assessment crite-
ria for the cathodic disbonding test.

The proper information is not provided by cathodic disbonding about the mecha-
nism of corrosion in progress or paint degradation process and are accept or reject
criteria test and give a comparative evaluation of different paint systems.

A promising method for gathering degradation and corrosion information on coat-
ing for wind energy towers is EIS. Usually, EIS is carried out in 3% NaCl solution
for many days (>60days). The measurements were performed according to three-
electrode methods. The barrier resistance is determined, and the extent of corrosion
can be evaluated visually [46].
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Performance tests

Site tests Laboratory tests
Long-term tests under practice Artificial and controlled
conditions condition

Off shore .
Electrochemical
performance l
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Lifetime assessment
robably possible i
p Y P! As per 1S0 20340 As per electrochemical
impedence spectroscopy
No lifetime assessment possible

FIGURE 6.14 Summary of performance test [46].

6.7 CONCLUSION AND FUTURE WORK

Wind turbine technology offers a cost-effective alternate renewal energy source and
has experienced immense growth with respect to both the turbine size and market
share. Wind turbines are mostly installed in a remote area (onshore) or in/near the
seashore (offshore) condition. Hence, they are working in a complex natural envi-
ronment that includes stormy winds, sand particles, and salty fog. Because of their
location, the operation and maintenance of wind turbines are challenging in terms of
time and cost. Wear and corrosion of major components of wind turbines are reasons
for breakdown. The attempt has been made to discuss the wind turbine starting from
major components of wind turbine and their material properties followed by major
cause of failure and possible solutions.

The research in wind turbines is directed in multiple directions. There is advance
in wind turbine design and manufacturing which includes development and innova-
tion in manufacturing, composite material development, and modeling of blades with
the purpose of more reliable, less expensive, and efficient turbines. In addition, in the
case of the offshore environment, towers and foundations that support the turbine are
a critical part, and their design and maintenance present unique challenges to struc-
tural engineers. Another area of research includes characterizing the flow of wind as
it is dependent on climatic changes as well as area of Structural Health Monitoring
(SHM), Sensing, Diagnostics, and Testing [47].
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7.1 INTRODUCTION

With the development in aviation engine technology, superalloys are majorly used
material in the new and modern engines. Utilization of these heat resistant superal-
loys in the manufacture of engine and its related parts allows to increase the engine
temperature by 10°C (per year), since 1950s. The rise in engine temperature leads
to the decrease in fuel consumption and engine efficiency [1]. Besides, these alloys
are also used for applications demanding/requiring high strength to weight ratio,
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high fatigue resistance, and oxidation resistance such as nuclear, gas turbine, rocket,
biomedical, and chemical vessels. Superalloys are majorly divided into four catego-
ries, viz. (1) nickel-based; (2) iron-based; (3) cobalt-based; and (4) titanium-based
[2]. Among them, nickel and titanium-based alloys are extensively used where high
strength is required at elevated temperatures. For example, Inconel 718 is the widely
used nickel-based alloy and exhibits a tensile strength (approx.) of 1375 N/mm? at
room temperature and a low decrement of 20% (the value around 1150 N/mm?)
shown at elevated temperatures up to 650°C [3]. In contrast to Inconel 718 (nickel-
based alloy), Ti6Al4V (titanium-based alloy) exhibits better strength up to 600°C.
Moreover, during machining, these alloys exhibited high strength even at elevated
cutting temperatures. Hence, they are known as difficult-to-cut materials. During
machining of these alloys, due to severe plastic deformation, high cutting tempera-
ture is developed at the interface zones of tool and chip. It results in a drastic incre-
ment in tool wear leading to substantial shortening of tool life. To reduce the cutting
temperature, the researchers have focused on the modification of the surface of the
cutting tools. Due to friction between the two mating parts, the development of high
temperature was reported at the interface regions. Hence, the researchers are primar-
ily focused on the surface modification of the tool to reduce friction between the
tool and chip. Surface texturing is the novel surface modification method, in which
different kinds of textured patterns are provided on the tool rake and flank faces for
reducing friction, cutting temperature, and reducing tool wear. Mainly, three mecha-
nisms are responsible for improving the machining performance of Inconel 718 and
Ti6Al4V with textured tools. They are: (1) decrease the tool-chip contact length: by
providing the surface textures with the micro and nano sizes on the different faces
of the cutting tool can decrease the tool-chip contact length (L, ). Then, the actual
contact length (Lf) can be calculated as shown in Equation (7.1).

Li=L —n-w, (@A)

where (L f) is the actual tool-chip length, L, is the nominal tool-chip contact length,
n is the number of grooves located at the contact region, and w, is the width of each
groove. If the nominal tool-chip contact length L, is 1.0mm, and there are three
grooves with a width of 50 um located in the chip flow direction at the contact zone.
According to Equation 7.1, the actual contact length (L f) will be decreased from 1.0
to 0.85mm, and the cutting forces will be decreased by 10%. This is presumably
due to a decrease in the tool-chip contact length, thereby frictional force and the
associated cutting temperatures also decrease. (2) Wear debris entrapment: while
machining Inconel 718 and Ti6Al4V, different types of wear mechanisms such as
abrasion, adhesion, etc., are responsible for the generation/formation of wear debris
at the interface surfaces. Surface texturing can help prevent third body abrasion by
capturing wear debris formed at the tool-chip interface region. During machining,
the textures will entrap the wear debris in dry and lubricated conditions equally.
(3) Textured patterns act like fluid reservoir: the generation of textures on the flank
and rake surfaces can be expected to act as a fluid reservoir that promotes the supply
of the cutting fluid to critical temperature developed regions of the cutting zones and
worn area of the tool.
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Distinct methods are available for the generation of textures on the cutting tool
(rake and flank faces). Among them, the laser surface texturing (LST) method is
frequently used by researchers. In LST, a high-energy pulse is applied, and removal
of material takes place by laser ablation, i.e., by rapid melting and vaporization.
LST has various advantages, such as it provides proper surface topography and
less contamination of the substrate surface in comparison to other methods. During
machining of the superalloys (Inconel 718/Ti6Al4V), due to their high-temperature
properties, superior strength is attained while machining, and these materials con-
tain carbide particles which are responsible for severe tool wear. These are some of
the major problems leading to the shortening of tool life. Hence, to improve the tribo-
logical response and machining performance of the textured tools during machining
of titanium alloy (Ti6A14V) and nickel alloy (Inconel 718), the textured cutting tools
should possess: (1) good hot hardness; (2) high wear resistance; (3) high toughness
and strength; and (4) better thermal shock properties at high temperatures. Moreover,
adequate chemical stability is also essential. For economic and efficient machin-
ing of nickel and titanium alloys, it requires a good understanding of the cutting
conditions, cutting tool materials, and the proper geometry and functionality of the
machined component.

In general, HSS cutting tool material is used for machining of all conventional
work materials, except superalloys. Since the thermal softening point (temperature
value) is very low for HSS, i.e., around 600°C. Hence, during machining of high
melting temperature alloys, HSS cutting tool material cannot exist. Therefore, car-
bide tools are still used for the industrial general-purpose machining applications
associated with nickel and titanium-based alloys. It is because the thermal point tem-
perature of the carbide tools is 1100°C (approx.). However, with the drastic increase
in demand for better surface quality and fast material removal, high-speed machining
was established. Nonetheless, the use of cemented carbide cutting tools has become
more problematic. Many new developments have been made in tool surface coatings
since the 1970s to significantly increase the hardness, modulus, and toughness of the
tool, and thereby they will be able to give better performance in friction, wear, and
lubrication applications. However, the application of such tools can only be at a lower
order of cutting speeds, the limitation being due to cutting temperature.

Ceramic tools are employed to improve and achieve high-speed machining during
the processing of nickel and titanium alloys. The most commonly used ceramic tools
are (1) SiC whisker-reinforced alumina (Al,O5) ceramic, (2) silicon nitride (Si;N,)
ceramic, and (3) TiC added alumina (Al,0,~TiC) ceramic. The major limitations
of ceramic cutting tools are their low fracture toughness and their low thermal con-
ductivity. The low toughness and excessive tool wear rate are the biggest problems
while machining nickel and titanium alloys. Ultra-hard cutting tool materials such
as cubic boron nitride (CBN) and diamond inserts have been noticed to generate
good machined surface characteristics, with a considerable increase in tool wear
resistance and tool life associated with their higher thermal conductivity and hot
hardness. CBN and diamond have the highest thermal conductivity in contrast with
ceramic cutting tools. CBN and diamond-cutting tool materials were able to remove
heat efficiently from the cutting edge, and also compared to ceramic materials, these
cutting materials exhibited the highest wear resistance and improved the friction
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coefficient. Hence, these super-hard materials are highly suited for the machining of
nickel and titanium alloys. The performance of the CBN-cutting tool mainly depends
on the CBN content and binder of the inserts. The predominant wear mechanisms
were found to be diffusion and chipping of the cutting edge while machining of
nickel alloys. Sugihara et al. [4] carried out a machining trial with developed textured
inserts on Inconel 718. They have observed that by providing the texture on the flank
face, the chipping of the cutting edge was reduced compared to the conventional
CBN tool.

7.2 SURFACE TEXTURING

Engineering materials, including metals, composites, and ceramics, are proven to be
highly dependent on the machining process for the manufacturing of various part
geometries. However, a major concern is that tool wear affects the quality, productiv-
ity, and cost of the components that are being machined. The rake and flank faces
of the cutting tool are subjected to wear, and the mechanism is of different types,
including fatigue, abrasion, diffusion, and adhesive wear. Many other modes are also
reported by other researchers [5,6]. Cutting forces, vibrations, and heat generation
that are dependent on the friction at the tool-chip/work interfaces are also to be con-
sidered since they have an effect on tool wear. Many researchers have conducted
investigations into reducing the wear and friction of the cutting tools during machin-
ing, and they include improved cutting tool designs [7], development and applications
of nano-lubricants [8], and optimization of the various process parameters [9].

The surface modification process carried out on the cutting tools is of great inter-
est in the current chapter. There are three different methods by which surface modi-
fication can be carried out on cutting tools, viz. (1) traditional methods like surface
coating; (2) surface melting/treatment with the help of LASER/e-beam sources; and
(3) surface texturing. Pondering these aforementioned processes, deposition of vari-
ous elements/materials in a single or multilayered manner with a thickness at the
micron level is carried out on the surface coating. Usually, the elements that are
coated exhibit superior hardness, good thermal stability, and improved tribological
properties [10]. Second, radiant energy sources such as LASER/e-beam are used to
modify the surface of the substrate by remelting or alloying. This results in variations
in the microstructure of the modified layer, resulting in a fine grain structure owing
to the rapid solidification, thereby leading the alloy to exhibit superior mechanical
and tribological properties. Furthermore, in comparison, recently, surface texturing
has emerged as a new surface modification technique wherein surface textures are
manufactured at micro/nanoscale on various cutting tools using various techniques.
The design of these textures should be in such a way that it will facilitate the lubri-
cant availability at the tool/chip interface, reduce wear rate, and aid in achieving a
minimum contact area between the chip and the tool.

Surface texture, the characteristic of a surface, is also termed as the surface
topography, which constitutes all the minute variations and incorrect tendency that
a surface process has from the true plane that is perfectly flat upon visual examina-
tion. However, surface roughness is defined as the roughness or surface finish that
comprises finely spaced microsurface irregularities that can result from various
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machining operations. The randomness of the inherent surface roughness can be
controlled using surface texturing. It has to be noted that the lubricants serve the
purpose of filling the valleys existent on the rough surfaces, which are encountered.
Although lubrication is facilitated, it will not be in a controlled manner. The tex-
ture that is created artificially will become a part of the overall surface structure, if
small, and will be considered in the geometry as they increase in size. Further, the
improved tribological properties expected upon surface texturing can be attributed to
the facilitation of lubricant entrapment and the possibility for the formation of micro
wedges.

In the past, uncoated and cemented WC inserts were ground to a micro-depth
on the rake surface with the aid of a diamond grinding wheel [6,11]. The cutting
parameters, viz. cutting speed and feed rate, were kept constant as the different grain
sizes of the used WC insert were used for the investigation. Predesigned textured
cutting tools were reported to be used in the machining of steel for enhancing wear
resistance [12]. Further, a newly developed cutting tool was also proposed consisting
of grooves with micro-stripes, which are introduced on the rake surface [13]. The
investigation showed that the insert textured with microgrooves parallel to the cut-
ting edge helped with the resulting enhanced wear resistance and, additionally, effec-
tive lubricity of the insert surface during the milling operation with steel materials.
The micro-periodic grooves designed parallel to the cutting edge of the insert effec-
tively performed the purpose of preserving cutting fluid and minimizing the actual
tool and chip contact area. Recently, LASER technology has found its application
in preparing three types of textured dimples (circular and rectangular patterns, and
parallel grooves) on the rake surface of a cemented carbide insert. The investigation
was on the dry cutting of aluminum alloy. Textured inserts exhibited good cutting
performance at low cutting speeds, and those with rectangular dimples proved to be
the best choice [14]. It was also reported that the frictional behavior at the tool/chip-
workpiece interface was reduced while using micro or nano fine-scaled patterns and
structures on the rake surface of the cutting tool [15].

Various methods have been developed to fabricate textured surfaces [16]. The
advantages of each of the methods are based on the substrate or parent material,
expected precision level, production cost, and quality. A few include ultraviolet pho-
tolithography, etching with LASER source, electrical discharge material removal,
etc. It was also reported that the application of various methods such as micro inden-
tation, blasting, abrasive jet machining (AJM), etc. Given the ease of operation as
well as better cost-effectiveness, laser surface texturing (LST) is considered the
most effective method of its kind. The texturing methodologies will be explained
in detail in the progressive sessions. To discuss, the automotive industry has been
keen on developing methods that can modify the substrate surface, thereby achiev-
ing superior physical as well as mechanical properties with operational performance.
A cylinder liner textured in a cross-hatched pattern is expected to retain and supply
the lubricant in the contact area of the piston ring [16]. Figure 7.1 shows the cross-
hatched pattern textured on the steel cylinder liner.

The texturing process utilizes some distinctive features to incorporate those that
normally consist of different shapes, including dimples, troughs, pores or small pock-
ets, and grooves. A few are shown in Figures 7.2-7.4. The texturing arrangements are
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FIGURE 7.1  Cross-hatch pattern textured in steel cylinder liner [15].

FIGURE 7.2 Dimples with pyramid-shaped textures developed using micro-indenter on a
shaft (Journal bearing) [15].

FIGURE 7.3 Laser surface texturing on cylinder liner [15].
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FIGURE 7.4 Laser surface texturing in chevron shape on steel plate [15].

usually hexagonal, square, or random, as shown in Figure 7.5. Figure 7.6 shows the
rake face of a LASER micro-machined Chevron-shaped uncoated WC cutting tools,
in an attempt to machine Ti-6A1-4V alloy [6]. The laser textured uncoated WC tool
is as shown in Figure 7.6b. The dimensions of the holes textured at the micro-level
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FIGURE 7.6 Laser-textured rake face of cutting tools at (a) 100X, (b) texture dimensions,
and (c) laser-induced layers around micro-holes and textured tools at varying distances from
cutting edges (d—f) [6].

can be seen with high magnification. The recast layer, which is the sideway deposit
formed of the material that is ablated because of the laser surface interaction is illus-
trated in Figure 7.6¢c. The images of the tools that are subjected to different textures
are shown in Figure 7.6d—f. It can be observed that for different textures the distance
from the cutting edge is different.

7.3 MACHINING OF SUPER ALLOYS USING TEXTURED TOOLS
7.3.1 INcoNEL 718 AND TI6AL4V

The enhancement of tribological and machining performance of Inconel 718 and
Ti6Al4V using textured cutting tool depends on the geometry of the texture patterns
such as micro-holes or micro dimples of square, elliptical, triangular, wavy grooves,
groove pattern, micro pits, chevron, etc. Rathod et al. [17] studied the tribological
and machining performance of circular, square, and linear textured cutting tools
while machining Ti6Al4V. Among all the textured tools, square-textured inserts
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have shown lower cutting forces and cutting temperatures and aid in improving the
tool life. Observably, it also minimizes the adhesion of the work material with the
tool. Moreover, a significant reduction in heat generation and cutting forces is also
possible. It has resulted (majorly) due to the reduction in contact length between the
chip and tool. The textured patterns act as a reservoir of solid lubricant (WS,). It also
depends on the dimensions of the textures developed, such as texture width, pitch,
depth, edge distance, and diameter. Ma et al. [18] investigated the effect of micro-
hole-textured parameters, such as microhole diameter, micro-hole position, micro-
hole diameter to depth, and cutting edge, through FEM analysis during machining
of the Ti6Al4V. The authors noticed that by varying the micro-hole parameters, the
cutting forces varied. A minimum of three cutting forces was observed at the opti-
mal values of micro-hole diameter, edge distance, and diameter to depth ratio as
considered at the values of 60—100 pm, 20—100 um, and 10—14 um, respectively. The
micro-hole position does not influence the three cutting forces (F,, F,, F,). Texture
orientation with the cutting edge (of the tool) is also an important parameter that
affects the machining performance of the textured tool. The orientation of the tex-
tured pattern can be considered as parallel, perpendicular, and crossed to the cutting
edge. The researchers found that perpendicular-oriented textured grooves exhibited
a lower coefficient of friction, wear rate, and cutting temperatures in contrast to other
textured orientations. Arulkirubakaran et al. [19] investigated the effect of orientation
of the textured patterns, viz. conventional, parallel, perpendicular, and cross texture
(to the cutting edge), while machining of titanium alloy (Ti6Al4V). The authors have
found that the perpendicular textured pattern demonstrates lower contact area, coef-
ficient of friction, and cutting temperatures, and the perpendicular textured insert
has shown a lower wear rate even at high-speed machining. It is the resultant effect
of better micro-pool lubrication of MoS, (solid lubricant) at the interface of tool and
chip with minimum contact length.

In the context of machining of Inconel 718 and Ti6Al4V, the need remains to
develop a wear rate theory or model for predicting the tool wear of textured cutting
tools. The researchers are using the textured dimensions determined using a trial-
and-error method, so it is essential to develop a model or theory to determine the
optimum dimensions, orientation, and shape of the textures. Nickel and titanium-
based alloys are associated with severe plastic deformation and work hardening.
Hence, high cutting temperatures are developed at the interface zone of the tool and
chip, so it is essential to optimize the friction at the mating surfaces of tool and
chip. Besides, the hot machining process characteristics can be improved with the
implementation/utilization of textured tools. Texturing can also aid in improving the
tribological characteristics of the various categories of tools during the machining
of superalloys. Inconel 718 and Ti6Al4V are high heat-resistant nickel and titanium-
based superalloys. Processing of such alloys can lead to the development of abrasive
particles, which can result in severe tool wear. Moreover, the plastic deformability
and high strain rate sensitivity of these alloys favor the tendency for work hardening;
hence high cutting temperatures are developed at the interface regions of tool and
chip. To eradicate the friction and its corresponding temperatures, the researchers
have developed a novel surface modification technique called surface texturing. In
this technique, different kinds of orientation of the textures and shapes are provided
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on the rake and flank face of the tool to decrease the friction coefficient and tool
wear and to improve the tool life. During machining of Inconel 718 and Ti6Al4V,
the machining and tribological performance improved due to decrement of the tool
and chip contact length, and entrapment of the wear debris and textures provided the
micro-pool lubrication at the interface zone of the tool and chip. Most researchers
have considered the optimal dimensions of the textures while machining these alloys
based on the trial-and-error method. Hence, it is required to develop a friction and
tool wear model for better improved tribological performance through the utilization
of textured tools.

7.4 LASER SURFACE TEXTURING (LST)

LST is a surface modification technique that improves the tribological performance
of materials. This technique is useful for altering the properties of the metallic surface
without unduly changing the essential properties of the base material [20]. Surface
modification by LST offers several advantages, such as short processing time, con-
trollability, and environmentally friendly, and can fabricate different textures on
mechanical components [21,22]. Considering the advantages, the LST process has
been adopted to enhance the mechanical performance of various engineering com-
ponents [23,24]. In recent years, using the LST process, different patterns of surface
textures have been developed on mechanical components to improve their surface
properties, which are versatile to wear owing to their poor tribological properties. By
controlling the laser power, the morphology of the textured surface can be varied,;
consequently, the required mechanical properties can be achieved.

Through the continuous progress in materials in the manufacturing sector, most
of the advanced materials possess excellent hardness and wear resistance. On the
contrary, the machining of advanced materials turns into a demanding task owing
to hasty tool wear, which further reduces the tool life. Traditionally, cutting fluid
was used to minimize tool wear during the machining processes. Cutting fluids
reduce the friction between tool and workpiece and minimize the temperature dur-
ing machining, which further improves the life of tool. However, previous works
were detailed that most of the cutting fluid consists of chemicals that are harmful to
human beings. Further, recycling of cutting fluids is not economical and disposal is
arduous [25]. Considering the negative impact of cutting fluids on human beings and
environment, researchers have started working toward the minimization of cutting
fluids while machining.

Surface texturing is an emerging technique that can be adopted to enhance the
tribological performance of materials and, thereby, their life. Over the years, vari-
ous researchers adopted the LST technique to fabricate textures on the flank and
rake face of the cutting tool to reduce wear and friction during the contact between
tool and material to be machined. Lei et al. [26] developed micro-holes on the rake
surface of tungsten carbide (WC) insert close to the cutting edge by femtosecond
laser to machine mild steel. They analyzed the performance of micro-hole lubricated
cutting tool by assessing the performance in terms of cutting force, tool-chip contact,
and morphology of the chips formed. Results revealed that tools with micro-holes
bring only the slightest amount of cutting fluid into the interface between tool and



Surface Texturing Practices 151

chip, which further reduced the coefficient of friction and minimized the energy loss
owing to the friction as compared to the traditional machining process. In the last
decade or so, many researchers have successfully employed laser surface-textured
cutting tools for the machining of Inconel 718 and Ti-6Al-4V alloys.

Mishra et al. [27] used laser-textured tools coated with hard ceramics for the
machining of Ti-6Al-4V alloy in a dry cutting environment. They evaluated cut-
ting force, flank wear progress, and rake surface analysis after machining. It was
revealed that machining with a laser textured and coated cutting tool resulted in
reduced cutting force, thrust force, and flank wear. Ze et al. [28] performed machin-
ing of Ti-6Al1-4V alloy using laser-textured cemented carbide (WC/Co) inserts filled
with MoS, lubricants in the micro-holes. They performed dry machining using
textured and conventional tools. It was found that the cutting force and tempera-
tures in dry machining of Ti-6Al-4V alloy using self-lubricating textured tools were
minimized significantly as compared to traditional tools under the same machining
conditions. Sasi et al. [29] analyzed the performance of laser surface-textured HSS
cutting tool while machining of A17075-T6 aerospace alloy. It was revealed that laser
surface texturing can be used to fabricate micro-dimples on HSS and which can
enhance the mechanical performance of cutting tool under dry conditioning. Further,
it was found that by using textured cutting tools, cutting force can be reduced under
low- and high-speed conditions, but it is found to be more effective at high-speed
conditions.

Among the known materials on the earth, cubic boron nitride (CBN) is the second
hardest behind diamond, and it has received substantial attention as a material for
cutting tools. However, machining of superalloys such as Inconel 718 becomes dif-
ficult even with a tool made of CBN. Sugihara et al. [4] reported that the CBN tool
exhibited crater and flank wear owing to the diffusion at high temperatures and adhe-
sion of chips on the flank face of the tool resulted in the chipping of the cutting edge.
The same authors performed the machining of Inconel 718 using the CBN tool with
microgrooves orthogonal cutting edge produced with a femtosecond laser, and the
results revealed that the tool wear was significantly reduced as compared to machin-
ing with conventional cutting tools. The above-reported works clearly show that laser
surface texturing on the flank face of the cutting tool is a promising technique to
enhance the life of the cutting tool while machining hard materials like Inconel 718
and Ti-6Al-4V alloy.

7.4.1 INFLUENTIAL FACTORS

In the LST process, the selection of process parameters is very important, since it has
a significant impact on the morphology and tribological properties of the modified
surface. In addition to the selection of laser types, parameters such as spot size, laser
power, scan speed, energy input, and feed rate can control the quality of textured
surfaces. Therefore, a study to understand the optimum conditions for accomplish-
ing the required mechanical performance of textured surfaces makes sense. Laser
power intensity is a significant process parameter in the LST process which deter-
mines the morphology and mechanical performance of the textured surface. Mao
et al. [30] reported that power intensity regulates the shockwave pressure during LST
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processing, which further determines plastic deformation. Thus, the morphology and
mechanical properties of the treated material are influenced by power intensity.

Several researchers made an effort to study the impact of laser power intensity on
the morphology and mechanical performance of laser-textured workpiece surfaces.
Sanchez et al. [31] revealed that the micro-hardness of treated aluminum alloy was
enhanced up to 1.2 times than the untreated sample when power intensity increased
from 900 to 5000 pul/cm?. Further, the improvement in hardness enhanced the wear
resistance of the aluminum alloy. Guo and Caslaru [32] fabricated and characterized
micro dent arrays produced on Ti—6Al-4V surfaces. They reported that enhanced
laser power intensity resulted in a noticeable effect on surface roughness, which fur-
ther influenced the frictional characteristics of Ti-6Al-4V surfaces. Furthermore, it
was revealed that owing to strain hardening, the peened surface exhibited enhanced
micro-hardness. They also analyzed the impact of laser power intensity on surface
topography by producing micro indentations at 1, 2, and 3 W. Figure 7.7 represents
the microstructure of the indentation produced on Ti-6Al-4V samples. It was found
that the dent depth increases with laser power. A depth of 1 pm was obtained for a
laser power of 3 W.

The number of laser pulses is another process parameter that influences the size,
shape, and depth of the laser-textured surface. Vilhena et al. [33] revealed that the
geometry of crater developed on 100Cr6 steel by the LST process was severely influ-
enced by the number of laser pulses. They further reported that the size of depth,
height, and diameter of crater can be varied by selecting appropriate processing
conditions. Yang et al. [34] reported that with an increase in the number of pulses
from 10 to 90, the radius of crater enhanced from 12.72 to 13.37 pm for the bearing
steel sample. Semaltianos et al. [35] investigated the effect of laser power and scan
speed while modifying surface nickel-based superalloy by laser surface texturing
technique. They revealed that pores formation on the sample surface during the LST
process can be avoided by using lower power intensity combined with high scan
speed and a higher number of over scans.

Lei et al. [26] developed micro-holes on the rake face of tungsten carbide cutting
inserts by using femtosecond laser. To develop textures, WC inserts were kept on a
translation stage as shown in Figure 7.8 and, with a computer control, their movement
is controlled. During their experiment, they varied pulse energy and time duration to

FIGURE 7.7  Surface topography of Ti-6Al-4V processed laser intensities of 1,2, and 3 W [32].
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FIGURE 7.8 Experimental setup for femtosecond laser texturing [26].

FIGURE 7.9 (a—c) Optical images of micro-holes fabricated WC inserts [26].

control the depth of hole. The main objective was to fabricate deep holes so that they
could encompass more cutting fluid/lubricant while cutting. It was found that even at
a short pulse duration value the heat-affected zone is apparent owing to the continual
laser ablation at a single point for an extended time (~60 seconds). Figure 7.9a—c
shows the micro-holes fabricated on WC cutting inserts by femtosecond laser textur-
ing. They performed a finite element analysis (FEM) to study the effect of micro-
holes developed on the mechanical performance of WC inserts. It was found that
there is no severe stress concentration on the rake face of the tool owing to the holes
fabricated by LST. It was further reported that the experimental results supported the
FEM analysis due to the excellent strength of the tool while cutting.

Kawasegi et al. [36] fabricated a groove 2.2m wide and 1.3 m deep by laser abla-
tion with S0mW power and 250m/s scan speed on a cemented carbide tool. They
developed three different kinds of textures, such as linear texture perpendicular, par-
allel, and cross texture in the direction of chip flow to analyze the effect of texture on
the friction between tool and chip. Schematic representation of textures produced in
variation directions on cemented carbide tool is illustrated in Figure 7.10.
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FIGURE 7.10 (a—c) Schematic illustration of texture direction perpendicular, parallel, and
cross texture in the direction of chip flow [36].

Sugihara et al. [4] developed a laser surface-textured cubic boron nitride cutting
tool with texturing on the flank face for the machining of Inconel 718. They pointed
out that the optimum dimensions and shapes of textures depend on the workpiece
to be machined, and the appropriate textures to be developed for the machining of
Inconel 718 are still unknown. They developed periodic rectangular grooves with
5 pm depth and 20 pm width on a CBN cutting tool using a femtosecond with a wave-
length of 800 nm, pulse width of 150fs, cyclic frequency of 1kHz, and pulse energy
of 300 wJ. Mishra et al. [27] fabricated chevron-shaped textures on the rake face of
the tool using an Nd: YAG nanosecond laser. The parameters employed to generate
textures are wavelength of 1064 nm, pulse duration of 20 ns, pulse energy of 25mJ,
frequency 20kHz, scanning speed of 50 mm/s, and pressure of 3 bar. They fabricated
textures at a distance of 100 pm from the cutting edge to avoid failure of cutting edge.
Sasi et al. [29] fabricated a micro-scale dimple texture on the rake face of the HSS
cutting tool using laser texturing to machine A17075-T6 aerospace alloy. It was found
that to fabricate visible dimples, a beam energy of 40 mW/cm? and exposure time of
40 seconds is minimum required. They reported that at 100 seconds exposure time a
reasonable amount of carbon deposition was observed, thus, during their experiment,
exposure time was fixed at a maximum of 90 seconds. Further, in their experiment,
beams with wavelengths of 1064, 532, and 355nm were employed. The scanning
electron microscopy (SEM) images of dimples developed at a wavelength of 1064 nm
are represented in Figure 7.11.

From the SEM image, the presence of radial flow lines can be witnessed inside the
dimple owing to the rapid cooling and solidification of molten metal. Further, cracks
can be observed on the surface of dimples owing to the re-deposition of molten metal.
In this work, a detailed analysis of the effect of process parameters on the fabrica-
tion of dimples on cutting tools by laser texturing was discussed, and it was revealed
that wavelength is the most significant factor in laser ablation. Ze et al. [28] investi-
gated the performance of surface textures generated using Nd:YAG laser system on
the rake face of self-lubricated cemented carbide (WC/Co) inserts while machin-
ing Ti-6Al-4V alloy. To fabricate textures on the rake face, they used an NDYAG
laser with a wavelength of 1064 nm, repetition rate of 2kHz, and a pulse duration
of about 20 ns. Further, parameters such as voltage of 12V, processing current of
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FIGURE 7.11 SEM image of (a) a dimple fabricated at 1064 nm, 100 mW/cm?, and 70 sec-
onds (b) magnified image of fissures [29].

20 A, and the processing speed of 10 mm/s were kept constant. It was reported that
the performance and effectiveness of a cutting tool mainly depend on the machining
conditions. Cutting forces and temperature reduction using textured tools are more
obvious at low cutting speed and a relatively higher feed rate.

7.4.2 TEXTURING METHODOLOGY

Surface modification by the LST technique can be achieved mainly using three meth-
ods, i.e., laser-induced ablation, patterns generation by laser shock-induced defor-
mation, and melting of material by laser interference. Direct laser ablation is one
primary laser surface texturing technique to remove materials from material surface.
In this process, when the laser exposes to the target surface, it absorbs energy and
causes evaporation of material from the surface. Evaporated material further ionizes
and forms plasma. In this way, material can be removed from sample surfaces and
grooves or craters of specific geometry can be fabricated. The schematic representa-
tion of LST by laser ablation is shown in Figure 7.12.

Laser shock processing (LSP) is an advanced LST technique where shockwaves
are used to create compressive residual stress on the material surface. The induced
compressive residual stress further induces plastic deformation on the surface of
materials. The schematic representation of the fabrication of dent arrays on the mate-
rial surface is shown in Figure 7.13. In this process, a layer of ablative material is used
as a sacrificial layer on the material surface. When the sacrificial layer is exposed to
laser light, it vaporizes and forms plasma. The expanding plasma deforms the surface
of workpiece material. Direct laser interference patterning (DLIP) or laser interfer-
ence is another laser surface texturing technique where patterns can be fabricated
on materials by the interaction of laser beams. In this process, workpiece material
melts in location where maximum interference occurs with laser intensity. Further,
materials from these interference maxima relocate to minima locations due to the
surface tension phenomenon owing to the temperature differences [30]. Liu et al.
[37] investigated the surface modification of Ti-6Al-4V alloy using two-beam laser
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FIGURE 7.13 Schematic representation of fabrication of dent arrays on material surface
[32].

interference. In their work, groove structures were fabricated on Ti-6Al-4V surface
which enhanced the surface roughness up to 1 pm and abridged the contact angle to
approximately 44°.

Kiimmel et al. [39] adopted laser texturing on the rake faces of cemented car-
bide cutting tools by Yb fiber laser system. To fabricate dimples on cutting tools,
a laser power of 17.6-19.5 W and a frequency of 20kHz were used. After textur-
ing, some debris was present on the tool surface owing to the thermal effect, which
was later removed by polishing with SiC emery paper combined with final polishing
using diamond paste. SEM images of different textures developed on the rake face
of the tool are indicated in Figure 7.14. The rectangular box marked in the image is
the main cutting edge of the cutting tool. Pacella and Brigginshaw [40] improved the
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FIGURE 7.14 Different textures developed on the rake face of the tool: (a) dimple texture,
(b) channels perpendicular to the cutting edge, (c) channels parallel to the cutting edge [39].

performance of boron nitride cutting tools by using laser micromachining in order
to perform dry turning. To process the samples, fiber laser with 1060 nm wavelength
with a maximum output power of 70 W was used. Laser machine was CNC con-
trolled and functioned in pulse mode. They reported that peak power was 70 kHz, the
pulse duration was 46 ns, and the maximum pulse energy was 1 mJ, respectively, as
the optimized condition for laser micromachining.

7.4.3  TexTURE OPTIMIZATION

Costes et al. [41] investigated the influence of composition on the cubic boron nitride
tool, i.e., grain size and binder material on its performance (tool life, tribology), and
highlighted the importance of optimizing such parameters while machining materi-
als like Inconel 718 and Ti-6Al-4V alloy. The above-highlighted problems can be
solved by surface texturing the tool material. However, the optimization of texturing
process parameters is very important to achieve the finest performance. A general
guideline is not yet available for the optimization of the texture design, thus experi-
mental investigation is important to determine the appropriate process parameters to
achieve preeminent performance.

Over the years, many researchers have investigated laser surface texturing on cut-
ting tools, and it has been found that optimal texture shapes and dimensions of the
textures vary with the materials to be machined and cutting conditions. Sugihara et
al. [4] developed a cubic boron nitride (CBN) cutting tool with a textured flank face
for the machining of Inconel 718. In their investigation, a detailed analysis was con-
ducted on CBN tool failure during the machining of Inconel 718 to find out the effec-
tive texture on the surface of the tool. The schematic representation of the machining
of Inconel 718 using the CBN tool is illustrated in Figure 7.15.

To investigate the impact of groove direction on the CBN cutting tool, three dif-
ferent types of texturing were fabricated. The one with microgrooves orthogonal to
the main cutting edge (CBN-OR), and the second one with microgrooves orthogonal
to the cutting edge but 30 pm from the cutting edge (CBN-ORE) and microgrooves
parallel to the main cutting edge (CBN-PA). SEM images of different tools after
laser texturing are represented in Figure 7.16. After a number of experiments, it was
revealed that microgrooves fabricated orthogonal to the cutting edge of a CBN tool
with 30 pm away from the edge (CBN-ORE) considerably reduced the tool wear com-
pared to traditional CBN tool without laser surface texturing. This further reveals
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FIGURE 7.15 Schematic representation of machining of Inconel 718 using CBN tool [4].

that the fabrication of microgrooves on flank face of the CBN tool by laser surface
texturing is a promising technique for the dry machining of Inconel 718.

Kawasegi et al. [36] fabricated micro and nano-textures on cemented carbide
tool owing to its high-speed patterning by femtosecond laser. They examined the
impact of irradiation conditions on the final shape and structure of texture developed.
Further, they investigated the effects of scanning speed and output power on the
shape of textures developed. Figure 7.17 represents the AFM topography image of
textured cemented carbide tool. Figure 7.17a shows a groove of 2.2m wide and 1.3 m
deep produced at an output power of S0mW and a scanning speed of 250m/s by the
traditional laser ablation method. Similarly, Figure 7.17b and c represents the textures
produced by laser interferometry method with 100 mW power and 500 m/s scanning
speed by scanning perpendicular and parallel to the polarization directions. From the
images, it was revealed that texture direction can be controlled by the polarization
direction. After a detailed investigation, it was revealed that the shape of the texture
had minimal impact at lower cutting speed owing to the adhesion of work material
with the tool. However, machining at a higher cutting speed the amount of material
adhered to the tool was negligible. Further, from the machining, it was observed that
straight chips were produced for using tools with perpendicular waviness, while for
parallel textured tool, wavy chips were formed. It was also found that texture shape
had an effect on cutting force and the cutting force decreased with increase in depths
up to 2.9 pm, but cutting forces augmented when depth is above 2.9 pm. Thus, it was
found that a depth of 2.9 pm is apt for texture shape development.

7.4.4 TRrRIBOLOGY OF TEXTURED SURFACES

Coefficient of friction (CoF) is a significant factor as far as the tribological perfor-
mance of the textured surface is concerned. In the LST process, by controlling the
geometrical aspects of material surfaces, the CoF value can be varied [30]. Many
researchers investigated the friction coefficient of laser textured surfaces under dry
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FIGURE 7.16 SEM image of (a) microgrooves orthogonal to the main cutting edge
(CBN-OR), (b) microgrooves orthogonal to cutting edge with setback from the cutting edge
(CBN-ORE), and (c) microgrooves parallel to the main cutting edge (CBN-PA) [4].

conditions. Wu et al. [42] evaluated the tribological characteristics of laser surface-
textured Ti alloys under dry sliding contact. It was revealed that the friction coefficient
of textured titanium surfaces filled with molybdenum disulfide (MoS,) lubricant was
reduced up to 40% compared to untextured surfaces. Li et al. [43] performed LST and
fabricated dimples with 150 pm on nickel-based composites by Nd: YAG pulsed laser.
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FIGURE 7.17 (a—c) AFM topography image of textured cemented carbide tool [36].

They performed a ball-on-disc wear test with an alumina disc as counterface with
0.4 m/s sliding speed and 20—100N normal load. It was reported that the friction coef-
ficient of nickel-based composites reduced from 0.18 to 0.1 after texturing.

Several researchers investigated the friction coefficient of laser textured surfaces
under lubricated conditions. Wan et al. [44] conducted tribological experiments using
a ring-on-disc tester to analyze the frictional performance of laser textured T8 steel
discs. It was found that CoF decreased to 0.12 from 0.42 owing to the micropores cre-
ated by laser which reduced the contact area, facilitated entrapment of wear particles,
and reduced plowing. Hsu et al. [45] examined the effect of textural patterns on friction
under lubricated conditions. They reported that texture geometry that helps in the prompt
changeover to hydrodynamic lubrication, wedged implanted into the dimples, genera-
tion of cavitation lift force using reverse flow, etc. can reduce the friction coefficient.

Wear resistance is another important tribological aspect as far as improvements
in surface properties are concerned. Wu et al. [42] examined the wear characteristics
of textured and untextured Ti alloys filled with MoS, solid lubricants, sliding against
GCrl5 steel balls with the hardness of 60 HRC. It was reported that textured Ti
alloys exhibited improved wear resistance owing to the formation of thin lubricat-
ing film at the interface of sample and steel balls. In recent times, Yuan et al. [46]
evaluated the wear behavior of modified Ti-61-4V alloy using double-glow plasma
surface molybdenizing combined with laser surface texturing technique. Textured
Ti-6Al1-4V alloy possessed a lower specific rate as compared to untextured one after
dry sliding against Si;N, under a normal load of 10N.

Sugihara et al. [4] investigated the performance of laser-textured CBN tool while
machining Inconel 718. It was found that tools with microgrooves orthogonal to the
main cutting edge (CBN-OR) and parallel to the cutting edge (CBN-PA) had poor
tool life during high-speed machining of Inconel 718. However, for tools with micro-
grooves orthogonal to cutting edge with setback from the cutting edge (CBN-ORE),
even after 200 m cutting its flank face was covered with an adhesion layer, and no
detaching of adhesion layer was observed (as represented in Figure 7.18). Therefore,
it is very clear that microgrooves alleviated the adhesion layer on the flank face
of the CBN tool and further enhanced the tool life. This research work revealed that
the CBN-ORE tool had excellent wear resistance and highlighted the importance
of proper texturing to enhance the mechanical performance of the CBN tool for the
high-speed cutting of Inconel 718.
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FIGURE 7.18 SEM image of tools with microgrooves orthogonal to cutting edge with set-
back from the cutting edge (CBN-ORE) after (a) 100m, (b) 150m, and (c) 200 m cutting [4].

Ze et al. [28] compared the tool life and wear of conventional tool and laser tex-
tured cemented carbide (WC/Co) inserts filled with MoS, lubricants in the micro-
holes while machining Ti-6Al-4V alloy. SEM image of rake face of the conventional
tool and laser textured tool after dry cutting of Ti alloy is illustrated in Figure 7.19.
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FIGURE 7.19 SEM image of rake face of (a) conventional and (b) laser-textured tool after
dry cutting of Ti-6A1-4V [28].

From the image (Figure 7.19a) it is clear that significant wear in form of adhesion and
abrasion happened on the conventional tool. However, the textured tool exhibited good
wear resistance at the same machining conditions (Figure 7.19b). From the results, it
can be inferred that the solid lubricant from the grooves acted as a thin film on the
rake face of the textured cutting tool and diminished the tool wear during the cutting
process.

Kawasegi et al. [36] discussed the effect of micro-scale and nano-scale textures on
cemented carbide tool on its frictional characteristics while high-speed machining.
It was reported that the cutting force required for machining with the textured tool
is less as compared to nontextured cutting tool. It was revealed that the reduction in
cutting force is due to the texture which reduced the friction on the rake face of tool.
The reduction in friction is due to the difference in contact length between textured
tool and workpiece material.

To improve the friction characteristics and to reduce the adhesion between the
rake face of tool and workpiece, laser textures were developed on cemented car-
bide tool by Xing et al. [47] for the dry cutting of aluminum alloys. During the cut-
ting operation, they investigated the performance of cutting tool in terms of cutting
forces, friction coefficient, and tool adhesion. It was revealed that the performance
of the laser-textured cutting tool was enhanced at low cutting speeds. Further, it was
found that, among the three texture patterns, i.e., linear, circular, and rectangular,
tool with rectangular shaped textures is more effective as compared to other tools.
It was reported that the coefficient of friction initially increases and then decreases
with a rise in cutting velocity; however while machining with the textured tool, the
coefficient of friction associated with the tool is reduced, which in turn enhanced
the lubricity. On the other hand, for nontextured tools, chips are pressed toward the
rake face of the cutting tool and increased the contact area and resulted in high
friction coefficient and greater cutting forces. The optical images of rake face of
conventional tool (CT), tools with linear texture (TT-L), circular texture (TT-C), and
rectangular texture (TT-R) after machining 11.7 and 87.8 m at 54.9 m/min is illus-
trated in Figure 7.20. It was revealed that textured tools reduced the contact length
between tool and chip in comparison with conventional nontextured tools at 11.7m
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FIGURE 7.20 Optical images of rake face of different tools after dry cutting [47]. (a) CT,
(b) TT-L, (c) TT-C, (d) TT-R.
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dry cutting. After 87.8 m of cutting, a significant amount of workpiece material has
adhered to the rake face of the tool which can be observed from the optical images.
At the same time, adhesion on the textured tool is significantly less as compared to
the conventional tool. Further, rectangular textured toll exhibited exceptional antiad-
hesion behavior as compared to other tools.

7.5 CONCLUSIONS

Surface texturing is a multifaceted approach; nevertheless, it has many advantages
and disadvantages. The selection of a specific technique for texturing should be cho-
sen based on dimensional accuracy, high surface integrity (fewer defects), enhanced
production rate, cost efficiency, and optimum rate of production. A superior reduc-
tion in tool wear (flank and crater), cutting forces, and frictional forces is achievable
through texturing of cutting tools. Providing textures on the cutting tool surfaces can
be an advantage for dry and wet cutting/machining applications. In both cases, the
contact area textures assist in reducing the contact area between the tool and the work-
piece surfaces. During dry machining, the wear debris will be trapped in the vacant
spaces within the textures and can lead to built-up stabilization. For wet machining,
the Iubricant will be entrapped, and the surface dimples can act as reservoirs, assist-
ing the supply of lubricant at the contact region. The size and shape of the textures
should be optimized such that they can hold a sufficient quantity of lubricants to be
supplied at the interfacial zone. The geometrical/dimensional parameters of the tex-
tures, viz. size, shape, spacing, and orientation, which are significantly governed by
the cutting process/conditions and the material (tool/workpiece) should be properly
optimized for maximum performance. Parallel placement of textures at the cutting
edge can aid in reducing friction and wear caused by the chip formation and associ-
ated mechanisms. Nevertheless, their placement should be in the near neighborhood
of the cutting edge rather than exactly at the cutting edge. Besides, the inclusion of
solid lubricants within the cavities/spacing within the textures can aid in improving
the tribological performance of the cutting tool, even in dry conditions.

The LST technique can be used to develop microgrooves on tool materials to
improve their mechanical performance during high-speed machining of hard materi-
als like Ti-6Al1-4V alloy and Inconel 718. The process parameters like spot size, laser
power, scan speed, energy input, and feed rate can control the quality of textured
surfaces. The effect of different parameters on laser surface texturing is discussed.
Surface modification by the LST technique can be achieved mainly using three
methods, such as laser-induced ablation, pattern generation by laser shock-induced
deformation, and melting of material by laser interference. Further, the enhanced
wear resistance of textured cutting tools is also discussed here. The optimization of
texture design is found to be complicated owing to the complexity of the relationship
between surface texture and tribological properties.

7.6 FUTURE SCOPE

At present, the optimization of texture design is complicated owing to the complex-
ity of the relationship between the texture of material and tribological properties,
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along with mechanical performance, morphology, and microstructure evolution.
A numerical or computational modeling can be developed as an alternative to the
existing expensive experimental investigation adopted for laser surface texturing
optimization.
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This chapter is mainly divided into two classes: surface engineering techniques and
surface characterization. In surface engineering technique, the emphasis is laid on
metallic coating and metal substrate, while the latter class covers the widely used
sophisticated techniques for surface characterization.
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SURFACE ENGINEERING TECHNIQUES
8.1 INTRODUCTION

The field of material sciences, since the very moment of its birth, has focused on the
bulk matter found around us and the modification of the same. Not much attention
was paid to the surface properties since the field was saturated with new and exciting
materials such as plastics, composites, and light metals like aluminum and its alloys,
and other rare earth metals that proved to be excellent alloying metals. However, a
saturation gradually arose in the discovery of new materials and, hence, forced scien-
tists and engineers to focus not only on the bulk properties of the materials but also
on their surface properties.

Also, the fact that the engineering failures caused by corrosion, wear, and fatigue
occur primarily at the surface and that these account for the loss of plant efficiency,
due to shutdowns, and the evidential direct and indirect losses incurred (which still
account for billions of dollars annually worldwide), necessitated the need to improve
the surface properties. Additionally, for various reasons, including the need for unique
properties (biocompatibility, self-lubricating coating, electrical, magnetic, adhesive,
ablation, passivation, inhibition, catalytic, and diffusion), lightweight, design and
engineering flexibility, materials conversion, or economics, surface modifications or
protective surface coatings (thermal barrier coatings, environmental barrier coatings,
and mechanical barrier coatings) became desirable and, at times, even necessary. To
achieve this purpose, bulk material properties had to be differentiated from surface
properties, and thus, a new concept of surface engineering emerged [1-3].

8.1.1 SuRFACE ENGINEERING

One of the most effective means of mitigating damage and achieving desired proper-
ties is to treat or “engineer” the surface so that it can perform functions that are not
served by the bulk of the material [1]. The definition of surface engineering includes
the design of substrate and surface collectively as a system to give cost-effective
performance enhancement [2].

8.1.2 IMPORTANCE OF SURFACE ENGINEERING

e Versatility and Cost Reduction:
Surface engineering attempts to produce tools, machine parts, and whole
assemblies from low-cost materials of lower properties by imparting their sur-
faces with enhanced characteristics. Almost all types of materials, including
metals, ceramics, polymers, and composites, can be coated with similar or
dissimilar materials. It is also possible to form coatings of newer materials
(e.g., met glass, b-C;N,), graded deposits, multicomponent deposits, etc. [4—6].
As per reference [7], it is mentioned that the repair of the blades of mod-
erately worn turbines by the application of physical processes of plasma sub-
stances does not exceed 25% of the cost of new ones. In addition, a reduction
of cost by one-third due to the use of AISI 4140 to replace ISO 41CrAIMo74
as the screw base material and perform laser surface alloying [8]



Surface Engineering 171

TABLE 8.1

Industrial Exploitation of lon Implantation [10]

Material Application (Specific Examples) Typical Results

Cemented WC  Dirilling Four times normal life, less frequent
(printed circuit board, dental burrs, etc.) breakage, and better end product

Ti6Al4V Orthopedic implants Significant (400 times) lifetime
(artificial hip and knee joints) increase in laboratory tests

M50, 52100 Bearings Improved protection against corrosion,

steel (precision bearings for aircraft) sliding wear, and rolling contact
fatigue
Various alloys  Extrusion Four to six times normal performance

(spanners, nozzles, and dies)
D2 Steel Punching and stamping (pellet punches for Three to five times normal life
nuclear fuel, scoring dies for cans

e Improved Reliability
Thereliability and hence service life of machine components can be improved.
This would result in reduced breakdowns and failures during operation in a
plant and hence increases the production capacity of the machines.

As per reference [9] depending on the extent of peening imparted, the
service life of spring increased by 400%-1200%; in addition, it is men-
tioned that fatigue life of gears was increased by 500%.

e Energy Losses
Energy losses due to friction between moving components are reduced due
to improved tribological properties achieved by surface engineering.

e Part Replacement
The frequency of tool replacements and machine overhaul in maintenance
is greatly reduced. Surface engineering processes have reduced corrosion
losses by 15%-35%, which is of great significance because corrosion losses
are as high as 5% of the GDP [1-6].

8.2 CLASSIFICATION OF SURFACE ENGINEERING PROCESSES

The broad classification of surface engineering processes, primarily differentiated
based on whether the process modifies the microstructure or composition of the base
metal, is shown in Figure 8.1. The methods mentioned in Figure 8.1 are explained in
detail in the following section.

8.2.1 MICROSTRUCTURAL MODIFICATION

8.2.1.1 Surface Transformation Hardening
8.2.1.1.1  Transformation Hardening

In the case of ferrous metals like high carbon steels and cast iron, the transformation
hardening process consists of heating of the metal surface to the austenitic phase
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FIGURE 8.1 Classification of surface engineering processes [6].

(the FCC structure) followed by quenching to ambient temperature or subambient
temperature to impose metastable transformation of ductile austenite (FCC) to hard
martensite (BCT).

a. Laser Transformation Hardening:

In laser transformation hardening, as the name suggests, there is a transfor-
mation from austenite to martensite using laser as a heating source. Thin
and fine-grained martensitic layer is formed on the surface of substrate due
to rapid heating of surface till austenite phase followed by self-quenching
(conduction through cooler bulk). Figure 8.2a depicts the principle of laser
transformation hardening. The main feature of the process is the precise con-
trol of process parameters, very high rates of heating and cooling (10* K/s)
or greater, and a rapid thermal cycle of the order of 0.1 second. Compared to
other surface hardening processes, this process has the advantage of surface
hardening of complex and intricate components even after final machining,
precise control of hardening zone, minimum distortion, and excellent dimen-
sional tolerance [11-13].

As per reference [14], wherein laser hardening was adopted to improve
mechanical and corrosion resistance of AISI P20 plastic die steel, the major
advantage of laser surface hardening is that it is not location-sensitive and
can be applied in difficult to reach positions unlike the coating process
wherein the accurate control of coating thickness and excellent adhesion is
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FIGURE 8.2 Surface transformation hardening [18,19]. (a) Laser surface hardening, (b)
flame hardening, and (c) induction hardening.

a prime requirement. The results indicated that optimum laser parameters
had improved mechanical and corrosion resistance in 3.5% NaCl solution.
b. Flame Hardening:
The surface modification by flame hardening involves rapid heating of the
surface up to elevated temperatures by the direct impingement of a high-
temperature flame (selection of fuels from acetylene, propane, or natural
gas) followed immediately by water quenching. The applications include
blades for steam and gas turbines, gears for paper machinery, rolls for the
printing and metal-working industries, cams for packaging machinery,
machine tool beds, and various automotive components. The major advan-
tages of this process include its simplicity in operation, high speed, local
hardening capability, low-cost processing, and the improved mechanical
properties achieved. However, flame-hardened steels are more prone to
stress corrosion cracking (SCC), brittle fracture, and fatigue failure because
the process induces high tensile stress, which is responsible for the degrada-
tion of the properties [15]. Figure 8.2b shows the details of flame hardening.
As per reference [16], flame hardening was carried out for low carbon
12Cr steel, which is widely used for low-pressure steam turbine blades in
nuclear power plants. The hardness, hardening depth, and residual stresses
were determined by varying thermal cycles of flame hardening. The optimum



174 Tribology and Surface Engineering for Industrial Applications

process parameters with minimum residual stress were determined using the
temperature cycle, which consists of parameters such as precise control of
surface temperature cycles, the exposed height from the water surface, and
the cooling rate. It was found that increasing hardening temperature beyond
1200°C increases thermal and transformation stress components. This result
was in line with the guidelines given by Siemens.
c¢. Induction Hardening:

Eddy currents are induced in a metallic workpiece when subjected to a
high-frequency alternating current, and this leads to temperature rise due
to Joule heating. The heating is immediately followed by either water, oil,
or cold air quenching so that the heat does not spread into core of metal, as
shown in Figure 8.2c. The process is well suited due to excellent electro-
magnetic properties of ferrous metals. As with hardening, the surface will
exhibit excellent hardness and wear resistance along with tough core and
dimensional stability. Further, the process has the advantage of mechaniza-
tion and minimum contamination [17].

8.2.1.2 Surface Melting

In contrast to surface hardening wherein the surface is heated to the transformation
temperature, this process involves local melting of material and allowing it to reso-
lidify. There is no variation in chemical composition but liquid—solid phase trans-
formation occurs. This uses high-power density instruments, as input, like laser or
electron-beam heating; electric arc welding method that uses non-consumable elec-
trode and acts as a source of heat, e.g., tungsten inert gas process can also be used.
Various modifications in microstructure such as homogenization and refinement,
formation of non-equilibrium phases, or glass formation and supersaturation occur
due to rapid solidification. Figure 8.3 shows the phenomena occurring during laser
surface melting.
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FIGURE 8.3 Laser surface melting [21].
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In comparison to other hardening processes, the input of higher power densities is
required. The major advantage over the hardening process is that it can be used for
both ferrous and nonferrous metals, potentially even for non-metals. As per reference
[20], laser surface melting produced finer and cellular microstructures on Mg-Zn
alloy and higher treatment depths had better corrosion resistance. In the case of low
carbon steels, there is a retention of soft d-ferrite (due to peritectic reaction) in the
quenched hardened surface layer and hence low carbon steels cannot be hardened by
laser surface melting [21].

8.2.1.3 Shot Peening

Shot peening is a highly efficient, low cost, simple, and industrially reliable surface
treatment process consisting of striking the surface with high-speed pellets (shot
made of iron/steel/ceramic-zirconium oxide) and glass beads of roughly 0.2-5mm
diameters and is placed in a chamber at ambient temperatures. Compressive residual
stresses are induced which forbid crack initiation and propagation on a component’s
surface, thus improving fatigue strength.

Shot peening has manifold effects including the formation of a work-hardened
layer increasing hardness due to an increase in dislocation density, grain refinement,
and phase transformation of metastable austenite to martensite. Figure 8.4 shows the
stress distribution of shot peening on the metal surface. It also increases the yield
strength but lowers the ductility. Depending on process variables such as velocity,
size of shot, shot material, etc., the compressive layer thickness may vary from 0.25
to 0.45 mm.

A variation in shot peening is ultrasonic shock peening, as depicted in Figure
8.4b, wherein the kinetic energy is given by using a vibrational frequency of 20kHz.
Shotless peening involves the use of a plunger pump and water jet peening nozzle. A
high-pressurized water jet (20-30 MPa) is directed onto the metal surface, which cre-
ates cavitation bubbles and forms a cavitation jet, which then causes surface impact
similar to shots. The process has advantages that it is applicable to various ferrous
(stainless steels, carburized steels, Hadfield steel, low carbon steels, and high strength
steels) and nonferrous (titanium alloys and aluminum alloys) metals [22-24]. As per
reference [25], shot peening was performed on two DP600 (ferrite and bainite phase)
and FB60O0 (ferrite, austenite, and martensite) steel grade having high ultimate tensile
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FIGURE 8.4 (a) Shot peening effect [23] and (b) ultrasonic shot peening technique [26].
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strength but low hardness, which were hence unsuitable for suspension and chassis
components for the automotive industry. Compressive stresses due to shot peening on
steel resulted in microstructural changes in terms of grain refinement, which delayed
initiation of surface fatigue crack.

8.3 COMPOSITIONAL MODIFICATION (COATING DEPOSITION)

8.3.1 ELECTROCHEMICAL METHODS

Electrochemical methods are the most common and well-established processes for
applying the desired coating of metal, oxide, or salt onto the surface of a conductor
material by electrolysis process. Here, the potential is applied between the anode
(coating material) and the cathode (part to be coated), and a coating is obtained by the
reduction of the cations of the anode metal. This process is represented in Figure 8.5.
Reduction of ions in solution resulted in the formation of charged particles — positive
ion and negative electrons that can cross-interface. Four types of fundamental pro-
cesses are involved: (1) electrode-solution interface as the locus of the deposition
process, (2) kinetics and mechanism of the deposition process, (3) nucleation and
growth processes of the deposits, and (4) structure and properties of the deposits.

In addition to decorative applications, this process is widely used as micro and
nanofabrication method for a variety of advanced applications. Further, coating
deposition is of single or multilayer with thickness varying from 0.3 to 300 um. The
most frequently used coating metals (in ascending order) are cobalt, iron, platinum,
rhodium, gold, silver, lead, copper, tin, zinc, nickel, and chromium; and alloys such
as Cu-Zn, Co-W, Co-P, Ni-P, Ni-Co, Ni-Fe, Zn-Ni, Sn-Cd, Sn-Ni, and Sn-Pb, used as
single or in combination with other coatings, mainly for corrosion protection and for
decorative purposes.
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FIGURE 8.5 Electrochemical deposition [30].
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Since electrodeposition can be carried out at room temperature, it can be used for
the deposition of nanocrystalline coatings. The major advantages include low cost,
simple design, high production rate, and the possibility of conversion of laboratory
scale to industrial applications. In addition, alloy coating can be carried with a range
of elements, and hence more complex products can also be deposited by adjusting
direct current parameters or using pulsed current [27,28].

As per reference [29], investigation was carried out on Co deposition of nanocrys-
talline Ni-Cr coating using direct current and pulse current. The results indicated
that the proportion of Cr in NiCr alloy coating is dependent on various pulse current
parameters like peak current density, duty cycle (Cr content is directly proportional),
and frequency (Cr content is inversely proportional). Due to the change in Cr content,
there is a variation in microstructure, and as a result, a change in microhardness and
corrosion behavior is observed. Improvement in corrosion resistance was observed
up to 24% Cr beyond which there was reduction in corrosion resistance due to the
segregation of y" phase in the Ni—Cr alloy and also due to microcrack formation.

8.3.2 CoNvVERSION COATING

As the name suggests, in conversion coatings, a layer of substrate metal oxides, vana-
dates, chromates, cerate, molybdate, phosphates, or other compounds that are chemi-
cally bonded to the surface are produced by a chemical or electrochemical reaction
at a metal surface.

Hexavalent chromium conversion coatings are largely used to prevent corrosion of
aluminum, zinc, steel, magnesium, cadmium, copper, tin, nickel, silver, Zr, and other
substrates, and they improve adhesion of paint or metallic surface for other decorative
finishes. The details of the process are shown in Figure 8.6a. The process capability
includes its simplicity and high stability. However, due to high toxicity and health
risk as per the European Regulation Reach (2013), a ban was adopted on the usage
of Cr (VI). Later research was oriented on the development of trivalent chromium
process (TCP) in place of Cr (VI)-free coatings. Now, TCP is already commercially
available [31-32].

Phosphate coatings or phosphating involves the treatment of the ferrous surface
with dilute phosphoric acid and other chemicals where the surface is converted to
crystalline phosphate and is widely used because of their low cost of manufactur-
ing, excellent adhesion, high corrosion resistance, better abrasive resistance of the
structure, and easy operation. The application of modified phosphate such as zinc
phosphate (used for steel fiber reinforced concrete), iron phosphate, and manganese
phosphate coatings is for improving the corrosion resistance of steel. Phosphating
conversion coatings enhance biocompatibility and osteoconductive of different metal-
lic devices [33-34].

Anodizing of aluminum resulting in the formation of transparent alumina is usu-
ally produced using aluminum as an anode in a sulfuric acid bath and by using direct
current (DC), as shown in Figure 8.6b. The application of anodizing is in various
fields for improving corrosion resistance, enhancing wear resistance, and appealing
decorative/cosmetic appearances. Owing to high solar reflectance, white anodized
Al surfaces are used in the aerospace industry. The white color of anodized layer can
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FIGURE 8.6 (a) Chrome conversion coating [38] and (b) anodizing [39].

be varied to different kinds of light gray colors using metal oxide particles in the Al
matrix [35].

The latest development in anodizing includes high frequency (HF) pulse anodizing.
As per reference [36], anodizing was performed on FSP Al alloy, which was reinforced
with TiO, particles; the purpose being TiO, has high reflectance than Al,O,. The FSP
surface composite layer was then subjected to HF anodizing in 20wt% sulfuric acid
bath at 10°C, and various anodizing parameters like pulse frequency, pulse duty cycle,
and anodic cycle voltage amplitudes were varied to get an anodized layer of desired
characteristics. Anodic cycle potential and anodizing frequency determine anodizing
film growth, hardness, and total reflectance (growth rate is directly proportional) [37].

8.3.3 Hort DipPING

As the name suggests, the hot dipping process involves the immersion of metal,
which is to be coated, into a bath of molten metal. For adequate adherence of coat-
ing onto the metal surface (substrate), a brittle intermetallic compound layer of the
coating composition and base metal is formed at the surface, the details of which
are shown in Figure 8.7. The major applications of hot dipping include alumina and
chromia that improve high-temperature oxidation and carburization. Another most
common example is galvanizing of steel. The process has the advantages of low cost,
simple operation, and large-scale production [40—41].

Surface preparation Galvanizing Inspection
&:E Cooling and
Molten quality assurance
Zinc bath
Caustic Rinsing
cleaning

FIGURE 8.7 Hot dip galvanizing [41].
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8.3.4 VApror DEPOSITION

The broad classification of vapor deposition includes chemical vapor deposition
(CVD) and physical vapor deposition (PVD) [42].

a. Physical Vapor Deposition
PVD is a coating process and a generalized term to describe a variety of
methods to deposit thin films by the condensation of a vaporized form of
solid material onto various substrates as thin-film condensed phase [43].
i. Sputtering:
In this process, the cathode acts as the target (source of film-forming
material) for ion impact sputtering, as shown in Figure 8.8a. The mate-
rial condenses on substrate through a low-pressure gaseous environment.
If the gaseous atmosphere contains reactive gases like nitrogen, carbon,
or boron, then respective nitrides, carbides, or borides may form. Such
processes have the capability to deposit thin films of elemental, alloy,
and compound materials as well as polymeric materials. The process
gives a better morphological quality of surfaces where roughness, grain
size, stoichiometry, and other requirements are more significant than the
deposition rate [44].
ii. Resistive Heating PVD:
In this process, the material evaporates or sublimates under vacuum and
is deposited as a thin film on the substrate, as shown in Figure 8.8b. The
major advantage of this process is its high deposition rate and is most
suitable for metals having a low melting point [45].
iii. Electron Beam PVD:
Owing to their outstanding properties, such as their strain-tolerant
columnar microstructure, good thermal shock resistance, strong bond-
ing to the substrate, and smooth surface of the coatings, the process is
widely used for thermal barrier coatings on advanced turbine blades to
increase engine efficiency and blade performance. The process involves
electron bombardment of the coating material source in a high vacuum,
as depicted in Figure 8.8c [46].
iv. Cathode Arc Deposition:
In the cathodic arc technique, the parameters for deposition include low
voltage and high current between the cathode target (source of metal)
and the anode in vacuum to deposit on the substrate. The current density
is of the order of 10° and 102 A/m?, and spot remains on the site for ps or
sub-ps time. The process is depicted in Figure 8.8d. The intense energy
density leads to transition, at arc spot, from solid metal target to vapor
plasma along with a large number of droplets.
The two major drawbacks with cathode arc evaporation are as follows:
1. Presence of macroparticles on the surface, resulting in rough sur-
face and reducing overall performance
2. Restrictions on types of target metal, such as good electroconduc-
tivity, high or low melting point, and high mechanical strength.
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However, because of its high target ionization ratio and high depo-
sition rate, cathode arc deposition dominates coating deposition on
cutting tools [47]
v. lon Plating:
Ionization of evaporated atoms (plasma) occurs and positive ions are
attracted to the negative substrate. On the use of reactive gases, metal car-
bides and nitrides can be deposited. Details are shown in Figure 8.8e [48].
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vi. Pulsed Laser Deposition:
Target is struck by a high-power pulsed laser beam inside a vacuum
chamber. The material is vaporized from the target (in a plasma plume),
which deposits it as a thin film on a substrate. The process is carried out
in ultrahigh vacuum or in the presence of reactive gases like oxygen to
deposit metal oxides. The process is shown in Figure8.8f [49].
b. Chemical Vapor Deposition
CVD is a heat-activated process and is based on the reaction of gaseous
chemical compounds at the surface of substrate. The composition of gas-
eous compounds may vary from metal halides (chloride, bromide, iodide, or
fluoride) or metal carbonyls, M(CO), as well as hydrides and organometal-
lic compounds. The gaseous metal compounds are reduced or decomposed
to the desired composition on a heated substrate. The coating deposition
temperatures depending on chemical reactions vary from 800°C to 1200°C
[54] (Figure 8.9).
The process variations in the CVD process include:
i. Moderate temperature CVD - MTCVD
The CVD process that takes place below 800°C is termed as MTCVD.
The principle used is the application of reacting factor that requires
lower activation energy. However, this process can be adopted for reac-
tants like nitrogen and/or carbon donors [53].
ii. Plasma-enhanced CVD:
Using the electric plasma in the gas phase results in ionization and
dissociation of chemical carrier gas and thus enhances chemical reac-
tion and provides heat resulting in operation at lower temperature and
improved deposition rate than MTCVD [54] (Figure 8.10).
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8.3.5 THERMAL SPRAYING

As the name suggests, thermal spray-coating processes involve the deposition of
coatings from a stream of high velocity finely distributed particles in a molten or
semi-molten state impinging onto the substrate. The finely divided particles may be
fine powder of metal wire. The continuous, directed, melt-spray consists of particles
at 1-50 pm. The coating thickness varies from 0.5 to 2mm. According to the heating
sources to melt the particles, thermal spraying can be divided into flame, electri-
cal arc, plasma, and detonation-gun spraying. This technique is capable of not only
depositing metals but the range of materials varying from ceramics, polymers, and
composites on varying types of substrates [55,56].

Depending on the energy sources used, processes are classified into three major
categories: flame spray, electric arc spray, and plasma arc spray. The major advan-
tages of this process include a wide variety of materials like metals, and that ceram-
ics can be coated and the coating can be deposited without much heat input. However,
the major disadvantage is that it is a line-of-sight process.

Thermal spray-coating methods typically involve rapid solidification with moder-
ately high cooling rates of the order of 10°~10° K/s [1]. Very high cooling rates result
in the formation of nonequilibrium phases. Typically, the heterogenous microstruc-
ture consists of porosity, cracks, and impurities. Since the microstructure determines
the final mechanical, thermal, and chemical properties of coating, extensive charac-
terization of complex microstructure is mandatory [57].

The process may be classified as:
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a. Flame Spraying
This includes the following:
i. Powder/wire flame
In this process, powder/wire is added into oxyfuel flame and is carried
by flames and air jets onto the substrate. This is demonstrated by Figure
8.11a. Since the particle speed is relatively low resulting in poor cohe-
sive strength, this leads to increased porosity and poor bond strength
to substrate. The application of coatings is to recover worn machinery
parts that can be mechanized later on [58,59].
ii. High-velocity oxy fuel (HVOF)
The heat source for flame spraying is a flame produced (as for gas weld-
ing) by the combustion of acetylene or propane in oxygen resulting in
a temperature of 2500°C-3100°C, Figure 8.11b. The combustion takes
place internally at a very high chamber pressure and exits through a
small diameter of 8—9 mm. High temperature and velocity of injected
particles result in dense and adherent coating having low porosity. This
type of coatings can be used for high corrosion and wear-resistant appli-
cations where adhesion is also the main concern [57].
iii. Detonation gun spraying (D-gun spraying)

The equipment for D-gun spraying process is a long barrel that is closed
at one end and opened at another end. The flammable gas mixture is com-
posed of oxygen and fuel (most commonly acetylene), and the powder of
material to be deposited is fed into a barrel as shown in Figure 8.11c.
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The explosion is triggered by a sparkplug. This consequent intense com-
bustion of the gas mixture leads to a detonation effect and the formation
of high-pressure ultrasonic waves. The kinetic energy of the coating
material particles is entirely transformed into heat energy, and a highly
dense coating with strong adhesion can be deposited. The velocity of
sprayed powders is about 800—1200 m/s; therefore, these types of coat-
ings have low porosity and excellent adherence to the substrate. D-gun
sprayed coatings are widely used in aviation, space flight, petroleum,
metallurgy, and machinery industry [60—63].
b. Electric Arc Spraying
Arc spraying, also known as twin wire arc spray, uses an electric arc to
melt wires. The atomization of molten metal is done to create the spray
stream, which is then directed onto substrate to deposit coating, as depicted
in Figure 8.11d. The process is easy to operate and automate. The typical
feature of arc spraying is that the depositing material must be conductive
and hence it is always a metal. The variation in the process includes simulta-
neous deposition of different materials/metals to produce a cladding, which
is a mixture of both.

The process variables that affect droplet formation is dependent on the
composition of metal melted and its behavior at high temperature (i.e., surface
tension, dynamic viscosity, and heat conductivity), phenomena occurring dur-
ing deposition (aerodynamic and magnetic forces), and wire configuration.

Because of the reaction of spray particles with compressed air, the
deposits contain various oxides. The attractive feature of this process is low
operating and capital cost of equipment, high energy efficiency, and high
deposition rate due to which it is widely used in industries [64,65].

c. Plasma Spraying

Atmospheric plasma spray (APS), which involves generating a high-
temperature plasma by passing a gas through a high voltage arc causing
the molecules of the gas to split into ions and electrons, operates at power
levels of 20-30kW. The temperature reached is around 1000°C-2000°C.
The most commonly used plasma gases are H,, N,, Ar, or He. The material
to be added is fed into the arc, melted, and directed to the workpiece by
plasma jet. The clad material may be in the form of powder or wire.

In addition to spraying of nonmetallic materials as cladding for metallic
materials with electrically insulating layers, plasma spraying is one of the
most common techniques to fabricate the high temperature insulating ther-
mal barrier coatings [66—69].

8.4 SURFACE CHARACTERIZATION

In the case of various thermal, chemical, physical, and mechanical processes, such
as oxidation, corrosion, adhesion, friction, wear, and erosion, surface plays a criti-
cal role. Hence, surface characterization techniques have established their impor-
tance in several scientific, industrial, and commercial fields and to understand the
basic chemical and physical processes that affect material or device performance. By
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detailed understanding and analysis of the physical and chemical interactions that
occur at the surface or at the interfaces of a material’s layers, many of the problems
associated with modern materials can be solved.

This section deals with the application of surface characterization techniques that
can probe into complex surfaces and clarify their interactions in mechanical systems
and processes.

8.4.1 X-RAYy PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) is the tool for surface chemical compositional
analysis. The surface chemistry influences factors such as corrosion rates, catalytic
activity, adhesive properties, wettability, contact potential, and failure mechanisms.

XPS is a suitable method to investigate the composition of nanometer-thick surface
oxide films. Both elemental and chemical state information of all elements (except He
and H,) can be obtained. The quantitative analysis of intensities of XPS measurements
is useful to characterize the chemical composition, chemical states, and thickness of
the passive films up to 3nm. The accuracy of XPS is approximately +10% [73].

8.4.1.1 Principle

The radiation used in XPS is monoenergetic soft aluminum Ko x-rays (1486.6eV)
or magnesium K o x-rays (1253.6eV). Since the intensity of X-rays is small, the
photon penetrates from 1 to 10 um depth into a solid and emits the electrons by the
photoelectric effect. The electrons originate from only the top few atomic layers
(0.5-5nm) because the mean-free paths of the electrons emitted are very small.

The kinetic energies of emitted electrons are given by KE=hv — BE — W, where
hv is the energy of the photon, BE is the binding energy of the atomic orbital from
which the electron originates, and W is the spectrometer work function.

The output of XPS analysis is given in terms of binding energy versus total electron
count. Since the binding energy of electrons of different elements is different, it can be
used to identify elements present. Chemical state (i.e., oxidation state, lattice sites, and
molecular environments of the atom) plays an important role in the binding energy of
the electron orbital and may change giving rise to observable energy shifts in the kinetic
energy of the photoelectron giving information of chemical nature at the sample surface.

In many industrial and research applications, thin-film surface composition plays
a very vital role in performance such as nanomaterials photovoltaics, catalysis, corro-
sion, adhesion, electronic devices and packaging, magnetic media, display technology,
surface treatments, and thin-film coatings used for numerous applications [74-76].

8.4.2 Artomic Force Microscory

Atomic force microscopy (AFM) is a high-resolution imaging technique where a
small probe with a sharp tip is scanned back and forth in a controlled manner, across
a sample, to measure the surface topography at up to atomic resolution.

Nanoscale characterization of different material properties such as electrical,
magnetic, and mechanical (modulus, stiffness, viscoelastic, and frictional) properties
can be determined.
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The AFM is capable of doing specifically three operations, as elaborated below:

Firstly, it can measure the force that exists between the probe and the specimen
under it. Secondly, it can form a three-dimensional imaging profile as a result of the
response of the probe on the specimen with respect to the force. This is accomplished
by scanning the surface of the specimen. The third operation is controlling the force
between the probe and the specimen in order to alter the properties of the sample.

The major advantages of AFM include easy sample preparation; can be operated
in vacuum, liquid, or air; living system can be studied; and surface roughness can
be quantified. However, limitation of the characterization includes limited vertical
range and magnification [76-79].

8.4.3 NANOINDENTATION

As with conventional indentation technique, nanoindentation technique is not just a
simple extension of microhardness test but is based on the theory of contact elasto-
mechanics. Detailed analysis of loading and unloading curve is done to determine
hardness, elastic modulus, viscoelasticity, creeping, fracture toughness, strain-hard-
ening effect, residual stress, phase transition, and dislocation movement.

Nanoindentation method (also termed as depth-sensing indentation technique)
gives the data about load displacement. According to the load—displacement data
obtained from the tests, the elastic modulus and hardness can be derived from the
slope of the initial portion of the unloading curve and the ratio of the peak load to the
projected contact area of the indent, respectively [§0-82] (Figure 8.12).
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8.5 SUMMARY

Surface engineering plays major role in combating wear and corrosion, which
accounts for a large proportion of GDP losses. Various surface engineering tech-
niques have been discussed and explanation of advantages and disadvantages are

summarized.

1. Microstructural modifications

Hardening process involves induction, flame, or laser having depth of
1-10mm and possesses advantages like inexpensiveness and position
specificity. However, this process has the disadvantage of distortion of
samples.

Surface melting involves the formation of quasi liquid on surface. The
major advantages of the process are ultrafine microstructure and high
chemical homogeneity.

Shot peening involves plastic deformation of the surface resulting in
increase in hardness, wear resistance, and fatigue resistance. However,
the major drawback is that it modifies thin surface zone and results in a
low increase in hardness.

2. Compositional modification

Electrodeposition deposits metal, oxide, or salt onto the surface of a
conductor substrate by simple electrolysis of a solution containing the
desired metal ion. The major advantages include high hardness and
good corrosion resistance. However, the disadvantages include that the
coatings cannot be deposited on complex geometries, and there is a risk
of hydrogen embrittlement.

Hot dipping process includes dipping of sample in molten zinc and has
advantages like good adhesion, good appearance, high hardness, and
moderate wear resistance. The major drawbacks are the presence of
porosity and difficulty to control coating thickness.

PVD process deposits dense coating with excellent adhesion and low
coating process temperature, and pure metals, compounds, and alloys
can be deposited. However, major drawbacks of the process include
slow coating deposition of coating, high equipment cost, and line-of-
sight process.

CVD process involves flowing a precursor gas/gas on one or more
heated objects to be coated and chemical reactions occur on and near
the hot surfaces, resulting in the deposition of a thin film on the surface.
The major advantages are that a variety of materials can be deposited
with very high purity, uniform coating thickness, very high hardness
values, and good adhesion. However, major drawbacks are that the pre-
cursors used and gas produced are toxic and hazardous, only substrates
that can sustain high temperatures can be used, large residual stresses
are generated.

Thermal spraying utilizes combined thermal and Kinetic energy of par-
ticles projected onto cleaned and ready surface where they adhere to
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form a continuous coating. The coatings so produced have excellent
adhesion and little heat input to substrate, and a wide variety of materi-
als can be deposited. However, major drawbacks include line-of-sight
process and over-spraying.

8.6 FUTURE WORK

This chapter gives an overview of the various techniques adopted for the deposition of
metallic coatings. The future work may be directed toward the analysis and interpre-
tation of recent techniques used for deposition of nanosized coating using cold spray-
ing or RF/DC Magnetron sputtering technique or self-lubricating coatings including
the graphene. Other latest development includes multifunctional organic-inorganic
hybrids, nanocomposite materials (numerous silica- or/and siloxane, trivalent lantha-
nide ions, and other rare-earth metals), and films used in applications such as phos-
phors, lighting, integrated optics and optical telecommunications, solar cells, and
biomedicine. Other developments consist of a combination of crystalline as well as an
amorphous constituent; for example, TiN and Si;N, used for high-speed machining or
high-temperature metal-forming operations.
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9.1 BACKGROUND AND INTRODUCTION

Tribology is the study of contacting surfaces which relatively move each other. It
can be interpreted as dealing with the phenomena associated with friction, wear and
lubrication [1]. Erosion and wear directly affect machinery’s lifetime and power con-
sumption. Erosion and wear lead to loss of material from the moving parts of the
machinery and affect safe working. Hence, it becomes necessary to control or reduce
erosion and wear of the surface [1-3].
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In recent years, the abovementioned objective has been accomplished by making
changes in the design, using materials with improved bulk or with the application of
better lubrication technology. Solid lubricants or synthetic oils or mineral oils are
used for better lubrication and ceramics or polymers as bulk materials [1-4].

In search of more approaches towards reduction in friction and wear control, tri-
bologists are utilizing surface treatments and coatings that have opened the new field
of surface engineering. Two main factors are involved in this growth. The develop-
ment in new coating technology and treatment method is the first reason. This devel-
opment has provided coating characteristics and tribo-chemical properties, which
were never achieved before. The second reason surface behaviour is observed by
material scientists and engineers because behaviour of surface is crucial in many
engineering mechanisms [2—4].

Surface tends to be the origin for most of the failures that could be caused either
by corrosion, wear or fatigue. The surface is affected by the electronics, optical
and magnetic characteristics apart from mechanical and chemical properties [3].
Improved technologies, automation in various fields and the increased rate of produc-
tion have made high-performance mechanical components and tools crucial. Desired
surface properties in machine components can be achieved through surface engi-
neering. Like coating over the surface, it can be used for improved wear resistance,
corrosion resistance and thermal load resistance [4].

Even before fully optimized coatings were available, tribologists provided ana-
lytical fundamentals for the prognosis of suitable parameters of surfaces that were
developed by sheer grasp of the surfaces behaviour in contact. This became the
platform for the development of new coatings and treatment methods and has cre-
ated a significant impact [1-2]. Operation of devices and bearing systems working
at near-vacuum conditions or machine components working beneath highly corro-
sive and erosive environments are possible with the support of advanced tribological
coatings [1].

Depending on the state of the deposition phase, the coating process can be clas-
sified into four generic categories, namely, solid, molten, solution and gaseous [1-5].

As per the tribological considerations and requirements on counter-surface using
surface coatings [2—4] are as follows:

a. Friction coefficient is either initial or steady-state and its instability must be
within permissible deign limit.

b. The wear on the coated surface and its counter surface must not surpass a
critical design limit.

c. The life of any system must be longer than the predicted life within speci-
fied conditions. The limit of any system life might be defined as happening
even though one of the previous conditions is not maintained.

The coatings must exhibit a combination of certain properties, such as hardness, ther-
mal expansion, shear strength, elasticity, fracture toughness and adhesion to meet
tribological requirements. Figure 9.1 represents the difference between various zones
of the coated surface. Each zone consists of different properties, which is necessary
to consider [5].
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FIGURE 9.1 The properties of various zones on the coated surface.

The coating and the substrate must possess certain important properties such as
strength of materials and their thermal characteristics, which are investigated by
their microstructure, porosity, homogeneity and composition. The shear strength and
adhesion of the counter-surface at the interface between substrate and coating play an
important role in their tribological characteristics. Apart from shear strength, prop-
erties such as chemical reactivity and the roughness at the coating surface must be
considered [6-8].

Surface design is not easy as there are some fundamental problems to achieve all
the required properties. Desired properties such as no surface interactions with the
counter-faces and better adhesion at the coating—substrate interface or high toughness
and high hardness cannot be obtained at the same time. For instance, toughness and
adherence decrease with the increase in hardness and strength. Hence, an optimum
way is required between the properties of surface coatings and economic concerns [7].

The coating process and its thickness contribute majorly towards in selec-
tion of material for coating and its fabrication parameters as shown in Figure 9.2.
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FIGURE 9.2 The factor influenced on material properties of surface coating [22].

The microstructure, density, grain boundary, grain size and grain of the coating
depend on the coating process and thickness. To gain maximum benefits, functional
parameters and properties of the coating surface can be optimized.

The parameters that make the benchmark for the selection of engineered surface
over another surface are often complicated because coating or surface treatment can
change the properties of the bulk material. Hence, to obtain greater performance
through coating, it is important to redesign the procedure. The availability of many
coatings has put the design engineers in dilemma in selecting coatings [4—7].

Different thoughts have been given on the selection procedure for surface coat-
ings. Many design engineers would adopt the selection approach. Selecting better
coating by rejecting those with poor results [5].

The surface plays a very crucial role in the part production with better per-
formance at a feasible price, and this is possible if we have the freedom to take
advice and suggestion before finalizing the design. Hence, it’s necessary to take
expert advice available at the earliest prospect. Tribological coatings provide
improved quality and performance by using lower grade and low-cost substrate
materials [1-5].

Recent advancements in computer simulations have contributed significantly to
coating selection process by reducing efforts and cost. Simulation makes feasible
the implementation of practical solutions that could earlier only be achieved in the-
ory. In many tribological systems, tribochemical reactions occurring at the contact
interface play a critical role. The compounds formed from the reaction contribute
and control the tribological behaviour at interface. The formation of specific com-
pounds can help improve the wear resistance. This compound can be achieved by
using extreme pressure additives. Therefore, advanced techniques of surface engi-
neering tolerate the design and production of such compounds over surface as a
layer [5-8].
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The above possibilities not only result in improved sliding mechanism but also
enhanced the thermal behaviour. For this reason, both thermal diffusion and chemi-
cal diffusion are influences. As a consequence, there is a possibility of the efficiency
of machines being improved with the substantial economic advantages of a good
tribological design. An illustrative example is the estimated potential improvement
in the efficiency of pumps, which in their various forms are reputed to consume
roughly 10% of the total energy consumption in industrialized countries and up to
20% in process industries. Friction and wear can be reduced by using improved coat-
ings and a better selection procedure. Increased friction and wear contribute towards
reduced efficiency of the machine by increasing overall energy consumption and
increase cost by increased in-service failure charge or maintenance charge. Hence,
it is crucial to select improved coating and selection procedures for reduced friction
and wear. It follows that a major goal for surface coatings is that it should improve the
extended and predicted life of components and behaves ideally in non-catastrophic
failure modes [5-8].

To meet the demand, market competition and face challenges, design engineers,
researchers and scientists are exploring new materials and technology. Several stud-
ies have been conducted to improve the friction and wear properties, components’
working life, efficiency of fuel, corrosion resistance, surface morphology and to
reduce weight and emission. In an IC engine, the friction and wear performance of
the piston ring has long been established as an important parameter for obtaining a
required engine efficiency and durability such as power losses, consumption of fuel
and oil, blow by, and even destructive emissions through exhaust [6—8].

There is considerable loading of physicochemical degradation to the cutting tools
surface and dies in the manufacturing environments of automotive industries that
make it quite complicated. Wear is a phenomenon described by how a tool will last
in service. The tool involvements superior loads, high speeds and friction and as a
consequence elevated temperature. These factors are responsible for wear of tool
surfaces. The failure of tool surfaces is curtailed by lubrication. The liquid lubri-
cants fail under extreme conditions and are moreover environmentally inadmissible.
Surface coatings can improve the tool surface, improves the life of tool and enhances
the quality of manufactured components [1-4].

Surface design and characteristics play a crucial role along with the bulk material
properties in automotive components like engine and power train components. So
in these components and its surface must achieve engineering functions in various
critical conditions and hence shall require treatment to improve its characteristics. In
addition to wear protection, surface coatings in automotive components can improve
corrosion resistance; enhance surface hardness and reduce weight. The other benefits
of surface coatings in automotive components include reduced oil and fuel consump-
tion, reduced CO, emissions and extended durability [5].

9.2 SURFACE COATINGS FOR CUTTING TOOLS

Modern machining processes face repeated cost pressure, productivity issues and
high-quality potentials. Before the development of surface coating technology, the
use of cutting fluids was considered an essential part of the machining process.
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During the machining process, due to the relative motion of workpiece and tool, the
frictional heat is generated because of chip—tool interaction. To reduce generated
temperature and control friction in the cutting zone, cutting fluid was used earlier
[1-3]. Cutting fluid also serves the purpose of washing away chips and prevention of
adhesion between tool and workpiece. For a stable cutting process and to obtain good
surface finish with improved tool life, cutting fluids are crucial. However, cutting flu-
ids come with a few disadvantages such as formation of toxic vapours, smoke fumes
and bad odour creating unpleasant working environment. Sometimes, the formation
of bacteria can affect operation. The undesirable effects of using cutting fluid were
considered to be necessary evil [4-5].

Surface-coated cutting tools that possess high hot hardness are an important
development in dry machining. Nodular cast iron can be used in automotive appli-
cations such as crankshaft, piston, gears, flywheel, dies, etc. The machinability of
nodular cast iron is less than that of grey cast iron. During its machining, the surfaces
of the cutting tool need to be hard, wear-resistant and chemically stable. Surface
engineered coated tools can be used to accomplish this objective. Yigit compared the
effect of coated and uncoated tools on turning of nodular cast iron. Uncoated tools
performed badly in terms of tool wear and surface finish. It was found that at higher
cutting speed, a 10.5 um multilayer TiCN/TiC/TiCN/ALO5/TiN coated carbide tool
is the most suitable for nodular cast iron turning. Moreover, diamond-coated cutting
tools were used for machining of nonferrous materials such as aluminium alloys,
copper alloys, fibre reinforced polymers, green ceramics and graphite, etc. These tools
are extremely hard, possess high tool life and ensure precision machining. However,
the adherence of diamond film on substrates, surface roughness of films and the
reduction in the transverse rupture strength of coated substrates must be explained
for the widespread use of cutting tools coated by diamond [1-5].

9.3 SURFACE COATING MATERIALS AND TECHNIQUES

Four types of coating materials are used by industries to develop hard and wear-
resistant surfaces on cutting tools. The first type includes titanium-based coating
materials such as TiN, TiC and TiCN. The second type includes ceramic coatings
like Al,O5. The third type represents super hard coatings like polycrystalline cubic
boron nitride (PCBN) and chemical vapour disposition diamond. The fourth type
includes coatings that have self-lubricating properties with lower friction coefficient
such as amorphous metal carbon. Physical vapor deposition (PVD) is a method of
coating under vacuum conditions. In this process, the coating material is removed
physically by the application of heat due to which evaporation or sputtering occurs.
These evaporated particles condensed on the surface as a layer of thin film. The tem-
perature range of this process is kept between 450°C and 550°C for film deposition
on high-speed steel substrates. Hence, PVD coatings control thickness on edges lead-
ing to a sharp-coated edge. The ability to de-coat and re-sharpen the PVD-coated
tools makes it suitable for automotive industries. Further, chemical vapour deposition
(CVD) is another method to deposit the thin film on substrate through the chemical
reaction of gaseous compounds with preheated substrates. It has the ability to pro-
duce thick layers by CVD with higher deposition rates makes it highly suitable for a
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high metal removal rate. Owing to the interaction of precursor gases with substrates
in CVD Coatings, it may be generated the brittle carbides sometimes [5-7].

9.4 METHODS OF COATING THE SURFACE

In the present era, because of advanced methods for coatings, there has been an
accelerated development of tribological coatings that cater to the attributes previ-
ously unachievable. Properties that were difficult to achieve were as follows: morphol-
ogy, strength, composition and adhesion [1]. The plasma and ion-based methods for
deposition techniques have been drastically studied and used. Therefore, this chapter
describes various processes used for surface coatings

Large-scale commercial exploitation of plasma and ion-based processes were
delayed to date mainly due to the following difficulties with advanced technolo-
gies. These are high voltage and current technology, process control-related
electronic technologies, the physics and chemistry of plasma and coating under
vacuum. Plasma-based techniques, however, offer considerable benefits to vari-
ous sectors of engineering, providing us the much-needed solutions required to
advance in this field. It is better to not neglect other methods as the traditional
processes with significant improvement have responded to the challenges of the
new techniques and methods. Hence, this chapter describes briefly various coating
methods. These processes are largely divided into four categories such as solid
state, molten or semi-molten state, solution state and gaseous state processes,
respectively.

Solid-state processes tend to produce relatively thick coatings. Solid-state coat-
ings will not be studied in this chapter as we are concerned with thin coatings.
The general classification of surface engineering technique is shown in Figure 9.3.
The most crucial process constraints for coatings are their thickness and the deposi-
tion temperature.

SURFACE COATING METHODS

I |

Solution Molten or semi-
state molten state

Gaseous state

[ T 1 [ i !

Chemical solution Electrochemical Thermal
CVD|| PVD {|IBAD d tion depostion Sol gel Laser spraying Welding
. Chemical Electroless Chemical a—
Pl yetants reduction deposition conversion Plasma variants

FIGURE 9.3 Flow chart for surface coating methods.
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The thickness of coating typically ranges between 0.1 and 10mm. Further, the temper-
ature varies from room temperature up to 1000°C for deposition over the surface which
is shown in Figure 9.4. This is the development of newer methods that acronyms the life.

9.4.1 GAaseous STATE PROCESSES

In this method, the targeted material is vaporized in vacuum by providing heating. That
vaporized material coated over the targeted surfaces for modification of surface. There
are two generally used methods, i.e., CVD and PVD. In the CVD method, the precursor
gas is used as a reagent source through which coating over the surface occurs whereas,
in the PVD method, the coating materials are evaporated or atomized from solid state
to gaseous state over the targeted surface. Both methods have their importance in sur-
face engineering because of several reasons. Using these methods, pure ceramic films
can also be deposited over any surface. Furthermore, in the PVD method, the energy of
coating material is increased up to ionized state, and then these ions accelerate towards
the development of film over substrate. This can also be obtained by using ion beam
source or by utilizing plasma around the surface through which ion can be accelerated
[10]. The advantages of these plasma-assisted processes are listed below:

a. Coating adhesion is improved due to the potential to preheat and clean the
surface using ion energy and neutral bombardment. This method is known
as cleaning, due to sputtering,

FIGURE 9.4 Schematic representation of the influence of substrate temperature and argon
pressure on the microstructure of metal coatings deposited using cylindrical magnetron sput-
tering sources. T (K) is the substrate temperature and Tm (K) is the melting point of the coat-
ing material [23].
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b. The thickness of the coating can be maintained uniformly through gas-scat-
tering effects. During the deposition process, the sample can be displaced
or rotated relative to the vapour source. This helps in obtaining uniform
coating thickness.

c. In most of the cases, the coating produces the final surface finish. Hence,
after coating, no additional machining or polishing is required.

d. Due to bombardment, columnar growth obtained which encouraged the
atom transfer, causing the controlled coating structure.

e. A large variety of materials can be coated, including insulators.

f. Vapour source such as resistance heater, electron beam and sputter magne-
tron help in controlling deposition rate.

g. Most of the processes produce effluents or pollutants. In this process, no
such pollutants are produced as hazardous by-products.

h. Controlled vacuum environment and pure source materials help in high
purity deposits.

Figure 9.4 shows the resilience of the PVD coating process. It shows that how the
structure of coating varied as a function of deposition temperature and pressure,
according to Thornton (1974).

9.4.1.1 Applications of CVD Coatings

This coating method has great importance in industrial applications, which are as
follows:

e Wear resistance, erosion protection coatings, high-temperature protection
and corrosion resistance.

e CVD is useful in dense structural parts that are difficult or expensive to
produce using traditional methods or techniques. Optical Fibres — For
telecommunications.

e Nano-machines.

e Composites — Preforms can be infiltrated using CVD techniques to produce
ceramic matrix composites such as carbon-carbon, carbon-silicon carbide
and silicon carbide-silicon carbide composites. This process is sometimes
called chemical vapour infiltration or CVL.

e Powder production — Production of novel powders and fibres.

* Devices such as optoelectronic, sensors and integrated circuits, made using
semiconductors.

e Used as catalysts.

9.4.1.2 Applications of PVD Coatings

PVD coatings, in general, are used to improve hardness, oxidation resistance and
wear resistance. Hence, their applications are in a wide range such as:

PVD coatings can be used to coat any material on anything on anything. PVD-
based deposition techniques have the following advantages.

1. High rate of material deposition
2. Ease of sputtering any metal, alloy or compound
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3. Deposition films are highly pure

4. Films possess extremely high adhesion

5. Excellent coverage of steps and small features

6. Heat sensitive substrates can be coated using this technique
7. Ease of automation

8. Uniformity obtained on large-area substrates is excellent

9.4.2 MOLTEN AND SEMI-MOLTEN STATE PROCESSES

In this method, laser surface treatment and hard facing techniques such as thermal
spray and welding are included. This method changes the physical and mechani-
cal properties of the substrate surface. A brief description of these methods is
described~here.

9.4.2.1 Laser Surface Treatments

In recent years, laser surface treatment has drastically grown in the field of laser
utilization. The treatment through laser on surface can produce a greater range of
important surface properties. Laser surface treatment allows the use of cheap base
materials. It can be applied to enhance the fatigue life of machine components due
to the hard surface layer and decrease the wear over surface. This method work on
the principle of beam of coherent light source fall on the surface with high intensity
of power due to which surface is modified. Laser surface treatment can be used in
vacuum, protective or progressive gases.

An optical transmission system is used to direct light onto the surface. Optical
instruments such as lenses, scanner units, mirrors and beam integrators are used to
modify beam focusing, thereby controlling the mean optical output power and power
density.

Track patter can be consecutively produced over the surface of a component
through the movement of the laser beam. The feed rate and cross-section of the sub-
strate surface determine interaction time [5-9].

9.4.2.1.1 Importance and Limitation of Laser Surface Treatment
The importance of laser surface treatment can be studied from various aspects:

Inadequate energy depletion and its significances:
Less amount of energy is required in this process as compared to the con-
ventional surface heat treatment process. Due to the localized heating, there
is minimal energy input, minimal deformation or dimensional changes.
Furthermore, minimal machining of component is required, which also
saves energy [1,3,18].

Environmental aspects:
The surface is conducted to the cold bulk of the material producing a hard-
ened surface. Self-quenching helps in the formation of hardened surfaces
by generation of heat. There is no requirement of cleaning and washing
the workpiece after the heat treatment as the process is carried out by any
quenching agents [5—-11].
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Flexibility and productivity of the process:
Different degrees of defocus make it possible to control energy input. Laser
source power can be easily changed by different focuses using focusing
lenses. Competence of switching the laser beam between workstations by
simple optical devices in the atmospheric environment [5,12,19,20].

The use of various shapes of lenses and mirror makes it easy to work on
different shapes and complexity of the product. Heat treatment of very large
or small parts with complex shapes can be done using this method. This
method is suitable for both individual and mass production. Reproducibility
and reliability of quality of the treated surface layer with accurately con-
trolled depth and width of the layer; high level of suitability for production
line incorporation and automation of the procedure [2,7,9,21].

9.4.2.1.2  Use of Laser for Heat Treatment Can Have the Following Difficulties

Non-homogeneous energy distribution in the laser beam; very narrow temperature
field ensuring the aimed micro-structural changes; adjustment of kinematic condi-
tions of the workpiece and/or laser beam to different product shapes; and reduced
absorptivity of the laser light in interacting with the metal material surface [5,9,12].

As with all other power beam methods, a treated surface must progressive built-up
by a series of overlapping tracks. Track widths differ according to the type of laser
interaction time and power density but are typically ~0.5-2mm. Hence, numerous
power beam passes are needed before a treatment is completed. However, because
power beam scan speed is frequently rapid, economic treatment times per unit com-
ponent are still possible [8,16,21].

9.4.2.2 Thermal-Sprayed Coatings

Thermal-spraying technology makes use of combustion flame or electrical energy
to fuse a wide range of materials. Thermal spraying has the potential to produce
high-quality and high-performing surface coverings. Thermal spraying is very flex-
ible as it can be for a wide variety of types and shapes with film thickness varying
from thick to thin. This technology is heavily used in all types of industrial fields
for upgrading and diversification, as well as improving substrates performance, and
development of substrates with new functions [3-5].

9.4.2.2.1 Features of Thermal Spray Technology

Thermal spray technology has a variety of superior features when compared to other
surface covering technologies [1-5].

* Depending on the purpose of modification and application, a wide variety
of materials can be used as thermal-spraying materials. Spraying materials
such as fusible alumina, ceramics, as well as metals and plastics are used.

e From micron to mm thickness, small to large parts and complex-shaped
equipment can be modified.

e The organizational and physical properties of the subject remain unchanged
as the thermal spray substrate remains comparatively low temperature dur-

ing spraying.
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¢ Depending on the modification purpose and intended application, thermal
spraying can be carried out in atmospheric conditions, low-vacuum, or inert
gas environments.

9.5 RECENT ADVANCES IN SURFACE COATINGS
FOR AUTOMOTIVE APPLICATIONS

In recent years, we have seen drastic advancements in the PVD technology. The PVD
technology has wide application in the automotive industry. It is the key contributor
to its development, where hard coatings have an efficient tribological function. Apart
from acting as a heat carrier from the piston to the cold cylinder, the major role of the
piston ring is to seal off the majority of combustion gas, which directly adds to the
power output of the engine. Tribological performance is one of the most important
parameters in designing piston rings for heavy-duty diesel engines. Piston rings are
under high mechanical loading due to motion and high temperature leads to soften-
ing of the ring material leading to a high rate of piston ring wear during operation.
Hence, for the efficient performance of engines, it is mandatory to reduce wear rate,
contributing to reliability over a long lifetime. In this regard, several investigations
proposing metal nitride coatings for tribological (piston ring’s functional surface)
purposes have been published [1-3]. CrN, in comparison with other conventional
metal nitride coatings, has shown excellent results towards corrosion resistance in
both environmental and high-temperature conditions. Even a high rate of deposition
for similar deposition parameters is observed.

Cost efficiency with the added advantage of high wear resistance and scuffing
resistance is the reason for considering CrN as coating materials for piston rings in
large-scale production industries even these days. Regarding CrN coatings develop-
ment and deposition, the analysis of the influence of the deposition conditions in the
final coating properties or the study of the CrN coating tribological response were
study aims of some of those investigations [4-9].

Friedrich et al. [4] studied Cr N coatings for tribological applications on piston
rings. From the investigation, it was observed that, in comparison with Cr coatings,
all coatings deposited with a reactive nitrogen flow showed superior hardness. The
same hardness value of 30GPa was observed for coatings of 15cm?/min (Cr,N) and
25 cm?/min (CrN) of nitrogen gas flow. Owing to the reduction in the plasticity of the
contact, the friction coefficient is slightly decreased with increasing hardness was
another key observation of this study.

Broszeit et al. [S] continued working on the development of CrxN coatings. In
this investigation, the tribological performance of CrN coatings deposited by PVD
and electroplated chromium coatings was compared, and the former reported better
results. In other studies on CrN coatings, Barata et al. [6] worked on the influence of
magnetron sputtering deposition parameters in the crystal phase, and Bouzid et al.
[8] conducted studies on CrN deposited by RF magnetron sputtering and investigated
tribological resistance. In the latter work, he found that the non-alloyed CrN layer
CrN coating achieved the lowest coefficient of friction.

The deposit rate of magnetron sputtering compared to other PVD techniques
is low, making it not feasible for the automotive industry where the requirement is
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large-scale production. This has become a major drawback of magnetron sputtering
technology. Different attempts are made to enhance the deposition rate of the mag-
netron sputtering technique using different variants. High Power Impulse Magnetron
Sputtering (HiPIMS), a recent advancement technique, focused on the production of
highly ionized fluxes of the sputtered material. However, the cathodic arc technique
is one of the PVD techniques employed for improved deposition efficiency (regarding
the productiveness and the financial feasibility) [10]. Owing to improved deposition
rate, the cathode arc technique fulfils the requirement of the large-scale production
industry. For this reason, the cathode arc technique has been widely used for protec-
tive and tribological coatings in several industries, such as the automotive one.

A brief overview of this process can be used to describe the coating deposition in
three steps. When a low-voltage and high-current arc is struck between a conducting
cathode and an electrode, vaporization of the solid cathode material occurs through
the arc erosion. Next, gaseous plasma is formed from the vaporized cathode material,
which acts as a fluid conductor between anode and cathode (electrodes). In the last step,
plasma ions condensation occurs and arrives at the substrate surface [11]. It was found
that the arc discharge and plasma density produced are directly proportional [12].

Cathode material undergoes four phases in the cathode spot region due to the
presence of high energy density. The phase change is from solid to plasma with pos-
sible liquid and intermediate phases. Three different types of cathode erosion: irons,
neutrals and macroparticles occur as a result of plasma transformation. The differ-
ence in plasma potential and substance surface potential gives the energy of ions.
The energy of condensing plasma is affected by substrate surface potential, which
can be controlled by the applied bias voltage. The final properties of the deposited
coating can be controlled by varying different deposition parameters using the cath-
ode arc technique.

Improved processing and paint chemistries have led to the noval development in
paint pigments. For example, depending on the angle at which they are viewed, flake-
based pigments based on aluminium and interference pigments change their colour
(otherwise known as the “flip flopping” effect) has given customer satisfaction of
automotive coatings by enhancing brilliance, colour and appearance [11]. New spray
guns and spray gun configurations have been developed to handle the difficulty of
using these new pigments in spray gun technology. Computer-controlled spray guns
drastically reduced the need for spray painting craftsmanship. Earlier painting was
done manually.

Further, worker safety and increase in the ratio of deposited paint-to-paint sprayed
are improved due to automation. The most expensive operational aspect and a major
energy-consuming area of an automobile assembly is the automobile paint shop. It
consumes 30%-50% of the total costs of the manufacturing of automobiles [13].
A major part of this cost can be added to the cost of energy used for air handling
and conditioning (HVAC) as well as for treatment of emission generated and paint
drying, paint booths should be designed and must be capable enough to remove over-
spray paint particles, evaporated solvent and any other related pollutants like VOCs.
Hence, the energy associated with only booth ventilation is significant [14]. In gen-
eral, painting operations contribute to 70% of the total energy costs in assembly
plants [15].
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Energy used to dry 200-um film on an automobile surface is not significant, but it
is important to consider all activities to complete painting and their cost, such as heat-
ing of paint, the carriers, on which the body of an automobile is carried, underlying
automobile body and the dollies. Because of the benefits of inorganic pretreatment,
liquid base coats, liquid or powder primer surfaces, cathodic electro-deposition, and
one- or two-component solvent-borne clear coats, automobile painting processes are
more standardized these days. For example, development in powder coatings and
additional advantage of meeting environmental regulations have made use of it in
many car manufacturers. The reliability of powdered coatings is high, hence, most of
the manufacturers have decided to use them [16].

In North America at Chrysler in all running manufacturing units, at GM for their
truck plants, and in all new paint shops, powder coatings are now used throughout
all primer surface operations. Powder coatings have been used for the clearing of the
coat process, in some plants, in Europe [17]. This increase of powder coating appli-
cations has coincided with a drastic shift in the type of materials used in automobile
body construction. Formerly made mostly of steel, today’s automobile bodies are
made up of 30% of aluminium and high-strength steel. Other lightweight materi-
als are also being applied, including magnesium and polymer composites made of
glass and carbon-fibre-reinforced thermosets and thermoplastics [18]. Over a period
of time, automotive coatings have evolved as they either satisfy or are anticipated
to meet customer expectations and environmental regulations while also lowering
manufacturing and ownership costs.

Smart coatings significantly improve surface durability. Additional properties such
as self-healing, soundproofing, self-stratifying, self-sensing, super-hydrophobicity and
vibration damping are achieved from smart coating. For instance, a smart coating
could use to enhance the coating life in response to the environment; to reduce abra-
sion, smart coatings can be used as self-healer, mechanical trigger or to a corrosive
event in which the coating is self-healing as a result of UV, heat, or mechanical activa-
tion [19]. Self-healing in coating can also be achieved with the use of shape memory
polymers that are triggered with temperature, UV radiation and humidity manipula-
tions; self-healing related to the swelling of special clays such as montmorillonite is
also possible [20]. Coatings with internal sensing capabilities that entail the passive or
active triggering of fluorescent molecules or quantum dots fall under the category of
smart coatings [21]. In the former, the sensing system signals and activates changes in
or repair of the coating by sending data to an external detector; in the latter, the sens-
ing system itself would be responsible for outputting the response signal.

9.6 CONCLUSIONS AND FUTURE WORKS

In this chapter, this important point about coatings has been observed: it exhibits
a combination of certain properties, such as hardness, thermal expansion, shear
strength, elasticity, fracture toughness and adhesion to meet the tribological require-
ments. Further, the coating process and the thickness of the coating contribute majorly
towards the selection of coating material and the fabrication parameters. To gain
maximum benefits, functional parameters and properties of the coating surface can
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be optimized. Moreover, surface design and characteristics play a crucial role along
with the bulk material properties in automotive components like engine and power
train components. Surface coatings in automotive components can improve corro-
sion resistance; enhance surface hardness and weight reduction. The other benefits of
surface coatings in automotive components include reduced oil and fuel consumption,
reduced CO, emissions and extended durability. There are various methods being
employed for surface coatings. These are gaseous state processes, solution-state pro-
cesses, molten or semi-molten state processes and solid-state processes. Among all
coating processes, the PVD technology has wide application in the automotive indus-
try. It is the key contributor to its development, where hard coatings have an efficient
tribological function. Further, self-healing in coating can also be achieved with the
use of shape memory polymers.

In the future, the development of a new methodology for surface coating will be
adopted such as surface texturing followed by surface coating, self-healing coatings,
self-lubricating coatings, etc. The hybrid coatings combination will be also play a
very important role in the near future.
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10.1 INTRODUCTION

Manufacturing is defined in terms of transforming raw materials into a product.
Among a wide variety of manufacturing processes available, the selection is based on
criteria such as surface finish of the product, dimensional accuracy and geometrical
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accuracy. The useful shapes of metal can be achieved by two manufacturing tech-
niques, namely, primary manufacturing processes and secondary manufacturing pro-
cesses. The primary manufacturing process includes casting and forming processes.

In the casting process, the molten metal is poured in die of the desired dimension,
and the final product is obtained. However, it involves complex metallurgy of using
molten metal. Casting processes can be classified into two broad categories:

* Expendable mould processes;
e Permanent mould processes.

The casting process selection depends on various factors including size, weight and
complexity of the geometry, labour, equipment and tooling costs, tolerances and sur-
face finish required, strength, quantity and production rate required and the overall
quality requirements [1,2].

Metal forming is one of the oldest technologies known to humankind. In addi-
tion to zero wastage of raw material, other major advantages of forming over cast-
ing include rapid production rates and better mechanical properties. Nearly 90% of
components in the car are made by metal forming processes. This is mainly due to
advantages such as saving of material and labour cost, dimensional accuracy, pros-
pect of generating the preferred internal stresses and of providing the objects with
exceptional properties unreachable by other manufacturing methods, e.g., casting or
machining

The process by which bulk metal is converted into a component or a part the
known as metal working process. The process is classified into two modes: (1) pro-
cess in which metal debris are produced (material removal operation like machin-
ing or metal removal processes) and (2) metal debris-free operations (metal-forming
operation) [3].

The metal debris-free operation can be further classified as bulk metal forming
(workpiece has high volume to surface area ratio), sheet metal forming (workpiece
sheet has low volume-to-surface area ratio, usually thickness less than 6 mm) and
sheet-bulk metal forming (wherein bulk-forming operations are applied on sheet
metals) [4,5].

10.1.1  MEeTAL WORKING OPERATIONS

Depending on the temperature of deformation, the forming process can be classified
as either (1) hot working process or (2) cold working process. In hot working process,
the temperature of deformation is higher than the recrystallization temperature (for-
mation of strain-free crystals from strained crystal) of metals. Owing to high tem-
perature, strain hardening does not occur, and large deformation is possible at lower
forces as ductility is high and hardness is low. However, in the case of cold work-
ing since it is done at room temperature, metal gets hardened due to strain harden-
ing. However, hot working involves high-energy consumption to heat the metal and
dimensional tolerances and surface finish are poor. Cold working operations occur at
room temperature. Compared to hot working, the dimensional tolerances are better
and do not have metal loss due to oxidation [6].
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Various Bulk Metal Forming Processes includes

a. Forging

Forging is the oldest method to form metals. It is a direct compression-type
method in which the flow of metal is perpendicular to the direction of force
applied. Because of orientation and refinement of grain structure, forged
parts have higher strength than equivalent cast or machined part. Forging
can be applied in both hot and cold conditions. The weight of forged part
can vary from less than a kilogram to hundreds of metric tons. Examples of
parts made by this process are as follows: wheel hub unit bearings, trans-
mission gears, tapered roller bearing races, stainless steel coupling flanges,
and neck rings for LP gas cylinders [7]. The schematic diagram of forging
is shown in Figure 10.1a.

Compared to hot forging, cold forging has advantages of no scale for-
mation, excellent tolerance and surface finish, thus eliminating any post
forging secondary operations. Warm forging is carried out at an intermedi-
ate temperature between cold and hot forging, i.e., at temperature greater
than room temperature but lower than recrystallization temperature. The
dimensional tolerances are less as well as warm forging has poor surface
finish compared to cold forging. However, it has reduced press load. In com-
parison with hot working, it has improved surface finish, thus reducing or
eliminating finishing steps and close dimensional accuracy [8,9].

b. Rolling

Similar to forging, rolling is the process that uses direct compression to
deform the metal to achieve desired size and shape. In rolling, the metal is
passed through one or more pairs of rolls to reduce thickness (Figure 10.1b).
The major benefit of rolling over other metal working process is that it is
continuous working processes that do not require any dedicated dies and
time-consuming setup operations and is characterized by high productivity
and low cost.

To obtain the desired reduction in dimension in single pass, the largest
quantity is first rolled by hot working followed by cold working. The initial
material used in hot rolling includes ‘raw material’ such as large metal from
unfinished casting; billets, slabs and booms that are processed and heated
to a high temperature to convert to bars, rods, structural shapes, plates and
sheets by incremental and successive cold rolling. After cold rolling, the
products develop greater strength and wear resistance due to strain harden-
ing. Thus, the actual process employed in the industry for the production of
small gauge material is hot rolling to slightly above finished size required,
cleaning/removing the oxidized surface by machining pickling or some
other suitable process, and finally using cold-rolling of work-material to
finished sizes. The applications of rolling include truck frames, automotive
clutch plates, wheels and wheel rims, pipes and tubes. The literature indi-
cates that theories of cold rolling depend on two physical characteristics,
i.e., yield stress curve of strip and coefficient of friction between roll and
strip [10,11].
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The advancements in rolling include “rolling-extrusion” process whereby
the combination of grooved rolls for rolling and equi channel step die is used
for extrusion. This process results in making high-strength metal by reduc-
tion of grains to nanosized level scale, and this is of priority importance in
the field of nanoscience. Another development is of slit rolling technology
for the production of ribbed bars wherein the process uses special passes
and guides to prepare, shape and separate the incoming billet into two or
more individual strands. The process has advantages like easy adaptation to
existing rolling mills with low investment costs, increase in production rates
and reduction in a number of passes for rolling stands and operation costs.
In the continuous roll-forming process, a non-uniform roll gap is formed
by a pair of flexible rolls, and they rotate in opposite directions with identi-
cal angular velocity, the sheet metal is bitten into the roll gap by frictional
force. The result is that the sheet metal is non-uniformly thinned in thick-
ness direction and elongated in longitudinal direction. Thus, a 3D surface
part with a desired shape is manufactured consecutively. In terms of mate-
rial development, the extensive replacement of steel rolls with Tungsten
carbide rolls in hot rolling industries (where steel wires are drawn in the
intermediate and finishing stands) is adopted because of their excellent wear
resistance and longer life of almost 50 times than steel rolls.

Another modification in rolling includes variable gauge rolling (VGR),
wherein the thickness of the new products can be varied by adjusting the
roll gap during the rolling process. In contrast to conventional rolling, there
are three stages of VGR downward rolling, flat rolling and upward roll-
ing. Flat rolling involves rolling in constant thickness portion and thickness
transition regions with a variable thickness are formed by downward and
upward rolling [12-16].

c. Extrusion
Extrusion occurs in a combined stress state similar to wire drawing, tube
drawing, and deep drawing. It involves an indirect compression-type pro-
cess wherein primary applied forces are tensile but due to the reaction of
workpiece with die indirect compressive forces are developed. There are
four classes of extrusion: direct extrusion; indirect extrusion; impact extru-
sion and hydrostatic extrusion

In direct extrusion, a solid ram drives the entire billet to and through a
stationary die and must provide additional power to overcome the frictional
power to overcome the frictional resistance between the surface of the mov-
ing billet and confining chamber (Figure 10.1c).

The major variables affecting extrusion pressure are die angle, reduction
in cross-section, extrusion speed, billet temperature and lubrication. The
two major advantages of extrusion process over other manufacturing pro-
cesses are very complex; cross sections can be created, and since compres-
sive and shear forces are involved, brittle material can also be processed.
Other advantages include excellent surface finish and dimensional toler-
ances, amount of reduction in extrusion is very large and the process can be
automated [17,18].
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FIGURE 10.1 Principle of metal forming of metals [19]. (a) forging, (b) rolling, and
(c) extrusion.

10.2 ROLE OF TRIBOLOGY IN METAL WORKING

For all the products of bulk metal forming, whether forging, rolling or extrusion, the
dimensions and surface finish of the products are of utmost importance. All forming
processes consist of three components (irrespective of forming conditions): work
material, tool and (possibly) lubricant. Very aggressive conditions exist between
workpiece and tool, resulting in high temperatures and pressures (may be local or
uniform) at the interface. The surface of tool or die will worn resulting in deteriora-
tion of surface finish and dimensional tolerance. To use the tool for long term without
being worn or scratch, there are high demands on the tool material and/or desired
coating and/or need of lubricant in the working contact. Furthermore, friction plays
an important role in energy consumption so by lowering friction; the environmental
impact might be reduced. Therefore, research and development in regard to wear of
the forming tools and consequently, tribology, is of great interest.

Tribology is an interdisciplinary field that involves not only the skills of mechani-
cal engineers, materials scientists, physicists and chemists but also has expanded to
medical and biological sciences including biotribology.

Tribology is the science and technology of interacting surfaces in relative motion
(or of surfaces having a propensity to relative motion). Literature on the topic includes
friction, wear and lubrication.

Tribology involves:

e Friction — the resistance to motion of one body moving against another.
This resistance is a function of the materials, geometries and surface
features of the bodies in contact, as well as the operating conditions and
environment.

e  Wear — the loss of material due to motion Wear is the loss of material, usu-
ally due to sliding. Typically wear is undesirable as it can lead to increased
friction and ultimately to component failure.

e Lubrication — the use of a fluid to minimize friction and wear. Lubricants
are primarily used to separate two sliding surfaces to minimize friction and
wear. They also perform other functions, such as carrying heat and con-
taminants away from the interface [20].

These three processes affect each other through interacting causes and
effects, making the issue complex.
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10.3 ROLE OF TRIBOLOGY IN INDUSTRY

i. To conserve material resources through reduction of wear,
ii. To conserve energy through reduction of friction,
iii. To increase the operating life of the equipment through maintenance
engineering,
iv. To increase standards on product reliability and personnel safety.

10.3.1 FuNDAMENTALS OF TRIBOLOGY

There are various manmade and natural systems in which there is a relative motion
of interacting bodies. Friction, which is due to wear and energy dissipation, is respon-
sible for consuming about one-third of the world’s energy resource and attempt to
overcome its barrier in one form or another [21].

a. Friction:

Friction is the force resisting the relative motion of solid surfaces, fluid lay-

ers, and material elements sliding against each other. In addition, in the man-

ufacturing process, friction results in complex physicochemical processes
proceeding in the contact zone of rubbing bodies.
Broadly, friction can be classified into two main types:

i. Dry Friction: as the name indicates it exists where there is an inter-
action of rubbing bodies in absence of any fluids/lubrications, which
involves (a) static and (b) rolling friction

ii. Wet Friction: There is the presence of fluid between interacting surface
and can be further classified into (1) fluid friction exists in the presence
of lubricant between rubbing bodies, (2) mixed friction it occurs dur-
ing the simultaneous presence of dry and fluid friction regions in the
contact zone; and (3) boundary friction when the lubricant thickness is
smaller than ten atomic layers or two rubbing surfaces separated by a
lubricant layer interact with each other due to asperities or roughness
boundary friction occurs [22,23].

Thus, friction is not a material property; it is a system response in the form
of a reaction force. The relative ease with which materials slide over one
another is defined in terms of coefficient of friction. It is a dimension-
less quantity and is defined as the ratio of two forces acting, respectively,
perpendicular and parallel to an interface between two bodies under rela-
tive motion or impending relative motion. There are two types of friction
coefficient

1. Static friction coefficient that opposes the onset of relative motion
(impeding motion) and

2. Kinetic friction coefficient that opposes continuation of relative motion
once the motion has started. Drum and disk brakes or clutches or drives
are examples in which performance is dependent not only on the transi-
tion from static to kinetic friction but also on static and kinetic friction
individually.
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u=F, /P 10.1)
s = F | P (10.2)

The force F, is sufficient to prevent the relative motion between two bodies
and F is force needed to maintain relative motion between two bodies and
P is force normal to interface. The static friction coefficient is at the time of
stationary contact, whereas kinetic friction coefficient depends on sliding
velocities. The static friction is time-dependent [24-26].

Friction between a tool and the workpiece has a significant effect on
the material deformation, forming load, component surface finish and die
wear. The coefficient of friction, if controlled properly, could generate the
required stresses to deform the metal to the desired shape. It could also lead
to fracture of the sheet if not controlled properly.

As reported in [27], in the case of forming surface texture of die plays
an important role. Two sets of dies with variation in grinding marks were
used, and this resulted in variation in forging loads. The variation in grind-
ing marks resulted in variation in friction conditions at interface and hence
metal flow pattern. As per reference [28], in upset forging, various machin-
ing processes such as grinding, milling, electrospark machining and lathe
turning were applied o flat die surface to vary frictional condition and study
its effect on barrelling. In addition to this, various researchers have per-
formed numerical stimulation as well as using the FE tool to determine the
role of friction on metal working processes such as deep drawing process,
cold upsetting-extruding of tube flanges.

Amongst various factors that affect frictional behaviour during metal
forming, material (composition, melting point and surface finish) contrib-
ute maximum to frictional force. Other important factors include surface
roughness and asperity interlocking. The presence of high friction at the
interfaces between surface results in a large amount of heat and energy dis-
sipation [29]. One of the most effective ways to control friction is to use a
lubricant in liquid and/or solid forms. Even certain gases may be used to
lubricate rubbing surfaces. Liquid lubricants reduce friction by preventing
sliding contact interfaces from severe or more frequent metal-to-metal con-
tacts or by forming a low-shear, high boundary film on rubbing surfaces [30].

b. Lubrication:
Depending on the process selected whether it is cold working or hot work-
ing with the purpose to give the desired shape of component localized com-
pressive forces using specific forming tools is done. In certain hot forming
processes depending on metal composition, the metal working process may
involve high temperature (@750°C) and high pressure (up to 1379 MPa)
and is associated with high friction and tool wear. Owing to friction, high
temperature is generated during processing. Under these circumstances, the
problem of high temperature can be resolved by applying lubricant fluids.
Lubricants that are applied in metalworking operations are known as metal-
working fluids (MWFs). MWF reduces friction between tool and workpiece,
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thus reducing the amount of heat generated. Furthermore, the heat gener-
ated during the process is dissipated, resulting in further cooling and avoid-
ing thermal damage of workpiece and tool wear. In addition to reduce wear
and friction between rotating and stationary components, additional func-
tions of lubricant include shock absorption, damping of noise, minimizing
corrosion, flushing contaminant and acting as sealing media [31].

Since various mechanical components work under varying operating
conditions due to change in lubrication condition, there is significant varia-
tion in interfacial friction. The Stribeck curve gives the general aspect of
variation of friction over the transition of lubrication modes. The curve was
first invented by Richard Stribeck (1902) confirmed the existence of mini-
mum friction for journal bearing friction experiments. It was then modified
by Mayo Hersey in which they demonstrated that friction due to viscous
shear was a unique function of the product of viscosity (¢) by rotational
speed (V) divided by the average load (P), which is called the Hersey num-
ber, uN/P. The friction coefficient plotted as a function of the Hersey number
is known as the Stribeck curve or Lambda curve. Originally, it described
frictional characteristics in journal bearings and now it is extended to other
types of contact geometry found in engineering applications.

The Stribeck curve is widely used for the identification of friction and
wear in different lubrication regions. Each lubrication region is character-
ized by definite values of friction, wear and structural state of surface layers.
Thus, the overall view of friction variation in an entire range of lubrication
is obtained by Stribeck curve. Figure 10.2 shows a schematic Stribeck curve
for a journal bearing system, where regimes of lubrication, the full film,
mixed and boundary film lubrications are also illustrated.

Boundary film lubrications
In this region, the coefficient of friction is high and constant and does not
vary with operating conditions as speed and load. The friction is dominated

Friction coefficient (u)

¥

Velocity x Viscosity
Load

FIGURE 10.2 Schematic Stribeck Curve (Hersey number on horizontal axis, Friction coef-
ficient on vertical) 1. Boundary Lubrication, 2. Mixed Lubrication and 3. Hydrodynamic
Lubrication.
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by surface and boundary film characteristics. Here load is carried by direct
tool workpiece contact at asperities level.

Mixed Lubrication

In this case, the load is shared by lubricant film and asperity contacts. As
seen in Figure 10.2 with an increase in speed, friction decreases because of
the increase in thickness of lubricant.

Hydrodynamic Lubrication
In this case, the thickness of film is much greater than surface roughness.
Initially, in this region, the friction reaches to a minimum and then slowly
increases due to shear strain rate increase and friction originates from bulk
rheological properties of lubricants at very high pressure and strain [32-36].
Lubrication is classified as partial when there is generally between 0.01
and 0.1. When there is a total separation of the block and the plate by a layer
of lubricant, it is called fully hydrodynamic. The coefficient of friction for
fully hydrodynamic lubrication is usually between 0.001 and 0.01 [37]

10.4 CLASSIFICATION OF METAL WORKING FLUIDS

There are various classification of lubricants however lubricants used for MWF
is classified as per DIN 51385 shown in Figure 10.3. MWF are classified into two
classes: water-based and oil-based [3].

MWFs

|
- —
’ Oil-based I ! Water-based ‘
Emulsions Solutions

- -
i g
!

Additives

= Extreme pressure (EP) Biocides

* Anti-wear (AW) Corrosion-inhibitors
* Friction-modifier Anti-foam

* Emulstfiers

Antl-fogging

FIGURE 10.3 Classification of Metal Working Fluids types according to DIN 51385.
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10.4.1 ForRMULATION OF LUBRICANT (LIQuID (O11-BASED OR
WATER-BASED, SEMI-SOLID AND SoOLID OR DRY)

Water-based MWF is used where heat dissipation is more important than lubrica-
tion, whereas in the reverse case is true for oil lubrication. Solid lubricants are solid
powders and most commonly graphite or MoS, that have layered structure and weak
interlayer van der Waals force which gives high compression strength in the direc-
tion perpendicular to sliding movement and low shear strength in the direction of
the sliding movement giving property of lubricity. The advantages of solid lubricant
include high-temperature stability, and chemical inertness does not require any seal-
ing and no contamination. Hence, under extreme working conditions such as elevated
temperatures, high pressures, cryogenic temperature or under vacuum and radiation,
solid lubricants are widely used.

However, graphite and molybdenum disulphide tend to blacken the machines and
operators clothing hence other compounds sulphides (zinc sulphide), metal hydrox-
ides (calcium hydroxide), phosphorus compounds, (zinc pyrophosphate or calcium
carbonate)oxides (calcium oxide and lead oxide), are considered as solid additives as
well [38—40].

Further, oil-based lubricant can be classified as:

a. Mineral oil-based lubricants
Mineral oil is one of the most widely used base oils in the lubricant industry.
It is a liquid by-product of refining crude oil to make gasoline and other
petroleum products. Mineral oil has various advantages such as high chemi-
cal stability, good thermal and oxidation resistance and low price.

Mineral oil contains various toxic materials like heavy metal benzene
series and polycyclic aromatic hydrocarbons (PAHs). The used mineral oil
causes serious harm to the environment and human health if discharged
directly into the environment [41,42].

b. Synthetic oil-based lubricants
Synthetic oils are compared to mineral oil that contains more amount of
highly refined base oils, resulting in superior protection and performance.
It is produced by chemical synthesis, and hence, the composition can be
scientifically designed through chemical combination as per requirement
The synthetic oil has better high-temperature stability and oxidation stabil-
ity, lower coefficient of friction and better low-temperature viscosity [43].

c. Biodegradable, environmentally friendly oils (based on esters or fatty
oils)
With increased environmental awareness as a large portion of lubricants
end up in polluting the environment and the purpose to initiate and boost
use of biodegradable products, various government incentives and manda-
tory regulations are in practice.

There are five biodegradable base stocks of some significance. These are
(1) highly unsaturated or high oleic vegetable oils (HOVOs), (2) low vis-
cosity polyalphaolefins (PAOs), (3) polyalkylene glycols (PAGs), (4) dibasic
acid esters (DEs) and (5) polyol esters (PEs)
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1. Vegetable oils
Vegetable oils have a major drawback that they cannot be used at high
temperature because they have tendency to oxidize at high temperature.
However, they are less toxic to environment and human beings since
they are derived from renewable resources and do not contain volatile
organic chemicals [44,45].

2. Polyalphaolefins (PAOs)
The biodegradable PAOs are the low-molecular dimers to tetramers.
Because of their low molecular weight, they can be used for low-tem-
perature applications. Hence, they are widely used as hydraulic and
engine oil, particularly in cold climate applications and where hydraulic
pressures are increasing (>7000 psi).

3. Polyalkylene glycols (PAGs)
Polyalkylene glycols are produced by polymerizing ethylene oxide and
propylene oxides or their mixtures. They are highly polar; hence, they
have high solubility of water and which is advantageous to a biodegrad-
able fluid but disadvantageous as it intensifies moisture contamination.

4. Diesters (DEs)
The diesters are composed of dicarboxylic acids (such as adipic acid)
esterified with alcohols produced from hydroxylated petroleum frac-
tions. It has the advantage of use as base stocks for biodegradable
hydraulic fluids and can be mixed with PAOs for excellent properties.

5. Polyol esters (PEs)
Polyol esters are composed of fatty acids attached to alcohol, which
does not contain a hydrogen atom on the f-carbon atom. Owing to
typical structure, they have high resistance to oxidation, excellent low-
temperature performance and high biodegradability.

10.4.2 MANUFACTURING ProcEess AporTeD (CUTTING
FLuib, GRINDING FLuiD OR FORMING FLUID)

Lubricants are used in metal forming processes to provide desirable tribological con-
ditions at tool-work piece interface, increase metal formability, extending tool life
and reducing energy loss.

The lubrication affects material formability and forming defects throughout form-
ing procedure, hence the feasibility and productivity of a forming process depend
strongly on the provided lubrication. L.oad required for the deformation during form-
ing, life of process tool and quality of part produced are other critical factors that can
be influenced by lubricant performance [46,47]

Various process parameters as load, temperature and speed of deformation in
addition to inherent lubricating properties of lubricant play an important role in the
selection for the particular metal working process.

As discussed based on metallurgical considerations, the metal working pro-
cesses can be classified into three processes: hot working, i.e., processing above the
recrystallization temperature, cold working, i.e., processing below recrystallization
temperature and warm working processing at 50% of recrystallization temperature.
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Since this classification is based on melting point of metal, it is not suitable from
tribological considerations. For tribological purposes, it may be better to consider
cold-forming processes as those operating below about 250°C, where organic-based
lubricants can be used without significant thermal degradation

Since in bulk-forming processes, as rolling, extrusion, and forging the interface
pressure (between tool and workpiece) equivalent to tensile strength same as the
material to be processsed is applied. The details are discussed in tribology at the
high-temperature section [48].

10.4.3 QuanTiTY of FLuID

Several important processes like cold forging and hot extrusion or hot rolling of steel
are possible only by using an efficient lubrication system. In the case of cold forging
phosphate stearate lubricant coatings, hot extrusion molten glass film lubricants and
for hot rolling of steel, sodium bicarbonate and sodium nitrate are used. In the case of
cold rolling of Al, the production speed and surface quality are dependent on control
of lubrication.

The quantity of lubricant used is dependent on viscosity of lubricant,t which in
turn is dependent on temperature, pressure and rate at which it is sheared. A thinner
layer will be created with less viscous lubricant, which will result in more metal-to-
metal contact and hence higher friction and wear. On the other hand, more viscous
lubricants create thicker layer, less metal-metal contact, low friction and lesser wear.

Moreover, the performance of lubrication is influenced by other factors like type
of manufacturing processes, material being processed and tool material used.

The lubrication in metal working involves different mechanisms, hence its
selection depends on the chemistry of the metal working tool-lubricant-work piece
interface, the method of lubricant application, the geometry of the process, ease of
disposal, the mechanics of the operation [3,49].

10.4.4 AbpDITIVES FOR LUBRICANTS

The purpose of additives is to modify the properties of lubricants and make them
suitable for particular applications. The additives and their characteristics and func-
tions are mentioned in the table below. Additive selection depends on the require-
ments for a particular tribological system [50].

In addition, the adequate choice of additive depends on the specific lubrication
regime (see Figure 10.1): for boundary lubrication conditions (mostly at high loads),
extreme pressure additives (EP) are more effective; anti-wear (AW) and friction modi-
fiers (FM) are more efficient in the mixed lubrication regime; and finally, viscosity
improver additives (VII) are more effective at the full film lubrication regime [51-53].

10.5 WEAR

During forming the tool surface is subjected to a sliding contact which results in loss
of material from the surface and transferred to another surface. The high contact
stresses and often elevated temperature leads to tool wear. The wear mechanisms that
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TABLE 10.1

Role of Additives in Lubricants

Additives Key Characteristics

Anti-corrosion Reduces deterioration of active metals

Anti-oxidant Increase oxidation resistance and thus prolongs life of base oil
Anti-rust Slows corrosion of iron alloy

Anti-wear Forms protective film to protect the metal surface
Colour/ultraviolet dye Visual markers for inspection or assembly

Conductive agent Add thermal or electrical conductivity

Extreme pressure Forms protective layer to prevent seizure and severe damage
Friction modifier Reduce the coefficient of friction

High-temperature enhancer Boosts high-temperature limit of oil

Viscosity improver additives (VII) Alters oil viscosity

can be found in forming applications include abrasive and adhesive wear, mechanical
and thermal fatigue, plastic deformation and corrosion. For excellent wear resistance,
the surface of the tool should be hard and capable to maintain high hardness at high
temperature, especially for high abrasion wear resistance. Another important charac-
teristic of tool material is that it should have high toughness so as to improve fatigue
properties and high thermal resistance.

10.5.1 WEAR DURING CoLD FORMING

Since cold forging is forging at room temperature the tool failure is due to high con-
tact pressure and relative motion between tool surface and formed material. Among
various wear mechanisms like abrasive wear, adhesive wear, low-cycle fatigue, crack
propagation and plastic deformation most dominant is adhesive wear. Very often,
more than one wear mechanism can occur simultaneously.

There are local micro welds between tool surface and workpiece and later on
accumulation of work material on tool surface is the main reason for adhesive wear.

The outcome of this is poor uneven surface due to unstable friction and scratch-
ing. Removal of adhered work material may cause three-body abrasive wear. The
most common method to avoid adhesive wear is to use hard and tough tool mate-
rial with excellent surface finish. Application of lubricants reduces/avoids adhesive
wear. During forming of hard material or multiphase material(consisting of oxides,
carbides, etc), abrasive wear occurs. The reason is hard material causes scratch on
tool surface and leads to tool wear. Abrasive wear can be found in punching, fine
blanking, drawing, extrusion and forging. The abrasive wear can be avoided by using
the tool which is surface engineered either by or in combination of thermo-chemical
treatments and /or the deposition of hard, wear-resistant coatings.

10.5.2 WEAR DURING HOT FORMING

In contrast to cold forming hot forming involves high processing temperature. The
wear of tool occurs by four types of loading viz thermal, mechanical, tribological
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and chemical. Due to high temperature and Cyclic heating and cooling during pro-
cessing (thermal fatigue) tool hardness is reduced. In addition, due to high tempera-
ture, there is hard and brittle oxide formation on the surface of metal which in turn
generates hard abrasive particles and causes abrasive wear of tool. There will be a
larger drop in surface hardness and tool will be more reactive at high temperature,
which would intensify abrasive wear and galling.

The understanding of tool wear in forming will assist in the selection of tool mate-
rial and /or surface treatment required as per reference [54]. The costs of roll wear are
estimated to be 10% of processing costs [53,55]

10.6 TRIBOLOGY AT HIGH TEMPERATURE

When the metal surface is exposed to high temperature, various changes are occur-
ring on the metal surface due to oxidation and diffusion which results in changes
in morphology, microstructure and mechanical properties. These changes in turn
will affect the tribological behaviour of materials at elevated temperatures. Another
important aspect is poor performance of lubricant at temperature greater than 300°C
[56]. Tribology at high temperature forming mainly concentrates on tool-workpiece
interface. Four main topics in hot forming are considered:

1. Oxidation at high temperature and its effect on tribology behaviour

2. Surface coating and their tribological behaviour

3. Lubrication effect and its tribological performance at high temperature

4. Testing method that is tribometers in metal forming at elevated temperature.

10.6.1 OxipATION AT HIGH TEMPERATURE AND
Its EFFecT ON TRIBOLOGY BEHAVIOUR

The formation of oxides on metal surfaces in relative motion often results in reduced
wear and friction. Hence, such oxides can play an important role in many practical
situations. Considering the case of Ni and Co which are widely used metals for hot
metal forming because of their high melting point and retain high strength at high
temperature. In this case, very fine crystalline particles of oxides such as NiO, Cr,0;,
Co,0, NiCr,0,, etc are formed. These particles tend to deform plastically during
sliding and produce smooth surface. The iron-base alloys especially low alloys steels
are widely used because of lower cost. However, when subjected to high temperature
(greater than 200°C) environment they suffer from oxidation. During hot working
processes (forging, rolling), oxidation occurs on the surface which deteriorate the
properties of metal and is to be removed during subsequent cold working or fur-
ther applications. There is variation in the composition of iron oxide over a range
of temperatures. From 200°C to 570°C two-layer oxide scale, outer scale is Fe,O;
(heamatite) and inner layer is of Fe,O, (magnetite). This duplex layer gives good
protection against further oxidation as it inhibits diffusion of iron and oxygen ions.
Above 570°C third iron oxide, FeO (wustite) is formed at the metal/Fe;O, interface
and the oxidation rate increases due to the higher defect concentration of this layer.
Hence, for high-temperature applications, the alloy steel consisting of elements that
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form stable/slow growing barrier layer at the base of oxide scale, e.g., Cr,0; layer in
a Ni-20wt%Cr alloy [56-59].

In addition to temperature composition of steel also plays a major role in determin-
ing the rate of oxidation and stability of the oxide layer. In the case of plain carbon
steel at a temperature below 500°C, increasing carbon content increases the rate of
oxidation, however, at a temperature greater than 700°C rate of oxidation is reduced.
When alloying elements as Cu and Ni are added (more noble than iron), a strong bond
is formed which makes the scale difficult to remove between reheating and hot form-
ing [60].

10.6.2 SuRFACE COATING AND THEIR TRIBOLOGICAL BEHAVIOUR

Maximum damage occurs at tool-workpiece interface during hot metal forming pro-
cess due to any combination of reasons like galling (material transfer), mechanical
loads, thermal fatigue, oxidation, plastic deformation and cracking. Since all these
are surface phenomena, if the protective coating is applied on the surface of the tool
and workpiece, it will provide resistance to wear, fatigue and oxidation. In addition
to coating application, optimized heat treatment of tool steel may also improve the
properties of tool steel [60].

As per reference [61], they selected martensitic chromium hot work tool steel to
prevent damage due to crack formation during thermal fatigue. These steels have
characteristics of high hot strength, toughness and ductility and adequate thermal
conductivity and expansion. Heat treatment determines thermal fatigue crack and
test temperature determines thermal fatigue resistance.

The investigations of various types of surface modifications like different grades
of polishing, plasma nitriding and DLC coating, all applied to cold work tool steel for
their tribological behaviour were done [62]. The important observation made was that
surface roughness plays a major role since it removes all surface irregularities and
hence potential source of metal transfer. DLC carbon-based coating maintains low
friction and galling resistance. However, the performance of fine polishing is better
than DLC. In the case of plasma nitriding, additional performance of TiN coating was
poor, and it showed high friction and high affinity to pick up work material [58,61,62].

In reference [63] to compare thermal diffusivity and wear performance, five PVD
films of different compositions, TiN, TiAIN, CrN, AITiN, and TiCN, were depos-
ited on M41 steel. The results suggested that among all the coatings TiAIN and
AITiN performed better than the remaining coatings. The work done by Hardell and
Prakash was to study high-temperature tribological applications of potential PVD
coating (TiAIN and CrN) and plasma nitriding treatment against ball bearing steel at
400°C and found out that TiAIN performed better than CrN.

10.6.3 LuBRICATION AT ELEVATED TEMPERATURE

Owing to complex tribological conditions like oxidation on the metal surface of
metal or tool or both, wear or thermal load the role of lubricant is to protect freshly
exposed chemically active metal surface. Certain research in high-temperature lubri-
cation is discussed [64].
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As per reference [65] the lubricant used for hot forging should have a high ignition
point, a proper viscosity at the working temperature and a low coefficient of friction,
protect the tool from overheating and prevent a temperature drop of the forging (it
should characterize in low thermal conduction) and reduce the coefficient of friction
during the release of the forged metal from the die cavity. The authors have given
comprehension studies for the same.

The paper [65] presents the influence of the applied lubricating and cooling agents,
lubricant dose size, time and direction of administration as well as methods of oper-
ating the lubricating devices for high-temperature forging operations. As it has been
demonstrated, the selection of the lubricant, its dose and method of feeding continues
to be a current research problem. They concluded that lubricants most commonly
used in die forging at elevated temperature are graphite-based lubricants with modi-
fied properties depending on the specific process.

In reference [66], Al-coated 22MnBS5 steel was selected and a comparison of coef-
ficient of friction was done using five types of commercial lubricant for hot forging
using a hot flat drawing stimulator. Different newly developed solid lubricants were
studied. In this study, first, the coefficients of friction of Al-coated 22MnBS5 steel
were measured using five types of commercial lubricant for hot forging using a
hot flat drawing tribosimulator. Second, from the results, the coefficient of friction
was measured using five types of lubricant with added different solid lubricants at
a concentration of 5% (solid lubricants, namely, swellable and nonswellable mica,
melamine cyanuric acid, potassium titanate, and cellulose powder). Finally, the effi-
ciency of newly developed lubricants was determined using the hot deep drawing test
machine. The results indicated that the addition of hydrophilic polymer and a min-
eral salt resulted in the lowest coefficient of friction for hot forging whereas swellable
micagace lowest value for hot stamping.

In the research of reference [67] lubrication behavior of graphite was investigated
by ring compression tests of Ti+6Al1+4V alloy at temperatures from 750°C to 1000°C
and constant strain rates from 0.05 tol5s~!. The results indicated that Graphite pow-
der dispersed in engine oil can be used effectively as a lubricant for compression tests
at temperatures below 800°C above this temperature the lubricating properties are
not very effective.

In the research [68], different lubricants (mineral oil, alcohol, ester, phosphor EP,
sulphur EP, and MoS,) were tested in a range of 200°C-300°C in a ring compres-
sion test of Mg alloy. Among all the lubricants, thin alcohol was the most efficient in
reducing friction under the prevailing testing conditions

10.6.4 TesTING METHOD (THAT Is TRIBOMETERS IN METAL
FORMING AT ELEVATED TEMPERATURE)

Friction is one of the most important parameters in tribology that determines the
behaviour of the material during metal working. There are two methods of deter-
mining friction: direct and indirect. In direct method, measurement pins are placed
locally at tool-workpiece interface. Indirect testing method involves friction measure-
ment due to friction stresses, which are averaged over an entire tool-workpiece inter-
face. The processes have advantages of simple process, represents actual conditions



Tribology Aspects in Manufacturing Processes 225

compensates local inhomogenieties hence widely used in industry. However, these
processes have disadvantages that most of the parameters cannot be controlled inde-
pendently from each other [69].

With the purpose of energy saving, Al extruded parts are widely used. Since hot
working increases the production rate, hence it is a widely preferred method. As per
reference [70], the friction at the workpiece—tooling interfaces during hot extrusion
of aluminium (temperature range from 300°C to 500°C) is one of the important
boundary conditions, and it is very difficult to determine. During extrusion, complex
tribological phenomena occur and are affected by local temperature, relative veloc-
ity, geometry and tooling surface roughness and all this is more important because
the tool is made of steel and has to come in contact with hot aluminium. Under the
effect of friction, severe plastic deformation, removal of heat from extrusion tooling
to surrounding there is variation in temperature during extrusion; in addition, there
is a normal pressure variation due to adhesion friction and varied velocities. All these
phenomena affect the surface topography in a complex way at workpiece tooling
interface. Usually, to determine the tribological behaviour of a mating system and
understand the mechanisms of wear and friction, the most commonly used charac-
terizing test are pin-on-disc and ball-on-disc friction tests and extending these tests
at high temperature resembles the contact conditions between the billet material (an
aluminium alloy) and extrusion tooling (made of a steel).

Another most common method of metal forming, i.e., hot rolling is considered.
There are three main components of hot strip mill viz the Mill, the rolled metal and
interface. The tribology at interface involves friction, lubrication and heat transfer.
Various material parameters include mechanical properties of rolled material, rolls
including yield stress, hardness, Young’s modulus, shear modulus as well as thermo-
physical properties affect the interactions. Since the process occurs at high tempera-
ture, various surface properties such as the chemical reactivity and nature of scale
formed (which in turn depends on chemical composition) at high temperature as well
as surface roughness plays role in tribological performance. Additionally, the process
parameters like temperature, speed, and extent of reduction will influence surface
interactions [54,71].

10.7 TEST TO STIMULATE HOT WORKING PROCESSES

10.7.1 RING COMPRESSION TEST

Planestrain or uniaxial conditions exist during the ring compression test, hence it
is most suitable for measuring the material's flow strength during bulk forming
(compressive process). However, ring compression test has inherent disadvantage of
inhomogeneous deformation within the sample, caused by the undesirable specimen/
die interface friction. In ring compression test, hollow cylinder is axially deformed
between two flat dies. The principle of the test is different behaviour of inner diameter.
At low friction, inner and outer diameter deform symmetrically and material flows
in an outward direction. At high friction, opposite behaviour is observed and inward
material flow occurs. The relative change in inner diameter and ratio of compression
after test is plotted graphically and friction parameter either friction coefficient j1or
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FIGURE 10.4 (a). Ring compression test sample before and after forming. (b). Tool system
for the ring compression test with the hydraulic oscillation system.

the friction factor m is determined. The schematic diagram of ring in compression
test is shown in Figure 10.4a and b [72-74].

As shown in Figure 10.5, the height reduction during compression test in terms
of percentage and corresponding measurement of internal diameter of test specimen
provides quantitative knowledge of the magnitude of the prevailing friction coeffi-
cient at the die/workpiece interface [75].

10.7.2 Brock oN CYLINDER TesT

The block on cylinder test represents laboratory-scale extrusion metal working pro-
cess. This process is adopted as field test, which is time-consuming, expensive and
difficult to control. The schematic diagram is shown in Figure 10.6. As per simula-
tion, extrudate is rotating cylinder and contact surface of block represents bearing of
the tool. As per ref. [75], the laboratory test represents similarities to actual extrusion
in terms of wear observed in both cases that is combination of abrasive, chemical
and delamination wear. In their investigation, they had done a comparison between
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traditional nitriding and a CVD coating by TiC+TiN on die. They concluded that
chemical wear dominates the deterioration for the two surface treatments for both
cases. However, the CVD coating had a superior resistance to wear compared to the

nitrided steel.

10.8 SUMMARY

The chapter deals with most common bulk metal forming processes including forg-
ing, rolling and extrusion and details about tribological behaviour in terms of fric-
tion, wear and lubrication. Details about various types of lubricants and additives are
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also discussed. The variation in wear phenomena for processes at room temperature
and high temperature are analyzed. Finally, two laboratory scale tribometers repli-
cating the actual conditions are also discussed.
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11.1  INTRODUCTION

Surface coatings can be applied to a variety of surfaces and could provide an excellent
way to achieve smoother surfaces with enhanced surface properties for a variety of
applications including, corrosion resistance, antifouling, antibacterial and tribologi-
cal properties, etc. Although applying coatings on different types of surfaces such
as metal, alloys, wood, glass, etc., might have resulted in a higher expenditure, but
due to their remarkable savings in maintenance cost, minimizing the risk associated
with equipment failure due to corrosion and enhanced service life of the equipment,
etc., these are thought to be an additional viable in extended terms [1]. An additional
dimension has been added to the surface coatings in terms of nanomaterials coating
that has proven an efficient method to tailor the properties of coatings and conse-
quently enhance the corrosion-resistant, tribological and other physical properties
[1,2]. Nanomaterials may be described as having at least one of their morphological
features like particles size, grains size, structures size, etc., in the nanosized range
i.e., less than 100nm, and these can be categorized as of zero-dimensional (nanopar-
ticles), one-dimensional (nanotubes, nanowires, and nanorods), or two-dimensional
(nanoplatelets, nanosheets, and nanofilms) nanomaterials [1-3]. Nanomaterials also
acquire enhanced physical, chemical, magnetic, electronic, thermal, mechanical, and
optical properties, which are principally due to their small sizes and higher surface
area [3]. The combination of two or more immiscible phases gives rise to composite
coatings [4]. The nanocomposite coatings are individuals in which at least one of
the ingredient phases has a measurement lesser than 100nm in size. Nanocomposite
coatings are among the most fascinating and fastest-growing areas of research and
have attracted great attention in advanced research all over the world due to their dif-
ferent functionality, opportunities to realize exclusive grouping of properties that are
unattainable through conventional resources [2—4]. The utilization of nanoparticles
into the matrix arrangement has turn out to be a topic of curiosity in chemical along
with engineering applications because of impending changes in physical properties
of nanocomposites [2,3,5]. These alterations in properties are approached from two
features of nanoparticles; the first one is an enlarged surface area and the second one
is quantum effects associated with nano-dimensional particle configuration [2,6,7].
These features can alter or improved properties such as strength, toughness, reactiv-
ity, magnetic addition to dielectric properties, etc. [2]. The nanocoating technology
has significantly influenced the paint industry with an accretion of properties such
as self-cleaning, self-healing, high wear, and scuff resistance and has capability to
replace toxic chromium coatings [3]. On the other hand, smart nanocoatings have
significantly benefited in reducing biofouling and corrosion effects, and these are also
developed to counter external stimulation such as heat, pH, humidity, stress, electro-
magnetic radiation, coating buckle, etc., by liberation of a controlled quantity of inhib-
itors and can cure and repair damages and defects [1,2,5]. The nanocoatings possess
some other remarkable properties, which are very useful for human beings and that
is why they are employed in day-by-day practice such as cell phones, garments, high-
quality adherence, optical lucidity, photovoltaic, anti-fogging, computers, eye-glasses,
etc. [3,8,9]. In the construction field, nanocoatings are used in walls, paints, tiles, win-
dows, floor covering, air filters and are useful as flame-retardant, self-cleaning, wear
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and scratch resistance, anti-graffiti, anti-fouling, [8,9], etc. In the biomedical field,
these are used for engraving protection, surface coverage, drug delivery, and biocom-
patibility [8,9]. The nanocoating grasps several other important fields such as military,
space, nuclear, petrochemical, paper, automobile, semi-conductor industry, [3,8,9] etc.

It has been reported that nanocoatings can be deposited on different substrate sur-
faces by three common deposition methods named mechanical, physical, and chemi-
cal deposition. Among these methods, mechanical deposition method is the cheapest
one, and it can be accomplished through paint, spray, spin, or dip coating procedures.
On the other hand, physical deposition method can be done by sputtering, bonding, or
condensation procedures. Finally, chemical bonding methods are often cheaper but
require expensive precursors, such as in sol-gel, atomic layer deposition (ALD), and
Langmuir techniques [1,3,7]. Each of the aforesaid techniques of skinny film deposi-
tion on the surface of the substrate impinge on the consistency along with surface prop-
erties such as strength, rupture toughness, and ductility [4]. Each deposition method
has its individual pros and cons and to select the best technique all the processing
essentials should be studied carefully. For example, conventional coatings should be
used with the optimized conditions so that crack-free surfaces, consistency, smooth-
ness and sticking together, etc. can be achieved. Further, the wet coating is economi-
cal and can coat multifarious shapes, but on the other side, it might go through from
thermal expansion disparity and necessitate the lofty sintering temperatures [4,8,9].
Similarly, the pulsed laser deposition (PLD) and sizzling pressing methods can fabri-
cate impenetrable and homogeneous coatings but unfortunately have the same draw-
back as dip coating [4]. The sol-gel is a favorite coating method, as it has short extreme
temperatures and is comparatively cheaper than other coatings, although it needs costly
unprocessed materials as well as a controlled processing environment [4]. Several most
frequently exploited inorganic metallics (Mg, Ti, Zn, Cu, Zr, etc.) are capable of endur-
ing enormous heat and harsh process conditions. From a variety of nano-composite
coating technologies, electroless coating technology hold out with fresh advancement
in nanoscience and technology to apply coatings over a variety of surfaces for differ-
ent applications. For the past few decades, several researchers have anticipated diverse
schemes to manage different structures like pH, types and concentration of second-
phase particles, temperature, etc., for electroless Ni-P-based composite coatings effec-
tively [2,5]. The co-deposition of second-phase nanoparticles into electroless Ni-P
medium leads this classical electroless coating technology to an additional pace that is
known as electroless nano-composite coatings. It has been lately accounted that Ni-P
electroless micro/nano-composite coatings may play a vital role to avoid corrosion and
enhance wear and hardness resistance in the case of metals as well [2,5,10].

11.2 ELECTROLESS COATING TECHNOLOGY

Electroless Ni plating was accidentally discovered by Brenner and Riddell in 1946
[11] when they observed that the additive NaH,PO, caused apparent cathode efficien-
cies of more than 100% in a nickel electroplating bath. They concluded that some
chemical reduction was involved in this process and named electrodeless plating.
Later, the advances in research developed the original process and soon the name lost
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‘de’; therefore, the process is known as electroless coating, however, ‘autocatalytic’
term is also used for the process. The name electroless is somewhat misleading as no
external electrodes are present, but charge transfer (i.e., electric current) is involved
in the process. In this process, the metal is supplied by the metal salt instead of using
an anode, and replenishment is achieved by further addition of metal salt. In the pro-
cess, the cathode is not used for the reduction of metal; however, a reducing agent is
used to provide the electrons; i.e., serving as a cathode, since no external current is
used in this process; that is why, it is named as electroless [12-14].

Moreover, electroless coating is among the simple and best coating technologies,
in which deposition is a purely systematic chemical process, in which the pretreat-
ment procedure used prior to plating consisted of the following steps (Figure 11.1):
(1) cleaning, (2) surface modification, (3) sensitization, (the sensitization in addition
to catalyzing stands for deposition of Sn(II)/Sn(IV) ions as of acidic SnCl, solution),
and (4) activation (substrate activation done by dipping in PdCl, solution); rinsing
of the substrate with deionized water is necessary in between the steps [2,5,10-14].

The purpose of sensitizing ions is that it will reduce lively metal (see Equation 11.1).

Pd?* +Sn?* — Sn** + Pd’ (L1

After the pretreatment, plating on top of the sensitized surface takes place according
to Figure 11.2. The solutions of SnCl,, PdCl, and the solutions of the electroless bath
before and after the reaction are shown in Figure 11.3.

11.3 PROCESS MECHANISM FOR ELECTROLESS COATINGS

Two different types of mechanisms have been proposed following the pretreatment
process that are discussed in the following sections:

(@ An electrochemical mechanism: Here it is exemplifying that catalytic
decomposition of hypophosphite goes along with negatively charged elec-
trons which on catalytic face decrease Ni as well as H ions according to the
Equations (11.2-11.5) [2,12-15].

Rinse with Rinse with
distilled water distilled water
Sncl, Distilled Pdcl, Distilled
solution water solution water

Pretreatment steps of substrate

FIGURE 11.1  Pretreatment steps of the substrate surface.
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Ceramic

2 powder

Glass
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Electroless bath

(a) (b)

FIGURE 11.2  (a) Electroless bath components and (b) picture of electroless bath setup.

(a) (b)

FIGURE 11.3 The picture of (a) pretreatment solutions and (b) electroless bath solution
before and after coating.

H2P02_ + H20 - H2P03_ + 2H+ +2e” (112)
Ni*?+2¢” — Ni 11.3)
2H* +2¢” — H, (11.4)

HzPOZ_ + 2H+ +e > P+ 2H20 (115)
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(b) An atomic hydrogen mechanism: Here it is exemplifying that H is liber-
ated owing to de-hydrogenation of hypophosphite compound adsorbed on
exterior face and following Equations (11.6—11.9) involved in the process
[2,5,12-15].

H,PO,” +H,0 — HPO;* + H" +2H, (11.6)
2H,4 + Ni*? — Ni+2H" 11.7)
H,PO, +H, — H,0+OH +P (11.8)
H,PO,” +H,0 - H' +HPO,* +H, (11.9)

This is contingent to facilitate catalytic layer where hypophosphite is con-
centrated through H,,, as well as P. Here enlarge commencement of nano-
sized alloy captivating catalytic location acquires position first, horizontally
after then vertically [14]. The plating rate is more in horizontal than vertical
route which makes deposition pore liberated.

11.4 ROLE OF INDIVIDUAL COMPONENTS
IN THE ELECTROLESS BATH
In the electroless coating technique, the chemicals used in the coating process play

a vital role for the smooth and effective surface coating a few of them have been
discussed in the following section and summarized in Table 11.1.

TABLE 11.1

Components of Electroless Bath and Their Functions [2,18]

Components Function

Source of metal ion NiCl,, NiSO, and (CH;COO),Ni

Reducing agent Sodium hypophosphite

Complexing Agent Form nickel complexes to control free Ni ion in bath solution to prevent

precipitation of Ni phosphate and serves as pH buffers. For example, mono-/
dicarboxylicacids, hydroxyl-carboxylic acids, ammonia, alkanolamines, etc.

Accelerators It accelerates deposition process by activating the reducing agents, in other
words it has opposite action to the stabilizers and complexing agents, e.g.,
anions of some mono- and di-carboxylic acids, fluorides borates, etc.

Stabilizer (inhibitors)  Stabilizers provide shielding to the catalytically active nuclei and prevent the
decomposition of bath solution. A few are as follows: Pb, Sn, As, Mo, Cd or
Th ions and thiourea, etc.

Buffers To maintain pH of solution

pH regulators pH regulators adjust the pH subsequent to reaction, e.g., sulfuric acid,
hydrochloric acids, soda, caustic soda, and ammonia solution

Wetting agents Used to increase the wettability of active surfaces to be coated
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11.4.1  Sourck ofF NickeL loNs

In the electroless bath, nickel sulfate (NiSO,) and nickel chloride (NiCl,) are mainly
used as a source of Ni** ions for depositing amorphous alloys. It has been reported
[2,16,17] that concentration variation of Ni%* ions in electroless bath solution has very
little influence on the reduction rate of nickel ions. However, high concentrations of
Ni?* ions can cause the formation of rough deposits and thus deteriorates the qual-
ity of coatings. However, sulfate and chloride salts of nickel result in systematic and
arbitrary [16—17] depositions.

11.4.2 REeDUCING AGENTS

Hypophosphite, borohydride/ dialkyl-amino borane and hydrazine are mainly used
reducing agents. Based on the use of these reducing agents the coatings are coupled
as (Ni-P) nickel phosphorous, (Ni-B) nickel boron as well as a pure nickel (Ni) in the
electroless coating baths [19]. Hypophosphite is the well-built and inexpensive reduc-
ing agent for electroless Ni-P coating as if these are compared with Ni-B electroless
coatings [2,5,19-20].

11.4.3 COMPLEXING AGENTS

In the electroless coating technique, complexing agents play an important role to main-
tain the bath composition. As the reaction progress, nickel ions quantity decreases con-
tinuously. The bath cannot be stock up due to excessive precipitation of nickel phosphate
that results solution decomposition and a rough dark coating occurs with deteriorated
surface quality. The complexing agents prevent the uncontrolled reduction of nickel ions
into solution to some extent owing to the formation of complexes by nickel ions. In
the literature, several complexing agents have been reported [5], e.g., glycolic/succinic/
malonic acids, sodium citrate, ethylenediammine, etc. It has been reported [2,5,16] that
for sodium citrate best results occur at the concentration 30 g/l which effectively reduces
the creation of nickel phosphite and helps to check coating to become dull and porous. In
addition, some stabilizers e.g., Bi, Pb, Cd, Te, thiourea, and cyanides in the quantity of
little (ppm) parts per million can help in stabilizing the electroless bath [5,16].

11.4.4  ACCELERATOR

As complexing chemicals decrease deposition pace, therefore, to pick up the deposi-
tion pace some salts e.g., carbonic acids or soluble fluorides, etc., can also be added
to the bath. These accelerators are also economical. The main function of the accel-
erator is to break the H-P bond of the hypophosphite molecule which results in easy
removal of phosphorous and adsorption at the catalytic face. Succinic acid is the most
frequently used accelerator in hypophosphite-reduced solutions [2,5].

11.4.5 OTHER PROCESS PARAMETER

The operating temperature of the bath is an important parameter and it can affect
deposition rate. The plating rate below 65°C temperature is low, and it is more as
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temperature increases and correct for all plating processes. Bath operational tem-
perature is roughly 90°C and exceeding this aqueous solution starts evaporating and
the bath tends to become unstable [2,20]. Further properties of substrate surface also
affect the deposition process e.g., higher magnetization of deposits has been exhib-
ited on aluminum substrates than on a brass substrate. The pH of bath needs to be
attuned properly because it is an essential parameter and can affect phosphorus con-
tent in deposits. If the alkalinity of the solution increases, there is a decrease in phos-
phorus content in deposits. One can have low, medium, and high phosphorus content
deposited by adjusting pH of the bath (See Table 11.2). The acidic bath produces an
extremely intense and even surface of nickel deposit. However, alkaline bath gener-
ates only a dazzling surface.The bath loading factor suggests that the deposition rate
increases as the bath loading factor increases. There is a decisive value beyond which
the bath decomposes entirely [2,10,19,20].

Heat treatment is an important and essential part of the electroless coating
process. It can improve the adhesion of deposits to the substrate by diffusion and
improves mechanical properties of the coatings e.g., hardness, structure, morphology
of deposits [5,10,19] and transformation of deposits from amorphous to crystalline
phases. Aggarwala et al. [2,19,21] calculated the hardness of electroless Ni-P depos-
its as annealing heated and this group concluded that the optimum heat treatment
temperature for electroless Ni-P deposits is around 400°C/h. At this temperature, the
deposits get crystallized as fine particles of the Ni;P phase, which is evidenced by
the powder XRD technique and attributed to the increased hardness of the deposits.
Heat treatment at higher temperature for a longer duration can cause the growth of
nickel grains and phosphide coarsening, which leads to a decrease in progressive
hardness. Apart from heat treatment temperature, hardness is also affected by the
time of heat treatment and the percentage of phosphorous content in the deposit.
For example, to harden the surface, low phosphorous (~3%) and high phosphorus
(10.5%-12%) deposits the recommended temperature for heat treatment is~350°C
and 400°C [2,10,18,19,21] respectively. Similarly, for electroless nickel boron (Ni-B)
deposits, annealing temperature is testimony at 350°C and 450°C for 1h, which trans-
forms the amorphous phase of deposit to crystalline Ni;B and Ni,B phases. Beyond
temperature 450°C, the augmentation of crystalline Ni and adaptation of Ni,B phase

TABLE 11.2

Phosphorus Content of Ni-P and Ni-B Alloy Coatings in Acidic Bath [2,5,19,21]

S.No.  Ni-PAlloy (% P)  Ni-B Alloy (% B) Coating Properties

1 3-5(L) 0.1-2 (L) Excellent wear resistance and corrosion resistance
in concentrated caustic soda.

2 6-9 (M) 2-5 (M) Shows corrosion protection and abrasion

resistance. The plating bath works economically.
3 10-14 (H) 5-10 (H) Very ductile and corrosion resistant against
chlorides solutions.

L=Low; M=Medium; H=High.
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to a more stable Ni;B phase [20] occur. This improved adherence and strength of the
coatings after heat treatment is whispered to come beginning in chemical surface
alteration by dissemination bonding between substrate metal (e.g. Al, Cu, Steel, etc.)
and the alloy coating [22]. This diffusion mechanism is not applicable for ceram-
ics and glass substrates. Also, corrosion resistance properties of electroless nickel
deposition have been affected by heat treatment. It has been instituted that as-plated
coatings show evidence of better corrosion-resistant properties as compared to heat-
treated coatings due to the nebulous character of as-plated depositions. It is discussed
in previous paragraphs, crystalline nature of plating increases as heat-treatment is
increased which results in an enhancement in the grain boundaries that serve as
vigorous sites for corrosion attack [2,5,19]. In a topical report [23] a novel sort of
thermo-chemical action has been proposed, which can institute to turn out enhanced
corrosion battle in EL Ni—B platting as put side by side to normal annealing healing.

11.5 TYPES OF ELECTROLESS COATINGS

Electroless coatings are broadly grouped into three major types, as follows:

11.5.1  MeTALLIC COATINGS

Pure electroless nickel is of great use mainly for semiconductor applications. This
is produced by using hydrazine as a reducing agent for nickel ions present in the
bath. However, the industrial interest of the coating is restricted due to its high cost
and hazardous nature. However, electroless copper precoating is being used for elec-
troplating on plastics, ceramics, polymers, and non-conducting materials [2,21]. In
shielding electronic devices, electroless copper coating is also utilized. The thickness
of these coatings varies from 0.12 to 3 um. The typical nickel plating bath compo-
sition is as follow: nickel acetate (60 g/l), glycolic acid (60 g/l), EDTA (ethylene
diamine tetrasodium salt, 25 g/1), hydrazine (100 g/1), sodium hydroxide (30 g/1), pH
10.5-11, and temperature 85°C-90°C [2,5,19,21]. Other types of electroless metallic
coatings have been reported by Hajdu [22] in detail.

11.5.2  ELectroLEss NIckeL ALLoy COATINGS (E.G.,
Ni-P anD Ni-B ALLoys DeposITS)

Several binary, ternary, and quaternary alloys coatings e.g., Ni-P and Ni-B, Ni-P-B
and Ni-W-P, etc., have been deposited and reported in the related context. Nickel is
the single widely coated element along with phosphorous and boron. These coatings
possess paramagnetic properties and show other many industrial applications such as
excellent resistance to wear and corrosion and high hardness. For the deposition of
Ni-P and Ni-B alloy coatings, two types of baths, namely, acidic and basic baths, have
been employed.

a. Acidic bath for Ni-P and Ni-B: A typical acid bath composition reported
for Ni-P (nickel sulfate: 33 g/1, sodium hypophosphite: 20 g/1, lactic acid:
28 g/1, sodium succinate: 16 g/1, lead: 0.003 g/I at pH 5-6 and temperature
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85°C-90°C)and Ni-B (nickel chloride: 30 g/1, di-ethylamine borane: 3 g/1,
methanol: 40 g/1, di-methylamine borane (DMAB), 4 g/1, sodium acetate:
20 g/1, sodium succinate: 20 g/l and sodium citrate: 10 g/l, pH 5-6 and
temperature 50°C-60°C) [2,5,19,21]. For Ni-B coatings, DMAB is used as
a reducing agent with varied boron content (0.1%-4%). Ni-B coatings have
higher hardness as compared to Ni-P coatings and, therefore, used very fre-
quently for industrial wear applications.

b. Alkaline bath for Ni-P and Ni-B: To produce 10 um/h rate of deposition
the hot alkaline bath composition of Ni-P is (nickel chloride: 30 g/1, sodium
hypophosphite: 10 g/l, ammonium citrate: 65 g/l, ammonium chloride:
50 g/1, pH 8-10 and temperature ~80°C-90°C) above 90°C the pH of the
bath decreases suddenly due to loss of ammonia and causes high instabil-
ity of the bath which is the main disadvantage of alkaline bath [2,5,21].
However, hot and cold alkaline baths are used for Ni-B and the bath compo-
sition for hot condition is (nickel chloride: 30 g/1, ethylenediamine: 60 g/1,
sodium borohydride: 1.2 g/l, thallium nitrate: 0.07 g/l, NaOH: 40 g/1, pH:
14 and temperature: 90°C) the composition reported to have deposition rate of
20-25 pm/h. The composition of cold alkaline bath is (nickel sulfate: 30 g/1,
DMAB: 3 g/1, ammonium citrate: 15 g/, NH,CI: 15 g/l, 2-metcaptobenzo-
thiazole: 0.0002 g/1, pH~7.5 and temperature 25°C-35°C) the composition is
reported to have deposition rate is 7-12 um/h [2,5].

It has been reported that low-temperature alkaline baths are used to
deposit nickel on plastics as well as may provide good solderability for the
electronic industry. However, lower adhesion to steel, poor corrosion resis-
tance, and difficulty in processing aluminum at high pH, are the limitations.
The thickness of deposition is very much temperature dependent and so the
alkaline bath found little industrial use. To plate steel and other metals, hot
acid hypophosphite-reduced baths are frequently used. Whereas, for plating
plastics and non-metals [21] warm alkaline hypophosphite baths are used.
Several other factors can affect the bath life such as surfactants, stabilizers,
bath temperature, etc., [2,5,6,19,21]. In this way, hot acid bath has several
advantages over alkaline baths including the high thickness of better-qual-
ity deposits onto a metal surface and relatively high stability of bath solution
during plating. Ternary and quaternary alloy coatings are the extension of
binary coatings and are discussed elsewhere [6,24].

11.6 ELECTROLESS NICKEL COMPOSITE COATINGS

Electroless composite coatings are represented by dispersed second-phase particu-
late material into a metal matrix. Since the co-deposition of second-phase particulate
material including (1) hard (diamond, SiC, and Al,O,, etc.) and (2) soft (PTFE, MoS,,
graphite, BN, etc.) particles can further enhance hardness, anti-sticking, lubric-
ity, and anti-wear properties [2,5,21,25]. Depending on the requirement, soft and
hard particles are added as second-phase particles (i.e., reinforcement) to the metal
matrix. For wear-resistant applications, hard particles such as SiC, WC, Al,O,, etc.,
are added, whereas to reduce the friction coefficient the lubricating solid particles
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like MoS,, graphite, etc., are added [2,5,19,21,25]. Thus, these types of composite
coatings show a wide spectrum of applications e.g., claddings, anti-reflection films,
process machinery and electronics industries, etc. [9,17,25].

In metallic matrix, the co-deposition of Al,O5 and PVC particles was first studied
in 1966 [26]. Thereafter, several research studies have been carried out research in
this direction all over the world and a few of them are discussed here. Sharma [27]
and Metzger and Florian [28] have introduced alumina (Al,O;) particles of micron
size into electroless nickel coatings. In Wankel (rotary) internal combustion engine,
Ni-P-SiC coatings were used commercially for the first time [26]. The methodol-
ogy employed to produce composite coatings was like conventional electroplating.
However, dispersion of finely divided second-phase particles in the plating bath sub-
stantially increases the surface area of loading up to 800 times that leads to homog-
enous decomposition of the bath [29]. Thereafter, improved and novel methods
have been reported for the coating procedure including proper mixing, addition of
surface-active substance, in-situ generation of second-phase particles nanoparticles
[30], etc. Two different types of mechanisms for particle incorporation in electroless
Ni-P matrix have been reported. The first one is conventional method in which the
externally synthesized second-phase particles have been added to the electroless bath
during the deposition process in this way the second-phase particles co-deposited
along with Ni-P. The second one is a non-conventional method; in this method, by
adding suitable precursors to the electroless bath, second-phase particles have been
synthesized inside the bath (i.e., in-situ generation) and get dispersed simultane-
ously into the Ni-P matrix. By these methods, several second-phase particles such
as AL,O,, BN, SiC, TiO,, B,C, MoS,,C (graphite/diamond), PTFE and Si;N,, etc.,
[2,5,19,21,25-49] of micron-size have been co-deposited successfully into electroless
Ni-P matrix.

The effective co-deposition of second-phase particles into Ni-P matrix depends on
various factors including particle shape, size, relative density and charge on particle,
catalytic or inert nature of particles, and concentration of particles in the plating
bath. Apart from this, electroless bath composition, method and degree of agitation,
compatibility of the particle with the matrix, and the orientation of the particle being
plated have also affected the process of deposition and coating properties. During
the deposition process, the convection forces also play an important role, which
moves the particles straight to the substrate surface before being incorporated into
the growing coating. The size of the particles has a definite impact on their incor-
poration in the electroless Ni-P matrix. In general, it is recommended that particles
size should be selected according to the thickness of the electroless nickel deposit.
Particle shape also plays a vital role in determining their incorporation level. From
the previous studies, it has been concluded that angular particles have a greater ten-
dency to incorporate into metal matrix than round ones. However, better results have
also been obtained with spherical particles of alumina. The difference in particle
shape also affects the finishing of the deposit. Very smooth and very rough surfaces
were obtained from small rounded particles and large angular particles, respectively
[2,5,18,20-22,24,27-29]. The possibility of second-phase particles to get agglomer-
ate cannot be ruled out beyond a critical concentration. Because at high concentra-
tion, the mean distance between the particles is decreased, resulting in a decrease in
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the level of incorporation settlement of the particles. Therefore, the concentration of
second-phase particles within the bath is very important in the distribution of par-
ticles in the deposit [30,31]. Surfactants have also played an important role in the
incorporation of second-phase particles especially for soft and lubricating particles,
e.g., polytetrafluoroethylene (PTFE), graphite, and molybdenum disulfide [32-35].

11.7 INCLUSION OF SECOND-PHASE (X)
PARTICLES INTO Ni-P MATRIX

The widespread investigations were done to insert second stage nanoparticles into
EL Ni-P medium [18,20,21,27,29-35]. Lanzoni et al. [36] described assimilation
of SiO, nanoparticles in EL. Ni—P plating extensively improve micro-hardness (heat
treatment ~400°C) and wear conflict of plating. Corrosion fighting quality of EL
Ni-P-SiO, platting beside salty solutions has appreciably enhanced and SiO, has
(2wt%; size ~20nm) [37,38] characteristics. To build up Ni-P-TiO, composite plat-
ing a novel method, i.e., the addition of transparent TiO, solution in electroless is
developed [30,39,40]. The TiO, powder having ~10nm size has also been coated
with Ni-P [39] and results improved triobological properties. Micro-hardness test
values demonstrate a noteworthy improvement from~710 HV, to 1025 HV,. In
addition, soft particles (PTFE, Hexa-BN, MoS,, WS,, CNT and C) offer superior
lubrication when incorporated in EL Ni-P medium [2,5,19,32-35]. The Ni-P-SiC
deposition has price effectual plus best-performing confederacy [41-43] for scratchy
and wear conflict properties. The stripped of Ni-P-X (X= hard particles), Ni-P-SiC
depositions demonstrate high hardness along with wear resistance to replacing active
“stiff chromium” coating into aerospace engineering [41-43]. Along with others,
the grouping (Ni-P-SiC coating) has established a lucrative (price tag wise) as well
as best-performing arrangement functioned in industry. Alumina powder (Al,0; of
size 50, 300, and 1000nm) is co-deposited into Ni-P medium and studied [27] the
outcome of particle size on hardness, microstructure in addition to corrosion protec-
tion properties. The barium hexaferrite (BaZn,-yCoyFe,;O,,) is a central magnetic
material and is extensively utilized as magnetic recording media, enduring mag-
net and microwave absorbers [44]. Therefore, attempts to incorporate nano-barium
hexaferrite into electroless Ni-P matrix have also been made and reported to show
improved microwave absorption properties [44]. Increased wear resistance property
has been observed for Ni-P-X particles (X= Cr;C,27% volume, teflon, diamond)
[2,5,45,46]. The WinowlinJappes et al. [45] has studied corrosion protection of Ni-P-
diamond composite plating against NaCl (3.5 wt%) solution and reveals subsidiary
raise in corrosion conflict contrast to plain Ni—P plating. The electrochemical resis-
tance of composite coatings Ni-P-CeO, [47] and Ni-P-TiO, [30] is determined by
the EIS method. The superior corrosion protection is observed here in contrast to
plain Ni-P deposits because of the smaller tendency of CeO,-containing coating
undergo to local-cell corrosion. The Ni-P-Fe;O, composite coatings exhibit supe-
rior resistance against corrosion in contrast to plain Ni—P plating and show superior
protection in the air against cyclic test at temperature 800°C [48]. Shibli et al. [49]
reported improved corrosion resistance on the assimilation of ZnO nanoparticles
into Ni—P matrix and Sharma et al. [18] reported Ni-P-ZnO for antibacterial and
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anticorrosion applications. Corrosion and tarnish protection properties of Ni-P-X
(where X=Si0,, CeO,, Zn, (PO,),, ZnSnO;, and ZnSiO;) [37,38,47,50] nanoparticles
have also been discussed. The mechanism for co-deposition of nano-meter diamond
particle along with Ni—P has been explained [47] and studied for their anti-fretting
and anti-wear properties. It has been observed that it shows brilliant anti-fretting and
wear properties for elevated load at normal temperature than nano-diamond com-
posite plating arranged by electro-brush plating [45]. Higher micro-hardness of these
coatings especially at relatively high temperature is observed as compared to con-
ventional Ni-P coating. Increased oxidation resistance for Ni-P-X (where X =Si;N,
(8.01 wt%), CeO, (7.44 wt%) or TiO, (5.42wt%)) has been reported [51]. Bozzini et
al. [52] described the magnetic dependency of Ni-P-B,C in as-plated and annealed
conditions. In as-plated form, the coating exhibits a strapping reliance of magnetic
susceptibility in a functional magnetic field because of better structural heterogene-
ity in contrast to plain Ni—P coatings. Further on heat treatment, composite coatings
sealed field reliance with superparamagnetic character, whereas plain Ni-P deposits
develop into ferromagnetic nature. The diversity in the magnetic performance of
these depositions is due to the concentration of B,C (25 volume %) which results
in nickel-phase precipitation. The CN'Ts may be permeating into an extremely min-
ute opening in spongy Ni-matrix to construct passive coat additional stable and
compressed that is why; it shows tremendous corrosion protection and elevated
micro-hardness. The EL Ni-P-CNT composite coatings have spacious applications
in contemporary electronics industry [53-55]. The CNFs coated upon Ni-P alloys
[56] catalytic surface is evidence for unsystematic orientation, hovering of equivalent
graphite planes with imperfections twisted from their axis. It has been reported [56]
that Ni-P catalyzed CNFs divulge outstanding turf emanation properties. The CNF
is a lightweight, relatively low-cost, high tensile strength, high hardness, and excel-
lent corrosion-resistant material. Ni-P-TiO,/ZrO, coatings have been reported [57,58]
for corrosion, hardness, and wear resistance improved than the basic substrate and
Ni-P coatings. Furthermore, Ni-P-WO, coatings have been reported for their elec-
trocatalytic activity [59]. Ni-P-Ti coatings show indentation and bending behavior
[60] and scratch-resistance calculated [61]. Luo et al. [62] have studied Ni-W-P/Ni-P-
nano-ZrO, coatings for structures, morphologies, and corrosion resistance proper-
ties. Dhakal et al. [63] have studied composite Ni-P-TaC coating for microstructural
and electrochemical corrosion properties.

11.8 PROPERTIES AND APPLICATIONS OF
ELECTROLESS COATINGS

Some of the chemical, physical, electrical and mechanical properties of varying
concentrations of phosphorous (low, medium, and high) content are summarized
in Table 11.2 in the previous section. In addition to that electroless coatings show
high hardness which is an important parameter for many successful applications.
However, the hardness of the coatings is strongly influenced by the phosphorus con-
tent in as-deposited conditions. Heat treatment of electroless coatings in the optimum
temperature range (for Ni-P it is 345°C to 400°C) results in a dramatic increase in the
range of ~850 to 950 HK,, in hardness. For phosphorus content within the normal
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operating range [2,5,19,20-22] electroless nickel deposits possess a low ductility.
The coatings are hard and brittle, and elongation to fracture is typically 1%-2.5%.
On heat treatment, the hardness of electroless nickel increases, whereas ductility
reduces. Because of high hardness and good natural lubricity, electroless nickel coat-
ings exhibit good wear resistance. Wear resistance of deposits can be enhanced by
heat treatment and co-deposition of particulate matter (e.g., silicon carbide, diamond,
alumina, fluorinated carbon, and polytetrafluoroethylene). In the as-plated condition,
electroless nickel coatings have good resistance to erosion and abrasion. However,
heat treatment of deposits can significantly improve hardness and wear resistance.
Therefore, the hardness of electroless nickel deposits depends mainly on heat treat-
ment and phosphorus content that can be advantageous to prevent galling. Low phos-
phorus deposits provide better wear properties [2,5,19,20-22] in the as-deposited
condition, and this would naturally be attributed to greater hardness. The major rea-
son for the widespread use of electroless nickel is due to its high corrosion resistance,
which enables it to use as a protective coating. Though all electroless nickel deposits
do not perform in the same way however their performance is highly dependent on
the specific conditions of the coatings. For example, high phosphorus deposits are a
good performer at elevated temperature than low phosphorus deposits, as well as are
superior in neutral or acidic media than strongly alkaline media. Electroless nickel
deposits have very low porosity and uniform thickness. As the thickness of coating
increases porosity decreases, and for deposits, phosphorus (containing ~ 10% P) [19—
22] tendency to form porous coatings is greatly reduced. However, on heat treatment,
an increase in porosity of the coating generally occurs, which decreases corrosion
resistance. This is probably due to the formation of microcracks [2,5,19-22] and is of
most concern with high phosphorus deposits. In addition to this electroless coatings
possess a low friction coefficient that is useful in self-lubricating coating, as well as
act as protective coating owing to its good chemical resistance. These coatings are
useful in many functional applications due to their promising properties of solder-
ability and weldability.

Electroless nickel coatings are mainly used for wear resistance, corrosion resistance,
lubricity, buildup of worn over machined surfaces, and solderability. By all segments
of the industry in varying degrees, these properties are utilized either separately or in
combination such as oil field valves, drive shafts, rotors, paper handling equipment,
fuel rails, doorknobs, kitchen utensils, and optical surfaces for diamond turning, bath-
room fixtures, electrical/mechanical tools, office equipment, etc. It is also commonly
used as a coating in electronics printed circuit board and hard disk drive manufactur-
ing. The coating can be used to salvage worn parts due to its high hardness. Its use in
the automotive industry for wear resistance has increased significantly.

11.9 SUMMARY

Electroless deposition technique which increases the service life and durability of
the components used in various engineering applications, on considering, the cost
effectiveness factor. In recent years, most researchers have been focusing on electro-
less nickel(phosphorus/boron) composite coatings as compared to plain electroless
nickel coatings because of their optimistic future in wear-resistant, self-lubricating,
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anti-corrosion, and other promising properties. Non-conventional methods of elec-
troless composite coatings have also attracted the attention of researchers and there
is a scope for further research to optimize the parameters of the in-situ generation
of reinforcing material. The electroless Ni-P-X and Ni-B-X (where X= SiC, CeO,,
Zr0,, TiO,, ZnOAL0,, CNTs, Fe;0,, B,C, diamond, etc.) composite coatings have
been developed successfully by conventional method in micron and nano-size range
and studied for different properties including wear and corrosion resistant, high
hardness, microwave absorption range, magnetic properties, antibacterial properties,
lubricating and anti-scratch properties, etc. Owing to the good response observed for
abovementioned properties these coatings provide excellent applications in defense,
textiles, heavy industries, and several other segments of industry. In addition to the
improved properties of the coatings, some features need to be improved for better
performance of the electroless composite coatings, for example, non-consistent allo-
cation of nanoparticles on the coated surface that may serve as a source of cavitation
and reduces the coating performance.
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