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MODULE 22

WELDING METALLURGY
OF |

STAINLESS STEELS

The majority of stainless steels can be readily welded; but only if
the correct consumables and procedures are used. The special
properties of stainless steels allow them to be used in aggressive
environments, corrosive media, at very high or very low tempera-
tures, and the consequences of incorrect procedures or fillermetal can
be serious. Rapid corrosive attack, cracking or premature failure are
all possible. Yet most mistakes would be easily avoided if a few
simple guiding principles were followed. The welding engineer,

- responsible for specifying welding procedures, must have a sound

understanding of the metalturgy involved in welding stainless steels,
and itis the objective of this module to provide this. Itisnot the intent
to give arecipe or recommendations for specific cases——the engineer
must study each case thoroughly before selecting a procedure—but
tather to describe the underlying principles involved.

We will start by discussing the effects of chromium and nickel,
the two most important elements in stainless steels; then describe the
main classes and properties of stainless steels; discuss problems
arising in welding; examine what determines the weld metal structure
and explore the practical aspects of welding procedures for stainless
steels.

After successfully completing this module you will be able to:

« Explain the role of various alloying elements in stainless
steels '
«  List the major groups of stainless steels and their properties
= Explain the major problems in welding stainless steels and
how to overcome them
»  Select welding procedures for stainless steels
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Stainless steels acquire their special stainless properties from the
presence of the element chromium. We could, in fact, define stainless
steels as simply those steels containing more than 10% chromiaom.
Stainless properties allow these steels to be used for a wide range of
applications including chemical plant, high temperature exposure,
cutlery, food processing equipment, and many others. They are not,
however, stainless under all conditions and some environments can .
cause corrosive attack. '

Chromium provides these special properties by forming a thin,
tight, impervious layer of oxide on the surface of the metal which
protects it from the environment. Fig. 1illustrates this schematically.
The oxide forms very rapidly and if the metal is scratched, breaking
the film, it quickly reforms. We call the film a passive oxide layer
since it passivates the metal, i.e., makes it inert to corrosive attack.
Should the oxide layer be removed, passivity is lost and the steel
would immediately lose its stainless qualities. This can happen under
certain conditions such as exposure to hydrochloric acid or interme--
diate concentrations of sulphuric acid. Fig. 2 shows the effect of
increasing the Ievel of chromium in the steel on the weight loss of
heated specimens due to oxidation. For chromium contents above
10% the oxidation resistance increases rapidly.

- In addition to corrosion resistance, stainless steels may have
many other desirable properties making them useful for other appli-
cations. Some have excellent low temperature toughness rendering
them suitable for cryogenic tanks, i.e., tanks containing low tempera-
ture liquids such as liquid natural gas (LNG). To understand the
properties of these steels we must first appreciate the role of chro-
mium and nickel, the two most important alloying elements in the
metallurgy of stainless steels.
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Cne atom at each
corner of the cube

Figure 3. The bee structure of chromium.
The closest atomic spacing is 2.498 A,
similar to that of bee iron (2.481 A) and
chromium has complete solubility in the
bee form of iron.
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Body-centred cubic structure {bce)

Chromium is a metal having a body-centred cubic structure
(Fig. 3) and when dissolved in iron it tends to stabilize the bec
structure (ferrite) of the iron. We can see this in the iron-chromium
phase diagram shown in Fig. 4. The region in which fcc (y-gamma
phase) austenite is stable forms a closed loop and above about 14%
chromium austenite cannot form at all. An iron-chromium alloy of
more than 14% is ferritic (alpha phase) over the complete temperature
range up to the melting point. The phase diagram shows an additional
phase known as sigma, stable at temperatures below 800°C when
chromium is in the range of about 30-60%. The sigma phase only

- forms after prolonged heating. ' -
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e 14% chromium. The sigma {c)
g 800 m phase only appears after
2 T T A S SN prolonged heating.
E st R R B
400
200 | .
0 1 1 1 1 ]

20 40 80 80 100

Weight % chromium




Welding Metallurgy of Stainless Steels

Temperature °C

14001

1200
1000

800

Theiron-chromium phase diagramin Fig. 4 assumes thatno other
elements are present which is not the case in practical steels. The
presence of other elements changes the shape of the phase diagram
and in particular will shift the range over which austenite is stable.
Some elements, such as carbon and manganese, tend to stabilize
austenite thus expanding the gamma loop as we see in Fig. 5, while
otherslike silicon tend to stabilize ferrite and reduce the gamma loop.

1 I 1 i ]

10 - 20 - 30 40
Weight % chromium '

Figure 5. Iron-rich end of the iron-chromium phase diagram showing the effect of carbon
on the size of the gamma (%) loop.

Nickel is a face-centred cubic metal (Fig. 6) and when dissolved
iniron tends to stabilize the fcc austenite structure. Normally, in pure
iron, austenite is stable only above 910°C. Increasing the nickel
content allows austenite to remain stable at lower temperatures and as-
we see in the nickel-iron phase diagram in Fig. 7 forms an open
gamma loop. From the equilibrium phase diagram it would appear
that very high nickel contents are needed to retain a completely
austenitic structure down toroom temperature. Butthis is not the case
in practice. An iron-nickel alloy is austenitic at room temperature for
nickel contents above 28%. In addition, the presence of chromium
makes the rate of transformation to ferrite so sluggish thatin practice
the alloy remains austenitic at room temperature with even lower
nickel contents. With 18% chromium a stainless steel is austenitic
with only 8% nickel present. The austenite stabilizing effect of nickel
may be assisted by other elements such as manganese.
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Figure 6. Nicke! has a fec
structure and stabilizes the
fce form of iron. There is
compiete solubility of nickel
and iron in the fce form.
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Figure 7. Phase diagram for iron and nickel. Note the open gamma region. With high nickel contents the
transition to ferrite cccurs too slowly to be observed. in practice alioys with more than 28% nickel will

remain austenitic down fo room femperature.
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Figure 8. Diagram iliustrating how the four basic types of stainless steel struciures
depend on the amounts of chromium and nickel present.

The behaviour of chromium and nickel in stabilizing ferrite and
austenite, respectively, is the basis for practical stainless steels which
fall into four basic types determined by the dominant structure
formed. Fig. 8 illustrates this schematically. The basic types are: -

1) Thosewithhighchromiumlevelsthathave aferritic structure
over the whole temperature range and do not, therefore,
transform on heating or cooling.

2) Thosewithlowerchromiumlevels thatformaclosed gamma
loop and therefore transform to austenite on heating
and to martensite on cooling. These are known as
martensitic stainless steels.

3) Those with chromium and enough nickel to remain austenitic
over the whole temperature range and therefore do not
transform on heating or cooling.

4) Those with chromium and intermediate nickel levels such
that a mixture of austenite and ferrite is obtained on cooling.
These are known as duplex stainless steels.

In addition there is a group of stainless steels that rely on
precipitation hardening for increased strength through special heat
treatments. These may have a martensitic, semi-austenitic, or austen-
itic structure. Of course there may be intermediate compositions in
which more than one phase is present and the secondary phases,
particularly in weld metal, may have significant effects on the
properties.
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Wrought stainless steels are classified by the American Iron and
Steel Institute (AISI), and stainless steel castings are classified by the
Steel Founders Society of America. There are corresponding wrought
alloys for many of the cast types.

Austenitic steels with chromium and nickel as the main alloy’
elements are designated as AISI 300 series. Where manganese is used
as amain alloy element in addition to chromium and nickel, austenitic
steels are designated as 200 series. The ferritic and martensitic steels
in which chromium is the major alloying element are designated as
400 series. The precipitation hardening alloys have a designation
based on their composition. Additional letters may be placed after the
AISI series number to denote special composition requirements, the
most important being the designation L for low carbon.

Table 1. Compositions of common lypes of austenitic stainless steels.

Composition weight %

. UNs -
Type  number. C- - Mn cr Ni Si . P .8 Other

201 520100 0.15 5.5-75 16.0-180 3.0-55 1.00 .06 003 0.25N
202 $20200 0.15 7.5-10.0 17.0-18.0 40-60 1.00 0.06 003 0.25N
301 830100 015 2.00 16.0-180¢ 6.0-80 1.00 0.045 003
302 830200 0.5 200 17.0-19.0 8.0-10.0 1.00 0.045 .03
3028 S$30215 0.5 200 17.0-19.0 80-100 20-3.0 0045 003
303 $30300 015 200 17.0-19.0 8.0-10.0 1.00 0.20  0.15min 0-0.5 Mo
303Se $30323 015 2.00 17.0-19.0 8.0-10.0 1.00 020  0.06 0.15 Se min
304 $30400 0.08 2.00 18.0-20.0 8.0-105 1.00 0.045 0.03
304L §30303 0.03 200 18.0-200 8.0-120 1.00 0.045 0.03
305 830500 0.2 200 17.0-19.0 10.5-13.0 1.00 0.045 0.02

- 308 S30800 0.08  2.00 19.0-21.0 10.0-12.0 1.00 0.045 0.03
300 S30960 0.20 2.00 22.0-24.0 . 12.0-150 1.00 0.045 0.03
3005 S30908 0.08  2.00 22.0-24.0. 12.0-15.0 1.00 0.045 0,03
310 S3{000 0.25 2.00 24.0-26.0 19.0-22.0 150 0.045 0.03
310S S31068 0.08 200 24.026.0 19.022.0 150 0.045 003
314  $31400 025 200 23.0-260 19.0-22.0 15-3.0 0045 0.03
316 S31600 0.08 200 16.0-18.0 10.0-14.0 1.00 0.045 003 2.0-3.0 Mo
316  S31803 0.03 200 16.0-180 10.0-140 100 - 0.045 0.03 2.0-3.0 Mo
317 S31700 0.08 2.00 18.0-20.0 11.0-15.0 4.00 0.045 0.03 3.0-4.0 Mo
317 S$31703  G.03 200 18.0-20.0 11.0-15.0 1.00 0.045 0.03 3.0-4.0 Mo
321 832100 0.08 200 17.0-19.0 ©.0-120 1.00 0.045 0.03 5X%C Timin
329 S32000 0.100 2.00 25.0-300  3.0-6.0 1.00 0.045 0.03 - 1.0-2.0 Mo
330 NOS330 0.08 200 17.0-200 34.0-37.0 07545 004  0.03
347 S34700 0.08 2,00 17.0-19.0 ©9.0-13.0 1.00 0.045 0.03 10 X %C Nb{Cb) + Ta
348 834800 0.08 2.00 17.0-19.0 8.0-13.0 1.00 0.045 0.03 0.2 Cu, 10 X %C Nb{Cb) + Ta
384 $38400 0.08 2.00 15017.0 17.0-19.0 1.00 0.045 003
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The compositions of some of the more common austenitic steels
are given in Table 1 and we should note several important features,

* 200 series steels have a substantial manganese content
which partially substitutes for nickel and a significant
nitrogen content to increase the strength of the steel.

*  Within the 300 series several steels have about 18% Cr and
8% Ni and are often known by the popular term 18-8
stainless steels. Types 303 and 303Se are machining
grades, the former having high phosphorus and sulphur
while the 303Se contains selenium.

*  Types 304 and 304L are very common austenitic grades
and differ only in their carbon content, the 304L having a
maximum carbon of only 0.03%. The 316 and 316L have
additional molybdenum which improves the strength at
high temperatures and the corrosion resistance under some
conditions.

* Type 347 is known as a stabilized stainless steel and con-
tains niobium {columbium) or tantalum in sufficient quan-
- tity to tie up carbon as carbides. The specified minimum
- niobium plus tantalum is 10 times the carbon content.

Some typical martensitic stainless steels of the 400 series are listed
inTable 2. They can be heat treated to produce martensite (Fi g. Pand
are hardenable even under air coohn gconditions. The hardness can be

Table 2. Compositions of cornmen wrought martensitic stainless staels.

Composition weight %

Type UNS
number c Mn Cr Ni Si P S Other
403 S403800 0.15 1.00 11.5-13.0 0.50 0.04 0.03
410 541000 015 1.00 11.5-13.0 1.00 0.04 0.03
414 841400 G115 1.00 115135 1.25-250 1.00 .0.04 0.03
4186 S41600 0.15 1.25 12.0-14.0 1,00 0.04 0.03
420 S42000 OCd&min . 1.00 12.0-14.0 : 1.00° o0.04  0.03

422 842200 0.20-0.25 1.00 11.0-13.0 05-10- 075 025 0.025 0.75-1.25 Mo; 0.75-
' 1.25 W; 0.15-0.3 V

431 S43100 0.20 100 15.0-17.0 125250 1.00 004 0.03
440A S44002 0.60-0.75 1.00 16.0-18.0 1.00 004 003 0.75Mo

4408 S44003 0.75-0.95 1.00 16.0-18.0 .00 004 003 075Mo )
440C S44004 0.95-1.20 100  16.0-18.0 1 " 004 003 075Mo TN
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Figure 9. Martensitic stainless
steels can be hardened by

_ heat treaiment involving
heating info the austenitic
region followed by cooling.
The hardenability is so great

- that even air cooling is
sufficient fo produce martensite.

1600
o 1200 «
-
o Heating steel fo 950°C transforms
< g0 it to austenite. Quenching or air cooling
S to room temperatura produces martensite,
a
E
m .
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with 12% Cr and 0.2% C
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varied by adjusting the austenitizing temperature and by tempering
after cooling. Maximum hardness is achieved by heating to above
950°C and quenching. Fig. 10 shows an isothermal transformation
diagram for a typical martensitic stainless steel, type 410, where we
see that an air cool to less than about 500°C within one hour will not
cause transformation to ferrite. Thick sections of these steels are,
therefore, easily hardened right through. Annealing—that s, heating

. to above 900°C and slow cooling—produces a femuc structure.

The hardness is determined largely by the carbon content, and
very high carbon levels, for instance in 440 A, B, and C, are found
primarily in abrasion resistant alloys. Martensitic stainless steels are
used for cutlery, hydraulic gates and similar applications where good
corrosion and wear resistance are required.

1000¢ .
Type 410 stainless steel :
gook G.1%C
[&]
¢ -
% 600
5 - /
g Start of transformation § - Figure 10. TTT curve for 12% Cr
2 40 1o ferrite and carbide steel. Note that the steel is air
L M; (90%) , ) hardening and only very slow
2008 . cooling rates (eg., a furnace cool)
’ . would prevent martensite
1 min 1 hour formation.
] 1 L 1 3
10 102 108 104
Time (s)
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Table 3. Compositions of typical ferritic stainless steels.

Composition weight %

Type UNS
number C Mn Cr Ni Si P S Cther
405 540500 Q.08 1.00 11.5-14.5 1.00 0.04 0.03 0.10-0.30 Al
409 540900 008 1.00 . 10.5-11.75 1.00 0.045 0.045 6X%C Timin
429 542900 o012 1.00 . 14.0-16.0 . 1.00 0.04 0.03
430 - S43000 0.2 i.00- 15.0-18.0 1.00 0.04 0.03 ‘
434 | 843400 012 1.00 16.0-18.0 1.00 0.04 0.03 0.75-1.25 Mo
436 $48600 012 1.00 16.0-18.0 . 1.00 0.04 0.03 0.75-1.25 Mo; 5X%C Nb{Cb)+Ta
442 544200 020 1.00  18.0-23.0 1.00 0.04 0.03
444 844400 0.025 1.00 17.5-19.5 1.00 1.0G 0.04 0.03 1.75-2.5 Mo; 0.035 N
| 0.2+44X%(C+N) Nb{Cb)+Ti
448 S44600 0.20 150 23,0-27.0 1.00 0.04 0.03 0.25N
26-1 E Brite S44625 0.01 0.4C 25.0-275 0.50 0.40 0.02 0.02 0.75-1.5 Mo; 0.015 N; 0.2Cu
0.5 Ni+Cu
26-1 Ti 544626 0.06 0.75 25.0-27.0 0.50 0.75 0.04 c.02 0.75-1.5Mo; 0.04 N; 0.2 Cu
. 02-1.0Ti
29-4 © 844700 0.010 0.30 28.0-30.0 0.15 0.20 0.025 90.02 3.5-4.2Mo; 0.02Ni; 0.15Cu
29-4-2 S44800 0.010 030  28.0-30.0 2.0-25 020 0.025 0.02 3.5-4.2Mo; 0.02Ni; 0.15Cu

Ferritic steels are listed in Table 3. Several of the ferritic stainless
steels do actually form austenite on heating, and subsequent cooling
results in the presence of some martensite. But because of the low
carbon in these steels this does not cause a great increase in hardness,
and the steels are regarded as non-hardening and classed as ferritic
steels rather than martensitic. '

Some of the ferritic steels are eéssentially straight chromium types
(430, 442 and 446) while others include other ferrite stabilizers such
as aluminum and titanium (405, 409). These Iatter types have a
reduced tendency to form austenite on heating (and subsequently
martensite) and have improved resistance to intergranular corrosion.
Because there is no complete phase transformation in ferritic stainless
steels they can suffer from excessive grain growth when heated
(especially during welding) and as a result many of them have rather
low toughness. To improve the properties of ferritic steels, low
interstitial (i.e., low nitrogen and carbon) grades have been developed.
Together with strong carbide formers the low interstitial content leads
to much improved toughness, better weldability, and better resistance
to intergranular corrosion, pitting and stress corrosion.

10
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Duplex stainless steels were developed with the aim of combinin g
the mechanical and corrosion resistance properties of austenite and
delta ferrite phases. These steels consequently have superior tough-
ness and corrosion resistance compared to ferritic stainless steels.
Duplex stainless steels also exhibit better stress corrosion cracking
resistance than the austenitic stainless steels in chloride-containing
fluids. Duplex stainless steels have consequently found increasing
application in highly corrosive environments in oil and natural gas
production, and in chemical industries. Table 4 illustrates typical
duplex stainless steel compositions, i.e., in the range 18-26% Cr, 4-
8% Ni and 1.50-3% Mo. ‘

Table 4. Compositions of duplex ferritic-austenitic stainless staels.

Composition weight %

UNS ASTM [+ P S ‘
Designation number specification (max) Mn {max) {max) Si Cr Ni Mo N Other
M-26 $31100 A 278 005 1.00max 0.040 003 1.00max 25.0-27.0 6.00~7.00 Ti, 0.25 max

$31200 ‘A 240 0.03 200max 0045 0.03 1.00max 24.0-26.0 5.50-6.50 1;20—:2.00 0.14-0.20 e
531260 A240 0.03 100max 0.030 0.03 0.75max 24.0-26.0 5.50-7.50 2.50-3.50 0.10-0.30 Cu, 0.20-0.08;

W, 0.10-0,50
§31500 ~ A730 003 1.20-200 0030 003 1.40-200 18.0-19.0 4.255.25 250-3.00 0.05-0.10
2205 S31803 A240,A790 003 200max 0.030 0.02 1.00max 21.0-23.0 4.50-6.50 2.50-350 0.08-0.20
2304 $32804 ~ A790 003 250max 0.040 0.04 1.00max 21.5-24.5 3.00-5.50 0.05-060 005-0.20 Cu,0.05-0.60
255 S32550 A240,A790 0.04 1.50max 0040 0.03 1.00max 24.0-27.0 4.50-6.50 2.90-3.90 0.10-0.25 Cu, 1.50-2.50
2507 $32750 ~ A790 003 120max 0035 0.02 080max 24.0-260 6.00-8.00 3.00-5.00 0.24-0.32 Cu, 0.50 max
829 $32900 A240,A790 008 1.00max 0.040 0.03 0.75max 23.0-280 2.50-5.00 1.00-200 ..
$32050 A240,A790 003 200max 0.035 0.01 0.60max 26.0-29.0 3.50-5.20 1.00-2.50 0.15-0.35
CD-4MCu .. .. A743 040 1.00max 0.040 0.04 1.00max 245-26.5 4.75-6.00 1.75-225 .. Cu, 2.75-3.35

11



Welding Mefa!!wgy of Stainless Steels

Table 5. Compositions of typical precipitation hardsning stainless steels.

Composition weight %

Type UNS ; X
number Mn Ni Si P 8 Al Cther
PH 13-8 Mo S13800 005 010 12.25.13.25 7.5-85 010  0.01 0.008 09135 2.0-2.5Mo;
: 0.01 N

15-5 PH 8§i5500 007 1.00 14.0-155 3555 .00 004 0.03 25-4.5 Cu; 0.15-

' ' ‘ . : 0.45 Nb(Cb) + Ta
17-4PH - S17400 0.07 1.00 155-175 3.0-50 100 0.04 0.3 -8.0-5.0 Cu; 0.15-

. ' ‘ o 0.45 Nb {Cb) + Ta
177 PH $17700 009 1.00 18.0-18.0 85775 100 004 003 07515

Precipitation hardening stainless steels derive additional strength
from the precipitation of small particles in the matrix during an aging
treatment at some specified temperature. The matrix structure of the
steel may be martensitic, semi-austenitic, or austenitic. The elements
used for precipitation include aluminum, copper and niobium
(columbium). Some typical composmons are givenin Table Sandthe
con'espondmg heat treatments in Table 6.

Table 6. Examples of typical heat freatments for precipitation hardening stainless steels.

Austenitizing Quenching
Type temperature medium Aging treatment
OC OF DC (QF)

17-4 PH 1040 1900 Cil, air 480 (900 ) for 1 hour or

: 500-620 (825 -1150) for 4 hours
15-5 PH 1040 19800 Water 480 (200) for 1 hour or

550-620 (1025-1150) for 4 hours

17-7 PH 950 1750 Air {1}—32 {90) for 8 hours

{(2)—510-600 (950 -1100) for 1 hour
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We would expect stainless steels to have quite different properties
from conventional carbon steels because the structures are different.
The first characteristic of austenitic steels, and one that allows them
to be quickly identified, is that they are non-magnetic. They cannot
be lifted by a magnetic crane and do not suffer from residual magnet-
ism that sometimes hinders welding of alloy steels by causing arc
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blow. They may be slightly magnetic when they contain small
amounts of ferrite and we can use this to advantage, particularly in
weld metals, employing a sensitive magnetic measuring device to
estimate the amount of ferrite present. Martensitic and ferritic steels
are magnetic like conventional carbon steels.

800 -

i Typical curve for
700 . 304 stainless steel
€600 -

— . Figure 11. Stress-strain curve for
Typical carbon steel austenitic stainless steel compared

n; 500 :’::‘rjﬁ‘:é‘t 02%C with that for carbon steel. The
- . , greater work hardening rate for
3 400 7/ the stainless steel may have
'g important effects during fabrication
g 300 such as greater spring-back after
§ cold forming.
S 200 F
i
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Figure 12. Austenitic stainless
steels do not show the sharp
toughness transition at low
termperatures that is lypfcal

of carbon steels. . '

Austenitic steels behave somewhat differently from carbon steels
when undergoing  tensile deformation. Compare the stress strain
curves shown in Fig, 11. That for the austenitic steel has a high work
hardening index and the stress rises considerably before the ultimate
tensile stress is reached. This behaviour may have implications in
fabrication. For example an austenitic steel will suffer a far greater
spring-back on releasing the load after cold forming,
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& 200} N\
= R A Y
L Ny s
>
5 150F
c
e Typical results for
é 100}k structural steel
>
- i
5 sof
=
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Figure 13. Typical creep strength
of carbon and stainless steels at
elevated temperalures.
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A major beneficial feature of austenitic steels is that they have
excellent toughness. The fce structure of austenite does not become
brittle at low temperatures like the bee structure of conventional
carbon steels. The toughness of austenitic steels, therefore, remains
good down to very low temperatures. As the temperature decreases,
however, there is an increasing tendency to form martensite which
offsets the otherwise good toughness, and this sets a practical imit to
the properties achievable at the lowest temperatures. An example of

_ thecharpy properties of a typ1ca1 austenitic steel atlow temperatures
is shown in Fig. 12 :

- At the other end of the temperature range we also find austenitic
steels having superior properties to carbon steels. The high tempera-
ture strength and creep strength permit stainless steels to be used in
high pressure steam piping, chemical plant, and other high tempera-
ture applications. Fig. 13 shows some creep strength data fora carbon
steel and an austenitic stainless (304 type) steel. In Fig. 14 we show
atypical creeprupture curve for an austenitic steel. Curves of this type
are used to estimate the expected life of components operating at high
temperature,

275
- 250f
2251

200}
175

Figure 14. Typical creep rupture
data for austenitic stainless steel
at 650°C. :

150 Typical resuits for

304 stainless steel
125~ : |

Strass MPa

100~ Tesis at 650 °C

75 1 1 i J
109 101 102 102 j04

Rupture fime {hours)
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A comparison of some of the properties of stainless steels with
those of carbon steel can assist in understanding the welding behav-
P iour of these steels and determining the appropriate welding proce-
dures. In particular we shall address the austenitic stainless steels.

Table 7. Approximate values for thermal properties of carbon and stainless steels.

Metal Thermal conductivity Melting point  Coefficient of thermal

W/(m.K)  BTUhr/sq WeFRt °C(°F) expansion /°C (°F)
304type - 162 (@100°C/212°F) 9.4 1425 (2597)  17.6 X 108 (9.8 X 10°6)

Stainless steel 21.5 {@500°C/232°F) 12.5

Carbonsteel  46.0 (@100°C/212°F)  26.8 1510 (2750)  11.7 X 10°6 (6.5 X 10'6)

First let us consider the thermal properties. Table 7 shows some
thermal properties of type 304, a typical austenitic stainless steel, and
acarbon steel. The melting temperature and thermal conductivity of
the 304 are considerably lower than those of the carbon steel, making
iteasiertomeltduring wélding. Lessheatis required to make the same
size weld. Fig. 15 illustrates this by showing the size of fusion zone .
made with the same heat input in stainless steel and in carbon steel.

With GTAW and
identical welding O
conditions weld
on austenitic
stainless steel
has about 50 %
larger fused (/

N
o
1

M.S

e
(=)
1

Fusion area mm?2

] ] J
200 250 300

Current (amps)

Typical research resulis for GTAW

e Figure 15. Effect of steel z‘ypé on the size of weld fusion zone.
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Figure 16. Thermal conductivity as
a function of temperature for carbon
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The thermal conductivity of the 304 is about one third that of
carbon steel atroom temperature and about two thirds at temperatures
over 700°C (Fig. 16). The lower thermal conductivity leads to a
greater concentration of heat during welding, narrower heat affected
zones and slower cooling rates. On the other hand the coefficient of
thermal expansion is about 50% greater in stainless steel. The result
of this could be increased distortion and risk of bucklin g.

.- Theelectrical resistivity of the austenitic steel is about five times

- that of a carbon steel at room temperature but about the same above
910°C where, of course, the carbon steelis also austenitic. Thisresults
in greater heat generation in electric welding and facilitates resistance
welding. The easier melting of the stainless steel implies a higher
deposition rate in arc welding for the same current i.e. a faster wire
feed rate in SAW and GMAW for the same current as Fig. 17 shows.
The greater resistivity also implies a covered electrode would tend to
overheat more than one of mild steel.

Austenitic
stainless steel
3 100 |
Figure 17. Wire feed speeds in GMAW E
are higher for stainfess steel than for 2 Y 4
carbon steel at the same current. This 2 & :
results from the difference in thermal o 5ol -
properties of the two types of steel, 2 N
: ' | -g. o - {Carbon steel
= GMAW short
circuit transfer
0 t H I

50 . 100 150
Current {amps)
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Some of the welding characteristics of stainless steels may be
anticipated from a consideration of the chemical properties of the
alloys. Of prime importance is the oxidation of chromium. This
elementhas a great affinity for oxygen, rapidly oxidizing when heated.
It is this property, it will be recalled, that provides the corrosion
resisting layer on stainless steels. If oxygen is available during
welding the chromium forms chromium oxide which, unlike iron
oxide, is not liquid at the temperature of the liquid weld pool. A solid,
refractory oxide, such as this does not flux out easily and can cause
defects in the weld. Even if the oxide were not a problem a loss of
chromium due to oxidation may result in a weld with unacceptable
properties. Furthermore, other highly oxidizable elements such as
titanium are frequently used in stainless steels.

Stainless steel welding is, consequently, less tolerant to oxygen
than carbon steel welding. Some of the restrictions this imposes are:

= For arc stability with the GMAW process an oxidizing
component (O, or CO,) is usually added to argon shielding
gas. However, the oxidizing gas component should be kept
to a minimum to avoid loss of alloying elements during
droplet transfer and an oxidized weld surface. Ar+2% O,
(or similar additions of CQ,) is a commonly used shielding

~ gas for the GMAW process.

»  Fluxes for submerged arc and shielded metal arc welding
have low oxygen potential and contain fluorides to assist in
fluxing chromiaum oxide. Submerged arc fluxes for carbon
steels are not appropriate for stainless steels.

* - One side welding (e.g., the root run of a pipe weld) re-
quires shielding on the reverse side to prevent contamina-
tion. An example of a weld made with and without reverse
side shielding is shown in Fig. 18.

Figure 18. Appearance of the reverse
side of a roof pass in siainfess steel made
with back shielding (left half) and without
back shielding (right halfj. Note the
extent of oxidation and resulting poor -
quality weld bead when back shielding

is omitted.
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When heated in the range |

(500° to 850°C) carbides
form at the grain boundanes

Chromnum m;grates
1o site of growing
carbide

—~r

POTENTIAL WELDING PROBLEMS

Some grades of stainless steel may be prone to a problem of
sensitization which can locally destroy their corrosion resistance

- exposing them to very rapid attack. As we have discussed the

corrosion resistance of stainless steels depends on chromium and the
formation of a chromium oxide layer to protect the steel. When such
a steel is heated in the temperature range 500° to 850°C carbon in

solution in the steel forms carbides with the chromium and precipi-

tates out as small particles. These carbides form preferenually atthe
grain boundaries and cause the interior of the grain to be depleted of
chromium. The lower chromium levels result in a loss of corrosion
resistance and the steel is said to be sensitized. Fig. 19 illustrates
schematically how sensitization takes place.

Crain boundaries become
depleted of chromium and
lose their corrosion resistance

Flgure 18. Illlustration Showing the mechanism of sensitization in stainless steels.
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Sensitization range where peak temperature
in the HAZ reaches about 600° to 850°C

.

[

| Figure 20. . Part of the heat affecied zone where sensitization can occur. Because
of the short time at peak temperature during weiding, a narrower temperature range
is at risk than in a furnace heated specimen.

Inparts of the heat affected zone of welds the temperature reaches
the sensitization range and the time at temperature may be long
enoughto cause carbide precipitation. These parts of the heat affected
zone, identified in Fig. 20, would suffer a loss of corrosion resistance.
When exposed to certain media the joint could exhibit weld decay in
which intergranular attack of the HAZ takes place. An example of
intergranular weld decay is shown in Fig. 21.

T o S S - The degree of sensitization depends mainly on the carbon level,
' ' ' the temperature and time of heating. The carbide precipitation ran ge
isshowninFig. 22 and itis apparent that with sufficiently low carbon

Photo courtesy of Ontaric Hydro

Figure 21. An-example of weld decay where rapid corrosion of the heat affected zone has occurred
because of sensitization.
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Figure 22. Graph showing the effect of temperature and carbon content on the time to produce
carbide precipitation. With a carbon content of less than 0.03% carbide prec;p:tat/on will not
occur w:thm the times at peak temperafure normally expenenced in welding.

the time for precipitation is far longer than would be experienced
during welding. The low carbon steels 304L, 316L, 3171 have a
maximum carbon of 0.03% and can be successfully welded without
sensitization for many applications. For extended service at high
temperatures, however, low carbon alone is not enough to ensure
freedom from sensitization. For these applications it is common
practice to specify stabilized steels such as 321 and 347. Stabilized
steels contain strong carbide formers such as titanium and nicbium
(columbium) which tie up the carbon preventing it from forming
carbides with chromium. To ensure complete stabilization the tita-
nium content must exceed five times the carbon, or the mobmm Plus
tantalum must exceed ten nmcs the ca:bon

Another method of overcoming the carbide precipitation prob-

lem, suitable for the higher carbon non-stabilized gradés, is to solution
 treatthe steel ata temperature high enough to dissolve all the carbides.

Solution treatment consists of heating to 1000° to 1150°C followed
by rapid cooling. A slow cool runs the risk of allowing re-precipita-
tion of carbides on cooling through the sensitive range. It should be
noted that a stress relieving treatment of 800°-900°C will not work
and may make the snuatlon WOISe.
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Stress corrosion cracking in service can occur as the result of hi gh
tensile stresses and specific corrosive environments. It does not
require the steel to be sensitized. An example of stress corrosion
cracking is shown in Fig. 23. Residual stresses from welding are the
prime source of high stresses, and annealing or stress relief heat
treatments to reduce residual stresses are the two practical solutions
to a stress corrosion cracking problem. Theregular carbon steels such .
as 304 would be annealed at over 1000°C whereas the low carbon and
stabilized types would undergo a stress relief at 800°-900°C. The
choice of alternate materials should also be considered. Forexample,
duplex stainless steels usually have superior stress corrosion crackm g
resistance over the 300 series stainless steels.

Figure 23. An example of stress corrosion cracking in a stainless steel weld.

Copyright ISBN 1 85573 173 8

It is difficult to predict which environments might cause stress
corrosion cracking, butithas often been associated with halogenions,
in particular chloride ions. Concern over chlorides warrants special
attention during fabrication to avoid any coritamination from chlo-
ride-containing materials. Machining, for example, should employ a
chloride-free cutting fluid.

Cracking during welding or in service is possible in most of the
stainless steels, and there are a variety of possible canses. Ferrite and
martensite structures are susceptible to hydrogen embrittlement so
stainless steels with these as the predominant structures may be
susceptible to hydrogen induced cracking in the same way that
conventional carbon and alloy steels are: We will discuss the
precautions necessary to avoid cracking in more detail later in the
section dealing with the welding of specific types of stainless steels.

21 No photocopying without permission
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Always check the
weld crater

Figure 24. Example of solidification cracking in stainless steel weld metal,

Austenite, with its fec structure does not suffer from hydrogen
embrittlement and consequently hydrogen induced cracking is not a
problem with the austenitic grades unless martensite is present. But
heat affected zone cracking has been observed in austenitic steels in
thick section welds, particularly the stabilized types such as 347,
HAZ cracks have been seen after welding and also after service at

- temperature. The former type appears to be due to the formation of
low melting point films on the grain boundaries when the steel is
subject to the thermal cycles of welding. The latter type is similar to
stress relief or re-heat cracking when the grain boundary ductility is
reduced because of precipitation hardening within the grain. Tita-
nium and niobium (columbium) seem to be the main contributors to
this type of cracking.

Stainless steels may be prone to weld metal crackin g which
appears as a longitudinal crack in the last part of the weld bead to
solidify, i.e., typically at the weld centreline (Fig. 24). Considerable
research has gone into finding the cause of these cracks and establish-
ing methods to avoid them. The occurrence of weld metal cracking
appears to depend on two major factors: the presence of impurities
suchas sulphur and phosphorous, and the primary structure formed on
solidification. Austenite hasa very low solubility for sulphur whereas
ferrite has a higher solubility. If the first phase formed on solidifica-
tionis austenite, the sulphurisrejected to the liquid which gets trapped
as alow melting point segregate between the growing dendrites. The
sulphur-rich liquid results in cracks along the grain boundaries. If the
primary phase on solidification is ferrite, rejection of sulphur does not
occur and the weld is crack free.
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The mode of solidification depends on the exact composition of
the alloy, even very small changes in composition result in a switch
from a ferrite primary phase to austenite. Suppose we draw a phase
diagram for iron, nickel and chromium in which the iron content is
held constant at 68%. This is about the iron content of many austenitic
stainless steels. Fig. 25 shows such a diagram. If we follow the
progression of alloy A with 22% Crand 10% Ni as it solidifies we see
that the first solid to form is & ferrite, On subsequent cooling most of
the ferrite transforms to austenite resulting at room temperature in an
austenite structure with patches of residual & ferrite. The weld metal
is crack free since the primary solid phase was ferrite whichhasahigh

solubility for sulphur.
1500
P
£ 1400
w
3
.
=
e ls
1300 |
<
68 % Fe
L 1. 1
0 5 10 15 20 %Ni
32 27 22 17 12 %Cr

~ Flgure 25. Pseudo-binary phase diagram for chromium and nickel with 68% iron. The diagram shows
- that small changes in the relative propartions of chromium and nickel can change the primary solidification
_from (3) ferrite fo (y} austenite.

If, however, we trace the solidification of alloy B with 17% Crand

15% Niwe see that the primary solid is austenite and there is no further

phase transformation as the metal cools. Because the primary phase

was austenite rejection of sulphur to the liquid occurs and weld metal

fissuring is possible. Until recently the main control for this problem

~was to ensure that solidification took place as ferrite. The residual &

ferrite measured at room temperature was a good guide to this. By

, _ ensuring that a minimum ferrite content was obtained in the com-

P pleted weld it could be inferred that fissuring was unlikely. Recently,

' ' materials with very low sulphur have been developed, allowing fully
austenitic weld metal to be obtained with less risk of cracking.
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Microfissures occur in an existing weld bead when it is reheated
by an additional bead deposited next to or over it. Generally they are
very short (less than 2 mm}) and difficult to see with the naked eye.

Fissuring (Fig. 26) occurs from a mechanism thatis similar to that
for solidification cracking (i.e., the presence of a low melting point
segregate). Hence, asmall amount of ferrite is also helpful in reducing
thistype of cracking. No service failures appear to have been reported
as being caused by microfissures.

Typical location
. of fissures

2nd bead |

1st bead

Figure 26. Weld bead showing fissures. -

24




We!dmg ﬁ@ei&iﬁuﬁ‘gy of Siainiess Stesis

WELD METAL STRUCTURE

The effects of nickel and chromium in promoting austenite and
ferrite respectively mean that a wide range of different structures could
be formed in a stainless steel weld metal depending on the exact
composition. Achieving the correct structure is crucial if the weld is
to provide the intended properties and be free of defects and cracks. A
clear understanding of the role of composition in determining structure
is vital in selecting electrodes and procedures for welding stainless
steels. Depending onthe exact composition austenite, ferrite, martensite,
or combinations of these could form. The structure desired would
depend on the application and the steel being welded. In welding an
austenitic steel a martensitic weld metal would be completely unac-
ceptable since it is hard, likely to crack and would not have the right
mechanical or corrosion properties. Fig. 27 shows an example of a
weld made with the wrong electrode where martensite has formed
resulting in cracking and premature failure of the joint. On the other
hand we have seen one example where an austenitic structure with a
small percentage of retained & ferrite is beneficial in préventing cracks.

Photo courtesy of Ontaric Hydro

i Figure 27. Cracking in a weld in stainless steel. Incorrect control of weld metal structure resufted

in martensite formation and subsequent cracking.

Copyright ISBN { 85573173 8
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Austenite stabilizers  Ferrite stabilizers

Ni Cr

Table 8. Effects of elements on Mn Mo
stabilizing austeniie or ferrite. c Si
N Ti

Co Nb
Cu v
Al

The structure formed in the weld metal is a function of the level
of alloy elements that promote ferrite and those that promote austen-
ite. These can be placed in two groups representing the austenite
formers as a nickel equivalent and the ferrite formers as a chromium
equivalent (Table 8). The effect of these on weld metal structure was
first summarized by Schaeffler in what has become known as the
Schaeffler diagram. Fig. 28 shows this diagram in which the two axes
represent nickel equivalent and chromium equivalent and the various
lines divide the diagram into regions where the different microstruc-
tures are to be expected. In the mixed region where both ferrite and
austenite are formed, lines are marked to indicate the percentage of

ferrite present.
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Figure 28. Schaeffler diagram for predicting weld metal structure from the composition.
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Figure 29. The Delong diagram for predicting ferrite content (ferrite number) from composition. Note
that the nickel equivaient includes the effect of nitrogern.

The Schaefflerdiagram does notinclude the very important effect
. of nitrogen which can be picked up in weld metal, particularly with the
SMAW process. This shortcoming was corrected in a more recent
version known as the DeLong diagram shown in Fig. 29. In addition
to the inclusion of nitrogen, the DeLong diagram also redrew the
ferrite lines and, rather than designating them as percentage, assigns
them ferrite numbers. The ferrite numbers are a measure of the
amount of ferrite but do not necessarily correspond exactly to the
percentage that would be measured in a metallurgical section under
the microscope. They do correlate with the amount measured by non-
destructive magnetic methods and this makes the ferrite number
system of practical benefit. The magnetic methods for determining
ferrite content have been standardized by the American Welding
Society in AWS A4.2-91, Standard Procedure for Calibrating Mag-
netic Instruments to measure the Delta Ferrite Content of Austenitic
and Duplex Austenitic Ferritic Stainless Steels Weld Metal.
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Further improvements to predictive diagrams were made in 1988
with the introduction of the WRC Diagram. This version is continu-
ous over the range from 0 to-100 FN and hence is particularly useful
forhigh ferrite materials such as duplex stainless teels. In thisdiagram
manganese and silicon have been omitted and the weighting for
carbon, nitrogen and niobium (columbium) have been changed with
respectto carlier diagrams. The WRCDiagram s considered to be the
most accurate constitution diagram for the prediction of ferrite con-
tentof austenitic and duplex stainless steel weld metals from chemical
composition. However, like any other predictive diagram there are

- limitations. The diagram may be inaccurate for some levels of
manganese, silicon and molybdenum, and since there is no martensite
line it may not be appropriate for welding some dissimilar metals or
other situations where martensite is a consideration. The latest
version (1992) is shown in Fig. 30.
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N

Nigg = Ni + 35 C + 20 N + 0.25 Cu
3 B

Figure 30. The WRC Diagram. Reference diagram from Kotecti and Siewert.
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Figure 31. The number of fissures

: ~ observed in bend tests plotied against
the & ferrite content.

E3090-16 |

Numbesr of fissures counted in tost

Ferrite number

As we have seen, J ferrite is important in austenitic weld metals
because small quantities can prevent hot cracking. The exact amount
of ferrite required depends on the composition of the weld metal, but

. values are typically in the range 3-6 FN (ferrite number) as the results
in Fig. 31 show. Electrodes are available that have been formulated
to meet minimum ferrite requirements. An example is shown plotted
on the DeLong diagram in Fig. 32. As you see the composition has
to be held within tight limits if the ferrite number is to be accurately
controlled. If there are increased losses of chromium during welding

- resulting from oxidation, the lower weld metal chromium content
tends to reduce the ferrite content thus increasing the risk of fissures.
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Figure 32. Range of compositions allowed by standards ploited on Del ong diagram showing the wide
range of ferrife contents. that could be cbtained. For ferrite control, manufacturers impose very tight
control of weld metal composition . '
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Figure 33. The effect of
depositing E308 weld metai
on mild steel. The resulting
weld metal will have a com-
. position giving martensite

~ that is likely fo crack.

Nicke! equivalent =% NI +30 X % G + 0.5 X % Mn

In some cases the presence of ferrite is not desirable in the weld
metal. For example, welds subject to long term high temperature
service may become embrittled as the result of sigma phase formation
from the ferrite. Sigma is a very brittle phase that only appears after .
prolonged heating. In those applications where the weld is designed
to operate in the temperature range 500°-900°C sigma formation must
be prevented by avoiding the presence of ferrite. Completely austen-
itic weld metal is specified for such applications. Ferrite may also be
detrimental in some environments such as hot, oxidizing acids where
it causes increased corrosion. In such cases where ferrite free weld
metal is specified other precautions are necessary to prevent the
occurrence of fissures. Among these are very low allowablelevels of
sulphur, phosphorus and controlled silicon.

28 T T T I T : T ] 71 7
' S
0% 5% 7
1 4

24 - Austenite / 7 10% -
V' // A

o Ve -

Composition § // 20%
20 of 308 filter - =
Composition of bagiiall g d “

/ -
409
4 rd - -~ %

A+M | deposit

16 F

12 | Martensite

8t

Composition
of base metal

12 16 20 ‘24 28 32 36 40
Chromium equivalent =% Cr+ % Mo+ 1.5 X % S/ + 05 X % Nb

The Schaeffler diagram can be of great assistance in estimating
the effect of dilution on the likely weld metal structure and hence in
providing a guide to electrode selection. The effect of dilution can be
taken into account by assuming that the weld pool cormposition results
from a straight mixing of metal from the electrode and metal from the
parent metal. Slight losses of chrominm due to oxidation occur and
these can be estimated and corrected for if necessary.

As an example, consider a weld bead deposited on a mild steel
plate using a 308 austenitic stainless steel electrode. Suppose the mild
steel has 0.2 % carbon, 1% manganese and 0.2% silicon. The nickel
and chromium equivalents can be calculated for both the mild steel
and the stainless steel electrode and marked on the diagram in Fig. 33
(chromiumlosses have been neglected). If these twopoints are joined
by a line it is known that the composition of the resulting weld metal
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Nickel equivalent =% Ni + 30 X % C + 0.5 X % Mn
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Figure 34. Effect of deposiling E309 weld metal on mild steel. For normal dilution levels the resulting
weld metal composition will not produce martensite.

must lie somewhere along this ine. If the dilution factor of the weld
is 20% this means that the weld metal is 20% parent and 80%
electrode, and the composition will be given by a point 20% of the way
along the line from the electrode end. It is seen that this point is in the
mixed austenite/martensite region. Such a composition would be hard

- and likely to crack,

In orderto move the weld metal composition out of the martensite
region into the austenite/ferrite region an electrode higher in alloy
contentis required. If we draw a line between the mild steel point and
that for a 309 electrode shown in Fig. 34, we see that a 20% dilution
results in a weld metal in the austenite/ferrite region which would be
acceptable. In practice a weld between a carbon steel and a 304
austenitic stainless steel would be made with a 309 electrode and not
with a 308 even though a 308 may be perfectly acceptable for a
stainless to stainless weld. Even with a 309 electrode care is required
to maintain an acceptable level of dilution. If the dilution becomes
very high (e.g., 50%) then the same problem as the 308 electrode
arises 1.e. the weld metal has a composition putting it in the martensite
region of the diagram and the weld is likely to crack (Fig. 35).
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 Figure 35. Effect of E309 deposit on mild steel when dilution is high, Resutting weld metal composition
may result in martensite formation and subsequent cracking. '

This same type of analysis may be used to determine the effect of
welding with two different types of electrodes in ajoint. Suppose that
partof a weld was made using a mild steel electrode (e. g.,E7018)and
was then completed with a 309 stainless steel electrode (Fig. 36). This
situation is similar to the previous example of weldin gon amild steel.
If the dilution is not too high the resulting weld composition puts it in
the austenite/ferrite region of the Schaeffler diagram and a satisfac-

309 addedon  §
iop of mild steel §

Mild steel

weld metal
Figure 836. When 309 weld is deposited over mild steel weld metal with normal dilution levels the
resulting structure is austenitic with no martensite.
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Mild steel added
on top of stainless
sieel

Martensitic
structure will crack

|

309 weld metal §

Figure 37. ' If miid si‘eel is deposited onfo stainiess steel weld metal the resulting weld metal structure
will be martensitic and likely to crack. :

tory weld results. If, however, the reverse situation is considered
(Fig. 37) with part of the weld being made with a 309 first and a mild
- steel electrode used to finish, a different result follows. The same line
on the diagram (repeated in Fig. 38) applies but now the resulting.
weld metal composition will be 20% along the line from the mild steel
end, right in the martensite region and completely unacceptable,
Clearly great care must be taken when two different types of elec-
trodes are specified foraweld. A stainless electrode (3 09) canbeused
overmild steel but amild steel electrode cannot be used over stainless.

28 T T  p— T T T 7 —
§ ] [} ] ’/ //
= Austenite 0% 5%
x 24r : 10% .
pi Composition of | 7
Figure 38. Schaeffler diagram = 20 ] 309 deposit |/ 20%
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steel weld metal. Resulting 8 16h pre——— Z -7 4
. o + position of - - ]
weid metal is martensitic and = final weld metal //// e o 80%
is likely to crack. This simple 8 L m ; s s P .
. w121 Marensite ST -
mistake has been the cause- ! s ///
of mariy serious problems in 8 T 100% ]
N [ gk g o .
industry. 2 A+M+FN
g .
g AL M+F i 1
= Composition of _‘ ' Ferrite
E7018added {4 . - . . . . .
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Chromium equivalent =% Cr+ % Mo + 1.5 X% Si+ 05 X% Nb
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WELDING AUSTENITIC STAINLESS
STEELS

In some ways austenitic stainless steels are easier to weld than

~ carbon steels since they do not suffer from hydrogen induced crack-

ing. We have seen that the austenitic face-centred cubic structure is

notsensitive tohydrogen embrittlementin the same way that martensite

is, and therefore welds are not prone to hydrogen induced cold

cracking unless martensite is formed. As a consequence preheat is
rarely used in welding austenitic grades except to dry off moisture.

Themostimportantaspect of welding austenitic steels is selection
of an electrode having the correct alloy composition. In most cases the
correct electrode will have a composition similar to that of the base
plate but slightly richer in nickel and ¢hromium to compensate for
losses during welding, to balance corrosion resistance, and to ensure
correct weld metal microstructure.

For the common 304 type steels an E308 grade electrode is
normally specified. This has a higher content of nickel and chromium
than the 304 base metal. If the steel is alow carbon grade 304L, either
a low carbon electrode E308L or a stabilized grade E347 may be
suitable. The composition of these electrodes also ensures the
presence of some delia ferrite in the weld metal which prevents the
occurrence of fissures. For grades containing other alloy elements
such as molybdenum (e.g., 316) an electrode with a matchin g content
of that element is needed (e.g., E316 electrode).

When the procedure involves welding onto a carbon steel an
electrode with sufficient alloy content to handle the dilution must be
used. The Schaeffler diagram can be used to determine the required
composition but in many cases with SMAW an E309 is satisfactory.
Forexarple, ina weld cladding or surfacing operation on carbon steel
the first layer would be deposited with E309 then subsequent layers
made with E308. This ensures that martensite isnot formed in the first
layer. Fig. 39 illustrates this.

Some grades, such as 310, ére designed to be fully austenitic and
must have completely austenitic weld metal from. the appropriate
electrodes E310. Because they do not have the assistance of ferrite to -
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2 nd layer 308

1 stlayer 309

l

Figure 39. Overlay using two layers. The first layer is 309 to minimize the
risk of martensite formation.

prevent cracks, special care is needed to weld them particularly in
high restraint joints. Electrodes for fully austenitic weld metal
generally have lower specified phosphorous and silicon.

It will be recalled that the properties of austenitic stainless steels
allow them to be used not only in corrosive environments but at high
temperatures and at very low temperatures. Fig. 40 shows some
typical charpy impact results on 308 weld metal at several tempera-
tures. The curve does not exhibit the sharp transition temperature
phenomenon thatis characteristic of carbon steels. The low tempera-
ture toughness of austenitic weld metal is reduced by the presence of
large amounts of ferrite and i 1mpunty elements :

- 100
2
=
=
ey 80 [~
2
@
j =
b}
5 60
g
o .
E
S 40|
-G
=
i og L Typical results for 308 weld metal
[
E,
K i
o
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-200 -100 0 100

Temperaiure °C

Figure 40. Typical charpy V-notch properties for austenitic weld metal.
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Table 9. Typical stress-rupture strengths for austenitic stainless steels.

Stress MPa
1000 hour failure 10 000 hour failure
Testtemperature °C Test temperature °C
Type
540 650 780 870 540 650 780 870

201 145 g0 114

304 241 99 41 18 186 89 27 13
809 138 &1 19 , 103 30 12
310 220 84 35 17 . 165 59 21 g
316 170 76 28 128 43 12
321 121 39 68 25

347 120 51. 21 77 17

The high temperature strength of austenitic weld metal is shown
in Table 9 for some typical compositions, and the typical creep
rupture strength of 308 weld metal is shown in Fig. 41.

Exposure for long periods at high temperatures can cause a
degradation in the toughness (when measured at room temperature)
and is associated with the presence of ferrite, Large amounts of ferrite
(about 15%) lead to the formation of the brittle si gma phase which

~ lowers the toughness. Smaller amounts of ferrite have less of an effect
on the toughness but can revert back to austenite during long term
exposure to high temperatures with a corresponding precipitation of

carbides,
275 - Tests at 650 °C
280
225 F Figure 41. Creep rupture
strength of 308 weld metal
200 at 650°C. Strength is lowered
175 by the presence of ferrite.
[u]
% 150
@ Increasing
3 - . ferrite
g 125 Typical results for
©w 308 stainless steel content
100 F weld metal
75 1 t 1 |
109 101 102 103 104

Rupture time {hours)
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WELDING MARTENSITIC STAINLESS
STEELS

trodes that produce a martensitic weld deposit or with austenitic
electrodes. I the weld metal must match the base material in hardness
-and wear resistance then the martensitic weld metal must be used. If,
however, hardness is not a consideration and only corrosion resis-
tance is a factor, then the use of austenitic electrodes facilitates
welding.

The chief difficulty in welding martensitic steels is the avoidance
of cracking. Cracking is the resuit of the high hardness of martensite
inthe heataffected zone and weld metal and is assisted by the presence
of hydrogen. The welding procedure must control sources of hydro-
gen such as moisture, dirt, grease, and other contaminants, and an
adequate preheat must be applied and maintained. Post-weld temper-

- part cool down. -

Thelevel of preheatrequired depends on the carbon content in the
steel. Some ranges are snggested in Table 10. Since martensitic
transformation is 90% complete by the time the weld cools to below
about 300°C the level of preheat has little effect on the hardness
produced but is effective in removing hydrogen. The carbon content

Table 10. Typical preheat levels for welding martensitic stainfess steels.

Carbon content Typical preheat °C (°F)

<0.10 preheat and post heat not
usually reguired
0.10-0.20 250 {480); cool slowly -
- 0.20-0.50 250 (480}); immediate post weld
anneal ‘
> 050 250 (480); high heat input,

immediate post weld anneat
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500

400 -

300 -

Hardness Hv

Figure 42. The effect of carbon
content on the HAZ hardness of
a martensitic stainless steel in the
as-weldsd condition.

1 . |

200 -
o0 0.1

0.2 03
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H‘gure 43. Typical post-weld
heat tealments for martensitic
slainless steels.

determines the hardness of the as-welded HAZ and weld metal as
shown in Fig. 42. In most cases an immediate post-weld heat
treatment is required. A full anneal would involve heating to at least
850°C followed by a controlled furnace cool to 625°C and then an air
cool. This treatment gives maximum softening. The more common
procedure is to give a temper or sub-critical annealin g treatment
involving heating at 650° to 750°C for one hour per inch of thickness
followed by air cooling (Fig. 43).

" The effect of fempeﬁng? on the hardness of a 12% chromium

martensitic steel is shownin Fig, 44. The time temperature parameter
can be used to estimate equivalent times and temperatures for equal

. tempering. For the lower carbon steels (less than 0.2 % C) the post-

weld heat treatment is sometimes omitted, but slow coolin gofthepart
after welding is still recommended to avoid cracking,

Full anneal:
Heat above 850°C

900
Furnace cool to 625°C
Air cool te room temperature
800 -
700
e
.
5 800k
3 .
z Sub-critical anneal:
g Heat at 650°.750°C
g - 500+ for 1 hr per in. thick

Air eodl

Time -
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Figure 44. Tempering curve for
a typical martensitic stainless steel. 400}
The effects of both time and
temperalure are included in the
tempering parameier.
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Tempering within certain temperature ranges can result in a
decrease in thé room temperature toughness of the weld, an effect
known as temper embrittlement. Fig. 45 shows some typical results
and if toughness is to be maintained the embrittlement range must be
avoided during tempering, the part being cooled sufficiently fast
through thatrange. - | '

If austenitic electrodes are employed, a preheat may still be
necessary to avoid cracking in the heat affected zone although the
joint will be far less sensitive to cracking. Austenitic electrodes of the
E309 type are often specified when joining a martensitic stainless
steel to another material such as carbon steel or austenitic stainless
stecl. A typical procedure would involve buttering the martensitic
steel with 309 to form a layer of austenitic weld metal before welding
to the other material.

Figure 45. Temper embrittlement
may result from tempering within
certain temperature ranges. Graph
shows the room temperature
Charpy properties after tempering

at the fermmperatures indicafed.
Careful control of the post-weld heat

Tempsred for 4 hours treatment temperature is necessary

at temperature then Ry 5 '
impactptested at room to avoid the temper embrittlemnent
temperature range.

1 ] 1 L L] ] I

300 400 500 800 700 80O
' Tempering temperature °C
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WELDING FERRITIC STAINLES
STEELS -

Most ferritic stainless steels do not undergo any phase change
when they are heated and therefore there is no recrystallization of the
grains. Without this the existing grains continue to grow as the
temperature is raised with the result that large grains exist after the
steel is welded. The extent of grain growth dependstoa large degree
on the heat input of the welding process, and careful control of this
may limit grain growth to acceptable levels (Fig. 46). Large grains
have a detrimental effect on the toughness of the steel which can
exhibit severe embrittlement in the weld and heat affected zone after
welding. Remember that grain growth that occurs during welding of
a feritic stainless steel cannot be corrected by a subsequent heat
treatment since there is norecrystallization on heating. Damage done
during welding is therefore permanent, making it imperative that
welding is performed within the heat input restrictions applied.

- Some of the ferritic grades having a relatively high carbon’
content, such as 430, 434, 442 and 446, may undergo partial transfor-
matjon to austenite on heating and subsequently form small amounts
of martensite on cooling. Although this is not enough to make the

- steels hardenable it does contribute to the degradation of tou ghness.

Therisk of cracking associated with the low ton ghnesscan bereduced

Lack of a phase transformation
can lead to excessive grain -
growth in the weld metal and

heat affected zone

Figure 46. High heat input in welding can cause excessive grain growth in ferrific stainless steels
because there is no phase transformation to austenite on heating. This also means that grains
cannot be refined by a subsequent post-weid heat treaftment. -
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Figure 47. Preheat temperaturas
for welding ferritic stainless steels
shouid be above the toughness

transition to reduce risk of cracking.

Preheat at temperature

where material is above

toughness fransition
temperature

Toughness

Temperzature °C

by preheating for welding. As we illustrate in Fig. 47 this has the
effect of raising the temperature of the steel above its ductile-to-brittle
transition temperature, removing hydrogen and reducing residual
stresses. Typically preheat temperatures of about 150°C are em-
ployed, but high interpass temperatures should be avoided because of
their contribution to grain growth.

Many of the ferritic stainless steels can be joined with matching
filler metals although there may be limitations on availability. When -
welding the low interstitial grades low levels of nitrogen and carbon
must be maintained in the weld metal, and inert gas shielded processes
suchas GTAW are recommended. Where shielded metal arc welding

- must be used austenitic electrodes have proven a useful alternative in

some applications. Welding ferritic steels requires careful control of
procedures to avoid contamination by oxygen and particularly by the
interstitials carbon, nitrogen, and hydrogen (Fig. 48). Even small

.quantities of interstitials can greatly embrittle the weld metal and heat

affected zone. Some of the practical steps that can be taken to avoid
contamination are discussed in a later section.

Leaks in the gas system O.N
can introduce mtrogen '

and oxygen ‘
Air entrainment can mtrcduce
nitrogen and oxygen
Moisture on the plate can
C,© introduce hydrogen

Dirt and grease on plate
can introduce carbon,
oxygen and hydrogen

\__/P:

Figure 48. Possible sources of contamination in welding ferritic stainless ste els.
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WELDING DUPLEX STAINLESS
STEELS

Duplex stainless steels rely on a balance of austenite and ferrite in
the microstructure to provide aunique combination of properties. The
optimum phase balance is normally considered to be about 50:50.
Numerous problems can arise when the austenite:ferrite ratio is not
correct. For example, relatively little austenite can lead to poor
toughness and loss of general corrosion resistance while excessive
austenite will lower the strength and can impair stress corrosion
cracking resistance.

During solidification a duplex stee] will initially solidify as ferrite.

The ferrite to austenite transformation subsequently occurs in the

solid state at temperatures in the range of 1100° 1300°C. In wrou ght

material this effect is achieved and controlled by appropriate heat

- treatment. In the case of welding, however, fast cooling rates can

suppress the ferrite to austenite transformation in the weld metal such

 that it can contain significantly higher ferrite contents than the base

material. Stop-starts are particularly susceptible to this effect in the

HAZ. Precipitates such as carbides are also a factor which can
influence properties during the welding of duplex stainless steels.

2 100 -
H
£ 80 p Derived for a 22CH/5Ni/2.5 Mo/N
8 material over an energy input range
2 gk of 0.3 to 4.2 kd/mm
o
&
3
B 40 r
5
£
- 20 . '
] ' After Noble and Gooch
= o | ] 3 1 _ 1 1
1.0 i.5 2.0 : 25 3.0

.. Or4 1.5Mo+ 2Mn + 0.255f
Qfactor (Q = NI + 12C + 19N )

Figure 49. Q factor v. weld metal austenite content.
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Composition also plays an important role in the transformation
process and compositional factors have been derived for particular
steels as shown in Fig. 49.

Matching filler metals are often used for duplex stainless steels
but with somewhat higher nickel content to provide an optimum
austenite content. The role of nickel is evident for the “Q” factorin
Fig, 49,

In the HAZ the effect of peak temperature and cooling rate on
ferrite contentand impact toughnessis shownin Fig. 50. Henceitcan
be seen that the welding of duplex stainless steels is more demanding
than that required for standard austenite grades. This arises from the
difficulty in balancing the ferrite:austenite ratio in the welded joint
and from the precipitation of intermetallics during welding, cooling,
and reheating. Improper welding can lead to loss of corrosion
resistance and mechanical strength. Procedure testing and control of
welding operations through detailed procedure specifications are
essential to ensure that the properties of welded joints are maintained.

Fertlta content {%) -

Figure 50. Effect of peak
temperature and cooling rate
between 800°-500°C on ferrite
content and impact foughness
values in thermally cycled duplex
stainless steel. After Ogawa.

Charpy energy (kgi-m)

10 i l I
1200 1300 1400

Temperature °C
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WELDING PRECIPITATION
HARDENING STAINLESS STEELS

The precipitation hardening stainless steels rely for their stren gth
onaheatireatment thatresultsin precipitation of small particles in the
matrix. The first observation we make in discussing the welding of
these steels is that the heat from welding will upset the effects of the
initial heat treatment. Close to the fusion boundary is a solution
treated region in which precipitates are re-dissolved, and further away
there exists an overaged region (Fig. 51). The consequence of thisis
that to achieve matching, full strength, the weld must undergo the
complete heat treatment after welding, involving solution treatment

. and aging. If the weld is subject to full post-weld heat treatment the

original condition of the material is not significant but is normally
annealed.

[Solution treated region |

Igferaged region j

Figure 51. Regions of the HAZ where the
strength may drop. Close to the fusion
boundary precipitates are dissolved. In
the region further away strength may drop
_due to cveraging. ' :

In some cases where full matching stren gth is not required or full
heatireatment not possible, apost-weld a ging only is applied. Forthis
treatment the material must be in the solution treated condition for
welding.

The martensitic and semi-austenitic types are relatively easy to
weld and despite the formation of martensite the very low carbon
levels in these alloys prevents hydrogen cracking. Preheat is not
required. The austenitic types, however, are difficult to weld because
of hot cracking in the heat affected zone. They are often welded using
nickel based filler metals. -

For full strength a filler metal matching the base metal in compo-
sition is specified and this may determine the type of welding process
that can be used. A variety of precipitation hardening agents are
employed including copper, niobium (columbinm), titanium, and
aluminum. Those that are highly oxidizable, such as titanium and
aluminum, cannot be used in covered electrodes and inert gasshielded
processes, GTAW and GMAW, must be employed. Even with
GMAW the use of argon with 2% oxygen for arc stability and
improved wetting may cause a loss of titanium or aluminum during
transfer to the weld pool.




Welding Metallurgy of Stainless Steels

PF{OCEDURES FOR WELDING
STAINLESS STEEL

There are a number of factors we need to consider when selecting
a welding process for stainless steels. First, we recall that chromium
is highly reactive with oxygen forming a refractory oxide that can be
difficult to remove. Good shielding of the molten weld pool is
essential to limit contamination by oxygen, and for many applications
inert gas shielded processes are preferred. Even when shielded metal
arc welding is used, additional protection from an inert gas may be
desirable in some applications. When welding from one side, protec-
tion of the reverse side by gas shielding is recommended practice, as
Fig. 52 illustrates.

GTAW and GMAW with argon or helium/argon mixtures have
“the advantage that reactive elements such as aluminum and titanium
are transferred across the arc without significant losses which makes

TN _ S ’ these processes attractive for alloys of the 321 type.
N
Bafiles to
Argon coniain gas
7\

Figure 52. Typical methods for
back shielding when welding

% - \/ : ' stainless steel from one sids.
Argon fed through Y1 va ‘
gas diffuser tube " % /A .
- A U _ Y Copper back-up
/ va < ' block with recess
7/, / ./ / /
LSS s '

o ~ When CO, is added to argon base shielding gas for the GMAW
process, carbon pickup in the weld metal can occur as shown in
Fig. 53. Caution should be exercised when welding the low carbon
grades. Depending on the carbon content of the filler metal, CO,in
the shielding gas can increase the weld metal carbon level beyond
0.03%.
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Figure 53. Carbon pickup as a function of the CO, content in argon for gas metal arc weaiding
(ELC weld metal). The data in the figure are values taken from different sources. The line m
represents an experimental calculated relationship,

while lines a and b represent the scatter

Flux shielded processes such as SAW and SMAW can be used for
many types of stainless steels. Fluorides are often present in the fluxes
toassist in fluxing away chromium oxide formed from air contamina-

tion, and the slag residue must be cleaned thoroughly to avoid it

promoting corrosion in service. Conventional fluxes for carbon steels
should not be used on stainless steels, special fluxes having been
developed. Fluxes are designed to give low oxygen but there is
inevitably some loss of chromium during transfer from the electrode
to the weld pool. Electrode compositions are modified to correct for
this, and some submerged arc fluxes of the bonded or agglomerated
type will contribute make-up chromium from the flux (Table 11).

Table 11.  Typical data showing the effect of welding conditions on the transfer of chromium

in an alloy flux designed for stainfess steel welding. Make-up chromium is contributed from

the flux to balance the losses due fo oxidation. The amount transferred from the flux is sensitive
fo the welding parameters which must be carefully controlled when using these types of fluxes.

Current Voltage Y%Chromium
Wire 18.0- 12.0
Deposit 580 28 18.5 12.15
580 26 18.15 11.8
650 29 18.1 11.8
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Flux coverings on SMAW electrodes are generally of two types:
lime ortitania. Table 12 describes the various classificationsin AWS
A5.4-92 “Specification for Stamless Steel Electrodes for Shielded
Metal Arc Welding.” :

Table 12. AWS Specification for Stainless Steel Electrodes for Shielding Metal Arc Welding.

AWS Electrode Current Welding Operating
Classification ]  Coating Type - Position Characteristics
EXXX(X)-15 Lime bC All Excellent metallurgical properties
EXOK(X)-16 Titania DCorAC All Good bead profile
EXXX({X)-17 | Titania/Silica DCor AC All Fine spray arc with very smooth

: bead profile
EXXX(X)-25 Lime DC Horizontal Similar to —15 but ¢ore wire may
Flat be mild steel '
EXXX{X}-26 Titania DCorAC Horizontal Similar to —16 but core wire may
S Flat be mild steel

Of paramount importance in welding all types of stainless steels
is the need for cleaning prior to and after welding. The unique
corrosion properties of the steel may be destroyed by the preserice of
contaminants picked up on the surface during welding operations.
Chlorides and other members of the halogen family contribute to
stress corrosion cracking and should be avoided. Fluids, such as
degreasing agents, machining and cuttmg fluids should be halogen
free.

Carbon contamination requires careful control, particularly when
welding the low carbon and ferritic steels, and among the necessary
precautions are:

» Use stainless steel cleaning brushes

» Use tools reserved for stainless steel :

e Use aluminum oxide grinding wheels reserved only for
stainless steel

» Carefully clean off grease and dirt before welding

» Do not use electrodes with cellulose in the covering

* Do notuse 100% CO, for shielding
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Conventional flame cutting with oxy-acetylene cannot be used
‘with stainless steels. Oxy-acetylene flame cutting of steel works not
by melting the metal but by oxidizing it. Theresulting oxide melts and
is removed. The oxidation of iron is retarded by the presence of
chromium in stainless steels which tends to form a solid, high melting
point oxide. For thermal cutting, either powder cutting or plasma is
needed. In the powder process an iron-rich powder is introduced into
the oxygen stream which accelerates the oxidation reaction facilitat-
ing the cut. Thermally cut weld preparations require machining or
grinding to provide an acceptably clean surface for weldin g.

The thermal characteristics of austenitic stainless steels permita
narrower groove angle to be used without increasing the risk of
incomplete fusion consistent with proper access. It is common
practice in thick sections to machine a U or J groove preparation thus
minimizing the amount of filler metal required. Some typical prepa-
rations are shown in Figs. 54, 55 and 56. If backing or inserts are used
they must be of the same alloy as the base metal.
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Figure 54. Typical joint preparations for GTAW in stainless steel.
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Figure 55.. | Typical joint preparation for SAW of thick sebtions.
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Figure 56. Typical joint preparations for GMAW of stainless steel.
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Although machined preparations allow for excellent fit-up, dis-
tortion during welding of stainless steels is higher than for carbon
steels. When welding thin sections, typically less than 6mm (1/4in.),
good clamping and fixturing is required.

Frequently the welding engineer must specify a procedure for
welding dissimilar metals. Joints between stainless steel and carbon
or other steel occur frequently in chemical and power plants, partica-
larly in piping where different materials are selected for various
temperature regimes. ‘ :

A number of special techniques have been developed for welding
dissimilar metals, in particular austenitic steels to carbon steel. The
first consideration is selecting the electrode which must have ade-

- quate alloy elements present to handle the effects of dilution and still
yield an acceptable metallurgical structure. As discussed earlier, in
many cases a 309 is suitable for welding onto carbon steel, but care
must be exercised to limit the degree of dilution. A common
procedure is to butter the carbon steel with 309 first to form a layer of
austenitic weld metal then complete the weld as a conventional
stainless steel weld (Fig. 57). The buttered carbon steel may need to

Butter edge
of carbon sieel
with stainless

weld metal

Buttered edge
prepared for
main weld

Figure 57. Typical method of
making a dissimifar metal (carbon
steel to stainless steel) joint.

Weld completed
~ with stainless steel
e.g., E308 or E309
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be stressrelieved (tempered) prior to completing the joint. Inthis way
the carbon steel can be stress relieved without exposing the stainless
steel to a heat treatment that might sensitize it.

A further important consideration in selecting a procedure for a
dissimilar metal joint is the effect of differences in the physical
properties. If the properties, particularly the coefficient of thermal
expansion, are greatly different, stresses can be built up in the weld.
This is very likely when the joint must enter high temperature service.
High stresses can lead to cracking and failure of the joint.

In some cases it is possible to select a weld metal that has
properties that minimize the build-up of stress. Often weld metal with
a coefficient of expansion midway between the two metals is speci-
fied. No clear rules can be given because it depends on the alloys
being welded, service conditions and other constraints, and the
welding engineer must address each case on its own merits.

It is common practice when designing thick walled vessels to
specify clad steel rather than solid stainless'steel. The thin layer of
stainless cladding provides the necessary corrosion resistance while
the thick carbon steel provides the mechanical strength. The overall
cost can be considerably less. Special techniques, however, are
- required in welding clad steels. | .

The technique must be designed to ensure freedom from weld
defects, correct metallurgical structure, and correct composition of
the final clad layers that are exposed to the corrosive environment.
Special restrictions may be placed on the composition of the exposed
layers such as a maximum carbon content, and detailed attention to
dilution effects is required. If, for example, we require less than
0.03% carbon in the clad layer, and the base steel has 0.2% carbon,
then several buffer layers are needed between the carbon steel and the
exposed layer to obtain an adequately low carbon level.

There are three basic methods employed for welding clad steel:

1) Peel back the cladding, complete the joint as though it were
a carbon steel then overlay the peeled back region with
stainless.

~2) Complete part of the joint from the carbon steel side using
carbon steel electrodes then finish from the clad side using
stainless.

3) Use stainless weld metal throughout the joint.
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The sequences employed in these three methods are illustrated in
Figs. 58,59 and 60. Allthe methodsinvolve depositing stainless steel
weld metal onto carbon steel and the principles discussed earlier
apply. The stainless steel filler metal must have adequate chromium
and nickel to prevent the formation of martensite after dilution with
thecarbon steel. Method 3 uses the most stainless steel filler metal and
would only be economical in thin sections.

/ *
"~ Complete weld
in carbon steel

using carbon steel
electrodes

Complete cladding
with stainless stesl
" electrodes

Figure 58. Method 1 for welding clad
steel involving peeling back the clad
laysr prior to welding the carbon steel.

7

Carbon steel

"Edges prepared
but cladding is not
stripped back

Part of weld in carbon
3 steel completed with
carbon steel electrodes

Carbon stes!

Weld completed
| with stainless steel

Figure 59. Method 2 for welding clad
plate . This method provides a large
buffer layer and minimizes dilution of the
final layers,
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Weld completed Figure 60. Method 3 for welding clad
with stainless steel - plate, suitable only for thin material.

Methods 2 and 3 allow more buffer layers of stainless steel
between the carbon steel and the final layers, and these techniques
may be preferred when very low carbon is specified. Method 2 uses
the least amount of stainless steel filler metal and is the most
economical, but there is a greater risk of the first pass of the carbon
steel weld melting through and picking up alloys from the cladding.
If this happens cracking is very likely, and the offending pass mustbe -
completely removed before re-welding. When usingmethod 1 or2in
thick sections a stress relief is sometimes specified after the carbon
steel weld is completed toTeduce therisk of cracking when depositing
the stainless weld metal.
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Summary -

Most of the problems in welding stainless steels arise from basic
errors: incorrect choice of electrodes, for example. Correctly speci-
fying a stainless steel welding procedure requires a good comprehen--
sion of the underlying metallurgical principles which has been the
topic of this module. We have discussed the effects of nickel and
chromium on metallurgical structure, and shown how some elements
promote austenite while others favour ferrite. We described the
Schaeffler, DeLong and WRC diagrams which predict weld metal
structure. It was described how these diagrams could be used to select
the comrect composition of an electrode to provide, for example,
adequate 6 ferrite to avoid hot cracking. We discussed sensitization,
stress corrosion cracking, and the consequences of chrominm oxida-
tion. The main features of welding procedures for austenitic, ferritic,
and martensitic steels, and dissimilar metal jolnts were introduced.

Having sucessfully completed this module you will be able to
recognize potential metallurgical problems in weldin g stainless steels
and select the main features of a welding procedure to successfully
weld them. Itisrecommended, however, that youconsultthe supplier
and other resources for exact details for weldin g specific alloys.
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Additional Resources

Below is a short list of additional sources of information that may
help you in your study of the Welding Metallurgy of Stainless Steels.

1. Welding aspects are covered in:

. Welding Handbook, Seventh Edition, Vol. 4
American Welding Society, 550 N.W. LeJeune Road,
Miami, FL. 33126, U.S.A.

»  Metals Handbook, Tenth Edition, Vol. 6
American Society for Metals, Metals Park, Ohio 44073,
U.S.A.

s Welding of Stainless Steels and other Joining Methods
1979 American Iron and Steel Institute, 1000 16th Street
N.W.- Washington, DC., U.S.A.

2. Thereisan exiensive_literature covéﬁng drackiﬁé and ferrite in
stainless steel weld metals. This was the topic of the 1974
Adams Lecture:

o Ferrite in Austenitic Stainless Steel Weld Metal,
by W. T. DeLong, Welding Journal Research Supplement,
July 1974 pp 273-s to 286-s.

Diagrams for prediéﬁng stainless steel weld metal structure have
been reviewed by Olsen:

« Prediction of Austenitic Weld Metal Microstructure and
Properties, D. L. Olsen, Welding Journal Research
Supplement, October 1985 pp 281-s to 295-s.

3. For information on welding specific alloys yvou should contact
the various suppliers.
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GUIDES AND EXERCISES
MODULE 22

WELDING METALLURGY OF' STAINLESS STEELS
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WELDING METALLURGY OF STAINLESS STEELS

'MODULE 22

Guides & Exercises

To obtain maximum benefit from this module we suggest that you follow this guide and complete the exercises
asindicated. Itisimportant that youworkthrough the text methodically, studying each section thoroughly before
moving on. The exercises are designed to give you an indication of whether you have leamed the material and
can move on or whether you need to go back and study the section again. ‘

Do the exercises honestly. They will not help you unless you take them seriously. If you get a question wrong
go back through the text until you understand where you have gone wrong and know the correct answer.

The length of time required to complete the module will vary from student to student. Find your own pace. Do
- not rush. Remember you are trying to learn something, not win arace. - - _ 7 -

Some'peop!e like to underline sections when ihey ‘read atext. We suggest that you use caution if you do this.
What you think is important first time you read it may be different after reading it three times. We suggest you
read a section three times thoroughly before highlighting anything.

The last exercise is designed to give you an indication of whether you are ready to fake the closed-book exams.
The exercise questions are of a similar standard to the official exams. Do not take the exam until you feel you
are ready, and you may wish to study several Modules before taking the exams on each. The details of the
gxamination procedures are on a separate sheet.

If you have any difficulties with this Module do not hesitate to ask for help. You may find you leam more by

attending seminars, and you should also contact your local WIC Chapter to see if they can be of assistance.
Remember, if you fail the examination you can always try again later.
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MODULE 22

Guide 1

Carefully read pages 1 to 7 and answer the followmg questions:

1.

Complete the fol!owmg
a) Chromium stabilizesthe _______ __ formofiron
b}  Nickel stabilizes the ———___ formofiron

If a straight chromium steel of 18% Cr and < 0.1% C is heated to 1000°C will it
transform to austenite or remain as ferrite?

What is the predominant structure of an 18% Cr, 8% Ni steel at room tempera-
fure?

The chromium content of a stainless steel is 20%. Is it likely this is a martensitic
grade?
What does ifie letter L signify in the designation 316L.?

a) low chromium
b) longitudinal specimen
¢}  low carbon {maximum 0.03%)

* Check your answers for accuracy. If any of your answers are wrong re-study the guide

subject matter in the text uniil you understand it.
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MODULE 22

Guide 2

Careifully read pages 8 to 17 and answer the following questions:

IR

A 14% Cr martensitic steel heated to 1 000°C and air cooled produces—

a) ferrite
b) austenite
c) mariensite

Determine the minimum specified titanium content of a type 409 ferritic stainless
steel with 0.05% carbon.

Does an austenitic stainless steel have a greater or lesser work hardening rate than
carbon steel? '

A carbon steef component operates satisfactorily at 500°C under a stress of 50MPa.
It 304 stainless were substituted, up to what level could the temperature be raised?

True or false?

"100% CO, is not generaily used for GMAW of stainless steels”

Check your answers for accuracy. If any of your answers are wrong re-study the guide
subject matter in the text until you understand it. '
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MODULE 22

Guide 3

Carefully read pages 18 to 24 and answer the following questions:

1.

‘The loss of corrosion resistance due to carbide formation and chromium depletion

is known as—

a) sigma formation
b) sensitization
c) stabilization

What maximum carbon level is usually specified to ensure freedom from
sensitization during welding?

a) 0.03%
b)  0.003%
c) 0.3%

The presence of residual deita femte in the weld metal indicates that primary
solidification was— )

©a) ferrite

b} austenite
A method of controlling weld metal fissuring is—
a)  toalways use a stabilized weld metal

b}  to ensure primary solidification is ausienite
c) 1o ensure there is a small amount of residual delta ferrite in the weld metal

Check your answers for accuracy. If any of your answers are wrong re-study the guide
subject matter in the text until you understand it.
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MODULE 22

Guide 4

Carefully read pages 25 to 33 and answer the following questions:

i{.  Forthe following weld metal (E312) draw a box on the Schaeffler diagram show-
ing the possible range of structures: - ‘

8-10.5%Ni; 28-32%Cr; 0.15%C max; 0.5-2.5%Mn; 0.8%Si max; 0.75%Mo max.

2. Use the Delong diagram to estimate the ferrite number of a weld metal with
composition: 13.3%Ni; 20.1%Cr; 0.03%C; 0.6%Si; 1%Mn; 0.01%N.

3. A stainless steel deposit is made on mild steel ( 0.2%C, 1%Mn ) with 50% dilution.
What should the Ni and Cr equivaients of the electrode be to avoid formation of
martensite in the deposit?

Check your answers for accuracy. If any of your answers are wrong re-study the guide
subject matter in the text until you understand it.
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MODULE 22

Guide 5

Carefully read pages 34 to 44 and answer the following questions:

1.

True or false:

"Welds in austenitic stainless steels are always preheated to prevent hydrogen
induced cracking"

When a two layer overlay of stainless on carbon steel is made it is common
practice to use E308 for the second layer and E for the first layer,

Weld metal containing large amourts of ferrite and exposed to high temperature
service may:

a) suifer embritllement due to sigma formation
b) have improved ductility due to ferrite growth
¢).  become air hardening

Preheat is usually required for welding martensitic stainless steels:

a)  to prevent cracking
b) {o soften the HAZ
c) to promote ferrite

Why would 650°C be a better temperature to specify for a PWHT of a welded
martensitic stainless steel than 550°C? '

True or false:

"Ferritic stainless steels are very tolerant of contamination during welding because
of their very high ductifity" :

Check your answers for accuracy. If any of your answers are wrong re-study the guide
subject matter in the text until you understand it.
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MODULE 22

Guide 6

Carefully read pages 45 to 54 and answer the following qu estions:

1.

" Which of the following electrode classifications might be stainless steel eléctrodes? .

a)  EXXX-27
b) EXXX-15
c) EXXX-10
d) EXXX-16
True or false?

"Gonventional flame cutling with oxy-acetylene cannot be used with stainlesssteels”

Which of the following actions might reduce the risk of carbon contamination in
welding stainless steels?

a) use aluminum oxide grinding wheels reserved for stainless steel
b) - use cellulosic type electrodes o - o
¢) carefully clean off grease and dirt before welding
d) use stainless steel cleaning brushes

e)  use CO, for back shielding the weld

If a buttering technique is used to weld 304 stainless to mild steel what should be
used for the butter layer?

a)  E48018 (mild steel)
b) ~E308
c) E309

If a clad plate is welded using method 2 of Fig. 59 estimate the approximate number
of layers of stainless weld metal needed to meet a specified maximum carbon of
0.03% in the final layer. Assume the electrode has 0.02% C, the carbon steel has
0.2% C, and dilution for each pass is 30%.

Check your answers for accuracy. If any of your answers are wrong re-study the guide
subject matter in the text until you understand it. '
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MODULE 22
ANSWERS
Guide 1
1. a) bee b) ice
2. remain gs ferrite
3. austenite
4. no
5. c)
Guide 2
1. c)
2. 0.3% Ti
3. greater
4, 600°C
5. true
Guide 3
1. b)
2. 3
3. a)
4. c)
Guide 4
2. 5FN
3. 18 Ni equivalent; 35 Cr equivalent.
Guide 5
1. false
2. E309 -
3. a)
4. a)
5. o avoid temper embrittlement
6. false
Guide 6
1. 'b) andd)
2. . true
3. a), c), d)
4, c)
5. three
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MODULE 22

TEST

- This test is designed to determine whether you are ready to aitempt the formal examination.

Complete the ANSWER SHEET and compare the results with the TEST KEY. If you score
less than 70% we suggest you re-study the material.

- 1. - The presence of chromium in iron stabilizes which crystat structure?

(@) hep

(b) cementite

{cy fece

{d) austenite

{¢} bce

2. A straight chromium steel with <0.1% carbon and 18% chromium when heated to

1000°C will—

(a) remain feritic
(b) form mariensite
~ {c} transform to austenite
&)  cause grain refinement
"~ (e) - precipitate sigma phase

3. Stabilized austenitic stainless steels such as 347 do not become sensitized in
welding because—

(a) they have very low carbon that avoids carbide precipitation

(b)  they confain elements such as niobium (columbium) that tie up the carbon
{c)  they have higher than average chromium .

(d) they have a smali percentage of ferrite present

(e) they are always supplied in the solution annealed condition

4, I a plate of austenitic stainless steel is cold formed it experiences—

{a)  zero work hardening

(b)  discontinuous yielding

(¢} grain growth

{dy sirainaging

(e}  a greater spring-back than a comparable plate of carbon steel

5. Weld decay is caused by—

{a) excessive grain growth in the HAZ

(b} chremium depletion at the grain boundaries due to carbide precipitation
(c) loss of chromium during transfer in the arc

{(d}  precipitation of niobium (columbium) carbide at the grain boundaries
(e} insufficient ferrite
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MODULE 22

TEST continued

10.

There is an increased risk of weld metal fissuring when—

{a) the steelis not stabilized

(b) no preheatis applied

(c) the ferrite content is too high _ ‘
(d) the primary solid to form on solidification is austenite
(8) chromium depletion occurs on selidification '

On the Delong diagram the amount of ferrite is indicated by—

(a) the percent ferrite

{b) the nickel equivalent

{c) the ferrite number

(d) the chromium equivalent

(e) itis netindicated on the Delong diagram

Which of the following is likely to result in cracking due to martensite formation?

(a) E309 deposited over E308 weld metal

(b} E309 deposited over 304 stainless steel plate-

() E308 deposited over E309 weld metal . o
(dy E48018 (mild sieel) weld metal deposited over E308 weld metal
(e}’ EB309 deposited over E48018 weld metal

Which of the following processes would not be recommended for welding type
304 stainless steel?

() GTAW with argon shielding

&) . SMAW with EXX-15 electrodes
{c) - GTAW with helium shielding
(dy GMAW with CO, shielding

{e) GMAW with argon—5% O,

An unstabilized stainless steel with 0.15% carbon has been welded. What heat
treatment could be applied o prevent weld decay in service?

{a) stress relief at 650°C followed by a furnace cool

{b) siress relief at 650°C followed by a quench

{c)  solution treatment at 1100°C followed by a furnace cool
{d) austenitize at 910°C followed by a furnace ccol .
(e}  solution treatment at 1100°C followed by a rapid coal-
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Canadian Welding Bureau
Answer Sheet - Module 22

Complete the "Answer Sheet" and compare the results with the "Test Key". If you have a pass mark less
than 70%, you are advised io re-study the material. '

Please circle only ONE letier corresponding to the answer you think is most correct.

QUESTION ANSWERS
1 a b c d e
2 a b c d e
3 a b c d e
4 a b c d e
S . a b c d e
6 a b C d e |
7 a b cC d e
8 a b c d e
9 a b c d- e
10 a b c d e
The answer key below is provided for your use in the event that you wish to retest yourself.
QUESTION B ANSWERS
1 a b cr d S
2 a b c d e
3 a ‘b c d e
4 . a b o] d e
5 a b c d e
6 a b c d e
7 a . b C d e
.8 a b c d e
9 a b c d e
10 a b c d e
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Canadian Welding Bureau
Test Key - Module 22

Compare your answer sheet to this key.

QUESTICON | ANSWERS .
1 a b c d (e) |
2 CED b c d e
3 a  (p) c d g
4 a b c d (e)
5 a (b) c d e
6 a b c (d) e
7 a b (c) d e
8 a b c Cd) e
9 a b c | (‘D e
10 a b c d @
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