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Preface

Steel is used in many industries because of its favorable attributes and low 
cost relative to other materials. It is a globally dominant material and is a 
key driver of the world’s economy. The auto industry is one of the biggest 
markets for steel products. In an era of weight reduction, steel was not 
perceived as a lightweight or a high-tech material because of its high den-
sity. This perception has changed with the introduction of new grades of 

steel grades and innovative design concepts to meet challenges related  

environment. 
One key driver for steel development is the continuing increase in Cor-

porate Average Fuel Economy (CAFE) standards from the current 27.5 
mpg to 34.1 mpg by 2016 and to 54.5 mpg by 2025. A number of advanced 
high-strength steels (AHSS) that are highly formable and possess an ex-
cellent combination of strength, ductility, and strain hardening have been 
produced or are under development. Advanced high-strength steels are not 
lighter than traditional steels, but their high strength permits the use of 
thinner gages to reduce vehicle weight. The new steels extend the tensile 
strength limit of 800 MPa (116 ksi) provided by traditional high-strength 
steels (HSS) to over 1600 MPa (232 ksi). The superior properties of  
AHSS result from microstructural design that utilizes complex deforma-
tion and/or phase transformation processes.

The auto industry has adopted lightweighting as a greenhouse gas re-
duction strategy and automakers are now employing more AHSS in their 
vehicles to maintain affordability, reduce weight, lower emissions, and 
improve crash safety. Currently, AHSS account for 80 kg (175 lb) per ve-
hicle and this is projected to double by 2020. Advanced high-strength steel 
panels and structures are becoming thinner, lighter, tougher, and stronger 
than those made from mild steel and traditional HSS. Studies have indi-
cated that the economic and performance targets of automakers cannot be 
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currently the fastest growing class of materials offering solutions for cur-
rent and future vehicles. It is believed that steel will continue to be the 
dominant material for the automotive market.

This book is a comprehensive guide to the grades, types, microstruc-
tures, thermal processing, deformation mechanisms, properties, perfor-

and affordable cars. The second objective is to develop a rationale for 
using AHSS to accomplish weight reduction, fuel economy, crash safety, 
cost savings, and decrease in greenhouse gases. The third objective is to 
examine the complex interrelationship between composition, processing, 
microstructure, and mechanical properties. The fourth objective is to re-
view the design guidelines, manufacturing hurdles, advanced forming, 
sustainability, and evolving grades of AHSS. The book is an essential ref-
erence/text for those who teach, study, develop, produce, use, design, or 
specify AHSS. A compelling and unique feature of the book is the exten-

-
spective of the structure-property relationships and performance attributes 
of AHSS.
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CHAPTER 1

Introduction

THE GLOBAL AUTOMOTIVE INDUSTRY is driven by consumer 
preferences, government regulations, and competitive pressures. Environ-
mental, governmental, and customer demands to reduce fuel consump-
tion, improve driver safety, ensure product reliability, and increase afford-
ability have prompted the auto industry and material suppliers to develop 
a wide range of solutions to meet these requirements. The solutions in-
clude: optimization of product design, incorporation of lightweight mate-
rials, utilization of downgaging, and application of innovative manufac-
turing processes. All these solutions are interconnected and depend on the 
properties and attributes of the lightweight material. 

New high-strength steel grades with superior attributes have been de-
veloped to compete with other lightweight materials on the basis of cost, 
performance, and manufacturability. At the core of this development is the 
advanced high-strength steel (AHSS) family, in which microstructures are 
manipulated to produce impressive mechanical properties such as very 
high tensile strength and remarkable ductility. Advanced high-strength 
steels are not intrinsically lighter than other steels, but they are strong 
enough that thinner gages can be used to reduce vehicle weight. Steel re-
mains the dominant engineering alloy for building cars and structures be-
cause of its affordability, performance, manufacturability, recyclability, 
and wide range of applications. The typical 2010 light vehicle uses ap-
proximately 1080 kg (2390 lb) of steel. The versatility of steel results 
from its vast combinations of constituents, phases, microstructures, and 
thermal histories. These permutations impart to the steel properties that 
are desired for many applications. Also, the presence of the steel infra-
structure and the knowledge acquired to manufacture steel products make 
it the material of choice for tomorrow’s transportation products. Many 
auto manufacturers have aligned themselves with a lightweight strategy 
that is based on increasing AHSS content in their vehicles. Using AHSS 
presents manufacturing challenges in springback, die wear, press tonnage, 
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and welding that must be resolved before any large-scale adoption of these 
materials is realized.

1.1 Drivers and Solutions 

To ensure long-term success, automakers’ business models, strategies, 
and activities have always been based on three major drivers:

Consumer demands for lower cost, high quality, better performance, 
good reliability, higher safety, advanced features, and improved fuel 
economy
Government regulations on Corporate Average Fuel Economy (CAFE) 
standards, crash safety, and gas emissions
Competitive pressures on cost, quality, performance, and manufac- 
turability

industry drivers and meet their business goals:

Optimize product design
Reduce vehicle weight
Use low-cost materials
Employ innovative manufacturing processes

All four solutions are based on the selection of lightweight materials that 
meet performance and cost requirements. The automotive industry, mate-
rial producers, and part suppliers have been working for years to develop 
and deploy ferrous and nonferrous lightweight materials. It has been dem-
onstrated that AHSS are the most affordable and best performing materi-
als for lightweight applications. They can be used to reduce structural 
component weight by using thinner sections while maintaining the same 
performance characteristics. This “downgaging” leads to lighter vehicles 
and reduced costs.

One of the major environmental and societal challenges for the 21st 
century is the global increase in urban pollution—which results from the 
growing demand for petroleum consumption—and its adverse effect on 
the global climate. The estimated number of automobiles in the world will 
exceed 1.12 billion by 2015. According to the International Organization 
of Motor Vehicle Manufacturers (OICA), the world auto production for 

-
jected number of global vehicles produced annually will exceed 100 mil-
lion. In 2011, the share for North America, which includes the United 
States, Canada, and Mexico, amounted to approximately 13 million vehi-
cles. Of that annual production, the U.S. share is approximately 8.6 mil-
lion units. Figure 1.1 shows historical and projected North American light 
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vehicle production for the period 2006 to 2016. The forecast is for the 
production level to reach nearly 16 million vehicles by 2016. 

With the number of vehicles produced globally on the rise, the demand 
for petroleum all over the world will continue to increase. According to 
the Transportation Energy Data Book, the world consumes 85.26 million 
petroleum barrels per day (M pbpd), of which the United States consumes 
22.5%, or 19.15 M pbpd (Ref 1.2). Figure 1.2 shows a chart of the U.S. 
historical and projected petroleum production and consumption for all 
sectors of the economy for 1973 to 2035. The chart clearly shows that the 
transportation sector overwhelms other industry sectors in the consump-

Fig. 1.1  Historical and projected North American light vehicle production 
from 2006–2016. Data is from 2011; data forecast from 2012 is 

750,000 units higher per year than shown. Source: Global Insight, Ref 1.1

Fig. 1.2  United States petroleum production and consumption for all sectors 
of economy from 1973–2035. Source: Ref 1.2
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tion of petroleum at all times. The U.S. production of petroleum is super-
imposed on the chart, which shows that the gap between petroleum pro-
duction and consumption is increasing, and by 2035 the gap is expected to 
be approximately 10 M pbpd.

In the United States, there are over 235 million light vehicles, of which 
135 million are cars and 100 million are light trucks. In addition, approxi-
mately 11 million heavy trucks were registered in the United States in 
2009. The United States consumes 19.15 M pbpd, of which the transporta-
tion industry consumes 69.7%, or approximately13.4 M pbpd. Cars and 
light trucks account for 64%, or 8.6 M pbpd of U.S. transportation petro-
leum use (Ref 1.2). Figure 1.3 shows a chart of historical and projected 
U.S. petroleum production and consumption for the transportation sector 
for 1970 to 2035. The chart clearly shows that the automotive industry, 
which produces cars, light trucks, and heavy trucks, consumes the highest 
percentage of petroleum in relation to other industries such as air, rail, and 
marine. The chart also shows that by the year 2035, transportation petro-
leum consumption is expected to grow to more than 16 M pbpd. The gap 
between U.S. petroleum production and consumption for the transporta-
tion sector is also shown on the chart.

Figure 1.4 shows a more detailed plot of transportation sector fuel con-
sumption per day for 1995 to 2035. It is clear that light and heavy duty 
vehicles will continue to dominate fuel consumption at a rate of 84% 
through 2035.

Increasing consumption of petroleum results in increasing emissions of 
greenhouse gases and adversely contributes to global climate change. Fig-
ure 1.5 shows the carbon dioxide (CO2) emissions by sectors. Electricity 

Fig. 1.3  United States petroleum production and consumption for the trans-
portation sector from 1970–2035. Source: Ref 1.2
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and heat generation produces the highest percentage of CO2 emissions, 
followed by the transportation sector. 

Vehicles produce greenhouse gases (CO2, CH4, NOx -
carbons) that affect the environment and cause environmental impacts 
over the whole life cycle of the vehicle. Assessing greenhouse gas emis-
sions of a vehicle requires understanding its life cycle stages, which in-
cludes all emissions from any process to produce, use, and retire the ve-
hicle. Carbon dioxide accounts for the majority of greenhouse gases. In 
2009, the transportation sector was responsible for 1757 million metric 
tons, which is approximately one-third of the total CO2 emissions for that 
year. Most of the U.S. transportation sector CO2 emissions come from 

Fig. 1.4  United States petroleum consumption for the transportation sector 
from 1995–2035, million barrels per day equivalent. Source: Ref 1.3

Fig. 1.5  Emissions of CO2 by sectors. Source: Ref 1.4
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petroleum fuels (98%). Table 1.1 lists the amount of CO2 released into the 
atmosphere from a gallon of fuel.

Most of the emissions result from vehicle use (85%), while material 
production and vehicle manufacturing accounts for the rest (15%). The 
carbon footprint measures the impact of a vehicle on climate change in 
tons of CO2 emitted annually. Table 1.2 lists the average annual carbon 
footprint for cars and light trucks between 1975 and 2010. The carbon 
footprint dropped 51.4% for cars and 42.2% for light trucks. This is a sig-

Improvements in fuel economy and reduction of emissions and their 
effect on the environment became a national priority and the main objec-
tive of research and development in industrial, academic, and national 

(NHTSA) and The Environmental Protection Agency (EPA) issued a joint 
rulemaking to establish a national program to regulate fuel economy and 
greenhouse gas emissions for model year 2012 to 2016 vehicles. Table 1.3 
lists the average projected emissions compliance level for cars and light 
trucks for model years 2012 to 2016.

The fuel economy standards for model year 2012 to 2016 cars and light 
trucks are listed in Table 1.4. Also listed is the required fuel economy for 

Table 1.1 Carbon dioxide emissions from a gallon of fuel

Fuel

CO2

lb

Gasoline  8,788  8.8 19.4
Diesel 10,084 10.1 22.2

Source: Ref 1.2

Table 1.2 Average annual carbon footprint for  
light vehicles for 1975 and 2010

Vehicles

CO2

1975 2010 1975–2010

Cars 11.8 5.7 –51.4
Light trucks 13.6 7.9 –42.2

Source: Ref 1.2

Table 1.3 Projected emissions compliance levels for 2012 to 2016  
under the footprint-based carbon dioxide standards

2012 263 346 295
2013 256 337 286
2014 247 326 276
2015 236 312 263
2016 225 298 250

Source: Ref 1.2
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In August 2012, NHTSA and EPA released another proposed rulemak-
ing to set stringent fuel and emissions requirements for model years 2017 
to 2025. The proposed Energy Bill requires the U.S. auto industry to raise 

mpg in 2025, up from 27.6 mpg in 2011. Proponents of the rules estimate 
that consumption will be reduced by 3.1 M pbpd. The EPA and NHTSA 

-
ditional cost to industry and consumers.

Fuel consumption is measured in gallons per mile (gpm) and vehicle 
mileage is measured in miles per gallon (mpg). Both measures vary with 
car weight as shown in Fig. 1.6. Fuel consumption (gpm) varies linearly, 
while mileage (mpg) varies inversely with car weight. Simply put, reduc-
ing vehicle weight reduces its fuel consumption (gpm) and increases its 
mileage (mpg).

Automakers have been aware of the drawbacks of heavy cars and have 

captures Henry Ford’s observation about the heavy weight of cars.

Table 1.4 Fuel economy standards for 2012 to 2016

2012 33.3 25.4 29.7
2013 34.2 26.0 30.5
2014 34.9 26.6 31.3
2015 36.2 27.5 32.6
2016 37.8 28.8 34.1

Source: Ref 1.2

Fig. 1.6  Effect of car weight on fuel consumption and fuel economy. Source: 
Adapted from Ref 1.5
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new strategies and advanced technologies to improve engines, drivetrains, 
transmissions, aerodynamics, tire rolling resistance, and vehicle weight. 
As Fig.1.8 shows, vehicle weight reduction is the most effective means for 

Fig. 1.7  Henry Ford’s observation regarding vehicle weight

Fig. 1.8  Vehicle fuel economy improvement potential for various technolo-
gies. Source: Ref 1.6
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improving fuel economy and reducing energy consumption. Reducing ve-
hicle weight lowers the inertial forces that the engine has to overcome to 
decelerate and stop the vehicle. It also reduces the power required to move 
and accelerate the vehicle.

It has been suggested by many in the automotive industry that a 30% 
vehicle weight reduction will yield an acceptable target for improvement 
in fuel economy. The relationship between vehicle weight reduction and 
fuel economy improvement is complex and depends on many factors such 
as size, type, powertrain, speed, and driving cycles of the vehicle. As a 
rule of thumb, for every 10% of weight reduced from the average new car 
or light truck, fuel consumption is reduced by 6 to 8%.

The three strategies that can be used to reduce vehicle weight are:

1. Vehicle downsizing
2. Vehicle design changes
3. Lightweight/strong material substitution

consumers prefer the comfort and functionality of larger vehicles. Vehicle 
design changes can produce nominal reduction in vehicle weight. Light-
weighting through strong material substitution appears to be the only vi-

replacing heavy steel components in body structures, closure panels, chas-
sis, wheels, bumpers, and suspension parts with lightweight materials 
made from ferrous and nonferrous alloys, polymers, and composites. The 
overall weight of a car is distributed among its body (40%), chassis (25%), 
power train (15%), and equipment (20%). The body and chassis are the 
two major contributors to the weight of a car and therefore are the focus 
for lightweight design.

Lightweight materials include high-strength steels (HSS), aluminum al-
loys, magnesium alloys, titanium alloys, and various composite materials. 
By using lightweight materials, manufacturers can reduce the weight of a 

achieved.
Ferrous alloys include all grades of steels and cast irons; nonferrous 

light alloys include aluminum and magnesium alloys. Nonmetallic light-
-

posites. The nonferrous and nonmetallic materials referred to have higher 
strength-to-weight ratios than HSS and could potentially be used for 
weight saving in automotive components. However, they are expensive, 
incompatible with existing manufacturing processes, and have higher pro-
duction and manufacturing costs. These hurdles prevent such materials 
from being commonly used, especially in low-end but high-volume pro-
duction cars. 
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Table 1.5 lists the weight savings and material and manufacturing rela-
tive cost per part resulting from replacing steel with different lightweight 
materials. The table shows clearly that conventional HSS maintain their 
cost advantage over other lightweight materials. This is because HSS and 

cost is kept to a minimum. 
While composites remain expensive due to high material cost and long 

production cycle times, HSS and aluminum are likely to remain popular 
substitutes for mild steel in occupant vehicles. Although aluminum use in 
vehicles has been rising modestly, the cost differential with steel is still 

Designers must weigh structural performance and life-cycle cost against 
material cost, which can vary widely and is only one factor in the overall 

-
rial, design, fabrication, and assembly costs. Product cost is usually a 
trade off between the various cost contributors. For instance, a more ex-
pensive material that meets performance requirements but is more durable 
and requires less processing may generate lower overall cost than a less 
expensive material. In most cases, using a different material leads to dif-
ferent performance and a different manufacturing process.

Figure 1.9 shows a plot of the additional manufacturing cost and the 
realized mass reduction ranges for various lightweight materials. While 
HSS show the least cost penalty of all other materials, their maximum 
weight reduction is limited to 20%. However, with increase in steel 

increased.

cheaper than equivalent dimension parts made from other lightweight ma-
terials. When addressing cost, materials selection becomes the crucial fac-

composites will be at a cost disadvantage compared to steel. 
Because cost is a major driver for automakers and reducing it is the 

number one priority for success of any business, a more elaborate look at 

Table 1.5 Weight savings and costs for lightweight automotive materials

High-strength steel  Mild steel 10–25 1
Aluminum  Steel, cast iron 40–60 1.3–2
Magnesium  Steel or cast iron 60–75 1.5–2.5
Magnesium  Aluminum 25–35 1–1.5

 Steel 25–35 1–1.5
 Steel 50–60 2–10+

Aluminum-matrix composites  Steel or cast iron 50–65 1.5–3+
Titanium  Alloy steel 40–55 1.5–10+
Stainless steel  Carbon steel 20–45 1.2–1.7

Source: Ref 1.8
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Steel Auto Closure (ULSAC), and Ultra-Light Steel Auto Body—Ad-
vanced Vehicle Concepts (ULSAB-AVC) programs used cost models, de-
veloped by the Massachusetts Institute of Technology (MIT), to conduct 
economic analysis to assess the costs of body and door structures, as well 
as to evaluate the costs of all aspects of manufacturing of an entire vehicle 
(chassis, body, powertrain, and electric). Table 1.6 summarizes the costs 
associated with using HSS, tailor welding blanks, and part consolidation 
in the auto body structure. The results show that the body mass and cost 
can be reduced with respect to the reference vehicle.

The most important lightweight material competing with steel is based 
on aluminum alloys. Many studies have demonstrated the cost advantage 
of steel over aluminum alloys, and the results are (Ref 1.11):

Raw material cost for aluminum is 3 times that of steel.
Conversion cost for aluminum is 2 times that of steel (driven by the 
energy required to extract aluminum from raw material).

Fig. 1.9  Cost penalties for reducing mass of various lightweight materials. 
HS, high-strength; SMC, sheet molding compound; GF, glass fiber.

Source: Ref 1.9

Table 1.6 Cost summary of Ultra-Light Steel Automotive Body (ULSAB) structure

ULSAB

Steel cost(b) 369 416 468
Forming cost(b) 282 250 213
Assembly cost(b) 328 281 291

(b) 979 947 972
Tooling investment(b) 68.0 million 51.2 million 40.3 million
Part count 135 96 81
Body mass, kg (lb) 270 (595) 203 (448) 218 (481)

(a) Ultra-Light Steel Automotive Body—Advanced Vehicle Concept, designed to meet more stringent safety criteria than the listed al-
ternatives. (b) U.S. dollars. Source: Ref 1.10



12 / Advanced High-Strength Steels—Science, Technology, and Application

Assembly cost of aluminum is 20 to 30 times that of steel.
Body structure of aluminum costs 60 to 80% more than steel.

All indications show that steel has a big advantage in cost and perfor-
mance compared to other lightweight materials. 

In an era of weight reduction, traditional steels have been perceived 
negatively because of their high density. With the introduction of AHSS, 

-

cost and complicated manufacturing preclude them from being considered 
for high-volume vehicle production.

Although the densities of aluminum and magnesium alloys are lower 
than those of steel (2.7, 1.8 and 0.8 Mg/m3 respectively), their yield strength 
and ductility combinations are much lower than those of other grades of 
steel. Figure 1.11 shows a comparison between the strength and ductility of 
aluminum alloys, magnesium alloys, and different grades of steels. 

-
nesium alloys in two key properties: strength and ductility. These proper-
ties are extremely important for the manufacturing and performance of 
automotive structures and components. Also, it is important to realize that 
because aluminum and magnesium alloys suffer from low ductility, they 
require special forming processes such as warm forming and unconven-
tional die designs.

1.2 Importance of Steel

Steel is one of the most common materials in the world. It has fueled 
the industrial revolution and is central to the transport system, infrastruc-

Fig. 1.10  Specific strength of various lightweight materials. RP, reinforced 
polymer. Source: Ref 1.12
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ture, housing, and manufacturing. Steel producers reported that 1518 mil-
lion tons of steel were produced in 2011. Nearly everything that is man-
made is either made of steel or manufactured by equipment made of steel. 
Steel has been used in vehicles since the inception of the automotive in-
dustry. It has been commonly used because of its strength, formability, 
and low cost relative to other metals.

Steel has evolved over the years from mild steel in early 1900s to high-

of AHSS in the 1990s. There are approximately 30 steel grades that are 
used in automobiles. In 2010, steel made up approximately 60% of the 
light vehicle total weight. This amounts to approximately 1084 kg (2390 
lb) of steel in a typical car.

Recent approaches to improving the properties of steel have been based 
on developing steel microstructures of higher strength in order to reduce 
component section size and weight. The last two decades have seen dra-
matic changes in the compositions, microstructure, strength, ductility, and 
processing approaches to steel manufacture. Figure 1.12 shows HSS de-
velopment over time. The strengthening mechanisms and microstructural 
features for the different steel grades are also listed.

Figure 1.13 shows a spectrum of the steel categories that were used 
-

tional inverse relationship between strength and ductility. At the low end 
of the strength spectrum are interstitial-free (IF) and mild (MILD) steels. 
These steels are very soft and formable and they are mostly used in outer 
auto body applications. In the middle are the conventional grades of HSS 
that include interstitial-free, high-strength (IF-HS), isotropic (IS), bake-

Fig. 1.11  Yield strength and ductility for various metal alloys. HSLA/CP, 
high-strength, low-alloy/[insert definition of CP, complex phase;

TRIP, transformation-induced plasticity steels. Source: Ref 1.13
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hardenable (BH), and high-strength, low-alloy (HSLA) steels. These steels 
have higher strength compared to traditional steels but their ductility is 
much lower. At the high end are the AHSS that include dual-phase (DP), 
complex-phase (CP), transformation-induced plasticity (TRIP), and mar-
tensitic (MS) steels. These steels have very high strength and, except for 
the MS grade, have good formability and are being used in many automo-
tive structural applications. 

Fig. 1.12  Development of high-strength steels over time. Source: Thyssen, 
Ref 1.14

Fig. 1.13  Location of conventional high-speed strength (HSS) and first-gener-
ation advanced high-strength steel (AHSS) in the strength-elonga-

tion space. IF, interstitial-free; IF-HS, interstitial-free, high-strength; IS, isotropic 
steel; BH, bake-hardenable; CMn, carbon manganese; HSLA, high-strength, low-
alloy; TRIP, transformation-induced plasticity steels; DP-CP, dual-phase, com-
plex-phase; MS, martensitic. Source: Ref 1.15
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Figure 1.13 also shows that steel grades overlap in some ranges, giving 
-
-

mum of 1000 MPa (145 ksi), the designer can choose among four grades 

References to HSS usually include steels with tensile strength >300 
MPa (>44 ksi). Such steels include IF, BH, HSLA, and AHSS (TRIP, DP, 
CP, and MS). Figure 1.14 shows different grades and types of HSS super-
imposed on the strength-elongation chart.

has continued to evolve to meet the demands and to compete with other 

reinforced polymers. The major difference between conventional HSS 
and AHSS is their microstructure. Conventional HSS are single-phase fer-
ritic steels while AHSS are multiphase steels that contain ferrite, martens-

their strength, to a large extent, from manipulation of the microstructure 
and not from alloying. Therefore, they can be produced for approximately 
the same price as traditional HSS.

The major attribute of AHSS is their extremely high strength. This 
means that thinner sheets of AHSS are used to replace current thick steel 
components. In addition, advances in optimization methods and manufac-
turing processes have increased the mass savings achievable in AHSS. 
These improvements in technology have enabled AHSS to be at the same 
level with aluminum concerning lightweighting applications.

In section 1.1, “Drivers and Solutions,” the cost advantage of steel over 
other lightweight materials was established. Table 1.7 gives approximate 
comparative cost data for some types of steel that can be used to advan-
tage by the automotive designer. Austenitic stainless steels have a high 

Fig. 1.14  Grades and types of HSS. HSLA, high-strength, low-alloy; IF, inter-
stitial-free; TRIP, transformation-induced plasticity. Source: Ref 1.14
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relative cost because they contain a high percentage of expensive alloying 

slightly higher relative cost compared to cold rolled carbon steel because 
they are considered to be low-alloy steels and hence keep expensive alloy 
cost to a minimum.

The importance of steel in industry is revealed by the amount of steel 
products shipped to manufacturers. The total North American steel ship-
ments for 2010 were over 113 million tons, of which approximately 15 

12 million new light vehicles. Figure 1.15 shows that in 2010, HSS and 

delivered to vehicle manufacturers. Flat rolled AHSS applications include 
body structures, closures, suspensions, subframes, crossmembers, cradles, 
bumpers, and wheels.

light vehicles. It can be seen that 58% of the steel is used in the body and 

Fig. 1.15  Percentage of different types of flat rolled steel delivered in 2010. 
AHSS, advanced high-strength steel; HSS, high-strength steel; BH, 

bake-hardenable. Source: Ref 1.1

Table 1.7 Approximate relative costs of various sheet steels

Hot rolled carbon 0.80
Cold rolled carbon 1.00
Bake-hardenable 1.10
Hot dipped galvanized 1.12
Aluminized 1.21
Electrogalvanized 1.35
High-strength, low-alloy 1.15
Dual-phase 1.40
Martensitic 1.50
Austenitic stainless type 304 5.70

Source: Ref 1.16
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(BIW), followed by 16% for closures applications. This means that the 
greatest potential for weight savings is in the body structure and closure 
panels. The rest of the steel is used in chassis subsystems, wheels, bum-
pers, exhaust, and other applications. 

1.3 Advanced Steels

Many years and vast amounts of resources were invested by the steel 
and automotive industries in research and development to bring about ad-

cost competitive. These new generations of steels possess extremely high 
strength while maintaining the high formability required for manufactur-
ing. New technologies such as continuous casting and thermomechanical 
processing have resulted in the development of several new grades of 
steels. Advanced high-strength steels (AHSS) are multiphase steels con-
sisting of hard islands of martensite, bainite, and/or retained austenite dis-

to produce a variety of desired mechanical properties. The AHSS family 
includes dual-phase (DP), complex-phase (CP), transformation-induced 
plasticity (TRIP), twinning-induced plasticity (TWIP), and martensitic 

Fig. 1.16  Distribution of flat rolled steel content in the 2010 North Ameri-
can light vehicles. BIW, body-in-white. Source: Ref 1.1
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(MS) steels. They show superior strength compared to the high-strength, 
low-alloy steel (HSLA) grades with the same ductility. The TWIP grades, 
in particular, exhibit excellent formability that is comparable to that of 
mild steel but at an incredibly higher tensile strength. The strengthening 
mechanisms involved in AHSS include solid-solution strengthening, pre-

-
mation from soft ferrite to hard martensite. Advanced high-strength steels 
are the fastest growing materials in today’s automotive industry and are 
designed to leverage steel as the optimal automotive material. These ad-
vanced steels are best suited for the manufacture of crash-resistant auto 
body structures, where strength and energy absorption are required.

on the levels of their tensile strength and percent elongation. A chart giv-
ing the location of the two groups of AHSS in the strength-elongation 

of AHSS, and it includes DP, CP, TRIP, and MS steels. The second group 
is known as the second generation of AHSS, and it includes twinning- 
induced plasticity (TWIP), lightweight induced-plasticity (L-IP), and aus-
tenitic stainless steel (AUST SS). 

-
tion has an austenite-based microstructure. The austenite matrix provides 
better formability but the high austenite stabilizer content of up to 20 wt% 
manganese and nickel increase the cost of the second-generation AHSS.

Fig. 1.17  Location of the first and second generation of AHSS. IF, interstitial-
free; IF-HS, interstitial-free, high-strength; ISO, isotropic; BH, 

bake-hardenable; CMn, carbon manganese; HSLA, high-strength, low-alloy; 
TRIP, transformation-induced plasticity steels; DP-CP, dual-phase, complex-
phase; MART, martensitic; L-IP, lightweight induced-plasticity; AUST. SS, austen-
itic stainless steel; TWIP, twinning-induced plasticity. Source: Ref 1.17
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In the quest for safer and lighter cars, automotive engineers are specify-
ing increased amounts of AHSS for auto body structures to achieve greater 
strength without a corresponding increase in weight. Advanced high-
strength steels have been incorporated into nearly every new car, and 
many of today’s vehicles contain as much as 40% of those materials. They 
are predicted to replace approximately 60% of the currently used conven-
tional steels, including many of the HSLA steel grades. The currently used 
AHSS have reduced vehicle body structure mass by at least 25%. The 
third-generation AHSS, under development, are expected to achieve more 

Figure 1.18 shows historical and projected increase in use of AHSS per 

total amount of HSS content, which includes AHSS, HSS, and BH steel 
grades. 

The best prediction for the use of AHSS comes from the steel industry’s 
FutureSteelVehicle (FSV) program, which developed a steel body struc-
ture 35% lighter than a benchmarked vehicle. Approximately 97% of the 
steels used are HSS and AHSS, and approximately 50% of those steels have 
strengths in the giga pascal range. Using this amount of HSS is expected to 
reduce the total lifetime emissions by approximately 70%. The program 
claims that weight reduction is achieved at no cost penalty (Ref 1.19).

Advanced high-strength steels are multiphase steels with complex mi-
crostructures that contain phases such as ferrite, martensite, bainite, aus-
tenite, and/or retained austenite. Understanding the structure-property re-

Fig. 1.18  Historical and projected content of AHSS, HSS, and bake-harden-
able (BH) steels in North American vehicles from 1975–2015. 

Source: Ref 1.18
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lationship in AHSS requires a basic knowledge about steel compositions, 
phases, microstructures, strengthening mechanisms, and thermal process-
ing. This basic knowledge is provided in Chapter 2, “Steel Fundamen-
tals,” in this book

1.4 Significance of High Strength

The biggest advantage of AHSS over other lightweight materials is 
their wide range of strengths, extending from approximately 500 to 1700 
MPa (70 to 245 ksi). In most cases, high strength allows thick-gage com-
ponents to be replaced by thin-gage material without any loss of perfor-

and reduced environmental impact.
Weight Reduction and Fuel Efficiency. It has been demonstrated, by 

the early ULSAB program, that vehicle weight reduction is highly depen-
dent on the strength of the new steels replacing the traditional ones. Table 
1.8 shows the dependence of weight reduction on the yield strength of 
AHSS. The potential for weight reduction increases with increase in the 
yield strength of the material.

-
complished by downgaging components made from AHSS. Reducing ve-
hicle weight lowers the inertial forces that the engine has to overcome and 
reduces the power needed to move the vehicle. It is estimated that a 10% 
reduction in vehicle weight results in 6 to 8% improvement in fuel 
economy. 

Crash Performance and Energy Absorption. A large part of the en-
ergy produced in a collision is absorbed by the steel front end structure as 
it deforms under impact. The structure is designed to collapse like an ac-
cordion to absorb the impacting force. The ability of a material to absorb 
an impact depends on its toughness, which is the product of strength and 
ductility. High strength levels of 1800 MPa (260 ksi) are indicated as a 
future requirement for anti-intrusion applications. Also, a high strain-
hardening rate means that the material becomes stronger on impact and 
will absorb more of the impact energy.

Material and Cost Savings. When AHSS are used, the mass reduction 
due to downgaging results in less steel used per car. This reduces the 
amount of steel that needs to be produced, hence decreasing the demand 
on natural resources and the energy needed to convert iron ore into steel. 

Table 1.8 Dependence of weight reduction on yield strength of AHSS

 400 (58) 15–25
 700 (102) 35–45
 900 (131) 45–50
1100 (160) 50–55

Source: Ref 1.20
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It also reduces emissions from steelmakers’ smoke stacks and vehicle tail 

the environment. Simply put, if steel strength is increased from 500 to 1000 
MPa (70 to 145 ksi), steel consumption would be reduced by about half.

Mass Efficiency.
performance of vehicle lightweight body-in-white designs. The basis of 
the measure is illustrated in Fig. 1.19.

of the projected area and the torsional stiffness of the vehicle:

LDC = BIW mass (kg) / [Area (m2).Torsional stiffness (N-m/deg)] 

BIW designs ranged from 2.3 to 5.5. Smaller LDC numbers indicate more 
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CHAPTER 2

Steel Fundamentals

STEELS are among the most widely used metals and have a wide vari-
ety of applications. Traditionally, steels are used to build cars, appliances, 
machines, and structures. More advanced specialty steels are used for 
 corrosion resistance (stainless steel), high-temperature applications (super 
alloys), and lightweighting (high-strength steel, HSS). New grades of ad-
vanced high-strength steels (AHSS) have been developed or are still under 
development for use in applications where strength, safety, recyclability, 
and cost are essential. Steel has the widest range of compositions, micro-
structures, and properties of most metal alloys and, therefore, is suited to 
a wide range of applications.

2.1 Compositions and Metallurgical Phases

Steel is a versatile metal alloy that is basically iron and carbon with 
varying small amounts of other alloying elements such as manganese, 
chromium, nickel, and molybdenum. Some of the elements are residual 
while others are added in order to impart useful properties such as strength, 
ductility, hardness, toughness, wear resistance, machinability, and weld-
ability. In carbon steel, up to 2% C interacts with iron to produce two 
principal phases: a single-phase solid solution of body-centered cubic 
(bcc) iron that is soft and ductile, called ferrite ( ), and another phase 
composed of a chemical compound that is hard and strong, called cement-
ite or iron carbide (Fe3C). Cementite forms in the presence of high carbon 
concentrations. A two-phase mixture called pearlite forms at lower carbon 
content and is made up of alternating layers of soft ferrite and hard cement-
ite. Martensite is a very hard phase that results from the very rapid quench-
ing of austenite ( ), which is the high-temperature phase of the Fe-C solid 
solution. Bainite is a strong phase that has the same composition as that of 
pearlite but forms when austenite is cooled more quickly than necessary to 
form pearlite, but not quickly enough to form martensite.
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The basic guide to understanding the behavior of carbon steel is the 
Fe-C phase diagram. This diagram is fundamental to understanding the 
relationship between heat treatment, microstructure, and mechanical prop-
erties of iron-carbon alloys. Figure 2.1 shows part of the phase diagram 
for compositions of carbon steels with <2% C and temperatures below 

-
cant for most engineering applications. The diagram shows how tempera-
ture and carbon content combine to give a variety of metallurgical struc-
tures. Carbon atoms dissolve in iron as interstitial impurities to form the 
solid solution known as ferrite. When the solubility limit of carbon in iron 
is exceeded, the chemical compound cementite, or iron carbide (Fe3C), 
forms. Of special interest in the Fe-C phase diagram is the eutectoid com-
position that occurs at 0.76% C. At this composition, the high-temperature 

 + ce-
mentite) at 720 °C (1330 °F). The eutectoid steel is composed of 100% 
pearlite whose microstructure consists of alternate layers of ferrite and 
cementite. 

At room temperature, the stable phases of steel are ferrite and ce mentite. 
Ferrite is a common constituent in steels and has a less densely packed bcc 
structure. Cementite is a very hard and brittle chemical compound that 
enhances the strength of steels. All steel alloys, up to 2%, must cool through 
the  phase, austenite. Austenite is a high-temperature phase and has a 
close-packed face-centered cubic (fcc) structure. Heating carbon steel into 
the austenite region is called austenitization. Figure 2.1 shows that the 
austenitization temperature decreases with carbon content up to the eutec-
tic composition of 0.76% C, then increases for higher carbon content up 
to 2% C. Austenite is nonmagnetic and can be retained at room tempera-
ture by the addition of appropriate alloying elements such as manganese 
and nickel. 

Fig. 2.1  Portion of the Fe-Fe3C phase diagram for carbon steel 
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Ferrite is iron containing a very small amount of carbon. The maximum 
solubility of carbon in iron is 0.022% at 725 °C. The iron-carbon phase 
diagram describes what happens when a certain grade of carbon steel is 
slowly heated or cooled. For instance, eutectoid steel transforms com-
pletely to austenite on heating above the eutectoid temperature of 725 °C 
and transforms completely to pearlite on cooling below this temperature. 
The carbon content provides many different steel compositions and mi-
crostructures and, therefore, is the major factor in determining the proper-
ties that can be developed in steel. For example, strength increases with 
carbon content up to the eutectoid composition but then starts to drop as a 
grain-boundary network of brittle cementite is formed.

Most of the carbon in steel is present in the microstructure as iron car-
bide. Hence, the wide range of properties in steel that has not been heat 
treated is determined primarily by the relative amounts of iron and iron 
carbide in the microstructure. Increasing the fraction of iron carbide in 
steel, while holding microstructural features constant, will produce harder 
and stronger steel. Although carbon is the element that transforms iron 
into steel, other elements are also added to produce a variety of desirable 
properties. The effect of the alloying elements on the Fe-C phase diagram 
is to shift its phase boundaries and the shapes of the phase areas. Figure 
2.2 shows the dependence of the eutectoid temperature on alloy concen-

eutectoid reaction, which occurs at 725 °C for unalloyed steel, is greatly 

2.2 Microstructure and Heat Treatment

The three major variables in steel processing are alloying, work harden-
ing, and thermal processing. Alloying refers to the ability of iron to form 

Fig. 2.2  Effect of alloy concentration on the eutectoid temperature in steel. 
Source: Ref 2.1
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solid solutions and compounds with other metals. Work hardening refers 
to the tendency of steel to become stronger when subjected to plastic de-
formation. Thermal processing refers to the ability of steel to change its 
mechanical properties by heat treating while in the solid state. Although 
chemistry and plastic deformation are important to steel manufacture, 
heating and cooling are essential for phase transformation and the devel-
opment of microstructures. Steel properties and performance depend on 
its microstructure, which is a function of processing. 

Heat treatment involves moving atoms around within the crystalline 
structure of metal by means of solid-state diffusion. The mechanism of 
diffusion relies on the presence of vacancies in the crystal lattice. The 
basis of heat treatment relies on the fact that the solubility of carbon in 
austenite (fcc) is much higher than in ferrite (bcc) because the size of in-
terstices that can accommodate carbon atoms are larger in the fcc struc-
ture. At room temperature, all carbon steels have two phases (ferrite and 
iron carbide). Austenitizing steel produces a single phase (  phase) and 
this is used as the starting point to control microstructure by heat treat- 
ing procedures. For carbon steels, cooling transforms the single phase to 
two phases of widely different compositions. For alloy steels that have 
more sophisticated chemical compositions, more complex phases are 
produced.

Iron carbide particles embedded in the ferrite grains form a microstruc-
ture that can be observed under a microscope. Figure 2.3 shows the micro-
structure of eutectoid steel consisting of alternating lamellae of two phases 
(  and Fe3C). 

Fig. 2.3  Microstructure of pearlite in eutectoid steel consisting of alternating layers of -
ferrite (light phase) and iron carbide (dark layers). Source: Ref 2.1
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Microstructural features include not only the relative amounts of the 
constituents but also their nature, size, shape, and distribution. For a given 
carbon content, these features are brought about by heat treatment and can 

in desired properties for the intended application. Microstructure develop-
ment can be achieved by heat treating cycles aimed at controlling the pre-
cipitation of iron carbide from a solid solution of austenite.

Austenite is the high-temperature phase of steel that decomposes on 

composition, this microstructure depends on the temperature at which the 
precipitation occurs. Under equilibrium conditions, austenite transforms 
to pearlite at a temperature just below the critical temperature of 725 °C 
(1340 °F). 

If nonequilibrium conditions exist (rapid or slow cooling), the transfor-
mation microstructure varies markedly with the temperature of the trans-
formation. The transformation of austenite is studied by observing the 
constant temperature transformation behavior at a series of temperatures 
below the critical temperature of 725 °C. The results of these observations 
are presented as a chart where the times at which transformation begins 
and at which it goes to completion, at a given temperature, are plotted. 
Such a diagram is referred to as a time-temperature-transformation (TTT) 
diagram and is shown in Fig. 2.4 for eutectoid steel. 

Figure 2.4 also shows how the TTT diagram is generated from indi-
vidual percent transformation versus logarithm of time plots obtained 

shape of the curve results from a diffusion-limited transformation at low 
temperatures and an energy-limited transformation at high temperatures. 
At high temperature, diffusion is fast and coarse pearlite forms. At low 

“knee” of the TTT diagram. Below the “knee,” transformation produces a 
feathery microstructure called bainite. 

Figure 2.5 shows a superimposed isothermal heat treatment curve 
(ABCD) where austenite begins its transformation at T > 725 °C. It is then 
rapidly cooled to T = 625 °C (1160 °F) and then held at constant tempera-
ture of 625 °C until decomposition takes place. This isothermal treatment 

around 550 °C (1020 °F) gives the shortest time (incubation period) for 
starting the austenite-to-pearlite transformation and is referred to as the 
“knee” of the curve, N
critical cooling rate of the steel.

A more complete isothermal transformation diagram for austenite-to-
pearlite (A-P) and austenite-to-bainite (A-B) transformation regions is 
shown in Fig. 2.6. While pearlite forms above the “knee” of the curve, N, 
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forms below it. Pearlite forms in the region from the eutectoid tempera-
ture 725 °C (1340 °F) down to approximately 550 °C (1020 °F). Below 
that temperature, pearlite does not form and, instead, bainite forms. In 

transformation temperature is decreased. Increasing the carbon and alloy 
content decreases the transformation rate and affects the shape of the TTT 
diagram by shifting it to the right. This means that the transformation at all 
temperature levels starts later and takes more time to completion.

Most heat treating processes for steel involve continuous cooling to 
room temperature rather than isothermal heat treatment. For continuous 
cooling, the time required to start the transformation is delayed. Therefore, 
the isothermal transformation curves will be slightly shifted to longer 
times and lower temperatures. Such curves are referred to as continuous 
cooling transformation (CCT) diagrams. Figure 2.7 shows the superposi-
tion of the CCT diagram on the isothermal cooling (TTT) diagram. 

Fig. 2.4  Generation of time-temperature-transformation (TTT) diagram from 
percent of transformation vs. log time plots. Source: Ref 2.1
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Fig. 2.5  Isothermal transformation of austenite to pearlite in eutectoid car-
bon steel. Source: Ref 2.1

Fig. 2.6  Isothermal transformation of eutectoid steel from austenite to pearl-
ite (A-P  ) and austenite to bainite (A-B). Source: Ref 2.1
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Fig. 2.7  Relationship between isothermal cooling diagram (TTT) and con-
tinuous cooling diagram (CCT) for eutectoid steel. Source: Ref 2.1

A schematic representation of the temperature histories for an isother-
mal cooling diagram (TTT) and a CCT diagram is shown in Fig. 2.8. The 
temperature histories for the TTT diagram in Fig. 2.8(a) show two quench 
and hold isothermal treatments, A and B, to room temperature, RT. At A, 
50% of the transformation from austenite to bainite occurred, while at B 
the transformation is 100% complete. For the CCT diagram in Fig. 2.8(b), 
three continuous cooling treatments for three different cooling rates are 
shown. The middle cooling rate is known as the critical cooling rate (CCR) 

controlled transformation.
Figure 2.9 shows cooling curves for moderately fast (10 min) and slow 

(15 h) cooling times superimposed on a CCT diagram of eutectoid steel. 

slow cooling rate produces one with coarse pearlite. The explanation for 
this is based on the fact that low nucleation rates and high diffusion rates 
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Fig. 2.9  Microstructures of eutectoid steel resulting from fast and slow con-
tinuous cooling rates. Source: Ref 2.1

Fig. 2.8  Schematics showing the temperature histories of (a) an isothermal cooling diagram (TTT), and (b) a continu-
ous transformation diagram (CCT). Source: Adapted from Ref 2.2
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lead to coarse structures while high nucleation rates and low diffusion 

shown in Fig. 2.10. Coarse pearlite is characterized by thick and widely 

are thin and closely packed. Fine pearlite is harder and less ductile than 
coarse pearlite. 

In many situations, the objective of heat treatment is to cool the sample 
rapidly enough so that transformation does not occur at all. Close inspec-
tion of the CCT diagram in Fig. 2.7 indicates that no information is avail-
able below approximately 250 °C (480 °F). Three horizontal lines are 
added below that temperature to show the transformation of quenched 
austenite to martensite. Martensite is the microstructure obtained by the 
rapid quenching of austenite to bypass the “knee” of the CCT diagram. 
Martensite is important because it is the hardest structure obtained from 
the transformation of austenite. Figure 2.11 shows a micrograph of mar-
tensitic microstructure. As formed, martensite is of little use and must be 
softened for metalworking. Softening is accomplished by reheating or 
tempering martensite at temperatures below the eutectoid temperature of 
725 °C (1340 °F). Properties of tempered martensite depend on the tem-
pering temperature and the hold time at that temperature.

Fig. 2.10  Micrographs of (a) coarse pearlite and (b) fine pearlite of eutectoid 
steel. Source: Ref 2.1
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Martensitic transformation involves the reorientation of carbon and 
iron atoms from the fcc solid solution of austenite to a distorted body-
centered tetragonal (bct) solid solution of martensite. The distortion is 
caused by trapped atoms of carbon and the distorted lattice is resistant to 
dislocation glide and hence increases its strength and hardness. Transfor-
mation to martensite occurs at temperatures below 250 °C, and the per-
centage of transformation depends only on the temperature to which it is 
cooled. Transformation to martensite occurs by a diffusionless process, 
and it differs from transformation to pearlite or bainite in that it is not time 
dependent, but occurs instantly during cooling. Figure 2.12 shows the 
CCR for eutectoid steel superimposed on a CCT diagram. It also demon-

Cooling rates greater than the critical cooling rate will produce martensite 
only. Lower cooling rates than the critical will produce both martensite 
and pearlite, and for the lowest cooling rates only pearlite forms. 

The transformation from austenite to martensite produces a brittle mi-
crostructure with low fracture toughness and diminished ability for defor-
mation processing of the material. Ductility is regained by a reheating 
process called tempering. On tempering, the excess carbon in the de-
formed bct lattice combines with iron atoms to form Fe3C precipitates. 

Fig. 2.11  Martensite microstructure (needle-shaped grains) and retained 
austenite (white matrix). Source: Ref 2.1
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The strengthening mechanism in tempered martensite shifts from resis-
tance to dislocation glide in a distorted lattice to resistance to dislocation 
glide by precipitates. The resulting yield stress evolves with tempering 
time because the process of nucleation and growth of the Fe3C precipitates 
is time dependent.

Figure 2.13 shows (a) quenching of austenite to martensite on a CCT 
diagram and (b) evolution of yield stress during tempering of quenched 
carbon steel. Tempering reduces the yield strength to levels between 
quenched martensite (2500 MPa, or 363 ksi) and normalized ferrite- 
pearlite microstructure (350 MPa, or 51 ksi). Manipulating properties of 
steel by using quench and temper treatment is a widespread technique for 
controlling the toughness of steel.

A block diagram that summarizes the effect of cooling rates on the mi-
crostructure of steel is shown in Fig. 2.14. 

A summary of the microstructures and mechanical attributes of carbon 
steel is listed in Table 2.1.

A major concern in heat treatment is that a low enough cooling rate can-
not be practically achieved to avoid the “knee” of the CCT diagram; 
hence, 100% martensite cannot be produced. This problem can be solved 

Fig. 2.12  Effect of cooling rate on development of final microstructure. 
Source: Ref 2.1
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Fig. 2.13  (a) Martensite formation from austenite. (b) Evolution of yield stress during tempering of martensite. 
Source: Adapted from Ref 2.2

Fig. 2.14  Block diagram of the effect of cooling rate on development of final 
microstructure. Source: Ref 2.1

Table 2.1 Microstructure and attributes of steel

Pearlite  ferrite + Fe3C Soft and ductile
Bainite  ferrite + Fe3C Stronger and less ductile than pearlite
Martensite Single-phase bct structure Stronger and less ductile than bainite
Tempered martensite 3C Strong but more ductile than martensite

bct, body-centered tetragonal. Source: Compiled from Ref 2.1
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by shifting the CCT diagram to the right to achieve longer times for its 
“knee.” The shift can be accomplished by increasing the carbon content 
and adding small amounts of alloying elements. Figure 2.15 shows a 
shifted CCT diagram for high-strength, low-alloy (HSLA) steel AISI/SAE 
4340 obtained by increasing carbon content to 0.40% and adding alloying 
elements nickel, chromium, and molybdenum. Alloying elements affect 
diffusion and limit austenite transformation at high temperature to the ex-
tent that a double “knee” is formed. Figure 2.15 shows that the “knee” of 
the CCT diagram shifted from a low cooling time of approximately 1 
second for low carbon steel (Fig. 2.9) to a high cooling time of approxi-
mately 10 seconds for HSLA steel (Fig. 2.15).

The properties of steel can be controlled by heat treating procedures 
through the control of microstructure. Heat treating involves heating the 
steel to a temperature where austenite is formed and then cooling it at an 
appropriate rate to transform it to the desired microstructure. Heat treat-

Fig. 2.15  Continuous cooling transformation (CCT) diagram for high-
strength, low-alloy steel AISI/SAE 4340. Source: Ref 2.1
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ment usually includes reheating and cooling to relieve residual stresses 
and to modify the microstructure to control the strength and ductility of 
the steel.

Conventional heat treating procedures include annealing, normalizing, 
quenching and tempering, stress relieving, martempering, and austemper-
ing. Figure 2.16 shows time-temperature diagrams of the major heat treat-
ing procedures and products produced by decomposition of austenite. The 
heat treating diagrams are superimposed on a typical isothermal transfor-
mation diagram to illustrate graphically the heating and cooling opera-
tions involved in each heat treating process. Each heat treating procedure 

the decomposition of austenite requires that the steel be heated to a tem-
perature within the austenitizing range of 790 to 915 °C (1455 to 1680 
°F). Following is a summary of the four major transformation cycles: 

Fig. 2.16  Major heat treating procedures superimposed on TTT diagram. 
Source: Ref 2.3
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1. Conventional Quenching and Tempering: Austenitizing steel disperses 
the carbon into solution. Quenching to room temperature traps the car-
bon in a supersaturated solution. The phase transformation of iron 
from fcc to bcc results in a metastable phase called martensite. The 
extra carbon in the bcc lattice causes it to distort into the bct lattice of 
martensite. Martensite has very high yield strength but very low duc-
tility. It is then tempered to desired hardness by heating at tempera-
tures in the range of 210 to 650 °C (410 to 1200 °F) to transform  
martensite to ferrite and cementite. The microstructure of tempered 
martensite is different from that of annealed ferrite and cementite.

2. Conventional Annealing: Austenitized steel is cooled slowly to form 
ferrite and pearlite.

3. Austempering: Austenitized steel is quenched in a bath maintained at 
a constant temperature range of 260 to 400 °C (500 to 750 °F). The 
steel is allowed to transform isothermally to bainite in this bath, then 
cooled to room temperature.

4. Martempering: Austenitized steel is quenched below the “knee” of the 
TTT diagram. It is then slow cooled to form martensite and tempered 
to desired hardness by transforming martensite to ferrite and ce -mentite. 

2.3 Structure-Property Relationships

The mechanical properties of metals that are of most interest to engi-
neers are strength, ductility, and toughness. Strength determines the stress 
that can be applied to a structure without resulting in plastic deformation. 
For most applications the yield strength is important to prevent the onset 

for a structure to carry or resist mechanical forces or stresses. Ductility 

measured in terms of percent elongation or reduction in area. Toughness is 
related to the resistance of the metal to fracture under conditions of stress 
concentration resulting from cracks, notches, or defects. It is measured in 
terms of the energy required to fracture a standard test specimen. 

Strength, ductility, and toughness are related because all three are gov-
erned by the same deformation mechanism of dislocation glide. In gen-
eral, as strength increases, ductility and toughness decrease. These proper-

and distribution of constituents and the presence of imperfections such as 
solutes, inclusions, precipitates, dislocations, twins, grain boundaries, and 
cracks in the metal.

Mechanical and performance properties of steels are determined by 
three main factors:

Composition of constituents
Microstructures resulting from heat treatment
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Loading mode (tension, compression, and shear)

Engineering components can have complex shapes and can be loaded 
by a variety of forces. The stresses in small elements within the compo-
nents can be a combination of three basic modes of loading: tension, com-
pression, and shear. Loading effects, other than tension, are not considered 
in this chapter. Accordingly, the structure-property relationship in steel is 
based on the effects of composition and microstructure. Variations in me-
chanical properties due to steel composition are shown in Fig. 2.17. In-
creasing the carbon content increases the yield and tensile strengths as 
well as the hardness of plain carbon steel. Ductility, as measured by elon-
gation or reduction in area, and toughness decrease with increase in car-
bon content of plain carbon steels. 

steel with a certain composition the microstructure can be altered by vary-
ing the heat treating process. Table 2.2 shows how different yield strengths 

composition of 0.15 wt% C and 1.0 wt% Mn.

Fig. 2.17  Effect of carbon content on the mechanical properties of plain carbon steels. Source: Ref 2.1

Table 2.2 Effect of microstructure on yield strength of steel

Water quench Martensite 450 (65)
Oil quench Bainite 300 (44)
Air cool Ferrite + pearlite 150 (22)
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Figure 2.18 shows the effect of microstructure on the hardness and duc-
tility of different plain carbon steel compositions. Alloys containing pearl-
itic microstructures have greater strength and hardness than those contain-
ing ductile spheroidite. 

Figure 2.19 shows the effect of carbon content on the tensile strength 
and hardness of carbon steels. High-carbon steels can also be heat treated 
to form martensite, making the steel harder and stronger.

Different thermal processing schemes produce different room-temper-
ature microstructures. Slow cooling leads to soft ferrite microstructure 
while quenching produces hard martensite. Table 2.3 shows the micro-
structural effects on mechanical properties of various grades of steel.

The effect of quenching and tempering on fracture toughness of plain 
carbon steels of varying carbon content is shown in Fig. 2.20. Fracture 
toughness decreases with increase in the yield strength of steel. Quenched 
steel (martensite) has the highest yield strength and the lowest fracture 
toughness compared to the other tempered and normalized steels.

Increasing carbon content increases strength and reduces fracture 
toughness of steel. Quenching the 0.4% C steel produces martensite, 
which has high strength but extremely low fracture toughness, below the 
threshold of 15 MPa (2.2 ksi) for structural applications. Tempering the 
0.4% C steel reduces its yield strength but increases its fracture toughness. 

Fig. 2.18  Effect of microstructure on mechanical properties of different plain carbon steel compositions. Source: 
Ref 2.1
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The higher the tempering temperature, the higher is the fracture toughness 
and the lower is the yield strength.

Figure 2.21 compares the microstructures of various phases of steel 
grades. Ferrite and martensite have single-phase microstructures. Dual-
phase (DP) steel has a two-phase ferrite and martensite, while transforma-
tion-induced plasticity (TRIP) steel has a multiphase ferrite, bainite/mar-
tensite, and retained austenite microstructure.

2.4 Categories of Steels

Within a steel category, a distinction should be made as to whether or 

A composition of 5% alloying elements is an arbitrary boundary between 
low-alloy and high-alloy steels. Various elements are added to steels to 

Fig. 2.19  Effect of carbon content on the tensile strength and hardness of 
carbon steels. Source: Ref 2.1

Table 2.3 Microstructural effects on mechanical properties of various grades  
of steel

Interstitial-free (IF) Ferrite  150–250 (22–36) 40–55
Mild steel Ferrite + pearlite  180–300 (26–44) 30–45
High-strength, low-alloy (HSLA) Ferrite + pearlite + alloy pre-

cipitates
 300–800 (44–116) 10–25

Dual-phase (DP) Ferrite + martensite  450–1000 (65–145)  6–30
Complex-phase (CP) Fine ferrite + higher fraction of 

martensite and pearlite
 450–1200 (65–174)  6–30

Transformation-induced plasticity (TRIP) Soft ferrite + hard bainite +  
retained austenite

 500–1200 (73–174) 10–33

Martensitic (MS) 100% martensite  720–1650 (104–239)  3–12
Twinning-induced plasticity (TWIP) Retained austenite 1100–1650 (160–239) 43–63
Austenitic stainless steel (AUST SS) Retained austenite  900–1150 (131–167) 45–63
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-
tance, formability, weldability, and machinability. Alloy additions increase 

-
ties for certain applications.

-
veloped. The American Iron and Steel Institute (AISI) and the Interna-

strength levels of mild steel, HSS, and AHSS (Table 2.4).
It is important to realize that some HSS may be designated by minimum 

tensile strength and not by minimum yield strength. To provide a consis-
tent nomenclature, the ULSAB Consortium adopted a standard practice 

Original equipment manufacturers (OEMs) use a different categoriza-

steel (Table 2.5).
The AISI/SAE and UNS designation systems and composition ranges 

for plain carbon and low alloy steels are listed in Table 2.6.
Following is a brief description of relevant steel grades (Ref 2.5).
Carbon steels are the most widely used metals and have a wide range 

of applications. They are characterized by good strength, ductility, weld-

Fig. 2.20  Effect of quenching and tempering on the fracture toughness of 
plain carbon steels. Source: Adapted from Ref 2.2
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Fig. 2.21  Microstructures of various phases of steel. Source: Ref 2.4

Table 2.4 AISI and ULSAB definitions of mild, high-strength, and 
advanced high-strength steels

Mild steel 140– <210 (20– <30) 
High-strength steel (HSS) 210–550 (30–80)
Advanced high-strength steel (AHSS) >550 (>80)

AISI, American Iron and Steel Institute. ULSAB, International Ultra-Light Steel Auto Body Consortium. Source: Ref 2.5

Table 2.5 Segmentation of flat rolled steel grades by 
original equipment manufacturers

Mild steel <270 (39)
Conventional high-strength steel (HSS) 350–590 (51–86)
Advanced high-strength steel (AHSS) >700 (102)
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content. Low-carbon steel has <0.3% C, medium-carbon steel has 0.30 to 
0.6% C, and high-carbon steel has >0.6% C. The higher the carbon con-
tent of the steel, the higher are its strength and hardness and the lower its 
ductility, toughness, and weldability.

Alloy steels are basically carbon steels with certain chemical elements 
-

loying elements include manganese, silicon, copper, sulfur, phosphorus, 
nickel, selenium, molybdenum, vanadium, and chromium in amounts to-
taling less than ~5% by weight. Their mechanical properties, such as 
strength, hardness, creep resistance, and fatigue resistance are superior to 
plain carbon steels. One of the reasons for adding alloying elements is to 
enhance the metal hardenability. Heat treatments, such as quenching and 
tempering, normalizing, annealing, and stress relieving, are often required 
to achieve these improved properties. Alloy steels are mainly used in the 
construction and transportation industries.

Bake-hardenable (BH) steels have a good combination of strength 
and formability. This combination makes them ideal for dent-resistant 
auto applications such as hoods, doors, and fenders. The increase in yield 
strength in this class of steel results from work hardening and strain aging 
during paint-baking after the stamping process. Bake-hardening produces 
an increase in yield strength ranging from 28 to 56 MPa (4 to 8 ksi) after 
a low-temperature heat treatment cycle similar to a paint-bake schedule 
(175 °C, or 350 °F, for 20 to 30 min). The bake-hardening effect is possi-
ble only if the steel has undergone low plastic deformation of <5% and 
has been exposed to a baking temperature of at least 150 °C (300 °F). 
These steels are appropriate for some low-deformation body panels.

High-strength, low-alloy (HSLA) steels have low carbon content 
(<0.3% C) and approximately 1% or less of alloying elements such as 
manganese, phosphorus, chromium, nickel, silicon, or molybdenum. Their 

Table 2.6 Designation systems and composition ranges for plain carbon and low-
alloy steels

Ni

10xx, plain carbon G10xx0
11xx, free machining G11xx0 0.08–0.33 S
12xx, free machining G12xx0 0.10–0.35 S, 0.04–0.12 P
13xx G13xx0 1.60–1.90 Mn
40xx G40xx0 0.20–0.30
41xx G41xx0 0.80–1.10 0.15–0.25
43xx G43xx0 1.65–2.00 0.40–0.90 0.20–0.30
46xx G46xx0 0.70–2.00 0.15–0.30
48xx G48xx0 3.25–3.75 0.20–0.30
51xx G51xx0 0.70–1.10
61xx G61xx0 0.50–1.10 0.10–0.15 V
86xx G86xx0 0.40–0.70 0.40–0.60 0.15–0.25
92xx G92xx0 1.80–2.20 Si

Mn concentration is <1.00 wt%. Except for 12xx alloys, P concentration is <0.35 wt%. Except for 11xx and 12xx alloys, S concentration 
is <0.04 wt%. Except for 92xx alloys, Si concentration varies between 0.15–0.35 wt%. Source: Ref 2.1
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and austenite phase. The high strength of the HSLA steels results from 
carefully controlled microalloying and thermal processing. These steels 
are used mainly in the automotive industry where strength-to-weight ratio 
applications are important. 

High-strength, low-alloy steels have small amounts of alloying ele-
ments such as phosphorus, manganese, or silicon added to low-carbon 
(0.02 to 0.13% C) steels to attain high strength levels. In these steels, 

grain size, by solid-solution strengthening with phosphorus, nitrogen, sili-
con, and manganese and by formation of carbides or carbonitrides with 
vanadium, nickel, and titanium. These steels have better mechanical prop-
erties, corrosion resistance, and weldability than mild steels. High-
strength, low-alloy steels are produced as hot rolled products and cold 
rolled sheet. These steels can achieve yield strengths up to 485 MPa (70 
ksi) without heat treatment. This class of steel has low formability and is 
used for shallow drawn parts. 

Stainless steels are iron-base alloys containing a minimum of 12 to 
30% Cr and >50% Fe. Carbon is usually present in amounts ranging from 
<0.03% to 1.0% in certain martensitic grades. Other alloying elements 
such as nickel, molybdenum, copper, titanium, manganese, cobalt, alumi-

Stainless steels are characterized by their corrosion resistance, high 

that protects the surface from corrosion. Nickel is another alloying ingre-
dient in certain stainless steels that increases corrosion protection. The 
amount of nickel determines whether the stainless steel is heat treated or 
remains austenitic. Carbon is used to strengthen and harden stainless 
steels, but high carbon content reduces corrosion protection because chro-
mium carbide forms and this reduces the availability of the corrosion- 
resisting free chromium. Stainless steels types and compositions are clas-

Martensitic stainless (MS) steels are alloys of iron, chromium, and car-
bon. They contain as much as 18% Cr but no nickel. Carbon content may 
exceed 1%. They are magnetic and are heat treatable. Heat treatment pro-
duces martensite that is hard and strong. They are mainly used where 
strength, hardness, and wear resistance are required.

Ferritic stainless steels are iron alloys containing approximately 15 to 
20% Cr, low carbon, and no nickel. They have a bcc crystal structure and 
are not heat treatable. They are used for decorative trim, sinks, and auto-
motive exhaust systems.

Austenitic stainless steels (AUST SS) are iron alloys containing between 
16 to 26% Cr and approximately 8% Ni. They are nonmagnetic and have 
a fcc crystal structure. Austenite is retained because of the large amounts 
of austenitizing elements used, such as nickel, manganese, and nitrogen. 
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They cannot be hardened by heat treatment and are hardened only by cold 
working. The austenite phase is tough and ductile. Because of their high 
chromium and nickel content, they are the most corrosion resistant of the 
stainless group. Also, they have excellent mechanical properties. Typical 

and food and chemical processing equipment. 
Duplex (ferritic-austenitic) stainless steels are alloys of iron containing 

roughly equal amounts of bcc ferrite and fcc austenite. The percentage of 
each phase depends on the composition and heat treatment. The primary 
alloying elements are chromium and nickel. Duplex stainless steels have 
greater tensile and yield strengths, but lower toughness than austenitic 
stainless steels. They are more resistant to stress-corrosion cracking than 
austenitic alloys, yet tougher than ferritic alloys.

Precipitation-hardening stainless steels contain chromium and nickel 
and may be either austenitic or martensitic in the annealed condition. They 
develop high strength during heat treatment by utilizing precipitation 
hardening rather than phase transformation. Originally developed for 
aerospace applications, they are used in many applications.

Table 2.7 compares the major relative properties of four grades of stain-
less steel. Austenitic stainless steels have the best formability, corrosion 
resistance, and weldability compared to the other grades.

low-alloy steels because they contain large amounts of expensive alloying 
metals. They have been used for many industrial, architectural, chemical, 
and consumer applications. Austenitic stainless steels have excellent 
formability with good strength and this makes them potential material for 
automotive application. Austenitic stainless steels are covered in more de-
tail in Chapter 10 in this book, “Austenitic Stainless Steels (AUST SS).”

Advanced high-strength steels are multiphase steels that contain a 
ferrite matrix and islands of martensite, bainite, austenite, and/or retained 

-
chanical properties. They are produced by nontraditional thermal cycles 
and exhibit a superior combination of high strength with good formability 
and high strain-hardening capacity. Advanced high-strength steels fall in 

Table 2.7 Comparison of relative properties of various stainless steel grades

51400 51400 30300

Heat treatable No Yes No Yes
Magnetic Yes Yes No Yes
Microstructure Ferrite Martensite Austenite Martensite
Formability B D A C
Strength D A C B
Corrosion resistance C D A B
Oxidation resistance A D B D
Weldability B D A D

A = highest, D = lowest. Source: Ref 2.6
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-
mation-induced plasticity (TRIP), and martensitic (MS) grades. Members 
of the second generation include twinning-induced plasticity (TWIP), 
light steel with induced plasticity (L-IP), and austenitic stainless steel 
(AUST SS). Following is a brief review of the AHSS steel grades.

Dual-Phase (DP) Grades. The duplex microstructure of DP steels is 
comprised of a soft ferrite matrix and between 20 and 70% volume frac-
tion of martensite. The volume fraction of martensite determines the 
strength level of this steel. Special heat treating practices that involve 
quenching and tempering are used to generate the martensite phase. The 
dual-phase structure is produced by quenching low-carbon steels from the 

 +  phase region to form a microstructure of martensite islands in a fer-
rite matrix. This microstructure gives DP steels their high strain-hardening 
capability and better formability compared to HSLA grades. Dual-phase 
steels can also exhibit a bake-hardening effect, which is the increase in 
yield strength resulting from prestraining and elevated-temperature aging. 

chemistry and thermal histories of the steels. Dual-phase steels are de-
signed to provide ultimate tensile strengths of 600 to 1000 MPa (87 to 145 
ksi).

Complex-Phase (CP) Grades. Complex-phase steels consist of a very 

same alloy elements found in DP and TRIP steels, but additionally have 

strengthening precipitates. Complex-phase steels provide ultimate tensile 
strengths of 800 MPa (115 ksi) and greater. They are characterized by 
high deformability and high energy absorption, which make them ideal 
candidates for automotive crash applications, such as bumper and B-pillar 
reinforcements.

Transformation-Induced Plasticity (TRIP) Grades. Transformation- 
induced plasticity steels consist of two phases: a ferrite/bainite matrix and 
a 5 to 20% volume fraction of metastable retained austenite, which pro-
gressively transforms to martensite during plastic deformation. The trans-

-
calized deformation. This combination of phases gives TRIP steels the 
high formability of austenite during the initial stages of the stamping pro-
cess followed by the high strength of martensite at the end of the forming 
process. Transformation-induced plasticity steels are characterized by 
high tensile strengths and high strain-hardening rates. The excellent form-
ability of TRIP steels combined with their high strength make them attrac-
tive candidate materials for lightweight applications. Because the mar-
tensite formation occurs at extremely fast rates, the TRIP phenomenon 
occurs even at high deformation rates, as encountered during vehicle crash 
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conditions. Therefore, TRIP steels are also being considered for applica-
tions requiring maximization of crash energy absorption. 

Martensitic (MS) Grades. Martensitic steels contain a high fraction of 
martensite. The microstructure is low-carbon martensite, with the carbon 
content determining the strength level of the material. The austenite that 
exists during hot rolling or annealing of the material is transformed to 
martensite during quenching and/or post-forming heat treatment. Mar-
tensitic steels are often subjected to post-quench tempering to improve 
ductility and can provide good formability even at extremely high ulti-
mate tensile strengths of up to 1500 MPa (215 ksi). Carbon is added to 
martensitic steels to increase hardenability and also to strengthen the mar-
tensite. Elements such as manganese, silicon, chromium, molybdenum, 
boron, vanadium, and nickel are also used in various combinations to in-
crease hardenability.

Twinning-Induced Plasticity (TWIP) Grades. Twinning-induced plas-
ticity steels are iron-manganese alloys that contain 17 to 20% Mn. They 
possess a fully austenitic structure at room temperature, mainly due to the 
high content of manganese. Austenite is retained because of the large 
amount of the austenitizing element manganese. Twinning-induced plas-
ticity steels derive their exceptional mechanical properties, such as strength, 
ductility, and work hardening, from a strengthening mechanism known as 
twinning, in addition to the classical deformation mechanism of disloca-
tion glide. The mechanical twins appear during straining and they act as 
planar obstacles to dislocation glide. The steels are fully austenitic, with 
no phase transformation. The formation of mechanical twins during defor-
mation generates high strain-hardening rates, delaying localized deforma-
tion and thus retaining high ductility. Unlike TRIP steels that have high 
strength and moderate ductility, TWIP steels have both high strength and 
high ductility. Increase in strength enables weight reduction, whereas in-
crease in ductility allows complex parts to be formed. Twinning-induced 
plasticity steels are, therefore, particularly attractive for many automotive 
applications.

Austenitic stainless steels (AUST SS) contain between 16 to 26% Cr 
and 8% Ni. They have the fcc crystal structure of austenite that is retained 
at room temperature because of the large amounts of austenitizing ele-
ments, such as nickel, manganese, and nitrogen, used in making the steel 
alloy. Austenitic stainless steels cannot be hardened by heat treatment  
and are hardened only by cold working. Because of their high chromium 
and nickel content, they are the most corrosion resistant of the stainless 
group. Also, they have excellent mechanical properties, such as very high 
tensile strength and excellent ductility. The higher strength is caused by 
deformation-induced transformation from austenite to martensite. Aus-
tenitic stainless steels show superior crash performance due to the energy 
absorption capability that results from their high toughness.
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Figure 2.22 shows the relationship between tensile strength and elonga-
tion percent for the steel categories and groups listed in Table 2.4. Mild 

-
tionship between strength and ductility. However, second-generation 
AHSS do not conform to the traditional inverse relationship because of 
the unique characteristic of having elevated ranges of both strength and 
ductility.

Table 2.8 summarizes the steel categories, gives their tensile strength 
ranges, and lists the steel groups for each category. The table shows the 
extremely high strength and excellent ductility of the second generation of 
AHSS.

The steels currently used in the automotive industry are those of the 
-

cial development and some of those steels have been used in automotive 
applications on a limited basis. Figure 2.23 shows a ductility-strength-

Table 2.8 Steel categories with tensile strength ranges and steel groups in  
each category

Mild steels <300 (<44) 30–45 Low-carbon, interstitial-free (IF)
Conventional high-strength steels 300–800 (44–116) 10–45 Interstitial-free, high-strength (IF-HS), 

 isotropic (ISO), bake-hardenable (BH), 
carbon-manganese (CMn), high-strength, 
low-alloy (HSLA)

Advanced high-strength steels  
 (1st generation)

500–1600 (73–232)  5–30 Dual-phase (DP), Transformation-induced 
plasticity (TRIP), complex-phase (CP), 
martensitic (MS)

Advanced high-strength steels 
 (2nd generation)

900–1600 (131–232) 45–70 Twinning-induced plasticity (TWIP), austen-
itic stainless steel (AUST SS), light steel 
with induced plasticity (L-IP)

Fig. 2.22  Strength-elongation relationships for various categories of steel. 
Source: Ref 2.7
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hardness chart of the currently used steel grades in the automotive indus-
try. Ductility decreases with increase in strength and hardness. Note the 
change in the hardness scale on the chart. 

Advanced high-strength steels are increasing their share of incorpora-
tion into new vehicles at the expense of traditional mild and HSLA steels. 
These steels and their mechanical properties are discussed in more detail 
in the following chapters.

2.5 Deformation Mechanisms

Metals are made of crystals that have imperfections such as vacancies, 
interstitials, dislocations, grain boundaries, and twin boundaries. Proper-
ties of metals and alloys depend to a large extent on the presence of such 
defects.

Deformation by Dislocation Glide. Dislocations are simply extra 
half planes in metal crystals. They are basic to understanding the mechani-
cal behavior of metals and it is assumed that the concept of dislocations is 
clear to the reader. Special x-ray techniques and transmission electron mi-
croscopy (TEM) revealed their existence and theories about them have 

is universally accepted and recognized. Dislocations are responsible for 
plastic deformation in metals by their glide inside the metal crystal and 
they do so at a stress level that is less than the ideal strength of the metal, 

Fig. 2.23  Elongation-strength-hardness chart for currently used steel grades. 
Source: Adapted from Ref 2.8
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estimated to be equal to E/15,where E is the elastic modulus of metal. 
Figure 2.24 shows how a dislocation moves across the slip plane produc-
ing a unit slip step of shear strain, .

A dislocation moves across the metal crystal, one plane at a time, by 

across the plane eventually causes the top half of the crystal to move with 
respect to the bottom half. Because only a small fraction of the bonds are 
broken at any given time, a much smaller force is required to cause slip in 
metal crystals.

Atoms around a dislocation are displaced from their lattice positions 

To lower this energy, a dislocation tends to get shorter by dissociating into 
smaller segments.

The driving forces for plastic deformation in metals and alloys are of 
two types:

Mechanical: A shear stress exerts a high enough force on a dislocation 
to move it through the metal crystal or a shear stress is used to produce 
a twin.
Thermodynamic: The formation of mechanical twins and phase trans-
formation of austenite to martensite is determined by the chemical free 
energy difference between parent and product phases, which depend 
on both composition and temperature.

Stacking fault (SF) results from the dissociation of a dislocation into 
two segments, called partials. The SF is created between the two partials, 
and this structure has a higher Gibbs free energy than the equilibrium fcc 
structure because it is not thermodynamically stable under the imposed 
conditions. This process is driven by a tendency for the dislocation to re-
duce its strain energy. The stacking fault energy (SFE) is related to the 
separation distance between the two segments; the larger the separation, 
the lower the SFE. The formation of mechanical twins and martensite 
transformation originate from stacking faults that rely on the ease of dis-

Fig. 2.24  Dislocation line sweeps through the slip plane to produce a shear 
strain, . Source: Ref 2.1
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sociation of dislocations. Transmission electron microscopy revealed that 
there are two possible processes that are responsible for the formation of 
-martensite: regular and irregular overlapping of stacking faults. 

Temperature and composition were found to affect the SFE. The effect 
of alloying elements is generally to decrease SFE. Many researchers con-
cluded that the operating deformation mechanism, whether it is mechani-
cal twinning or martensitic transformation, depends on composition and 
temperature because of their effect on the SFE values. Early studies on 
austenite-to-martensite phase transformation showed that SFE diminishes 
with decreasing temperature. 

The effect of SFE on deformation mechanisms of Fe-22Mn-0.6C steel 
was studied by changing the deformation temperature to vary the SFE 
values of the alloy. At high temperatures of 400 °C (750 °F), dislocation 
glide was the only mechanism for plastic deformation. At room tempera-
ture, mechanical twinning and martensitic transformation occurred. This 

Such results led to the conclusion that the deformation mechanisms in 
high-manganese steels are highly dependent on SFE. When SFE is high, 
dislocation glide is the only deformation mechanism operating in metals. 
For intermediate SFE, mechanical twinning (TWIP effect) becomes ac-
tive, and for low SFE, transformation-induced plasticity (TRIP effect) 
dominates.

Deformation by Twinning. Twins are formed when a shear force,  
produces atomic displacement in a crystal where atoms on one side of the 
twin plane form a mirror image of atoms on the other side. Figure 2.25 
shows (a) initial position of atoms in a crystal lattice and (b) formation of 
a deformation twin. 

Deformation or mechanical twinning is the second most important 
mechanism of plastic deformation in metals. It is not as common as dislo-
cation glide. The stress necessary to form twins is generally greater than 

Fig. 2.25  Deformation twinning results from an applied shear stress, . 
Source: Ref 2.1
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that for dislocation glide. Deformation twinning occurs when the applied 
stress is high due to work hardening or low temperature. This deformation 
mechanism is important in hexagonal close-packed (hcp) and bcc, but not 
in fcc metals unless they deform at very low temperatures and at high 
rates of loading.

Dislocation glide and twinning are competing plastic deformation 
mechanisms. Twinning becomes active when dislocation glide is restricted 
by the availability of few operable slip systems. Twinning is generally 
favored at high strain rates or low temperatures. Unlike the thermally ac-
tivated dislocation glide, twinning is not a thermally activated deforma-
tion mechanism.

2.6 Strengthening Mechanisms

The favorable combination of strength and ductility in steels comes not 
from their perfect crystal structures, but rather from imperfections that 
they contain. Such imperfections are caused by the presence of impurities, 
precipitates, grain boundaries, and dislocations. Plastic deformation oc-
curs when dislocations move within and exit the lattice. The presence of 
impurities, precipitates, and grain boundaries create strains and distortions 
that tend to impede the movement of dislocations and causes strength to 
increase and ductility to decrease. Accordingly, strengthening mecha-
nisms are attributed to the reduction of the dislocation mean free path.

The strength of a metal determines the magnitude of force it can with-
stand before it fails. For metals, the design criterion is based on the yield 
strength, which comes from two different sources: intrinsic and extrinsic. 
Intrinsic factors are related to the resistance of the crystal structure to 
plastic shear and this depends on the strength of the metallic bond in the 
material. Extrinsic factors involve the introduction of obstacles to slip. 
Deformation in metals including steels results from dislocation motion on 

steels results from different mechanisms acting to limit dislocation mo-
tion. The harder it is for dislocations to move inside crystal lattices the 
stronger the metal gets. Dislocation motion is impeded by obstacles in the 
form of solutes, grain boundaries, dislocation interactions, grain boundar-
ies, and, in the case of steels, changes in crystalline structures, known as 
phase transformations. Twin boundaries that separate two crystalline re-
gions that are, structurally, mirror images of each other are also consid-
ered planar defects and can produce additional obstacles to dislocation 
motion. Each type of obstacle exerts a pinning force on the dislocation 
line (a resisting force per unit length of dislocation). Strengthening mech-
anisms add up and the total strength of a metal is directly proportional to 
the sum of the contributing strength of the individual obstacles. This 
means that to manipulate the strength of steels, one or more of the follow-
ing strengthening mechanisms must be employed.
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Solid-Solution Strengthening (Alloying). Solute atoms in solid solu-
tions may be interstitial or substitutional (Fig. 2.26). Interstitial atoms are 

-
tutional atoms are large and occupy the host lattice sites. Solute atoms are 
deliberately added to form barriers to dislocation motion. Alloying ele-
ments are generally bigger than those of the host metal and this causes 
distortion in the lattice and roughens the slip plane on which the dislo-
cation moves. Impurities tend to concentrate at dislocations; hence, they 
reduce their mobility and increase the strength of the alloy steel. Solid-
solution strengthening increases with increase in solute concentrations.

Mechanical Working (Strain Hardening). Although the presence of 
dislocations lowers the shear stress required to cause slip, the dislocations 
can become entangled and interfere with each other. Plastic deformation 
generates more dislocations and as the number of dislocations increase, 
their interactions increase and the stress needed to move them also in-
creases. This leads to an overall increase in the strength of the metal. Work 
hardening is used extensively to strengthen metals in metalworking pro-
cesses. Examples of work hardening include strengthening wire by reduc-
ing its cross section by drawing, cold forging the head of a nail, and cold 

Dispersion and Precipitation Hardening. An effective way to im-
pede dislocation motion is to disperse and precipitate small solid and hard 
particles in their path. In dispersion, small solid particles of high melting 
points are dispersed into a liquid metal (Fe-SiC metal-matrix composite). 
In precipitation, solutes are dissolved in a metal while both are molten, 
then they precipitate as small particles when cooled. The extent of harden-
ing depends on factors such as particle size and shape, volume fraction, 
chemical and mechanical properties, and coherency with the matrix. These 
factors determine the extent of particle-dislocation interaction. Precipita-
tion hardening provides a greater hardening effect than the other strength-
ening mechanisms. 

Fig. 2.26  Interstitial and substitutional atoms in a metal crystal lattice. 
Source: Ref 2.1
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Grain-Boundary/Grain-Refinement Hardening. Grain boundaries 
are surfaces that separate individual grains. The crystallographic orienta-
tion of grains changes abruptly from one grain to the next across the grain 
boundaries. Grain boundaries affect the strength and ductility of steels 
because they interfere with the movement of dislocations. A dislocation in 
one grain cannot slide into the next grain because slip planes in the two 
grains do not line up (Fig. 2.27). Barrier strength increases with increasing 
the angle of misorientation between the adjacent grains.

Grain size has an important effect on the mechanical properties of 
steels. The smaller the grains, the larger the number of grain boundaries 
and, hence, the more barriers to dislocation slip. Large grains are, there-
fore, generally associated with lower strength because they reduce the 
number of grain boundaries.

phase and also by plastic deformation followed by appropriate heat treat-

usually accompanied by a deterioration of ductility. However, it was 
shown in many studies, that the uniform and total elongations are only 
slightly affected by a decreasing ferrite grain size in some AHSS.

Quench Hardening (Phase Transformation). Quench hardening in-
volves heat treating and deformation-induced austenite-to-martensite 
transformation. Austenitizing steel changes its bcc structure into fcc struc-
ture, which holds more carbon atoms than the bcc structure. Rapid cooling 
prevents equilibrium and transforms austenite to a nonequilibrium phase 
called martensite. The extra carbons are trapped in the bcc structure and 
cause it to transform into the bct structure of martensite. The extreme 
hardness and brittleness of martensite results from the lattice strain cre-
ated by the trapped carbon atoms, thus providing a barrier to dislocation 

Fig. 2.27  Grain boundaries act as barriers to slip by dislocations. Source: 
Ref 2.1
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slip. Martensite composition is the same as the austenite from which it 
was quenched. Although dislocation glide is the primary mechanism for 
plastic deformation, phase transformations can produce additional obsta-
cles to dislocation glide and, therefore, increase the strength of the metal.

Twin Boundary Hardening. Twin boundaries are planar defects that 
separate two crystalline regions that are, structurally, mirror images of 
each other. Figure 2.28 shows a schematic diagram of a twin plane and 
twin boundary. Twinning occurs on certain crystallographic systems that 
depend on the crystal structure of the metal. Crystal twins are produced 
during crystal growth from solid, liquid, or vapor, while mechanical twins 
are produced in bcc metals during plastic deformation, and annealing 
twins are produced in fcc metals after heat treatment following plastic 
deformation. Twins produce additional obstacles to dislocation glide and 
thus increase the strength of the metal.

These strengthening methods are extremely important in designing al-
loys to meet the properties desired for the intended application. The con-
ventional mechanisms to increase the strength of mild steels and HSLA 
steels are grain size, solid solution, and precipitation strengthening and 
these are usually accompanied by a drastic drop in ductility. Advanced 
high-strength steels, such as DP, CP, TRIP, and TWIP steels, have addi-
tional mechanisms that rely on transformation and twinning to increase 
their strength by providing additional obstacles to dislocation glide.

2.7 Deformation Processing and Annealing

Continuous casting or hot rolling of carbon steels leads to an initial 
solid grain size as shown in Fig. 2.29 for a typical metal (brass alloy). 
Cold rolling causes the metal grains to elongate and work hardening in-
creases dislocation density within those grains, causing strengthening and 
loss of ductility of the metal. Further deformation processing of the metal 

Fig. 2.28  Schematic diagram of a twin plane. Source: Ref 2.1
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requires softening it to lower its strength and to increase its ductility. This 
is done by a heat treating process called annealing that involves two 
mechanisms: recovery and recrystallization. The mechanisms are solid-
state changes that occur during hot forming or applied after cold rolling. 
Figure 2.29 shows the evolution of grain structure in cold rolling and an-
nealing. Recovery forms subgrains within the grains, and recrystallization 
eliminates most of the dislocations by reforming the grain boundaries and 
creating new equiaxed grains.
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CHAPTER 3

Advanced High-Strength 
Steels

ADVANCED HIGH-STRENGTH STEELS (AHSS) are primarily 
-

tures of different phases such as ferrite, martensite, bainite, and retained 
austenite. Some types of AHSS have a higher strain-hardening capacity 
resulting in a strength-ductility balance superior to conventional steels. 
Many AHSS were developed for weight reduction, where the higher 

make a successful stamping. Typical applications of AHSS include rocker 
panels, B-pillars, A-pillars, and roof rails. Most of these are energy-ab-
sorbing structural components used to increase the level of vehicle impact 
protection and reduce intrusion into the occupant compartment.

3.1 Nomenclature

Advanced high-strength steels are relatively new materials and a con-
sistent nomenclature was not available until the Ultra-Light Steel Auto-
motive Body—Advanced Vehicle Concept (ULSAB-AVC) Consortium 

yield strength (YS) and ultimate tensile strength (UTS). Accordingly, 

XX aaa/bbb

where
XX = type of steel
aaa = minimum (YS) in MPa
bbb = minimum (UTS) in MPa
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with 500 MPa (73 ksi) minimum yield strength and 800 MPa (116 ksi) 
minimum ultimate tensile strength. The steel grade designator uses the 

3.2 Generations

Advanced high-strength steels are relatively new to the materials world, 

generation includes steel grades that have been completely developed and 
fully used in many applications throughout the automotive industry. This 
group has four steel grades that include dual-phase (DP), complex-phase 
(CP), transformation-induced plasticity (TRIP), and martensitic (MS) 
steels. Table 3.2 lists the microstructure and tensile strength ranges for the 

-
sile strength versus elongation chart. Included in the chart, as a reference, 
are the mild steels and the conventional high-strength steels (HSS) groups.  
This chart gives an overview, showing where steel groups and their sub-
groups lie in the strength-ductility space. Some of the steel grades overlap 
and give the same strength-elongation combination. This provides the de-
signer several options for the selection of a steel grade and type that is 

The second-generation AHSS includes the newer steel grades that have 
been developed and are being transitioned to application. This group has 
three steel grades that include twinning-induced plasticity (TWIP), light-
weight steel with induced plasticity (L-IP), and austenitic stainless steel 

Table 3.1 High-strength steel (HSS) and advanced high-strength 
steel (AHSS) grade classification

BH, bake-hardenable DP, dual-phase
HSLA, high-strength, low-alloy CP, complex-phase

MS, martensitic
TRIP, transformation-induced plasticity
TWIP, twinning-induced plasticity 
AUST SS, austenitic stainless steel

Source: Ref 3.1

Table 3.2 Microstructure and strength ranges for steel grades of the first 
generation of AHSS

DP Ferrite + martensite 400–1000 (58–145)
CP (Ferrite + bainite) matrix + small amounts of pearlite,  

 martensite and retained austenite
400–1000 (58–145)

TRIP Ferrite + martensite/bainite + austenite 500–1000 (73–145)
MS Martensite 700–1600 (102–232)

DP, dual-phase; CP, complex-phase; TRIP, transformation-induced plasticity; MS, martensitic
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(AUST SS). Table 3.3 lists the microstructure and tensile strength ranges 
for the three steel grades of the second-generation AHSS.

Figure 3.2 shows the location of the second generation of AHSS on a 
tensile strength versus elongation chart. Included in the chart, for com-

of AHSS groups. The chart clearly shows that the second-generation 
AHSS provide great potential for structural applications due to their ex-
cellent tensile strength-ductility property combination.

Although the second-generation AHSS offer outstanding combinations 
of strength and ductility, their widespread adoption is hampered because 
of the high cost of alloying elements, such as chromium, nickel, and man-
ganese, used in making these alloys.

The third-generation AHSS is the newest group of advanced steels and 
is still under research and development. Figure 3.3 shows a chart of the 
strength-ductility space for all currently used steel groups. It also includes 
the potential location of the third-generation AHSS. This chart can be used 

future development is circled and is referred to as future opportunities for 

Fig. 3.1  Location of first-generation advanced high-strength steel (AHSS) in 
the strength-ductility space. Source: Ref 3.2

Table 3.3 Microstructure and strength ranges for steel grades of the 
second generation of AHSS

TWIP Single-phase retained austenite 1100–1650 (160–239)
L-IP Single-phase retained austenite  850–1150 (123–167)
AUST SS Single-phase retained austenite  900–1150 (131–167)

TWIP, twinning-induced plasticity; L-IP, lightweight steel with induced plasticity; AUST SS, austenitic stainless steel
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third-generation AHSS. The proposed development region involves mate-

generations of AHSS. These future steel grades will improve the ductility 

AHSS.
It is important to note that the second- and future third-generation 

AHSS groups increase both strength and ductility at the same time. This 
behavior is contrary to the well-established trade-off relationship between 
strength and ductility and is bound to change attitudes toward material 
development.

Fig. 3.2  Location of second-generation AHSS in the strength-ductility space. 
Source: Ref 3.2

Fig. 3.3  Location of future third-generation AHSS in the strength-ductility 
space. Source: Ref 3.2
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3.3 Thermomechanical Processing

Advanced high-strength steel grades are produced by controlling the 
cooling rate from the austenite phase or the ferrite-plus-austenite two-
phase region to room temperature. In production, this heat treatment is 
done on the run-out table of the hot mill (for hot rolled products) or in the 
cooling section of the continuous annealing furnace (for continuously an-
nealed or hot dip coated products). 

Steels are produced based on annealing the material in the two-phase 
intercritical temperature region where the carbon content in austenite in-
creases with lowering the intercritical temperature as shown in Fig. 3.4. 
Steel with carbon content (Cst) in the austenite region will have a higher 
carbon content in austenite if the temperature in the two-phase region is 
reduced from T to T1 (i.e., C  C  This means that the closer the an-
nealing temperature (Tan) is to the Ac1 line, the higher the carbon content 
is in austenite (C ) and the higher is its hardenability. Also, lowering the 
annealing temperature in the two-phase (  ) region lowers the cooling 
rate required for martensite transformation while avoiding pearlite and/or 
bainite formation. 

The high carbon content in austenite, after intercritical annealing, re-
-

perature and slower cooling rates. Intercritical annealing can be used to 
enrich austenite by carbon from ferrite and this stabilizes and retains aus-
tenite at room temperature. Carbon redistribution from ferrite to austenite 
occurs at slow cooling rates and under paraequilibrium conditions.

Fig. 3.4  Effect of the intercritical temperature on the carbon content of aus-
tenite. Source: Ref 3.2
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The following is a brief description of the processing schemes for 
AHSS grades (Ref 3.1):

Martensitic steels are produced from the austenite phase by rapid 
quenching to transform most of the austenite to martensite. 
Dual-phase steels are produced by controlled cooling from the austen-
ite phase (in hot rolled products) or from the two-phase ferrite-plus-
austenite region (in hot rolled products or continuously annealed and 
hot dip coated products) to transform some of the austenite to ferrite 
before rapid cooling to transform the remaining austenite to mar- 
tensite. 
TRIP steels require the use of an isothermal hold at an intermediate 
temperature to produce some bainite. The presence of high silicon and 

retained austenite. 
Complex-phase steels follow a cooling pattern similar to that of TRIP 
steels, however, the chemistry is adjusted to produce less retained aus-

bainite phases.

Advanced high-strength steels achieve their mechanical properties 
through engineering of the volume fractions of microconstituents of fer-
rite, bainite, austenite, and martensite. This is achieved by thermomechan-

-
ments such as manganese. Optimal alloys with high strength and high 
ductility are designed by controlling the following processes:

Intercritical annealing process: Ferrite-pearlite mixture is transformed 
into a ferrite/austenite structure. Phase composition can be controlled 
by changing the temperature and holding time.
Bainite isothermal transformation treatment: Carbon atoms enrich the 
newly generated austenite phase. The heat treatment parameters can be 
decided by the time-temperature-transformation (TTT) diagram. 

angular extrusion (ECAE) method. 

3.4 Microstructure Development

Microstructure plays an important role in the properties and perfor-
mance of steels. The development of microstructure in AHSS occurs by 
controlling the cooling rate from the austenite or austenite plus ferrite for 
hot rolled products or by regulating the cooling section of the continuous 
annealing furnace for continuously annealed or hot dipped coated prod-
ucts. The mechanical properties in steels are determined by their chemical 
composition and microstructure. Table 3.4 shows the mixture of micro-
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microstructures for four grades of AHSS: MS, DP, TRIP, and CP steels. 
The effect of the alloying elements in the austenite shifts the lobes of the 
continuous cooling transformation (CCT) diagram to help achieve the de-
sired microstructure. Different cooling schemes produce different room-
temperature microstructures. Slow cooling leads to an all-ferrite micro-
structure while quenching produces martensite. Slow cooling followed by 
quenching produces different phase mixes. 

3.5 Property Trends

The combination of high strength and ductility of AHSS allows the use 
of thinner gage components for automotive and construction applications. 
Additionally, their high energy absorption capabilities improve the crash 
safety of automobiles. The following is a review of the mechanical prop-
erty trends of AHSS.

Table 3.4 Microstructure and resulting properties of the first generation of AHSS

Dual-phase (DP) Ferrite matrix + second-phase martensite High strength, good ductility, high bake 
hardenability

Complex-phase (CP) Fine ferrite + higher fraction of martensite 
and pearlite

High strength, good ductility

Transformation-induced  
 plasticity (TRIP)

Soft ferrite + hard martensite and/or bainite + 
>5% retained austenite

Highest combination of strength and 
ductility

Martensitic (MS) 100% martensite High strength, low ductility, high bake 
hardenability

Fig. 3.5  Cooling routes and microstructure development in AHSS. Source: 
Adapted from Ref 3.3
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Table 3.5 lists mechanical properties of typical HSS and AHSS. The 
table shows that except for TRIP- and TWIP-grade steels, all other catego-
ries of steel follow the traditional inverse relationship between strength and 
ductility. The main advantage of TRIP and TWIP steels is that they have 
much higher ductility than other steels with similar strength.

For a perspective on the relative magnitude of the two major attributes 
of steel, tensile strength and ductility, a composite plot that includes most 
of the steel grades used by the automotive industry is shown in Fig. 3.6. 
The high-manganese alloys show extraordinary ductility compared to 
other grades of steel. 

Table 3.5 Typical values of mechanical properties for various grades of steels

n K

BH 210/340 210 (30) 340 (49) 34–39 0.18 1.8 582 (84)
BH 260/370 260 (38) 370 (54) 29–34 0.13 1.6 550 (80)
DP 280/600 280 (41) 600 (87) 30–34 0.21 1.0 1082 (157)
DP 300/500 300 (44) 500 (73) 30–34 0.16 1.0 762 (111)
HSLA 350/450 350 (51) 450 (65) 23–27 0.14 1.1 807 (117)
DP 350/600 350 (51) 600 (87) 24–30 0.14 1.0 976 (142)
DP 400/700 400 (58) 700 (102) 19–25 0.14 1.0 1028 (149)
TRIP 450/800 450 (65) 800 (116) 26–32 0.24 0.9 1690 (245)
DP 500/800 500 (73) 800 (116) 14–20 0.14 1.0 1303 (189)
CP 700/800 700 (102) 800 (116) 10–15 0.13 1.0 1380 (200)
DP 700/1000 700 (102) 1000 (145) 12–17 0.09 0.9 1521 (221)
TWIP 400/1000 400 (58) 1000 (145) 45 0.40(a) … … (
MS 950/1200 950 (138) 1200 (174)  5–7 0.07 0.9 1678 (243)
MS 1250/1520 1250 (181) 1520 (220)  4–6 0.065 0.9 2021 (293)

(a) n increases to a value of 0.4 at 30% strain and remains constant after that. Source: Ref 3.1

Fig. 3.6  Relationship between tensile strength and elongation for various 
grades of steels. Source: Ref 3.2
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Figure 3.7 shows engineering stress-strain curves for high-strength, 
low-alloy (HSLA), DP, and TRIP steels of approximately similar yield 
strengths. The TRIP steel has a lower initial work-hardening rate than the 
DP steel, but continues to increase at higher strains. Also, the total elonga-
tion for TRIP steel is much higher than those of HSLA and DP steels.

A comparison between typical engineering stress-strain curves of vari-
ous grades of cold rolled, hot dip galvanized HSS (HSLA340, DP600, and 

Fig. 3.7  Comparison of engineering stress-strain curves for three grades of 
steel. Source: Ref 3.4

Fig. 3.8  Stress-strain curves of various grades of high-strength steel (HSS) and 
SS301LN. Source: Ref 3.5
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that austenitic stainless steel 301LN exhibits very high tensile strength 
and excellent ductility compared to the other grades of steel. The material 
also shows superior crash performance due to the energy absorption capa-
bility that results from its high toughness. A comparison between typical 
strength levels of various grades of cold rolled, hot dip galvanized HSS 
(BH180, HSLA220, IF260, DP600, TRIP700, and CP1000) and stainless 
steel 301LN is shown in Fig. 3.9.

A comparison between the ductility of the same grades of HSS and 
stainless steel 301LN is shown in Fig. 3.10. The superior ductility of aus-
tenitic stainless steel 301LN in comparison to other steel grades is very 
clear.

Fig. 3.9  Strength levels of various grades of HSS and SS301LN. Source: Ref 
3.5

Fig. 3.10  Variation of percent elongation of various grades of HSS and 
SS301LN. Source: Ref 3.5
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An interesting plot of tensile strength and hardness versus formability 
for various steel grades is shown in Fig. 3.11. The traditional inverse rela-
tionship between strength or hardness and ductility is followed by the 
listed steel grades. 

The formability of two grades of AHSS (DP600 and TRIP700), 
HSLA340, SS304, and mild steel, as determined by the forming limit dia-
gram (FLD), is shown in Fig. 3.12. It can be seen that only stainless steel 
SS304 has, for the most part, a higher formability than mild steel. The 
formability of the other grades of HSS follow the general trend of decreas-
ing with increase in the strength of the material.
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CHAPTER 4

Attributes of Advanced 
High-Strength Steels

STEELS ARE GENERALLY USED as structural members and, there-
fore, their mechanical properties such as stiffness, strength, ductility, and 
toughness are of most interest for engineering applications. Hardness is 
related to strength and is important for applications involving wear or 
abrasion resistance. The performance attributes of advanced high-strength 
steels (AHSS) are summarized in the following sections.

4.1 Stiffness

It is measured by the modulus of elasticity, which is equal to the slope of 
the elastic portion of the stress-strain curve. The stiffness of a panel de-
pends on the modulus of elasticity of the material and its geometry. For a 
rectangular cross section, the stiffness, S, of a panel is given by: 

S = CEwt3/12L3

where C is the load distribution constant; E is the modulus of elasticity; 
and L, w, and t are length, width, and thickness of the panel, respectively. 
Because the modulus of elasticity of all steels is constant at 210 GPa 

design does not affect its stiffness. Therefore, to improve panel stiffness, 
its thickness or its moment of inertia (I = t3/12) must be increased. For a 

S, the length, L, and the width, w, are speci-
t, can be changed. The mass of the panel can be 

reduced by reducing its thickness, t, but only to the extent that the stiffness 
constraint is still met (Ref 4.1). 
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One approach to stiffening sheet metal is to increase its second moment 
of inertia through corrugating or dimpling of the sheet metal. Corrugation 
or dimpling allows the reduction of thickness for weight savings without 
compromising stiffness (Ref 4.2). Advanced high-strength steels offer 

their high strength and enhanced formability. 

4.2 Strength

-

-

Strength in metals is related to dislocation glide through crystal lat-
tices. In pure metals strength is determined by an intrinsic lattice resis-
tance to dislocation glide. Lattice imperfections, such as dislocations, 
twins, solid solutions, impurities, precipitates, and grain boundaries pro-
vide obstacles to dislocation glide and, hence, strengthen the metal al-
loys. Strength in AHSS is determined by a number of strengthening 
mechanisms, including solid-solution hardening, precipitation harden-
ing, work hardening, mechanical twinning, grain-boundary hardening, 
and phase transformation. Strength, in most metals, increases with plas-
tic strain because of work hardening. It reaches a maximum at the tensile 
strength and then starts to decrease due to localized necking that leads to 
fracture. 

Engineering stress-strain curves provide essential information on the 
deformation properties of materials. The curves reveal basic data on the 
strength, ductility, hardening capacity, and toughness of engineering ma-
terials. Figure 4.1 shows engineering stress-strain curves for three high-
strength steel types: ferrite/bainite DP 400/600, TRIP 550/650, and TWIP 
300/600. 

The engineering stress-strain curves of Fig. 4.1 show that twinning- 
induced plasticity (TWIP) steel exhibits much higher uniform elongation 
(eu = 86%) and total elongation (et = 108%) than both ferrite/bainite dual-
phase (FBDP) and transformation-induced plasticity (TRIP) steels. High 
strength is needed in many automotive applications, and strength levels as 

of anti-intrusion components.

4.3 Strain Hardening

hardening exponent, n. High work-hardening exponent n gives metals the 
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ability to stretch by distributing the strains more uniformly and by post-
poning localized deformation and fracture. Figure 4.2 shows the inverse 
relationship between the strain-hardening exponent, n, and yield strength 
for conventional and medium-strength steels.

Advanced high-strength steels are characterized by high n-value at 
low strains, which delays the onset of plastic instability and the develop-
ment of localized necking. A high n-value also means a higher potential 
to increase strength during forming. In dual-phase (DP) steels, the disper-
sion of hard martensite in soft ferrite produces a high work-hardening 
rate that diminishes with strain. In TRIP steels, the retained austenite 
transforms to martensite as deformation proceeds. This means that the 
initial strain-hardening rate is low but increases progressively with 
strain. These characteristics make AHSS highly suitable for press form-
ing operations.

Figure 4.3 shows the instantaneous n-values for TRIP 350/600, DP 
350/600, and HSLA 350/450 steels. All three steels have the same yield 
strength of 350 MPa (50 ksi). The differences in their work hardening 
explain the enhanced formability of DP steel over high-strength, low-alloy 
(HSLA) steel. It also explains the better formability of TRIP steel over DP 
steel.

The instantaneous value of the strain-hardening exponent, n, for Fe-
18Mn-0.6C-1.5Al TWIP steel is shown in Fig. 4.4. The value of n in-
creased steadily up to a true strain of  = 0.25, where it assumed a constant 

Fig. 4.1  Engineering stress-strain curves for three advanced high-strength steel 
(AHSS) types. FBDP, ferrite/bainite dual-phase; TRIP, transformation-

induced plasticity; TWIP, twinning-induced plasticity. Source: Ref 4.3
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Fig. 4.2  Variation of strain-hardening exponent with yield stress for conven-
tional steels. Source: Ref 4.1

Fig. 4.3  Instantaneous n-values for different steel grades. Source: Ref 4.1
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value of approximately 0.5 until fracture. Model calculations indicate that 
strain hardening is related to the formation of strain-induced twins and 
that it reached a constant value of n = 0.5, which coincided with the twin 
volume fraction saturation of  = 0.25 (Ref 4.4).

4.4 Fatigue

Fatigue in metals is caused by repeated or cyclic stresses that can result 
in component damage or failure. High-cycle fatigue refers to load cycling 
below the yield strength of the metal and within the elastic deformation 
range. In this case, the component survives for a large number of cycles 
before fatigue failure. Low-cycle fatigue refers to load cycling above the 
yield strength but below the tensile strength of the metal and within the 
plastic deformation range. In this case, the component survives for a small 
number of cycles before fatigue failure. Some components may be free of 
initial cracks while others may contain or are assumed to have small 
cracks.

Fatigue characteristics are measured, plotted, and presented in the form 
of an S-N curve where S is the stress amplitude and N is the number of 
cycles to failure. Figure 4.5 shows a typical S-N curve on which the loca-
tion of the endurance limit, e, of the metal is superimposed. The endur-
ance limit is the most important property characterizing fatigue strength. 

Fig. 4.4  Instantaneous n-values of Fe-18Mn-0.6C-1.5Al TWIP steel. Source: 
Ref 4.4
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occur. Fatigue failure is characterized by three steps: 

Crack initiation at points of high stress concentrations inside or on the 
surface of a component
Crack propagation with each stress cycle
Crack reaching a critical size leading to fracture and failure of the 
component

The endurance limit, e, is directly related to tensile strength, ts, by the 
approximate relationship:

e ~ 0.33 ts

For many steels, endurance limits range between 35 and 60% of the ten-
sile strength (Ref 4.5).

Because AHSS have very large tensile strength ranges, their fatigue 
strengths will be considerably higher than those of lower-strength grade 
steels. Designing for high-cycle fatigue life is similar to elastic-limited 
design to avoid yield. This means that the maximum stress in a loaded 
component should be less than its endurance limit, e, rather than its yield 
stress, y. Fatigue life can be extended by:

Choosing strong materials
Lowering the mean stress level

Fig. 4.5  S-N curve showing fatigue characteristics and endurance limit of a 
metal displaying a fatigue limit. Source: Adapted from Ref 4.5
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Reducing material defects
Eliminating surface irregularities and sharp features

The fatigue characteristics and endurance limit of TRIP 450/780 steel 
are compared with two HSLA steels of similar yield strength in Fig. 4.6. 
The endurance limit for TRIP steel is much higher than those of the two 
HSLA steels. 

The variation of fatigue limit (endurance limit) with cyclic yield stress 
for TRIP, DP, and HSLA steels is shown in Fig. 4.7. The high endurance 
limit for TRIP steel results from the progressive transformation of retained 
austenite to martensite during plastic deformation. This process relaxes 

hence improving the fatigue strength of TRIP steel (Ref. 4.1).
The fatigue performance of Fe-22Mn-0.52C TWIP steel is found to im-

prove with monotonic pre-deformation. The improvement is attributed to 
a higher volume fraction of twins and nucleation of new twins that results 
in more obstacles to dislocation glide, thus increasing the strength and 
fatigue performance of the pre-deformed TWIP steel (Ref 4.6).

4.5 Crashworthiness

Crashworthiness is an important automotive attribute that is becoming 
increasingly important. It measures the structural ability of the vehicle to 

-
cupants in crashes involving deceleration loads. One of the mandated re-

Fig. 4.6  S-N curve for transformation-induced plasticity (TRIP) and high-
strength, low-alloy (HSLA) steels. Source: Ref 4.1
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quirements for new vehicles is to improve occupant safety during frontal 
and side collisions. 

From the point of view of crashworthiness, a car is divided into two 
distinct zones: safety zone and crushing zone. The safety zone includes 
the occupant compartment, which must be rigid to resist plastic deforma-
tion and to prevent intrusion into the occupant compartment (Fig. 4.8a). 
The crushing zone consists of energy management structures in the engine 
compartment and trunk designed to surround the occupant compartment 
to absorb energy and protect occupants (Fig. 4.8b). Material requirement 
for the safety zone is high strength and that for the crushing zone is high 
toughness. Body structures evolved to include progressive crush zones to 

Fig. 4.7  Variation of fatigue limit and yield stress for TRIP, DP, and HSLA 
steels. Source: Ref 4.1

Fig. 4.8  (a) Safety zone to protect occupant. (b) Crushing zone to absorb 
crash impact energy. Source: Ref 4.7
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absorb most of the kinetic energy resulting from a crash. The kinetic en-
ergy is spent in the plastic deformation of the crush zones.

Crashworthiness requirements include:

Front structure that is stiff and deformable with crush zones to absorb 
the kinetic energy resulting from frontal collisions and prevent intru-
sion into the occupant compartment
Rear structure that is deformable to maintain integrity of the rear oc-
cupant compartment and protect the fuel tank from rear impact
Side structure to minimize intrusion and prevent doors from opening 
during side impact
Roof structure that is strong enough to protect occupants during vehi-
cle rollover
Restraint systems (seat belts and air bags) that work in harmony with 
the vehicle

The ability of a structure to absorb energy in a crash depends on its 
geometry and the toughness of its material, which is directly related to the 
area under the stress-strain curve. In other words, a tough material must 
have both high strength and high ductility. Figure 4.9 shows two steels, 
HSLA 450 and DP 600, with equal yield strength but different energy-
absorbing capabilities. The area under the curve for DP 600 is greater than 
that for HSLA 450 and this makes DP 600 a better material for crash 
applications.

Advanced high-strength steel types suitable for the safety zone would 
be martensitic (MS) grades due to their high strength, and those suit- 
able for the crushing zone would be DP, TRIP, complex-phase (CP), 
TWIP, and austenitic stainless steel (AUST SS) grades due to their high 
toughness.

Fig. 4.9  Energy-absorbing capabilities of an HSLA steel and an AHSS. 
Source: Ref 4.1



80 / Advanced High-Strength Steels—Science, Technology, and Application

Crashworthiness is characterized by the total energy that a structure can 
absorb. One way to assess crashworthiness is to monitor the folding pat-
tern of a thin-walled structure subjected to a crushing force. Maximum 
energy absorption is obtained if progressive collapse of the structure is 
maintained through the entire deformation process. Figure 4.10(a) shows 
the formation of regular buckling folds in a loaded structure. Energy ab-
sorption is compromised if the folding process is disrupted by total buck-
ling caused by improper structure design or material imperfection. Figure 
4.10(b) shows the formation of total buckling, which disrupts the forma-
tion of regular buckling folds. Many research studies were conducted on 
structures with different cross sections made from various materials and 
subjected to several crushing mechanisms to trigger the formation of regu-
lar buckling folds (Ref 4.8).

The requirements for a good energy-absorbing material are high spe-

AHSS, especially the TRIP, TWIP, and AUST SS grades. Transformation-
induced plasticity steels have large amounts of retained austenite (5 to 
20%) that transforms into martensite during plastic deformation causing  
a substantial increase in their strength and work-hardening behavior. 
Twinning-induced plasticity steels deform by twinning and show an even 
greater work-hardening rate at high levels of deformation. The TWIP 

Fig. 4.10  Formation of (a) regular buckling folds and (b) total buckling struc-
tures subjected to crushing loads. Source: Ref 4.8
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stress due to bake hardening improves the energy-absorption characteris-
tic of these materials.

4.6 Formability

and complex shapes by various manufacturing operations known as defor-
mation processes. Forming of ductile metals is limited by plastic instabil-

-
tions of loading. A number of tests that measure the tendency of metals for 

-
spherical punch forming, deep drawing, and hole expansion. Such tests 
are usually performed at room temperature because most sheet forming 
operations are conducted at ambient temperatures.

Uniaxial Tension. The uniaxial tensile test provides a number of pa-
rameters that characterize formability of a metal. High work-hardening 
exponent, n, accounts for the ability of a metal to stretch and to distribute 
the strains more uniformly in the presence of an applied stress. Total elon-
gation determines the extent to which a metal can be stretched before 
failure. Percent total elongation measures the formability of the material.

Hemispherical punch forming tests provide two measurements of 
formability known as limiting dome height (LDH) and forming limit dia-

but differ in data collection. Both tests use a hemispherical punch and a 
die with drawbeads to stretch locked sheet metal samples of varying 
widths (Fig. 4.11). The LDH test records the height of the formed dome at 
the moment of fracture. 

Limiting dome heights for TRIP 600 and HSLA 550 steels are shown in 
Fig. 4.12. The superior formability of TRIP steel compared to HSLA of 
similar strength is evident.

The relationship between formability and strength is shown in Fig. 
4.13. Formability, as measured by a normalized dome height (H/d), de-
creases as strength increases from the soft mild steel to the hard MS 1400 
steel.

An example of an equibiaxial hemispherical stretch forming of AHSS 
is shown in Fig. 4.14. The dome height decreases with increase in the 
strength of the steel from mild (left) to DP 600 (middle) and DP 1000 
(right).

Unlike the LDH test, which measures the limiting dome height of sam-
ples, the FLD test uses similar but gridded samples for measuring major 
and minor strains of deformed grids. The grids are imprinted on the sur-
face of the sheet metal using chemical or photo etching. Plastic deforma-
tion during punch forming causes the etched circles to deform into el-
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Fig. 4.11  Tooling used for the forming limit diagram and limiting dome 
height tests. Source: Ref 4.1

Fig. 4.12  Limiting dome height tooling and measurements for TRIP 600 and 
HSLA 550 steels. Source: Ref 4.1
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lipses. The amount of plastic strain at each grid can be calculated from the 
major and minor diameters of the ellipses.

Grid deformation occurs in samples subjected to various deformation 
paths simulating a number of sheet metal forming conditions. Forming 
paths, such as uniaxial, biaxial, and plane strain conditions, are simulated 
by varying the sizes of the tested samples. A hemispherical punch is used 
to stretch locked samples until fracture. Grid measurements are then taken 
in the failed location and plotted as major and minor strains separating 
grids that failed or necked from safe grids. The demarcation line between 
the safe and failed grids constitutes the FLD for the material. Figure 4.15 
shows FLDs for TRIP 600 and MS 1400 steels. The FLD levels drop 
down drastically with increase in tensile strength of the steel.

Deep drawing is a sheet metal forming process that measures the abil-
ity of a material to be formed into a shape where the depth of the drawn 

-
ples of deep-drawn parts are beverage cans and kitchen sinks. A test simu-

(Fig. 4.16): The sheet metal experiences compressive forces in zones 1 
and 2 due to the blankholder force of the pressure plates. The sheet metal 

Fig. 4.13  Stretchability of various grades of steel. Source: Ref 4.1

Fig. 4.14  Effect of steel strength on dome height. Source: Ref 4.9
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Fig. 4.15  Forming limit diagrams of two AHSS grades. Source: Ref 4.1

Fig. 4.16  Tooling for deep drawing of flat-bottomed cups
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bends in zone 3, stretches in zone 4, and stretch-bends in zone 5. In zone 
6, the sheet metal experiences biaxial stretching and friction with the bot-
tom of the punch.

Drawability is expressed by the limiting drawing ratio (LDR), which is 

successfully into a circular cup. If materials are compared with the same 
blank size and cup diameter, then their cup height can serve as a measure 
of the drawability of these materials. Because ductility decreases with in-
crease in strength, LDR is also expected to decrease with increase in the 
strength of the material. Figure 4.17 shows that drawability, in general, 
decreases with increase in strength from mild to martensitic steel.

A demonstration of the effect of material strength on cup height is 
shown in Fig. 4.18. Cup height is largest for mild steel and smallest for 
martensitic M1400 steel.

Hole Expansion.
feature in automotive stampings because it corresponds to cut-outs for 

-
Fig. 4.19). The 

sheared edge forming limit is determined by stretching a punched hole 

Fig. 4.17  Variation of limiting draw ratio with different steel types and 
grades. Source: Ref 4.1

Fig. 4.18  Variation of cup height with strength for different types and grades 
of steel. Source: Ref 4.10
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until a sheared edge crack develops. The hole expansion test measures the 
ability of a material to undergo local or edge stretching without failure.

The hole expansion test includes a tool set that is composed of a circu-
lar cavity and a conical punch. A sketch of the hole expansion tooling 
showing the conical punch, die, and sheet blank is illustrated in Fig. 4.20.

The conical punch is pushed into a square sample with punched hole of 
an initial diameter, d0. The punch moves into the hole, expanding it until 
a crack develops at the edge of the expanding hole. The diameter of the 
cracked hole, df, is measured and the percent hole expansion is calculated 

f, to its initial diameter, d0:

Hole expansion (%) = [(df – d0)/d0] 100

of a metal is determined by the diameter of the hole at the onset of 
cracking.

Hole expansion test results for DP 980 and three types of CP 1000 steels 
are shown in Fig. 4.22. Although the four steels have similar ultimate ten-
sile strengths of 1000 MPa (145 ksi), the CP family shows higher hole 

Fig. 4.19  Edge cracking in automotive component. Source: Ref 4.11

Fig. 4.20  Hole expansion test tool
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expansion values compared to that of DP 980 steel. The CP 1000 SF steel 

expansion value. 
Sheared edge stretching limits, determined by the percent hole expan-

sion, are plotted against the tensile strength of various steels (Fig. 4.23). 
Percent hole expansions are found to decrease strongly with increase in 
tensile strength of steel. The largest drop in hole expansion values occurs 
for steels with tensile strength below 700 MPa (100 ksi). Increasing 
strength beyond 700 MPa appears to have no effect on the sheared edge 
limit of steels.

Initial holes in the blanks for the hole expansion test are produced by 
punching, machining, or laser cutting. A clean edge cut is important for 
blanked, punched, or machined holes in AHSS because the quality of the 
blank hole affects the level of hole expansion. Machining usually pro-

Fig. 4.21  Initial blank and final expanded hole sample. Source: Ref 4.11

Fig. 4.22  Hole expansion behavior for dual-phase (DP) and three complex-
phase (CP) steel types. Source: Ref 4.12
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Figure 4.24 compares hole expansion test results for punched and ma-
chined blank holes of an HSLA steel and various grades and types of 
AHSS. Machined holes produced higher hole expansion values than 
punched ones for all tested steels.

Cutting tools must also be sharp to produce clean edge cuts. Figure 4.25 
compares hole expansion values for sharp and worn tools. Worn tools re-

Fig. 4.23  Sheared edge stretching limits for various steels. HE, hole expan-
sion. Source: Ref 4.11

Fig. 4.24  Effect of cutting tool on hole expansion. Source: Ref 4.1
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-
tion increases to 50% in AHSS. Laser cutting produces the cleanest edge 

4.7 Toughness

to absorb energy and deform plastically before fracturing. A rough mea-
sure of toughness is the area under the stress-strain curve up to fracture. 
This area determines the amount of plastic work per unit volume at frac-
ture and it is important in energy-absorbing applications. For a metal to be 
tough, both strength and ductility must be high. The larger the area under 
the stress-strain curve, the more the energy that can be absorbed before 
fracture. 

Figure 4.26 compares the dynamic energy absorption of different grades 
of automotive steels tested at a high strain rate of 103 s–1. The superior 
energy-absorption capabilities of the three AHSS (TWIP, TRIP, and DP) 
are evident compared to low-carbon rephosphorized (Rephos), bake- 
hardenable (BH), interstitial-free (IF), and high-strength, low-alloy (HSLA) 
steels. The outstanding energy absorption of TWIP steel is the result of its 
very high strength and excellent ductility.

cracks. Cracks in metals result from the coalescence of tiny holes pro-
duced by inclusions (particles of carbides, oxides, nitrides) during plastic 
deformation. The energy absorbed by an advancing crack is used to en-
large the plastic zone around its tip. The size of the plastic zone and, 
hence, the toughness of the metal decreases rapidly as the yield stress, y, 
increases. This means that increasing the yield strength causes the plastic 

Fig. 4.25  Variation of percent hole expansion with some types of AHSS. 
Source: Ref 4.1
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Fig. 4.26  Energy-absorption capabilities for common types of automotive 
steels. Source: Ref 4.4

zone around the tip of the crack to shrink and this causes the toughness to 
decrease.

Figure 4.27 shows the variation of fracture toughness with yield strength 
for different grades of steel. The inverse relationship between fracture 
toughness and yield strength is obvious. Steels toward the bottom right 
have high strength and low toughness; they fracture before they yield. 
Steels toward the top left have low strength and high toughness; they yield 
before they fracture. For strength-limited designs, structures rely on yield-
ing before they fracture. Materials selection for structures involves a com-
promise between strength and fracture toughness.

Composition and heat treatment can produce many combinations of 
yield strength and toughness. Figure 4.27 shows clearly the outstanding 
fracture toughness of stainless steels and the extremely low fracture  

toughness of alloy and carbon steels. One way to increase toughness in 
alloys with no loss of strength is to reduce the number of inclusions that 
nucleate voids and coalesce into cracks that lead to ductile fracture.

but low ductility; hence, they have lower toughness than those of the sec-
ond generation (TWIP, L-IP, and AUST SS) that have high strength as 
well as high ductility. Toughness of steel can be increased by increasing 

-
cipitates, and also by cold working and alloying. 
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4.8 Bake Hardening

Bake hardening is the increase in strength of prestrained steel resulting 
from a combination of work hardening during part forming and strain 
aging during the subsequent paint/bake cycle (177 °C, or 350 °F, for 30 
min) of automobiles. Figure 4.28 shows the deformation characteristics of 
bake hardening and the contributions of work hardening and bake harden-
ing to the total strength of bake-hardened steel.

Bake hardening is a controlled aging process that is related to the pres-
ence of carbon and/or nitrogen in solid solution in the steel. The bake-
hardening mechanism involves the diffusion of carbon and nitrogen atoms 
to form an atmosphere around dislocations generated by prestraining or 
forming. Blocking and pinning dislocations lead to a lower dislocation-
free-mean path and result in strengthening the steel. Bake hardening 
makes a formed steel panel stronger after baking than after forming. This 
implies that the panel will form better because of its lower initial strength 
but will gain strength and hardness for dent resistance when assembled in 
the automobile body.

Fig. 4.27  Variation of fracture toughness with yield strength for different 
steel grades. Source: Adapted from Ref 4.13



92 / Advanced High-Strength Steels—Science, Technology, and Application

Figure 4.29 shows an illustration of the bake-hardening process, which 
includes forming and the paint/bake cycle. Superimposed on the load 
elongation chart is the process of pinning of dislocations by diffused car-
bon or nitrogen solutes during the paint curing temperature.

Bake hardening exhibits strong dependence on the type of steel, the 
degree of prestrain, the baking temperature, and the baking time. In Fig. 
4.30, bake hardening of 2% strained and baked samples of DP, TRIP, and 
HSLA steels were determined and their strain hardening properties  
were evaluated. Figure 4.30 compares their work-hardening and bake-
hardening contributions to yield strength. High-strength, low-alloy steels 
showed no bake-hardening effect. The increase in yield strength of TRIP 
steel in a typical paint/bake cycle is approximately 60 MPa (10 ksi) for the 

Fig. 4.29  Illustration of the bake-hardening process. UYS, upper yield 
strength. LYS, lower yield strength. PS, pre-strain. YS, yield strength. 

Source: Ref 4:12

Fig. 4.28  Deformation characteristics in bake-hardened steel. Source: Ref 
4.1
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2% prestrain and 96 MPa (15 ksi) for the 20% prestrain. Bake hardening 

strength level of formed and paint baked parts. 
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CHAPTER 5

Dual-Phase Steels

DUAL-PHASE (DP) STEELS have the widest usage in the automotive 
industry because of their excellent combination of strength and ductility. 
They have higher tensile strength than conventional steels of similar yield 
strength. Dual-phase steels also have a higher initial work-hardening rate 
and lower yield strength/tensile strength ratio than high-strength, low- 
alloy (HSLA) steels of similar strength.

5.1 Composition and Microstructure of  
Dual-Phase Steels

Dual-phase steels are a group of steels with a duplex microstructure 
consisting of a soft ferrite matrix and 10 to 40 volume percent of hard 
martensite islands. This type of microstructure allows achieving ultimate 
tensile strength in the range of 500 to 1200 MPa (70 to 175 ksi). The mi-

Fig. 5.1  Microstructure of DP 600 showing ferrite matrix and martensite is-
lands. Source: Ref 5.1
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crostructure of DP 600 steel is shown in Fig. 5.1. A schematic of the mi-
crostructure of DP steel is shown in Fig. 5.2. Dual-phase steels derive 
their strength from the martensite phase and their ductility from the ferrite 
phase. The volume fraction of martensite determines the strength level of 
this steel.

The effect of carbon and alloying elements on DP steels is summarized 
in Table 5.1.

Special heat treating practices that involve quenching and tempering 
are used to generate the martensite phase. The dual-phase structure is pro-
duced by quenching low-carbon steels from the  +  phase region to form 
a microstructure of martensite islands in a ferrite matrix. The austenite-to-
martensite phase transformation determines the ending microstructure and 

Fig. 5.2  Schematic microstructure of dual-phase (DP) steel. Source: Ref 5.2

Table 5.1 Effect of alloying elements in dual-phase steels

C, 0.06–15% Austenite stabilizer
Strengthens martensite
Determines the phase distribution

Mn, 1.5–2.5% Austenite stabilizer
Solid-solution strengthener of ferrite
Retards ferrite formation

Si Promotes ferritic transformation
Cr, Mo, up to 0.4% Austenite stabilizer

Retards pearlite and bainite formation
V, up to 0.06% Austenite stabilizer

Precipitation strengthener

Nb, up to 0.04% Austenite stabilizer
Reduces Ms temperature

Source: Ref 5.3
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the resulting mechanical properties of the steels. This micro structure gives 
DP steels their high strain-hardening capability and better formability 
compared to HSLA grades. Other unique properties of DP steels include 
low elastic limit, high tensile strength, high uniform strain, and high total 
elongation. Dual-phase steels can also exhibit a bake-hardening effect, 
which is the increase in yield strength resulting from prestraining and  
elevated-temperature aging. This process occurs during the paint/bake 
cycle that leads to increase in the yield strength and results in improved 
dent and crush resistance. The extent of the bake-hardening effect in 

steels.
Dual-phase steels were developed four decades ago and they were de-

signed to provide ultimate tensile strengths of 600 to 1000 MPa (90 to 145 
ksi). Research efforts to increase the strength of DP steels without suffer-

grains of 1.2 m (0.00004 in.). In one study, three low-carbon DP steels 
with a martensite volume fraction of 30% and different ferrite grain sizes 
of 1.2, 2.4, and 12.4 m were produced by thermomechanical treatment 
(Ref 5.4). Their microstructures were observed and their mechanical prop-
erties were evaluated. Results of the investigation showed that both yield 
and tensile strength increased, whereas uniform elongation and total elon-

-
ning electron microscope (SEM) micrographs of the three grain sizes that 
were produced: (a) coarse grains of 12.4 m, and 

m. The martensite fraction was determined to 
be approximately 30% by volume. Electron diffraction measurements 
showed that the amount of retained austenite in the samples was between 
1 to 3% by volume.

Table 5.2 lists grain size information and tensile data obtained by test-
ing the three grain sizes of the DP steel. The data show clearly that reduc-
ing the grain size appreciably increases the strength and slightly reduces 
the ductility and the strain hardening of the DP steel.

Fig. 5.3  Micrographs showing three grain sizes for DP steel. (a) CG, coarse grains. (b) FG, fine grains. (c) UFG, ul-
trafine grains. Source: Ref 5.4
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Dual-phase steels have a wide range of chemical compositions. They 
are more highly alloyed than HSLA steels because they contain more than 
1% of alloying elements. The chemical composition of DP steels varies 
from grade to grade but the major alloying elements are carbon, manga-
nese, and silicon. Smaller amounts of other elements, such as aluminum, 
nitrogen, phosphorus, and sulfur may also be present. The spectrum of 
chemical compositions of some commercially available DP steels is given 
in Table 5.3. The table shows the maximum percentage of the major alloy-
ing elements. 

5.2 Processing of Dual-Phase Steels

The microstructure of DP steels consists of a ferrite matrix containing 
islands of martensite. The dual microstructure of DP steels is produced 
by controlled cooling from the austenite phase for hot rolled products or 
from the two-phase austenite and ferrite for continuously annealed cold 
rolled and hot dip coated products. In cold rolled and hot dipped sheets, 
this microstructure develops by intercritical annealing of the cold rolled 
sheets followed by quenching to room temperature. Quenching trans-
forms the austenite in the ferrite-austenite microstructure to martensite. 
This produces the dual ferrite-martensite microstructure of DP steels. 

Table 5.2 Tensile data for three grain sizes of dual-phase steel, martensite volume 
fraction ~30%

n

Coarse grain 12.4 445 (65)  870 (126) 7.2 7.7 0.21
Fine grain  2.4 483 (70)  964 (140) 7.4 8.9 0.18

 1.2 525 (76) 1037 (150) 7.1 7.3 0.18

Source: Adapted from Ref 5.4

Table 5.3 Chemical composition of dual-phase steels

C Si

FF 280 DP(a) 0.14 1.6 0.40
DP 450(a) 0.08 1.6 0.40
DP 500(a) 0.14 1.6 0.40
DP 600(a) 0.14 2.1 0.40
DP 780 Y450(a) 0.17 2.2 0.60
DP 780 LCE Y450(a) 0.10 2.0 0.40
DP 780 Y500(a) 0.17 2.2 0.60
DP 780 LCE Y500(a) 0.10 2.0 0.40
DP 980 LCE Y600(a) 0.11 2.9 0.70
DP 980 LCE Y660(a) 0.11 2.9 0.70
DP 980 Y700(a) 0.18 2.4 0.60
DP 980 LCE Y700(a) 0.11 2.9 0.70
DP 1180(a) 0.18 2.4 0.60
DP 600(b) 0.09 1.0 0.25
DP 780(b) 0.09 1.0 0.30

(a) Cold rolled. (b) Hot rolled. Source: Ref 5.1
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The hard martensite islands dispersed in the soft ferrite matrix are re-
sponsible for the high strength of DP steels. The amount of volume frac-
tion of the hard martensite determines the level of strength of the steel.

Dual-phase steels are produced by various processing routes. The sim-
plest way to obtain a dual-phase ferrite-martensite steel is by intercritical 
annealing of a ferrite-pearlite microstructure in the two-phase (   re-
gion, followed by rapid cooling to transform austenite to martensite. Fig-

steel by the intercritical annealing process.
For any given carbon content, C0, the amount of austenite,  increases 

with an increase in the intercritical annealing temperature, becoming 
equal to 100% at the Ac3 temperature. However, the carbon content of 
austenite decreases with an increase in the intercritical annealing tempera-
ture, reaching its minimum value of C0 at the Ac3 temperature line. For a 
given intercritical temperature, the amount of austenite increases with the 
increase in the carbon content of steel.

The conclusion is that high intercritical annealing temperature results in 
high austenite fractions of decreased carbon content, while low annealing 
temperature results in low austenite fraction with high carbon content. 
This means that the intercritical annealing temperature determines the 
maximum amount of austenite that can be available for transformation to 
martensite. It also determines the austenite carbon content and, therefore, 

of austenite to martensite depends decisively on the cooling rate following 
intercritical annealing.

Fig. 5.4  Production of DP steel by intercritical annealing
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There are three basic approaches for the commercial production of DP 
steels:

Hot rolling where DP microstructure is produced during the conven-
tional hot rolling cycle
Continuous annealing where hot or cold rolled steel strips are uncoiled 
and annealed at the intercritical temperature
Batch annealing where hot or cold steel is annealed in the coiled 
condition

The dual-phase microstructure can be produced after hot rolling of 

transform into ferrite. After that, the sheet is fast cooled to the coiling 
temperature, which must be below the martensite start temperature Ms 
(Fig. 5.5). Alloying elements shift the lobes of the continuous cooling 
curves to help achieve the desired microstructure.

Dual-phase microstructure can also be produced in cold rolled sheet 
products by the application of continuous annealing followed by hot dip 
galvanizing. A schematic diagram of the thermal history during the an-
nealing process is shown in Fig. 5.6. During the annealing process, sheet 
metal is heated to the temperature region where the structure is part aus-
tenite and part ferrite. A temperature slightly above Ac1 in the range of 730 
to 760 °C (1345 to 1400 °F) is typical. During this stage, approximately 
15% of the ferrite and pearlite microstructure transforms to austenite. The 
steel is then quenched to cause the austenite to transform to martensite. 

Fig. 5.5  Thermal history for producing hot rolled DP steel strips. Source: Ref 
5.3
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islands of hard martensite. The strengthening effect in DP steel is almost 
directly proportional to the volume fraction of hard martensite.

Galvannealed DP steel is produced by the continuous annealing line 
(CAL) process (Fig. 5.7). This annealing/coating process is comprised of 
six stages: heating, soaking, slow cooling, quenching, galvannealing, and 
air cooling. Each step produces a different microstructure and in the end 
the dual microstructure of ferrite and martensite is produced.

Fig. 5.6  Temperature changes during continuous annealing of DP steel sheets. 
Source: Ref 5.3

Fig. 5.7  The continuous annealing line (CAL) process for producing coated 
DP Steel. Source: Adapted from Ref 5.5
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5.3 Deformation Mechanism of Dual-Phase Steels

Dual-phase steels deform solely by dislocation glide, which occurs 
mainly in the soft ferrite matrix. The hard martensite islands obstruct dis-
location glide and cause an increase in the stress level. The soft ferrite 
phase is generally continuous, giving DP steels excellent ductility. When 
deformation occurs, strain is concentrated in the soft ferrite matrix and 
this is responsible for the high strain-hardening rate of DP steels. Strength-
ening DP steels is a function of both the volume fraction of martensite and 
the strength of the martensite phase.

5.4 Mechanical Properties of Dual-Phase Steels

The key mechanical properties of AHSS are strength to enable down-
gaging and ductility to allow forming a component. Figure 5.8 shows the 
location of DP steels in the tensile strength-total elongation space. Tensile 
strength ranges from 420 to 1030 MPa (60 to 150 ksi) and total elongation 
ranges from 5 to 28%.

Dual-phase steels contain ferrite and martensite phases. Higher strength 
results from higher volume fractions of martensite. Typical mechanical 
properties for DP steels are listed in Table 5.4.

Engineering stress-strain curves for various DP steel types compared to 
that of mild steel are shown in Fig. 5.9. The familiar deformation pattern 
of decreasing ductility with increasing strength is evident. Depending on 
the strength of the DP steel type, ductility can vary from 8 to 32%.

True stress-strain curves for the same group of DP steel types compared 
to that of mild steel are shown in Fig. 5.10. Increasing tensile strength 

Fig. 5.8  Location of DP steels in the tensile strength-elongation space. 
Source: Ref 5.2
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Table 5.4 Mechanical properties of various dual-phase steel types

EG DP500 315 (46)  547  (79) 31
GA DP590 355 (51)  620  (90) 26
CR DP590 370 (54)  625  (91) 26
CR DP780 470 (68)  820 (119) 18
CR DP980 675 (98) 1030 (149) 13

Source: Adapted from Ref 5.5, 5.6

Fig. 5.9  Engineering stress-strain curves for various DP steel types compared 
to mild steel. Source: Ref 5.2

Fig. 5.10  True stress-strain curves for a series of DP steel types compared to 
mild steel. Source: Ref 5.2
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from 450 to 1000 MPa (64 to 143 ksi) reduced true strain from 0.16 to 
0.06.

Engineering stress-strain curves for DP 600 steel tested in the three di-
rections to rolling—longitudinal, transverse, and diagonal—are shown in 
Fig. 5.11. Rolling direction has a small effect on ductility and a smaller 
effect on the strength level of DP 600 steel.

Endurance limit (fatigue strength) is directly related to tensile strength 
of the steel. As a result of their high strength, DP steels have good fatigue 
properties. The S-N curves for different types of DP steels are shown in 
Fig. 5.12. Endurance limit increases with increase in the tensile strength 
of DP steels. The curves plot maximum stress versus number of cycles to 
failure for a tension-tension loading ratio R = 0.1.

Fig. 5.11  Engineering stress-strain curves for DP 600 steel tested in three 
directions to rolling. Source: Ref 5.7

Fig. 5.12  Fatigue curves for various types of DP steel. Source: Ref 5.1
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5.5 Formability of Dual-Phase Steels

General formability is related to the ductility of metals and alloys. 

allowable strains without necking for different out-of-plane deformation 
paths, such as uniaxial, biaxial, and plane strain. Figure 5.13 shows FLDs 
for various types of DP steels. Forming limit diagram levels decrease with 
increase in the tensile strength of DP steel types. This behavior is expected 
because FLD levels are directly related to ductility, which decreases with 
increase in the strength of the steel. 

5.6 Special Attributes of Dual-Phase Steels

Dual-phase steels have excellent combinations of strength, ductility, and 
strain-hardening capacity compared to conventional high-strength steels. 
Their yield strength can be increased further through bake hardening. 

Dual-phase steels have a high initial work-hardening rate. This charac-
teristic allows strain to be distributed more uniformly across greater vol-
umes of material and delays the onset of localized necking and local thin-
ning. As a result, DP steels exhibit high values of tensile strength and 
ductility. As a result of their high strength, DP steels have high energy-

Fig. 5.13  Forming limit diagrams for various cold rolled DP steel grades. 
Source: Ref 5.1
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absorption capacity and fatigue strength and, therefore, are suited for au-
tomotive structural and safety parts such as cross members, reinforce-
ments, wheel webs, shock towers, and longitudinal rails.
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CHAPTER 6

Complex-Phase Steels

6.1 Compositions and Microstructures of  
Complex-Phase Steels

 
ferrite-bainite matrix with small volume fractions of hard phases of mar-
tensite, retained austenite, and pearlite. They contain <0.15 wt% C and 
use many of the same alloy elements found in dual-phase (DP) and  
transformation-induced plasticity (TRIP) steels but additionally have 

strengthening precipitates. Figure 6.1 shows the microstructure of CP 800, 
which contains 42% ferrite, 40% bainite, 13% martensite, and 5% retained 
austenite. The phase percentages vary with the cooling rate from austen-
ite. High cooling rates suppress the formation of ferrite and favor the 
transformation to martensite.

Complex-phase steels are strengthened by solid-solution, precipitation, 
-

timate tensile strengths of 800 MPa (116 ksi) and greater. They are char-
acterized by high deformability and high energy absorption, which makes 
them ideal candidates for automotive crash applications, such as bumper 
and B-pillar reinforcements.

The spectrum of chemical compositions of some commercially avail-
able CP steels is given in Table 6.1. The table shows the maximum per-
centage of the major alloying elements for a particular steel producer.

6.2 Processing of Complex-Phase Steels

The microstructure of CP steels contains small amounts of martensite, 
retained austenite, and pearlite in a ferrite-bainite matrix. Processing CP 
steels is essentially similar to that of TRIP steels, shown in Fig. 7.3 in 
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Chapter 7, “Transformation-Induced Plasticity (TRIP) Steels.” However, 
a less stringent cooling practice can be imposed during the last stage of 
processing because the microstructure of CP steels does not require the 
presence of retained austenite.

6.3 Deformation Mechanism of  
Complex-Phase Steels

The chemical composition and microstructure of CP steels is very simi-
lar to that of TRIP steels, but CP steels contain some quantities of niobium, 
titanium, and/or vanadium that cause the precipitation-strengthening effect.

Fig. 6.1  Microstructure of hot rolled CP 800. Source: Ref 6.1

Table 6.1 Chemical composition of complex-phase steels

C Si

CP 600(a) 0.10 1.60 0.40
CP 800 Y500(a) 0.17 2.20 0.60
CP 800 Y600(a) 0.17 2.20 0.60
CP 1000(a) 0.18 2.40 0.60
CP 1000 SF(a) 0.18 2.40 0.60
CP 750(b) 0.25 1.40 0.40
CP 800(b) 0.10 2.00 0.25
CP 1000(b) 0.14 1.70 0.25
MS 1200(b) 0.15 1.50 0.25

(a) Hot rolled. (b) Cold rolled. Source: Ref 6.2
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As mentioned earlier, complex-phase steels are strengthened by solid-
-

nisms. They deform by dislocation glide that occurs mainly in the ferrite-
bainite matrix. The hard phases of martensite, retained austenite, and 
pearlite obstruct dislocation glide and cause an increase in the stress level.

6.4 Mechanical Properties of Complex-Phase Steels

The key mechanical properties of AHSS are strength to enable down-
gaging and ductility to allow forming a component. Figure 6.2 shows the 
location of CP steels in the tensile strength-total elongation space. Tensile 
strength ranges from 420 to 1030 MPa (60 to 150 ksi) and total elongation 
ranges from 5 to 28%.

Ranges of mechanical properties of various types of CP steels are listed 
in Table 6.2. The tensile strength ranges from 590 to 1005 MPa (85 to 145 
ksi) and the total elongation ranges from 15 to 28%.

Engineering stress-strain curves for various CP steel types compared to 
that of mild steel are shown in Fig. 6.3. The familiar deformation pattern 
of decreasing ductility with increasing strength is evident. Depending on 
the strength of the CP steel type, ductility varies from 3 to 13%.

Fig. 6.2  Location of complex-phase (CP) steels in the tensile strength- 
elongation space. Source: Ref 6.3

Table 6.2 Mechanical properties of complex-phase steels

HR CP590 SF 510  (74)  590  (86) 28
CR CP590 HY 515  (75)  690 (100) 23
CR CP980 HY 795 (115) 1005 (146) 15
GA CP590 HY 505  (73)  620  (90) 26

Source: Ref 6.4, 6.5
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True stress-strain curves for the same group of CP steel types are com-
pared to that of mild steel in Fig. 6.4. Increasing tensile strength from 850 
to 1200 MPa (123 to 174 ksi) reduced true strains from 0.07 to 0.015.

Endurance limits (fatigue strengths) of CP steels are high because of 
their high tensile strength. The S-N curves for different types of CP steels 
are shown in Fig. 6.5. Endurance limit increases with increase in the ten-
sile strength of CP steels. The curves plot maximum stress versus number 
of cycles to failure for a tension-tension loading ratio R = 0.1.

Fig. 6.3  Engineering stress-strain curves for a series of CP steel types. Source: 
Ref 6.3

Fig. 6.4  True stress-strain curves for a series of CP steel types. Source: Ref 6.3
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6.5 Formability of Complex-Phase Steels

Complex-phase steels have lower ductility than DP and TRIP steels but 
they still have good ductility for their strength level. Figure 6.6 shows 

Fig. 6.5  Fatigue curves for various types of CP steels. Source: Ref 6.2

Fig. 6.6  Forming limit diagrams for various CP steel types. Source: Ref 6.2
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forming limit diagrams (FLDs) for various types of CP steels. Forming 
limit diagram levels decrease with increase in the tensile strength of CP 
steel types. This behavior is expected because FLD levels are directly re-
lated to ductility, which decreases with increase in the strength of the steel. 

Comparison between FLDs for mild steel, DP 600, and CP 800 is shown 
in Fig. 6.7. The FLD for DP 600 is higher than that of CP 800.

6.6 Special Attributes of Complex-Phase Steels

Complex-phase steels have very high yield and tensile strengths and are 
suitable for impact strength and high-energy-absorption applications such 
as bumpers, B-pillar reinforcements, and anti-intrusion parts. They also 
have good fatigue properties that make them appropriate for suspension 
system components. Complex-phase steels have good roll forming and 
bending. Specially formulated CP steel, such as CP590SF and CP1000SF,  

hole expansion test.

Fig. 6.7  Comparison of forming limit diagrams for mild steel, DP 600, and 
CP 800 steels. Source: Ref 6.3
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CHAPTER 7

Transformation-Induced 
Plasticity Steels

TRANSFORMATION-INDUCED PLASTICITY (TRIP) steels are one 
of the newest and interesting materials developed by the steel industry. 
They are characterized by their excellent strength and high ductility. 
Transformation-induced plasticity refers to a deformation mechanism 
where soft retained austenite is transformed into hard martensite during 
plastic deformation. The excellent strength and high ductility of TRIP 
steels allow the production of more complicated parts for lightweight au-
tomotive applications. 

7.1 Composition and Microstructure of 
Transformation-Induced Plasticity Steels

Transformation-induced plasticity steels are iron-carbon alloys that 
contain 0.1 to 0.4 wt% C and other alloying elements such as silicon, alu-
minum, titanium, nickel, and vanadium. Silicon and aluminum are used 
mainly to stabilize the austenite phase at room temperature, while tita-
nium, nickel, and vanadium are added to improve the strength of the steel. 
Transformation-induced plasticity steels consist of two phases: a ferrite/
bainite matrix and a 5 to 20% volume fraction of metastable retained aus-
tenite, which progressively transforms to martensite during plastic defor-

resistance to localized deformation. This combination of phases gives 
TRIP steels the high formability of austenite during the initial stages of the 
stamping process followed by the high strength of martensite at the end of 
the forming process. 

Transformation-induced plasticity steels are characterized by high ten-
sile strengths and high strain-hardening rates. The excellent formability of 



116 / Advanced High-Strength Steels—Science, Technology, and Application

TRIP steels combined with their high strength makes them attractive can-
didate materials for lightweight applications. Because the martensite for-
mation occurs at extremely fast rates, the TRIP phenomenon occurs at 
high deformation rates, as encountered during vehicle crash conditions. 
Therefore, TRIP steels are also being considered for applications requir-
ing maximization of crash energy absorption. 

The microstructure of TRIP steel consists of varying amounts of ferrite, 
bainite, and retained austenite, depending on the strength level desired. 
Figure 7.1 shows the microstructure of plastically deformed TRIP steel 
where some of the retained austenite transformed into martensite. Figure 
7.2 shows a schematic drawing of Fig. 7.1 detailing the various phases of 
the microstructure. The main differences between dual-phase (DP) and 
TRIP steels are: 

Presence of retained austenite in the TRIP steels that transforms to 
martensite during deformation
Presence of bainite in the TRIP steel

The spectrum of chemical compositions of some commercially avail-
able TRIP steels is given in Table 7.1. The table shows the maximum 
percentage of the major alloying elements for a particular steel producer 
(Ref 7.3). 

Other references give different compositions of TRIP 700, as shown in 
Table 7.2.

Transformation-induced plasticity steels contain higher quantities of 
carbon than DP steels to stabilize the retained austenite at room tempera-

Fig. 7.1  Microstructure of transformation-induced plasticity (TRIP) steel. 
Light areas are retained austenite. Source: Ref 7.1
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ture. Silicon and/or aluminum accelerate the ferrite/bainite formation and 
suppress carbide precipitation by maintaining the carbon content within 
the retained austenite. 

7.2 Processing of Transformation-Induced  
Plasticity Steels

Transformation-induced plasticity steels possess a complex microstruc-
ture of bainite, martensite, and retained austenite all embedded in a soft 
ferrite matrix. This microstructure is achieved via a cold rolling route by 
subjecting the sheet steel to the two-stage heat treatment shown in Fig. 7.3. 

Fig. 7.2  Schematic of TRIP steel microstructure. Source: Ref 7.2

Table 7.1 Chemical composition of cold rolled 
transformation-induced plasticity (TRIP) steels

C Al+Si

TRIP 590 0.175 2.0 2.0
TRIP 690 0.200 2.0 2.0
TRIP 780 0.250 2.0 2.0

Source: Ref 7.3

Table 7.2 Chemical composition of TRIP 700 type steel

C Fe

TRIP 700 0.2 0.4 2.9 bal

Source: Ref 7.4
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(1472 °F) for 60 s, then rapid cooling to 450 °C, or 842 °F (below bainite 
start temperature), followed by an isothermal hold at 450 °C for 90 s, and 

require the use of an isothermal hold at an intermediate temperature to 
produce bainite. The developed microstructure contains 11.8% volume 
fraction of retained austenite. The retained austenite transforms to mar-
tensite during plastic deformation, which also produces mechanical twins. 
Twin boundaries act as effective barriers to dislocation motion.

Figure 7.3 shows that at the beginning of annealing, the carbon content 
in austenite is 0.2%. After slow cooling in the ferrite region, carbon con-
tent in austenite increases to approximately 0.4%. Another cooling pro-
duces bainite at the coiling temperature where the carbon content in the 
remaining austenite increases to 1.2%. 

Another schematic representation of the processing schedule for the 
production of hot rolled TRIP steel, with microstructure evolution, is 

-
ing of TRIP and DP steels. The steel is intercritically annealed in the tem-
perature range of 780 to 880 °C (1436 to 1616 °F) to produce a micro-
structure of almost equal fractions of ferrite ( ) and austenite ( ). This is 
followed by cooling and isothermal annealing of the steel in the tempera-
ture range of 350 to 450 °C (662 to 842 °F) to transform a considerable 
portion of the austenite to bainite. Finally, the steel is cooled to ambient 
temperature.

Fig. 7.3  Cooling schedule in the production of the TRIP sheet. Source: Ref 
7.5
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The heat treatment schedule ensures (Ref 7.7):

Lowering of the martensite start temperature
Maintaining metastable austenite at room temperature

7.3 Deformation Mechanism of Transformation-
Induced Plasticity Steels

Transformation-induced plasticity steels contain soft ferrite matrix, 
hard bainite, and retained austenite. The TRIP phenomenon occurs when 
the retained austenite transforms to hard and brittle martensite during 
plastic deformation. The transformation of austenite into martensite is in-
stantaneous and diffusionless. A certain amount of stress is required to 
initiate phase transformation in crystal planes. 

The strain level at which retained austenite begins to transform to mar-
tensite is controlled by the carbon content of the steel. At low carbon 
levels, the retained austenite begins to transform almost immediately on 
deformation. This increases the work-hardening rate and formability dur-
ing the stamping process. At high carbon levels, the retained austenite is 

-
tensite at strain levels beyond those produced during forming. The subse-
quent deformation usually occurs as a result of a crash event.

Fig. 7.4  Time-temperature schedule for the production of hot rolled TRIP and 
dual-phase (DP) steels. Source: Ref 7.6
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The TRIP effect, where austenite to martensite transformation occurs 

cylindrical cup shown in Fig.7.5. The fraction of transformed austenite to 
martensite depends not only on the amount of strain but also on the defor-
mation mode (plane strain, compressive strain). The amount of martensite 

area experiences compressive deformation. Tensile deformation is more 
favorable to the TRIP effect than the compressive one.

7.4 Mechanical Properties of Transformation-
Induced Plasticity Steels

The key mechanical properties of AHSS are strength to enable down-
gaging and ductility to allow forming of a component. Figure 7.6 shows 
the location of TRIP steels in the tensile strength-total elongation space. 
Tensile strength ranges from 500 to 1050 MPa (70 to 150 ksi) and total 
elongation ranges from 12 to 32%.

Ranges of yield strength, tensile strength, total elongation, and strain-
hardening exponent for three types of TRIP steels are listed in Table 7.3. 
Also listed is the increase in yield strength due to bake hardening.

Fig. 7.5  Variation of volume fraction of transformed martensite with strain in 
flanged cup. Source: Ref 7.2
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The mechanical properties of two types (TRIP 590 and TRIP 780) and 
two coatings (galvannealed GA and galvanized G) of TRIP steels as well 
as cold rolled (CR) TRIP steel are listed in Table 7.4. Steel coating appears 
to affect the mechanical properties through its effect on processing and 
microstructure.

Engineering and true stress-strain curves for various types of TRIP 
grade steels are shown in Fig. 7.7 and 7.8, consecutively. Mild steel is 
included for comparison. Transformation-induced plasticity steels have 
high strength and also good formability that can be attributed to their high 
work-hardening rate and the fact that their microstructures consist of two 

Fig. 7.6  Location of TRIP steels in the tensile strength-elongation space. 
Source: Ref 7.2

Table 7.3 Mechanical properties of various types of TRIP steels

n
BH2

TRIP 590 380–480 (55–70) 590–700  (86–102) 40 (6)
TRIP 690 410–510 (59–74) 690–800 (100–116) 40 (6)
TRIP 780(a) 450–550 (65–80) 780–900 (113–131) 40 (6)

(a) Cold rolled. Source: Ref 7.3

Table 7.4 Mechanical properties of various types and coatings of TRIP steels

CR TRIP 590 350–495 (51–72) 590  (86) 31
GA TRIP 590 360–510 (52–74) 590  (86) 26
G TRIP 590 380–480 (55–70) 590  (86) 27
CR TRIP 780 410–500 (59–73) 780 (113) 21
GA TRIP 780 410–560 (59–81) 780 (113) 19
G TRIP 780 440–500 (64–73) 780 (113) 21

Source: Ref 7.8, 7.9
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phases: a ferrite/bainite matrix and a 5 to 20% volume fraction of retained 
austenite. This metastable retained austenite transforms progressively to 
martensite during forming.

Transformation-induced plasticity steels display high work-hardening 
rates in the entire range of tensile deformation. They have excellent en-
ergy absorption properties because of their high toughness (combination 

Fig. 7.7  Engineering stress-strain curves for a series of TRIP steel grades. Source: Ref 7.2

Fig. 7.8  True stress-strain curves for a series of TRIP steel grades. Source: Ref 7.2
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of strength and ductility). The TRIP effect can also improve vehicle safety 
during a crash. 

-
tigue properties than conventional high-strength, low-alloy (HSLA) steels 
of equivalent strength. As a result of their high toughness and the post-
forming TRIP effect initiated by crash deformation, TRIP steels are suit-
able for parts designed to absorb impact energy.

7.5 Formability of Transformation-Induced  
Plasticity Steels

Transformation-induced plasticity steels exhibit better ductility at a 

phase, complex-phase, and martensitic). This enhanced formability comes 
from the transformation of retained austenite to martensite during plastic 
deformation. The increased formability of TRIP steels allows the produc-
tion of more complicated parts than with other high-strength steels (HSS), 
giving automotive engineers more freedom in part design to optimize 
weight and structural performance.

Forming limit diagrams (FLDs) are used to assess the formability of 

for different deformation paths. Figure 7.9 shows FLDs for TRIP 690, 
TRIP 780, and DP 600 steels. The better formability of TRIP steels is 
evident.

7.6 Special Attributes of Transformation-Induced 
Plasticity Steels

Transformation-induced plasticity steels are characterized by a com-
paratively low initial strain-hardening rate that increases and maintains 
itself into high strain ranges of 5 to 20% strain. This characteristic delays 
the onset of plastic instability and provides excellent ductility for success-
ful stamping of complex automotive components. The advantage of TRIP 
steels is that they have much higher ductility than other steels with similar 
strength. Automotive parts that cannot be made with DP steel can often be 
made with the highly ductile TRIP steels. 

Transformation-induced plasticity steels have an excellent bake-hard-
ening capacity that produces an increase in the yield strength in a typical 
paint baking cycle of approximately 70 MPa (10 ksi) for a 2% prestrain 
and 96 MPa (14 ksi) for a 20% prestrain. The excellent tensile strength of 
TRIP steels makes them ideal for downgaging and energy absorption ap-
plications. Because the endurance limit for metals is directly proportional 
to tensile strength ( e = 0.33 ts), TRIP steels have high endurance limits 
and hence have greater resistance to fatigue failure compared to conven-
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tional HSLA steels. Applications for TRIP steels include automotive 
structural and safety parts such as cross members, beams, B-pillar rein-
forcements, and bumper reinforcements.

Transformation-induced plasticity steels are low-alloy steels that achieve 
their excellent strength and ductility by engineering of their microstruc-
ture without using large amounts of expensive alloying elements. Process-
ing TRIP steels relies on an intercritical annealing step, which is not dif-

the same price as other HSS.
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CHAPTER 8

Martensitic Steels

MARTENSITIC (MS) STEELS are produced by quenching carbon 
steel from the austenite phase into martensite. Martensite is formed when 
rapid cooling of austenite traps carbon atoms that do not have time to dif-
fuse out of the transforming face-centered cubic (fcc) to body-centered 
cubic (bcc) crystal structure. This martensitic transformation begins dur-
ing cooling when the austenite reaches the martensite start temperature 
(Ms). As the temperature is decreased, more of the austenite transforms to 

) is 
reached, the transformation is complete.

Martensite can also be produced by the application of stress, as in  
transformation-induced plasticity (TRIP) steels where plastic deformation 
induces martensitic transformation. Martensite is not an equilibrium phase 

of the austenite structure. Martensitic transformation can be thermally in-
duced by quenching or stress induced by plastic deformation. The diffu-
sion of carbon out of martensite can be accelerated by the application of 
heat in a process called tempering. Tempering produces small carbide par-
ticles in the tempered martensite microstructure. Tempered martensite is 
often the objective of heat treatments aimed at obtaining optimal strength/
ductility property combination.

8.1 Compositions and Microstructures of  
Martensitic Steels 

Martensitic steels microstructure consists of a martensitic matrix con-
taining small amounts of ferrite and/or bainite. They contain a high frac-
tion of martensite with the carbon content determining the strength level 
of the material. The austenite that exists during hot rolling or annealing of 
the material is transformed to martensite during quenching and/or post-
forming heat treatment. Martensitic steels are often subjected to postquench 
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tempering to improve ductility and can provide good formability even at 
extremely high ultimate tensile strengths of up to 1500 MPa (217 ksi). 
Carbon is added to martensitic steels to increase hardenability and also to 
strengthen the martensite. Elements such as manganese, silicon, chro-
mium, molybdenum, boron, vanadium, and nickel are also used in various 
combinations to increase hardenability. Figure 8.1 shows the needlelike 
structure of martensite.

Martensite is important because it is the hardest structure obtained from 
the transformation of austenite. As formed, martensite is of little use and 
must be softened for metalworking. Softening is accomplished by reheat-
ing or tempering martensite at temperatures below the eutectoid tempera-
ture of 727 °C (1341 °F). Properties of tempered martensite depend on the 
tempering temperature and the hold time at that temperature.

8.2 Processing of Martensitic Steels

Martensitic steels are produced from the austenite phase by rapid 
quenching the hot rolling or annealing products to transform most of their 
austenite to martensite. These steels are often subjected to postquench 
tempering to improve ductility.

8.3 Deformation Mechanism of Martensitic Steels 

Trapped carbon atoms in martensite cause lattice distortions in its body-
centered tetragonal (bct) structure. The distorted lattice resists dislocation 
glide and increases the strength and hardness of martensite. The strength-

Fig. 8.1  Microstructure of martensite. Source: Ref 8.1
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ening mechanism in tempered martensite shifts from resistance to disloca-
tion glide in a distorted lattice to resistance to dislocation glide by Fe3C 
precipitates.

8.4 Mechanical Properties of Martensitic Steels 

The key mechanical properties of advanced high-strength steels (AHSS) 
are strength to enable downgaging and ductility to allow forming a com-
ponent. Figure 8.2 shows the location of MS steels in the tensile strength-
total elongation space. Martensitic steels have the highest tensile strength 
level of all multiphase steels. Tensile strength ranges from 720 to 1680 
MPa (105 to 245 ksi) and total elongation ranges from 3 to 15%.

Typical mechanical properties of various types of MS steels are listed 
in Table 8.1. Their yield and tensile strengths are extremely high but their 
ductility is very low. In most cases, heat treatment is used to improve the 
steel ductility to acceptable levels. In other situations, hot forming of MS 
steels is used to overcome their formability issues.

Engineering and true stress-strain curves for two types of MS steels are 
compared to those of mild steel in Fig. 8.3 and 8.4, respectively. The MS 

Table 8.1 Typical mechanical properties of various types of martensitic steels

MS 130  923 (134) 1054 (153) 5.4
MS 160 1020 (148) 1178 (171) 5.1
MS 190 1213 (176) 1420 (206) 5.1
MS 220 1350 (196) 1585 (230) 4.7

Source: Ref 8.3, 8.4

Fig. 8.2  Location of martensitic (MS) steels in the tensile strength-elongation 
space. Source: Ref 8.2
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steels have extremely high yield strength (1150 MPa, or 165 ksi) and ten-
sile strength (1400 MPa, or 200 ksi) but very low ductility (<5%).

8.5 Hot Forming of Martensitic Steels

Martensitic steels have very high strength and very low ductility that 
restrict their utilization to simple parts. To overcome the low formability 
of MS steels, the hot forming process was developed. The idea behind the 

Fig. 8.3  Engineering stress-strain curves for MS steels compared to mild steel. 
Source: Ref 8.2

Fig. 8.4  True stress-strain curves for MS steels compared to mild steel. 
Source: Ref 8.2
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part to transform its soft austenite microstructure to the strong and hard 
martensite phase. A schematic of the process is shown in Fig. 8.5 where 
the steel blank is heated into the austenite region above 850 °C (1562 °F) 
in a continuous feed furnace, formed at that temperature, and then 
quenched in the die to form martensite. Following heat treatment, form-
ing, and quenching, the microstructure is 100% martensite.

Figure 8.6 shows a schematic of the hot forming process and its effect 
on the tensile strength of the steel. The starting sheet metal has a tensile 
strength of 600 MPa (87 ksi) and has a ferrite-pearlite microstructure. 
Heating the steel blank transforms the microstructure into austenite. The 
heated blank is then transferred to a press for forming. After forming, the 
part is quenched in the stamping tool. Quenching transforms austenite 
into martensite microstructure with a tensile strength of 1600 MPa (232 
ksi).

-
ized by high yield and tensile strength, high hardness, high impact and 
fatigue strength, and the absence of springback. Hot formed steels are 

Fig. 8.5  Hot forming of MS steel. Source: Ref 8.5

Fig. 8.6  Tensile strength and formability during hot forming. UTS, ultimate 
tensile strength. Source: Ref 8.6
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suitable for structural and safety component applications such as bumper 

8.6 Tempering Martensite

The transformation from austenite to martensite produces a brittle mi-
crostructure with low fracture toughness and diminished ability for defor-
mation processing. Ductility is regained by a reheating process called 
tempering. On tempering, the excess carbon in the deformed bct lattice 
combines with iron atoms to form Fe3C precipitates. The strengthening 
mechanism in tempered martensite shifts from resistance to dislocation 
glide in a distorted lattice to resistance to dislocation glide by precipitates. 
The resulting yield stress evolves with tempering time because the process 
of nucleation and growth of the Fe3C precipitates is time dependent. Fig-
ure 8.7 shows evolution of yield stress during tempering of quenched car-
bon steel (martensite). Tempering reduces the yield strength to levels be-
tween quenched martensite (2500 MPa, or 360 ksi) and normalized 
ferrite-pearlite microstructure (350 MPa, or 50 ksi). Manipulating proper-
ties of steel by using quench and temper treatment is a widespread tech-
nique for controlling the toughness of steel.

Fig. 8.7  Evolution of yield stress during tempering of martensite. Source: 
Adapted from Ref 8.7
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8.7 Special Attributes of Martensitic Steels

Martensitic steels have the highest tensile strength level, up to 1700 
MPa (245 ksi), of any AHSS. Typical applications for MS steels are those 
that require high strength and good fatigue resistance, with relatively sim-
ple shapes for traditionally stamped parts and more complex shapes for 
hot formed parts. Typical applications of MS steels include bumper rein-
forcements, door intrusion beams, side sill reinforcements, and more re-
cently, roll formed rocker panel reinforcements.
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CHAPTER 9

Twinning-Induced 
Plasticity Steels

TWINNING-INDUCED PLASTICITY (TWIP) steels are austenitic 
steels with a high manganese content of 22 to 30% and other alloying ele-
ments such as carbon (<1 wt%), silicon (<3 wt%), and aluminum (<10 
wt%). The high manganese content causes the steel to be fully austenitic 
at room temperature. Aluminum and silicon strengthen the steel by solid-
solution hardening. Twinning-induced plasticity steels have an excellent 
combination of high tensile strength exceeding 1000 MPa (145 ksi), a 
very high ductility of 60 to 90% elongation, and a high strain-hardening 
exponent, n, of 0.48. Twinning-induced plasticity steels have a low stack-
ing fault energy (SFE) of ~30 mJ/m–2, which produces extensive mechani-
cal twinning under plastic deformation. Deformation twinning produces 
an excellent combination of high strength and ductility and a reorientation 
of crystallographic texture.

9.1 Twins and Stacking Faults 

Twins are highly symmetrical discontinuities in the crystalline structure 
characterized by two crystalline regions that are, structurally, mirror im-
ages of each other. “Mechanical twins” are produced by deformation, in 
body-centered cubic (bcc) and hexagonal close-packed (hcp) metals; “an-
nealing twins” are produced by annealing following deformation, in face-
centered cubic (fcc) metals.

Figure 9.1(a) shows the twin plane in an undeformed crystal, and Fig. 
9.1(b) shows how deformation by twinning results from the application of 
shear stress (  to displace atoms such that their positions on one side of 
the twin plane are a mirror image of atoms on the other side. In twins, 
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atomic planes move over each other a fraction of the interatomic spacing, 
depending on the atomic plane distance from the twin plane. Slip, on the 
other hand, occurs in whole number increments of interatomic spacing. 
Another difference between slip and twinning is that in slip the crystallo-
graphic orientation above and below the slip plane does not change with 
deformation; in twinning, these orientations change and may produce new 
slip systems that are more favorable to slip. 

Twinning is important in hexagonal crystals because dislocation slip 
can only occur on one plane, the (0001) plane. If this plane is normal to 
the axial load then no shear component would exist and brittle fracture 
would occur. In this case, the slip process is restricted and deformation by 
twinning takes place. Twinning can take place at a faster rate than slip and 
that explains the existence of mechanically formed twins, rather than slip 
bands, at high rates of loading. 

The amount of plastic deformation from twinning is small compared to 
that resulting from dislocation slip. In microstructures, twins appear as 
thin plates inside the austenite matrix. 

Stacking Faults. Atoms in metal crystals are arranged in close-packed 
planes stacked in a periodic sequence. Crystal structures are generated by 
the stacking of these close-packed planes on top of each other. A stacking 
fault exists when there is an interruption in the stacking sequence of the 

around it, called stacking fault energy (SFE), in units of mJ/m–2. Stacking 
fault energy changes with alloy composition and deformation temperature 
and its magnitude controls the ease of dislocation glide and the activation 
of deformation mechanisms in the metal. Decreasing the SFE widens the 

for mechanical twins to deform.

Fig. 9.1  Schematic diagram of deformation by twinning. Source: Ref 9.1
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9.2 Compositions and Microstructures of  
Twinning-Induced Plasticity Steels

Twinning-induced plasticity steels consist of a fully austenitic single-
phase microstructure that is retained at room temperature by means of a 
high percentage of alloying elements, such as manganese, aluminum, and 
silicon. Manganese is an austenite stabilizer that, in high concentrations, 
drastically lowers the transformation temperature of austenite to ferrite. 
Aluminum and silicon strengthen the steel by solid-solution hardening. 
Some TWIP steel compositions are listed in Table 9.1.

A detailed study of two TWIP alloys with different manganese compo-
sitions and different microstructures was conducted to establish the rela-
tionship between composition, microstructure, and mechanical properties. 
Table 9.2 lists the compositions of the two TWIP alloys.

 The difference in manganese content of the two alloys resulted in dif-
ferent microstructures due to the effect of manganese on the phase stabil-
ity of austenite with respect to -martensite. Alloy Fe-30Mn possesses an 
austenite single-phase microstructure after annealing, whereas alloy Fe-
24Mn has a mixture of austenite and 50% hcp martensite. Figure 9.2 
shows the annealed microstructure of (a) TWIP Fe-30Mn and (b) TWIP 
Fe-24Mn. 

Manganese is the major alloying element in TWIP steels. It is respon-
sible for preserving the austenite structure at ambient temperature. The 

-
chanical twins. Increasing manganese content increases the SFE from low 
values (<20 mJ/m2) to moderate values (>20 mJ/m2). Low SFE favors 
martensitic transformation-induced plasticity, the TRIP effect; while high 
SFE favors mechanical twinning-induced plasticity, the TWIP effect.

Table 9.1 Compositions of different types of twinning-induced plasticity (TWIP) 
steels

Al Si C Nb Fe

TWIP 1 28 1.6 0.28 0.08 <0.01 <0.001 bal
TWIP 2 25 1.6 0.24 0.08 <0.01 0.05 bal
TWIP 3 27 4.1 0.52 0.08 <0.01 0.05 bal
TWIP 4 28.1 0.9 0.54 0.17 <0.01 <0.001 bal
TWIP 5 23.9 3.5 0.448 0.11 1.0 <0.001 bal

Source: Ref 9.2

Table 9.2 Compositions of two types of TWIP steels

Fe C S

TWIP Fe-24Mn 75.57 24.30 0.0163 0.0052
TWIP Fe-30Mn 69.08 30.79 0.0163 0.0060

Source: Ref 9.3
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9.3 Thermodynamics of Twinning-Induced  
Plasticity Steels 

Microstructures of TWIP steels are obtained under nonequilibrium con-
ditions due to the thermal treatment used in producing them. The meta-
stable Fe-Mn phase diagram, shown in Fig. 9.3, can be used to understand 
the phases present and the microstructures produced under practical non-
equilibrium conditions encountered in processing Fe-Mn steels.

At room temperature, the microstructure of Fe-Mn alloys is dominated 
by the presence of cubic -martensite at low manganese content, and hex-
agonal -martensite at high manganese content. Both types of martensite 

Fig. 9.2  Microstructure of (a) annealed TWIP Fe-30Mn, and (b) annealed TWIP Fe-24Mn. Source: Ref 9.3

Fig. 9.3  Metastable (nonequilibrium) Fe-Mn phase diagram. Source: Ref 9.4
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can also be generated by deformation-induced transformation of retained 
austenite. Figure 9.3 shows that stabilizing austenite at room temperature 
requires manganese content in excess of 27 wt%. Stable room temperature 
austenite can be obtained with manganese content of less than 25 wt% by 
using small additions of carbon (0.6 wt%) to suppress the formation of 
any type of martensite. For example, the microstructure of Fe-18Mn-0.6C 
TWIP steel was found to be a carbide-free, single-phase austenitic struc-
ture. Higher carbon content produces Fe3C particles, which are detrimen-
tal in welding steels.

9.4 Processing of Twinning-Induced Plasticity Steels 

Processing of TWIP steels includes hot rolling at 900 °C (1650 °F), 
then annealing at 1150 °C (2100 °F), followed by quenching with nitrogen 
gas. Thermal treatment of alloys usually affects the room-temperature mi-
crostructure and the phase transformation process. However, early re-
search on TWIP Fe-29Mn, TWIP Fe-30Mn, and TWIP Fe-31Mn alloys 
showed that the steels remained fully austenitic irrespective of the heat 
treatment used. For the water-quenched TWIP Fe-24Mn alloy, 45% 
-martensite and 55% austenite were reported. To investigate whether the 

amount of -martensite varies with heat treatment of TWIP Fe-24Mn 
alloy, six different thermal treatments were investigated as shown in Fig. 
9.4. The heat treatments included quenching in different media such as 
water, oil, furnace, dry ice, and liquid nitrogen. A description of the six 
heat treatments used is listed in Table 9.3.

Vickers microhardness tests of samples obtained from the six heat treat-
ments showed that the hardness values were similar. This implies that the 
phase fractions of retained austenite and -martensite in those samples 

Fig. 9.4  Thermal processes for TWIP Fe-24Mn steel. Source: Ref 9.3
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were essentially the same. Also, micrographs of the microstructures of the 
six samples were found to be almost identical. The results led to the con-
clusion that thermal treatments have no effect on the phase fractions of 
austenite and -martensite.

9.5 Deformation Mechanism of Twinning-Induced 
Plasticity Steels 

In addition to dislocation glide, TWIP steels exhibit two other harden-
ing mechanisms: TRIP and TWIP. A certain amount of stress is required to 
initiate both mechanisms. In the early stage of straining, twinning is the 
major deformation mechanism. As straining continues, transformation 
from austenite to martensite becomes increasingly important. As in TRIP 
steel, plastic deformation in TWIP steels causes the formation of mechani-
cal twins that act as barriers to dislocation motion, increasing the strength 
of the steel. 

The formation of mechanical twins involves the creation of new crystal 
orientations that progressively reduce the effective mean free path of dis-

rate for TWIP steel.
The resultant twin boundaries act like grain boundaries in strengthening 

the steel. The interactions among the twins, martensite, and dislocations 
also contribute to increase in strength of TWIP steels. Although the domi-
nant deformation mode in TWIP steel is dislocation glide, the number of 
deformation-induced twins continues to increase with strain, thus reduc-
ing the effective glide distance of dislocations. Figure 9.5 shows how de-
formation twins reduce the free mean path for dislocation glide, causing 
the high strain-hardening rate observed in TWIP steels.

(TRIP or TWIP) is strongly dependent on the SFE in the metal crystals. 
The TRIP effect is observed in very low SFE steels (below 20 mJ/m–2) and 
is associated with the transformation of austenite into martensite. The 
TWIP effect is observed in medium SFE steels (20 to 40 mJ/m–2) and is 
characterized by the formation of deformation twins with nanometer 
thickness (Ref 9.5). Carbon additions of less than 1 wt% to Fe-Mn alloys 

Table 9.3 Thermal treatments used to process Fe-24Mn alloy

A (FC) Annealed furnace cooled to room temperature (293 K)
B (FC + N) Annealed furnace cooled to room temperature soaked in liquid N (77 K) for 1 h 

brought to room temperature
C (OQ) Annealed oil quenched to room temperature
A’ (WC) Annealed water quenched to room temperature
D (WC + DI) Annealed water quenched to room temperature soaked in dry ice (195 K) for 1 h 

brought to room temperature
B’ (WC + N) Annealed water quenched to room temperature soaked in liquid N for 1 h brought to 

room temperature

Source: Ref 9.3
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reduce the SFE, but the addition of carbon is limited by the formation of 
Fe3C particles. 

The critical value for SFE to achieve the TWIP effect is not settled yet. 
Reported values ranged from 18 to 35 mJ/m2 to activate the TWIP mecha-
nism. Values of SFE below that range result in the TRIP effect and the 
austenite transformation to -martensite. If the SFE is higher, dislocation 
glide is the only mechanism contributing to deformation.

A schematic showing the relationship between SFE and the operating 
deformation mechanism is shown in Fig. 9.6. Low SFE is associated with 
martensitic transformation, while medium SFE is associated with defor-
mation twinning, and high SFE is associated with dislocation glide. A 
decrease in SFE widens the stacking faults and makes slip across them 

-
tion mode.

It is generally believed that mechanical twins and/or martensite trans-
formation products continue to increase with increase in plastic deforma-

Fig. 9.5  Twins act as obstacles to dislocation glide. Source: Ref 9.4

Fig. 9.6  Relationship between stacking fault energy (SFE) and deformation 
mechanism. Source: Ref 9.4
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tion. This means that more obstacles to dislocation glide (reduction in 
dislocation mean free path) are continuously being added to the material, 
thus increasing its strength.

The strain-hardening mechanism for TWIP steels can be designed by 
adjusting the content of alloying elements, such as manganese, aluminum, 
and carbon. Alloying content affects the SFE and determines the deforma-
tion mechanism in the steel.

Mechanical twins appear in TWIP steel with plastic deformation. The 
volume fraction of twins increases with strain, hence adding more obsta-
cles to dislocation glide and increasing strength, delaying necking and 
fracture, and maintaining high work-hardening rate. Twins appear as thin 
plates or thin dark lines inside the austenite matrix. Figure 9.7 shows an 
electron backscatter diffraction (EBSD) map of mechanical twins forming 
within the grains of TWIP Fe-20Mn-1.2C steel deformed to 0.30 strain. 

Figure 9.8 shows a micrograph of dislocation pileup at a twin boundary. 
The pileup of dislocations at twin or grain boundaries leads to increase in 
the strength of the steel. 

9.6 Mechanical Properties of Twinning-Induced 
Plasticity Steels 

Twinning-induced plasticity steels combine high strength with high duc-
tility. Their tensile strength exceeds 700 MPa (100 ksi) and their ductility 
surpasses 50%. Their strain-hardening exponent increases to 0.4 at 30% 
strain and then remains constant afterward. The high strain-hardening rate 

Fig. 9.7  Microstructure showing mechanical twins within TWIP Fe-20Mn-
1.2C steel grains deformed to 0.30 strain. Source: Ref 9.6
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results from reduction of the dislocation mean free path with mechanical 
twins acting as obstacles to dislocation glide.

The key mechanical properties of AHSS are strength to enable down-
gaging and ductility to allow forming parts. Figure 9.9 shows the location 
of TWIP steels in the tensile strength-total elongation space. These steels 
have high tensile strength ranges, from 900 to 1100 MPa (130 to 160 ksi), 
and total elongation ranges from 55 to 70%.

The exceptional properties of TWIP steels arise from their fully austen-
itic microstructure and their twinning deformation mode. Figures 9.10 and 
9.11 show engineering and true stress-strain curves obtained at room tem-
perature for a TWIP steel whose composition is 22 wt% Mn, 0.6 wt% C, 
and a balance of Fe. The TWIP steel has high yield strength (600 MPa, or 
85 ksi), high tensile strength (1800 MPa, or 260 ksi), and high total elon-
gation (60%).

Fig. 9.8  Dislocation pileup at twin boundary. Source: Ref 9.5

Fig. 9.9  Location of TWIP steels in the tensile strength-elongation space. 
Source: Ref 9.7
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Table 9.4 lists the mechanical properties of three TRIP steel types refer-
enced in Table 9.1.

The effect of high manganese content on the mechanical properties of 
TWIP steels is listed in Table 9.5.

Fig. 9.10  Engineering stress-strain curve for Fe-22Mn-0.6C TWIP steel. 
Source: Ref 9.8

Fig. 9.11  True stress-strain curve for Fe-22Mn-0.6C TWIP steel. Source: Ref 
9.8

Table 9.4 Mechanical properties of various TRIP steel types referenced in Table 9.1

TWIP 1 28 325 (47) 495 (72) 64
TWIP 2 25 375 (54) 538 (78) 61
TWIP 3 27 383 (56) 548 (79) 61

Source: Ref 9.2
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Deformation behavior of two TWIP steels listed in Table 9.2 is shown 
in Fig. 9.12 to 9.15. The engineering stress-strain curves for the three 
samples of Fe-30Mn steel tested at room temperature are shown in Fig. 
9.12. The material has yield strength of 150 MPa (20 ksi), an ultimate 
tensile strength of 490 MPa (70 ksi), a maximum uniform elongation of 
37%, and total elongation of 60%.

The true stress-strain curves for the three samples of Fe-30Mn steel are 
shown in Fig. 9.13. The maximum true strain for the material is approxi-
mately 40%.

The engineering stress-strain curves for three samples of Fe-24Mn steel 
tested at room temperature are shown in Fig. 9.14. The material has yield 
strength of 150 MPa (20 ksi), an ultimate tensile strength of 820 MPa (120 
ksi), a maximum uniform elongation of 35%, and total elongation of 48%. 

The true stress-strain curves for three samples of Fe-24Mn steel tested 
at room temperature are shown in Fig. 9.15. The maximum true strain for 
the material is approximately 36%.

compared to those of Fe-30Mn. This behavior is due to the more compli-

Table 9.5 Effect of manganese content on the mechanical properties of TWIP steel

TWIP A 23.8 666 (97) 67
TWIP B 33 540 (78) 97

Source: Ref 9.5

Fig. 9.12  Engineering stress-strain curves of TWIP Fe-30Mn steel. Source: 
Ref 9.3
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Fig. 9.13  True stress-strain curves of TWIP Fe-30Mn steel. Source: Ref 9.3

Fig. 9.14  Engineering stress-strain curves for TWIP Fe-24Mn steel. Source: 
Ref 9.3

cated microstructure of Fe-24Mn compared to the single-phase micro-
structure of Fe-30Mn.

Room-temperature dynamic strain aging, where dislocations are pinned 
by carbon atoms, occurs in the most commonly studied Fe-22Mn-0.6C 
and Fe-18Mn-0.6C TWIP steels. A widely accepted consequence of dy-
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namic strain aging is the observation of negative strain-rate sensitivity, the 
presence of serrations in the stress-strain curves, and the limited post-
uniform elongation of such steels. Figure 9.16 shows stress-strain curves 
at different strain rates for Fe-18Mn-0.6C-1.5Al TWIP steel.

Fig. 9.15  True stress-strain curves for TWIP Fe-24Mn steel. Source: Ref 9.3

Fig. 9.16  Stress-strain curves at different strain rates for Fe-18Mn-0.6C-1.5Al 
TWIP steel. Source: Ref 9.4
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The negative strain-rate sensitivity of this material is clearly demon-

alloys with negative strain-rate sensitivity, the stress needed to deform an 
alloy at high strain rate is lower than that needed to deform it at a lower 
strain rate. Figure 9.16 also shows that serrations in the stress-strain curve 
are suppressed when testing is done at higher strain rate.

9.7 Formability of Twinning-Induced Plasticity Steels

Twinning-induced plasticity steels have outstanding ductility compared 
to all other steel grades, as shown in Fig. 9.17. This extended ductility is 
due to the high hardening capacity that delays plastic instability and local-
ized necking. The TWIP steels exhibit gradual increase in instantaneous n 
values over the whole uniform plastic deformation range. Their instanta-
neous n values increase from 0.39 to 0.83 with increase in strain from 0.09 
to 0.60 (Ref 9.9). The high hardening rate is attributed to the increase in 
the number of deformation twins with tensile strain, creating more ob-
stacles to dislocation glide and strengthening the steel. Their low post-
uniform elongation results from their negative strain-rate sensitivity and 
this has a negative effect on their stretch formability. 

9.8 Special Attributes of Twinning-Induced  
Plasticity Steels

Twinning-induced plasticity steels have both very high strength (>700 
MPa, or 100 ksi), very high ductility (>50%), and a high strain-hardening 

Fig. 9.17  Strength-elongation space showing TWIP steels positions among 
other steel grades
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exponent (n = 0.47). They are ideal for automotive applications, such as 
crash safety, due to their high energy absorption and high toughness. 
However, the high alloy content in TWIP steels makes them expensive for 
large-scale deployment, hence the search for third-generation AHSS. 
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CHAPTER 10

Austenitic Stainless 
Steels

AUSTENITIC STAINLESS STEELS (AUST SS) are iron-base alloys 
containing more than 50% Fe, 16 to 26% Cr, and less than 35% Ni. They 
have an austenitic, face-centered cubic (fcc) crystal structure as their pri-
mary phase. Austenitic stainless steels have exceptional corrosion resis-
tance and impressive mechanical properties. They have excellent strength, 
toughness, formability, and durability and also have good appearance, re-
cyclability, and low maintenance cost. 

If austenite in carbon steel is cooled under equilibrium conditions, it 
transforms into a mixture of ferrite and cementite. With AUST SS, the 
high chromium and nickel content suppress this transformation and keep 
the steel fully austenitic. Stainless steels attain their stainless characteris-
tics because of the formation of an invisible and adherent chromium-rich 

the presence of oxygen. Some other alloying elements are added to en-
-

nium, aluminum, silicon, and niobium. 

8% Ni was developed in 1912 and became known as stainless steel type 
304. The austenitic grades are nonmagnetic and, because of their high 
chromium and nickel content, are the most corrosion resistant of the stain-

be hardened by heat treatment but can be hardened considerably by cold 
working. Corrosion resistance and mechanical properties are commonly 
the principal factors in selecting a grade of stainless steel for a given 
application. 

Austenitic stainless steels have high ductility, low yield stress, and rel-
atively high ultimate tensile strength when compared to typical carbon 
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steels. They are also ductile and tough at very low subzero temperatures. 
Type 304 steel is used for chemical processing equipment, food, dairy, and 
beverage industries, and heat exchangers. Type 316 steel is used in chemi-
cal processing, the pulp and paper industry, food and beverage processing 
and dispensing, and in corrosive environments. Type 321 and type 347 
have been developed for corrosive resistance for repeated intermittent ex-
posure to temperatures above 450 °C (840 °F). These grades are primarily 
used in the aircraft industry.

10.1 Compositions and Microstructures of  
Austenitic Stainless Steels

The most familiar AUST SS is type 304, sometimes called T304 or 
simply 304. It is the most widely used alloy of the austenitic group. Type 
304 AUST SS is a ferrous alloy containing a maximum of 0.08% C, 18 to 
20% Cr, and 8 to 10% Ni. The higher the carbon content, up to 0.1%, the 
greater the yield strength of the steel. Other alloying elements such as 
molybdenum, titanium, and niobium may be added to the basic type 304 
alloy to obtain other variations of AUST SS. 

Austenite microstructure contains parallel bands, called twins, inside 
the grain. The twins are caused by a certain type of shearing that develops 
inside the grain during plastic deformation. Austenite is a soft and ex-
tremely ductile and tough structure. Figure 10.1 shows a micrograph of 
austenite grains with twins inside the grains of annealed type 302 steel.

Austenitic stainless steels are solid-solution alloys where each alloying 
element plays an important role in controlling properties such as cor rosion 
resistance, strengthening, and austenite stabilization. Table 10.1 lists the 
chemical compositions of the major types of AUST SS. They all share the 
high content of the alloying elements chromium, nickel, and manganese.

Fig. 10.1  Annealed austenitic stainless steel (AUST SS) type 302. Source: Ref 
10.1
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10.2 Processing of Austenitic Stainless Steels

Continuous casting or hot rolled slabs of AUST SS can be used as hot 
rolled or they can be further reduced in thickness by cold rolling to work 
harden the steel. Final annealing of AUST SS to eliminate the effect of 
cold work is conducted in air or in hydrogen/nitrogen protective atmo-
spheres within the temperature range of 1000 to 1100 °C (1830 to 2010 
°F). Annealing causes recrystallization to control grain size and to dis-
solve precipitated carbides. Cooling from annealing temperatures must be 

from quenching because mechanical deformation is required to transform 
austenite to martensite.

10.3 Deformation Mechanism of Austenitic  
Stainless Steels

Austenitic stainless steels have an fcc crystal structure which, at room 
temperature, provides 12 slip systems for dislocation glide. Combined 
with the low level of interstitial elements that may act to obstruct disloca-
tion glide, the slip systems give this material good ductility.

10.4 Mechanical Properties of Austenitic  
Stainless Steels

Austenitic stainless steels cannot be hardened by heat treatment. The 
steel can be strengthened by cold work to high tensile and yield strengths, 
while retaining good ductility and toughness, even at cryogenic tempera-
tures. Depending on the composition and amount of cold work, room-
temperature yield strength range is 200 to1400 MPa (30 to 200 ksi) and 
tensile strength range is 900 to1200 MPa (130 to 175 ksi). 

The compositions and mechanical properties of three AUST SS are 
listed in Table 10.2. The annealed SS 304 has the highest tensile strength 
and highest ductility. 

A comparison of the mechanical properties of TRIP 700, DP 750, DP 
800, and SS 900 (annealed) is listed in Table 10.3. Austenitic stainless 
steel has the highest tensile strength and ductility compared to the other 

Table 10.1 Principal types of austenitic stainless steels (AUST SS)

C N Si Ni

SS 201 0.15 0.25 5.5–7.5 1.0 16–18  3.5–5.5 …
SS 301 0.15 … 2.0 1.0 16–18  6.0–8.0 …
SS 304 0.08 0.1 2.0 1.0 18–20  8.0–10.5 …
SS 316 0.08 0.1 2.0 1.0 16–18 10.0–14.0 2.0–3.0

Source: Ref 10.1
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listed advanced high-strength steels (AHSS) grades. The high value of the 
strain-hardening exponent, n, is responsible for the excellent ductility of 
AUST SS.

Uniaxial tensile tests of common types of AUST SS compared to mild 
and dual-phase (DP) steels are shown in Fig. 10.2. The mechanical prop-
erties of those steels are listed in Table 10.4.

It is clear from the stress-strain curves and Table 10.4 that the ductility 
of stainless steels far exceeds that of mild and DP steels. Their strength is 
higher than that of mild steel but comparable to that of DP steels.

Toughness is the resistance of a metal to fracture and is related to the 
total area under the stress-strain curve from yielding up to fracture. This 

Table 10.2 Compositions and properties of some AUST SS alloys

SS 302 18 Cr, 9 Ni, 2 Mn 517 (75) 40
SS 304 annealed 18 Cr, 8 Ni 579 (84) 55
SS 316 18 Cr, 12 Ni, 2 Mn 517 (75) 40

Source: Ref 10.1

Table 10.3 Mechanical properties of various AHSS grades

n

TRIP 700 473 (69) 703 (102)  818 (119) 16.4 0.169 17
DP 750 513 (74) 811 (118)  920 (133) 13.4 0.181 18.8
DP 800 573 (83) 896 (130)  976 (142) 8.9 0.170 9.9
SS 900 306 (44) 937 (136) 1429 (207) 52.5 0.517 59.3

Source: Ref 10.2

Fig. 10.2  True stress-strain curves for austenitic stainless and carbon steels. 
Source: Ref 10.3
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area determines the amount of plastic work per unit volume at fracture and 
it is important in energy-absorbing applications. Table 10.5 lists toughness 
values for the materials listed in Table 10.4 and shown in Fig.10.2.

Another set of data on toughness of AHSS and AUST SS is listed in 
Table 10.6. Both tables show that AUST SS have the highest toughness 
compared to the other listed steels. 

10.5 Formability of Austenitic Stainless Steels

Annealed AUST SS are characterized by low yield strengths, high ten-
sile strengths, and very high elongation. This translates into good form-
ability at ambient temperatures. Austenitic stainless steel work hardens 
considerably and, therefore, can delay localized necking in stretched and 
deep-drawn applications.

The forming limit curves of various austenitic stainless, DP, and mild 
steels are shown in Fig. 10.3. Results clearly show the good formability of 
stainless steels compared to the other steels. The limiting dome height test 
is used to assess the equi-biaxial stretch forming of metals. This test is 

Table 10.4 Mechanical properties of steels shown in Fig. 10.2

GA 260 283  (41) 410  (59) 18 32
DP 600 388  (56) 637  (92) 14 21
DP 800 505  (73) 814 (118) 11 16
SS 201 375  (54) 723 (105) 46 55
SS 302 280  (41) 619  (90) 51 56
SS 304 295  (43) 640  (93) 48 56
SS 304 high-strength 726 (105) 836 (121) 24 26
SS 304 CCS 486  (70) 711 (103) 34 40

Source: Ref 10.3

Table 10.5 Toughness of various austenitic stainless and carbon steels
3

GA 260  68
DP 600  73
DP 800  71
SS 201 284
SS 302 246
SS 304 268
SS 304 CCS 267
SS 304 high-strength 201

Source: Ref 10.3

Table 10.6 Toughness of various AHSS grades

TRIP 700 105
DP 750 101
DP 800  74
SS 900 364

Source: Ref 10.2
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believed to be more accurate than the forming limit diagram test in assess-
ing the formability of alloys that undergo stress-induced phase transfor-
mation. The phase transformation and the resulting high strain-hardening 
rate in SS 900 are responsible for the more uniform strain distribution and 
the resulting higher dome height in the steel. Figure 10.4 shows photos of 
the limiting dome height for AUST SS 900 and DP 750 steels. Austenitic 
SS 900 has a higher limiting dome height than DP 750 because it has the 
capacity to distribute strains more uniformly, thereby delaying fracture 
and causing more stretching in the dome.

Fig. 10.3  Forming limit diagrams for austenitic stainless and carbon steels. 
Source: Ref 10.3

Fig. 10.4  Photos of limiting dome height test for SS 900 and DP 750 steels. 
Source: Adapted from Ref 10.2
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10.6 Special Attributes of Austenitic Stainless Steels

Austenitic stainless steels have exceptional corrosion resistance and 
impressive mechanical properties including excellent strength, excep-
tional formability, outstanding durability, and good fatigue strength. They 
also have excellent toughness down to subzero temperatures, with no 
steep ductile-to-brittle transition. Such properties make them excellent 
candidates for structural applications, especially for energy-absorbing 
components. In addition, stainless steels have pleasing appearance, good 
recyclability, and low maintenance cost.

Austenitic stainless steels change microstructure from austenite to mar-
tensite during plastic deformation. This phenomenon helps critical areas, 
such as sharp corners and highly stressed locations, by shifting deforma-
tion to softer surroundings. 

In 1936, Ford Motor Company built a stainless steel Ford Deluxe Sedan 
prototype car to demonstrate to the public the wonders of stainless steel. 
The prototype car is shown in Fig. 10.5. It became the centerpiece for 
advertising but was never commercially produced.

The automotive industry uses approximately 12 kg (26 lb) of stainless 
steel per car. The major applications include wheel covers, antennas, en-
gine components, trim and decorative items, and wiper blades. The bene-

10.7.

Fig. 10.5  Ford’s 1936 stainless steel Deluxe Sedan. Image courtesy of Al-
legheny Technologies Inc.
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Table 10.7 Benefits of using AUST SS in the automotive industry

Commercial availability Currently available everywhere. Austenitic stainless steels are also affordable for 
some parts.

Weight reduction Weight reductions of 40–50% are possible by replacing SS for other materials (mild 
steel, HSS).

Safety High strain-rate sensitivity and additional strengthening from austenite to martensite 
transformation during crash result in 10% less intrusions into the occupant cabin. 
High energy absorption increases safety in collisions.

Material cost The 40–50% downgaging may keep SS material cost per part affordable in compari-
son to mild steel. Also, part consolidation is expected to reduce cost further.

Capital investment Capital investment is low because existing production lines can be used.
Durability This value will be high for SS because endurance limit is approximately 50% of  

the tensile strength of metals. High corrosion resistance provides long life for the 
product.

Formability Excellent formability allows stamping of complex parts and this also leads to part  
integration.

Source: Ref 10.4
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CHAPTER 11

Applications of 
Advanced High-Strength 

Steels

ADVANCED HIGH-STRENGTH STEELS (AHSS) are best used for 
strong structural applications where light weighting enhances the perfor-
mance of a product. In addition to the automotive industry, which is an 
important market for AHSS, other industries and potential applications 
include ship building, aircraft, appliances, and civil and military struc-
tures. In this book, the focus is on the automotive applications of AHSS. 

because the materials allow automakers to meet tough new emissions 
-

design methodologies, innovative manufacturing processes, and advanced 
materials by adopting new manufacturing methods and by increasing 
AHSS content in their vehicles. 

11.1 Automotive Applications

Applications of AHSS in the automotive industry revolve around four 
major areas:

Improving crash performance (front, rear, side) via increased strength 
levels
Reducing vehicle weight via gage reduction
Improving fuel economy via vehicle weight reduction
Reducing greenhouse emissions via fuel consumption reduction
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Other important applications criteria include improvement in stiffness, 
fatigue life, corrosion resistance, formability, weldability, and affordability. 
The currently used AHSS have reduced a vehicle’s body structure mass by 
at least 25%. The third-generation AHSS, under development, are expected 

-

It is estimated that for a typical vehicle, replacing its conventional steel 
with AHSS will save approximately 2.2 tons of greenhouse gases over its 
life cycle. With millions of cars being produced annually, the total reduc-
tion in greenhouse gas emissions will be incredibly high. 

Automakers are now using increasing amounts of AHSS in their new 
vehicles. Figure 11.1 shows that AHSS content per light vehicle increased 
steadily from 37 kg (81 lb) in 2006 to 88 kg (194 lb) in 2012. A conserva-
tive look at the future projects an increase to 159 kg (350 lb) by 2020. 

Before discussing the implementation of AHSS in vehicles, a review of 
the nomenclature of the different vehicle components is helpful in identi-
fying the target applications. The body of a passenger car is divided into 
two component groups: 

Body-in-white (BIW) structure
a vehicle without its moving parts such as the doors, hood, decklid, 
and fenders. 

Fig. 11.1  Advanced high-strength steel (AHSS) content in North American 
light vehicles from 2006–2012. Source: Ref 11.1
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Closures are components such as the doors, hood, decklid, and 
fenders.

Material requirements for each group are different because their func-
tions are different. Body-in-white structural components require materials 
with high strength and high toughness for energy absorption and anti- 
intrusion applications. Closures make up the visible style appearance  
of a vehicle and therefore require good formability, dent resistance, and 

ductility chart where component requirements are mapped with corre-
sponding steel grades meeting those requirements. For example, conven-
tional steels are best suited for closures, while AHSS are best suited for 
BIW structural applications.

Advanced high-strength steels are mainly used for structural members 
requiring good crash energy absorption and anti-intrusion properties 
needed for occupant safety. Therefore, BIW components and the steel 
grades and types used to manufacture them are reviewed here. Figure 11.3 
shows the main locations where AHSS are used in a typical vehicle and 
lists the AHSS grades and types used for each application.

Depending on the car manufacturer, the same component may be de-
signed differently and may be made from the same grade of steel but of 

Fig. 11.2  Mapping vehicle applications to steel grades. Source: Ref 11.2
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different types (i.e., DP 600 or DP 800) or made from two completely 
different grades (i.e., DP 600 or TRIP 700). Figure 11.4 shows a photo of 
a BIW of a typical passenger car.

The names and locations of the structural members of the BIW of a 
Porsche Cayenne are shown in Fig. 11.5. Also listed are the AHSS grades 
used to build the vehicle structure.

Automakers are actively pursuing the increase of AHSS content in their 
vehicles and adopting innovative designs and manufacturing processes to 
meet fuel consumption and safety regulations. Automakers advertise their 
achievements by focusing on improved vehicle performance and the min-
imal adverse effect using advanced steel technologies has on the environ-
ment. 

Fig. 11.3  Structural components in a typical car. Source: Ref 11.3

Fig. 11.4  Body-in-white (BIW) of a vehicle
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-
sented, to demonstrate the extent light weighting has established itself as 
an indispensable strategy for automakers. One of the vehicles, the Future-
SteelVehicle (FSV), is a concept vehicle built by the global steel industry 
to help automakers optimize vehicle body structures through AHSS de-
sign concepts, with the purpose of reducing gas emissions for the entire 
life cycle of the vehicle. Utilization of AHSS is demonstrated by their in-
creased use in building BIW structures and other vehicle components. Se-
lection of the cases is intended to show that all domestic automakers are 
serious and committed to the full utilization of AHSS in their vehicles. 

years of domestic automakers:

2012 Chrysler Dodge Dart (Ref 11.5)
2013 GM Cadillac ATS (Ref 11.6)
2013 Ford Fusion (Ref 11.7)
2013 GM Chevrolet Sonic (Ref 11.8)
2011 FutureSteelVehicle (Ref 11.9)

2012 Chrysler Dodge Dart (Ref 11.5). A color-coded illustration in 
Fig. 11.6(a) and (b) shows that the BIW structure of the 2012 Dodge Dart 
contains 30% HSS and 30% AHSS.

2013 GM Cadillac ATS (Ref 11.6). A color-coded illustration in Fig. 
11.7 shows the type of materials used to build the BIW structure of the 
2013 Cadillac ATS. Advanced high-strength steels are shown in yellow 
and orange colors.

Fig. 11.5  Body-in-white (BIW) of Porsche Cayenne. Source: Ref 11.4
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Material breakdown by mass of the BIW structure, shown in Fig. 11.8, 
indicates that AHSS account for 34.4% while high-strength, low-alloy 
(HSLA) steel accounts for 22.6%. 

2013 Ford Fusion (Ref 11.7). A color-coded illustration in Fig. 11.9 
shows the type of materials used to build the BIW structure of the 2013 
Ford Fusion. Advanced high-strength steels account for 36.2% while 
HSLA steels account for 33.3%. 

A color-coded material breakdown for the 2013 Ford Fusion closures is 
shown in Fig. 11.10. Because of the class (A) surface, formability, and 
dent resistance requirements in closures, mild steel, bake-hardenable (BH), 

Fig. 11.6  (a) 2012 Dodge Dart BIW color-coded components and (b) mate-
rial content. Source: Ref 11.5
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and HSLA steels dominate the content. Advanced high-strength steel ac-
counts for only 8.1%. 

The 2013 Ford Fusion subframe front structure, which provides a lower 
load path into the structure in case of frontal impact load or crash, is 
shown in Fig. 11.11. The A-pillar/roof rail and the B-pillar were made of 
DP 1000 steel for the tubes and DP 800 for the brackets. The rocker rein-
forcement was made of martensitic steel.

Fig. 11.7  Color-coded material breakdown for BIW of the 2013 Cadillac 
ATS. Source: Ref 11.6

Fig. 11.8  Color-coded material breakdown by mass for BIW structure of the 
2013 Cadillac ATS. Source: Ref 11.6
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The 2013 Ford Fusion roof/side impact structure, which provides a load 
path for side impact, is shown in Fig. 11.12. The hydroformed A-pillar/
roof rail and the dual tube B-pillar were both made of DP 1000.

2013 GM Chevrolet Sonic (Ref 11.8). A color-coded illustration in 
Fig. 11.13 shows the type of materials used to build the BIW structure of 
the 2013 Chevrolet Sonic. Advanced high-strength steels are shown in 
yellow and orange colors.

Fig. 11.9  Color-coded material breakdown for BIW of the 2013 Ford Fusion. 
Source: Ref 11.7

Fig. 11.10  Color-coded material breakdown for closures in the 2013 Ford 
Fusion. Source: Ref 11.7



Chapter 11: Applications of Advanced High-Strength Steels / 167

Material breakdown by mass of the BIW structure, shown in Fig. 11.14, 
indicates that AHSS account for only 10% while HSLA steel accounts for 
42%. However, the total HSS content comprises 66% of the total body 
mass of the BIW structure. 

2011 FutureSteelVehicle (FSV) (Ref 11.9). A color-coded illustration 
in Fig. 11.15 shows the type of materials used to build the body structure 
of the 2011 FSV. Advanced high-strength steel accounts for 53.7% of the 
body structure mass. This percentage is higher than any new commer-
cially produced vehicle. The high AHSS content demonstrates that such 

Fig. 11.11  Load paths and AHSS used for the 2013 Ford Fusion subframe 
front structure. Source: Ref 11.7

Fig. 11.12  Load paths and AHSS used for the 2013 Ford Fusion subframe 
roof/side structure. Source: Ref 11.7
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materials are key to achieving reduced gas emission targets for the entire 
life cycle of the vehicle.

International automakers have similar strategies and goals. Mazda re-
ported that its 2008 Mazda2 weighed 100 kg (220 lb) less than its prede-
cessor due to using more than 40% HSS. Mercedes also reported that its 
2008 C-Class contained 70% HSS. Examples like these are numerous 
among automakers today and suggest that vehicles are becoming lighter, 

especially AHSS, are incorporated.

Fig. 11.13  Body-in-white of 2013 Chevrolet Sonic color coded for materi-
als used. Source: Ref 11.8

Fig. 11.14  Color-coded material breakdown for BIW structure of the 2013 
Chevrolet Sonic. Source: Ref 11.8
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11.2 Nonautomotive Applications

Steel has the widest range of applications of any material because of its 
diversity and versatility of types, properties, shapes, and forms. Applica-
tions of steels are found in automotive, construction, aerospace, power 
generation, ship building, railway, oil extraction, and manufacturing. Fig-

Fig. 11.15  Color-coded material breakdown for the body structure of the 
Future Steel Vehicle (FSV), battery electric vehicle (BEV). Source: 
Ref 11.9
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ure 11.16 shows how steel touches all aspects of daily life. In 2011, 1518 
million tons of steel were produced. The construction industry uses 51% 
of the produced steel, followed by the automotive industry at 16%.

Advanced high-strength steels, however, have only been used in the 
automotive industry and have not yet penetrated other industries or  

building, construction, military, aircraft applications, and the construction 
industry. 

Examples of where AHSS can be used to improve performance and 
reduce cost are: 

Off-shore platforms: structures and plates for decking
Bridges: structure, railing, and deck plates
Military: lighter tanks, armored vehicles, submarines, aircraft carriers
Ship building: bigger ships and supertankers
Aerospace: high strength and reduced weight are essential

The American Iron and Steel Institute, Ford Motor Company, and the 
U.S. Army are collaborating on a project to design the next-generation 
tactical vehicle. The Improved Materials and Powertrain Architecture for 
21st Century Trucks (IMPACT) project makes optimal use of AHSS to 
develop lighter tactical vehicles while maintaining performance, cost, and 
safety. For all of the examples above, and for many other applications, 
replacing low-strength steel with higher strength leads to saving costs by 
using less steel.

Steel packaging protects contents from water, oxygen, and light. It of-
fers maximum convenience, and is 100% recyclable. Steel is an excellent 
packaging material due to its strength, formability, and durability. It en-

Through innovation, the weight of steel packaging has been reduced, and 
today’s solutions include easy-open ends on a multitude of packaging 
shapes and sizes.

Fig. 11.16  Applications of steel. Source: Ref 11.10
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Packaging steels are currently made from low-carbon cold rolled steel 
strip with gages (thicknesses) ranging from 0.13 to 0.50 mm (0.01 to 0.02 

-
able with a variety of metallic and organic coatings. Replacing low-carbon 
packaging steels with higher strength steels allow for downgaging and 
result in weight and material savings.

11.3 Utilization and Trend

Steels have been and will continue to dominate the metallic materials 
available for vehicle manufacturing because of their excellent properties 

predicts that in the future, the mix of materials in North American light 
vehicles will shift from high-density and moderate-strength materials to 
lower-density and higher-strength materials. This shift will occur mainly 
by replacing mild, BH, and HSLA steels with AHSS, polymers, alumi-
num, and magnesium alloys. Figure 11.17 shows historical and predicted 

HSLA steels will decrease that share by a proportional amount. A more 
detailed chart of the material share in the North American light vehi- 

AHSS increased from 3% in 2008 to 5% in 2012 and is predicted to 
reach 7% in 2015. On the other hand, the percentage of mild steel de-

Fig. 11.17  Material share of finished curb weight trends for North American 
light vehicles. Source: Ref 11.1
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Fig. 11.18  Material share percent of finished curb weight for North American light vehicles. Source: Ref 11.1

creased from 26% in 2008 to 23% in 2012 and is predicted to fall to 17% 
in 2015. 

per vehicle. In 2010, this amount increased by an additional 34 kg (75 lb), 
and in 2015 it is predicted to increase by an additional 65 kg (144 lb) per 
vehicle. 

The trend toward increasing AHSS in vehicle bodies and closures ap-
plies equally to all global car manufacturers. Figure 11.20 shows histori-
cal and predicted metallic material mix for North American light vehicle 

aluminum alloys will increase their share in vehicle body, bumper, and 
closure while mild, BH, and HSLA steels will decrease that share by a 
proportional amount. 

Figure 11.21 shows an estimated weight percent of North American 
light vehicle total body, bumper, and closure in 2025. Advanced high-
strength steels are predicted to increase their weight percent from 17% in 
2012 to 41% in 2025. 

Ducker Worldwide provided a report on steel usage trends and the im-
pact of Corporate Average Fuel Economy (CAFE) regulations on the fu-
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ture of AHSS content in vehicles. In 2006, AHSS content in North Ameri-
can light vehicles was 37 kg (81 lb); this number increased to 71 kg (156 
lb) in 2010 and is projected to increase to 157 kg (346 lb) by 2020. Figure 
11.22 shows historical and conservatively projected AHSS content in ve-
hicles for the period 2006 to 2020. New innovations in manufacturing 

Fig. 11.20  Metallic material trends of North American light vehicle body, 
bumper, and closure. Source: Ref 11.1

Fig. 11.19  Increasing trend of using flat rolled AHSS in vehicles. Source: 
Ref 11.1
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processes are expected to contribute positively to the projected growth of 
AHSS (Ref 11.1).

The FutureSteelVehicle (FSV) program developed a concept vehicle 
with a proposed AHSS body structure for the 2011 to 2020 model years. 
The FSV body structure achieved 35% mass savings, mainly by using 20 
new AHSS grades; some of them are not yet in commercial production. 
The FSV paved the way and set the stage for more use and further devel-

Fig. 11.21  Metallic material weight percent share of vehicle body, bumper, 
and closure predicted for 2025. Source: Ref 11.1

Fig. 11.22  Historical and projected AHSS content in North American light 
vehicles (trend line only). Source: Ref 11.1
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opment of AHSS. Automakers are convinced that meeting their goals of 
improved vehicle performance at no cost penalty can only be achieved by 
increasing the AHSS content in their vehicles. In most cases, the increase 
in AHSS content comes at the expense of HSLA steels that they replace. 
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CHAPTER 12

Consequences of  
Using Advanced  

High-Strength Steels

THE WIDESPREAD USE of advanced high-strength steels (AHSS) in 

formability, reduced weldability, increased springback, elevated press ton-
nage, and accelerated die wear. Even with the expected increase of AHSS 
in future vehicles and other applications, concerns about the consequences 

as higher-tonnage presses, appropriate die materials, effective tool coat-

The implications of using thinner gages on the elastic stiffness and corro-
sion resistance need to be deliberated or discussed. Because the modulus 
of elasticity is the same for all steels, downgaging reduces component 
stiffness. Also, because corrosion resistance of AHSS (except for austen-
itic stainless steel) is similar to that of mild steel, thinner gages rust faster 
under the same corrosion conditions. 

Problems arising from using AHSS can be circumvented by innovative 
solutions. This chapter describes the nature of the problems and discusses 
potential remedies to minimize the adverse effects that may limit the 
adoption of AHSS in the automotive industry.

12.1 Press Requirements

The energy required to plastically deform a metal depends on its 
strength and ductility. Uniaxial tensile testing is used to obtain the stress-
strain curve of a material. The area under the curve determines the amount 
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of energy required to plastically deform the tensile sample up to a speci-

rate of the material; its tensile strength level increases with increase in that 
rate. Increased work hardening creates higher loads on press, tools, lubri-
cant, and other load points.

forming load while the area under the stress-strain curve determines the 
energy required for forming. This energy is simply the load multiplied by 
the distance travelled by the press ram. Figure 12.1 shows the extra stress, 
more tonnage, and the extra energy needed to form DP 600 steel over the 
lower-strength HSLA 450 steel. 

Although AHSS have higher strength and require increased tonnage to 
form a part, they are reduced in thickness, which counteracts the load in-
crease. Thickness reduction, however, increases the tendency for the sheet 

Fig. 12.1  Higher-strength steel increases load and energy required for form-
ing. Source: Ref 12.1
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metal to wrinkle and this requires higher binder force to suppress the 
wrinkles. In the balance, higher loads will be required to form AHSS.

For simple geometries, press load is directly proportional to the tensile 
strength of the steel. Figure 12.2 shows the measured press loads for the 
production of a hat-section cross member made of HSLA 350/450 and DP 
300/500 steels of the same thickness.

A computer simulation to determine the press energy required to stamp 
a part was performed. Three different grades of steel—mild; high-strength, 
low alloy (HSLA); and AHSS—were used in the simulation. Results, 
showing the press energy required to continue punch travel until the part 
was completely formed, are presented in Fig. 12.3. The press energy re-

Fig. 12.2  Measured press load for a hat-section cross member. Source: Ref 
12.2

Fig. 12.3  Energy needed to form a part from three different grades of steel. 
Source: Ref 12.2
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quired to form the part was found to increase with increasing the tensile 
strength of the steel. Forming the part using DP 600 steel required ap-
proximately 15,500 J, while forming the same part using mild steel re-
quired only 9,500 J.

Estimating press force and press energy required to make a part is im-
portant for stamping engineers because press capacity selection and avail-
ability must be determined at an early stage to carry out a successful 
stamping operation. Incorrect estimation of press tonnage capacity may 
result in damage of the press and production delays.

12.2 Springback and Residual Stress

Springback is the change in the shape of the part from that of the die 

product from the desired geometry. Springback occurs in drawing opera-
tions because they contain stretching and drawing components. The draw-
ing component is responsible for springback. During bending the outer 
surface of the bent sheet will be in tension and the inner surface will be in 
compression. As bending progresses, the neutral axis shifts from the cen-
ter of the cross section of the sheet metal toward the inner surface (com-
pression side). When the load is removed, springback occurs due to elastic 
recovery. Springback is practically negligible in stretch forming because 
stretching produces tensile deformation in both the outer and the inner 
surfaces of the sheet thickness. The key to removing springback is to 
change the state of stress on the outside and inside surfaces of the sheet 
metal from tension/compression to tension/tension. This is usually done 
by superimposing a small stretch at the end of the forming cycle. 

Advanced high-strength steels have large amounts of springback com-
pared to mild and HSLA steels. For example, aluminum-killed drawing 
quality (AKDQ) steels exhibit springback of 2 to 3%; HSLA exhibits 
springback of 8 to 12%; and AHSS exhibits springback of 16 to 24%. 
Springback allowance must, therefore, be increased as material strength 
increases; a three-degree allowance is needed for mild steels, while a six-
degree or more allowance is necessary for HSS and AHSS.

Springback is of great concern to sheet metal forming tool designers, 
because it can cause serious problems in the assembly of parts and can 

-
wall curl after unloading from stamping dies are very important technical 
barriers to the widespread use of high-strength metals, especially AHSS. 

springback.
Springback is explained by the phenomenon of elastic recovery that oc-

curs after unloading a plastically deformed tensile sample of steel (Fig. 

A. The total strain under load at that 
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point is represented by C. If the load is removed, the sample recovers the 
elastic portion of the strain and springs back to point B. The amount of 

of steel.
The effect of yield strength on springback for three steels is illustrated 

in Fig. 12.6. Springback increases with increase in yield strength of the 

Fig. 12.4  U-channel profiles before (blue) and after (red) springback

Fig. 12.5  Elastic recovery (springback) in steel. Source: Ref 12.2
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steel. Martensitic AHSS exhibits the highest level of springback compared 
to HSLA and AKDQ steels.

U-channel forming has been routinely used to evaluate springback be-
havior of metals. Figure 12.7 shows tooling used in the U-channel draw 
test. The test has three variables: tool radii (punch and die), tool gap, and 
draw bead penetration.

Figure 12.8 shows the two parameters, angular change and curl, that are 

Fig. 12.6  Effect of yield strength on springback in steel. Source: Ref 12.2

Fig. 12.7  Tooling used for the springback U-channel draw test. Source: Ref 
12.3
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the two steels have the same yield strength of 350 MPa (50 ksi) and are 
formed under the same conditions, dual-phase (DP) has much greater 
springback than HSLA because U-channels made from DP have greater 
yield strength after forming. The increase in strength of DP after forming 
results from its greater work-hardening rate compared to HSLA steel.

Due to the high strength of AHSS, compared to mild steel and conven-
tional HSS, a larger amount of springback develops in the formed high-

free (IF), HSLA 350, and DP 600 steels.
Studies of springback in U-channel forming of HSLA 350, DP 600, and 

TRIP 700 steels showed that springback depends on the strength level of 
the stamped part. Steels with a high n-value, such as DP 600 and TRIP 
700, showed increased strength after forming that resulted in higher 
springback values, compared to HSLA 350 steel with lower n-value.

Other studies showed that reduction of sheet thickness or increase in die 

Fig. 12.8  Angular change and curl. Springback parameters in U-channels. 
Source: Ref 12.2

Fig. 12.9  Angular change and sidewall curl for three steels. Source: Ref 12.3
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controlling springback and curl were the tooling radius and draw bead 
penetration. Figure 12.10 shows that draw bead penetration and punch 
radius have more effect on springback than tool gap. 

Higher-than-normal binder pressure and press tonnage is necessary 
with HSS and AHSS to maintain process control and to minimize buckles 
on the binder. Double-action press or hydraulic press cushion may be re-
quired to achieve the necessary binder forces required to control sheet 

provide the required force for setting the draw beads or maintaining binder 

requirements by 20% compared to conventional HSLA steel grades.
The effect of draw bead penetration, tool gap, and die radius on curl 

radius of HSLA 450 and DP 600 steels is shown in Fig. 12.11. Draw bead 
penetration and die radius have more effect on curl radius than tool gap. 

In general, springback decreases with increase in die radius because of 
diminishing bending forces in larger radii. Reducing bending forces re-
duces work hardening and lowers springback angle and sidewall curl 
(Ref 12.4). Punch radii must be fairly sharp, approximate sheet thickness 
~1t for HSS and greater than sheet thickness >1t for AHSS. Punch radii, 
however, should be kept as small as practical to reduce springback in the 
sidewalls. 

Springback can be reduced through the proper design of the forming 
tool and die to generate the desired shape. It is also reduced by controlling 
the binder forces that act on the drawn sheet. Springback may necessitate 
using variable binder force control with the ability to achieve at least 25% 

Fig. 12.10  Effect of draw bead penetration, tool gap, and punch radius on 
springback of steel. Source: Ref 12.3
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higher total binder force. In body panels, springback can be reduced by 
compensation through the following countermeasures:

Overforming, so that on unloading, the part springs back to the in-
tended shape
Bottoming or shape set to induce a minimum of 2% stretch in the part 
near the bottom of the press stroke
Stretching by using higher binder forces

Traditionally, press shops and process engineers have developed guide-
-

tions needed to control springback. Some of the guidelines for reducing 
springback in stamped components are:

Avoiding right or acute angles
Using larger open-wall angles to allow overbending
Avoiding large transition radii between two walls
Reducing die radii to less than 2t

An ASTM test standard titled “Standard Test Method for Evaluating 
Springback of Sheet Metal Using the Demeri Split Ring Test” was issued, 
under the designation E2492-07, to evaluate the springback behavior of 
metals in a test that simulates a stretch-draw forming process. The test 
method can also be used to calibrate computer simulation codes by select-
ing appropriate control parameters to achieve satisfactory correlation be-
tween simulation and test results.

Fig. 12.11  Effect of draw bead penetration, tool gap, and die radius on curl 
radius of steel. Source: Ref 12.2
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The test measures springback behavior of sheet metal by comparing the 

diameter of the same ring after splitting to release residual stresses and 
produce springback. Examples of the diameter of the rings before and 
after splitting are shown in Fig. 12.12 for three sheet metals: drawing 
quality steel (DQSK), bake-hardenable steel (BH 210), and aluminum 
alloy (AA 6022).

stress, thickness, and amount and type of cold work introduced by the 
forming process. Because cup drawing contains features of many forming 
operations such as stretching, drawing, and bending, the amount of spring-
back measured by the test is indicative of the behavior of metal in many 
stamping operations.

Many computer simulation programs have been developed to predict 
springback in complex stampings made from HSS. Accurate springback 
prediction allows springback compensation to be included in the initial 
design stage thus reducing tool development time. Springback simulation 
predictions were not completely successful because of the complexities 
encountered in modeling material behavior, friction properties, and draw 
bead restraining forces.

Residual stresses in metals are caused by a number of processes such as 
inhomogeneous deformation, phase changes, and temperature gradients. 
For example, rapid cooling introduces residual stresses. This discussion 
focuses on residual stresses caused by plastic deformation. Springback is 
a manifestation of residual stresses in metals. Residual stresses are in-

Fig. 12.12  Split rings measuring springback for three metals. Source: Ref 
12.5
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duced in parts during their manufacture. Such stresses do not disappear 
when parts relax and all external constraints are removed. Some stamped 

when allowed to relax. Springback in a stamped part results from essen-
tially stretch-bend forming. The stretch portion varies with the amount of 
the clamp force applied by the binder. 

An effective way for reducing springback in stampings, especially U-
channels and rails, is to use a die process where some form of “post-
stretch” or “shape-set” is applied (Ref 12.6). An effective shape-set pro-
cess involves the activation of a set of lock-beads, in the binder area, just 
before the end of the punch stroke. This condition produces pure stretch of 
approximately 2% in the formed channel and causes an appreciable reduc-

in a shape-set process.
Tensile residual stresses may lead to stress cracking and, in some al-

loys, to stress-corrosion cracking that may ultimately lead to premature 
product failure. The residual stress potential of metals can be evaluated by 
using the ASTM standard test as discussed earlier in this section.

12.3 Binders and Draw Beads

Binders, sometimes called blankholders, are essential parts of metal 

cavity by providing a restraining force on the periphery of the metal blank 
prior to forming. Figure 12.14 shows a schematic of a simple sheet metal 
forming system. The basic components are a punch, a die, and a set of 
binders that may, or may not, include draw beads. The punch draws the 

the die cavity.

of friction and bending forces. “Lock beads” completely prevent metal 

Fig. 12.13  Binder force profile in a shape-set process to reduce springback 
in U-channels
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to completely lock the metal. This produces a stress condition in the sheet 
metal comparable to stretch forming.

The binder, with or without draw beads, is a critical part of the stamping 
-

straining forces at the edge of the sheet metal blank, draw beads rely on 
bending and unbending of the sheet metal and, to a lesser extent, on fric-

cavity. The bending force is inversely proportional with the radius of cur-
-

cient of friction and the force on the binder. Flat binders are more sensitive 
to variations in friction conditions, die misalignment, and blank thickness 
variations. 

Draw bead action occurs in two stages (Ref 12.8):

1. Binder closes: The draw bead protrusion pushes the metal into a 
matching groove on the other binder face to form a bead. The depth of 
movement of the protrusion determines the amount of bead pene- 
tration.

2. Sheet drawn: Sheet is pulled over the bead and into the die cavity.

The restraining force of a draw bead increases with increase in bead pen-
etration because the sheet metal is subjected to more bending. The bead 
penetration is determined by the magnitude of the normal force on the 
binder. 

In traditional stamping, the binder force remains constant throughout 
the forming cycle. The magnitude of the force is determined based on 
experience or trial and error. If the restraining force is too low, too much 

-
ing splitting in the part. The binder determines the amount of restraining 

Fig. 12.14  Sheet metal forming system showing the location of the binder. 
Fb , binder force; Fp , punch force; Fr   , restraining force. Source: 

Ref 12.7



Chapter 12: Consequences of Using Advanced High-Strength Steels / 189

force on the sheet metal and this also affects its springback. Figure 12.15 
shows the type of forming problems caused by inadequate binder forces.

-

beads for HSS and AHSS should not extend around corners of the draw 

in the corners of the part. Draw beads should “run out” at the tangent of 
the corner radii to minimize metal compression in those corners, as shown 
in Fig. 12.16 (Ref 12.4).

12.4 Tool Material and Die Wear

Tool or die wear is caused by friction resulting from contact and rela-
tive motion between die surface and sheet metal. It reveals itself as dam-
age to the surface of the die causing a progressive loss of material. Tool 

Fig. 12.15  Forming problems caused by inadequate binder control. Source: 
Ref 12.7

Fig. 12.16  Draw bead types: (a) conventional draw bead, (b) runout draw 
bead for high-strength steel, and (c) lock draw bead for stretch 

forming. Source: Ref 12.4
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wear is affected by a wide range of parameters including strength of mate-
-

ity, type of motion, temperature, die coating, and lubrication. Increasing 
the yield strength and hardness of the material results in increased die 
wear, which leads to surface quality and dimensional accuracy problems 
for the stamped part. In addition, die wear requires the frequent replace-
ment of the dies and this leads to downtime and production losses.

Forming AHSS requires high forming loads and high contact pressures 

wear. Local contact loads can be very high for part features with small 
radii. Additionally, AHSS require elevated binder pressures for stamping 
to maintain process control and to minimize buckles in the binder area. 
The higher compressive forces on the binder will require better die mate-
rial, surface treatments, and lubricants. Tools must have good wear resis-
tance for long life operation and production reliability and also must have 

To prevent excessive wear in forming AHSS, new die materials and 
better die coatings have been developed. New die materials include spe-
cially developed wrought and cast tool steels and powder metallurgy tool 
steels. These materials have been developed to extend the hardness avail-
able while maintaining toughness.

Hard material coatings and nitriding have been used to improve the 
tribological properties of die surfaces. The effect of surface treatment on 
tool wear is demonstrated by drawing a hat section over different surface 
treatments of a die surface (Fig. 12.17). Results indicate that hardened 

Fig. 12.17  Effect of die surface treatment on tool wear. Source: Ref 12.2
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tool steel with plasma-nitrided coating has the lowest tool wear for any 
number of parts drawn.

Another example demonstrating the effect of tool material and coating 
on tool life, as measured by the number of good stamped parts made from 
DP 980, is shown in Fig. 12.18. It is clear that both good tool material and 
high-performance die surface coating are required for increased tool life.

Coatings are used to reduce friction between sheet metal and die and 
lower the shear forces that lead to wear. They are applied onto the tool 
substrate in micron-level thicknesses. Coating processes include thermal 
diffusion (TD), chemical vapor deposition (CVD), physical vapor deposi-
tion (PVD), plasma-assisted chemical vapor deposition (PACVD), and 
nitriding plus physical vapor deposition. Dual treatment combinations of 
nitriding and PVD coatings are widely used to provide a harder substrate 
to the hard but brittle PVD coatings.

Coating processes can either be performed at high temperature, as in 
TD and CVD, or relatively low temperature, as in PVD (200 to 550 °C, or 
390 to 1020 °F, under vacuum). A new CVD coating was developed to 
reduce abrasive wear during stamping of high-strength materials. It em-
ploys selective combinations of individual coating layers of titanium car-
bide (TiC), titanium carbonitride (TiCN), and titanium nitride (TiN). Cur-
rent forming dies coated with thermal diffusion of vanadium carbide or 
coatings (AlTiCr+MoS2, TiN) performed relatively better than conven-
tional tool material, but their wear resistance and durability were not sat-
isfactory. Multilayer structures such as TiAlCN and AlTiCrN+CN are 
found to work better (Ref 12.4, 12.9).

Fig. 12.18  Effect of tool material and die surface coating on tool life. 
Source: Ref 12.1
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Chemical vapor deposition coating costs double that of PVD because 
the high-temperature processing of CVD includes pre- and post-treatments. 
The high cost of high-performance tool steels and coatings for AHSS are 
usually offset by reduced maintenance and increased lifetime and perfor-
mance.

12.5 Hot Forming

Formability and springback are common problems in conventional 
stamping of parts made from HSS. Advanced high-strength steels have 
lower formability and higher springback compared to conventional steels 
and this has been a major obstacle for the application of those materials to 
complex automotive parts. For example, some martensitic steels have a 
total elongation of only 5%, and this has limited stretchability that re-
stricts its application to simple stampings. An advanced forming tech-
nique, known as hot forming, has been used to overcome such problems. 
Figure 12.19 shows a schematic of the hot forming process.

In hot forming processes, a part is either heated to a high temperature 
above 900 to 950 °C (1650 to 1740 °F) prior to forming, or it is partially 

formed part is then quenched in the stamping tool at about 50–150 °C/s 

in its strength and dimensional accuracy. The increase in strength is due to 
phase transformation, on quenching, of austenite to harder phases of 
bainite or martensite. The increase in formability at high temperature is 
due to the softness and ductility of austenite. The increase in dimensional 
accuracy results from the absence of residual stresses due to forming at 
elevated temperature. Also, plastic deformation at high temperature oc-
curs under much lower yield stress; springback will be minimal because 
elastic recovery (springback) decreases with the decrease in the yield 
strength of the steel. When springback decreases, dimensional accuracy of 
the part should increase.

Some of the drawbacks of hot forming are:

Extra expenses related to heating the sheet blank
Special tooling for in-die part quenching

Fig. 12.19  Hot forming process. Source: Adapted from Ref 12.2
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High cycle time for production
Thermal fatigue in the forming dies due to heating and cooling cycles 
applied to the dies
Special lubricants must be used
Metals oxidize at high temperature and removal of the scale leaves a 
rough surface.

For these reasons, hot forming is used in limited applications.

12.6 Downgaging Limits

The automotive industry has adopted lightweighting as a greenhouse 
reduction strategy. Lightweighting is achieved by downgaging vehicle 
components and using high-strength materials. Advanced high-strength 
steel designs take advantage of their higher strength-to-weight ratios, 
compared to conventional steels, by reducing the thickness of components 
to lower their weight while maintaining or improving their performance. 
The substitution of AHSS for lower-strength grades and the use of thinner 
gages to reduce weight have the following implications on automotive 
components and structures:

Reduction in the elastic stiffness and the possibility of elastic buckling 
of the component
Increase in corrosion problems that may reduce component life and 
durability
Decrease in higher-strength ductility that may lead to reduction in 
component formability

The performance index for selecting a sheet metal panel meeting the 
constraints on bending strength and thinness is given by Ref 12.10:

t >= [6M/Wσy]1/2

where, for a panel of width W subjected to a moment, M, without failing, 
thickness, t, is minimized by selecting steel with the largest value of the 
yield strength, σy.

-
tion. It is directly proportional to the elastic modulus, E, and the second 
moment of inertia, I. Because the elastic modulus is constant for all steels, 

stiffness. Therefore, in steel, stiffness is directly proportional to the sec-
ond moment of inertia, I, which depends on component geometry (size 
and shape of the cross section including thickness). For a steel panel, the 
stiffness, S, the length, L, and the width, W
thickness is a free variable that can be changed. The weight of a panel or 
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component can, therefore, be reduced by decreasing its thickness, t, but 

means that there is a threshold above which substitution of lighter mass 
material cannot exceed due to structural performance issues related to di-
minishing part stiffness. In order to maintain or improve the stiffness of a 
part, downgaging must be offset by changes in part design.

One proven method for increasing stiffness of sheet steel is corrugation, 
which increases the moment of inertia of the sheet section (I = 3/12) about 
an axis normal to the corrugation. In this way, resistance to bending is 
increased only in the normal direction to the corrugations. To stiffen the 
sheet metal in all directions, a hexagonal grid of dimples is usually used. 
Dimpling has been used in the auto industry in applications requiring 
downgaging, such as seat frames and side impact bars. Dimples can be 

12.11). 
Corrosion resistance in components that are made of thinner gages of 

AHSS is more severe than those made from thicker gaged steels. Assum-
ing that AHSS have about the same corrosion resistance as those of lower-
strength steels, except austenitic stainless steels, corrosion is a bigger 
problem in thin gages because rust will go through them faster and they 
will suffer a greater percent loss of thickness. Therefore, the thinner gages 
employed to reduce weight necessitate the use of corrosion protection to 
prevent structural degradation and loss of durability. 

in ductility with every gain in tensile strength. This trend compromises 
formability and limits the range of potential weight saving applications for 
those steels. Because the strength and ductility of the second generation of 
AHSS are both high, the formability issue is not relevant for those steels.

In 2010, the average North American light vehicle weighed approxi-
mately 1910 kg (4200 lb), of which 1130 kg (2500 lb) contain different 
types of steels. This amounts to a light vehicle steel content of about 60%. 
Vehicle weight is distributed almost equally between body structure, chas-
sis, and power train. The biggest potential for weight saving is in the body 
structure and closure panels. Advanced high-strength steels are mostly 
used in structural applications. In 2010, AHSS content in body structure 
was approximately 11% of its mass. This percentage is estimated to in-
crease to 35% by 2020. Replacing mild steel with lightweight materials or 
downgaging very strong steels, within tolerable limits on stiffness, will 
reduce vehicle weight and improve fuel economy.

12.7 Welding

Welding is a group of joining processes where two or more parts are 
combined at their contacting surfaces by the application of heat and/or 
pressure. Welding processes are divided into two main categories:
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Fusion welding, such as arc welding, resistance spot welding, oxyfuel 
gas welding, electron beam welding, and laser beam welding
Solid-state welding, such as friction welding, diffusion welding, ultra-
sonic welding, roll welding, forge welding, and explosion welding

In fusion welding, joining is accomplished by melting the location of 

Because melting of the base metals occurs in fusion welding, a heat- 
affected zone develops around the weld. In solid-state welding, heat and/
or pressure are used to join the two parts, but no melting of base metals 

The welding methods used by the automotive industry include resis-
tance spot welding, laser welding, and arc welding. Resistance spot weld-
ing is the main joining process used in sheet metal fabrication and auto-
motive body assembly. For example, the body-in-white (BIW) automotive 
structures have 3000 to 5000 spot welds, while the whole vehicle requires 
approximately 6000 spot welds. Resistance spot welding is a fusion weld-
ing process that uses a combination of heat and pressure to accomplish 
coalescence of the joined metals. Heat is generated by electrical resistance 

be used to weld different sheet metals with thicknesses ranging from 0.5 
to 10 mm (0.02 to 0.4 in.) and it can be performed at a rate of 60 welds per 
minute.

Many organizations and manufacturers issue welding guidelines for re-
sistance spot welding. Such guidelines detail important requirements for 

Fig. 12.21. The schematic includes four time segments: (a) applying pres-
sure on the sheet metal by the electrodes, (b) passing current to heat and 

Fig. 12.20  Principal components in resistance spot welding
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melt the metal, (c) holding to re-solidify the molten metal, and (d) remov-
ing the electrodes at the end of the welding cycle. Other important speci-

Mild and HSLA steels have been used in body structures for many 
years and are well known to have minimal structural performance degra-
dation due to exposure to elevated temperature during arc welding. Ad-
vanced high-strength steels are typically produced by nontraditional ther-
mal cycles and contain microstructural constituents whose mechanical 
properties can be affected by exposure to elevated temperatures encoun-
tered during component welding. This temperature sensitivity could alter 
the mechanical behavior of AHSS and could seriously affect the structural 
performance of AHSS components.

The ultimate tensile strength (UTS) of the as-received DP 600 steel 
dropped from 642 to 515 MPa (93 to 75 ksi) after exposure to a thermal 
treatment temperature cycle of 650 °C/90 s (1200 °F/90 s). The reason  
for the drop in strength is attributed to tempering of the martensite  

due to tempering, of the martensite phase during heat treatment. The me- 
chanical properties of the DP 780, TRIP 600, and TRIP 780 materials  
were substantially degraded by exposure to 650 °C for any duration. The  

Fig. 12.21  Process conditions for resistance spot welding. Source: Adapted 
from Ref 12.12
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transformation-induced plasticity (TRIP) materials were degraded to a 
slightly lower extent than the dual-phase (DP) materials, probably due to 
the presence of bainite in the microstructure, which is less susceptible to 
strength changes during tempering than martensite. Experimental results 
showed that the mechanical properties of structural components made of 
DP, martensitic (MS), and TRIP steels of any type, degraded by exposure 
to 650 °C thermal cycling for any duration. It is, therefore, recommended 
that such steels should not be processed (welded, straightened, or repaired) 
by the application of heat (Ref 12.13).

Provided the welding parameters are adjusted, DP, complex-phase 
(CP), and TRIP steels can be welded using conventional resistance spot 
welding processes on commercial spot welding machines. Laser welding 

12.14). Electrogalvanized twinning-induced plasticity (TWIP) steels were 
found to be sensitive to liquid zinc embrittlement during welding. Liquid 
zinc results from melted coating due to the high temperature of the weld-
ing process (Ref 12.12).

Most stainless steels can be welded by most methods employed by the 
industry. It is important to maintain the mechanical properties, minimize 
distortion, and preserve the corrosion resistance in the weld area. Austen-
itic stainless steels are the most weldable of the stainless steels. The major 
problem in welding austenitic stainless steels arises from sensitization in 
the heat-affected zone. Sensitization occurs when austenitic stainless 
steels are heated or cooled through the temperature range of 430 to 870 °C 
(800 to 1600 °F). The chromium along the grain boundaries combines 
with carbon to form precipitates of chromium carbides. The formation of 
chromium carbide depletes chromium and lowers corrosion resistance in 
areas along the grain boundaries. This may lead to loss of toughness and 
intergranular corrosion of the steel. The sensitization effect can be mini-
mized by reducing the carbon content of the steel. Post-heating after weld-
ing is needed to redissolve the precipitates and to relieve the stress caused 

-
less steels is higher than that of low-carbon steels; therefore, their thermal 
expansion is greater and precautions are needed to avoid bead cracking 
and minimize part distortion. 
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CHAPTER 13

Global Projects on 
Advanced High-Strength 

Steels

THE MOST ACTIVE PARTICIPANT in the development and deploy-
ment of AHSS technology is the global steel industry represented by 
WorldAutoSteel (WAS). This global organization develops and imple-
ments initiatives offering steel solutions, based on innovative designs and 
advanced new steels, to address challenges facing automakers to increase 

-

of new design methodologies, innovative manufacturing processes, and 
advanced materials by adopting new technologies and increasing AHSS 
content in their vehicles. Interest in AHSS has increased dramatically in 
academia and research institutions as demonstrated by the large number of 
proposals and research projects aimed at improving or developing new 
generations of AHSS.

13.1 Steel Industry Projects

Steelmakers are at the forefront of developing advanced steels and 
manufacturing technologies for current and future vehicles. They are 
heavily involved in the development of AHSS and other manufacturing 
technologies through partnerships, consortia, and cooperative programs 
with universities, industrial labs, and national research institutions. A 
number of forums and collaboration efforts between the Steel Market De-
velopment Institute (SMDI), the Auto/Steel Partnership (ASP), and WAS 
focus on making lightweight steel-intensive vehicles with AHSS. The 
Steel Market Development Institute is a business unit of the American 
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Iron and Steel Institute (AISI), and WAS is the automotive group of the 
World Steel Association. WorldAutoSteel is comprised of 17 major global 
steel producers from around the world. These collaborations result in the 
increased use of AHSS grades internationally, resulting in safer, and more 

  
develop concepts for steel solutions to meet challenges related to ever- 
increasing crashworthiness regulations and fuel economy standards. Sev-
eral subsystems and full-vehicle concept designs demonstrate that includ-
ing AHSS results in approximately 35% weight savings. 

Five major studies were conducted by the global steel industry under 
the umbrella of WAS, to offer solutions to challenges facing the automak-

-
proving crash safety, and maintaining affordability. The names and chron-
ological order of these ultra-light steel family research programs are: 

1998: The Ultra-Light Steel Auto Body (ULSAB) 
2000: The Ultra-Light Steel Auto Closures (ULSAC) 
2000: The Ultra-Light Steel Auto Suspension (ULSAS) 
2002: The Ultra-Light Steel Auto Body—Advanced Vehicle Concepts 
(ULSAB-AVC)
2008 to 2011: The FutureSteelVehicle (FSV) 

-

The 2002 ULSAB-AVC program shifted vehicle material content from 
a majority of mild and high-strength, low-alloy (HSLA) steel to 80% 
AHSS, to achieve 25% weight reduction. Since then, automakers have 
implemented AHSS in structural parts in a wide range of vehicles. As a 
result, the content of AHSS in an average vehicle jumped from 37 kg (82 
lb) in 2006 to 79 kg (174 lb) in 2011. Projections show that the use of 
AHSS in North American light vehicles will double between 2011 and 
2020. The ULSAB family of research studies demonstrates that optimized 
steel body structure design using AHSS produces structures 25% lighter 
than those built using conventional steel, with no cost penalty for manu-
facturers. Figure 13.1 shows a cost comparison of advanced versus con-
ventional steel design results obtained in the ULSAB programs. The total 
cost included material, forming, and assembly costs. 

In 2008, WAS launched a three-year engineering project known as the 
FutureSteelVehicle program (FSV). The FSV program was aimed at help-
ing automakers optimize body structures through advanced steel design 

the purpose of reducing gas emissions over the entire life cycle of vehicle. 
The program was built on the many innovative designs, advanced tech-
nologies, and results produced in the previous ULSAB studies. It also in-
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cluded the incorporation of many new grades of AHSS that are expected 

manufacturing processes were used in the FSV program (Fig. 13.2). There 
was heavy use of tailor welded blanks (TWB) to achieve the FSV weight 
target. Hot stamping, roll forming, and traditional stamping were also in-
cluded in the process selection. An example of hot formed TWB used to 
manufacture the FSV shotgun subsystem is shown in Fig. 13.3; this sys-
tem is used for frontal and offset crash application. The shotgun is com-
prised of a three-piece AHSS of varying thicknesses and is manufactured 
using hot stamping and quenching.

Fig. 13.1  Cost comparisons between conventional and advanced steel de-
signs. ULSAB, Ultra-Light Steel Auto Body; ULSAB-AVC, Ultra-

Light Steel Auto Body—Advanced Vehicle Concepts. Source: Ref 13.1

Fig. 13.2  Manufacturing processes used in the FutureSteelVehicle (FSV) pro-
gram, shown as percent of body structure mass. Source: Ref 13.2
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The stated objectives of the FSV program were:

Achieve the 2015 to 2020 performance criteria.
Achieve a 35% mass reduction.
Perform cost analysis.
Assess life cycle impact. 

Results of the program presented car companies with ideas of what mass 
savings, costs, and carbon footprint can be accomplished with these steel 
grades and processes. Figure 13.4 shows a photo of the FSV concept car.

Fig. 13.3  Hot formed tailor welded blanks (TWB) used to manufacture the 
FSV shotgun subsystem. Source: Ref 13.2

Fig. 13.4  The FutureSteelVehicle (FSV). Source: Ref 13.2
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In May 2011, the global steel industry released results of the FSV pro-
gram. The results (Ref 13.2) were:

The concept body structure met all targets for crashworthiness and 
achieved a mass savings of 35%, compared to 25% achieved in the 
2002 ULSAB-AVC program. The mass reduction was achieved through 
the use of AHSS grades and an optimized design. 
The body structure used more than 50% AHSS including dual-phase 
(DP), transformation-induced plasticity (TRIP), twinning-induced 
plasticity (TWIP), complex-phase (CP), and martensitic (MS) grades 
to improve structural performance and reduce mass.
Mass reduction was achieved at no additional cost over reference ve-
hicle steel structures.
Total life cycle emissions were reduced by nearly 70%.

Table 13.1 captures the main features and accomplishments of the vari-

savings of 35% by incorporating HSS and AHSS in 97% of the body mass 
in tandem with advanced manufacturing technologies and innovative de-
signs. The manufacturing cost of the FSV body structure was accom-
plished without any cost penalty relative to the 1995 reference vehicle.

Figure 13.5 lists the steel grades and types used in the ULSAB-AVC 
program and the extended steel grades and types used in the FSV pro-
gram. Many of the steel grades used in the FSV program are in the GPa 
range.

WAS and SMDI (Ref 13.2). 

13.2 Government/Industry/Academia Collaboration

United States Council for Automotive Research/U.S. Automotive 
Materials Partnership (USCAR/USAMP). An important organization 
for automotive research is the United States Council for Automotive Re-
search (USCAR). It was founded in 1992 as a collaborative technology 
organization of Chrysler Group, General Motors Company, and Ford 
Motor Company. Its goal is to strengthen the technology base of the U.S. 

Table 13.1 Light vehicle programs and achieved results

Reference vehicle, 1995 … 271  (39) 997 270 (595)
ULSAB, 1998 –25% 413  (60) 947 203 (448)
ULSAB-AVC, 2002 –25% 758 (110) 979 218 (481)
FSV, 2011 –35% 789 (114) 981 188 (414)

ULSAB, Ultra-Light Steel Auto Body; ULSAB-AVC, Ultra-Light Steel Auto Body—Advanced Vehicle Concepts; FSV, Future 
SteelVehicle. Source: Compiled from Ref 13.2
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auto industry through cooperative research and development. The USCAR 
focus is to create, support, and direct cooperative research and develop-
ment to advance automotive technologies and be responsive to sustain-
ability issues. In 1993, USCAR teamed with the U.S. Department of En-
ergy (DOE) and formed the Partnership for New Generation of Vehicles 
(PNGV) to improve manufacturing competitiveness and develop new 

-
-

panies, to work on hydrogen and fuel cell research. In 2004, the USA-
TEAM partnership between the USCAR and the National Institute of 
Standards and Technology (NIST) was formed to focus on improving the 
manufacturing competitiveness of the U.S. automotive industry. In 2011, 
DOE announced the formation of a new partnership, US-DRIVE, whose 

sustainability.
A subsidiary of the USCAR is the U.S. Automotive Materials Partner-

ship (USAMP), whose focus is on developing materials and processes that 
enable the high-volume production of vehicles with half the current mass, 
while also making them more affordable, recyclable, and of good quality 
and durability. The USAMP is responsible for identifying, conducting, 
and directing noncompetitive research and development in automotive-
related materials and processes. Projects on materials include improve-
ments in the production, processing, and performance of lightweight 
 materials: aluminum, magnesium, composites, and steel. Projects on ad-
vanced processes include -
ing, controllable drawbeads, and welding optimization. 

Fig. 13.5  New grades of HSS added for the FSV program. Source: Ref 13.2
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Auto/Steel Partnership/U.S. Automotive Materials Partnership 
(ASP/USAMP). The USAMP work on steel was conducted mainly 
through the ASP, which is a consortium of the SMDI’s Automotive Ap-
plications Council, Chrysler Group, General Motors Company, and Ford 
Motor Company. The ASP leverages the resources of the automotive and 
steel industries to help improve vehicle design, safety, fuel economy, and 
manufacturing. Figure 13.6 shows the ASP linkages with academia, steel 
suppliers, automakers, national labs, WAS, DOE, and the National Sci-
ence Foundation (NSF).

The ASP has many projects on AHSS including material evaluation, 
formability assessment, springback validation, and welding requirements. 
It reported success in using computer modeling to validate a potential 
mass savings of 15 to 20% in the future-generation passenger compart-
ment project. The mass savings were achieved by using AHSS for parts 
typically made of conventional steel and by designs for load paths that 
ensure crashworthiness of the passenger compartment.

13.3 Academic Research and Development

Interest in AHSS research and development has been growing, espe-
cially after the steel and automotive industry developed and implemented 
DP steels in the 1980s. Most of the current research is on TRIP, TWIP, and 

composition on the microstructure evolution during plastic deformation 
and the resulting mechanical properties. Following are reviews of some of 
the latest projects on AHSS. 

Structure and Mechanical Properties of Fe-Mn Alloys (McMaster 
University, 2008, Ref 13.4). Advanced high-strength steels are charac-

Fig. 13.6  Partnership linkages for Auto/Steel Partnership (ASP) projects. 
Source: Ref 13.3
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terized by a combination of high strength and good ductility. This is 
achieved in metal alloys possessing high and sustained work-hardening 
rates during plastic deformation. In TRIP and TWIP steels, these proper-
ties are accomplished by the evolution of phase transitions (austenite to 
martensite transformation and deformation twinning) during plastic defor-
mation. Austenitic high-manganese alloys are known to have such quali-
ties and, therefore, were the subject of this investigation.

Research at McMaster University was focused on the structure and 
properties of two high-manganese alloys, Fe-24Mn and Fe-30Mn. The 
high manganese content ensures that austenite is retained fully at room 
temperature. The chemical composition of the two alloys is listed in Table 
13.2.

The high work-hardening rate during plastic deformation of Fe-30Mn 
is attributed to its low stacking fault energy (SFE). The high strength and 
ductility result from the complex combination of deformation mecha-
nisms including dislocation glide, martensitic phase transformation (TRIP 
effect), and mechanical twinning (TWIP effect). Alloy Fe-30Mn possesses 
an austenite single-phase microstructure after annealing; whereas alloy 
Fe-24Mn has a mixture of austenite and 50% ε hexagonal close-packed 
(hcp) martensite. The single-phase alloy Fe-30Mn remains fully austenitic 
after water quenching to room temperature. It was annealed at 900 °C 
(1652 °F) for two hours in an inert atmosphere and then quenched in oil 
instead of water to reduce internal stresses. Alloy Fe-24Mn was subjected 
to six different heat treatments to evaluate their effect on phase fractions 
of the steel. Microhardness testing and microstructure evaluation of the 
six samples indicated that different heat treatments have no effect on the 
amount of austenite and -martensite. 

Summary of results for Fe-30Mn alloy (single-phase austenitic micro-
structure). Scanning electron microscopy (SEM) and x-ray methods were 
used to monitor the effect of plastic deformation on microstructure and 
phase transformation in the Fe-30Mn alloy. This was done by measuring 
the evolution of phase fraction of transformed -martensite in deformed 
tensile samples. Results indicated that rapid phase transformation oc-
curred at true strains of  = 30% and continued until fracture. Figure 13.7 
shows microstructures of annealed and plastically deformed samples at 
true strain of  = 37.3%.

Electron backscatter diffraction (EBSD) analysis gives a phase map of 
the annealed and deformed microstructures (Fig. 13.8). The initial micro-

Table 13.2 Chemical composition of the high-manganese steels

Fe C S

Fe-24Mn 75.57 24.30 0.0163 0.0052
Fe-30Mn 69.08 30.79 0.0160 0.0060

Source: Ref 13.4
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structure of annealed Fe-30Mn steel is fully austenitic with annealing 
twins (Fig. 13.8a), and the microstructure of deformed samples (  = 
37.3%) contain transformed martensite and mechanical twins (Fig. 13.8b). 
The yellow color represents austenite, the red represents martensite, and 
the blue lines indicate mechanical twins.

The microstructure of the deformed sample showed regions of the 
transformed martensite in multiple grains. The kinetics of martensite 
transformation were studied by x-ray diffraction on samples deformed 
uniaxially to different levels of strain. Figure 13.9 shows the variation of 
the volume fraction of transformed martensite with true strain. Critical 
phase transformation occurred at true strains of  = 0.30. The balance of 
the volume fraction percent is austenite.

Summary of results for Fe-24Mn alloy (complex-phase austenitic and 
martensitic microstructure). The annealed Fe-24Mn alloy has a complex 

Fig. 13.7  Scanning electron microscope images of (a) annealed and (b) de-
formed Fe-30Mn. Source: Ref 13.4

Fig. 13.8  Electron backscatter diffraction mapping of (a) annealed and (b) deformed Fe-30Mn. Source: Ref 
13.4
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microstructure consisting of approximately 50% -martensite plates of 
different sizes inside the equiaxed austenite grains. Figure 13.10 shows 
microstructures of annealed and plastically deformed samples at true 
strain of 30%. The microstructure shows more pronounced phase transi-
tions, indicating that phase transformation becomes an important defor-
mation mode at that strain level. The initial microstructure showed a high 
density of stacking faults, indicating a low level of stacking fault energy 
of 8 mJ/m2 for Fe-24Mn compared to 15 mJ/m2 for Fe-30Mn alloy.

Analysis by EBSD gives a phase map of the annealed and deformed 
microstructures (Fig. 13.11). The initial microstructure of annealed Fe-
24Mn steel is composed of austenite and -martensite (Fig. 13.11a); the 
deformed steel (  = 20%) contains austenite and transformed martensite 

Fig. 13.9  Variation of transformed fraction of martensite with true strain for 
Fe-30Mn. Source: Ref 13.4

Fig. 13.10  Scanning electron microscope images of microstructure of (a) 
annealed and (b) deformed Fe-24Mn. Source: Ref 13.4
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(Fig. 13.11b). The yellow color represents austenite, the red represents 
martensite, and the blue lines indicate mechanical twins. The EBSD phase 

-
mation-induced transformation of austenite to -martensite, whereas the 
thick plate is a thermally transformed -martensite.

In the plastic deformation of the Fe-24Mn alloy, strengthening is ac-
complished by dislocation accumulation during co-deformation of austen-
ite and ε-martensite. Additional strengthening is produced by the increas-
ing volume fraction of the transformed ε-martensite. This co-deformation 
process can be modeled by assuming that Fe-24Mn is a composite mate-
rial consisting of two phases, austenite and ε-martensite, and therefore the 

The evolution of the volume fraction of ε-martensite, as a function of true 
strain for Fe-24Mn alloy, is shown in Fig. 13.12.

Fig. 13.11  Electron backscatter diffraction mapping of (a) annealed and (b) 
deformed Fe-24Mn. Source: Ref 13.4

Fig. 13.12  Evolution of phase volume fraction of -martensite with strain. 
Source: Ref 13.4

-
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The composite deformation behavior of Fe-24Mn can be estimated if 
the stress-strain of the constituents, austenite and ε-martensite, are known. 
Figure 13.13 shows the stress-strain curves of the modeled ε-martensite 
constituent and the experimental curves for austenite and the composite 
Fe-24Mn alloy.

Because Fe-30Mn remains fully austenitic up to 30% tensile deforma-
tion, its true stress-strain curve (Fig. 13.13) is a good approximation of the 

strength of ε-martensite is approximately 450 MPa (65 ksi), whereas that 
of austenite is approximately 150 MPa (20 ksi).

Microstructure Evolution in TWIP Steel (Tampere University of 
Technology, Finland, 2009, Ref 13.5). Research was conducted at Tam-
pere University in Finland to study the deformation mechanisms of fully 
austenitic TWIP steels. Electron backscatter diffraction and transmission 
electron microscopy (TEM) were used to monitor texture evolution dur-
ing the uniaxial plastic deformation of a hot rolled Fe-28Mn steel.

In TWIP steels, the presence of high manganese content lowers the 
stacking fault energy and gives rise to mechanical twinning as the domi-
nant deformation mechanism, in addition to dislocation slip. Deforma- 
tion twins increase gradually with deformation and act as strong obstacles 
to dislocation motion. This explains the gradual increase in the work-
hardening rate with plastic deformation.

A series of interrupted tensile tests were conducted to study the micro-
structure at true plastic strains of  = 0.1, 0.2, 0.3, and at fracture strain of 
0.49. Figure 13.14 shows the microstructure at true strain  = 0.1 and at 
true strain  = 0.3. Twins appear as parallel lines within the grains and 
their intensity is shown to increase with plastic deformation.

Fig. 13.13  Predicted true stress-strain curve of -martensite and experimen-
tal curves of Fe-24Mn and Fe-30Mn (austenite). Source: Ref 13.4
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Conclusions of the study are:

Twinning activity depends on texture (grain size and orientation), tem-
perature, and strain rate.
Lowering deformation temperature to –50 °C (–60 °F) lowers the 
number of deformation twins because the texture has not yet evolved 
to a point where enough grains are favorably oriented for twinning. 

of twinning.
At high deformation rates, a high density of deformation twins is evi-
dent, which results in increase in the strength level.

Grain Refinement of DP Steel (Max-Planck-Institute for Metal-
forming, Germany, 2010, Ref 13.6). The research focuses on using 

reducing its ductility. Three grain sizes of a ferrite/martensite dual-phase 
(DP) steel—coarse (12.4 m)—
were prepared and tested under tensile and impact conditions to evaluate 

The three materials have the same chemical composition, the same mar-
tensite volume fraction, and the same martensite carbon content. Different 
thermomechanical processing routes were used to obtain the three grain 
sizes. Table 13.3 lists the microstructure parameters and tensile data for 
three grain sizes of DP steel. 

Fig. 13.14  Twin formation after (a) true strain = 0.1 and (b) true strain 
= 0.3. Source: Ref 13.5

Table 13.3 Microstructure and mechanical properties of three grain sizes 
of dual-phase steel

n

Coarse grain (CG) 31.3 12.4 445 (65)  870 (126) 7.7 0.21
Fine grain (FG) 30.1  2.4 483 (70)  964 (140) 8.9 0.18

29.8  1.2 525 (76) 1037 (150) 7.3 0.18

Source: Adapted from Ref 13.6
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on mechanical properties are shown in Fig. 13.15. The microstructure of 
the coarse grain (CG) material consists of a ferrite matrix with a grain size 
of 12.4 

with grain sizes reduced to 2.4 and 1.2 m, respectively. The martensite 
volume fraction remained essentially the same for all three grain sizes. 
This leads to the conclusion that differences in the mechanical properties 
listed in Table 13.3 can only be attributed to the different grain sizes and 
not to martensite volume fraction.

Engineering stress-strain curves of the CG, FG, and UFG DP steels are 
shown in Fig. 13.16, with ferrite grain sizes in parentheses. As expected, 
the tensile strength increased with decrease in grain size but changes in 
total elongation were minimal.

 
steel increases strength, improves impact toughness, and promotes ductile 
fracture.

Fig. 13.15  Microstructures of (a) coarse-grained (CG), (b) fine-grained (FG), 
and (c) ultrafine-grained dual-phase (DP) steel. Magnification: 

3000× for all images. Source: Ref 13.6

Fig. 13.16  Engineering stress-strain curves of three grain sizes of DP steels. 
Source: Ref 13.6
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CHAPTER 14

Design Guidelines for 
Advanced High- 
Strength Steels

THE INCREASED USE OF advanced high-strength steels (AHSS) has 
created a need to develop a knowledge base of data and experiences aimed 
at the successful applications of the new materials. Two documents were 

-
cation Guidelines,” Version 4.1 (Ref 14.1), was released in June 2009 by 
WorldAutoSteel. The second document, titled “Advanced High-Strength 
Steel Applications: Design and Stamping Process Guidelines” (Ref 14.2), 
was released in January 2010 by the Auto Steel Partnership (ASP).

The WorldAutoSteel document is a leading information resource for 
people developing, making, and using AHSS. The document contains 338 

Section 1:  
strength steel)
Section 2: Forming (computerized forming, sheet forming, tube form-
ing, hydroforming)
Section 3: Joining (welding procedures)
Section 4: Glossary 
Section 5: References
Section 6: Appendix (Auto Steel Partnership AHSS Case Study 
Summaries)

The ASP document is a complementing document that focuses on in-
depth case studies of selected parts with emphasis on the development and 
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implementation of sheet metal stamping processes for AHSS. The ASP 
document is a guide for using HSS for body-in-white (BIW) applications. 
The guide explains the steels characteristics and provides guidelines for 
die design, construction, and tryout. It also discusses product design and 
advanced die process concepts for forming HSS. The document contains 

sections and an appendix: 

Section 1: AHSS Case Studies/Summaries
Section 2: Lessons Learned from AHSS Case Studies
Section 3: Glossary: AHSS Applications Guidelines
Section 4: Die Sketches
Appendix: AHSS General Description and Forming 

Both documents serve as the main source for understanding the experi-
ence-based guidelines that were developed for forming and welding 

two sections.

14.1 Forming Guidelines

The properties of AHSS are characterized by high strength and some-
what low ductility. Such properties lead to increased tendencies for split-
ting, buckling, residual stresses, and springback. Forming AHSS require 
higher tonnages and this leads to higher loads on dies and tools, resulting 
in die wear and tool failure. In general, AHSS parts are designed with 
minimum draw depth and reduced stretch to avoid splits. Also, gentle 

The following forming guidelines are the result of lessons learned from 
AHSS case studies (Ref 14.2): 

As steel strength increases, surface transitions must be gradual to min-
imize splits, bucking, and springback.

complex parts should be split into smaller stampings.
As strength increases, sidewall angles must be designed more open for 
springback overbend allowance; at least 6° for DP 600, 8° for DP 800, 
and 10° or more for DP 1000.

As steel strength increases, part and die radii must also increase. For 
DP 600, the minimum part radius should be greater than three times 
(>3t) the metal thickness; whereas the die radius should be greater 

t) the sheet metal thickness.
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Structural parts such as rails, cross bars, pillars, and so forth, should  
be designed as open-ended channels. Closed-end draws must be 
shallow.
As steel strength increases, higher binder pressures will be required for 
forming operations.

-
cient lubrication.
Higher press speeds and deeper draws will generate more heat. An ap-
propriate draw lube or die cooling may be needed.

-
strike die should not be used to correct major shape problems; it should 
be used only to correct wrinkles and springback.

Use hard weld on all draw beads. High-wear die radii must be hard 
welded and polished to prevent stripping of steel coatings. 
Trim and pierce angles should be <10° for holes larger than 6 mm 
(0.24 in.). Piercing angle should be 90° to surface for small diameter 
punches (<6 mm). Piercing of small-diameter holes, less than 6 mm, 
should be square to surface only.
As steel strength increases, binder pressure must be increased to pre-
vent wrinkling and to reduce springback. For example, DP 600 re-
quires 2.5 times greater tonnage than that required for aluminum-killed 
drawing-quality (AKDQ) steel of the same thickness.
Maintain die clearance as tight as possible to reduce bending and un-
bending in the die gap.
Stretch forming produces a stronger panel with less springback than 
drawing because of work hardening and superimposed stretching on 
bending.
As steel strength increases, potential depth of a panel decreases for 
drawing and stretch forming. Advanced high-strength steel deep pan-
els require using drawing operations.

14.2 Welding Guidelines

As mentioned in section 12.7, “Welding,” AHSS are typically produced 
by nontraditional thermal cycles and contain microstructural constituents 
whose mechanical properties can be affected by exposure to elevated tem-
peratures encountered during component welding. This temperature sensi-
tivity could alter the mechanical behavior of AHSS and could seriously 
affect the structural performance of AHSS components. 

The ASP led a project to study the welding performance of AHSS for 
auto body structural components. Five fusion welding processes (MIG 
pulse/ac, MIG pulse/dc, MIG/laser-assisted, laser, and laser plasma) were 
used to study several combinations of HSLA 350Y and AHSS (DP 600, 
DP 780, DP 800, and DP 980).
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Results of the study to determine the welding performance of AHSS for 
auto body structural components are (Ref 14.3):

welding processes.
Material strength or thickness had no effect on laser welded joint 
strength. 

Laser welded lap joints generally failed in the weld metal, while metal 

Zinc-coated materials demonstrated high levels of porosity.

Another study was led by ASP to investigate resistance welding perfor-
mance of seven types of AHSS (DP 600, DP 800, DP 980, RA 830, MS1 
300, TRIP 600, and TRIP 800). HSLA 340 was used as a baseline for 
comparison. Some of the steel types were coated (galvannealed, electro-
galvanized, and hot dip galvanized). The main objective of the study was 
to determine AHSS weld properties produced using conventional welding 
processes. The project had two phases: (1) welding samples from eight 
grades and types of steel, and (2) determining mechanical performance of 
those welds. Static, dynamic, hardness, and fatigue properties of welds 
were determined. The quality of welds produced and the effect of weld 
parameters on nugget fracture and fusion zone were evaluated using peel, 
fatigue, and impact testing. Ultrasonic evaluation of the welds including 
surface indentation, weld thickness, nugget width, internal void width, 
and location were determined. Figure 14.1 shows the geometric fea- 
tures of a spot weld. Results of the project produced general information 
that can be used to determine the performance of resistance welding of 
AHSS.

Results of the resistance welding performance study are (Ref 14.4):

Advanced high-strength steels have higher static tensile shear strength, 
impact tensile peak load, and energy absorption than the HSLA 340 
baseline.

Fig. 14.1  Geometric features of a spot weld. Source: Adapted from Ref 14.4
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Advanced high-strength steels have higher static and dynamic loading 
gage-for-gage than traditional low-carbon steels with yield strength 
below approximately 400 MPa (58 ksi).
Resistance spot welding of AHSS with optimized welding parameters 
was validated on spot welding of a front structure.

A third study was led by ASP to establish design guidelines for gas 
metal arc welded (GMAW) chassis structures, with a minimum thickness 
of 2.0 mm (0.08 in.), employing both conventional and AHSS. The guide-
lines are based on existing original equipment manufacturer (OEM) arc 
weld design standards (Ref 14.5).

Gas metal arc welding is a fusion welding process in which coalescence 
of the metals is achieved by the heat from an electric arc between an elec-
trode and the workpiece. Electric energy from the arc produces tempera-
tures of approximately 5500 °C (9930 °F), hot enough to melt any metal. 
It uses a consumable bare metal wire as electrode, and shielding is accom-

2 gas. A schematic of the GMAW 
process is shown in Fig. 14.2.

Guidelines for employing the GMAW process for welding chassis 
structures with a minimum thickness of 2.0 mm (0.08 in.), made from 
both conventional steel and AHSS, are (Ref 14.5):

Welding closer than 25 mm (1 in.) to surfaces or edges coated with 
sealer or adhesives is not recommended.

13 mm (0.5 in.).

Fig. 14.2  Gas metal arc welding (GMAW) process
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Excessively large weld size is not recommended.
For a lap joint, it is recommended that the thinner steel be on the top. 
Three-thickness joint design is not recommended.
Recommended minimum steel thickness is 2 mm (0.08 in.), maximum 
is 9 mm (0.04 in.), and the maximum combination ratio is 3:1.

No free-machining steels should be used for chassis structures when 
GMAW is the welding process.
AWS A 5.18 solid welding wires ER 70S-6 and ER 70S-3 are recom-
mended for chassis structures. AWS solid wire ER 80S-D2 may also 
be used if a higher-strength weld metal is needed.

wire diameters, such as 0.89 mm (0.074 in.) and 1.32 mm (0.052 in.), 

Joint types covered by the guidelines are shown in Fig. 14.3.
Recommended basic welding positions are shown in Fig. 14.4.

More design guidelines for welding chassis structures of all grades of 
steels (including AHSS) using the GMAW process are detailed in the ASP 
document (Ref 14.5). The guidelines follow procedures established by the 
American Welding Society (AWS) and the American National Standards 

The WorldAutoSteel document “Advanced High Strength Steels Ap-
plications Guidelines” (Ref 14.1) includes a section on joining. According 
to the guidelines, AHSS can be successfully welded without major changes 

-
ever, it must be realized that AHSS derive their properties from their mi-

Fig. 14.3  Examples of welds for chassis structures. Source: Ref 14.5
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crostructure, which changes during welding. For example, martensite and/
or bainite form due to the fast cooling encountered in welding.

to resistance spot welding, compared to welding of mild steel:

Electrode force must be increased.
Weld time must be increased.
Operating current must be decreased.
Electrode tip diameter must be increased.
Type of electrode may need to be changed.
Minimum weld size must be increased.

For a given button size, spot weld strength was found to increase with 
increase in the tensile strength of AHSS. Figure 14.5 shows the load- 
carrying capacity in shear of various grades and types of steels.

Arc welding (GMAW, TIG, and plasma) can be used in a similar way to 
-

straightening (650 °C, or 1200 °F, for 90 s) softens the repaired part.

14.3 Performance Evaluation (Ref 14.6)

be analyzed by using the performance indices that were developed for 
materials selection. Table 14.1 shows the performance indices that must 
be considered for selecting the best materials for car body applications. 

Fig. 14.4  Basic welding positions. Source: Ref 14.5
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Performance indices are groupings of material properties developed by 
Ashby (Ref 14.7 to 14.9) to maximize some aspect of the performance of 

Materials with large values of performance indices are the best materials 
for the intended application.

In the table, E is the modulus of elasticity, y is the yield strength,  is 
the density, and Cv is the relative cost per unit volume. The following ex-
ample shows how the performance index is applied for selecting the best 
material for a strong automotive panel with minimum cost.

Consider a sheet metal panel loaded in bending (Fig. 14.6). The panel 
length is L, its width is w, and its thickness is t. Thickness is a free variable 
that can change for lightweighting applications. Reducing thickness re-
duces weight, but the panel must support the bending load, F, without 
yielding. The panel stiffness is S = F/ , where F is the total load and  is 

Fig. 14.5  Load-carrying capacity of spot welds of various grades and types 
of steels. Source: Ref 14.1

Table 14.1 Performance indices for car body applications

Stiff and light panel E/
Dent- and crash-resistant light panel ( y)1/2/
Tensile/compressive strength of a light panel /
Strong and light beam ( y)2/3/
Strong and minimum-cost beam ( y)2/3/Cv
Bending stiffness of a light panel (E)1/3/
Buckling stiffness of a light panel (E)1/2/

E, modulus of elasticity; y, yield strength; , density; Cv, relative cost per unit volume
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Following the procedure outlined in Ref 14.10, the performance index, 
Mp, for a light and strong panel is given by:

Mp = ( y) 1/2/Cvρ

where CV is the relative cost per volume and  is the density of the mate-
rial. The higher the value of the performance index, Mp, the better is the 
performance of the panel.

The selection chart with the minimum cost guidelines is shown in Fig. 
14.7. Assuming a minimum strength of 800 MPa (116 ksi) and a slightly 

Fig. 14.6  A panel loaded in bending. Source: Adapted from Ref 14.10

Fig. 14.7  Selection chart for a strong panel with minimum cost loaded in 
bending. Properties template courtesy of Granta Design. Source: 

Ref 14.11
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higher cost relative to mild steel, AHSS are the best choice for a strong 
and cost-competitive automotive panel.
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CHAPTER 15

Innovative Forming 
Technologies

STAMPING OF AUTOMOTIVE PANELS such as doors, fenders, 
hoods, roofs, quarter panels, and liftgates is essentially a sheet metal 
drawing process where sheet blanks are drawn into a die cavity by an 
 advancing punch. Conventional stamping is the most commonly used 
manufacturing process to produce parts for all types of vehicles. Other 
manufacturing processes such as roll forming, hot forming, and tube hy-
droforming are also used.

Incoming sheet materials for such processes come in one of these forms:

Sheet blank
Sheet coil
Laser welded blank
Laser welded coil
Flexible (tailor) rolled blank
Flexible (tailor) rolled coil

Tailor welded blanks (TWB) are sheet metal blanks that are made up of 
parts of different strengths and thicknesses, joined at the factory mainly by 
laser welding. Tailor welded blanks and tailor welded coils (TWC) have 
been used in the automotive industry for about 30 years.  Tailor welded 
coils are usually fed into a progressive die for blanking before moving to 

-

where optimal steel strengths and thicknesses are placed to improve prod-
uct performance. In many applications TWB eliminate the need for rein-
forcements. Examples of automotive applications of TWB include side 
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and rails. The Ultra-Light Steel Auto Body (ULSAB) and the FutureSteel-
Vehicle (FSV) programs use TWB in many components of their technol-
ogy demonstration vehicles. Figure 15.1 shows a sketch of a two-segment 
TWB for the body side of the FSV vehicle.

Another example for the application of TWB in the FSV program is  
the unique design of the front rail subsystem for front crash structures 
(Fig. 15.2). It is designed to achieve minimum weight and best crash  
performance and is manufactured using TWB with varying gages of  
transformation-induced plasticity (TRIP) steel. 

Fig. 15.1  Tailor welded blank for the body side of the FutureSteelVehicle. 
Source: Ref 15.1

Fig. 15.2  FutureSteelVehicle front rail subsystem. Source: Ref 15.1
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A schematic of the tooling used in a conventional stamping process is 
shown in Fig. 15.3. The basic components of a stamping tool are punch, 
die, die cushion, and binder. Fb is the binder force and Fp is the punch 
force. The amount of sheet metal drawn in the die cavity is controlled by 
binders through the application of restraining forces on the blankholder.

In traditional stamping, sheet metal panels are drawn using rigid bind-
ers with constant preset binder forces under open-loop machine control. 

are provided by friction between the binder plates and the sheet metal. In 

-
tions (lubrication, material, die wear, blank placement) that lead to stamp-
ing inconsistencies or even failure.

High-strength steel and AHSS are less formable than mild steel, and 

amount of springback that they produce after forming. The increased use 
of AHSS to achieve weight reduction in automobiles has led to the devel-
opment of new tool designs and innovative manufacturing processes. 
Among these technologies and processes are: 

Real-time process control: Adjusting the binder force in-process based 
on tracking a reference punch force
Active drawbeads: Varying drawbead depth during forming
Active binders: Varying binder force during forming

Fig. 15.3  Sheet metal forming system showing the location of the blank-
holder (binder). Source: Ref 15.2
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Flexible binders: Local control of the binder area
Flexible rolling:

Because the binder is at the heart of the forming process, three of the 

-
nipulating the binder. Real-time process control deals with making sure 
disturbances to the forming system are neutralized. Flexible rolling pro-
vides the advantage of TWB in reducing weight and cost but without the 
problems associated with welding. These processes and technologies are 

15.1 Real-Time Process Control (Ref 15.2)

In sheet metal forming processes, the binder force controls material 

quality of stamped parts is important in avoiding assembly problems and 
in achieving product performance. Major problems with vehicle quality 

related to the quality and dimensional accuracy of stamped components. 

process to produce high-quality parts with low scrap rate is a very expen-
sive and time-consuming process. After production begins, disturbances 
to the process such as material property variations, changes in friction 
conditions, and tool wear may cause many parts to be scrapped due to 
tearing, wrinkling, or poor dimensional accuracy. These problems can be 
minimized by having a good control of the stamping process.

It has been established that failure by wrinkling or tearing is highly 
dependent on the magnitude and trajectory of the binder force. Dynamic 
variation of the binder force during the forming stroke has also been 
shown to affect formability, strain distribution, and springback. Optimal 
forming trajectories can be obtained under constant and variable binder 
force conditions but there is no guarantee that process variables will re-
main constant during the stamping process. Specifying a binder force tra-
jectory is not easy because the part shape changes during forming. Also, 

is not a controllable quantity and it varies from location to location. There-
fore, the forming process must be controlled and a closed-loop system 
with an appropriate local control parameter (friction, draw-in) must be 
used to track a predetermined optimal control parameter trajectory.

Process control can be used to adjust the binder force in real time based 
on tracking a reference punch force trajectory to improve part quality and 
consistency. Key issues in process control include process controller  
and reference punch force trajectory design. Previous research has shown 
that varying the binder force during forming can improve part quality and 
consistency.
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One strategy for controlling sheet metal forming processes is to use 
feedback process control. In this strategy, a measurable process variable 
(e.g., punch force) is controlled by following a predetermined (e.g., punch 
force-displacement) reference trajectory through manipulation of the 
binder force. Research was conducted to test and verify this strategy by 
developing a controller that can be used in forming consistently high- 
quality cylindrical cups. The developed process model has the binder force 
as input and the punch force as output (Ref 15.3). The idea behind the con-
troller is to produce cylindrical cups with optimal height, without splitting, 
regardless of the initial blankholder force and friction condition. Figure 
15.4 shows a diagram of the control system used in the experiments.

The feedback control system was applied by modulating the binder 
pressure to produce a punch force consistent with a desired reference 
punch force trajectory while rejecting disturbances in the system. Distur-
bances in the forming system may include variations in the manufacturing 
parameters such as frictional behavior, blank thickness, material proper-
ties, blank placement errors, and die wear. The binder force-generating 
unit is used as the actuator.

Successful implementation of the feedback control system entails the 
successful forming of a group of ten cups. Results showed that by using 
the feedback controller, successful cup drawing increased by almost 50% 
compared to drawing without the controller. Figure 15.5 shows a photo of 
a successful and a failed cup.

Although this experiment was performed on mild steel, the concept can 
be applied to any other metal including AHSS. This research and others 
that followed proved that real-time adjustment of the binder force can lead 
to better part quality and improved consistency. 

Another example of applying closed-loop control in sheet metal form-
ing was demonstrated in a series of tests to form steel pans with and with-
out closed-loop control. The tests demonstrated that closed-loop control, 
with wrinkle height sensor, can produce wrinkle-free pans by modulating 

Fig. 15.4  Block diagram of feedback control system. Source: Ref 15.2
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steel pan occurred when a small binder force of 6 kN was applied to each 
of the six activated cylinders under the binder. The wrinkles were over 10 
mm (0.4 in.) high and were considered to be severe to the extent that the 
drawing process was stopped at a depth of 100 mm (4 in.) for fear of dam-
aging the die. In the second set of experiments, the 6 kN binder force was 
maintained and the closed-loop system was activated. A wrinkle height 
limit was set at 6 mm (0.2 in.) and the closed loop controller was able to 
maintain the imposed limit by modulating the binder force on the six cyl-
inders. Figure 15.6 shows steel pans produced with and without closed-

importance of closed-loop control in sheet metal forming processes.
In conclusion, real-time process control can be used to change a pro-

cess/control variable, such as the binder force, in such a way that a desired 
process/control variable can be maintained. Also, it can react to changes 
in process uncertainties and disturbances such as lubrication, sheet thick-
ness, mechanical properties, blank placement, and die wear. 

15.2 Active Drawbeads

distribution in sheet metal forming. Drawbeads generate binder restrain-

Fig. 15.5  Successful and failed cups. Source: Ref 15.2

Fig. 15.6  Steel pans produced (a) without closed-loop control and (b) with 
closed-loop control. Source: Ref 15.4
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into the die cavity. Frictional forces between the sheet and the binder 
have a relatively smaller contribution in generating the restraining force. 
The restraining force of a drawbead increases with increase in bead pene- 
 tration because the sheet metal is subjected to more deformation result-
ing from bending and unbending. Active drawbeads vary their pene-
tration during the forming stroke; hence varying the restraining force  
on the sheet metal (Ref 15.5). Figure 15.7 shows a sketch of an active 
drawbead tooling. The amount of bead penetration, that is, the amount 

situations:

Constant binder force: Bead penetration is constant and determined by 
a constant value of the binder force (hold-down pressure).
Active binder: Bead penetration varies with the changes in the value of 
the binder force in real time.
Active drawbead: Bead penetration is controlled by a force transducer 
that is built into the draw radius of the lower binder.

Active drawbeads add another level of process control in sheet metal 
forming. They must be used in conjunction with a controller, a sensor, and 
a force transducer. Extensive work on active drawbeads shows that a con-
trollable restraining force, caused by adjusting the penetration of draw-
beads, can improve sheet metal formability (Ref 15.6).

strength of the sheet metal because bending deformation around the bead 
requires higher stresses for stronger materials. The drawbead restraining 
forces for AHSS are expected to be higher than those of mild or high-
strength, low-alloy (HSLA) steels. All indications show that controlling 
restraining forces caused by adjusting the penetration of drawbeads can 
improve formability and dimensional accuracy of stampings.

Fig. 15.7  Sketch of an active drawbead tooling.
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15.3 Active Binders 

Active binders, sometimes called programmable binders or pressure 
cushions, are designed to provide a variable pressure trajectory in the 
binder throughout the press stroke. These systems consist of hydraulic 
cylinders and proportional valves connected to an open-loop program-
mable controller or a closed-loop control system to manipulate the binder 

nitrogen cushion systems in that they can increase or decrease the pressure 
during the stroke while the others can only increase it. 

-
sion through its effect on springback. Different binder force trajectories 
(step increase, step decrease, and level change, etc.) produce different 
strain histories in the blank material, leading to different formability and 

therefore, be improved by the proper control of the binder force. Repre-
sentative binder force trajectories are shown in Fig. 15.8. 

Experiments were conducted to determine the effect of binder force 
trajectory on dimensional accuracy of U-channels. In one study, the ef-
fects of two binder force trajectories on the springback of DP 590 U-
channel forming were investigated (Ref 15.7).

Fig. 15.8  Representative binder force trajectories and their effect on sheet 
forming
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The geometry of the U-channel and its setup are shown in Fig. 15.9. A 
hydraulic press with a programmable cushion was used. The cushion was 
activated by four independently programmed cylinders where the tonnage 
in each cylinder could be adjusted up to 12 times during the stroke. Two 
binder force trajectories were used in the experiment (Fig. 15.10):

Fig. 15.9  Geometry of the U-channel and its setup. Source: Ref 15.7

Fig. 15.10  Binder force travel trajectories. Source: Ref 15.7
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Trajectory 1: Constant binder force (CBF). The constant binder force 
(CBF) was applied during the entire stroke. As is known, springback 
decreases with increasing binder force. The maximum binder force  
was set to be 3 tons below the force required to cause fracture in the 
U-channel.
Trajectory 2: Variable binder force (VBF). Low-level binder force, 

applied during most of the stroke. The binder force was then increased, 
just before the end of the stroke, to a maximum level of 3 tons below the 
force required to cause fracture. The low level allowed the material to 

Results of the experiments are shown in Fig. 15.11 for the constant and 
-

able binder trajectory reduced springback compared to the constant trajec-
tory. This result is expected because applying a higher binder force just 
before the end of the stroke results in stretching the wall of the U-channel, 
causing the strain to be tensile across the entire sheet thickness thereby 
reducing the plastic moment that causes springback.

For trajectory 1 (constant binder force), the maximum binder force was 
70 tons. Fracture occurred when 3 additional tons were added to the binder 
force. For trajectory 2 (variable binder force), the minimum low-level 
force was 25 tons and minimum springback occurred when the binder 
force was programmed to change from 25 to 145 tons at 38 mm (1.5 in.) 
off bottom.

Flexible binder technology, where multi-point cushion systems are 
equipped with independently programmed cylinders, were used in the in-
dustry as far back as 1994. Figure 15.12 shows a sidewall panel die with 

Fig. 15.11  Effect of binder force trajectory on springback of DP 590 steel. 
Source: Ref 15.7
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a multipoint cushion system containing 15 individually controlled hydrau-

Although most new presses have the capability to handle multi-point 
cushion systems, using that capability in stamping has been hampered by 

nology.
In conclusion, active binders, with the capability to change binder pres-

sure in real time, can improve formability and dimensional accuracy of all 
steels, especially AHSS, which are less formable and have higher spring-
back than mild and conventional steels. In the U-channel experiments, the 

-
stant binder trajectory. 

Fig. 15.12  Multipoint active binder. Photo courtesy of Muller-Weingarten
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15.4 Flexible Binders (Ref 15.8)

The quality of a deep-draw part is determined by the amount of material 

-
-

tearing in the formed part.
Conventionally, the stamping industry uses rigid tooling placed on top 

of a cushion system composed of a certain number of nitrogen cylinders. 
The binder force is applied uniformly on the binder surface and held con-
stant during the forming process. Also, the magnitude of binder force for 
a given part is determined based on past experience and trial and error. 
Figure 15.13 shows a rigid binder with nitrogen cylinders to align the die 
and absorb initial forming impact. The 
requires an elaborate and costly die tryout process to produce quality 
panels.

splits in formed panels. Fine tuning the die is an iterative process of weld-
ing, grinding, polishing, and testing to produce defect-free parts. This pro-
cess is time consuming and expensive. Also, there is an increasing trend 
of using strong metals for lightweight applications in the transportation 
industry. Such metals are less formable than the mild and traditional 

Fig. 15.13  Rigid binder with nitrogen cylinders. Courtesy of TDM/Ford 
Motor Co.
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HSLA steels that they are replacing, and this has pushed the stamping in-
dustry to consider alternative methods to forming lightweight and high-

the binder, efforts to modernize the process center on making the binder 

-
tem with hydraulic cylinders. The system provides individual control of 
local areas in the binder. It can vary cylinder pressure in space and time, 
thereby reducing expensive and time-consuming die tryout. 

In the previous section on active binders, variable, instead of constant, 

-
pendently programmed hydraulic cylinders is needed. Tonnages in each 
cylinder can be adjusted during the stroke. Although different cylinders 
can have different pressures, the effect of such variation on the binder area 
is not localized but diffused because of the rigid structure of the binder. 
So, the effectiveness of active binders in providing full control of the 
binder area is diminished by the design of their rigid structures. 

Innovative binder concepts and tool designs provided a solution to rigid 
binders and provided more local control of the binder areas. The Institute 
for Metal Forming Technology in Stuttgart, Germany, developed the idea 

Fig. 15.14  Schematic of a flexible binder system with hydraulic cylinders. 
Source: Ref 15.9
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of segmenting the lower binder to reduce its rigidity and allow for local, 

later on full-size industrial parts.

15.15. The lower binder has cone-shaped segments to provide local binder 
force control and the upper binder employs honeycomb structures to pro-

-
-

weight rigidity in the upper binder. 
The unit is designed to draw an experimental generic pan that captures 

the main features of industrial stamping. It has ten hydraulic cylinders and 
is equipped with a closed-loop control system with different types of sen-
sors (wrinkle height, friction force, draw-in, and punch force) to provide 
effective process control in real time. The closed-loop control system is 
shown in Fig. 15.16 where friction force and wrinkle height are used as 
the measurable process/control variables. A user-friendly interface with 
touch screen capability to select individual cylinder pressures is a key 
component of the system. 

Various experiments were conducted using this unit to test advanced 

Fig. 15.15  Basic components of a flexible binder control unit. Source: Ref 
15.4
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-

produced pans with better quality than those produced in rigid tooling. 

to produce kitchen stainless steel double sinks. However, they are imple-
mented in hydraulic, not mechanical presses. Because most of the stamp-
ing presses in the automotive industry are mechanical, there was an inter-

The successes demonstrated by a number of experimental segmented 
-

racy in hydraulic presses encouraged the United States Counsel for Auto-
motive Research (USCAR) consortium to support a cooperative program 
to expand this technology to mechanical presses. The program objective 
was to develop and demonstrate, on an industrial scale, an optimized 

-
chanical presses. The selected part was a liftgate outer and the selected 
materials were aluminum alloy, bake-hardenable (BH), and dual-phase 
(DP) steels. 

-
ing of 26 independently controlled cylinders with full-size liftgate inner 
tooling was built and successfully installed in a mechanical press. Figure 

panel.
The actual liftgate die mounted in a mechanical press is shown in Fig. 

15.18. The pyramidal structure in the lower binder is clearly seen. The 
lower die sits on top of a hydraulic cushion with 26 independently con-
trolled cylinders.

Fig. 15.16  Real-time process control system for flexible binder. Source: Ref 
15.9
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Fig. 15.17  Segmented lower die for the liftgate panel. Source: Ref 15.8

Fig. 15.18  Segmented flexible binder tool for the liftgate inner in mechani-
cal press. Source: Ref 15.8



Chapter 15: Innovative Forming Technologies / 241

Constant and varying binder force trajectories generated by both trial 

and liftgate panels from BH 210, DP 500, and A6111-T4 were successfully 
made using the same set of tools. The tryout time using the system was 
considerably less than that using the conventional method of working the 
die. For example, the BH part was made in approximately four hours com-

in about three days. Splits could literally be healed in minutes by adjusting 
the tonnages of the appropriate cylinders. Prior efforts to make the part 
with aluminum A6111-T4 using conventional methods were unsuccessful. 

Figure 15.19 shows liftgate inners made from 6111-T4 aluminum, BH 
210, and DP 500 steel. In all cases, the parts were formed without any 

-
rected by trial and error adjustment of the cylinder tonnages. 

Predicted optimized binder force trajectories, varying in space but con-
stant during the stroke, for A6111-T4, BH 210, and DP 500 are shown in 

Fig. 15.19  Liftgate inners made from three different metals using the same 
flexible tooling. Source: Ref 15.8
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Fig. 15.20. The trajectory patterns for the three materials are similar. They 
only differ in the level of force applied on each pin. This force level fol-
lows the same pattern followed by the yield/tensile strength of those 
materials.

closed-loop control, process simulation, and optimization can improve 
part quality and consistency, enhance process robustness, and reduce the 

Fig. 15.20  Predicted binder force trajectories, variable in space but constant 
in stroke, for A6111-T4, BH 210, and DP 500. Source: Ref 15.8
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materials. 

binder control systems to stamp high-strength, low-ductility, and elevated-
springback metals such as AHSS:

Reduce die tryout and development time
Reduce scrap due to wrinkling and tearing
Reduce time to tune/spot binder
Compensate for tool wear by adjusting binder force during production
Reduce tool rework during production
Improve part quality and dimensional accuracy
Change pressure with stroke
Reduce springback and residual stresses

Reverse pressure settings using software (unlike grinding and weld-
ing)

15.5 Flexible Rolling

Flexible rolling is a cold sheet metal rolling process that competes with 
the process of producing tailor welded blanks (TWB). It is a relatively 

-

where the rolls gap is kept constant to produce a constant reduction in coil 

Fig. 15.21  Traditional flat rolling process
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-
cesses where incoming coil thickness is reduced by compressive forces 
exerted by two opposing rolls.

-

Fig. 15.23. It is important to notice that thickness transitions are smooth 
so that stress concentrations are avoided.

-

-
dition leads to inhomogeneous mechanical properties and requires an an-
nealing process to recrystallize the metal and regain its original mechani-
cal properties (strength and ductility).

The formability of HSLA steel samples taken from (1) regular constant 

dome height test. Figure 15.25 shows results for the three samples.
Ductility, as measured by the dome height test, was lower for the tailor 

Fig. 15.22  Principle of producing a flexible (tailor) rolled coil. Source: Ref 15.1
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samples increased with increasing length of thickness transition between 
thick and thin sections. If the thickness transition length is comparatively 
large, the dome height value approaches that of the constant thickness 
sample.

Flexible rolling can be used in applications similar to those of TWB. A 
deep-drawn experimental pan, with two different thicknesses of 0.9 and 
1.4 mm (0.04 and 0.06 in.) in three locations, is shown in Fig. 15.26.

Flexible rolling technology has been used by European car manufac-
tures for many vehicle applications ranging from cross members, side 

Fig. 15.23  Thickness profile in flexible rolling. Source: Ref 15.1

Fig. 15.24  Cross section and flow strength profiles in flexible rolled coil. 
Source: Ref 15.10
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members, crash boxes, B-pillars, and hydroformed tubes. Figure 15.27 

applications. In the United States, the excellent crash performance rating 
of the 2012 Ford Focus is attributed to a newly designed AHSS B-pillar 

-
nent to increase strength in areas that are subjected to the highest loads, 
resulting in improved crash performance of the vehicle.

reducing vehicle weight without the problems of stress concentration in 
sharp thickness transitions, welding seams, and heat-affected zones. Other 

-
duction and strength control that varies with thickness variation.

Fig. 15.25  Dome heights for regular, tailor welded, and flexible rolled 
blanks of high-strength, low-alloy (HSLA) steel. Source: Ref 15.10

Fig. 15.26  Experimental pan made from flexible rolling blank. Source: Ref 
15.10
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CHAPTER 16

Sustainability and 
Economics of Advanced 

High-Strength Steels

SUSTAINABILITY is a complex combination of an interdependent 
global system comprising of economic, social, political, and environmen-
tal entities whose goal is to ensure that human needs are met without com-
promising the needs of future generations or damaging the environment. 

-
ties, societies, governments, and countries throughout the world. For ma-
terials, sustainability implies a link between depletion of limited resource, 
energy consumption, and protection of the environment. Materials are 
being consumed at incredible rates because of the increase in population 
and the growth of living standards. The supply of most materials comes 
from nonrenewable sources, which means that materials have to be man-
aged in a sustainable way to ensure their availability for future genera-
tions. Improvement in processing, material substitution, light weighting, 
and recycling have contributed immensely to the cause of sustainability in 
the materials cycle. 

(Ref 16.1):

Greenhouse gas (GHG) emissions (tons CO2/ton steel cast)
Energy intensity (GJ/ton steel cast) 

Environmental management systems (EMS) (% of employees)
Lost time injury frequency rate (injuries/million hours worked)
Employee training (training days/employee and year) 
Investment in new processes and products (% of revenue)
Economic value distributed (% of revenue)
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interest in the production and use of advanced high-strength steels (AHSS). 
Greenhouse gas emissions include all emissions from any process to pro-
duce, use, and dispose of vehicles. Life cycle emissions for a vehicle are 
divided into four stages (Fig. 16.1): (1) material production, (2) vehicle 
manufacturing, (3) vehicle use, and (4) vehicle disposal.

There is a close connection, if not equivalency, between energy con-
sumption and CO2 emission. The energy consumed at each stage is indica-
tive of the amount of emissions produced. For the material production 
stage, two approaches can be used to assess emissions. One is based on 
embodied energy and the other is based on the CO2 footprint. Embodied 
energy of a material is the energy, in MJ, required to produce 1 kg (2 lb) 
of usable material (steel bars, plates, or sheet). The CO2 footprint of a 
material is the amount of CO2, in kg, emitted during the production of 1 
kg (2 lb) of usable material.

16.1 Advanced High-Strength Steels and  
the Environment

The U.S. transportation sector consumes the largest percentage of pe-
troleum and is the major contributor to GHG emissions in the United 
States. Approximately 98% of the CO2 emissions come from petroleum 
fuels. The auto industry’s vehicles, which include cars, light trucks, and 
heavy trucks, are responsible for the majority of GHG emissions (CO2, 

been adopted as a GHG emission reduction strategy. Many regulations in 
the United States and around the world, including the Kyoto Protocol of 
1997, aim at reducing the amount of GHG emissions and have been ad-
opted to reduce damage to the environment.

Steels, in general, and AHSS, in particular, are environmentally friendly 
and sustainable materials for these reasons:

Steelmaking requires less energy than making other alternative ma- 
terials.

Fig. 16.1  Stages in life cycle emissions. Source: Ref 16.2
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Greenhouse gas emissions associated with making steel have been 
reduced.
Using AHSS reduces the amount of steel produced per car, saving raw 
materials.
Advanced high-strength steel can be produced on the same equipment 
currently used.
Advanced high-strength steel reduces vehicle mass and leads to im-
proved fuel economy and reduced emissions.
End-of-life recycling reduces cost, energy, and raw material deple- 
tion.

Figure 16.2 shows a comparison of the carbon footprint for producing 
steel and three other alternate materials for lightweighting (aluminum, 

-
ducing steel generates CO2 emissions that are 5 to 20 times lower than the 
other materials.

Reduction in CO2 emissions are directly related to reductions in energy 
intensity for producing materials. The North American steel industry re-
duced the energy intensity by 27% and the CO2 emissions by 33% per ton 
of steel produced between 1990 and 2010 (Fig. 16.3).

Emissions produced by the steel industry result mostly from the chemi-
cal reaction to reduce the iron ore to crude iron in the blast furnace. This 
is also the process that consumes the most energy. Since 1975, energy ef-

-
ergy required to produce a ton of crude steel.

There are three production routes for manufacturing crude steel: basic 
oxygen furnace (BOF), electric arc furnace (EAF), and open hearth fur-
nace (OHF). To manufacture crude steel, BOF uses iron ore, coal, and 

Fig. 16.2  Material production CO2 emissions for steel and other alternate 
materials. GHG, greenhouse gas emissions; FRP, fiber-reinforced

polymer. Source: Ref 16.3
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recycled steel; EAF uses only recycled steel. The OHF process is very 
energy intensive and is rarely used. The BOF process typically uses 1400 
kg (3090 lb) of iron ore, 800 kg (1760 lb) of coal, 300 kg (660 lb) of lime-
stone, and 120 kg (260 lb) of recycled steel to produce 1000 kg (2200 lb) 
of crude steel. The EAF process typically uses 880 kg (1940 lb) of recy-
cled steel, 16 kg (35 lb) of coal and 64 kg (140 lb) of limestone to produce 
1000 kg (2200 lb) of crude steel. About 70% of global steel production is 
based on BOF, 20% on EAF, and 1% on OHF. Based on the weighted 
average of the three production routes, emissions due to steel production 
amount to 1600 kg of CO2/900 kg of crude steel, or 1.8 tons of CO2/ton of 
crude steel (Ref 16.4).

A drastic reduction in low-emission steelmaking technology requires 
the development of breakthrough methods for crude steel production. Ef-

are under development by an international team of collaborators. Nearly 

around the world. Steelmaking technologies, which can potentially reduce 
CO2 -
derway to transfer these technologies to commercial implementation.

One of these projects is a three-year collaborative program between the 
U.S. Department of Energy (DOE), American Iron and Steel Institute 

process. The process produces iron by spraying iron ore directly into the 
furnace chamber using natural gas or hydrogen as a reducing agent to re-
place the energy-intensive coke oven and blast furnace process steps. This 
process has the potential to reduce energy consumption and CO2 emis-

Fig. 16.3  Trend for energy consumption per ton of steel. Source: AUTO 
STEEL, Steel Market Development Institute
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sions by more than 50% (Ref 16.5). The energy needed and emissions 
produced, per ton of steel, are compared to those of aluminum (Table 
16.1). Steelmaking uses less energy and has lower emissions than alumi-
num. The direct correlation between energy demand and GHG emissions 
is evident from Table 16.1.

The embodied energy approach can be used to assess CO2 emissions 
during the material production stage of steel and other materials. Embod-
ied energies are related to the thermodynamically required energies to re-
duce the metal oxide to metal. Iron is produced by the reduction of iron 
oxide, hematite (Fe2O3), by carbon. Aluminum is produced by the electro-
chemical reduction of bauxite (Al2O3), by liberating oxygen and deposit-
ing aluminum. The required energy to reduce the oxides to the metals is 
5.5 MJ/kg for iron and 20.5 MJ/kg for aluminum. The embodied energies 
for the two metals are higher than those required to convert the ore to met-
als because they measure the total energy input per unit of usable output. 
The total energy includes the energy needed for the ore-to-metal conver-

and the energy needed to support the plant infrastructure. Table 16.2 lists 
the energies required for conversion and the embodied energies for steel 
and aluminum.

The table shows that steel has lower energy requirements for extraction 
from ore and lower embodied energy than aluminum. Figure 16.4 shows a 
chart of embodied energy, MJ/kg, of basic metals. Steel is clearly the least 
energy demanding material compared to aluminum, magnesium, and 
titanium. 

It is important to relate energy content per mass or volume to energy 
content per function. Advanced high-strength steels are characterized by 
their extremely high yield and high tensile strengths because they are 

prevent failure. Figure 16.5 shows a strength-embodied energy per unit 
volume material chart. The chart can be used to select materials for a 

Table 16.1 Energy and emissions for producing steel and aluminum

2 SO2

Steel  21.6  2.01  5.12
Aluminum 155.0 11.06 50.43

Source: AUTOSTEEL, Steel Market Development Institute

Table 16.2 Energy required for ore conversion and embodied energy for steel 
and aluminum

Carbon steel  5.5  17.1
Aluminum 20.5 194.0

Source: Ref 16.6
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Fig. 16.4  Embodied energy chart of various metals. Source: Adapted from 
Ref 16.6

Fig. 16.5  Strength-embodied material property energy chart. Courtesy of 
Granta Design. Source: Ref 16.6
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strong structure or strong panel with minimum embodied energy content. 
The following analysis derives an index for selecting the best material for 
a strong panel, loaded in bending, with minimum embodied energy con-
tent. The derivation follows Ashby’s method (Ref 16.6).

L, and width, w, but a vari-
able thickness, t. It is loaded in bending by a central load, F. The strength 
constraint requires that it must not yield under a bending moment, M,  
resulting from a design load. The objective is to minimize the embod- 
ied energy, H, of the material used to make the panel. The objective func-
tion is:

H = Hmm = Hm w t Lρ

where m is the mass of the panel,  is the density of the material, and Hm 
is the embodied energy/kg of the material. The maximum longitudinal 
stress in the panel occurs at the surface, at the greatest distance (ym= t/2) 
from the neutral axis, and is caused by a moment, M:

σmax = (M ym)/I

where I is the second moment of inertia, I = wt3 /12.
Equating σmax with the yield strength, σy, and assembling these results 

to eliminate t gives:

H = (6 M w)1/2 L[Hm ρ/σ]

The embodied energy is minimized by selecting materials with high val-
ues of the index:

(σy) 1/2/Hmρ

The index can be used, in conjunction with Fig. 16.5, as a guideline for 
selecting the best material with the minimum energy design. The chart 
shows that the energy content at the same strength level of, for example, 
1000 MPa (145 ksi), is lower for carbon steels than for aluminum or mag-
nesium alloys.

Applying the selection guideline for the panel produces the search 

yield strength of the panel σy > 1000 MPa. Results show that carbon 
steels, including AHSS, have the lowest embodied energy for the required 
yield strength.

Figure 16.6 shows a chart that compares the embodied energies per unit 
yield strength for various metals and alloys according to the equation:
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Energy per unit strength = (Embodied energy × Density) / Yield strength

The chart shows clearly that steels, including AHSS, have the lowest em-
bedded energy per unit yield strength.

Automotive companies have adopted strategies to minimize the impact 
of their vehicles and operations on climate change and the environment. 
Ford Motor Company, for example, has improved the fuel economy of 
their U.S. vehicles since 2006 by 16.8% and is set to reduce its facility 
CO2 emissions by 30% per vehicle by 2025 compared to a 2010 baseline. 
The company’s sustainability performance of its vehicles and facilities is 
listed in Table 16.3.

The importance of sustainable materials in the U.S. economy is re-
-

als Research of the National Science Foundation (NSF), listing grant op-
portunities for research proposals in the area of sustainability. The focus 

Fig. 16.6  Embodied energy per unit strength. Source: Adapted from Ref 16.6

Table 16.3 Sustainability performance of Ford Motor Company

2009 2010 2011

Fuel economy: 27.1 26.9 27.8
CO2 emissions: Worldwide facility CO2 emissions per vehicle (metric tons)  1.07  1.01  0.91

Source: Ref 16.7
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of the research is to reduce dependence on nonrenewable resources and 
-

tainability topics that have direct relevance to AHSS include:

Enhancing recyclability
Increasing conservation of natural resources
Reducing carbon emissions
Optimizing processing in terms of energy and materials usage
Improving performance and increasing lifetime of materials

In conclusion, sustainability of AHSS includes the following aspects:

Reducing consumption of steel
Reducing pollution
Recycling

16.2 Life Cycle Assessment

Life cycle assessment (LCA) is a method of accounting for the environ-
mental performance of a product by assessing its total GHG emissions 
associated with its entire life cycle. For automobiles, this includes all 
emissions from any process to produce, use, and dispose of vehicles. Ma-

casting, rolling, extruding, shape casting, and galvanizing. Vehicle manu-
facturing includes activities such as forming, joining, and assembling. Ve-
hicle use includes fuel and oil consumption during 200,000 km (124,000 
miles) of travel. Table 16.4 lists the percentage of the GHG emissions for 
the four stages of the life cycle of a typical car. 

The table shows that although the tailpipe emissions resulting from ve-
hicle use account for about 85% of the total GHG emissions, vehicle pro-
duction and vehicle manufacturing account for the remaining 15% of the 
total emissions. These emissions occur before a vehicle is driven. This is 
a relatively small percentage but it is important and should be included in 
the proposed U.S. fuel economy and emissions standards for 2017 to 
2025. Emissions resulting from vehicle disposal are very small relative to 
the other life cycle stages.

The energy demands for a typical vehicle in each of the four life cycle 
stages are shown in Fig. 16.7. The energy fraction of the use phase is 

Table 16.4 Life cycle greenhouse gas emissions for a typical car

1. Material production 10.3
2. Vehicle manufacturing  4.3
3. Vehicle use 85.3
4. Vehicle disposal  0.1

Source: Compiled from Ref 16.8
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85.3% and it dominates the life energy of the vehicle. The energy fraction 
for the material production stage is only 10.3% and its embodied energy 
is less dominating. If large changes in energy demand and CO2 emissions 

fraction for the material production stage is only 10.3%, its impact on the 
total energy demand cannot be ignored.

A study commissioned by World Steel, the automotive group of the 
International Iron and Steel Institute (IISI), on the life cycle GHG emis-
sion assessment of automotive materials concluded that the life cycle 
GHG emissions attributable to AHSS and aluminum body-in-white (BIW) 
are essentially similar. Aluminum may offer higher weight savings poten-
tial (40 to 60%) than AHSS (10 to 20%), reducing fuel consumption and 
use-phase CO2 emissions. This advantage, however, does not offset the 
increase in CO2 emission during the material production phase, which is 
six times higher than steel. This is an energy penalty because aluminum 
has much higher embodied energy content than steel (Table 16.5).

Many studies have concluded that switching to aluminum from low-
carbon steel does not reduce energy use and cost unless the use phase is 
substantially increased beyond the break-even point of approximately 

Fig. 16.7  Energy fraction consumed in life cycle stages of vehicle. Source: 
Adapted from Ref 16.6

Table 16.5 Embodied energy for steel and aluminum
3

Low-carbon steel  23.6 185
Aluminum alloy 194.0 523

Source: Ref 16.6
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AHSS can be produced for the same price as traditional HSS. This as-
sumption is valid because:

First-generation AHSS are considered low-alloy steels and therefore 
keep expensive alloy content to a minimum.
The intercritical annealing step in AHSS processing does not add ad-
ditional costs to steel processing.

WorldAutoSteel has implemented the life cycle assessment (LCA) ap-
proach in the FutureSteelVehicle program where AHSS and optimized 
steel body structure designs were used to reduce vehicle weight by 35% 
and total life cycle emissions by nearly 70% at no additional cost.

cycle: 

1. Material production uses less energy and lower emissions.
2. Vehicle manufacturing produces lighter components. This reduces ma-

terial usage, saves natural resources, and eliminates the energy and 
emissions associated with material production.

3. Vehicle use produces fuel savings because of the lighter vehicle weight.
4. Vehicle disposal by recycling reduces the consumption of raw materi-

als and energy to produce the material. Steel can be recycled fully and 

According to WorldAutoSteel, replacing conventional steel with AHSS 
in body structures of all cars produced worldwide would save 142 bil-
lion kg (156 million tons) of CO2 equivalents. To put that in a LCA 
perspective, reducing vehicle weight by 117 kg (258 lb) would reduce 
its lifetime cycle emissions by 2000 kg (2.2 tons) of CO2 equivalents. 
This means that for every 1 kg (2 lb) of AHSS used in a vehicle, 8 kg (18 
lb) of CO2 equivalents are saved over the total life cycle of the vehicle 
(Ref 16.9).

16.3 Recycling

Steel is the most recycled industrial material in the world with over 450 
billion kg (500 million tons) of scrap steel recycled annually. In the U.S., 
63 billion kg (70 million tons) of steel are recycled annually. Almost 50% 
of the current steel production is recycled, saving 33% of the energy 
needed to produce steel. Steel recycling is economic and environmental 
because it saves on the consumption of raw materials, minimizes energy 
consumption, and reduces GHG emissions. It is estimated that for every 
900 kg (1 ton) of recycled steel, over 1400 kg (3085 lb) of iron ore, 740 
kg (1630 lb) of coal, and 120 kg (265 lb) of limestone are saved. Figure 
16.8 shows the life cycle of steel with the two sources of recycled steel: 
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excess material from steel production and downstream manufactur- 
ing (pre-consumer scrap), and steel at the end of a product’s life (post- 
consumer scrap).

Steel has an endless life cycle and is easily recovered by magnetic sepa-
ration. Recycling of vehicles at the end of their useful life may involve: (a) 
recycling the material back into the original product (slabs, bars, sheet, 
plate, etc.), and (b) downcycling into a lower-grade product because of 
contamination. Vehicles are the most recycled consumer product with 
more than 8 billion kg (14 million tons) of steel recycled every year from 
end-of-life vehicles. Approximately 75% of the weight of a typical vehicle 
is recycled; the remaining 25% is plastics, glass, and fabrics. The steel 
recycling rate is about 100% because it can be easily separated by mag-

properties and the infrastructure for recycling steel throughout the world 
is well established.

WorldAutoSteel and the steel producer ArcelorMittal are developing a 
process to recycle AHSS from the automotive market back into the basic 
oxygen furnace (BOF) steel production cycle. Because AHSS have high 
alloy content compared to traditional steels, recycling them causes un-
wanted alloys in steel production. Table 16.6 compares the chemistry of 
one type of AHSS with that of low-carbon steel.

Differences in the alloy content must be considered in recycling of 
AHSS so that the high alloy content of AHSS does not contaminate the 

Fig. 16.8  Life cycle of steel. Source: Ref 16.10
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quality of the recycled steel. This means that AHSS must be separated 
from the normal scrap to prevent having an off-chemistry batch.

16.4 Economics of Advanced High-Strength Steels

Cost is a key incentive for any business and using AHSS helps auto-
makers reduce costs because:

Downgaging reduces the amount of steel used per product. If steel 
strength is increased from 500 to 1000 MPa (70 to 145 ksi), steel con-
sumption would be reduced by half.
Recycling saves raw materials.
Recycling reduces consumption of energy and lowers emissions as-
sociated with steelmaking.
Recycling recoups a portion of the cost of a vehicle.
First-generation AHSS are considered low-alloy steels; hence, they 
could be produced for the same price as traditional HSS.

-

make crude steel converted to products and by-products (Ref 16.4).

For many applications, using a slightly more expensive higher-grade 
steel, such as AHSS, is cost neutral because less of it is used.
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CHAPTER 17

Evolving Advanced 
High-Strength  
Steel Grades

THE FIRST GENERATION of advanced high-strength steels (AHSS) 
is ferritic-based and it includes dual-phase (DP), complex-phase (CP), 
transformation-induced plasticity (TRIP), and martensitic (MS) grades of 
steel. They were developed to extend the strength range of traditional HSS 
beyond the 800 MPa (115 ksi) limit. However, the increase in strength 
came at the expense of ductility, especially in MS steels, where the per-
cent elongation drops to approximately 5%. The ductility problem was 
overcome with the development of the austenitic-based second generation 
of AHSS, which includes twinning-induced plasticity (TWIP), austenitic 
stainless steel (AUST SS), and lightweight induced-plasticity (L-IP). These 
steels are closely related to austenitic stainless steels and have both very 
high strength and excellent ductility. However, they contain high percent-
ages of expensive alloying elements that result in higher costs and limited 
applications. Research is continuing to develop a third generation of 
AHSS that are less expensive but have good strength and high ductility. 
Table 17.1 summarizes the microstructural classes of conventional HSS 
and the three generations of AHSS.

17.1 Third-Generation Advanced High-Strength 
Steels

In 2007, researchers proposed to develop a third-generation AHSS with 

than the second generation. Figure 17.1 shows the expected position, in 



264 / Advanced High-Strength Steels—Science, Technology, and Application

the strength-ductility space, of the third-generation AHSS. It falls between 
-

erties of both. 
There are four key requirements to a viable third-generation AHSS:

A high volume fraction of stable austenite
Low carbon content so that weldability is not compromised
Low alloy levels to reduce the cost of steel
Processing consistent with current sheet steel production practice

Research is underway at university laboratories and industry research 
centers to develop new AHSS types and to expand the strength ranges of 
current steels. The extraordinary mechanical properties can be tailored 

Table 17.1 Microstructural classes of conventional high-strength steels and three 
generations of advanced high-strength steels

HSS Ferrite-based
 Bake-hardenable (BH)
 High-strength, low-alloy (HSLA)
First-generation AHSS Ferrite-based
 Dual-phase (DP)
 Complex-phase (CP)
 Bainitic
 Transformation-induced plasticity (TRIP)
 Martensitic (MS)
Second-generation AHSS Austenite-based
 Austenitic stainless (AUST SS)
 Twinning-induced plasticity (TWIP)
 Lightweight-induced plasticity (L-IP)
 Others
Third-generation AHSS
 (under development)

Multiphase: Composite (austenite and martensite), Ultra 

Fig. 17.1  Location of the third generation of advanced high-strength steel 
(AHSS) in the strength-ductility space. Source: Ref 17.1
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and adjusted by alloying and processing. The introduction of steels with a 
microstructure consisting of at least two different components has led to a 
dramatic increase in the strength level without a decline in ductility. The 
key requirement for obtaining third-generation AHSS is the presence of 

martensite with progressive plastic deformation of the steel. This results 
in a high and sustained work-hardening rate of the material. Because 
 austenite is not an equilibrium phase at room temperature, the challenge  

microstructure.
The critical part of the manufacturing of these steels is to control the pro-

cessing conditions so that the microstructure and the strength-elongation 
relationship can be optimized. The two most important properties of any 
steel are strength to sustain loads and ductility to form parts. These proper-
ties can be controlled by quench and temper heat treatments for an optimal 
combination of strength and ductility. To address the cost problem, low-
alloy steel compositions must be used to develop the third generation of 
AHSS. 

The automotive industry has established an availability target of 2017 
to 2025 for third-generation AHSS integration into vehicle structural de-
signs to meet their lightweighting strategy of improving fuel economy and 
reducing CO2 emissions. Figure 17.2 shows the location and established 
availability targets for integration of third-generation AHSS in structural 
designs and manufacturing of future vehicles.

Cooperative programs aimed at developing the metallurgy and micro-
structural designs needed for the third-generation AHSS have been estab-
lished by the National Science Foundation (NSF), Alloy Stainless Prod-

Fig. 17.2  Availability target for third-generation AHSS. Source: Ref 17.2
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ucts (ASP), American Iron and Steel Institute (AISI), and nine universities. 
Different approaches and processing methods such as quenching and par-
titioning, double stabilization thermal cycle, and two-step austempering 
have been considered. Steel industry and academic research continue to 
develop new types and improve capabilities of AHSS. One example is the 
recent development of nanosteel AHSS. A review of the most promising 
processes are summarized subsequently.

17.2 Microstructure Design

The development of third-generation AHSS will require unique alloy/
microstructure combinations to achieve the desired properties. The design 
and control of the microstructure determines the behavior and perfor-
mance of AHSS. The basis of microstructural design of the third genera-
tion of AHSS is the assumption that the microstructure is a composite of 
two phases: one hard to give strength and one soft to give ductility. 

The rule of mixtures can be used to manipulate and predict the strength 
and ductility of the composite microstructure. Assume a microstructure 
has two phases, (a) and (b). When a volume fraction of (a) is mixed with 
a volume fraction of (b) in the composite microstructure (c), the compos-
ite strength is given by the rule of mixtures as:

σc  fa σa  fb σb

The composite ductility is given by a similar equation:

εc = fa εa + fb εb

where  is the strength,  is the percent elongation, and f is the volume 
fraction of the constituents (a) and (b).

The equations can be solved if the volume fraction, strength, and ductil-
ity of each constituent are known. 

Figure 17.3 shows a plot of the stress-strain curves for the composite 
and its components. The composite curve is obtained by applying the rule 
of mixtures to the components. 

In the microstructure design for AHSS, the constituents are ferrite, aus-
tenite, and martensite. Their mechanical properties are listed in Table 
17.2, which shows the high strength of martensite and the good ductility 
of austenite.

Based on the rule of mixtures concept, Matlock and Speer (Ref 17.3) 
predicted the strength-ductility relationships for steels with ferrite- 
martensite and austenite-martensite microstructures by varying the vol-
ume fraction of martensite. Figure 17.4 shows predicted strength-ductility 
relationships for two hypothetical steel microstructures, ferrite + martens-
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strength increases with increase in the percent of martensite volume frac-
tion (MVP). It also shows that the volume fraction of austenite has a stron-

-
structure consisting of austenite and martensite has larger strain energy 
than steel consisting of ferrite and martensite; hence, the increase in uni-
form engineering strains of the austenite-martensite microstructure. 

Fig. 17.3  Composite model for strength. Source: Ref 17.1

Fig. 17.4  Predicted strength/ductility relationships for two hypothetical steel 
microstructures. Source: Ref 17.1

Table 17.2 Strength-ductility relationships for microstructure constituents

Ferrite  300  (44) 0.30
Austenite  640  (93) 0.60
Martensite 2000 (290) 0.08

Source: Ref 17.3
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A superposition of the plots in Fig. 17.1 and 17.4 produces Fig. 17.5, 
which reveals that the prediction of the mechanical properties of steels with 

It also reveals that the mechanical properties required for the third genera-
tion of AHSS could be realized by producing AHSS with austenite and 
martensite microstructure.

Computer modeling results have shown that the third-generation AHSS 
will include steel alloys with complex microstructures consisting of high-

retained austenite, will also be included in the third-generation AHSS.

17.3 Novel Processing Methods

As mentioned earlier, the key requirement for obtaining third-generation 

transform to hard martensite, with progressive plastic deformation of the 
steel. This results in a high and sustained work-hardening rate of the mate-
rial. However, austenite is not an equilibrium phase at room temperature 

done by controlling the processing conditions of quenching and tempering 
for obtaining high retained austenite content for optimal combination of 
strength and ductility.

The conventional AHSS processing routes are based on austempering 
and quench tempering processes. Novel AHSS processing routes include:

Quenching and partitioning
Double-stabilization thermal cycling

Fig. 17.5  Superposition of predicted microstructure design on strength- 
ductility plot. Source: Ref 17.1
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Quenching and Partitioning (Q&P) Process. The Q&P process is a 
novel heat treatment process that uses thermal cycles to produce third-
generation AHSS microstructure with high retained austenite. The process 
involves quenching austenite below the martensite start temperature, fol-
lowed by a partitioning treatment to enrich the remaining austenite with 
carbon to make it stable at room temperature. The increased carbon con-
tent of the austenite is obtained through carbon depletion from the mar-
tensite and deposition into the austenite.

Obtaining high concentrations of retained austenite in the second gen-
eration of AHSS has been based on using substantial amounts of the ex-
pensive element manganese to stabilize the austenite and prevent it from 
transforming into ferrite at room temperature. Carbon is much less expen-
sive than manganese and, in high concentrations, has the ability to stabi-
lize austenite. Therefore, carbon has the potential to be an economical al-
ternative for producing high fractions of retained austenite and creating 
the third generation of AHSS. However, high carbon content in steel pro-
duces iron carbide, which causes a reduction in the weldability of steel. 

The Q&P process produces steels with high carbon concentration in the 
retained austenite but keeps the overall carbon content in the rest of the 
microstructure relatively low. This is achieved by using certain alloying 
elements and thermal treatment to suppress the formation of carbides and 
enrich austenite with carbon partitioned from martensite under paraequi-
librium conditions. Paraequilibrium is a kinetically constrained equilib-
rium in which the diffusivity of substitutional elements is negligible com-
pared to the fast diffusing interstitial element carbon. This means that 
under paraequilibrium conditions, substitutional alloys are not allowed to 
partition but carbon can redistribute between phases to reach equilibrium 
under the paraequilibrium constraint.

includes the development of microstructure in the heat treated steel. The 
four steps involved in the Q&P process are:

1. Austenitizing: A steel sample heated in the austenite region develops a 
fully austenitic microstructure. The carbon content of the initial alloy, 
Ci, is equal to the carbon content in the austenite, C .

2. Quenching: TQ, to 
create certain volume fractions of austenite and martensite. The Ci is 
the same as C  and the carbon content in the martensite, Cm.

3. Partitioning: The sample is held at a partitioning temperature, T , to 
enrich austenite by allowing the carbon to diffuse from martensite re-
gions to the surrounding austenite regions. This step increases the aus-
tenite stability and results in a higher austenite fraction. The C  is 
greater than Ci, and Cm is less than Ci.

4. Cooling: The sample is cooled from TP to room temperature and ad-
ditional martensite forms. 
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The Q&P process has potential to produce third-generation AHSS pro-
vided that the alloy composition and the process times and temperatures 
for the partitioning treatment are optimized to produce the required frac-
tions of retained austenite. 

Double-Stabilization Thermal Cycle (DSTC) Process (Ref 17.5). 
Research at Case Western Reserve University (Cleveland, Ohio) was con-
ducted on third-generation AHSS to determine the amount of retained aus-
tenite that is produced by the DSTC process. The objective is to produce 
steel that contains a high volume fraction of stable retained austenite and 

strength level. As in the case of the Q&P process, carbide formation is 
avoided in the carbon partitioning process to allow as much carbon as pos-
sible to diffuse from martensite regions to surrounding austenite regions. 

1. Austenitizing: Steel is fully austenitized.
2. Initial quenching: Steel is cooled rapidly enough to prevent transfor-

mation to bainite en route to an initial hold temperature.�

just above its Ms temperature.
3. Final quenching:

martensite.
4. Carbon partitioning: Second stabilization occurs when the steel is 

aged at a higher temperature to allow partitioning of carbon from the 
martensite into the austenite under paraequilibrium, carbide-free con-
ditions. This second stabilization will enable the austenite to have the 
required resistance to transformation to martensite.

5. Air cooling: Steel is cooled to room temperature.

Fig. 17.6  Schematic illustration of the quenching and partitioning (Q&P) 
process. Source: Ref 17.4



Chapter 17: Evolving Advanced High-Strength Steel Grades / 271

The DSTC process was used on steel with compositions of 0.29 wt% C, 
3.99 wt% Mn, 2.12 wt% Si, and 1.50 wt% Al to produce microstructures 
containing more than 30 vol% austenite, 23 vol% ferrite, and 47 vol% 
martensite. Silicon and aluminum were included to suppress carbide for-
mation. The processed steel attained a tensile strength of 1350 MPa (195 
ksi). Electron backscatter diffraction (EBSD) phase maps showed that the 
retained austenite was uniformly distributed in the micron size range of 
100 to 300 nm (1000 to 3000 Å). 

Composite modeling is utilized to determine the fraction of stable re-
tained austenite and martensite needed to meet the third-generation re-
quirements for strength and ductility. More work is needed to optimize the 
steel composition and the heat treatment steps needed to maximize the 
amount of retained austenite in the steel (Ref 17.5, 17.6).

17.4 Nanosteels

particle sizes of at least one dimension in the range of 1 to 100 nm (10 to 
1000 Å). At the nanomaterials level, properties are affected more by the 
laws of atomic physics than by the behavior of bulk materials. The small 
size feature of nanomaterials makes most of their atoms surface atoms 
with different coordination numbers, energy levels, electronic structure, 
and reactivity than interior atoms in the bulk material. This gives rise to 
completely different properties for nanomaterials. 

Another aspect of crystalline nanomaterials is the contribution of their 
grain boundaries to strength. Grain boundaries provide strength to crystal-

Fig. 17.7  Schematic of the double-stabilization thermal cycle (DSTC). 
Source: Ref 17.5
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line materials by impeding dislocation glide. For normal grain sizes, 
where D = 10–100 mm, the contribution of grain boundaries to yield 
strength is small because grain-boundary strengthening is found to be pro-
portional to (D–1/2), as described by the Hall-Petch equation. For nanoma-
terials, however, the grain size is D = 1–100 nm; hence, the contribution 

that the strength of a 50 mm (500,000 Å) grain size DP steel has a yield 
strength of 350 MPa (50 ksi). Assume also that the grain size of the steel 

equation, the yield strength of the nanosteel is 11,067 MPa (1,605 ksi). 
This number is very close to the theoretical strength of steel of 14,000 
MPa (2,030 ksi). If the grains were made small enough, the yield strength 
would exceed the theoretical strength of the steel. This calculation as-
sumes that grain boundaries and dislocation slip mechanisms exist and 
operate at the nanomaterial level. 

Experimental and theoretical calculations predict that the number of 
pileup dislocations at grain boundaries decrease with decrease in grain 
size. No dislocation pileup is possible when the grain size reaches the 
critical value of 10 nm (100 Å). This is when the Hall-Petch equation 
breaks down and grain-boundary hardening ceases to exist (Ref 17.7).

Research at the University of Cambridge (United Kingdom) produced a 
strong and tough microstructure by using a low-temperature austempering 
process. In the heat treatment, the high-carbon austenite transforms to na-
noscale thick bainitic microstructure with no carbides.

Most of the work on nanomaterials is considered research on advanced 
surface technology. New efforts are currently directed at developing bulk 
nanomaterials where grain/phase sizes are shrunk to the nanoscale level (1 
to 100 nm).

The NanoSteel Company, Inc. announced the development of three 
classes of nanostructured, cold formable sheet AHSS with excellent com-
bination of strength and ductility. Nanosteel properties result from using 

strengthen the ferrite matrix in steel. The strength-elongation perfor-
mances of the three classes of the nanosteels are: 950 MPa (138 ksi)/35%, 
1200 MPa (174 ksi)/30%, and 1600 MPa (232 ksi)/15%, respectively. 
These steels are produced via conventional processes, avoid using ex-
pensive alloying elements, and are targeted for automotive structural 
applications. 

Nanosteel location in the third-generation envelope of the ductility-
strength diagram and its target date are shown in Fig. 17.8. The NanoSteel 
Company is promising a 2013 material target date and is stressing that the 
new material will have high strength, high ductility, and good perfor-
mance. It will also be formed at ambient temperature and will use the ex-
isting infrastructure of steel.
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The NanoSteel Company is collaborating with General Motors (GM) to 

commercial applications. General Motor’s support for nanosteel stems 
from its belief that the new steels offer a great potential for reducing ve-
hicle weight and improving fuel economy without compromising perfor-
mance and increasing cost. 

The NanoSteel Company is not the only material developer that is in-
volved in producing nanosteels; ArcelorMittal has indicated that they are 
developing nanosteel that would reduce vehicle weight to match the 
weight of aluminum cars but at a lower cost. Neither NanoSteel nor Arce-
lorMital are disclosing any of the technical aspects of nanosteels.

17.5 Integrated Computational Materials 
Engineering Approach

Integrated Computational Materials Engineering (ICME) is a computa-
tionally-driven engineering system approach that can be used to acceler-
ate materials development by integrating processing, manufacturing, and 
design to produce optimized products.

-
lion to a consortium of Steel Market Development Institute (SMDI), Auto 
Steel Partnership (ASP), and United States Automotive Materials Partner-
ship (USAMP) for a four-year research and development project to utilize 
the ICME approach to accelerate the development of third-generation 
AHSS. Participants in the project include car companies, suppliers, uni-
versities and a national lab. Designing third-generation AHSS involves 

Fig. 17.8  Location of nanostructured AHSS and target date. Source: Ref 17.2
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starting from atomic and nano scale models of these steels and ending 
with performance evaluation of components in actual cars.
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 definition of 23 24 

 isothermal transformation of eutectoid 

   steel from austenite to pearlite 29(F) 

 magnetic properties 24 

 martensite, transformation to 30(F) 32 

 to pearlite 27 

 transformation of 27 

austenitic stainless steels (AUST SS) 

 alloying elements 48 151 152 

 applications 46 152 157 

    158(T) 

 attributes 157–158 

 austenitizing elements 45 48 

 automotive industry 158 158(T) 

 chromium 45 

 cold working 48 151 

 compositions 152–153 153(T) 154(T) 

 corrosion resistance 48 151 

 costs  15–16 16(T) 

 crash performance 48 

 deformation mechanism 153 

 ductility 48 153 

 ferrite  151 

 formability 155–156 156(F) 

  annealed 155 

  forming limit curves 155 156(F) 

  LDH test 155–156 156(F) 

 fundamentals 45–46 48 

 hardening 46 48 151 

 iron  45 151 

 magnetic properties 151 
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 mechanical properties 151–158(F,T) 

  appearance 151 

  ductility 48 151 154 

  formability 151 

  hardening 153 

  introduction 45–46 48 

  low maintenance cost 151 

  mechanical properties 154(T) 155(T) 

  recyclability 151 

  strength 151 

  strengthening 153 

  tensile strength 48 153 

  toughness 154–155 155(T) 

  true stress-strain curves 154(F) 

  uniaxial tensile tests 154(F) 

  YS  153 

 microstructures 152 

 overview 151–152 

 processing of 153 

 slip  153 

 strain-hardening 154 156 

 tensile strength 48 

 welding 197 

austenitic stainless steels (AUST SS), types 153(T) 

 type 302 152(F) 

 type 304 152 154(T) 

 type 316 152 

 type 321 152 

 type 347 152 

 type 900 156(F) 

austenitization 24 24(F) 26 

austenitizing elements 45 48 

auto body structural components 217–218 
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Auto Steel Partnership (ASP) 

 ASP/USAMP 205 

 design guidelines 215–216 

 development and deployment of AHSS technology 199 

 GMAW, establish design guidelines for 219–220 219(F) 220(F) 

 ICME  273 

 partnership linkages 205(F) 

 resistance welding performance study 218–219 218(F) 

 third generation AHSS 266 

 welding guidelines, chassis structures 220 

 welding performance of HSS 217–218 

Automotive Application Council 205 

automotive applications 

 AHSS content per vehicle 160 

 BIW structure 160–161 162(F) 

 closures 161 164 166(F) 

 criteria  159–160 

 mapping vehicles application to steel grades 161 161(F) 

 passenger car component groups 160–162 

 representative cases 

  2011 FutureSteelVehicle (FSV) 167–169 169(F) 

  2012 Chrysler Dodge Dart 163 164(F) 

  2013 Ford Fusion 164–166 166(F) 167(F) 

  2013 GM Cadillac ATS 163–164 165(F) 

  2013 GM Chevrolet Sonic 166–167 168(F) 

  battery electric vehicle (BEV) 169(F) 

  overview 163 

 strength-ductility chart 161 161(F) 

 structural components, typical car 161 162(F) 

automotive industry. See also Global Automotive 

 Chrysler Group 203 205 

 Daimler Benz plant 235 

 Ford Motor Company 157 157(F) 256 

    256(T) 
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 General Motors Company 203 205 273 

 Mazda (2008 Mazda 2) 168 

 Mercedes (2008 C Class) 168 

 Industry; steels 

  aluminum 10 

  AUST SS 158 158(T) 

  body panels, reducing springback 185 

  CAFE 2 

  dimpling 194 

  downgaging 2 

  drivers and solutions 2 

  fatigue life 160 

  fuel efficiency requirements, achieving 8–9 8(F) 

  HSS 10 

  lightweighting 193 

  metallurgy and microstructural 

   designs, developing 265–266 

  spectrum of steel categories 13–15 14(F) 

  steels currently used 49–50 49(T) 

  third generation AHSS availability 

   target 265 265(F) 

  welding 195 

Auto/Steel Partnership/U.S. Automotive 

   Materials Partnership (ASP/ 

   USAMP) 205 205(F) 273 

B 

bainite 

 definition of 23 

 ferrite  27 

 isothermal transformation of eutectoid 

   steel from austenite to bainite 27–28 29(F) 

 knee, the 27 
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bainite isothermal transformation 

   treatment 64 

bake hardening 91–93(F) 

 carbon  91 

 deformation characteristics 91 92(F) 

 DP steels 92 92(F) 93 

 nitrogen atoms 91 

 overview 91 

 process 92 92(F) 

 TRIP steels 92–93 92(F) 123 

 YS, increasing 44 

bake hardening effect 44 47 97 

    123 

bake-hardenable (BH) steels 

 BH 210 186 186(F) 

 applications 44 

 energy-absorption capabilities 89 90(F) 

 fundamentals 44 

 in strength-elongation space 13–14 14(F) 

bake-hardening effect 

 DP grades 47 

 DP steels 97 

basic oxygen furnace (BOF) 251–252 

 AHSS, recycling to 260 

 iron ore 251–252 

battery electric vehicle (BEV) 169(F) 

BH steel. See bake-hardenable (BH) steels 

binder force 228 

binder force trajectories 228 232 233(F) 

    241–242 242(F) 

binders (blankholders). See binders and 

   draw beads 
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binders and draw beads 187–189(F) 

 active binders 232–235(F) 

 bead penetration 188 231 

 bending force 188 

 binder restraining forces 230–231 

 binders (blankholders) 187 

 draw bead action, stages 188 

 flat binders 188 

 flexible binders 236–243(F) 

 friction force 188 

 inadequate binder forces 189 189(F) 

 lock beads  187–188 

 metal flow, controlling 189 

 restraining force 188 

 sheet metal forming system 188 188(F) 

 stamping 227 

 traditional stamping 188–189 

BIW. See body-in-white (BIW) 

blankholder 227 227(F) 

   See also binders and draw beads 

body-centered cubic (bcc) 

 carbon steel 23 

 deformation twinning 53 

 duplex (ferritic-austenitic) stainless steels 46 

 ferrite  24 

 ferritic stainless steels 45 

 heat treatment 26 

 iron  23 

 mechanical twins 135 

 MS steels 127 

 phase transformation of iron 38 

 quench hardening 55 

 twin boundary hardening 56 
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body-in-white (BIW) 

 2012 Chrysler Dodge Dart 164(F) 

 2013 GM Cadillac ATS 163–164 165(F) 

 2013 GM Chevrolet Sonic 168(F) 

 ASP document 216 

 defined 160–161 

 LDC  21 21(F) 

 passenger car 162(F) 

 Porsche Cayenne 163(F) 

 steel content, light vehicles 16–17 17(F) 

BOF. See basic oxygen furnace (BOF) 

boron   48 128 

boundary hardening 56 72 272 

brittle fracture 136 

C 

CAFE. See Corporate Average Fuel 

   Economy (CAFE) 

CAL process. See continuous annealing 

   line (CAL) process 

carbide precipitation 117 153 

carbides  45 89 153 

    197 269 272 

carbon 

 atoms  24 48 55 

    64 127 146 

 austenite 26 

 austenitizing steel 38 

 bake hardening 91 

 DP steels 47 96 98 

 DSTC process 270 

 emissions 200 257 

 ferrite  25 

 ferrite to austenite 63 
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carbon (Cont.) 

 ferritic stainless steels 45 

 intercritical annealing 63 

 iron  253 

 iron-phase diagram 25 

 martensitic transformation 33 

 MS steels 45 48 

 partitioning 269 270 

 Q&P process 269 

 quench hardening 55 

 sensitization 197 

 solubility limit in iron 24 25 

 stainless steels 45 

 steels  23 25 26 

 TRIP steels 116–117 119 

 TTT diagram 28 

 TWIP steels 140–141 142 

carbon content 

 AUST SS 152 

 carbide precipitation 117 

 carbon steel 23 24 24(F) 

    40–41 41(F) 

 CCT diagram 36 36(F) 

 DP steels 99 211 

 ductility 39 

 Fe-C phase diagram 23 

 ferrite  25 

 ferritic stainless steels 45 

 high-carbon steel 44 

 HSLA steels 44 

 intercritical temperature 63 63(F) 

 low-carbon steel 44 

 medium-carbon steel 44 

 microstructural features 27 
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 MS grades 48 

 MS steels 45 127 128 

 pearlite 23 

 plain carbon steels 39 39(F) 

 Q&P process 269 

 recycling 260–261 

 sensitization effect 197 

 stainless steels 45 

 steel fundamentals 23 24 25 

    44 

 tensile strength 41(F) 

 thermomechanical processing, AHSS 63 63(F) 

 third generation AHSS 264 

 toughness 39 

 TRIP steels 64 116–117 118 

    118(F) 119 

 TWIP steels 135 139 140–141 

carbon dioxide (CO2) 

 electricity 4–5 5(F) 

 emissions by sectors 5(F) 

 transportation sector 5–6 

carbon footprint 

 carbon footprint 6(T) 

 CO2 emissions 6 6(T) 

 light vehicles, 1975–2010 6 6(T) 

 steels, environmentally friendly and 

   sustainable materials 251 251(F) 

carbon partitioning 270 270(F) 

carbon steel 

 carbon content 23 

 carbon content, effect on tensile strength 

   and hardness 40–41 41(F) 

 cooling 26 
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carbon steel (Cont.) 

 Fe-C phase diagram 24 24(F) 

 ferrite  24 

 forming limit curves 155 156(F) 

 fundamentals 42 44 

 high-carbon steel 44 

 low-carbon steel 44 

 medium-carbon steel 44 

 microstructures and mechanical attributes 35(T) 

 uniaxial tensile tests 154(F) 

carbon steels 

 annealing 57 

 hot rolling 56 57(F) 

carbonitrides 45 

cast iron  9 10(T) 

CCR. See critical cooling rate (CCR) 

CCT. See continuous cooling 

   transformation (CCT) diagram 

cementite (iron carbide Fe3C) 23 24 

chemical vapor deposition (CVD) 191 192 

chromium 

 alloy steels 44 

 AUST SS 48 151 152 

 duplex (ferritic-austenitic) stainless steels 46 

 HSLA  44 

 MS grades 48 

 MS steels 128 

 precipitation-hardening stainless steels 46 

 second generation AHSS 61 

 stainless steels 45 

chromium carbide 197 

closed-loop control system 238–239 239(F) 

closed-loop system 228 229–230 230(F) 

closures  161 
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CO2. See carbon dioxide (CO2) 

CO2 emissions 

 carbon footprint 6 6(T) 

 electricity 4–5 5(F) 

 gallon of fuel 6 6(T) 

 sustainability 250 

 U.S transportation sector 5–6 

 vehicles 5 5(F) 

CO2 equivalents 259 

CO2 footprint 250 

coating processes 

 costs  192 

 CVD  191 192 

 PACVD 191 

 process 191 

 PVD  191 

 TD   191 

coatings 

 cost, offsetting 192 

 die coatings 190 

 packaging steels 171 

 PVD  191 

 temperature ranges 191 

 tool material and die wear 190–192 191(F) 

 TRIP steels 121 121(T) 

cobalt   45 

coefficient of expansion 197 

cold rolled sheets 98 

cold rolling 56 57(F) 

cold working 46 48 90 

    151 

complex-phase (CP) grades 

 alloying elements 47 

 applications 47 
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complex-phase (CP) grades (Cont.) 

 microstructure 47 

 properties 47 

 tensile strengths 47 

complex-phase (CP) steels 

 applications 47 

 attributes 112 

 chemical composition 108 

 compositions 107 108(T) 

 deformation mechanisms 108–109 

 ductility 111 

 ferrite  107 109 

 FLD  111–112 112(F) 

 formability of 111–112(F) 

 fundamentals 47 

 mechanical properties 109–111(F,T) 

  downgaging 109 

  ductility 109 

  engineering stress-strain curves 10(F) 

  mechanical properties 109(T) 

  S-N curves 110 111(F) 

  tensile strength ranges 109 

  tensile strength-total elongation space 109(F) 

  true stress-strain curves 110 110(F) 

 microstructures 107 108(F) 

 niobium 107 108 

 processing 107–108 118(F) 

 properties 47 

 S-N curve 77(F) 

 in strength-elongation space 14 14(F) 

 strengthening mechanisms 109 

 tensile strength-total elongation space 109 109(F) 

 thermomechanical processing 64 

 titanium 107 108 
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complex-phase (CP) steels (Cont.) 

 total elongation 109 

 vanadium 107 108 

 welding 197 

complex-phase (CP) steels, types 

 CP 590 SF 112 

 CP 800 112 

 CP 1000 86–87(F) 

 CP 1000 SF 87 87(F) 112 

component thinning 81 

composite materials 

 automotive industry 10 

 fuel efficiency, improving 9 

constant binder force (CBF) 234 

continuous annealing line (CAL) process 101(F) 

continuous casting 

 advanced steels 17 

 AUST SS 153 

 deformation processing 56 57(F) 

continuous cooling 28–32 

 eutectoid steel, microstructures resulting 

   from fast and slow CCR 30 31(F) 32 

 superposition of the CCT diagram on 

   the isothermal cooling (TTT) diagram 30(F) 

 temperature histories of a continuous 

   transformation diagram (CCT) 31(F) 

 temperature histories of an isothermal 

   cooling diagram (TTT) 31(F) 

continuous cooling transformation (CCT) diagram 31(F) 271 

 AHSS  65 65(F) 

 AISI/SAE 4340 36 36(F) 

 CCR for eutectoid steel 33(F) 34(F) 

 cooling curves 31(F) 

 high-strength, low-alloy steel AISI/SAE 4340 36(F) 
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continuous cooling transformation (CCT) diagram (Cont.) 

 isothermal transformation curves 28 30(F) 

 knee, avoiding 34 36 

 martensite 32 

 quenching, austenite to martensite 34 35(F) 

 temperature history 30 31(F) 

 thermal processing routes, AHSS 65(F) 

copper 

 alloy steels 44 

 AUST SS 151 

 stainless steels 45 

Corporate Average Fuel Economy (CAFE) 

 automotive industry, drivers 2 

 Energy Bill (2016 proposed standards) 7 

 future AHSS content 172–173 

corrosion resistance 

 AUST SS 48 151 157 

 downgaging 194 

corrugation 72 194 

CP grades. See complex-phase (CP) grades 

CP steels. See complex-phase (CP) steels 

CR TRIP steel 121 121(T) 

cracks 

 S-N curve 75 76(F) 

 toughness 89 

crash performance 20 48 

crashworthiness 77–81(F) 

 assessing 80 

 crushing zone 78 78(F) 79 

 definition of 77 

 energy-absorbing capabilities 

  DP 350/600 79 79(F) 

  HSLA 350/450 79 79(F) 

 energy-absorbing materials, requirements for 80 
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crashworthiness (Cont.) 

 occupant safety 77–78 

 passenger compartment 205 

 progressive crush zones 78–79 

 regular buckling folds 80 80(F) 

 requirements 79 

 safety zone 78 78(F) 79 

 total buckling structures 80 80(F) 

 TRIP steels 80 

 TWIP steels 80–81 

critical cooling rate (CCR) 30 

crushing zone 78 78(F) 79 

crystal twins 56 

crystalline nanomaterials 271–272 

cup drawing 186 229 

curl   182–183 183(F) 

curl radius  184 185(F) 

cutting tools 88–89 89(F) 

CVD. See chemical vapor deposition (CVD) 

D 

deep drawing 83–85(F) 

 cup height, variation for different types 

   and grades of steel 85(F) 

 deep-drawn parts 83 

 drawability 85 85(F) 

 flat-bottomed cups 83–85(F) 

 flat-bottomed cups, tooling for 83 84(F) 85 

 LDR  85 85(F) 

 sheet metal 83–85(F) 

deformation mechanisms 

 dislocation glide 50–52 

 twinning 52–53 52(F) 
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deformation processing 56–57 57(F) 

deformation twinning 53 

   See also twinning 

design guidelines 

 Advanced High-Strength Steel 

   Applications: Design and Stamping 

   Process Guidelines 215–216 

 Advanced High-Strength Steels 

   Application Guidelines, Version 4.1 215 216 

 Auto Steel Partnership (ASP) document 215–216 

 forming guidelines 216–217 

 HSS, BIW applications 216 

 overview 215 

 performance evaluation 221–224(F,T) 

  panel loaded in bending 222 222(F) 

  performance indices for car body 

   applications 221–222 222(T) 223 

  selection chart 223–224 223(F) 

 welding (see welding guidelines) 

 WorldAutoSteel document 215 216 

diffusion 

 mechanism of 26 

 temperature, effect of 27 

diffusionless process 33 

dimpling  72 194 

dislocation glide 

 CP steels 109 

 fundamentals 50–52 

 plastic deformation 56 

 strength 72 

 structure-property relationships 38 

 TWIP grades 48 

 TWIP steels 142 
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dislocation line 53 

dislocations 50–51 51(F) 

   See also dislocation glide 

dispersion hardening 54 115 

double-action press 184 

double-stabilization thermal cycle (DSTC) process 270–271 271(F) 

downgaging 

 AHSS  59 

 automotive industry 2 

 CP steels 109 

 MS steels 129 

 nonautomotive applications 171 

downgaging limits 193–194 

 corrosion resistance 194 

 ductility, loss of 194 

 stiffness 193–194 

downsizing 9 

DP grades. See dual-phase (DP) grades 

DP steels. See dual-phase (DP) steels 

draw beads. See also binders and draw beads 

 AHSS  189 

 HSS  189 

 purpose of 187 

 run out  189 189(F) 

 types  189(F) 

drawability 85 85(F) 

drawbead penetration 184 184(F) 

drawbead restraining forces 

 AHSS  231 

 HSLA  231 

 MILD steel 231 

drawbeads  81 204 

   See also active drawbeads 

drawing quality steel (DQSK) 186 186(F) 
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DSTC process. See double-stabilization 

   thermal cycle (DSTC) process 

dual-phase (DP) grades 

 bake-hardening effect 47 

 formability 47 

 heat treating practices 47 

 martensite 47 

 microstructure 47 

 strain-hardening capabilities 47 

 tensile strengths 47 

dual-phase (DP) steels 

 advantages of 95 

 applications 106 

 attributes 105–106 

 bake hardening 92 92(F) 93 

 carbon  96 98 

 cold rolled sheets 98 

 commercial production 100 

 composition and microstructure 95–98(F,T) 

  alloying elements 98 

  alloying elements, and effects of 96(T) 

  bake-hardening effect 97 

  chemical compositions 98 98(T) 

  grain size information 97 98(T) 

  grain sizes 97 97(F) 

  microstructure 96(F) 

  strength levels, determining 96 

  tensile data 98(T) 

  UTS 95 97 

 continuous annealing 100–101 101(F) 

 deformation mechanisms 102 

 energy-absorption capabilities 89 90(F) 
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dual-phase (DP) steels (Cont.) 

 ferrite  47 64 73 

    73(F) 95 95(F) 

    98–99 

 FLD  124(F) 

 formability of 105 105(F) 

 galvannealed (DP) steel 101 101(F) 

 Grain Refinement of DP Steel 211–212(F,T) 

 heat treating practices 96 

 hot rolled sheets 98 

 hot rolling 100 100(F) 

 intercritical annealing 98 99 99(F) 

 mechanical properties 102–104(F,T) 

  DP types 103(T) 

  engineering stress-strain curves 102 103(F) 

  fatigue curves 104(F) 

  fatigue properties 104 

  location in tensile strength-elongation space 102(F) 

  tensile ranges 102 

  total elongation ranges 102 

  true stress-strain curves 102–104 103(F) 

 microstructure 98 

 processing 98–101(F) 

 properties 97 

 quenching 98 

 S-N curve 77(F) 

 strain-hardening 47 92 93(F) 

    97 102 

 strengthening effect 101 

 tensile strength-total elongation space 102 102(F) 

 thermomechanical processing 64 

 time-temperature schedule, hot rolled DP steels 119(F) 

 total elongation 97 211(T) 

 uniaxial tensile tests 154(F) 
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 work-hardening 73 95 105 

    183 

 work-hardening rate 73 

dual-phase (DP) steels, types 

 DP 300/500 179 179(F) 

 DP 350/600 73 74(F) 79 

    79(F) 179 179(F) 

    183 183(F) 

 DP 600 83(F) 95(F) 104 

    104(F) 124(F) 178 

    178(F) 180 183 

    183(F) 217 218 

 DP 750 154(F) 156(F) 

 DP 780 196 217 

 DP 800 154(F) 165 218 

 DP 980 86–87(F) 217 218 

 DP 1000 83(F) 165 

 welding 196–197 

ductility 

 aluminum alloys 12 13(F) 

 AUST SS 48 153 154 

 automotive applications 161 161(F) 

 carbon content 39 

 CP steels 109 111 

 defined 38 

 downgaging limits 194 

 flexible rolling 244–245 

 magnesium alloys 12 13(F) 

 martensite 33 

 measuring, plain carbon steels 39 

 MS steels 129 

 percent elongation 38 
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ductility (Cont.) 

 plain carbon steel 39 

 reduction in area 38 

 steels  12 13(F) 50(F) 

 third generation AHSS 61–62(F) 263–264(F) 266–267(F,T) 

    268(F) 

 TWIP steels 48 

duplex (ferritic-austenitic) stainless steels 

 alloying elements 46 

 ferrite  46 

 fundamentals 46 

 properties 46 

 stress-corrosion cracking 46 

E 

economics, AHSS 261 

electric arc furnace (EAF) 251 252 

electricity  4–5 5(F) 

electron backscatter diffraction (EBSD) 

 DSTC process 271 

 Fe-24Mn  209(F) 

 Fe-28Mn  210 

 Fe-30Mn  206–207 207(F) 

 mechanical twins 142(F) 

embodied energy 

 aluminum 258 258(T) 

 chart, various metals 253–256 254(F) 

 CO2 emissions 253 253(T) 

 defined 250 

 iron, production process 253 

 per unit strength 255–256 256(F) 

 steel  258 258(T) 

 sustainability 250 

 typical vehicle 257–258 258(F) 
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emissions by sectors 21 

EMS. See Environmental management systems (EMS) 

endurance limit 75–76 

energy absorption 20 

Energy Bill (proposed), CAFE standards, 

   fleetwide average 7 

engineering stress-strain curves 

 FBDP steel 73(F) 

 MS steels 129–130 130(F) 

 TRIP steel 73(F) 

 TRIP steels 121 122(T) 

 TWIP steel 73(F) 

environment and AHSS 250–257(F,T) 

 automotive industry 250 

 carbon footprint 251 251(F) 

 CO2 emissions, reduction in 251 

 crude steel production routes 251–252 

 embodied energy chart 253 254(F) 

 embodied energy per unit strength 256(F) 

 energy and emissions for producing aluminum 253 253(T) 

 energy and emissions for producing steel 253 253(T) 

 energy required for ore conversion and 

   embodied energy for aluminum 253 253(T) 

 energy required for ore conversion and 

   embodied energy for steel 253 253(T) 

 GHG emissions 250 

 hydrogen flash smelting process 252–253 

 index for selecting best material for a strong panel 255–256(F) 

 Kyoto Protocol of 1997 250 

 petroleum consumption 250 

 steels, environmentally friendly and 

   sustainable materials 250–251 

 strength-embodied material property energy chart 253–255 254(F) 

 sustainability topics, proposed 256(T) 
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 trend for energy consumption per ton of steel 252(F) 

 U.S. transportation sector 250 

environmental management systems (EMS) 249 

Environmental Protection Agency (EPA) 6 6(T) 7 

EPA. See Environmental Protection Agency (EPA) 

equal channel angular extrusion (ECAE) method 64 

equibiaxial hemispherical stretch forming 81 83(F) 

European car manufactures, flexible rolling technologies 245–246 

eutectoid reaction 24 

eutectoid steel 

 microstructure 26 26(F) 32 

    32(F) 

 TTT diagram 28(F) 

extrinsic factors 53 

F 

face-centered cubic (fcc) 24 127 135 

    151 

fatigue   75–77 

 cause of 75 

 cracks  75 

 endurance limit 75–76 

 high-cycle fatigue 75 76 

 low-cycle fatigue 75 

 S-N curve 

  HSLA steels 77 77(F) 

  TRIP steels 77 77(F) 

 TRIP steels 123–124 

fatigue failure 76 

fatigue life 76–77 160 

ferrite 

 AHSS  15 18 55 
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ferrite (Cont.) 

 AHSS, microstructure design 266–267 267(T) 268 

    268(F) 

 annealing 38 

 AUST SS 151 

 bainite  27 

 carbon content 25 

 carbon steel 24 

 as common constituent in steels 24 

 CP steels 107 109 

 definition of 23 

 DP steels 46 47 64 

    73 73(F) 95 

    95(F) 98–99 

 DSTC process 271 

 dual-phase microstructure 100–101 

 first generation 18 

 first generation AHSS 60 

 galvannealed (DP) steel 101 

 grain refinement, DP steels 211–212 211(T) 

 grain size 55 

 hot rolling sheet products 100 

 HSLA  45 

 intercritical annealing 64 

 iron carbide particles 26 

 martempering 38 

 microstructure 41 41(T) 43(F) 

 microstructure development 64 65(F) 

 MS steels 127 131 132 

 nanosteels 272 

 pearlite 23 26(F) 32 

 Q&P process 269 

 quenching and tempering 38 

 stainless steel grades, comparison 46(T) 
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ferrite (Cont.) 

 steels  23 

 thermal processing 40 

 thermomechanical processing, AHSS (F) 63 65 

 third generation AHSS 264(T) 

 TRIP grades 47 

 TRIP steels 115 116 117 

    118 

 TWIP steels 137 

 ultrafine grains 97 268 

ferrite/bainite dual-phase (FBDP) steel 72 73(F) 

ferritic stainless steels 

 applications 45 

 carbon content 45 

 fundamentals 45 

 iron  45 

ferrous alloys 9 

fine-grain (FG) matenal 97(F) 211(T) 212 

    212(F) 

finite-element analysis (FEA) 241 

flame straightening 221 

flat rolled steel 42 43(T) 171–172 

    172(F) 

flat-rolling process 243(F) 

FLD. See forming limit diagram (FLD) 

flexible binder control unit 238 238(F) 

flexible binder technology 234–235 235(F) 

flexible binders 236–243(F) 

 binder force profiles 237 

 closed-loop control system 238–239 239(F) 

 dies, fine'tuning 236 

 flexible binder control unit 238 238(F) 243 

 fracture 236 

 rigid binder with nitrogen cylinders 236 236(F) 
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flexible binders (Cont.) 

 segmented flexible binders 239–243(F) 

 stamping industry 236–243(F) 

 stamping trials 242–243 

 wrinkles 236 

flexible rolling 243–247(F) 

 applications 245 246(F) 

 applications, flexible rolling blanks 247(F) 

 ductility 244–245 

 European car manufactures 245–246 247(F) 

 flat-rolling process 243(F) 

 flow strength profiles in flexible rolled coil 244 245(F) 

 LDH tests 244–245 246(F) 

 process 243–244 

 producing a flexible (tailor) rolled coil 244 244(F) 

 strain-hardening 244 

 thickness profile 244 245(F) 

 United States 246 

flow localization 81 

formability 

 deep drawing 83–85(F) 

 defined 81 

 hemispherical punch forming 81–83(F) 84(F) 

 hole expansion 86–89(F) 

 overview 81 

 TRIP steels 116 

 uniaxial tension 81 

forming dies 

 coatings 191 

 thermal fatigue 193 

forming guidelines 216–217 

forming limit diagram (FLD) 

 CP steels 112(F) 

 DP steels 105 105(F) 
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forming limit diagram (FLD) (Cont.) 

 grids  81 83 

 hemispherical punch forming tests 81 82(F) 83 

 MS 1400 84 84(F) 

 TRIP 400/600 84 84(F) 

forming load 178 

forming technologies 

 FSV program 226 226(F) 

 manufacturing processes 

  active binders 232–235 

  active drawbeads 230–231(F) 

  flexible binders 236–243(F) 

  flexible rolling 243–247(F) 

  overview 227–228 

  real-time process control 228–230(F) 

 stamping 225–227(F) 

 TWB  225–226 226(F) 

 TWC  225–226 

fracture 

 flexible binders 236 

 TWIP steels 142 

FSV. See Future Steel Vehicle (FSV) 

fuel consumption 

 AHSS content 162 

 aluminum versus AHSS 258 

 effect of car weight on 7(F) 

 effect of vehicle weight on 9 

 greenhouse emissions 159 

 measuring 7 

 transportation sector 4 

fuel economy standards 

 cars/light trucks, 2012–2016 6 7(T) 

 fleet average 7(T) 
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fuel efficiency 

 GHG emission reduction strategy 250 

 significance of strength 20 

 third generation AHSS 19 160 

 ultra-light steel family research programs 200–203(F,T) 204(F) 

 vehicle weight reduction and 7–10(F,T) 

 weight reduction and 20 20(T) 

fusion welding. See also individual processes 

 fusion welding processes 

  GMAW 219 

  laser 217 

  laser plasma 217 

  MIG pulse/ac 217 

  MIG pulse/dc 217 

  MIG/laser-assisted 217 

  resistance spot welding 195 

 process 195 

Future Steel Vehicle (FSV) 

 HSS grades, new 204(F) 

 introduction 19 

 LCA  259 

 program 174–175  200–203(F,T) 

 program results 203(T) 

 TWBs  226 

G 

gallons per mile (gpm) 7 

galvannealed (DP) steel 101 101(F) 

gas metal arc welding (GMAW) 

 ASP study (chassis structures) 219–220(F) 221(F) 

 definition of 219 

 process 219(F) 

 welding guidelines 221 
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GHG emissions. See greenhouse gas 

   (GHG) emissions 

global climate change 4 

global projects 

 academic research and development 205–212(F,T) 

 government/industry/academia collaboration 203–205(F) 

 overview 199 

 steel industry projects 199–203(F,T) 204(F) 

gpm. See gallons per mile (gpm) 

grain boundaries 

 definition of 55 

 nanosteels 271–272 

grain refinement, DP steels 97 

grain size 

 cold rolling 56 57(F) 

 ferrite  55 

 mechanical properties, steels 55 

 nanosteels 272 

 strain-hardening 97 98(T) 

grain-boundary/grain refinement hardening 55 55(F) 

greenhouse gas (GHG) emissions 

 automotive industry 250 

 cars/light trucks, 2012–2016 6 6(T) 

 sustainability 250 

 third generation AHSS 160 

 U.S. transportation sector 250 

greenhouse gases 

 carbon dioxide (CO2) 4–6 5(F) 

 petroleum consumption 4–5 

 vehicles 5–6 

grids   81 83 
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H 

Hall-Petch equation 272 

hardening 

 AUST SS 151 

 engineering stress-strain curves 72 73(F) 

 TWIP steels 140 148 148(F) 

hat-section cross member 179 179(F) 

heat treating (steel) 

 procedures 37 37(F) 

 process 36–37 

 transformation cycles 37–38 

heat treatment 

 description of 26 

 isothermal heat treatment curve 27 29(F) 

 nanosteels 272 

 role of  27 

 toughness 90 

 TRIP steels 117 118(F) 

 YS   90 

heat-affected zone 195 197 218 

    246 

hemispherical punch forming tests 81–83(F) 

 dome height, effect of steel strength on 83(F) 

 FLD  81 82(F) 83 

    84(F) 

 grids  81 83 

 HSLA 550 steel, LDH 82(F) 

 LDH  81 82(F) 

 stretchability of various grades of steel 83(F) 

 tooling  81(F) 82(F) 

 TRIP 600 steel, LDH 82(F) 

hexagonal close-packed (hcp) 53 135 137 

    206 
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high strength, significance of 20–21(F,T) 

 cost savings 21 

 crash performance 20 

 energy absorption 20 

 fuel efficiency 20 

 mass efficiency measure 21 21(F) 

 material savings 20–21 

 weight reduction 20 

 weight reduction on yield strength, dependence of 20(T) 

high-cycle fatigue 75 76 

high-strength low-alloy (HSLA) steels 

 advantages of 45 

 alloying elements 44 45 

 applications 45 

 arc welding 196 

 carbon content 44 

 drawbead restraining forces 231 

 effect of cutting tool on hole expansion 88 88(F) 

 energy-absorption capabilities 89 90(F) 

 evolution of 13 

 ferrite  45 

 fundamentals 44–45 

 microstructure 45 

 S-N curve 77 77(F) 

 springback 180 

 springback profiles 183 183(F) 

 strain-hardening 92 93(F) 

 in strength-elongation space 14 14(F) 

 twin boundary hardening 56 

 YS   45 

high-strength low-alloy (HSLA) steels, types 

 HSLA 340 218 

 HSLA 340/450 179 179(F) 183 

    183(F) 
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high-strength low-alloy (HSLA) steels, types (Cont.) 

 HSLA 350 183 183(F) 

 HSLA 350/450 74(F) 79 79(F) 

 HSLA 350Y 217 

 HSLA 450 178 178(F) 

 HSLA 550 83(F) 

high-strength steels (HSS) 

 AISI definitions 42 43(T) 

 ASP document 215–216 

 automotive industry 9 

 costs  16 16(T) 

 development over time 13 14(F) 

 flat rolled steel delivered 2010 16(F) 

 grade classification 60(T) 

 IF-HS steel 13 14(F) 

 microstructure 15 

 strength levels, high-strength steels 68(F) 

 stress-strain curves 67–68 67(F) 

 tensile strength 15 15(F) 

 tensile strength versus elongation chart 61(F) 62(F) 

 variation of percent elongation 68(F) 

hole expansion test 85–89(F) 

 CP 1000 86–87(F) 

 CP 1000 SF 87 87(F) 

 CP steels 112 

 DP 980 86–87 87(F) 

 cutting tools 88–89 89(F) 

 edge cracking in automotive component 85(F) 

 edge stretchability 85–86 85(F) 

 effect of cutting tool on hole expansion 88 88(F) 

 initial blank and final expanded hole sample 87(F) 

 initial holes 87–88 

 process 86 

 sheared edge stretching limits 86 87 88(F) 
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hole expansion test (Cont.) 

 stretch flangeability, determining 86 

 stretch flanging 85–86 

 tool set 86 86(F) 

hot dip coated products 63 

hot dipped sheets 98 

hot formed steels 131–132 

hot forming 192–193(F) 

 dimensional accuracy 192 

 drawbacks 192–193 

 plastic deformation 192 

 process 192 192(F) 

 quenching 192 

 springback 192 

 total elongation 192 

hot rolled products 45 63 64 

    98 

hot rolling 

 carbon steels 56 57(F) 

 DP steels 100 100(F) 

 MS steels 128 

 TWIP steels 139 

HSLA. See high-strength low-alloy (HSLA) steels 

HSS. See high-strength steels (HSS) 

hydraulic press cushion 184 

hydrogen flash smelting process 252–253 

I 

ICME. See Integrated Computational 

   Materials Engineering (ICME) 

IF steel. See interstitial-free (IF) steel 

IF-HS steel. See interstitial-free, high- 

   strength (IF-HS) steel 

IISI. See International Iron and Steel Institute (IISI) 
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Improved Materials and Powertrain 

   Architecture for 21st Century 

   Trucks (IMPACT) project 170 

Integrated Computational Materials Engineering (ICME) 273–274 

intercritical annealing 

 carbon  63 

 DP steels 98 99(F) 

 ferrite  64 

 process 64 

 thermomechanical processing 63 

 TRIP steels 118 124 

intercritical temperature 63 63(F) 99 

    100 

intergranular corrosion 197 

International Iron and Steel Institute (IISI) 258 258(T) 

International Organization of Motor Vehicles (OICA) 2–3 

International Ultra-Light Steel Auto Body (ULSAB) 

 classes of steel, definitions 42 43(T) 

 UTS, defined 42 

 YS, defined 42 

interstitial atoms 54 

interstitial-free (IF) steel 

 energy-absorption capabilities 89 90(F) 

 springback 183 183(F) 

 in strength-elongation space 13 14(F) 

interstitial-free, high-strength (IF-HS) steel 13 14(F) 18(F) 

    49(T) 

intrinsic factors 53 

iron 

 atoms  33 

 AUST SS 45 151 

 BOF  251–252 

 carbon  253 

 composition and metallurgical phases 23 
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iron (Cont.) 

 duplex (ferritic-austenitic) stainless steels 46 

 embodied energies 253 

 Fe3C precipitates 33 

 Fe-C phase diagram 24 

 ferrite  25 

 ferritic stainless steels 45 

 hydrogen flash smelting process 252 

 iron ore 259 

 iron-carbon phase diagram 25 

 martensite 132 

 martensitic transformation 33 

 MS steels 45 

 ore to steel 20 251 

 recycling 259 

 TRIP steels 115 

 TWIP grades 48 

iron carbide (Fe3C) 25(F) 26 26(F) 

    27 269 

   See also cementite (iron carbide Fe3C) 

iron-phase diagram 25 

IS steel. See isotropic (IS) steel 

isothermal annealing 118 

isothermal cooling (TTT) diagram 30(F) 31(F) 

isothermal heat treatment curve 27 28(F) 

isothermal hold 64 118 

isotropic (IS) steel 13 14(F) 

J 

joining   220–221 
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K 

knee, the 

 avoiding 34 35 

 bainite formation 27 

 martensite 32 

 pearlite formation 27 

knee of the curve 27 29(F) 

Kyoto Protocol of 1997 250 

L 

laser plasma welding 217 

laser welding 217 

LCA. See life cycle assessment (LCA) 

LDC. See lightweight design coefficient (LDC) 

LDH. See limiting dome height (LDH) 

LDR. See limiting drawing ratio (LDR) 

life cycle assessment (LCA) 257–259(F,T) 

 aluminum, switching from low-carbon steel 258–259 

 aluminum to low-carbon steel, switching from 258–259 

 automobiles 257 

 CO2 equivalents, saving 259 

 embodied energy for aluminum 258 258(T) 

 embodied energy for steel 258 258(T) 

 energy demands, typical vehicle 257–258 258(F) 

 FSV program 259 

 life cycle greenhouse gas emissions, typical car 257 257(T) 

light vehicle total weight 

 2010 light vehicle 1 

 material share of finished curb weight trends 171(F) 

light vehicles 

 AHSS content (North America 2006) 173(F) 

 AHSS content (North America 2006–2012) 160(F) 

 AHSS content, projections 200 
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light vehicles (Cont.) 

 carbon footprint 6(T) 

 flat rolled steel (2010) 16 

 flat rolled steel content (2010) 17(F) 

 historical and projected AHSS content 174(F) 

 material share percent of finished curb weight 171(F) 

 shift from high-density and moderate-strength materials 171 

lightweight design coefficient (LDC) 21 21(F) 

lightweight materials 

 AHSS  10 

 aluminum alloys 11–12 

 cost benefit analysis 10 

 cost penalties for reducing mass 10 11(F) 

 cost summary of ULSAB 11 11(T) 

 examples 9 

 fuel efficiency 9 

 HSS  10 

 life-cycle cost 10 

 product cost 10 

 specific strength of 12(F) 

 structural performance 10 

 weight savings and costs 10 10(T) 

lightweighting 9 193 

limestone  252 259 

limiting dome height (LDH) 

 DP 750 156(F) 

 SS 900  156(F) 

 AUST SS 155–156 156(F) 

 hemispherical punch forming tests 81 82(F) 

limiting drawing ratio (LDR) 85 85(F) 

liquid zinc  197 

liquid zinc embrittlement 197 

loading, modes of 39 

lock beads  187–188 
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low alloy steels 

 AISI/SAE composition ranges 44(T) 

 AISI/SAE designation systems 44(T) 

low-carbon steel 

 alloy content in one type of advanced 

   high-strength steel 261(T) 

 alloy content in one type of low-carbon steel 261(T) 

 aluminum, versus 258–259 258(T) 

 carbon content 44 

 coefficient of expansion 197 

 dual-phase (DP) grades 47 

 heat treatment 96 

 resistance welding performance study 219 

low-cycle fatigue 75 

lower yield strength (LYS) 92(F) 

M 

magnesium alloys 

 ductility 12 13(F) 

 fuel efficiency, improving 9 

 yield strength 12 13(F) 

magnetic separation 260 

manganese 

 alloy steels 44 

 AUST SS 45 48 152 

 austenite 24 

 HSLA  44 45 

 MS grades 48 

 MS steels 128 

 second generation AHSS 61 

 stainless steels 45 

 TWIP grades 48 

 TWIP steels 135 137 145(T) 
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martempering 

 conventional 38 

 ferrite  38 

 TTT diagram 37 37(F) 

martensite 

 conventional quenching/tampering 38 

 definition of 23 

 DP grades 47 

 ductility 33 

 formation from austenite 34 35(F) 

 importance of 32 128 

 iron  132 

 microstructure 33(F) 

 microstructure, effect of cooling rate on 34(F) 

 production of 127 

   (see also Martensitic stainless (MS) steels) 

 properties, temperature effects on 32 

 softening 32 128 

 strengthening mechanism 34 

 tampering 33 34 35(F) 

 tempered 127 

 tempered martensite, properties 128 

 tempering 132 132(F) 

 transformation 33 

 transformation to 32 

 yield stress 132 132(F) 

 YS   132 

martensite islands 95–96 95(F) 98 

    99 101 

martensitic (MS) grades 

 alloying elements 48 

 carbon content 48 

 fundamentals 48 

 tampering 48 
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martensitic (MS) grades (Cont.) 

 UTS  48 

martensitic (MS) steels. See also martensite 

 alloying elements 128 

 applications 133 

 atoms  127 

 attributes 133 

 carbon  45 48 

 carbon content 128 

 compositions 127–128 

 deformation mechanism 128–129 

 ferrite  127 131 132 

 hot formed steels 131–132 

 hot forming 130–132(F) 

 iron  45 

 martensite 128 

 mechanical properties 129–130(F,T) 

  downgaging 129 

  ductility 129 

  engineering stress-strain curves 129–130 130(F) 

  mechanical properties 129 129(T) 

  tensile strength 130 

  tensile strength range 129 

  tensile strength-total elongation space 129 129(F) 

  true stress-strain curves 129–130 130(F) 

  YS  130 

 microstructures 127–128 128(F) 

 overview 127 

 postquench tempering 127–128 

 processing of 128 

 quenching 131 

 in strength-elongation space 14 14(F) 

 tensile strength-total elongation space 129 129(F) 

 thermomechanical processing 64 
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martensitic (MS) steels (Cont.) 

 total elongation 129 129(T) 

 welding 196 197 

martensitic stainless (MS) steels 

 applications 45 

 carbon content 45 

 fundamentals 45 

martensitic transformation 33 52 127 

    137 141 

mass efficiency measure 21 21(F) 

mechanical twins 

 Fe–30Mn steel 207 207(F) 209(F) 

 manganese 137 

 plastic deformation 51 56 135 

 SFE  51 136 

 TRIP steels 118 

 TWIP grades 48 

 TWIP steels 137 140 141–143 

    142(F) 

mechanical working. See strain-hardening 

microalloying 45 

MIG pulse/ac welding 217 

MIG pulse/dc welding 217 

MIG/laser-assisted welding 217 

mild (MILD) steel 

 MS 1300 218 

 MS 1400 84(F) 

 arc welding 196 

 drawbead restraining forces 231 

 press energy 179 179(F) 180 

 springback 180 

 in strength-elongation space 13 14(F) 

 tensile strength versus elongation chart 61(F) 62(F) 

 twin boundary hardening 56 
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MILD steels. See mild (MILD) steel 

miles per gallon (mpg) 7 

modulus of elasticity 71 222 222(T) 

molybdenum 

 alloy steels 44 

 AUST SS 151 

 HSLA  44 

 MS grades 48 

 MS steels 128 

 stainless steels 45 

mpg. See miles per gallon (mpg) 

MS grades. See martensitic (MS) grades 

MS steels. See martensitic (MS) steels 

multi-point cushion systems 234–235 

N 

nanosteels  272 273 

 atoms  271 

 bulk nanomaterials 272 

 crystalline nanomaterials 271–272 

 defined 271 

 ferrite  272 

 Ford Motor Company 273 

 General Motors 273 

 grain boundaries 271–272 

 grain size 272 

 Hall-Petch equation 272 

 heat treatment 272 

 NanoSteel Company, Inc. 272–273 273(F) 

 nanostructured, cold formable sheet AHSS 272 

 properties 271 

 strength-elongation performances 272 
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National Highway Traffic Safety 

   Administration (NHTSA) 6 6(T) 

 fuel/emission requirements, model years 2017–2025 7 

National Institute of Standards and 

   Technology (NIST) 204 

National Science Foundation (NSF) 205 256 265–266 

necking 

 AUST SS 155 

 TWIP steels 142 

next-generation tactical vehicle 170 

NHTSA. See National Highway Traffic 

   Safety Administration (NHTSA) 

nickel 

 alloy steels 44 

 AUST SS 45 48 151 

    152 

 austenite 24 

 duplex (ferritic-austenitic) stainless steels 46 

 HSLA  44 45 

 MS grades 48 

 MS steels 128 

 precipitation-hardening stainless steels 46 

 second generation AHSS 61 

 stainless steels 45 

 TRIP steels 115 

niobium 

 AUST SS 151 

 CP grades 47 

 CP steels 107 108 

NIST. See National Institute of Standards 

   and Technology (NIST) 

nitriding  190 

nitriding plus physical vapor deposition 191 
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nitrogen 

 AUST SS 45 48 

 bake hardening 91 

 stainless steels 45 

nitrogen cushions 232 

nitrogen cylinders 184 236 236(F) 

nonautomotive applications 169–171(F) 

 applications 170(F) 

 IMPACT project 170 

 improve performance/reduce costs, examples 170(F) 

 next-generation tactical vehicle 170 

 steel packaging 170–171 

nonferrous alloys 9 

nonmetallic lightweight materials 9 

normalizing 37 

North America 

 flat rolled steel delivered (2010) 16–17 17(F) 

 projected light vehicle production 2–3 3(F) 

 world auto production 2–3 

North American light vehicles 

 downgaging limits 194 

 weight 2010 194 

NSF. See National Science Foundation 

   (NSF) 

O 

OEMs. See original equipment 

   manufacturers (OEMs) 

OHF. See open hearth furnace (OHF) 

open hearth furnace (OHF) 251 252 

original equipment manufacturers (OEMs) 

 categorization scheme, flat rolled steels 42 

 segmentation of flat rolled steel grades 43(T) 
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P 

packaging steels 170–171 

PACVD. See plasma-assisted chemical 

   vapor deposition (PACVD) 

paraequilibrium 269 

partitioning 269 

   See also quenching and partitioning (Q&P) process 

 carbon partitioning 270 270(F) 

 DSTC process 270 

 novel processing methods 268 

 third generation AHSS 263 

Partnership for New Generation of 

   Vehicles (PNGV) 204 

pearlite 

 definition of 23 

 eutectoid steel, microstructures resulting 

   from fast and slow CCR 30 31(F) 32 

 ferrite  26(F) 32 

 isothermal transformation of eutectoid 

   steel from austenite to pearlite 27–28 29(F) 

 knee, the 27 

petroleum 

 CO2 emissions, from gallon of fuel 6 6(T) 

 U.S. petroleum production/consumption 

   (all sectors) 1973–2035 3–4 3(F) 

 U.S. petroleum production/consumption 

   (transportation sector) 1973–2035 4 4(F) 

 world demand 3–4 

phase transformations 53 55–56 

phosphorus 44 45 

physical vapor deposition (PVD) 191 
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plain carbon steel 

 AISI/SAE composition ranges 44(T) 

 AISI/SAE designation systems 44(T) 

 carbon content, effect on mechanical properties 39(F) 

 ductility 39 

 effect of microstructure on mechanical 

   properties 40(F) 

plasma-assisted chemical vapor deposition (PACVD) 191 

plastic deformation 51 53 192 

plastic flow 38 

plastic strain 72–73 83 210 

    211(F) 

plastic zone 89–90 

postquench tempering 128 

post-stretch process 187 

precipitation hardening 

 AHSS  18 

 overview 54 

 stainless steels 46 46(T) 

press load  179 179(F) 

press requirements 177–180 

 DP 600 178 178(F) 

 flow stress 178 

 forming load 178 

 hat-section cross member 179 179(F) 

 HSLA 450 178 178(F) 

 load and energy required for forming 178 178(F) 

 press energy 179–180 179(F) 

 press load 179 179(F) 

 thickness reduction 178–179 

 uniaxial tensile testing 177–178 

pressure cushions. See active binders 

pre-strain (PS) 92(F) 

programmable binders. See active binders 
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progressive crush zones 78–79 

PVD. See physical vapor deposition (PVD) 

Q 

quench hardening 55–56 

quench hardening (phase transformation) 55–56 

quenching 

 austenite to martensite 34 35(F) 

 conventional 38 

 DP steels 96 98 

 ferrite  38 

 hot forming 192 

 MS steels 128 131 

 plain carbon steel 40 42(F) 

 TWIP steels 139 

quenching and partitioning (Q&P) process 269–270 270(F) 

R 

real-time process control 228–230 

 binder force trajectory 228 

 closed-loop system 228 229–230 230(F) 

 feedback process control 229 229(F) 

 successful and failed cups 229 229(F) 

 tearing  228 

 wrinkling 228 229–230 

recovery  57 

recovery annealed steel, RA 830 218 

recrystallization 57 

recycling  259–261(F,T) 

 alloy content in one type of advanced 

   high-strength steel and low-carbon 

   steel 261(T) 

 carbon content 260–261 
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recycling (Cont.) 

 iron ore 259 

 life cycle of steel 259–260 260(F) 

 magnetic separation 260 

 steel, recycled annually 259 

 steel recycling rate 260 

 vehicles 260 

residual stress 186–187 

   See also springback 

resistance spot welding 

 automotive industry 195 

 components 195(F) 

 process 195 195(F) 

 process conditions 196(F) 

 welding guidelines 195–196 

 welding schedules, modifications to 221 

resistance welding performance study 218–219 218(F) 

room-temperature dynamic strain aging 146–147 

rules of mixtures 266 

S 

safety zone 78 78(F) 79 

scanning electron microscope (SEM) 

 Fe–24Mn 208(F) 

 Fe–28Mn 210 

 Fe–30Mn 207(F) 

 grain sizes, DP steels 97 97(F) 

second moment of inertia 193 

segmented flexible binders 239–243(F) 

 closed-loop flexible binder control system 239–242(F) 

  binder force trajectories 241–242 242(F) 

  FEA simulation 241 

  liftgate die mounted in mechanical press 240(F) 

  liftgate inners 241 241(F) 
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segmented flexible binders 

 closed-loop flexible binder control system (Cont.) 

  segmented lower die for liftgate panel 240(F) 

  splits 241 

  wrinkling 241 

 USCAR program 239–242(F) 

selenium  44 

sensitization 197 

shape-set process 187 

sheet metal 

 corrugation 72 194 

 deep drawing 83–85(F) 

 dimpling 72 194 

sheet metal forming. See also real-time process control 

 active drawbeads 230–231 

 component thinning 81 

 deep drawing 83–85(F) 

 flow localization 81 

 grid deformation 83 

 springback 180 

 strain distribution 230 

 system  187 188(F) 

sheet metal forming system 188 188(F) 

sidewall curl 180 183(F) 184 

silicon 

 alloy steels 44 

 AUST SS 151 

 DSTC process 271 

 HSLA  44 45 

 MS grades 48 

 MS steels 128 

 TRIP steels 115 117 

 TWIP steels 135 
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slip 

 AUST SS 153 

 deformation by dislocation glide 51 

 grain boundary/gram refinement hardening 55 55(F) 

 mechanical working 54–55 

 nanosteels 272 

 SFE  141 

 solid-solution strengthening 54 

 strengthening mechanisms 53 

 twinning 136 

 twins  136 

 TWIP steels 210 

slip plane  51 51(F) 54 

    55 136 

slip systems 53 136 153 

SMDI. See Steel Market Development Institute (SMDI) 

S-N curves 

 CP steels 110 111(F) 

 DP steels 104 104(F) 

 fatigue  75 

 fatigue characteristics 76(F) 

 HSLA steels 77(F) 

 TRIP steels 77(F) 

solid-solution hardening 72 135 137 

solid-solution strengthening (alloying) 18 45 54 

solid-state diffusion 26 

solute atoms 54 

splits   216 236 241 

spot weld  218 218(F) 

springback 

 active binders 232 234 

 AKDQ steels 180 

 allowance 180 

 bending forces 184 
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springback (Cont.) 

 binder force profile in a shape-set process 187 187(F) 

 body panels 185 

 computer simulation 186 

 curl radius 184 185(F) 

 drawbead penetration 184 184(F) 

 drawing component 180 

 elastic recovery 180–181 181(F) 

 explained 180–181 

 formed U-channel 180 181(F) 

 hot forming 192 

 HSLA  180 

 IF steel 183 183(F) 

 magnitude of 186 

 metal flow, controlling 184 

 MS steels 182(F) 

 overview 180 

 post-stretch process 187 

 profiles 183 183(F) 

 punch radii 184 

 punch radius 184 184(F) 

 reducing 184 187 

 removing 180 

 shape-set process 187 

 stamped components 185 

 Standard Test Method for Evaluating 

   Springback of Sheet Metal Using 

   the Demeri Split Ring Test 186–187 186(F) 

 stretch forming 180 

 U-channel forming 182–183(F) 

 variable binder force control 184–185 

 YS, effect on 181–182 182(F) 

springback allowance 180 
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stacking fault energy (SFE) 

 Fe–22Mn–0.6C steel 52 

 fundamentals 51–52 

 overview 136 

 TRIP effect 52 140 141 

 TWIP effect 52 140 

 TWIP steels 135 137 140 

stacking fault (SF) 51 

stacking faults 136 

stainless steels 46 46(T) 

 alloying elements 45 

 austenitic stainless steel (see austenitic 

   stainless steels (AUST SS)) 

 carbon content 45 

 chromium 45 

 duplex (ferritic-austenitic) stainless 

   steels (see duplex (ferritic- 

   austenitic) stainless steels) 

 ferritic stainless steels (see ferritic stainless steels) 

 fundamentals 45–46 

 martensitic stainless (MS) steels (see 

   martensitic stainless (MS) steels) 

 precipitation-hardening 46 46(T) 

 properties 45 

 relative properties, comparison of 46(T) 

 SS301LN 67–68 68(F) 

stamped components 

 real-time process control 228 

 springback 185 

stamping  225–227(F) 

 binders 227 

 flexible binders 236–243(F) 

 multi-point cushion systems 235 

 tooling  227 227(F) 
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Standard Test Method for Evaluating 

   Springback of Sheet Metal Using 

   the Demeri Split Ring Test 186–187 186(F) 

steel fundamentals 

 annealing 57 57(F) 

 categories (see steels, categories) 

 compositions and metallurgical phases 23–25(F) 

 deformation mechanisms 50–53(F) 

 deformation processing 56–57 57(F) 

 microstructure and heat treatment 25–38(F,T) 

 overview 23 

 strengthening mechanisms 53–56(F) 

 structure-property relationships 38–41(F,T) 42(F) 43(F) 

steel industry projects 199–203(F,T) 

 AISI  199–200 

 ASP  199 

 FSV  200–203 201(F) 202(F) 

    203(T) 204(F) 

 light vehicle programs/results 203(T) 

 SMDI  199–200 203 

 ULSAB 200 

 ULSAB-AVC 200 203 204(F) 

 ULSAC 200 

 ULSAS 200 

 ultra-light steel family research programs 200 201(F) 

 WAS  199 200 203 

Steel Market Development Institute (SMDI) 199–200 203 205 

    273 

steels. See also individual types 

 advanced (see advanced steels) 

 advantages of 1 

 AHSS (see advanced high-strength steel (AHSS)) 

 alloy editions 41–42 

 versus aluminum alloys (cost advantage) 11–12 
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steels (Cont.) 

 applications 23 

 austenitizing 38 

 automotive industry 13–15 14(F) 

 BH steel (see bake-hardenable (BH) steels) 

 carbon content 23 

 cooling rates, effect on microstructure 35(F) 

 cost advantage 15–16 16(T) 

 dependence of the eutectoid temperature 

   on alloy concentration 25(F) 

 ductility 12 13(F) 

 elongation-strength-hardness chart 50(F) 

 embodied energy 258 258(T) 

 endurance limits 76 

 energy and emissions for producing 253 253(T) 

 energy required for ore conversion and 

   embodied energy 253 253(T) 

 evolution of 13 

 ferrite  23 

 forming limit diagrams, comparison of 69 70(F) 

 grades in automobiles 13 

 heat treating 36–38(F) 

 heat treatment 27–30(F) 

 HSLA (see high-strength low-alloy (HSLA) steels) 

 HSS (see high-strength steels (HSS)) 

 HSS development over time 13 14(F) 

 IF steel (see interstitial-free (IF) steel) 

 importance of 12–17(F,T) 

 iron  23 

 IS steel (see isotropic (IS) steel) 

 light vehicle total weight (2010) 13 

 low-alloy and high-alloy, boundary between 41 

 mechanical properties, determining 64 
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steels (Cont.) 

 mechanical/performance properties, determining 38–39 

 microstructural effects on mechanical roperties 41(T) 

 microstructural features 27 

 microstructure, effect on strength 39 39(T) 

 microstructures of various phases of steel grades 43(F) 

 MILD steel (see mild (MILD) steel) modes of loading 39 

 North American shipments 2010 16(F) 

 production 2011 13 

 recycling rate 260 

 steel grade selection 14(F) 15 

 versatility of 1 

 yield strength 12 13(F) 

steels, categories 41–50(F,T) 

 AISI and ULSAB definitions 43(T) 

 AISI/SAE and UNS designation systems 

   and composition ranges 44(T) 

 alloy steel (see alloy steels) 

 alloying elements 41–42 

 automotive industry 49–50 49(T) 

 BH steel (see bake-hardenable (BH) steels) 

 carbon steels (see carbon steels) 

 definitions of 42 

 ductility-strength-hardness chart 50(F) 

 elongation-strength-hardness chart 49–50 50(F) 

 groups in each category 49(T) 

 HSLA (see high-strength low-alloy (HSLA) steels) 

 segmentation of flat rolled steel grades by OEMs 43(T) 

 stainless steels (see stainless steels) 

 strength-elongation relationships 49(F) 

 tensile strength ranges 49(T) 

stiffness 

 automotive applications 160 

 bending stiffness 222(T) 
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stiffness (Cont.) 

 buckling stiffness 222(T) 

 corrugation 72 

 defined 71 193 

 dimpling 72 

 downgaging 177 193 

 downgaging limits 193–194 

 increasing 194 

 measured by 71 

 modulus of elasticity 71 

 performance evaluation 222 222(T) 

 specimen stiffness 222 

 steels  193–194 

 torsional stiffness 21 

strain-hardening 72–75(F) 

 AHSS  46 59 72–75(F) 

 AUST SS 154 156 

 crash performance 20 

 DP steels 47 73 92 

    93(F) 97 102 

 energy absorption 20 

 flexible rolling 244 

 grain size 97 98(T) 
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