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Development of High Strength Steels for Automobiles

Abstract

Manabu TAKAHASH*

High strength steels have been intensively applied to autobodies to improve crash-

worthiness without increasing the body weight under a strong pressure of the re-

guirements for fuel consumption, energy saving and crashworthiness. One of the

critical problems of the usage of high strength steels for autobodiesis a deteriora-
tion of pressformabililty with increasing the strength. Different types of high strength
steels have been developed at Nippon Steel Corporation to respond to the require-
ments of auto-companies. The features of these high strength steels with different

kind of pressformability will be summarized here with their performances of crash

energy absorption property, fatigue strength and so on.

1. Introduction

Automobiles play an important role in part of our daily life. This
makes it necessary to incessantly try to reduce their production cost
in line with the innovation of production technology. At the same
time, measures are being taken toward the reduction of fuel cost and
theimprovement of safety so that eagerly-pursued harmony with the
social and natural environment can be established. It is safe to say
that thin steel sheetsfor automobiles have made progressin respond-
ing to the market needs. In recent years, it has become one of the
most important tasks for automobiles to make the reduction in weight
of auto bodies compatible with theimprovement of crashworthiness,
particularly with the aim of reducing CO, gas emissions by improv-
ing fuel consumption. The applications of high strength steel sheets

are expanding as one of the means of satisfying those demands con-
flicting with each other. Steel sheets for automobile components are
required to have different strength characteristics from part to part
(Table 1). Except for the cases in which the effects of characteristic
improvement due to an increase in steel sheet strength cannot be
expected, including rigidity, corrosion, and fatigue strength at welded
parts, enhancing the strength of steel sheetsis considered to contrib-
ute to thinning, that is, weight reduction, of steel sheets.

According to the research in 1998 by the High Strength Steel
Sheet Working Group, a substructure of the joint research society of
Iron and Steel Institute of Japan and Society of Automotive Engi-
neers of JAPAN, in 2002, the 4th year, the following classes of steel
strength were expected to be the average strength levels®:

Table1 Required propertiesand main controlling factors of various vehicle parts

Part Required properties
Panel rigidity Dent resistance | Member rigidity | Fatigue strength | Crash strength

Outer panels Door outer, etc. O o
Inner panels Floor, etc. O o o o

Front rail, rear pillar, etc. O o o
Structura parts | Front side member, sidesill, etc. O o O

Door reinforcement, etc. o o O
Underbody parts | Suspension arm, disc wheel, etc. O O
Main controlling factors apart from thickness of steels | Young'smodulus | Yield strength | Young'smodulus| Tensile strength | Tensile strength

*1

Steel Research Laboratories



Exposed panels: 340 MPaclass
Structural members including pillars and other members
: 440-550 MPaclass
Reinforcement : Ultrahigh strength steel partly over 1,000 MPa
class

Chassis : 490-590 MPaclass

In this report, with auto parts classified into exposed panel, struc-
tural, reinforcement, and chassis parts, the characteristics of high
strength steel, expected to be applied to respective parts, are mainly
described.

2. Pressformability of high strength steel sheetsfor

automobiles

Thin steel sheets are required to have not only the strength char-
acteristics to be applied to respective components, but also the press
formability into various complicated shapes. Steel sheets for auto-
mobiles are generally press formed into final components, and their
press formability can be classified into four modes as Fig. 1 shows?.
Steel sheets are press formed between the punch and the die after
blanking to appropriate sizes in the following modes:

1) Deep-drawing, also called shrink flanging, by which alarge formed
height can be secured by pouring the material effectively in be-
tween the punch and the die as represented by cup forming

2) Stretching in which the material is stretched in a manner to inflate
aballoon by thinning the material

3) Stretch flanging in which the cutting edge of materials experi-
ences a large tensile deformation in a manner to expansion of
pieced hole

4) Bending

All the parts are actually formed by acombination of those modes.
Since the required properties of steel sheet ,which are obtained by
mechanical tests, depend on the press forming mode, Nippon Steel
has so far developed different types of steel sheets for each press
forming mode to be applied.

In deep-drawing , since the flange part is required to reduce its
volume between tools, shrinking is essential for this part. Such de-
formation characteristics are represented, for example, by alimiting
drawing ratio (LDR), which isthe ratio between the maximum disk
radius and the radius of a cylindrical cup to which the disc can be
drawn successfully. LDRis known to be closely interrelated with the
plastic anisotropy (r-value) of asteel sheet. Those characteristics play
an important role, particularly in the inner and outer panels of auto
bodies, and various methods such as reducing the carbon content in
asteel sheet and fixing carbon and nitrogen atoms by Ti and Nb, are
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Fig. 1 Categoriesof deformation modein pressforming of sheet steels
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adopted to improve r-value. It is not easy, however, to enhance r-
valuein high strength steels more than 500 MPain tensile strength.

Stretching aims at securing a domed height while reducing sheet
thickness without allowing the influx of material, and is represented
by limiting dome height(LDH). LDH is known to be closely interre-
lated with the ductility, particularly with the uniform elongation of
steel. Sinceit is generally impossible to secure large r-value in high
strength steel sheets as described above, stretching, that is, ductility,
isthe most common index of pressformability of high strength steels.
Since the ductility is known to decrease with increasing the strength,
stretchability generally decreases with increasing the strength of
steels.

Stretch flangeability indicates the formability of the edges, par-
ticularly cutting edges. It istypically evaluated by the hole expand-
ing test in which a pierced hole is expanded with a conical punch. A
ratio of diameters of the hole before (do) and after (d) hole expan-
sion test is used as an index (Hole extension ratio A (%) = 100 x (d —
do)/do), and is known to correspond well to the local ductility. The
ratio is known to be improved by increasing r-value. However, since
the r-value of high strength steels is generally less than 1.0, other
controlling factors become important. Although stretch flangeability
is also known to decrease with increasing the strength, the effect of
microscale uniformity is noticeable. The more uniform the micro-
structure, the better stretch flangeability can be obtained. Itis, there-
fore, important to reduce the amount of hard carbide and oxide par-
ticles, and to disperse them finely. Stretch flangeability isalso known
to be influenced strongly by microstructure.

Bending poses a problem, particularly at very high strength lev-
els. Bendability can also be construed similar to stretch flangeability
asaflacture dueto alarge local deformation, and can be put in order,
for example, by the scatter of hardness (corresponding to the distri-
bution of hard and soft phases of microstructure) for 980M Pa-class
steel. Accordingly, the improvement of bendability can be achieved
by the same concept as in the improvement of stretch flangeability.

3. High strength steel sheets for automobiles and

their characteristics

As described above, due to the differences not only in the charac-
teristics required for the parts of an automobile, but also in the level
of strength mainly applied, parts are classified into panels, structural
parts, reinforcements, and chassis, and high strength sheets suited to
the respective parts are discussed.
3.1 High strength steel sheetsfor panels

Since the panels are generally expected to be formed by deep
drawing, IF (Interstitial Free) steel iswidely used, in which, solute C
and N atoms are fixed by Ti and Nb as precipitatesin ultra-low car-
bon steels. Extremely formable steel sheet with averagevauer =2.5
and work hardening coefficient n = 0.27 has been developed by a
combination of grain refinement of ferrite through high reduction
hot rolling at low temperatures and accel erated cooling immediately
after hot rolling, high reduction cold rolling, and high-temperature
annealing®. This steel sheet is considered to contribute to the reduc-
tion in production cost by saving metal die cost and the omission of
joining processes through theintegrated forming of complicated parts.
3.1.1High BH steel sheets

Exposed panels are required not only to have panel rigidity to be
determined by the Young's modulus, thickness, and geometric con-
figuration of the parts, but also to be resistant to denting (dent resist-
ance) when they are pushed by fingers or struck by small stones.
Although it is effective to increase yield strength for the improve-
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ment of the dent resistance, it is necessary to maintain yield strength
below 240MPa so that high surface quality can be secured against
surface distortion in press forming. To satisfy those conflicting re-
quirements, baking-hardenable (BH) steel sheets with low strength
(low yield strength) at pressforming stage and with high yield strength
in use, have been devel oped and commercialized.

The BH effect stands for a phenomenon in which C and N atoms
remaining in solid solution diffuse to dislocations introduced by press
forming during baking after coating (corresponding to heat treat-
ment at 170 °C for 20 minutes) and pin the dislocations resulting in
an increase in yield strength. Accordingly the higher the amount of
solute C and N, the higher the bale hardenability can be obtained.
However, solute C and N atoms remaining in a steel sheet can cause
an aging, resulting in a surface defect called stretcher-strain due to
yield point elongation. Since stretcher-strain is not practically ob-
served when the yield point elongation after one-hour of accelerated
aging heat treatment at 100 °C islessthan 0.2%", the practical amount
of BH isaround 30 - 50 MPa (Fig. 2).

There are two methods by which BH steel sheets are manufac-
tured using ultra-low carbon steel as follows: oneiswhen C and N
are added more than the stoichiometry of Ti and Nb, and the other,
when the addition of C and N is less than the stoichiometry. In the
former case, it is known that the presence of the solute C and N
atoms can prevent the development of desirable crystal texture good
for r-value. On the other hand, in latter caseit is necessary to alow a
proper amount of C atomsin solid solutionin thefinal product through
dissolving of carbide particles during high-temperature annealing.
Nippon Steel has commercialized high-BH steel sheets at 270 and
340 MPalevels employing a method to control the amount of solute
C and N with the addition of appropriate amount of Ti and Nb ad-
justed to the alloy chemistry without adopting costly disadvantageous
high temperature annealing®.

3.1.2 High strength steel sheets with excellent deep-drawability

Application of higher strength steelsto outer panels has aready
been under consideration by some automobile manufacturers. A 440
MPa class high strength steel sheet with excellent press formability
with atotal elongation of 38.3%, n-value of 0.24, and r-value of 1.95
was developed by solid solution hardening Nb-Ti bearing ultra-low
carbon steels with P, Mn, and Si®. As a special example, a high-r-
value high-strength steel sheet has also been developed at alevel of
590 MPawith r-value of 1.9 by strengthening Ti bearing IF steel
with high r-value after cold rolling and annealing, with Cu precipita-
tion through successive heat treatment at around 600°C?.

3.2 High strength steelsfor structural partsand reinforcements

Many of the structural parts are used to protect passengersin the
case of acar crash, and are expected to be strengthened most ur-
gently in line with the intensifying safety regulations and the grow-
ing demand for fuel consumption. These parts secure asurvival space
for passengers on a frontal collision not only by absorbing energy
through the buckling and bending of the structural parts, such as a
front-side member, thus to reduce physical injury to passengers, but
also by preventing the engine and its peripherals from breaking into
the cabin space. On the other hand, in the case of side collision, the
plastic deformation of the structural parts reduces passenger survival
space. Therefore, the structure is designed as rigid as possible to
minimize thrusts into the cabin.

For example, in the case of a part, such as a front-side member,
which experiences an axia crash at a collision, the deformation speed
at cornersis known to reach to about 1000/s of strain rate, which is
one million times faster than the deformation speed in the normal
tensile testy. Hereinafter, the normal tensile test is called “static”,
and the other at 1000/s, “dynamic”. The capacity of the energy ab-
sorption of a component at a collision event can be obtained either
by FEM analysiswith the proper constitutive equation in which strain
rate dependenceis taken into account, or by the direct meas-urement
using aweight drop tester. It has been shown by the FEM analysis
that the absorbed energy during an axial crush of square tubes shows
linear relationship with the dynamic flow stress at strains below about
10%°. In the case of a part such as a center pillar, it can be said that
the higher the strength of the materials the more effective to preserve
the survival space of passengers.

It is, therefore, essential to make accurate measurement of dy-
namic stresses in order to assess the deformation behavior and ab-
sorbed energy of components during crash. We then installed One-
Bar method high-speed tensile test machine at Nippon Steel®. The
load during a dynamic tensile test is measured as the elastic defor-
mation of the 5 m long output bar. In the high speed mechanical test,
the load measurement is designed to complete before a shock wave
transmits into this output bar and returns to the position of the strain
gage for load detection, enabling to measure a smooth stress-strain
curve not influenced by the shock wave without filtering. Further-
more, a peak, induced by the impact test method, occurring at the
initial part of the stress-strain curve can be eliminated by controlling
the local oscillation at the end of the output bar thus to render highly
precise measurement possible.

3.2.1 Highly ductile multi-phase steel sheets for crashworthiness

Structural components and their reinforcements, expected to ab-
sorb energy on collision, are required to have good formability en-
ableto press-form into complicated shapes. Stretchability, which well
corresponds to elongation, plays an important role for high strength
steels in press forming since high r-values cannot be expected in
high strength steels. It iswell established that elongation generally
decreases with increasing the strength of steel sheets. It is known,
however, that DP (Dual-Phase: ferrite + martensite microstructure)
steel with soft ferrite as amajor phase, or low aloy TRIP (Transfor-
mation Induced Plasticity: ferrite + bainite + residual austenite) type
multi-phase steel (designated aslow alloy TRIP steel hereafter) show
larger elongations than the precipitation, solid solution and transfor-
mation microstructure hardened steel sheets with the same strength®.

Galvanealed DP steel sheets with alarger elongation than the
conventional steels have aso been devel oped and commercialized™.
TRIP steels were first reported by Zacky et al™. in highly alloyed
systems . The low aloy TRIP steels are, however, the steels with



retained austenite which is stabilized with inexpensive carbon in
steels. The low alloy TRIP steels contain several to some 20% of
residual austenite. AsFig. 3 shows, austenite transformsto hard (high
carbon) martensite as plastic deformation proceeds. As aresult, the
steelsexhibit an extremely high work hardenability throughout awide
rage of strain, and thus show a good stretchability®? (Fig. 4).

It isworth to note that the low aloy TRIP steels show an excel-
lent deep drawability as well as stretchability. This good deep
drawability can be understood as follows. Since the martensite trans-
formation isinfluenced by the deformation mode, the amount of trans-
formed martensite obtained during the deep drawing at the flange
area, at which the deformation mode is shrink flanging, is smaller
than that at the wall area under plane strain mode (Fig.5). This dif-
ference in transformation from austenite to martensite makesthe wall
area stronger than flange area. As a result, the flange area can be
pulled into the die very smoothly without any breakage at the wall.

Although the difference between dynamic and static stresses (dy-
namic-static difference) decreases with increasing the strength of
steels, it has been recognized that the dynamic-static differenceis
influenced by the way of strengthening. Asis clear from Fig. 6, DP
and low alloy TRIP steelswith ferrite asamajor phase show a higher
energy absorbing property than the conventional high strength steels,
particularly after pre-deformation and baking treatment®. One of the
reasons is that those multi-phase steel sheets show relatively large
BH effects. An enhancement of the transformation from retained aus-
tenite to martensite especially at small strains by increasing the strain
rate is also another reason for the higher dynamic-static difference.
The fact that ferrite as a major phase is softer than that in the steel
with solid solution or precipitation strengthened steels, is also one of
the reasons of the high strain rate dependence. Calculated crash ab-
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sorbed energy of asquare tube is platted against total elongation in
Fig. 719. Energy absorbing capacity increases with the strength of
steels. However, the elongation of steel sheets decreases with in-
creasing the strength of steels, making it difficult to press-form into
complicated shapes. However, DP and TRIP steels can be consid-
ered as desirable high strength steels for crashworthy parts since they
have not only a high energy absorbing capacity but also alarge elon-
gation.
3.2.2 Ultra-high strength steel sheets

Ultra-high strength steel sheets with the tensile strength of 980
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MPaor more have been applied to bumper reinforcement and to com-
ponents for complying with side crash. Not only elongation but also
bendability and stretch flangeability are important factors of form-
ability for these ultra-high strength steels. It is effective to adopt mixed
microstructure to improve el ongation as described above. Cold-rolled
DP steels up to 1,180 MPain tensile strength have been devel oped
and commercialized. However, the mixed microstructure of a soft
phase and a hard phase is considered to be disadvantageous for the
improvement of bendability. Homogeneity of microstructure, which
can be characterized by a standard deviation of the micro-hardness,
is more important to improve the bendability as shown in Fig. 8.
Furthermore, as reported in thisissue, 980 M Pa grade high strength
steelswith various types of formability requested for different appli-
cation have a so been devel oped and commercialized.
3.3 High strength steel sheetsfor chassis

Fatigue strength and corrosion resistance as well asrigidity are
strongly required for chassis as described above. Hot rolled steels
are widely used for chassis because relatively thick gauges are re-
quired.
3.3.1 Highly ductile hot-rolled steel sheets

The most ductile steel among hot rolled high strength steel sheets
islow alloy TRIP steel (retained austenite steel). When steel sheets
are used as hot-rolled, they are cooled after finishing hot rolling and
coiled at about 400 °C allowing bainite transformation proceed to
stabilize austenite. The elongation of low aloy TRIP steel isclosely
interrelated with the volume fraction of retained austenite. However,
when steel sheets are used as hot-rolled, it is effective to enlarge the
ratio between the volume fraction of austenite and ferrite grain size
by optimizing the hot rolling conditions and successive cooling con-
ditions'. Hot-rolled TRIP steel is not only highly ductile but also
excellent in crash energy absorbing property as described above. In
addition, because of its good fatigue resistance, it can be expected to
find various applications. Since low alloy TRIP steels have mixed
microstructure of hard and soft phases, they are generally consid-
ered to be inferior in stretch flangeability as in expanding pierced
hole. Asreported in thisissue, low aloy TRIP steelswith high stretch
flangeability have also been developed which have overcome the
above-described defects by controlling the chemica composition and
microstructure of the steel.
3.3.2High burring hot-rolled steel sheets

Stretch flanging is often applied to under-body parts in which
shared edges are stretched. As described above, this stretch
flangeability isevauated by the hole expansion test. Since the higher
the homogeneity of microstructure, the better the stretch flangesbility
can be obtained, high strength steel sheets with an enhanced stretch
flangeability (high burring hot-rolled steel sheets) have been devel-

oped by controlling the microstructure to ferrite + bainite or bainite
single phase. It is al'so worth noting that refinement of cementite
particles, inevitably present in conventional steels, is effective to
improve stretch flangeability. High burring steels of around up to
590 MPain tensile strength have been devel oped in which cementite
particles are refined through alloy addition such as Si which hasvery
low or no solubility in cementite resulting in a retardation of the
growth of cementite particles'®. Furthermore, asreported in thisis-
sue, 780 MPaclass low carbon high strength steel sheets with high
hole expansivity have also been developed and commercialized.
3.3.3 High strength steel sheets with excellent weldability

When arc welding is used to join steel sheets, attention should be
given to the fact that the strength properties could be deteriorated by
the softening at heat affected zone (HAZ) of the welding. Anti HAZ
softening steels have been developed by adding Nb and Mo which
interact with dislocations preventing their annihilation and acceler-
ating the formation of (Nb, Mo) C complex precipitates on the dislo-
cations'”.

3.3.4 High fatigue strength steel sheets

Under body structural parts including wheel discs and suspen-
sion arms, are required to have high fatigue strength. It is common to
encounter fatigue problems at welded joints, shared edges, and stress
concentrated areas depending on the geometry. Since the fatigue life
isconsidered to be determined rather by theinitiation of fatigue cracks
than the propagation of them in the case of thin steel sheets, itis
effective to increase the fatigue strength of bulk steels.

It iswell established that DP steels with mixed microstructures
of Si solid solution hardened ferrite and finely dispersed hard mar-
tensite exhibit high fatigue strength®®. L ow-cycle fatigue experiments
tells us that Si solid solution hardened hot-rolled DP steels show
high and steady cyclic stress due to the fact that the dislocation cell
structure produced at a very early stage of the fatigue test is stable.
This high cyclic resistance seems to prevent the initiation of fatigue
cracks. DP steels with excellent combination of ductility and fatigue
strength have been developed by decreasing the bulky bainite mi-
crostructure and diminishing an abnormal grain structure of amix-
ture of fine and coarse grains near the surface of the sheets'®. DP
steels with the strength up to 780 M Pa have been developed and
commercialized now. Fatigue strength is known to relate closely with
cyclicyield stress (Fig. 9). Low aloy TRIP steels also show higher
fatigue strength as DP steels than other high strength steels'®. The
high fatigue strength of low alloy TRIP steels is supported not only
by the hardening of ferrite, the major phase asin DP steels, by Si, but
also by the compressive residual stress introduced by the expansion
due to martensite transformation of retained austenite during cyclic
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Fig. 9 Effect of cyclicyield stress on fatigue limit of high strength
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loading®.

Steelswith Cu in solid-solution have also been reported to show
very high fatigue limit ratios (fatigue strength/tensile strength), due
to the retardation of recovery during cyclic loading®.

4. Conclusion

High strength steel sheets introduced here have been contribut-
ing to the weight reduction and the improvement of crashworthiness
of auto bodiesin line with the effort of auto manufacturers for the
improvement of application technologies. In order to expand the
application of high strength steel sheets further in the future, it will
be necessary to improve corrosion resistance, shape fixability, and
weldability aswell as to reduce the flactuations of mechanical prop-
erties of steels. It will be important to optimize the materials and the
methods of their application through a close cooperation between
auto companies and materials suppliers from a very early stage of
the development of automobiles such as designing to meet the re-
quirements for automobiles, namely, safety and environmental con-
sciousness.
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