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The Future of Alloy Steels

in the Automobile

by G. H. Robinson
General Motors Research Laboratories

Alloy steels and the automobile are intimately re-
lated. Most of the modern low alloy, heat treated engi-
neering steels were developed (or conceived) in response
to the needs of the industry for materials which would
survive under extreme conditions of shock and repeated
loading. Even in the early days of the industry, perform-
ance and economy requirements demanded light weight,
and thus highly stressed, mechanisms. Nickel alloy steels
were used in axles as early as 1900; by 1912 the Society of
Automotive Engineers had established the SAE number-
ing system for alloy steels and the ASTM had published
standard specifications for automotive alloy steels which
included nickel, nickel-vanadium, nickel-chromium and
nickel-chromium-vanadium alloys.! Chromium-molybde-
num steel saw application in the 1912 Wills Sainte Claire
automobile, and the carbon-manganese grade was intro-
duced by Buick in 1915.2

Today the technology of heat treated alloy steels
would appear to have reached maturity, with present
work concentrated on accurate prediction of hardenabil-
ity, microstructure and properties from chemical compo-
sition and cooling rate and the balancing of composition
to minimize cost.

Predictions of the future of alloy steels in the auto-
mobile could, therefore, involve merely a simple extrapo-
lation of current trends in alloy usage, taking cognizance
of the forces, technical or economic, responsible for the
trends.

A review of past efforts at predicting the future,
however, makes one uneasy with such a quantitative ap-
proach. In 1956, A. L. Boegehold? predicted that “the
future car [by 1980] will use no nickel in shafts or gears,”
a straightforward extrapolation, based on the then cur-
rent economic forces—the cost and availability of nickel
in the 1950s. The complete elimination of nickel has not
occurred and does not even appear likely today. He also
predicted that, by 1980, average engine compression
ratios would be greater than 11:1, using 120 octane gaso-
line (Figure 1). Again, a reasonable prediction based on
the technical forces for improved fuel economy. Actual
compression ratios of current spark ignition engines
average 8.2:1 and use fuel of about 90 octane, a conse-
quence of the then unforeseen impact of severe restric-

tions, by government regulation, on vehicle emissions.
The regulations led to catalytic treatment of the engine
exhaust, and the catalyst was poisoned or inactivated by
the lead additive used to provide high octane number.
Elimination of the additive, and the resultant lower
octane rating, required a reduction in engine compres-
sion ratio to avoid severe spark knock. The emissions
regulations thus imposed new technical forces which
invalidated the extrapolation.

Since any attempt at a quantitative update predict-
ing alloy steel applications would probably involve simi-
lar uncertainties, we have chosen to approach the ques-
tion of the future of alloy steels in the automobile quali-
tatively, by tracing the major threads of the evolution of
these materials and then identifying some present or
potential substitutes for the traditional alloy steel appli-
cations. From this background, we will define what we
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FIGURE 1—Trends in compression ratio and octane rating
as predicted by Boegehold in 1956.



2 G. H. Robinson

perceive as the major development challenges for auto-
motive alloy steels of the future.

The Past

The history of automotive alloy steels begins with
nickel, and the early days of the industry saw extensive
application of nickel steels. The preeminent position of
this class of alloy steels is reflected today in the SAE
numbering system, which assigned the 2000 series to
straight nickel steels (the 1000 series being carbon steels).
Since that time, automotive metallurgists have worked
to reduce nickel content and, thus, alloy cost, with nota-
ble success. The 2000 series is now obsolete. In the proc-
ess, a multitude of different compositions was developed
for automotive and other machine components. The
proliferation of alloy steels in the early 1900s correspond-
ing to the early growth of the industry is illustrated in
Figure 2. The activity in the automotive industry of this
period is typified by a paper appearing in the 1921 Trans-
actions of the American Society tor Steel Treating? dis-
cussing the development of molybdenum steels. The
author states: “at this time the Ford car was built for the
most part of steel which was ordered to conform to the
analysis, 0.23-0.28% carbon, 1% chromium, 0.18% vana-
dium and 0.70-0.90% manganese. This analysis was so
written that the steelmaker would average 7% of his
heats on the low side and 15% on the high side (of the
carbon range). The low carbon heats were used for case
hardened parts and the high carbon ones for oil quench-

ing (sic) parts. Thus, one specification covers all parts of
the car except specialties such as ball bearings and mag-
net steels for the magneto. On account of the monopoly
on vanadium and the royalty on its use, a search was
made for a steel which would replace the chrome vana-
dium for universal use in an automobile.” The author
went on to describe a “systematic and logical search of
the periodic system” to find a new alloy, which culmi-
nated in a series of chromium-molybdenum steels.

Advantages of the new steels were reported to in-
clude ready availability of chromium and molybdenum,
ease of production in the steel mill, improved tensile
properties and toughness, lack of sensitivity to forging
and hardening temperatures, and improved machinabil-
ity—all attributed to the presence of molybdenum.

Alloy development in the early days was character-
ized almost entirely by this “mystique” of alloys, where
individual alloying elements or combinations of elements
were considered uniquely responsible for steel proper-
ties. The mystique tended to be perpetuated by the com-
mon practice of steel producers and alloy suppliers to
publish “physical property charts,” such as that repro-
duced in Figure 3. The charts plotted the effect of tem-
pering temperature after austenitizing and quenching on
tensile strength, ductility and hardness. Since the data
were generated from tensile specimens cut from one-inch
diameter (25 mm) heat treated bars, steels that would
not completely harden in this section size compared
poorly with the higher alloy steels which did through
harden. The charts thus tended to reinforce the supposi-
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FIGURE 3—Typical “physical property” chart for a nickel-
chromium alloy steel.

tion that each alloy steel had a combination of properties
peculiar to itself and different from other steels.

By the late thirties, however, observations such as
those by Janetsky and Baeyerts® that a close correlation
existed between hardness and tensile strength of steels
regardless of alloy composition, and the concepts of hard-
enability generated by Bain,® Grossman,” Boegehold® and
others started to bring a high degree of order out of this
chaos.

The order was based on some specific simplifying
assumptions, namely, (a) all tempered martensites of the
same carbon content and hardness are equal, and (b) the
sole effect of alloying elements is to permit the attain-
ment of a fully martensitic structure on quenching.

In more recent years, the research community, for
the most part, has shifted its concentration increasingly
toward the microscopic level in studies of transformation
kinetics and mechanisms, the detailed morphology and
crystallography of microconstituents, and strengthening
mechanisms.

At the same time, the hardenability concept of alloy-
ing is being made more quantitative by development of
reasonably accurate methods to predict structure and
tensile properties from composition and cooling rates.®*!
Practicing metallurgists in the plants, however, although
accepting the basic assumptions of the hardenability con-
cept, have continued to maintain some of the old alloy
“mystique.” Some of the unique effects of specific ele-
ments, such as the influence of molybdenum in reducing
susceptibility to temper embrittlement, are well estab-
lished. Others are less well defined.

Selection of materials for automotive components
involves much more than alloy cost for equivalent
hardenability. Other considerations include the charac-
teristics already noted in the development of the early
chromium-molybdenum steels such as annealing char-
acteristics, machinability, reproducibility of heat treat-
ment response and ability to meet varied and complex
engineering functions.

This complexity of demands, coupled with perceived
(or preconceived) differences in the characteristics of
“equivalent” steels in meeting the demands, have re-
sulted in the establishment of an increasing number of
alloy combinations. In 1940, the SAE listed 65 standard
grades of low alloy steels; today there are 90, not count-
ing the “H band” series, plus many so-called “modified”
steels specified by individual manufacturers. During the
same period, 88 obsolete grades—no longer in major
commercial use—have been deleted. This continuing ac-
tivity suggests that the technology of alloy steels is actu-
ally still a long way from maturity.

Furthermore, the continuing search for new and
better materials for automotive components is extending
beyond the traditional wrought alloy steels, and the com-
petition is increasing.

The Competition—Alternates to Alloy Steels

The strongest present competitor to alloy steel in the
automobile is cast iron. Probably the first substitution
occurred in the engine valve train, where hardened steel
camshafts and lifters were replaced by alloyed gray iron.
Although the final economics were probably favorable,
the major force in the substitution was technical. The
heterogeneous microstructure of the hardened alloy iron,
consisting of graphite and massive carbides in a mar-
tensite matrix, provided a surface which resisted seizure
under boundary lubrication conditions much more effec-
tively than the hardened steel it replaced.

Beginning in the 1950s, another inroad into the alloy
steel area occurred in the crankshaft. In early engines,
crankshaft fatigue was a common problem, requiring
high quality tempered martensite structures plus, in some
models, induction hardened fillets or nitrided cases to
prevent failure. Reason: The early in-line long-stroke
engines required long and spindly crankshafts with re-
sultant high bending stresses. As engines became more
compact, the cranks became stockier, and the design
limitation became deflection rather than fatigue strength,
This change in the technical forces prompted a strong
move from steel to pearlitic malleable and pearlitic nodu-
lar cast irons. A similar shift is apparent in connecting
rods, and additional substitutions of alloy steels by nodu-
lar irons are occurring at an accelerating pace.

One of the most recent is the successful application
of an austempered nodular iron for rear axle ring and
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drive pinion gears, components traditionally made from
carburized alloy steel'? (Figure 4). The nodular iron
offers improved function in noise damping and resistance
to scoring, in addition to greatly improved machinability,
and the lower density compared to steel results in a
weight reduction of nearly 1 kg (2.2 Ib) for a 220 mm
(834 in.) gear set.

FIGURE 4—Nodular iron rear axle ring gear and drive pinion.

Another viable alternate to wrought alloy steel is
high density sintered iron powder. A 1976 GM interme-
diate size vehicle with automatic transmission and power
steering contained about 3.5 kg (7.7 1b) of sintered iron,
including oil pump gears, rocker arm balls and clutch
pressure plates (Figure 5).18 Many of the past applica-
tions have been relatively low density materials, sub-
stituting principally for gray cast iron. Hot forming to
theoretical density can, however, provide properties ap-
proaching those of medium hardness heat treated alloy
steels. Differential side pinions (Figure 6) have been suc-
cessfully produced by hot forming, and a transmission
rotor clutch (Figure 7) has been in high volume produc-
tion with hot formed sintered iron for several years.
Principal deterrent to further expansion of PM into the
traditional alloy steel applications is powder cleanliness.
Present day commercial atomized iron and iron alloy
powder contains inclusions of slag, refractory or deoxi-
dation products which affect machinability and, more
importantly, seriously reduce fatigue durability. Correc-
tion of this situation, however, appears to be entirely
feasible even with current technology, and expanded
application is almost certain.

Trans. Qil
Pump Gears (E)
Crankshaft Sprocket (D)

Distributor (C)

Trans. Convertor
Turbine Hub (E)

Clutch Pressure
Plates (E) kg b

Pump Pressure Plate (F)
Pump Thrust Plate (F)

Valve Rocker A) Shock Absorbers 0.16 0.342

Arm Balls (D) B) Brakes 016  0.347

C) Ignition System 0.06 0.122

Oil Pump Gear (D) D) Engine 0.56 1.242
E) Automatic Transmission 1.93 4.254

Crankshaft F) Steering System 062  1.376
Sprocket (D) _ —
Total 3.49 7.683

Shock Absorber Pistons (A)

Wheel Cylinder
Brake Piston (B)

FIGURE 5—Sintered iron components in a 1976 intermediate size car.

FIGURE 6—Sintered and hot formed differential side pinion.

Farther in the future, other competitors may see
practical implementation as alternates to hardened steel.
One possibility is ceramic materials for parts currently
made of hardened alloys, primarily to resist wear. An-
other is represented by fiber-reinforced composites,
which may find application in components of simple
geometry and loading, such as torsion members and leaf
springs.

In general, the continuing technical and economic
forces of emissions, weight reduction and conservation
of material and energy will act to decrease the usage of
our conventional heat treated steels.
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FIGURE 7—Sintered and hot formed transmission rotor
clutch.

The area of applications which appears most im-
mune to substitution is the most highly stressed compo-
nents, such as power transmission gears and shafting,
ball and roller bearings and spring members. These com-
ponents, which may be through hardened, case hardened
by induction heating, or case carburized, are charac-
terized by high hardness, HRC 50 and above. Coinci-
dentally, the technology of high hardness steels is the
least understood aspect of heat treated steels, and param-
eters such as surface hardness, case depth, core proper-
ties and even alloy composition are defined entirely on
the basis of past experience and component testing.

The uncertainty involved in quantifying fatigue
properties of hardened steel is typified by the work of
Garwood,'* some of whose findings are shown in Fig-
ure 8. His results confirmed what everyone had realized;
namely, that fatigue predictability and thus component
reliability, decreased rapidly as hardness increased
above some maximum which appeared to depend on
carbon content and, possibly, alloy composition.

Garwood’s data for SAE 4140, quenched and then
tempered to various hardness levels (Figure 9) typify
this behavior. Note that no fatigue endurance limit is
indicated for the HRC 46 tests, and at HRC 50 no attempt
is made to even indicate an average stress-life relation-
ship.

A similar situation is shown in Figure 10, taken from
the work of Fisher and Sheehan,' except that here the
authors have attempted to fit an S-N curve to the data.
This is a dangerous practice because there is a tendency
for the S-N curve, sans data points, to find its way into
handbooks used by design engineers who proceed to use
the curve in calculations as if it were an analytical rela-
tionship.

The fact that high hardness steels are extensively
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FIGURE 8—Endurance limit-hardness relationship for me-
dium carbon alloy steels.
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FIGURE 9—S-N curves (reversed bending) for SAE 4140
steel.

and successfully applied in components subject to fatigue
merely indicates that the components are designed to
accommodate the lower side of the band. Herein lies a
major challenge to the more effective use of alloy steels.
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FIGURE 10—Rotating beam fatigue data.

The Challenges

General Motors Research Laboratories made several
attempts in the late fifties and early sixties to clarify the
fatigue behavior of high hardness steels, with a notable
lack of success.!% 17 A review of some of the findings and
the questions they raised may serve to stimulate further
activity in this important but difficult area of research.

The test material in the GMR work was SAE 52100
steel, hardened and tempered to HRC 61-63. This alloy,
a 1% carbon, 1%2% chromium grade, was selected be-
cause the retained austenite level could be easily varied
by adjusting the austenitizing temperature. The starting
structure was spheroidized carbides in ferrite; as the aus-
tenitizing temperature was raised, increasing solution of
carbide produced a higher carbon matrix and, hence,
higher austenite content after heat treatment,

All tests were run at a single stress level because of
the difficulty of defining an endurance limit in material
of this high a hardness. The specimens, of rectangular
cross section, were loaded in unidirectional bending; the
mode of stressing is shown schematically in Figure 11.

Load Load

$ ¢
| ! ! Specimen
: : : T"

Support

Surface Stressed ~ Support
in Cyclic Tension

FIGURE 11—Loading method for unidirectional fatigue
tests.

The symmetrical loading produced a uniform bending
moment over the central 50 mm (2 in.) portion of the
specimen. This loading was chosen so that a substantial
sample of material was subjected to the maximum stress,
a situation more conducive to revealing the average prop-
erties of the material than the traditional R. R. Moore
specimen where only a small region at the location of
minimum diameter experiences the maximum stress.

. Standard procedure was to test identically processed
specimens in groups of at least ten and to use the Weibull
distribution function® to estimate median life. Weibull
analysis is convenient in that it can handle a variety of
distributions on a common set of coordinates. A typical
set of results is shown in Figure 12.
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FIGURE 12—Weibull plot of fatigue data.
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FIGURE. 13—Effect of heat treatment variations on fatigue
life of hardened SAE 52100 steel.

We initially envisioned several factors which we felt
would influence the fatigue behavior of a hardened steel
such as grain size and retained austenite level. Figure 13
shows the results obtained with a number of different
austenitizing treatments which produced quite obvious
differences in microstructure. The center of each bar in
the plot represents the median life of the group. Surpris-
ingly, considering the width of the confidence bands, no
really significant differences are evident.
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FIGURE 14—Weibull plot of fatigue data for 40 specimens
of hardened SAE 52100 steel.

A further disturbing observation, made when the lot
size was increased to improve the statistical confidence,
was that the plotted results showed a “fine structure” in
the life distribution. One such plot is shown in Figure 14.
Lives of the 40 “identical” specimens fell into three dis-
tinct populations, a low group, a high group and a group
intermediate between the two.

Replotting the data as separate populations (Fig-
ure 15) gave straight lines, each having a slope charac-
teristic of a normal distribution. Close examination of
samples from each group revealed no apparent differ-
ences.

Examination of fatigue data generated by other in-
vestigators on hardened alloy steels shows similar multi-
ple life distributions, indicating that this phenomenon is
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FIGURE 15—Data from Figure 14 plotted as separate
groups.

not associated with a particular material or test tech-
nique. Figure 16, plotting data reported by Frith,'? is
typical of the observed behavior.
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FIGURE 16—Weibull plot of reverse bending tests of EN31
(C-Cr) steels at HRC 62.

Component design must obviously be limited by the
performance of the weakest link—the lowest group.

If the causes for the low and intermediate life groups
could be identified and eliminated, the effective perform-
ance and reliability of hardened steel components would
be significantly improved. To date, however, no satisfac-
tory explanation for the multiple distribution has been
reported.

Another, more general challenge to alloy steel tech-
nology is the alloy “mystique” mentioned earlier. Certain
alloying elements do have unique effects on properties.
The influence of others is doubtful. What is required is a
concerted application of modern techniques to define
effects, and the associated mechanisms, of alloying in
medium and high carbon steels. With such knowledge,
alloys can be optimized for specific applications, and
truly equivalent grades can be identified to conserve
critical alloying elements.

Summary

Trends in the technology of the automobile indicate
an increasing replacement of low and medium hardness
alloy steels by other materials, notably cast irons and
powder metal products. The principal role of high hard-
ness steels will continue to be in highly stressed applica-
tions requiring maximum resistance to fatigue, and a
major challenge to the technology of alloy steels is the
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understanding and control of fatigue behavior. Finally,
the utility of alloy steels will be greatly enhanced by an
increased understanding of the specific effects of the
various alloying elements, individually and in combina-
tion, on material properties and service performance.
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Discussion

H. Tameniro, Nippon Steel Corporation. I would like to
ask about the future of boron-containing steels inasmuch as
boron has a pronounced effect on hardenability and is also
very cost-effective.

G. H. Rosinson. I think the future of boron steels is very
strong and that we are going to see increasing applications of
boron steels. I think it’s limited only by a couple of things: one
is the experience in the early fifties with boron steels which
were highly variable. (As soon as people could get alloy, they
went back to alloy steels which the mills seemed to handle
more effectively) and the other is understanding and con-
trolling of the effect of boron. We use a lot of it now in the
industry, and I think the use is going to grow because it cer-
tainly is a cost-effective material as far as hardenability is
concerned.

J. Dopop, Climax Molybdenum Company. You did men-
tion a very important development, that being the introduc-
tion of nodular irons for applications which have hitherto been
the sole field for steel forgings and castings. The examples
you've quoted are unalloyed irons. Do you visualize the
growth of a new family of alloyed nodular irons comparable
to the alloyed steels?

G. H. RoBInsoN. Yes, I think that’s a definite possibility.

I think there are still applications to be made with the con-
ventional unalloyed nodular iron, but as you get into heat
treated structures and specific requirements and certainly the
more we learn about the actual effects of alloys the better we’ll
be able to use them in these materials. There are some other
restrictions in nodular irons because you're trying to deal with
two equilibrium systems, the graphite and the carbide sys-
tems, and so you are not as free as with steels in alloying.

L. M. Perrick, Ebasco Services. I've looked at mar-
tensite primarily in weld heat affected zones, and I consider
it to be caused by two different mechanisms. One is the inter-
stitial type, carbon or carbon primarily, and the other one is
the alloy or substitutional type caused by alloy additions at
very low carbon contents. The reason that I bring this up is
that I find the substitutional type martensite tougher than
the interstitial type. But again, I'm looking at steels and
wrought materials as opposed to the high carbon materials
that you're looking at, so perhaps there is a difference there.

G. H. RoBinson. Certainly if youre comparing plate and
lath martensites, you will see quite a difference, and this is
related to carbon content. I think this reflects one of the chal-
lenges I gave this group, that being that we really have a lot
to learn about the effects of alloying elements in steels beyond
the simple hardenability effects.
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When selecting material for highly stressed trans-
mission components, three basic economic factors must
be taken into account. These are:

1. service characteristics,
2. processing properties, and
3. material costs.

They must be in a well-balanced relationship as
indicated in Figure 1.

Each component produced in a series must, on prin-
ciple, be conceded a failure rate during operation, how-
ever small it may be. This rate is marked by the distance
AS in Figure 1. A certain expenditure for the manufac-
ture of the component (distance BS) and costs deter-
mined by the type of material specified (distance CS) are
allocated to this failure rate. In the processing industry,
the material expenditure amounts to roughly 50% of the
total. Material selection is, therefore, extremely signifi-
cant.

Consequently the question arises for high perform-
ance transmissions as to the optimum case hardening
steel and its processing.

Performance in Use

Stressing High Performance Gears

The various types of stresses to which gears can be
subjected are best explained by typical forms of damage,
the most important of which are shown in Figure 2.

Figure 2a shows “case crushing,” in which cracks
spread below the surface finally leading to a shell-type
breaking out of the tooth flanks.

Contrary to this, the pitting damages on the tooth
flank in Figure 2b are often of a smaller type and need
not directly lead to a function loss. They are mostly
restricted to areas below the pitch circle and are not
very deep.

Pure surface damage is shown in Figure 2c. Erosion
wear—as one possible occurrence of wear—led to a local
attrition of the tooth flank. Wear by “fretting” (adhesive
wear) and “abrasion” (abrasive wear), which are also
known as tooth flank damage, may also be cited in this
context.

Figure 2d gives an example of gear damage caused
by an impact load. Whole areas of the tooth area break
out and lead to an immediate function failure.

Finally, Figure 2 shows fatigue fractures with small

A residual fractures caused by repeated overloading, simi-
Pitting 4
Case\ @
crushing \
S -
o7
Impact ! @ @ Fatigue
c B Fracture CENERW: / wacture
Materials Costs Manufacturing @ . ’ @
Behavior

FIGURE 1—Principles of material selection. FIGURE 2—Types of gear failures.
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FIGURE 3—Stress-strength ratio in case hardened steels.

larly resulting in component failure. Further theoretical
stress analysis of these damages results in the material
mechanics relationships included in Figure 3:

Tooth shape and kinematics determine the type of
stress; in the case of Figures 2d and 2e, these can mainly
be considered as bending stresses. The load distribution
allocated to it is shown in Figure 3a. The maximum stress
is at the surface, thus determining the point of maximum
strain. If the pertinent bending strength of the material

is exceeded, impact, endurance or fatigue fractures are

incurred in the area of the tooth base. Here it must

always be distinguished between a predominantly
sudden load and a load of rather a smooth nature.

Of a completely different type, is the stress leading
to pitting (cavities) according to Figure 2b. A maximum
shear stress acting under the surface in the case of pure
rolling stress is shifted through a superimposed friction
force near the surface or directly to the surface. Corres-
ponding to Figures 2b and 3b, these damages occur in
areas close to the surface. Neglecting some exceptional
cases, the crack source is always located at the surface
of the tooth flank in the area of negative sliding.3 Damage
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of this type occurs if the ratio of shear stress to shear
strength repeatedly exceeds a critical quantity (so far
not accurately known).

The ratio of shear stress to shear strength is also
decisive for damage produced by case crushing. How-
ever, not the case but the transition zone (Figure 3c)
from the carburized case material to the core material
is important in this instance. Here too a critical quantity
may not be exceeded. R. Pedersen and S. L. Rice give a
value of approximately 0.6 for this quantity.*

The wear resistance of case hardened components
is described to a first approximation by the surface hard-
ness. If a direct material contact is made between the
tooth flanks as a result of poor lubrication conditions,
considerable wear must be expected (Figure 3d). This
wear will be greater the lower the surface hardness.

The most important types of damage which can
occur on gears are listed in Table I. Allocated to these
are the material properties which essentially determine
the development of these types of damages. These again
are compared with the quantities (e.g. alloy or type of
structure) which finally determine material properties.
The factors influencing the microstructure are listed.
These change during the course of the production proc-
ess and have a decisive effect on component behavior.
The most important factors are surface oxidation (SO),
residual austenite content (RA), surface carbon content
(SC), low temperature cooling (SR) and rolling work
hardening (WH). These factors exclusively influence the
surface zones of a case hardened component; i.e. those
areas, which, in conformity with Figure 3, are subjected
to the maximum stress. Seen under this aspect, all those
metallurgical measures are of paramount importance

Table I—Factors Affecting Failures of Case Hardened Gears

which can have an effect in the surface zones.

The Significance of Carbon and Chromium

As shown by H. U. Meyer,’ the steel composition is
very important from the standpoint of carburizing be-
havior.

It is well known that, dependent on the carbon
potential with given carburizing conditions, a typical
alloy surface carbon content is obtained (Figure 4).
The carbon level is due to the carbon activity of the steel,
which again directly depends on the solute alloying ele-
ment content.® Chromium is an important element in
that it causes a very strong shift of the equilibrium be-
tween solute and supersaturated carbon toward smaller
carbon contents.” This in turn is equivalent to the well-
known tendency toward supercarburization, correspond-
ing to the result shown in Figure 4 as a consequence of
carburizing with a high carbon potential atmosphere.

Apart from this, the carburizing equilibrium ob-
tained for a given alloy after a sufficiently long time is
temperature dependent in the sense that carbon solubil-
ity increases with rising temperature. Since it should be
endeavored to select the carburizing temperature as high
as possible even taking into account optimum energy
utilization (Figure 5), a consideration of the effect of the
alloying elements in case hardening steel is also neces-
sary.

The following quantitative relationship between re-
sidual austenite after continuous quenching and heat
treatment of specially melted case hardening steels was
provided by W. J. Harris and M. Cohen® and by G. Bier-
wirth:®

Required Desired Composition
Failure Type Properties Structure Critical Factors Effects
High Cycl Surface: Martensite
Hig ycle Strength (o) Core: Martensite RA |, SO}, SRy, scl, wH?
atigue (+ Bainite)
Strength (o.1)
Impact Fatigue Deformability " RA |, SO? , SR|, SC|, WH? cry,c |
(€51) Core
) Strength (o) Brugger © ? N2 e
Bending Strength Deformability " RAV, SO , SR , SC,, WH Ni 1
(Impact) (e csy’ 4T
Surface Fatigue Strength (o.1) ” RA 1, SOe, SR? , SC{, WHT
Wear Hardness (HV) " RAJ, sot, SRt, sC{, WH1

o, = Elastic Limit
€,; = Elongation
after Fracture
HV = Vickers Hardness

RA = Retained Austenite

SO = Surface Oxidation

SR = Subzero Refrigeration
SC = Surface Carbon Content
WH = Work Hardening

ICS = Initial Crack Stress
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FIGURE 4—Carbon content in surface zones of carburized steels.

V‘)’ = exp‘K (M,-T,)

where Vy = Residual austenite in % by volume
M, = Martensite temperature (start)
T, = Lowest temperature reached after
quenching
K = Constant(~1.4 X 10?).

This shows the importance of the M, temperature in
the practical performance of the heat treatment of case
hardening steels. With adequate cooling rate for a given
temperature of the quenching bath, it clearly determines
the microstructure in the surface zone of a case hardened
component.

It is well known that of all alloying elements which
are commonly used, carbon has the greatest influence on
the position of the M, temperature,1® a severe drop of
the M, temperature being found with increasing carbon
content. The difference (My-T,) in the formula conse-
quently becomes continually smaller and, because of the
prevailing relationship, the RA content increasingly
greater. Figure 6 explains the relationships described
thus far. With low carburizing temperatures, the carbon
pickup is limited. Corresponding to the prevailing car-
bon potential, this leads to minor supersaturation only
with higher alloying contents (e.g., Cr), this being the
reason that only little residual austenite prevails after
the martensite formation. An increase in the carburizing
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FIGURE 5—Energy consumption as a function of carburizing temperature.

temperature increases the carbon pickup, thus resulting
in a drop in the M, temperature and an increase in resid-
ual austenite.

In addition to this, existing alloying elements in-
creasingly form a solid solution resulting in an indirect
carbon supersaturation with simultaneous shifting of the
M, point to lower temperatures. In conformity with Fig-
ure 4, there is a strong effect of chromium which pro-
motes residual austenite formation, masking the effects
of all remaining alloying elements. A change in the M,
temperature and shifting of the equilibrium lines in the
iron-carbon diagram result in a gradual increase of the
RA content with increasing chromium.

A further effect of alloying is the high affinity of
chromium and oxygen. Corresponding to its thermo-

dynamical potential, stable chromium oxides are formed
by contact with oxygen. Consequently an increased
tendency for surface oxidation is obtained in interaction
with silicon and aluminum.

Mechanical Properties of
Case Hardened Components

Fatigue Strength Behavior

The negative effect of residual austenite on the
rotating bending strength of a notched sample (ex=1.86)
is shown by the example of a case hardened Cr-Ni steel
in Figure 7. As carbon was raised from 0.65 to 1.2% (cor-
responding to a residual austenite of about 80%), the
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100 — fatigue strength dropped from 700 to 540 MPa (102 to
Carburizing Time: 3 h 78 ksi). This was also discovered on other steels, test
ol /X pieces and components.!!:12 It confirms the well-known
© /‘ experience that fatigue strength is reduced by increased
a0 3 Q 2 2 X, residual austenite.
2 § S s 7 © Figure 7 also explains that elimination or reduction
ol 8 Q e R '/ z of residual austenite by an additional low temperature
l / Q treatment leads to a further deterioration. This is the
X l / © N result of unfavorable residual stresses from the sec-
g 60 X . £ ondary martensite formation.!2 13
c (]
.§ Carburizing Temperature ./ © l If case hardening steels are _carburized in gas at
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FIGURE 7—Effect of subzero refrigeration on fatigue life of case hardened steels.
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conclusion shown in Figure 10. According to this, impact
strength is closely related to the chromium content of the
alloys, and deviations from the curve are associated with
carbon content.

With roughly similar chromium contents, the impact
fatigue limit is essentially a linear function of carbon con-

i »——a Ck15
—-—@ 16 MnCr5
1040 | &———A 20MoCr4
W------ m 15CrNi6
960 - 0.65% C,930,60/170
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— 120
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Cycles to Failure

FIGURE 8—Martensitic structure as optimum for high fa-
tigue strength.

tent (Figure 11), not of the nickel or molybdenum con-
tents. The results show that service life under repeated
impact stresses is not so much determined by the mechan-
ical properties (e.g., hardness, core strength, yield point),
but by the alloy and particularly by the carbon content.

This leads to the conclusion that service life is mainly
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Retained Austenite: 16%
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FIGURE 9—Effect of surface oxidation on fatigue behavior.
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FIGURE 10—Impact fatigue vs. chromium content.
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a function of the “crack propagation speed” in the base
material. The case hardened layer is brittle thus ag-
gravating the test.’® The dependence of “toughness” on
the carbon content of the base material was previously
described by E. Theis!® and B. Prenosil.1”

Impact Bending Strength

Various authors investigated “toughness” using the
impact test.’>18,1% The results are somewhat conflicting
but contain the concurrent information given in schema-
tic form in Figure 12. The “Brugger sample” was used as
the test piece in most cases.®

In the hardened condition, the maximum impact
force is determined by the core strength, but these results
are subject to severe scattering.

500

Mo
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300
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200
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FIGURE 11—Impact fatigue vs. carbon content.
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In the case hardened condition, no better differen-
ciation of the types of steel occurs at low case hardening
depths (< 1.4 mm, 0.055 in.). However, the scattering is
reduced. The values in this area are independent of the
surface carbon content. Now, as before, they describe
mainly the properties of the core material.

With greater case hardening depths (> 1.4 mm,
0.055 in.), the impact forces drop severely and differ-
enciate less clearly between different types of steels. An
additional influence of carbon can be seen at greater case
hardening depths. The maximum values are achieved
by steels with low case carbons, and the lowest values
are associated with steels with high surface carbon con-
tents. With low surface carbon and great case hardening
depths, the relationship between chromium content and
impact strength again becomes apparent as shown in
Figure 10. With increasing chromium content (above
0.17%), a very drastic drop in the values occurs at first,
with a value of approximately 1.5% seemingly represent-
ing a minimum limit,

The influence of surface oxidation or a subsequent
shot peening treatment on the results of the impact tests
cannot be established.> Residual austenite contents or
carbides do not appear to be important,

With low case hardening depths, an evaluation of
the toughness of the hardened layer by means of the
impact test does not appear to be possible. Tests con-
ducted with the “Brugger sample” mainly describe the
properties of the base material.

Initial Crack Strength of Notched Samples

The ability of the carburized and hardened surface
zone to sustain plastic deformation without initial cracks
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Some Facts and Considerations of Trends in Gear Steels for the Automotive Industry 17

2800 400

300

Stress, MPa
Stress, ksi

1300 |~

Cc15 20 MoCr 4 15CrNi6
16 MnCr5 20 NiCrMo 6

FIGURE 13—Initial crack strength.

is frequently valued as a criterion of “toughness.” The 4000
static bend test is useful in determining this property.

A suitable measuring quantity can then be the initial

crack strength. If this is attained, the initial crack is — — — 15CrNi6
formed in the carburized and hardened surface zone.
A summary of the results obtained to date is shown in N\
Figure 13. This relationship was worked out from the
measurement of W. Beumelburg.? 3000 = \

With low surface carbon contents (~ 0.6%), the in-
itial crack strength rises with increasing core strength.
The core strength of the selected samples is dependent
on the alloy content, gradually rising through C 15,
20 MoCr 4 and 16 MnCr 5, 20 NiMoCr 6 and 15 CrNi 6.

With high surface carbon contents, the initial crack 2000 [~
strength becomes less dependent on the core strength
(i.e. hardenability), however, it drops to a considerably
Jower level. A low temperature stress relief treatment
results in a deterioration of these values. Increasing the AN
case depth to more than 1.4 mm (0.055 in.) also results in e
a reduction of the initial crack strength. Electrolytic 1000 | | | |
polishing and rolling to eliminate the negative effect of 0 20 40 60 80
surface oxidation shift the initial crack strength toward Retained Austenite, %

greater values. FIGURE 14—Initial crack strength vs. retained austenite.

The effect of a high surface carbon content, result-
ing in considerable residual austenite, is evident in Fig-
ure 14. The dependence on the core strength (e.g. hard-
enability) is still noticeable, even if an additional factor
appears to be effective which obviously influences the
initial crack strength, but which to date has not yet been

20NiCrMo 6

— 500
........... 16 MnCr5

——— ¢+ === 20 MoCr4

—| 400

Stress, MPa
Stress, ksi

— 300

— 200

samples was established in extensive tests.?%¢ The most
important result of this work is that not so much the
composition of the steel but rather the existing structure
determines the resistance to pitting.

clearly established. A martensitic case with limited quantities of residual
) . austenite must be achieved to keep abrasive wear low.
Resistance to Surface Fatigue High residual austenite contents lead to high surface

The behavior of case hardened gears and laboratory fatigue strength as a result of work hardening occurring
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on load application; there is, however, the risk of in-
creased wear or fretting.

Detrimental and definitely to be avoided are struc-
tures containing pearlite or bainite.

Sliding Wear

Surface hardness is a measure of sliding wear as a
first approximation. A fully martensitic surface zone
offers the greatest resistance to wear, while the presence
of pearlite, bainite or residual austenite is detrimental.

Quantitative statements regarding the dependence
of wear resistance on the residual austenite content have

been reported.?> Wear behavior as function of hardness
was also described.26

Structure and/or Alloy-Dependent Properties
of Case Hardening Steels

Evaluating the service properties of case hardened
components with regard to their dependence on the type
of steels used, it is evident that it is necessary to differ-
entiate between service properties dependent on the
metallurgical condition of the surface zone and service
properties which are also (or exclusively) determined by
the core material.

Part of the former are the fatigue strength, the
pitting resistance on tooth flanks (rolling 4- sliding) and
the resistance to wear. Part of the latter are the pitting
resistance on antifriction bearings (pure rolling), the
resistance to case crushing and crack propagation under
impact stress where the surface cracks early.

“Toughness” is still not clearly defined. If it is under-
stood as the ability of “removing load peaks through
plastic deformation,” properties of the surface zone are
primarily concerned. Questions of this type then belong
to the group of problems of “development of cracks.”

If it is understood as the ability “to prevent cracks
developed in the case hardened layer on overloading
from propagating into the core material,” the core proper-
ties are concerned in this case. The analysis and inter-
pretation then concern the problem of “crack propa-
gation.”

Available results indicate that the fatigue strength
of case hardened components is determined by the
structure. A fully martensitic case produces the optimum
fatigue strength regardless of the alloy type. This is also
true to a certain extent for the resistance to surface
fatigue, the work hardening which takes place during
the load application leading to structures of high (mar-
tensite) hardness even with samples originally contain-
ing residual austenite,

Pitting and case crushing under the surface are
closely connected with the type of structure prevailing
at points of overload. The type of structure in turn is

directly dependent on hardenability and thus on the alloy
composition. Consequently strength and type of alloy
are more closely related in areas below the surface than
on the surface. Here the martensite formation is achieved
in any case with correctly conducted carburization and
adequate cooling. However, a suitable chemical com-
position must prevail in the core.

These relationships explain the functions shown in
Figures 12 to 14 when the core strength (or the harden-
ability with identical sample shape and treatment) is
considered as the determining factor. However, the as-
sumption fails for the interpretation of Figures 10 and 11
where an alloy influence is unmistakable.

The possible effect of chromium must be pointed
out once again in this connection. All corresponding
results obtained during investigations of “toughness”
give reason to assumptions that a special significance is
attached to this element that is not yet clearly compre-
hensible, therefore requiring further investigation.

Experience has shown that there are alloying ele-
ments which may become effective in increasing harden-
ability and/or changing toughness. It is known that, in
addition to carbon, boron belongs to this list. Obviously
chromium also increases the hardenability as well as
“brittleness” at the same time, at least accelerating
“crack propagation,” as shown in Figure 10.

Heat Treatability of Case Hardening Steels

Taking into account all of the data and facts previ-
ously stated, the following practical conclusions are justi-
fied. The principle zone of stress of gears is in the surface.
The first incipient cracks and defects occur here.2” The
heat treatment must therefore produce an optimum
structure in this area. This is characterized by as fully
a martensitic structure as possible and the absence of all
nonmartensitic constituents. Regarding the direct hard-
ening which must be employed for reasons of energy
and cost, this requirement makes special demands on
the furnace process since only a relatively small range
of surface carbon contents leads to the maximum hard-
ness resulting from martensite formation. This in turn is
a precondition for maximum wear resistance.

If the heat treatment response of various steels is
examined under this aspect, the relationships shown in
Figure 15 are obtained. The maximum hardness of ap-
proximately HV 880 is achieved by steel 20 MoCr 4.
Among the steels examined, this is the alloy with the
lowest hardenability. With increasing hardenability, the
attainable maximum hardness drops to approximately
HV 800. At the same time, the specific maximum hard-
ness shifts toward lower carbon contents of about 0.75%
for the Mo-Cr steel and about 0.6% for the Cr-Ni steel.

Of special importance to the practical heat treat-
ment is the carbon range, AC, which can be utilized for
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FIGURE 15—Hardness vs. carbon content.

the achievement of a minimum hardness value of, for
example, HV 800. The values for the individual steels
are:

AC
Cr-Ni steel 0_15
Ni-Mo-Cr steel 0.34
Mn-Cr steel 0.38
Mo-Cr steel 0.44

In other words, the optimum alloy from a heat treat-
ment point of view is characterized by a relatively low
hardenability. It is attained by alloying contents of
approximately 0.5% Mo and 0.5% Cr. This steel was
developed for the introduction of direct hardening and,
because of its ease of heat treatment, is a standard steel
today despite unfavorable pricing.

If higher core strengths are required to support the
case hardened layer or to prevent case crushing, further
alloying additions are required. However, probably the
most inexpensive element, chromium, cannot be recom-
mended without reservation since the impact fatigue
limit is negatively influenced by chromium (Figure 10).
When considering whether impact strength is important
for the application—as may be the case for highly stressed
commercial vehicle transmissions—one is faced with
the alternative of using either less chromium or more
nickel. Using less chromium seems to be on the safer side
according to Figure 10.

Nickel or molybdenum are recommended as alloy-
ing additives to ensure adequate hardenability. It is
then a question of economy if nickel or molybdenum
should be given preference. The ratio of the effects on
hardenability must be taken into account here, approxi-
mately 3.5 times the quantity of nickel being required
as molybdenum.28 In addition, the mechanical processing
(extruding, machining, etc.) must be taken into account.
High nickel contents can complicate processing so that
expensive preliminary treatments are required.

Trends and Possible Future Developments

It is generally known that the strength of case hard-
ened components can be improved by shot peening. T his
applies especially to high cycle fatigue and, to a lesser
degree, to low cycle fatigue.

Strength in both fatigue ranges® and in bending!?
can be increased considerably through work hardening
by rolling. Increases in the fatigue strength of over 100%
through high pressure work hardening are quite possible
(Figure 16). Despite sharp notches (ax~2), the fracture
does not occur in the area of the greatest tension but in
the considerably thicker cross section of the sample (Fig-
ure 17). A further development of this method with the
aim of work hardening tooth base radii will have far-
reaching consequences. Maximum bending stresses of
case hardened gears can be increased considerably.
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Favorable materials with respect to cost, for instance
spheroidal graphite cast iron, could be upgraded to a
strength level roughly corresponding to the steels which
are used today (Figure 18).

A summary of the available fatigue data is sche-
matically shown in Figure 19.

Assuming that a component with a fully martensitic
surface according to Figure 8 reaches a fatigue strength
of 700 MPa (100 ksi), damage by surface oxidation re-

sults in a drop. This drop is higher the greater the resid-
ual austenite content in the surface zone, reaching a
final value of 400 MPa (58 ksi).

Starting from the value of 700 MPa (100 ksi), con-
sidered as optimum, surface work hardening by high-
pressure rolling increases the strength to approximately
1000 MPa (145 ksi) (Figure 16). The possible range be-
tween maximum and minimum values is = 350 MPa (50
ksi). With respect to a bar of identical strength, this
means that the cross section and thus the weight can be
reduced considerably if it is possible to avoid faulty heat
treatments and to work harden the surface zone.

The tendency toward surface oxidation is reduced
with the reduction of elements with an affinity for oxy-
gen. The tendency to supercarburize and thus form
residual austenite is smallest with low chromium steels.
The attainable maximum surface hardness drops with
increasing hardenability, e.g. by the addition of nickel
according to Figure 15. These facts would clearly speak
in favor of using molybdenum as an alloying element if
economic aspects could be neglected. Since this is not
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the case, the future will be characterized by the fact that
through improvement of steel production metallurgy,
the furnace process for the heat treatment, and through
the application of suitable surface work hardening
methods, more cost-effective case hardening steels will
be developed and used.

Two development tendencies deserve special men-

tion:

1. Further development of Cr-Mn steels with the ob-
jective of an improved grain size stability by add-
ing niobium, and improvement in the warping
behavior of these steels by adding boron in the
range from 0.001 to 0.003%.

2. Optimization of temperature control and more
accurate adjustment of the carburizing atmos-
phere, the latter by using oxygen probes for in-
direct control of the carbon potential in narrow
ranges.
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Discussion

G. Krauss, Colorado School of Mines. Martensite is, of
course, very hard, and there is a tendency toward brittleness,
but I think that it often gets blamed for poor performance that
is caused by other microstructural components. For example,
inclusions, undissolved carbide particles, residual elements
and trace elements such as phosphorus. Very often we try to
develop a good microstructure of quenched-and-tempered
martensite, but when things go wrong it’s the result of these
other interactions. The slide on the effect of chromium (Fig-
ure 10) is possibly an indication of this sort of interaction,
possibly a carbide formation.

C. Razim. I agree, but I do not currently have any further
information on these effects. We know that there is a strong
dependence on alloying of the type of martensite, the struc-
ture changing from acicular to lath martensite.

D. E. DiesBurg, Climax Molybdenum Company, I'd like
to have your comment on what you think the role of adding
boron to the manganese-chrome ‘steel is. The boron is added
in an unprotected condition so it’s not adding to hardenability.
Is that correct?

C. Razim. The effect of boron is to increase both harden-
ability and ductility, but I believe the previous author men-
tioned the related problems. Some years ago we emphasized
boron to reduce the cost of the steels, but it was necessary to
go back to conventional alloys. One problem is consistency
of properties which can mean tolerances of 0.001 to 0.003%,

boron. At one time, we worked with steels with higher boron
contents, but this was not successful.

G. H. WaLTER, International Harvester Company.
I would just like to comment that we really must get at this
business of explaining individual alloy effects. It is difficult to
rationalize slides that show impact fatigue decreasing linearly
with chromium, or increasing linearly with nickel when there
are many other effects besides alloying effects such as the
nature of the intergranular oxide at the surface, the residual
stress levels and the retained austenite levels. Generally, in
the experiments that I've seen to date, these things have not
been controlled, and I think it is dangerous to construct plots
of alloy versus impact fatigue.

M. G. H. WELLs, Colt Industries. I would like to ask
whether the authors looked at the origin of failure of fatigue
specimens. We frequently find that nonmetallic inclusions
are very important in fatigue failures. Professor Krauss men-
tioned this briefly, so I would like to ask whether the effects of
different fatigue levels could be attributed to the cleanliness
level of the steels and whether you see what your needs are
for cleanliness levels for steels in the future, whether any im-
proved steelmaking methods, such as electroslag remelting
or even vacuum arc remelt grades might ever get into auto-
mobiles. These are in the aircraft industry and are obviously
more expensive, but the fatigue life does improve greatly with
improved cleanliness.
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C. Razim. Electron microscopy enables us to recognize
that every crack starts at an inclusion.

G. H. RosinsoN, General Motors Research Laboratories.
We certainly look at fatigue origins too, but not in every one
could we find an inclusion. Now, if you want to polish
through the fracture, you'll usually find one; however, if you
look at the other end of the specimen you will find them there
too. So I have never been really satisfied that one could always
unambiguously pin down that origin to an inclusion. I do not
think that we are that certain.

I certainly think that as special melting techniques be-
come economical and in the areas where they do have the big-
gest advantages, they will help. You may recall the work some
years ago that showed that contact fatigue in ball bearings
improved as the sulfur content increased. It looked like the
presence of a sulfide layer and the refractory inclusion made
things better. These are the combinations that you must treat
with care. I am in favor of getting rid of the nonmetallic in-
clusions if it can be done at a price.

Y. E. SmatH, Climax Molybdenum Company. 1 would
like to respond to Mr. Walter’s comment with partial agree-

ment and partial disagreement. I think we are all in favor of
separating the variables as much as we can and studying their
effects individually, and I think it’s also true that this is a very
difficult thing to do. It is extremely difficult to do in a complex
composite such as in a carburized case with retained austenite
and carbides and varying compositions. So occasionally there
are places where we have to look at the situation with more
than one variable, and carburizing steels is certainly one of
those situations. For practical applications, it is important to
do the heat treating and study the variables under conditions
that conform to the practical situation that you must have
commercially. We have followed this procedure in our studies
at Climax in showing some of the effects that have been re-
ferred to. You could possibly look at a 1% chromium case
without any carbides but that would require extreme process-
ing that wouldn’t make sense for practical applications. So,
for the point of showing the effects that can expect to get in
various alloy steels under practical conditions, one must ac-
cept some of these interferences and also accept some of the
undesirable properties that result from undesirable alloying,
for example, high chromium and the resulting carbides that
will always be present under practical conditions.
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This paper considers the recent past and future po-
tential for high strength sheet steel applications in motor
vehicles. The much-discussed materials substitution that
is taking place in the automotive industry to reduce
weight and thereby decrease fuel consumption is most
notably confirmed by the rapid application of the emerg-
ing classes of high strength sheet steels. Trade-offs among
design needs, fabrication constraints and steel produc-
tion economics are gradually evolving new and useful
HSS grades. A summary of current views of the desira-
bility of various material properties will be given.

The metallurgy of the various types of high strength
steels that are available in sheet form is briefly reviewed.
The current understanding of the underlying microstruc-
ture/production practice/property interrelationships is
also discussed. Topics of importance include monotonic
and fatigue strength, energy absorption, reproducibility
and some key aspects of weldability and formability.
Particular attention is given to ductility (work hardening)
and the very important new classes of dual phase steels.

An assessment of the evolving alloy needs is also
given. Although the general needs and general trends
are becoming reasonably clear, it is extremely difficult to
project specific alloys because of limitations of current
knowledge concerning production, application and de-
tailed economic competitiveness of the various steel pro-
duction approaches.

Historical Perspective

The use of high strength steels (HSS) for stamped
automotive products is less than 10 years old, although
high strength quenched-and-tempered steels have been
in automotive use for over 50 years. In this brief review
of HSS, we shall be solely concerned with the hot-rolled
and cold-rolled sheet steels. Up until the early 1960s,
such HSS that were available in hot-rolled gauges had
carbon levels that made them difficult to form and weld;
these steels relied on a mixture of ferrite and pearlite for
strength.

In the middle 1960s, research at Jones and Laughlin
Steel Company showed that, by careful control of the

final finishing temperature at the hot-rolling mill and by
spray cooling the hot band on the run-out table, a dra-
matic increase in strength could be obtained in the HSS.!
The strengthening was the result of both grain refine-
ment and the precipitation of carbides and/or car-
bonitrides. Thus, to obtain a given strength level, the
carbon content could be reduced which improved welda-
bility, while the finer grain size led to better toughness.
All major U.S. steel companies now produce HSS con-
taining V, Nb or Ti for grain refinement and precipitation
hardening; the choice of alloying addition appears to be
partly historical and partly dependent upon melting and
rolling practice. Indeed, it can vary among mills within
a given steel company. A further improvement in forma-
bility and toughness, especially in the transverse direc-
tion, was obtained when the HSS were treated with rare
earth metals to produce globular sulfides instead of the
usual MnS stringers.23 Thus, by the early 1970s, there -
was a family of formable, weldable hot-rolled HSS with
yield strengths between 345 MPa (50 ksi) and 552 MPa
(80 ksi)—the SAE 950 to 980 grades; these steels are now
referred to as conventional HSS.

The development of cold-rolled (< 1.8 mm, 0.07 in.
thickness) HSS sheets started with the Inland Steel pro-
duction of a fully martensitic steel by very rapidly
quenching a low carbon steel (— SAE 1010) as it exited a
continuous annealing line; by varying the subsequent
tempering temperature, a family of fully martensitic
steels are produced with tensile strengths ranging from
827 MPa (120 ksi) to 1380 MPa (200 ksi).* These mar-
tensitic steels unfortunately have very limited ductilities
(< 6% total elongation) and therefore cannot be stamped
into complex shapes although they are successfully roll-
formed. The production of cold-rolled (or thin gauge)
steels with yield strengths of 345 MPa (50 ksi) and above
did not start until the 1970s. It was found that yield
strengths of about 345 MPa (50 ksi) can be obtained
mainly by grain size control and a minor amount of pre-
cipitation, Unfortunately during the batch annealing to
produce a recrystallized structure, most of the carbide/
carbonitride precipitates coalesce and so are much less
effective in strengthening the steels. Higher strength
steels therefore require additional strengthening from
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residual cold work and/or a precipitate; TiC is fairly
resistant to gross overaging. This has led to the develop-
ment of the plain carbon recovery-annealed steels with
strengths up to 483 MPa (70 ksi) but with limited ductili-
ties, and the partially recrystallized Ti-containing steels
with strengths up to 965 MPa (140 ksi).5

Commencing in the middle 1960s, Japanese steel-
makers began to develop so-called dual phase steels
(ferrite plus martensite mixtures) concurrently with the
conventional HSS; one of the first reports of this work
was given in 1975.% In the U.S., dual phase steel devel-
opment began several years later as an outgrowth of the
study of the properties of conventional HSS.” The attrac-
tion of dual phase steels is that, for a given tensile strength,
these steels have the greatest total elongation (best form-
ability) of any HSS.%® These dual phase steels are now
emerging into wide commercial availability, and because
of the better formability that they exhibit, the use of such
steels is expected to expand rapidly in the coming years.

Types and Availability of HSS

From the above introduction, it is clear that there
are three basic types of HSS:

Conventional

These steels, available with yield strengths from
345 MPa (50 ksi) to 552 MPa (80 ksi), are strength-
ened by a combination of grain refinement, solid
solution additions (P, Si and Mn) and V, Nb or Ti
carbide (or carbonitride) precipitation hardening.10
The higher the strength, the more precipitate is re-
quired, while, at the lowest strengths, solution hard-
ening by phosphorus is sometimes sufficient. These
steels are available over the full strength range in
hot-rolled gauges, but there is only limited availa-
bility at the highest strength level in cold-rolled
gauges.

Recovery Annealed

These steels, which rely on retained cold work
for some of their strengthening, are produced by a
controlled recovery-anneal treatment of a heavily
cold-rolled low carbon or low alloy steel.’ Due
mainly to rolling mill load limitations, these steels
are only available over a restricted gauge range of
about 1.0-1.7 mm (0.04-0.065 in.). The martensitic
quenched-and-tempered low carbon steels which are
strengthened by the transformation dislocation sub-
structure, can also be put into this category of HSS.

Dual Phase

Dual phase steels consist essentially of a disper-
sion of high carbon martensite in a fine grained
(< 5 pm) ferrite matrix. This structure is produced

by intercritically annealing in the « + y region and
cooling at such a rate as to transform most of the
austenite to martensite. It has been found that, to a
good first approximation, the strength of dual phase
steels is linearly proportional to the percentage of
martensite in the structure.! Thus, the only funda-
mental limitation on obtainable strength is the upper
limit of weldable, 100% low carbon martensite
(~ 1240 MPa, 180 ksi). Since the dual phase struc-
ture is obtained as a final heat treatment step, usually
on a continuous annealing line, these steels can be
obtained in all thicknesses. For such materials,
hardenability (of the small austenite patches) be-
comes an important feature, and thus alloy additions
such as Mo, Cr, etc. have been investigated.12-15

If the tensile strength, which is approximately pro-
portional to both the fatigue® and crush resistance,!7 is
plotted as a function of total elongation, which has been
found in practice to be a reasonable measure of forma-
bility, then the above HSS can be represented by three
distinct curves, Figure 1. The most important point to
note is that at all strength levels, dual phase steels have
the highest elongation (formability).

Physical Metallurgy

It is the combination of strength and ductility that
is of the utmost importance when considering HSS for
stamped automotive components. The strength of the
steel is a primary determinant of the thickness (or weight)
required for the part to carry out its function, i.e. dent
resistance, durability (fatigue), crush resistance, etc.,
while the ease of making the part is controlled, to a large
extent, by the ductility of the steel. The strengthening
mechanisms operative in HSS have been outlined in the
above sections. However, little can be said concerning
the ductility of HSS except that inclusion content should
be as low as possible and the grain size as fine as possible.
For dual phase steels, a fine grained, clean (precipitate
and interstitial free), substitutionally strengthened fer-
rite provides the best ductility;® adequate hardenability
is necessary to obtain martensite.

It should be emphasized that for all HSS we are con-
cerned with strength/ductility trade-offs. Either property
reported alone as a function of microstructure or alloying
is relatively meaningless from a practical and from a
fundamental viewpoint. Indeed, it is important to realize
that a concern for ductility at a fixed strength revolves
about work hardening behavior.!® Considere’s well
known finding is that uniform elongation is a balance
between geometric softening and work hardening.!® The
instability criterion is simply that stress equals work
bardening rate at instability.

Superior strength/ductility combinations thus imply
superior work hardening at strains near instability
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FIGURE 1—Total elongation as a function of ultimate tensile strength for some of the commercially available high strength steels.

(€—0.2). Figure 2 shows the work hardening rate plotted
as a function of strain. for several conventional and dual
phase steels.’® The main point to note is that the dual
phase steels show higher work hardening rates at all
strains (approximately a factor of two) than the conven-
tional steels. Figure 3 shows several stress/strain curves
drawn on the same work hardening/strain plot. The inter-
section points (o = do/de) are the uniform strains for
each steel (indicated by the circles). The o-¢ curves for
conventional steels intersect their work hardening rate
curves at lower strength/ductility values. This result
demonstrates that the strength/ductility enhancement
directly results from increased work hardening behavior.
Thus fundamental research should be aimed at under-
standing and, if possible, increasing the work hardening
rate of steels, especially dual phase steels.

Work Hardening of Dual Phase Steels

From the above discussion, it is clear that to opti-
mize the mechanical properties of dual phase steels, it is
necessary to have a knowledge of the factors that control
the work hardening rate. Since the dual phase steels in
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FIGURE 2—Strain hardening as a function of strain for dual
phase, conventional high strength and low carbon steels.
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FIGURE 3—Strain hardening and true stress as a function of
strain for both dual phase and low carbon steels; the strain
hardening lines are taken from Figure 2. The circles indicate
the extent of uniform elongation.

common use consists of at least 80% ferrite, it is to be
expected that the properties of this ferrite will have a
major influence on the work hardening of the steel; the
other 20% or less of the structure is a high carbon
(~ 0.6% C) martensite which may contain a small
amount of retained austenite.!%2° The ferrite in these
dual phase steels is usually fine grained (< 5 pm), rela-
tively free of interstitial elements and precipitates, and
often strengthened by the addition of substitutional
alloying elements such as Si and/or P.8

The influence of Si and P on the work hardening of
fine grained (~ 10 um) pure iron alloys is shown in Fig-
ure 4. It can be seen that the higher the alloy addition,
the greater the work hardening at all strain levels. In
Figure 4a, it can also be seen that the Fe-1.5 Mn-0.55
Si-0.1 V alloy (the approximate composition of the ferrite
in the most common dual phase steel) behaves similarly
to the Fe-2% Si alloy especially at high strains. Thus it is
concluded that the 1.5 Mn and 0.1 V are having beneficial
effects, similar to an extra 1.5 Si, on work hardening.
Grain size changes over the range from 10 to 30 um in this
synthetic dual phase ferrite had no influence on the work
hardening rate.

The influence of varying the martensite content and
the carbon content of the martensite on the work harden-
ing of dual phase steels was also investigated. Although
increasing the martensite content from approximately
7 to 18% increased the work hardening rate at low strains
(Figure 5), there is essentially no change in the work
hardening rate at strains above 0.12. Similarly, the higher
carbon martensites initially work harden more rapidly,
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FIGURE 4—Work or strain hardening as a function of strain
for iron and several alloys; the standard dual phase steel line
is from Figure 2. a) Iron-silicon alloys and a “dual phase fer-
rite”; b) Iron-phosphorus alloys.

Figure 6, but, at the highest strains, the curves for the
two alloys become identical.

From these results, it appears that the properties of
the ferrite are of primary importance in determining the
work hardening rate of dual phase steels. This is demon-
strated in Figure 7 where the addition of 2% Si or 1.5% Si
—0.1% P to a dual phase steel leads to an increase in the
work hardening rate over that observed in the usual dual
phase steels containing only about 0.5% Si or 0.07% P.
However, the presence of the martensite islands does
lead to an additional increment in work hardening rate,
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Figure 4. It is still to be determined whether the size
and distribution of the martensite islands influence the
work hardening rate. It is also unclear to what extent the
retained austenite present in some martensite islands* 20
contributes to the higher work hardening rates by a
TRIP?! mechanism.

Perspectives on Vehicle Application

The high strength sheet steels discussed here have
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FIGURE 5—Work hardening as a function of strain for dual
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been undergoing extensive development during the past
ten years. During this same period, their role in private
transportation vehicles has grown from first tentative
applications to more widescale utilization. In this section,
we will give a broad overview of this trend.

‘The application of the HSS materials in U.S. vehicles
began in about 1972 in a few engine mounts, with the
first major use of the materials occurring in 1974 for
bumper reinforcements. Table I gives some of the esti-
mated dates and kinds of applications in U.S. vehicles.
Figure 8 shows the overall usage of these high strength
sheet steels in Ford vehicles.?2 This graph also compares
the HSS application rate with that for plastics in U.S.
vehicles. It is seen that the extremely rapid increase in
weight of HSS justifies our calling it the quiet materials
revolution. The increases in plastics usage have been
much more widely publicized.

The HSS materials first became commercially avail-
able in the U.S. in the early 1970s, and their use in private
transportation vehicles has also occurred first here. Cur-
rently, worldwide application of these materials in pri-
vate transportation vehicles is occurring. It would appear
that the use of HSS in foreign automotive industries is
lagging that in the U.S. by anywhere from 3 to 8 years.
In light of this history, it will be interesting to see
whether the earlier emergence of dual phase steels in
Japan® leads to earlier extensive application of these
materials in Japanese vehicles.

The rapid materials substitution of high strength
sheet steel for mild steel has resulted from the relative
effectiveness of the change in terms of cost/ weight trade-
offs, and from the relatively minor impact of HSS on the
manufacturing methods and facilities used in the auto-
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enhanced work hardening over the standard dual phase steel.



30 C. L. Magee and R. G. Davies

Table I—HSS Application Timing

1972 Engine Mounts

1974 Bumper Reinforcements (345 MPa, 50 ksi)
Side Door Beams

1976 Bumper Facebars (345 MPa, 50 ksi)
Side Door Beams (965 MPa, 140 ksi)
Exterior Panels (275 MPa, 40 ksi)

1978 Body Structural Parts (275 MPa, 40 ksi)
Wheels, Suspension Arms (550 MPa, 80 ksi)
Frame Members (345 MPa, 50 ksi)

1980 Redesigned Structural (550 MPa, 80 ksi)

1984 Vehicle-Wide Application
(415to 965 MPa, 60 to 140 ksi)
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FIGURE 8—Ouwerall rate of application of HSS and plastics
in automobiles.

motive industry.® Of course, the change is not simply
achieved because proper utilization of HSS requires im-
proved design methodology, improved stamping and
assembly techniques, and significant increases in mate-
rial and process/quality control in steel and automotive
plants.

Application Issues

The HSS usage achieved already has not occurred

¢ Although retooling and extensive stamping process modification
is required, the needed investment is still small compared to plas-
tics which usually require wholly new fabrication and assembly
facilities.

without many difficult technical issues being raised and
either fully or partially solved. Future applications will,
of course, occur beyond those already in place but not
without continuous technical development of the mate-
rials and an increase in our knowledge of where HSS is
most effective. In this section, some of these important
issues will be reviewed to indicate the kinds of material
properties that are important in application studies. In a
broad sense, these revolve around materials, design and
fabrication and have been discussed in more detail in the
literature.?? The major design and fabrication issues will
be highlighted in this section.

In the design area, the key question is the amount
of weight reduction that can be achieved in various
specific components using each of the varieties of HSS.
This overall problem revolves around consideration of
crash or energy absorption, fatigue or durability, rigidity
or ride quality, corrosion and some other related issues.
The major structural design constraints on the vehicle
are in the area of energy absorption, durability and
rigidity. The reader is referred to Reference 22 for a dis-
cussion of the redesign methods available in the area of
rigidity.

The energy absorption properties of a structure are
determined both by structural and material parameters.
Recent investigations!”2%2¢ have established the role
that materials and structures have in the load deflection
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FIGURE 9—The effect of ultimate tensile strength on weight
reduction for axial collapse and 3-point bending of square

beams. Weight reduction is calculated relative to HRLC as the
baseline material.
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characteristics of simple structures. This work has cov-
ered a variety of material, structural and loading mode
variations. Based on this work, one can calculate or esti-
‘mate the weight reductions possible with various strength
materials. Figure 9 shows the plot of the weight reduc-
tion percentage against material strength for two sim-
ple loading modes. The major effect noted is that the
loads in axial collapse are directly proportional to the
ultimate tensile strength (and not the yield strength
of the material).232¢ Thus, the use of higher strength
steels allows for reduced weight in components that are
primarily used in energy absorbing applications. An ex-
ample of this is the widespread use of HSS side door
beams with a large weight reduction over original mild
steel versions. The achieved weight reductions have been
close to those predicted by the work reviewed here. In
parts where rigidity requirements are also met, lower

29

weight reductions will be obtained.'” 22

A second key problem area in structural vehicle de-
sign is the attainment of adequate durability or fatigue
life. For this design constraint, material properties again
play a complex and interactive role. The weight reduc-
tion for individual HSS grades used in specific durability-
related components will depend on the state of loading,

the details of the load deflection history and relative
notch severity. Thus, as in the case for crush controlled
components, percent weight reduction will be compo-
nent-sensitive. Nonetheless, a most important material
property, the cyclic yield strength, generally increases
as the tensile strength of the material increases (see Fig-
ure 10).16 Similar correlations with yield strength?? are
not as strong. Higher cyclic stress/strain curves minimize
the local plastic strain under given imposed loads or
deflections. This leads to higher design loads at all fatigue
lives. A second material property, the damage accumu-
lated in any imposed local cyclic strain, is only improved
for HSS in the long life fatigue range. The overall con-
clusion (as has been known with heat treated steels used
in springs and other suspension components for a long
time) is that lighter weight components can be fabricated
from HSS for durability-controlled components. Table II
gives an estimate of these weight reductions for different
materials considered in this report.

A last design-related issue that should be considered
briefly is corrosion. As discussed in Reference 22, general
application of HSS and its accompanying downgauging
should entail more effective coatings and protection.
Such effects are simultaneously occurring and represent
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Spot Welding
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FIGURE 11—Schematic flow chart of factors involved in weldability of HSS.

Table ll—Percentage Weight Reduction for Durability

Replacing Replacing
Material CRLC HRLC
150/6* 45 42
150/12 45 42
110/12 40 35
90/18 36 32
90/27 36 22
75/33 22 16
65/27 18 12
60/29 7 0

* Tensile strength (ksi)/total elongation designation for HSS.

another cost penalty (probably small) associated with
HSS applications. However, the net effect of downgaug-
ing and more protection will be better corrosion resistant
vehicles since a small amount of protection is more bene-
ficial than the thickness of material given up on down-
gauging.

Other issues that are of significance in the substitu-
tion of. the new HSS for mild steel involve fabrication
of components from the material. In the fabrication of
sheet metal components, two major processes must be
considered. These are the sheet metal forming and the
spot welding of the materials. (Coating, painting, finish-
ing and other attaching processes are often more difficult
in HSS, but the problems to be resolved are minor com-
pared to those encountered in welding and forming.)

In spot welding, a large number of variables are in-
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FIGURE 12—The relation between strengthening mecha-
nisms in steels and carbon equivalent indicating the range for
acceptable materials from a welding viewpoint.

volved in making reliable and effective spot welds (see
Figure 11).25 Figure 12 shows the material characteristics
that are generally felt to accompany the attainment of a
good weld. Basically, one wants to achieve low carbon
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“equivalence” at high strengths, and this favors heat
treated, precipitation hardened and fine grained steels.
The relative fatigue life and crash resistance of spot
welded HSS structures is also an issue, but, in all cases
studied thus far, design solutions (e.g. more spot welds)
have been available.

The most difficult and all-encompassing technical
issues in the application of HSS to vehicles involve sheet
metal forming. A full discussion of this problem would
in itself be sufficient to cover an entire book and so will
only be briefly considered here. The overall formability
of a steel cannot be assessed in a simple quantitative way
because of the different complex variables which con-
stitute the fabrication process for any given component.
From an overall materials assessment viewpoint, prob-
ably the best rating for formability is the total elongation
to failure measured in a tensile test. This measure of duc-
tility for a range of HSS is shown in Figure 1. Such a
simple ranking does not take into account the specifics of
any given component forming operation, and the details
of the process can promote formability of a given type and
thus effect the ranking. For example, the failure strain
in a stretch forming operation is a function of the biaxial
strain state. Thus, failure limit diagrams rather than
tensile results are needed for materials, and these have
been determined for selected high strength steels.™ 2627

In stretch forming, the ability of a material to dis-
tribute strain is also important in achieving overall shape
changes. In general, the substitution of higher strength
materials results in lower work hardening and hence
reduced strain distribution capability (see section on
work hardening of dual phase steels). On the other hand,
the deep drawing ability of sheet material is essentially
independent of tensile ductility and is normally defined
in terms of limiting'draw ratio which is only affected by
the plastic anisotropy of the material. The r values are
generally not much different between conventional mild
steels and high strength steels (Table III).%27 A further
failure mechanism of interest in sheet metal forming is
local fracture which can occur in sharp bend radii or
along edges of sheared parts. In general, the higher the
strength the greater the sensitivity to local failure, and
subtle chariges in the processing operation may be neces-
sary to overcome such problems. In this case, tensile
elongation is not a good measure of formability, but
rather a local fracture measurement is superior. Control

_ Table IIl—Typical Values of n and r for HSS

Steel n r

45/35* 0.22 0.85
65/27 0.16 1.10
65/35 0.26 112
90/18 0.13 0.95
90/27 0.22 0.98

* Tensile strength (ksi)/total elongation designation for HSS.

of sulfur content and sulfide shape seems to play a key
role in developing improved materials for local fracture
resistance.? The last problem area in sheet metal forming
that will be discussed is that of shape control or part
springback. In general, higher strength materials at re-
duced gauge will show greater springback for a given
part.’8,28 The tendency for high strength materials to
show greater variability in springback because of the
greater absolute magnitude is a problem that is not easily
overcome by die changes. Thus, tighter quality control
and material specifications must evolve. These specifica-
tions will not rely on typical properties, but will be care-
fully designed for the minimum and maximum properties
seen in incoming sheet material.

As a summary of the application issues, a variety of
complex and interrelated problems arises in trying to use
high strength steels in vehicles. In light of the problems,
it might be surprising to see the already extensive utiliza-
tion of these materials (Figure 8). This would not have
occurred without technological developments and im-
proved understanding of the materials and the issues dis-
cussed above. Continued progress, particularly in sheet
metal forming technology, will pace the continued appli-
cation of these high strength sheet steels.

Application Projections and Alloy Implications

In this section, an attempt will be made to project
the potential long term applicability of high strength
sheet steels in private transportation vehicles. Such pro-
jections are obviously uncertain in light of the technical
problems and still developing material technology de-
scribed in the preceeding sections. Nonetheless, the ap-
plication research studies and the trend depicted in Fig-
ure 8 give a strong basis for the premise that use of these
materials will continue to rise.

Although the total weight of steel in future vehicles
is somewhat uncertain, it is possible to project that sheet
steel stampings will make up about 40% of future vehicle
weights. The overall penetration of high strength steel
among the sheet steels is now about 20% in Ford vehicles;
the authors speculate that this penetration will reach
30 to 50% of the total automotive sheet steel by the end
of the decade; 60 to 80% of these materials will be in
gauges below 1.8 mm (.072 in.) and thus will be in the
nominally cold-rolled gauges. These estimates, though
rough, are still far less speculative than any estimates one
can make of specific material types that will be used.

To consider the problem of material types, one has
to first break the application spectrum into the cold-
rolled and hot-rolled varieties. It is our opinion that for
the cold-rolled category, materials based on solution
hardening and/or minor alloy additions will constitute
almost one-half the high strength steels used. The supe-
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rior formability at a given strength level indicates that
dual phase steels may well make up much of the re-
mainder of these materials. The relative advantages of
continuous annealing lines in economically producing
consistent higher strength products will probably dictate
that almost all cold-rolled HSS (conventional and dual
phase) will be made on such facilities.

In the hot-rolled category, the dual phase materials
will not probably be as significant a fraction of the total
high strength steel application. There are two reasons
behind this conclusion. The first is that the addition of
continuous annealing to a hot-rolled product will always
entail an extra process and therefore cost. The second
reason is that stretch forming in thicker parts is less sig-
nificant, so the superior work hardening of the dual phase
steels is of reduced importance. Thus, we anticipate that
somewhat less than half of the hot-rolled materials uti-
lized will end up being dual phase products; the re-
mainder being conventional precipitation hardened, fine
grained materials.

The projection of potential alloy uses is even more
problematical than the projection of the potential mate-
rial types. The specific alloying elements that will be
added will of course include columbium, vanadium,
titanium and molybdenum, but, at this point, no reliable
means for deciding among these is apparent. In addition
to the problem of determining what material types will
prove the most economical, the utilization of alloying
elements will be dependent on the types of processing
that the steel companies find most economical for pro-
ducing such materials. In particular, the quenching facili-
ties on continuous annealing lines used for the produc-
tion of the cold-rolled steels are critical. In the final
analysis, we anticipate the total addition of the above
alloying elements to be less than one pound per vehicle.
Thus, we would expect the additional alloying elements
added to HSS sheet steels to be less than those found now
in the heat treated steels used in suspension springs, spin-
dles, connecting rods, etc.

In summary, we speculatively project the applica-
tion of high strength sheet steels per vehicle to approach
the 135 to 270 kg (300 to 600 1b) range by the end of the
decade. It is expected by this period that the worldwide
automotive industry will utilize such materials so a total
market larger than 10 million tons per year is possible for
these high strength sheet steels. The materials will have a
predominant component of continuously annealed prod-
ucts; solution hardened, microalloyed and heat treated
materials will be among those utilized. The alloying

elements listed above, though small in quantity, will be
key features in obtaining higher strength economically
thus achieving very significant worldwide fuel savings.
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Discussion

W. E. Lirt™MANN, Dresser Industries. Could the author
comment on the fatigue properties of the heat affected zone in
dual phase steel welds under ordinary and stress corrosion
conditions or under corrosion fatigue conditions?

C. L. Maceke. I would like to answer this question by
explaining what we know about spot welds in mild steel, and

that is very little. We are doing a lot of spot weld fatigue work
and we are learning a lot about mild steel spot welds and about
other materials as well. There is no particular problem; in fact
we have had rather good success with dual phase spot welds
and for reasons we do not entirely understand. As to corrosion,
we have only begun to look at the corrosion fatigue of spot
welds. There is very little information on this subject.



Alloying and Transformation
Control in Mn-Si-Cr-Mo As-Rolled

Dual Phase Steels

by G. T.Eldis, A. P. Coldren and F. B. Fletcher
Climax Molybdenum Company

Approximately five years have elapsed since the
rather unique mechanical properties of ferrite plus mar-
tensite mixtures, or “dual phase” steels, were first intro-
duced in the high strength low alloy (HSLA) steel litera-
ture.! Their low initial yield strength (275-410 MPa,
39.9-59.5 ksi), high work hardening rate at low strains (275
to 340 MPa, 39.9 to 49.3 ksi strength increase after 3-5%
tensile strain), high tensile strength and large uniform
elongation made them the first truly highly formable
HSLA steels. As such they were greeted with enthusiasm
by a large segment of the automotive industry. At the
present time, dual phase steel technology is at the stage
of learning how to best take advantage of the materials’
forming characteristics, for which components these
steels are cost-effective, and how the new combination of
mechanical properties and the new steel compositions
may effect other properties such as fatigue strength and
weldability. Interest remains high, and dual phase steels
will no doubt find their way into a large number of auto-
motive components during the next few years, compo-
nents such as wheels, control arms, bumpers and others
where good formability and high strength in the finished
product are required.

The term “dual phase” was coined to describe the
microstructure of this new class of steels which is now
recognized to consist of relatively hard islands of mar-
tensite plus retained austenite (“MA constituent”) dis-
persed in a matrix of soft and highly ductile ferrite. It is
the matrix which provides the excellent ductility of the
material, while the MA constituent imparts the high
tensile strength. The high residual stresses and/or high
initial mobile dislocation density associated with the
MA constituent promote the low initial yield strength
and high initial work hardening rate.? Dual phase steel
was first produced by heat treatment, and most of the
literature to date deals with heat treated material®*
The heat treatment concept is easy to grasp from basic
metallurgical principles. The steel with an initial ferrite
plus carbide structure is heated into the intercritical
temperature region where the carbides dissolve, leaving
a mixture of ferrite plus carbon-rich austenite. On subse-
quent cooling at relatively moderate rates, depending on

the steel alloy content, the carbon-rich austenite has suffi-
cient hardenability to transform to martensite.

The idea of obtaining a dual phase microstructure
without heat treatment, that is, obtaining ferrite plus
MA in the as hot-rolled strip, is an attractive one because
of the potential savings of heat treatment costs. It was
grst conceived at the Climax laboratory® and was
sparked by the observation that the Climax-developed
acicular ferrite linepipe steels sometimes contain several
percent MA constituent in the as-rolled condition.® It
had been noted that higher chromium, manganese, mo-
lybdenum and silicon contents seemed to promote the
formation of MA, and work was undertaken on a fairly
extensive matrix of steels to determine the compositions
that would minimize the amount of acicular ferrite,
pearlite and bainite in these steels in the as-rolled condi-
tion after processing in a fairly typical manner for hot-
rolled strip. This preliminary work led to the selection of
a steel containing nominally 0.06% C, 1.2% Mn, 0.9% Si,
0.6% Cr and 0.4% Mo for use in a commercial mill trial,
and that first trial met with very encouraging success.’
Subsequent refinements of composition and additional
mill trials ultimately resulted in a steel of nominal com-
position 0.06% C, 0.90% Mn, 1.35% Si, 0.45% Cr and
0.35% Mo. This steel has been used to successfully pro-
duce as-rolled dual phase steel strip on a large number
of hot strip mills in both North America and Europe
under a fairly wide range of finish rolling and coiling
temperatures.®

Throughout the rather hectic period of development
of the as-rolled dual phase (ARDP) chemistry, little work
was undertaken to quantitatively define the effects of the
various alloying elements on the transformation kinetics
of deformed (hot-rolled) austenite. There were two prin-
cipal reasons for this. First, the above described “empiri-
cal” program was proceeding so rapidly and so well that
there seemed to be little time—or need—for such a quan-
titative study. Second, it is well known, qualitatively, that
austenite deformation accelerates the transformation
kinetics. This effect has been quantitatively studied to a
limited degree.? But the transformation kinetics of aus-
tenite in the present study could be thoroughly studied
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Table I—Steel Compositions

Element, %
Steel No. (o} Mn Si Mo Cr Al N P S
Cr Series
1 0.050 0.90 1.19 0.38 —a 0.05 0.005 0.011 0.006
2 0.049 0.90 (1.19)b (0.38) 0.16 (0.05) (0.005) (0.011) (0.006)
3 0.048 0.90 (1.19) (0.38) 0.30 (0.05) (0.005) (0.011) (0.006)
4 0.048 0.89 (1.19) (0.38) 0.48 (0.05) (0.005) (0.011) (0.006)
Mo Series
5 0.049 0.91 1.21 — 0.50 0.04 0.006 0.010 0.007
6 0.049 0.92 (1.21) 0.15 (0.50) (0.04) (0.006) (0.010) (0.007)
7 0.049 0.92 (1.21) 0.30 (0.50) (0.04) (0.006) (0.010) (0.007)
8 0.048 0.91 (1.21) 0.50 (0.50) (0.04) (0.006) (0.010) (0.007)
Si Series
9 0.070 0.93 0.99 0.27 0.32 0.04 0.005 0.011 0.007
10 0.070 0.92 1.50 (0.27) (0.32) (0.04) (0.005) (0.011) (0.007)
11 0.070 0.93 2.00 (0.27) (0.32) (0.04) (0.005) (0.011) (0.007)

a None added and not analyzed.

b Values in parentheses are assumed on the basis of analysis of the first ingot in each series.

only with the austenite in the undeformed condition,
while, commercially, the ARDP steel results from trans-
formation of deformed austenite, the degree of deforma-
tion being unknown and difficult to quantify.

As the pace of the empirical program slowed with
the occurrence of successful mill trials, it became appar-
ent that a better quantitative understanding of the effects
of the individual alloying elements on control of the
austenite transformation kinetics was needed, even if
only undeformed austenite could be studied. There was
considerable debate regarding why the particular com-
bination of elements worked as well as it did in promot-
ing a dual phase microstructure in the as-rolled condi-
tion. Furthermore, the relatively high alloy content,
notably the silicon and molybdenum contents, was caus-
ing concern among some steel producers, and a study of
transformation behavior would perhaps indicate ways of
reducing the amount of alloy used.

This study was therefore undertaken to determine,
by means of dilatometry, the effects of alloying on the
control of austenite transformation in Mn-Si-Cr-Mo _
ARDP steels under conditions of continuous cooling,
Three alloy variables, silicon, chromium and molybde-
num, were selected for study. Manganese was held con-
stant here, since its level (nominally 0.9%) seemed to
cause no concern among steel producers, and all prior
work with higher manganese contents indicated dele-
terious effects.”>® Carbon was also held constant since,
in a manner analogous to heat treated dual phase steels,0
the most effective role of carbon appeared to be that of
controlling the relative amount of ferrite and MA and
hence the strength of the final product.

Experimental Procedure

Materials

The materials for this study were prepared in the
laboratory as aluminum-killed induction heats melted
and cast under an argon atmosphere. In all, three 34 kg
(75 1b) heats were melted, and each was poured into
several copper chilled steel molds, adding alloy to the
melt between ingot pours to obtain the compositions
desired. The composition of each ingot was determined
by chemical analysis of a 25 mm (1 in.) diameter button
specimen cast as an integral part of the ingot. These
analyses are presented in Table I. The 89 mm (3.5 in.)
diameter by 114 mm (4.5 in.) long ingots were soaked
at 1260 C (2300 F) and press forged to 25 mm (1 in.) thick
plates. Test specimens as described below were pre-
pared from these plates.

Austenite Transformation Studies

A Formastor-F quench dilatometer was used to
study austenite transformation kinetics. This instrument
employs induction heating of the test specimens in vacuo
and allows cooling at a wide range of controlled rates.
The test specimen has cylindrical geometry, 3 mm
(0.12 in.) diameter by 10 mm (0.39 in.) length. A 2 mm
(0.08 in.) diameter hole is bored axially into one end to
accommodate a Pt/Pt-Rh thermocouple which is per-
cussion welded to the bottom of the hole for temperature
measurement and control.

During heating and cooling of the specimens, output
from the thermocouple and from a length-sensing differ-
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Table Il—Range of Cooling Rates Used in Determining CCT Diagrams

Time to Cool from

Cooling Mode of Rate of Cooling,¢ 8000 500 C
Cycle® Cooling® C/s(F/s) (147010 930F), s
1 HeQ-H 187  (247) 2.2
2 HeQ-M 94.3 (170) 3.2
3 HeQ-L 191  (34) 15.7
4 Nat. 523 (9.4) 57.4
5 PPD 3.65 (6.6) 82.2
6 PPD 124 (2.2) 242
7 PPD 050 (0.9 600
8 PPD 0.19 (0.3) 1,580
9 PPD 0.040 (0.07) 7,500
10 PPD 0.0087 (0.016) 34,500

a See numbers near top of each cooling curve in CCT diagrams.
b HeQ = Helium Gas Quench; H, M, L = high, medium and low He flow rates, respec-

tively.
Nat. = Radiation Cooling in Vacuum.
PPD = Programmed Power Decrease.

ential transformer is simultaneously recorded with an
X-Y recorder to obtain plots of specimen length vs. tem-
perature, Transformation temperatures and an estimate
of the volume fraction transformed determined from
these data are used to construct continuous cooling trans-
formation (CCT) diagrams. The procedure is described
in detail elsewhere.!!

In the present investigation, the critical tempera-
tures Ac; and Ac; were first determined for each compo-
sition by heating a specimen of each in the dilatometer
at 2 C/min (3.6 F/min) over the range 650 to 1250 C
(1200 to 2280 F). Samples of each steel were then aus-
tenitized in the dilatometer for 20 minutes at a tempera-
ture of about 30 C (55 F) above the Acs and cooled at
various controlled rates. Ten different cooling programs

¢ Tangent at 700 C (1290 F).

were employed for each steel. Table II gives details of
the range of approximate cooling rates used in construct-
ing the CCT diagrams.

Metallography

After cooling in the dilatometer, each specimen was
cold-mounted in an epoxy resin compound and prepared
for metallography by normal mechanical polishing tech-
niques. The specimens were etched in 2% nital for opti-
cal examination. For examination in the scanning elec-
tron microscope, the specimens were etched in a mixture
of 4 g picric acid + 1 ml nitric acid in 100 ml of ethanol.
This was followed by vapor deposition of a thin Au-Pd
flm on the specimens to eliminate charging in the elec-
tron beam.

Table lll—Austenitizing Temperatures, Austenite Grain Sizes and

Critical Temperatures of the Steels Investigated

Critical
Temperatures, C (F) Austenitizing  ASTM Grain

Steel No. Ac, Ac, Temperature, C (F) Size No.
Cr Series

1 710 (1310) 995 (1825) 1010 (1850) 5-6

2 720 (1330) 970 (1780) 1000 (1830) 5-6

3 712 (1315) 968 (1775) 1000 (1830) 5-6

4 735 (1355) 985 (1805) 1015 (1860) 4-5
Mo Series

5 745 (1375) 990 (1815) 1025 (1875) (a)

6 730 (1345) 965 (1770) 995 (1825) (a)

7 730 (1345) 975 (1785) 1010 (1850) 6

8 725 (1335) 985 (1805) 1020 (1870) 6
Si Series

9 720 (1330) 940 (1725) 970 (1780) 7-8

10 735 (1355) 990 (1815) 1020 (1870) 4-5

11 740 (1365) 1060 (1940) 1095 (2005) 5-6

(a) All dilatometer specimens contained sufficient polygonal ferrite to obscure the prior
austenite grain structure so determination was not possible.
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Quantitative metallography was performed for a
limited number of specimens by point counting to check
the accuracy of the dilatometric estimates of volume
fraction transformed. The prior austenite grain size was
determined by the comparison method on dilatometer
specimens that had transformed to a predominantly
bainitic microstructure (the bainitic transformation most
clearly delineates the prior austenite grain boundaries in
these steels). The hardness (HV10) of each dilatometer
specimen was determined.

Results and Discussion

Three series of steels were prepared for this study
(Table I): a chromium series (0-0.5%) at constant silicon
(12%) and molybdenum (0.4%) contents; a molybde-
num series (0-0.50%) at constant chromium (0.5%) and
silicon (1.2%) contents; and a silicon series (1-2%) at
constant chromi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>