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ABSTRACT

In recent years fuel economy has become one of the major criteria
for the the design of automobiles. In order to improve the efficiency
of their vehicles many automotive designers are substituting high
strength sheet steels for traditional materials of lower strength. This
thesis discusses experimental work which was done to determine the
representative mechanical properties and stress-strain relationships of
a select group of high strength sheet steels with nominal vield
strengths ranging from 80 to 140 ksi. The results show that high
strength sheet steels are quite anisotropic with the variation in
measured properties depending on the type of sheet steel, the direction
of testing and the type of testing.

The literature was reviewed in depth to determine the effects of
strain rate and fatigue on the design of automotive components using
high strength sheet steels. It was found that increasing strain rates
generally increased the strength of these steels while decreasing their
ductility. The literature review of fatigue analysis revealed that even
the most accurate fatigue analysis methods currently available to the
automotive engineer predict fatigue lives that differ substantially

from the actual lives obtained from tests.
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I. INTRODCUCTION

A. GENERAL

During the past decade .the automobile industry has been required to
completely reverse their design philosophy from a fairly canservative
design approach to one of ultra efficiency in order to increase the fuel
economy of their vehicles and thus compete more favorably with foreign
markets. The trend toward lighter, more efficient automobiles shows no
sign of diminishing in the near future since the CAFE (corporate average
fuel economy) requirement of 27.5 mpg becomes effective in 19851. In
order to meet the required gas mileage standards without sacrificing the
safety §f their vehicles many automotive designers are choosing high
strength sheet steels to replace traditional materials of low to
moderate sgrength. Other than being stronger than other materials.‘high
strength sheet steels are also desirable because: (1) they offer
favorable strength-to-cost ratios, (2) they are available in a wide
range of strengths, and (3) they may be formed and assembled using
existing production techniques and equipment™ '~

This studvy primarily involved the determination of the material
properties of a selected group of high strength sheet steels with
nominal vield strengths ranging from 80 to 140 ksi as outlined in Phase
] of a three phase research project entitled "Structural Design of
Automobile Structural Components Using High Strength Sheet Steels."

Thiis project began in early 1982 at the Universitv of Missouri-Rolla

(UMR) under the sponsorship of the American Iron and Steel Institute



(AISI). The eventual goals of this three phase project are to (1)
determine characteristics of high strength automotive sheet steels
which influence their perform;nce in structural applications, (2)
determine if existing design procedures3 are appropriate, and (3)

develop new techniques if necessary.

B. PURPOSE OF INVESTIGATION

The primary purpose of this investigation was to establish the
following typical mechanical properties for six different high strength
sheet steels: modulus of elasticity, proportional limit, yield point,
ultimate tensile strength, and ductility. The tested sheet steels were
chosen to represent the broad range of commercially available high
strength sheet steels that cpuld possibly be used by the automobile
industry. Thg mechanical properties determined in this study will be
utilized not only for the analysis of structural strength of variouS
automoti&e components using these materials but also for the
development of design:-criteria at a later date.

An additional reason for this investigation was to determine the
background information necessary to estimate the effects of strain rate
and fatigue on the design of sheet steels both for this study and also
for possible future research in this area. These subjects., strain rate
and fatigue, were chosen because of their obvious importance to the

automotive industry.

C. SCOPE OF INVESTIGATION




This study began with a thorough review of the literature in the
following areas: (1) a detailed investigation of the stress-strain
curves of high strength sheet steels and the necessary procedures to
manipulate the stress-strain data to obtain the desired mechanical»
properties, (2) a thorough review of the strain rate effects on the
mechanical properties of high strength sheet steels, and (3) a study of
the history of fatigue analysis as well as the latest methods for
predicting fatigue behavior. The literature review is presented in
Section II.

The six sheet steels examined in this study were axially tested
parallel to the direction» of rolling (longitudinal direction) and
perpendicular to the rolling direction {transverse direction) both in
compressionb and tension. Included in Section III is a detailed
description of the tested materials and the procedures employed to
detcrmine the desired mechanical properties. This Section also
presents a representative sample of the resulting stress-strain curves
as well as the mechanical properties of each material.

Section IV presents an evaluation of the results along with a
discussion of the cold work effect on high strength sheet steels. Also
included in Section IV are examples of the application of the
information gained in the literature review on strain rate and fatigue
to the longitudinal tension test data of the 80XF sheet steel. Finally,

the research findings are summarized in Section V.



II. REVIEW OF LITERATURE

A. MECHANICAL PROPERTIES OF SHEET STEELS

1. Engineering Stress-Strain Curves. The information obtained

from any type of stress-strain curve is the relationship between the
load (or stress) and elongation (or strain). For engineering stress-
strain curves, the stress, f, is measured by the load, P, divided by the

original, unreduced area, Ao‘ of the specimen, i.e.
P

£=—
A
[e]

(2.1)

The engineering strain, &, is the difference between the original,
unreduced gage length, 20, and the deformed length, ¢, divided by the
original length, i.e.

-2
= o)

1)
o]

£ (2.2)

Typically the two basic types of engineering stress-strain (f-¢)
curves for high strength sheet steels are gradual and sharp yielding as
shown in Figure 2.1&. The classification of the f-¢ curves obviously
comes from the yielding behavior of the steel. As a general rule, hot-
rolled sheet steels tend to be sharp vielding (Figure 2.1(a)) while
those sheet steels that are cold-rolled or cold reduced in thickness are
gradual yielding (Figure 2.1(b)).

Sharp yiélding steels typically exhibit an upper and lower yield
point (points A and B respectively, Figure 2.1(a)). Since the upper
yield point is much more sensitive to strain rate, specimen alignment,

and shape of the tested cross-section than the lower yield point, the
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lower vield point is customarily used to represent the yvield stress of

sharp yielding sheet steels subject to static loading.a’

Since gradual yielding steels do not have such an obvious yield
point, their yield strength is defined by either an offset method or the
strain-under-load method. The offset method consists of drawing a
straight line parallel to the initial linear portion of the f-&¢ curve at
a given strain offset. For this study an offset of 0.2 percent strain
was chosen. Using this method, the intersection of the straight line
and the f-e& curve defines the yield strength as shown in Figure 2.2(a)4.
The strain-under-load method defines the yield point as the stress
corresponding to some fixed value of strain. The strain usually chosen
is 0.5 percent as shown in Figure 2.2(b)4.

The slope of the linear portion of the f-g£ diagram is known as the
modulus of_elasticity, E. The point beyond which the f-&¢ curve becomes
nonlinear is called the proportional limit (point A in Figure 2.1(b))}.
For sheet steels, whether they are gradual or sharp vielding, the
proportional limit may be determined by the 0.01 percent offset method
in exactly the same manner that the yield stress was defined for gradual
yielding sheet steels except that the offset is now only 0.01 percent.

Once the specimen is strained bevond the yield point, the load
carrying capacity of the steel continues to increase slightly in spite
of the fact that the cross-sectional area of the specimen is continually
decreasing. Since engineering stress 1is calculated based on the
original area, there must be some other phenomenon occurring that causes
the increase in load carrying capacity. This phenomenom is commomly

referred to as work hardening or strain hardening and may be explained
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by dislocation theorys. The rate of strain hardening is high at the
onset of yielding. However, as the strain is increased, the amount of
strain hardening decreases to the point where it can no longer offset
the continuous reduction of specimen area. At that point the maximum
possi?le stress or ultimate strength, Fu’ is reached in the steel.
Further elongation of the tensile specimen results in localized
straining of a small portion of the gage length known as necking7. The
necked region continues to decrease in area at a faster pace than the
strain hardening can keep up with which results in a decrease in the
total load that the specimen can withstand. This unloading results in
all areas of the specimen, other than the necked region, being unloaded
back into the elastic range while the stress in the necked area
continues to increase until fractufe5

A material property that is dependent on the strain that a material
can withstand up until fracture is ductility. Ductility is commonly
defined by two methods. Thev are

total elongation (percent) = lOO*(Qf-QO)/QO (2.3)
and reduction in area (percent) = 100*(A0-Af)/Ao (2.4)

in the above equations, the f subscripts denote the values at fracture.
Although standard values are usually used for Qo and Ao‘ it is important
Lo reuiizv that either method of measuring ductility will give varying
results if non-standard values of 20 and Ao are useds.

Another important material property yet to be discussed is the
capability of a material to absorb energy without fracture. Energy

absorption is especially important in the design of structures such as

automobile components, highway guard rails, and machinery guardsa. For



a particular material the energy absorption is given by the area under
the stress-strain curve from zero loading to fracture. Therefore the
amount of absorption depends not only on the yield and ultimate strength
butvon the total elongation of the material as well.

4

Figure 2.3 1illustrates the effect on the stress-strain curve of
stressing a given.sheet steel beyond the yield stress and then removing
the load before failure. As shown by curve 2 of Figure 2.3, if the load
is removed at point C along the stress-strain curve, then the unloading
path follows a line very nearly the slope of the elastic portion of the
stress-strain diagram. The elastic strain recovered upon unloading
from point C, € is equal to the stress at C, fc’ divided by the modulus
of elasticity , E, or € = f /E. The permanent set or plastic strain,

e c
sp, is represented by the line ADZ. Curve 3 represents the stress-
strain curve.if reloading occurs immediately and Curve 4 if reloading
occurs after strain aging. It can be seen that, if the material is
immediately reloaded (Curve 3), strain hardening produces an increase
in apparent yield strength and a decrease in ductility as compared to
the virgin material. If reloading occurs after a period of time a
phenomenon known as strain aging occurs (Curve 4) which results in an
cven higher value of yield stress and tensile strength; however, the
ductility decreases even more.

If the reloading from point D is opposite the original loading
(e.g. compression instead of tension) as shown in Figure 2.48, the new
value of the yield point G might be lower than the original yield point
B. Also, if this load is reversed so that the load is now in the

original direction, the yield point H may be lower than the original
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Fig. 2.4 Influence of Bauschingér Effect8

STRESS

STRAIN
Fig. 2.5 Comparison of Engineering and True Stress-Strain

Curves5
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vieid point B. This effect was first observed by Johann Bauschinger, of
Germany, in 1886 and is commonly referred to as the Bauschinger Effects.

2. True Stress-Strain Curves. The exact or true stress, o, in a

tensile test is equal to the load, P, divided by the instantaneous area,
A, or:

g =2 (2.5)
A

As the load increases and thus the cross-sectional area decreases, the
corresponding true stress will be greater than the engineering stress
computed for the same loading. Since there is no apprgciable change in
area in the elastic range, the true and engineering stresses are
practically identical. However, as the stress reaches the inelastic
range, the strain increases and thus the area decreases much more for a
given stress 'incrgase than in the elastic range. Therefore, the
difference between true and engineering stresses become apparent in the
inelastic range as can be seen in Figure 2.55. Comparing the shape of
the true and engineering stress-strain diagrams in the inelastic range,
one can see that the difference between the two curves continually
increases with increasing strain. It is also interesting to note that
the true stress steadily increases up to fracture. This type of
continuous increase of the f-& curve seems much more logicél than the
engineering curve since it is difficult to imagine the stress actually
decreasing in a material that is tested from zero load to fracture.

The true stress and strain may be related to the engineeriﬁg str;ss

and strain by assuming constancy of volume of the specimen. In other



words, the initial volume, Aozo, should equal the instantaneous volume,

A2. Thus
Aozo = Al : (2f6)
A= Aogo/z = Ao(lo/(zo(l +£))
A=Ao/(1+s) (2.7)

Therefore the true stress, ¢, may be given as

c=P/A=P(1+ t)/Ao = f(l +¢) (2.8)
The true or natural strain, €', is derived from the differential
increment of strain, de',as
de' ; de/ ¢, _ (2.9)
where'l is the actual length to which d? is added. The total unit
elongation becomés,
2

e' =/ de/e = ln(l/lo) = 1n(1 + ¢) (2.10)

L
o

Equations 2.8 and 2.10 obviously may be used in converting from
engineering stress and strain to true stress and strainé. After
necking, the abové equations are not valid. Since the length changes
within the gage length are now localized in the necked region, the
engineering strain, which assumes a uniform strain over the gage length,
cannot be used to calculate the true stress and natural strain. An
alternate mecthod for computing the true stress in the necked region is
described by Hosford et al. on page 53 of Ref. 5.

From inspecting the above equations for stress and strain it can be

seen Lhat for very small strains, such as those occurring in the elastic

12
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range, the engineering and true stresses and strains will be practically
the same. Therefore, for properties such as yield stress and modulus of
elasticity, the engineering values should be sufficiently accurate.

However, for studies using stress-strain data in the plastic range, "the

true stress and strain are more meaningful than engineering stress and

. 5w
strain

B. STRAIN RATE

With the new legislation requiring safer cars in the future, a good
understanding of the effects of impact loading, controlled crush and
energy absorption on automobile components is essentialg. Since these
design considerations involve dyﬂamic loadings, a knowledge of the
effects of changing strain rates on the'mechanical properties of sheet
steels must be known in order for the engineer to design a safe and
efficient vehicleg‘lo.

The fact that the strain rate influences metal properties has been
known for some time. As early as the mid 1940's Manjoine11 and Nadai12
studied the relationship between strain rate, temperature and the
material properties of mild steel. A summary of their findings is
illustrated in Figure 2.611. In 1959, Norris et al.13 published Figure
2.7 which shows the effect of strain rate on the stress-straih curve of
ordinary structural carbon steels. After analyzing these two figures,
it seems that., based on a limited amount of data, the yield point of low
to moderate strength steel is affected by changing strain rates much

more than the ultimate strength or elongation. Since that time there

have been several reports published on the influence of strain rate on



100 ‘/;;1um
%0 %0
80 A’/// 00 32
70 > 0 .3
F,/F L =y’ &
w 60 ___.:L—-=!'“——— T / e &
.‘- o Fy//
> S0 80
P 0
Q 40 TOTAL w?®
Z 1 = ELONGATION >
- % ’/ __.—‘/ 30 2
- 3
20 20
&
10 0 @
0 0
06 108 w0+ 103 102 w0t 10 02 03

AVERAGE STRAIN RATE, SEC”

Fig. 2.6 Effect of Strain Rate on Tensile Properties of

Mild Steel at Room Temperature11

- 70

T T T
RATE OF STRAIN
) in./in.

SeC

,é_o/.oooou ingin L
seC

{ in./in. /

SeC

STRESS, ks
-]
1

0 4 0 ) i6 20
STRAIN (PER CENT)
Fig. 2.7 Effect of Strain Rate on Stress=Strain Curve

for Structural Steel13



the mechanical properties of different materials. Amoung the more
noteworthy, Chatfield et al.lo mentions a general review by Campbelllh
and‘the papers listed in References 15 through 18.

In 1974, Chatfield and Rotelo completed a comprehemsive report
concerning the influence of strain rate on the mechanical properties of
high strength, low alloy (HSLA) steels. In this report six different
HSLA steels were tested with yield strengths ranging from 40 to 80 ksi.
They also tested three different aluminun alloys for comparison to the
HSLA steels. Approximate strain rates used were 0.008, 0.8, 8.0 and
80.0 in./in./secl All tests were performed at room temperature and the
temperature increase of the specimen during tensile tests was ignored.
Figure 2.810 shows the relationship between yield and tensile strength,
uniform elongation and strain rate for a typical HSLA steel.

As can be seen from this Figure, the yield and tensile strengths
both increase substantially with increasing strain rate while the
uniform elongation decreases. Total elongation, on the other hand, was
relatively independent of strain rate which seems quite strange since
the uniform elongation, which is the strain at the onset of necking,
decreased. Since the yield and tensile strengths increased and the
total elongation remained relatively stablé as strain rate increased,
then the absorbed cnergy of the HSLA steel must also increase with
increasing strdin rates. Such an increase in absorbed energy is
obviously verv desirable by the automobile industry.

The effect of strain rate on the true stress in metals may be

5,10
axpressed as:

15
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o = Cet ' (2.11)
where:

0 = true stress

£ = true strain rate

m = strain rate sensitivity exponent

C =

constant
, 5 ) .
According to Hosford™, the magnitude of m for most metals is usually
between 0 and 0.03. However, the strain rate sensitivity increases with
. , 19
temperature and with strain for most metals ~. The value of C depends
. . .5 , )

on the strain, temperature and type of material™. For a given material,
C and m are determined empirically. The resulting magnitudes of C and m

for Chatfield and Rote's tests are listed in Table 2.1°. It

Table 2.1 Values of Strain Rate Sensitivity, m, and

Equation Constant C of the Tested Materialslo

Material m In C

HRAK-AR * 0.045 10.72223
HRAK -Ann+TR 0.056 10.58935
HSLA-40 0.045 10.74515
HSLA-45-1 0.035 10.94544
HSLA-45-2 0.024 10.83534
HSLA-50 0.026 10.98135
HSLA-80-1 0.020 11.36871
HSLA-80-2 0.018 11.40914

is interesting to note that their m values range from 0.018 to 0.056
which slightly exceeds the above range of m values given by Hosford.
The valueé of ln C (and thus C) increase as the yield strength increases
which is as expected. However, the m values show a steady decrease with

increasing yield strength. After analyzing the results in Table 4 of

17
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Lo 10 ) . .
Chatfield and Rote's report ~, it seems that the increase in C is offset
by the decrease in m values such that the total increase in yield
strength, for a given strain rate increase, remains approximately the
same regardless of the material strength.

Another useful relationship between true stress and strain rate is

. 5
given by Hosford™ as:
o, =0,%(, /e )" (2.12)
2 1 2" 71 )

where o and 0, are the true stresses corresponding to strain rates ¢

1 1

£. and m are known, then © may be found for

and ¢,. Therefore, if ol, 1 2

2
any desired value of £,
If the strain rate sensitivity of a material is known as a design
parameter, the engineer may use this property to his advantage and thus
a more cconomical design may be obtained. For example, an automotive
engineer that is concerned with designing a part to withstand impact
loading without permanent deformation may take advantage of the
increased yield point (if available) caused by the high strain rate
. . . 10
associated with impact
Another very important mechanical property that up until this time
has not been mentioned is the modulus of elasticity, E. Although
neicther Hosford nor Chatfield mention the strain rate effects on the
. . ) 13 o
elastic modulus, Norris et al. states that, based on a limited number

of tests on ordinary structural carbon steel, the modulus of elasticity

is unaffected by changing strain rates.

C. FATIGUE



1. Introduction. Since many of the applications of high strength

sheet steels in automobiles involve loads that fluctuate throughout
their life, it is essential that the automotive engineer have a good
understanding of the effects of these loads on the performance of
structural components 1if he is to‘ design car bodies safely and
efficiently. The study of failure under alternating or fluctuating
loads is known as fatigue. The amplitude of these loads is such that
any one load would not likely cause failure; however, after repeated
application of this same load, failure would occur.

Fatigue failure typically consists of three stageszo. The first
stage of fatigue failure, known as crack initiation, is evidenced by the
first sign of a surface crack in the material. The next stage is crack
propagation which is the progressive worsening of the c¢rack as it
becomes wider and deeper. Finally, fracture of the material occurs when
the cross-section is sufficiently reduced by the crack (or cracks) such
that the remaining material fails under the application of one of the
repeated loads. For most automotive design, fétigue failure is
considered to occur at the onset of crack initiation2

[f the amplitudes of these repeated loads (and thus the stresses)
are below a certain limit, fatigue failure will not occur after an
infinite number of cycles. This limit is commonly referred to as the
endurance limit. For practical considerations, the endurance limit may
be defined as the magnitude of stress such that failure does not occur
after 107 cycles8

The following material presents a general review of the fatigue

properties of steels as obtained through a relatively thorough study of

19



the available literature. When possible, specific mention is made of
the applicability of any given information to high strquth sheet steels
(HSSS). However, because some of the HSSS are relatively new, it is
impossible in some cases to locate specific inforﬁation on all these
steels. Hopefully, in those cases the material given may be used as a
guide in order to establish general trends of the effects of various
factors on the fatigue properfies of HSSS.

For those interested in performing fatigue tests, the applicable
ASTM Specifications are listed in Table 2.2.

2. Fatigue Factors. This section is dedicated to a discussion of

some of the more important factors that influence the fatigue behavior
of steels.

a. Load Tvpe. Juvinall8 uses the rotating bend test as performed
using an R. R. Moore testing machine as a standard for fatigue testing.
This machine subjects a round specimen to completely reversed bending
stresses which are produced by uniform moment across the tested length.
Therefore the maximum stresses are around the perimeter of the specimen
and vary linearly to the center where the stress is always zero. If the
fatigue properties of a material are obtained as described above, but
the component to be designed is subjected to a different stress state
(such as axial or torsion), then the correction factors, CQ. given in

Table ".38 shonid be applied to the endurance limit of the metal.
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Table 2.2 ASTM Requirements for Fatigue Testing

ASTM Spec. No. Title

E4b6-82 Conducting Constant Amplitude Axial Fatigue Tests of

Metallic Materials, Practice For

E467-76 Verification of Constant Amplitude Dynamic Loads in
an Axial Load Fatigue Testing Machine, Practice For

(R 1982)

E513-74 Constant Amplitude Low-Cycle Fatigue Testing,

Definitions of Terms Relating to (R 1980)

E606-80 Constant-Amplitude., Low-Cycle Fatigue Testing,

Recommended Practice For

E£E739-80 Statistical Analysis of Linear or Linearized Stress-
Life (8-N) or Strain-Life (E-N) Fatigue Data,

Practice For

E206-72 Fatigue Testing and the Statistical Analysis of
Fatigue Data, Definition of Terms Relating to

(R 1979)
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Table 2.3. Endurance Limit Correction Factors for Various Loads

Load Type C2
Reversed or rotating bending 1.0
Reversed axial loading 0.9 no bending

0.6 to 0.85 with
indeterminate bending

Raversed torsion ' 0.58 ductile metals
(including all structural

steels)
0.8 cast iron

b. Size. As a general rule, the endurance limit tends to decrease
as the size of the specimen increases. Again a correction factor, C_,
D

L . 8 . . :
is introduced by Juvinall to modify the endurance limit determined for

a standard 0.3 in. diameter specimen. For specimens smaller ‘than 0.3

in. in diameter, C_, is conservatively taken as 1.0 whereas for larger

D
diameters CD may be taken as 0.9.
A similar type reiationship is given in Reference 21 as
. -0.034 .
Sf = Sfo (V/Vo) , (2.13)
where Sfo is a known endurance limit for a volume of specimen Vo.

Therefore, the endurance limit, Sf. of a specimen with a volume, V, may

be predicted using this relationship.

¢. Surtface Finish. The surface finish of a material may affect

its tatigue life in three ways: (1) by considering the surtace roughness
which introduces small stress concentrations on the surface (discussed
in detajl in Section II.C.2.f), (2) by changing the surface properties
of the material, and (3) by inctroducing residual stresses along the

surfacelg. On page 234 of Reference 8, Juvinall presents Figure 12.6



which shows the reductioﬁ of endurance limit due to various surface
finishes for steel parts. For hot-rolled steels with tensile strengths
not greater than 140 ksi, the value of CS varies from 0.45 to 0.73. The
values of CS decrease with increasing tensile strengths. It should be
noted that in this case C; is defined as the ratio of the endurance
limit for a given surface condition to the endurance limit for a
standard R. R. Moore mirror-polished finishs.

d. Corrosion. Since many of the automobile components are subject
to corrosive environments, the effect of corrosion on their fatigue life
is an important consideration. According to Dieterlg, when corrosive
attack is combined simultaneously with fatigue load there is a
"pronounced' decrease in the fatigue life which is greater than that
caused by previous corrosion of the surface. Also crack propogation
advances at an accelerated pace when subjected to a corrosive
atmosphiere.

Speed of testing 1is not normally important for fatigue tests
conducted in air over a range of from about 1,000 to 12,000 cycles/min;
however, when tests are made in a corrosive environment, there is a
definite dependence on the test speed. Since corrosion is a time
dependent function, the faster the speed of testing, the less damage

will be done by corrosion

A state-of-the-art report on corrosion in the automobile has been

prepared for AISI by R. J. Neville Other reports on the combined
infiuence of fatigue and corrosion in automobiles are listed in

References 23 and 24. These reports concluded that "pits formed from

23

corrosive attack produce a 'minor' degradation of the fatigue

”
properties’”
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e. Cold Work Ferming. Many of the sutomobiie structural

Y

components 4are counstructed of steels that have licen subjected to cold
working either by being cold reduced in thickness and/or by being cold-
formed into the desired structural shape from a sheet of steel. Several
recent investigations have been made to study the effects of cold
working on the fatigue behavior of various ﬁypes of steels. A few of
these investigations are given in References 26 thru 31. For
practically all the steels studied, the increase in monotonic stress-
strain properties (properties obtained from engineering stress-strain
curves for tensile tests) caused by cold working was largely lost in
fatigue strength since these steels typically strain soften (discussed
in Section II.C.2.h) upon cyclic loading. Libertini et al.26 showed
that cold working can improve the long-life fatigue properties since the
corresponding stresses are relatively low. However, the short-life
properties will almost certainly decrease because of the decrease in
2
ductility caused by cold working™

f. Stress Concentration. Fatigue cracks almost always begin at

locations of high stress concentration in a component. The stress
i " . "
concentration may be caused from notches or other 'stress raisers such

as grooves, fillets, threads or keyways. Although it is wusually

to

impossible to completely avoid stress concentrations, it 1is important

that the engineer understand their nature:; thus, he can minimize the
stress concentrations in his designs and also include their effect on
the fatigue life of structures. An example of the basic principles of
modifying a design such that the stress concentration is minimized is

shown in Figure 2.98. The notch shown in Fig. 2.9(a) represents a poor

i~



design because the stress concentration is extremely high at the notch
root. If for some reason the notch depth cannot be lessened, then
removing the cross hatched material, as shown in Fig. 2.9(b), would
reduce the stress concentration considerably. If the original width
must stay virtually unchanged then the addition of smaller notches shown
in Fig. 2.9(c) would help. If the original outer surface must remain
unchanged, then small holes drilled as shown in Fig. 2.9(d) would reduce
. 8
the stress concentration
In order to estimate the magnitude of the local stress caused by
stress raisers, a theoretical stress concentration factor, Kt, is
defined. The factor, Kt’ is equal to the local stress at the stress
raiser divided by the nominal stress in the specimen. According to
32 , ,
Neuber™ ™, the value of Kt may be determined analytically by the

expression,

. . .. 0.5
K = (K K.) . (2.14)
t £
where:
K = local elastic strain concentration factor
£ v
= lJocal strain divided by the nominal strain
K = local elastic stress concentration factor
o]

= local stress diyided by the nominal stress
in Reference 33, Peterson preéents values of Kt for many different
configurations which have been determined analytically or empirically.
In many cases the effect of stress raisers on fatigue life is less
than would be predicted by using Kt' Therefore, a fatigue reduction
tactor, Kf‘ may be defined as the endurance limit of an unnotched

material divided by the endurance limit of a notched materials. This is

25
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by far the most accurate method of determining Kf. The range of Kf

varies from 1.0 (no notch effect) to Kt' Thus it is impossible for K_ to

f

exceed KL. Several equations that relate Kf to Kt are given in the

. A ; . : 34
literature. One of the first such relations was given by Peterson” as

Kf = 1+(Kt-1)/(1+a/r), (2.15)
where:

r = notch root radius

a = materials constant depending upon strength and ductility,

for heat treated steel a may be approximated as
a= 10'3--'--(300/}‘u)1'8
Fu = ultimate tensile strength, ksi

In 1969, Topper et al.35 published an alternate expression for Kf
which relates the nominal or average stress (AS) and strain (Ae) in the
specimen to the local stress and strain (Ac and Ag) at the notch root.
This equation is

5

Kf = ((AOAE)/(ASAe))O' (2.16)

In 1983, Bhat36 proposed still another method for estimating Kf
which includes a dependence of Kf on the life level of a particular

material. He found that K_ increases with increasing life up to about

f

5310 reversals beyond which Kf showed no additional increase.
The maximum stress used to determine the number of cycles to
failure for notched specimens is the average stress multiplied by Kf,
. , 21
regardless of the method used to determine kf .
1n order to describe the susceptibility of a material to notches, a

notch sensitivity factor, q, is defined as

27
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<:1=Kf'1 ) (2.17)

K -1
t .
Therefore, q = 1 indicates full notch sensitivity (Kf = Kt) while g
=0 (Kf = 1) indicates that the material is totally insensitive to

notches.

g. Relationship Between Tensile Strength, Hardness and Endurance

Limit. Several attempts have been made over the years to estimate the
fatigue properties from the static material properties. The advantages
of establishing such relationships are obvious since it is much cheaper
and less time consuming to perform static tests than those tests
necessary to establish fatigue properties. Hardness tests are even more
desirable since they are usually non-destructive and may even be
8 . N 8
performed on actual parts . According to Juvinall , the S-N curve (max.

stress vs. no. of cycles to failure) for .wrought steel may be

approximated by a straight line from S/Fu = 0.9 at 103 cycles to S/Fu
0.5 at 106 cycles. Also, for heat treated steels below about 350
Brinell hardness number (Bhn), the ultimate strength is approximately
equal to 500 times the Bhn. It should be noted that these general rules

are only good for low to medium strength steels and do not apply to the

21
high strength steels

h. Cyclic Stress-Strain Behavior. When steels are subjected to
fully reversed stresses, they typically exhibit initial transient
hehavior varying from either higher or lower stress-strain curves than
exist for the monotonic stress-strain curve. Usually within less than
50 percent of the fatigue life the steel will become cyclically stable

(i.e. each cycle traces over the same stress-strain curve). The



stabilized stress-strain curve may be established by loading and
unloading at various increments up until the maximum reversed stress as
shown in Figure 2.10(a)20. Once the stabilized cyclic stress-strain
curve has been determined it may be superimposed on the monotonic
stress-strain curve for comparison. When the two types of curves are
compared, the steel is said to exhibit one of the following types of
cyclic behavior:

cyclically stable

cyclically harden

cyclically soften, or
complex cyclic behavior.

£ W

An example of each type of behavior is illustrated in Figure
2.10(b)20. If the stress required to apply the fully reversed loadings
remains constant, (i.e. there is no change from the monotonic stress-
st;ain curves), the material is said to be cyclically stable. ff the
stress required increases, the material cyclically hardens. If the
stress required decreases, it cyclically softens. A metal exhibits
complex cvclic behavior if it varies from cyclically harder or softer or

remains stable for different stress ranges on the same cyclic stress-
strain diagram.

It is obviously very important that a material is chosen that will
either be stable or harden upon cyclic loading in order that it can
adequately resist the design loads during its fatigue life.

i. Cummulative Damage-Miner's Rule. Since many loads normally

applied to automobile components vary in their maximum value throughout
their life, it is necessary to estimate the cummulative damage caused
by each of the various stress levels. One method that is often used by

. 39 .
the automobile industry is called Miner's Rule™ . This rule assumes

29
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that each cycle causes a small amount of damage and that this damage may
be expressed as a fraction of the fatigue life. When the sum of these
fractions equals one then the structure is assumed to have failed in

fatigue. Miner's Rule may be expressed in an equation form as

+ — + ...+ = 1 (2.18)

in which n n, represent the number of cycles of each

10 P k

respective stress cycle Sl, 52 ce Sk and Nl’ N2, cen Nk represent the
allowable number of cycles to failure for the corresponding stress
cycles as determined by either the stress-life or strain-life methods.

These methods will be discussed in detail in Section II.C.3.

j. Statistical Nature of Fatigue. The fatigue life of identical

stress levels tend to vary much more than the strength properties
obtained from static tests of the same materials. Therefore it is
important to consider this variation when performing a fatigue
analysis. Two outstanding studies of the relationshié between the
percentage of fatigue failures and the number of cycles to failure at a
given stress level are given in References 40 and 41. A typical plot of
this relationship is shown in Figure 2.1121. The objective of this plot
is to determine the percentage increase of the expected component
failures as the number of cycles is increased. The percentage of
failures allowed by the designer obviously depends on the consequences
of component failure.

Chapter 17 of Reference 8 offers an excellent description of

statistics and their application to fatigue.
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3. Fatigue Analysis Methods. According to Barsom et al.zs, the

automobile industry currently uses two types of analysis procedures to
predict the fatigue life of automotive structures. They are the stress-
life approach and the strain-life approach. Each method has its own
distinct advantages and disadvantages as will be pointed out in the
following discussion.

a. Stress-Life Approach. The stress-life approach has been used

to predict fatigue life in one form or another for over a hundred years.
The first comprehensive study using this method was performed by Wohler
in 187042. Many of the original concepts proposed by Wohler are still
in use today.

Some useful terms often used in the stress-life method are shown in
Figure 2.1219l Fig. 2.12(aj shows the stress cycle for a completely
reversed loading. In this type of loading the maximum stress, fmax’ and
minimum stress, fmin’ are equal in absolute value. Fig. 2.12(b) shows a
stress cfcle where the maximum stress varies about some value of mean
stress, fm. For this type of loading the maximum stress is equal to the
mean stress plus the alternating stress, fa’ or

fmax = fm + fa (2.19)
and similarly the minimum stress may be expressed as

£ =f =-f_ . (2.20)
The stress range, fr’ is defined as the algebraic difference between the
maximum and minimum stresses, i.e.

f =f -f . . (2.21)

The alternating stress, fa,.then is half of the stress range or



fa = fr/2 . (2.22)
Another useful term is the stress ratio, R, which is equal to the
minimum stress divided by the maximum stress or
R = fmin/fmax . (2.23)
- Many automotive components are subjected to loads that vary
irregularly in maximum amplitude as shown in Fig. 2.12(c). However, the
fatigue life of such loadings may be predicted using the same basic
procedures as used for the smooth loadings. The only difference being
that the cummulative damage caused by each of the stress cyéles must be
summed using Miner's Rule as discussed in Section II.C.2.1i.

The most common way of presenting stress-life fatigue data is by
so-called S-N curves. In these curves the maximum stress amplitude,
fmax or S, is plotted on the ordinate and the number of cycles to
failure, N, is plotted on the abscissa. Usually semilog or log-log
coordinates are chosen for S-N curves. Unless noted otherwise, S-N
curves are applicable to fully reversed loadings only (i.e. fm =0). An
example of a log-log S5-N curve is shown in Figure 2.1320. As shown by
Figure 2.13, for long lives the total fatigue life consists primarily of
the crack initiation life, whereas for short lives the crack initiation
life is negligible. However, a typical S5-N curve for a particular
material is usually determined ;s a composite of the points obtained by
applying different stress fluctuations, S, and recording the number of
cycles to failure, N, for each value of S. Therefore the resulting S-N

curve corresponds with the total life curve shown in Figure 2.13 and

thus the crack initiation data desired by the automotive engineer cannot

. 20
be obtained from a typical S$-N curve .
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For stress cycles that vary about some mean stress, fm’ there are
several different methods of presenting the fatigue life data. One of
the most straightforward methods is to use the traditional S-N diagram
with the curves representing different values of mean stress being
designated by their respective stress ratios, k. An example of this
type of curve is shown in Figure 2.1420, in which R = -1 represents
fully reversed loadings.

An alternate method of presenting the same basic information that
is often used by design engineers is the modified Goodman diagram as

20

shown in Figure 2.157 .

b. Strain-Life Approach. The strain-life approach for predicting

fatigue life is a relatively new technique that is often used in the
. , 25 . . .
automobile industry™~. This method is based on the assumption that the
critical area, such as a notch, for fatigue of any structure is normally
subjected to plastic stresses whereas the average stress in the
structure remains in the elastic range. Therefore the plastic local
stresses at points of stress concentration are surrounded by an elastic
field such that even when the structure is stress-controlled, the
localized plastic zones are approximately strain-controlled. In order
to approximate the fatigue behavior of the localized plastic zones,
smooth specimens with minimum cross-sections that makeup some fraction
, . 20
of the plastic zones, as shown in Figure 2.16  , are tested under
o . 43 1" . .
strain-controlled conditions ~ . "However, suitable correction factors
must be used to account for differences in stress state, size and strain
gradient between the smooth specimen and the plastic zone of the
. . u25 .
structural detail of interest . Reference 44 provides more

information on these correction factors.
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The total true strain, Ae', used in the strain-life approach is
shown for a stable stress-strain hysteresis loop in Figure 2.1720 and
may be expressed as

Ag' = Ag' + Ag', (2.24)

e p

where As; is the total elastic strain and Asb is the total plastic
strain. It is important to note that the stresses (o) and strains (¢')
used in the strain-life approach are true stresses and strains as
opposed t§ engineering stresses and strains. Formulas are given in
Section II.A.2 for converting from engineering to true stresses and
strains.

A more convenient method of expressing the total strain is by the
strain amplitude, . where

sa =Ac'/2 = Asé/z + AEE/Z . (2.25)
Also, the elastic strain may be expressed as Ag/E where E is the modulus

of elasticity such that

e
a

= Ag/2E + As;/z . (2.26)
‘ The relationship between the applied loads and the resulting
stresses and strains may be obtained by either attaching a strain gage
directly to the critical fatigue area (such as a notch) or by using
finite elemeﬁt techniques as described on page 18 of Reference 25.

For short lives the strain amplitude'primarily consists of plastic
strains since the corresponding stresses are very high. If the plastic
strain amplitude, Asb/Z, is plotted against the number of reversals to
failure, 2Nf, on a log-log scale the data pdints will lie roughly along
21

a straight line as shown on Figure 2.18"". It should be noted here that

a stress or strain reversal is defined by any points along the stress-
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sfrain curve where the first derivative changes sign (i.e. where the
slope changes from positive to negative or vice-versa).
The equation of the line relating Aah/z to 2Nf may be expressed as
he: /2 = g5 (2N)°, (2.27)
where ¢ is the fatigue ductility exponent with a value of
approximately -0.60 and £! is the fatigue ductility coefficient. The

f

value of &% may be approximated by the true fracture ductility, ¢!

f £?
obtained from a monotonic tension test, or
s% = a% = 1In(100/(100-%RA)) (2.28)

where %RA is the percentage reduction in area at fracture.

For long lives the strain amplitude consist primarily of elastic

40

strain since the corresponding stresses are relatively small. If the

stable elastic stress amplitude, Ac/2, is plotted against 2Nf on a log-

log scale the following relationship is obtained:

bo/2 =0, = c'f"’-'(ZNf)b (2.29)
where:
ca = True fatigue strength
o% = Fatigue strength coefficient
b = Fatigue strength exponent
As shown in Figure 2.1921, o% is defined as the allowable stress

amplitude for one reversal. Therefore, of may be approximated by the

true fracture strength. 0.: however, o, must be corrected for necking21

For steels with a hardness of less than 500 Bhn, o% may be estimated by
o% = Fu + 50 ksi (2.30)

where F is the engineering ultimate strength in ksi.
u
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The value of the fatigue strength exponent, b, may be approximated
for most metals as
b = -(1/6)log(20%/Fu) . (2.31)
The elastic strain amplitude, Asg/z, may be expressed in terms of
the fatigue strength coefficient and the fatigue strength exponent by
dividing the stress amplitude, O, by the modulus of elasticity, E, or
ael/2 =0 /E =0y (2N /E . (2.32)
For intermediate fatigue lives, the total 1life is obviously

dependent on both the elastic and plastic strains; therefore, the total

strain amplitude, Ae/2, as a function of reversals to failure, 2Nf, may
be obtained by adding equations 2.27 and 2.32 or
. b c
v = ! = + g" . .
€, Ae /2 cf(ZNf) /E sf(ZNf) (2.33)

A graphical répresentation of equation 2.33 as well as 2.27 and 2.32 is
shown in Figure 2.20211

Inspecting equation 2.33 it should be obvious that for long lives
(where the strain is predominately elastic) the first term is all that
is needed. For short lives the strain is mainly plastic and thus the
second term is the most significant. It is often helpful to determine
the transition fatigue life, ZNt’ where the elastic and plastic strain
amplitude contributions are identical. This is done by setting Ae;/z =
Asb/z. The resulting fatigue life (shown in Figure 2.20 by the vertical
dashed line) is

1/(b=c) (2.34)

2N, = (Es%/cf)
Since Equation 2.33 was derived for the fully reversed cyclic

loading as shown in Figure 2.1720. special provisions must be made to

account for any mean stress that might be present. One method of



predicting the effect of mean stress, om, is given by37

Or = oa/(l - om/of), (2.35)
where Oy is an effective reversed stress amplitude which gives the same
fatigue life as the combined effects of the mean stress and stress
stress amplitude, O and S, For long lives, o, in Equation 2.29 may be

replaced by o, in order to predict the effect of mean stress on the

fatigue life, or

- .y1/b _ . 1/b
2Nf = (ocr/of) = (oa/(of om)) . (2.36)
For short lives the relationship between plastic strain and 2Nf
.37
1s
l/c
N = ' “ . 2.37
ZVf (Asp/Zsf) ( )

Looking at Equation 2.36 it can be seen that. compressive mean
stresses (-om) increase fatigue life whereas tensile (+om) mean
stresses decrease fatigue life.

The effect of residual stresses on fatigue life is similar to that
of mean stressesZI. Reference 45 contains a summary of several programs
conducted to study residual stress effects on fatigue life.

c. Comparison of Stress-Life and Strain-Life Methods. Although

both the stress-life and strain-life fatigue analysis methods are
commonly used in the automobile industry, it is generally accepted that
the strain-life approach will be the preferred concept in the future for
the following reasonzs. The strain-life approach "usually describes
the basic-material (polished and or with as-rolled surfaces) fatigue
behavior ... more broadly and accurately than that determined by the

n25

conventional stress-life approach An important reason for this
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increased accuracy is believed to be caused from the fact that the
strain-life approach treats the plastic and elastic stress and strain
states separately whereas the stress-life approach only considers the
total stress on the structure.

Because of the complexity of the strain-life approach it is usually
only applied to critical applications such as the analysis of new
geometries or new grades of steelzs.

Regardless of the fatigue analysis procedure chosen there is a
great variation between the predicted and actual fatigue lives. A
recent study tested twelve different 1local strain and stress
approaches. Their results were recorded as the predicted fatigue life
divided by the actual fafigue life or vice-versa, depending of which one
had a value greater than unity. The results varied from a ratio of 17 on
the conservative side to 160 on the unconservative sidezs. Obviously
much work remains to be done in this area before fat}gue failure can
ever be predicted precisely.

4. Fatigue Design of Sheet Steel Connectionms. Up until this

point all the discussion has been of the fatigue analysis of monolithic
structures with no specific mention being made of the fatigue design of
connections. The following information is based on a research project
conducted by Klippstein46 involving the design of connections in sheet
steels.

Since no uniform fatigue design provisions, such as codes or
specifications, have been developed for fabricated sheet steel details,
a research program to study the possibility of using the stress-range

fatigue design concept for sheet steel details was sponsored by the



American Iron and Steel Institute at the U. 8. Steel Research
Laboratory. The stress-range‘concept has been successfﬁlly used for
steel-plate fabrication details for some time; therefore, it seemed
.logical to explore the possibility of extending its use to sheet steel
details.

The existing steel plate fatigue design provisions, which are
based on the stress-range concept, classify different types of details
in categories A through E depending on the level of notch severity and
residual stress intensity with the severity increasing from A to E.
Mean stress, stress ratio, and steel grades are not considered to have
any effect on the total fatigue life. Any effects that stress
concentrations or residual sﬁresses might have on the fatigue life is
taken care of in the categorization process.

The results of this research indicated that it may be possible to
apply the stress-range concept to sheet steel connections. If so, this
method "could be used as an effective and lower-cost alternative to the
strain-life and bogey tests currently being used"46 by the automobile
industry. However, before the stress-range method can be adopted
wholeheartedly, Klippstein states that additional tests must be

performed.

5. Component Testing. Since there is such a great variation in

the predicted and actual fatigue lives as discussed in Section II.C.3.c,
it is necessary to verify the adequacy of a design by subjecting the
'component to fatigue tests that will simulate the actual service
conditions of the component. Tests of this type are often referred to as

2 .
"bogey" tests in the automobile industry. > A bogey test subjects the
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component to a set number of cycles of constant or varying stress,
strain or load amplitudes. The number of cycles of a given loading that
the part must endure is calculated either by Miner's Rule or is known
from experience25

Another type of testing that is very useful to the automotive
engineer 1is service testing. As the name implies, for this type of
testing the component is subjected to actual service conditions. The
actual loadings and number of cycles to failures are recorded by mobile
computers; thus giving the engineer an excellent description of the
fatigue behavior of the component in question.

6. Conclusions and Future Research Needs. From the wide spread

between actual and predicted fatigue lives it is obvious that much
research needs to be done in the fatigue analysis area. Also, since the
strain-life concept is based on the stress-strain behavior of virgin
materials it is difficult to use this information to predict the fatigue
life of formed or fabricated sections and especially welded sections.
Therefore, more research should be performed in this area to come up
with modifications of the strain-life approach to account for cold-
formingzs. Also, further research needs to be done to continue the work
begun by Klippstein46 to study the applicability of the stress-range

design method for steel plate connections to the design of sheet steel

connections.
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III. EXPERIMENTAL PROGRAM

A. MATERIALS

1. Description of the Sheet Steels Selected for Testing. An AISI
ni7

publication entitled "High Strenéth Sheet Steel Source Guide lists
61 different high strength sheet steels that are éommercially available
from North American producers. Of these sheet steels, six different
tvpes were selected by members of the AISI Task Force on Structurai
Research of the Transportation Department48 for determination of their
representative mechanical properties and stress-strain curves. These
materials are listed in Table 3.la along with their trade designations
and nominal sheet size. "From this table it can be seen that thése
materials include both hot-rolled and cold-rolled steels with yield
points ranging from 80 to 140 ksi. Table 3.1b lists the chemical
composition of each stee148.

The AISI material designation for high strength sheet steels
consists of three parts: (1) the minimum specified yield point, (2) the
chemical composition, and (3) the classification of the deoxidation
practices. |

The chemical composition is designated by S, X, W, or D where:

S = structural quality

X low alloy

W = weathering

D = dual phase
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Table 3.1a

Sheet Steels Used in Phase I of the Study48

AISI Designation® Trade Désignation

Nominal Sheet Size

80SK Cold-Rolled, stress 0.061" 45" 96"
relieved, annealed,
killed sheet steel

80DF Hot-rolled dual phase 0.114" 33" 83"
sheet steel

80DK Cold-rolled sheet 0.048" 48" 120"
steel

B80XF Hot-rolled sheet 0.082" x 48" 120"
steel

100XF Cold-rolled sheet 0.062" 52" 120"
steel

140XF Cold~rolled sheet 0.043" 45" 25"
steel

* The AISI designation is illustrated as follows:
80 S K

‘ Lkilled
structural quality

80 ksi, minimum yield strength
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Chemical Composition of the Sheet Steels Used in Phase I of

Table 3.1b

the Study (Percent)48

AISI Designation C Mn P S Si Cu Ni Cr Mo Al N Ce Cb Zr
80SK 0.073 0.30 0.003 0.022 -—= e o= —om o 0,065 = == o= ——-
80DF 0.06 0.94 0.009 0.011 1.61 0.02 0.02 0.50 0.39 o0.01 - 0.02 —- ——-
80DK 0.09 0.52 0.06 0.003 - _—— ——- —— e - _— e e
80XF 0.08 0.33 0.009 0.021 - —— mem e eem e — e, e e
100XF 0.07 0.43 0.006 0.023 -—- 0.11 --- —== -—-—-  0.056 -- ---0.064 0.08
140XF 0.08 0.92 0.006 0.014 0.04 -—-—- -—- --=  ~-—  0.069 -~ -—--0.110 0.08

6%



The deoxidaton practice is designated by F, K, or O where:
F = killed plus sulfide control

K=killed

0 = non-killed
An example of a typical AISI material designétion is given at the bottom
of Table 3. 1a.
The combinations of chemical composition and deoxidation practice
represented by the six sheet steels chosen for testing are: SK, DF, and
XF. The following description of each combination is taken directly

from Reference 47.

"Structural Quality (SK)

Typically, this family of high strength steels is produced
with higher carbon and manganese levels than are present in
low carbon steel. Strengthening elements, such as nitrogen or
phosphorus, can be added at the producer's discretion. Not
generally considered to be microalloying elements, these can
be specifically prohibited by the user. Strengthening can
also be achieved in cold rolled structural quality steels by
special cooling and annealing practices, i.e., stress relief
annealing.

One major advantage of structural quality sheet steels
is their generally lower cost compared to other high strength
grades. Although the formability of structural quality high
strength grades is reasonably good, they generally do not
form as easily as most low carbon steels. Similarly, these
high strength grades usually do not form as easily as most
microalloyed sheet steels of the same strength level.

When formed, all sheet steels increase in strength.
Structural quality grades containing nitrogen additionally
gave a particularly pronounced strain-aging effect and
frequently are specified by users for this characteristic.
For instance, steels containing this element typically gain
about 15-20 ksi in yield strength after being strained 10

percent and aged at room temperature (20°C) for a week. Heat,
as in a paint-bake cycle, accelerates this mechanism. It is
important to note, however, that this hardening effect occurs
only where sufficient strain is induced during the forming
operation.

Structural quality high strength sheet steel grades are
readily weldable with conventional equipment used in joining
low carbon sheet steel. Some welding practice modificationms,
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however, are required for certain grades and individual steel
producers should be consulted regarding the need for such
modifications. *

Low Alloy (XF,XK)

Sheet steels in this category generally are more expensive
and generally permit better formability than structural
quality grades at comparable strength levels. Their strength
is attained through the addition of small quantities of
alloying elements and the steels wusually provide higher
production and service performance.

The inclusion control low alloy (XF) grades are
frequently referred to as 'better forming' steels. This is
because the sulfides present are reduced in volume or their
shape is modified to allow more severe forming. The X grades
exhibit good weldability using conventional equipment, but
some welding practice adjustments may be required. Producers
should be consulted for specific suggestions regarding these
grades.

Dual Phase (DF,DK)

These steels predominately exhibit martensite in a ferrite
matrix microstructure, although retained austenite and
bainite may also be present.

In many applications, dual phase steels are more
formable and provide greater work hardening characteristics
than low alloy steels of comparable strength. In this
respect, the 80DF grade may exhibit better formability than
the 80XF grade. In certain applications, dual phase steels
may permit production of more intricately shaped parts than
can be made satisfactorily with other high strength grades.
The work hardening effect in dual phase steels occurs only
where sufficient strain is induced during manufacture of the

part.
The weldability of these products is generally similar

to low alloy grades".

2. Material Requirements of Existing AISI Specifications. There

are three specifications currently published by the American Iron and
Steel Institue (AISI) that could possibly provide background

information for the needed material requirements of the automobile

industry. A brief outline of the scope of each document along with a

summary of the material requirements is presented for each

Specification in one of the following sections.
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a. Specification for the Design of Cold-Formed Steel Structural

Meﬁbers49. Research began on the study of cold-formed steels at Cornell
University in 1939 under the sponsorship of AISISO. Based on this
research, the first specification entitled, '"Specification for the
Design of Ligh£ Gage Steel Structural Member551," was published in 1946.
Since that time several other Editions of the Specification have been
published with the latest Edition being the "Specification for the
Design of Cold-Formed Steel Structural Members49," which was published
in 1980. Consequently, this Specification is the subject of this
review.

The materials accepted by the 1980 AISI Specification include a
variety of carbon and low-alloy steels in the form of steel sheets,
strip, pléte, or bar one inch or less in thickness. Table 3.248 lists
these materials along with their mechanical properties. Of these steels
the ;ield p;int ranges from 25 to 70 ksi while the tensile strength
varies from 42 to 85 ksi. Ductility is important for these sheet steels
in order to ensure that the structural shapes may bg cold-formed without
fracture. For the accepted steels described above the ultimate-to-
yield strength ratios range from 1.17 to 2.22 and the elongation values
vary from 12 té 27 percent for 2-in. gage lengths and from 15 to 20
percent for 8-in. gage lengths48

The Specification's provisions are intended only for materials

with tensile-to-yield point ratios of 1.08 or greater and elongations of

at least 10 percent in a 2-in. gage length or 7 percent in a 8-in. gage

length. An exception to the ductility requirement is made for Grade E

of the A446 and A611 steels. Since these steels have an Fu/FY ratio of



Table 3.2

Mechanical Properties of Steels Referred to in Section 1.2.1 of the AISI Specification48

Minimum

yield Minimum elongation,
point or Minimum percent
Thick- yield ultimate F /F
Trade designation ASTM ness, strength,F strength,F u' 'y in 2-in. in 8-in.
designation in. ksi Y ksi Y ratio gage length gage length
Zinc-coated Steel Sheets ALLE A 33 45 1.36 20 -
of Structural Quality B 37 52 1.41 18 -
C 40 . 55 1.38 16 -
D 50 65 1.30 12 -
E 80 82 1.03 - -
F 50 70 1.40 12 ~ -
Hot—-Rolled Carbon Steel A570 A 0.0255 25 45 1.80 23-27 -
Sheets and Strip of B to 30 49 1.63 21-25 -
Structural Quality C 0.2299 33 52 1.58 18-23 -
D 40 55 1.38 15-21 -
E 42 58 1.38 13-19 -
Hot-Rolled and Cold-Rolled A606
High-Strength, Low-Alloy Hot-Rolled 45 65 1.44 22 -
Steel Sheet and Strip with as Rolled
Improved Corrosion Coils
Resistance Hot~Rolled 50 70 1.40 22 -
as Rolled

Cut Lengths
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Table 3.2 (continued)

Mechanical Properties of Steels Referred to in Section 1.2.1 of the AISI Specification48

Mi;iz;z Minimum elongation,
point or Minimum percent
Thick—~ = yield ultimate
Trade designation ASTM ness, strength,F strength,Fu Fu/Fy in 2-in. in 8-in.
designation in. ksi ksi ratio gage length gage length
Hot-Rolled and Cold-Rolled A607Gr 45 45 60 1.33 Hot-Rolled 25 -
High-Strength, Low-Alloy Cold-Rolled 22 -
Columbium and/or Vanadium 50 50 65 1.30 Hot-Rolled 22 -
Steel Sheet and Strip Cold-Rolled 20 -
55 55 70 1.27 Hot-Rolled 20 -
Cold-Rolled 18 -
60 60 75 1.25 Hot-Rolled 18 -
Cold-Rolled 16 -
65 65 80 1.23 Hot-Rolled 16 -
Cold-Rolled 15 -
70 70 85 1.21 14 -
Cold-Rolled Carbon A611 A 25 42 1.68 26 -
Structural Steel Sheet B 30 . 45 1.50 24 -
c 33 48 - 1.45 22 -
D 40 " 52 1.30 20 -
E 80 82 1.03 -— -
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Table 3.2 (continued)

Mechanical Properties of Steels Referred to in Section 1.2.1 of the AISI Specification48

Minimum
yield Minimum elongation,
. point or Minimum percent
Thick- yield ultimate F /F
Trade designation ASTM ness, strength, F strength, Fu uy in 2-in. in 8-1in.
designation in. ksi ksi ratio gage length gage length
Hot-Rolled, High Strength, A715 Gr 50 up to 50 60 1.20 22 -
Low Allow Steel Sheet 60 0.097" 60 70 1.17 20 -
and Strip with Improved )
Formability A715 Gr 50 over 50 60 1.20 24 -
60 0.097" 60 70 1.17 22 -
Structural Steel A36 36 58-80 1.61- 23 -
2,22
High-Strength Low-Alloy A242 3/4 & 50 70 1.40 - 18%
Structural Steel under
3/4 to 46 67 1.46 21 18
1-1/2
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Table 3.2 (céntinued)

: . 48
Mechanical Properties of Steels Referred to in Section 1.2.1 of the AISI Specification

Minimum Minimum elongation,
yield
point or Minimum percent
Thick-~ yield ultimate F /F
Trade designation ASTM ness, strength,F strength,F u -y in 2-in. in 8-in.
designation in. ksi y ksi Y ratio gage length gage length
High-Strength Low-Alloy A441 3/4 & 50 70 1.40 - 18%
Structural Manganese under
Vanadium Steel
3/4 to 46 67 1.46 21 18
1-1/2
High-Strength Low-Alloy A572 Gr 42 42 60 1.43 24 20
Columbium-Vanadium Steels 45 45 60 1.33 22 19
of Structural Quality 50 50 65 1.30 21 18
55 55 70 1.27 20 17
60 60 75 1.25 18 16
65 65 80 1.23 17 15
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1.02 their use is limited to applications where only a small amount of
cold-forming is required. Typical uses of this steel are for roofing,
siding, and floor decking50

b. Guide for Preliminary Design of Sheet Steel Automotive

Structural Components3. In 1981, AISI published the "Guide for

Preliminary Design of Sheet Steel Automotive Structural Components3"

for use by the automobile industry. The primary purpose of the Guide is
to provide simplified design expressions to be used for the preliminary
design of automotive strutural components. The provisions of the Guide
are based on the 1968 Edition of the '"Specification for the Design of
Cold-Formed Steel Structural Members>2."

The design provisions of fhe Guide differ from the AISI
Specification52 in the following ways:

(1) The design equations are based on an ultimate strength basis.

Thus, the magnitude of the factor of safety is left up to the

designer.

(2) Many of the design expressions have been simplified since they

are presented primarily for preliminary design and since the

automobile industry customarily subjects their new products to

performance tests.

(3) The design equations have been modified such that their range

of applicability is extended to cover steels with yield strengths

up to 80 ksi.

The material provisions of the Guide are much more general than
those given by the 1980 Specific&tionAg. The design expressions of the

Guide may be applied to any structural steel that has a yield strength
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not greater than 80 ksi and a proportional limit equal to or greater
than 70 percent of the yield strength. The only ductility requirement
is that the material possesses "adequate ductility to form the part and
serve the intended function" .

c. Specification for the Design of Cold-Formed Stainless Steel

Structural Membersss. In 1968, the publication of the "Specification

for the Design of Light Gage Cold-Formed Stainless Steel Structural
Memberssa," marked the first set of published guidelines for the design
of cold-formed stainless steel members. The range of applicable
stainless steel materials was increased‘in 1974 with the publication of
the '"Specification for the Design of Cold-Formed Stainless Steel
Structural Membersss." The 1974 Specification53 was expanded to
include not only sheet and strip material but also flat plates and bars.
In summary, the 1974 Specification53 applies to any sheet, strip, plate,
and flat bar stainless steel that meets the requirements of ASTM
Designation A666-72, "Austenitic Stainless Steel, Sheet, Strip, Plate,
and Flat Bar for Structural Applicatioms."

Since stainless steels, particularly the 1/4 and 1/2-hard tempers,
typically exhibit considerable anisotropy, in much the same manner as
the high strength sheet steels, the design expressions that were
originally developed for the stainless steels may very well apply to

high strength sheet steels. Of course, considerable research and

testing would be required to prove the applicability of the stainless

steel equations.

A comparison of the stress-strain curves for stainless steel and

. . . 48
the traditional carbon or low alloy steels is shown in Figure 3.1 .
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Fig. 3.1 Difference Between Stress-Strain Curves of Carbon and

Stainless Steels48
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Fig. 3.2 Comparison of Stress-Strain Curves of Annealed Half-Hard

and Full-Hard Stainless Steels48
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) 48
Figure 3.2 illustrates the anisotropic nature of the stainless

steels.

B. UNIAXTAL TESTS

The six materials were uniaxially tested in the longitudinal
(parallel to the direction of rolling) and transverse (perpendicular to
the direction of rolling) directions in sath tension and compression.
The test specimens (or coupons) were cut from the quarter points of the
steel sheets as shown in Figure 3.348. For each type of steel, four
tests were performed in longitudinal tension (LT), transverse tension
(TT), longitudinal compression (LC), and transverse compression (TC).
A detailed description of the testing procedures is given in the
following sections for tension testing (Section III.B.1) and
compression testing (Section III.B.2). Section III.C describes the
instrumentation employed in obtaining the stress-strain data as well as
the method used to manipulate this stress-strain data to get the desired
mechanical properties.

1. Tension Tests.

a. ASTM Specifications. The tension tests followed the

procedures outlined in the ASTM Specifications listed.below:
E8-69 Tension Testing of Metallic Materials

E83-67 Standard Method of Verification and Classification of

Extensometers

E111-82 Standard Test Method for Young's Modulus, Tangent Modulus

and Chord Modulus
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Fig. 3.3 Location of Tension and Compression Coupons
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b. Specimens. fensile specimens in the longitudinal and
transverse directions were prepared by the Machine Shop at the
University of Missouri-Rolla. The sketch in Figure 3.448 shows the
tensile specimen dimensions for all materials except the 140XF steel.
For the 140XF steel, the fillet radius was increased from 3/4 to 1-1/2
in. and the reduced section was tapered gradually from the ends to the
center. However, the width at the ends was no more than 0.005 in.
larger than at the center.

The 140XF specimens were modified because of consistent failure
at the fillet radius-to-reduced section junction (point A, Fig. 3.4)
when the standard type specimens were used. Since this failure was
outside the gage length of the extensometer, the resulting stress-
strain data Qere deemed unreliable. The reason for failure at the
radius-reduced section junction is believed to be caused from the stress
concentration at this transition point; thus, the fillet radius was
increased in an effort to reduce the stress concentration.

The stress concentration problem for the 140XF material has been
studiea in detail. Upon inspection of the results in Table 3.10 it can
be seen that, for the 140XF steel, the Fu/Fy ratio is only 1.00 and the
elongation is only 4.3 percent in longitudinal tension and 1.5 percent
in transverse tension. These ductility properties are all much lower
than that of the 80 ksi steels and the elongation is much less than the

corresponding values of the 100XF steel while the Fu/Fy ratio is the

same at 1.00. Since the yield stress is first reached at the stress

concentration point, a significant amount of ductility is required to

enable the stress to flow plastically until the yield stress can spread
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over the entire cross section. However, since the 140XF steel has very
little ductility, the material fractures before a uniform yield stress
can be obtained.

¢. Equipment. All the specimens were tested in a 120,000 pound
Tinius Olsen testing machine located in the Engineering Research
Laboratory at UMR. Figure 3.548 showé this testing machine along with
the remaining equipment used in the tension test. Other equipment used
is the data acquisition system (Fig.3.6), graphic diséiay (Fig. 3.7), X~
Y plotter (Fig. 3.8), strain rate monitor (SRM) (Fig. 3.9), and a Tinius
Olsen model no. 90828 extensometer (Fig. 3.10a, Fig. 3.10b, and Fig.
3.11). These figures were originally presented in Reference 48.

A Tinius Olsen extensometer with a 2-in. gage length was used in
order to measure the strain from zero load to failure. The accuracy of
this extensometer was found to be between the Class B-1 and B-2
classifications according to the regulations given in ASTM
Specification E83-67. A description of the calibration procedures and

the classification calculations are included in the Appendix for this

extensometer.

d. Procedure. Prior to testing, the dimensions of the tensile

specimens were measured to the nearest 0.001 in., cleaned with acetone,
and the gage length (2-in.) was marked in ink. The specimen was then
placed in the jaws of the Tinius Olsen testing machine such that the

longitudinal axis of the specimen coincided with the centerline of the

testing machine heads. Next the extensometer was attached to the

proximately lined up with

48

specimen such that the extensometer grips ap

the gage marks as illustrated in Figure 3.10a A preload of about 30
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Fig. 3.5

Tinius Olsen Universal Testing Machine Used for Tension Tests
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Fig. 3.9 Strain Rate Monitor (Marked as SRM)48
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Fig. 3.10a

Test Setup Showing the Attachment

of Extensometer

70



Fig.

3.10b

Test Setup Showing the Attachment

48
of Extensometer
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Fig.

3.11 Failure of the Tesnion Test Specimen
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percent of the yield stress was applied and then released prior to
testing in order to minimize any slipping that might occur in the early
test stages.

As the test proceeded the stress-strain graph was plotted
simultaneously on the graphic display terminal and the X-Y plotter.
Stress and strain data were stored by a computer for later plotting and
determination of mechanical properties. Section III.C describes the
instrumentation employed to obtain the stress-strain data and also the
procedure for manipulating this data to obtain the desired mechanical
properties.

The strain rate monitor (SRM) shown in Figure 3.948 electronically
measured the rate of straining. When the actual strain rate equals the
desired strain rate, the SRM indicator is vertical; thus the load may be
adjusted to keep the indicator in the vertical position.

According to ASTM Specification E8, the stress raté should be 100
ksi/min. up until the yield point. Using Hooke's Law and a modulus of
elasticity of 29,500 ksi, this stress rate converts to a strain rate of
0.0034 in./in./min. Therefore a strain rate of 0.003 in./in./min. was
attempted up to the yield point and then changed to 0.03 in./in./min.
from the yield point to fracture of the material. A spot checking of
the actual strain rates showed that the strain rate used in the tests
varied from about 0.004 to 0.006 in./in./min. in the elastic range while
the strain rate was very close to desired rate of 0.03 in./in./min. in
the plastic range. Equation 2.12 of the literature review shows that if

the rate of strain is doubled the resulting stress would increase

approximately 3 percent assuming an m value of 0.04. Therefore, the



slightly higher strain rates actually used in the tests should not
significantly affect the resulting yield stresses <and tensile
strengths. A typical plot of strain versus time for the four 80DF
longitudinal tensi;n tests is shown in Figure 3.12.

2. Compression Tests.

a. ASTM Specifications. The compression tests followed the
procedures outlined in the ASTM Specifications listed below:
E9-70 Standard Methods of Compression Testing of Metallic
Materials at Room Temperature
E83-67 Standard Method of Verification and Classification of
Extensometers
E111-82 Stanaard Test Method for Young's Modulus, Tangent
Modulus, and Chord Modulus
b. Specimens. Compression specimens, cut in the longitudinal and
transverse direction, were also prepared by the Machine Shop at UMR.
Figure 3.1348 shows the configuration of the compression coupons. The
specimen dimensions were made to fit a Montgomery-Templin compression
test fixture. The notches along one edge were for the installation of
the knife edges of the compressometer. Special care had to be taken to
ensure that the ends of the specimen were parallel and thus the same

length for both longitudinal sides of the specimen. If the ends were

not parallel, two types of inaccurate stress-strain diagrams occured

depending on whether or not the longer side of specimen contained the

compressometer notches.

The first case, shown in Figure 3.14(a), occurs when the notches

. 1 .
are on the specimen's longest side.

When the load, P, is applied
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Fig. 3.13 Nominal Dimensions of Compression Coupons Used

for All Sheet Stee1548
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initially only an extremely small area is available to resist the load.
Therefore, the stress, which is calculated by the load divided by the
full, original cross-sectional area increases very little for a given
increase in strain.

The other case, shown in Figure 3.14(b), occurs when the notches
are on the shorter side of the specimen. For this case, virtually no
strain is recorded on the specimen's notched side, since the majority of
the initial load was transferred along the longer side. Thus, there was
an initial, almost vertical segment of the stress-strain curve that
typlified this case.

For either case, the initial side 1length difference, e,
disappeared after the load increased sufficiently to cause yielding of
the longer side. From that point the stress-strain curve closely
resembled the correct stress-strain diagram. However, when either of
thé above cases occurred in the actual tests, the results were discarded
and the test repeated with a new specimen. In mosts cases, this problem
could be avoided by placing the specimen in the testing apparatus
(Figure 3.18) and observing any light between the specimen and ram of
the subpress (the function of the subpress is discussed in Section

IIT.B.2.c).

c. Equipment. The compression tests were performed in the same

. . . , 48
120,000 pound Tinius Olsen testing machine, shown in Figure 3.15 7, as
used for the tension tests. An assembly of all the equipment used in

_ 48 ‘
the compression tests is shown in Figure 3.16 ~. The load was applied

to the compression specimen by means of a specially made subpress

(Figure 3.17(a)). The subpress base and ram are constructed of hardened
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Fig,

3.15 Tinius Olsen Universal Testing Machine Used for

Compression Test
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Fig.

3.16 Testing Machine, Data Acquisition System,

Graphic Display Terminal, S-Y Plotter, and

Strain Rate Monitor Used for Compression Tests

08



A- Compression Subpress C- Compressometer
B- Compression Jig D- Test Specimen

Fig. 3.17

Compression Subpress, Jig, Compressometer and

Test Specimen Used for Compression Tests4
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Fig. 3.18 Assembly of Compression Subpress,

Jig, and Compressometer
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steel in order to minimize their deformation when applying the load.
The compression specimen was held in a Montgomery-Templin compression
test fixture (Figure 3.17(b)) which contains a serie§ of rollers that
may be tightened against the specimen to prevent buckling. The strain
was measured by the PC-5M compressometer shown in Figure 3.17(c). This
compressometer, which has a 1 in. gage length with a microformer at the
bottom, was calibrated in accordance with ASTM Specification E83-67.
The accuracy of this compressometer was found to slightly exceed the
class B-1 criteria. The method of calibration and the classification
calculations are presented in the Appendix.

The assembly of specimen, test fixture and subpress is shown in
Figure 3.1848. Other equipment that was used is the data acquisition
system (Figure 3;6), graphic display terminal (Figure 3.7), X-Y plotter
(Figure 3.8), and the strain rate monitor (SRM) (Figure 3.9). The
function of this equipment is identical to the tension tests.

d. Procedure. Prior to testing, the dimensions of the compression
specimens were measured to the nearest 0.001 in. and the specimens were
cleaned with acetone. The specimen was then placed in the Montgomery-
Templin compression test fixture and the lateral roller supports of the
fixture were tightened firmly against the sides o©f the specimen.
Special care was taken to ensure that the specimen was aligned
vertically in the test fixture. Next, the PC-5M compressometer was

attached to the side of the test fixture such that the knife edges of

the compressometer smoothly inserted into the notches of the

compression specimen. Then, with the specimen, test fixture, and

compressometer attached together as a unit, the entire unit was placed
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in the compression subpress. A small stub is provided on each side of
the bottom surface of the test fixture. These stubs fit into indentions
on the base of the subpress in order to ensure proper alignment of the
subpress ram with the specimen's longitudinal axis. The final step
before loading was to place the subpress, with the test fixture,
compressometer, and specimen attached, between the heads of the testing
machine such that the longitudinal axis of the subpress lined up with
the centerline of the testing machine heads. A preload of approximately
30 percent was then applied to the specimen to minimize any slipping
that might occur during the initial portion of the actual tests.

During the tests the stress-strain curves were plotted
simultaneously on the graphic display terminal and the X-Y plotter. The
stress-strain data were stored by a computer for plotting and
determination of the mechanical properties at a later time. Buckling of
fhe unsupported length of the specimen limited the obtainable range of
the stress-strain curves to approximately 1.5 percent.

The function of the instrumentation employed in the compression
tests is described in Section III.C along with the procedures used to
obtain the desired mechanical properties.

The rate of straining was measured by the (SRM) in exactly the same
manner used for the tension tests. The desired strain rate was taken

from ASTM Specification E9 as 0.0034 in./in./min. For the compression

tests, a uniform strain rate was attempted throughout the tests. A spot
’

checking of the actual strain rate used in the tests showed a range of

from 0.003 to 0.004 in./in./min. This strain rate is sufficiently close

to the ASTM recommended strain rate that the resulting stress-strain



relationship will not be significantly affected. A typical plot of the
strain-time relationship for the four 80SK longitudinal compression

tests is shown in Figure 3.19,

C. ACQUISITION OF STRESS-STRAIN DATA

1. Equipment. The following is a simplified description of the
electronics used to obtain stress-strain relationships in either
tension or compression. Figure 3.20 is given to illustrate the flow of
information from the specimen to the computer.

The extensometer (tension tests) or compressometer (compression
tests) is attached directly to the specimen. As the test proceeds the
elongation (+ or -) is measured by the extensometer or compressometer as
a change in voltage. The amplifier reads this change in voltage and
enlarges the voltage range from -10V to +10V. The voltage read by the
amplifier is then transformed to a digit by the analog to digital (A/D)
converter. The A/D converter has a range of from -2000 to +2000 which
corresponds to -10V to +10V obtained from the amplifier. Thus the 10V
range of the amplifier is divided into 2000 pieces such that each volt
is 2000/10 or 200 digits. The computer reads the digital output from
the A/D converter then divides the digital output by 200 to convert back
to voltage. (The conversion back to voltage 1s not necessary but is
done so only as a convenience to the programmer since he 1is more

familiar with the voltage output.) Finally, the strain is recorded as

+

the voltage multiplied by a strain calibration factor. It should be

noted that the voltage now is recorded in increments of 0.005 since the

digital output was divided by 200 to get voltage.
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The strain calibration factor is obtained by applying known
increments of strain and recording the corresponding voltage values.
The resulting relationship between strain and voltage is assumed to be
linear and thus linear regression is used to obtain the slope of the
resulting straight line. The slope of the strain vs. voltage line is
the calibration factor, C, and has the units of strain divided by
voltage.

Since the voltage input in the computer is now expressed in
increments of 0.005, the resulting strain values will also have distinct
increments in their values. The magnitude of the strain increment will
be 0.005 times the calibration factor, C. This can easily be seen by

comparing strains, &£, and €, for two consecutive voltage values, V. and

1 1

V, =V, + 0.005, or

2
g, = Vl'“C
€, = VZ* Cc= (V1 + 0.005) * C
Ae = €, "€, = ((V1 + 0.005) -Vl) * C
At = strain increment = 0.005 * C. (3.1)

Therefore, the resulting stress-strain curves using this system are
characterized by small steps or shifts in the strain direction at points
where the strain changes from one strain level to another. These steps
can be clearly seen in Figure 3.21.

The stress is calculated in a similar manner. To calculate stress

the load is obtained from the Tinius Olsen testing machine by measuring
the change in voltage recorded by its potentiometer. This voltage

ranges from O to 10 volts and is read into the A/D converter as before.

From this point the calculations are identical in form to the strain
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calculations except that the resulting load is divided by the original
cross-sectional area to compute the engineering stress. Since the
stress measurement also passes through the A/D converter, the stress
values will also have an incremental step equal to 0.005 times the
stress calibration factor. However, this step is only evident after
yielding of the material since the stress increases rapidly for a given
increase in strain in the elastic range.

Figure 3.21 shows the stress steps in the plastic range as well as
the strain steps in the elastic range for the 80SK-LT sheet steel.

The original stress-strain data were stored by a computer for later
use such as plotting the original data (Section III.D.1l), fitting the
original data with polynomials in order to '"smooth" the stress-strain
curves (Section III.C.2), and determination of the mechanical
properties (Section III.D.2).

2. Statistical Analysis System. In order to negate the effects

of the stress and strain steps and thus better represent the actual
stress-strain relationship, the Statistical Analysis System (SAS)
available through the Computer Center at UMR was used to fit smooth
curves to the stress-strain data. The SAS system uses a "least squares'
regression technique to obtain a best fit for polynomials. Included in
the SAS system output is an R-square value for the chosen polynomial

which gives the user an idea of the closeness of the fitted polynomial

to the actual stress-strain data. The value of R-square varies from 0

to 1.0. In general, the higher the value of R-square the better the

curve fit55 For practically all the polynomials used, R-square was

greater than 0.90.



For the purpose of curve fitting, each material's stress-strain
curve was divided into two or three segments depending on whether the
stress-strain curve was gradual or sharp yielding and whether the
stress-strain data resulted from compression or tension tests (since
the compression tests were only performed to 1.5 percent strain). Each
segment of the stress-strain curve was then fitted with a polynomial of
appropriate degree to accurately represent the actual stress-strain
data.

The entire elastic range of all the stress-strain curves was
represented by a straight line. The slope of this line is the modulus
of elasticity which is discussed in detail in Section III.D.2.a.

Beyond the elastic rangé the different stress-strain curves are
grouped into four separate categories according to the number and degree
of polynomials necessary to represent the actual stress-strain curves.
These categories along with their respective types of tests are
summarized in Table 3.3. Table 3.3 also lists, for each category, the
degree of the second and third (if necessary) curves. Appropriate
figures that illustrate the typical range of each SAS curve are also

given for each category as well as an example of the resulting

polynomial equations for one of the tests.
The polynomial equations were plotted for each curve segment over

the approximate ranges shown in part (b) of Figures 3.22 to 3.25. The

ends of each curve were then smoothly connected by using a cubic spline
that is available through the SAS system.
: tf
In an effort to determine an average or "representative' stress-

strain curve for each type of test and material, a single curve was
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Table 3.3
Summary of SAS Curves

Figures Showing
Type of Degree of Degree of Range of Ex. Polynomial
Category Test Curve 2 Curve 3 Curves Equations

1 80SK-LT* 3 6 Fig. 3.22(a) Fig. 3.22(b)
80SK-TT**
80DF-LT
80DF-TT
80DK-LT
80DK-TT

2 80XF-LT 1 6 Fig. 3.23(a) Fig. 3.23(b)
80XF-TT

W

3 100XF-LT 6 NONE Fig. 3.24(a) Fig. 3.24(b)
100XF-TT
140XF-LT

140XF-TT

4 ALL COMPRESSION 3 NONE Fig. 3.25(a) Fig. 3.25(b)
TESTS

* LT - longitudinal tension
% TT - transverse tension



fitted to the four individual polynomials over each curve segment. The
representative stress-strain curves were treated in exactly the same
manner as the individual test stress-strain curves for the purposes of
determining representative mechanical properties. The procedure used
to obtain the mechanical properties of these sheet steels is described

in Section III.D.2.

D. RESULTS

1. Stress-Strain Curves. The original stress-strain data,

determined as described in Section III.C, was recalled from computer
storage and plotted using the plotting features of the SAS system.
Typical examples of the original stress-strain curves are presented in
part (a) of Figures 3.22 through 3.25. A complete coverage of all the
original stress-strain curves is given in Reference 48. Since these
stress;strain curves were determined' by dividing the load by the
original cross-sectional area of the specimen, they should be regarded

as engineering stress-strain curves.

Figures 3.26 through 3.3148 compare the representative stress-

strain curves in each of the tested directions (i.e. LT, TT, LC, TC) for

each material. Upon inspection of these curves it can be seen that high

strength sheet steels are guite anisotropic with the transverse

direction almost always stronger than the longitudinal direction.

tive stress-strain curves for all the materials in a

L
presented in Figures 3.32 through 3,350

The representa

given test direction are

Inspection of these figures shows the wide range in ductility and

strength in the six different sheet steels tested.
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2. Mechanical Properties. Included in Sections III.D.2.a through

III1.D.2.e 1is a detailed description of the procedures employed to
determine the mechanical properties of each sheet steel for each type of
test (i.e. LT, TT, LC, TC). The mechanical properties so determined are
the modulus of elasticity, proportional limit, yield point, tensile
strength and ductility. These properties are presented in Tables 3.4
through 3.9 for each individual test as well as for the representative
curves. The average mechanical properties for each type of sheet steel
are summarized in Table 3.10. These tables were originally presented in

Reference 48.

a. Modulus of Elasticity. The modulus of elasticity is an

important property in the design of cold-formed, sheet steel components

since their load carrying capacity is often limited by buckling or other

. R . p)
stiffness considerations

In a recent study published by Venkataramaiah et al.36 on the
modulus of elasticity of ASTM-A446 galvanized sheet steel, the mean
value of modulus of elasticity for 63 specimens was found to be 30,071
ksi with a standard deviation of 658 ksi and a coefficient of variation

of 0.022. The tested A446 steel was of Grades A, B, C, or D and ranged

in thickness from 8 to 30 gauge.

In this study, values of modulus of elasticity were determined for

the six different sheet steels by extracting a portion of the original

stress-strain data that was obviously in the elastic range of the

material and then using the SAS system (described in Section II1.C.2) to

fit a straight line to this data. The slope of this line is, by

definition. the modulus of elasticity. The range of the extracted



Table 3.4a

Tested Mechanical Properties of 80SK Sheet Steel
Longitudinal Tension

Test (Fpr)l (Fpr)Z Fy (Fpr)l (Fpr)Z Fu glongation in ModulQS.of Type of Stresi—
No. (ksi) (ksi) (ksi) F F (ksi) -in. Gage Elast%c1ty Strain Curve
y y Length(percent) (ksi)

LT-1 55.9 62.6 80.9 0.69 0.77 87.6 12.6 26,347 G.Y.

LT-2 58.8 67.1 82.7 0.71 0.81 88.7 12.3 27,595 G.Y.

LT-3 53.9 63.7 83.0 0.65 0.77 89.2 13.7 27,550 G.Y.

LT-4 54.9 64.0 82.3 0.67 0.78 89.7 12.3 27,006 G.Y.
Ave. Value 55.9 64 .4 82.2 0.68 0.78 88.8 12.7 27,131 N/A
Representative 55.2 64.2 82.0 0.67 0.78 88.7 12.3 27,131 G.Y.

Curve
Table 3.4b

Tested Mechanical Properties of 80SK Sheet Steel
Transverse Tension

. (Fpr)l (Fpr)Z Fy (Fpr)l (Fpr)Z F ElQngation in Modulgs of Type ?f Stress-
est (ksi) (ksi) (ksi) T F (ksi) 2-in. Gage Elasticity Strain Curve*
No. y y Length(percent) (ksi)
TT-1 . 56.7 67.0 87.0 0.65 0.77 91.6 6.0 29,457 G.Y.
TT-2 60.6 69.8 87.2 0.69 0.80 92.7 7.5 31,067 G.Y.
TT-3 53.3 64.3 87.0 0.61 0.74 92.0 7.4 32,327 G.Y.
TT-4 55.2 64.8 87.0 0.63 0.74 92.1 8.4 27,902 G.Y.
Ave. Value 56.5 66.5 87.1 0.65 0.76 92.1 7.3 30,188 N/A
Representative 54.1 65.1 87.0 0.62 0.75 92.0 7.4 30,188 G.Y.
Curve

* G.Y. = Gradual Yielding
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Table 3.4c

Tested Mechanical Properties of 80SK Sheet Steel
Longitudinal Compression

(Fpr)l (Fpr)2 Fy (Fpr)l (Fpr)Z Modul?s'of Type of Stress-Strain

Test (ksi) (ksi) (ksi) 5 F Elasticity Curve*

No. y y (ksi)

LC-1 43.2 52.9 76.2 0.57 0.69 29,885 G.Y.

LC-2 41.8 51.5 75.0 0.56 0.69 28,570 G.Y.

LC-3 43.0 53.5 76.7 0.56 0.70 27,481 G.Y.

LC-4 45.8 54.2 73.7 0.62 0.74 29,988 G.Y.
Ave. Value 43.5 53.0 75.4 0.58 0.70 28,981 N/A
Representative 41.8 52.5 75.6 0.55 0.69 ' 28,981 G.Y.

Curve
Table 3.4d
Tested Mechanical Properties of 80SK Sheet Steel
Transverse Compression
Test (Fpr)l (Fpr)2 Fy (Fpr)l (Fpr)Z g?duiiéiof Type ofCStreis—Strain
No. (ksi) (ksi) (ksi) F F astreity urve
_ y y (ksi)

TC-1 51.7 63.1 90.0 0.57 0.70 30,888 G.Y.

TC-2 50.5 61.9 90.2 0.56 0.69 31,691 G.Y.

TC-3 53.4 64.3 89.5 0.60 0.72 32,000 G.Y.

TC-4 54.9 65.7 89.2  0.62 0.74 29,459 G.Y.
Ave. Value 52.6 63.8 89.7 0.59 0.71 31,010 o N/A
Representative 52.2 63.3 89.9 0.58 0.70 31,010 G.Y.

Curve - o B

*G.Y. = Gradual Yielding
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Table 3.5a

Tested Mechanical Properties of B80ODF Sheet Steel
Longitudinal Tension

Test (Fpr)l (Fpr)2 Fy (Fpr)l (Fpr)2 Fu glingation in Modulgs.of Type of Stresi—
No. (ksi) (ksi) (ksi) F F (ksi) °~ n. Gage Elast%c1ty Strain Curve
y y Length (percent) (ksi)

LT-1 38.3 46.9 55.2 0.69 0.85 89.0 33.3 27,146 S.Y.

LT-2 38.7 47.2 56.5 0.68 0.84 87.9 30.8 28,695 S.Y.

LT-3 35.2 43.4 56.8 0.62 0.76 88.6 31.3 23,670%%* S.Y.

LT-4 36.0 44 .1 54.8 0.66 0.80 89.8 30.1 28,079 S.Y
Ave. Value 37.1 45.4 55.8 0.66 0.81 88.8 31.4 27,973 N/A
Representative 36.5 44 .4 55.8 0.65 0.80 88.6 31.3 27,973 S.Y.

Curve
Table 3.5b
Tested Mechanical Properties of 80DF Sheet Steel
Transverse Tension
Test (Fpr 1 (Fpr 9 Fy (Fpr)l (FPr)2 Fu glingation in Modulgs'of Type ?f Stresi—
No. (ksi) (ksi) (ksi) T F (ksi) 2~ n. Gage Elast?c1ty Strain Curve
y y Length(percent) (ksi)

TT-1 37.6 46.2 58.0 0.65 0.80 88.8 28.1 29,156 S.Y.

TT-2 37.2 46.5 57.1 0.65 0.81 88.6 28.8 29,599 S.Y.

TT-3 36.3 44.8 57.1 0.64 0.78 89.3 27.1 27,587 S.Y.

TT-4 37.7 46.8  57.3 0.66 0.82 89.0 28.3 27,789 S.Y.
Ave. Value 37.2 46.1 57.4 0.65 0.80 88.9 28.1 28,532 N/A
Representative 36.3 45.7 57.3 0.63 0.80 88.8 28.1 28,532 S.Y.

Curve

% §,Y. = Sharp Yielding

*% This value was not used in the calculation of the average value.
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Table 3.5c

Tested Mechanical Properties of BODF Sheet Steel
Longitudinal Compression

. (Fpr)l (Fpr)Z Fy (FEr)l (Fpr)Z Modulgs of Type of Stress-Strain
est (ksi) (ksi) (ksi) F F Elasticity Curve*

No. y y (ksi)

LC-1 32.2 42.6 58.3 0.55 0.73 32,505 G.Y.

LC-2 34.9 44.0 58.8 0.59 0.75 31,493 G.Y.

LC-3 32.9 42.9 57.3 0.57 0.75 33,627 G.Y.

LC-4 33.9 43.9 57.3 0.59 0.77 31,872 G.Y.
Ave. Value 33.5 43.4 57.9 0.58 0.75 32,374 N/A
Representative 35.4 43.4 58.0 0.61 0.75 32,374 G.Y.

Curve
Table 3.5d
Tested Mechanical Properties of 80DF Sheet Steel
Transverse Compression
Test (Fpr)l (Fpr)2 Fy (Fpr)l (Fpr)Z Modulgs.of Type of Stress-Strain
No. (ksi) (ksi) (ksi) F F Elasticity Curve®
y Ly (ksi)

TC-1 43.0 51.5 60.4 0.71 0.85 29,517 G.Y.

TC-2 40.2 50.0 61.4 0.65 0.81 31,781 G.Y.

TC-3 43.8 52.5 64.2 0.68 0.82 31,395 G.Y.

TC-4 38.0 46.9  59.9 0.63 0.78 28,611 G.Y.
Ave. Value 41.3 50.2 61.5 0.67 0.82 30,326 N/A
Representative 42.2 50.3 61.3 0.69 0.82 30,326 G.Y.

Curve

* G.Y. = Gradual Yielding
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Table 3.6a

Tested Mechanical Properties of 80DK Sheet Steel
Longitudinal Tension

Test (Fpr)l (Fpr)2 Fy (Fpr)l (Fpr)Z Fu Elgngation in Moéulgs of Type ?f Stresi—
No. (ksi) (ksi) (ksi) F F ' ~in. Gage Eldst%city Strain Curve
y y (ksi) Length(percent) (ksi)

LT-1 37.2 45.0 57.8 0.64 0.78 87.5. 24 .8 26,229 G.Y.

LT-2 37.9 46.2 58.2 0.65 0.79 87.6 26.5 25,365 G.Y.

LT-3 38.7 47.1 58.8 0.66 0.80 87.8 25.5 24,227 G.Y.

LT-4 37.4 45.7 58.0 0.64 0.79 87.5 26.0 27.104 G.Y.
Ave. Value 37.8 46.0 58.2 0.65 0.79 87.6 25.7 25,731 N/A
Representative 38.4 46.0 58.1 0.66 0.79 87.8 25.5 25,731 G.Y.

Curve
Table 3.6b

Tested Mechanical Properties of 80DK Sheet Steel
Transverse Tension

Test (Fpr)1 (Fpr)Z Fy (FPr)l (Fpr)Z Fu Elgngat?on in nogulgf.of Type'of Stresi—
No. (ksi) (ksi) (ks1) F 7 (ksi) -in. Gage hlast}glty Strain Curve
e y B Length(percent) (ksi)
TT-1 34.0 41.1 50.0 0.68 0.82 81.8 24.2 29,610 G.Y.
TT-2 32.3 38.9 49.2 0.66 0.79 80.9 25.2 25,129 G.Y.
TT-3 33.1 41.4 53.3 0.62 0.78 84.4 27.1 27,612 G.Y.
. TT-4  36.7  44.3  55.3 0.66  0.80 88.0 . 26.6 ~33,685%% G.Y.
Ave. Value  34.0  41.4 52,0 0.66 _ 0.80  83.8 ~ 25.8 27,450 N/A _
Representative 33.4  41.4 52.6  0.63 0.79  84.4 27.1 T 27,450 G.Y.
Curve e e ] , B
* G.Y. = Gradual Yielding *% This value was not used in the calculation of the average value.
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Table 3.6c

Tested Mechanical Properties of 80DK Sheet Steel
Longitudinal Compression

et ‘Fpr)l (Fpr)Z Fy (Fpr)l (Fpr)2 gidu19s'2f Type ofCStreiS-Strain
(ksi) (ksi) (ksi) F F astieity urve
No. y (ksi)
LC-1 40.7 46.9 56.5 0.72 0.83 28,098 G.Y.
LC-2 40.1 45.9 53.1 0.76 0.86 30,530 G.Y.
LC-3 37.3 44 .0 53.2 0.70 0.83 32,173 G.Y.
LC-4 41.1 46.6 53.5 0.77 0.87 30,405 G.Y.
Ave. Value 39.8 45.9 54.1 0.74 0.85 30,302 N/A
Representative 41.1 46.1 53.5 0.77 0.86 30,302 G.Y.
Curve
Table 3.9d
Tested Mechanical Properties of 80DK Sheet Steel
Transverse Compression
(Fpr)l (Fpr)2 Fy (Fpr)l (Fpr)2 Modulgs'of Type of Streés—Strain
Test (ksi) (ksi) (ksi) 7 F Elasticity Curve*
_.__ _No. T y y (ksi)
TC-1 41.2 48 .4 59.5 0.69 0.81 31,836 G.Y.
TC-2 38.5 45.6 56.9 0.68 0.80 29,657 G.Y.
TC-3 43.6 49.8 56.7 .77 0.88 32,131 G.Y.
TC-4 - 46.8 52,7 58.9 0.79 0.89 31,82y G.Y.
Ave. Value 425 49.1 ~ '58.0 0.73 ~~0.85 3,361 N/A
Representative 473.5 49.3 57.8  0.75  0.85 31,361 G.Y.
Curve e o - o ) )
* G.Y. = Gradual Yielding
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Table 3.7a

Tested Mechanical Properties of 80XF Sheet Steel
Longitudinal Tension

(Fpr)l (Fpr)Z Fy (Fpr 1 (Fpr)Z Fu Eléngation in Modulgs.of Type 9f Stres§~

Test (ksi) (ksi) (ksi) F 7 (ksi) 2-in. Gage Elasticity Strain Curve*

No. y y Length(percent) (ksi)

LT-1 84.9 87.7 88.6 0.96 0.99 98.5 22.4 26,375 S.Y.

LT~2 79.7 85.5 89.1 0.89 0.96 99.1 24.2 26,325 S.Y.

LT-3 76.9 83.6 87.7 0.88 0.95 98.3 21.9 25,089 S.Y.

LT-4 77.3 83.6 87.9 0.88 0.95 98.7 22.6 27,284 S.Y.
Ave. Value 79.7 85.1 88.3 0.90 0.96 98.7 22.8 26,268 N/A
Representative 79.4 84.9 88.3 0.90 0.96 98.7 22.6 26,268 S.Y.

Curve
Table 3.7b
Tested Mechanical Properties of 80XF Sheet Steel
Transverse Tension
(F (F (F ) (F ) F Elongation 1in Modulus of Type of Stress-

Test (kzi)l (kgi)z (kii) Fpr 1 Fpr 2 (k:i) 2-in. Gage Elasticity Strain Curve*

No. y Length(percent) (ksi)

TT-1 88.1 92.2 93.6 0.94 0.99 100.8 19.3 31,091 S.Y.

TT-2 86.7 92.7 93.7 0.93 0.99 -101.7 18.9 30,162 S.Y.

TT-3 85.1 92.1 94 .1 0.90 0.98 101.6 18.3 30,899 S.Y.

TT-4 90.6 93.5 93.5 0.97 1.00 101.5 20.0 29,041 S.Y.
Ave. Value 87.6 92.6 93.7 0.94  0.99 101.4° 19.1 30,298 N/A
Representative 86.8 92.7 93.7 0.93 0.99 101.7 18.9 30,298 S.Y.

Curve o

* 5.Y. = Sharp Yielding
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Table 3.7c

Tested Mechanical Properties of B0XF Sheet Steel
Longitudinal Compression

. (Fpr)l (Fpr)Z Fy (Fpr)l (Fpr)Z ﬁoéu]gs of EyﬁbmbfiSz}Lﬁélﬁl1ﬂnlf'
est (ksi) (ksi) (ksi) F F - Elasticity Curve*

No. y y (ksi) o e

LC-1 70.6 78.1 88.5 0.80 0.88 29,254 S.Y.

LC~-2 64.2 75.2 89.8 0.71 0.84 29,761 S.Y.

LC-3 66.7 78.2 90.1 0.74 0.87 27,986 S.Y.

LC-4 67.9 76.8 89.0 0.76 0.86 28,917 S.Y.
Ave. Value 67.4 77.1 89.4 0.75 0.86 28,980 N/A o
Representative 67.4 77.0 89.4 0.75 0.86 28,980 S.Y. -

Curve
Table 3.7d
Tested Mechanical Properties of BOXF Sheet Steel
Transverse Compression
. (Fpr)l (Fpr)2 Fy (Fpr)l (Fer)2 Modulgs.of ' Type of Streis—Strain
est (ksi) (ksi) (ksi) F F Elasticity Curve

No. _ y y (ksi)

TC-1 74.1 86.4 94.6 0.78 0.91 33,942 S.Y.

TC-2 69.1 84.2 94.9 0.73 0.89 34,699 S.Y.

TC-3 73.4 86.5 93.8 0.78 0.92 33,077 S.Y.

TC-4 71.8 84.9 94.3 0.76 0.90 34,371 S.Y.
Ave. Value 72.1 85.5 94 .4 0.76 0.91] 34,022 7 N/A
Representative 77.8 87.5 94.4 0.82 0.93 34,022 - S.Y.

Curve

% S.Y. = Sharp Yielding » o o
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Table 3.8a

Tested Mechanical Properties of 100XF Sheet Steel
Longitudinal Tension

(F ) (F ) F (F ) (F ) F Elongation in Modulus of Type of Stress-—
Test pr 1 pr 2 y pril pr-2 v 2-in. Gage Elasticit Strain Curve#*
(ksi)  (ksi) (ksi) F F (ksi) & ety
No. y y Length(percent) (ksi)
LT-1 92.3 101.5 113.5 0.81 0.89 113.5 8.3 30,984 S.Y.
LT-2 101.9 110.2 114.4 0.89 0.96 114.4 9.0 27,843 S.Y.
LT-3 96.0 103.9 113.6 0.85 0.91 113.6 7.4 30,143 S.Y.
LT-4 92.9 101.8 110.8 0.84 0.92 110.8 7.5 27,679 S.Y.
Ave. Value 95.8 104 .4 113.1 0.85 0.92 113.1 8.1 29,163 N/A
Representative 95.2 104 .4 113.1 0.84 0.92 113.5 8.3 29,163 S.Y.
Curve
Table 3.8b
Tested Mechanical Properties of 100XF Sheet Steel
Transverse Tension
T ‘ 7%;r)] (Fpr);” Fy (F r)1 (Fpr)z F E]gngation in qodulgs of Type of Stres§—
Test ) ., 2-in. Gage Elasticity Strain Curve¥*
(ksi) (ksi) (ksi) F F (ksi) .
No. S .y y Length(percent) (ksi) o
TT-1 105.8  115.5  123.2 0.86 0.94 123.2 4.8 32,145 S.Y.
TT-2 106.7 119.6 126.6 0.84 0.94 126.6 3.5 30,881 S.Y.
TT-3 107.1 116.2 126.3 0.85 0.92 126.3 4.2 32,028 S.Y.
o M-a 1043 114.30 125.4 0.83  0.9F  125.4 4.3 33,108 S.Y.
Ave. Value 106.0  116.4  125.4 0.85 0.93  125.4 4.2 32,040 7 N/A
Representative 108.1  118.2 125.4 0.86  0.94 125.4 4.3 32,040 S.Y.
_ Curve - e o o o
# S.Y. = Sharp Yielding
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Table 3.8c

Tested Mechanical Properties of 100XF Sheet Steel
Longitudinal Compression

et (Fpr)l (Fpr)Z Fy (Fpr)l (Fpr)Z Eidut;siif Type ofCStreis—Straln
(ksi) (ksi) (ks1) F F astreity urve
y y (ksi)
LC-1 72.2 85.5 113.8 0.63 0.75 31,238 G.Y.
LC-2 73.0 85.9 112.3 0.65 0.76 30,318 G.Y.
LC-3 72.1 84.0 111.9 0.64 0.75 30,545 G.Y.
LC-4 70.8 83.8 113.5 0.62 0.74 30,319 G.Y.
Ave. Value 72.0 ~84.8 112.9 0.64 0.75 30,605 N/A
Representative 74.1 84.5 113.3 0.65 0.75 30,605 G.Y.
Curve
Table 3.8d
Tested Mechanical Properties of 100XF Sheet Steel
Transverse Compression
Test (Fpr)l (Fpr)2 Fy (Fpr)l (Fpr)Z Moéulgs.of Type of Streis—Strain
No. (ksi) (ksi) (ksi) F F Elasticity Curve
o Ty y o fksi) L
TC-1 109.9 118.2 130.6 0.84 0.91 32,450 G.Y.
TC-2 109.8 116.9 130.7 0.84 0.89 33,727 G.Y.
TC-3 115.8 121.0 128.0 0.90 0.95 32,296 G.Y.
o 1C=4 110.3 11l7.9  127.0 0.87 0.93 32,628 G.Y.
Ave. Value CIIr.s 11805 0 129.1 0.86 0.92 33,025 " N/A .
Representative 112.0  119.8  129.5 0.8  0.93 33,025 G.Y. '
_ Gurve R
G.Y. = Gradual Yielding T -



Table 3.9a

Tested Mechanical Properties of 140XF Sheet Steel
Longitudinal Tension

(Fpr)l (Fpr)Z Fy (Fpr)l (Fpr)Z Fu Elongation in Modulus.of Type 9f Stresi—
Test (ksi) (ksi) (ksi) F F (ksi) 2-in. Gage Elasticity Strain Curve
No. y y Length (percent (ksi)
LT-1 116.3 130.3 140.6 0.83 0.93 140.6 5.1 30,597 S.Y.
LT-2 123.5 132.7 140.2 0.88 0.94 140.2 4.4 30,007 S.Y.
LT-3 114.7 138.1 141.6 0.94 0.97 141.6 3.8 29,452 S.Y.

: LT-4 124.2 134.7 142.5 0.87 0.94 142.5 3.9 30,472 S.Y.
Ave. Value 119.7 133.9 141.2 0.88 0.94 141.2 4.3 30,132 N/A
Representative 122.1 133.3 141.2 0.86 0.94 140.2 4.4 30,132 S.Y.

Curve
Table 3.9b
Tested Mechanical Properties of 140XF Sheet Steel
Transverse Tension
(F_ ) (F_ ) F (F ) (F ). F Elongation in Modulus of Type of Stress-

Test (kzi)l (kzi)z (kZi) Fpr 1 Fpr 2 (k:i) 2-in. Gage Elasticity Strain Curve®
No. y 'y Length(percent) (ksi)

TT-1 144.9 153.4 156.4 0.93 0.98 156.4 1.5 31,885 S.Y.

TT-2 140.9 151.8 157.5 0.89 0.96 157.5 L.5 32,286 S.Y.

TT-3 143.2 151.3 155.5 0.92 0.97 155.5 1.5 32,694 S.Y.

- TT-4 143.6 153.8 158.3 0.91 0.97 158.3 1.6 33,473 S.Y.
Ave. Value 143.2 152.6 156.9 0.91 0.97 156.9 1.5 32,584 N/A
Representative 150.8 155.8 156.9 0.96 0.99 157.5 1.5 32,584 S.Y.

Curve

* S.Y. = Sharp Yielding "
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Table 3.9c

Tested Mechanical Properties of 140XF Sheet Steel
‘ Longitudinal Compression

Test (Fpr)l (Fpr)2 Fy (Fpr)l (Fpr)Z Modul?s of Type of Streis—Strain
No. (ksi) (ksi) (ksi) F F Elasticity Curve
y y (ksi)

LC-1 100.5 113.0 139.7 0.72 0.81 29,844 G.Y.

LC-2 105.8 115.6 139.9 0.76 0.83 32,028 G.Y.

LC-3 108.2 117.4 136.2 0.79 0.86 30,490 G.Y.

LC-4 108.3 119.8 141.6 0.76 0.85 29,978 G.Y.
" Ave. Value 105.7 116.5 139.4 0.76 0.84 30,585 N/A
Representative 106.2 116.7 139.8 0.76 0.83 30,585 G.Y.
__Curve

Table 3.9d
Tested Mechanical Properties of 140XF Sheet Steel
Transverse Compression
Test (Fpr)l (FprS;_' Fy (Fpr)l (Fpr)2 Modulus of Type of Stre:s—Strain
No (ksi) (ksi) (ksi) F F Elasticity Curve
) o y y (ksi) e

TC-1 139.9 152.5 162.6 0.86 0.94 35,093 G.Y.

TC-2 147.2 156.7 162.3 0.91 0.97 34,697 G.Y.

TC-3 141.4 153.6 163.8 0.86 0.94 34,083 G.Y.
_TC-4 146.8  156.2  164.3  0.89 0.95 34,619 . G.Y.
Ave. Value " 143.8  154.8  163.3  0.88 0.95 34,623 - N/A
Representative 141.5 152.8 163.1 0.87 0.94 34,623 G.Y.

Curve

%G.Y. = Gradual Yielding ) } “
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Table 3.10

Summary of the Tested Mechanical Properties of Six Different Sheet Steels
Based on Tables 3.4 Through 3.948

Kk Elongation in Modulus of
Shzziesiiel £i2282£ Ave. Fpr Ave. Fy Ave. Fu Fpr/Fy Fu/Fy 2-in Gage Elasticity
(ksi) (ksi) (ksi) Length(percent) (ksi)
LT 64 .4 82.2 88.8 0.78 1.08 12.7 27,131
80 SK TT 66.5 87.1 92.1 0.76 1.06 7.3 30,188
(cold-rolled) LC 53.0 75.4 - 0.70 -— - 28,981
TC 63.8 89.7 - 0.71 - - 31,010
LT 45.4 55.8 88.8 ‘0.81 1.59 31.4 27,973
80DF TT 46.1 57.4 88.9 0.80 1.55 28.1 28,532
(hot-rolled) LC 43.4 57.9 - 0.75 - - 32,374
TC 50.2 61.5 - 0.82 - -- 30,326
LT 46.0 58.2 87.6 0.79 1.51 25.7 25,731
80DK TT 41.4 52.0 83.8 0.80 1.61 25.8 27,450
(cold-rolled) LC 45.9 54.1 - 0.85 - - 30,302
TC 49.1 58.0 - 0.85 - - 31,361
: LT 85.1 88.3 98.7 0.96 1.12 22.8 26,268
80XF TT 92.6 93.7 101.4 0.99 1.08 19.1 30,298
(hot-rolled) LC 77.1 89.4 - 0.86 - - 28,980
TC 85.5 94 .4 - 0.91 - - 34,022

cetl



Table 3.10 (continued)

Summary of the Tested Mechanical Properties of Six Different Sheet Steels
Based on Tables 3.4 Through 3.948

Ave. F r** Ave. F Ave. Fu Elongation in Modulus of
Type of Type of L y F r/F Fu/F 2-1in. Gage Elasticity
Sheet Steel Stress* (ksi) (ksi) (ksi) pry y Length (percent) (ksi)
LT 104 .4 113.1 113.1 0.92 1.00 8.1 29,163
100XF TT 116.4 125.4 125.4 0.93 1.00 4.2 32,040
(cold-rolled) LC 84.8 112.9 - 0.75 - -~ 30,605
; TC 118.5 129.1 -— 0.92 - - 33,025
LT 133.9 141.2 141.2 0.94 1.00 4.3 30,132
140XF TT 152.6 156.9 156.9 0.97 1.00 1.5 32,584
(cold-rolled) LC 116.5 139.4 - 0.84 - - 30,585
TC 154.8 163.3 - 0.95 - : - 34,623
* LT

Longitudinal tension, TT = Transverse tension, LC = Longitudinal compression
Transverse compression

TC

** Based on the 0.01 percent offset method
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stress-strain data typically ran from approximately 10 ksi to the point
where the stress-strain curve became nonlinear. The reason for starting
at 10 ksi (as opposed to zero) was to minimize the effects of any
slippage that might have occured at the start of the tests.

Inspection of Tables 3.4 through 3.9 shows that the modulus of

elasticity for the tested sheet steels vary as shown below:

Longitudinal tension: 24,227 - 30,989 ksi
Transverse tension: 25,129 - 33,473 ksi
Longitudinal compression: 27,481 - 33,627 ksi
Transverse compression: 28,611 - 35,093 ksi

Since the elastic modulus values were lower than expected,
particularly for the 80SK, 80DK, and 80XF longitudinal tension tests,
some concern over the acéuracy of the extensometer used in these tests
was expressed. In order to verify the accuracy of the extensometer,
strain gages were attached to a few of the tension specimens and the
tests were run with both the extensometer and strain gage simultaneously
measuring the strain. The stress-strain curve determined in this manner
for the 80DF longitudinal tension test is shown in Figure 3.3648. The
solid line represents the stess-strain curve for the strain gage while
the dotted line is for the extensometer. As can be seen from Figure
3.36, the stress-strain curves are practically identical. Thus it was
decided that the extensometer used in the tension tests was providing
sufficiently accurate results.

b. Proportional Limitlinr. The proportional limit is usually

defined as the point along the stress-strain curve where the

relationship between stress and strain becomes nonlinear. Since it is

127



e =—NX ULVLULIMA—-W

90

80

70

60

S0

40

30

20

10

Strain Gage

————— Extensometer

STRAIN PERCENT
Fig. 3.36 Comparison of Stress-Strain Curves for 80DF-LT

Using Strain Gage and Extensometer



129

often difficult to pinpoint the exact location of the true proportional
limit, standard methods are normally used so that comparable values of
proportional limit may be determined b§ different researchers. One
such method that is commonly used for aircraft structures57 and also for

b

cold-formed stainless steel members5 is the 0.01 percent offset
method. For this method a straight line with a slope equal to the
modulus of elasticity is drawn parallel to the stress-strain curve and
offset such that it intersects the strain axis at 0.01 percent strain.
The intersection of this line with the stress-strain curve is defined as
the proportional limit.

In this study, the proportional limit was determined by two

was determined by

methodsAB. The first proportional limit, (Fpr)l'

plotting a straight line with a slope equal to the modulus of
elasticity directly on top of the stress-strain curve as shown by Curve
A in Figure 3.37. The‘point where the stress-strain curve appeared to
depart from curve A was taken as (Fpr)l. The second value of the
proportional limit, (Fpr)z, was determined by the 0.01 percent offset
method which was just discussed. The 0.01 percent offset method gives
the value of the proportional limit as the intersection of the stress-

strain curve and the straight line B as shown in Figure 3.37.

I/Fy

ratios range from 0.55 to 0.99 while the (Fpr)7/Fy ratios range from

<

Inspection of Tables 3.4 through 3.9 shows that the (Fpr)

0.69 to 1.00. As shown in these tables, the two methods for determining

the proportional limit do not necessarily give comparable results.

c. Yield Strength or Yield Point, Fy. The method commonlv used to

determine the yield point of high strength sheet steels depends on
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whether the stress-strain curve is of the gradual or sharp yielding
type. Each type has been previously defined in Section II.A of the
literature review. As a general rule, the cold rolled sheet steels are
gradual yielding while the hot rolled sheet steels tend to be sharp
yielding. The type of stress-strain curve of each individual test is
given in the far right column of Tables 3.4 through 3.9. In this study,
the terms yield strength and yield point are synonomous.

For the gradual yielding steels, such as the 80SK-LT stress-strain
curve shown in Figure 3.37, the yield point is defined by the
intersection of a straight line (curve C, Figure 3.37), drawn parallel
to the elastic portion of the stress-strain curve at an offset of 0.2
percent, and the stress-strain curve.

The yield point of the sharp yielding steels is defined as the
stress where the stress-strain curve becomes horizontal. A typical
sharp yielding stress-strain curve is shown in Figure 3.23(b). The upper
yield point of the sharp yielding steels was neglected in all cases.

The range of yield points for the six different sheet steels may be

obtained from Tables 3.4 through 3.9 as follows:

Longitudinal tension: S54.8 - 142.5 ksi
Transverse fension: 49.2.- 158.3 ksi
Longitudinal compression: S3.1 - 141.6 ksi
Transverse compression: 56.7 - 164.3 ksi

d. Ultimate Tensile Strength, Fua The ultimate tensile strength

was determined from each of the tension tests as the maximum stress that
the given sheet steel could withstand before fracture. Since the
compression tests were only performed to 1.5 percent strain, it was

impossible to determine the ultimate strength in compression.
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The range of ultimate tensile strengths, as taken from Tables 3.4
through 3.9, are as follows:

Longitudinal tension: 87.5 - 142.5 ksi
Transverse tension: 80.9 - 158.3 ksi

e. Ductility. Ductility is a very important property of high
strength sheet steels since, without adequate ductility, it 1is
impossible to cold-form the sheet steel into the desired structural
shape. Ample ductility is also necessary for structural considerations
where the plastic strength of bending members is taken into account.

In this study, ductility is measured by two methods. The first
method expresses ductility as the ratio of Fu /Fy. Based on Table 3.10
the range of the average Fu/Fy ratios is as fOIIOWS;

Longitudinal tension: 1.00 - 1.51
Transverse tension: 1.00 ~ 1.61

The other method usually employed to measure ductility is given by
the total elongatioﬁ in a 2-in. gage length. For this method, the
maximum strain recorded by the computer before fracture was taken as the
ductility. The maximum elongation was also verified by placing the
fractured ends of the specimen together and measuring the distance
between the gage marks. The range of percent elongation taken from
Tables 3.4 through 3.9 is as follows:

Longitudinal tension: 3.8 - 33.3 percent
Transverse tension: . 1.5 - 28.8 percent
It was impossible to determine the ductility in compression since

these tests were only carried to 1.5 percent.
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IV. DISCUSSION

Included in Section IV.A is a general review of the results
presented in Section III.D. Particular emphasis is placed on the
anisotropic nature of high strength sheet steels. Section IV.B presents
a brief discussion of the cold work effects on the strength properties
of“sheet steels. In Sections IV.C and IV.D the information gained
through the literature review on strain rate and fatigue is applied to

the 80XF longitudinal test data.

A. EVALUATION OF RESULTS

1. Stress-Strain Curves. It was stated earlier that, as a general

rule, hot rolled sheet steels tended to produce sharp yielding stress-
strain curves while cold rolled sheet steels produced gradual yielding
stress-strain curves. Looking at Table 3.10, this "general rule" seems
to apply rather well to the 80 ksi yield strength steels (especially for
the tension tests). However, the 100XF and 140XF steels exhibit sharp
yielding behavior in tension even though they are cold rolled. Thus, it
is apparent that the type of stress-strain curve depends not only on the
rolling procedure but also other factors such as the processing
technique used to develop the sheet steel and the sheet steel's chemical
composition.

Also, it is worth noting that for all the tested sheet steels,
except the 80XF steel, the compression stress-strain curve was gradual

yielding even if the corresponding tension stress-strain curve was

sharp yielding.
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2. Mechanical Properties. Practically every mechanical property

determined in this study was significantly affected by the anisotropy
that was found to be typical of high strength sheet steels. Table 4.1
illustrates the anisotropic nature of these sheet steels by presenting
the ratios of the tranverse to longitudinal mechanical properties for
each type of test (compression or tension) and each steel. In Table
4.2, the effect of the type of test on the mechanical properties of the
sheet steels is given by the ratio of the compression-to-tension
mechanical properties of each steel for a given test direction. Each
material property presented in Tables 4.1 and 4.2 is discussed in some
detail in the following sections.

a. Modulus of Elasticity, E. Table 4.1 shows that the modulus of

elasticity in the transverse direction is . greater than the
corresponding value in the longitudinal direction for each sheet steel
tested except for the compression tests of 80DF sheet steeliwhere, for
some unknown reason, just the opposite seems to be true. At first it
was thought that perhaps the two directions could have been incorrectly
marked on the specimens. However, Table 4.1 shows that the yield
strengths obtained from the transverse tests of the 80DF sheet steels
are higher than the longitudinal tests which tends to disregard that
assumption.

No conclusions can be drawn from Table 4.1 regarding whether or not
the E values are more sensitive to test direction in tension or
compression since the transverse-to-longitudinal E values are largest
n for the 80XF and 140XF steels while the tension ratios

in compressio

are largest for the 805K, 80DF, 80DK, and 100XF sheet steels.



Table 4.1

Ratios of Transverse to Longitudinal Mechanical Properties
For Analysis of Anisotropic Behavior of the Six Sheet Steels
Based on Table 3.10

Elongation in Modulus of

*%
gype of o Lype ol Aver Fpm Ave By Ave- B, p /R B /F . 2-in. Gage Elasticity
ee © s (ksi) (ksi) (ksi) P y u-y Length(percent) (ksi)
80SK T 1.03 1.06 1.04 0.97 0.98 0.57 1.11
(cold-rolled) C 1.20 1.19 —— 1.01 - —_ 1.07
80DF T 1.02 1.03 1.00 0.99 0.97 0-.89 1.02
(hot-rolled) C 1.16 1.06 -— 1.09 - —— 0.94
80DK T 0.90 0.89 0.96 1.01 1.07 1.00 1.07
(cold-rolled) C 1.07 1.07 - 1.00 - -- 1.03
80XF T 1.09 1.06 1.03 1.03 0.96 0.84 1.15
(hot-rolled) G 1.11 1.06 - 1.06 - - 1.17
100XF T 1.11 1.10 1.11 1.01 1.00 0.52 1.10
(cold-rolled) C 1.40 1.14 - 1.23 - —= 1.08
1 4OXF T 1.14 1.11 1.11 1.03 1.00 0.35 1.08
(cold-rolled) G .33 1.17 - 1.13 -— - 1.13
* T = Tension, C = Compression

** Based on 0.01 percent oftset method
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Table 4.2

Ratios of Compression to Tension Mechanical Properties

Based on Table 3.10

Type of Testing Ave. F *% Ave. F Modulus of

Sheet Steel Direction* pr F r/F Elasticity
(ksi) (ksi) proy (ksi)
80SK L 0.82 0.92 0.90 1.07
(cold-rolled) TR 0.96 1.03 0.93 1.03
80DF L 0.96 1.04 0.93 1.16
(hot-rolled) TR 1.09 1.07 1.03 1.06
80DK L 1.00 0.93 1.08 1.18
(cold-rolled) TR 1.19 1.12 1.06 1.03
80XF L 0.91 1.01 0.90 1.10
(hot-rolled) TR 0.92 1.01 0.92 1.12
100XF L 0.81 1.00 0.82 1.05
(cold-rolled) TR 1.02 1.03 0.99 1.03
140XF L 0.87 0.99 0.89 1.02
(cold-rolled) TR 1.01 1.04 0.98 1.06

* L = Longitudinal TR = Transverse
*% Based on 0.01 percent offset method

T
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The ratio of transverse-to-longitudinal E values presented in
Table 4.1 are as follows:
Tension tests: 1.02 - 1.15
Compression tests: 0.94 - 1.17
Table 4.2 illustrates the effect of the type of test (compression
or tension) on the average modulus of elasticity values. It can be seen
from Table 4.2 that the E values are greater in compression than tension
for each type of sheet steel tested. No obvious trend as to whether or
not one testing direction was any more sensitive to the test type than
another was observed. The range of compression-to-tension E values
shown in Table 4.2 are as follows:
Longitudinal tests: 1.02 - 1.18

Transverse tests: 1.03 -1.12

b. Proportional Limit, Fpr' From the ratios of the transverse-to-
longitudinal average proportional limits shown in Table 4.1, it can be
seen that, for every material except the tension tests of B80DK sheet
steel, the transverse-to-longitudinal Fpr ratio is greater 1in

compression than tension for each material. The range of transverse-to-

longitudinal Fpr is as follows:
Tension tests: 0.90 -1.14

Compression tests: 1.07 -1.40

Table 4.2 shows that the Fpr determined in the longitudinal

direction was either equal to or greater in tension than compression for

i j 3 stee
every material. However, for four out of the six sheet ls, the

transverse F was greater in compression than tension. The range of
pr

the compression-to-tension proportional limits is shown below:
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Longitudinal tests: 0.82 - 1.00

Transverse tests: 0.92 - 1.19

c. Yield Strength or Yield Point, Fy. The yield strength is
greater in the transverse direction than the longitudinal direction in
every steel except the tension tests of 80DK sheet steels where, for
some unknown reason, the longitudinal Fy values in compression are
consistently equal to or greater than the tension values. These
observations are based on the information presented in Table 4.1. The
range of transverse-to-longitudinal average Fy values are as follows:

Tension tests: 0.89 - 1.11
Compression tests: 1.06 - 1.19

From Table 4.2 it can be seen that the longitudinal Fv values seem
to be relatively independent of the type of test since the compression-
to-tension F ratios are all fairly close to 1.0 for the longitudinal
direction. The transverse coﬁpression tests produced higher Fy ratios
than the longitudinal compression tests for a given steel. Also, it can
be seen that for each steel the compression-to-tension ratio is greater
in the transverse direétion than the longitudinal direction which seems
to indicate that the transverse Fy is more sensitive to the type of test
than the longitudinal Fy. The range of compression-to-tension average
Fy values are as follows:

Longitudinal tests: 0.92 - 1.04
Transverse tests: 1.01 - 1.12

d. Ultimate Tensile Strength, Fu' The average Fu values for the

80 ksi vield strength steels seem to be relatively insensitive to the

test direction. However, the 100XF and 140XF sheet steels exhibited
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transverse Fu values in their respective longitudinal directions. The
range of the transverse~to-longitudinal Fu values shown in Table 4.1 are
as follows:

Tension tests: 0.96 -1.11

Compression tests: not applicable

Since the compression tests were not performed to failure of the
specimen, no comparison of Fu is possible in Table 4.2.

e. Ductility. Table 4.1 shows that the Fu/Fy ratio is practically
independent of the tested direction since it only ranges from 0.97 to
1.07. However, the total elongation in a 2-in. gage length of each
material except the 80DK sheet steel was significantly affected by the
test direction. The range of transverse-to-longitudinal average
elongations are as follows:

Tension tests: 0.57 - 1.00
Compression tests: not applicable

Again, since the compression tests were not carried to failure it
is impossible to compare the FU/Fy ratios and elongations in Table 4.2.

It is interesting to note that, as shown in Table 3.10, the two
most ductile steels of the six sheet steels tested are the 80DF and 80DK
sheet steels. This should come as no surprise since back in the
material designation descriptions presented in Section III.A.1 the
"qual phase' sheet steels (denoted by the "D" in their material
designation) were said to exhibit better formability than the XF steels.

Also. the second letter in their material designation represents the
1]

deoxidation practice. The "K' represents steel that has been killed



while the "F" represents steel that has been killed in addition to
sulfide inclusion control which is added specifically to improve
formability. Thus the 80DF steel should be more ductile than the 80DK
steel. The results shown in Table 3.10 show that the 80DF steel is
indeed slightly more ductile than the 80DK steel. Therefore the 80DF
and 80DK sheet steels performed exactly as predicted by their material
designations.

3. Summary. From the information presented in Tables 4.1 and 4.2
and in the descriptions in Sections IV.A.2.a through IV.A.2.e, it can be
seen that high strength sheet steels are quite anisotropic. Table 4.1
shows that, with a few minor exceptions, the strength properties such as
Fpr’ Fy’ Fu, and E are greater in the transverse than in the
longitudinal direction while the eléngation, as might be expected, was
lowest in the transverse direction.

Table 4.2 shows that, without exception, the modulus of elasticity

values are greater in compression than in tension regardless of the test

direction. The proportional limit and yield strength values showed

mixed responses to the test type.

B. EFFECT OF COLD-FORMING ON THE MECHANICAL PROPERTIES OF SHEET

STEELS

Once the sheet steel is cold-formed into the desired structural

shape the strength of the resulting cross-section varies depending on

the location in the cross-section with the highest strength material

occurring in the formed corners. However, this strength increase 1is
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normally accompanied by a loss of ductility. According to Karenl, the
three phenomena responsible for the change in mechanical properties
caused by cold-forming are strain hardening, strain aging, and the
Bauschinger Effect. These three phenomena were originally described in
Section II.A of the literature review. The effects of strain hardening
and strain aging on a typical stress-strain curve may be seen in Figure
2.34.

The following sections discuss the applicability of the

information gained in the literature review to the results obtained in

this study.

1. Strain Hardening. The effect of strain hardening on the
strength of a cold-formed cross-section is illustrated in Figure 4.150
for a typical hot-rolled semi-killed section. Since the average

strength of the formed cross-section is obviously greater than the
virgin material, it is desirable to take advantage of this increase in
. .49 s
strength. The 1980 Edition of the AISI Specification for buildings
suggests that an average yield strength, Fya’ can be computed for

/7

. . B
compact cold-formed cross-sections based on the following equation

= + - F (4.1)
Fya Cch (1-C) vf

where:

C = ratio of the total corner area to the total cross-

sectional area of the full section

o3|
1l

B F /(R/t)m = yield strength of the corner material, ksi
cy

weighted average tensile portions of the flat

a7
]

portions established in accordance with Section 6.4.2

of the Specification or virgin yield point if tests are

not made
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- 2
B =3.69 - -
. (F,/Fy) 0.819(F /F )" -1.79

m = 0.192(Fu/Fy) - 0.068
R = inside bend radius, in.
t = thickness, in.

Equation 4.1 does not apply where Fu/Fy is less than 1.2, R/t
exceeds 7, and/or maximum included angle exceeds 120°.

The amount of yield strength increase caused by strain hardening
can be seen from Equation 4.1 to be a function of R/t and Fu/Fy.
Inspection of the average test results presented in Table 3.10 shows
that only the dual phase steels (80DF and 80DK) with Fu/Fy ratios from
1.51 to 1.61 possess the potential for significant strength increase
upon cold working. Also, as can be seen in Figure 4.2, the dual phase
steels exhibit relatively small plateaus in their stress-strain curves
after yielding; therefore, once these materials have yielded, very
little additional strain is required to produce appreciable increases
in stress. It is because of the small plateau region and their high
Fu/Fy ratios that the dual phase sheet steels méy be classified at a
higher yield strength than that determined by standard methods. For
example, the average longitudinal tension yield strength for the 80DF
sheet steel was determined to be only 55.8 ksi even though this material
is classified as an 80 ksi yield strength sheet steel. The relatively
large spread between the yield point, Fy‘ and the ultimate tensile
strength, Fu’ may be seen in Figure 4.248 for the original stress-strain

curves of the 80DF sheet steel tested in longitudinal tension.

2. Strain Aging. Although specific design criteria for predicting

the strength increase caused by strain aging are not available, it is
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believed that the general effects of strain aging would be to further
increase the yield strength over the «cross-section with the
proportionate increase between points on the cross-section much the
same as caused by strain hardening. The time required for strain aging
may be decreased from several days to a matter of hours if the formed
. . . ) o 19
materials are subjected to aging temperatures in the 300°F range

3. Bauschinger Effect. Table 4.2 shows that the cold rolled 80 ksi

yield strength sheet steels did exhibit Bauschinger Effects as shown by
the longitudinal compression-to-tension yield point ratios of less than
1.0. Also, for these steels the transverse compression-to-tension yield
point ratios are greater than 1.0 which is as predicted by the Inverse
Bauschinger Effect. However, the cold rolled 100 and 140 ksi yield

strength sheet steels, as shown in Table 4.2, were practically

unaffected by the Bauschinger Effects.

C. EFFECT OF STRAIN RATE ON 80XF SHEET STEEL

Originally a brief experimental investigation into the effects of
strain rate on the stress-strain relationship was planned for a couple

of the sheet steels that were previously tested statically. However,

the testing equipment used for the static tests was found to be

incapable of providing an adequate range of strain rates to establish

any reliable relationships between strain rate and stress flow.

Consequently, the strain rate effects on the 80XF-LT sheet steel will be

estimated in this section using the empirical results determined by

Chatfield and Rotelo and the original stress-strain data determined as

described in Section III.D.1.
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As reported in the literature review (Section II.B), for a given
strain, &, and temperature, the true stress flow, o, for two different
strain rates, £, may be related by a strain rate sensitivity exponent,
m, as

o, =0 (e,/e )" | (4.2
1 2271772 ) +2)

Also, Equation 2.8 relates the true stress, o, to the engineering

Stress, f, at a given strain, ¢, as

g=1f(1+c¢). (4.3)
Although the literature review expresses Equation 4.2 in terms of true
stress, it is believed that Equation 4.3 could be used to express

Equation 4.2 in terms of engineering stress as follows:

c fl(l + &) f

—
—

. . m
—_ = — = = (51/52) (4.4

a f2(1 + g) f

o

2

The term (1 + t£) cancels since cl and 02 are defined as true stresses at
the same strain. Equation 4.4 can then be directly used to show the
strain rate effect on the engineering stress.

In the study published by Chatfield and Rote10 they reported values
of 0.018 and 0.020 for two hot rolled, low alloy sheet steels with vield
points of 80 ksi. These values were presented earlier in Table 2.1.
Since the B80XF sheet steel chosen for testing in this study is also a
hot rolled, low alloy steel, it was assumed that the m values for the
80XF steel would be approximately 0.02. The accuracy of this assumption
could only be verified by testing.

Figure 4.3 shows the stress-strain curves resulting from

application of Equation 4.4 to the original stress-strain data for the
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representative 80XF longitudinal tension tests. The base values of f1
and él are those stresses obtained as described in Section III.A.1. The

él value is roughly 0.03 in./in./min.up until the yield point and 0.3
in./in./min. from the yield point to fracture. The fact that the strain
rates change during the course of the tests does not affect Equation 4.4
since, in effect, each stress is increased by a common factor. For
example, if the effect of increasing the strain rate by a factor of 10
over the original strain rate is desired, then the effective initial
strain rate is 0.3 in./in./min. while the second strain rate is 3.0
in./in./min.

The strain rate effect on the 80XF yield stress can be seen in

Table 4.3. Again these values are based on the assumption that m =

0.02.

Table 4.3
Strain Rate Effect on Yield Stress of 80XF
Tested in Longitudinal Tension

Initial Strain Yield
Rate Stress
. . m )
(in./in./min.) (21/52) (ksi)
0.03 1.0 88.?
0.3 1.047 _ 92.5
3.0 1.096 96.8
30.0 . 1.148 101.4
300.0 1.202 106.1

The curves shown in Figure 4.3 and the yield stresses presented in Table

4.3 are given only to show the general effects of strain rate and should

not, in any way, be taken as exact vaules.
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It is interesting to note that Equation 4.4 produces a uniform
increase in stress throughout the stress-strain curve while Reference
13 (in Figure 2.7) showed that, for structural steel, the yield stress

was more sensitive to strain rate than the ultimate strength.

D. ESTIMATED FATIGUE STRENGTH OF 80SK SHEET STEEL

The purpose of this section is to estimate the fatigue life
characteristics of the 80XF sheet steel tested in longitudinal tension.
The selection of the 80XF material was purely random. There is nothing
special or unique about the 80XF sheet steel that makes the fatigue life
prediction any more or less accurate than for any other type of sheet
steel.

The following fatigue life prediction is based on the strain-life
approach as discussed previously in Section I1.C.3.b. Equation 2.33
presented the basic relationshiﬁ between the total strain amplifude,
Ae'/2 or sé, and the number of reversals to failure, ZNf. For
convenience, Equation 2.33 is repeated below.

: b " c
g' = AgY2 = cf(ZNf) + sf(ZNf)

a
The coefficients and exponents of Equation 2.33 may be determined

according to the following procedure which is based on information

21
presented in the Fatigue Design Handbook .

The fatigue strength coefficient, 0. may be approximated as

i

gt =F + 50 ksi=298.7+50+ 148.7 ksi (4
f u

for steels with a Brinell hardness less than 500 Bhn. The 80XF sheet

steel is assumed to meet this requirement.



The fatigue ductility coefficient, £;, may be approximated by the
true fracture ductility, s%, as
s% = s% = In(100/(100-%RA). (4.6a)
The percent reduction in area (%RA) is based on the average reduced area
at fracture, Af, of the four individual longitudinal tension tests for
the 80XF sheet steel.
%RA = ((Ao - Af)/Ao)*IOO =
((0.04118-0.0178)/0.04118)*100 = 57% (4.6b)
thus sg = In(100/(100-57)) = 0.84 (4.6¢)
Deiter’’ notes that "the determination of the reduction of area in thin
sheets is difficult, and for this reason it is not measured in this type
of specimen." However, since Equation 2.33 is used just to give the
designer a rough estimate of the fatigue strength of a given steel and
since the measured values of Ao and Af were practically identical for
all the 80XF-LT specimens, it is believed that the %RA can be measured
accurately enough for this purpose.
The fatigue strength exponent, b, may be approximated as
b = -(1/6)log(20%/Fu). (4.7)
The true fracture strength, o%, is determined by converting the
representative stress-strain data for the 80XF-LT sheet steel from
engineering to true stress using Equation 2.8 and then picking the
maximum true stress from the resulting data. For the 80XF-LT material
o% = 116.947 ksi;
therefore, b = -(1/6)10og(2(116.947)/98.7) = -0.062. (4.8)

According to Reference 21, a representative value of the fatigue

ductility exponent, c, may be taken as -0.60.
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Substituting the values of ¢, b, s%, and ¢ and assuming E = 29,500
ksi, Equation 2.33 gives

-0.062 60

e, = 148.7(2N,) /29,500 + (0.84)(2Nf)'0' ,

zé is plotted versus 2N, in Figure 4.4,

f
It is important to keep in mind that fatigue life predictions based
on Figure 4.4 will be, at best, rough estimates. If accurate life

predictions are required, it is highly recommended that fatigue testing

be performed on the material in question.
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V. CONCLUSIONS

With the increasing demand for safer and more fuel efficient
automobiles the automotive engineer is being forced to consider design
alternatives. One such alternative is the substitution of the
relatively new high strength sheet steels for traditional materials of
low to moderate strength in automotive structural components. In many
cases this substitution can provide substantial weight savings at
competitive costs with no loss in total strength or performance.
However, since the high strength sheet steels have only been available
for a few years, there is a limited amount of published information on
their structural analysis and design3. Conséquently, a three phase
research project began in early 1982 at the University of Missouri-Rolla
under the sponsorship of the American Iron and éteel Institute. The
primary goals of this project are to establish the applicability of
existing design criteria3 and develop the necessary new criteria to
produce a comprehensive design specification for high strength sheet
steels used in the automobile industry. This thesis dealt with the
mechanical properties of high strength sheet steels to be used for
automotive structural components. The experimental portion of this
thesis was based mainly on the information obtained from Phase T of the

three phase UMR research project. Also included in this thesis was a

review of the literature on the determination of the various mechanical

properties as well as on the effects of strain rate and fatigue on the

design of high strength sheet steels.
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The literature review of the classical methods required to obtain
both engineering and true stress-strain curves and also the mechanical
properties was discussed in Section II.A. In Section II.B, the strain
rate effects on the mechanical properties of high strength sheet steels
were reviewed. As a general rule, increasing strain rates were found to
increase the yield point and ultimate tensile strength while decreasing
the ductility. The modulus of elasticity is unaffected by strain rate.

Section II.C presented a brief history of the fatigue analysis and
design procedures along with the current fatigue design methods used by
the automobile industry. It was found that the two basic approaches
currently used to predict fatigue behavior are the stress-1life and
Strain-life approaches. Although both methods are presently used by the
automobile industry it is generally believed that the strain-life
method will eventually dominate because it can describe more accurately
the actual c&clic stress-strain behavior. However, a recent
comparison25 of the strain-life predictions of fatigue life to actual
fatigue lives showed ratios of predicted-to-actual fatigue lives as
high as 160 for some sheet steels used in the automobile industry. Thus
it is obvious that there is still much room for improvement in the

prediction of fatigue failure.

The experimental program used to determine the typical stress-

strain curves and material properties of the six high strength sheet

steels was described in Section I1II. The mechanical properties of each

of the 96 tests were presented in Tables 3.4 through 3.9. Table 3.10

summarizes the average mechanical properties of each type of sheet

steel Also typical stress-strain curves were illustrated in Section

III.C.
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From the evaluation of the results presented in Section IV, it was
found that high strength sheet steels are quite anisotropic as shown in
Table 4.1. The strength properties of proportional limit,. yield
strength, ultimate tensile strength, and modulus of elasticity were
higher in the transverse direction than the longitudinal direction for
practically all the tested sheet steels. As might be expected, the
transverse ductility was generally lower than the longitudinal
ductility. These sheet steels were also found to be slightly sensitive
to the Bauschinger Effects as shown in Table 4.2. This Table also shows
that the modulus of elasticity values were greater in compression than
tension for each of the tested sheet steels.

The representative mechanical properties and stress-strain curves
determined in this study will be utilizéd in future phases of this
research project for the analysis of automotive structural components

using these sheet steels as well as the development of design criteria

for the automobile industry.
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APPENDIX

CLASSIFICATION AND CALIBRATION OF THE

EXTENSOMETER AND COMPRESSOMETER

This section“presents a summary of the calibratién procedures
along with the information necessary to classify both the Tinius Olsen
No. 90828 extensometer and the Saytec PC-5M compressometer.

These strain measuring devices were calibrated by applying known
amounts of strain with a Tinius Olsen Linear Motion Calibrator Model
CAL-60 No. 128890-2 and recording the corresponding voltage values for
each strain level. A straight line was then fitted to the resulting
strain-voltage points. The slope of this line is the strain calibration
factor with units of strain divided by voltage. Therefore, the strain
may be obtained for a given load as the voltage multiplied by the strain
calibration factor.

In order to classify these strain measuring devices, Table A.1 and
A.2 present the apparent or measured strain obtained from these devices
along with the actual strain (labeled as "Strain") from the calibrator
at several strain values. The difference between the 'apparent' and
actual strain is given in these tables in the "Error" column.

The ASTM E83 Specification lists the following classification

requirements for extensometers:
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Maximum Error of

Class

MO Owwi
Cooocoo

From Table A.1, it can be seen

extensometer lie between the (lass B-

Indicated Strain

.00001
.0001
.0002
.001
.01

.1

that the recorded errors for the

1 and B-2 classifications with the

exception of one point where the error is 0.000201313.

The maximum error of the compressometer was -0.00011430 as shown in

Table A.2.

Therefore, the compressometer is also between the B-1 and B-

2 classifications although it is considerably more accurate than the

extensometer.

Table A.1 Classification of Tinius Olsen No. 90828

Obs Strain
1 0.00000
2 0.00005
3 0.00010
4 0.00015
5 0.00020
6 0.00025
7 0.00030
8 0.00035
9 0.00040

10 0.00045

11 0.00050

12 0.00055

13 0.00060

14 0.00065

15 0.00070

16 0.00075

17 0.00080

18 0.00085

19 0.00090

20 0.00095

21 0.00100

22 0.00105

bl-\l-\bl-\l-\bbl-\l-\l-\bbbbb&\bt\#\#\b

Volts

.5950
.5950
.5925
.5900
.5900
.5875
.5855
.5850
.5840
.5820
.5800
.5780
.5750
.5750
.5750
.5750
.5710
.5700
.5700
.5675
.5650

.5650.

OOOOOOOOOOOOOOOOOOOOOO

Apparent

.000000000
.000000000
.000087527
.000175055
.000175055
.000262582
.000332604
.000350109
.000385120
.000455142
.000525164
.000595186
.000700219
.000700219
.000700219
.000700219
.000840263
.000875274
.000875274
.000962801
.00105033

.00105033

Extensometer

Error

.000000000
.000050000
.000012473
.000025055
.000024945
.000012582
.000032604
.000000109
.000014880
.000005142
.000025164
.000045186
.000100219
.000050219
.000000219
.000049781
.000040263
.000025274
.000024726
.000012801
.000050328
.000000328
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Obs

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

[oNee e NaeleNeNeNeNeo e NeoNeNoNoNoNoNeoNeoNe No e NoNoNoNoNeoNoNoNeo NoNoNeoNoNoNoNeoNoeNoNolNolNoNo N oo

Table A.1 (Cont.) Classification of

Tinius Olsen No. 90828 Extensometer

Strain

.00110
.00115
.00120
.00125
.00130
.00135
.00140
.00145
.00150
.00155
.00160
.00165
.00170
.00175
.00180
.00185
.00190
.00195
.00200
.00205
.00210
.00215
.00220
.00225
.00230
.00235
.00240
.00245
.00250
.00255
.00260
.00265
.00270
.00275
.00280
.00285
.00290
.00295
.00300
.00325
.00350
.00375
. 00400
.00450
.00500

Volts

.5613
.5600
.5600
.5580
.5550
.5550
.5535
.5505
.5500
.5490
.5450
.5450
.5440
.5415
.5400
.5395
.5365
.5355
.5350
.5350
.5340
.5300
.5300
.5280
.5250
.5250
.5245
.5215
.5200
.5190
.5160
.5150
.5150
.5135
.5100
.5100
.5100
.5065
.505

.498

.490

.485

475

.464

.450

L S A S SR SRR R P SEE S S I B Sl S R R S SN S A S Sl S S S S N A IR R IR SR S S R R R S R A

[eNeNeoReNoNeolNoNoNeNoloNoNeoNoNoNoNoloNoNeoNoReoNoNoNoNoNoNeoNoNoNeoNoNoNolololNoNoNoloNoloNolNo ol

Apparent

.00117987
.00122538
.00122538
.00129540
.00140044
.00140044
.00145295
.00155799
.00157549
.00161050
.00175055
.00175055
.00178556
.00187309
.00192560
.00194311
.00204814
.00208315
.00210066
.00210066
.00213567
.00227571
.00227571
.00234573
.00245077
.00245077
.00246827
.00257330
.00262582
.00266083
.00276586
.00280088
.00280088
.00285339
.00297593
.00297593
.00297593
.00309847
.00315098
.00339606
.00367615
.00385120
.00420131
.00458643
.00507659

cNoNoNoNoNoNoNoNoNoNoNoNeoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNeolNoNeoleNoloNoloNolNoloNoelloNolNeNolNoeNo]

Error

.000079869
.000075383
.000025383
.000045405
.000100438
.000050438
.000052954
.000107987
.000075492
.000060503
.000150547
.000100547
.000085558
.000123085
.000125602
.000093107
.000148140
.000133151
.000100636
.000050656
.000035667
.000125711
.000075711
.000095733
.000150766
.000100766
.000068271
.000123304
.000125821
.000110832
.000165864
.000150875
.000100875
.000103392
.000175930C
.000125930
.000075930
.000148468
.000150985
.000146061
.000176149
.000101203
.000201312
.000086435
.000076586
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Table A.2 Classification of PC-5M Compressometer

Obs

(o BN I NNV, B T S

ocNeoNoNoNoNoNoNoNoNoNoNoNoNeNeNoNolNoNeNeReNolololololoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNe Ne e

Strain

.00000
.00005
.00010
.00015
.00020
.00025
.00030
.00035
.00040
.00045
.00050
.00055
.00060
.00065
.00070
.00075
.00080
.00085
.00090
.00095
.00100
.00105
.00110
.00115
.00120
.00125
.00130
.00135
.00140
.00145
.00150
.00155
.00160
.00165
.00170
.00175
.00180
.00185
.00190
.00195
.00200
.00205
.00210
.00215
.00220

Lo LY L) L LY LD L L) L L L W L L L L L LW W WL W L W W W WWLWLWWIWLWWWLWWLWWLWWWLWWWWWWWWWW

.1750
.1750
.1700
.1690
.1650
. 1600
.1550
. 1540
.1500
. 1450
L1415
. 1400
.1350
. 1345
.1300
.1250
.1225
.1200
.1150
.1105
.1100
.1050
.1000
.0960
.0950
.0900
.0880
.0850
.0800
.0760
.0750
.0700
.0650
.0625
.0595
.0565
.0540
.0500
.0450
L0425
.0400
.0350
.0320
.0300
.0250

Volts

[eNeoNeoNeoNeNololoNoNoNoNoNololoNoNoNoNoNoNoNoNeoNeoNoNololoolooNoNolNololoNoNoNoNoNoNoNoNeoNe]

Apparent

.000000000
.000000000
.000070892
.000085071
.000141785
.000212677
.000283570
.000297748
.000354462
.000425355
.000474980
.000496247
.000567140
.000574229
.000638032
.000708925
.000744371
.000779817
.000850710
.000914513
.00092160
.00099249
.00106339
.00112010
.00113428
.00120517-
.00123353
.00127606
.00134696
.00140367
.00141785
.00148874
.00155963
.00159508
.00163762
.00168015
.00171560
.00177231
.00184320
.00187865
.00191410
.00198499
.00202753
.00205588
.00212677

Error

.000000000
.000050000
.000029108
.000064929
.000058215
.000037323
.000016430
.000052252
.000045538
.000024645
.000025020
.000053753
.000032860
.000075771
.000061968
.000041075
.000055629
.000070183
.000049290
.000035487
.000078398
.000057505
.000036613
.000029899
.000065720
.000044828
.000066471
.000073935
.000053043
.000046329
.000082150
.000061258
.000040365
.000054919
.000062383
.000069848
.000084402
.000077688
.000056795
.000071349
.00008590

.00006501

.00007247

.00009412

.00007323
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Table A.2 (Cont.) Classification of PC-5M Compressometer

Obs Strain Volts Apparent Error

46 0.00225 3.0200 0.00219767 -0.00005233
47 0.00230 3.0155 0.00226147 -0.00003853
48 0.00235 3.0150 0.00226856 -0.00008144
49 0.00240 3.0119 0.00232527 -0.00007473
50 0.00245 3.0100 0.00233945 -0.00011055
51 0.00250 3.0050 0.00241034 -0.00008966
52 0.00255 3.0000 0.00248124 -0.00006876
53 0.00260 2.9955 0.00254504 -0.00005496
54 0.00265 2.9950 0.00255213 -0.00009787
55 0.00270 2.9900 0.00262302 -0.00007698
56 0.00275 2.9850 0.00269391 -0.00005609
57 0.00280 2.9825 0.00272936 -0.00007064
58 0.00285 2.59800 0.00276481 -0.00008519
59 0.00290 2.9750 0.00283570 -0.00006430
60 0.00295 2.9750 0.00283570 -0.00011430
61 0.00300 2.970 0.002590659 -0.00009341
62 0.00325 2.950 0.00319016 -0.00005984
63 0.00350 2.935 0.00340284 -0.00009716
64 0.00375 2.915 0.00368641 -0.00006359
65 0.00400 2.900 0.00389909 -0.00010091
66 0.00450 2.865 0.00439533 -0.00010467
67 0.00500 2.830 0.00489158 -0.00010842
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