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ABSTRACT

A study is reported of the cyclic deformation, fatigue, and mean stress relaxation behavior of extruded material of aluminum
alloys 7075-T6511 and 7249-T76511. Experimental data and curve fitting constants are given for the cyclic stress-strain and
strain-life curves. The stress-life (elastic strain) component of the strain-life curve shows a transition to a shallow slope at
short life, necessitating a two-segment fit. Mean stress effects are included in the stress-life fit by applying the Walker mean
stress method, and this is incorporated into the strain-life curve. Other mean stress relationships are also compared to the test
data, specifically those of Goodman, Morrow, and Smith-Watson-Topper. Mean stress relaxation was observed even at quite
low strain amplitudes where there is no measurable plastic deformation, with a transition in behavior to a strong relaxation
effect at relatively large strains. Hence, the data are partitioned around ¢, = 0.006 and different sets of relaxation constants

using the Landgraf method are fitted above and below this level.

INTRODUCTION

Aluminum alloys 7075-T6511 and 7249-T76511 are
being investigated to develop data and improved methodol-
ogy for applying the strain-based approach in making
fatigue life predictions for aircraft structural components. Of
specific interest are the cyclic stress-strain and strain-life
curves, characterization of mean stress effects, and model-
ing of mean stress relaxation. Aside from specific materials
constants, the methodology presented is expected to be
applicable to other high-strength aluminum alloys.

MATERIALS

Test material was obtained from extrusions of the two
alloys. Properties from standard tensile tests parallel to the
extrusion direction are given in Table 1. The 7075-T6511
and 7249-T76511 aluminum alloys studied are Al-Zn-Mg-
Cu-Cr alloys that are members of the 7000-series of alloys,
which are the highest strength class of aluminum alloys.
Their strength arises from the combined effect of multiple
precipitation hardening reactions involving the various
alloying elements. Percentages of the alloying elements vary
somewhat and are specified by the initial four digits, such as
7075. In processing, these alloys are first subjected to a
solution heat treatment, followed by quenching. Then there
is a second stage of heat treatment, called artificial aging,
where the strengthening precipitates form at a moderately
elevated temperature. For the 7075 alloy, the designation T6
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indicates this process. Then the additional digits in T6511
indicate extruded material that has been stretched by about
2% after solution treatment, to relieve residual stresses, with
some minor straightening after stretching also being permit-
ted [1].

Alloy 7075 has been in wide use for more than 50 years
in aircraft structural parts and other applications where high
strength and light weight are critical. Alloy 7249 has been
developed as a replacement for 7075 to achieve improved
resistance to both exfoliation corrosion and stress corrosion
cracking. Its aging treatment is carried beyond the point of
peak strength, called overaging, as indicated by the T7
designation. The moderate degree of overaging is specified
by the next digit as T76, and then the remaining digits in
T76511 indicate extruded material with stress relief by
stretching and minor straightening, as above. The overaging
treatment for this special alloy may involve more than one
stage of time and temperature to meet the strength and other
property requirements of the specification AMS 4293 [2],
with the exact details generally being proprietary to the
extrusion supplier.

TEST SPECIMENS AND TEST METHODS

Unnotched, axially loaded test specimens were re-
moved from the extrusion material with their long axes
parallel to the extrusion direction. The specimens had a
15.24 mm (0.600 in) straight test section of diameter 7.62
mm (0.300 in). Strains were measured on the straight test
section over a gage length of 12.7 mm (0.50 in). A gentle
radius of 63.5 mm (2.5 in) was used to transition from the
test section to the enlarged grip-end diameter. The test
section and transition radius had only small amounts of



TABLE 1 - Tensile Properties

Aluminum Alloy ;g;il T7726£:391_1
Elastic Modulus, E, MPa 70,336 70,004
Yield Strength, o, , MPa 561 567
Ultimate Strength, o, , MPa 611 601
Elongation, 100¢ ,r, % 14.6 12.8
Reduction in Area, % 19.3 25.3
True Fracture Strength

5 5, MPa 701 686
True Fracture Strain, ¢, 0.214 0.292

material removed on each pass of final machining, and the
final polishing was done in the longitudinal direction to a
surface finish of approximately 0.1 um (4 pin).

Approximately 50 specimens of each alloy were tested
under cyclic loading using computer-controlled, closed-
loop, servo-hydraulic test equipment. All tests involving
considerable cyclic plasticity were conducted with con-
trolled strain, as were some tests at nominally elastic levels,
where the objective was to observe the relaxation of mean
stress arising from biased strain limits. Other tests at nomi-
nally elastic levels were done with controlled stress (actu-
ally, force), some at zero mean stress, and others at non-zero
mean stress.

Following the logic of Topper and coworkers [3, 4],
initial overstrains (prestrains) were applied to most of the
specimens prior to fatigue cycling. This consisted of 5
completely reversed, strain-controlled cycles at +1.2%
strain, followed by 10 additional cycles with peaks and
valleys progressively decreasing to zero. This was done to
advance the fatigue damage process, so that the behavior
was similar to that during service loading with occasional
severe cycles. Tests at strains higher than the prestrain level
were not prestrained, as no effect is expected. For compari-
son purposes, a few zero-mean-stress tests at relatively low
strains were done with no prestrain.

For each test, a stress-strain hysteresis loop recorded
near half the fatigue life is employed to determine stable
values of stress range Ao, strain range Ae, and plastic

strain range A ,, as illustrated in Fig. 1. For use in fitting

the cyclic stress-strain and strain-life curves, these ranges
are converted to amplitude quantities. For stress, strain, and
plastic strain, respectively, the amplitudes are

6, =Ac/2,

€q =0e/2, &, =A¢, /2 1)

If the hysteresis loop is not at least approximately symmet-
rical about zero stress, then the stable mean stress
6, = (Omax + Omin)/ 2 is also determined.
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Figure 1 — Stress-strain hysteresis loop for stable behavior.

CYCLIC STRESS-STRAIN, STRAIN-LIFE, AND
MEAN STRESS RELATIONSHIPS

Before presenting analysis of the test results, it is useful
to describe the equations that are used to represent the cyclic
stress-strain and strain-life curves, and also some equations
for summarizing mean stress effects. In what follows, it is
assumed that the test data involved are all obtained from
axially loaded, unnotched test specimens.

Cyclic Stress-Strain Curve

To obtain the cyclic stress-strain curve, it is useful to
note that o, / £ is the elastic strain amplitude, where E is

the elastic modulus. Further, the total strain amplitude ¢, is
given by the sum of its elastic and plastic components.

a
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€ € @)

Using values of stress amplitude o, and plastic strain
amplitude ¢ ,, from stable stress-strain hysteresis loops, a
power relationship fit is performed.

oy =H'eh, )
where H'and »' are evaluated by least-squares regression.
Solving for the plastic strain amplitude in Eq. 3 and

applying Eq. 2 then gives the desired relationship between
the amplitudes of stress and total strain.

o o 1/n’
£ 7[?) )

This is the familiar Ramberg-Osgood form.



Stress-Life and Strain-Life Curves

For fitting the strain-life curve, we employ values of
stress amplitude o, and plastic strain amplitude ¢ ,, from

stable stress-strain hysteresis loops, along with the corre-
sponding cyclic fatigue life N , for each test. Separate

power relationships are fitted to stress versus life and to
plastic strain versus life.

6, =67 (@N)", e, =g (2N (ab) (5)

Applying Eq. 2 then gives

c's
e, :%(21\(,@)” 1 (2N )¢ (6)

Usually, only data for completely reversed (zero mean
stress) tests are employed, and the fitting constants ¢’ , b,
e's , and c are considered to represent materials properties

for the zero mean stress case. Equation 6 is commonly
called the Coffin-Manson curve.

Mean Stress Relationships

A number of equations have been proposed and are in
use for handling nonzero mean stresses. These can be
expressed generically as functions

G = f(64:0m) (7

which provide estimates of an equivalent completely re-
versed stress amplitude o ,,. , as calculated from the stress

amplitude o, and mean stress o, that occur together for a

situation of nonzero mean stress.

Noting that the stress-life relationship of Eq. 5(a) is
obtained from tests at zero mean stress, it should be em-
ployed for our present purposes as

Gar =01 (2N 1)° (8)

Hence, for a given situation of stress amplitude &, and
mean stress o, ,avalue of 6, = f(o,, o,,) is calculated
and then substituted into Eq. 8, which is solved for the life
N f as affected by the nonzero mean stress.

One of the most commonly used expressions for o, is

the Goodman relationship [5], as modified by J. O. Smith
[6], which employs the ultimate tensile strength, o, .

Cyp = —= 9)

The Morrow [7] equation has the same form, but in
place of &, , employs the true fracture strength /B, a8

corrected for hoop stress according to Bridgman [8]. A more
commonly used alternate form similarly employs the con-
stant o', of Eq. 5(a) and 8, so that the two are

(¢

Sar = i, Oar = - (a, b) (10)
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The relationship of Smith, Watson, and Topper [9] does
not employ a materials constant. Two equivalent forms,
related by manipulations employing the definition of the
stress ratio, R = o yjn / Omax » are

Sar =VO%maxCa (@)

1-R
Gar = Gmax 2 (b)

11

Another approach is that of Walker [10], which is
similar to the Smith-Watson-Topper (SWT) one, but in-
cludes a materials property y. Two corresponding equivalent
forms are

1—
Sar = Gmgx(’cyz €Y
1-RY (12)
Sar = Gmax( ] (b)
2
Since 6qax =0, + 0,4, and opin =06, — 0, itisseen

that Egs. 11 and 12 do indeed provide relationships of the
Eq. 7 type.

For the Walker equation, a single fitting procedure, that
includes fatigue test data at zero and nonzero mean stresses,
can be employed to obtain the constant y along with c'r and

b. This is done by combining Egs. 8 and 12(b), solving for
Nz, and then taking the logarithm of both sides of the

resulting expression, which yields
1 1-R) 1 ,
log (2N ;) = Zlog O max +%Iog(Tj—Zlog o'r (13)
Then let
1-R

y=10g(2Ns), x;=10g0ma, x2 =Iog[T) (14)

A multiple linear regression y = myx; + mpx, +d then
provides values of the desired constants c’;, b, and y.



Strain-Life Equations Including Mean Stress

Any of the mean stress relationships just described can
be incorporated into the strain-life curve in a mathematically
consistent manner [11]. To develop this methodology, first
combine Eqgs. 7 and 8 to obtain

GLV‘

— o, L0 m) _ 1oy (15)

Oq

Then solve for the stress amplitude o, in the numerator of

the middle expression, and manipulate the result, to develop
a form analogous to Eq. 5(a).

1/b
=’ (2N*)? | where N*= N, %
O4 Gf( ) f (f((ju,(fm)j

(a, b) (16)

Hence, one can determine the life N* from Eq. 16(a) that is
expected for a given stress amplitude o, under zero mean

stress, and then estimate the actual life N ,, as affected by a
nonzero mean stress, by solving Eq. 16(b) for N /.

o -1/b
N;,=N*| ——% 17
/ [f(ca,cm)J £0

The effect on life must be the same regardless of
whether one employs a stress-life or a strain-life curve. This
permits Eq. 6 to be generalized to

o’ )
£q = ?f(zzv*)b &y (2N*)° (18)

Here, N* is the life calculated from the strain amplitude ¢,
as if the mean stress were zero, and then the actual life & I

as adjusted for the effect of a nonzero mean stress, is ob-
tained from Eq. 17. Equation 18 implies that a plot of strain
amplitude versus N* should correlate data at various mean
stresses all onto this single strain-life curve.

In a paper by Dowling [12], the success of the mean
stress relationships of Egs. 9 to 12 were examined for a
number of sets of test data on steels, aluminum alloys, and
one titanium alloy. The Walker relationship, Eq. 12, was
found to give superior results, and so it is considered to be
of special interest here. In this case, Eq. 16(b) becomes
N,, =Ny ( 5 j (19)

where a subscript w has been added to specify use of the
Walker relationship.

DATA FITS FOR CYCLIC STRESS-STRAIN,
STRESS-LIFE, AND STRAIN-LIFE CURVES

We will now proceed to present analysis of the test data
obtained. There are separate subheadings treating the cyclic
stress-strain, stress-life, and strain-life curves. For the life
curves, the Walker mean stress equation is included in the
data fitting. Then the next major section will consider
comparisons of the test data with the other mean stress
equations given above. This will be followed by a section
on the modeling of mean stress relaxation, and then discus-
sion and conclusions, combined in a section on concluding
remarks.

Cyclic Stress-Strain Curve Fits

Cyclic stress-strain curves fitted to the test data for the
7075-T6511 and 7249-T76511 alloys are shown in Fig. 2.
Equation 4 was found to represent the data very well, and
the resulting constants are given in Table 2. Since very
small values of plastic strain are difficult to measure accu-
rately and may disturb the fitting of the larger, more accu-
rately known values, data with ¢ ,, <0.00025 were not

employed in the Eq. 3 fit that was needed for Eq. 4.
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Figure 2 — Cyclic stress-strain curves for the two alloys.



TABLE 2 - Cyclic Stress-Strain and Strain-L.ife
Constants

Aluminum Alloy ;g;il T7726£:391-1
E, MPa 70,336 70,004
H', MPa 655 633
n' 0.02335 0.02435
o, (cyclicyield strength) 567 544
c’fw, MPa (Walker fit) 2780 3250
b,, (Walker fit) -0.2010 -0.2187
v (Walker fit) 0.4763 0.4933

c'r2, MPa (short life) 788 745

b, (short life) —0.05164 —-0.04759
N;, cycles (intersection) 2318 2733

€, (intersection) 0.00752 0.00742
&'y MPa 0.3465 0.3871
Cy ~0.8460 -0.8130

The 0.2% offset cyclic yield strengths on these curves
are included in Table 2. These differ by only a small amount
from the corresponding 0.2% offset yield strengths from
tensile tests in Table 1. This indicates that these alloys have
nearly stable behavior under cyclic loading, that is, they
exhibit very little cycle dependent hardening or softening.

Stress-Life Curve Fits

Stress-life data and fitted lines are shown in Fig. 3 for
the 7075 alloy. The corresponding graph for the 7249 alloy
is not presented, but it is quite similar. For both alloys, there
appear to be two distinct trends, with a shallow slope at
short lives and a steeper slope at intermediate and long lives.
Hence, separate stress-life fits were done for the two re-
gions. A number of cycles N, =2000 was chosen by
judgment as the separation between the two regions, with
this value applying to both alloys.

The fit employing Egs. 13 and 14 was applied only to
the data with N > N, , which included all data with mean

stresses that differed significantly from zero. The resulting
equation is represented by

Sar =N )™ (Ny2N)) (20)
used with Eq. 12. The subscript w is added to the fitting
constants to indicate the fitting of data at various mean
stresses using the Walker equation, in which fitting the

value of vy is also obtained. Table 2 gives the resulting values
of the three constants c'4,, b,,, and y for both alloys.
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Figure 3 — Stress-life data and fit for the 7075 alloy based
on the Walker mean stress equation at intermediate and
long lives, with a separate fit employed at short lives.

The data for N, < N were then fitted separately, with
the fitting constants being identified by adding a subscript 2.

Gur =6'12N )2 (Ny<N) (21)
To employ such a two-segment fit, it is useful to determine
the number of cycles N, of the intersection point.

IO !/ . / !/ .
log (2N;) = M , N;= 310|09(2Ni) (22)
b2 _bw 2

These expressions can be verified by equating the stress
values of Egs. 20 and 21 and solving for N = N;. Values

of N;and the fitting constants for Eq. 21 are also given in
Table 2 for both alloys.

Some data points are shown in Fig. 3 for tests with no
prestrain. These are not included in the fitting and are seen
to lie a little above the trend of the other data, indicating
lives that are modestly longer than for prestrained samples.

Strain-Life Curve Fits

Now consider the strain-life curve as represented by Eq.
18, which by the use of N* = N; is generalized to include
nonzero mean stresses according to the Walker equation.
From Eq. 16, the first term of Eq. 18 is seen to be equivalent
to Eq. 20 or 21 used with Eq. 12(b), where the appropriate
constants are employed, depending on whether the strain
amplitude is greater or less than a value ¢ ,; that corresponds
to N;. In the high strain, short life region, €, > €,; , mean
stresses relax close to zero, and so it is not useful or even
feasible to try to determine a specific y value for this region.

Hence, the same y value as determined from the Walker fit
at intermediate and short lives is used.



The second term of Eq. 18 also needs to be fitted,
requiring a relationship analogous to Eg. 5(b).

€ pa = €5 (2N )Y (23)

Zero-mean-stress-equivalent life values N :V from Eq. 19 are

thus fitted with plastic strain amplitudes. For Eq. 19, we use
b =b,, or b, depending on whether the N , value for the

particular test corresponding to ¢, is longer or shorter,

respectively, than N; . The constants again have subscripts w

added, to distinguish them from constants for Eq. 5(b) fitted
merely to N r values from zero-mean-stress tests.

For fitting Eq. 23, the same logic as before led to data
not being included where ¢ ,, <0.00025. Also, preliminary

fitting gave a very high value of the intercept constant
&', and did not seem to represent the shortest life data

points very well. Hence, it was decided to include in the fit
the true plastic strain corresponding to the fracture point in a
tension test, taking this to correspond to a fatigue test with
failure at N =0.5 cycles. This true plastic fracture strain

Epf is obtained by applying Eg. 2 with values from Table 1.

. . Op
SprSf—% (24)

This procedure did indeed produce a more reasonable result,
and the resulting fitting constants for Eq. 23 are listed in
Table 2.

By assembling the results of the stress-life and plastic-
strain-versus-life fits as described, we have all of the items
needed for the complete strain-life curve. Due to the discon-
tinuity in the stress-life behavior, there are two sets of
equations.

G" * *
g, :wa(zsz)”w T8, (2N )

(25)
X 1 R \ENhy
Ny, = Nf [Tj (g4 Se&y;)
and
_G’fz 2N* bZ ! 2 * Cy
€q _T( w) 2 +€%5,(2N,)
26
* 1—R (1_Y)/b2 ( )
Ny, = Nf (Tj (&4 2 &4)

Equation 25 applies at intermediate and long lives, specifi-
cally, for strain amplitudes €, <e,; . Note that ¢ ,; can be

calculated by substituting N:V = N, and calculating the

strain amplitude. Then Eq. 26 applies at short lives, where
€, =€, , With the two curves joining at the discontinuity
point (N;, &,;) -

Curves corresponding to the combination of Egs. 25
and 26 are shown in Fig. 4 along with all of the test data at
all mean stresses for each alloy. There is only small scatter
of the data about the discontinuous curves, indicating
success of the manner of handling mean stress effects and
the other aspects of the fitting procedure. Also shown in Fig.
4 are data points for tests with no prestrain, which were not
included in the fitting. These are seen to lie a little above the
trend of the other data.
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Figure 4 — Strain amplitude versus Walker equivalent life
for the two alloys.

COMPARISON OF TEST DATA AND MEAN
STRESS EQUATIONS

Two methods of comparison will be discussed under
separate subheadings below: stress-life plots, and amplitude-
mean plots. Then there will be a third subsection which adds
some useful discussion.



Stress-Life Comparisons

The most direct way to compare test data to one of Egs.
9to 12 is as follows: Calculate &, from the stresses applied

in each test and plot the resulting values versus the corre-
sponding experimental fatigue lives. Such comparisons are
shown for the 7075 alloy in Figs. 5 to 8 for the mean stress
relationships of Egs. 9, 10(a), 10(b), and 11, respectively.
On each of these graphs, a line of the Eq. 5(a) form is also
shown, which represents a fit to the data with zero mean

stress. Only data in the range 10%to 108 cycles are shown,
as data at shorter lives involved only small mean stresses.
Corresponding graphs for the 7249 alloy show quite similar
trends.

The extent to which the data on such a plot agree with
the zero-mean-stress line is a measure of the success of the
o 4 €quation used. For the Goodman relationship, Eq. 9,
which employs the ultimate tensile strength, it is clear from
Fig. 5 that the correlation is quite poor. Data for tensile
mean stresses lie well above the zero mean line, indicating
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Figure 5 — Equivalent completely reversed stress amplitude
versus life correlation for the 7075 alloy for the Goodman
equation.
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Figure 6 — Equivalent completely reversed stress amplitude
versus life correlation for the 7075 alloy for the Morrow
fracture strength equation.

that actual lives are often much longer than estimated, that
is, the method is excessively conservative with respect to
life estimates.

From Fig. 6, the Morrow relationship of Eq. 10(a),
employing the true fracture strength & 1B+ gives better

results. However, from Fig. 7, we see that Eq. 10(b), which
uses the fitting constant o', , performs very poorly and is

grossly nonconservative with respect to life estimates. In
Fig. 8, the SWT relationship of Eq. 11 gives quite good
results, with the correlation being better than for the Good-
man relationship or either form of the Morrow equation.

An analogous correlation plot for the Walker relation-
ship, Eq. 12, has already been shown as Fig. 3, where the
Ny = N; portion is of primary interest here. In this case, the

comparison is made to the Eq. 20 fit of data at various mean
stresses, where the value of y from this fit is employed with
Eq. 12. The correlation is similar to that for the SWT
method, but slightly better, as might be expected from the
ability to vary vy to obtain an optimum fit.
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Figure 7 — Equivalent completely reversed stress amplitude

versus life correlation for the 7075 alloy for the Morrow
intercept equation.
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Figure 8 — Equivalent completely reversed stress amplitude
versus life correlation for the 7075 alloy for the Smith-
Watson-Topper equation.



Amplitude-Mean Plots

Another means of comparing mean stress equations to
test data is to employ amplitude-mean plots, as shown for
both alloys in Figs. 9 and 10. For these, it is necessary to
calculate o, for each test data point from the experimental

fatigue life N, using the stress-life relationship for zero

mean stress. Equation 5(a) with appropriate constants is
employed, except for the Walker equation, where Eq. 20
applies.

For the Goodman and Morrow relationships, Egs. 9,
and 10, straight lines are expected on a plot of the normal-
ized stress amplitude 6, / 5, versus mean stress c,,, . These
are seen in Fig. 9 for the two alloys. The Goodman equation
gives a line that intercepts the mean stress axis at the ulti-
mate tensile strength o, . The experimental data points are
seen to lie beyond this line. Hence, as for the life plots, for
tensile mean stresses, this method is seen to be overly
conservative with respect to life estimates. The Morrow
equation with intercept & B 9ives good agreement, but the

form using the intercept c's gives grossly a nonconservative

comparison. This latter trend seems to be associated with
the transition in stress-life behavior seen in Fig. 3, as the
intercept o' fitted in the intermediate and long life region is
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Figure 9 — Normalized stress amplitude-mean plots for the
two alloys.

a very high value that is far above the intercept for the short-
life region, which is more similar to the true fracture
strength.

Equations 11 and 12 form a family of curves on plots
similar to Fig. 9, so a comparison of this type is not very
useful. But a single curve is formed on a plot of
c,/c, versus ¢, /o, ,asseenin Fig. 10. Note that the

SWT relationship, Eq. 11, corresponds to the y = 0.5 special

case of the Walker relationship, Eq. 12. Since the fitted y
values for the Walker equation were both near 0.5, the two
curves for each alloy are quite close, and it is difficult to
decide from these plots which provides better agreement
with the test data.

Discussion

A numerical quantity that characterizes the degree of
correlation on a life plot such as Figs. 5 to 8 can be deter-
mined as follows: Consider the points c,,.p and o,y in
Fig. 5. The former point corresponds to the applied stresses
and experimental life for a fatigue test, and the latter to the
point on the zero-mean-stress fit at the same life. The
difference o,,p — o, IS @ measure of the lack of correla-

tion, and a dimensionless measure is obtained by normalized
this difference to the o,y value.
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Figure 10 — SWT and Walker amplitude-mean plots for the
two alloys.
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A measure of the overall scatter for a set of data is the
standard deviation of the variable z. Considering all nonzero
mean stress data points in a given comparison, where n is
the number of these, we have

n
Al

SZ — lel 1 (28)
n-1

We will term this s, the stress deviation. To similarly
summarize the success of a Walker equation fit, such as the
N ¢ = N;portion of Fig. 3, the same equations apply. But

since all of the data points are employed in the Eq. 20 fit,
including the zero mean stress ones, even these are included
in the calculation of s .

Values of s, for each of the mean stress equations are
given in Table 3. The trends noted above are also seen in
these values. The Goodman and Morrow o', equations give
relatively large values of s, indicating highly inaccurate
results, whereas the Morrow G ¢z equation is considerably
better, and the SWT equation is better yet. The Walker
equation gives a slightly lower s than the SWT one, and so

it is the most accurate of the mean stress equations studied.
Hence, its use in representing the strain-life curve is justi-
fied.

TABLE 3 — Values of Stress Deviations for Mean Stress
Equations

. Values of s,
Mean Stress Equation
7075-T6511  7249-T76511

Goodman 0.352 0.442
Morrow, G 5 0.157 0.194
Morrow, o’ 0.324 0.370
Smith-Watson-Topper 0.074 0.068
Walker, fitted y 0.057 0.055

An extensive study where the same mean stress equa-
tions were applied to a number of sets of data is described
by Dowling [12]. Similar trends in the success of the vari-
ous equations occurred for the 9 sets of aluminum alloy data
that were included. Values of y were around 0.5 for all of
the relatively high strength aluminum alloys, which in-
cluded 2014, 2024, and 7075 alloys. But for relatively low
strength alloys, such as 6061, the value of y was around
0.65. Also, for three sets of data on 2024 and 6061 alloys,
where short fatigue lives were included from strain-
controlled tests, similar flattening of the stress-life curve at
short lives occurred.

MODELING OF MEAN STRESS RELAXATION

Strain controlled tests with a nonzero mean strain
produce an initial mean stress that tends to relax toward
zero. Depending on the strain amplitude, the mean stress
may relax very little, or by a moderate amount that stabilizes
short of zero, or completely to approximately zero. Less
relaxation occurs if the strain amplitude is small and mostly
elastic, and more relaxation occurs for larger strain ampli-
tudes that include a larger plastic strain component. Some
test data illustrating this effect are shown in Figs. 11 and 12
for the 7075 and 7249 alloys under study here.

A study of this behavior and its modeling is reported by
Arcari [13], with the results being briefly summarized here.
The empirical relaxation model of Landgraf [14] was found
to provide acceptable results. Here, the mean stress relaxa-
tion is modeled as a power equation with the number of
cycle as base.
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Figure 11 — Mean stress relaxation in the 7075 alloy for (a)

low strain amplitudes and (b) high strain amplitudes.



(a) 7249-T76511, e, < 0.6%

450 — .
- - - o
400 | " 1
/12
350 e e
© w
a - -
< 300 ;
§ 250} St e
= 8
c 200 e rre—
S ‘h'-'--"\
[
Z 150t 7
OE
100 |
50 = = = NModel
Experiment
10° 10’ 10° 10° 10*
N, Cycles

(b) 7249-T76511, g, > 0.6%
150

100

50

0, Mean Stress, MPa

O -
= = = Model
Experiment
=50 o] 1 2 3
10 10 10 10
N, Cycles

Figure 12 — Mean stress relaxation in the 7249 alloy for (a)
low strain amplitudes and (b) high strain amplitudes.

SN =iV (@)

. (29)
where r:A(l— 4 j (b)

€aTh

In these equations, o, is mean stress, with an additional

subscript i indicating the initial value, and an additional
subscript NV the value after N cycles. The quantity » is a
relaxation exponent that varies linearly with strain ampli-
tude, ¢, , and which has a negative value. Also, ¢, is a

threshold value of strain amplitude, below which there is no
relaxation, and 4 is an additional fitting constant.

However, the results were somewhat surprising in that
relaxation was observed even at quite low strain amplitudes
where there is no measurable plastic deformation. Further,
there was a fairly distinct transition in behavior between this
behavior at low strain amplitudes and the strong relaxation
effect that occurs at relatively large strains. To apply Eg. 29,

it was necessary to partition the data around ¢, = 0.006 and

to apply separate sets of constants €,z and 4 in two differ-
ent regions.

r=4 [l_ b j (ga Sg5112) (8.)
€arnl
(30)
r=4, (1— fa j (eq 28412)  (b)
€aTh2

The resulting dependence of r on strain amplitude is shown
in Fig. 13 for the 7249 alloy, with 7075 having quite similar
behavior.

The plotted points shown in Fig. 13 correspond to Eq.
29(a) fitted to the mean stress versus cycles data for indi-
vidual tests. However, each line is derived from a multiple
regression applied to the variations of both strain amplitude
and cycles for several tests. For each alloy, one such multi-
ple regression was performed for all tests with ¢, < 0.006,

and another for all tests with €, > 0.006. The strain ampli-
tude where the two r versus ¢, lines from the separate fits
intersect is denoted ¢, .

Each multiple regression was performed by combining
Egs. 29(a) and (b), isolating the quantity o, /o, , and
then taking the logarithm of both sides of the resulting
expression.

GLN = NA(l_Sa /‘SaTh)

O mi
(1)
log (GLNJ = AlogN - g, logN
S mi €aTh

Then we let
y =log (—G”’NJ

S mi (32)
xy=logN, xp,=¢g,logN, b=0

A multiple linear regression y = myxq +mox, + b finally
provides values of the fitting constants 4 and ¢,y .

The resulting values of 4 and ¢z, and their ranges of
applicability (as separated by ¢,15 ) are given in Table 4 for

the two alloys. Also, Figs. 11 and 12 show the curves from
this modeling along with the test data. The modeling is in
reasonable agreement with the overall trends of the data. For
some of the tests at the highest strain amplitudes, the ini-
tially tensile mean stresses cross zero and tend to stabilize at
a small compressive value, reflecting an asymmetry in the
behavior of the material. However, the modeling equations
require relaxation toward and not crossing zero.
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Further work is ongoing on mean stress relaxation,
including adding the small compressive bias to the behavior,
as well as modeling of relaxation under variable amplitude
loading.

CONCLUDING REMARKS

For aluminum alloys 7075-T6511 and 7249-T76511,
we have presented cyclic stress-strain and strain-life curves
and fitting constants. The former follows the Ramberg-
Osgood form very well. The value of the strain hardening
exponent ' is quite small, reflecting a flat cyclic stress-
strain curve beyond the elastic region. Comparison of the
yield strengths from tension tests and the cyclic stress-strain
curves indicates that these alloys exhibit very little cycle
dependent hardening or softening

The strain-life curves conform to the Coffin-Manson
form, except that the stress-life (elastic strain) component of
the curve shows a transition in behavior to a shallow slope
at short lives, necessitating a two-segment fit. This in turn
results in a slope discontinuity in the strain-life curve. In the
stress-life fit, data at various mean stresses were fitted all
together using the Walker mean stress equation, which
correlated the data very well. As a result, the strain-life fits
include the effect of mean stress by incorporating the stress
ratio R = onin / omax @nd a Walker constant y.

Other mean stress methods were also compared with
the test data. The traditional Goodman equation gives very
poor results, as does the Morrow equation in the form
employing the stress-life fitting constantc’, . The former is

overly conservative, and the latter dangerously nonconser-
vative. The Morrow equation with the true fracture strength
is reasonably accurate, and the Smith-Watson-Topper
relationship is even better. The Walker equation gives
superior results, but only modestly better than SWT, as the
constant y for both alloys was not very different than 0.5,
which corresponds to the SWT method.

Mean stress relaxation was successfully modeled with
the approach of Landgraf. Relaxation was observed even at

TABLE 4 — Mean Stress Relaxation Constants for the
Landgraf Model

Alloy Range A €aTh
7075- e, <0.648%  -0.0006948  —0.0002374
TeS1l ¢ >0648% 1.6350 0.006407
7949- £, <0637%  0.006347 0.001095
T76511 ¢ >0.637 % 1.2196 0.006216

quite low strain amplitudes where there is no measurable
plastic deformation, with a fairly distinct transition to the
strong relaxation effect that occurs at relatively large strains.
It was necessary to partition the data around ¢, = 0.006 and

to apply different sets of relaxation constants above and
below this level.

The cyclic stress-strain curve fit for the 7249 alloy is
repotted as Fig. 14. The strain value ¢, corresponding to

the slope discontinuity in the strain-life curve is shown, as is
the value &4, for the transition in mean stress relaxation

behavior. The former is somewhat higher than the latter, but
both occur near the end of the linear region of the curve,
below the cyclic yield strength as defined by a 0.2% plastic
strain offset. Very similar trends occur for the 7075 alloy
but are not illustrated.

From the test data obtained, it is a noteworthy that the
two aluminum alloys seem to behave in a very similar
manner, both qualitatively and quantitatively.

As of this writing, testing continues on the two alloys.
Included are fatigue life and mean stress relaxation tests
involving compressive mean stresses. Hence, values of the
various materials constants in Tables 2 to 4 will be refined
later when additional test data are included. However, the
test data obtained so far are quite extensive and are suffi-
cient to justify employing the cyclic stress-strain, strain-life,
and mean stress relaxation constants that are presented.
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Figure 14 — Cyclic stress-strain curve for the 7249 alloy
showing the strain-life transition ¢ ,; , the relaxation transi-

tion €41 , and the 0.2% offset cyclic yield strength.
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