JMEPEG (2006) 15:608-613
DOI: 10.1361/105994906X136160

©ASM International
1059-9495/$19.00

Modeling of Stress Ratio Effect on Al Alloy

SAE AMS 7475-T7351: Influence of Loading Direction
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The main goal of this work was to evaluate the effectiveness of Walker’s equation in collapsing the fatigue
crack propagation data of a SAE AMS 7475-T7351 aluminum alloy loaded either longitudinally (L-T) or
transversely (T-L) to the rolling direction. T-L orientation testpieces presented lower ductility and fracture
toughness values than L-T orientation. As a consequence, during the fatigue crack propagation tests, T-L
testpieces exhibited a stronger influence of monotonic modes of fracture, resulting in higher Paris exponent
values, m. Walker’s model was able to collapse fatigue crack propagation data of L-T test pieces at
different applied stress ratios, R. However, for the T-L orientation, due to the R ratio dependency on m and
C, simply averaging of m values for the calculations of Walker’s exponent proved to be inefficient. A simple
analytical procedure was proposed by the authors to modify Walker’s model to take into account such
effect. For T-L test pieces, when Walker’s model is modified by considering both Paris’s exponent as well
the coefficient as a function of the R ratio, the fatigue crack growth data collapses within a narrow band,
thus allowing predictions to be made satisfactorily. The collapsed band is even narrower if the empirical
relation m = a+blogC is used instead of simple polynomial equations due to a better correlation coefficient.

Keywords aluminum alloy, fatigue crack propagation, R ratio,
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1. Introduction

Aluminum alloys are widely used in the aerospace industry
due to their high specific strength. In particular, the 7xxx series
has been used for structural applications, such as airframes.
During flight operation, the aircraft is subjected to variable
amplitude loading conditions, which in other words means that
when a crack is present, the material experiences a wide range
of stress intensity factor ranges (AK) and stress ratios (R). To
make accurate life predictions, equations taking into account R
ratio effects on the fatigue crack propagation rate (da/dN) must
be used. Over the past 40 years, several researchers have at-
tempted to model the fatigue crack growth behavior of mate-
rials to take into account the R ratio effect by using either
empirical, physical, or closure approaches (Ref 1-10). In par-
ticular, Walker (Ref 11) proposed an empirical relation where
an effective stress, S, is capable of predicting the effect of R
ratio on da/dN:

AS=(1-R)"™ AS (Eq 1)
where AS is the applied stress range, w is the Walker exponent
that is assumed to be a material constant dependent on the R
ratio. This equation can be rewritten in terms of an effective
stress intensity factor range, AK:
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AK=(1-R"™ AK (Eq 2)

It is important to note that if R = 0, then, AK (i.e., Walker’s
equation collapses the fatigue crack growth data at R = 0).
Then, the Paris-Erdogan equation can be modified accordingly:

= Co (BRY™ = (1 = Ry (AR (Eq 3)
List of Symbols

C Paris coefficient

Co Paris coefficient for R = 0

da/dN crack growth rate

K applied stress intensity factor

K ax maximum applied stress intensity factor

Ko(5%)  provisional fracture toughness measured by the
5% tangent drop method

K¢ mode I plane strain fracture toughness

m Paris exponent

my, Paris exponent for R = 0

R applied stress ratio

P coefficient of correlation

RA area reduction

S applied stress

Sys 0.2% offset yield stress

UTS ultimate tensile strength

w Walker’s exponent

AK applied stress intensity factor range

AK Walker’s effective stress intensity factor range

AS applied stress range

AS Walker’s effective stress range

g, total elongation to failure
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Table 1 Chemical analysis results (wt.%)

Zn Mg Cu Cr Fe Si Ti Al

5.79 1.95 1.76 0.24 0.07 0.05 0.05 Balance

where C,, and m,, are the Paris coefficient and exponent respec-
tively, noting that Cy, = Cgx_, and my = mg_,,.

According to Rosenfeld (Ref 12), Eq 1 to 3 can be applied
in cases where the fatigue crack growth lines are parallel. Con-
sequently the Paris exponent m is constant regardless of the R
ratio. In the analytical procedure proposed by Zheng and Pow-
ell (Ref 13), small differences in m are considered by averaging
the values at the different R ratios. Therefore, the term C, (1 —
Ry~ in Eq 3 is the Paris coefficient, C, for a specific R
ratio:

C=Cy(1 =Ry!™mo (Eq4)
Applying logarithmic transformation on both sides:
log C =1log Cy —(1 — w)m, log(1 — R) (Eq 5)

where log C, and —(/-w)m, are the equation coefficients that
are obtained through linear regression analysis of the logC
versus log(/-R) plot, thus allowing w to be calculated.

The main purpose of this work was to evaluate the effec-
tiveness of Walker’s approach in collapsing da/dN data of a
SAE AMS 7475-T7351 aluminum alloy loaded either longitu-
dinally (L-T) or transversely (T-L) to the rolling direction.
Depending on the loading direction, the material shows a dif-
ferent behavior for the fracture toughness and its effect on
Walker’s approach can be assessed.

2. Experimental Procedures

The material of this study was supplied by EMBRAER-
Brazil and consists of a 60 mm thick plate of 7475-T7351
aluminum alloy. The chemical composition given in Table 1
shows that the values are within those specified by SAE AMS
2355 standard (Ref 14).

C(T) test pieces for fracture toughness and fatigue crack
propagation tests were machined by electro-discharge machin-
ing in two different orientations, as depicted schematically in
Fig. 1. For the fracture toughness tests, a fatigue precrack was
introduced. The final maximum applied stress intensity factor
during precracking was less than 60% of the estimated K- of
the material. The fracture toughness tests were performed in
accordance to ASTM E1820-01 (Ref 15), in air, at room tem-
perature in both orientations (L-T, T-L). Tensile tests were also
performed in both orientations, in air at room temperature, at a
crosshead speed of 5 mm/min according to ASTM E8M-00
(Ref 16). Fatigue crack growth tests were performed according
to ASTM E647-00 (Ref 17), in air, at room temperature, under
constant load range, R ratios of 0.1, 0.5, 0.7, and 0.8 at fre-
quency of ~15 Hz. Fatigue test pieces were also tested in both
orientations. The crack growth was monitored using the com-
pliance technique.

3. Results and Discussion

3.1 Monotonic Properties

Tensile and fracture toughness results and the correspond-
ing standard deviation values (8) are presented in Table 2. The
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Fig.1 Schematic representation of testpiece orientation used in frac-
ture toughness and fatigue crack propagation tests.

Table 2 Tensile and fracture toughness results

UTS, K¢,
Orientation MPa SyoMPa RA,% &,% MPam'?
L-T 469 (13.3) 395(13.0) 19(3.4) 16(1.2) 50.5(0.9)
T-L 472 (12.3) 398 (10.9) 15(0.8) 11(0.5) 37.1(0.4)

Note: The numbers in parenthesis refer to 8 values. UTS, ultimate tensile
strength

results are the average values of four tests. For all fracture
toughness test pieces, provisional K conforms to the validity
conditions for the plane strain fracture toughness K, as given
by ASTM 1820-01 (Ref 15). The investigated 7475-T7351
aluminum alloy presented similar strength values in both ori-
entations studied.

However, when ductility and fracture toughness values are
simultaneously analyzed, a different picture emerges. For T-L
orientation, where the fracture takes place along the rolling
direction, on the SL plane (as observed in Fig. 1), a distin-
guished reduction in both ductility and fracture toughness val-
ues was observed. Micrographic analysis showed that the ST
plane presented randomly distributed particles within the mi-
crostructure, while the SL plane (Fig. 2) presented clustered
second phase particles aligned with the rolling direction, which
is likely to favor a reduction of ductility values for test pieces
tested in the T-L orientation, by creating a weaker path for
crack growth. Several studies have shown that particle cluster-
ing contribute to the failure process by imposing high levels of
plastic constraint to the matrix adjacent to the particles, raising
stress triaxiality to a level significantly higher than that nor-
mally associated with matrix failure (Ref 18-20) providing
favorable paths for linkage of damage ahead of the crack tip
(Ref 21). Additionally, when the crack grows along the rolling
direction, it traverses a smaller number of grain boundaries,
spending less specific energy for crack growth.

3.2 Stress Ratio and Test Piece Orientation Effects

Before analyzing the efficiency of Walker’s approach in
collapsing the fatigue data of the present work, it is convenient
to analyze first the effects of both stress ratio and test piece
orientation on the fatigue crack growth resistance of 7475-
T7351 aluminum alloy.

Figure 3 depicts the effects of different R ratios applied
during the fatigue crack growth tests performed in the 7475-
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T7351 aluminum alloy. In L-T orientation (Fig. 3a), there was
little difference in da/dN values within the Paris region. Addi-
tionally, the Paris exponent, m, remains nearly constant for all
R ratios imposed to the tests, as observed in Table 2. However,
in T-L orientation (Fig. 3b), considering the same applied AK,
da/dN values diverge steeply when the different R ratio curves
are compared. Assuming that closure levels are similar for both
orientations, it is suggested that this result is due to the fact that
the T-L orientation testpieces are likely to be more affected by
the contribution of monotonic modes of fracture because the
material exhibited lower toughness values in this orientation, as
discussed previously. Indeed, m values for T-L test pieces are
higher than those obtained for the L-T orientation increased
significantly as the R ratio increases (Table 3), giving support
to the idea of a stronger K,,,, dependence.

Direct comparisons between L-T and T-L orientation test-
pieces, tested at different R ratios, are presented in Fig. 4. It
was observed that for the R ratio of 0.1 (Fig. 4a), the effect of
testpiece orientation on da/dN values is not significant in the
Paris region. However, for higher applied R ratios (Fig. 4b-d),
testpieces tested in the T-L orientation presented higher da/dN
values for intermediate to high applied AK levels. Again, these
results can be rationalized by the fact that the T-L orientation
testpieces presented inherently lower toughness leading to
higher slopes in the Paris region, i.e., higher m values.
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Fig. 2 Micrographic analysis of second phase particles
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3.3 Walker’s Model

Figure 5(a) shows the result of Walker’s model applied to
the fatigue crack growth data of L-T orientation testpieces. It is
observed that the curves collapsed into a narrow band and
consequently the model was suitable to predict da/dN values
for any given R ratio in this orientation. On the other hand,
when Walker’s model was applied to the T-L orientation test-
pieces, instead of collapsing the data into a narrow band
equivalent to R = 0 curve, the data shifted apart, moving to the
left hand side of the graph, as depicted in Fig. 5(b).

These results clearly demonstrate the unsuitability of Walk-
er’s model in describing the R ratio effects when m values are
not constant. The Paris exponent used in w calculations was
assumed to be an average of m values for different R ratios, as
proposed by Zheng et al. (Ref 13). However, it was seen that m
values are dependent on R for T-L test pieces. Therefore a
simple modification to Walker’s model is proposed below,
which incorporates the R dependence on m.

For a specific value of R, the fatigue crack growth rate,
da/dN, can be given by the well-known Paris-Erdogan equa-
tion:

da C(AK)" Eq 6
an = C(AK) (Eq 6)
Combining Eq 3 with Eq 6 yields:

C(AK)" = Cy (1= Ry ™™ (AK)™ (Eq7)

If the fatigue crack propagation curves at different R ratios are
parallel (i.e., m is independent of the R ratio), then m = my,.
The Eq 7 simplifies back to Eq 4.

Rearranging Eq 7:

1_R—(1—w)m0:£ AK m—myy Eq 8
(1= Ry == (8K) (Eq8)
0

Applying logarithmic transformation on both sides:
—(1 = w)mg log(1 — R) =log C —log C, + (m — my)log(AK)
(Eq 9)
Finally, Walker’s exponent can be written as:
log C —log Cy+ (m — my)log(AK)
* my log(1 — R)

w=1 (Eq 10)
Equation 10 indicates that Walker’s exponent is no longer a
simple material constant, but it depends on both the R ratio and
AK levels. This requires the knowledge of C,, m,, and m = f{(R)
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Fig. 3 R ratio effects on da/dN values for SAE AMS 7475-T7351 aluminum alloy: (a) L-T orientation and (b) T-L orientation
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Table 3 Paris coefficient and exponent for T-L and L-T test piece orientations

Orientation Parameter R=0.1 R =05 R =0.7 R =038
LT m 3.02 2.90 3.00 2.93

C (mm/cycle) 1.43 x 1077 3.17x 1077 3.98 x 1077 421 %1077
L m 347 4.33 5.01 6.30

C (mm/cycle) 5.10x 107® 2.14x 1078 1.02x 107® 2.73x 107

Note: L-T, longitudinally to the rolling direction; T-L, transversely to the rolling direction
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Fig. 4 Test piece orientation effects on da/dN values of SAE AMS 7475-T7351 aluminum alloy: (a) R = 0.1, (b) R = 0.5, (¢c) R = 0.7 and
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Fig. 5 Walker’s model applied to fatigue crack growth data: (a) L-T orientation and (b) T-L orientation

to be calculated. As a first approach, these can be obtained
through simple regression analyses of curve plotted in the poly-
nomial function. The obtained results for the present alloy are
presented in Fig. 6. The constant C was found to be very well
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correlated to the R ratio by a parabolic equation, as seen in Fig.
6(a). Two different polynomial equations were used to adjust m
values, as seen in Fig. 6(b). It was observed that the second-
degree polynomial presented the best correlation coefficient.
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Fig. 7 Results of Walker’s model modified to take into account R ratio effects on m values: (a) using a linear fit (m = my+aR) and (b) using a

second-degree polynomial (m = my+aR+bR?).

When the linear fit equation presented in Fig. 6(b) is used in
Eq 10, a significant improvement in Walker’s model was ob-
tained. As depicted in Fig. 7(a), the curves approached to each
other, towards the R = 0 curve. However, as seen in Fig. 7(b),
a further improvement was obtained when m was correlated to
R by a second-degree polynomial, which exhibits a higher cor-
relation coefficient than the linear fit. In this case, the curves
obtained at different R ratios collapsed within a narrower band.

Although the use of a polynomial function to describe m as
a function of R resulted in an improvement in Walker’s model,
the data is not perfectly collapsed. In this sense, a different
approach was used to describe m as a dependent variable on R.
Previous work (Ref 22) has shown that m and C can be cor-
related by the following empirical relationship:
m=a+blogC (Eq 11)
where a and b can be obtained through regression analysis of
the m versus logC plot.

In this case, the effect of R on m is taken into account
indirectly by the Paris coefficient. Therefore, if m, as given in
Eq 11, is placed in Eq 10, the following equation for Walker’s
exponent is obtained:

(log C —1log Cy)(1 + b)log(AK)
w=1+ (Eq 12)
(a+blog Cylog(l —R)

Figure 8 shows m-logC plot for the material of the present
work. One can observe that an excellent correlation coefficient
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was obtained. Consequently, when Eq 12 is used to calculate w
of Walker’s model, the fatigue crack propagation data of the
T-L orientation testpieces collapsed into a perfectly narrow
band, as depicted in Fig. 9, thus allowing predictions to be
made with a larger degree of precision than the previous at-
tempts. The results presented in Fig. 7 and 9 suggest that the
success in collapsing the fatigue crack growth data of K,,,.
dependent materials into a narrow band, strongly depends on
the correct choice of the equation describing the relationship
between C, m, and R. When a simple average of m values is
considered (Fig. 5b), the correlation is very poor and the model
simply does not work. As the correlation factor increases, the
model improves significantly. It is important to emphasize that
these results are limited to the data of the present work al-
though the Eq 12 is analytically consistent, it depends on em-
pirical relationships. Therefore, its general applicability must
be tested in other materials whose C and m values are depen-
dent on R.

4. Conclusions

The following conclusions can be drawn in relation to the
SAE AMS 7475-T7351 aluminum alloy:

1) T-L orientation test pieces presented lower ductility as well
as fracture toughness values than the L-T orientation. This
was attributed to the precipitation of second phase particles
aligned with the rolling direction, which creates a weaker
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. 9 Results of Walker’s model modified using m = a+blogC and

applied to fatigue crack growth data of T-L orientation test pieces

2)

3)

path for crack growth. Additionally, the crack must traverse
a smaller number of grain boundaries along the fracture
plane, spending less specific energy for cracking. As a con-
sequence, during the fatigue crack propagation tests, T-L
testpieces exhibited a stronger K,,,, dependence, resulting
in higher m values within the Paris region.

Walker’s model is able to collapse fatigue crack propaga-
tion data of L-T test pieces at different R ratios. However,
for the T-L orientation, due to the R dependency on m, the
simple approach of averaging m values for the calculations
of Walker’s exponent proved to be inefficient.

For T-L testpieces, when Walker’s model is modified by
considering both C and m as functions of the R ratio, the
fatigue crack growth data collapses within a narrow band,
thus allowing predictions to be made satisfactorily. The
collapsed band is even narrower if the empirical relation m
= a+blogC is used instead of simple polynomial equations
due to a better correlation coefficient. Therefore, the suc-
cess in collapsing the fatigue data proved to be strongly
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dependent on the correct choice of the function describing

the association of m, C, and R ratio.
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