P L 4

i Wes Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 26(2016) 938—944

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Effect of T7951 secondary aging treatment on
crack propagation behavior of 7055 aluminum alloy

Song ZHOU'?, Lei WANG?, Li-yang XIE', Li HUI?, Liang XU?

1. School of Mechanical Engineering and Automation, Northeastern University, Shenyang 110004, China;
2. Key Laboratory of Fundamental Science for National Defense of Aeronautical Digital Manufacturing Process,
Shenyang Aerospace University, Shenyang 110136, China

Received 30 April 2015; accepted 15 September 2015

Abstract: The crack propagation rates of T6 peak aging and T7951 secondary aging 7055 aluminium alloys were tested under stress
ratios (R) of 0.6, 0.05 and —1, respectively. The microstructures and fracture surfaces were analyzed by TEM and SEM. The results
reveal that the crack propagation rate is affected by the stress ratio and microstructure such as the distribution, dimension and volume
fraction of matrix precipitates, grain boundary precipitates and precipitate free zone. For both heat-treated specimens, crack
propagation rate increases with the improvement of R when it is a positive value while crack propagation rate at R=—1 is much
similar to that at R=0.06. The crack growth rates exhibit no obvious difference in lower stress intensity factor range (AK), while the
difference starts to be obvious when AK exceeds certain value. The fracture analysis testifies a better fracture toughness for

7055-T7951 with a smaller striation space in Paris region.
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1 Introduction

Ultra-high-strength 7055 aluminum alloy has a
tendency to replace the traditional 7075 aluminum alloy
and has been widely applied to aircraft structural
materials because of its excellent formability, high
fracture toughness, enhanced corrosion resistance and
damage tolerance property [1—7]. The microstructures
and mechanical properties of 7055 aluminum alloy will
be affected by the heat treatment remarkably [4—7]. For
7xxx series aluminum alloys, the heat treatment
processes include homogenization, solid solution,
quenching and aging, and the aging process can also be
divided into peak aging, double aging, retrogression
re-aging and deformation aging.

A number of studies about the effect of heat
treatment on the microstructure, such as second phases
and precipitates and their influences on mechanical
properties of 7xxx series aluminum alloys were
conducted through the process control during aging
process [1,2,5,8—12], and the corresponding heat

treatment methods were developed along T6—T73-T74—
T76-T77-T79, but some key process parameters were
still undisclosed because of the trade secrets.

7xxx series alloys can obtain the highest strength
after peak aging, but the fracture toughness and corrosion
resistance ability will decrease accordingly [12]. Double
aging such as T74 and T73 can improve alloys’ fracture
toughness and corrosion resistance ability with
sacrificing strength. As a result, it is still an important
engineering problem to achieve good matching between
strength, fracture toughness, corrosion resistance ability,
fatigue and damage tolerance property of 7xxx series
aluminum alloys.

SCHERIBER et al [1] discussed the cyclic stress-
and strain-amplitude-control ~ fatigue response of
aluminum alloy 7055-T7751 at both ambient and
elevated temperatures. ZHONG et al [10] found that
7449-T7951 alloy had an excellent fatigue property with
the fatigue limit of smooth specimens reaching 349 MPa
for R=0.5 (R is stress ratio) and 134 MPa for R=1.0,
while it still remained 138 MPa for R=0.5 and 70 MPa
for R=—1.0 by using notch specimens with the notch
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factor (K;) of 3.0. The studies about the effect of
under-aging and peak-aging treatments on the fatigue
crack propagation behavior showed that the fatigue crack
propagation rate of under-aged alloy was lower than that
of peak-aged alloy which was explained in terms of the
slip planarity of dislocations and the cyclic slip
reversibility [11]. However, few works about the T7951
secondary aging treatment on the crack propagation
behavior were published for 7055 alloy.

In the present work, the influence of T6 peak aging
and T7951 secondary aging treatments on the crack
propagation behaviors of 7055 aluminum alloy under
three stress ratios was comparatively studied in order to
understand the effect of T7951 secondary aging
treatment on the crack growth rate and the reason caused
by the microstructure evolution.

2 Experimental

The material used in this work was 7055 aluminium
alloy plate with thickness of 10 mm. The composition of
the alloy was 7.9% Zn, 2.1% Mg, 2.2% Cu, 0.15% Zr,
0.12% Fe, 0.08% Si and 0.025% Mn (mass fraction).
Two groups of 7055 alloys were treated by T6 peak
aging and T7951 secondary aging separately. The
corresponding mechanical properties are shown in Table
1. T7951 secondary aging process involved solid
solution, quenching, prestretching and artificial aging,
but the detailed parameters were undisclosed.

Table 1 Mechanical properties of 7055 alloys

Condition  oy/MPa  6y,/MPa Kic/(MPa-m ™ ?)
T6 643.0 608.9 28.7
T7951 630.5 587.6 30.7

After heat treatment, the 7055 plates were machined
into M(T) specimens along the rolling direction as shown
in Fig. 1 to be used for the fatigue crack propagation
tests according to ASTM E647 standard, and the crack
propagation was along the transverse direction. Three
stress ratios (R) of 0.5, 0.06 and —1.0 were chosen and
three parallel specimens were prepared for each stress
ratio. The fatigue crack propagation tests were conducted
on the MTS-Land Mark test system in controlled
laboratory air environment with a sinusoidal waveform at
ambient of 27 °C and the frequency was set to 20 Hz. A
traveling optical microscope was utilized to monitor the
crack propagation behavior. The stress intensity factor
range (AK) can be calculated according to Eq. (1):

AP
AK =27 | B2 o TE (1)
B\2w | 2

where AP is the load range, B is the specimen thickness
and a (a=2a/W) is the ratio of twice the crack length (2a)
to the specimen width (/). The equation is effective
within a certain range when 2a/#<0.9.
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Fig. 1 Dimensions of M(T) specimen (unit: mm)

Fine microstructural features for two types of
heat-treated materials were observed by a Philips Tecnai
transmission electron microscope (TEM), and the
fracture surfaces of the failed test specimens were
comprehensively examined on a Hitachi S—3400N
scanning electron microscope (SEM) to determine the
macro-fracture mode and characterize the micro-scale
topography and mechanisms governing fracture.

3 Results and discussion

3.1 Influence of stress ratio and heat treatment on
crack propagation ratios

da/dN versus AK curves were utilized to describe
the fatigue crack propagation ratios in Paris region.
Fatigue crack growth rates for 7055 alloys under
different stress ratios are shown in Fig. 2, in which the
crack growth rates increase significantly with the
improvement of the stress ratio when it is a positive
value for both T6 and T7951 heat-treated 7055 alloys,
but the crack growth rate is much similar to that at
R=0.06 for a negative stress ratio R=—1.

Figure 3 shows the difference of fatigue crack
growth rates between T6 and T7951 heat-treated
specimens. For all three stress ratios, the crack growth
rates exhibit no obvious difference for T6 and T7951
heat-treated specimens in lower stress intensity factor
range, but with the increase of the stress intensity factor
range, secondary aging T7951 specimen exhibits a lower
crack growth rate compared with T6-treated specimen.
This difference starts to be visible when AK exceeds
about 10 MPa/m"* for R=0.5 and 16 MPa/m'? for
R=0.06 and R=—1.

CHEN et al [9] and DESMUKH et al [13] found
that the key reason controlling the fatigue crack growth
rate of 7xxx alloy was the reversibility of dislocation
motion. A part of dislocations of specimens under
R=—1 are able to move backwards during unloading and
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Fig. 2 Fatigue crack growth rates for 7055 alloys under
different stress ratios: (a) T6; (b) T7951

compression processes on the same slip plane during
tension and do not contribute to crack propagation, as a
result, the crack growth rate under R=—1 is comparable
to the counterpart under R=0.06 and lower than the
counterpart under R=0.5, although it has a large stress
range.

Crack propagation rate will be affected by the
distribution, dimension and volume fraction of matrix
precipitates (MPs), grain boundary precipitates (GBP)
and precipitate free zone (PFZ) under the same stress
level. According to the results of CHEN et al [9], the
fatigue crack growth rate of 7055 aluminium alloy
decreased with the increase of the precipitate size when
the precipitate was coherent with the Al matrix. The
basic strengthening phases of 7055-T6 aluminium alloy
were uniformly dispersed GP zone with high density and
n' phase, which were easily cut repeatedly by the
dislocation, giving rise to planar slip during deformation.
After T7951 secondary aging, precipitate dimension
increased accompanied with the enlarged particle
spacing of 7055 aluminium alloy, the # phase nucleated
and grew preferentially at the dislocations which were
introduced by the prestretching process, eventually the
matrix structure was composed of fine GP zones and 7’
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Fig. 3 Fatigue crack growth rates for 7055 alloys in different
aging conditions: (a) R=0.5; (b) R=0.06; (c) R=—1

phases with distributed coarsen # phases, as shown in
Fig. 4, which will cause a decrease of crack growth rate
on 7055-T7951 aluminum alloy.

3.2 Comparative analysis of crack propagation
fractures of T6- and T7951-treated 7055
aluminum alloy
Typical SEM observations of the overall crack

propagation fracture are shown in Fig. 5. For both T6-

and T7951-treated 7055 aluminium alloys, the crack

propagation fractures are relatively smooth, showing a

transgranular cleavage fracture mechanism.



Song ZHOU, et al/Trans. Nonferrous Met. Soc. China 26(2016) 938—944 941

Fig. 4 TEM images of different alloys after different heat treatments: (a) Grain boundary of T6 alloy; (b) Precipitates inside grain of
T6 alloy; (c) Grain boundary of T7951 alloy; (d) Precipitates inside grain of T7951 alloy

In the near-threshold region, because of the small
dimension of crack and low magnitude of the crack
driving force, cracks just propagate inside several grains

along the dominant crystallographic slip planes
depending on the dislocation sliding. As a result, both
T6- and T7951-treated 7055 aluminum alloy fractures
exhibit significant crystallographic characteristics of

rugged crystallographic facets and river pattern, as
shown in Fig. 6, the secondary cracks can be seen
obviously in T6-treated alloys(Fig. 6(a)).

Fatigue striations appear in the Paris’ fatigue
fractures which show a transgranular fracture nature for
both specimens as shown in Fig. 7, indicating that
relatively large plastic deformation exists at the crack tip.
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Fig. 7 Paris’ crack propagation regions of different alloys : (a, ¢) T6 ; (b, d) T7951

Fatigue crack propagating directions deflect between
different grains (Figs. 7(a) and (b)) but the general
propagating direction is along the normal direction to the
applied far-field cyclic stress. The fatigue striation space
of 7055-T7951 aluminium alloy is smaller than that of
the T6 counterpart, testifying a slower crack growth rate
for secondary aging-treated 7055 aluminium alloy
(Figs. 7(c) and (d)).

Furthermore, continuously coarsening # phases,

distributed along the grain boundary for T6-treated 7055
aluminium alloy shown in Fig. 4(a), would bring about
the intergranular fracture easily, as shown in Figs. 7(a)
and (c). Dislocation pile-up would happen at the
continuously distributed # phase chain and plastic
deformation would accumulate at the crack tip, giving
rise to promoting crack propagation. After T7951
secondary aging treatment, the continuously distributed #
phases of GBP cluster into coarse particles with partially
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spheroidized structures gradually, and the PFZ becomes
narrower, which can offer more resistance to deformation
as compared with the grain interior at higher AKX, leading
to difficult formation of voids on coarse grain boundary
particles [13]. The cutting mechanism of dislocations
changes into Orowan bypassing mechanism, resulting in
a decrease of dislocation pile-up at grain boundary and
crack tip plastic deformation. As a result, the crack
growth resistance is enhanced and the crack propagation
rate declines for 7055-T7951 alloys compared with the
Toé-treated counterparts especially at higher AK in Paris
region, as shown in Fig. 3.

From Fig. 8, it appears that final fracture regions
exhibit a mixture of cavitations and cleavage features
with rather rough fractures in comparison with the crack
propagation region. Voids and dimples of varying sizes
and shapes and localized microplasticity but few
striations are distributed in the region randomly. The
dimple volume fraction of T7951-treated 7055
aluminium alloy is higher than that of the T6-treated
counterpart which also shows apparent grain boundary
cracking as shown in Figs. 8(c) and (d), testifying a
better fracture toughness for secondary aging-treated
alloys.

WD |
10:24:49 AM |20.00 kV|16.1 mm|5 000 x| ETD| 4.5

Fig. 8 Final fractures of different alloys: (a,c) T6; (b,d) T7951
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4 Conclusions

1) The crack growth rates increase significantly
with the improvement of the stress ratio when it is a
positive value for both T6 and T7951 heat-treated 7055
alloys. The crack growth rate of alloys at R=0.06 is very
close to that at R=—1.

2) The crack growth rates exhibit no obvious
difference for T6 and T7951 heat-treated specimens in
lower stress intensity factor range, while the difference
starts to be obvious when AK exceeds about 10 MPa/m"?
for R=0.5 and 16 MPa/m"” for R=0.06 and R=—1.

3) For both T6- and T7951-treated 7055 aluminium
alloys, the crack propagation fracture surfaces are
relatively smooth, showing a transgranular cleavage
fracture mechanism. The near-threshold fractures exhibit
significant crystallographic characteristics of rugged
crystallographic facets and river pattern. Fatigue
striations appear in the Paris’ fatigue fractures and
striation space of 7055-T7951 aluminium alloy is smaller
than that of the T6 counterpart. The final fracture
region testifies a better fracture toughness for
7055-T7951 alloy.
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