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Abstract: Based on the investigation of the tensile properties of spray formed ultra-high strength A110.8Zn2.9Mg1.9Cu alloys, the
high-cycle fatigue properties under different theoretical stress concentration factors were investigated, the fatigue fracture surfaces
and microstructures were observed, and the fatigue mechanism was discussed. The results indicate that the ultimate tensile strength
of spray formed Al10.8Zn2.9Mgl1.9Cu alloys can reach up to 730-740 MPa, and the elongation is about 8%—10% under the
condition of two-stage aging treatment. For the stress ratio is 0.1, the maximum stress for 107 cycles is over 400 MPa and 120 MPa,

when the theoretical stress concentration factor is 1 and 3, respectively.
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1 Introduction

Ultra-high strength Al-Zn-Mg-Cu alloys have been
widely used in the aerospace industry, traffic department
and other areas because of high strength, light density
and other excellent properties[1,2]. During the past
decades, increased efforts have been made to improve
the structural efficiency and properties of aerospace
materials through the development of lighter mass, stiffer
and stronger materials via rapid solidification
processing[3,4]. Rapid  solidification  processing
improves the mechanical properties by allowing higher
solubility of the alloying elements while avoiding
composition segregation and precipitate coarsening
which are common in conventional ingot metallurgy
technology.

Recently, the spray forming processing has attracted
considerable attention as an alternative route for the
synthesis of a variety of structural materials[5, 6]. This
technique differs from conventional rapid solidification/
power metallurgy (RS/PM) technology in which atomiza-
tion and consolidation processes are combined in a single
operation. The reduction in the number of manufacturing

steps can lead to significant economical savings.
Furthermore, this process is carried out under an inert
(typically nitrogen) atmosphere and therefore the brittle
oxide content can be reduced and thus the ductility and
fracture toughness can be improved. The latest
investigations indicate that the Al-Zn-Mg-Cu alloys
which are produced by spray forming could obtain good
tensile properties after appropriate thermomechanical
treatment and heat treatment [6—8].

However, high strength Al-Zn-Mg-Cu alloys are
susceptible to intergranular stress corrosion cracking
(SCC). Grain boundaries are often more susceptible to
corrosion than the grain interiors because of the
microstructural heterogeneity associated with the grain
boundaries. The overaging treatment T7X has been
applied to reduce the susceptibility of Al-Zn-Mg-Cu
alloys to SCC which involves solution treatment
followed by a two-stage aging treatment.

The objective of this study is to characterize the
fatigue and fracture mechanics behavior of spray formed
ultra-high strength A110.8Zn2.9Mg1.9Cu alloys based on
the investigation of the tensile properties with the aim of
evaluating the critical variables affecting their damage
tolerance properties.
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2 Experimental

The nominal composition of the alloy was:
10.8%7Zn, 2.86%Mg, 1.9%Cu, 0.16%Zr, 0.1%Ni (mass
fraction) and balance aluminum. The spray-deposition
experiments  were SF-200  type
environmental chamber. The as-deposited billets were
machined to 124 mm in diameter and following a
homogenizing treatment, they were hot-extruded at a
temperature of 410 ‘C with a reduction radio of 38:1 and
a ram speed of 3 mm/s. In this study, the heat treatment
for the alloy was as follows: the solution treating at 450
C for 1 h and 475 °C for 1.5 h followed by water
quenching, and two-stage artificial ageing for 16 h at 120
C (T6) plus 4 h at 160 C.

The tensile properties of the alloy were measured by
MTS-810 test machine at a constant speed of 2 mm/min.
The high-cycle fatigue experiments were preformed by
PLG-100C at room temperature with a stress ratio R of
+0.1 at a frequency of 105-110 Hz, and the theoretical
stress concentration(K;) was 1 and 3. The fracture
surfaces and the microstructures of the samples were
carried out with CAMBRIDGE-2 scanning electron
microscope, equipped with
spectrometer(EDS). The TEM studies were conducted on
a JEM-2010 transmission electron microscope operated
at an acceleration voltage of 200 kV.

conducted 1

an energy dispersive

3 Results and discussion

3.1 Tensile properties at room temperature

Tensile properties for the T6 and two-stage aging
treatment are summarized in Table 1. It can be seen that
the alloy fabricated by spray forming after hot extrusion
and heat treatment can obtain high tensile properties: the
ultimate tensile strength can reach up to 800—810 MPa
and the elongation is 8%—10% at the T6 temper; the
ultimate tensile strength is 730-740 MPa and the
elongation is 8%—10% at the two-stage aging treatment.

Table 1 Tensile properties of alloys at room temperature

Aging YS/MPa UTS/MPa Elongation/%
T6 780-790 800-810 8-10
Two-stage 710-720 730740 8-10

The main causes that the alloy is able to obtain very
high tensile properties at the two tempers can be
summarized as follows:

Firstly, the optimizing chemical composition of the
alloy. In this alloy, the Zn content reaches up to 10.8%,
which is much higher than that of traditional Al-Zn-
Mg-Cu alloys[8—10]. The higher Zn content and an
appropriate value of the Zn/Mg lead to the increase of

the volume fraction of hardening precipitates
(intermediate #' and equilibrium # (MgZn,)), thus the
tensile strength of the alloy is increased[11, 12].

Secondly, the refined and uniform microstructure of
the alloy. During spray forming process, the cooling rate
is very high which can reach up to 10°~10* “C/s[13], and
the grains in the microstructure of as-deposited alloys are
refined (the average size of the grains is about 20—30
pm). Moreover, due to the high cooling rate, the
segregation of coarse phases is reduced, the size, shape
and distribution of the second phase particles are also
inclined to be uniform. These changes can contribute to
the improvement of the properties of the alloy.

Thirdly, reasonable double-stage solution treatment.
Under the double-stage solution treatment, the low-
melting-point phases firstly dissolve to the matrix as
much as possible, and high-melting-point phases will be
dissolved in the second temperature stage, so the second
phases will be dissolved on the whole. After later
heat-treatment, the alloy can obtain high properties based
on this condition.

Fig.1 shows the bright field TEM photograph of the
alloy aged for 16 h at 120 ‘C(T6 temper). It can be seen
that the precipitates are very small in size, and the grain
boundary precipitates are continuous. After aging for 16
h at 120 C plus 4 h at 160 °C, the formation of the
narrow PFZ in regions adjacent to grain boundaries and
local precipitation of small grain boundary particles are
observed. In this case, the grain boundary precipitates are
discontinuous (Fig.2). The discontinuous and growing
grain boundary precipitates have been suggested to
reduce the susceptibility to SCC by changing the slip
planarity and hydrogen transport conditions[14, 15].

Fig.1 TEM photograph of alloy aged for T6 temper

3.2 High-cycle fatigue properties

The high-cycle properties of the alloy at the
two-stage aging treatment are shown in Table 2. For the
stress ratio is 0.1, the maximum stress for 10" cycles is
over 400 MPa and 120 MPa, when K, is 1 and 3,
respectively.

3.3 Mechanism of fatigue cracking propagation
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Table 2 High cycles properties of alloy at two-stage aging treatment

Experimental condition  Maximum stress/MPa

Number of cveles/10°

- 450 187 860 270 - - -
K=1 4 4 4
430 250 79 72 >10 >10 >10
R=0.1 s 4 4 s
410 >10 >10 >10 >10 — —
. 130 800 336 1186 - - -
K=3 4 4 4
125 3850 5500 4 000 >10 >10 >10
R=0.1 4 4 4
120 >10 >10 >10 — — —

Fig.2 TEM photograph of alloy aged for two-stage aging treat-
ment

The fatigue fracture morphologies of the samples at
K=1 are shown in Fig.3. The fracture surface is
composed of fatigue source area, the first propagating
area, the second propagating area, and the last cracking
area. At the same time, evident shear lips can be
observed. The whole fracture shape is similar to tradi-
tional ultra-high strength aluminum fatigue fracture [16].

Moreover, with the observation of other samples at
K=1, it is found that the fatigue source of each sample is
single, and the mode of the propagation is two-stage: the
initiation and the quicker propagation area. The former
area is fan-like, and a lot of directionality dimples can be
observed from high-magnification morphology (Fig.3(b)).
In this area the cracking propagates slowly. In the second
propagation area, a lot of shallow but no directionality
dimples can be observed from high-magnification
(Fig.3(c)), and the cracking propagates more quickly.

Fig.4 shows the fatigue fracture morphologies of the
samples at K=3. The fracture surface is primarily
composed of fatigue source area, the first propagating
area and the second propagating area. The last cracking
area and the shear slips are much smaller than the
samples at K=1.

Moreover, with the observation of other samples at
K=3, it is found that the number of the fatigue source of
each sample is likely to be single, or to be multiple, as
can be seen in Fig4. The mode of the cracking
propagation is also two-stage: the initiation area and the
quicker propagation area.

3.4 Mechanism of fatigue crack initiation
The fatigue crack initiation sites of the specimens

(a) Low-magnification morphology of fracture surface; (b)

High- magnification morphology of first propagating area; (c)

High- magnification morphology of second propagating area
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Fig.4 Fatigue fracture morphologies of samples at K=3:
(a) Single fatigue source sample; (b) Multiple fatigue sources
sample

were investigated with scanning electron microscope and
energy  dispersive  spectrometer(EDS)  analysis.
Combined with the microstructure analysis of the alloy,
the result indicates that the fatigue crack initiations are
inclined to begin at the coarse second phases, the
microstructure defects and the machining exterior
defects.

During the solution treating process, some of the
second coarse phases which usually contain much Zn
and Cu elements can not be dissolved to the matrix. The
micro-crack is considered to be formed preferentially at
the interfaces between the second phases and the matrix,
where the severe.
Furthermore, the second phases are very brittle, and they

stress concentration 1is more
are easily disconnected with the matrix or split as the
fatigue stress acting on the specimens. Some of the
micro-cracks generated from the second phases are found
on the fatigue fracture surfaces, as can be seen in Fig.5.
Fig.6 shows that the cracking generates from the
second phase. The EDS result of fatigue initiation area is
shown in Table 3, the contents of Zn, Cu are much higher

Fig.5 Micro-cracks generated from second phases: (a) Second
phase being disconnected with matrix; (b) Second phase being

split by itself

Fig.6 Fatigue crack initiation from second phase

than the average contents of the alloy.

Fig.7 shows that the cracking generates from the
material defect which is near the surfaces of the sample.
This tiny microstructure defect can induce the stress
concentration as the fatigue stress acting on the specimens,
and then it may lead to a fatigue cracking source.

Fig.8 shows that the cracking generates from the
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Table 3 EDS result of fatigue initiation area (mass fraction, %)
Zn Cu Mg Al
44.0 7.0 1.5

Fig.8 Fatigue crack initiation from machining defect

machining defect. With the observing of the samples,
there are some tiny scratches on the surface. These
machining defects can also induce stress concentration,
so some of the tiny scratches may lead to a fatigue
cracking source. The fatigue cracking initiation area
turns to white because of the plastic deformation.

4 Conclusions

1) The ultimate tensile strength of spray formed
Al110.8Zn2.9Mg1.9Cu alloys can reach up to 730-740
MPa and elongation is about 8%—10% under the
condition of 16 h at 120 °C plus 4 h at 160 C aging.

2) Spray formed Al10.87n2.9Mgl.9Cu alloy has
excellent high-cycle fatigue properties under the
condition of two stage aging treatment. For the stress
ratio is 0.1, the maximum stress for 10 cycles is over
400 MPa and 120 MPa, when K; is 1 and 3, respectively.

3) The mode of cracking propagation of spray
formed Al10.8Zn2.9Mgl.9Cu alloy is a representative
type of two-stage, and the fatigue crack initiations are
inclined to begin at the coarse second phases, the
microstructure defects and the machining exterior

defects.
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