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Abstract: Fatigue properties of Al7075-T6 alloy joined by temperature gradient transient liquid phase (TGTLP) diffusion bonding 
using liquid gallium interlayer was investigated. The fatigue specimen was jointed at 460 °C under 10 MPa pressure for 10 min. The 
TLP bonded samples were homogenized at 465 °C for 2 h and then T6-heat treated. The fatigue life of Al7075-T6 alloy was 
determined as 107 cycles under 90 MPa while the fatigue life of TLP bonded sample under this stress amplitude was 1.2×106 cycles, 
which is about 10% of the total Al7075 alloy fatigue life. The fatigue fracture surfaces of Al7075 sample and TGTLP bonded sample 
were studied using scanning electron microscope to characterize the nucleation sites and crack growth stages in both samples. 
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1 Introduction 
 

Al7075-T6 alloy has low density and high specific 
strength, as well as high electrical and thermal 
conductivities [1]. The high strength of Al7075 alloy is 
due to precipitation hardening through heat treatment 
which produces a uniform dispersion of fine precipitates 
in the microstructure of this alloy. The presence of an 
aluminum oxide on the surface of aluminmum alloys 
prevents metal-to-metal contact at the joint interface 
which affects joint quality [2]. Therefore, transient liquid 
phase (TLP) diffusion bonding method was developed to 
minimize the problems for joining or repairing 
aluminium components. Moreover, TLP diffusion 
bonding has been widely used for joining of aluminium 
metal matrix composite [3−5]. TLP diffusion bonding 
with a temperature gradient across the bond region is the 
basis of a new bonding method which results in joints 
with excellent reliability [6]. This is because of the 
development of sinusoidal or cellular interface at the 
joint which increases the contact between parent 
materials. In contrast to conventional TLP diffusion 

bonding, this new method relies on solute diffusion in 
the liquid phase. Some aerospace facilities or gas turbine 
engine components are exposed to very high working 
temperatures and cyclic loads. Therefore, it is very 
important that all alloys and joints which are used in 
these industries satisfy these critical working 
requirements. Previous studies [7,8] related to fatigue 
properties of Al7075 alloy have shown that in high cycle 
fatigue (HCF) regime, numerous constituent particles of 
brittle phases, dispersed in the ductile matrix, play an 
important role in void formation. Moreover, fatigue 
damage formation and evolution with respect to particle 
topology and grain size and orientation in a rolled 
Al7075-T6 alloy have been reported by XUE et al  [8]. 
However, there is limited research on the fatigue 
properties of a TLP joint in this alloy system. In this 
work, temperature gradient transient TLP (TGTLP) 
bonding of Al7075 alloy was done using liquid gallium 
(Ga) interlayer. Using Ga as interlayer for TLP joining of 
aluminum alloys is a recent innovation in this field. 
Gallium is used as interlayer as it is highly soluble in 
aluminum (about 20% at 20 °C) which prevents the 
formation of any intermetallic compound at the joint. 
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After conducting several fatigue tests, HCF properties of 
TGTLP bonded sample and Al7075-T6 alloy sample 
were determined and compared to one another. 
 
2 Experimental 
 

The interlayer used for TGTLP bonding was liquid 
gallium which was supplied from Alfa Aesar Company. 
The Al7075 alloy used in this work was provided from 
wrought alloy with mean grain size of about 8 μm. The 
chemical composition of the used Al7075 alloy 
determined by optical emission spectroscopy is shown in 
Table 1. To prepare fatigue test sample, two cylindrical 
specimens with 17 mm in diameter and 70 mm in length 
were sectioned from Al7075 slab. The surface of each 
specimen was polished by grinding on a 1200 grade 
silicon carbide paper followed by cleaning with ethanol. 
Liquid gallium was then applied very gently on both 
faying surfaces using a soft cloth (which was warmed to 
40−60 °C). Preheating of faying surfaces to 50°C 
improves the wetting by liquid gallium. The mass of 
coated gallium obtained was about 0.001 g 
corresponding to a gallium interlayer of about 10 µm in 
thickness. Due to surface tension and low amount of 
gallium applied for interlayer, no any portion of 
squeezed out was observed after applying pressure. 
 
Table 1 Chemical composition of Al7075 alloy (mass fraction, 
%) 

Zn Mg Cu Mn Si Cr Fe Ti Al

5.54 2.34 1.38 0.223 0.294 0.186 0.239 0.0693 Bal.

 
An induction heating system was used to induce the 

heat for TGTLP bonding. Immediately after applying 
gallium, the prepared specimens were brought into 
contact and then inserted in cylindrical chambers 
composed of two stainless steel 304 blocks. The 
temperature gradient at the interface was applied by 
using two induction coils with different internal 
diameters, which were placed around stainless steel 304 
blocks. These blocks were used for applying pressure 
and heating up specimens by conduction. To minimize 
the heat loss, two stainless steel 304 blocks were 
insulated with fiberglass. The temperature was monitored 
with attaching the thermocouples to the both of stainless 
steel 304 blocks. The difference in temperature indicated 
the temperature gradient at joint area. The temperature 
difference between two stainless steel blocks was 
adjusted to 70 °C. The temperature of the upper block 
was about 425 °C and for the lower block was 495 °C. 
Schematic diagram of the bonding process is shown in 
Fig. 1. After applying pressure with a punch tool, heat 
was induced by induction coils of various diameters 
placed around stainless steel blocks. A typical heating 

rate was about 200 °C/min. To reach this heating rate, the 
blocks were pre-heated to the joining temperature. The 
bonding was done at 460 °C under 10 MPa pressure for 
10 min based on Ref. [9]. 
 

 
Fig. 1 Schematic diagram of TGTLP bonding process 
 

Precipitation hardening heat treatment (T6) was 
applied on all Al7075 alloy and TLP bonded samples by 
heating samples at 450 °C for 2 h, quenching in water 
and finally artificial aging at 120 °C for 24 h. All Al7075 
alloy and TLP bonded samples were prepared for fatigue 
test according to E-466 ASTM standard using EMCO- 
EMCOTURN125 two axis CNC machining equipment. 
Fatigue tests were conducted using rotary-bending 
equipment with 50 Hz frequency. To obtain fatigue life 
of Al7075 alloy, six Al7075 alloy samples were used in 
which the samples undergo 107 cyclic loads. Different 
stress amplitudes were imposed on Al7075 alloy 
specimens which were below the fatigue life of a 
specimen with ideal surface as upper limit. After 
determining the fatigue life, fatigue test was done on 
TLP bonded sample under the same stress amplitude. It 
should be mentioned that the applied mean stress was 
zero. Fatigue fracture surfaces were studied using 
scanning electron microscopy. Crack nucleation sites and 
crack propagation paths were specified and the fracture 
modes were determined in each sample. 
 
3 Results and discussion 
 
3.1 Bonding characterization 

An optical micrograph for a bond made at 460 °C 
under 10 MPa for 10 min was shown in Fig. 2(a). There 
is no sign of a bright joint line, oxide particles and 
impurities in the joint center and a uniform 
microstructure with the base alloy is observed. For more 
precise study, the microstructure of bonded joints was 
examined by scanning electron microscopy (Fig. 2(b)). 
As can be seen, no joint line was observed due to 
complete gallium diffusion and subsequent 
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homogenization of the joint area. However, some voids 
were observed in the bondline region. The formation of 
the voids can be attributed to the shrinkage of molten 
eutectic phase after diffusion of gallium in the base 7075 
alloy. 

Figure 3 shows elemental mapping analysis of the 
joint area indicating the distribution of major elements 
including copper, zinc and especially gallium. There is a 
uniform gallium distribution in both sides of the joint 
line, indicating a unvarying microstructure at these areas. 

 
3.2 Fractography 

In this work, systematic observations were made on 
changes in the fracture surfaces and damage 
micromechanisms, which were characterized in three 
fatigue stages: fatigue crack formation, microstructurally/ 
physically small cracks and long cracks. This resulted in 

development of a model known as multi stage fatigue 
(MSF) used for the high-cycle fatigue of a cast A356 Al 
alloy [8,10]. Based on this model, the total fatigue life is 
decomposed into four consecutive stages: incubation 
(INC), microstructurally small crack (MSC) growth, 
physically small crack (PSC) growth and long crack  
(LC) growth. 
 
Ntotal=NInc+NMSC+NPSC+ NLC                                 (1) 
 
3.2.1 Al7075-T6 alloy 

Figure 4 shows the HCF fracture surface of 
Al7075-T6 alloy. As seen from this figure, four distinct 
areas namely INC, MSC, MSC and LC are distinguished. 
Figure 5 presents fracture surface close to the specimen 
surface. As seen from this figure, coarse precipitates 
close to the edge are fractured or de-cohesed       
from precipitate-based alloy interface and cause crack  

 

 
Fig. 2 Optical (a) and SEM (b) images of sample joined at 460 °C for 10 min 
 

 

Fig. 3 SEM image (a) and elemental mapping of gallium (b), copper (c) and zinc (d) in joint area 
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Fig. 4 Fatigue fracture surface of Al7075-T6 alloy with marked 
fatigue stages 
 

 
Fig. 5 Crack nucleation sites close to surface of Al7075-T6 
sample (INC area) 
 
nucleation. The EDS spot analysis results of precipitates 
in the base alloy reveal that the main constituents of this 
phase are Al, Cu and Fe (Fig. 6). The white phase can be 
either Al6(Cu,Fe) or Al7Cu2Fe phases which has been 
also reported by XUE et al [8] for rolled 7075-T651 Al 
alloy. Al7Cu2Fe precipitate has a tetragonal lattice 
structure with lattice parameters of a=6.33Å and 
c=14.81Å. Crack propagation stage includes MSC and 
PSC stages. The known driving force for this stage is 
crack tip displacement [11]. 

Figures 7 shows the MSC and PSC stages, 
respectively. Microscopic observations show that the 
crack growth in MSC stage is non-planar, which 
indicates the shear activity on active slip systems inside 
the grain. This stage is usually seen in HCF regimes at 
high magnifications and Fig. 7(a) confirms this 
phenomenon. Figures 7(b) and (c) show the PSC stage of 
crack growth process. Feature markings and tongues are 
distinguishable in these figures, indicating cleavage 
fracture in the PSC stage, which is in agreement with 
previous researches [7,8]. It has been claimed that if the 
crack length comes close to dendritic cell size in A356 
alloy, then unstable and rapid crack propagation will 
occur [8]. The fracture mechanism in this stage is dimple 
rupture which takes place by overloading. This type of 
rupture is a result of void formation, growth and 
coalescence. Since the static fracture is dominant in the 

 

 
Fig. 6 Spot analysis of observed phase in base Al7075 alloy 
 

 
Fig. 7 Crack propagation stages including slip ridges at MSC 
stage (a), feather markings and tongues in PSC stage (b, c) 
 
last stage of fatigue, this stage is very sensitive to 
microstructure and mean stress. The final stage of fatigue 
fracture is shown in Fig. 8. 
3.2.2 TLP bonded Al7075-T6 alloy 

Fatigue fracture surface of TLP bonded sample is 
shown in Fig. 9. It can be seen that the fracture surface is 
without any usual fatigue marks. The presence of 
numerous voids on the surface is considerable. Based on  
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Fig. 8 Final fatigue fracture in Al7075-T6 alloy (LC area) 
 

 
Fig. 9 Fatigue fracture surface of TLP bonded sample 
 
the observation and evidence, the fracture behaviour can 
be composed of two types of fractures, namely 
de-cohesive rupture and dimple rupture. 

Figure 10(a) shows a few grain boundary cracks in 
the fracture surface of TLP bonded sample. Grain 
boundaries contain the lowest melting point constituents 
of an alloy system. They are also easy paths for diffusion 
and sites for the segregation of such elements as 
hydrogen, sulphur, phosphorus, antimony, arsenic, and 
carbon, halide ions, such as chlorides, as well as the 
routes of penetration by the low melting point metals, 
such as gallium, mercury, cadmium and tin. The presence 
of these constituents at the boundaries can significantly 
reduce the cohesive strength of the material at the 
boundaries and promote de-cohesive rupture. 
De-cohesive rupture is not the result of the unique 
fracture process, but can be caused by several different 
mechanisms. The de-cohesive processes involving the 
weakening of the atomic bonds and the reduction in 
surface energy are required for localized deformation. 
Since at low temperatures, gallium has a rapid 
intergranular diffusion in Al7075, there is a probability 
that a limited amount of gallium has been diffused into 
the grain boundaries of Al7075 base alloy during the 
joining process at low temperatures and has reduced the 
cohesive strength of grain boundaries. Faceted grain 
boundary surfaces which are seen at higher 
magnifications in Fig. 10(b) confirm the de-cohesion   
of grain boundaries. The presence of the gallium at the 

grain boundaries was confirmed using SEM. Secondary 
electron (SE) (Fig. 11(a)) and back-scattered electron 
(BSE) (Fig. 11(b)) images for non-homogenized joined 
samples clearly show that the Ga has penetrated along 
some of grain boundaries of the base Al7075 alloy. 
Therefore, even after homogenizing at 450 C for 2 h (T6 
condition), the Ga diffuses more and more into the base 
alloy grain boundaries, causing a detrimental effect on 
the microstructure and consequently the fatigue life of 
the joint. 
 

 

Fig. 10 De-cohesive ruptured area in TLP bonded sample at 
low (a) and high (b) magnification 
 

 
Fig. 11 SE (a) and BSE (b) micrographs of intergranular 
diffusion of Ga into base Al7075 alloy after TGTLP bonding 
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Figure 12 shows numerous voids on the fracture 
surface of TLP bonded sample, as appointed with arrows, 
which confirms crack nucleation from brittle phases 
presented at the joint area. 
 

 
Fig. 12 Dimple ruptured areas in TLP bonded sample 
 

Two types of particles are distinguished in the joint 
area as presented in Fig. 13(a). The white precipitate 
(point a) was observed in the base alloy and the black 
precipitate (point b) was detected at the joint line. 
Corresponding EDS spot analysis result for white 
particle showed similar results as reported in Fig. 6, 
which indicates that it contains predominantly Al, Cu and 
Fe. Coarse particles of this phase are important fatigue 
crack nucleation sites in Al7075 system in HCF regime 
[8]. In addition, calculation which was performed on the 
data 
 

 
Fig. 13 SEM micrograph (a) of sample joined with 
corresponding spot analysis (b) of black phase (point b) 

of qualitative EDS spot scan of black particles indicates 
that it consists of Al and Si (Fig. 13(b)). This phase is 
very brittle because of high Si content, and since it has 
been formed at the joint, it can strongly influence the 
mechanical properties of the joint, especially fatigue 
resistance. Crack nucleation could be caused by fracture 
of precipitates or de-cohesion of precipitate-matrix 
interface. Then, the final fracture occurred as a result of 
crack growth and coalescence. 

The experimental results show that the fatigue life 
of Al7075-T6 alloy was 107 cycles under 90 MPa. 
Moreover, the fatigue life of TLP bonded sample under 
this stress amplitude was 1.2×106 cycles, which is about 
10% of total Al7075 alloy fatigue life. It has been 
reported that the formation of brittle Fe-rich particles led 
to fracture in 10% of total fatigue life of Al7075-T6 alloy 
[8]. On the other hand, fractographic examination of TLP 
bonded samples showed evidence that the total life of 
TLP bonded sample is limited to the nucleation stage. 
There is not any sign of fatigue crack propagation stage, 
like striations or cleavage fracture marks in Fig. 7. With 
respect to numerous voids in the fracture surface, which 
are dispersed uniformly, it can be concluded that the 
working cycle of TLP bonded sample is limited to major 
crack nucleation cycles from dispersed precipitates and 
after nucleation stage, cracks propagate immediately and 
the sample is fractured by a combination of 
de-cohesiveness and dimple ruptures. The joint area is 
very brittle, since the nucleated cracks propagate 
immediately. Gallium presence in the form of solute 
element at the joint area could result in solid solution 
strengthening of the base alloy and decreases in the 
ductility of the base alloy as reported for Ni−Cr−B 
interlayer for Ni-based superalloy [12]. In addition, as a 
result of faying surface mismatches which always exist 
in TLP bonding process, subgrains could be generated at 
the joint area. These high energy sites are suitable places 
to concentrate solute atoms and precipitates. Thus, these 
sites could act as obstacles to dislocation movements and 
decrease the ductility of the joint area. 
 
4 Conclusions 
 

1) The fatigue life of Al7075-T6 alloy was obtained 
under 90 MPa. Fractography studies showed that there 
are three main fatigue stages in HCF regime: INC, 
MSC/PSC and LC. 

2) Applying the stress amplitude of 90 MPa on TLP 
bonded sample, the fatigue life decreases to 1.2×106 
cycles. Fractography of fatigue fracture surfaces showed 
that fracture of TLP bonded sample is a combination of 
de-cohesiveness and dimple ruptures. 

2) Since there were no sign of propagation stage 
marks (like striations or feature markings) on the fracture 
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surface of TLP bonded sample and total life of TLP 
bonded sample was about 10% of Al7075 alloy sample 
under the same stress amplitude, it could be concluded 
that the total fatigue life of TLP bonded sample is limited 
to crack nucleation stage. 
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摘  要：以液态镓为中间层过渡相，研究温度梯度瞬时液相(TGTLP)扩散连接 7075-T6 铝合金的疲劳性能。疲劳

试样在 460 °C 和 10 MPa 下扩散连接 10 min。扩散连接样品在 465 °C 均匀化 2 h 后进行 T6 热处理。7075-T6 铝

合金在 90 MPa 下的疲劳寿命为 107循环，而在此应力水平下，扩散连接样品的疲劳寿命为 1.2×106循环，为 7075

铝合金疲劳寿命的 10%。采用扫描电镜对 7075 铝合金和扩散连接样品的疲劳断口进行分析，以确定两种合金的

形核位置和裂纹生长阶段。 

关键词：7075 铝合金；疲劳；瞬时液相连接；镓 
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