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Abstract: The AA7150 aluminum alloy was compressed to various strains at strain rate of 10 s−1 and temperatures of 300 °C and  
450 °C, respectively. Flow stress behavior, substructure evolution, morphology and spatial distribution of precipitates were studied 
based on differential scanning calorimetry analysis and transmission electron microscope observation. The results showed that 
dynamic flow softening occurs during hot deformation. The main softening mechanism could be concluded as dynamic recovery at 
300 °C and continuous dynamic recrystallization at 450 °C. The clear heterogeneous spatial distributions of precipitates are found 
during deformation and enhanced with increased strain. Higher contents of Cu in T phases are found at 450 °C than at 300 °C, which 
present a transformation process from T phases to S phases as well. The associated evidence of dynamic precipitation on dislocations 
and particle-stimulated nucleation, as well as the detailed microstructural inherited relationship and morphological texture (particles 
preferred orientation) were characterized. 
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1 Introduction 
 

In hot working operations, the fundamental 
mechanisms of dynamic restoration, i.e., dynamic 
recovery and dynamic recrystallization, and the 
associated solutes and constituent phases, have strong 
influences on subsequent heat treatment and the final 
mechanical properties of products [1−3]. For aluminum 
alloys with high stacking fault energy, dynamic recovery 
(DRV) is frequently recognized as the main dynamic 
softening mechanism, which balances the effects of 
straining and work hardening, and leads to enhanced 
workability dynamically as well. Workability is defined 
as the degree of deformation that a material can undergo 
without cracking and then gain its desirable deformed 
microstructures at given temperature and strain rate. 
Improved workability means increasing the processing 
ability and also improving properties of the products, 

which can be achieved by utilizing optimum processing 
parameters. However, numerous difficulties usually arise 
due to limited knowledge of the exact hot deformation 
behavior of specific materials with increased additions of 
various alloy elements (Zn, Mg, Cu, Mn, etc.) under 
conditions encountered in processing operations, such as 
extrusion, forging and hot rolling. 

Clear understandings of hot deformation behavior 
of various aluminum alloys were the targets of many 
researches in recent years [1,4−7]. In most Al−Zn−Mg 
system alloys, DRV is the main mechanism balancing 
work hardening, while dynamic precipitation (DPN), 
especially precipitation coarsening at higher temperature, 
results in some flow stress dropping during hot 
deformation as well [2,8]. CERRI et al [2] studied the 
hot workability of 7012 and 7075 aluminum alloys 
prepared by different pretreatment methods, i.e., direct 
chill cast, homogenized and precipitation treated. The 
results demonstrated that DPN results in very high peak  
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stress at low temperatures for solution-treated specimens. 
As a consequence, the activation energy was about 50% 
higher than that of precipitated alloys. While the ductility 
of the extruded alloys was much better than the as-cast 
material due to the refinement and homogeneous 
distribution of particles. More than two times activation 
energy of the water-quenched 7050 aluminum alloy than 
that of the furnace-cooled alloy was also proved [9], and 
this was explained by DPN and precipitates coarsening 
during hot deformation. In addition, dynamic 
recrystallization (DRX) also played a key role in 
defining the working softening with decreased 
temperature compensated strain rate, i.e., Zener− 
Hollomon parameter (Z) values [5,10]. JIN et al [5] 
concluded that dynamic recovery and recrystallization 
were the main mechanism of flow softening at low Z 
values. And dynamic precipitation and successive 
dynamic particles coarsening, enhanced by higher strain 
energy, were responsible for the flow softening of 7150 
aluminum alloy at low deformation temperature and high 
strain rate. HU et al [10] studied the softening 
mechanism of the 7050 aluminum alloy and suggested 
that DRV transformed to continuous dynamic 
recrystallization (cDRX) with decreasing Z values and 
played a major role in flow softening. 

Al−Zn−Mg−Cu alloys present a wide range of 
potential structural applications in aerospace and 
automotive industry due to their specific mechanical 
properties. AA7150 aluminum alloy was developed with 
higher fracture toughness, stress corrosion cracking 
resistance and strength than that of 7050 aluminum alloy, 
which has attracted certain interest of many researchers 
in recent years [5,11−14]. In the present work, AA7150 
aluminum alloy was compressed to various strains at 
strain rate of 10 s−1 and at temperatures of 300 °C and 
450 °C, respectively. Flow stress behavior, substructure 
evolution, morphology and spatial distribution of the 
precipitates were studied based on differential scanning 
calorimetry (DSC) analysis and transmission electron 
microscope (TEM) observation. This research 
contributes to better understanding of the flow softening 
mechanisms and dynamic microstructure evolutions 
during thermomechanical processing and optimization of 
manufacturing processes of Al−Zn−Mg−Cu alloys. 
 
2 Experimental 
 

The experiments were carried out on a commercial 
AA7150 aluminum alloy with nominal chemical 
composition of 6.38% Zn, 2.32% Mg, 2.11% Cu, 0.09% 
Zr, 0.06% Si, 0.08% Fe, 0.053% Ti and Al balance (mass 
fraction). The experimental ingots were homogenized at 
465 °C for 24 h and then air cooled. Then, the 

homogenized AA7150 aluminum alloy blocks were 
machined to cylindrical specimens with 10 mm in 
diameter and 15 mm in height. The flat ends of the 
specimen were recessed to a depth of 0.2 mm to entrap 
the lubricant of graphite mixed with machine oil during 
compression so that friction on the specimen/die 
interface could be minimized. Uniaxial isothermal 
compression tests were carried out on the Gleeble−1500 
thermomechanical simulation machine at a strain rate of 
10 s−1 and deformation temperatures of 300 and 450 °C, 
respectively. The compression samples marked with A1, 
B1, C1, D1, E1, at 300 °C and A2, B2, C2, D2 and E2 at  
450 °C, response to critical strains of 0 (pretreatment 
samples), 0.2, 0.4, 0.6 and 0.8, respectively (Fig. 1). The 
sample is heated to deformation temperature at a heating 
rate of 10 °C/s and held at that temperature for 5 min by 
thermocoupled-feedback-controlled AC current before 
compression. After compression deformation, the 
specimens were immediately quenched to room 
temperature by water to reserve the deformed structure. 
The deformed structures were sectioned parallel to the 
compression axis along the direction of centerline and 
prepared by the conventional methods for DSC analysis 
at a heating rate of 10 °C/min on NETZSCH STA 449C 
apparatus. The DSC experiments were firstly carried out 
on a standard high purity aluminum cell to get the 
referenced baseline. Then, the alloy sample was fixed 
into the standard cell for the DSC testing. The baseline 
recorded from the pure Al sample was subsequently 
subtracted from the alloy scans at the same heating rate 
(10 °C/min). The mass of disc-shaped alloy sample was 
15−25 mg. To avoid oxidation of the samples, thermal 
scans were carried out with the argon flow rate of    
~10 mL/min. TEM observations were carried out on 
JEOL JEM−3010 transmission electron microscope 
operated at 300 kV after electropolishing in a solution of 
30% HNO3 and 70% methanol at 25 V and at −30 °C. 
 

 

Fig. 1 True stress−true strain curves of AA7150 aluminum 
alloy during hot compression deformation 
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3 Results and discussion 
 
3.1 Flow stress behavior 

Typical true stress−true strain curves of AA7150 
aluminum alloy deformed to strain of 0.8 at the strain 
rate of 10 s−1 and temperature of 300 °C and 450 °C are 
shown in Fig. 1. It can be seen that the flow stresses 
exhibit initial rapid increasing to peak stresses at critical 
strains, followed by slight decrease which shows 
dynamic flow softening. The strain hardening rate and 
peak stress (183 MPa) at 300 °C are much higher than 
those at 450 °C (110 MPa), while flow softening seems 
to be more obvious when deformed at a higher 
temperature. Flow softening can be caused by 
deformation heating and microstructural instabilities 
inside heat-treatable aluminum alloys during hot 
deformation, such as DRV, DRX and DPN [1,5]. The 
actual deformation behavior and flow softening 
mechanisms will be discussed in detail in following 
sections by DSC analysis and TEM observation on 
microstructural evolution of AA7150 aluminum alloy 
specimens deformed to various strains. 
 
3.2 Substructure evolution 

Figure 2 shows substructure evolution of AA7150 
aluminum alloy deformed to different strain degrees 
based on TEM observation. It can be seen that few 
dislocations are observed after preheating at 300 °C and 
450 °C before compression. When the specimen was 

deformed to strain of 0.2 at 300 °C, the alloy exhibited 
high density of dislocations with dislocation tangling and 
poorly developed cellularity. With increasing strain, the 
dislocations annihilated and rearranged through climbing 
and sliding, leading to slight decrease of dislocation 
density and formation of cell walls (ε=0.4) and 
transformation from higher energy status to lower energy. 
As further deformation was carried out (ε=0.6, 0.8), the 
cell walls started to form substructures (with size of 
0.3−2 μm). The grain boundaries became more straight 
and clearer with lower angle, dislocations density and 
dislocations energy, which presented typical DRV. As the 
deformation temperature increased to 450 °C, well 
developed cell walls formed with size of 0.4−1 μm at 
strain of 0.2. When the strain increased to 0.4, 
substructures (with size of 1−4 μm) were well developed, 
inside which some dislocations and cellularity still 
existed. With further deformation undergoing (ε=0.6, 
0.8), dislocations and cellularity gradually disappeared, 
and subgrain growth was observed. At the same time, 
high-angle subgrain boundaries or recrystallized grains 
gradually formed, while small size and low-angle 
boundaries subgrains (with size of 0.3−1 μm) could be 
seen along the boundaries as well. 

The growth of dislocation networks can be treated 
in terms of thermally activated glide, cross-slip, climb 
and solute drag as rate-controlling mechanisms [15]. 
Subgrain growth is analogized in a manner that is 
analogous to normal grain growth with climb of 
boundary dislocations being the rate controlling  

 

  
Fig. 2 TEM images of substructure evolution deformed at different strains and temperatures 
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mechanism. In general, the alloys deformed at a 
relatively high strain rate only have very short 
deformation time before quenching to room temperature. 
Thus, the deformed microstructure generates a high 
density of local components with high stored 
deformation energy instantly, which can act as nucleation 
sites for new grains or subgrains. The strain rate is 
relatively high (10 s−1) in the present work, and the 
temperature is too low to increase the mobility of 
dislocations and grain boundaries when deformed at  
300 °C. Hence, the main soften mechanism is DRV at 
300 °C [2,8,15]. Such softening decreases the stored 
energy by dislocation movement and low energy 
subgrain boundaries formation. When deformed at   
450 °C, the high thermal activation energy promotes the 
mobility of dislocations and grain boundaries, which 
results in fast formation of cells, subgrains, high-angle 
subgrain boundaries or recrystallized grains within little 
incubation time during hot deformation at strain rate of 
10 s−1, corresponding to previous works that the main 
softening mechanisms are DRV and cDRX during hot 
deformation at higher temperature [5−7]. 
 
3.3 Interaction of constituent phases and local 

crystallography 
3.3.1 DSC analysis 

The DSC curves of the as-homogenized AA7150 
aluminum alloy and the samples preheated at 300 °C (A1) 
and 450 °C (A2), are shown in Fig. 3. Several typical 
features are presented. The effect I corresponds to 
dissolution of GP zones and the effect II is mainly caused 
by the formation of η precipitate and/or S phase 
[11,12,16−18]. Since higher solid solution was obtained 
when held at 450 °C, the endothermic peak (~140 °C, 
effect I) is more obvious for A2 than other samples. In 
addition, higher solid solution (less pre-existed 
precipitates) in Sample A2 compared with the 
as-homogenized and Samples A1 also lead to   
precipitation of η precipitate and S phase, which is 
illustrated by the different tendencies (two small 
exothermic peaks) [16−18]. Those should be an evidence 
of dissolution of η precipitates which precipitate during 
air cooling after homogenization when pre-heated at  
450 °C. Previous researches [19,20] showed that a 
combination of Cu-bearing T phase and Zn-free S phase 
survived after homogenizing annealing treatment, which 
are demonstrated by the different slopes in effect III and 
the shape endothermic peaks (at ~480 °C of effect IV) in 
Fig. 3, respectively. When the sample was preheated at 
450, T phase was dissolved which led to the small peak 
in peak III. What’s more, transformation from T phase to 
S phase always happened during high temperature 
annealing [11,12,20]. When continually heated to higher 
temperature (above 500 °C), exothermic phenomenon 

occurs and two endothermic peaks (effect V) also appear. 
The first endothermic peak is more outstanding for the 
as-homogenized and 300 °C pretreatment samples which 
might be caused by melting of Mg2Si particles. While the 
second endothermic peak is more highlighted for 
Samples A2 which might be associated with melting of 
Al7Cu2Fe particles. It was suggested that Fe and Si 
mainly exist in the form of Al7Cu2Fe and Mg2Si  
particles, respectively. And these two kinds of particles 
were basically insoluble and quite stable even at 
505−515 °C [11,12]. Thus, coarsening of Al7Cu2Fe 
particles may occur when held at 450 °C according to 
more outstanding endothermic peak around 550 °C. 
When the temperature exceeds 550−560 °C, all the DSC 
curves start to drop dramatically, indicating that melting 
of the α(Al) matrix commences. 
 

 
Fig. 3 DSC curves of AA7150 aluminum alloy samples under 
various conditions 
 

Previous studies indicated that four major soluble 
constituent phases, i.e., η(MgZn2), T(Al2Mg3Zn3), 
S(Al2CuMg) and θ(Al2Cu), can typically exist in 
Al−Zn−Mg−Cu alloys of commercial interest [11,21]. 
Two insoluble particles (Al7Cu2Fe and Mg2Si) also 
present in AA7150 aluminum alloy [11,12]. These 
complex constituent phases, inherited from 
homogenization process, not only strongly influenced the 
hot deformation behavior but also affected the final 
mechanical properties of products [2,22]. Different kinds 
of particles and their interactions with local 
crystallography during hot deformation have been 
characterized in subsequent sections based on TEM 
observations. 
3.3.2 Influence of strain on distribution of constituent 

phases deformed at 300 °C 
DSC analysis indicates that η precipitates and T 

phases are presented during preheating at 300 °C for    
5 min prior to deformation. Typical TEM micrographs of 
η precipitates and T phases in the deformed samples are 
shown in Fig. 4 and Fig. 5, respectively. Numbers of  
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Fig. 4 Spatial distributions of η precipitates deformed at 300 °C under different strains: (a) ε=0.2; (b) ε=0.4; (c) ε=0.6; (d) ε=0.8 
 

 
Fig. 5 Spatial distributions of T phases deformed at 300 °C under different strains: (a) ε=0.6; (b) ε=0.8 
 
rod-like η precipitates with sizes ranging from 20 to  
200 nm were observed clearly when deformed at various 
strain stages (0.2, 0.4, 0.6 and 0.8). The associated 
selection area electron diffraction (SAED) pattern of η 
precipitates is shown in Fig. 4(c). At the initial 
deformation stages (ε=0.2 and 0.4), homogenized 

distribution of precipitates is shown, while 
heterogeneous spatial distribution gradually forms when 
increasing strain to 0.6 or 0.8. In addition, tetragonal or 
cubic Al3Zr dispersoids (spherical or bean shaped 
particles) are presented among η precipitates as well, 
which could provide nucleate sites for η precipitates 
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[23,24]. These heterogeneous spatial distributions or 
band precipitation, formed during hot deformation, could 
be a main origin of heterogeneous spatial distribution of 
Al3Zr dispersoids after solution treatment, water 
quenching or aged treatment, which led to heterogeneous 
η precipitates distributed in long and thin bands or even 
crossed grain boundaries during air quenching and 
ageing treatment [23−26]. Multiscale-sized particles and 
precipitates distribution might change markedly 
throughout processing stages and lead to anisotropy of 
the final products [2,3,27]. 

The spatial distribution of T phases is also 
heterogeneous, which are segregated in long and thin 
bands, and arrayed in lines within the same direction 
when deformed to strains of 0.6 and 0.8, as shown in  
Fig. 5. The energy dispersive spectrometer (EDS) 
analysis results of coarse T phases are illustrated in Table 
1, which show that small amounts of Cu are still 
presented in T phases. 
3.3.3 Influence of strain on distribution of constituent 

phases deformed at 450 °C 
Increased strains also affect the distributions of 

Table 1 EDS results of soluble constituent particles (Fig. 5) in 
AA7150 aluminum alloy (mass fraction, %) 

Label Zn Mg Cu Al 
A 20.89 1.70 4.45 Bal. 
B 15.36 1.49 5.57 Bal. 

 
Al3Zr dispersoids and coarse T phases but few η 
precipitates are observed in deformed specimens at   
450 °C. Typical results are given in Fig. 6 and Fig. 7. 
Most of precipitates could have been dissolved into 
aluminum matrix after being held at 450 °C for 5 min 
(Fig. 2) and the process could be accelerated by straining 
later. 

The non-dissolved Al3Zr dispersoids have been well 
studied in literatures, which play a key role in promoting 
heterogeneous precipitation and inhibiting recrystalli- 
zation [19,22,25]. The crystallography equilibrium 
structure of Al3Zr dispersoids is tetragonal, which are 
generally observed in their cubic L12 structure and show 
a very small misfit with the aluminum matrix (a=4.08 Å 
misfit close to 1%) [25]. Numbers of Al3Zr dispersoids 
can be easily observed in Fig. 6, which approximate  

 

 
Fig. 6 Spatial distributions of Al3Zr dispersoids deformed at 450 °C under different strains: (a) ε=0.2; (b) ε=0.4; (c) ε=0.6 with SAED 
along 〈111〉Al; (d) ε=0.8 
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Fig. 7 Spatial distributions of T phases deformed at 450 °C under different strains: (a) ε=0.2; (b) ε=0.4; (c) ε=0.6; (d) ε=0.8 
 
10−30 nm in diameter and are all in epitaxial orientation 
with the matrix ({100}Al3Zr//{100}Al) regardless of the 
grain orientation [21,22,25]. The SAED pattern of Al3Zr 
dispersoids was given on the top right corner in Fig. 6(c), 
which give the relation of ZrAlAl 3

]111//[]111[ [25]. 
Given their small size and low misfit, these mean that 
Al3Zr probably totally or partially coherent with 
aluminum matrix. And the low energy of coherent 
interface leads to efficient heterogeneous nucleation sites 
of η precipitations during quenching and aging processes 
[24,25]. The role of Al3Zr dispersoids in inhibiting 
recrystallization can be demonstrated that dislocations 
and subgrains are efficiently pinned by the dispersoids 
(Figs. 6(a) and (b)) at low strain level. In addition, the 
spatial distribution of Al3Zr dispersoids is relatively 
heterogeneous (Fig. 6), which can be explained by the 
peritectic nature of the reaction forming Al3Zr 
dispersoids and the very low diffusivity of zirconium in 
aluminum matrix. The peritectic nature causes it to be 
segregated at the dendrite cores when Al3Zr precipitates 
during solidification process. The low diffusivity is 
responsible for retaining memory of this segregation 

during subsequent processes [19,22,28]. 
Generally, the Al3Zr dispersoids have a strong 

pining effect during plastic deformation and then inhibit 
recrystallization [22,25]. Segregated long and thin bands 
spatial distribution of Al3Zr dispersoids were observed in 
quenched thick sheets by DESCHAMPS and BRECHET 
[25]. Such heterogeneous distribution might root in 
enhanced heterogeneous distribution of Al3Zr dispersoids 
with strain (Fig. 6) during deformation because of very 
low diffusivity of zirconium in aluminum. Such bands of 
Al3Zr dispersoids might lead to bands of η precipitates 
during air quenching [23,24] or overaging procedure [26], 
because η phase preferentially nucleates on dispersoids at 
high temperatures [23,24]. During subsequent solution 
treatment, Al3Zr dispersoids would still exist in bands 
due to its low diffusivity. Vacancy and higher solid 
solubility at or around the initial sites of η precipitates 
still remained without enough diffused time as well 
owing to shorter time in general solution treatment 
[11,12]. After that η precipitates could re-precipitate at 
the primary sites with low cooling rate or held at high 
temperature [23,25,26]. 
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Figure 7 shows the distribution status and evolution 
of T phases for AA7150 aluminum alloy samples 
deformed to different strain degrees at 450 °C. It is 
obviously observed that the rod-like T particles, with 
diameters and lengths varied between 0.1−0.3 μm and 
0.5−1 μm, respectively, are coarser than that deformed at 
300 °C. When increasing strain from 0.2 to 0.8, long and 
thin bands of T phases gradually formed and they arrayed 
in lines in vertical compression direction. The EDS 
results (Table 2) show that high contents of Cu are 
presented when deformed at 450 °C. As a matter of fact, 
the Cu content in the macroscopic T phase is much 
smaller than that at lower temperature [29]. The diffusion 
velocity of main elements is in the order of Zn>Mg>Cu, 
with the diffusion constants in Al matrix approximately 
4×10−20 m2/s for Zn, 3×10−20 m2/s for Mg, and 0.1×10−20 
m2/s for Cu. The homogenization temperature to 
eliminate the main elements segregation is in the order of 
Cu>Mg>Zn [29,30]. The slow diffusivity of Cu explains 
the progressive increase of Cu content when the 
temperature rises. Therefore, T phase could transform to 
S phase during hot compression at high temperature 
(particle F in Table 2). 

 
Table 2 EDS results of soluble constituent particles (Fig. 7) in 
AA7150 aluminum alloy (mass fraction, %) 

Label Zn Mg Cu Al 

C 44.78 3.63 26.80 Bal. 

D 34.19 2.98 20.25 Bal. 

E 41.13 4.18 25.13 Bal. 

F 22.25 2.46 49.94 Bal. 

 
Heterogeneous and isolated bands of precipitation 

were demonstrated during quenching and ageing 
processing, because porosity and vacancies at initial 
precipitate sites and solute concentration around these 
precipitates still remained, which were thought to be 
associated with melting of some residual secondary 
phases, limited diffusion distances and extended 
deformation [11,12,25]. Therefore, most of the solutes 
pumped by the formed precipitates forming during 
quenching and thermomechanical processing come from 
the immediate surroundings of these precipitates, so that 
the remaining material was basically unaffected. The 
coarse T particles at higher temperature were strongly 
arrayed in lines in vertical compression direction. 
3.3.4 Dynamic precipitation on dislocation 

A clear TEM image of DPN on dislocation is 
illustrated in Fig. 8(a) when the sample deformed to 
strain of 0.4 at 300 °C. It can be seen that numbers of 
fine precipitates are presented on a dislocation line. A 
relatively clear precipitate-free zone (PFZ) is shown 
around the dislocation as well. In order to provide clearer  

 

 
Fig. 8 TEM image showing direct evidence of dynamic 
precipitation on dislocation deformed at 300 °C under strain of 
0.4 (a), higher magnification TEM image (b) showing previous 
dynamic precipitation on dislocation 
 
morphologic evidence of DPN on dislocation, a higher 
magnification TEM image is shown in Fig. 8(b). 
Generally, dislocation and subgrain/grain boundary are 
preferential nucleate sites for precipitates which have 
been studied by many researchers [31]. Dislocation is 
also short-circuit diffusion path for solutes. Then, the 
interaction between dislocation and solute will result in a 
solute flux to dislocation, which leads to lower solute 
fraction for bulk precipitation and further PFZ (Fig. 8). 
However, little direct morphologic or visible evidences 
of DPN were obtained. Previous works have indicated 
that an important and macroscopical feature of DPN was 
that the stress−strain curves for the solution treated alloy 
produce a large peak when compared with the 
precipitated one. And the peak was usually followed by 
marked flow softening at lower deformation temperature. 
The reason was generally suggested to be a combined 
effect of coalescence of the fine particles and 
precipitation from the solid solution [1,9]. In researches 
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related to controlled rolling of HSLA steels, DPN was 
observed during hot working of microalloyed steels 
raising the peak stress and strain. This phenomenon has 
been confirmed by extraction microscopy, and the rate of 
DPN was speeded up by a factor of 100 as compared to 
static precipitation [32]. While for hot deformation 
behaviors of precipitation hardening aluminum alloys, 
DPN was initially presented by sharp working softening 
of flow stress curve, and then lowered the supersaturated 
solid solubility and resulted in flow softening [1, 2]. 
3.3.5 Interactions of coarse insoluble constituent phases 

and local crystallography 
The impurity elements of Fe and Si in 7xxx series 

aluminum alloys mainly existed in the forms of coarse 
insoluble Al7Cu2Fe and Mg2Si particles, respectively 
[11,12]. Such coarse particles formed during the initial 
casting process and could hardly be removed during 
subsequent processes. Generally, crack initiation and 
propagation are fostered by the coarse Fe- and Si-rich 
particles which lead to low fracture toughness. And the 
residual coarse insoluble particles were found to interact 
with the dislocations at subgrain boundaries [2]. Figure 9 
gives TEM images of interaction between insoluble 
coarse constituent phases and local crystallography when 
deformed to different strains at 450 °C. An extra coarse 
particle, with size of 4−5 μm, is shown in Fig. 9(a). This 
coarse particle is supposed to be Fe-rich particle 
(Al7Cu2Fe) which is analyzed by EDS (Table 3). Around 
the particle, several high-angle subgrains are well  
formed. Similar features are presented in Figs. 9(b) and 
(c) which also contain coarse particles with high-angle 
subgrains. Such particles are supposed to be Si-rich 
particles which have alike morphology but different sizes 
(~0.8 μm in Fig. 9(b) and ~1.2 μm in Fig. 9(c)), as 
demonstrated by EDS analysis (Table 3). 

Large constituent particles imposed local strain 
heterogeneities and then resulted in high dislocation 
densities during hot deformation [33,34]. The highly 
deformed areas around the particles, i.e., the particle 
affected deformation zones, are effective sites for 
recrystallization nucleation, particles stimulated 
nucleation (PSN). These zones contain groups of smaller 
subgrains with similar orientation and higher density 
dislocations inside. The nucleation of recrystallization 
might occur around the coarse particles due to a 
polygonization process, as shown by HUMPHREYS 
[33,34]. Typical localized deformation zones, associated 
with particles larger than about 0.75 μm, acted as 
preferential nucleation sites for recrystallized grains 
[2,5,34,35]. JIN et al [5] have found that numbers of fine 
recrystallization grains appeared around coarse particles 
based on high magnification optical deformed 
microstructures at high temperatures. Such 
recrystallization mechanism could mainly be caused by 

 

 
Fig. 9 TEM images of interactions of insoluble coarse 
constituent phases and local crystallography deformed at   
450 °C under different strains: (a) ε=0.4; (b) ε=0.6; (c) ε=0.8 
 
Table 3 EDS results of insoluble constituent particles (Fig. 9) 
in AA7150 aluminum alloy (mass fraction, %) 

Label Si Fe Zn Cu Mg Al 

G − 14.28 1.97 54.57 − Bal. 

H 85.85 − − 6.79 1.83 Bal. 
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strong deformation zones around coarse intergranular 
particles, which agree well with present TEM 
observation (Fig. 9). Increasing the volume fraction of 
coarse particles during pre-ageing can increase the 
tendency towards an inhomogeneous strain distribution 
during the subsequent hot work operation, which 
enhances the possibility of recrystallization during heat 
treatment [33, 34]. Such methods are always used to gain 
refinement grains and superplasticity by 
thermomechanical processing [2,33,35]. On the other 
hand, coarse particles have a strong effect on 
recrystallization textures of the worked alloys owing to 
PSN mechanism [2,36.37]. 

Insoluble constituent particles, present in the form 
of Al7Cu2Fe and Mg2Si, are found to align in the 
preferential extension deformation direction during hot 
working process [3,13,14]. And these particles are found 
mostly in conjunction with the recrystallized areas, 
suggesting that recrystallization occurs mainly by PSN 
mechanism. At the same time, large soluble constituent 
particles have been found to be elongated along the 
preferential extension deformation direction as well  
(Fig. 4, Fig. 5 and Fig. 7) [38]. Based on above 
discussion, insoluble and soluble particles texture could 
be summarized to be morphological texture. The 
insoluble particle texture, existing in particulate 
reinforced composite as well, will be totally inherited by 
post-processing and influence the final mechanical 
property of products, which could be only controlled by 
cast and forming processing. The soluble particle texture 
could be partly or completely removed through 
subsequent heat treatment, for instance improved 
solution treatment [11,12,39]. 
 
4 Conclusions 
 

1) Dynamic flow softening occurs with increasing 
strain during hot deformation of AA7150 aluminum  
alloy, while higher flow softening is presented at 450 °C 
than at 300 °C. 

2) Typical dislocation tangling and elongated 
subgrain cellularities developing with increased strain 
are given at deformation temperature of 300 °C. And 
faster and larger developed cell walls and subgrains are 
observed at 450 °C. The main softening mechanism 
could be concluded as DRV at 300 °C and cDRX at  
450 °C due to the presence of high-angle subgrain 
boundaries. 

3) The DSC results show little precipitation when 
pre-heated at 300 °C, while clear dissolution of 
precipitates pre-existed when pre-heated at 450 °C. The 
clear heterogeneous spatial distributions of the presence 
of η precipitates at 300 °C and Al3Zr dispersoids at   
450 °C are found during deformation and enhanced with 

increased strain. Higher contents of Cu in T phases are 
found at 450 °C than at 300 °C, which present a 
transformation process from T phases to S phases as  
well, and such particles array in line gradually with 
increased strain during hot deformation. 

4) The associated evidence of DPN on dislocations 
and PSN during hot deformation was presented. The 
morphological texture, associated with the spatial 
distribution of constituent particles (soluble and 
insoluble particles) and the presence of PFZs, gave 
preferential directions by microstructural inheriting, 
which might have a strong influence on optimizing 
processing route and the final mechanical property of 
products. 
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AA7150 铝合金高应变速率热变形过程中 
显微组织动态演变表征 

 
蒋福林 1,2，张 辉 1,3，翁舒楚 1，傅定发 1,3 

 
1. 湖南大学 材料科学与工程学院，长沙 410082； 

2. Department of Materials Science and Engineering, McMaster University, 

1280 Main Street West, Hamiltion, Ontario L8S 4L7, Canada; 

3. 湖南大学 湖南省喷射沉积技术及应用重点实验室，长沙 410082 

 
摘  要：在温度分别为 300 °C 和 450 °C 条件下对 AA7150 铝合金进行高应变速率(10 s−1)热压缩实验。结合差热

分析和透射电子显微镜对其不同应变下热变形过程流变行为、亚结构演变及析出相形貌和空间分布进行了系统研

究。研究结果表明：AA7150 铝合金热变形过程发生了流变软化，在 300 °C 条件下主要软化机制是动态回复，而

450 °C 条件下为连续动态再结晶；合金热变形过程中 η相(300 °C)及 Al3Zr 粒子(450 °C)随应变的增加分布不均匀；

T 相中的铜含量随温度升高而增加且有从 T 相向 S 相转变的趋势，且随变形量的增加逐渐呈线性排列；显微组织

还显示了动态析出及粒子诱发形核再结晶直接相关的形貌特征。 

关键词：Al−Zn−Mg 合金；热压缩；动态现象；显微组织 

 (Edited by Yun-bin HE) 
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