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Abstract: The microstructure evolution and tensile mechanical properties of the isothermal die forged AZ80−Ag casing 
with large size under different heat treatment conditions were investigated. The microstructure was characterized by 
scanning electron microscope and electron backscatter diffraction techniques, and the tensile mechanical properties 
were tested at room temperature, 120 and 150 °C, respectively. The results show that the area fraction of discontinuous 
precipitates with stronger strengthening effect is higher in T5 sample than that in T6 sample, therefore T5 sample 
exhibits a more pronounced precipitation hardening and the highest tensile strength at room temperature. However, as 
the temperature increases, the tensile strength of T5 sample decreases rapidly and is lower than that of T6 sample or 
even the as-forged samples at 150 °C. The reason is that discontinuous precipitates are less resistant to high temperature 
softening than continuous precipitates. 
Key words: AZ80−Ag alloy; heat treatment; elevated temperature tensile properties; discontinuous precipitates; 
precipitation hardening 
                                                                                                             

 
 
1 Introduction 
 

As the lightest metal structure material, 
magnesium alloys have attracted more and more 
attention in automotive and aerospace areas due to 
the demand of weight reduction [1]. Among various 
magnesium alloy systems, AZ80 is a widely used 
medium-strength magnesium alloy with excellent 
comprehensive mechanical properties and low  
cost [2]. However, as a precipitation-hardened alloy, 
AZ80 exhibits a weak aging hardening response [3]. 
Moreover, the application of AZ80 in elevated 
temperature service conditions is limited due to its 
poor heat resistance [4]. In recent years, AZ80−Ag, 
a new magnesium alloy developed by the author’s 
team by adding trace Ag into AZ80, exhibits 
enhanced age-hardening response and improved 
heat resistance [5,6]. Therefore, AZ80−Ag is an 

ideal material for magnesium alloy components 
with low cost and high performance, and has a wide 
application prospect. 

In addition, the practical application of 
magnesium alloys is also limited by their poor 
formability and strong mechanical anisotropy at 
room temperature because of the hexagonal 
close-packed crystal structure [7]. As a result, the 
current industrial production of magnesium alloy 
components is limited to conventional extrusion, 
rolling and forging processes, which is difficult to 
meet the actual demand for complex-shaped 
components. Isothermal die forging is characterized 
by heating the dies and keeping the same 
temperature as the billet during the forging process, 
which can significantly improve the workability 
and flowability of metals, thus obtaining forgings 
with complex shapes, fine-grained microstructure 
and excellent mechanical properties [8]. It has also 
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been successfully applied to manufacturing high- 
performance magnesium alloys with large size and 
complex shape [9−13]. However, the current 
research has mainly focused on the finite element 
simulation of isothermal die forging, but little has 
studied subsequent heat treatment, which is 
regarded as a crucial process to further improve 
mechanical properties of magnesium alloys. ZHAO 
et al [2] studied the microstructure evolution and 
tensile properties of extruded AZ80 under different 
heat treatment conditions. The results showed that 
T5 treatment achieved the highest strength, but the 
elongation significantly decreased, and appropriate 
T6 treatment could obtain an improved combination 
of strength and elongation. UEMATSU et al [14] 
reported that T5 treatment improved the tensile 
strength and high-cycle fatigue strength of extruded 
AZ80. ZHAO et al [15] examined the low-cycle 
fatigue of extruded AZ80 and observed the improved 
fatigue life of T5 peak-aged sample at medium 
strain amplitudes (0.3%−0.8%). However, only a 
few studies focused on the effect of heat treatment 
on elevated temperature mechanical properties. 

The isothermal die forged AZ80−Ag disk for 
areoengine casing studied in this work has a large 
size and complex shape, which has never been  
done before. In order to promote its application   
in aerospace field, an understanding of the 
microstructure and tensile properties at room and 
elevated temperatures, and their response to heat 
treatment for the forged AZ80−Ag are required. 
 
2 Experimental 
 

The object investigated in this work was an 
AZ80−Ag (Mg−8Al−0.4Zn−0.2Mn−0.2Ag in wt.%) 
magnesium alloy disk with a diameter more than 
560 mm prepared by isothermal die forging at 
370 °C. The disk was then cut into four parts, three 
of which were subjected to different heat treatments 
(details are summarized in Table 1). Considering 
the practical application, the web of disk was 
specifically studied. The schematic of sampling 
locations and orientations of tensile specimens in 
the disk is shown in Fig. 1, where RD, TD and ND 
represent radial direction, tangential direction and 
normal direction, respectively. For convenience, 
samples from the as-received part were defined as 
as-forged, and samples from the heat-treated parts 
were labeled as T4, T5 and T6. 

Table 1 Heat treatment schedule for disk 
Designation Heat treatment schedule 

Solution 
treatment (T4) 

Solution at 410 °C for 3.5 h followed 
by water quenching 

Direct-aging 
treatment (T5) 

Aging at 175 °C for 36 h followed by 
air-cooling 

Solution + aging 
treatment (T6) 

(Solution at 410 °C for 3.5 h, water 
quenching) + (aging at 175 °C for 

36 h, air-cooling) 
 

 
Fig. 1 Schematic of sampling locations and orientations 
of tensile specimens in web of disk 
 

EBSD measurements were carried out to 
identify the grain orientation and texture features in 
an FEI Helios Nanolab 600i dual beam electron 
microscope equipped with HKL Channel 5.0 
software. The EBSD samples were firstly 
mechanically polished, followed by electro- 
polishing in a solution of 4 vol.% perchloric acid, 
1 vol.% nitric acid and 95 vol.% ethanol at 25 V 
and −40 °C for 90 s. The microstructure was 
characterized using a Tescan Mira SEM. The SEM 
samples were prepared by mechanically polishing, 
etching with a solution of oxalic acid (1 g), nitric 
acid (1 mL), acetic acid (1 mL) and distilled water 
(100 mL) for 10 s, and subsequent ultrasonic bath 
cleaning with ethanol. The area fractions of 
discontinuous precipitates (DPs) and continuous 
precipitates (CPs) regions were calculated with the 
Image-Pro Plus software from at least 5 SEM 
pictures at 500 times magnification. Tensile tests 
were performed at room temperature, 120 and 
150 °C using an Instron 3369 universal testing 
machine with a strain rate of 1.5×10−3 s−1. The 
tensile specimens, with the gauge dimensions of 
d5 mm × 25 mm, were electro- discharge machined 
from the web of the disk along the TD and RD. 
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3 Results and discussion 
 
3.1 Microstructure and precipitation behaviors 

of as-forged and T4 samples 
Figure 2 shows the inverse pole and pole 

figures of the as-forged and T4 samples. The 
temperature of aging treatment is relatively low, 
which has almost no effect on the grain size and 
texture, so T5 and T6 samples are not shown. In the 
as-forged sample, the microstructure consists of 
alternating fine-grained and coarse-grained region 
parallel to the RD with a wide grain size 
distribution and an average size of 19.3 μm 
(Fig. 2(a)). A large number of low-angle grain 
boundaries (2°−15°, white lines) and color gradient 
within the grains can also be observed in Fig. 2(a), 
reflecting the misorientation caused by dislocation 
accumulation, which are typical microstructure 
characteristics of the continuous dynamic 
recrystallization (CDRX) [16,17]. Also, the sample 
shows a bimodal texture with a high Imax (maximum 
intensity) of 19.2 MRD (multiples of a random 
density), as shown in Fig. 2(b). In addition to a 
strong texture component with c-axis approximately 
parallel to the ND, a sub-strong basal texture 
component is also observed. In the case of T4 
sample, the average grain size reaches 60.8 μm 
(about 3 times that of the as-forged sample)    

after static recrystallization and grain growth,    
but the microstructure still remains heterogeneous 
(Fig. 2(c)). Similarly, Fig. 2(d) shows that the 
texture maintains the same bimodal feature, only 
with a slightly lower Imax of 16.8 MRD, suggesting 
that T4 treatment has a negligible effect on the 
texture. 

Figure 3 presents the SEM images of the 
as-forged and heat-treated samples. In the as-forged 
sample, two groups of precipitates are observed:  
(1) the dominant group is the fine β-phase particles 
that form precipitate bands parallel to the RD;    
(2) the minor group is relatively coarse and 
sporadically distributed Al−Mn phases (Fig. 3(a)). 
The formation of precipitate bands can be attributed 
to the inhomogeneous distribution of Al atoms 
dissolved in the matrix, which leads to the dynamic 
precipitation of β-phase particles in the region with 
high Al content during isothermal die forging [2]. 
Furthermore, metal flow in the web is along the  
RD, so the precipitate bands are also formed 
parallel to the RD [11,18]. A high-magnification 
SEM image of the precipitate bands is shown in 
Fig. 3(b). It can be seen that precipitate bands 
coincide with the fine-grained region and fine 
β-phase particles are mostly distributed along grain 
boundaries, which indicates that fine grains origin 
from dynamic recrystallization (DRX) and the β- 
phase particles play an important role in restricting  

 

 
Fig. 2 Inverse pole (a, c) and pole (b, d) figures of as-forged (a, b) and T4 (c, d) samples 
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Fig. 3 SEM micrographs of as-forged (a, b), T4 (c), T5 (d−f) and T6 (g−i) samples 
 
grain growth by the pinning effect [7,19]. After T4 
heat treatment (as shown in Fig. 3(c)), β-phase 
particles almost completely dissolve into the matrix 
and precipitate bands disappear, while Al−Mn 
phases are still observed for their high thermal 
stability. Considering the fact that the area fraction 
of Al−Mn phases is negligible, they can hardly 
affect the precipitation behavior and mechanical 
properties of aged samples. 

In Mg−Al alloys, the main precipitates, 
β-Mg17Al12, can be distinguished into two 
categories according to modes they are formed: DPs 
and CPs [20,21]. DPs nucleate mainly at the grain 
boundaries and grow perpendicularly into the  
grains, while CPs form later within grains. In the 
SEM image of the T5 sample (Fig. 3(d)), the 
precipitate bands still remain, while most of the 
area is occupied by DPs (bright contrast) and a 
small amount of CPs (dark contrast) are detected in 
DPs-free area. SEM micrographs taken in the DPs 
and CPs regions of the T5 sample are shown in 
Figs. 3(e) and (f), respectively. It can be seen that 
precipitates exhibit the typical morphological 
features of DPs and CPs in Mg−Al alloys, i.e. 

lamellar and elliptical DPs, and lath-shaped CPs. 
Similarly, the microstructure of the T6 sample is 
also mainly composed of DPs and CPs, between 
which DPs are dominant in the area fraction 
(Fig. 3(g)). In addition, the typical precipitation 
morphologies of DPs and CPs are also identified in 
the T6 sample (Figs. 3(h) and (i), respectively). The 
difference is that the area fraction of DPs in the T5 
sample (84%) is higher than that in the T6 sample 
(61%), which is related to the microstructure of 
pre-aged samples and the characteristics of 
discontinuous precipitation and continuous 
precipitation. 

On the one hand, the nucleation of DPs occurs 
at grain boundaries, so the as-forged sample with 
smaller average grain size has higher area fraction 
of grain boundaries that act as nucleation sites [22]. 
Moreover, the second phases in the as-forged 
sample lead to the segregation of Al atoms and 
constituent fluctuation, which is conducive to the 
formation of DPs during subsequent aging process 
(obtaining T5 sample). When the area fraction of 
DPs is sufficient, the formation of CPs will be 
effectively inhibited [23]. Therefore, CPs can 
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hardly be seen in the precipitate band region 
(Fig. 3(d)), which is similar to the phenomenon 
observed in previous studies [2]. On the other hand, 
the nucleation of CPs occurs inside grains and is 
sensitive to the supersaturation degree of Al atoms 
in the matrix [2,24]. Most of the second phases are 
dissolved in the matrix and supersaturated solid 
solution is obtained after T4 treatment, which 
promotes the formation of CPs during subsequent 
aging process (obtaining T6 sample). Furthermore, 
CPs can inhibit the growth of DPs by reducing 
supersaturation [23], such as the DPs that terminate 
growth prematurely in Fig. 3(i). 
 
3.2 Tensile mechanical properties of as-forged and 

heat-treated samples at room temperature 
The tensile engineering stress−strain curves of 

the as-forged and heat-treated samples at room 
temperature with loading direction parallel to the 
TD and RD are shown in Figs. 4(a) and (b), 
respectively. Simultaneously, the yield strength 
(YS), ultimate tensile strength (UTS), elongation 
(EL) and the difference of YS along the RD and TD  
 

 
Fig. 4 Typical tensile engineering stress−strain curves of 
as-forged and heat-treated samples at room temperature 
with loading direction parallel to TD (a) and RD (b) 

(ΔYS) measured from the tensile curves are 
presented in Table 2. It is obvious that mechanical 
anisotropy exists in the as-forged tensile specimens, 
in which the ΔYS reaches 35 MPa. In general, 
mechanical anisotropy is closely related to the 
activation of different deformation mechanisms 
during tension, which can be estimated by the 
Schmid factor associated with texture feature.  
Basal slip is usually the dominant deformation 
mechanism in magnesium alloys at room 
temperature due to its lowest critical resolved shear 
stress (CRSS) [25]. However, it has been widely 
reported that tensile twinning and prismatic slip 
with higher CRSS may also be activated when 
favorable texture is present [7,26−28]. In this work, 
the main texture component of the as-forged sample 
is unfavorable for tensile twinning, but is in favor 
of prismatic slip, whether stretching along the TD 
or RD (Fig. 2). Hence, only basal slip and prismatic 
slip are considered as the potential dominant 
deformation modes, and their Schmid factor 
distribution maps for the as-forged sample along the 
TD and RD are plotted in Figs. 5(a) and (b), 
respectively. The corresponding average Schmid 
factors are also shown in Fig. 5. 
 
Table 2 Tensile mechanical properties and mechanical 
anisotropy of as-forged and heat-treated samples at room 
temperature  

Condition Direction YS/ 
MPa 

UTS/ 
MPa EL/% ΔYS/ 

MPa 

As-forged 
TD 180±4.7 317±0.6 17.8±0.1 

35 
RD 215±6.7 346±0.8 16.0±0.5 

T4 
TD 153±4.5 289±1.4 11.8±0.5 

29 
RD 182±2.4 307±2.6 8.3±0.5 

T5 
TD 240±5.0 355±2.5 8.0±0.1 

32 
RD 272±1.6 382±4.7 6.8±0.8 

T6 
TD 224±1.6 338±2.7 4.9±0.8 

32 
RD 256±12.4 359±8.0 4.2±0.2 

 
In terms of basal slip, the Schmid factor 

distributions along the TD and RD are similar with 
low average Schmid factors (0.17 and 0.16, 
respectively). When the sample is stretched along 
the RD, the average Schmid factor for prismatic slip 
is 0.42 and the fraction of grains with Schmid  
factor higher than 0.4 accounts for 85%, which 
indicates that most grains are in soft orientations for 
prismatic slip. When the sample is stretched along 
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Fig. 5 Schmid factor distribution maps based on basal 
and prismatic slip for as-forged sample along TD (a) and 
RD (b) 
 
the TD, there are more grains with Schmid factor 
between 0 and 0.2 due to the presence of sub-strong 
basal texture component that is unfavorable for 
prismatic slip, resulting in a lower average Schmid 
factor (0.32). According to the previous studies, the 
CRSS ratio of prismatic and basal slip in the 
Mg−Al alloys is in the range of 2.0−5.0 [26,29,30]. 
Therefore, with the corresponding average Schmidt 
factor ratio less than 2, basal slip dominates the 
deformation along the TD. And the YS along the 
RD is higher than that along the TD, because more 
prismatic slips with higher CRSS are activated 
along the RD. Besides, T4 sample remains the same 
texture feature as mentioned above, and aging 
treatment has a negligible effect on the texture. As a 
result, the mechanical anisotropy hardly changes 
after heat treatment. 

By comparison, it can be seen from Table 2 
that the effect of heat treatment on tensile properties 
is consistent in two directions, so TD is selected for 
analysis. Notably, the tensile mechanical properties 

of the T4 sample are all lower than those of the 
as-forged sample. Due to the high temperature of 
isothermal die forging, there are few dynamic 
precipitates in the as-forged sample, which results 
in a very limited solid solution strengthening after 
T4 treatment. Therefore, the decrease in strength 
caused by grain growth, the reduction in dislocation 
density and dissolution of β-phase particles during 
T4 treatment cannot be offset. At the same time, 
grain coarsening also reduces the EL, from 17.8% 
to 11.8%. After aging treatment (T5 and T6 
treatment), the YS and UTS are obviously improved, 
but at the cost of a decrease in EL, which is 
attributed to the precipitation of a large amount of β 
phases during aging, as shown in Fig. 3. 

It is worthwhile to note that the T5 sample 
possess higher strength and EL than the T6 sample, 
which is related to aging precipitates. Many studies 
have shown that DPs play a more critical role in 
aging hardening because CPs with the plate plane 
parallel to the basal plane of the matrix are less 
effective in hindering dislocation slip on the basal 
plane [3]. Furthermore, it has also been observed 
that the hardness of the DPs region is higher than 
that of the CPs region, and a reduction in the area 
fraction of the DPs region will lead to a decrease in 
hardness and strength [31−33], which is well 
consist with the present results. In addition, the 
relatively coarse DPs are known to be highly 
susceptible to fracture due to their brittleness [34]. 
This is demonstrated by the post-fracture 
microstructure of aged samples in Fig. 6: cracks 
were mainly formed in the DPs region. Therefore, 
the loss of EL caused by aging in the as-forged 
sample (from 17.8% to 8.0%) is higher than that in 
the T4 sample (from 11.8% to 4.9%) because of the 
precipitation of more DPs in the former that act as 
nucleation sites for microcracks during tensile 
testing, which is similar to the results previously 
observed in aged AZ80 alloys [33,35]. 
 
3.3 Tensile mechanical properties of as-forged and 

heat-treated samples at elevated temperatures 
Figures 7(a) and (b) represent engineering 

stress−strain curves of the as-forged and heat- 
treated samples with tensile direction parallel     
to the TD at 120 and 150 °C, respectively. The 
corresponding tensile properties are given in 
Table 3. The strength decreases and the plasticity 
increases in different degrees with increasing tensile 
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Fig. 6 SEM images of longitudinal cross-sections of tensile fractured T5 (a) and T6 (b) samples at room temperature 
 

 
Fig. 7 Tensile engineering stress−strain curves of as-forged and heat-treated samples with loading direction parallel to 
TD at 120 °C (a) and 150 °C (b) 
 
Table 3 Tensile mechanical properties of as-forged and 
heat-treated samples with loading direction parallel to 
TD at 120 and 150 °C 

Temperature/°C Condition YS/MPa UTS/MPa EL/% 

120 

As-forged 169±0.9 254±4.0 38.0±1.8 

T4 144±4.2 275±0.8 27.5±2.6 

T5 205±0.9 258±4.9 34.1±5.0 

T6 201±4.5 250±3.2 23.8±2.3 

150  

As-forged 161±3.8 214±6.0 39.7±0.5 

T4 139±0.8 227±4.5 31.3±2.9 

T5 152±3.1 198±1.6 39.5±1.5 

T6 166±5.5 202±6.4 27.6±1.6 
 
temperature. In order to intuitively compare the 
resultant mechanical properties, variations in YS, 
UTS and EL as a function of tensile temperature are 
shown in Fig. 8. In Fig. 8(a), the YS values of the 
aged samples decrease significantly with increasing 

temperature. Among them, the YS of the T5 sample 
decreases more rapidly than that of the T6 sample at 
elevated temperature, which results in the T5 
sample with higher strength at room temperature 
having similar YS to the T6 sample at 120 °C and 
lower YS at 150 °C. However, the as-forged and T4 
samples only decrease slightly, which is less than 
20 MPa even at 150 °C. As a result, the YS of the 
as-forged sample is close to that of the T6 sample 
and even higher than that of the T5 sample at 
150 °C. It is evident from Fig. 8(b) that all samples 
show a significant decrease in UTS at elevated 
temperature except for T4 sample at 120 °C. As for 
EL, as seen in Fig. 8(c), each sample has a great 
improvement at 120 °C, but with a slight increase 
from 120 to 150 °C. It is worth noting that,      
the EL of the T5 sample increases the most with 
temperature, and even approaches that of the 
as-forged sample at 150 °C, while the EL of the T6 
sample remains the lowest. 
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Fig. 8 Variations of YS (a), UTS (b) and EL (c) with 
tensile temperature in as-forged and heat-treated samples 
stretched along TD 
 

It is well known that the β-phase has a low 
melting point (437 °C) and tends to soften and/or 
coarsen when the temperature is above 120 °C, 
resulting in a reduction in its ability to block 
dislocation movement and a corresponding 
weakening of precipitation strengthening [36], 
which is the main strengthening mechanism of  
aged samples at room temperature. Therefore, the 

strength of aged samples decreases obviously at 
elevated temperatures. As mentioned above, the 
dominant deformation mechanism of the TD tensile 
specimens is basal slip, which is not sensitive to 
temperature [37]. Moreover, there are few β-phases 
in the as-forged and T4 samples, so the YS hardly 
changes with the variation of temperature. 

In order to explain the evolution of tensile 
properties of the T5 sample at elevated 
temperatures, the SEM images of its longitudinal 
cross-sections near the tensile fracture surfaces at 
150 °C are shown in Fig. 9. It can be seen that 
grains are significantly elongated along the tensile 
direction, and microcrack is observed at grain 
boundary, but not in the DPs region (Fig. 9(a)), 
suggesting that the softened DPs are not susceptible 
to becoming microcrack nucleation sites at room 
temperature. At high magnification (Fig. 9(b)), the 
DPs region is mainly composed of fine elliptical 
DPs and relatively coarse irregular phases, while 
typical cellular structure is not observed and only 
few fractured lamellar DPs (see the yellow ellipse) 
along the tensile direction exist. It can be inferred 
that the softened lamellar DPs were broken   
during tensile at elevated temperatures, which 
subsequently became segregated in grain interiors 
and at grain boundaries and formed coarse irregular  
 

 
Fig. 9 SEM images of longitudinal cross-sections near 
tensile fracture surfaces of T5 sample at 150 °C 
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phases. It has been reported that the softened 
β-phase particles segregating along grain 
boundaries can promote grain boundary sliding 
(GBS) behavior and hence superplasticity in the 
rolled AZ91 alloy by relaxing intergranular stress 
incompatibilities [38]. Therefore, the softened DPs 
and GBS behaviors contribute to the rapid increase 
of EL in the T5 sample at elevated temperatures. 
Meanwhile, CPs remain lath-shaped and dispersive, 
though some of them are broken into multiple 
pieces (see the yellow triangles in Fig. 9(b)). The 
evolution of precipitates indicates that CPs have 
better resistance to high temperature softening 
during tensile deformation, so the T5 sample 
exhibits a greater strength decline due to the lower 
area fraction of CPs. 
 
4 Conclusions 
 

(1) After T4 treatment, the sample of the 
isothermal die forged AZ80−Ag disk maintained 
inhomogeneous microstructure and bimodal texture. 
The microstructure of T5 and T6 samples was 
dominated by DPs and CPs, and the area fraction of 
DPs in T5 sample was higher. 

(2) The tensile deformation of the as-forged 
sample was dominated by basal slip along the   
TD, while prismatic slip contributed more to 
deformation along the RD, resulting in mechanical 
anisotropy, which hardly changed after heat 
treatments. 

(3) T5 sample exhibited a superior tensile 
strength at room temperature to T6 sample, whereas 
an opposite result was observed at 150 °C. This is 
mainly because DPs play a more critical role in 
precipitation hardening at room temperature, but are 
less resistant to high temperature softening, which 
also led to a rapid increase in the EL of T5 sample 
at elevated temperatures. 
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热处理对大规格等温模锻 AZ80−Ag 镁合金机匣 
显微组织和拉伸力学性能的影响 
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摘  要：研究大规格等温模锻 AZ80−Ag 镁合金机匣在不同热处理条件下的组织演变和拉伸力学性能。采用扫描

电镜和电子背散射衍射对合金的显微组织进行表征，并测试其在室温、120 和 150 ℃下的拉伸力学性能。结果表

明，室温下强化作用更强的不连续析出相在 T5 样品中的面积分数高于 T6 样品的面积分数。因此，T5 样品的析

出强化作用更强，室温抗拉强度最高。但随着温度的升高，T5 样品的抗拉强度迅速下降，在 150 ℃时低于 T6 样

品甚至锻造态样品的抗拉强度。这是由于不连续析出相的抗高温软化能力低于连续析出相的抗高温软化能力。 

关键词：AZ80−Ag 合金；热处理；高温拉伸性能；不连续析出相；析出强化 
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