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Abstract: A high strength GW94 alloy with fully recrystallized microstructure and equiaxed ultrafine grains of submicron size was 
produced by multiaxial forging and ageing. The alloy exhibits an ultimate tensile strength of 377 MPa, proof stress of 295 MPa and 
elongation to failure of 21.7%. The ductility is improved in comparison with that of the conventional extrusion processing. 
Superplastic ductility is achieved in tensile testing at 573 K with a maximum elongation of 450%. These high ductility and high 
strength are attributed to the coexistence of fully recrystallized grains and nanoscale Mg5(Gd, Y) particles dynamically precipitated at 
grain boundaries. 
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1 Introduction 
 

There is increasing scientific and industrial interest 
in the development of bulk ultrafine-grained (UFG) 
alloys produced by severe plastic deformation 
(SPD)[1−2]. A good combination of high strength and 
high ductility can be achieved in UFG metals[1−3]. They 
also exhibit superplastic properties at elevated 
temperatures[4]. Many novel approaches are often used 
to obtain UFG materials, including equal channel angular 
pressing (ECAP)[5−6], high-pressure torsion (HPT)[7], 
accumulative roll bonding (ARB)[8] and multiaxial 
forging (MAF)[9−10], etc. Metals processed by MAF are 
free forged repeatedly in three orthogonal directions, 
sequentially[2]. 

Recently, the Mg-Gd-Y system alloys have been 
extensively studied by a number of researchers[11−12], 
because they exhibit high tensile strength and excellent 
creep resistance at a temperature up to 250 °C, which 
makes them promising for applications in aerospace, 
aircraft and automotive industries. However, these types 
of Mg alloys also suffer from the challenge in meeting 
the requirements of ductility[12−13]. On the other hand, 
it is well established in recent work that the ductility of 
metallic alloys may be significantly enhanced, often to a 

superplastic range, by processing the alloys through the 
introduction of SPD[14−15]. However, to our knowledge, 
little work has been performed on the SPD of the 
Mg-Gd-Y system alloys. 

Therefore, MAF was applied in the present study to 
a heat resistant GW94 alloy[16] in order to improve both 
the strength and ductility of magnesium alloy. 
Relationships between the microstructures and the 
corresponding mechanical properties were investigated. 
 
2 Experimental 
 

The material used in the present study was GW94 
alloy rod (Mg-8.57Gd-3.72Y-0.54Zr, mass fraction, %) 
with a diameter of 29 mm prepared by hot extrusion. 
Columnar samples were machined parallelly to the 
extrusion direction from the as-extruded rod to 
dimensions of d29 mm × 60 mm. These samples were 
preheated at 773 K for 10 min, and then deformed to a 
true strain of about 0.4 between hot anvils with surface 
temperature of 573 K. Samples were repeatedly 
deformed up to cumulative strain of about 3.2 with 
changing loading direction from pass to pass under 
decreasing temperature conditions from 773 to 573 K. 
The forged samples were subsequently aged at 498 K for 
24 h (T5). 
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The hardness values were determined by the 
Vickers hardness test with a load of 50 N. The tensile 
specimens with gauge length of 5 mm were cut along 
planes normal to the final compression direction for the 
forged samples and parallel to the extrusion direction for 
the extruded samples. Tensile tests were carried out at 
room temperature and 573 K and at a strain rate of 
1×10−3 s−1. 

The microstructures of the specimens were 
observed using optical microscope (OM), scanning 
electron microscope (SEM) and transmission electron 
microscope (TEM). The etching solution was 5% nitric 
acid in ethanol. Compositions of phases were analyzed 
by energy dispersive X-ray spectrometry (EDS) in the 
TEM mode. Foils for TEM observations were 
mechanically polished to a thickness about 0.1 mm, and 
then thinned to perforation by ion milling. The thinned 
foils were examined using a FEI TECNAL 20 
transmission electron microscope operating at 200 kV 
and with a double-tilt stage. X-ray diffraction (XRD) was 
performed with a Rigaku D/max 2400 X-ray 
diffractometer using Cu Kα radiation. 
 
3 Results and discussion 
 
3.1 Mechanical properties of forged alloy 

The tensile stress—strain curves of the as-forged  
and T5-treated GW94 alloy are shown in Fig.1, and the 
ultimate tensile strength (σb), tensile yield strength (σ0.2) 
and elongation to failure (δ) of the alloy are summarized 
in Table 1. Data of the samples before being forged, i.e. 
the extruded GW94 alloy, are also included for 
comparison. As listed in Table 1, the strength obtained in 
the as-forged alloy is comparable of or higher than that in 
the as-extruded counterpart. The Vickers hardness also 
indicates a significant increase in hardness after MAF. 
 

 
 
Fig.1 Tensile test results of conventionally extruded and forged 
samples in different conditions 
 

The age-hardening response of the forged alloy is 
relatively small. A significant increase in strength is 

obtained in the extruded alloy after ageing. Specifically, 
the extruded-T5 alloy exhibits the highest strength and 
the σb and σ0.2 are 441 and 338 MPa, respectively. 
Unfortunately, it displays a considerable decrease in 
ductility to 3.5%. This strengthening effect and loss in 
ductility are believed to be due to the precipitation of β′, 
phase, as previously demonstrated by TEM 
observation[16]. It is clear that the forged alloys exhibit 
tensile elongations higher than 20% which are 
substantially larger than those of the conventional 
extruded alloy. 
 
Table 1 Mechanical properties of as-deformed and T5 aged 
GW94 alloys 

State 
Hardness 

(HV) 
σb/MPa σ0.2/MPa δ/% 

Forged 97.9±5.65 357.9±6.83 265.7±10.61 23.0±5.35

Forged, T5 100.5±1.44 377.2±13.5 295.4±7.90 21.7±1.35

Extruded 88.4±2.77 327.8±4.94 231.9±6.41 11.1±1.64
Extruded, 

T5 
122.8±4.29 441.1±6.70 338.1±11.84 3.5±1.31

 
As a matter of fact, further good combination of 

high strength and high ductility of the forged samples 
can be obtained under optimized process conditions, as 
shown in Fig.2. It can be seen that a high strength of 
more than 411 MPa and a corresponding high elongation 
of over 16% are obtained simultaneously. Therefore, the 
optimization of the forging procedures and the 
corresponding evolution of the microstructure are 
essentially necessary to be investigated and will be 
published in another paper. 
 

 

Fig.2 Tensile mechanical properties of as-forged samples with 
optimized processing procedures 
 

Figure 3 shows the tensile stress—strain curve of 
the as-forged alloy tested at 573 K with an initial strain 
rate of 1×10−3 s−1. The inset shows the photo of samples 
before and after tensile test. It is obvious that 
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superplastic ductility is achieved with a maximum 
measured elongation of 450%. 
 

 
Fig.3 Stress—strain curves of as-forged GW94 alloy tested at 
573 K. Inset shows specimens before and after tensile tests 
 
3.2 Microstructure of forged alloy 

Figure 4 shows the microstructure of the 
as-extruded alloy[17−18] prior to the forging stage. The 
microstructure consists of fine equiaxed grains with 
well-defined grain boundaries, suggesting that dynamic 
recrystallization took place during the extrusion 
processing. Some extrusion strips can be observed. The 
second-phase particles (the black particles in Fig.4) are 
oriented approximately parallel to the extrusion direction. 
The average grain size of the as-extruded alloy is about 
40 μm. 
 

 
Fig.4 Optical microstructure of as-extruded GW94 alloy prior 
to forging stage 
 

Figure 5(a) shows the optical microstructure of the 
as-forged sample etched by 5% nitric acid in ethanol. 
The phases and grain boundaries are illegible. The 
microstructure without prior acid etching is observed in 
high-magnification backscattered electron micrograph as 
shown in Fig.5(b). It can be seen that a high number 
density of fine particles (the bright particles) uniformly 
distributed in the matrix. The mean diameter of the 

particles varies between nanoscale and 1−2 μm. Figure 6 
shows the XRD patterns of the forged GW94 alloy in the 
as-forged and T5-aged conditions. Two phases are 
identified, namely α-Mg and Mg5(Gd,Y) in which Y 
probably substitutes for Gd. 
 

 
Fig.5 Optical (a) and SEM (b) images of as-forged GW94 alloy 
 

 

Fig.6 XRD patterns of forged GW94 alloy in as-forged and 
T5-aged conditions 
 

To obtain clear grain boundaries, the forged samples 
were annealed at 430 °C for 30 min. The resulting 
microstructure of the annealed sample is shown in 
Fig.7(a). A homogeneous distribution of equiaxed grains 
is obtained in most regions. The grains appear fairly 
equiaxed and do not show elongation in any preferred 
direction, which appears the result of multiaxial straining 
characteristic of the MAF process employed in this work. 
The average grain size in these regions, determined using 
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linear intercept method, is about 2 μm. However, in a 
few regions, the microstructure is still illegible, as 
indicated by the rectangle in Fig.7(a). The corresponding 
magnified SEM image is shown in Fig.7(b). It can be 
seen that the secondary phase particles are mainly 

distributed at the grain boundaries. 
 
3.3 Dynamic precipitates at grain boundaries 

The microstructures of the forged samples were 
examined by TEM and are shown in Figs.8(a) and (b) in 

 

 
Fig.7 Optical (a) and SEM (b) images of forged sample annealed at 430 °C for 30 min 
 

 

Fig.8 Typical TEM bright-field images of 

forged GW94 alloy in as-forged (a) and 

T5-aged (b) conditions with corresponding 

SAED patterns (c, d) and EDS analysis (e) of 

dynamic precipitates. Inset in (b) shows grain 

boundaries of magnesium matrix 
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as-forged and T5-aged conditions, respectively. A high 
density of dislocations can be observed in the as-forged 
condition due to previous plastic deformation during 
forging, as shown in Fig.8(a). Inside the grains, the 
dislocation density is lower and the grain boundaries are 
associated with high dislocation density. Further ageing 
leads to the recovery process associated with the 
absorption of dislocations (Fig.8(b)). The inset in Fig.8(b) 
shows equiaxed ultrafine grains of submicron size. Some 
of the grain boundaries are poorly delineated. This 
suggests that the dynamic recrystallization occurred 
during MAF. 

Similar to the results obtained in SEM images 
shown in Figs.5(b) and 7(b), TEM images also show the 
presence of dynamic precipitates at grain boundaries in 
the MAF processed material. The corresponding 
selected-area electron diffraction (SAED) patterns of 
[211] and [111] zone axis are shown in Figs.8(c) and (d), 
respectively. It is confirmed that the precipitates in the 
forged samples are mostly the equilibrium β-Mg5(Gd,Y) 
(space group: F-43m) phase, which is an FCC structured 
crystal with  a=2.23 nm. The table in Fig.8(e) lists the 
average composition of the dynamic precipitates, as 
determined by EDS analysis. The fine Mg5(Gd,Y) phases 
distributed at the grain boundaries and greatly restricted 
the growth of the dynamic recrystallized (DRXed) grains 
during the MAF processing, resulting in the remarkable 
grain refinement. 

The dynamically recrystallized grains are fine in the 
forged samples, regardless of the aging treatment, which 
may lead to high proof stresses according to the 
Hall-Petch relationship. Furthermore, the forging process 
promotes a high density of nanoscale Mg5(Gd,Y) 
dynamic precipitates at the grain boundaries during 
processing. These precipitates enhance both the strength 
and ductility of the alloy through increasing dislocation 
density and work hardening rate due to the interactions 
between nanoprecipitates and dislocations[3]. Because of 
their high thermal stability, Mg5(Gd,Y) precipitates are 
also believed to stabilize the UFG structure produced by 
MAF through grain boundary pinning[19−20] and hence 
contribute to the superplastic ductility at elevated 
temperature. 

 
3.4 Fractographs 

The SEM fractographs of tensile samples of the 
as-extruded and the as-forged GW94 alloy are shown in 
Figs.9(a) and (b), respectively. The fracture surface of 
the as-extruded alloy (Fig.9(a)) is mainly composed of 
large cleavages. At a few locations (where the broken 
secondary particles exist), however, a weak dimple 
pattern is visible. This is consistent with the observed 
lower ductility value of elongation to failure. The 

fracture surface of the MAF processed sample was 
examined and a distinctly different fracture mode 
compared with that of the as-extruded counterpart is 
observed. As shown in Fig.9(b), the fracture surface of 
the as-forged alloy is full of dimples and grain 
boundaries which can be ascribed to its high ductility of 
23%. Furthermore, Mg5(Gd,Y) particles are embedded in 
the magnesium matrix and are visible at the bottom of 
the large dimples. 
 

 
Fig.9 Fractographs of fractured tensile specimens: (a) 
As-extruded; (b) As-forged 
 
4 Conclusions 
 

1) GW94 alloy with high strength and high ductility 
could be fabricated by using MAF. The ductility of the 
forged GW94 alloy is enhanced dramatically over that of 
conventional extrusion processing. Samples in T5 
condition exhibit a high strength of 377 MPa and tensile 
elongation of 22%. The MAF processed alloy exhibits 
superplastic behavior at 573 K with a maximum 
elongation of 450%. 

2) The microstructure of the MAF processed alloy 
consists of equiaxed ultrafine grains in submicron size 
and dynamic Mg5(Gd,Y) nano precipitates at grain 
boundaries. The fine secondary phases restrict the 
dynamic recrystallized grain growth during the MAF 
processing, resulting in a remarkable grain refinement. 
The UFG microstructure and the fine dispersion of 
nanoscale Mg5(Gd,Y) particles are responsible for the 
high strength and high ductility of this alloy. 
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多向锻造对高强度 Mg-Gd-Y-Zr 合金的塑性增强作用 
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摘 要：采用多向锻造及人工时效制备高强度高塑性 GW94 合金。该合金具有完全再结晶组织和亚微米级超细等

轴晶，其抗拉强度、屈服强度及伸长率分别为 377 MPa，295 MPa 和 21.7%。与传统挤压工艺相比，多向锻造显

著提高材料的塑性。在 573 K 下拉伸时，该合金表现出超塑性，其最大伸长率为 450%。GW94 合金的高强度和

高塑性是由完全再结晶晶粒和在晶界处动态析出 Mg5(Gd,Y) 纳米颗粒的共同作用。 
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