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A B S T R A C T   

A new phenomenon of tensile yielding plateau in the fine-grained age-type Mg-14Gd-2Ag-0.5Zr alloy is reported, 
which is closely related to the activation of mobile pinned-dislocations. The yielding plateau contributes ~6% 
strain in the peak-aged sample, while it contributes only ~2% strain in the extruded sample.   

1. Introduction 

Paying attention to the specific phenomenon of stress and strain after 
loading can help to deeply understand the deformation as well as 
strengthening mechanism of magnesium (Mg) alloys. The yielding 
phenomenon containing a yield plateau has been widely reported in 
steel and aluminum alloys [1–4]; however, only very few reports are 
referred to the yielding phenomenon in Mg alloys. Though the formation 
conditions and possible mechanisms for this phenomenon in Mg alloys 
are different in the previous reports, there Mg alloys seem to exhibit an 
excellent ductility when a yielding phenomenon appears during defor
mation at room temperature (RT) [5–10]. The extruded Mg-2.5Y (at.%) 
alloy with an average grain size of ~1 μm exhibits a true strain of 13.5% 
under tensile test and 17.0% for compressive test at RT, and the yielding 
phenomenon occurs in both tensile and compressive tests. The authors 
suggest that the yielding phenomenon may be closely related to the 
pinning role of solute Y atoms at the basal and prismatic <a> disloca
tions [5]. The obvious yielding point is also observed during the tensile 
process of fine-grained AZ31 alloy with an elongation of ~42% at RT, 
which is considered to be related to the cross-slipping of <a> disloca
tions and the <cþa> dislocations [6]. A similar yielding phenomenon 
also appears in the tensile curve of fine-grained Mg-3Gd alloy with an 
elongation of more than 30% [7], where the yielding point is considered 
to be due to lack of dislocations in initial fine-grained alloy, and 

activation simultaneously of numerous basal slips and non basal slips 
during tensile test. Extensive twinning can produce the obvious yielding 
plateau in the compressive stress strain curve when as-extruded coar
se-grained AZ31 alloy is tested at RT, which is corresponding to the 
deformation course from activation of twinning to exhaustion of the 
twinning capacity [8]. The yielding plateau is induced in the extruded 
Mg-4.5Zn (wt.%) alloy with an average grain size of ~20 μm and 
extruded Mg–2Zn-0.5Mn (wt.%) alloy with an average grain size of ~17 
μm by cooperative twinning in neighbouring grains at the onset of 
plasticity during compressive test along the extruded direction [9,10]. It 
should be noted that the vast majority of Mg alloys still have no yielding 
phenomenon despite the above mentioned cases. 

Though the yielding phenomenon has been mentioned in the coarse- 
grained Mg alloys (AZ31, Mg-4.5Zn and Mg–2Zn-0.5Mn) and the fine- 
grained Mg alloys (Mg-2.5Y, Mg-3Gd and AZ31) [5–10], the deforma
tion mechanism of yield plateau in different microstructure and the 
contribution of the yield plateau to Mg plasticity are still not fully un
derstood, and the yielding phenomenon is rarely reported and analyzed 
in the fine-grained age-type Mg alloys. Recently, the high-performance 
age-type Mg–Gd/Mg-Gd-Ag series alloy has attracted attention 
[11–20]. The rare earth (RE) elements can enhance the critical resolved 
shear stresses (CRSS) value of basal <a> slip, but have relatively little 
influence on CRSS of non basal slip, which causes the more non-basal 
slip to contribute to deformed plasticity of Mg [21–26]. In our present 
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work, a high-plastic and high-strength Mg-14Gd-2Ag-0.5Zr alloy is 
prepared, and specially the yielding phenomenon is found in tensile test 
at RT. In this paper, the yielding phenomenon is analyzed as the focus, 
and the influence factors and mechanism are discussed. The results are 
helpful to design and control the microstructure of the age-type Mg al
loys, and contribute to understand the deformation as well as 
strengthening mechanism of age-type Mg alloys with fine-grained 
microstructure. 

2. Experimental details 

The Mg-14Gd-2Ag-0.5Zr (wt.%) alloy, having the actual composition 
of 83.4723Mg-14.2503Gd-1.7844Ag-0.4930Zr (wt.%) detected by the 
X-ray fluorescence spectrometer, was prepared using the semi- 
continuous casting method. Purity (99.9%) Mg, Gd, Ag and Mg–33Zr 
(wt.%) master alloy were melted in an electronic furnace at 750 �C, and 
the melt was poured into the cooling crystallizer at 720 �C to prepare the 
billet. The cylindrical-shaped samples with height of 100 mm and 
diameter of 85 mm were cut from the billet. The cylindrical samples 
were homogenized at 505 �C for 24 h, and then quenched into warm 
water of above 80 �C. These homogenized samples were kept in furnace 
for 1 h at 400 �C, and then extruded into bars with a diameter of 16 mm 
at 400 �C with a cylindrical extrusion chamber temperature of 400 �C, a 
mold temperature of 330 �C, an extrusion ratio of 28, a low ram speed of 
0.4 mm/min and subsequently quickly quenched into cold water. Some 
extrusion samples were aged at 200 �C. 

The tensile bars with a size of 25 mm in gauge length and 4 mm in 
diameter were tested using a Shimadzu Autograph AG-I (500 kN) 
equiped with extensometer with an initial strain rate of 10-3/s at RT. The 
tensile direction is parallel to extruded direction (ED), and 5 samples 
were tensile-tested under the same test parameter for test accuracy. The 
hardness was performed by a MH-5L Vickers hardness tester at the load 
of 1 kg and holding time of 15 s. The 10 indents were made in each 
sample to get the average value. The microstructure was characterized 
by a FEI Nova 400 scanning electron microscope (SEM) equipped with 
Oxford HKL Channel 5 electron backscattered diffraction (EBSD) de
tector and a Zeiss Libra 20FE transmission electron microscope (TEM) as 

well as a Rigaku X-ray diffractometer (XRD). The thin foil samples for 
TEM observation were prepared using low energy ion beam thinning 
technique. 

3. Results 

Fig. 1(a) shows the optical micrograph of the extruded Mg-14Gd- 
2Ag-0.5Zr sample, and it reveals the uniform microstructure with fine 
equiaxed dynamic recrystallized (DRXed) grains and intermetallic par
ticles. The SEM images in Fig. 1(b) and (c) further exhibit that the 
average grain size is about 2 μm, and large particles are ~1.5 μm in size, 
while numerous fine particles are ~200 nm in size. In general, the large 
particles, pointed by green arrows in Fig. 1(b), are considered to be 
formed during the heating at 400 �C for 1 h, and continue to grow during 
extrusion, and the fine particles mainly distributed along DRXed grain 
boundaries are formed by dynamic precipitation during extrusion [12, 
13,20,27]. By comparing XRD results (Fig. 1d) of the solid 
solution-treated alloy and the extruded alloy, it can be found that the 
Mg5Gd phase is formed in the extruded alloy, which should correspond 
to the large and fine particles found in the SEM images [12,13,20,27]. 

Fig. 2 shows TEM images of the extruded sample, revealing the 
detailed structure of DRXed grains. The dynamic precipitates with a size 
of ~200 nm have polygonal morphology and are mainly dispersed on 
the DRXed grain boundaries (Fig. 2a). The fine equiaxed DRXed grain 
surrounded by precipitates suggests that the grain boundary migration 
can be impeded by a large amount of dynamic precipitation during the 
extrusion with a very low extrusion rate. The DRXed grain attached to 
the relatively large particle (pointed by the green arrows in Fig. 2b and 
c) is observed, suggesting the particle stimulated nucleation effect. More 
importantly, the residual dislocation can be observed in the DRXed grain 
as shown in Fig. 2(b)–(d). In particular, the dislocation-rearranged 
structure (pointed by the red arrows) formed due to dislocation recov
ery are pinned by the granular particles (pointed by the yellow arrows). 
The granular particles in the DRXed grain are dynamically formed at the 
grain boundary of the initially nucleated DRX grain and remain in the 
interior of the DRX grain during the grain boundary migration caused by 
the grain growth. The dislocations pointed by blue arrows in Fig. 2(c) 

Fig. 1. Optical micrograph (a), scanning electron microscopy (SEM) image (b) and (c) of extruded Mg-14Gd-2Ag-0.5Zr sample along the longitudinal section, and X- 
ray diffraction pattern of the solid solution sample and the extruded sample of Mg-14Gd-2Ag-0.5Zr alloy (d). 
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are restrained by the grain boundary and the dislocation-rearranged 
structure. This dislocation can be readily activated to be mobile dislo
cation when the stress is loaded, while the dislocation-rearranged 
structure is difficult to start due to the strain field produced by the 
interaction of many dislocations. The brighter contrast at the dislocation 
site in the DRXed grain may be contributed by the segregation of Gd/Ag 
(Fig. 2d), suggesting that segregation of Gd/Ag at the dislocation site 
may occur simultaneously with the dynamic precipitation along DRXed 
grain boundaries during the extrusion. It is clearly confirmed solute 
clustering in the interior of grains and segregation at grain boundaries in 
extruded Mg–Gd alloys using the HADDF-STEM observation [28]. 

Fig. 3 exhibits the EBSD analysis of the extruded sample. The com
plete dynamic recrystallization (DRX) results in a weak texture, and the 
maximum of intensity is only 2.68 (Fig. 3a and b). It is confirmed that 
some low angle boundaries exist in the DRXed grains formed during 
extrusion (Fig. 3c and d), which is consistent with existence of the 
dislocation-rearranged structure (pointed by red arrows in Fig. 2b and 
c). Fig. 3(e)–(f) show the Schmid factor distribution maps for the 
different slip systems. The average Schmid factors calculated for the 
basal {0001}<11–20>, prismatic {10-10}<1–210>, pyramidal 
{11–22}<-1-123> slip systems are 0.295, 0.32, 0.40, respectively. In 
Mg-RE alloys, activation of non-basal dislocation can be caused by 
reducing the CRSS difference between the basal slip and the non-basal 
slip due to the RE addition [21], and high Schmid factor for non-basal 
dislocations slip system facilitates the activation of non-basal disloca
tion, which produces a good plasticity in Mg alloys. It has been reported 
that the pyramidal <cþa> dislocation in the fine-grained Mg-2.5Y alloy 
cannot be activated due to the high CRSS during tensile deformation at 
RT [5], even though the higher Schmid factor of pyramidal <cþa> slip 

is obtained. Therefore, for the present fine-grained Mg-Gd-Ag alloy, it 
seems that the basal and prismatic <a> dislocation slips are possibly 
main deformation mode on the initial stage of plasticity during test at 
RT. However, it also deserves to future research whether the residual 
<cþa> dislocation, which is formed during hot extrusion and remains in 
the fine DRXed grains surrounded by the sub-micro particles, can be 
activated or not. 

Fig. 4(a) shows the aging hardening curve of the extruded samples at 
200 �C. The peak value is obtained when the aged time is 30 h (here 
named as peak-aged sample). Fig. 4(b) presents the typical engineering 
tensile curves of the extruded and peak-aged alloys tested at RT. It can be 
seen that the extruded alloy has high elongation and moderate strength, 
while the strength increases significantly but the plasticity remains un
changed after aging treatment, so that the peak-aged alloy gains both 
high plasticity and high strength. In particular, the obvious yielding 
point and the yielding plateau can be observed in the tensile curves for 
both the extruded and the peak-aged samples (Fig. 4c and d), and the 
yielding plateau contributes ~6% strain in the peak-aged sample, while 
it contributes only ~2% strain in the extruded sample. 

Fig. 5 presents TEM images of the peak-aged sample. The dislocation- 
rearranged structure, pointed by red arrows in Fig.5(a), is still observed 
in the peak-aged sample, meaning the dislocation-rearranged structure 
is maybe stable when it is hold 30 h at 200 �C. It is thought that the 
further Gd/Ag segregation at the site of dislocation is main reason for 
enhancing the hardness of sample during aging. A new microstructure 
with the dislocation ring structure pinned by fine particles (named as 
pinned dislocation-ring), pointed by blue arrows shown in Fig. 5(b), can 
be observed in the present peak-aged Mg-14Gd-2Ag-0.5Zr alloy, which 
is different from β0 or γ0 0 precipitation reported in the previous literature 

Fig. 2. Transmission electron microscopy (TEM) of the extruded Mg-14Gd-2Ag-0.5Zr sample, (a) microstructure containing the fine grains surrounded by the 
dynamical precipitates, (b) microstructure containing the bulk compound and the dislocation-rearranged structure near the fine DRX grain, (c) microstructure 
containing subgrain and dislocation, and (d) element segregation in DRX grain observed using HAADF-STEM with a electron beam parallel to Ref. [11–20]Mg. 
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Fig. 3. Electron backscattered diffraction 
(EBSD) images of the extruded Mg-14Gd- 
2Ag-0.5Zr sample, (0002), (11–20) and 
(10–10) pole figure (a), inverse pole figure 
(IPF) maps with the reference of extrusion 
direction (ED) (b), the grain boundary map 
(c), misorientation angle distribution map 
(d), Schmid factor distribution maps for the 
{0001}<11–20> (e), {10-10}<1–210> (f), 
{11–22}<-1-123> (g) slip systems derived 
from EBSD of the as-extruded sample when 
it is tensile tested along the ED. The vertical 
direction is parallel to ED in (b) and (c). The 
black line and the red line in (c) represent 
the boundaries with misorientation angle 
above 15� and the boundaries with misori
entation angle between 1� and 15�, respec
tively. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 4. (a) Aging curve of the extruded Mg-14Gd-2Ag-0.5Zr sample with a aging temperature of 200 �C, (b) engineering stress-strain tensile curve for the extruded 
sample and the peak-aged sample, (c) enlarging image of the yield site of the tensile curve for the extruded sample, (d) enlarging image of the yield site of the tensile 
curve for the peak-aged sample.Tensile direction in all test samples is parallel to ED. 
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[13–18]. It has been reported that common precipitation processes of β0

and γ0 0 phases can be suppressed by the solute segregation or new phase 
nucleation at the site of dislocation in the aged 
Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr alloy processed by high pressure torsion 
[29,30], and the new phase nucleation at the site of dislocation has been 
also observed in the Mg-Gd-Ca alloy during creep [31]. The pinned 
dislocation-ring is maybe formed from the dissociation of 
dislocation-rearranged structure, and the clear formation mechanism 
needs further research in the future. The further segregation of solute 
atoms occurs accompanied by the dissociation of dislocation-rearranged 
structure during aging, and finally the fine precipitates can be formed at 
the site of dislocations (pointed by the blue arrows in Fig. 5b). 

4. Discussion 

4.1. Formation of the fine-grained microstructure 

In this work, we consider that the formation of fine-grained micro
structure in the Mg-14Gd-2Ag-0.5Zr alloy during extrusion is at least 
related to the following microscopic factors. The relatively large parti
cles originated from the pre-heating stage can help DRX nucleation and 
impede the growth of DRXed grains. More importantly, the numerous 
dynamic precipitates formed along grain boundaries of DRXed grains 
would effectively hinder the migration of grain boundaries during the 
extrusion. In addition, it is easy to deduce that the diffusion speed of 
grain boundary is also reduced due to the decrease of grain boundary 
energy via the segregation of Gd and Ag atoms into the boundary of 
DRXed grains, which facilitates the fine-grained microstructure. 

The formation of internal microstructure of fine DRXed grains can be 
considered from the influence of extrusion process and alloying element. 
In the present work, the low extrusion rate gives the sufficient time to 
complete the courses of DRX and partial dynamical recovery (DRV). The 
high density tangle dislocations in fine DRXed grains caused by extru
sion deformation can be reduced via dislocation climb and elimination 
of opposite sign dislocations during the low speed extrusion [32]. 
Moreover, the low extrusion rate offers sufficient time to segregate Ag 
and Gd atoms at the site of dislocations (Fig. 2d). The Ag segregation 
phenomenon has been observed in cold-rolled Mg–Ag alloy in previous 
literature [33]. It has also been reported that the interaction of Ag atoms 
with dislocation occurs readily at 53 �C in Mg–10%Ag alloy [34]. The Ag 
atoms have a higher diffusivity in Mg compared with RE atoms [35,36] 
and a smaller radius of atom (1.44 Å) compared with that of Gd (1.80 Å) 
and Mg (1.60 Å), which are more capable of interacting with the 
dislocation for reducing the strain energy in Mg, and to form the 
Ag-pinning-dislocation condition in the DRXed grains. When the 

extrusion sample is aged during at 200 �C, the Ag and Gd atoms continue 
to segregate into dislocations for decrease the strain energy caused by 
the solute Ag and Gd atoms, and then the fine particles at dislocation are 
formed from the cluster of solute atom segregation (Fig. 5b). Therefore, 
we consider that the mobile dislocations pinned by solute atom segre
gation or fine particles are formed in the fine DRXed grains of extruded 
sample and peak-aged sample. 

4.2. Yielding mechanism in the fine-grained age-type Mg alloy 

In the fine-grained microstructure of Mg alloys, the non-basal 
dislocation slip but not twinning is always activated to satisfy the von- 
mises condition during deformation, and the activity of non-basal slip 
system is attributed to grain-boundary compatibility stress [6]. It has 
been reported that the yielding phenomenon appears in the tensile 
curves of the fine-grained AZ31 and Mg-3Gd alloys without secondary 
phase particles, which is related to the dislocation slip mechanism rather 
than twinning [6,7]. 

In this study, we find that the tensile stress-strain curves of fine- 
grained Mg-14Gd-2Ag-0.5Zr alloy containing a high volume fraction 
of particles show an obvious yielding phenomenon. It is considered that 
this yielding phenomenon is related to the existence of mobile disloca
tions pinned possibly by solute atom segregation or particles in the fine 
DRXed grains of extruded sample and peak-aged sample [37]. The mo
bile pinned-dislocations (MPDs), especially basal and prismatic <a>
dislocations, can be activated near the grain boundary or the phase 
boundary at the initial stage of deformation when the extruded or 
peak-aged samples are tensile tested. To start these existing MPDs, the 
stress must be increased to overcome the dislocation pinning from the 
solute atom segregation or particles, and then the upper yielding point in 
the tensile curve is produced. However, when the pinning is unlocked, 
the dislocations can move along the slip plane under a comparatively 
low stress, and thus the lower yielding point occurs. Only some part of 
these MPDs need to be activated to satisfy the plastic deformation when 
the tensile test is conducted under a low strain rate of 10-3/s, which can 
produce the wavy serration in the yielding plateau observed in the 
tensile curve. After all these MPDs are successively activated to 
contribute to plastic deformation, the yielding stage is completed 
accompanied with the end of the yielding plateau. It is found that the 
yielding plateau contributes ~6% strain in the peak-aged sample, while 
it contributes only ~2% strain in the extruded sample. On this phe
nomenon, we have the following explanation. In addition to the MPDs, 
some the dislocation-rearranged structures also exist in the extruded 
sample, which are difficult to be activated before the end of the yielding 
plateau during tensile test. The dissociation of the 

Fig. 5. TEM images of the peak-aged Mg-14Gd-2Ag-0.5Zr sample, (a) microstructure containing the dynamical precipitate and the dislocation-rearranged structure 
near grain boundary, (b) microstructure containing the ring-pinned structure in the interior of grains. 
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dislocation-rearranged structure maybe occurs and the additional MPDs 
can be transformed from the partial dislocation-rearranged structure 
during aging. Therefore, the peak-aged sample has more MPDs. 
Furthermore, compared to the extruded sample, the higher yield stress 
in peak-aged sample during tensile test, which is caused by the precip
itation in the interior of grains, can more effectively activate MPDs. 
Therefore, the yielding plateau of the peak-aged sample with more 
MPDs contributes to the larger strain. In addition, after the yielding 
stage, the work hardening rate of the extruded sample is higher than that 
of the peak-aged sample, and it is consistent with the inference that the 
more rearranged dislocations, difficult to be activated before the end of 
the yielding plateau during tensile test, exist in the extruded sample. 

5. Conclusion 

In this work, a new phenomenon of tensile yielding point in the fine- 
grained age-type Mg-14Gd-2Ag-0.5Zr alloy is found and discussed. The 
main conclusions are as follows: 

(1) The fine-grained microstructure containing the mobile disloca
tions and dislocation-rearranged structure can be formed when 
the alloy is extruded at a relatively low temperature and low 
extrusion rate.  

(2) A tensile yielding plateau phenomenon is observed in tensile 
curve at RT, which is attributed to the existence of mobile dis
locations pinned possibly by the segregated solute atoms or par
ticles within fine DRXed grains.  

(3) The yielding plateau contributes ~6% strain in the peak-aged 
sample, while it contributes only ~2% strain in the extruded 
sample, suggesting that more MPDs are activated in the peak- 
aged sample during tensile test. 

Originality statement 

A new phenomenon of tensile yielding plateau in the fine-grained 
age-type Mg-14Gd-2Ag-0.5Zr alloy is reported. The yielding phenome
non is closely related to the activation of mobile pinned-dislocations 
(MPDs) formed by the segregation of solute atoms or particles at the 
site of mobile dislocations within the fine dynamic recrystallized 
(DRXed) grains during extrusion and aging treatment. The yielding 
plateau contributes ~6% strain in the peak-aged sample, while it con
tributes only ~2% strain in the extruded sample, suggesting the for
mation of more additional MPDs transformed from the partial 
dislocation-rearranged structure during aging. The formation of fine- 
grained microstructure and the yielding mechanism are discussed in 
detail. The results are helpful to design and control the microstructure of 
the age-type Mg alloys, and contribute to understand the deformation as 
well as strengthening mechanism of Mg alloys with fine-grained 
microstructure. 
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