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Abstract: The effects of trace Ag element on the precipitation behaviors and mechanical properties of the Mg—7.5Gd—
1.5Y—0.4Zr (wt.%) alloy by means of tensile test, X-ray diffractometry, scanning electron microscopy, electron
backscattered diffractometry, and scanning transmission electron microscopy. There is an unusual texture
({0001)//extrusion direction) in the extruded Mg—Gd—Y—Zr alloys containing 0.5 wt.% Ag. During the aging periods at
225 °C, the addition of the trace Ag does not form new precipitates, just accelerates aging kinetics, and refines /'
precipitates, thereby increasing the number density of the S’ precipitates by Ag-clusters. Moreover, the Mg—Gd—Y—Zr
alloy containing 0.5 wt.% Ag shows the most excellent synergy of strength and plasticity (408 MPa of ultimate tensile

strength, 265 MPa of yield strength, and 12.9% of elongation to failure) after peak-aging.
Key words: trace Ag; Mg—Gd—Y—Zr alloy; ' phase; precipitation strengthening

1 Introduction

Magnesium (Mg) alloys, as one of the lightest
structural materials, have attracted worldwide
attention in the fields of aerospace, automotive,
and rail transportation. Especially, Mg—Gd alloys
exhibit  remarkable  precipitating  hardening
behaviors and mechanical properties [1-3]. The
main precipitate is the ' metastable phase with a
composition of Mg;Gd in the peak-aged condition
at 225 °C and these precipitates effectively block
dislocation slip and improve the strength of
the materials. Mg—Y alloys possess similar
precipitation hardening behaviors to Mg—Gd
alloys [3,4]. Mg—Gd-Y alloys show significant
precipitation hardening after peak-aging, while
much more time and energy are consumed

inevitably. For example, the Mg—10Gd—3Y—-0.5Zr
(wt.%) alloy achieves peak hardness at about 20 h
during the aging process at 225 °C [5], and the peak
time is more than 100 h when Mg—6Gd—3Y—-0.5Zr
(wt.%) is aged at 225 °C.

Fortunately, the addition of the Ag element
significantly accelerates the aging response of
Mg—Gd-Y alloys. GAO and NIE [6] found that the
age-hardening response of the Mg—6Gd—0.6Zr
(wt.%) alloy at 200 °C is enhanced after adding
2 wt.% Ag, in which the peak hardness increases to
HV 80, and the time to reach peak hardness
decreases from 1200 to 50 h. ZHANG et al [7,8]
stressed that the addition of 2 wt.% Ag enhances the
age-hardening response of the Mg—Gd alloys,
which is due to the combination of the basal y”
and prismatic f' precipitates. On the contrary,
the Mg—Y—Ag—Zr alloy shows a weakened age-
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hardening response after adding Ag, which is
caused by the formation of the y” phase at the
expense of the f’' phase. Furthermore, higher
content of Ag increases the cost and density of the
Mg alloys. Therefore, it is necessary to continue to
investigate the role of the trace Ag in precipitates of
the Mg—Gd—Y—Zr alloys.

According to the definition of high-strength
Mg alloys with UTS above 400 MPa [9], the
majority of Mg—RE alloys achieve high strength
after hot deformation and heat treatment. However,
the ductility of most Mg—Gd—Y series alloys is
poor, and the elongation to failure (EL) is less than
10%. For instance, the UTS, YS, and EL of the
Mg—14Gd-0.5Zr alloy are 446 MPa, 305 MPa,
and 7.0% after extrusion and peak aging,
respectively [10]. Mg—7Gd—3Y-1.4Zn—0.4Zr alloy
shows mechanical properties of 431 MPa of
UTS, 398 MPa of YS, and 8% of EL after
multidirectional forging and peak aging [11]. On
the whole, Mg alloys containing higher content of
RE elements easily achieve strength performance at
the expense of their elongation. But interestingly,
HUANG et al [12] found that the YS and EL of the
Mg—-6Gd—3Y—-1Zn—0.4Zr (wt.%) alloy increased to
218 MPa and 4.4% from 184 MPa and 3.3% by the
addition of 0.3 wt.% Ag, respectively. Moreover,
the production cost of Mg—Gd—Y—Zr alloys can be
reduced by replacing part of Gd and Y elements
with trace Ag. Thus, the work provides insights into
the design of alloys with the synergy of strength
and plasticity by adding trace Ag and significantly
reducing the content of RE elements.

The Mg—7.5Gd—1.5Y—0.4Zr—xAg (wt.%, x=0,
0.1, 0.5) alloys are designed to achieve significant
comprehensive mechanical performance. The
addition of the Ag element dramatically enhances
the age-precipitating behaviors and mechanical
properties of the Mg—Gd—Y—Zr alloys in peak-aged
conditions. Therefore, the goal of this work is to
expand the application of Mg—RE alloys in the
automotive and aerospace industries by cost-cutting
with lower RE contents (<10 wt.%).

2 Experimental

The nominal compositions of the alloys are
Mg-7.5Gd—-1.5Y-0.4Zr, Mg—7.5Gd—1.5Y-0.4Zr—
0.1Ag, and Mg—7.5Gd—1.5Y—0.4Zr-0.5Ag (wt.%),
which are named as Samples 0Ag, 0.1Ag, and

0.5Ag, accordingly. Three alloys were prepared
from pure Mg (99.9 wt.%), pure Ag (99.99 wt.%),
Mg—30Gd (wt.%), Mg—30Y (wt.%), and Mg—30Zr
(wt.%) master alloys. The raw materials were
melted in an electric resistant furnace at 750 °C
under the protection of a mixed atmosphere of CO,
and SF¢ with a volumetric ratio of 99:1, and then
poured into a preheated steel mold (200 °C) to be
cooled naturally to room temperature. The actual
compositions of three alloys were measured by
induced coupled plasma atomic emission spectro-
scopy (SPECTRO BLUE SOP), as listed in Table 1.

Table 1 Chemical compositions of alloys

Actual composition/wt.%

Ag Mg

Sample (Nominal
composition, wt.%) Gd Y Zr

0Ag (Mg-7.5Gd~
1.5Y-0.4Zr)

0.1Ag Mg—7.5Gd—
1.5Y-0.4Zr-0.1Ag)

0.5Ag (Mg—7.5Gd—-1.5Y—
0.4Zr—0.5Ag)

7.89 143 045 0 Bal

7.56 130 0.39 0.09 Bal

7.50 1.53 0.37 0.45 Bal

The alloys were homogenized at 520 °C for
24 h after casting, and the ingot surfaces were then
scalped. The ingots with a diameter of 85 mm were
extruded at 470 °C and a speed of 2.0 mm/s with
an extrusion ratio of 25:1. Prior to extrusion, the
specimens immersed at an
temperature for 2 h.

The samples were aged at 225°C after
extrusion. The micro-Vickers hardness tests were
carried out with a load of 4.9 N and a holding time
of 15 s, and the average of eight measurements was
calculated to ensure reliability. The surface of the
test samples was perpendicular to the extrusion
direction (ED). The tensile specimens with a
diameter of 5 mm and a gauge length of 30 mm
were prepared from the extruded and peak-aged
samples. The ambient tensile tests were conducted
on Instron 3369 material test machine at a constant
cross-head rate of 1 mm/min, and the tensile
direction was parallel to ED. UTS, YS (offset=
0.2%), and EL were reported as the average of three
repeated tests.

The constituent phases were identified using
X-ray diffraction (XRD) (Rigaku D/max2550) with
Cu K, radiation operated at 36 kV in the range of
10°—80° with a scanning speed of 8 (°)/min.

were extrusion
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The microstructure of the samples was
observed using Helios Nanolab 600i field emission
scanning electron microscope (SEM) furnished
with a backscattered electron (BSE) detector, an
Oxford X-ray energy dispersive spectroscopy
(EDS) detector, and an electron backscattered
diffraction (EBSD) detector. EBSD test was
performed in the scanning area with the number of
grains above 2000 at a step size of 6 um. The raw
EBSD data were collected using Oxford Aztect
software, and the off-line EBSD data were obtained
using Channel 5 software. The EBSD samples were
prepared by mechanical grinding using sandpapers
and then electro-polishing in a solution of 4%
perchloric acid and 96% ethyl alcohol at 25 V and
-35°C.

High-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM)
test was performed using FEI Titan G2 60-300
operated at 300 kV. The electron beam directions
were parallel to [0001], zone axis. The HAADF-
STEM specimens with a diameter of 3 mm were
prepared by mechanical grinding to 50 um, and
then electro-polishing in a solution of 4%
perchloric acid, 1% nitric acid, and 95% ethyl
alcohol at 30 V and —35 °C, finally ion-polishing
using a Gatan Precision lon Polishing System
(GATANG691). The quantitative determinations of
the precipitates were acquired from more than 200
precipitate particles using Image-Pro Plus 6.0
software.

3 Results

3.1 Microstructure in extruded condition

The XRD patterns in Fig. 1 show that the main
phase of the extruded 0Ag, 0.1Ag, and 0.5Ag alloys
is a-Mg, revealing that the addition of the trace Ag
does not change the phase compositions. However,
some particles of three alloys contain higher Gd
and Y contents (Fig.2), which were commonly
observed and identified as the cuboid phase in the
Mg—RE alloys [7,13,14]. Due to the small size and
a quite low volume fraction, the cuboid phase is
considered to have negligible effects on the
microstructure and mechanical properties of the
alloys.

Based on the statistical results of grain size in
Fig. 3, the average grain size of the a-Mg in

samples 0Ag, 0.1Ag, and 0.5Ag is 18.42, 18.41,
and 19.55 um, respectively. The addition of the
trace Ag rarely changes the grain size of the
extruded samples. The misorientation angle
distribution shows that the high-angle grain
boundaries (>15°) are dominant for all samples,
which is a feature that three alloys are full-
recrystallized after extrusion. With the increase of
the Ag content from 0, 0.1 to 0.5 wt.%, the volume
fraction of the grains with ¢ axis parallel to ED
increases to 11.8%, 13.9%, and 22.3%, respectively.
The unusual orientation was also found in high RE
contents of Mg alloys in Refs. [15—17].

1011)

* —o-Mg

*(1010)

r—o (0002)
*
*

0.5Ag
0.1Ag | |

10 20 30 40 50 60 70 80
20/(°)
Fig. 1 XRD patterns of extruded alloys

Figure 4 shows pole figures (PF) and inverse
pole figures (IPF) derived from EBSD. The
extruded 0Ag, 0.1Ag, and 0.5Ag samples possess
a weak (1010)/ED texture component with the
texture intensity of 1.77, 1.90, and 1.81,
respectively. The texture intensity of the extruded
Mg—Gd—Y—Zr alloy is weak with and without Ag,
and the texture type is still the same as that of the
Mg—Al series alloys [18,19]. Remarkably, the
0.5Ag sample presents an unusual texture
component with  (0001)/ED  except from
(1010) /ED. ZHANG et al [17] considered that the
weak (0001)/ED texture in the extruded alloys is
caused by the growth advantage of recrystallized
grains with (0001)//ED orientation during the early
stages of grain growth.

3.2 Age-hardening response

The isothermal age-hardening curves of the
0Ag, 0.1Ag, and 0.5Ag alloys at 225°C are
presented in Fig. 5, and some typical values in the
age-hardening curves are listed in Table 2.
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Fig. 2 SEM images (a, c, e) and EDS maps (b, d, f) of extruded alloys: (a, b) 0Ag; (c, d) 0.1Ag; (e, f) 0.5Ag

The hardness of the 0Ag alloy is about HV 70
in the extruded condition, which shows a relatively
slow hardening rate during the first 10 h after aging
at 225 °C. After that, the hardness of the 0Ag alloy
increases at an accelerated rate, reaching the peak
hardness of about HV 88 at 26 h. The hardness of
the extruded 0.1Ag alloy (about HV 75) is slightly
higher than that of the 0Ag counterpart. The
hardening rate of the 0.1Ag alloy is faster than that
of the 0Ag alloy during the first 2 h aging. After
that, a noticeable increase in age-hardening is
detected during isothermal aging. The 0.1Ag
sample achieves the peak-aged hardness of about
HV 100 after aging for 13 h. The 0.5Ag alloy
exhibits a similar age-hardening behavior, and the
hardness in the extruded condition is about HV 78,

which is higher than that of the 0Ag and 0.1Ag
counterparts. The hardness of the 0.5Ag alloy
increases dramatically after an incubation time of
about 2 h, and reaches the peak hardness of about
HV 108 at 10 h. Compared with the 0Ag sample,
the 0.1Ag and 0.5Ag samples show an enhanced
age-hardening response and precipitation kinetics.
The incubation period is decreased, the aging
process is accelerated, and the peak hardness is
improved by adding trace Ag. The hardness
increment of the 0Ag, 0.1Ag, and 0.5Ag samples is
about 25.7%, 33.3%, and 38.4%, respectively.

3.3 Microstructure in peak-aged condition
The p' phase is the main precipitate in the
peak-aged state of the Mg—Gd—Y—Zr alloy with and
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Fig. 3 Orientation maps (a, d, g), grain size distribution (b, e, h) and misorientation angle distributions (c, f, i) of
extruded alloys: (a—c) 0Ag; (d—f) 0.1Ag; (g—1) 0.5Ag
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Fig. 4 PFs (a, c, e) and IPFs (b, d, f) of extruded alloys: (a, b) 0Ag; (c, d) 0.1Ag; (e, f) 0.5Ag
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Fig. 5 Aging-hardening curves of alloys aged at 225 °C

Table 2 Results of hardness test of alloys

Initial Peak Time to reach Hardness
Sample hardness hardness peak increment/

(HV) (HV)  hardness/h %
0Ag  70£1.6 88+2.5 26 25.7
0.1Ag 75+0.7 100+0.4 13 333
0.5Ag 78+£3.2  108+4.8 10 384

without Ag according to XRD analysis (Fig. 6),
which means that the Ag addition does not change
the phase compositions.

The HAADF-STEM images (Fig. 7) show that
the precipitates with a truncated-ellipse shape
(shown by green arrows) are formed during the
peak-aged period. The fringe spacing of the
plate-shaped precipitates in 0Ag, 0.1Ag, and 0.5Ag
samples is respectively 1.23, 1.14, and 1.21 nm,
respectively, which is highly consistent with that of
[’ precipitates [20—22]. As shown in Table 3, the
volume fraction of the £’ precipitates in the three

10 20 30 40 50 60 70 80
200(°)

Fig. 6 XRD patterns of peak-aged alloys

alloys maintains consistent, which is 34.3%, 33.2%,
and 37.4%, respectively. The length-to-width ratio
of the precipitates is also consistent, about 1.87.
However, the size of f’ precipitates decreases with
the increase of the Ag content. The average length
and width of g’ phases in the peak-aged 0Ag alloy
are 29.13 and 15.59 nm, respectively. In contrast,
the average length of the ' precipitates in the 0.1Ag
and 0.5Ag samples is respectively 25.46 and
18.12 nm, and the average width is 13.64 and
9.66 nm, respectively. The addition of Ag facilitates
the formation of a high density of nano-sized S’
precipitates.

The STEM mapping of the 0.5Ag sample was
performed to reveal the elemental distribution in the
Ag-containing Mg—Gd—Y—Zr alloys, as shown in
Fig. 8. Similar to other Mg—Gd—Y—Zr alloys, Gd or
Y elements are enriched in the £’ precipitates, and
Zr elements are randomly distributed in the matrix
and precipitates [7]. However, some ' precipitates,

Fig. 7 HAADF-STEM images of peak-aged alloys with diffraction patterns (electron beam parallel to the [0001],; S’
precipitates shown by green arrows): (a) 0Ag; (b) 0.1Ag; (c) 0.5Ag
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Table 3 Quantitative measurements of S’ precipitates in peak-aged alloys

Sample Length/nm Width/nm Number density/um > Volume fraction/%
0Ag 29.13+6.55 15.59+3.85 228 343

0.1Ag 25.46+4.72 13.64+2.53 1415 33.2

0.5Ag 18.124+3.98 9.66+1.78 1960 37.4

Length and width of 8’ precipitates were measured along [1120] , and [10T0]a , respectively in [0001], HAADF-STEM micrographs

100

90

80

Content/wt.%

Location

Fig. 8 Microstructures of 0.5Ag alloy in peak-aged condition: (a) HAADF-STEM image; (b—f) STEM-mapping for Mg,
Gd, Y, Zr, Ag, respectively; (g) Line scanning element analysis

located at 4 to B, are incorporated by Ag, Gd, and
Y elements in the Ag-containing Mg—Gd—-Y—Zr
alloys, as shown in Fig. 8(a).

3.4 Mechanical properties at ambient temperature
The room-temperature engineering stress—
strain curves and tensile properties of the extruded

and peak-aged alloys with different Ag contents are
presented in Fig. 9 and Table 4, respectively.

The YS of the 0.1Ag and 0.5Ag alloys in
the extruded condition is respectively 191 and
198 MPa, which is higher than that of 0Ag
(185 MPa). The UTS of the 0.1Ag and 0.5Ag
samples is 10 and 26 MPa higher than that of the
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0Ag alloy (283 MPa). The EL of the 0Ag, 0.1Ag,
and 0.5Ag samples is respectively 24%, 23%, and
22%, which slightly decreases with the increase of
the Ag content.

400F oAt
N e
S 300"
2200
=
100 —=—, --»- 0Ag
—e—, - 0.1Ag
—a—, --&-0.5Ag

0 s 10 15 20 25 30
Tensile strain/%

Fig. 9 Tensile stress—strain curves of extruded (E, solid

line) and peak-aged (TS5, dash line) alloys at room

temperature

Table 4 Tensile properties of alloys at room temperature

Sample State UTS/MPa YS/MPa  EL/%
E 28340.0 185+0.5  24+0.1
0Ag

T5 340+2.5 236+1.0  20+0.6
29340.0 191£1.5  23%0.5

0.1Ag
TS 373+0.5 25315  16+0.4
309+0.5 198+1.0  22+0.6

0.5Ag
T5 408+3.5 265+0.5  12+1.7

After peak-aging, the strength of these alloys
is obviously improved, and the increment of
strength increases with the increase of the Ag
content. The Y'S and UTS of the 0Ag alloy increase
to 236 and 340 MPa, respectively. Compared with
the extruded state, the YS and UTS of the 0.1Ag
sample are 253 and 373 MPa, respectively. The YS
and UTS of the 0.5Ag alloy are 265 and 408 MPa,
which increase by 67 and 99 MPa, respectively.
Besides, the EL of the 0OAg, 0.1Ag, and 0.5Ag
samples significantly decreases to 20%, 16%, and
12%, after peak-aging, respectively.

4 Discussion

4.1 Effect of trace Ag on precipitation behaviors
of Mg—Gd— Y—Zr alloy

This work aims to investigate the effects of the

trace Ag element on the age-hardening response and

mechanical properties of the Mg—Gd—Y—Zr alloys
at ambient temperature. As shown in Fig. 5, the
addition of Ag enhances the age-hardening response
of the extruded alloys, which is consistent with
higher contents of Ag alloys, resulting from the
dense distribution of plate-like precipitates [23].
However, different from the fact that the alloy with
higher contents of Ag simultaneously generates
prismatic precipitates and basal precipitates in the
peak-aged condition [8,24,25], the samples with
less Ag additions just precipitate ' phase in the
prismatic planes without basal y” precipitates.
In contrast, as indicated by the quantitative
measurements in Table 3, the alloys containing Ag
element produce a high number density of pf’
precipitates, and their size decreases with the
increase of the Ag content, which results in the
higher hardness of the extruded alloys after peak
aging. It is observed that the Ag element is enriched
in some f’ precipitates except Gd and Y (Fig. 8(g)).
Considering that the atomic radius of Gd (0.179 nm)
is larger than that of Mg (0.16 nm) while the atomic
radius of Ag (0.144nm) is smaller than that of
Mg [8], the Gd and Ag atoms tend to co-segregate
to minimize elastic strain in the matrix. The Ag-
rich clusters are formed in the Ag-containing
Mg—Gd—Zr alloys, which are considered as the
heterogeneous nucleation sites for the formation of
precipitates. ZHANG et al [24] and NIE et al [26]
proved that the Ag clusters are formed in the
Mg—Gd—Zr—Ag alloy by heat treatment, which play
a vital role in the heterogeneous nucleation.
Therefore, the trace Ag improves the nucleation rate
and achieves a higher number density of
precipitates, which is also found in the Mg alloys
and other alloys [27-29]. Finally, the Ag-rich
clusters as the precursors of the precipitates may be
formed during the incubation period, accelerate the
nucleation of precipitates, and lead to higher
hardness and shorter peak-aging time.

4.2 Effect of precipitates on mechanical

properties of Mg—Gd—Y—Zr alloy

Based on the data in Table 4, the YS of the
0Ag, 0.1Ag, and 0.5Ag samples increases
respectively by 51, 62, and 67 MPa after
peak-aging, respectively, and the increment of UTS
in three samples is 57, 80, and 99 MPa, respectively.
The aged Ag-containing alloy has higher
increments of YS and UTS, which is in good
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accordance with the aging responses shown in
Fig. 5. The average grain size does not show any
change during the aging period [30], and the
contribution of the grain size to the YS is not
changed. After peak aging, f' phase is the main
precipitate and is densely distributed in the three
alloys, and the precipitation strengthening is the
main effective factor to obtain higher strength
increments with higher Ag contents. According to
Ref. [31], the CRSS increments produced by the
prismatic plates increase substantially with the
increase of the plate aspect ratio. For a given
distribution of the precipitate plates, the effective
planar interplate spacing decreases with the increase
of the plate aspect ratio. As shown by the
quantitative measurements in Table 3, the size of 5’
precipitates decreases, the ratio of length to width is
equal to 1.87, and the volume fraction of the phase
maintains almost unchanged with the increase of
the Ag content. Therefore, the alloys containing
higher Ag contents comprise higher strength, which
is due to the fact that nano-sized S’ phase with a
high density can effectively block dislocation slip.
The decrease of the EL is associated with the
increase of the YS in the peak-aged alloys, which is
a normal phenomenon of the materials. The grain
boundaries of the peak-aged alloys are decorated by
B’ precipitates. These particles reduce the cohesion
of the grain boundaries, and the interiors of the
grains in the peak-aged condition are relatively
strong, so the micro-cracks are prone to propagate
along the grain boundaries [7]. Furthermore, with
the increase of the Ag content, very small
inter-precipitate  distance of the precipitates
significantly  hinders  dislocation slip and
deformation twinning, which results in poor
plasticity [32,33].

5 Conclusions

(1) The wunusual texture ({0001)//extrusion
direction) forms in the extruded Mg—Gd—Y—Zr
alloys with Ag content increasing from 0 to
0.5 wt.%.

(2) During aging periods, the trace Ag addition
does not produce new precipitates, just accelerates
aging kinetics, refines f’ precipitates, and the
number density is increased by Ag-clusters.

(3) The Mg-Gd—Y-Zr alloy containing
0.5wt.% Ag shows the best comprehensive

properties (408 MPa of ultimate tensile strength,
265 MPa of yield strength, and 12.9% of elongation
to failure) after peak-aging.
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ME Ag TWHFES Mg-Gd-Y-Zr &4
i T AN E M EERY S

AR AL AR, Fak D, mEK]

1. FRIRZE MER2ES TR, Kb 410083;
2. MR RS MRS TR, M 4112015
3. FRREE BAESWIR, Kb 410083

o OE R XOEAATH . B BT BT R RE S B ST BT AU E Ag JCE N Mg
7.5Gd-1.5Y-0A4AZr(BTE 35, %) & @A AT AT A VERERIEN . 25 REH, & 0.5% Ag(BLE 7 #) Mg—Gd—
Y—Zr A& FEIGAAAEO00 1)/ B R T R M 4y . E 225 °C U fE R, N Ag SCRASTERGHTAH, T2
i Ag MEINENT HBh %, itk pARIEREME R . Uk, B 0.5 wt.% Ag 1) Mg—Gd-Y—Zr & &R 305 HA
S5 T R B R SR W ) P (B B g 408 MPa; B JIRSRE A 265 MPa; Ky 12.9%).
A TR Ag: Mg-Gd-Y—-Zr &4 p/H: Hrifiseik
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