J Mater Sci (2011) 46:5838-5846
DOI 10.1007/s10853-011-5540-6

Microstructure and mechanical properties of Mg-Gd—Zr alloys

with low gadolinium contents

Yao-Bo Hu * Juan Deng - Chong Zhao -
Fu-Sheng Pan - Jian Peng

Received: 16 December 2010/ Accepted: 5 April 2011/Published online: 12 April 2011

© Springer Science+Business Media, LLC 2011

Abstract Mg—xGd-0.6Zr (x = 2, 4, and 6% mass frac-
tion) alloys were synthesized by semi-continuous casting
process. The effects of gadolinium content and aging time
on microstructures and mechanical properties of the
Mg-xGd-0.6Zr alloys were investigated. The results show
that the microstructures of the as-cast GKx (x = 2, 4, and
6%) alloys are typical grain structures and no Gd dendritic
segregation. In as-cast Mg—-6Gd—-0.6Zr alloy, the second
phases Mgs 0sGd, Mg,Gd, and Mg;Gd will form due to
non-equilibrium solidification during the casting process,
and these second phases will disappear after hot-extrusion.
The residual compressive stress exists in alloys after
extrusion and increases with increasing Gd content. The
existence of residual compressive stress contributes to the
tensile strength. The elongation of all extruded alloys is
over 30%, and the ultimate and yield tensile strength of the
Mg-6Gd-0.6Zr alloy are 237 and 168 MPa, respectively.
After isothermal aging for 10 h, the strength of extruded
Mg-6Gd-0.6Zr alloys increases slightly, however, the
elongation of alloys rarely decreases. The fracture mech-
anism of all studied alloys is ductile fracture.

Introduction

Rare earth magnesium alloys have been intensively studied
for the past few decades due to their outstanding
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mechanical properties at both room temperature and ele-
vated temperature. Among them, the Mg—Gd alloys, which
possess properties such as low density, excellent cast per-
formance, superior mechanical properties, and good ero-
sion resistance, have been the focus due to the needs in the
automotive, architectural, and aerospace industries [1-4].
Previous investigations showed that magnesium alloys
containing more than 10% (mass fraction) Gd demon-
strated excellent mechanical properties at both room tem-
perature and elevated temperature due to two major
strengthening mechanisms: precipitation hardening and
solid solution strengthening [5-16]. However, Gd can
easily segregate in magnesium casting alloys, which makes
the microstructure not uniform and decreases the
mechanical properties, and the degree of segregation
increases with increasing Gd content [15, 16]. Moreover,
high Gd content can increase the alloy density and its cost,
and decreases the ductility, limiting their commercial
applications. Therefore, it is of great importance to study
Mg-Gd alloys with low Gd content. The aim of this article
is to investigate the microstructure and mechanical prop-
erties, as well as the strengthening mechanism of low Gd
content magnesium alloys (with less than 10%Gd).

Experimental procedures

High purity Mg (99.8%, mass fraction), Mg—24.51%Gd,
Mg-27.85%Zr master alloys were used as raw materials. The
Mg—-xGd—-0.6Zr (x = 2, 4, and 6%) alloys were synthesized
by semi-continuous casting process. During melting, the
master alloys were cleaned and preheated to 200-250 °C
first; Mg was completely melted in well style electric resis-
tance furnace at about 720 °C and cooled down to 680 °C;
after that, the preheated Mg—24.51%Gd master alloy was
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added into the Mg melt, and the temperature was increased
to 720 °C again; after stirring for 2 min, preheated
Mg-27.85%7Zr master alloy was added and the temperature
was increased to 760 °C; after stirring for 15 min the melt
was placed for 3 min then cast into a thin-walled, water-
cooled cylinder with 92 mm in diameter. Protection mea-
sures were taken during the whole process and CO,/SFq
gases were used during stirring and casting. Compositions of
the as-cast alloys were determined by XRD-1800 CCDE
X-ray fluorescence spectrometry, as shown in Table 1.
During extrusion, the as-cast GKx (x = 2, 4, and 6%)
alloys were first preheated to 480 °C and held for 20 min,
and then extruded at 450 °C with a extrusion ratio of 28 and a
extrusion rate of 2.1 m/min. The resulting alloys are labeled
as GKx-Ext (x = 2, 4, and 6%). GK6-Ext was heat treated
with 200 °C/10 h (GK6-Ext-T5/10 h) and 200 °C/20 h
(GK6-Ext-T5/20 h) to study the aging effect. Microstruc-
tures were analyzed by optical microscopy (OM, MDS
produced by OPTEC Company), X-ray diffraction (XRD,
D/max-1200, Cu, 40 kV/250 mA, 4°/min, 10-90°), and
scanning electron microscope (SEM, VEGA II LMU).
Micro-hardness tests were carried out under 50 g load and
10 s dwell time. The club-shaped specimens for tensile test
were prepared according to the standard of GB/T 228-2002.
The tensile test was conducted on XYB305C omnipotent
tensile machine at a rate of 4 mm/min. The residual stress
before and after surface treatment on GK6-Ext was studied
by XRD method. In this study, sin®¥ (¥ is X-ray incident
angle, ¥ = —45°, —30°, —15°, 0°, 15° 30° and 45°)
method was used to calculate the stresses. The parameters
used in calculation were elasticity modulus 45 GPa,
Poisson’s ratio 0.35, diffraction angle range 111-116°, dif-
fraction plane(300), method of determining peak position:
half-width method, voltage 40 kV, and current 150 mA.

Results and discussion
The residual stress calculation

The sin®¥ method can be expressed by the following
equations [17-20]:

Table 1 Nominal and actual composition of alloys

Code Nominal composition Actual composition
(Wt%)

wt% at.%

Gd Zr Mg Gd Zr Mg

GK2 Mg-2Gd-0.6Zr
GK4 Mg—4Gd-0.6Zr
GK6 Mg-6Gd-0.6Zr

1.681 0.333 Bal. 0.320 0.102 Bal.
3.845 0.480 Bal. 0.747 0.149 Bal.
6.501 0.380 Bal. 1.291 0.121 Bal

5839
E 1 I1 320
S o —— = KM
Te 2(1+v) " tan 0o 180 dsin? v
e B v T M= 020
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where o, is the residual stress, positive value means tensile
stress and negative value is compressive stress; E is the
elasticity modulus; v is the Poisson’s ratio; 0, is the
diffraction half-angle when W = 0; K is the stress constant;
and M is the stress factor. This is a non-destructive method
of measuring surface residual stress. The residual stress
was calculated through strain, which can be determined by
the change in the spacing of a certain plane. The strain ¢,
of spacing d is calculated by the equation as

d—dy
&p = @

%

It is known that the relationship between the spacing and
diffraction half-angle theta can be conveyed by famous
Bragg’s equation as

2dsinf = A

where A is wavelength of incident ray.

The residual stress calculation was done by Jade 6.0
software. Compared with the professional residual stress
instruments, the results are not very accurate, but it can
show the type and evolution trend of the residual stresses.

The effect of Gd on microstructure and mechanical
properties of as-cast GKx alloys

The microstructures of the as-cast GKx (x = 2, 4, and
6%) alloys are typical grain structures and no Gd dendritic
segregation (as shown in Fig. 1). The constitutional
supercooling and the temperature gradient in liquid before
the liquid—solid interface are the two major factors deter-
mining the microstructure of the as-cast alloy. In general, it
is easy to form dentritic microstructure due to the negative
temperature gradient and the existence of the second
impurity atoms during casting. It has also been reported
[15, 16] that it is easy for Gd to segregate in magnesium
casting alloys, making the microstructure not uniform and
decreasing the properties. The particles formed by segre-
gation of rare earth elements can pile-up dislocations,
impede the motion of grain boundary, and become the sites
of crack initiation, resulting in low plasticity and exerting
influence on fracture mechanism. From Fig. 1, it can be
concluded that low Gd contents, combining with proper
casting conditions, can result in positive temperature gra-
dient in liquid before the liquid—solid interface.

The mean grain size was measured by linear intercept
method. The grain size of the as-cast GKx (x = 2, 4, and
6%) alloys is 41, 27, and 55 pum, respectively. The Zr
contents in GK4 alloy are slightly higher than other two
alloys, shown in Table 1. There is no strong correlation
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Fig. 1 Optical micrographs of as-cast GKx (x = 2, 4, and 6%) alloys. a GK2, b GK4, and ¢ GK6
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Fig. 2 XRD results of as-cast GKx (x =2, 4, and 6%) alloys.
(a) GK2, (b) GK4, and (c) GK6

between grain size and Gd content because this is due to
the addition of Zr, which can refine the grain size. More-
over, the addition of Zr will not cause new phase precipi-
tate out from the Mg—Gd alloys [21].

Figure 2 shows the XRD results of the as-cast
GKx (x = 2, 4, and 6%) alloys. No second phase but the
o-Mg solid solution appears in GK2 and GK4 alloys.
However, as Gd content increases, new phase appears. In

@ Springer

Table 2 Crystal lattice parameters of magnesium and «-Mg solid
solution of GKx, GKx-Ext (x = 2, 4, and 6%), GK6-Ext-T5/10 h, and
GK6-Ext-T5/20 h alloys

Alloys a (A) ¢ (A)

Mg 3.20890 5.21010
GK2 3.21213 5.21369
GK4 3.21405 5.21441
GK6 3.21726 5.21256
GK2-Ext 3.21818 5.22045
GK4-Ext 3.21528 5.21728
GK6-Ext 3.21266 5.21638
GK6-Ext-T5/10 h 3.21675 5.21847
GK6-Ext-T5/20 h 3.21666 5.21853

GK6 alloy, Mgs0sGd, Mg5Gd, Mg,Gd, and o-Mg solid
solution are detected (Fig. 2). From the Mg-Gd phase
diagram, it is known that the equilibrium second phases
MgxGd (x < 3) appear when Gd contents are over 53 wt%.
Therefore, the appearance of Mg,Gd and Mg;Gd phases is
due to the non-equilibrium solidification during the casting
process.

The crystal lattice parameters of a-Mg solid solution in
the as-cast GKx (x = 2, 4, and 6%) alloys were calculated
by Jade 5.0 software (shown in Table 2). The crystal lattice
parameters a and ¢ of x-Mg solid solution are larger in
three alloys than those in Mg, which should be the result
that some second impurity atoms are dissolved into the
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matrix. For GK2, GK4 alloys, almost all of Gd was dis-
solved into the matrix. As for GK6, some Gd was dissolved
into the matrix and some precipitated with Mg, which is
shown in the XRD patterns (Fig. 2).

Figure 3 shows the 25-site micro-hardness test results of
the as-cast GKx (x = 2, 4, and 6%) alloys, the black
squares are the average value of each group. The distri-
bution of micro-hardness is relatively centralized, which
indicates that the uniformity of alloys is good. It can be
seen from Fig. 3 that the hardness value increases with
increase in Gd content, and dHV/dx (x = 4-6%) is higher
than dHV/dx (x = 2-4%).

Grain refinement, precipitation hardening, and solid
solution strengthening are some major strengthening
mechanisms for magnesium alloys. The hardness of GK4
alloy is higher than that of GK2 alloy; this can be explained
in two aspects. First, Gd is completely dissolved into the
matrix in both alloys and GK4 has higher Gd content than
GK2 (shown in Fig. 2 and Table 2). Second, the grain size
of GK4 is smaller (Fig.la, b). So both solid solution
strengthening and grain refinement are contributive to the
increase in micro-hardness of as-cast GK4 alloy. With the
further increase of Gd content, the second phase appears,
which can further improve the strength and make the
hardness per unit Gd content obviously increased, in other
word, dHV/dx (x =4-6%) is higher than dHV/
dx (x = 2-4%).

The effect of Gd on microstructure and mechanical
properties of GKx-Ext alloys

Compared with the microstructure of the as-cast

GKx (x = 2, 4, and 6%) alloys (as shown in Fig. 1), the
grain sizes of all the GKx (x = 2, 4, and 6%)-Ext alloys are
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Fig. 3 Micro-hardness results of as-cast GKx (x = 2, 4, and 6%)
alloys

greatly refined and become comparatively consistent, about
10 um (as shown in Fig. 4). Hot-extrusion is one of the
most effective ways in microstructure refinement. In
extrusion process, initial grains were destroyed and dis-
persed, and dynamic recrystallization occurred. Initial
grains hold back the growth of recrystallized grains, which
results in microstructure refinement. It can be seen that the
recrystallization extents are different in three alloys,
slightly weaker in GK2 alloy (Fig. 4a).

Figure 5 shows the XRD results of GKx (x = 2, 4, and
6%)-Ext alloys. It can be seen that there is no other second
phase except o-Mg solid solution. The second phases
Mgs 0sGd, Mg3Gd, and Mg,Gd in GK6 disappeared after
extrusion. From the peak shifting of XRD results of
GKx (x = 2, 4, and 6%)-Ext alloys (shown in Fig. 6), it can
be seen that with the increasing of Gd content, the peak
shifts to higher angles, values of lattice parameters
decreases, which is shown in Table 2.

The volume of second phase in alloys is small. During
extrusion, the second phase is broken up and distributed
uniformly. Parts of these broken and fine second phases are
dissolved into the matrix by diffusion and/or other means
due to the high temperature at extrusion. As a result, the
crystal plane spacing will increase and crystal lattice
parameters and c also will increase. Nevertheless, the
residual stress accumulated from extrusion cannot be
released immediately. The residual tensile stress makes the
crystal plane spacing and lattice parameter of a-Mg solid
solution increase. The residual compressive stress, on the
contrary, will cause decrease in the crystal plane spacing
and lattice parameter. From the peak shifting results
(as shown in Fig. 6), with the increasing of Gd content, the
crystal lattice parameters are supposed to increase, but due
to the effect of residual compressive stress, the values of a
and c all decrease (as shown in Table 2). In other word, the
addition of Gd causes residual compressive stress increase
in extrusion, and the more Gd content, the higher amount
of residual compressive stress.

Table 3 shows the ultimate tensile strength, yielding
tensile strength and elongation of the alloys studied. The
strength of GK2-Ext and GK4-Ext is about the same, 207
and 206 MPa, respectively for the ultimate tensile strength,
150 and 145 MPa, respectively for the yield tensile
strength. The ultimate tensile strength and the yield tensile
strength of GK6-Ext are the highest among the three alloys,
237 and 168 MPa, respectively. The elongation of GK4-
Ext is the highest, reaching 43.35%, which means there is a
most suitable Gd content for elongation.

The grains of GKx (x = 2, 4, and 6%)-Ext alloys are
refined to about 10 pm (as shown in Fig. 4). Therefore, the
difference of stress inside the grain and around boundary is
small. As a result, alloys will not fracture due to stress
concentration and can subject to large deformation before
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Fig. 4 Optical micrographs of GKx (x = 2, 4, and 6%)-Ext alloys. a GK2, b GK4, and ¢ GK6
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Fig. 5 XRD patterns of GKx (x = 2, 4, and 6%)-Ext alloys. (@) GK2,
(b) GK4, and (c) GK6

fractured, making these alloys have high elongation prior to
fracture. Figure 7 shows a large of parallel dislocations
direction in GK4-Ext alloy. The decreases of c/a and yield
phenomenon can all contribute to the plasticity of alloys
[22]. The micro-mechanism of plasticity of these alloys
will be reported elsewhere. With the increasing of Gd
content, more Gd is dissolved into the matrix, i.e., the
strength will be higher due to solid solution strengthening.
Moreover, higher Gd content will cause higher residual

@ Springer
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Fig. 6 Peak shifting of XRD pattern of GKx (x = 2, 4, and 6%)-Ext
alloys due to Gd addition. (a) GK2, (b) GK4, and (c) GK6

Table 3 Mechanical properties of Mg—-Gd-Zr alloys

Alloys UTS (MPa) YTS (MPa) EL (%)
GK2-Ext 207 150 36.8
GK4-Ext 206 145 43.4
GK6-Ext 237 168 334
GK6-Ext-T5/10 h 243 179 31.7
GK6-Ext-T5/20 h 220 153 323
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Fig. 7 Dislocations direction in GK4-Ext alloys

compressive stress. This residual stress can improve the
strength of alloys to some extent. Thus, the strength of
GK4-Ext should be higher than that of GK2-Ext. However,
from Table 3, the ultimate tensile strength of GK2-Ext and
GK4-Ext is close. This can be explained by the fact that
residual stress can bring in lattice defects such as disloca-
tion. Consequently, the density of the dislocation increases.
When alloys are subjected to external force, the movable
dislocation will move. Once plenty of dislocations reach
the boundary, the boundary has a high chance to move,
which can decrease then the strength. Therefore, more Gd
can both increase and decrease the strength and as a result,
there is no much difference between GK2-Ext and GK4-
Ext in ultimate tensile strength. For GK6-Ext, the strength
is improved by the solid solution strengthening and resid-
ual compressive stress. This time, the residual compressive
stress is plenty enough to make the density dislocation
multiple. The plenty of dense dislocation twists to baffle
dislocation to move further. In the other words, the density
of dislocations increases, but movable dislocation decrea-
ses. So the strength of GK6-Ext increases due to the
combination of solid solution strengthening, residual
compressive stress, and the decrease of movable disloca-
tion density.

The effect of aging time on microstructure
and mechanical properties of GK6-Ext alloys

Figure 8 shows the SEM results of as-cast, aged 10 h, and
aged 20 h GK6-Ext alloys. The size of the big grain of
GK6-Ext alloy is about 10 pm, surrounded by some small
grains formed in extrusion. Strip-like “hollow” phases can
be seen within the white area inside some large grains;
while some round “hollow” phases surrounded by white
area can be seen at the grain boundaries. With the increase

of aging time, the grain size does not change, but the white
area inside grain enlarges, some strip-like “hollow” phases
become round “hollow” phases and some “hollow” phases
at the grain boundaries grow up. Some white dot-like
phases, which are about 1 um in size, precipitate beside the
“hollow” phases at the grain boundaries.

With the increase in aging time, Mgs(sGd phase
deposits (as shown in Fig. 9) and the a/c of «-Mg in GK6-
Ext-T5/10 h and GK6-Ext-T5/20 h are increased. Aging
makes the dissolved second atom deposit, which reduces
both the spacing of crystal planes and the values of lattice
parameters. However, the residual compressive stress is
released during aging, which makes the spacing and a/c
increase. Crystal lattice parameters a/c of GK6-Ext-T5/
10 h are increased (shown as in Table 2), which means the
effect of residual stress release dominates. There is no
much difference between GK6-Ext-T5/10 h and GK6-Ext-
T5/20 h (as shown in Table 3). This is because after aging
for 20 h, more Mgs ysGd phases deposit from «-Mg solid
solution, but at the same time, residual compressive stress
is further released. The effect due to the residual com-
pressive stress release offsets that due to second phase’s
deposition, and as a result, the change of a/c is small.

With the increase in aging time, the strength also
increases, but after aged for 20 h, the strength decreases.
Surprisingly, the elongation is almost same after different
aging time (Table 3). As previous analysis, the residual
compressive stress can improve the tensile strength of
alloys. So after aged 10 h, part of the residual compressive
stress is released, thus the strength decreases. However,
the second phase deposition can improve the strength. The
combination of these two effects will determine the
strength of the alloys. If the effect of second phase depo-
sition dominates, the ultimate tensile strength and yield
tensile strength will increase. To further prove the type of
residual stress and find out the change of residual stress
between GK6-Ext and GK6-Ext-T5/10 h alloys, the resid-
ual stress calculation was made and the results are shown in
Fig. 10.

After aging for 20 h, the residual compressive stress is
completely released, which makes the strength decrease
obviously. Although more second phase can deposit with
long aging time, the total amount of second phases is
limited, which cannot offset the decrease of the strength
due to residual stress release. As a result, the strength
decreases after aging for 20 h. The suitable aging time for
strengthening GK6-Ext alloy is 10 h. As the grain size is
scarcely changed (as shown in Fig. 8) during aging, the
alloys have retained excellent plasticity. Consequently,
GK6-Ext-T5/10 h alloy possesses both receivable strength
and excellent plasticity.

From the view of macro-plasticity and the fracture surface
feature, the fracture mechanism of GK6-Ext-T5/20 h alloy
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Fig. 8 SEM results of GK6 alloys. a GK6-Ext; b GK6-Ext-T5/10 h; and ¢ GK6-Ext-T5/20 h

should be ductile fracture. Figure 11 shows the SEM results

@a-Me PDIGS-3 35; of the tensile fracture surface of GK6-Ext-T5/20 h alloy.
AMes 0:Gd PDF63-T133 Some white dots can be seen in the ductile nest (Fig. 11b).
A The small white dots are the focuses of the stress concen-
Lot tration when the alloy is being loaded. The matrix around
® white dots forms micro hollows at the concentrated stress,
and the micro hollows become big and start interconnecting
| b each other. When big hollows continue to grow up and
‘_ ] connect mutually, alloy will fracture.
iy bin] | et L'Witf: w Conclusions
W MW / L
— — — - —— e 1. The as-cast Mg—xGd-0.6Zr (x = 2, 4, and 6%) alloys
10 20 % %0 %0 60 70 80 % have grain structure without Gd segregation in the
26C) microstructure. In Mg—-6Gd-0.6Zr alloy, the second
Fig. 9 XRD results of GK6 alloys. (a) GK6-Ext; (b) GK6-Ext-T5/ phase Mgs 0sGd, Mg,Gd, and Mg;Gd were formed due
10 h; and (c) GK6-Ext-T5/20 h to non-equilibrium solidification during the casting
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Fig. 10 Residual stress of (a)
a GK6-Ext and b GK6-Ext-T5/ (d-do)/dy %
10 h
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Fig. 11 Fractographs of GK6-Ext-T5/20 h alloy. a low magnification of GK6 fracture surface. b high magnification of GK6 fracture surface

process. These second phases will disappear after
extrusion. With the increasing of Gd content, the second
phase appears, which can further improve the strength
and increase the hardness per unit Gd content and dHV/
dx (x = 4-6%) is bigger than dHV/dx (x = 2-4%).
The residual compressive stress in alloys after extru-
sion increases with increasing Gd content. The exis-
tence of residual compressive stress is contributive to
the tensile strength of alloys. The elongation of all
extruded alloys is over 30%, and the ultimate and yield
tensile strength of Mg—6Gd-0.6Zr alloy are 237 and
168 MPa, respectively.

After aged for 10 h, the strength of extruded Mg—6Gd-
0.6Zr alloy increases slightly, at the same time,
elongation of alloys rarely decreases. The fracture
mechanism of this alloy is ductile fracture.
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