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Mechanical properties of Mg—6Gd—1Y—0.5Zr alloy processed by
low temperature thermo-mechanical treatment
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Abstract: An as-solution treated Mg—6Gd—1Y—0.4Zr alloy was processed by low temperature thermo-mechanical treatments
(LT-TMT), including cold tension with various strains followed by aging at 200 °C to peak hardness. The results show that the
precipitation kinetics of the alloy experienced LT-TMT is greatly accelerated and the aging time to peak hardness is greatly decreased
with increasing tensile strain. The tensile yield strength, ultimate tensile strength and elongation at room temperature of the alloy
after cold tension with strain of 10% and peak aging at 200 °C are 251 MPa, 296 MPa and 8%, respectively, which are superior to the
commercial heat-resistant WE54 alloy, although the latter has a higher rare earth element content.
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1 Introduction

Precipitation hardening magnesium (Mg) alloys
containing rare earth (RE) elements are attractive in
aerospace and racing automotive industries for their high
specific strength and excellent thermal stability at
elevated temperatures [1]. The good performances of
these alloys are attributed to the decomposition of series
metastable phases which are completely coherent or
semi-coherent with the matrix during aging treatment
[2-5]. The precipitation sequence and mechanical
properties of such alloy systems have been studied by
some researchers [6—8]. Generally, a four stages
precipitation sequence involving S.S.S.S.(HCP)—
£"(D0,9)—p'(CBCO)—f(FCC)—H(FCC) has  been
suggested and the metastable 4 and f; phases are
contributed to the peak hardness.

It is well known that the mechanical properties of
age-hardenable aluminum alloys could be markedly
improved by proper application of thermo-mechanical
treatments (TMT), which relies on a combination of

plastic deformation and aging treatment [9,10]. It has
been demonstrated that cold work (6% or 10%
deformation strain by cold rolling) prior to aging could
introduce high density of twins and dislocations and
promote the precipitation in WES54 alloy [11]. However,
technologies especially low temperature TMT (LT-TMT)
have not been yet carried out on the prominent age
hardenable Mg—Gd—Y (—Zr) series alloys.

The present study is to evaluate the effects of
LT-TMT, involving cold tension with various strains
followed by artificial aging to peak hardness, on the
precipitation process and mechanical properties of the
Mg—6Gd-1Y-0.4Zr (GW61K) alloy, and then the
mechanical properties were compared with those of the
commercial WE43 alloy, since both GW61K and WE43
alloys have the same total RE elements content of 7%.

2 Experimental
The as-cast Mg—6Gd—1Y—0.4Zr (mass fraction, %)

alloy specimens were solution-treated at 500 °C for 6 h,
followed by quenching in hot water at temperature of
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80 °C. The as-solution treated specimens were machined
and cold tensioned at a strain rate of 6.7x10™* s' and
strains of 0, 5%, 10% and 20%, respectively, and then
isothermally aged at 200 °C. The process of the Mg solid
solution decomposition during aging was checked by
hardness measurement. The Vickers-hardness was
measured under a 49 N load for 30 s. The tensile
specimens were tested at room temperature on a
Zwick/Roell testing machine at a strain rate of
1.67x107° s'. The characterization of phases and
metallographic sections perpendicular to the ruptured
surface was performed by optical microscope (OM,
LEICA MEF4M) and transmission electron microscope
(TEM, JEOL 2010 operated at 200 kV), respectively.
Thin foils for TEM observation were prepared according
to a standard twin-jet electro-polishing. The ruptured

surfaces were examined by scanning electron

microscopy (SEM, JEOL SEM6490).
3 Results and discussion

3.1 Microstructure after cold tension

Figure 1 shows the optical microstructures of the
as-solution treated GW61K alloy and after cold tension
with various strains. After solution treatment, the grains
of the alloy are equiaxed and the average grain size is
40-50 pum (Fig. 1(a)). It could be also found that a
number of block-shaped particles has formed during
solution treatment which are distributed at grain
boundaries and inner grains. Figure 2 shows the TEM
micrograph and SAED pattern of the block-shaped phase
in the as-solution treated GW61K alloy. As shown

Fig. 1 Optical microstructures of as-solution treated GW61K alloy and after cold tension with various strains: (a) As-solution treated;

(b) Strain of 5%; (c) Strain of 10%; (d) Strain of 20%

Fig. 2 TEM image (a) and SAED pattern (b) of block-shaped phase in as-solution treated GW61K alloy
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in Fig. 2(a), the particles are distinctly observed block-
shaped. Moreover, as shown in Fig. 2(b), the SAED
pattern is confirmed that this block-shaped phase has
FCC crystal structure (¢=~0.56 nm), which is coincident
with the results studied by HE et al [7] in Mg—10Gd—
3Y-0.5Zr alloy. The EDS result in TEM mode
investigated for the phase is RE-enrichment, but the
inherent stoichiometric composition remains unclear.

It is seen that there are no evident differences in the
microstructures of the alloy specimens after cold tension
with various strains (Figs. 1(b)—(d)) from that of the
as-solution treated alloy (Fig. 1(a)), except deformation
twins in some grains. As can be seen in Fig. 1, the
amount of twins increases with increasing strain,
however, the total number of twins in the alloys is less
than that in the Mg—Al-Zn and Mg—Al-Mn alloys
[12,13] after cold deformation with almost the same
strain. For example, very few amounts of twins could be
observed in the alloy after cold tension with strain of
10% (Fig. 1(c)), indicating that the strain is contributed
mainly by dislocation slipping. According to some
studies [13,14], most of the twins should be identified as
{1012} (1011) twin system.

3.2 Age hardening characteristics

Figure 3 shows the Vickers hardness as a function
of aging time at 200 °C in the GW61K alloys after cold
tension with various strains. The initial hardness
increases with increasing strain of cold tension due to
strain hardening. For example, the hardness for the alloy
after cold tension with strain of 10% is HV 61.8, which
is 23.1% higher than that of the as-solution treated alloy
of HV 50.2. During aging treatment, the hardening curve
of the as-solution treated alloy (no strain) shows a typical
three-stage, which are under-aging stage, peak-aging
stage and over-aging stage.
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Fig. 3 Vickers hardness as function of aging time at 200 °C in
GW61K alloys after cold tension with various strains

HE et al [15] explained that the typical three-stage
should be attributed to the formation of three different
metastable phases during corresponding stages in the
Mg—Gd—Y—Zr alloy such as an Mg—10Gd—2Y—0.5Zr
alloy. At the first stage, the formation of 4" phase makes
the hardness show a steady increasing trend; at the
second stage, a great number of S phases come into
being which makes the hardness increase rapidly until a
peak value of HV 81.7 at 200 °C for 128 h could be
reached and even still exists in over-aging stage; then the
hardness
transformation from /' phase to £ and g phases at the
third stage.

For the deformed GW61K alloys, the aging time to
peak hardness decreases greatly with increasing the the

decreases gradually for the reason of

deformation strain, as seen in Fig. 3. The peak aging time
is 128, 96, 80 and 48 h, and the corresponding peak
Vickers hardness values are HV 81.7, 82.8, 83.6 and 86.8
after cold deformation with strains of 0, 5%, 10% and
20%, respectively. However, the second stage (rapidly
increasing) seems to be absent in the age hardening
curves, for example, a three-stage still can be observed
for the alloys after cold deformation with strain of 5%,
while, only two-stage remains for the alloys after cold
deformation with strains of 10% and 20%. This should
be possibly attributed to the precipitation involving /'
phase rather than A" phase from the deformed alloys
during ageing treatment at the early stage, which also
indicates that cold deformation prior to aging can
accelerate the precipitation kinetics of f’ phase
effectively. Figure 4 shows the TEM image and SAED
pattern taken from the [0001]y, of the precipitates in the
alloy after cold deformation with strain of 10% and aging
at 200 °C for 36 h, which is coincident with f' phase
observed in an Mg—10Gd—3Y—-0.5Zr alloy [7].

ke
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Fig. 4 TEM image and SAED pattern showing precipitates in
alloy after cold tension with strain of 10% and aging at 200 °C
for 36 h
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3.3 Mechanical properties

Table 1 lists the tensile properties at room
temperature of the age-treated GW61K alloys after
LT-TMT at cold tension with various strains of 0, 5%,
10% and 20%, respectively, together with commercial
WE43 and WES54 alloys. It can be seen that the tensile
yield strength and ultimate tensile strength of the
LT-TMTed GW61K alloys increase with increasing cold
deformation strain, while the elongation decreases. The
optimum combination of strength and ductility could be
obtained in the alloy after cold deformation with strain of
10% and aging at 200 °C for 36 h. The tensile yield
strength, ultimate tensile strength and elongation are 251
MPa, 296 MPa and 8%, respectively, which are superior
to those of WE43 and WES54 alloys, although the studied
GW61K alloy has a lower total RE elements content than
that of WE54 alloy. It also implies that LT-TMT should
be an effective way to further improve the mechanical
properties of Mg—RE series alloys.

Table 1 Tensile properties at room temperature of age-treated
GW61K alloys after LT-TMT at cold tension with various
strains, commercial WE43 and WES54 alloys

Aging-treated Tensile yield Ultimate tensile Elongation/

alloys strength/MPa  strength/MPa %
GW61K,
0 strain, T6 160 273 20
GW61K,T4,
5% strain, T5 213 290 13
GW61K, T4,
10% strain, TS 251 296 8
GW61K,T4,
20% strain, TS 268 314 33
WEA43, T6 [16] 180 250 7
WE54, T6 [17] 205 280 4

T6 for as-solution treated GW61K: 500 °C for 6 h +200 °C for 128 h; T4 for
GW61K with 5% strain 500 °C for 6 h; TS for GW61K with 5% strain: 200
°C for 96 h; TS5 for GW61K with 10% strain: 200 °C for 80 h; T5 for
GW61K with 20% strain: 200 °C for 80 h.

Figures 5 and 6 show the optical images of the
rupture samples adjacent to the fracture surface and SEM
images perpendicular to the fracture surface of GW61K
alloy T6-treated, LT-TMTed with 10% cold deformation
and then aged at 200 °C for 80 h. As seen in Fig. 5(a),
most of the cracks are observed along grain boundaries
in the T6-treated alloy, which indicates that the cracks
should initiate from grain boundaries especially
triangular grain boundaries.

The fracture micrograph in the To6-treated alloy
shows quasi-cleavage fracture mechanism [18] with the
existence of cleavage planes and large amounts of tear
ridges and dimples, as shown in Fig. 5(b), which is
consistent with the good ductility (about 20%) of the

i

Fig. S Optical images of rupture samples adjacent to fracture

surface of GW61K alloy: (a) T6-treated; (b) LT-TMTed with
10% cold deformation and then aged at 200 °C for 80 h

Fig. 6 SEM images perpendicular to fracture surface of
GW61K alloy: (a) T6-treated; (b) LT-TMTed with 10% cold
deformation and then aged at 200 °C for 80 h

alloy under such condition. Figure 6(a) shows the cracks
located mainly in grain interiors along twin boundaries in
the LT-TMTed alloy, trans-granular fracture pattern could
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be also observed. The fracture micrograph shows
cleavage fracture mechanism with the existence of a
great number of cleavage planes together with some tear
ridges, the quantity of which is less than that in the
Té6-treated alloy, as shown in Fig. 6(b). Therefore, such a
fracture pattern makes the alloy have lower ductility of
about 8%.

Based on the experimental results, a schematic
diagram of fracture patterns of the GW61K alloy in T6
and LT-TMT conditions is shown in Fig. 7. Figure 7(a)
shows dislocations pile-up at triangular grain boundaries,
which leads to crack initiation and propagation along
grain boundaries during the deformation of the
Té-treated alloy. Figure 7(b) shows the dislocations
pile-up at twin boundaries, which leads to crack initiation
and propagation along twin boundaries during the
deformation of the LT-TMTed alloy. As discussed before,
such twins formed during cold tension prior to aging
treatment could act as new grains which have high angle
grain boundary relationship of about 86° for
{10T2}<10T1) twin system. The matrix and the twin
boundaries could also hinder the dislocations moving and
cause crack initiation and propagation, finally, lead to
trans-granular fracture.

Dislocations Crack

3
54

Twins Crack

Fig. 7 Sketch of fracture in GW61K alloy: (a) T6 treated; (b)
LT-TMTed with 10% cold deformation

In general, such twins could play a role in
strengthening the alloys and could also accelerate the
fracture of the alloys.

4 Conclusions

1) Dislocation slipping is the dominant deformation
mechanism in the alloy during cold tension. Twinning is
also attributed to the deformation strain to some extent,
which increases with increasing strain.

2) Precipitation kinetics in the deformed alloys is
greatly accelerated and the aging time to peak hardness
decreases with increasing strain. Cold deformation could
also lead to the absence of the early stage for 4" phase
decomposition and refine the precipitates of f' phase.

3) The tensile yield strength and ultimate tensile
strength increase with the deformation strain in the alloy
after LT-TMT, while the elongation decreases. The
optimum combination of strength and ductility could be
obtained in the alloy after cold deformation with strain of
10% and aging at 200 °C for 36 h. The tensile yield
strength, ultimate tensile strength and elongation are 251
MPa, 296 MPa and 8%, respectively.

4) The fracture patterns of the To6-treated and
LT-TMTed GW61K alloy exhibit quasi-cleavage and
cleavage, respectively.
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