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Fracture behavior of high strength Mg-Gd-Y-Zr magnesium alloy
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Abstract: The fracture behavior of a permanent mould casting Mg-8.57Gd-3.72Y-0.54Zr (mass fraction, %) (GW94) alloy was
investigated under different thermal conditions, including as-cast, solution-treated, peak-aged, and over-aged states. Scanning

electron microscopy (SEM) and optical microscopy (OM) were employed to examine the crack nucleation and fracture model. The

results indicate that the GW94 alloy shows different behaviors of crack initiation and fracture under different thermal conditions.

During tensile test at room temperature, the fracture model of the as-cast GW94 alloy is quasi-cleavage, while that of the

solution-treated alloy is transgranular cleavage. It is a mixed pattern of transgranular and intergranular fracture for both the aged

conditions. Large cavities formed at grain boundaries are observed in the peak-aged sample tested at 300 °C, corresponding to the

intergranular fracture. Localized plastic deformation at grain boundaries is also observed and corresponds to the high elongation at

300 °C.
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1 Introduction

Due to the strong demand for weight reduction of
transportation vehicles for better fuel efficiency,
magnesium alloys recently receive wide research interest
for applications to various structural components of
automobiles and aircrafts[1-2]. The addition of
rare-carth (RE) elements such as Gd, Y, Nd and Dy has
been known to strength and creep
properties[3—8]. It was reported that Mg-Gd-Y system
alloys exhibited higher specific strength at both room
and elevated temperatures and better creep resistance
than conventional Al and Mg alloys[9—10]. Precipitation
strengthening is reported to be the main strengthening
mechanism in these high strength alloys. The
precipitation sequence in Mg-Gd-Y alloys is well
documented which starts from £” formation, followed by
the formation of f’ and f, metastable precipitates before
reaching the formation of equilibrium /£ phase[11—13].
The f' metastable phase in the Mg-Gd-Y alloys has a C
base-centered orthorhombic (cbco) structure with a cell
size of a=0.64 nm, »=2.22 nm and ¢=0.52 nm. The p'

improve

prismatic plates have been claimed to be responsible for
the peak mechanical and creep properties in Mg-Gd-Y
alloys at elevated temperatures [9, 14].

In the previous study[14], the microstructure and
strengthening mechanisms of a cast Mg-8.57Gd-3.72Y-
0.54Zr (mass fraction, %) have been investigated by a
combination of thermodynamic calculations and
experimental approaches. Besides, the fracture behavior
is also important in understanding the relationship
between microstructure and mechanical properties, as it
determines the fracture strength and elongation. However,
the facture behavior of Mg-Gd-Y based alloy is seldom
mentioned.

Therefore, in the present work, the fracture behavior
evolution of the high strength Mg-Gd-Y-Zr alloy with
and without heat treatment is studied. The relationship
between mechanical properties and fracture model is also
discussed.

2 Experimental

The alloy was prepared from high purity Mg
(>99.95%), Gd (>99%), Y (>99%), and a Mg-30Zr (mass
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fraction, %) master alloy by melting in an electric
resistance furnace at about 780 °C under the protection of
an anti-oxidizing flux. The melt was poured into a mild
steel mould preheated to 200300 °C. The actual chemical
composition of the alloy was Mg-8.57Gd-3.72Y-0.54Zr
(mass fraction, %) (GW94) or Mg-1.48Gd-1.13Y-0.16Zr
(molar fraction, %) determined by inductively coupled
plasma atomic emission spectroscopy (ICP).

The specimens cut from the cast ingot were solution
treated at 525 °C for 6 h, quenched into hot water at
about 70 °C, and then aged at 225 °C and 190 °C for
various periods of time. The Vickers hardness testing
was performed using a load of 4.9 N and a holding time
of 15 s. Not less than ten measurements were taken in
each alloy. The samples for tensile tests had a gauge
length of 5 mm, width of 3 mm and thickness of 2 mm.
The tensile tests were performed at an initial stain rate of
1.0x10° s and at temperatures between room
temperature and 300 °C. For tests at -elevated
temperatures, the specimens were heated up to the
selected temperature within 10 min and were soaked for
5 min before testing. The temperature was controlled
within +2 °C. Three specimens were used for each test
condition to ensure the reproducibility of data.

The fractured specimens were  sectioned
longitudinally and examined for crack nucleation sites
using optical microscopy (OM) and scanning electron
microscopy (SEM). The fracture surfaces of the failed
tensile specimens were examined using scanning
electron microscopy.

3 Results and discussion

3.1 Microstructure of as-cast GW94 alloy

The microstructural evolution of the GW94 alloy in
difference thermal conditions has been investigated in
our previous studies[14]. It is shown that both
Mgy4(Gd,Y)s and cuboid-shaped Mgs(Gd, Y) phases
exist in the as-cast sample, as shown in Fig.1. The former
is dissolved during solution treatment, while the latter
persists and coarsens. Subsequent artificial ageing results
in the precipitation of metastable f’ precipitates within

Fig.1 SEM micrograph of as-cast GW94 alloy

the a-Mg matrix and along grain boundaries.

3.2 Age hardening behavior

Fig.2 shows the effect of ageing time on the
hardness of GW94 alloy during isothermal ageing at 190
and 225 °C, respectively. Prior to ageing, the initial
hardness of the solution-treated alloy is HV 82. The alloy
exhibits ageing hardening behavior both isothermally
aged at 190 and 225 °C. During isothermal ageing at 190
°C, the specimen exhibits higher peak hardness but much
slow increase in hardness and longer time to peak (about
130 h), which cannot be acceptable for the industry
application. On the other hand, the alloy aged at 225 °C
takes only 24 h to reach the peak hardness (HV 129).
Moreover, the alloy aged at 190 °C shows a wide peak
hardness plateau from 130 to 338 h with a Vickers
hardness of about HV 134 followed by a rapid decline.
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Fig.2 Age hardening curves of GW94 alloy at 190 and 225 °C

From Fig.2, we can conclude that when the alloy is
aged at 225 for less than 1 h, the hardness increase is
due to the precipitation of S” phase as commonly
observed in Mg-RE (RE: Gd, Y, Nd, Dy, Th) systems[15].
When the alloy is aged for more than 1 h, the formation
of f’' phase causes hardness to increase rapidly, and the
peak hardness is achieved at ageing 24 h. Continuing
ageing leads to the coarsening of f' phase[14] and the
formation of stable f phase[13], which causes the
hardness to decrease quickly. Ageing times of 24 h and
168 h are selected, which correspond peak (T61) and
over-aged (T62) conditions, respectively.

3.3 Tensile mechanical properties

The mechanical properties including ultimate tensile
strength (UTS), yield strength (YS) and elongation in
as-cast (F), solution-treated (T4), peak-aged (T61) and
over-aged (T62) conditions are shown in Fig.3.
Compared with the as-cast sample, solution treatment
results in a great enhancement in elongation
accompanied by a relatively small increase in UTS.
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Fig.3 Tensile properties of GW94 alloy in different thermal
conditions at room temperature (F: as-cast; T4: 525 °C, 6 h
(solution-treated); T61: (525 °C, 6 h)+(225 °C, 24 h)
(peak-aged); T62: (525 °C, 6 h)+(225 °C, 168 h) (over-aged))

GWO94 alloy shows the highest tensile strength after
isothermal peak-ageing at 225 °C with the UTS and YS
of 370 MPa and 277 MPa at room temperature,
respectively. This strengthening effect is believed to be
due to f' precipitation as demonstrated in our previous
work [14].

3.4 Fracture behavior at room temperature
The secondary electron (SE) SEM micrographs of
the fracture surfaces of the tensile specimens of GW94

alloy under various conditions are shown in Fig.4. In
as-cast alloy, the fracture surfaces are composed of
cleavage planes and fractured eutectics (Fig.4(a)), which
is in accordance with its limited elongation of 5.2%. The
fracture model of as-cast GW94 alloy is quasi-cleavage.
When the alloy is subjected to solution treatment, the
fracture surfaces are mainly composed of ductile
transgranular cleavage planes of coarse dimples (river
pattern) and tear ridges (Fig.4(b)), which is in
accordance with its high elongation of 16.6%. The
fracture mode of solution-treated GW94 alloy is
transgranular cleavage. After being peak-aged at 225 °C,
the grain interior is strengthened by coherent f’ phase[14]
and the fracture surfaces are characterized by cleavage
planes and grain boundaries (Fig.4(c)). It is a mixed
pattern of transgranular and intergranular fracture. Under
the over-aged condition, the fracture surface is
characterized mainly by grain boundaries, as shown in
Fig.4(d).

Fig.5 shows the SEM microstructures of ruptured
samples perpendicular to the fracture surface which are
deformed at room temperature. Secondary cracks near
the fracture surface are observed. During deformation,
damage is produced by the fragmentation of the
Mg4(Gd,Y)s intermetallic particles in as-cast alloy, as
shown in Fig.5(a), with the cracks being preferentially
perpendicular to the stress axis. As already mentioned,
when the alloy is solution treated at 525 °C, the eutectics
along grain boundaries disappear and the secondary

Fig.4 SEM micrographs of fracture surfaces of tensile specimens tested at room temperature: (a) As-cast; (b) Solution-treated; (c)

Peak-aged; (d) Over-aged
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Fig.5 SEM images of longitudinal section of fracture surface of
GW94 alloy tested at room temperature in different conditions:
(a) As-cast; (b) Solution-treated; (c) Peak-aged

cracks mainly locate inside the grains (Fig.5(b)). The
cracks probably initiate at the grain interiors and
propagate transgranularly. Followed by ageing at 225 °C
for 24 h, the secondary cracks are also present at grain
interiors (Fig.5(c)). Moreover, deformation twins are
observed in the solution-treated and peak-aged samples.
Cracks may originate at the twins.

3.5 Fracture behavior at 300 °C

It was reported that GW94 alloy has more than 30%
elongation at 300 °C and the alloy also retained a high
strength of more than 300 MPa at 250 °C[14]. The
fracture behavior of the peak-aged sample tested at 300
°C can be seen in Fig.6. It is clear that the fracture
surface shows lots of tear ridge near the triple points of

grain boundaries (Fig.6(a)), corresponding to localized
plastic deformation at grain boundary and high
elongation of 31%][14]. Large cavities formed at grain
boundaries are observed in Fig. 6(b) and the grains seem
to be elongated along the tensile direction. It can be
confirmed that the fracture mode changes from
transgranular to intergranular fracture with increasing the
temperature to 300 °C. The coarsening of precipitates
and easy gliding on non-basal planes at high

temperatures[9] facilitate the deformation, resulting in
the intergranular fracture and an increase in elongation.
Cracks or voids near the triple points of grain boundaries
grain  boundary

correspond to the
deformation.

sliding  for

Fig.6 SEM microstructures of fracture surface (a) and optical
microstructure of longitudinal section of fracture surface (b) for
peak-aged sample tested at 300 °C

4 Conclusions

1) The fracture behavior of a permanent mould
casting Mg-8.57Gd-3.72Y-0.54Zr (mass fraction, %)
(GW94) alloy has been investigated under different
thermal conditions, including as-cast, solution-treated,
peak-aged and over-aged states. GW94 alloy shows
different behaviors of crack initiation and fracture under
different thermal conditions.

2) During tensile test at room temperature, cracks
form by the break of eutectics along the grain boundaries
and propagate transgranularly in the as-cast alloy. After
solution-treatment, the cracks probably initiate at the
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grain interiors and propagate transgranularly. It is a
mixed pattern of transgranular and intergranular fracture
for the 225 °C peak-aged sample.

3) Localized plastic deformation and large cavities
formed at grain boundaries are observed in the peak-aged
sample tested at 300 °C, corresponding to the inter-
granular fracture.
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