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Abstract: Low fracture toughness has been a major barrier for the structural applications of cast
Mg-Gd-Y-Zr alloys. In this work, the tensile properties and fracture toughness of a direct-chill-cast
Mg-9Gd-4Y-0.5Zr (VW94K) alloy were investigated in different conditions, including its as-cast and
as-homogenized states. The results show that the tensile properties of the as-cast VW94K alloy are
greatly improved after the homogenization treatment due to the strengthening of the solid solution.
The plane strain fracture toughness values KIc of the as-cast and as-homogenized VW94K alloys are
10.6 ± 0.5 and 13.8 ± 0.6 MPa·m1/2, respectively, i.e., an improvement of 30.2% in KIc is achieved via
the dissolution of the Mg24(Gd, Y)5 eutectic phases. The initiation and propagation of microcracks
in an interrupted fracture test are observed via an optical microscope (OM) and scanning electron
microscope (SEM). The fracture surfaces of the failed samples after the fracture toughness tests are
examined via an SEM. The electron backscatter diffraction (EBSD) technique is adopted to determine
the failure mechanism. The results show that the microcracks are initiated and propagated across the
Mg24(Gd, Y)5 eutectic compounds in the as-cast VW94K alloy. The propagation of the main cracks
exhibits an intergranular fracture pattern and the whole crack propagation path displays a zigzag
style. The microcracks in the as-homogenized alloy are initiated and propagated along the basal
plane of the grains. The main crack in the as-homogenized alloy shows a more tortuous fracture
characteristic and a trans-granular crack propagation behavior, leading to the improvement of the
fracture toughness.

Keywords: Mg-Gd-Y-Zr alloy; homogenization treatment; tensile properties; fracture toughness;
crack initiation and propagation

1. Introduction

To reduce energy consumption and carbon emissions, low-density magnesium alloys
have attracted great attention for their use in lightweight structures in the aerospace, auto-
mobile and electronic industries [1–3]. Unfortunately, the low levels of strength, ductility
and fracture toughness of Mg alloys limit their commercial applications [4–6]. Recently,
Mg-Gd-Y-Zr alloys exhibiting higher levels of strength and ductility than conventional Mg
alloys have been developed [7,8]. Rare earth (RE) elements have unique physical and chem-
ical properties due to their special extranuclear electronic structures and have become the
most effective and promising alloying elements in magnesium alloys [9,10]. Among all the
RE elements, Gd and Y have larger solid solubilities in Mg matrix at high temperatures, and
the solid solubilities of Gd and Y decrease rapidly with a decrease in temperature [11,12].
Therefore, the addition of Gd and Y can provide significant solid-solution-strengthening
and precipitation-strengthening effects. In addition, adding Gd and Y elements at the same
time can reduce the solid solubility of both in the Mg matrix; thus, more second phases can
be precipitated [13,14].
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Some investigations have been reported concerning the microstructures and mechan-
ical properties of Mg-Gd-Y-Zr alloys. Wang et al. [15] investigated the effect of Y for
enhancing the age hardening response and mechanical properties of Mg-10Gd-xY-0.4Zr
(x = 1, 3, 5 wt.%) alloys. The results showed that both the age hardening response and the
tensile properties of the alloys were enhanced with an increasing Y content. Liu et al. [16] in-
vestigated the high-temperature mechanical behavior of a low-pressure sand-cast Mg-10Gd-
3Y-0.5Zr alloy, which indicated that both the ultimate tensile strength and yield strength
of the tested alloy firstly increased and then decreased as the temperature increased. Its
elongation increased monotonously with temperature. Jiang et al. [17] investigated the
effects of different Gd contents on the mechanical properties of sand-cast Mg-xGd-3Y-0.5Zr
alloys. With increase in the Gd content from 9 to 11 wt.%, the amount of eutectic phase was
increased, while the tensile properties were slightly decreased. The research studies on
the tensile properties of as-cast Mg-Gd-Y-Zr alloys with different compositions indicated
that the Mg-9Gd-4Y-0.5Zr alloy exhibited greater strength and ductility compared with the
other Mg-Gd-Y-Zr alloys [17–19].

High-performance Mg-Gd-Y-Zr alloys have great potential for use in the complicated
structural components of the aerospace and aircraft industries [20,21]. In order to satisfy
both the reliability and safety requirements of these structural components, Mg alloys
should have high fracture toughness, as well as high strength and ductility. Somekawa et al.
found that the grain refinement, texture and precipitate shapes exhibited significant effects
on the plane strain fracture toughness KIc of wrought magnesium alloys [22–24]. The
fracture toughness of extruded pure magnesium was increased from 12.7 MPa·m1/2 to
17.8 MPa·m1/2 by refining the grain size from 55 µm to 1 µm due to the effect of the
plastic zone [22]. An extruded AZ31 alloy with a pre-crack normal to its basal plane
distribution was found to have a higher fracture toughness compared to an alloy with a
pre-crack parallel to its basal plane distribution due to the difference in surface energy on
the basal and non-basal planes [23]. Spherically shaped precipitates were more effective
than rod-shaped precipitates for improving fracture toughness since they were more
effective at pinning dislocations [24]. Lu et al. [25] reported a Mg-5Gd-2Y-0.4Zr alloy
prepared via multidirectional impact forging with a tensile yield strength of 337 MPa and a
static toughness of 50.4 MJ/m3. The enhanced mechanical properties were attributed to
the grain refinement in the Mg-5Gd-2Y-0.4Zr alloy. However, only a few studies on the
fracture toughness KIc of cast Mg alloys have been reported in the literature. Liu et al. [26]
investigated the fracture toughness and crack initiation mechanisms of a sand-cast Mg-
10Gd-3Y-0.5Zr alloy. The plane strain fracture toughness of the sand-cast Mg-10Gd-3Y-
0.5Zr alloy increased from 12.1 MPa·m1/2 to 16.3 MPa·m1/2 after T6 heat treatment (a
solution treatment followed by artificial aging). For the sand-cast sample, the microcracks
mainly were initiated in eutectic compounds, and the microcracks grew to become a
main crack. Comparatively, the microcracks in the san-cast-T6 sample were probably
initiated at the twins/α-Mg matrix and grain boundaries and propagated along the twin
boundaries. The fracture morphologies indicated that the fracture mechanisms changed
from the trans-granular fracture pattern of the sand-cast alloy to a mixture of intergranular
and trans-granular modes in the sand-cast-T6 alloy. Wang et al. [27] found that the fracture
toughness of a sand-cast Mg-6Gd-3Y-0.5Zr alloy was increased by 9.3% after it underwent a
solution treatment. Compared with the as-cast sample, the as-homogenized alloy exhibited
a mixture of trans-granular and intergranular fracture patterns. The as-cast alloy displayed
many cleavage steps but more secondary cracks than in the as-homogenized alloy. However,
the mechanisms of the initiation and propagation of microcracks in cast Mg-Gd-Y alloys
remain unclear.

In this work, the microstructure, tensile properties and fracture toughness of as-cast
and as-homogenized Mg-9Gd-4Y-0.5Zr alloys were investigated. And the crack initiation
and propagation behaviors in interrupted fracture toughness tests were discussed in order
to clarify the effect of the eutectic phase on the fracture mechanism of the alloy. The
innovation of this work is that it presents the first systematic study of the fracture toughness,
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crack initiation and propagation mechanisms of as-cast and as-homogenized Mg-9Gd-
4Y-0.5Zr alloys, and the influence of the eutectic phase on the fracture behavior was
also analyzed.

2. Materials and Experimental Procedures
2.1. Material Preparation

The magnesium alloy used in the present work was a Mg-9Gd-4Y-0.5Zr (wt.%) alloy,
designated as VW94K alloy henceforth, which prepared via direct chill casting [28,29] from
pure Mg (99.9 wt.%), Mg-30Gd (wt.%), Mg-30Y (wt.%) and Mg-25Zr (wt.%) in an electric
resistance furnace under a mixed atmosphere of CO2 and SF6 at a ratio of 100:1 [30,31].
An inductively coupled plasma (ICP) analyzer was employed to analyze the chemical
composition, and the actual composition of the as-cast alloy was Mg-9.12Gd-3.93Y-0.52Zr
(wt.%). The homogenization treatment was performed at 510 ◦C for 12 h, followed by
immediate warm water quenching at a temperature of ~80 ◦C [32,33].

2.2. Mechanical Properties

Tensile tests were conducted at a crosshead speed of 1 mm/min on a universal testing
machine (Instron 5569, Norwood, MA, USA) at room temperature. The gauge length of
the tensile specimens was 15 mm, with cross-sectional area of 3 × 2 mm2. A 0.2% offset
strength was used as the yield strength σys. To guarantee repeatability, three tensile samples
were conducted under the same conditions.

The plane strain fracture toughness tests were conducted, and the load–displacement
curves were obtained using an MTS 810 servo-hydraulic fatigue tester (Eden Prairie, MN,
USA). Compact tension C(T) samples (see Figure 1) with a width W = 30 mm, thickness
B = 15 mm and notch depth a0 = 12 mm were prepared according to the ASTM E399
standard [34]. Before the fracture toughness tests, a sharp fatigue pre-crack was produced
under cyclic tension–tension loading and stopped until a total crack length of a = 15 mm
was obtained. All samples were machined with side grooves on both surfaces, and the
grooving depth was 0.1 times the sample thickness. The fracture tests were implemented
at a speed of 2.5 MPa·m1/2·s−1. The stress intensity factor KQ was calculated as in the
following equation [34]:

KQ =
PQ√

B× BN ×
√

W
· f
( a

W

)
(1)

where PQ is the conditional load [34], BN is the thickness measured at the side grooves,
and f

( a
W
)

is the geometrical factor [34]. According to the ASTM E399 standard, KQ can be
considered the size-independent fracture toughness KIc if the test meets the following two
requirements:

Pmax

PQ
≤ 1.10 (2)

2.5
(

KQ

σys

)2
≤ (W − a) (3)

where Pmax is the maximum load on the load–displacement curves. Three fracture tough-
ness samples were tested for each state.
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Figure 1. Schematic of the compact tension sample with CMOD.

2.3. Microstructure Characterization

The microstructural characteristics and crack propagation paths of the alloys were
observed via an optical microscope (OM, Olympus PMG3, Olympus Corporation, Shin-
juku, Japan) and a scanning electron microscope (SEM, ZEISS Supra 55, Carl Zeiss AG,
Oberkochen, Germany) equipped with an electron backscatter diffraction instrument (EBSD,
Oxford Instrument HKL, Oxford Instrument, Oxfordshire, UK). The OM and SEM samples
were mechanically polished and then etched in a 4 vol% nitric acid alcohol solution. The
EBSD samples were electropolished in a solution of ethanol and phosphoric acid, and the
step size was 2 µm. The ESBD data were analyzed using Channel 5 software. The fracture
surfaces were examined via the SEM and their three-dimensional (3D) topography was
examined using a confocal laser scanning microscope (CLSM, Olympus LEXT OLS 3000,
Olympus Corporation, Shinjuku, Japan). A slip trace analysis was performed via MATLAB,
using an MTEX code [35].

3. Results
3.1. Microstructures

Figure 2 shows the OM and SEM microstructures of the as-cast VW94K alloy. It can be
seen that the as-cast VW94K alloy is composed of an α–Mg matrix and network-shaped
eutectic compounds at the grain boundaries. The average grain size, as determined via the
linear intercept method [36], is about 75 µm. Based on the previous experimental results [7],
the eutectic compounds in the as-cast VW94K are identified as Mg24(Gd, Y)5 phases.
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Figure 3 shows the microstructures of the as-homogenized VW94K alloy. After the
homogenization treatment at 510 ◦C for 12 h, the majority of the eutectic compounds of
the Mg24(Gd, Y)5 phases were dissolved into the matrix. As shown in Figure 3d, some
unevenly distributed small granular phases with white contrast are observed at the grain
boundaries and within grains. These phases are determined to be RE-rich phases [32]. And
the average grain size was slightly increased to 81 µm after the solution treatment.
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3.2. Tensile Properties

Figure 4 shows the tensile engineering stress–strain curves of the as-cast and as
homogenized VW94K alloys, and the values of yield strength (YS), ultimate tensile strength
(UTS) and elongation to failure are summarized in Table 1. It can be seen that the as-cast
VW94K alloy exhibits a YS of 141 MPa, a UTS of 205 MPa and an elongation-to-failure
value of 2.5%, while the as-homogenized VW94K alloy has a YS of 165 MPa, a UTS of
233 MPa and an elongation-to-failure value of 4.6%. It can be noted that compared with the
as-cast VW94K alloy, the YS, UTS and elongation-to-failure values of the as-homogenized
alloy are improved remarkably. After the homogenization treatment, the Mg24(Gd, Y)5
eutectic compounds at the grain boundaries were dissolved into the matrix and formed
a supersaturated solid solution, which led to a highly strengthening effect on the solid
solution, reduced the microcrack initiation sites and improved the mechanical properties of
the as-homogenized alloy. In a comparison of the mechanical properties of the solutioned
WE43 alloy [29], the as-homogenized VW94K alloy exhibits higher yield strength and
ultimate tensile strength values but shows a lower elongation-to-failure value.

Table 1. Tensile properties and fracture toughness values of the as-cast and as-homogenized
VW94K alloys.

Samples YS/MPa UTS/MPa Elongation to
Failure/% KIc (MPa·m1/2)

As-cast 141 ± 3 205 ± 2 2.5 ± 0.5 10.6 ± 0.5
As-homogenized 165 ± 2 233 ± 1 4.6 ± 0.3 13.8 ± 0.6
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3.3. Fracture Toughness

The fracture toughness experiments were carried out with a displacement control
as a function of the CMOD, which was obtained via the clip gauge installed on the pre-
designed knife edge. The load–crack mouth opening displacement (CMOD) curves of the
as-cast and as-homogenized VW94K alloys are presented in Figure 5a. The slopes of the
linear regions in the load–CMOD curves are quite similar. After a linear increase in the
load, both load–CMOD curves exhibit non-linear relationships, indicating that the crack
tip underwent obvious passivation and plastic deformation. Pmax is the resistance to the
initiation of crack growth. After initiating the crack growth at Pmax, the load gradually
decreased. The corresponding conditional load PQ and maximum load Pmax are listed
in Table 2. The maximum load for the as-homogenized VW94K alloy is greater than
the maximum load for the as-cast alloy, which are 4.39 kN and 3.62 kN, respectively. In
addition, the PQ values of the as-cast and as-homogenized VW94K alloys are 2.92 kN
and 3.57 kN, respectively. According to Equation (1), the stress intensity factors, KQ, of
the as-cast and as-homogenized VW94K alloys are 14.4 MPa·m1/2 and 15.3 MPa·m1/2,
respectively. Obviously, both samples cannot meet the conditions that are expressed in
Equation (2). According to the ASTM E399 [34], the stress intensity factors KQ of the as-cast
and as-homogenized VW94K alloys are invalid. Alternatively, the plane strain fracture
toughness KIc can be estimated via a stretched zone (SZ) analysis and can be calculated
according to the following equation [30,37]:

KIc =

√
2× λ× SZH × E×σys

1− υ2 (4)

where λ is a constant (=2 [38]), υ is Poisson’s ratio (=0.35 [39]), and SZH, E and σys are the
stretched zone height, elastic modulus and yield strength, respectively. Typical cross-section
profiles and three-dimensional (3D) CLSM observations of the fracture surface of the as-cast
and as-homogenized VW94K alloys are shown in Figure 5b,c. It can be found that the SZH
values of the as-cast and as-homogenized VW94K alloys are 3.9 µm and 5.6 µm, respectively.
According to Equation (4), the plane strain fracture toughness (named as Kcal) values can
be calculated to be 10.6 ± 0.5 MPa·m1/2 and 13.8 ± 0.6 MPa·m1/2, respectively. The values
of SZH and fracture toughness Kcal are summarized in Table 2. The Kcal is smaller than the
KQ; hence, the Kcal is regarded as the plane strain fracture toughness KIc. Therefore, after
the homogenization treatment, the plane strain fracture toughness KIc value increased from
10.6 ± 0.5 MPa·m1/2 up to 13.8 ± 0.6 MPa·m1/2.



Crystals 2023, 13, 1277 7 of 13

Table 2. Results of the fracture toughness tests for the as-cast and as-homogenized VW94K alloys.

Sample PQ (kN) Pmax (kN)
KQ

(MPa·m1/2)
PQ/Pmax SZH (µm) Kcal

(MPa·m1/2)
KIc

(MPa·m1/2)

As-cast 2.92 3.62 14.4 ± 0.2 1.24 3.9 ± 0.01 10.6 ± 0.5 10.6 ± 0.5
As-homogenized 3.57 4.39 15.3 ± 0.1 1.23 5.6 ± 0.01 13.8 ± 0.6 13.8 ± 0.6
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4. Discussion
4.1. Fractography

The fracture surfaces of the as-cast and as-homogenized VW94K alloys after the plane
strain fracture toughness tests are shown in Figure 6. It can be seen that the overall fracture
surfaces of the two samples comprise pre-crack regions and fracture regions (Figure 6a). For
the pre-crack region, as shown in Figure 6b, there are many cleavage planes and cleavage
steps on the fracture surface. It can be seen in Figure 6c,d that the fracture region of the
as-cast alloy is typical of massive cleavage steps and secondary cracks. Comparatively,
there are many cleavage planes, secondary cracks and tear ridges on the fracture surface of
the as-homogenized alloy (Figure 6e,f). Therefore, both the as-cast and as-homogenized
samples mainly exhibit brittle fracture characteristics.
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4.2. Crack Propagation Mechanism

Figure 7 shows SEM images of the crack propagation path of the as-cast VW94K
alloy in an interrupted fracture toughness test. From Figure 7a, it can be seen that the
whole crack propagation path displays a zigzag style. The microcracks mainly initiated
in the Mg24(Gd, Y)5 eutectic compounds around the main crack (Figure 7b). The main
crack propagates along the brittle eutectic phases at the grain boundaries near the crack tip
(Figure 7c). Meanwhile, at the ahead of the crack tip, several secondary cracks initiated and
propagated across the Mg24(Gd, Y)5 eutectic phases (Figure 7d).

Figure 8 shows the OM images of the crack propagation path of the as-homogenized
VW94K alloy in an interrupted fracture toughness test. It can be observed in Figure 8a
that the as-homogenized alloy displays a more tortuous crack path than that of the as-cast
alloy, which implies that more energy was consumed during crack propagation and a high
level of crack propagation resistance existed. Compared with Reference [40], the fracture
toughness of the as-homogenized alloy is greater than that of the LZ91 alloy, which is due
to the straight path of the crack propagation in LZ91. From Figure 8b, it can be seen that the
microcracks are initiated inside the grain and penetrate through the entire grain near the
main crack. At the crack tip, as shown in Figure 8c, the microcracks are apt to propagate
in a variety of directions. The microcracks in the same grain are parallel to each other,
and these microcracks show a trend of interconnection, which can improve the fracture
toughness to some extent due to the additional increase in the crack propagation paths. In
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the region not far from the main crack tip (Figure 8d), it can be clearly seen that microcracks
initiate inside the grain and propagate through the entire grain.
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Figure 9 shows the EBSD information and microcrack morphology of the as-homogenized
VW94K alloy at the crack tip of an interrupted fracture toughness test. Figure 9a,b exhibit
the band contrast map and inverse pole figure (IPF) map of the sample surface. It is remark-
able that most of the microcracks tend to propagate in trans-granular ways. Figure 9c–e
illustrate the slip trace analysis in Grains 1, 2 and 3, as marked in Figure 9b. The theoretical
slip trace directions for the following slip systems (SSs) were computed using the grain
orientation information of each grain: SS 1–3 for basal slip, SS 4–6 for prismatic <a> slip
and SS 7–12 for pyramidal <c + a> slip, as shown in Table 3. For Grains 1, 2 and 3, all
microcracks are parallel with their basal plane. This indicates that the plastic deformation
is mainly dominated by the basal slip.
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(a) Band contrast map, (b) inverse pole figure (IPF) map, (c) possible slip traces directions in Grain 1,
(d) possible slip traces directions in Grain 2 and (e) possible slip traces directions in Grain 3.

Table 3. Calculated slip systems in Grains 1, 2 and 3.

Slip System Number Slip System

1 Basal <a> (0001)
[
2 110]

2 (0001)
[
1 210]

3 (0001)
[
11 20]

4 Prismatic <a>
(
011 0)

[
211 0]

5
(
101 0)

[
12 10]

6
(
1 100)

[
112 0]

7 Pyramidal <c + a>
(
112 2)

[
11 23]

8
(
1 21 2)

[
12 13]

9
(
2 112)

[
211 3]

10
(
11 22)

[
112 3]

11
(
12 12)

[
1 213]

12
(
211 2)

[
2 113]

4.3. Fracture Mechanism

After the homogenization treatment, the majority of the Mg24(Gd, Y)5 eutectic com-
pounds were dissolved into the matrix, and the tensile strength, ductility and fracture
toughness KIc are improved. Figure 10 shows schematic illustrations of the fracture mecha-
nisms of the as-cast and as-homogenized VW94K alloys in interrupted fracture toughness
tests. As illustrated in Figure 10a, the initiation of microcracks in the as-cast alloy was pri-
marily caused by the Mg24(Gd, Y)5 phases. The microcracks then rapidly propagated along
the eutectic compounds at the grain boundaries, and the intergranular microcracks were
initiated. Figure 10b shows the fracture initiation and propagation of the as-homogenized
alloy in an interrupted fracture toughness test. It can be seen from Figure 10b that the
fracture initiation in the as-homogenized alloy during the fracture toughness test was
caused by the generation of cleavage of microcracks along the basal slip bands, which
is consistent with the cleavage facet features observed on the fracture surface. Then the
microcracks coalesced to form longer trans-granular cracks.
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Figure 10. Schematic illustration of the fracture mechanism of the (a) as-cast and (b) as-homogenized
VW94K alloys.

The coarse Mg24(Gd, Y)5 phases in the as-cast alloy led to dislocation accumulation
and stress concentration at the grain boundaries [41]. The nucleation of microcracks first
initiated at the interfaces between the eutectic phases and the α–Mg matrix, and the
further coalescence of these microcracks promoted the formation of cracks [28]. After the
homogenization treatment, the coarse Mg24(Gd, Y)5 eutectic phases were dissolved into
the matrix, so the crack nucleation sites were reduced and the intrinsic resistance to crack
propagation was increased, leading to the improvement of the fracture toughness.

5. Conclusions

Using OM, SEM and EBSD techniques, the present work clarified in detail the effect of
Mg24(Gd, Y)5 eutectic compounds on the fracture toughness and fracture behaviors of the
as-cast Mg-9Gd-4Y-0.5Zr (VW94K) alloy. The tensile properties and plane strain fracture
toughness of the as-cast and as-homogenized VW94K alloys were investigated. The crack
propagation and fracture mechanisms were discussed and the conclusions are summarized
as follows:

1. Network-distributed Mg24(Gd, Y)5 eutectic compounds are dissolved into the matrix,
and a supersaturated solid solution is obtained after homogenization treatment.

2. The as-homogenized VW94K alloy exhibits greater tensile properties than the as-cast alloy.
3. The plane strain fracture toughness KIc of the as-cast VW94K alloy is 10.6 ± 0.5 MPa·m1/2,

while that of the as-homogenized alloy is 13.8 ± 0.6 MPa·m1/2. The improvement of
30.2% in KIc was achieved via the dissolution of the Mg24(Gd, Y)5 phases.

4. For the as-cast VW94K alloy, the microcracks were initiated and propagated across
the Mg24(Gd, Y)5 eutectic compounds. The propagation of the cracks exhibits an
intergranular fracture pattern, and the whole crack propagation path displays a zigzag
style. Comparatively, the microcracks of the as-homogenized alloy were initiated
and propagated along the basal plane. The main crack shows more tortuous fracture
characteristics and a transgranular crack propagation pattern.
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