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Abstract

Rare earth (RE) can produce excellent precipitation hardening in Mg alloys. However, when forming a solid solution, it also deteriorates
formability, a problem that can usually be overcome by raising deformation temperature. Here we report an unexpected observation of high
temperature brittleness in a Mg-Gd-Y-Ag alloy. As the temperature reached 500 °C, the formability decreased drastically, leading to severe
intergranular fracture under only 0.5% strain. This was caused by failure of grain boundaries, which are weakened by segregated interfacial

compounds.
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1. Introduction

Environmental pollution and energy source exhaustion are
becoming severe crises that threat the well-being of humanity.
As the lightest metallic materials, magnesium and its alloys
have potential applications in many industries such as auto-
mobile, ship-building and aerospace [1-3]. Extensive investi-
gations on alloy design, forming technology and deformation
mechanism of wrought Mg alloys have been carried out to
expand their applications in load-bearing components [4-9].
Especially, it has been found that the Mg-RE alloys can be
effectively strengthened by age hardening [10-12], in which
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the dispersed nano precipitates block the slip of dislocations
to enhance strength [13—16]. In addition, it has been reported
that other strengthening mechanisms, such as grain refinement
and solid solution, can also improve the strength of Mg-RE
alloys in conjunction with precipitation hardening [17,18].

Industrial applications of Mg alloys are severely hindered
by their poor formability at room temperature [19,20]. In ad-
dition, dislocation pinning by solution atoms in Mg-RE al-
loys further deteriorates their formability [21,22]. Therefore,
high temperature deformations, which can activate more slip
systems, are frequently employed to process Mg-RE alloys
[23-25], although RE addition has negative effects on grain
refinement in Mg alloys, which leads to higher critical temper-
atures for recrystallization [26,27] and changes of deformation
mechanisms [28,29]. Recrystallization is known as effective
way to reduce the dislocation density and consequently im-
prove formability during hot deformation.
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In this work, the deformation behaviors of Mg-Gd-Y-Ag
alloy at a series of elevated temperatures were comparatively
studied. It is found that the critical recrystallization temper-
ature of Mg-Gd-Y-Ag alloy is "440 °C. Stable rolling defor-
mation to 80% of thickness reduction without any cracking
was successfully achieved at this temperature. However, to
our surprise, we found unexpected brittleness when the alloy
was deformed at higher temperature of 500 °C. Severe crack-
ing occurred in the sample that was rolled for only 0.5% of
thickness reduction. This interesting phenomenon is against
our current understanding of hot deformation. It is widely ac-
cepted that increasing temperature promotes the plastic defor-
mation of most Mg alloys [30,31]. Thus, detailed microstruc-
ture evolutions of the alloys deformed at 440 °C and 500 °C
were comparatively investigated using EBSD and TEM. 1t is
found that the underlying mechanism of the high tempera-
ture brittleness of Mg-Gd-Y-Ag alloy was induced by segre-
gated compounds (the Mg;RE and Mg,REAg phases) along
the grain boundaries.

2. Materials and methods

The composition of Mg-RE alloy was Mg-10Gd-3Y-2Ag
in weight percentage (wt. %). The as-cast ingot was cut into
plates with dimensions of 30 mm x 20 mm x 2 mm, fol-
lowed by a homogenization treatment at 500 °C for 12 h, then
quenched to room temperature in silicon oil (T4 treatment).
Rolling deformation was performed at 440 °C or 500 °C with
a rolling speed of 20 mm/s. Before each pass, the samples
were pre-heated for 30 min in a resistance furnace. The thick-
ness reduction between each pass was 0.1 mm.

To reveal the microstructural evolution with different
rolling conditions, electron back-scattered diffraction (EBSD)
characterization was performed in a scanning electron micro-
scope (SEM, FEI Quanta 250 FEG). EBSD samples were cut
from the rolling sheets. Transverse direction was set as the ob-
servation direction. The scanning step sizes are 4 um, 0.5 pm
and 0.3 pm for the sample in T4, 440 °C and 500 °C con-
ditions. Kernel average misorientation (KAM) analysis was
carried out near the cracks to reveal the nature of strain hard-
ening [32]. Transmission electron microscopy (TEM) speci-
mens were cut parallel to the normal plane and gently thinned
to a thickness of 725 pwm. Perforation by ion milling was per-
formed on a cold stage ("50 °C) with a low angle (<3.5°) and
low energy ion beam (<3 keV). Atomic-resolution high-angle
annular dark field (HAADF) observations were performed in
an aberration-corrected scanning transmission electron micro-
scope (STEM, FEI Titan G2 60-300) operated at 300 kV. Dig-
ital Micrograph plug-in was used for geometric phase analysis
(GPA) to measure strain field from high-resolution TEM im-
ages. For simplicity, all the zone axes and crystal planes are
hereafter referred to as those of the «-Mg matrix.

3. Results and discussions

Fig. la is an EBSD inverse pole figure (IPF) map of Mg-
Gd-Y-Ag alloy, showing a random texture in the T4 treated

sample. The grain size distribution is plotted in Fig. lc, in-
dicating an average grain size d of “86 pm. The microstruc-
ture is of a typical annealed equiaxed grains with relatively
clean grain interior. Fig. 1b shows the EBSD grain boundaries
(GBs) map in the same observation area. Althrough the sam-
ple is well homogenized at 500 °C for 12 h (T4), there are still
some compounds in local regions. HAADF-STEM and TEM
images (Fig. 1d and e) reveal that the compounds exist mostly
along grain boundaries, which are also frequently observed in
other solid solute treated Mg-RE alloys with high RE con-
tents [33,34]. X-ray diffraction (XRD) analysis indicates that
the compounds are mostly the Mg;RE and Mg,REAg phases
(Fig. 1f). These compounds are segregated at grain bound-
aries, but can be fragmented, refined and even dissolved dur-
ing the subsequent plastic deformations [35].

Owing to their insufficient number of slip systems, Mg
alloys usually show poor formability at room temperature
[19,20]. We performed cold rolling on this T4 treated sam-
ple, and found that not surprisingly, cracking occurred when
the thickness reduction reached 20%. To improve the forma-
bility, high temperature deformation is usually employed to
activate more non-basal slip systems [30,31]. Fig. 2 shows
the IPF maps of samples rolled at 440 °C with thickness re-
ductions from 20% to 80%. During the hot deformation, de-
fects in grain interior are significantly cleaned up through dy-
namic recrystallization [36,37]. Compared to the T4 sample,
significant grain refinement occurred in the 20% hot rolled
sample, showing an average grain size of "33 pm (Fig. 2a).
The grain size is inhomogeneous, exhibiting co-existence of
coarse grains (>100 pm) and fine grains (<10 pwm), which
indicates that the grain refinement of 20% rolled sample is
not uniform. Further deformation reduces the average grain
sizes to 725 wm, 21 pwm and “13 pwm after 40%, 60% and
80% rolling strain, as shown in Fig. 2b—d, respectively. The
grain size distributions indicate that the homogeneity of grain
size is improved with increasing rolling strain. Thus, Mg-Gd-
Y-Ag alloys exhibit excellent formability at 440 °C, due to
dynamic recrystallization. The samples are able to sustain up
to 80% rolling reduction without any cracking. Similar result
was also reported in the Ref. [34].

In sharp contrast, the deformation at 500 °C induced an
intergranular fracture, as shown in Fig. 3a. Surprisingly, the
limit of rolling reduction at 500 °C is extremely low: severe
fracture occurred with only 0.5% of thickness reduction. This
observation is against our general understanding that higher
temperature typically improves the formability of Mg alloys.
The GB map (Fig. 3b) indicates that recrystallization did not
occur when the sample was deformed at 500 °C. The average
grain size is 775 pm (Fig. 3f), which is close to that of the
T4 sample ("86 wm).

It is well understood that the activation of dynamic re-
crystallization requires two essential conditions: (1) The de-
formation temperature is higher than the critical recrystalliza-
tion temperature; (2) The continuous straining to introduce
the high density of defects. In this case, 500 °C is higher
than the recrystallization temperature (440 °C). However, the
defect accumulation in grain interior is very slow. Only some
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Fig. 1. Microstructure of as-received (T4 treated at 500 °C for 12 h) Mg-Gd-Y-Ag alloy: (a) IPF map, (b) GB map, (c) statistical histogram of grain size
distribution, (d) HAADF-STEM image at GB, (e) bright-field TEM image at GB, (f) XRD pattern of phase constitution.

Fig. 2. EBSD IPF maps and corresponding grain size distributions of Mg-Gd-Y-Ag alloy rolled at 440 °C: (a) 20%, (b) 40%, (c) 60%, and (d) 80% of the
thickness reductions.

200 mm
——

d=75+34 ym

100 um

Fig. 3. Microstructure of the cracked Mg-Gd-Y-Ag alloy sample rolled at 500 °C: (a) IPF map, (b) grain boundary map, (c) TEM bright field image and

corresponding diffraction pattern of twinning, (d) and (e) closed-up KAM and Schmid factor maps of the white rectangle region in (a), (f) statistical histogram
of grain size distribution.
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Fig. 4. Atomic-scale microstructure of the segregated compound in GB: (a) low magnification HAADF-STEM image, (b) EDS map of a specific compound,
(c) high magnification HAADF-STEM image, (d) GPA analysis of lattice strain map, (e) interface between the segregated compound and matrix, (f) two-

dimensional unit cell marked on a HAADF-STEM image.

deformation twins are observed in the grains along the cracks.
As shown in Fig. 3c, the bright-field TEM image and corre-
sponding SAED pattern indicate that most of them are {1012}
twins. Detailed analysis of deformation was carried out in the
white rectangle area of Fig. 3a, using a much smaller step
size of scanning. As shown in Fig. 3d, the high KAM value
regions mainly distribute along the grain boundaries (7717°),
especially along the cracks, while the KAM value in grain in-
terior is relatively low (mostly below 2°). The Schmid factor
map shows that grains (IV to VII) on both sides of the crack
are below 0.3, which is unfavorable to slip activation (Fig. 3e).
Fortunately, the crack growth is blocked by the grains (I to
III) with higher Schmid factor (0.470.5), which are easier for
dislocation slip. Therefore, grain boundary sliding appear to
be the main deformation mode at such a high temperature.
As mentioned above, segregated compounds exist in the T4
treated samples (Fig. 1d and e). Fig. 4a shows the HAADF-
STEM image of segregated compound, which is responsi-
ble for the high temperature brittleness. The compositions
of the compound have high atomic numbers, thus exhibit-
ing a brighter contrast than that of Mg matrix [38—41]. We
performed energy-dispersive X-ray spectroscopy (EDS) anayl-
sis, and detected all the three alloying elements in the com-
pound(Fig. 4b). The color of the maps indicates that the con-
centration of Y is lower than those of Gd and Ag in the
compound. Enlarged HAADF-STEM image shows that the
segregated compound has a periodic structure, which has a
three-fold symmetry in this zone axis (Fig. 4c). Due to the dif-
ferent orientations on both sides of the GB, the lattice struc-
ture of the compound is not perfect, which has lower ordering
structure in some local areas. Fig. 4d is the GPA analysis of
the same region, showing that the distibtion of high strain

regions exist inside this compound. Owing to the high inter-
facial energy in disordered structure, they could be the strat
area for softening at high temperature. As shown in Fig. 4e,
the atomic-scale morphology of the interface between matrix
and the segregated compound show a zigzag morphology, but
is highly coherent in the lattice. Based on the three-fold sym-
metry in this zone axis, the two-dimensional unit cell of the
compound is proposed as a hexagonal structure, as marked in
Fig. 4f.

The segregated compounds on the grain boundary results in
serious cracking, when the samples were deformed at 500 °C.
Fig. 5a and b shows the segregated compounds looks like
split and molten during high temperature deformation, which
could be the main reason for the high temperature brittleness
of the Mg-Gd-Y-Ag alloy. In general, grain boundary slid-
ing is helpful for plastic deformation in metals, which is well
studied in the researches of superplastic deformation [42—45].
However, in this specific case, the softening of the compound
on the GB is equivalent to crack formation on the GB, be-
cause the molten phase can carry little stress. This statement
is supported by HAADF-STEM observations that the cracking
initiation occurred at the interface of segregated compounds
(Fig. 5b).

Fig. 5¢ shows the stress-strain curves of the Mg-Gd-Y-Ag
alloy compressed at 440 °C and 500 °C, respectively. The test
was performed on a Gleeble-3500 thermo-mechanical simu-
lator at a strain rate of 0.001 s~'. The alloy compressed at
440 °C shows stable flow stress, which has a yield strength
of 50 MPa. Due to the dynamic recrystallization, the flow
stress shows a slight decrease after yielding, and then tends
to be stable. In contrast, the stress-strain curve of the sam-
ple compressed at 500 °C shows a drastic wobble, which is
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Fig. 5. Mechanism of high temperature brittleness in Mg-Gd-Y-Ag alloy: (a) HAADF-STEM of a GB, (b) growth GB cracks, (c) true stress-strain curves of
hot compression at a strain rate of 0.001 s~!, (d) schematic diagram of microstructure evolution deformed at 440 °C and 500 °C, respectively.

resulted from the severe cracking during the plastic deforma-
tion.

Fig. 5d illustrates the deformation mechanism of Mg-Gd-
Y-Ag alloy rolled at 440 °C and 500 °C, respectively. Stable
plastic deformation at 440 °C is dominated by dislocation
slip and deformation twinning. Formability of the alloy is
significantly improved by dynamic recrystallization, leading
to grain refinement from 86 wm to 13 pm. In contrsat, at
500 °C, the softening of the compounds significnalty weakens
the grain boundary, which makes it easier for the GB to slide
and for the GB cracks to form, which consequently fails the
sample, leading to the high temperature brittleness in the Mg-
Gd-Y-Ag alloy.

To solve the high temperature brittleness, the following two
methods are suggested for the processing of Mg-Gd-Y-Ag al-
loy. First, the content of rare earth elements in Mg-Gd-Y-Ag
alloys should be reduced, which will reduce the formation of
the segregated compounds along GBs. Previous work revealed
that deformation of pure Mg was stable at 500 °C, even to a
very high strain [46]. Second, lower the deformation temper-
ature to avoid the softening of the compounds segregated to
the GBs.

4. Conclusions

In summary, an unexpected high temperature brittleness
was found in a Mg-Gd-Y-Ag alloy, which induced severe
cracking under a very low deformation strain. The deforma-
tion mechanisms at different temperatures were studied. The
key findings are summarized below:

(1) Segregated compound is responsible for the high tem-
perature brittleness, which became soften during defor-
mation at 500 °C. Cracking initiation occurs at the in-
terface of segregated compounds. The severe cracking
during deformation leads to a drastic wobble of flow
stress.

(2) At 500 °C, the weakening of the grain boundaries by
the softening segregated compounds led to easy grain
boundary sliding. As a result, dislocation slip and ac-
cumulation in the grain interior became more difficult
because the deformation was carried out largely at grain
boundaries. Together with premature failure of the sam-
ple at low strain, there was not enough defects accumu-
lated in the grain interior to initiate dynamic crystalliza-
tion before sample fracture.

(3) The compositions of segregated compound have Gd, Ag
and Y elements, in which the concentration of Y is
lower than that of Gd and Ag. The compound has a pe-
riodic structure, which has a three-fold symmetry in the
observed direction. The interface between matrix and
the compound is zigzag, but is highly coherent in the
lattice. The two-dimensional unit cell of the compound
is proposed as have a hexagonal structure.
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