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ABSTRACT
A high-strength binary Mg–15Gd alloy plate, prepared by the conventional extrusion, warm-rolling
and aging, exhibits an excellent mechanical property with 504, 518MPa and 4.5% for yield strength,
ultimate tensile strength and elongation, which is mainly attributed to the nano substructure with
boundary segregation of Gd atoms, the high-density nano clusters induced by dislocations in the
interior of grains, the high-density dynamical precipitates with submicron size, and the strong basal
texture.

IMPACT STATEMENT
Anew strengtheningmechanism involving thenano substructurewithGd segregation, high-density
nano Gd clusters induced by dislocations, and high-density dynamical precipitates has been found
in Mg–Gd binary alloys.
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1. Introduction

Magnesium (Mg) alloys have extensive application
prospects in automotive, aerospace, electronic prod-
ucts and other fields as light structural materials due
to their low density and high specific strength. Alloy-
ing rare earth (RE) element into Mg to obtain a high-
strength is explored by using many preparation methods
[1–8]. The Mg–Y–Zn alloy prepared by rapidly solid-
ified powder metallurgy exhibits a high strength due
to the presence of fine grains and dispersion of long
period stacking ordered structures [1]. A high-strength
Mg–8.5Gd–2.3Y–1.8Ag–0.4Zr (wt. %) alloy plate pre-
pared by hot rolling is mainly strengthened due to
the high-density stacking faults with nanoscale spacing
[2]. The high-strength in Mg–1.8Gd–1.8Y–0.7Zn–0.2Zr
(at.%) alloy, fabricated by hot extrusion followed by
aging, is attributed to the fine precipitates from the aging
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and dynamic precipitates at the grain boundaries of
dynamically recrystallized grains [3]. The high strength
for the bimodal-structure Mg–13Gd alloys, prepared
by low temperature and low extrusion ratio, is mainly
attributed to the strong texture and the high-density pris-
matic precipitates [4]. Besides, the Mg–Gd–Y–Zr alloy
prepared by rotary swaging reaches an ultrahigh strength,
which is mainly attributed to the nano-grain, intra-
granular Gd-rich clustering, inter-granular solutes segre-
gation, β ’ precipitate, dislocation and solution strength-
ening contributions [5].

The strengthening modes for Mg alloys are gener-
ally dependent on grain boundaries (fine grains, bimodal
structure, nano grains), dislocations, texture, precipitates
(dynamical precipitates during deformation or prismatic
precipitates during heat treatment), as well as the solid
solution of solute into the matrix [6–15]. It is worthy
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to note that the grain boundary strengthening has lim-
ited contribution to the enhancement of the strength of
Mg alloys, usually less than 400MPa. The strong texture,
high-density precipitates, solute segregation and atoms
clustering are commonly considered to combine with the
grain boundary strengthening for further improving the
strength of Mg alloys.

Though lots of investigations are done for enhanc-
ing the high strength in Mg alloys, it is still a great
challenge to achieve an industrial production of Mg
alloys with high strength above 500MPa. In this study,
the proper conventional extrusion process is chosen for
achieving a fine-grainedMg–Gd binary alloy with a com-
plete dynamical recrystallized (DRXed) microstructure.
Subsequently, nano substructures and high-density dis-
locations without twins can be introduced into the fine-
grained Mg–Gd binary alloy by warm rolling. The nano
substructure promotes further formation of the Gd seg-
regation on the low angle grain boundaries (LAGBs),
and the high-density dislocations can effectively help
to form high-density clusters with a several nanometer
size within matrix during aging. Thus, the high-strength
Mg–15Gd binary alloy mainly strengthened by the nano
substructure with Gd segregation and the high-density
nano clusters is successfully fabricated.

2. Materials andmethods

Mg–15Gd (wt.%) alloy with the actual composition of
85.3Mg–14.7Gd (wt.%) detected by inductively coupled
plasma spectrometry was prepared by semi-continuous
casting method and the raw materials used were
commercial purity magnesium Mg (99.9%, wt.%) and
Mg–30Gd (wt.%) master alloy. The alloy was melted at
750 °C and then poured into a cooled crystallizer at 720
°C to prepare the billet. Cylindrical-shaped samples with
a height of 100mm and a diameter of 90mm were cut
from the billet. The cylindrical samples were homoge-
nized at 500 °C for 24 h and then quenched in warm
water above 80 °C. These homogenized samples were
kept in furnace for 0.5 h at 325 °C, and then extruded.
The extrusion chamber temperature of 340 °C, the mold
temperature of 330 °C, the ram speed of 0.2mm/s and the
extrusion ratio of 28 were chosen. Finally, an extruded
bar with a diameter of 17mm was produced, which
was named as E sample. Plates with a dimension of
100mm× 10mm× 2mm were cut from the extruded
bars, and then the plates were preheated at 270 °C for
10min in a resistance furnace, and mill rolls were heated
to 250 °C by the resistance heater. Then single pass large-
strain warm rolling was conducted with thickness reduc-
tions of 60%, which resulted in rolled sheets with 0.8mm
in thickness, and the rolling direction (RD) was parallel

to the extruded direction (ED). The normal direction is
abbreviated asND, the transverse direction is abbreviated
as TD and the rolled Mg–15Gd sample was named as
E+R sample. Some rolled samples were aged at 200 °C
for 0.5 h, which were named as E+R+A samples. The
schematic flow diagram of material processing is shown
in supplementary Figure S1.

Tensile plates with a gauge length of 33mm, a width
of 6mm and a thickness of 0.75mm were tested using
a Shimadzu Autograph AG-I (500 kN) with an initial
strain rate of 10−3/s at room temperature. The ten-
sile direction is parallel to RD, and three tests with
same parameters were done for reproducibility. The
microstructure of extruded sample was characterized by
a FEI Nova 400 scanning electron microscope equipped
with Oxford HKL Channel 5 electron backscattered
diffraction (EBSD) detector. EBSD sample was prepared
by mechanical polishing followed by Ar ion milling. X-
ray diffraction (XRD) (Rigaku D/max-2500 PC) tech-
nique in aCuKα radiation at 40 kV and 150mAwas used
to study the overall texture evolution of rolled and aged
plates. The 1010 and 0002 pole figures were measured up
to amaximum tilt angle of 70°. The sample for XRDmea-
surement was prepared by mechanical polishing and the
same position of one sample before and after aging is cho-
sen for macrotexture measurement. The microstructure
was characterized by a JEOL JEM-2100F transmission
electronmicroscope (TEM) operated at 200 kV and a Cs-
corrected FEI Titan G2 60–300 ChemiSTEM operated at
300 kV. The thin foil samples for TEM observation were
prepared using low energy ion beam thinning technique.

3. Results

Figure 1 shows the EBSD analysis and TEM image for
E sample, which contains a weak texture with the max-
imum intensity of 2.1, an average grain size of ∼1 μm. A
high-volume fraction of dynamical Mg5Gd precipitates
[4,16,17], which have an average diameter of ∼150 nm,
can be also detected. Figure 2(a) shows the tensile curves
of the E+R sample and the E+R+A sample. The
yield strength, ultimate tensile strength and elongation
are 435MPa, 447MPa and 0.8%, respectively for the
E+R sample, and correspond to 504 MPa, 518MPa,
and 4.5% for the E+R+A sample. The yield strengths
and elongations for present Mg–15Gd alloy and other
reported Mg–Gd–(Zr) and Mg–Gd–Y–Zr alloys with
similar chemical compositions are compared and shown
in supplementary Figure S2. Note that the strength
of the E+R+A sample is superior to the recently
reportedMg–Gd–(Zr) andMg–Gd–Y–Zr alloys [18–24].
Figure 2(b,c) exhibits the 0002 and 10-10 pole figures
of the E+R sample and the E+R+A sample from



684 R. LI ET AL.

Figure 1. EBSD and TEM images for E sample. (0002) pole figures (a), IPF maps with the reference direction parallel to ED (b), and TEM
image of the microstructure containing the equiaxed grains and dynamical precipitates (c).

Figure 2. Tensile engineering stress–strain curves for the E+ R sample and the E+ R+A sample (a), XRD texture for the E+ R sample
(b) and the E+ R+A sample (c).

the XRD measurement. The texture contains mainly a
component of 0002 plane parallel to RD–TD plane and
〈10 − 10〉Mg||RD, and the maximum texture intensity is
4.4 for the E+R sample and 5.8 for the E+R+A sam-
ple. It shows also the 0002 plane parallel to RD–TD
plane is strengthened and the 〈10 − 10〉Mg||RD is weak-
ened after aging. Figure 3 shows the TEM images of the
E+R sample. The high-density dynamical precipitates
with a volume fraction of ∼40% and an average size of
∼150 nm can be observed in Figure 3(a). It is noted that
many grains or substructures with nanometer size should
be contained in the E+R sample, as observed from
the diffraction rings of α-Mg in Figure 3(b). The high-
density dislocations without twins can be observed in
the magnified microstructure in Figure 3(c). Figure 3(d)
exhibits the HAADF image of the magnified microstruc-
ture, where the segregation of Gd atoms on the high-
density dislocations within grains cannot be observed.
Figure 3(e) shows the magnified image of the red rect-
angle in (d) for the boundary observation, and the

corresponding selected area electron diffraction (SAED)
pattern is shown in Figure 3(f), indicating the segregation
of Gd atoms distributes mainly along the low angle grain
boundary with a misorientation angle of ∼ 4°.

Figure 4 shows the TEM images for the E+R+A
sample. The high-density Mg5Gd precipitates (the bright
particles) with a volume fraction of ∼40% and an aver-
age size of ∼150 nm are uniform in the E+R+A sample
(Figure 4(a)), which are similar to those in the E+R sam-
ple (Figure 3(a)) mainly formed during the extrusion and
the rolling. Figure 4(b) exhibits more segregation of Gd
atoms on dislocations and LAGBs, which make a distinct
contrast at the trace of dislocation and boundary when
it is observed under the HAADF condition, suggest-
ing there are high-density dislocations and LAGBs with
the segregation of Gd atoms existing in the matrix. The
recovery accompanied with the decrease of dislocation
density occurs generally during aging, which causes the
formation of more LAGBs in the E+R+A sample com-
pared with those in the E+R sample. For the E+R+A
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Figure 3. TEM images of the E+ R sample: (a)microstructure containing the high-density dynamical precipitates and fine grains; (b) the
diffraction pattern corresponding to the (a);(c)the magnified microstructure for dislocations observation; (d) HAADF image of the mag-
nified microstructure; (e) Magnified HAADF image of the red rectangle in (d) for the low angle boundary observation; (f ) corresponding
to the diffraction pattern of the microstructure in (e). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

sample, the high-density dislocations still exist in the
matrix, though the recovery of some dislocations occurs.
To further analyze the microstructure evolution during
aging, the matrix region without the dynamical precip-
itate as indicated by the red rectangle (Figure 4(c)) is
observed using an electron beamparallel to the [0001]Mg,
and the satellite reflection spots pointed by the red arrows
(Figure 4(d)) indicate there are Gd clusters distributing
along the dislocations within the grain, and also suggest
that no new phase is formed in the matrix, which is sim-
ilar to the research result in aged Mg–Gd–Ag alloys [11].
Figure 4(e) shows the HAADF image of the magnified
microstructure at the red circle region in Figure 4(c),
where the trace of Gd segregation along the disloca-
tions within the grain can be clearly observed. Figure 4(f)
shows the magnification of the matrix marked by red
rectangle region in Figure 4(e), the dislocations lying
on the (0001) plane have a clear trace observed by the
HAADF due to the Gd atoms segregation on those dislo-
cations. High-density dislocations containing basal and
non-basal types can be formed during warm rolling, and
many dislocations must have a certain angle with the
(0001) crystal plane rather than lying on the (0001) plane.

Thus, many clusters with a size of several nanometer
(pointed by the red arrows) formed along the dislocations
within the matrix are observed due to Gd atoms segrega-
tion on the segment of dislocations on the (0001) plane
(Figure 4(f)). The several nanometer clusters (pointed by
the red arrows in Figure 4(g)) are observed by the high
resolution TEM (HRTEM), where the satellite reflection
spot, pointed by the yellow arrows in Figure 4(g), in the
Fast Fourier Transform (FFT) for the clusters is consistent
with that in Figure 4(d). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred
to the web version of this article.)

4. Discussion

The complete DRXed microstructure with a fine grain
size, a weak texture and a high density of dynamical
precipitates in the extruded Mg–15Gd binary sample (E
sample), which is generally easily formed in Mg alloys
using a low temperature extrusion process [25], exhibits
an excellent deformation ability when it is rolled at 270
°C. Therefore, a large thickness reduction of 60% can be
obtained by a single pass rolling. The main deformation
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Figure 4. TEM images for the E+ R+A alloy: (a) HAADF image of themicrostructure containing the high-density dynamical precipitates;
(b) HAADF image of themagnifiedmicrostructure containingmore dislocation boundaries; (c) microstructure containing dynamical pre-
cipitates and the matrix; (d) the diffraction pattern corresponding to the matrix region indicated by the red circle in c, and an electron
beam parallel to the [0001]Mg is used; (e) HAADF image of the magnified microstructure at the red circle region in (c); (f ) the magnified
matrixmicrostructure at the red rectangle region in (e); (g) HRTEM image for the matrix containing the several-nanometer clusters and
correspond to FFT.
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mode is dislocations slip without twinning during rolling
due to the fine-sized grain, the ample submicron dynam-
ical precipitates, as well as the high rolling temperature
[26–28]. The ∼1 μm fine grains with random grain ori-
entation for the E sample promote dislocation slip during
warm rolling, and the submicron dynamical precipitates
can increase the density of dislocations by the interaction
with the dislocations. Thus, the high-density dislocations
containing both the basal and non-basal types can be
formed during rolling. In view of the strong texture with
a component of 0002 plane parallel to RD–TD plane
and 〈10 − 10〉Mg||RD formed during the rolling, recov-
ery instead of recrystallization is dominant at a rolling
temperature of 270 °C, which facilitates the formation of
the nano substructure due to the low migration rate of
boundaries under the relatively low temperature. Accord-
ingly, warm rolling using a single pass causes the for-
mation of the nano substructures and the high-density
dislocations, which is different from the common high-
density dislocations and/or twins created by cold rolling
or the recrystallized microstructure generated by hot
rolling. For the E+R+Asample (Figure 2(c)), the texture
is notweakeneddue to lack of static recrystallization, sug-
gesting recovery accompanied with the rearrangement of
the high-density dislocations readily occurs during aging
at 200 °C. Under the driving force of thermal energy,
dislocation reaction and rearrangement transform high-
density dislocations into LAGBs for lowering the excess
free energy (Figure 4(b)) [29], which causes the for-
mation of more nano substructures with the decrease
of dislocation density and the increase of LAGBs. The
stronger texture in E+R+A sample is formed during
aging, which is closely related to a lower dislocation den-
sity, formation and migration of LAGBs. Further investi-
gation on the texture evolution mechanism during aging
is highly desired.

Compared with the high-density dislocations, the
LAGBs can act as nucleation sites of new dislocation
sources, and dislocations can successfully propagate from
the LAGBs to contribute the plastic deformation dur-
ing tensile test [30]. Moreover, segregation of Gd atoms
on the dislocations can decrease the local elastic distor-
tion in thematrix caused by the high-density dislocations
and the substitutional solid solution of Gd atoms, which
improves the ductility of the E+R+Asample. As a result,
a high ductility in the E+R+A sample is closely related
to the formation ofmore LAGBs due to dislocation recov-
ery, while a low ductility obtained in the E+R sample is
mainly attributed to the high-density dislocations within
the matrix.

More importantly, the yield strength has a significant
increase after aging, comparedwith the E+R sample. For
the fine-grained and age-hardeningMg–Gd based alloys,

a high-volume fraction of dynamical precipitates with a
submicron level size can be commonly formed during the
extrusion process, which exhibits a weak age-hardening
response due to a low-volume fraction of the prismatic
β ’-Mg7Gd precipitates within grains [17,31,32]. In this
research, Gd atoms segregate on the boundaries of nano
substructure and numerous dynamical precipitates are
formed during rolling (Figure 3(d,e)). Hence, the con-
centration of Gd segregation on dislocation lines is so
low that the new phase of prismatic β ’-Mg7Gd precip-
itates cannot be formed due to the lack of enough Gd
atoms in matrix during aging. It is reported that Gd
tends to segregate to form the Gd-rich clusters along the
incoherent tilt grain boundaries for the reduction in free
energy in the Mg–0.2Gd (at. %) alloy [33]. In the present
study, the high-density dislocations are contained in the
fine-grained Mg–15Gd alloy, and the Gd atoms can fur-
ther segregate on dislocations within grains due to the
low energy barrier for solute diffusion during aging, as
proven by the HAADF results in Figure 4(e,f). Therefore,
the high-density clusters with several nanometers in the
interior of α-Mg grains are mainly formed along the dis-
location lines in the E+R+A sample (Figure 4(f,g)). It
should be noted that sufficient solute clusters must pro-
vide a dragging effect on the dislocation motion, which
play a crucial role in enhancing the strength (Figure 2(a)).
Differently, there is no clusters in the complete DRXed
microstructure of the Mg–Gd binary alloy because of a
limited number of dislocations for Gd segregation, thus
the alloy shows little age-hardening response [17,31,32].
In addition, more LAGBs with Gd segregation in the
E+R+A sample are capable of hindering the motion of
dislocations and exert a positive effect on strengthening.
Actually, the contribution of solid solution strengthen-
ing is reduced due to the segregation and the clusters
of Gd atoms. The density of dislocations decreases due
to occurrence of recovery during aging, and the corre-
sponding dislocation hardening is expected to decrease.
Obviously, the decrease in strength caused by poten-
tial softening mechanisms can be compensated through
strengthening mechanisms caused by the segregation on
LAGBs and the clusters in matrix of Gd atoms. It is thus
concluded that a high yield strength of 504MPa in the
E+R+A sample is attributed to the nano substructure
with boundary segregation of Gd atoms, the high-density
nano clusters caused by dislocations, the high-density
submicron dynamical precipitates, and the strong basal
texture.

5. Conclusions

A high-strength binary Mg–15Gd alloy plate is success-
fully fabricated by the conventional extrusion,
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warm-rolling and aging. The alloy exhibits an excellent
mechanical property with a yield strength of 504MPa,
ultimate tensile strength of 518MPa, and elongation of
4.5%. The high-density dynamical precipitate uniformly
distributed in binary Mg–15Gd alloy is formed mainly
during extrusion, which facilitates the formation of high-
density dislocations and LAGBs during warm-rolling.
Subsequently, the nano substructure with boundary seg-
regation of Gd atoms and the high-density nano clusters
within grains are caused by the high-density dislocations
during aging. The remarkably high strength in binary
Mg–15Gd alloy plate is attributed to the nano substruc-
ture with boundary segregation of Gd atoms, the high-
density nano clusters caused by dislocations, the high-
density dynamical precipitates with submicron size of
∼150 nm, and the strong basal texture.
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