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Abstract: To improve the ductility of a commercial Mg—rare earth alloy EV31A (Mg—3Nd—1.5Gd-0.3Zn—-0.5Zr), a
heat treatment method called double aging is explored, and its effect on mechanical properties and microstructure of the
alloy is studied. Ultimate strength and elongation of the alloy can be increased to 288 MPa and 6.6% by the optimum
double aging process, compared to 273 MPa and 4.9% after single aging. Time consumption of the aging process is also
significantly decreased from 16 h (single aging) to 2 h. HAADF-STEM characterization shows that the primary
precipitate is B’ phase, which is similar to ' phase in Mg—Nd binary alloy. By double aging, the f’ phase is finer and
more densely distributed compared with single aging, with approximately double density and half size, which explains

the improvement in strength and ductility.
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1 Introduction

Due to its low density and high specific
strength, magnesium alloy has aroused widespread
interest in various industry fields, including
automobile and aerospace. However, low strength
and poor ductility have limited further application
of magnesium alloy. To improve the mechanical
properties of Mg alloys, alloying with rare earth
(RE) elements is adopted as one of the most
effective ways. Not only can RE addition strengthen
the alloy by solid solution strengthening and
precipitation strengthening with hard eutectic
phases [1,2], but it can also improve the ductility by
weakening the texture [3,4]. Therefore, a lot of
efforts have been made on developing high strength
Mg-RE alloys [5-7]. Except for tuning the

composition by alloying, control of the age

hardening process is also important for improving
mechanical properties, since most of the Mg—-RE
alloys have good age hardening responses [8].
Currently, double aging has been explored as a
subtler and more efficient aging technique. Previous
researches on double aging were usually focused on
light alloys, including Mg-Zn alloys [9-12], Al
alloys [13-16], and other alloy systems [17,18]. But
few studies have been made for double aging of
Mg—-RE alloys. Generally speaking, double aging is
a two-step aging process following a “low-high”
pattern. The first step, also called pre-aging, usually
uses a temperature lower than that in the single
aging process, while the second step (second aging)
uses a higher temperature. But there are also very
few exceptions that follow “high—low” patterns [18].
Effects of double aging vary in different alloy
systems, but in most cases, double aging is found to
make the precipitates finer and increase the strength
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of the alloy, with less time consumption compared
to the single aging process [9-14]. In this work,
finer and evenly distributed G.P. zone will be
prepared by low-temperature pre-aging, and
then precipitation process can be accelerated
by high-temperature second aging, improving
mechanical properties and consuming less time.

To have some insight into the effect of double
aging on Mg-RE alloy, EV31A alloy has been
chosen as the research subject. EV31A, also called
Elektron 21, has a theoretical composition of
Mg-3Nd-1.5Gd-0.3Zn—-0.5Zr. This alloy is widely
used in the non-conventional manufacturing and
aerospace industry for its excellent mechanical
properties, good workability, and outstanding
anti-corrosion properties [19]. Though EV31A has
better strength compared to other common
commercial Mg—-RE alloys, its ductility is relatively
poor [19]. So, hopefully, by using double aging, the
ductility of EV31A and efficiency of heat treatment
can be improved without sacrificing strength, which
is favorable in industrial applications. As for the
aging process, though the precipitation sequences of
binary Mg-Nd [20] and Mg-Gd [21] have been
determined as

Mg—Nd: SSSS—G.P. zone—p'(cbco)—f(bct)
Mg—Gd: SSSS—"(D0,9)—f"(cbco)—p;(fec)

There has not been a decisive conclusion on
the precipitation sequence of such Mg—Gd—Nd
alloy as EV31A. KIELBUS et al [22,23]
claimed that the precipitation sequence of
EV31A is SSSS—p"(D05)—p(cbco)—pi(fec), while
RIONTINO et al [24] suggested SSSS—p"—(8")—
Bi/B, in which the existence of S’ phase is only
supported by positron annihilation spectroscopy.
GILL et al [25] suggested SSSS—B"(D0,9)—p'(fcc)
for a similar Mg—3Nd—2Gd alloy, but fcc-structured
' phase has not be reported elsewhere in Mg—Nd
and Mg—Gd binary alloys. No matter what theory is
taken, it is certain that the major strengthening
phase of EV31A alloy is ' phase. Characterization
of precipitate phase is the indispensable basis for
understanding the strengthening mechanism, so it
will be an important part of this research.

In this work, different parameters of double
aging are evaluated to find the optimum parameter
for EV31A alloy. Then, the effect and efficiency of
double aging will be compared to single aging.
Besides, the precipitate phases in EV31A alloy will

be characterized, and the microstructure of single
and double aged alloy will be compared to find the
mechanism of double aging.

2 Experimental

An alloy with a nominal composition of
Mg—3Nd—1.5Gd-0.3Zn—0.5Zr was prepared by
induction heating under argon gas protection. The
actual composition of the alloy was determined to
be Mg—3.07Nd—1.40Gd—0.29Zn—0.6Zr. The sample
was solutionized at 520 °C for 8 h, and then water-
quenched. To determine the optimum aging
parameter, single aging and double aging at
different temperatures for different time were
carried out. Vickers hardness tests were carried out
at a load of 2500 g for 10 s (AolongXingdi HV—-30).
Each data point is averaged from 10 tests. For
single aging, samples aged at 175, 200, and 225 °C
were tested. For double aging, samples aged at 125,
150, and 175 °C for 0.5, 1, 2, and 4 h pre-aging
were tested. For each set of pre-aging parameters,
200 and 225 °C second aging were also compared.
Tensile tests were carried out to get more exact
results, in which differently aged (with parameters
similar to hardness test) dog-bone-shaped
specimens shown in Fig. 1 were tested with the
cross-head speed of 2 mm/min, with 2 tests for each
data point (Zwick/Roell Z100).
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Fig. 1 Specification of tensile specimen (mm)

Specimens for optical microscopy were
prepared by grinding, polishing and etching with
4% nitric acid—ethanol solution, and observed by
Axio Observer Al. Specimens for TEM were
prepared by cutting d3 mm discs, mechanical
thinning to <100 um, double-jet electro-polishing
with 3% perchloric acid at —40 °C, and ion-milling
by GATAN PIPS II for 20 min at 1.5 keV/+2°.
HAADF-STEM images were taken by Talos F200X
G2 (for single aged samples) and Talos F200X (for
double aged samples), by which EDS analysis was
also carried out.
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3 Results and discussion

3.1 Effect of double aging on mechanical

properties of EV31A

Hardness variation of EV31A alloy at 175,
200, and 225 °C single aging is shown in Fig. 2.
Before aging, the samples have been solutionized,
with their hardness at around HV 54. All the aging
curves show one single peak, and there is no sign of
a second peak till 200 h. Aging at 225 °C steeply
increases the hardness of the alloy, during which the
hardness of the sample has reached HV 77 after
only 0.5 h, and then reached HV 81 (peak) after 2 h.
As for the aging process at 200 and 175 °C, a mild
increase of hardness with increasing aging time is
shown, and the peak hardness is HV 83 (at 16 h),
and HV 84 (at 200 h), respectively. Taking both
performance and efficiency into consideration,
200 °C and 16 h are determined as the optimum
single aging parameters. Though peak hardness at
175 °C is a little bit higher, aging time above 100 h
is too costly for manufacturing. In the following
tests, samples after 200 °C, 16 h single aging will
serve as a benchmark to evaluate the effect of
double aging.

Vickers hardness variation of EV31A alloy
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Fig. 2 Vickers hardness of EV31A alloy after

solutionization at 175, 200 and 225 °C single aging
versus aging time

during different double-aging processes is shown in
Fig. 3. Six sets of pre-aging temperature—time
combinations are tested, including 0.5 and 1h at
175°C, 1 and 2h at 150°C, and 2 and 4 h at
125°C. Such design is intended to cover the
incubation period of the primary phase at a lower
temperature, which, in theory, will make the
precipitate phase finer, improving the mechanical
properties of the alloy. Since there is no previous
research on the incubation period of EV31A or
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Fig. 3 Vickers hardness of EV31A alloy after solutionization during double aging with pre-aging temperature set at
175 °C (a, d), 150 °C (b, e) and 125 °C (c, f), and second aging temperature set at 225 °C (a—c) and 200 °C (d—f)
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Mg—Nd—-Gd alloy, the experiment design refers
to the time—temperature—transformation (TTT)
curve of Mg—Nd alloy calculated by PIKE and
NOBLE [26]. For second-aging, samples aged at
two different second-aging temperatures, 200 and
225 °C, are tested after each set of pre-aging to
find the best temperature and peak aging time. It is
shown in Fig. 3 that the peak hardness for almost all
the combinations of double aging parameters
reaches HV 82—84. So, considering the limited
precision of the hardness test, it is too early to
determine the best combination directly from it.
However, several conclusions can be drawn:
(1) The effect of double aging is, at least, not worse
than the effect of single aging. The 200 °C, 16 h
single aged sample shows peak hardness of HV 83,
which is close to that of the double aged sample.
(2) The difference in peak hardness with different
second-aging temperatures is quite small, while the
second-aging time is significantly decreased at
higher temperatures. At 200 °C, it takes 8—16 h for
second-aging to reach peak hardness, which is close
to what is observed in the single-aging test.
However, at 225 °C, only 1-2 h is needed for peak
aging, which is already short enough, excluding the
necessity of testing even higher second-aging
temperatures. Since at 225 °C, aging time can be
greatly saved without sacrificing mechanical
properties, parameters for second-aging can be
determined as 225 °C, 1 h.

Since the optimum pre-aging parameter
remains unknown due to the precision limitation of
the hardness test, tensile tests are carried out to
provide more information on the effect of pre-aging
parameters. Ultimate tensile strength (UTS) and
elongation of samples with different pre-aging
parameters are shown in Fig. 4(a), while second-
aging parameters are fixed at 225°C, 1 h. It is
shown that pre-aging at 175 °C for 1 h shows the
best effect on both UTS and elongation, which
reach 288 MPa and 6.6%, respectively. Thus, the
optimum parameter for the whole double aging
process can be determined as 175 °C, 1 h + 225 °C,
1 h.

Moreover, with pre-aging temperature fixed,
both UTS and elongation seem to have an
increase—decrease transition with increasing pre-
aging time. This phenomenon may be caused
by Guinier—Preston (GP.) zone formed in
the pre-aging period, which will be proven by the
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Fig. 4 Ultimate tensile strength (UTS) and elongation of

samples with different pre-aging parameters and second-
aging at 225 °C for 1 h (a) and stress—strain curves of
samples after solid solution treatment, single aging
(200 °C, 16 h) and double aging (175 °C, 1 h + 225 °C,
1 'h) (b)

HAADF-STEM If the
pre-aging time is too short, the formation of G.P.
zone is far from complete, and most of nucleation
remains to take place in the second-aging process,
which makes no difference from single aging. If the
pre-aging time is too long, £’ phases start to grow,
absorbing excess G.P. zones and decreasing the
number of nucleation sites for S’ phases. Only
around the exact point when the most amount of
G.P. zone is formed, there will be most nucleation
sites for p’' phases. Then, by second-aging,
maximum amount of fine, densely distributed g’
phases can grow, contributing to the mechanical
properties of the alloy. Also, it is shown that the
optimum pre-aging time tends to be longer with
lower pre-aging temperature, which is 1h for

characterization later.
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175 °C and 2 h for 125 °C. Though for 150 °C, the
optimum time is not very clear due to the potential
inaccuracy of tensile tests, it is speculated to be
1-2 h. The ideal target of the pre-aging process is,
in theory, the formation of the G.P. zone to the
maximum amount, which is probably the case at the
optimum time mentioned above.

The stress—strain curves for the solutionized
sample, the single aged sample, and the double
aged sample with optimum parameter are compared
in Fig.4(b). For UTS and elongation, the
solutionized sample shows 201 MPa and 14.7%,
and the single aged sample shows 273 MPa and
4.9%, respectively. Though both the stress—strain
curves of single and double aging show typical
features of plastic fracture, the double aged sample
shows better strength and ductility (288 MPa and
6.6%). This is because S’ phases are finer and more
densely distributed with double aging. They
strengthen the alloy in two ways. First, the double
aged sample shows a little higher yield strength,
attributed to Orowan strengthening [27]. More
importantly, refined and dense p’ phases can
inhibit dislocation movements better, explaining the
significant improvement in work hardening
response  during plastic deformation. The

(2)

improvement in ductility can be explained by more
evenly distributed p' phases weakening the
tendency of fracture.

3.2 Effect of double aging on microstructure of
EV31A alloy

Images from optical microscopy of EV31A
alloy after solid solution treatment, pre-aging,
single and double aging are shown in Fig. 5. Since
there is no deformation processing adopted, the
grain size of the alloy is quite large (200—500 pm),
and most of the grains are equiaxed. Besides, there
is no significant change in grain size before and
after the aging process, indicating that the primary
strengthening mechanism is precipitation instead of
grain size reduction, which is natural given the
relatively low temperature of the whole aging
process.

It is worth noticing that there are some black
round “dots” with ~50 um in diameter in Fig. 5,
which are clustered precipitates distributing mainly
inside the grains. They are also observed by
HAADF-STEM, as shown in Fig. 6(a). There are
two kinds of precipitates in the cluster. One of them
is darker (lower contrast) rods or ellipsoids, which
are 1-2 pum in length and 50—100 nm in diameter.

Fig. 5 Images from optical microscopy of EV31A alloy after solid solution treatment (520 °C, 8 h) (a), pre-aging
(175 °C, 1 h) (b), single aging (200 °C, 16 h) (c), and double aging (175 °C, 1 h + 225 °C, 1 h) (d)
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Fig. 6 HAADF-STEM images of clusters of Mg—Zr (dark) and Mg—Zn—Zr (bright) precipitates (a) and B’ precipitates
(b) in single aged sample (200 °C, 16 h) and illustration of structure of S’ phases (c) in EV31A

Another one is brighter (higher contrast) rods,
which are 100—500 nm in length and 50—100 nm in
diameter. EDS analysis shows that the dark rods
contain only Mg and Zr, while the brighter ones
contain Mg, Zr and Zn. The higher contrast of
Mg—Zr—Zn precipitate is probably due to its higher
content of alloying elements. Previous research
shows that a low level of Zn addition can alter the
aging response of the alloy, and Zr addition has a
potential grain refining effect [19], which indicates
that these minor phases may have some subsidiary
strengthening effects. It is worth noticing that these
phases are observed in only a few areas of the alloy,
and thus should not be regarded as primary
precipitation phases. Considering both element
composition and amount of precipitation phases, the
primary strengthening phase of the alloy should still
be the Mg—RE S’ phase, though it is too small to be
observed directly by optical microscope.

Figure 6(b) shows the HAADF-STEM image
of p’ precipitates in a single aged sample. S’
precipitates in the single aged alloy are stripe-
shaped, about 10—50 nm in length and 5—10 nm in
width, extending along (I IEO)Mg diregtion. The
orientation relationships are (100),//(1120),,, and
(001)://(0001)pg. B" precipitates in EV31A show
very weak contrast under incident beam along other
directions, especially (1150)1\,1g direction, which
indicates that such stripe may be very thin in
[0001]y direction. B’ phases in EV31A contain
zigzag chains and hexagonal rings of RE atom
aligned in rows, which is similar to ' phases found
in Mg—Nd binary alloy [20]. The unit cell of g’
phases is orthorhombic with lattice constants of
a=ag=0.64 nm, b=2.[3a,=1.14 nm, ¢=¢,~0.52 nm
and atomic ratio of Mg;RE. Such structure is also

known as f’-short, which usually found in Mg—Nd
alloy. In contrast, there is another f’-long structure
with b= 4\/§a0 , which is usually found in Mg—Gd
alloy. Basic structure of f'-short contains only
zigzag chains, and the hexagonal rings shown in
Fig. 6(b) are the result of ' units joining in an
upside—down style. One typical £’ unit is marked
out in Fig. 6(b). The similar microstructure of £’
phase between EV31A and Mg—Nd alloy is
expected, since amount of Nd atoms in EV31A is
about twice as much as Gd atoms. This similarity is
also supported by EDS analysis. It is shown that
p' precipitates in EV31A have 4.21 at.% Nd and
1.12 at.% Gd, with Nd/Gd ratio close to 4, which is
much higher than 2 from the whole alloy
composition. For comparison, Mg matrix contains
1.96 at.% Nd and 0.79 at.% Gd, with Nd/Gd ratio
close to 2. ISSA et al [28,29] used first-principle
calculations and found that ' structures of different
Mg—RE alloys are closely related to the interfacial
energy of Mg/f” prismatic interfaces. Since S’
phase in EV31A contains more Nd than Gd, the
interfacial energy will be close to that of f’ phase in
Mg-Nd binary alloy, thus showing similar
structures with the lowest energy. There is also an
area with a different crystal structure besides the £’
phase, which is circled out in Fig. 6(b). Different
from f' structure, RE atoms in this area seem to
have an unusual hexagonal alignment, which is
similar to the quasi-f; structure that TAN et al [30]
found in Mg—Nd alloy. It is explained that such
structure is similar to the £, structure projected
along (111) zone axis, and is probably transformed
from two £’ units inserted into each other in an
in-situ manner.

HAADF-STEM images of f’' phases in the
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single aged sample and the double aged sample are
shown in Fig. 7. Under the same magnification, it is
clearly shown that £’ phases in the double aged
sample are finer and more densely distributed.
Compared to f’ phases in the single aged sample,
which are 10—50 nm in length and 5—10 nm in
width, f’ phases in the double aged sample are only
5-20nm in length and 2—5nm in width. The
precipitation density of both samples cannot be
precisely estimated by the HAADF-STEM images
since they contain ' phases at different depths, but
a rough count shows precipitation amount in the
double aged sample is about twice as much as in the
single aged sample. Finer and more densely
distributed ' phases explain why the double aged
sample has higher strength and ductility than the
single aged sample, which is consistent with the
result from tensile tests.

Fig. 7 HAADF-STEM images of distribution of g’
phases in single aged sample (200 °C, 16 h) (a) and
double aged sample (175 °C, 1 h+225°C, 1 h) (b)

4 Conclusions

(1) The optimum parameters of single and
double aging for EV31A alloy are 200 °C, 16 h and
175 °C, 1 h + 225 °C, 1 h, which is evaluated by
Vickers hardness tests and tensile tests.

(2) Compared with the traditional single aging
method, double aging can reach higher UTS (from
273 to 288 MPa), higher elongation (from 4.9% to
6.6%), and lower time consumption (from 16 to
2h), improving mechanical properties and
efficiency simultaneously.

(3) The microstructure of aged EV31A is
characterized, and primary Mg—RE p’ phases,
Mg—Zr phases, and Mg—Zn—Zr phases are observed.
f' phases in EV31A alloy show similar structure
with B’ phases in Mg—Nd binary alloy, as well as
the phenomenon of partial transformation into
quasi-f; phases.

(4) Compared with single aged samples, finer
and more densely distributed #' phases are found in
double aged samples, which explains better UTS
and elongation performance of double aging.
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2. IR RY: BRESKERMER LEFARPLESEEE SEMBEREALIRE, L 200240

W OE. NTIRT R ASE-F 44 EV3IA (Mg—3Nd—1.5Gd—0.3Zn—0.5Zr) [3EME, WWENLEN BT S, I
AR HX G &1 e B R R . 7SR R W S HT, A & MPihn i A 232
HF R 273 MPa Fl 4.9%32 7 F 288 MPa Fl 6.6%. XU 5 (2 b R 1R] KR4 55, M 16 h FE{KF 2 h.
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