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Mg—5Zn—2Gd—0.4Zr alloy (wt. %) shows a significant age hardening response with a hardness increment
from 62 HV to 72 HV by ageing at 200 °C for up to 80 h. Transmission electron microscopy and atom
probe tomography characterizations reveal that precipitates with different morphologies and habit
planes form in the alloy, including triangular-shaped ZnZr phase, rectangular-shaped Zn,Zr phase,
[0001]ug rods (81) MgZn; Laves phase, (0001)y; plate (82) MgZn; Laves phase, and coherent GP zones.
Furthermore, a significant partitioning of Gd into Zn-rich precipitates (81 and §'5) was, for the first time,
observed, which is considered to be responsible for improving the thermal stability of Zn-rich pre-
cipitates and enhancing the precipitation hardening of the alloy. A core—shell structure with the shell of
Gd (~2 at%) and the core of Zn,Zr phase was also observed, which is proposed to hinder the coarsening of
ZnyZr phase. No further change in average size of the Zn,Zr particles was observed after ageing over 15 h.
Better understanding the partitioning of Gd into the Zn-rich precipitates and the formation of the core
—shell structures are essential to control the precipitation microstructure and develop high performance
Mg alloys.
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1. Introduction

Magnesium alloys have a great potential for automotive and
aerospace applications due to their high specific strength [1].
Mg—Zn binary alloys can exhibit a remarkable age hardening
response at room temperature by controlling the decomposition of
the supersaturated solid solution of Zn in Mg [2,3]. However, the
precipitates formed in binary Mg—Zn alloys during artificial ageing
are generally coarse in size and have inhomogeneous distribution
in the Mg matrix. Furthermore, the thermal stability of the pre-
cipitates in the binary Mg—Zn alloys decreases sharply with
increasing temperatures [3]. The high temperature mechanical
properties of these Mg—Zn binary alloys are, therefore, inadequate
for technological applications at temperatures above 250 °C [4,5].

Multiple alloying element addition has been widely used in Mg
alloys. Zr addition can refine the grain size and thereby improve
strength [6,7]. However, a loss of age hardening response has been
observed, which is attributed to the fact that the formation of
Zn—Zr phases partly consumes Zn and thereby greatly reduces the
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fraction of Zn-rich precipitates [8], although Zn—Zr phases may also
play a role for hardening the alloy [9]. Other alloying elements, i.e.
Cr [10], Cu [11—14], Ba [15], Ag [16], Ca [17], Ag and Ca [18,19], V
[20], Sn [21], RE (Y [22], Nd [23], Gd [24—28], MM (misch metal)
[29,30], Er [31]), were added to Mg—Zn binary alloys containing Zr,
with the aim to modify the precipitation microstructure and
thereby improve the precipitation hardening. Among these ele-
ments, Gd has been used more often since the solid solubility of Gd
in Mg at 548 °C is about 4.53 at % (23.49 wt %), and decreases to
0.61 at % (3.82 wt %) at 200 °C [2], resulting in an excellent age
hardening response. Mg—Zn-Gd based alloys are, therefore,
thought to be a promising system for further developments.
Mg—5Zn—2Gd—0.4Zr alloy (wt. %) was found to exhibit optimal
mechanical properties [26]. It has been reported that the as-cast
microstructure was composed of o(Mg) matrix, interdendritic
a(Mg) + W(MgsZn3Gd,) eutectic, icosahedral quasicrystalline
I(Mg3ZneGd), Mg3Gd phase and o(Zr) particles [26]. A solution
treatment (at 500 °C for 18 h) can dissolve interdendritic
a(Mg) + W(MgsZn3Gd,). After the ageing treatment (at 200 °C for
15 h), metastable phases, rod-like 1 and plate-like 85, were
observed within the «(Mg) matrix. The precipitation microstruc-
ture evolution in Mg—Zn—Gd based alloy as a function of ageing
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time has attracted significant attention [24—28]. However, solute
clustering, metastable precipitate and stable precipitate formation
in Mg—Zn—Gd based alloys have been not fully understood yet.
Especially, there is still a lack of information on the solute parti-
tioning of Gd into these precipitates. Thus, the role of Gd during
ageing still remains to be explored.

In this paper, correlative transmission electron microscopy
(TEM) and atom probe tomography (APT) was used to investigate
the precipitation microstructure evolution in Mg—5Zn—2Gd—0.4Zr
(wt. %) alloy, with the aim to elucidate its precipitation hardening.
TEM was employed to characterize the structure properties of the
different precipitates in the alloy during ageing, while APT was
used to reveal local compositions and cluster distribution at the
atomistic level, with a special focus on the partitioning behavior of
Gd in the alloy during ageing. The detailed structural and chemical
composition information helps to elucidate the strengthening ef-
fects of these precipitates and thereby provide useful hints to
develop high performance Mg alloys.

2. Experimental methods

The Mg—5Zn—2Gd—0.4Zr alloy (wt. %, named as ZG52, used
throughout the paper in case not specified otherwise) was prepared
from pure Mg (99.9%), Zn (99.9%), Mg—28Gd and Mg—33Zr master
alloys in an electric resistance furnace under the protection of an
anti-oxidizing flux, and then cast into a sand mould. Solution
treatment was performed in a salt bath at 500 °C for 18 h, followed
by quenching into cold water and then subsequently aged in oil
bath at 200 °C for up to 100 h.

Optical microscopy (OM) characterization was performed using
Zeiss Axioskop 2 MAT light microscope. Vickers hardness testing
was performed using a LECO Hardness Tester (LV700AT) with 50 N
load and 15 s dwell time. Each data point reported in this paper
represents an average of at least 10 measurements. The samples for
TEM investigation under three ageing conditions (0.5 h, 15 h and
80 h) were mechanically grounded, polished and dimpled to about
30 um in thickness, and then ion-beam milled using a Gatan Pre-
cision Ion Polishing System (PIPS, Gatan model 691). A preparation
temperature (about —10 °C) was kept constant by using a cold stage
during ion beam polishing. TEM, high resolution TEM (HRTEM)
micrographs and energy dispersive X-ray spectra (EDX) in-
vestigations were performed using a Cs-corrected JEOL-2100F mi-
croscope operated at 200 kV.

The samples for APT investigation under the three ageing con-
ditions (0.5 h, 15 h and 80 h) were prepared by the standard lift-out
technique [32] in a dual-beam focused ion beam/scanning electron
microscopy workstation (FIB/SEM) (Helios NanoLab 600T™, FEI
Company, USA). It should be noted here that the samples for TEM
and APT were taken from the same bulk samples in order to obtain
a consistent and comparable observation. The lift-outs were all
extracted from the center of Mg grains, which are known to be Zr-
rich regions [12]. After thinning the specimens, a low energy
milling at 2 kV was performed to minimize Ga induced damage.
APT was carried out in a LEAP™ 3000X HR (CAMECA) in voltage
mode with a pulse fraction of 20% and a repetition rate of 200 kHz.
Specimen temperature of about 40 K, pressure lower than 1 x 10
~10Torr (1.33 x 10 ~8 Pa) and evaporation rate of 5 atoms per 1000
pulses were maintained for all measurements. Datasets were
reconstructed and analyzed with IVAS™3.,6.8 software (CAMECA).

The composition of precipitates was extracted by the envelope
method from the 3D reconstructions for cluster identification with
Zn and Gd as clustering solutes [33]. A maximal separation distance
of 0.7 nm was derived from a Count Distribution Analysis (CDA) and
confirmed by a Nearest-Neighbor Analysis (NNA) in IVAS software.
A minimal cluster size of N, = 10 was used to filter out small

clusters. Matrix atoms with a surrounding distance of up to 0.7 nm
were included in the cluster and subsequently eroded by the same
distance.

3. Results

3.1. Microstructures of as-cast, solution treated and aged ZG52
alloy

Fig 1 shows the microstructures of as-cast, solution treated and
aged ZG52 alloy, respectively. The microstructure of the as-cast
sample was composed of equiaxed a-Mg grains surrounded by
eutectic compound (a(Mg) +W(MgsZnsGd,)) at triple junctions
and grain boundaries, as shown in Fig. 1a. The mean grain size of as-
cast ZG52 alloy was measured to be approximately 35 + 5 pm using
a linear intercept method, which is close to that of a ZK60
(Mg—6Zn—0.4Zr) alloy with 1.3 wt. % Gd addition, but much less
than that of ZK60 alloy (71 pm) [22,24]. Clearly, the addition of Gd
(2 wt.%) significantly refines the grain size of Mg—Zn based alloys,
which can be attributed to the increasing growth restriction caused
by Gd and/or the partitioning of Gd into Zr-containing particles as
well as the formation of core—shell structures, as described in
section 3.4. After a solution treatment at 500 °C for 18 h, most of the
secondary phase was dissolved into the «-Mg matrix, as shown in
Fig. 1b. Furthermore, flower-like regions, known to be Zr-rich or Zn-
rich [12,26], were observed after the solution treatment at 500 °C
for 18 h, as shown in Fig. 1b. After a subsequent ageing treatment at
200 °C for 15 h, more secondary phase formed along the grain
boundaries, as shown in Fig. 1c.

3.2. Age hardening response of the ZG52 alloy

Fig 2 shows the age hardening response of the ZG52 alloy at
200 °C up to 100 h. No significant change of the hardness was
observed at the beginning of the ageing treatment within 50 h.
Such phenomenon was also observed in an Mg—4.5Zn—2Gd (wt. %)
alloy [24]. The peak hardness (72 HV) was observed at about 80 h.
The peak hardness value (72 HV) of ZG52 alloy is equivalent to that
of the Mg—8Zn—1.5RE (MM, a mixture of approximately 50Ce, 25La,
20Nd, and 3Pr) and Mg—4Zn—1.5RE (MM), but considerably greater
than that of binary Mg—9Zn alloy according to hardness values
reported in literature [29]. Moreover, the peak hardness occurred at
about 80 h ageing for ZG52 alloy, which is much later than 10 h for
Mg—9Zn alloy and 20 h for Mg—8Zn—1.5RE and Mg—4Zn—1.5RE,
respectively. This clearly indicates that the addition of Gd into
Mg—Zn alloy postpones the age-hardening response of the alloy. On
the basis of the age hardening response of the ZG52 alloy, three
samples under three ageing conditions (0.5 h, 15 h and 80 h) were
further investigated using high resolution techniques (TEM and
APT).

3.3. TEM characterization of precipitates in the ZG52 alloy

3.3.1. Zr-rich precipitates

Fig 3 shows bright field TEM image, HRTEM image, corre-
sponding fast Fourier Transform (FFT) and EDX analysis of one
triangular-shaped Zr-rich phase in ZG52 alloy aged at 200 °C for
0.5 h. The Zr-rich phase has been reported to be Zn,Zr3 phase
[14,26] or Zn3(Zry-y, Mgy )2 phase [12], although both phases have a
similar tetragonal UsSiy type crystal structure with a lattice of
a = 0.763 nm, c = 0.696 nm. However, EDX analysis (Fig 3e) in-
dicates that Zr-rich phase in the present investigation contains
about 45 at% Zn, 46 at% Zr and 9 at% Mg. The ratios of Zn:Zr is close
to 1:1. The Zr-rich phase is, therefore, more likely to be ZnZr phase
(Pm-3m(221), a = 0.3336 nm) [34]. It should be noted that the Mg
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Fig. 1. Optical microscopy microstructure of ZG52 alloy. (a

) in as-casting condition; (b) after a solution treatment at 500 °C for 18 h; (c) after a solution treatment at 500 °C for 18 h

and subsequent ageing treatment at 200 °C for 15 h. Zr-rich region (flower-like) was observed in (b).

76
74| —=—Mg-5Zn-2Gd-0.4Zr (wt. %)

| o
[ 200°C
70+
68 -
66 -
64 -
62 l}/ B
60 |

58 . | a2l
1 10 100

Aged time (h)

Vickers hardness (VHN)

Fig. 2. Age hardening response of ZG52 alloy aged at 200 °C up to 100 h.

concentration from the scan may be affected by the surrounding
matrix. The size of the ZnZr particles is defined as Lp (Fig 3a) and
was measured to be about 96 + 23 nm from at least 53 measure-
ments (Table 1). The ZnZr phase forms during solidification and
survives during solution treatment (500 °C for 18 h), as shown in
Fig. 1b (flower-like region).

Apart from the triangular-shaped ZnZr phase, one rectangular-
shaped Zr-rich phase was also observed in ZG52 alloy aged at
200 °C for 0.5 h, as shown in Fig 4. EDX analysis (Fig 4e) indicates
that Zr-rich phase contains about 65 at% Zn and 35 at% Zr. The ratios
of Zn:Zr is close to 2:1, which can be indexed as Zn,Zr phase (Fd-3m
01 (227), a = 0.7397 nm) [35]. As reported in Refs. [8,9], the Zn,Zr
phase forms during solution treatment and/or ageing treatment. It
should be noted that no significant Mg concentration was observed
within the Zn,Zr phase. The EDX analysis can be, therefore, used to
unambiguously distinguish the Zn,Zr phase and MgZn; Laves phase
despite their similar morphology. The geometry and size of the
rectangular-shaped Zn,Zr phase is defined as Lg (Length) and Wg
(Width) (Fig 4a), respectively.

With increasing ageing time from 0.5 h to 15 h, the average
length of ZnyZr particles increases to 313 + 16 nm (Lg), but the
width (or thickness) decreases to 16 + 4 nm (Wp taken from at least
149 measurements) (Table 2), indicating that Zn,Zr phase favorably
grows along its length in [0001], direction. This ensures a minimal
interface misfit between the Zn,Zr phase and ¢-Mg matrix. It
should be noted here that it is not possible to obtain the informa-
tion of the volume fraction of Zn,Zr particles on the basis of their

length and width in two dimensional. However, a statistical anal-
ysis of such two dimensional information can provide a reasonable
prediction to the growth of Zn,Zr phase. Fig 5 shows bright field
TEM image, HRTEM image, corresponding FFT and EDX analysis of
one plate-shaped Zn,Zr phase in ZG52 alloy aged at 200 °C for 15 h.
A coherent orientation relationship (OR, i.e. <1120>wg//<112>7n2z,
{0002}mg//{(111)zn2z:) Was observed between ZnpZr phase and Mg
matrix (Fig 5b,c,d). Interestingly, further increasing the ageing time
to 80 h results in a decreased length of Zn,Zr phase (274 + 122 nm
from at least 160 measurements), but an increased width (or
thickness) (WR) (27 + 11 nm) (Table 2), indicating that the coars-
ening of Zn,Zr phase was hindered. This can be attributed to the
fact that these ZnyZr particles precipitated during solution treat-
ment at 500 °C, which is believed to serve as a heterogeneous
nucleation site for the precipitation of B{’-MgZn, Laves phase
during the subsequent ageing treatment at 200 °C [12], gradually
decomposed with the growth of the successor Bi-MgZn, Laves
phase, and thereby the released Zr atoms diffused into the matrix or
involved into the formation of new Zr-containing compounds.
Indeed, most ZnyZr phase is still relatively small in size with
increasing ageing time, which can be expected to strengthen the
alloy. Fig. 6 shows bright field TEM image, HRTEM image, corre-
sponding FFT and EDX analysis of one plate-shaped Zn,Zr phase in
ZG52 alloy aged at 200 °C for 80 h. A coherent OR (i.e. <1120>g//
<112>zn27r, {0002}vig/[{(111)zn2z:) was still kept between ZnpZr
phase and Mg matrix (Fig 6b,c,d). It should be noted here that the
distribution of ZnyZr phase is not homogeneous. In the Zr-rich re-
gions (i.e. in the center of Mg grain), more ZnyZr phase was
observed, as shown in Figs. 3—6. However, in the Zr-lean regions,
less or no (if any) ZnyZr phase was observed. Instead, more Zn-rich
precipitates were detected, as shown in section 3.3.2.

3.3.2. Zn-rich precipitates

Apart from the Zr-rich phases, no significant Zn-rich precipitates
(i.e. [0001 g rod (8'1) MgZn, Laves phase, (0001 )mg plate or block
(8'5) MgZn; Laves phase) were found in ZG52 alloy aged at 200 °C
for 0.5 h. However, such Zn-rich precipitates were observed after
ageing at 200 °C for 15 h and 80 h, respectively. Fig. 7 shows [2110]
bright field TEM image and corresponding selected area diffraction
pattern (SADP) of Zn-rich precipitates within the o-Mg matrix in
the ZG52 alloy aged at 200 °C for 15 h. The Zn-rich precipitates are
present with two different morphologies, i.e. [0001] , rod and
(0001) 4 plate, as shown in Fig 7a. The [0001] , rod has been
commonly regarded as §';, while the (0001) , plate was commonly
taken as 8> in previous reports [29,30]. Both 8’1 and 8 are indexed
to have a hexagonal structure (a = 0.523 nm, ¢ = 0.858 nm) [29,30],
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Fig. 3. Bright field TEM image (a), HRTEM image (b), corresponding FFT (c) (d) and EDX analysis (e) of one triangular-shaped ZnZr phase in ZG52 alloy aged at 200 °C for 0.5 h.

Table 1

Spacing measurement (Lp) of triangular-shaped ZnZr phase.
Time (h) Spacing (nm) o (nm) N
0.5 96 23 53
15 34 16 4
80 94 25 18

o Standard deviation.
N Number of measurements made.

which is identical to that of MgZn, Laves phase [29,30], although 81
has been also reported to be Mg,Zn3 phase [2,12] and Mg4Zn;
monoclinic phase with a lattice parameter a = 2.596 nm,
b = 0.524 nm, ¢ = 1.428 nm, B = 102.5° [36].

With increasing ageing time from 15 h to 80 h, both §'; and 8,

12 14 16 18 keV

still co-exist, as shown in Fig. 8. More interestingly, the size of §'1
and 5 phase does not appear to increase significantly, indicating
that a prolonged ageing at 200 °C does not lead to a significant
coarsening of §1 and §'5 phase. The number density of the [0001] ,,
rod with a larger aspect ratio on the cross section (Fig. 8), are still
dominant after ageing at 200 °C for 80 h. This is in contrast to the
previous reports in Mg—Zn alloy [29,30] and other Mg—Zn—RE
alloy [30], where [0001] ,, rod (8'1) were reported to transform into
(0001) 4, plate (8'5), and the 8 precipitates became dominant in the
microstructure with increasing ageing time. It is generally under-
stood that the formation of a fine dispersion of rod-shaped £
precipitates plays an important role for the precipitation hard-
ening, while an extensive precipitation of plate-shaped 5 pre-
cipitates coincides with an onset of overageing [30]. In the present
investigation, the dominant distribution of the rod-shaped £
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Fig. 4. Bright field TEM image (a), HRTEM image (b), corresponding FFT (c) (d) and EDX analysis (e) of one rectangular-shaped Zn,Zr phase in ZG52 alloy aged at 200 °C for 0.5 h.

Table 2
Spacing measurement of rectangular-shaped Zn,Zr phase.
Time (h) Spacing (nm) ¢ (nm) N
Lg 0.5 182 104 72
15 313 16 149
80 274 122 160
Wg 0.5 42 17 72
15 16 4 149
80 27 11 160

o Standard deviation.
N Number of measurements made.

precipitates after ageing at 200 °C for 80 h strongly indicates the
addition of Gd delays precipitation and enhances the peak hardness
in ZG52 alloy. This may partly account for the reason why the peak

hardness (72 HV) of ZG52 alloy was achieved at 80 h (see Fig. 2).

3.3.3. GP zones

Apart from the Zr-rich phases (ZnZr phase and Zn,Zr phase) and
Zn-rich phase (§'1 phase, 8’5 phase), coherent GP zones habiting on
prism planes (i.e. {1120} or {0110}) were also observed in ZG52
alloy aged at 200 °C for 15 h and 80 h, respectively, as shown in
Fig. 9. This is fully consistent with the previous report in Mg—Zn
alloy [4], where the GP zones have been defined as GP1 zones.
When aged at 200 °C for 15 h, the coherent GP zones are only
22 + 5 nm in length and 1.4 + 0.1 nm in thickness (Table 3), as
shown in Fig. 9a. Increasing the ageing time from 15 h to 80 h, the
size of the coherent GP zones increases to 26 + 5 nm in length,
2 + 0.3 nm in thickness (Table 3), as shown in Fig. 9b,c. However,
the number density of the coherent GP zones appears to decrease. It
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Fig. 5. Bright field TEM image (a), HRTEM image (b) and corresponding FFT (c) (d) of one plate-shaped Zn,Zr phase in ZG52 alloy aged at 200 °C for 15 h.

should be noted here that both the coherent GP zones and Zn-rich
precipitates are habiting on prism planes (i.e. {1120} or {0110}),
respectively. It is very likely that the coherent GP zones are meta-
stable and transform into Zn-rich precipitates, which can be further
supported by our APT investigation.

3.4. APT characterization of the precipitates in the ZG52 alloy

3.4.1. Zn-rich precipitates

Fig. 10 shows the microstructural evolution of Zn-rich pre-
cipitates in the ZG52 alloy aged at 200 °C for 0.5 h, 15 h, and 80 h,
respectively. At the initial condition (0.5 h, Fig. 10a), fine compo-
sitional oscillations were observed, which can be attributed to so-
lute clustering of Mg, Zn and Gd during the early stage of ageing.
This reconstruction represents the regions outside the ZnZr and
ZnyZr precipitates, as shown in Fig. 3a and 4a. Furthermore, no Zn-
rich precipitates were observed. After ageing at 200 °C for 15 h,
spherical clusters containing between 100 and 1000 atoms with a
diameter of 1—2 nm were observed, as shown in Fig. 10b. It should
be noted here that due to the small volume probed by APT [37] only
spherical clusters were detected at this stage from several mea-
surements. The number density of the spherical clusters is esti-
mated to be 2.66 x 10 2> m~3. The average composition of 165
spherical clusters detected from 4 APT specimens is about
61.47 + 0.06 at% Mg, 30.56 + 0.05 at% Zn, 7.14 + 0.02 at% Gd and
0.16 + 0.01 at% Zr, as listed in Table 4. The ratio of Mg and Zn is about
2:1, indicating that such type of spherical cluster can be attributed
to the MgyZn phase. The Mg,Zn phase appears to be related to
metastable GP zones detected by TEM (Fig. 9a). The metastable
Mg,Zn phase may transform into stable Zn-rich precipitates (i.e.

MgZn, not detected here) if Zn further partitions into Mg,Zn phase.
Indeed, after ageing at 200 °C for 80 h, not only spherical clusters
but also larger disc-shaped precipitates were observed, as shown in
Fig. 10c. In total, 4 APT specimens were analyzed from 80 h ageing
sample which included: (i) 40 spherical clusters with a diameter of
1—-2 nm, (ii) 18 disc-shaped precipitates with a thickness of ~2 nm
and a diameter ranging from 5 nm to 25 nm. The number density of
spherical clusters is estimated to be 047 x 10?3 m —3, which is
much less than that in the alloy aged at 200 °C for 15 h, confirming
that spherical clusters are metastable and indicating that a fraction
of the spherical clusters in 15 h has vanished, while others grow by
Ostwald ripening and transform into stable precipitates. The
average composition for the spherical cluster is measured to be
about 59.37 + 0.12 at% Mg, 29.38 + 0.09 at% Zn, 9.26 + 0.04 at% Gd
and 1.05 + 0.04 at% Zr, as listed in Table 4. Compared with 15 h,
more Gd and Zr were measured within the spherical clusters. The
number density of disc-shaped precipitates is estimated to be
0.21 x 10?2 m —3. The average composition for the disc-shaped
precipitates is measured to be about 67.94 + 0.03 at% Mg,
21.75 + 0.02 at% Zn, 9.57 + 0.01 at% Gd and 0.12 + 0.01 at% Zr, as
listed in Table 4. However, no significant composition differences
between spherical cluster and disc-shaped precipitates were
observed. The ratio of Mg and Zn (together with Gd) is about 2:1,
indicating that such disc-shaped precipitates can be also meta-
stable and are about to transform into stable Zn-rich precipitates.
Furthermore, disc-shaped precipitates show a lower Zn content of
about 23 at% and a higher Gd content of 10 at% when compared
with the spherical cluster. This indicates that Gd partitions into
disc-shaped precipitates, as shown in an enlarged image from
Fig. 10c. All observations indicate that disc-shaped precipitates may
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Fig. 7. [2110], bright field TEM image (a), corresponding SADP (b) of [0001] , rod (1) and (0001) ,, plate (§) in ZG52 alloy aged at 200 °C for 15 h.

originate from spherical clusters.

3.4.2. Zr-rich precipitates

Fig. 11 shows one Zr-rich precipitate with a core—shell structure
from the ZG52 alloy aged at 200 °C for 80 h. Only a fraction of this
precipitate was detected in the APT reconstruction. It is, therefore,
not possible to report the size or morphology of the complete
precipitate, although it is clear that it corresponds to the corner of a
large Zr-rich phase, as shown in TEM (section 3.3.1). The average
composition of the core is ~46 at% Zn, ~29 at% Zr, ~3 at% Mg, ~0.5 at%
Gd and ~20 at% H. This composition agrees with the Zn3(Zr;_x,Mgy)>
reported by Ref. [12]. Interestingly, the core is surrounded by a Gd-

rich shell of about 2 at% Gd.

In the vicinity of the Zr-rich phase, a Zn-Gd-rich compound was
measured with a composition of ~53 at% Mg, 37 at% Zn and 8.8 at%
Gd. This indicates that the Zn-Gd-rich compound can be related to
the Zn-rich precipitates, as reported in the previous section 3.3.2.
This also indicates that the Zr-rich phase may be related to the
heterogeneous nucleation of Zn-rich precipitates. These findings
are in agreement with the Zr- and Zn-rich segments reported by
Refs. [12,13]. It should be noted that the hydrogen value reported
here (~20 at%) can have slight errors due to the residual hydrogen in
the chamber which interacts with the field evaporation process
[38]. The beneficial effect of H on the formation of Zr-rich
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Fig. 9. HRTEM images of the GP zone and/or prismatic precipitates in ZG52 alloy aged at 200 °C for 15 h (a) and 80 h (b), (c). (c) is enlarged from (b).

Table 3

Spacing measurement of coherent GP zones.
Time (h) Length (nm) Thickness (nm) N
15 22+5 14 +0.1 7
80 26+5 2+03 22

o Standard deviation.
N Number of measurements made.

precipitates has been reported in Ref. [12] via APT technique. A
detailed discussion about the roles of H is beyond the scope of the
present investigation.

4. Discussion
4.1. Precipitation of Zr-rich precipitates

In the Zr-rich regions (i.e. in the center of Mg grain), Zr-rich
phases (ZnZr phase and ZnyZr phase) were observed, as shown in
Figs. 3—6. The formation of Zr-rich phases has been attributed to
the adsorption of Zn in Zr particle [39]. Furthermore, when solution
treatment was performed at elevated temperatures for a long time
(i.e. 500 °C for 18 h in the present investigation), Zr also diffuses
from the Zr-rich zone (in the center of Mg grain) to the neighboring
regions. Both factors affect the formation of Zr-rich phases. The
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Fig. 10. Atomic maps showing the microstructural evolution of the ZG52 alloy aged at 200 °C for (a) 0.5 h, (b) 15 h, and (c) 80 h, respectively. An image is enlarged from (c) to show

the partitioning of Gd into disc-shaped precipitates.

Table 4
Average composition of the spherical cluster and disc-shaped precipitates in the samples aged for 15 h and 80 h, respectively. (at.%).
Ageing condition Mg Zn Gd Zr
Spherical cluster 15 h. 61.47 + 0.06 30.56 + 0.05 7.14 + 0.02 0.16 + 0.01
80 h. 59.37 + 0.12 29.38 + 0.09 9.26 + 0.04 1.05 + 0.04
Disc-shaped 80 h. 67.94 + 0.03 21.75 £ 0.02 9.57 + 0.01 0.12 + 0.01

@ Zinc @Zirconium @Gadolinium

Gd enrichment

Concentration (at.%)

Distance (nm)

Fig. 11. Zr-rich precipitates with a core—shell structure in ZG52 alloy aged at 200 °C for 80 h. (a) Elemental map of the complete APT reconstruction. (b) Magnified slices within the
precipitate. Zn, Zr and Gd atoms are represented as spheres. A Gd-rich shell was found to surround the Zn,Zr precipitate. (c) Proximity histogram showing the concentration profile

constructed on a 7 at% Zn Iso-concentration surface.

formation of Zr-rich phases also consumes Zn element from the
solid solution, thus hinders the formation of Zn-rich phases and
thereby reduces the age hardening response [8]. Two measures
were very often taken to further improve mechanical properties.
One is the addition of Zn in a high amount, i.e. 5 wt.% in the present
investigation and ZK60 (the most commonly used Mg—Zn—Zr
alloy). The other one is by using thermo-mechanical processing (i.e.
extrusion and forging) to control grain size and improve the me-
chanical properties. However, recently, the beneficial effect of Zr-
rich phase on the precipitation hardening was also reported
[12,13], which was usually omitted in previous research. It has been
reported that the nanoscale Zr-rich [0001], rods/laths serve as
favorable sites for heterogeneous nucleation of the Zn-rich B-type

phase and thereby enhance the precipitation hardening effect in a
Mg—6Zn—0.5Cu—0.6Zr alloy during isothermal ageing at 180 °C
[13]. It should be noted here that this proposal is fully consistent
with our APT observation in Fig. 11, which provides a strong
experimental support to the beneficial effect of Zr-rich phase on the
heterogeneous nucleation of the Zn-rich B-type phase. Moreover,
Zr-rich precipitates were also observed with a high number density.
It may also cause the strengthening effect despite their large space
and size. This suggestion is supported by the nanosacle mechanical
properties analyses using nanoindentation and atomic force mi-
croscopy [39]. More importantly, Zn,Zr phase does not appear to
coarsen even at elevated temperatures due to the formation of the
core—shell structure (Fig. 11) and the low diffusivity of Zr (Table 5,
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Table 5
Diffusion of Mg, Zn, Gd, Zr in the Mg matrix at 200 °C [40—43].

Mg Zn Gd Zr

4%x10°m?s! 232 %109 m?s!

124 x 109 m?s~! -

not available as far as our knowledge). In order to show the size
distribution of Zn,Zr phase during ageing at 0.5 h, 15 h and 80 h,
histograms are shown in Fig. 12, respectively. Clearly, a more uni-
form size distribution was obtained at ageing for 15 h. After ageing
for 80 h, the length of Zn,Zr phase increases, but the thickness
decreases, which can be attributed to the preferable growth of
ZnyZr phase along [0001], ensuring a minimal interface misfit
between the Zn,Zr phase and a-Mg matrix.

4.2. Precipitation of Zn-rich precipitates

In the Zr-lean regions, Zn-rich phases (81 phase and § phase)
were observed using TEM, as shown in Figs. 7 and 8. Furthermore,
metastable GP zones, spherical clusters and disc-shaped pre-
cipitates were also observed using TEM and APT, respectively. As
shown in Fig. 10a, at the initial condition (0.5 h), only fine
compositional oscillations were observed, while, no precipitates

were observed. After ageing at 200 °C for 15 h, only spherical
clusters (most likely Mg,Zn phase, Fig. 10b) were observed using
APT. It should be noted that 6/1 phase and 85 phase was also
observed using TEM in this stage. After ageing at 200 °C for 80 h,
not only spherical clusters but also disc-shaped precipitates (most
likely Mg>Zn phase, Fig. 10c) were observed using APT. Further-
more, 81 phase and ', phase was also observed using TEM in this
stage. Therefore, it is proposed that, in the Zr-lean regions, the
precipitation of Zn-rich precipitates follows the process: spherical
cluster — disc-shaped metastable precipitates — rod/plate-shaped
B type precipitates (B’ — B2’) — stable  precipitate (i.e. MgZn, not
observed here). Instead, in the Zr-rich regions, the precipitation can
be described as: Zn,Zr — rod/plate-shaped f type precipitates (B¢’
— B2') — stable B precipitate. Clearly, the precipitation of ZG52
alloy is dependent on the concentration of Zr, highlighting the
importance of better understanding the formation of Zr-rich phase
and its beneficial effect on heterogeneous nucleation of § type
precipitates. It should be also noted that B type precipitates (B;’
and/or By’) provide main strengthening effect on the alloy
compared with ZnyZr, spherical cluster and disc-shaped metastable
precipitates. However, controlling the formation of Zn,Zr, spherical
cluster and disc-shaped metastable precipitates significantly affects
the heterogeneous nucleation of  type precipitates, and thereby
their size and distribution as well as their strengthening effect on
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Fig. 12. Histograms showing the size distribution of Zn,Zr phase during ageing from 0.5 h to 80 h. (a), (d), (g) for 0.5 h, (b), (e), (h) for 15 h, (c), (f), (i) for 80 h (a), (b), (c) for the
length (Lg), (d), (e), (f) for the width (or thickness) (W), (g), (h), (i) for the ratio of the length (Lg) and the width (or thickness) (Wg). A more uniform size distribution and a large

ratio of the length and the width (or thickness) were obtained at ageing for 15 h.
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the alloy.

4.3. Gd partitioning and its effect on precipitation

The diffusion of Gd (1.24 x 102 m?s~1) [40,41] has been re-
ported to be slower by about one order of magnitude than that of
Mg (4 x 10 2 m? s7') and Zn (2.32 x 107"° m? s71) [42,43]
(Table 5), which is believed to be due to the larger atomic size of
Gd compared to those of Mg and Zn [40]. Such slow diffusion of Gd
in Mg can be expected to be a rate-limiting factor to control the
precipitation behavior.

The partitioning of Gd into the Zr-rich particles (0.5 at%) was
observed, as shown in Fig. 11. More importantly, a core—shell
structure with the shell of Gd (2 at%) and the core of Zn,Zr phase
was observed. The formation of the core—shell structure can be
attributed to the fact that the formation of Zr-rich phases gradually
consumes Zn and Zr from the solid solution, leading to a Zn,Zr-lean
region in the vicinity of Zr-rich phase. It is the Zn,Zr-lean region that
accelerates the diffusion or partitioning of Gd toward the Zr-rich
phases, forming the core—shell structure. The formation of the
core—shell structure is proposed to reduce the stain between Zr-
rich phases and «-Mg matrix, hinder the coarsening of Zr-rich
phases (Fig. 12) and thereby increase its strengthening effect.

The partitioning of Gd into the Zn-rich phase was also observed,
as shown in Fig. 10c. When aged for 15 h, a significant partitioning
of Gd into Zn-rich phase (spherical cluster) was observed. With
increasing ageing time (up to 80 h), more Gd was observed in Zn-
rich phase (spherical cluster and disc-shaped precipitates).
Although no significant partitioning of Gd into § type precipitates
(B¢’ and/or B,’) was observed in present investigation, similar to the
case of Zn,Zr phases, the formation and/or growth of the B type
precipitates (B1’ and/or By') also gradually consume Zn from the
solid solution, leading to a Zn-lean region in the vicinity of §§ type
precipitates (B¢’ and/or B2/). It is the Zn-lean region that accelerates
the diffusion or partitioning of Gd toward the Zn-rich precipitates,
reduces the stain between Zn-rich precipitates and o-Mg matrix,
and thereby improves the stability of Zn-rich precipitates. It should
be noted here that the Zn,Zr particles themselves also gradually
decompose during the precipitation of Zn-rich precipitates,
releasing Zr atoms and diffusing into the matrix or involving into
the formation of new Zr-containing compounds. However, the
diffusion of Zr (Table 5, not available as far as our knowledge) is
expected to be much slower than that of other elements (Mg, Zn,
Gd). Although the partitioning of Gd into the Zn-rich phase does not
appear to produce a significant effect on the precipitation process
(as discussed in section 4.2), it may improves the thermal stability
of the Zn-rich phase and finally enhances the precipitation hard-
ening of ZG52 alloy, as shown in Fig. 2.

5. Summary

(1) The precipitation process involves the formation of pre-
cipitates with different morphologies and habit planes:
triangular-shaped ZnZr phase, rectangular-shaped Zn,Zr
phase, [0001 ]ug rods (8'1) MgZn; Laves phase, (0001 )mg plate
(8'2) MgZn; Laves phase and coherent GP zones.

(2) No significant coarsening of Zn-rich precipitates (81 and 82)
was observed, even after ageing at 200 °C for 80 h, indicating
the partitioning of Gd into Zn-rich precipitates improves
their thermal stability and thereby enhances the precipita-
tion hardening.

(3) A core—shell structure with the shell of Gd (2 at%) and the
core of Zn,Zr phase was observed, which is proposed to
hinder the coarsening of Zn,Zr phase. No further change in

average size of the Zn,Zr particles was observed after ageing
over 15 h.

(4) This investigation demonstrates that it is of great necessity to
elucidate the partitioning of Gd into the Zr-rich precipitates
and Zn-rich precipitates, which can be used to tailor the
precipitation hardening and thereby design high perfor-
mance Mg alloys.
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