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Effects of Bi additions on age-hardening response and precipitation of Mg—2.31Zn—0.31Co (at.%) alloy
have been investigated. The addition of Bi can substantially promote the age-hardening response at
200°C. The precipitates microstructure is characterized using high-angle annular dark-field scanning
transmission electron microscope, and the results show that the remarkable improvement is attributed
to a much higher number density of 6'1 rods and the formation of prismatic MgsBi, plates. At the early

stage of ageing, Mg3Bi; precipitates out first and then Zn segregates to the Mg3;Bi,/Mg interface, which
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tion of the 5’1 phase.

could provide chemical environment and heterogeneous nucleation sites for the subsequent precipita-

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Due to the potential in developing low-cost and high-strength
wrought Mg alloys without rare earth (RE) elements,
Mg—Zn—based alloys have received considerable attention in the
last decade. These alloys are known as precipitation-hardenable
since the equilibrium solid solubility of Zn in Mg is 2.4 at.% (or
6.2 wt%) at 340 °C (eutectic temperature), and decreases substan-
tially with a drop in temperature, to ~1.1 at.% (or 2.9 wt%) at 200 °C
[1]. It has been generally accepted that the strengthening precipi-
tate phases in these alloys include ﬁ; and 6'2 [2—7]. The 5’1 phase
often forms as [0001], rods and was previously described as MgZn;
(space group P63/mmc, a=0.5221nm, c¢=0.8567nm) [8] or
MgyZn; (space group C2/m, a=2.596nm, b=0.524nm,
c=2.678 nm, = 148.6°) [9]. Several other studies also reported
that each single 6’1 precipitate usually contains different domains
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and planar defects [6,10—12]. Such defects were confirmed and
characterized by the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) with an atomic-
resolution in recent reports [13,14]. The 6'2 phase often forms as
(0001), plates even though it has the MgZn, structure (space group
P63/mmc, a=0.5221nm, ¢c=0.8567nm) [10]. In general, the
contribution of ﬁ/z to age-hardening response is very limited due to
the rather small volume fraction compared with that of ,8’1.
However, Mg—Zn binary alloys [2,3] often show a moderate age
hardening response, due to the coarse size and the limited number
density of rod-like 6’1 precipitates. It was reported that small ad-
ditions of Ca[15], Ag[7], Cu[16] or the combined addition of Ag and
Ca [7,17] to the Mg—Zn binary alloys could result in denser distri-
butions of 6’1 precipitates in the peak-aged condition, and thus
dramatically enhance the age-hardening response. First-principles
calculations [18] revealed that all these three elements have
favourable binding energies with vacancies, which would affect the
solute diffusion kinetics and the later ageing-precipitation process.
Actually, Bi also has a large binding energy with vacancies in Mg
[18]. It is thus of interest to determine whether Bi additions have
the similar effect as Ca, Ag and Cu elements. On the other hand, Bi
additions to Mg can form Mg3Bi, precipitates during the ageing
process [19,20], and the age-hardening response of Mg—Bi alloys
can be further enhanced by the additions of Zn, which was
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attributed to the formation of finer MgsBi, plate precipitates on the
prismatic plane of magnesium matrix [20]. A hypothesis that
MgsBi, precipitates might heterogeneously nucleate on 6’1 pre-
cipitates has been proposed [20] but not yet been experimentally
verified.

It is the purpose of this work to report our results on the effects
of Bi additions on age-hardening responses and heterogeneous
precipitation in Mg—Zn—Co—Bi alloys. It is found that the Bi addi-
tion can significantly enhance the age-hardening response, which
is attributed to the refined distribution of §; and the formation of
prismatic Mg3Bi; precipitate plates. Heterogeneous precipitation is
found and its origin is studied using aberration-corrected scanning
transmission electron microscopy and energy dispersive spec-
trometry (EDS) mapping.

2. Material and methods

Alloys of nominal composition of Mg—2.31Zn—0.31Co (at.%)
with additions of 0, 0.12, 0.25, 0.37 at.% Bi were prepared from high-
purity Mg, Zn, Bi and Mg—8.5Co (at.%) master alloy by induction
melting in a mild steel crucible under a protective atmosphere of
gas mixture (SFg + CO;) and casting into a steel mould. Small ad-
ditions of Co used here is to enhance the eutectic temperature and
thus to permit a higher solution treatment temperature [21]. To
avoid local melting during solution treatment, samples embedded
in graphite powder were firstly heat treated at 320 °C for 28 h and
then the temperature was raised from 320 °C to 450 °C at a ramp
rate of 1 °C/min and held for 12 h, followed by water quenching and
ageing in an oil bath at 200 °C. Vickers hardness test was carried out
using a load of 1 kg. The hardness value was determined from the
average of 10 individual indentations in which the maximum and
minimum values were abandoned. Thin foil specimens for HAADF-
STEM observations were prepared by ion-beam milling using Gatan
PIPS 691 at —70 °C. Characterization of precipitate microstructures
and EDS mapping were performed using a Cs-corrected FEI Titan
G2 60—300 ChemiSTEM, operated at 300 kV and equipped with a
Super-X EDS with four windowless silicon-drift detectors. The
thickness of TEM foil was determined using the convergent beam
electron diffraction pattern under a two-beam condition [22], and
its value was used for calculating the number density and volume
fraction of precipitates. For the statistic analysis, around 2000
precipitates in four grains of each alloy were counted.

3. Results

Fig. 1 shows the hardness curves of all the alloys during
isothermal ageing treatment at 200°C, and important features
related to the age-hardening curves such as the as-quenched
hardness, peak hardness, the time to reach peak hardness and
hardness increment are listed in Table 1. The hardness values of the
as-quenched alloys are nearly the same, ranging from ~48 to 50 HV.
Mg—2.31Zn—0.31Co alloy exhibits a moderate age-hardening
response, with a peak hardness value of ~68 HV at 5h. The age-
hardening response is improved with the increasing Bi content in
alloys. When 0.37 at.% Bi is added to the Mg—2.31Zn—0.31Co alloy,
the hardness is enhanced rapidly to a maximum peak hardness
value of 78 HV after only 2.5 h. The increment in hardness is about
28 HV, nearly 1.5 times higher than that of Bi-free alloy (19 HV) and
the time to reach peak value is also reduced by half. The addition of
0.37 at.% Bi to the Mg—2.31Zn—0.31Co alloy leads to a 47% increase
in hardness increment and a 50% reduction in time to reach the
peak hardness.

Fig. 2a shows the backscattered electron (BSE) micrograph of
solution-treated sample of Mg—2.31Zn—0.31Co—0.37Bi alloy, and
intermetallic particles with different contrast are observed.
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Fig. 1. Age-hardening curves of Mg—2.31Zn—0.31Co—xBi (x=0, 0.12, 0.25 and 0.37)
alloys aged isothermally at 200 °C.

Figs. 2b—2d show the corresponding EDS mapping results. Ac-
cording to the EDS mapping results, the intermetallic particles with
high and low brightness should be Mg3Bi, [20] and MgZn; [7],
respectively. Co segregation in Mg3Bi; and MgZn, particles is also
observed, as shown in Fig. 2d. It should be noted that Co is not
detected in the magnesium matrix in Fig. 2d.

The typical precipitate microstructures in peak-aged samples of
Mg—2.31Zn—0.31Co and Mg—2.31Zn—0.31Co—0.37Bi alloys at
200 °C are shown in Fig. 3. The electron beam direction is parallel to
(Figs. 3aand 3¢) [0001], and (Figs. 3b and 3d) [1120],. In the Bi-free
alloy, the microstructure mainly consists of rod-like 6’1 precipitates
with the long axis parallel to [0001],, as marked by arrow 1 in
Figs. 3a and 3b. The average length and dlameter of ,81 rods are
~120 nm and ~16 nm, respectively. These ﬁ] rods in the o-Mg ma-
trix have a structure of MgZn; [7] or Mg4Zn7 [10] and often contain
some domains and planar defects [10,13,14]. In previous studies
[7,10], basal ,8/2 plate precipitates were occasionally observed in
peak-aged Mg—Zn binary alloys, but no 5/2 precipitates were found
in our peak-aged samples. The HAADF-STEM images in Figs. 3¢ and
3d reveal that there are two kinds of strengthening precipitates in
the peak-aged Mg—2.31Zn—0.31Co—0.37Bi alloy, among which the
[0001] rods are dominant (marked by arrow 1) and prismatic plates
(marked by arrow 2) on {1120}, planes are of a smaller fraction.
While the rod-like precipitates are still 6'1 phase, they are much
finer, Figs. 3c and 3d, ~58 nm in length and ~10 nm in diameter, as
shown in Table 2. The number density of rod-like ﬁ/l is
2.6 x 10 m~3, around 5 times higher than that in the Bi-free alloy,
which is comparable to those reported in the peak-aged
Mg—3.1Zn—0.25Co alloy at 150°C [21] and Mg—2.4Zn—0.1Ca-
—0.1Ag alloy at 160 °C [7]. Those plates lying on {1120}, planes have
a near rectangular cross-section when viewed along the [0001],
direction. The average size is ~43 nm in diameter and ~9 nm in
thickness and they have an aspect ratio of ~4.7:1. The number
density is about 2.8 x 102 m~3, Table 2, with the same order of
magnitude as 6’1 in the Bi-free alloy. These prismatic plate pre-
cipitates are actually Mg3Bi, phase and the orientation relationship
(OR) between Mgs3Biy precipitate and the matrix is such that
[0001]Mg3312//[1120} and (1120), Bi,//(0001)y, which is
consistent with a prev1ous study [20]. ln addltlon [0001] ﬁ] rods
are frequently observed to contact with the prismatic MgsBiy
plates, as reported previously [20]. A typical example that a 6/1 rod
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Hardness test results of Mg—2.31Zn—0.31Co alloys with and without Bi additions.

Alloy

As-quenched hardness (HV)

Peak hardness (HV)

Time to reach peak hardness (h)

Hardness increment (HV)

Mg—-2.31Zn—-0.31Co

Mg—2.31Zn—0.31Co-0.12Bi
Mg—2.31Zn—0.31Co-0.25Bi
Mg—2.31Zn—0.31Co-0.37Bi

49
49
48
50

68
73
74
78

19
24
26
28

Fig. 3. HAADF-STEM micrographs showing precipitate distributions in peak-aged samples of (a, b) Mg—2.31Zn—0.31Co and (c, d) Mg—2.31Zn—0.31Co—0.37Bi alloys at 200 °C. The
electron beam is parallel to (a, b) [0001], and (c, d) [1120],. The rod-like 8, and prismatic MgsBi precipitates are marked with arrows 1 and 2, respectively.
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Table 2
Quantitative microstructural measurements of precipitates in peak-aged samples.

Precipitates Precipitate size (nm)

Number density Volume fraction

Length Diameter Thickness (m~3) (%)
g, in Bi-free alloy 120 + 28 16£5 - 5.1 x 10%° 1.1
@ in alloy with 0.37 at.% Bi 58 + 23 10+4 - 2.6 x 10?1 12
MgsBij in alloy with 0.37 at.% Bi - 43+8 9+3 2.8 x10%° 0.6

is associated with the broad facet of a MgsBi, plate is shown in the
upper right inset in Fig. 3c. Large angle tilting suggests that it does
not result from an overlapping effect. It is inferred that these two
particles precipitate simultaneously or one particle heteroge-
neously nucleates on the other in Mg—2.31Zn—0.31Co—0.37Bi alloy
during the ageing process.

In order to determine whether the heterogeneous precipitation
does exist or not, the under-aged microstructure of the
Mg—2.31Zn—0.31Co—0.37Bi alloy aged at 200°C for 0.5h is also
characterized using HAADF-STEM imaging. In the low-
magnification HAADF-STEM image shown in Fig. 4, three Mg3Bi,
particles are observed. One of them is individually distributed and
the other two are coupled with 6’1 precipitates of a smaller size.
Fig. 5a shows the atomic-resolution HAADF-STEM of an individual
Mg3Bi, precipitate shown in Fig. 4, with a small size of ~8 nm in
diameter and ~6 nm in thickness. The OR between the MgsBi;
precipitate  and  matrix is  [0001]yg g, // [1120] mg and
(1 120)Mg3Biz //(0001)y,, same with that in the peak-aged samples.
There are no other precipitates observed at its periphery of this
individual Mg3Bi, precipitate. However, a very small ﬁ/l, less than
2 nm in diameter, is observed to have nucleated at the broad facet
of another Mg3Bi, particle at the same stage of ageing, as shown in
Fig. 5b. A larger 5’1 rod that is adhesive to the broad facet of a Mg3Bi»
precipitate is also found in Fig. 5¢. Thus, it is reasonable to conclude
that heterogeneous precipitation indeed occurs, where Mg3Bi;
precipitates form first and then serve as heterogeneous sites for 6’1.
In addition, it is also observed that some 6’1 rods even precipitate at
the end (Fig. 6a), corner (Fig. 6b), or two facets (Figs. 6¢c and 6d) of
Mg3Biy precipitates.

To answer the question why 5’1 rods prefer to heterogeneously
precipitate at the interfaces of MgsBi, plates, EDS mapping is used
to characterize these Mg3Bi, precipitates and distribution of Zn. The
[0001],, HAADF-STEM image of a single Mg3Bi, precipitate in an

[1120],

[1700],
[0001],

Fig. 4. Low-magnification HAADF-STEM micrograph showing the microstructure of
Mg—2.31Zn—0.31Co—0.37Bi alloy aged at 200 °C for 0.5 h. The electron beam is parallel
to [0001],.

under-aged specimen of the alloy containing 0.37 at.% Bi is shown
in Fig. 7a. It has a diameter of ~12 nm and a thickness of ~6 nm. Its
OR is same as that in Fig. 5. EDS maps in Figs. 7b and 7c indicate that
Zn atoms unambiguously segregate at Mg/MgsBi interfaces at the
early stage of ageing. Note that Zn segregation is much more
obvious in the broad facets than that in the end facets. This may be
due to the fact that the end facets are not in an edge-on orientation.
Zn interfacial segregation is further confirmed when EDS mapping
is performed along [1100],, as shown in Figs. 7e and 7f. Such
interfacial segregation of solute atoms is similar to Nd segregation
at Mg/ZnyZrs interfaces [23], Zn at Mg/Mg,Sn interfaces [24], Ag at
Mg/Mg17Aly, interfaces [25] and Zn at Mg/Mgq7Aly, interfaces [26].

With the prolonging of ageing time, Zn segregation is retained in
peak-aged samples of the Mg—2.31Zn—0.31Co—0.37Bi alloy. Fig. 8a
and 8d shows HAADF-STEM images of Mg3Bi; plates coupled with
6’1 rods at the board facet and end facet in a peak-aged sample,
respectively. The corresponding EDS maps in Figs. 8b—c and 8e—8f
reveal the obvious segregation of Zn atoms in the interfaces be-
tween Mg3Bi; and magnesium matrix.

4. Discussion

The addition of 0.37 at.% Bi to the Mg—2.31Zn—0.31Co alloy
improves the age-hardening response, Fig. 1, which can be ascribed
to a much higher number density of ﬁ/l rods in peak-aged samples
and the precipitation of prismatic MgsBi; plates in the o-Mg matrix.
First-principles calculations [18] reveal that Bi has a quite large
binding energy with vacancies in Mg, which suggests that more
vacancies might be trapped by Bi atoms in the a-Mg matrix rather
than annihilate at grain boundaries after the solution heat treat-
ment. During the ageing process, the diffusion rate of Zn atoms is
expected to be remarkably enhanced, thus resulting in the forma-
tion of more supercritical nucleus of 6’1, according to the classical
nucleation theory on solid-state phase transformations [27]. This
indicates that a higher homogeneous nucleation rate of 6’1 in
Mg—2.31Zn—0.31Co—0.37Bi alloy is expected during the ageing at
200°C.

In addition, Co fully segregates into to the retained MgsBi, and
MgZn, intermetallic particles after solution treatment of
Mg—2.31Zn—0.31Co—0.37Bi alloy, and it is not detected in the
matrix, as shown in Fig. 2d, which is consistent with that reported
in Mg—8Zn—0.6Co (wt%) alloy. Therefore, the effect of Co on Mg
solid solution decomposition could be neglected.

It should be noted that nearly all Mgs3Bi, precipitates contact
with a rod-like 5’1 particle in the peak-aged microstructure (Fig. 3).
Besides, as clearly revealed in Figs. 4 and 5, the prismatic Mg3Biy
precipitates act as heterogeneous nucleation sites for ﬁ/l phase.
Heterogeneous precipitation in Mg alloys has been extensively re-
ported [17,20,28—33], and often occurs at defects, such as disloca-
tions, twin boundaries, interphase boundaries, and grain
boundaries. Two main explanations are proposed to rationalize this
phenomenon. One is relaxation of strain fields of precipitate. For
example, the formation of coupled (/6 particles in Mg—RE alloys
results in self-accommodation of shear strains involved their phase
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Fig. 5. (a) [0001], HAADF-STEM micrograph of an individual MgsBi, precipitate. (b and c) [0001],, HAADF-STEM micrographs showing heterogeneous precipitation of 6'1 on broad
facets of Mg3Bi, phase. These micrographs are recorded from samples of Mg—2.31Zn—0.31Co—0.37Bi alloy aged at 200 °C for 0.5 h.

Fig. 6. [0001],, HAADF-STEM micrographs showing heterogeneous precipitation of 5/1
on (a) end, (b) corner and (c, d) two facets of MgsBi, phase, recorded from samples of
Mg—2.31Zn—0.31Co—0.37Bi alloy aged at 200 °C for 0.5 h.

transformation processes, leading to the common observation of a
61 invariably attached to ' ends [31]. The other one is that the
segregation of solute atoms at defects subsequently promotes the
formation of precipitates rich in that solute. It has been reported
that segregation of Zn and Al at grain boundaries would act as a
precursor for the initiation of the discontinuous precipitation of
Mg17Aly; in an extruded Mg—8.8Al—-1.3Sn—1.2Zn alloy [29] and that
Sn—Na clusters provide heterogeneous sites for Mg,Sn particles in
the Mg—2.3Sn—3A1-0.4Zn—0.1Na alloy [32]. In this work, since 6’1
rods are observed to form at broad-, end- and even corner-facets of
Mg3Bi, precipitates, the heterogeneous precipitation of the 6/1 rods
does not seem to be related to the detailed structure of the Mg/
MgsBi, interfaces, Figs. 5 and 6, i.e., it may not be associated with
the elastic strain at the interface. Given that Zn atoms segregate to
nearly all boundaries of a MgsBiy precipitate, Fig. 7, the

heterogeneous precipitation is most likely to be caused by the local
enrichment of Zn, since the region with Zn segregation provides a
chemical environment to transform that region into a Zn-rich 6’1
rod.

Therefore, synergic effects of the promoted homogeneous
nucleation rate from the higher diffusion rate and heterogeneous
nucleation at Mg/MgsBi, interfaces (Figs. 3c and 5) will lead to a
denser distribution 611 rods in peak-aged samples than that in the
Bi-free alloy, Table 2. Simultaneously, Zn segregation at the Mg/
Mgs3Bi, interface (Fig. 7) may reduce the interfacial energy, thus
decrease the activation energy barrier to homogeneous nucleation,
enhancing the nucleation rate and slowing down the coarsening
rate of MgsBi, phase. This would result in a denser distribution of
Mgs3Bi, precipitates in the 0.37 at.% Bi-containing alloy, Figs. 3c and
3d. According to a previous work [34], the contribution of [0001],
rods to the critical resolved shear stress (CRSS) increment due to
Orowan strengthening is given as:

Ar= Gb l

V1= p( 0935 _
2mv1 1/(\/7 1>dt

d
nF,

(1)

where 47 is the increment in CRSS, G the shear modulus, b the
magnitude of the Burgers vector of slip dislocations, » the Poisson's
ratio, f the volume fraction of precipitates, and d; the diameter of
[0001],, rods. The increment in CRSS contributed by the prismatic
plates can be expressed as:

Gb

ln0.886\/dttt

Ar= b R

2mv1—v <0.825 % —0.393d; — O.886tt>

(2)

where d; and t; are the diameter and thickness of precipitate plates,
respectively. In the present case, G, b and » are constant. The volume
fraction (f) and the average sizes (d; and t;) were obtained by
quantitative microstructural measurements, as shown in Table 2.
Thus, the ratio of A7(;od)/ 47 (plate) is calculated to be 2.15. It indicates
that prismatic MgsBi, plates contribute nearly 1/3 to the CRSS
increment of Mg—2.31Zn—0.31Co—0.37Bi alloy, though its number
density is about 1/10 of that of 6/1 rods.

5. Conclusions

The age-hardening response of Mg—2.31Zn—0.31Co alloy at
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Fig. 7. (a, d) HAADF-STEM micrographs and (b, c, e and f) corresponding EDS maps showing individual MgsBi, precipitates in a sample of Mg—2.31Zn—0.31Co—0.37Bi alloy aged at
200 °C for 0.5 h along (a—c) [0001], and (d—f) [1100],, (b, €) Zn maps, (d, f) Bi—Zn composite maps.
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[0001],

Fig. 8. (a, d) HAADF-STEM micrographs showing rod-like 6'1 precipitates attached to the (a) broad facet and (d) end facet of Mgs3Bi, precipitates in the peak-aged
Mg—2.31Zn—-0.31Co—0.37Bi alloy. (b, c, e and f) Corresponding EDS maps of precipitates in (a, d), (b, e) Zn maps, (c, f) Bi—Zn composite maps.

200 °C can be dramatically enhanced by Bi additions. The addition
of 0.37at.% Bi to the Bi-free alloy results in a 47% increase in
hardness increment and a 50% reduction in time to reach peak
hardness. The significant improvement in precipitation hardening
is associated with a higher number density of 6’1 rods and the
dispersion of prismatic Mg3Bi, plates. Zn atoms segregate to the
MgsBiy/Mg interface at the early stage of ageing and these Zn-rich
regions provide heterogeneous nucleation sites for ﬂ; during
continued ageing.
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