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ABSTRACT

Lightweight magnesium alloys with good thermal conductance are in demand for structural com-
ponents in portable devices. This work presents a strategy to achieve excellent thermal conductivity,
room temperature (RT) formability and high strength in magnesium sheet alloys. We found that
a Mg-1.6Zn-0.5Ca-0.4Zr alloy shows a substantial increase in thermal conductivity to over 130
W/(m-K) due to the reduced supersaturation of solute atoms in the matrix by the precipitation of
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Guinier-Preston (G.P.) zones while exhibiting excellent RT formability with a large Index Erichsen
value of 8.1 mm, and a high yield strength of 227 MPa by peak aging treatment.
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IMPACT STATEMENT

This work reports a superiority of heat treatable magnesium alloy in simultaneously achieving
high thermal conductivity and excellent mechanical properties through quantitative analysis of the

microstructure in atomic scale.

1. Introduction

Lightweight magnesium (Mg) alloys with good thermal
conductance and high strength are attractive for struc-
tural components in portable devices [1,2]. However,
these characteristics are contradictory in commercially
available wrought Mg alloys, e.g. Mg-3Al-1Zn (wt.%,
AZ31) and Mg-6Al-1Zn (wt.%, AZ61). Because they are
strengthened by solution strengthening, the lattice dis-
tortion induced by solute atoms leads to the increase in
electron scattering and resultant low thermal conductiv-
ity [3,4]. For example, the AZ31 sheet alloy shows an
adequate yield strength of above 200 MPa, while the poor
thermal conductivity of ~86 W/(m-K), which is much
lower than 158 W/(m-K) in pure Mg, may not meet the
growing requirements [3].

Precipitation hardening is an effective approach to
achieve the high strength and thermal conductivity

simultaneously as evidenced in aluminum alloys [5].
Among various Mg alloys, Mg-Zn system is age-
hardenable and shows a minimal effect on the loss of
thermal conductivity; the binary Mg-Zn alloy maintains
above 100 W/(m-K) even 8t.% of Zn is alloyed [6]. A Mg-
27Zn-Zr (wt.%) alloy exhibits a high thermal conductivity
of 132.1 W/(m-K) and yield strength of 196 MPa [7], and
these properties are expected to be further improved by
the enhancement of age hardenability. The trace addition
of Ca into dilute Mg-Zn based alloys can significantly
enhance the age-hardening response by the precipitation
of Guinier Preston (G.P.) zones; a maximum hardness
increment is obtained by the addition of 0.5 wt.% Ca
into the Mg-1.6Zn (wt.%) cast alloy [8]. The addition of
Ca is also known to weaken the strong basal texture in
Mg sheet alloys, which improves the poor RT formabil-
ity [9]. Zr addition also leads to concurrent achievement
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of excellent RT formability and high strength by the for-
mation of fine dispersion of Mg(Zn,Zr), precipitates in
fine-grained structure [10].

In this study, we fabricated a Mg-1.6Zn-0.5Ca-0.4Zr
(ZXK210, wt%) sheet alloy and demonstrate a novel
approach to achieve high thermal conductivity, high
strength and large RT formability simultaneously. The
state-of-the-art aberration corrected high-angle annu-
lar dark-field scanning transmission electron microscopy
(HAADF-STEM) and three-dimensional atom probe
(3DAP) analysis are used to unveil the quantitative cor-
relation between the thermal conductivity and structure
of nanoscale precipitates along with solutes distribution,
which has been difficult to quantify in dilute alloys. These
results are expected to give critical insights into the ratio-
nal design of thermally conductive magnesium alloys
with excellent mechanical properties.

2. Materials and methods

The ZXK210 alloy ingot was prepared by induction melt-
ing using a high-purity pure Mg, ZK60 (Mg-5.5Zn-0.5Zr,
wt.%), Mg-30 wt.%Ca and Mg-34 wt.%Zr master alloys
in a steel crucible under an Ar atmosphere. 10-mm-
thick plates machined from the cast ingot were first
homogenized at 300°C for 4h and then slowly heated
to 450 °C (~ 7.5 °C/h) maintaining for 6 h, followed by
water quenching. The homogenized plates were primar-
ily rolled to ~5mm thick at 300 °C with ~ 15% thick-
ness] reduction per pass. The 5 mm thick plate were fur-
ther fine-rolled to ~ 1 mm thick sheetat 100 °Cin ~23%
thickness reduction per pass along with reheating at 450
°C for 5min between each pass. The as-rolled sheets
were solution-treated at 450 °C for 1h, water quenched
and subsequently aged at 170 °C in an oil bath. For
reference, Mg-1.6Zn-0.4Zr (wt.%, ZK20) and Mg-5Zn-
0.5Ca-0.4Zr (wt.%, ZXK510) alloys were also prepared
by the similar process. The age hardening response was
measured by a Vickers hardness tester (Mitsutoyo HM-
100) under a load of 0.3 kgf. The thermal conductivity
A (W/m-K) was measured by a Linseis LFA 1000 laser
flash analyzer at 298 K. Tensile properties were evalu-
ated at RT using an Instron 5567 tensile testing machine
with an initial strain rate of 1073 s~!. Specimens for
thermal conductivity measurements (~ ¢10-mm disc)
and tensile tests (gauge length of 12.5 mm and 5mm in
width) was machined from the solution-treated and arti-
ficially aged samples. Texture was characterized using a
field emission scanning electron microscope (SEM), Carl
Zeiss Cross Beam 1540EsB, equipped with an Oxford
Instruments AZtec HKL electron backscatter diffraction
(EBSD) system. (S)TEM observations were carried out
by FEI Tecnai 20 and Titan G*> 80-200 TEMs. Thin

foil samples for TEM observations were prepared by
electro-polishing using an electrolyte consisting of 5.3 g
LiCl, 11.2 g Mg(ClOy)3, 500 ml methanol, and 100 ml 2-
butoxy-ethanol at —50 °C and 90 V. 3DAP analyses were
performed using alocal electrode atom probe (CAMECA
LEAP 5000 XS) in voltage pulse mode at a temperature of
30K.

3. Results and discussion

Figure 1(a) shows the EBSD inverse pole figure (IPF) map
and (0002) pole figure obtained from the solution-treated
ZXK210 alloy. Note that the IPF map was taken along
the transverse direction (TD) of the sheet and recon-
structed so that grain orientations from the normal direc-
tion (ND) are observed. The solution-treated ZXK210
alloy has an average grain size of ~6.6£2.8um. The
(0002) poles are mainly tilted by ~ 40° towards TD with
intensity of 3.3 mrd, which means the development of a
TD-split texture. The development of the TD-split tex-
ture is distinct feature in the ZKX210 alloy as described in
supplementary information and Figure S1; (0002) poles
are tilted towards the rolling direction in the ZK20 alloy,
which consists of equi-axed grains with a similar grain
size of ~7.5+3.5 um, while the ZXK500 alloy shows
a typical strong basal texture with a coarse grain size of
~13.6 6.3 pm. Figure 1(b) shows variations in Vickers
hardness and thermal conductivity during aging at 170
°C. The solution-treated ZXK210 alloy has a hardness of
52.8 = 1.6 HV. The hardness rapidly increases to the peak
hardness of 66.1 1.5 HV in 4 h (T6), and then decreases
to 52.3£1.3 HV after 1000h (over-aging). The ther-
mal conductivity of the solution-treated sample increases
from 123.3 0.8 to 128.6 £ 0.5 W/(m-K) by the T6 treat-
ment, and further increase to 135.8 £ 0.6 W/(m-K) by
over-aging, Figure 1(b) and Table 1. In contrast, the
ZK20 alloy shows little age hardening with the thermal
conductivity of ~130.2+0.4 W/(m-K). The ZXK510
alloy shows noticeable age hardening but takes approx-
imately 45 h to reach the peak hardness with the thermal
conductivity increment from 1139+ 1.1 to 123.7+1.2
W/(m-K), Figure S2a and b.

Figure 1(c) shows nominal tensile stress-strain curves
stretched along the RD with snapshot of the solution-
treated sample after the Erichsen cupping test in the inset.
Table 1 summarizes the mechanical properties loaded
along both RD and TD. The solution-treated ZXK210
alloy exhibits an average tensile yield strength (orys =
m) of 160 MPa and ultimate tensile strength (o yrs)
of 255 MPa with an elongation to failure (e1) of 27.3%
with a large L.E. value of 8.1 mm at RT. The T6-treatment
results in remarkable increments in the average o Tys and
ours to 202 and 278 MPa at a slight expense of et to
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Figure 1. (a) The IPF map and (0002) Pole figure of the solute-treated ZXK210 alloy. (b) Variations in Vickers hardness and thermal con-
ductivity as functions of aging time. (c) Nominal tensile stress-strain curves for solution-treated, T6-treated, and over-aged samples along
the RD. Inset to Figure 1(c) is a snapshot of solution-treated sample after Erichsen cupping test at RT.

Table 1. Mechanical properties and thermal conductivity of the ZXK210 alloy. S.T., T6 and O.A. stand for solution-treated, peak-aged and

over-aged conditions.

RD D
Thermal conductivity
Condition o 1vs,MPa o urs, MPa €, % o 1ys,MPa ayrs, MPa €z, % A, W/(m-K)
ST.(450°C/1h) 18141 265+2 282£16 138+2 245+1 264£08 123308
T6 (170 °C/4 h) 227+2 2911 226413 176 %3 264+3 212412 1286 0.5
O.A. (170 °C/1000 h) 17141 242+ 1 238+ 1.1 147 £1 21+1 202422 135.8+0.6
21.9%. The over-aging causes substantial decrease of the 180 T T T T T
OAzs1 O Am20 $ZM31

orys, ours and et to 159, 232 MPa and 22%, respec- = g Razer [Riamso A\ zwst
tively, Figure 1(c). Compared to the ZKX210 alloy, the 190 Mazet @awmco A zvet |
Ca-free ZK20 alloy shows a low LE. value of 6.5mm, =3 © EN 9 < 2K20
oTys and oyrs of 159 and 225MPa in the solution- ,?120 i AAV\‘/ Tz T
treated condition, Figure S2c. The ZK20 is not further 2 Qpaess

L. . Q 90} O [>weas
strengthened because of no significant age hardening, = O pwens
Figure S2a. Although the ZXK510 alloy shows substan- § g
tial increase in o 7ys and o yrs from 150 and 264 MPa to = 60 = - > i
227 and 286 MPa at the expense of €T to 15.1% by the g 50| @ 2XK210(170°C 1 4n)
T6-treatment, Figure Slc, the ZKX510 exhibits poor RT £ [ @ zxks10 (170°C / 45h) T
formability with an I.E value of only 4.5 mm, Figure S2c. @ ZK20 (T4)

0 1

Figure 2 compares the thermal conductivity and
yield strength for various Mg sheet alloys [2,3,7,11].
The T6-treated ZXK210 alloy shows the best strength-
conductivity balance among various samples. The ZK20
alloy shows a high thermal conductivity of 130.2
W/(m-K) comparable with that of ZKX210 but has a low
yield strength of only 159 MPa and poor room tempera-
ture formability, Figure S2. The ZXK510 alloy exhibits a
high yield strength of 227 MPa and relatively high ther-
mal conductivity of 123.7 W/(m-K), Figure S2b and c.
Considering the excellent stretch formability and quick
age hardenability, the dilute ZXK210 alloy has a great
potential for the development of thermally conductive
Mg sheet alloys with excellent mechanical properties.

Figure 3 shows bright-field TEM images of the
solution-treated, T6-treated, and over-aged ZXK210
alloys taken from the zone axis of [1120],. A number of
nanoparticles are observed along grain boundaries and
within the grains in the solution-treated sample, Figure

50 100 150 200 250 300 350
Yield strength (MPa)

Figure 2. Yield strength and thermal conductivity for various Mg
sheet alloys. Data for other alloy sheets for comparison are from
Refs. [2,3,8,12].

3(a). The nanobeam diffraction patterns taken from the
blocky and rod-shaped precipitates indicated by arrows 1
and 2 are identified as Zn,Zr3 and Zn, Zr phases, respec-
tively [12]. For the T6-treated sample, the diffraction
contrast indicates a distribution of nanoscale precipi-
tates on the basal plane of the matrix, Figure 3(b). The
diffraction patterns taken from the zone axes of [0110],,
and [0001], show continuous streaks along the [0001],
direction and extra diffraction spots at the 1/3{2110},
and 2/3{2110}, positions, indicating the precipitation of
ordered G.P. zones on the basal planes of the matrix. A
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Figure 3. Bright-field TEM images and SAED patterns obtained from the (a

) solution-treated, (b) T6-treated, and (c) over-aged samples.

Note that the TEM images of T6-treated and 1000 h-aged samples were taken from the zone axis of [1120],, and the SAED patterns were

recorded from the [1010],, and [0001],, directions.

number of pairs of coarse precipitates with a length of
10-50 nm are formed on the (0001), planes in the over-
aged samples, Figure 3(c). Since the diffraction patterns
are similar to those observed in the T6-treated sample,
the coarse precipitates are considered to be evolved from
the G.P. zones.

Figure 4 shows HAADF-STEM images obtained from
the T6-treated and over-aged ZXK210 alloys taken from
the zone axis of [1120],. The G.P. zones are imaged with
bright contrast, indicating that they are enriched with
Zn and/or Ca, Figure 4(a,b). The average size of the
G.P. zones in the T6-treated sample is ~3.240.4nm,
which is much smaller than those in the over-aged sam-
ple, ~35=+10nm. The atomic resolution image of the
T6-treated sample shows that the G.P. zones are brightly
imaged as single atomic columns arranged on the (0001),,
planes, Figure 4(c). No misfit dislocation is observed on
the surface or edge of the G.P. zone, suggesting a fully
coherent interface with the matrix. In contrast, a pair
of basal precipitates with two brightly imaged atomic
columns of ~0.2nm distance is observed in the over-
aged sample, Figure 4(d). These precipitates have an
ABCA stacking sequence along the (0001) planes, indi-
cating the formation of metastable n’phase as reported in
Mg-Gd-Zn alloys [13].

Figure 5(a—c) show 3D atom maps of Mg, Zn, Ca and
Zr obtained from the solution-treated, T6-treated and
over-aged ZXK210 alloys with volumes of 40 x 40 x 200
nm?3. Table 2 summarizes the solute content in the matrix,
planar interspace and number density of precipitates in
the T6-treated and over-aged samples. The concentration
of Zn, Ca and Zr are 0.412, 0.241, and 0.001 at.% in the

solution-treated sample. The frequency distribution of
Ist-order nearest neighbor (INN) solute atoms distance
shows a consistency between experimental and random
distributions, indicating that the elemental distribution
in the solution treated sample is uniform, Figure 5(d).
The T6-treatment resulted in the depletion of Zn and Ca
in the matrix to 0.195 and 0.111 at.% due to the precip-
itation of fine plate-like G.P. zones with average Zn and
Ca concentrations of 17.4 and 16.3 at%, Figure 5(b,e).
The number density and effective planar interspace of
the precipitates are calculated tobe ~9.9 x 102> m~3 and

8.9nmbasedon A = (% - 1) d; [14]. By over-aging,

the Zn and Ca elements are further depleted from the
matrix, and their contents decreased to 0.071 and 0.003
at.%, respectively. The average Zn and Ca contents in the
1’ phase are 34.1 and 39.1 at.% and its number density is
~1.5 x 1023 m~3, which is much lower than that of G.P.
zones observed in the T6-treated sample, Figure 5(c,f).
The low number density leads to a large effective planar
interspace of these ’ phase is ~95.1 nm.

The present work reports an approach to achieve high
thermal conductivity, high strength and excellent RT
formability simultaneously. The thermal conductivity of
the ZXK210 alloy increases from 123.3 to 128.6 W/(m-K)
by the T6-treatment, Figure 1(b), due to the precipita-
tion of the G.P. zones, which significantly decrease the
Zn and Ca content within the matrix from 0.412 and
0.241 at.% to 0.195 and 0.111 at.%, respectively, Figure
5 and Table 2. Since the thermal conductivity of con-
ductive metals is mainly contributed by electrons rather
than phonons, the depletion of solute atoms leads to the
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Figure 4. HAADF-STEM images of the (a,c) T6-treated and (b,d) over-aged ZXK210 alloy. Note that the images are taken from the zone
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Figure 5. 3D atom maps of Mg, Zn, Ca and Zr obtained from the (a) solution-treated, (b) T6-treated and (c) 1000 h-aged ZXK210 samples.
(d) Frequency distribution plot of NN distance between Zn-Zn, Ca-Ca, Zr-Zr and all the solute atoms in (a). dmax refers to the maximal
distance separating two solutes. (e and f) The 1D concentration profiles of Zn, Ca and Zr obtained from the selected volumes in (b) and

(c), respectively.

reduced electron scattering, resulting in the improve-
ment of the thermal conductivity [4,15]. The effective
planar interspace of precipitates increases to 95.1 nm by
over-aging, which is one order larger than that in the T6
treated samples, 8.7 nm, Table 2. Considering the elec-
tron mean free path in our alloy should be shorter than
that in pure Mg; ~22nm at RT [16], the precipitates

in the over-aged sample no longer influence the ther-
mal conductivity. Thus, the high thermal conductivity in
the over-aged sample is also attributed to the increased
planar interspace of precipitates.

The precipitation of the G.P. zones also leads to the
substantial improvement of the yield strength from 181
to 227 MPa at 170 °C for 4 h, Figure 1(c), leading to the
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Table 2. Matrix compositions, planar interspace and number density of the precipitates in the solution-treated, T6-treated and over-aged

ZXK210 alloy.

Condition Mg, at% Zn, at.% Ca, at.% Zr, at.% Planar interspace, nm Number density, %1023 m~3
S.T.(450°C/1h) Bal. 0.41240.023 0.241£0.016 0.001 - -

T6 (170°C/4 h) Bal. 0.19540.012 0.111£0.008 0.001 8.9 9.9
0.A.(170°C/1000 h) Bal. 0.07140.015 0.00340.001 0.001 95.1 1.5

excellent strength-thermal conductivity relationshipever ~ References

reported in the Mg alloy sheets, Figure 2. The solution-
treated ZKX210 alloy shows excellent RT formability
with an LE. value of 8.1 mm which is much larger than
those of ZK20 and ZXK510 alloys and even comparable
to that of 6xxx series Al alloys [17]. The improved forma-
bility is predominantly attributed to the weak TD-split
texture in which a greater number of grains are favor-
ably oriented for the operation of basal 4§laaST slip and
{1012} tensile twinning during bi-axial loading in com-
parison with the RD-texture developed in the ZK20 alloy
and strong basal texture in the ZXK510 alloy, Figure 1 and
Figure S2 [18,19]. Therefore, we conclude that the heat-
treatable dilute ZXK210 alloy is promising to develop
strong and formable Mg sheet alloy with high thermal
conductivity. However, the large yield asymmetry and
strength degradation by over-aging are the issues to be
overcome via the texture modification and improvement
of age hardening behavior by microalloying.

4. Conclusion

This study demonstrates that the heat-treatable Mg-
1.6Zn-0.5Ca-0.4Zr dilute alloy can achieve an out-
standing combination of excellent RT formability, high
strength of 227 MPa and high thermal conductivity
of 128.6 W/(m-K), which has never been reported in
other Mg sheet alloys. The simultaneous increase in the
strength and thermal conductivity is associated with the
precipitation of the G.P. zones enriched with Zn and Ca,
resulting in the depletion of solute atoms from the matrix.
Such extraordinary properties are achievable only in heat
treatable dilute alloys strengthened by the precipitation
of G.P. zones.
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