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Abstract: With the rapid development of 3C industries, the demand for high-thermal-conductivity magnesium alloys with high mechanical
performance is increasing quickly. However, the thermal conductivities of most common Mg foundry alloys (such as Mg–9wt%–1wt%Zn) are
still  relatively  low.  In  this  study,  we developed a  high-thermal-conductivity  Mg–4Al–4Zn–4RE–1Ca (wt%,  AZEX4441)  alloy  with  good
mechanical properties for ultrathin-walled cellphone components via high-pressure die casting (HPDC). The HPDC AZEX4441 alloy exhib-
ited a fine homogeneous microstructure (average grain size of 2.8 µm) with granular Al11RE3, fibrous Al2REZn2, and networked Ca6Mg2Zn3

phases distributed at the grain boundaries. The room-temperature thermal conductivity of the HPDC AZEX4441 alloy was 94.4 W·m–1·K–1,
which was much higher than 53.7 W·m–1·K–1 of the HPDC AZ91D alloy. Al and Zn in the AZEX4441 alloy were largely consumed by the
formation of Al11RE3, Al2REZn2, and Ca2Mg6Zn3 phases because of the addition of RE and Ca. Therefore, the lattice distortion induced by
solute atoms of the AZEX4441 alloy (0.171%) was much lower than that of the AZ91D alloy (0.441%), which was responsible for the high
thermal conductivity of the AZEX4441 alloy. The AZEX4441 alloy exhibited a high yield strength of ~185 MPa, an ultimate tensile strength of
~233 MPa, and an elongation of ~4.2%. This result indicated that the tensile properties were comparable with those of the AZ91D alloy. There-
fore, this study contributed to the development of high-performance Mg alloys with a combination of high thermal conductivity, high strength,
and good castability.
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1. Introduction

Magnesium  (Mg)  and  its  alloys  have  been  widely  ex-
plored  in  the  fields  of  computer,  communication,  and  con-
sumer  (3C)  electronic  products,  automotive,  and  aerospace
fields because of their low density, high specific strength, and
good  electromagnetic  shielding  [1–3].  With  a  high  integra-
tion level in 3C products, the heat dissipation of materials can
significantly  influence  the  normal  operation  of  components
as a result of high heat density and operating temperature [4].
The  requirement  for  materials  with  a  combination  of  high
heat  dissipation  capability  and  high  strength  is  increasing
rapidly. Pure Mg exhibits a high thermal conductivity of 156
W·m–1·K–1,  which  is  next  to  lightweight  pure  Al  (237
W·m–1·K–1) [5]. In addition, the heat capacity of Mg is lower
than that of Al, and the heat dissipation effects of the former
are better than those of Al; thus, Mg is a potential heat dissip-
ation material [6–7]. However, the strength of pure Mg is rel-
atively  low  and  insufficient  to  meet  the  practical  require-

ments  of  electronic  components.  The  addition  of  alloying
elements is an effective approach to enhance the mechanical
properties  of  pure  Mg,  but  it  detrimentally  influences  the
thermal conductivity of Mg as a result of elements being dis-
solved in the Mg matrix [8–10].

Previous  studies  have  mainly  focused  on  the  effects  of
solute  atoms,  heat  treatments,  and  deformations  on  the
thermal conductivities of Mg alloys. Heat treatment signific-
antly influences the thermal conductivities of Mg alloys. For
example,  the  room-temperature  thermal  conductivity  of
Mg–Al–Mn  and  Mg–Zn–RE  alloys  subjected  to  a  solution
treatment is lower than that of the as-cast alloys because of
increase in the concentrations of solute atoms [11–12]. Yuan
et al. [9] studied the thermal characteristics of the as-cast and
heat-treated (T6) Mg–Zn–Mn alloys and found that T6 aging
treatment enhances thermal conductivity because of the de-
creased  content  of  dissolved  Zn  through  precipitation.  Fur-
thermore,  hot  plastic  deformation  can  simultaneously  im-
prove  the  strength  and  heat  dissipation  of  Mg  alloys.  Liu 
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et al. [13] reported that a Mg–2Mn–2.5La (wt%) alloy pro-
cessed through hot extrusion exhibits high tensile properties
and high thermal conductivity, i.e., it has an ultimate tensile
strength  (UTS)  of  367  MPa,  a  yield  strength  (YS)  of  359
MPa,  and a  thermal  conductivity  of  135 W·m–1·K–1.  Solute
atoms inevitably  impair  the  thermal  conductivity  of  Mg al-
loys by inducing lattice distortion, which can cause free elec-
tron scattering and phonon movement, while; conversely, the
adverse influence of second phases on thermal conductivity
is  much  weaker  than  that  of  solute  atoms  [13–14].  Hence,
adding appropriate alloying elements is a promising method
to  form second-phase  particles  other  than  solute  atoms and
consequently produce Mg alloys with superior thermal con-
ductivity and high strength.

As for industrial application, most Mg alloys in the 3C in-
dustry  are  processed  via  high-pressure  die  casting  (HPDC)
because of  its  high production rates  and relatively low cost
[15–16]. To our knowledge, some of the commonly used HP-
DC  Mg  alloys  are  Mg–Al-based  alloys,  such  as  Mg–6Al–
0.5Mn (AM60, wt%) and Mg–9Al–1Zn (AZ91D, wt%), be-
cause of their excellent castability and mechanical properties
[17–18]. Nevertheless, the thermal conductivities of these al-
loys are relatively low, thereby limiting the broad application
of Mg alloys. For instance, the AZ91D alloy, which has been
widely used in the important components of portable laptops
and cellphones, shows high strength, superior die castability,
and excellent corrosion resistance [19]. However, the room-
temperature thermal conductivity of an as-cast AZ91D alloy
is 51.2 W·m–1·K–1[20]. Although a high Al content in Mg al-
loys can improve their  strength and die castability,  massive
Al  addition  inevitably  results  in  a  significant  decrease  in
thermal conductivity because of a high amount of dissolved
Al in the Mg matrix. Rudajevová et al. [11] studied the effect
of Al on the thermal conductivity of Mg–Al–Mn alloys and
revealed that thermal conductivity decreases significantly as
the content of Al solute atoms increases. Pan et al. [4] meas-
ured the thermal conductivities of Mg–Al, Mg–Zn, Mg–Sn,
Mg–Zr, Mg–Mn, and Mg–Ca alloys. They found that the ad-
verse effect  of  solute  elements  on thermal  conductivity  can
be arranged in the following sequence: Zn < Al < Ca < Sn <
Mn < Zr. This result indicates that Zn shows the weakest in-
fluence on decreasing thermal conductivity among other ele-
ments. Therefore, reducing the Al content and increasing the
Zn content  seem suitable  for  high-thermal-conductivity  Mg
alloys. However, if the amount of the added Al in Mg–Al al-
loys is less than 4wt%, the die castability may be decreased.

The die castability of Mg alloys can be improved by in-
creasing the amount  of  added Zn up to  4wt%, whereas  ex-
cessive  amounts  of  Zn  may  lead  to  hot  cracking  and  die
sticking problems, especially those for HPDC ultrathin com-
ponents [15,21]. As appropriate contents of Zn and Al are ad-
ded, the addition of rare earths (REs) helps restrain low-melt-
ing-point  eutectic  phases  by  forming  thermally  stable
Al11RE3 and Al2REZn2 phases, which can improve mechan-
ical  properties [22].  Furthermore,  the formation of  RE-con-
taining intermetallic phases can decrease the content of solu-
tion elements by consuming Al and Zn atoms, which can en-

hance  thermal  conductivity  [23].  A  Mg–4Al–4Zn–4RE
(wt%, ZAE444) alloy processed through HPDC has been de-
veloped, and it exhibits good die castability and mechanical
properties comparable with those of AZ91D alloys; however,
the  ultrathin-walled  products  and  thermal  properties  of  this
alloy have yet  to be further  explored [24].  The micro addi-
tion of Ca to Mg–Al–Zn–RE system alloys can further con-
sume Zn solute elements by forming Ca2Mg6Zn3 phases; as
such, it helps improve thermal conductivity. Furthermore, Ca
addition can promote grain refinement and enhance strength
[25–26].  However,  the  high  content  of  Ca  addition
(>0.1wt%) may cause sticking or hot tearing during casting
[27–28]. Apart from Al, Zn, RE, and Ca, Mn (<0.3wt%) can
play a role in micro addition to improve corrosion resistance
effectively by decreasing the Fe content in Mg alloys [29].

In  the  present  study,  a  Mg–4Al–4Zn–4RE–1Ca  (AZEX
4441, in wt%, hereafter not mentioned) alloy was chosen as
the base alloy to produce a novel high-thermal-conductivity
and high-strength Mg–Al–Zn–RE–Ca alloy, which was suit-
able for HPDC ultrathin-walled cellphone components. Dif-
ferences in microstructure, thermal conductivity, and tensile
properties  between  the  HPDC  AZEX4441  and  commercial
HPDC AZ91D alloy were investigated. The microstructure–
property  relationship,  especially  the  role  of  alloying  ele-
ments in microstructures and properties, was discussed in de-
tail. 

2. Experimental

The AZ91 alloy was prepared from a commercially avail-
able  AZ91D alloy,  and  the  AZEX4441  alloy  was  prepared
from commercially available pure Mg (99.90wt%), commer-
cial pure Al (99.90wt%), pure Zn (99.90wt%), and Mg–30Ca
and Mg–30RE (RE = Ce-rich mischmetal) master alloys. The
original  measured  compositions  of  RE  were  65.24Ce  and
34.45La.  These  alloying  components  were  completely
melted in a stainless steel crucible by using an electric resist-
ance  furnace  under  the  protection  of  a  gas  mixture  of  CO2

and  SF6 at  ~710°C.  Before  HPDC,  the  melt  was  held  at
~680°C for 40 min and then cast into a steel mold preheated
to  ~220°C by  using  an  IMPRESS 200T cold-chamber  ma-
chine. This steel mold was used to produce magnesium cell-
phone  components  with  a  minimum  wall  thickness  of  0.4
mm. The service  conditions  of  the  HPDC were  as  follows:
ram  velocity,  2.25  m·s−1;  injection  pressure,  40  MPa;  die
holding time, 5–7 s; and biscuit size, 40 mm. About 30–40
shots were made for each alloy. After HPDC, the real product
images are presented in Fig. 1. The AZ91D and AZEX4441
alloys  exhibited  good  die  castability  without  hot  cracking.
The  chemical  compositions  of  the  studied  alloys  achieved
through  an  inductively  coupled  plasma–optical  emission
spectrometer are recorded in Table 1. The solidification be-
havior  was  analyzed  through  differential  thermal  analysis
(DTA, SDT600, America) with a heating rate of 10°C·min−1.

Phase constituents were identified through RINT-2000 X-
ray diffraction (XRD) by using Cu Kα radiation at a voltage
of 40 kV, a scanning angle from 20° to 80°, and a scanning

J. Rong et al., High thermal conductivity and high strength magnesium alloy for high pressure die casting ... 89



speed  of  4°·min–1.  The  microstructures  were  characterized
through JSM-7001F field emission scanning electron micro-
scopy (SEM) and JEM-2100F transmission electron micro-
scopy  (TEM)  equipped  with  an  INCA-X-Max  energy  dis-
persive spectrometer (EDS). The metallographic samples for
SEM were cut from the same position of each product, pol-
ished, and etched in nital (2 mL of nitric acid, and 23 mL of
ethanol) for ~6 s. Thin foils for TEM were prepared by ion
milling. The tensile specimens were cut from the same loca-
tion  (Fig.  1(c)).  Their  size  is  presented  in Fig.  1(d).  The
room-temperature  tensile  tests  were conducted using an In-
stron 8801 testing system at a strain rate of 3.0×10−3 s−1.

The thermal conductivity (λ) of the studied alloys was cal-
culated with the following equation:
λ = α ·ρ ·Cp (1)
where α, ρ,  and Cp are  the  thermal  diffusivity  (mm2·s−1),
density (g·mm−3), and specific heat capacity (J·g−1·K−1)), re-
spectively.  The  thermal  diffusivity  (α)  was  determined  via
the  laser  flash  method by  using  a  NETZSCH LFA 457 in-
strument.  The HPDC samples were subjected to room-tem-

perature density (ρ) measurements via the Archimedes meth-
od. Heat capacity (Cp) was measured using a NETZSCH 214
Nevio differential scanning calorimeter. 

3. Results and discussions 

3.1. Phase constitution

Fig. 2 shows the XRD analysis of the HPDC alloys. α-Mg
and Mg17Al12 phases were detected in the HPDC AZ91D al-
loy (Fig. 2(a)), which was consistent with the results reported
in  the  AZ91D  alloy  subjected  to  HPDC.  In Fig.  2(b),  the
AZEX4441  alloy  was  composed  of α-Mg,  Al2REZn2,
Al11RE3,  and  Ca6Mg2Zn3 phases,  whereas  no  Mg17Al12 and
Mg–Al–Zn ternary phases were detected. The result was sup-
posed to be similar  to the previous study [30].  RE addition
(3wt%–4wt%) in the Mg–Al–Zn alloys suppressed the form-
ation  of  the  low-melting-point  Mg17Al12 phase  by  forming
high-melting-point  RE-containing  intermetallic  phases
[22,31].  Furthermore,  the  main  RE-containing  phases  are
Al11RE3 and Al2REZn2 in the HPDC ZAE444 alloy [25]. As
for the Mg–Al–Zn–RE–Ca system alloys, the addition of RE
consumed  Al  and  Zn  to  form  RE-containing  intermetallic
phases during the initial solidification stage, and Ca addition
promoted Ca-containing phases formed at the residual liquid
solidification stage [30,32].

In general, solidification behavior determines mechanical

Table  1.      Experimental  compositions  of  the  HPDC  AZ91D
and AZEX4441 alloys wt%

Alloy Al Zn Ce La Ca Mn Mg
AZ91D 9.82   0.591 — — — 0.248 Bal.
AZEX4441 3.88 3.36 2.22 1.17 0.85 0.024 Bal.
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Fig. 1.    Product images of HPDC AZ91D (a) and AZEX4441 alloys (b), and location (c) and size (d) of the tensile sample.
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Fig. 2.    XRD results of the HPDC alloys: (a) AZ91D; (b) AZEX4441.
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performance, thermal properties, and die castability to a cer-
tain degree [33]. In Fig. 3, the DTA heating patterns of the
HPDC AZ91D and AZEX4441 alloys were used to analyze
solidification behavior, and each endothermic peak represen-
ted the dissolution of the labeled phase. The solidification be-
havior of the studied alloys could be determined on the basis
of the XRD results and DTA curves. For the HPDC AZ91D
alloy, the endothermic peaks related to the melting of α-Mg
and  Mg17Al12 phases  were  measured  to  be  ~587°C  and
~433°C, respectively. The endothermic peak of α-Mg for the
AZEX4441 increased to ~610°C compared with that of the
AZ91D  alloy.  In  addition  to α-Mg,  two  other  endothermic
peaks at ~589°C and ~501°C were supposed to be the phase
transformation of RE-containing phases and Ca2Mg6Zn3, re-
spectively. Therefore, the formation of RE-containing phases
(Al2REZn2 and  Al11RE3)  in  the  AZEX4441  alloy  followed
the  formation  of α-Mg  at  the  initial  stage  of  solidification.
Subsequently,  Ca6Mg2Zn3 phase  and  RE-containing  phases
formed during the solidification stage of the residual liquid.
were supposed to be the phase transformation of RE-contain-
ing  phases  and  Ca2Mg6Zn3,  respectively.  Therefore,  the
formation of RE-containing phases (Al2REZn2 and Al11RE3)
in the AZEX4441 alloy followed the formation of α-Mg at
the  initial  stage  of  solidification.  Subsequently,  Ca6Mg2Zn3

phase and RE-containing phases formed during the solidific-
ation stage of the residual liquid.
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Fig. 3.    DTA heating patterns of HPDC alloys.
  

3.2. Microstructural characterization

The  typical  back-scattered  electron  (BSE)  images  are
presented in Fig. 4 to confirm the morphological character-
istics  and  distribution  of  the  second  phases  formed  in  the
studied HPDC alloys. Fig.  4(a) and (b) reveals that  the mi-
crostructure of the HPDC AZ91D alloy consisted of an α-Mg
solid solution with an average grain size of ~4.2 µm and con-
tinuous  networked β-Mg17Al12 eutectic  phases  distributed
along the grain boundaries.  In Fig.  4(c)  and (d),  the HPDC
AZEX4441  alloy  showed  a  fine  homogeneous  equiaxed
grain structure with an average grain size of ~2.9 µm. Three
typical  morphologies  (granular,  fibrous,  and  networked)  of
intermetallic compounds concentrated at  the grain boundar-
ies were observed in the AZEX4441 alloy. The XRD result
and the contrast demonstrated that the majority of intermetal-

lic  compounds  showed  that  granular  and  fibrous  structures
with bright contrast likely belonged to RE-containing phases,
and the networked structure with gray contrast corresponded
to  the  Ca6Mg2Zn3 phase.  The  morphological  characteristics
of RE-containing phases and Ca6Mg2Zn3 phases are similar
to the observation in the Mg–Al–Zn–RE–Ca alloys [30,32].
TEM analysis coupled with EDS was performed later to fur-
ther identify the morphological characteristics and composi-
tion of intermetallic compounds.
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Fig.  4.      BSE  images  of  HPDC  AZ91  alloy  (a,  b)  and  HPDC
AZEX4441  alloy  (c,  d).  Inset:  grain  size  distribution  images,
davg strands for the average grain size.
 

The bright-field (BF) TEM image and the corresponding
selected area electron diffraction (SAED) of HPDC AZ91 al-
loy are presented in Fig. 5. The networked Mg17Al12 eutectic
phase, which was determined by the SAED patterns shown in
Fig.  5(b)  and  (c),  is  illustrated  in Fig.  5(a).  The  Al  and  Zn
concentrations  in α-Mg  were  measured  to  be  6.2wt%  and
1.4wt%, respectively. Fig. 6 shows the BF-TEM images and
the corresponding SAED patterns coupled with the EDS ana-
lysis  of  the  HPDC  AZEX4441  alloy.  In Fig.  6(a)–(c),  the
AZEX4441  alloy  consisted  of  granular,  fibrous,  and  net-
worked  phases  distributed  at  the  grain  boundaries,  which
were similar to the BSE observation (Fig. 4(c) and (d)). The
types of the eutectic phases with different morphologies were
further analyzed through SAED (Fig. 6(d)–(f)). The element-
al compositions of each phase examined via EDS are listed in
Fig. 6(g)–(i) and Table 2. The SAED pattern of the granular
phase marked with A was indexed to an orthorhombic struc-
ture with measured lattice parameters of a = 0.4431 nm, b =
1.0132 nm, and c = 1.31424 nm, which were consistent with
the  Al11RE3 phase  (Fig.  6(d)).  The  composition  measured
through  EDS  was  Mg32.9Al41.5Zn4.8La5.2Ce10.6Ca5.0 (at%),  in-
dicating that certain amounts of Zn and Ca were dissolved in
the Al11RE3 phase (Fig.  6(g)).  The fibrous phase was large,
and it belonged to a tetragonal structure with the space group
I4/mmm (a = b = 0.425 nm, c = 1.102 nm) according to the
SAED. This phase was validated to be Al2REZn2 (Fig. 6(e)).
The EDS result shown in Fig. 6(h) indicated that this phase
contained  an  average  composition  of  Mg22.8Al38.6Zn19.6

La4.8Ce7.0Ca7.2 (at%). The (Al or Zn)/RE atomic ratio signific-
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antly exceeded the expected stoichiometry of 2 probably be-
cause of the influence of the matrix, which is similar to the
results  reported  in  Mg–Zn–Al–La–Ca  alloys  [32].  The  in-
tensities of Zn and Ca in the networked eutectic phases were
higher than those in the granular and fibrous phases, whereas
no  RE  peaks  were  observed  in  the  former  (Fig.  6(i)).  The
EDS analysis and the SAED pattern shown in Fig. 6(f) con-

firmed that the networked phase was Ca2Mg6Zn3. 

3.3. Thermal conductivities

The  room-temperature  thermal  properties  of  the
AZEX4441 and AZ91D alloys subjected to HPDC are recor-
ded in Table 3. The density and special heat capacity of the
HPDC  AZ91D  and  AZEX4441  alloys  slightly  differed.

Table 2.    EDS results (average atomic percentage) of the phases formed in HPDC AZEX4441 alloy at%

Phase Al Zn La Ce Ca Mg
Granular Al11RE3 41.5 4.8 5.2 10.6 5.0 32.9
Fibrous Al2REZn2 38.6 19.6 4.8 7.0 7.2 22.8
Networked Ca2Mg6Zn3 11.57 25.53 — — 13.24 49.66
α-Mg matrix 1.3 0.6 — — 0.2 97.9
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However,  the  room-temperature  thermal  diffusivity  of  the
AZEX4441 alloy was much higher than that of the AZ91D
alloy. The thermal conductivities of the studied alloys were
calculated from the thermal diffusivity, density, and specific
heat capacity by using Eq. (1).  Therefore,  in this study, the
thermal conductivity of the AZEX4441 alloy was higher than
that of the AZ91D alloy, i.e., the thermal conductivities of the
former and the latter were 94.4 and 53.7 W·m–1·K–1, respect-
ively.

In  general,  solute  atoms tend to  reduce the  thermal  con-
ductivity of Mg alloys because solute atoms can cause lattice
distortion and thus limit the free movement and conductions
of electrons and phonons [34–36]. Furthermore, a decrease in
the  thermal  conductivities  of  Mg  alloys  caused  by  solute
atoms  is  considered  to  be  much  larger  than  that  by  second
phases  because  the  lattice  distortion  caused  by  solute  ele-
ments  is  much  more  serious  than  that  by  second  phases
[13–14]. In the present work, the AZ91D and AZEX4441 al-
loys had high contents of second phases (Fig. 4), but solute
atoms (Al and Zn) of the AZEX4441 alloy were much lower
than that of the AZ91D alloy. The lattice distortions (Table 3)
calculated with Jade 9.0 by using the function of the size and
strain  plot  were  0.171%  and  0.441%  for  the  HPDC
AZEX4441 and AZ91D alloys, respectively. For the AZ91D
alloy, the serious lattice distortion induced by a large amount
of  Al  solute  elements  (6.2wt%)  led  to  the  reduction  in  the
thermal conductivity of the AZ91D alloy. The contents of Al
and Zn in the AZEX4441 alloy were largely consumed by the
formation  of  Al11RE3,  Al2REZn2,  and  Ca2Mg6Zn3 phases
compared with those of the AZ91D alloy because of the ad-
dition  of  RE  and  Ca. The  lattice  distortion  induced  by  the
solute  atoms  of  the  AZEX4441  alloy  (0.171%)  was  much
lower than that of the AZ91D alloy (0.441%), which was re-
sponsible  for  the  higher  thermal  conductivity  of  the
AZEX4441 alloy. 

3.4. Mechanical properties

The  typical  tensile  curves  of  HPDC  AZ91D  and
AZEX4441 alloys are shown in Fig.  7.  The average tensile
properties are recorded in Table 4. The AZEX4441 alloy ex-
hibited  a  YS  of  ~185  MPa,  a  UTS  of  ~233  MPa,  and  an
elongation  of  ~4.2%;  that  is,  the  AZEX4441  alloy  showed
comparable YS, a slightly lower UTS, and a higher elonga-
tion than the AZ91D alloys, which had a YS of ~188 MPa, a
UTS of ~255 MPa, and an elongation of ~3.0%. The YS of
the  thin-walled  AZ91D  specimen  in  the  present  study  was
much higher by ~30 MPa than the traditional HPDC AZ91D
specimens. Grain refinement, solute atoms, and fine second
phases are pivotal factors responsible for enhancing the YS
of Mg alloys [24,37–38].  Hence,  the YS (σy)  of  Mg alloys
can be described as

σy = σgb+σss+σds (2)
where σgb is the fine-grain strengthening, σss is the solid solu-
tion strengthening, and σds is the second-phase strengthening.
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Fig. 7.    Tensile engineering stress–strain curves of the studied
alloys at room temperature.
 
 

Table 4.    Tensile properties of the studied alloys at room tem-
perature

Alloys
Yield strength, σ0.2 /

MPa
Tensile strength,
σb / MPa

Elongation, ε
/ %

AZ91D 188±1 255±3 3.0±0.2
AZEX4441 185±4 233±3 4.2±0.2
 

The grain structure of the HPDC AZEX4441 alloy (davg =
~2.8 µm)  was  finer  than  that  of  the  HPDC  AZ91D  alloy
(davg = 4.2 µm) because of the addition of RE and Ca (Fig. 4).
The increment in YS contributed by the fine-grain strength-
ening  of  the  studied  alloys  was  estimated  by  using  the
Hall–Petch equation:
σgb = kd−1/2 (3)
where d and k are the average grain size and the coefficient
(~0.26 MPa·m1/2 [37–40]), respectively. The strength contri-
butions  from  the  fine-grain  structures  of  AZEX4441  and
AZ91D alloy were 155 and 127 MPa, respectively. This res-
ult  indicated  that  the  fine-grain  strengthening  in  the
AZEX4441  alloy  enhanced  compared  with  that  in  the
AZ91D alloy. Solid solution strengthening also plays a critic-
al role in determining strength. For the AZ91D alloy, the α-
Mg matrix contained a high content of Al, contributing to the
strong  solid  solution  strengthening.  Nevertheless,  the  low
content of solute atoms in the AZEX4441 alloy led to a signi-
ficant  reduction  of  solid  solution  strengthening  compared
with that in the AZ91D alloy. Apart from the above factors
(grain size and solute atoms), second-phase strengthening re-
lated to the category, size, and morphological characteristics
of the second phases occurred in the studied alloys [41]. REs
and Ca additions enhance the strength of Mg–Al–Zn alloys
through grain boundary reinforcement from RE- and Ca-con-

Table 3.    Thermal properties and lattice strain of the studied alloys at room temperature

Composition
Thermal diffusivity, α /

(mm2·s−1)
Special heat capacity, Cp /

(J·m–1·K–1)
Density, ρ /

(g·cm−3)
Thermal conductivity, λ /

(W·m–1·K–1)
Lattice strain /

%
AZ91D 28.998±0.005 1.021±0.002 1.813±0.003 53.7±0.4 0.441±0.0027
AZEX4441 51.644±0.003 0.979±0.003 1.867±0.002 94.4±0.5 0.171±0.0015
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taining  phases  [42–44].  Zhang et  al.  [32]  investigated  the
variation in the tensile properties of Mg–Zn–Al-based alloys
by  adding  La  and  Ca  and  found  that  the  second-phase
strengthening  effect  of  the  networked  Ca2Mg6Zn3 phase  is
better  than  that  of  large  lamellar  Al2LaZn2 phases  at  room
temperature. Furthermore, Xiao et al.  [24] evaluated the in-
fluence of Zn additions on the strength of the HPDC AE44
alloy and revealed that the replacement of Al–RE intermetal-
lic compounds with coarse Al2REZn2 phases reduces second-
phase  strengthening  because  of  increasing  Zn  additions.  In
the present study, the high volume fractions of fine granular
Al11RE3 phases  and  networked  Ca2Mg6Zn3 phases  distrib-
uted along the grain boundaries were the main strengthening
phase in the AZEX4441 alloy because of the weak second-
phase strengthening effect of large fibrous Al2REZn2 phases.
The exclusive strengthening phases in the AZ91D alloy were
large continuous networked Mg17Al12 eutectic phases. Thus,
the  grain  boundary  reinforcement  of  the  AZEX4441  alloy
was  stronger  than  that  of  the  AZ91D  alloy  because  of  the
finer  and  more  evenly  distributed  RE-  and  Ca-containing
phases. Therefore, the high YS of the AZEX4441 alloy was
mainly  ascribed  to  the  strong  fine-grain  strengthening  be-
cause  of  the  fine-grain  structure  and  grain  boundary  rein-
forcement from RE- and Ca-containing intermetallic phases.
The high YS of the AZ91D alloy was attributed to fine-grain
strengthening and solid solution strengthening. Furthermore,
the  YS  between  AZEX4441  and  AZ91D  alloys  might  be
similar because the strength contribution from the enhanced
fine-grain  strengthening,  stronger  grain  boundary reinforce-
ment, and weak solid solution strengthening in the AZEX4441
alloy was comparable with the strong solid solution strength-
ening,  weak  grain  boundary  reinforcement,  and  fine-grain
strengthening in the AZ91D alloy.

σture = K · ϵnture

The strain hardening capacity is considered one of the im-
portant factors in estimating the plastic deformation behavior
of  metals,  influencing  strength  (UTS)  and  elongation.  The
Hollomon equation ( ) is applied to evaluate the
strain hardening capacity of the studied alloys, where n is the
strain hardening exponent,  and K is  the strength coefficient
[45]. In the present study, the HPDC AZ91D and AZEX4441
alloys had average n of 0.23 and 0.18, respectively, indicat-
ing that the strain hardening capacity of the former was high-
er than that of the latter. Therefore, the UTS of the AZ91 al-
loy was higher than that of the AZEX4441 alloy mainly be-
cause  of  the  enhanced  strain  hardening  capacity.  Solute
atoms can improve the strain hardening capacity by reducing
the dynamic recovery rate of dislocations, thereby leading to
a  high  dislocation  density  during  plastic  deformation  [46].
The  high  content  of  solute  atoms  contributed  to  the  strong
strain  hardening  capacity  of  the  AZ91D alloy.  The  elonga-
tion  of  the  AZ91D  alloy  was  lower  than  that  of  the
AZEX4441 alloy, although n of the AZ91D alloy was higher
(0.23). Fig.  8 shows the  tensile  fracture  morphology of  the
HPDC  AZ91D  and  AZEX4441  alloys.  The  fractograph  of
the  AZ91D  and  AZEX4441  alloys  exhibited  typical  inter-
granular  fracture  characteristics  containing  numerous  clear

ridges and smooth dissociation facets, which were consistent
with the low ductility (3.0%–4.2%) of the HPDC alloys be-
cause  of  the  presence  of  numerous  pores.  Furthermore,  the
ductile fracture characteristic with a few coarse dimples was
observed in the AZEX4441 alloy, thereby accounting for the
better  elongation  of  the  AZEX4441  alloy  than  that  of  the
AZ91D alloy. This finding was attributed to the formation of
the  high  volume  fraction  of  coarse  continuous  networked
Mg17Al12 eutectic phases (Fig. 4 (a) and (b)), which easily in-
duce  stress  concentration  and  act  as  the  source  of  micro-
cracks,  in  the  AZ91D  alloy.  Consequently,  elongation  de-
creases.
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4. Conclusions

In this  work,  the ultrathin wall  cellphone components of
AZEX4441  and  AZ91D  alloy  were  successfully  prepared
through  HPDC.  The  microstructure  and  the  resultant  per-
formance,  including the  tensile  properties  and thermal  con-
ductivities of these HPDC alloys, were comparatively invest-
igated. This study might provide a basis for developing high-
thermal-conductivity  and  high-strength  HPDC  Mg  alloys.
The following conclusions were obtained:

(1)  The AZEX4441 alloy exhibited  a  fine  homogeneous
equiaxed  grain  structure  (davg =  ~2.8 µm)  with  granular
Al11RE3, fibrous Al2REZn2, and networked Ca6Mg2Zn3 inter-
metallic  phases  distributed  at  the  grain  boundaries.  The
second phase of the AZ91D alloy (davg = ~4.2 µm) was the
coarse net-like Mg17Al12 eutectic phase.

(2)  The  room-temperature  thermal  conductivity  of  the
AZEX4441 alloy was much higher than that of the AZ91D
alloy,  i.e.,  the  thermal  conductivity  of  the  former  was  94.4
W·m–1·K–1,  whereas  the  latter  was  53.7  W·m–1·K–1.  The
solute  elements  in  the  AZEX4441  alloy  were  largely  con-
sumed  by  forming  RE-  and  Ca-containing  intermetallic
phases because of the addition of RE and Ca, which accoun-
ted for the significant increase in the thermal conductivity of
the AZEX4441 alloy.

(3)  The AZEX4441 alloy exhibited a  comparable  YS of
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~185 MPa, a slightly lower UTS of ~233 MPa, and a higher
elongation of ~4.2% than that of the AZ91D alloy. The high
YS  of  the  AZEX4441  alloy  was  mainly  attributed  to  fine-
grain  strengthening  from  the  fine-grain  structure  and  grain
boundary  reinforcement  from RE-  and  Ca-containing  inter-
metallic phases. 
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