
 
Effect of extrusion on the microstructure and mechanical properties of a
low-alloyed Mg–2Zn–0.8Sr–0.2Ca matrix composite reinforced
by TiC nano-particles

Zedong Wang1), Kaibo Nie1,2),  ✉, Kunkun Deng1,2), and Jungang Han1)

1) College of Materials Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, China
2) Shanxi Key Laboratory of Advanced Magnesium-based Materials, Taiyuan University of Technology, Taiyuan 030024, China
(Received: 4 August 2021; revised: 1 September 2021; accepted: 13 September 2021)

Abstract: A low-alloyed Mg–2Zn–0.8Sr–0.2Ca matrix composite reinforced by TiC nano-particles was successfully prepared by semi-solid
stirring under the assistance of ultrasonic, and then the as-cast composite was hot extruded. The results indicated that the volume fraction of dy-
namical recrystallization and the recrystallized grain size have a certain decline at lower extrusion temperature or rate. The finest grain size of
~0.30 µm is obtained in the sample extruded at 200°C and 0.1 mm/s. The as-extruded sample displays a strong basal texture intensity, and the
basal texture intensity increases to 5.937 mud while the extrusion temperature increases from 200 to 240°C. The ultra-high mechanical proper-
ties (ultimate tensile strength of 480.2 MPa, yield strength of 462 MPa) are obtained after extrusion at 200°C with a rate of 0.1 mm/s. Among
all strengthening mechanisms for the present composite, the grain refinement contributes the most to the increase in strength. A mixture of
cleavage facets and dimples were observed in the fracture surfaces of three as-extruded nanocomposites, which explain a mix of brittle-ductile
fracture way of the samples.
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 1. Introduction

Magnesium alloys as the representative of light metal ma-
terials,  have  a  broad  application  prospect  in  electronics,
transportation, and aerospace [1–4]. However, there are still
some factors such as low strength, ductility, and poor corro-
sion [5], which obstruct the widespread applications of mag-
nesium alloys. To enhance the strength and plasticity of mag-
nesium alloys has become the primary issue for broadening
the industrial applications of magnesium alloys. Among mul-
titudinous  magnesium  alloys,  the  series  of  Mg–Zn  alloys,
such as Mg–Zn–Ca [6] and Mg–Zn–Zr [7], have been widely
studied due to their high plasticity, good aging strengthening
ability, and low cost [8–9]. Moreover, the mechanical prop-
erties  of  magnesium  can  be  notably  enhanced  by  adding  a
small amount of alloying elements to the magnesium matrix
[10].  Sr  and  Ca  as  two  frequently-used  alloying  elements
were  expected  to  exert  a  positive  effect  on  overcoming the
disadvantages of magnesium. Meng et al. [11] studied the in-
fluence  mechanism of  Sr  addition  on  the  microstructure  of
Mg–Zn–Ca alloy,  and the result  revealed that  Sr  can refine
the second phases near  the grain boundaries,  which can ef-
fectively refine the grain sizes. Moreover, the introduction of
Ca in magnesium matrix can weaken the texture [12], and the
exist of Ca and Zn [13] in Mg is beneficial to activate the bas-

al slip. Meng et al. [11] only added 0.3wt% Sr and 0.3wt%
Ca to the magnesium matrix, and the yield strength has been
greatly improved. Accordingly, a low-alloyed Mg–Zn–Sr–Ca
was selected as the matrix of the composite in this work.

By adding  reinforcement  into  magnesium matrix  to  pre-
pare magnesium matrix composites is another method to op-
timize the mechanical properties of magnesium alloys. In our
previous studies [14–15], the ultimate tensile strength (UTS)
of  AZ91  has  been  effectively  increased  by  adding  a  large
volume  fraction  micron  or  submicron  SiC  particle  (SiCp).
Compared  with  micro  reinforcement,  nano-particles  has  a
higher strengthening effect and plays a tiny influence on the
ductility of magnesium matrix [16]. It is obvious that a small
amount of SiC nanoparticles addition can not only enhance
the yield strength (YS) of magnesium, but also retain elonga-
tion  to  failure  (EL)  [17].  Yu et  al.  [18]  prepared  nano-Ti
particle  reinforced  AZ31  nanocomposites  (nano-Tip/AZ31)
by P/M (powder metallurgy) method and extrusion process.
They found that  the ultra-fine grain structure is  obtained in
the  nanocomposite  after  extrusion  and  the  YS of  Tip/AZ31
increased to 341 MPa. Meenashisundaram et al. [19] found
that 1.98vol% nano-Tip/Mg shows a better effect of grain re-
inforcement,  Orowan  strengthening,  and  dislocation
strengthening.  However,  for  nanoparticle  reinforcement,
whether it could effectively exert the strengthening effect is 
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mainly depended on the uniform dispersion of particles [20].
Introduction  of  ultrasound-assisted  semi-solid  stirring  cast-
ing  method  to  prepare  nanoparticle  reinforced  magnesium
matrix composites [6,21] can break up the agglomeration of
nanoparticles in the magnesium matrix. Moreover, hot extru-
sion is another method to improve the distribution of nano-
reinforcement [22–23]. Qiao et al. [24] reported that the ag-
glomeration  of  nano-SiC  that  existed  in  as-cast  structure  is
effectively improved after extrusion deformation. The YS of
nano-SiCp/AZ91  up  to  400  MPa.  Among  many  nano-
particles, TiC nanoparticles are expected to greatly enhance
the  mechanical  properties  of  magnesium  alloys,  which
mainly benefits from their low density (4.93 g/cm3) and su-
perior Young’s modulus (300–480 GPa) [25].  Furthermore,
most  of  the  current  study  focus  on  pure  magnesium  [19],
magnesium alloy of AZ [14,26], and the series alloy of ZK
[27]. There are also other researches focus on magnesium al-
loy  [7,17,28]  of  high  content  of  alloying  element  [29].
However, there are few studies on the influence of nano-TiC
particles (TiCp) on microstructure and mechanical properties
of low-alloyed magnesium matrix composites. The influence
of  hot  deformation  on  the  microstructure  and  mechanical
properties of nano-TiCp reinforced low-alloyed Mg–Zn–Sr–
Ca is still not clear. Thus, a kind of high strength magnesium
matrix composite is hopeful to prepare by adding nano-TiC
particles  into  Mg–Zn–Sr–Ca matrix  containing  low content
of Zn, Sr, and Ca.

Therefore, in this paper, Mg–2Zn–0.8Sr–0.2Ca (wt%) was
used as magnesium matrix, and 1.0wt% TiCp/Mg–2Zn–0.8Sr–
0.2Ca  composite  was  successfully  casted  by  ultrasound-as-
sisted semi-solid stirring casting. After hot extrusion, the in-
fluence of  extrusion parameters  on microstructures,  proper-
ties, and second phases of the composite were discussed.

 2. Experimental
 2.1. Preparation of nanocomposites

The matrix was Mg–2Zn–0.8Sr–0.2Ca (wt%), and the re-
inforcement  was  nano-TiCp with  an  average  size  of  50  nm
and  a  mass  fraction  of  1.0wt%,  produced  by  Hefei  Kaier
Nano Energy & Technology Co. Ltd., China. First, the mat-
rix  was  produced  by  put  pure  magnesium  (99.98%),  pure
zinc  (99.99%),  pure  calcium (99.5%),  and Mg–20Sr  (wt%)
alloy in a stainless steel crucible heated to 750°C and protec-
ted  by  a  mixture  gas  of  CO2+SF6.  Second,  the  semi-solid
temperature  interval  of  matrix  was  calculated  from  the
Mg–Zn  phase  diagram  and  adjusted  the  resistance  furnace
temperature  to  645°C.  TiCp preheated  to  about  200°C  was
added to the semi-solid alloy melt and then stirred the melt
for about 15 min. After stirring, the temperature of the resist-
ance furnace was adjusted to 720°C. Then the ultrasonic rod
was put  into the alloy liquid for  ultrasonic  dispersion treat-
ment for about 10 min. Finally, the nanocomposite melt was
poured into a mold with a temperature of 400°C and apply-
ing the 450 MPa pressure above the top of the nanocompos-
ite melt, and then the as-cast TiCp/Mg–Zn–Sr–Ca nanocom-
posite was obtained.

 2.2. Extrusion of nanocomposites

The as-cast nanocomposite was cut into cylindrical speci-
mens  (ϕ40  mm  ×  60  mm).  The  specimens  were  solution
treated  at  320°C  for  8  h  and  430°C  for  12  h.  The  treated
sample  was  polished and placed  in  the  extrusion  die  in  the
extrusion furnace to hold for 20 min. The selection of extru-
sion parameters were as follows: a constant extrusion ratio of
16:1, the extrusion rate of 1.0 mm/s and 0.1 mm/s under an
extrusion temperature of 200°C, and extrusion temperature of
240°C under a rate of 0.1 mm/s.

 2.3. Microstructure characterization of nanocomposites

Optical  microscope  (OM,  4  XC),  scanning  electron  mi-
croscope  (SEM,  MIRA3LMH  SEM),  and  energy  spectro-
meter (EDS) were used to characterize the microstructure of
the sample. The samples for OM and SEM were ground and
etched in a mixture of 3.5wt% oxalic acid and nitric acid al-
cohol of 4vol% with a volume ratio of 3:2. X-ray diffraction
(XRD, Rigaku SmartLab),  using a  Cu-Kα radiation under  a
rate of 2°/min over a 2θ range of 20°–80°, was used for phase
analysis.  Brooke D8 X-ray diffraction (XRD) was used for
measuring macrotexture of the extruded samples. The size of
dynamically recrystallized grains (dDRX) and the volume frac-
tion of dynamically recrystallization (VDRX) were statistically
analysed by Image-Pro Plus software. After that, the distribu-
tion of dDRX was given by Origin.

 2.4. Tensile test of nanocomposites

The  mechanical  properties  of  TiCp/Mg–Zn–Sr–Ca  nano-
composite was tested by Instron Series 3369 universal  test-
ing  machine.  The  specimens  (gauge  length  of  32  mm with
cross-sectional area of 6 mm × 2 mm) parallel to the extru-
sion direction (ED) were selected for the mechanical proper-
ties test, and deformation rate was selected as 0.5mm/min. To
guarantee  the  repeatability  of  results,  the  reported  con-
sequence of tensile properties was on the basis of the average
of three tensile samples.

 3. Results and discussion
 3.1. Microstructure after extrusion

Fig. 1 depicts the OM images of the TiCp/Mg–Zn–Sr–Ca
nanocomposites  under  different  extrusion  parameters.  It  is
clear that incomplete DRX occurs in the nanocomposite after
extrusion  by  different  extrusion  conditions,  and  large  de-
formed  grains  distribute  along  the  ED.  As  depicted  in Fig.
1(a) and (b), when extrusion temperature is 200°C under the
speed  of  1.0  mm/s,  the VDRX of  the  nanocomposite  is  71%
with the average dDRX of 0.57 µm (Fig. 2(a)). As can be seen
from Fig. 1(c) and (d), when the extrusion rate decreases to
0.1 mm/s, the number of large deformed grains increases, ac-
companied by the emergency of a large number of twins, the
VDRX decreases to 63%, and the grain size is significantly re-
fined  to  0.30 µm  (Fig.  2(b)).  When  the  extrusion  rate  re-
mains  at  0.1  mm/s  but  the  extrusion  temperature  rises  to
240°C, it can be found from Fig. 1(e) and (f) that the number
of large deformed grains and twins decreases. Accordingly,
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VDRX increases to 78% with dDRX of 0.54 µm for the sample
extruded at 240°C-0.1mm/s.

{101̄2}

⟨112̄0⟩

As illustrated in Fig. 1(a) and (c), as the extrusion temper-
ature remains constant, a mass of twins appears in the micro-
structure of as-extruded nanocomposites as the extrusion rate
decreases.  Generally  speaking,  the  tensile  twins  are
more  likely  to  be  activated  due  to  their  low  critical  shear
stress,  and  this  type  of  twins  will  rotate  86º  and  distribute
along the  direction for coordinating the deformation
[30]. In addition, the factors which affected the DRXed grain
size and DRX fraction mainly includes the extrusion rate and
temperature.  The  influence  of  those  factors  on dDRX can  be
expressed by the Zener-Hollomon parameter (Z) [31]:

Z = ε̇exp
( Q
RT

)
(1)

ε̇where R represents the gas constant;  is strain rate; Q and T
are activation energy and deformation temperature, respect-
ively. Therefore, the relationship between the size of recrys-
tallized grain and Z value can be expressed as [31]:
Zdm

DRX = A (2)
where m and A represent power law exponent and an invari-
able, respectively. It is obvious that the dDRX decreases when
Z increases according to Eq. (2). The deformation temperat-
ure reduces from 240 to 200°C and leads to the enhancement

of Z.  Thus,  the dDRX is  refined which has  been observed in
Fig. 2(b) and (c). However, the dDRX decreases by decreasing
extrusion speed (Fig. 2(a) and (b)), which is inconsistent with
that  described  by  the  Zener-Hollomon  parameter.  This  is
mainly because that  the  reduction of  extrusion rate  is  more
conducive to the emission of extrusion heat [10]. The emis-
sion  of  heat  is  not  conductive  to  the  migration  of  grain
boundaries. Thus, the DRXed grain size is refined. When the
extrusion temperature increases from 200 to 240°C under a
constant extrusion speed, it can find that with the increase of
extrusion temperature, the dDRX and VDRX of nanocomposites
increases  (Fig.  1(c)  and  (e), Fig.  2(b)  and  (c)).  This  is  be-
cause the change in dDRX and VDRX is connected with the num-
ber of  heterogeneous nucleation particles and the migration
ability of grain boundaries,  while the number of heterogen-
eous nucleation particles is related to the diffusion ability of
atoms.  Research  [32]  have  shown that  the  increase  of  tem-
perature  is  conducive  to  the  diffusion  of  atoms.  Therefore,
when the extrusion temperature increases from 200 to 240°C,
the  diffusion  of  solution  atoms  is  accelerated,  so  that  the
number of heterogeneous nucleation sites increases and VDRX

increases.  Moreover,  the  migration  of  grain  boundaries  is
also accelerated, leading to the increase of dDRX (Fig. 2(b) and
(c)).
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Fig.  1.      OM  images  of  the  as-extruded  TiCp/Mg–Zn–Sr–Ca  nanocomposites  at  (a,  b)  200°C-1.0  mm/s,  (c,  d)  200°C-
0.1 mm/s, and (e, f) 240°C-0.1 mm/s.
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Fig.  2.      Recrystallized  grain  size  distribution  of  as-extruded TiCp/Mg–Zn–Sr–Ca nanocomposites  under  different  extrusion  para-
meters: (a) 200°C-1.0 mm/s, (b) 200°C-0.1 mm/s, and (c) 240°C-0.1 mm/s.
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Fig. 3 illustrates the secondary electron micrographs of as-
extruded  nanocomposite  under  different  conditions.  As  de-
picts  in Fig.  3(a),  (c),  and  (e),  it  is  clear  that  some  second
phases  distribute  along  ED.  There  are  also  some  broken
second phases after extrusion. The number of second phases
significantly increase at the extruded parameter of 200°C-0.1
mm/s. The EDS results for these second phases are shown in
Table  1.  From  the  EDS  results,  it  is  obviously  that  these

second  phases  may  are  MgZn2 phases.  Further,  some  TiC
also be detected in these positions. The XRD patterns of the
extruded TiCp/Mg–Zn–Sr–Ca nanocomposites after different
extrusion  parameters  are  demonstrated  in Fig.  4.  It  can  be
further  verified  by  XRD  that  the  microstructure  of
TiCp/Mg–Zn–Sr–Ca nanocomposite  after  extrusion  is  make
up  of α-Mg,  TiC,  and  the  second  phases  including  Ca2

Mg6Zn3, Mg17Sr2, and MgZn2.
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Fig. 3.    SEM images of as-extruded TiCp/Mg–Zn–Sr–Ca nanocomposites under different extrusion parameters: (a, b) 200°C-1.0 mm/s;
(c, d) 200°C-0.1 mm/s; (e, f) 240°C-0.1 mm/s.
 
 

Table  1.      EDS analysis  of  TiCp/Mg–Zn–Sr–Ca nanocompos-
ites for different points shown in Fig. 3

Point
Element / at%

Possible compound
Mg Zn Sr Ca Ti

A 92.9 1.8 0 0 5.3 MgZn2, TiC
B 90.6 1.5 0 0 7.9 MgZn2, TiC
C 93.1 1.9 0 0 5.0 MgZn2, TiC
D 66.7 2.0 0.5 0.2 30.6 MgZn2, TiC
E 92.6 1.3 0 0 6.1 MgZn2, TiC
F 77.1 1.6 0.7 0.3 20.3 MgZn2, TiC

 

 3.2. Texture evolution

{101̄2}⟨0001⟩

Fig.  5 investigates  the  macroscopic  textures  of  the  ex-
truded  TiCp/Mg–Zn–Sr–Ca  nanocomposites  under  different
extrusion parameters.  As the distribution of poles shown in
Fig. 5, it can be concluded that all the three textures belong to

 texture [33]. As depicted in Fig. 5(a), (d), and
(g),  the intensity of  fiber  texture increases,  while  the extru-
sion  rate  decreases  from 1.0  to  0.1  mm/s.  As  the  extrusion
temperature  rising  from  200  to  240°C,  the  slight  improve-

(101̄0)

(101̄0)

ment on intensity of fiber texture is observed. But the fiber
texture  does  not  change  significantly  under  three  extrusion
conditions.  It  can  be  noted  that  the  texture  intensity  of  the
prismatic plane I  is significantly stronger than that of
the basal plane (0002) from Fig. 5(b), (e), and (h). When the
extrusion temperature is 200°C and the speed is 1.0 mm/s, the
texture intensity of the prismatic plane I  of the nano-
composite reaches about 22.005 mud which is the strongest.

Generally  speaking,  the  texture  of  extruded  Mg  matrix
composites [34] is mainly affected by the DRX degree, grain
size, twining, and second phases. With the change in extru-
sion parameters, basal texture of the material increases from
5.189 to 5.937 mud, which is mainly related to different re-
crystallization  degree  and  grain  size  of  the  nanocomposite.
Study has shown [35] that the basal texture intensity of the
deformed structure is much higher than that of the DRXed re-
gions,  and  growth  of  the  DRXed grains  can  also  cause  the
improvement of the texture intensity. With the enhancement
of extrusion speed, both the VDRX and the dDRX of the nano-
composite (Figs. 1 and 2) increases, so the basal texture in-
tensity decreases. When the extrusion temperature increases,
both  the VDRX and  the dDRX of  the  nanocomposite  also  im-
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proved. However, the change of texture intensity is converse.
This is mainly due to the influence of second phases. There
are  more  second  phases  at  200°C (Fig.  3)  than  extruded  at
240°C.  The  second  phases  can  inhibit  dislocation  slip  and
promote the rotation of grains, which is beneficial to weaken
texture. Contrasting the prismatic I  texture (Fig. 5), it
shows that prismatic I texture is significantly higher than the
basal texture. This is mainly due to the basal slip system is
easy  to  activate,  leading  to  the  intensity  of  base  plane  has
lower texture. As depicted in Fig. 5(b) and (e), when the ex-
trusion temperature remains constant, the texture strength de-
creases with the decrease of extrusion rate. This is mainly due
to with extrusion rate decrease, the dDRX decreases (Fig. 2(a)
and (b)), which leads to the weakening of the texture intens-
ity of the nanocomposite. On the other hand, it is clear that
twining can induce recrystallization and nucleation, and the

recrystallized grains induced by twinning can randomize the
texture  [36],  thereby weakening the  strongly  deformed tex-
ture.  Moreover,  when  extruded  at  low  rate,  there  are  more
twins exist. Thus, these two aspects together lead to weaken-
ing of the texture of the as-extruded composites at a low ex-
trusion rate. When the extrusion rate remains at 0.1 mm/s, the
DRX  degree  of  the  nanocomposite  increases  with  the  in-
crease of extrusion temperature (Fig. 1(c) and (e)). The high-
er the VDRX is, the more random grain orientation distribution
is, the smaller texture strength is, and the material plasticity is
also improved (Fig. 6(a)).

 3.3. Mechanical properties

Fig. 6(a) demonstrates the engineering stress–engineering
strain  curves  of  TiCp/Mg–Zn–Sr–Ca  nanocomposites  after
extrusion. The UTS, YS, and EL are given in Fig. 6(b). Ta-
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ble 2 depicts the comparison among the present TiCp/Mg–Zn–
Sr–Ca  nanocomposites  and  other  magnesium  matrix  com-
posites. Combining with Fig. 6 and Table 2, it is obvious that
the YS, UTS, and EL of the TiCp/Mg–Zn–Sr–Ca nanocom-
posite  is  354.8  MPa,  361.5  MPa,  and  4.5%,  respectively,
after extrusion at 200°C-1.0 mm/s. When the extrusion rate
decreases to 0.1 mm/s,  the YS and UTS increases to 462.0
MPa and 480.2 MPa, respectively, while the EL decreases to
2.0%. When the extrusion rate remaining at 0.1 mm/s and the
extrusion temperature increases to 240°C, the YS and UTS
decreases to 418.7 MPa and 445.2 MPa, respectively. Com-
paring with other Mg matrix composites [6,14–15,21,26–28,
37–44], the YS of the present nanocomposites are still higher

than  that  of  most  other  magnesium  matrix  (AZ91,
Mg–Al–Zn, AZ31, Mg–Al–Ca, Mg–Zn–Ca, Mg–Zn–Ca–Mn,
and ZK60A) composites  which are reinforced by other  mi-
cro or nanoscale ceramic particles.  Therefore,  the combina-
tion of low alloying and compounding realizes the prepara-
tion of high-strength magnesium matrix materials.

 3.4. Strengthening mechanism

The dominating strengthening mechanisms for Mg matrix
composites  involve  fine  grain  strengthening,  Orowan
strengthening  and  dislocation  strengthening,  load  transfer
strengthening,  and  thermal  mismatch  strengthening
[38,45–46]. The added TiCp content is 1.0wt%, so the value

Table 2.    Mechanical properties of the magnesium matrix composite reinforced by nanoparticles processed by different prepara-
tion or deformation methods

Materials YS / MPa UTS / MPa EL / %
1wt% nano-TiCp/Mg–2Zn–0.8Sr–0.2Ca (200°C-1.0 mm/s, present work) 354.8 361.5 4.5
1wt% nano-TiCp/Mg–2Zn–0.8Sr–0.2Ca (200°C-0.1 mm/s, present work) 462.0 480.2 2.0
1wt% nano-TiCp/Mg–2Zn–0.8Sr–0.2Ca (240°C-0.1 mm/s, present work) 418.7 445.2 2.7

5 µm SiCp/Mg–4Zn–0.5Ca (as-extruded) [40] 322.7 409.1 10.1
0.2 µm SiCp/AZ91 (as-extruded) [15] 275.3 335.4 2.4

S-1 + 10–9 µm SiCp/AZ91 (as-extruded) [15] 328.8 360.1 1.28
10 µm 10vol% SiCp/AZ91 (as-extruded) [15] 283.1 347.6 1.2

5 µm 10vol% SiCp/Mg–Al–Zn (as-extruded) [41] 310 395 3.8
50 nm TiCp/Mg–4Zn–0.5Ca (as-extruded) [43] 355.3 385.7 10.2

40 nm TiCp/Mg–2.9Zn–1.1Ca–0.5Mn (as-extruded) [6] 384.5 410.3 4
1wt% nano (SiC+TiC)p/AZ91 (as-extruded) [21] 345.6 397.2 5.2

5 µm SiCp/AZ91 (as-extruded) [14] 371.5 443.9 2.5
1vol% nano-SiCp/AZ91 (as-extruded) [39] 213 320 14.7
1vol% nano-SiCp/AZ31 (as-extruded) [28] 225 300 8.3
2vol% nano-SiCp/AZ31 (as-extruded) [28] 268 335 6.8

10 µm SiCp/Mg–4Zn–0.5Ca (as-extruded) [44] 250 330 6.8
1 µm SiCp/Mg–5Al–2Ca (as-extruded) [42] 254 307 4.5
5 µm SiCp/Mg–5Al–2Ca (as-extruded) [42] 243 313 11
10 µm SiCp/Mg–5Al–2Ca (as-extruded) [42] 235 300 12

30–50 nm TiCp/Mg (as-extruded) [38] 125 190 20
50 nm TiCp/ZK60A (as-extruded) [27] 184 309 11.6

Nano-(Al2O3+SiC)/Mg–3Al–1Zn (as-extruded) [26] 230 322 4.3
Nano-Al2O3/AZ31 (as-rolled) [37] 121 223 9
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calculated by load transfer strengthening is lower than 1 MPa
on the basis of our previous work [47], and the effect on the
YS of nanocomposite is negligible.

σy = σ0+ kd−1/2

σy σ0

∆σHall−Petch

The yield strength effects by grain size can be described
[34,43]  by  the  Hall–Petch  relationship: ,
where  represents the yield strength of composite,  ex-
presses  as  the  material  constant,  and k is  the  slope  of
Hall–Petch.  The  relationship  for  the  TiCp/Mg–Zn–Sr–Ca
nanocomposite  between  the  increasement  of  yield  strength
( ) associates with the grain refinement can be de-
scribed as follows [48]:
∆σHall−Petch = kd−1/2 (3)

∆σHall−Petch

where k represents  the  Hall–Petch  coefficient  of  215.6
MPa·µm−1/2, d stands for the average grain size of the as-ex-
truded nanocomposite. After substituting the parameters into
Eq. (3), the improvement in the YS caused by  at
200°C-1.0 mm/s, 200°C-0.1 mm/s, and 240°C-0.1 mm/s can
be obtained as 285.5, 393.6, and 293.4 MPa, respectively.

Moreover,  the  introduction  of  nano-TiCp can  hinder  the
dislocation motion and give rise to the enhancement of yield
strength. In this study, the description between the increase of
yield strength and Orowan strengthening can be indicated as
follows [46]:

∆σOrowan = M
[
0.4Gb ·π−1 · (1−υ)−0.5

]
·[

(4 f −1)0.5 ·π−0.5
]
· d̄−1ln(d̄/b) (4)

d̄ =

√
2
3

dp

∆σOrowan

where M is the strengthening coefficient (1.25); G, b, and υ
are the shear modulus of matrix (16.6 GPa), Burger’s vector
(0.32  nm),  and  Poisson’s  ratio  (0.35),  respectively;

; f and d represent the particle volume fraction and

average size, respectively. Therefore, the enhancement in the
YS contributed by  is 53.8 MPa according to Eq. (4).

In wrought magnesium alloys, the dislocation density has
a huge difference between the DRX region and the unDRX
region. The formation of DRX grains is a process that con-
sumes dislocations. Therefore, the dislocation density in the
DRX region is much smaller than that in the unDRX region.
In addition, the dislocation density is generally difficult to de-
termine. The main contribution of dislocation strengthening
comes  from the  unDRX region.  Study has  shown [49]  that
the dislocation density in the unDRX region of metal materi-
al with a large amount of deformation is about 1015–1016 m−2,
so the dislocation density of 1016 m−2 is selected in this work.
Dislocation strengthening contributing to the increase in yield
strength can be expressed by the following formula:
∆σDislocation = funDRX ·MαGb

√
ρ (5)

funDRX

∆σDislocation

where  is the unDRX volume fraction of the compos-
ite material; α is a constant (0.2); ρ stands for the dislocation
density. Thus, the corresponding value of  under
200°C-1.0 mm/s, 200°C-0.1 mm/s, and 240°C-0.1 mm/s ex-
trusion are 37, 47.1, and 28.1 MPa, respectively.

In  addition,  the  different  thermal  expansion  coefficients
between TiCp and magnesium matrix can also cause the in-
crease in YS, which can be expressed as follows [50]:

∆σCTE =
√

3MGb

√
12∆α∆T f

bdp
(6)

∆σCTE

∆α ∆T
where  is  the  yield  strength  of  the  nanocomposites
caused by thermal mismatch.  and  respectively stands
for  the difference of  thermal expansion coefficient  between
TiC  nanoparticles  (7.4  ×  10−6 K−1)  and  magnesium  matrix
(30.7 × 10−6 K−1) and the temperature gradient on the mech-
anical measure and hot deformation. Therefore, at 200°C and
240°C, the increasement of yield strength caused by thermal
mismatch is 37.2 and 69.06 MPa, respectively.

σyTherefore, the theoretical yield strength ( ) of TiCp/Mg–
Zn–Sr–Ca nanocomposite can be indicated by the modified
Clyne model with the equation as [46]:

σy =σmatrix+

√
∆σ2

Hall−Petch+∆σ
2
Orowan+∆σ

2
Dislocation+∆σ

2
CTE

(7)
σmatrixwhere  is the material constant, which can be deemed

as  61  MPa on  the  basis  of  the  yield  strength  of  the  as-cast
nanocomposite  [51]. Fig.  7(b)  illustrates  the  comparison
between the theoretical value and the experimental value of
the yield strength based on as-extruded nanocomposite. It can
be found that the nanocomposite extrudes at 200°C, the the-
oretical  YS value  is  in  good  agreement  with  the  tested  YS
value, and the grain refinement plays a crucial role in the YS
increasement (Fig. 7(a)). When the nanocomposite extrudes
at 240°C, the theoretically calculated YS value is inferior to
the tested YS value. This is mainly due to the fact that more
fine phases precipitate near the grain boundaries (Fig. 3(g)).
The  finely  dispersed  second  phases  can  hinder  the  move-
ment  of  dislocations,  which causing an increasement  in  the
yield  strength.  The  contribution  of  these  precipitates  to  the
yield strength is difficult to calculate accurately, and the con-
tribution of this part is ignored, which ultimately resulting in
theoretical YS value lower than tested YS value.

Fig.  8(a)–(c)  illustrates  the  OM images  near  the  fracture
surface of TiCp/Mg–Zn–Sr–Ca nanocomposites extruded un-
der different conditions. There are twins included in unDRX
region  in  both  as-extruded  nanocomposites  which  can  be
confirmed by Fig. 8(a)–(c). As illustrated in Fig. 8(a) and (b),
when  extrusion  temperature  maintains  at  200°C  and  extru-
sion rate decreases, the unDRX area increases, and there ex-
ists a mass of twins in the unDRX area. In addition, banded
structures  are  also  found  in  the  microstructure.  The  coarse
second phases are included in these banded structure (Fig. 3).
Thus,  these  banded  structures  are  easy  to  be  the  source  of
cracks.  And the  number  of  banded  structure  increases  with
the  decrease  of  extrusion  rate,  which  leads  to  a  loss  in  the
elongation of the nanocomposites. As shown in Fig. 8(b) and
(c), when the extrusion rate remains at 0.1 mm/s and the ex-
trusion temperature increases to 240°C, it can be found that
the unDRX region, the number of twins, and the number of
banded structure  all  decreases,  thus  its  elongation increases
(Fig. 6).

Fig. 9(a), (c), and (e) shows the SEM morphology of the
fracture of TiCp/Mg–Zn–Sr–Ca nanocomposite extruded un-
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der different parameters. Fig. 9(b), (d), and (f) is the corres-
ponding SEM images at high magnification. Compared with
Fig. 9(a) and (c), it can be clearly noted when the temperat-
ure remains at 200°C and the extrusion speed decreases, the

fracture presents an obviously large cleavage surface, which
is  a  typical  morphology  of  brittle  fracture.  However,  when
the speed increases to 1.0 mm/s, there are a lot of dimples in
the fracture surface. Therefore, the plasticity of material de-
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creases after decreasing the extrusion rate. As observed from
Fig. 9(c) and (e), at the same extrusion rate of 0.1mm/s, when
the extrusion temperature increases from 200 to 240°C, there
still exists cleavage surface in the fracture. But the number of
dimples in the fracture increases, which is mainly due to the
enhancement  of  DRX  volume  fraction  caused  by  the  in-
creasement  of  extrusion temperature.  At  the same time,  the
massive  microcrack  disappears,  which  can  be  reflected  in
Fig. 9(d) and (f). Therefore, the EL increases.

 4. Conclusions

In this study, the microstructure and tensile properties of
TiCp/Mg–2Zn–0.8Sr–0.2Ca  (wt%)  nanocomposite  extruded
at  different  temperatures  and rates  are  investigated,  and the
dominating conclusions are concluded as follows.

(1) With the decrease of extrusion rate, both the recrystal-
lization  rate  and  recrystallized  grain  size  of  nanocomposite
decreases,  and  the  recrystallization  rate  arises  with  the  in-
crease of extrusion temperature. The finest grain size (~0.30
µm) were obtained under 200°C-0.1 mm/s.

(2) The ultra-high properties of the material (UTS of 480
MPa,  YS  of  462  MPa)  were  obtained  after  extrusion  at
200°C-0.1 mm/s. The high strength mainly results from grain
refinement strengthening, Orowan strengthening, dislocation
strengthening, load transfer strengthening, and thermal mis-
match strengthening.

(3) With the change of extrusion parameters, the prismatic
texture of the nanocomposite has a significant change, which
are mainly influenced by grain size and the DRX degree. The
strongest prismatic texture (22.005 mud) appeared under ex-
trusion at 200°C-1.0 mm/s.

(4) The banded structures in the nanocomposites are easy
to  be  the  origination  of  the  crack  source,  and  a  mixture  of
cleavage  facets  and  dimples  were  observed  in  fracture  sur-
face, which is a brittle-ductile fracture mechanism.
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