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Abstract: TiC nanoparticle-reinforced Mg—4Zn—0.5Ca matrix nanocomposites were processed by combining
multidirectional forging (MDF) and extrusion (EX). The grain size of the nanocomposite after MDF+EX multi-step
deformation was significantly decreased compared with that processed only by MDF. The average size of the
recrystallized grains gradually increased after EX with increasing the number of MDF passes at 270 °C. However, the
grain size significantly decreased by MDF processing at 310 °C. Both fine and coarse MgZn, phases appeared in the
(MDF+EX)-processed nanocomposites, and their volume fractions gradually increased with increasing the number of
MDF passes before EX. Ultrahigh tensile properties (yield strength of ~404 MPa, ultimate tensile strength of
~450.3 MPa and elongation of ~5.2 %) were obtained in the nanocomposite after three MDF passes at 310 °C followed
by EX. This was attributed to the refinement of the recrystallized grains, together with the improved Orowan
strengthening provided by the precipitated MgZn, particles that were generated by MDF+EX multi-step deformation.

Key words: magnesium matrix nanocomposite; multi-step deformation; multidirectional forging; mechanical properties;

MgZn, phases

1 Introduction

Particulate-reinforced  magnesium  matrix
composites (PMMCs) have attracted much attention
due to their attractive properties, such as high
elastic modulus, high strength and high wear
resistance [1-3]. Among the various particulate
reinforcements that can be used, the addition of
nanoscale particles to a magnesium matrix can lead
to a higher strengthening increment relative to
micron or submicron scale particles, since the
number of nano-sized particles is greater than that

for micron- or submicron-sized particles at the same
volume fraction [4—6]. Furthermore, the generation
of dislocations and, hence, strain hardening can be
promoted by the addition of nanoparticles. Finally,
finer, nanoscale particles are less likely to act as
crack initiation sites than coarser particles [7,8].
Thus, there is usually a simultaneous improvement
in both strength and ductility of magnesium
matrices through nanoparticle additions.

The key to realizing these advantages for
magnesium matrix nanocomposites is to generate a
homogenous distribution of nanoparticles in the
matrix. However, the agglomeration of nano-sized
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particles and the formation of micro-voids in an
as-cast magnesium matrix usually act to decrease
mechanical properties, and so inhibit practical
application [9—11]. As such, the secondary
deformation methods including extrusion, forging
and rolling have been employed to further improve
the mechanical properties of the as-cast nano-
composites [4,12—16]. KHOSROSHAHI et al [15]

demonstrated that the distribution of SiC
nanoparticles was uniform in a SiC,/AZ80
nanocomposite  after hot  extrusion and,
subsequently, its mechanical properties were

enhanced. NIE et al [16] also showed that the
agglomeration of SiC nanoparticles could be
decreased in the as-extruded nanocomposites by
increasing the extrusion temperature, with a
concomitant  increase in  tensile  strength.
Furthermore, forging has also been shown to
eliminate porosity and improve particle distribution,
leading to an increase in strength [14,17,18].
Recently, a combination of different deformation
methods (multi-step deformation) has been used to
process magnesium alloys, such that mechanical
properties after multi-step deformation were higher
than those after single-step processing [19-21].
QIAO et al [22] processed a nano-SiC,/AZ91
composite by combining extrusion (EX) and equal
channel angular processing (ECAP). The yield
strength of this composite was further increased
from 245 MPa, in the as-extruded condition, to
328 MPa after EX+ECAP multi-step deformation.
WU et al [23] found that the grain size of a cast
SiC,/AZ91 composite was reduced from 37.1 to
9 um after employing a forging process, which was
further decreased to 2.7 um after subsequent
extrusion. Above all, as a potential deformation
process for commercial alloys, the application of
multi-step deformation can significantly improve
the mechanical properties of magnesium matrix
nanocomposites.

In our previous work, the combination of
semi-solid stirring and ultrasonic vibration was
successfully applied to fabricating a TiC,/Mg—4Zn—
0.5Ca nanocomposite [5,24]. After single extrusion,
excellent mechanical properties (yield strength (YS)
of ~355.3 MPa and ultimate tensile strength (UTS)
of ~385.7 MPa) were obtained in a nanocomposite
extruded at an extrusion speed of 0.01 mm/s at a
low extrusion temperature of 190 °C [5]. These
properties were significantly improved relative to

the as-cast composites. Furthermore, among the
possible deformation approaches, multi-directional
forging (MDF) is considered to be highly suitable
for use as a pre-deformation step in multi-step
deformation relative to other more conventional
processing technologies. This is because there is no
significant change in the shape of the samples
before and after MDF [14]. Previous research [25]
has shown that the stored deformation energy of a
Mg—4Zn—0.5Ca alloy after 1 MDF pass can
promote the nucleation and growth of recrystallized
grains during subsequent extrusion. This can lead to
clear improvements in the mechanical properties of
this alloy. However, to the authors’ knowledge,
there has been no study focused on the influence of
MDF  process variables (i.e. deformation
temperature or number of MDF passes) on the
microstructure and tensile properties of Mg—4Zn—
0.5Ca matrix nanocomposites following subsequent
extrusion.

In this study, a TiC nanoparticle reinforced
Mg—47n—0.5Ca nanocomposite was processed by
isothermal MDF at two different temperatures
(270 °C and 310 °C), followed by EX at 190 °C
at an extrusion speed of 0.01 mm/s. The effect
of MDF+EX multi-step deformation on the
microstructures and mechanical properties of the
nanocomposites was systematically investigated.

2 Experimental

2.1 Materials

The matrix alloy used was a Mg—Zn—Ca alloy
containing 4% Zn and 0.5% Ca (mass fraction). TiC
particles, with mean diameter of 50 nm and a
mass fraction of 0.5%, were used as reinforcement.
The prepared nanocomposite was denoted as
TiC,/Mg—4Zn—0.5Ca. The morphology of the TiC
nanoparticles is presented in Fig. 1.

Fig. 1 Morphology of TiC nanoparticles
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2.2 Multi-step deformation

Figure 2 shows the process route for the
preparation of the TiC,/Mg—4Zn—0.5Ca
nanocomposite. Firstly, nanocomposite billets were
fabricated by combining semisolid stirring and
ultrasonic vibration as shown in Fig. 2(a). The
fabrication process has been described in Ref. [5].
Subsequently, MDF samples were cut from the
nanocomposite billets with dimensions of 30 mm %
30 mm x 60 mm. The MDF samples were then
homogenized at 320 °C for 8 h, followed by
solution treatment at 430 °C for 16 h, and then
quenched into water. Before forging, each billet,
following removal of any external oxide layer, was
pre-heated to a temperature in a range of
270-310 °C for 0.5 h based on the different MDF
temperatures employed. The MDF process was
performed at two temperatures (270 and 310 °C)
with a pressing speed of 2.4 mm/s, using a press
with a 315 kN load limit. A schematic diagram of
the MDF process is given in Fig. 2(b). The samples
were maintained at a dimensional ratio of 1:1:2
during MDF, although the loading direction was
rotated by 90° from pass to pass. The
TiC,/Mg—4Zn—0.5Ca nanocomposites processed by
isothermal MDF at either 270 °C or 310 °C were
named as MDF270 and MDF310, respectively.
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Samples subjected to multiple passes were named
as 3MDF270, for example, to indicate that the
composite had been subjected to three passes.
Finally, the forged nanocomposites were extruded
at 190 °C at a ram speed of 0.01 mm/s with an
extrusion ratio of 16:1. The nanocomposite samples
after the MDF+EX multi-step deformation process
were named as MDF270+EX and MDF310+EX,
respectively. A set temperature was maintained for
20 min for each sample before deformation.

2.3 Microstructural characterization

The microstructures of the nanocomposites
before and after MDF+EX multi-step deformation
were characterized by optical microscopy (OM),
scanning electron microscopy (SEM) with energy

dispersive  spectroscopy (EDS). The phase
compositions were determined using X-ray
diffraction (XRD) and transmission electron

microscopy (TEM, JEM—2100(HR)). XRD analysis
was performed using Cu K, radiation with a
scanning speed of 2(°)/min over a range of 260
angles from 20° to 80° and the pattern was analyzed
by MDI Jade 6.0 software. TEM specimens were
prepared by mechanical polishing (to ~40 pm) and
ion-milling to perforation using a GATANG691
miller at an ion accelerating voltage of 3 kV.
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Fig. 2 Process flow for TiC,/Mg—4Zn—0.5Ca nanocomposites: (a) Combination of semisolid stirring and ultrasonic

vibration; (b) Schematic of multidirectional forging
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Samples for OM, SEM and XRD analyses were cut
in the central region parallel to the forging axis after
MDF and along the extrusion direction after MDF+
EX multi-step deformation. The specimens for OM
were ground and etched by an oxalic acid solution
(4 g oxalic + 100 mL H,0). The average sizes and
volume fractions of the dynamic recrystallized
(DRXed) grains and the precipitates after multi-step
deformation were determined using Image-Pro Plus
(IPP) software.

2.4 Tensile properties

Tensile tests were performed on an Instron
Series 3369 test machine, where the size of the
tensile specimens was 15 mm in gauge length with
6 mm x 2 mm in cross-sectional areas. The tensile
speed was set as 0.5 mm/min and the strain rate was
5.6x107*s™". To increase the validity of the data, at
least three tensile specimens, parallel to extrusion
direction, were tested for each process condition.

3 Results

3.1 Microstructures of TiC,/Mg—4Zn—0.5Ca
nanocomposites after MDF270 and
MDF270+EX processing
Figure 3(a) shows the XRD analysis of the

TiC,/Mg—4Zn—0.5Ca nanocomposites after the
homogenization  treatment, = 1MDF270  and
IMDF270+EX processing. Higher resolution

images of regions 4 and B in Fig. 3(a) are given in
Figs. 3(b) and (c), respectively. Compared with the
as-homogenized TiC,/Mg—4Zn—0.5Ca nanocomposite,
peaks for the MgZn, phase can be observed after
both MDF and MDF+EX multi-step deformation as
shown in Fig. 3(b), indicating the occurrence of
dynamic precipitation of the MgZn, phase during
MDF and MDF+EX multi-step deformation.
Furthermore, peaks for TiC can be clearly found for
all the samples as shown in Fig. 3(c).

Figure 4 shows TEM micrograph of the
TiC,/Mg—4Zn—0.5Ca after
homogenization treatment. It can be seen that some
nanoparticles (indicated by red-crosses) are
reasonably uniformly distributed within the matrix
(Fig. 4(a)). These particles were confirmed as TiC,
by selected area electron diffraction (Fig. 4(b)).
Figure 5 shows a secondary electron image of
the TiCy/Mg—4Zn—0.5Ca nanocomposite after
1 MDF pass at 270 °C. A coarse phase appears in

nanocomposite
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Fig. 3 XRD patterns of TiCy/Mg—4Zn—0.5Ca
nanocomposites under different conditions (a) and high
resolution scans (b, c) for regions 4 and B in (a),
respectively

IMDF270 (marked by yellow arrows, 4), which
exhibits a Zn concentration of 66.6 at.% through
EDS analysis (Fig. 5(b)) and is likely a MgZn
phase, when considered in combination with the
XRD results. Additionally, the fine fractured
particles distributed along the extrusion direction
mainly contain Mg, Zn and Ca, which suggests that
they are Ca,Mgg¢Zn; phases.
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Figure 6 shows optical microstructures of the nanocomposites gradually increased with increasing
nanocomposites for specimens following different the number of MDF passes as shown in Fig. 6. It is
MDF passes at 270 °C (MDF270). The grain sizes clear that after 6 MDF passes the grain size
and volume fractions of recrystallized grains in the distribution is still uneven in the nanocomposite.

Fig. 4 Bright field TEM image (a) and diffraction pattern showing rings from TiC nanoparticles (b) for as-homogenized
TiC,/Mg—4Zn—0.5Ca nanocomposite
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Fig. 5 Secondary electron image of TiC,/Mg—4Zn—0.5Ca nanocomposite after 1 MDF pass at 270 °C (a) and

corresponding EDS analysis (b) from point 4 in (a)
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=

Fig. 6 OM images of TiC,/Mg—4Zn—0.5Ca nanocomposites after different MDF passes at 270 °C: (a, d) 1 pass; (b, €) 3
passes; (c, f) 6 passes
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For example, there is a heterogenous structure
consisting of both coarse and fine grains after 6
passes (marked in Fig. 6(f)).

The MDF270 nanocomposites were then
subjected to hot extrusion at 190 °C, which are
denoted as the MDF270+EX nanocomposites.

Figure 7 shows the OM images and size
distributions of the DRXed grains in the
nanocomposites after MDF270+EX multi-step

deformation. The grain size is much smaller relative
to the MDF270 nanocomposite. This can be
attributed to further dynamic recrystallization
occurring during the extrusion process. The average
sizes (dprx) and volume fraction (Vprx) of DRXed
grains for the MDF270+EX nanocomposites are

Fig. 7 OM images and DRXed grain size distribution of TiC,/Mg—4Zn—0.5Ca nanocomposites prepared by
MDF270+EX multi-step deformation: (a, b, ¢c) IMDF270+EX; (d, e, f) 3SMDF270+EX; (g, h, i) 6MDF270+EX

listed in Table 1. An increase in the number of MDF
passes before extrusion leads to a gradual
enhancement of both dprx and Vprx of the nano-
composites. dprx increases from 0.64 to 0.76 um,
while the Vprx increases from 86% to 99% as the
number of MDF passes increases from 1 to 6.

In order to observe the presence of second
phases in the nanocomposites after MDF270+EX
multi-step deformation, secondary electron images
were used to analyze the fine DRXed grain regions
as illustrated in Fig. 8. As can be seen from
Figs. 8(a)—(c), there is a large volume fraction of
coarse precipitates distributed along the extrusion
direction (ED), marked as points 4, C and E in the
higher magnification images. Moreover, there are a
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Table 1 Microstructural characteristics of TiC,/Mg—4Zn—0.5Ca nanocomposites fabricated by MDF270+EX multi-step

deformation
DRX Fine MgZn, Coarse MgZn,
Deformation mode
dprx/pm Vorx/% dy/nm Vo/% dy/nm Vo/%
IMDF270+EX 0.64 86 54.9 2.5 104.8 2.1
3MDF270+EX 0.72 97 41.9 3.0 130.7 3.1
6MDF270+EX 0.76 99 424 32 160.1 43

Vp: Volume fraction of MgZn, precipitate
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Fig. 8 Secondary electron images of TiCy/Mg—4Zn—0.5Ca nanocomposites processed by MDF270+EX multi-step
deformation: (a, d) IMDF270+EX; (b, ¢) 3MDF270+EX; (c, f) 6MDF270+EX

large number of fine secondary phases in the
nanocomposites as illustrated at points B, D and F.
Both the fine and coarse phases are rich in Mg and
Zn based on the results of EDS analysis as given in
Table 2. The EDS spectra for points A—F given in
Table 2 are presented in Fig. 9. By combining the
EDS data with XRD analysis (Fig. 3), it is clear that
MgZn, precipitates form in the nanocomposites
after MDF+EX multi-step deformation. In other
words, the compositions of both the fine and coarse
precipitates were determined to be MgZn, phases.
The driving force resulting from pre-MDF270 can
promote the growth of MgZn, particles during the
extrusion process, resulting in the formation of
coarse MgZn, phases. In addition, under the high
strain energy imparted, a large number of fine
MgZn, particles are also precipitated during
extrusion. As can be seen from Table 1, the volume

Table 2 EDS analysis of TiC/Mg—4Zn—0.5Ca
nanocomposites fabricated by MDF270+EX multi-step
deformation

Point in Element content/at.% Possible
Fig.8 Mg 7n Ca Ti compound
A 873 125 0 0.2 MgZn,

B 86.5 13.5 0 0 MgZn,

C 87.8 122 0 0 MgZn,

D 90.1 9.3 0.6 0 MgZn,
E 74.8 252 0 0 MgZn,

F 829 17.1 0 0 MgZn,

fractions (V) of these fine MgZn, precipitates are
2.5%, 3.0% and 3.2% in the 1MDF270+EX,
3MDF270+EX and 6MDF270+EX nanocomposites,
respectively, while the V), for the coarse MgZn,
particles also increases with values of 2.1%, 3.1%
and 4.3%, respectively.

3.2 Microstructures
nanocomposites
MDF310+EX
By elevating the MDF temperature to 310 °C

before extrusion, the influence of MDF temperature

on the microstructure of the TiCy/Mg—4Zn—0.5Ca
nanocomposites was investigated. Figure 10 shows
the OM images of the nanocomposites after
different MDF passes at 310 °C. The change in the
average sizes and volume fractions of DRXed
grains is similar to that after single MDF processing
at 270°C. A fully dynamically recrystallized
microstructure can be observed in the
nanocomposite after 3 MDF passes as shown in

Fig. 10(b).

Samples subjected to MDF at 310 °C were
then subsequently extruded at 190 °C. Figure 11
gives the OM images and size distributions of the
DRXed grains after MDF310+EX multi-step
deformation. The corresponding average sizes and
volume fractions of the DRXed grains after
MDF310+EX  multi-step deformation  are
shown in Table 3. It can be found that the volume
fraction and average size of the DRXed grains
in the IMDF310+EX nanocomposite are 79% and

of TiC,/Mg—4Zn—0.5Ca
after MDF310 and
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Fig. 9 EDS spectra of points A—F in Table 2: (a) Point 4; (b) Point B; (c) Point C; (d) Point D; (e) Point E; (f) Point '

0.58 um, respectively. The Vprx of the
nanocomposites after 3MDF310+EX multi-step
deformation gradually increased to 85%, while the
dprx gradually decreased to 0.40 pm as the number
of MDF passes increased before extrusion.
Interestingly, there are clear differences in grain
size between the MDF310+EX and MDF270+EX
nanocomposites.

Figure 12 shows the secondary electron
images of the TiC,/Mg—4Zn—0.5Ca nanocomposites
fabricated by MDF310+EX multi-step deformation.
It can be found that there are numerous fine and
coarse MgZn, phases in the MDF310+EX
nanocomposites and volume fractions of both fine
and coarse phases gradually increased with
increasing the number of MDF passes before

extrusion (as shown in Table 3). These observations
are broadly similar to those for the MDF270+EX
nanocomposites.

Figure 13(a) shows a TEM micrograph
of the TiC,/Mg—4Zn—0.5Ca nanocomposite after
3MDF310+EX multi-step deformation. It is evident
that fine nanoparticles (marked by the yellow
circles, e.g., A) appear in the 3SMDF310+EX sample
(Fig. 13(a)), which can be confirmed to be TiC, by
EDS analysis (Fig. 13(b)). In addition, nano-sized
precipitates (marked by the white circles, e.g., B)
can also be observed in the matrix, which can
hinder the movement of dislocations. It is evident
that the recrystallized grains near the TiC
nanoparticles are finer than those far from the TiC
nanoparticles as shown in Fig. 13(a).
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10! 10y
Fig. 10 OM images of TiC,/Mg—4Zn—0.5Ca nanocomposites for different MDF passes at 310 °C: (a, c) 1 pass; (b, d) 3
passes
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Fig. 11 OM images and grain size distribution of TiC,/Mg—4Zn—0.5Ca nanocomposites fabricated by MDF310+EX
multi-step deformation: (a, b, c) IMDF310+EX; (d, e, f) 3MDF310+EX

Table 3 Microstructural characteristics of TiC,/Mg—4Zn—0.5Ca nanocomposites fabricated by MDF310+EX multi-step
deformation

DRX Fine MgZn, Coarse MgZn,
Deformation mode
dprx/pm Vorx/%o d,/nm V/% dy/nm Vo/%
IMDF310+EX 0.58 79 45 3.1 95.7 1.2

3MDF310+EX 0.40 85 40 4.2 136.5 4.1
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Fig. 13 Transmission electron images of TiC,/Mg—4Zn—0.5Ca nanocomposite fabricated by 3MDF310+EX: (a) DRXed
grains and precipitated phase; (b, ¢) EDS spectra corresponding to Zones 4 and B in (a)

This is because the nano-sized MgZn, precipitates
and externally applied TiC nanoparticles could
suppress grain growth due to the Zener pinning
effects [26], and thus realizing a fine DRXed grain
structure of 0.4 um.

3.3 Tensile properties of TiC,/Mg—4Zn—0.5Ca
nanocomposites after (MDF+EX) multi-step
deformation
Figure 14(a) shows the engineering strain—

stress curves of the TiCy/Mg—4Zn—0.5Ca

nanocomposites after MDF270+EX multi-step
deformation. Values for yield strength (YS),
ultimate tensile strength (UTS) and elongation (EL)
are listed in Table 4. It can be seen that YS and UTS
in the MDF270+EX nanocomposites exhibit firstly
an increase and then a decrease with increasing the
MDF passes before extrusion, while the EL shows
the opposite trend. A yield strength of ~327.9MPa,
ultimate tensile strength of ~372.8 MPa and
elongation of ~10.1% were obtained for the
3MDF270+EX nanocomposite. Figure 14(b) shows
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Fig. 14 Engineering strain—stress curves of TiC,/Mg—4Zn—0.5Ca nanocomposites fabricated by multi-step deformation:

(a) MDF270+EX; (b) MDF310+EX

Table 4 Tensile properties of developed TiC,/Mg—4Zn—0.5Ca nanocomposites after multi-step deformation, and their

comparison with previous studies

Material Deformation YS/MPa UTS/MPa Elongation/% Source
IMDF270+EX 322.7+11.7 343.243.5 13.1+4.8 Present work
3MDF270+EX 327.9+18.1 372.844.3 10.1+0.8 Present work
6MDF270+EX 315.1£7.5 347.8+£5.2 13.3+0.8 Present work

Nano-TiCy/

Mg—47n-0.5Ca IMDF310+EX 325+9.5 360.5+5.8 5.5+0.8 Present work
3MDF310+EX 404+12.3 450.3+7.4 5.2+0.6 Present work

As-cast ~78 ~203 ~15.4 [24]

EX (190 °C, 0.01 mm/s) ~355.3 ~385.7 ~10.2 [5]

Nano-SiC,/AZ31 EX ~320 ~385 ~6 9]

Nano-TiC,/ZK60 EX ~184 ~309 ~11.6 [27]

Nano-SiC,/AZ91 EX ~255 ~345 ~12 [28]

Nano-SiC,/AZ31 EX-roll ~250 ~310 ~9 [4]

Micro-SiC,/AZ91 Forged-EX ~292 ~389 ~2.1 [23]

Nano-SiC,/AZ91 EX-1ECAP ~328 ~374 ~1.5 [22]

the engineering strain—stress curves of the single extrusion in our previous study [5], the YS

MDF310+EX nanocomposites. The tensile strength
of the 3MDF310+EX nanocomposite is higher
relative to the 1MDF310+EX nanocomposite as
summarized in Table 4. The 3MDF310+EX
nanocomposite exhibited excellent mechanical
properties and its YS, UTS and EL were ~404 MPa,
~450.3 MPa and ~5.2%, respectively.

As can be seen from Table 4, the mechanical
properties in the nanocomposite after multi-step
deformation are higher relative to their as-cast
counterpart, which has been described in our
previous study [24]. Moreover, compared with the
TiC,/Mg—4Zn—0.5Ca nanocomposites processed by

and UTS values after 3MDF310+EX multi-step
deformation were improved by 13.7% and 16.7%,
respectively. However, it is worth noting that the
YS and UTS of the MDF270+EX and
IMDF310+EX nanocomposites are lower relative
to the as-extruded counterpart. This indicates that
the MDF temperature has a significant effect on the
mechanical properties of the nanocomposites
processed by (MDF+EX) multi-step deformation.
In addition, the tensile properties of other particles-
reinforced magnesium matrix composites are also
given for comparison, as shown in Table 4. After
3MDF310+EX multi-step deformation, the optimal
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mechanical properties (YS of ~404 MPa and UTS
of ~450.3 MPa) of the TiCy/Mg—4Zn—0.5Ca
nanocomposite are improved relative to other
magnesium matrix composites deformed by single
extrusion or multi-step deformation [4,7,22,

23,27,28,].
4 Discussion

4.1 Microstructures of nanocomposites after

MDF+EX multi- step deformation

For the MDF270+EX nanocomposites, both
the average sizes and volume fractions of the
DRXed grains are increased by increasing the
number of MDF passes (as described in Section
3.1). The average sizes and volume fractions of the
DRXed grains are affected by both the initial grain
size in the different MDF conditions and the
extrusion  parameters.
parameters were kept constant, variations in the
average sizes and volume fractions of the DRXed
grains are mainly affected by the initial grain
structure. Before extrusion, the larger size and
higher volume fraction of DRXed grains obtained
in 6MDF270 composite may arise because the
recrystallized grains have more time and energy to
nucleate and grow with increasing the number of
MDF passes [29]. On one hand, compared with
IMDF270 and 3MDF270 composites, deformation
of 6MDF270 composite would generate more heat
associated with strain energy, which is beneficial to
the nucleation and growth of DRXed grains. On the
other hand, each billet before each MDF pass was
reheated to set temperature for 0.5 h in order to
balance the heat, which is also favorable to the
growth of DRXed grains. Thus, the average sizes
and volume fractions of the DRXed grains in
6MDF270 sample increase with increasing the
number of MDF passes. It has been reported that
during the subsequent extrusion, the nucleation and
growth of DRXed grains can be promoted by the
strain energy of materials subjected to MDF as a
pre-deformation step [30]. Further, according to the
thermodynamics of recrystallization, the reduction
of interfacial and strain energy can promote the
nucleation of DRXed grains [31—33]. This means
that the regions containing large amount of crystal
defects, such as dislocations and vacancy clusters,
were potential nucleation sites for new grains. Thus,

Since the extrusion

the occurrence of relatively large sizes and high
volume fraction of DRXed grains with increasing
the number of MDF passes in 6MDF270 sample
was thought to promote dynamic recrystallization
after extrusion owing to the large number of
potential nucleation sites. Accordingly, the grain
sizes and volume fractions of 6MDF270+EX
composite increase with increasing the number of
MDF passes.

With  regard to the  MDF310+EX
nanocomposites, with increasing the number of
MDF passes before extrusion, Vprx increased and
the dprx decreased, as described in Section 3.2.
Compared with the 1MDF310 nanocomposite,
DRX is more complete and there are more grain
boundaries in the 3MDF310 nanocomposite, which
can then act as locations for nucleation during
subsequent extrusion, which in turn promote DRX
nucleation and grain refinement [34]. This indicates
that the overall surface area of the starting grain
boundaries plays a more important role in grain
refinement relative to promotion of nucleation
through a higher strain energy. However, changes in
grain sizes for the MDF310+EX nanocomposite
and MDF270+EX nanocomposites are apparently
different. Dynamic recrystallization occurs more
easily at higher deformation temperatures, which
reduces the strain energy of the nanocomposites.
Thus, the strain energy in the MDF310
nanocomposites is lower than that in the MDF270
nanocomposites, and its corresponding effect on
DRX is reduced for the MDF310 processed
materials relative to the MDF270 nanocomposites.

As noted in Sections 3.1 and 3.2, the greater
the number of MDF passes before extrusion is, the
higher the volume fractions of fine and coarse
MgZn, phases in the MDF+EX nanocomposites are.
This can be attributed to the strain energy of
nanocomposites after MDF processing, which can
promote the formation of fine MgZn, phases and
the coarsening of any pre-existing MgZn, phases,
during the extrusion process.

4.2 Tensile properties

The YS and UTS values of the MDF270+EX
nanocomposites  firstly increased and then
decreased with increasing the number of MDF
passes before extrusion, whilst, as expected,
variations in EL showed the opposite tendency (as
noted in Section 3.3). However, for the
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MDF310+EX nanocomposites, the YS and UTS
increased with increasing MDF passes, while the
EL values decreased slightly. The best mechanical
properties (YS ~404 MPa, UTS ~450.3 MPa) were
obtained after 3MDF310+EX multi-step
deformation. This is presumably due to the
strengthening  effects of the added TiC
nanoparticles, grain refinement as well as the
presence of the precipitated phases.

The increased YS contributed by grain
refinement can be described by the Hall-Petch
relationship [35—37]:

oy=oy+Kd (1)

where oy is the YS, o0y is a constant, d is the average
grain size, and K is the Hall-Petch slope
(=130 MPa-um"?) [38]. For the present research,
the YS increment for the MDF+EX nanocomposites
contributed by grain refinement can be expressed as
follows:

AGs1peen = K (A — dypr-ep) 2)
where Aoy,i-percn TEpresents the YS increment owing
to grain refinement, d,s.c.s 1S the average grain size
in as-cast condition, with a value of about 59.2 pum
for the as-cast TiC,/Mg—4Zn—0.5Ca nanocomposite
as shown in our previous study [5]. The parameter
depr+ep represents the average grain size after
MDF+EX multi-step deformation, and its values are
shown in Tables 1 and 3. Therefore, the increments
in YS due to grain refinement are 145.6, 136.3 and
132.2 MPa for the IMDF270+EX, 3MDF270+EX
and 6MDF270+EX nanocomposites, respectively.
For the MDF310+EX nanocomposites, the
AGyan-peten Values resulting from grain refinement
were calculated as 153.8 and 188.7 MPa for
the nanocomposite after 1MDF310+EX and
3MDF310+EX treatment, respectively.

Moreover, the nano-sized particles can
impart a strengthening effect via the Orowan
mechanism [39,40]. For simplicity, the added TiC
nanoparticles and nano-sized MgZn, precipitates
are presumed to be bypassed by dislocations, which
gives rise to the Orowan strengthening. The
enhancement in YS of the nanocomposites due to
the Orowan strengthening (Aoorwan) 1S given by
following equation [41—43]:

Ay =M~ e in 3)

where M represents the strengthening coefficient
given as 1.25 [41], v stands for the Poisson ratio of
the matrix alloy (0.35), G represents the shear
modulus of the Mg matrix with a value of 16.5 GPa
and b stands for the Burgers vector component
(0.32 nm) [42]; d and f are the average size and
volume fraction of the reinforcement particles,
respectively. For TiC nanoparticles, the volume
fraction was estimated at 0.2%. The volume
fraction of the TiC nanoparticles can be calculated
by Ref. [44]:

Ve _ Mric P _ o 505% 170 0 18% (4)
Ve M,  pric 4.93

where ¥V, and M, respectively, are the volume
fraction and mass fraction of the matrix alloy; p,, is
the density of the matrix alloy (1.76 g/cm’); Mrc is
the mass fraction of TiC (0.5 wt.%) and pric is the
density of TiC (4.93 g/cm®) [44]. Thus, the volume
fraction of applied TiC, was calculated to be 0.18%,
or 0.2% if presented to one decimal point.

According to Egs. (3) and (4), the increment in
YS due to the Orowan strengthening (by TiC, and
MgZn,) for the MDF270+EX and MDF310+EX
nanocomposites were calculated and the values are
listed in Table 5.

Table 5 Increment in Y'S due to contributions of TiC, and
in TiC,/Mg-4Zn—0.5Ca nano-
composites after MDF+EX multi-step deformation
(MPa)

Multi-step deformation  Acric AGcoarse AGfine AGOrowan

MgZn, precipitates

IMDF270+EX 6.6 133 25 4409
3MDF270+EX 6.6 141 345 552
6MDF270+EX 6.6 147 357 57

IMDF310+EX 6.6 104 334 504
3MDF310+EX 6.6 162 463 69.1

Note: Aoric stands for the Orowan strengthening caused by TiC
nanoparticles; Accoarse and Aopne are the Orowan strengthening
caused by coarse and fine MgZn, phases, respectively; Acorowan 1S
the sum of Acric, Adcoarse and Acfine

There also exists a mismatch of the
coefficients of thermal expansion (CTE) between
TiC, and the matrix, which can promote the
formation of dislocations in the vicinity of the TiC
particles that then contribute to an increase in YS.
This strengthening mechanism is known as
the dislocation strengthening mechanism. The
enhancement in YS for these nanocomposites due to
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dislocation strengthening (Aocte) can be expressed
by following equation [44,45]:

12ATAa
AG ey =\3MGb 124TAaf, (5)
bd,

where d, and f, are related to the reinforcement
particles, especially the average size and volume
fraction of TiC nanoparticles in the present work.
Aa is the difference in CTE values between the TiC
nanoparticles and magnesium matrix, the values for
TiC and the alloy matrix are 7.4x10° and
30.7x10° K™ [44], respectively. AT stands for the
difference between the tensile test temperature and
deformation temperature. According to Eq. (5), the
values of Accrg for the MDF270+EX and
MDF310+EX nanocomposites can be both
calculated as 27.9 MPa.

Figure 15(a) shows the increment in YS of the
MDF270+EX nanocomposites contributed by the
strengthening mechanisms arising from grain
refinement, Orowan and dislocation strengthening,
respectively. The greatest contribution to the
increment in YS is attributed to grain refinement
with secondary contributions from the Orowan
strengthening. In addition, the value of Aopai—petcn
decreases with increasing the number of MDF
passes before extrusion, while the Agorowan InCreases
with the number of passes and Aocre shows little
change. Thus, the YS of MDF270+EX
nanocomposites  firstly increases and then
decreases. For the MDF310+EX nanocomposites,
both Acuai-pech and  A0orowan  iNCrease with an
increase in the number of MDF passes before
extrusion as shown in Fig. 15(b). As a result, the
tensile strength values of the MDF310+EX
nanocomposites are gradually increased. The
calculated YS is lower than the experimentally
determined value. This may be because
strengthening effects caused by the contributions of
extremely fine precipitated phases observed by
TEM (Fig. 12(a)) and back stress strengthening are
neglected. The nanocomposites exhibit a mixed
structure which consists of both recrystallized
regions and deformed regions. To accommodate the
incompatibility between fine DRXed grains and
coarse deformed grains, geometrically necessary
dislocations and back stresses may be generated in
the coarse deformed grains, which can generate
back stress strengthening [40,46]. ZHANG
et al [46] found that a Mg—AI-2Sn—1Zn (wt.%)

alloy after extrusion, exhibited a mixed grain
microstructure that can generate back stress
strengthening during tensile testing. However, due
to the lack of a corresponding formula to determine
back stress strengthening, no  appropriate
calculation for YS could be performed for the
nanocomposites examined in this study.
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strengthening:

4.3 Influence of deformation processing on
microstructure and mechanical properties
As noted in Section 3.3, after 3MDF310+EX
multi-step  deformation, the nanocomposite
exhibited excellent mechanical properties (YS of
~404 MPa, UTS of ~450.3 MPa) relative to other
nanocomposites processed by only single extrusion
in our previous study [5]. However, the tensile
strength of the nanocomposite after 3MDF270+EX
multi-step deformation was lower than that of its
as-extruded counterpart as shown in Table 4. This
can be ascribed to difference in the microstructure
of 3MDF270+EX, 3MDF310+EX and the
as-extruded nanocomposites, as well as the
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difference in the MDF process parameters before
extrusion. Both the average grain size (0.72 pum)
and DRX volume fraction (97%) of the
MDF270+EX nanocomposite are larger relative to
the as-extruded nanocomposite (0.34 pm and
73.2%) examined in our previous study [S5]. This
means that the 3MDF270 nanocomposite treatment
before extrusion leads to a high DRX ratio and the
growth of DRXed grains in the nanocomposite. The
strain energy in the 3MDF270 nanocomposite can
promote the nucleation and growth of DRXed
grains during subsequent extrusion, resulting in a
large grain size and high DRX volume fraction.

For the 3MDF310+EX nanocomposite, the
average grain size (0.40 pum) and DRX volume
fraction (85%) are lower than those of the
3MDF270+EX nanocomposite. In addition, the
volume fraction of DRXed grains in the
3MDF310+EX nanocomposite is higher than that of
the as-extruded nanocomposite, but the average
DRXed grain size is almost the same. There are
more grain boundaries in the 3MDF310
nanocomposites (as noted in Section 4.1), which
can serve as nucleation sites for DRX during

subsequent extrusion, which thus promotes
nucleation and refines the DRXed grains.
Moreover, compared with the 3MDF270

nanocomposites, the degree of strain energy in
3MDF310 nanocomposites is lower, which has less
effect on DRXed grain growth.

There are a large number of fine and coarse
MgZn, phases in the 3MDF270+EX and
3MDF310+EX nanocomposites, as
Tables 1 and 3. During the extrusion process, the
energy of 3MDF270 and 3MDF310
nanocomposites can promote the formation of fine
MgZn, phases and the growth of the pre-existing
MgZn, particles, resulting in a higher volume
fraction of MgZn, phases relative to the as-extruded
nanocomposite (~5.6 vol.%) [5]. Moreover, the
volume fraction of MgZn, particles in the
3MDF310+EX nanocomposite is higher than that of
the MDF270+EX nanocomposite. Based on our
previous study [5], the YS increment of the
nanocomposite processed by single extrusion is
derived from a mixture of grain refinement
(206.1 MPa), Orowan strengthening (52.3 MPa)
and dislocation strengthening (27.9 MPa). A YS
value of ~355.3 MPa and UTS of ~385.7 MPa

shown in

strain

obtained in the as-extruded nanocomposite can be
ascribed to both grain refinement (~0.34 um) and
the large volume fraction of precipitated MgZn,
phases (~5.6 vol.%) [5]. In the present work,
Orowan strengthening contributed by the MgZn,
precipitates for the 3MDF270+EX nanocomposite
is higher than that for the as-extruded
nanocomposite, which can be attributed to the
higher strain energy in nanocomposite after the
3MDF270 treatment. during the
subsequent extrusion process, the strain energy can
promote the growth of DRXed grains [31], which
decreases the contribution to strengthening from
grain  refinement for the 3MDF270+EX
nanocomposite. After 3MDF310+EX multi-step
deformation, the grain size of the DRX grains in the
nanocomposite is further decreased and the volume
fraction of MgZn, phases is greatly increased,
leading to an excellent suite of mechanical
properties (YS, UTS and EL were ~404 MPa,
~450.3 MPa and ~5.2%, respectively).

Figure 16 shows tensile fractures of TiC,/
Mg—47Zn—0.5Ca nanocomposites after different
MDF+EX multi-step deformation treatments. It can
be seen from OM and SEM analysis that twins
appear in all the MDF+EX nanocomposites during
uniaxial tensile testing at room temperature.
{1011} contraction twins are readily activated in
the latter stages of tensile testing when the c-axis is
under compression within the coarse unDRXed
grains owing to their reduced critical resolved
stress [47], which can act as source of cracks
leading to premature failure. As shown in Fig. 16(a),
there are a large number of twins present in the
coarse deformed regions of the 3MDF310+EX
nanocomposite. Dislocation pile-up occurs at twin
boundaries during uniaxial tensile testing, resulting
in the generation of local stress concentrations
stimulating the nucleation of microcracks. Then, the
microcracks propagate, resulting in final fracture,
which reduces the UTS and elongation to failure of
the nanocomposite. From the high-magnification
SEM image in Fig. 16(c), there are many cracks in
the twinned grains and cleavage planes and a few
dimples (shown by the red dotted box, in Fig. 16(c))
in the 3MDF310+EX sample, which exhibits
decreased ductility. In contrast, the number of twins
in 6MDF270+EX sample (Fig. 16(f)) is much
less than the other samples (Figs. 16(b—e¢)), and the

However,
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Fig. 16 OM image of near-fracture surfaces (a) and secondary electron images for TiC,/Mg—4Zn—0.5Ca
nanocomposites after different MDF+EX multi-step deformation (b—f): (a, ¢) 3MDF310+EX; (b) IMDF310+EX;

(d) IMDF270+EX; (e) 3SMDF270+EX; (f) 6 MDF270+EX

DRX volume fraction was significantly improved
(Vbrx=99%, as shown in Table 1). Thus, the
6MDF270+EX sample possesses the maximum EL
(13.3%) among all the MDF+EX nanocomposites.
Further, from the high-magnification SEM image,
dimples, as well as microcracks, were also observed
in all samples (Figs. 16(b—f)). Accordingly, the
fracture mechanism for the MDF+EX sample is a
mixture of dimple fracture and cracking along the
twins.

5 Conclusions

(1) The grains in the TiCy/Mg—4Zn—0.5Ca
nanocomposite  after MDF+EX  multi-step

deformation are significantly refined compared with
the nanocomposite after MDF processing only.
With increasing the number of MDF passes before

extrusion, dprx gradually increased for the
MDF270+EX nanocomposites, whilst an opposite
trend was observed for the MDF310+EX
nanocomposites.

(2) Both volume fractions of the fine and
coarse MgZn, phases are gradually increased with
increasing the number of MDF passes before
extrusion. This can be attributed to the increased
deformation strain energy resulting from MDEF,
which can facilitate the formation of fine MgZn,
phases and the growth of the pre-existing MgZn,
particles, during extrusion process.
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(3) The tensile properties of the
TiC,/Mg—4Zn—0.5Ca nanocomposite subjected to
MDF+EX multi-step deformation are improved
relative to the as-extruded nanocomposite. The
3MDF310+EX nanocomposite exhibits excellent
mechanical properties and its YS, UTS and EL are
~404 MPa, ~450.3 MPa and ~5.2%, respectively.

(4) Compared with the as-extruded or
3MDF270+EX nanocomposites, the DRXed grain
is refined while the volume fraction of MgZn,
phases is greatly increased for the 3MDF310+EX
nanocomposite, leading to higher strengthening
effects through grain refinement and Orowan
strengthening.
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1 E: RHZAEEMDE) A EEX)ML G LS5 TiC 4K Bk E5R Mg—4Zn—0.5Ca FEK 2 &84T 48
J&. 5L — MDF MLk, % MDF+EX I 5 99K 2 -G RHI SRR S B . 24 MDF IR 24 270 °C I, Bl
MDF RN, £ EX AT 5 F 45 58 (DRX) A6 RL I3 RAEHHE R T2 MDF iR A 310 °C B, 4 EX &
JEJG DRX SRR B /N . 4 MDF+EX 23578 T R 90K 5 A Ak R H 340/ N R K 1) MgZng A,
X LE MgZn, AH AR 73 26 EX 17 MDF 38 38 WG K. RN 310 °C 4 3 i8Rk MDF G4 KE &
PRIEAT BX, L ARBESE . AR PR PUHL 50 FE K K 73 FE B ~404 MPa, ~450.3 MPa fll ~5.2%. iX 3% 5 MDF+
EX 2575 SR gn L siAt K MgZn, #7 M 512 Orowan SB{LF 3.
KR BEYPREAMEL 2B, s J1Re: MgZn M
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