Available online at www.sciencedirect.com
L 4

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 30(2020) 110—122

Transactions of
Nonferrous Metals
Society of China

& slles Science
ELSEVIER Press

www.tnmsc.cn

Effects of punch velocity on microstructure and
tensile properties of thixoforged Mg,S1,/AM60B composite

Su-qing ZHANG'?, Ti-jun CHEN', Ji-xue ZHOU?

1. State Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals,
Lanzhou University of Technology, Lanzhou 730050, China;
2. Shandong Provincial Key Laboratory of High Strength Lightweight Metallic Materials,
Qilu University of Technology (Shandong Academy of Science), Ji’'nan 250014, China

Received 18 December 2018; accepted 25 November 2019

Abstract: The effects of punch velocity on the microstructures and tensile properties of Mg,Si,/AM60B composite
were investigated. In comparison, the tensile properties of the permanent mold casting of this composite were also
analyzed. The results indicate that the punch velocity obviously influences the microstructure through changing the
secondary solidification behaviors and semisolid deformation mechanisms. The variations of the microstructures and
deformation mechanisms are responsible for the changes in tensile properties and fracture modes of the composites. The
best comprehensive tensile properties of this composite are obtained under the punch velocity of 60 mm/s. The resulting
ultimate tensile strength and elongation of the composite are found to be 198 MPa and 10.2%, respectively. The
excellent tensile properties of the thixoforged composite are ascribed to the elimination of porosities and the work
hardening.
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The in-situ synthesis technology produces the
desired reinforcements via reaction in molten alloy
during traditional cast [5], which is a promising
solution to those shortcomings of magnesium alloy.
In the previous investigation, fine-grain in-situ

1 Introduction

Magnesium alloys have been receiving more
and more attentions in the field of automobile,

electronic products, portable tools, sporting goods
and aerospace vehicles in recent years, because they
possess high specific toughness and strength, good
damping capacity and machinability, and so on [1].
However, insufficient strength at high temperatures,
low wear and creep resistance of the magnesium
alloys limit their extensive applications [2].
Magnesium-based composites combining the
properties of magnesium alloys and ceramics, are
considered as the most promising way to overcome
these shortcomings of magnesium alloys [1,3,4].

Mg,Si,/AM60B composite has been achieved via
traditional casting technique by additions of
0.5 wt.% Sr and 0.2 wt.% SiC, [6]. The reinforce-
ments of Mg,Si particles with grain size of
20—40 um were uniformly distributed in the
AMO60B alloy matrix. Unfortunately, the existence
of porosities deteriorates the mechanical properties
of this composite excessively, not meeting the
requirements of industry applications. Thus, it is
essential to develop an effective approach to take
full advantage of this composite.
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Thixoforming, a relatively new metal forming
technology, can enhance the mechanical properties
of magnesium or/and aluminum alloys through
reducing or eliminating shrinkage porosity and gas
pores [7—10]. And this technology has been
employed in manufacturing magnesium, aluminum
alloys and their composites [11—15]. Consequently,
it can be theoretically inferred that the combination
of the in-situ synthesis technology with
thixoforming technology is a good way to fabricate
the Mg,Si,/AM60B composites with high
performance.

Unfortunately, researches on magnesium-based
composites relatively lag behind the magnesium
alloys [12,16,17]. Moreover, for researchers, the semi-
solid deformation is particularly interesting [18].
The deformation in the mushy zone results in the
residual stresses in the resultant products, and
affects the quality of it dramatically [19,20].

Therefore, it is very urgent to clarify the
effects of the processing parameters on
microstructure and mechanical properties of the
thixoforged magnesium-based composites. This
work presents the progress of an ongoing research
work on thixoforged in-situ Mg,Si,/AM60B
composite. The effects of punch velocity on
microstructures and  tensile properties are
investigated. The informative results are compared
with those of the permanent mold casting (PMC) of
Mg,Si,/AM60B composite.

2 Experimental

The in-situ Mg,Si,/AM60B composite for
thixoforging was prepared by traditional casting
technology using commercial AM60B magnesium
alloy, pure Mg and commercial Al-30Si master
alloy. Mg—30Sr master alloy was used as a
modification for the in-situ formed Mg,Si particles
and Mg—258SiC pressed cakes (mixture powder, the
sizes of SiC particles and Mg powders were 7 and
40 pm, respectively) were served as grain refiner
for primary o-Mg dendrites. The nominal
composition of AM60B matrix was 5.5%—6.5% Al,
0.24%-0.6% Mn, <0.22% Zn and <0.01% Cu.
According to the composition of AM60B—2wt.%Si,
AMG60B alloy, pure Mg and Al-30Si master alloy
were melted in an electric resistance furnace at
790 °C, and then 0.5% Sr (using Mg—30Sr master
alloy) was added. The melt was then isothermally

held for 20 min and 0.2 wt.% SiC, (using the
Mg—25SiC cakes) was introduced. The detail of the
processing about the addition for this cakes was
introduced in the previous work [21]. Subsequently,
the resulting melt was degassed using 1.5% C,Clg
and held for 10 min, and finally poured into a steel
mould with a cavity of d50 mm x 500 mm. Thus,
the as-cast ingot of in-situ AM60B—10vol.%Mg,Si,
composite was obtained. It has to mention that, a
covering agent of RJ-2 designed for magnesium
alloys was used for protecting the melt from
oxidation during melting.

The casting ingots were machined into rods
with dimensions of 442 mm % 30 mm as the starting
ingots for thixoforging. The rods were reheated in a
resistant furnace under argon gas protection at a
semisolid temperature of 600 °C for 60 min. The
previous investigations indicated that this reheating
parameter was adequate for achieving the Mg,Si,/
AMO60B composite with the highest ultimate tensile
strength [17—19]. Then, the semisolid rods were
quickly transferred into a die with a cavity of
d50 mm X 45 mm and thixoforged using a hydraulic
pressing machine at the punch pressure of 160 MPa.
The die was preheated to 300 °C. The employed
punch velocities were set to be 20, 40, 60, 80 and
100 mm/s, respectively. In addition, the graphite
powder was used as lubricant during thixoforging.
By repeating the above experimental process, some
thixoforged products under different punch
velocities were obtained.

Tensile testing bars were machined by CNC
spark-erosion wire cutting machine from the center
region of each thixoforged product parallel to the
forging pressure. Their dimensions are shown in
Fig. 1. The tensile testing was conducted on a
universal material testing machine with a loading
velocity of 1 mm/s. The average of five testing
values was taken as the tensile properties of a
thixoforged  composite. =~ The  metallographic
specimens were also cut from the center region of
each product and one cross-section parallel to the
forging direction was polished by standard
metallographic techniques. Subsequently, they were
chemically etched using 4% nitric acid ethanol
solution and observed on a scanning electron
microscope (SEM) and an optical microscope (OM).
The compositions of primary particles in the
microstructures were examined by energy
dispersive spectroscopy (EDS) equipped in the
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SEM. For each sample, 20 zones were measured,
and the average value was considered as the
composition of the sample. The metallographic
specimens were then annealed at 430 °C for 60 min
and observed again on the optical microscope to
analyze the plastic deformation during thixoforging.
Some typical fracture surfaces and side-views
were also observed on the SEM and OM,
respectively.

Unit: mm

10
50

Fig. 1 Schematic of tensile testing specimen
3 Results and discussion

3.1 Semisolid microstructures of composite

For the thixoforging technology, the key
procedure is the fabrication of the semisolid
ingots [22]. With regard to d16 mm composite
specimens, the microstructure evolution during
partial remelting at 600 °C has been reported in the
previous work [23], and the solid fraction change
with the temperature has been investigated [24].
Figure 2 presents the microstructures of the
composite reheated at 600 °C for 60 min and
quickly water-quenched. It can be found that the
microstructures in the edge and center regions are
all composed of spheroidal primary a-Mg particles,
Mg,Si particles and liquid phase. However, the
liquid fraction in the edge region (37 vol.%) is
larger than that in the center region (26 vol.%), and
the primary a-Mg particles in the edge (~90 pum) are
smaller than those in the center (~120 um). Most of

e1.0

the Mg,Si particles locate in the intergranular
regions, and a few of them present in the liquid
pools entrapped within the primary a-Mg particles,
as shown in Fig. 2.

The differences in microstructures between the
edge and center are common, which could be
controlled by adjusting the technological
parameters [11—-13]. The reasons have been
reported in the previous work [23,24]. Although the
micro- structures in different regions are not so
uniform, the primary a-Mg particles are quite
spheroidal and the liquid factions are within the
range of 30%—40%. The whole microstructure is
appropriate for thixoforging.

3.2 Effects of punch velocity on microstructure
and tensile properties of thixoforged
composite

3.2.1 Microstructure
Figure 3 shows the microstructures of the

composites thixoforged under different punch

velocities, which are taken in the center of the
specimen. It is indicated that all of the
microstructures are composed of the primary a-Mg
particles, Mg,Si particles and secondary solidified
structures. The primary a-Mg particles almost
connect with each other when the punch velocity is

20 mm/s and the outlines of them are indiscernible

(Fig. 3(a)). The secondary solidified structures are

only located at some triple points. In addition, a

kind of fine grains form in some local regions

(marked by A in Fig. 3(a)). The amount of the

secondary solidified structures increases as the

punch velocity rises, and primary a-Mg particles
are gradually separated by further increased
secondary solidified structures (Figs. 3(b, c)), but
the amount of the fine grains decreases. As the

Fig. 2 Semisolid microstructures of composite heated at 600 °C for 60 min in edge (a) and center (b) of ingot
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(c) 80 mm/s; (d) 100 mm/s

punch velocity reaches 100 mm/s, the micro-
structure evolves into the individual primary a-Mg
particles separated by the secondary solidified
structures (Fig. 3(d)).

In order to understand the microstructure
under different punch velocities, the solidification
process is divided into three stages, as shown in
Fig. 4. It should be noted that, the temperature of
each stage is estimated, and the time from the
punch initiation to touching the ingot is within 5 s.

The first stage begins with the semisolid ingot
being taken out of the resistance furnace until the
mould cavity is filled up. During this stage, liquid
phase solidifies into the secondary primary a-Mg
phases (short for SPP in the following) under
normal pressure. It is difficult for the SPP to reach
the requirement for independent nucleation owing
to the relatively high mould temperature of 300 °C.
In this case, the SPP preferentially grow up on the
surfaces of the primary a-Mg particles, resulting in
the original primary a-Mg particles growing up.

The second stage starts with the mould cavity
being filled up, and finishes with the punch pressure
reaching the setting value (160 MPa). During this
stage, the semisolid ingot rapidly reaches the
requirement for independent nucleation. Therefore,
some of the SPP independently nucleate under

L 1 2.3 4 5

£ 600°C

2 11 111

g -—

= Solidification stages: Eutectic
I — First stage temperature
II — Second slage (437 °C)

300 °C + IIT — Third stage

Technology:

1 — Partial remelting
2 — Semisolid ingot transport
3 — Press head downward

4 — Pressurized solidification
5 — Demoulding and cooling

Processing time

Fig. 4 Schematic of solidification stages during thixo-
forging

pressure. Of course, part of the SPP precipitating
close to the primary a-Mg particles can also directly
attach on the surfaces of them. However, owing to
the increased solidification rate, the amount of the
attached SPP is relatively small.

The third stage is the residual liquid phase
solidifying into eutectic structures under the setting
pressure. In this stage, the eutectic a-Mg phase
preferentially grows up on the surfaces of the
surrounding SPP and only eutectic S phase
(Mg7Alp) is left between the primary a-Mg
particles (marked by arrows in Figs. 3(c, d)). That is
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to say, the eutectic structures are in a divorced form.
Therefore, the SPP can be gradually distinguished
from the primary a-Mg particles as the punch
velocity increases (comparing Fig. 3(b), (c) and (d)
with (a)).

Till now, two theories are tried to explain the
effects of pressure on the solidification behavior
during thixoforging. The first is the enhanced
heat-transfer capability from the pressure. During
traditional solidification, the volume of the molten
alloy is shrunken. Then, an air gap thereby is
formed between the mould and the casting [18],
resulting in the decrease in cooling rate. However,
the gap can be quickly eliminated under a critical
pressure [25—28]. ZHANG et al [25] found that the
critical pressure was 80 MPa for the rheo-squeezed
AZ91-Ca. ZHANG et al [26] and MASOUMI and
HU [27] considered that the mould and the casting
completely contacted with each other under the
pressure of 90 MPa for squeeze casting AMSO0.
GUO et al [28] reported that the gap was eliminated
when the pressure exceeded 70 MPa during rheo-
squeezing of A356. In this work, the applied
pressure is up to 160 MPa. Therefore, it is
reasonable to believe that the gap can be quickly
eliminated during the second stage of solidification,
resulting in the enhanced heat-transfer, and the
cooling rate is thereby increased.

The second is the change of the Mg—Al phase
diagram resulting from applied pressure. According
to Clausius—Clapeyron equation [29],

m

AP AH,

AT, _Tu(M=V5)

(1

where T, 1is the equilibrium solidification
temperature, V] is the specific volume of the liquid,
Vs is the specific volume of the solid, and AHr is the
latent heat of solidification. By deducing Eq. (1), T},
can be expressed as

V-V,
T, = Cexp(——*

P) (2)
£
where C is a constant.

The effect of pressure P on AHr is negligible.
Thus, the increase in P results in the increase in T,
and thus induces a larger supercooling compared to
traditional casting. Therefore, the nucleation rate is
obviously promoted.

Although the contributions of the increased
pressure P and cooling rate to the solidification rate

have not been -calculated, it should also be
considered that the synergetic effect from these two
factors promotes the solidification rate.

MI et al [30] plotted the Mg—Al binary phase
diagram under different pressures (Fig. 5). As
shown in Fig. 5, the eutectic point in the Mg—Al
equilibrium binary phase diagram moves towards
the magnesium-rich side as the pressure increases.
That is to say, the solubility of Al in Mg decreases
as the pressure increases. Table 1 indicates that the
Al content in the center of the a-Mg particles is
almost invariant. However, the Al content in the
edge of primary a-Mg phase significantly decreases
as the punch velocity increases (Table 1). Namely,
the Al content in the residual liquid increases with
the punch velocity, resulting in the increased
amount of the formed eutectic § phase.

750

— 0.1 MPa
-- 1 MPa

650 K
k == 100 MPa

550

Temperature/°C

450

350 Ll

Mg W(AL)/% Al
Fig. 5 Mg—Al equilibrium phase diagram under different
solidifying pressures [30]

Table 1 Compositions of a-Mg phases under different
punch velocities
Punch

Composition/wt.%
velocity/ Location

(mm's ™) Al Mg Si Sr

Center of primary a-Mg 5.5 945 0 0

Edge of primary a-Mg 7.2 92.8 0 0
20 Center of primary a-Mg 5.3 943 0.2 0.2
Edge of primary a-Mg 7.0 92.5 0.2 0.3

60 Center of primary a-Mg 54 946 0 0
Edge of primary a-Mg 7.0 92.7 0.1 0.2

Center of primary a-Mg 5.5 945 0 0

50 Secondary a-Mg 63 937 0 0

100 Center of primary a-Mg 5.3 945 02 0

Secondary a-Mg 6.0 935 03 0.2
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Figure 6 indicates that a large number of the
eutectic f phases (in white contrast, marked by
arrows) are uniformly distributed in the form of
small spots when the composites are thixoforged
under the punch velocity of 20 mm/s (Fig. 6(a)). As
the punch velocity is up to 100 mm/s, most of the f
phases distribute in bone shape shape and a halos-
like surrounding a-Mg particles. The amount of £
phase is significantly increased (by comparing
Fig. 6(c) with (a)).

Additionally, the morphology of the SPP also
varies as the punch velocity changes (by comparing
Fig. 6(b) with (d)). At low punch velocity, the SPP
uniformly attach on the surface of primary a-Mg
particles (Fig. 6(b)). However, at high punch
velocity, irregular SPP attach on the primary a-Mg
particles (Fig. 6(d)). The morphological variation is
attributed to the change of solidification rate [31].
The increase in the punch velocity results in the
increase in solidification rate. Therefore, the
solidifying interface is unstable [32—34]. When the
SPP grow up on the surface of the primary a-Mg
particles, some bulges then form and grow towards
the liquid phase to form the irregular secondarily
solidified structures. Therefore, the irregular
structures are then formed, which results in the poor

: -0 um

Fig. 6 SEM images of composites thixoforged under different punch velocities: (a, b) 20 mm/s; (c, d) 100 mm/s

filling ability. Therefore, the porosities are easily
generated in this region (Fig. 7). It can be inferred
that these porosities greatly impair the mechanical
properties of the composite.
3.2.2 Plastic deformation during thixoforging

As shown in Fig. 3, a kind of small-size grain
forms in some local regions (Fig. 3(a)), and
gradually disappears as the punch velocity increases
(Figs. 3(b, c)). Therefore, it can be suggested that
the plastic deformation and recrystallization have
occurred during thixoforging and subsequent
cooling, which play an important role in the final
mechanical properties. In order to analyze the
effects of punch velocity on the plastic deformation,
the specimens are subjected to annealing treatment
at 430 °C for 60 min. If the a-Mg particles are
plastically deformed during thixoforging, small
grains can be formed through recrystallization
during annealing treatment. The larger the
deformation degree and the area, the smaller and
the more the grains are formed. Figure 8 gives the
experimental results. As shown in Fig. 8(a), the
a-Mg particles in the thixoforged microstructure
evolve into quite uniform fine grains after being
annealed. This implies that most of the a-Mg
particles are severely deformed during thixoforging

Secondary a-Mg

'\./ e

Ay R
- ‘,W Eutectic a-Mg

i

-~

Primary a-Mg

20um
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Fig. 7 SEM image showing porosity in secondarily
solidified structures thixoforged under 100 mm/s

under the punch velocity of 20 mm/s. As the punch
velocity increases, the number of fine grains
gradually decreases (by comparing Figs. 8(b) and (c)
with (a)). Moreover, the distribution of the fine
grains is not uniform. This means that the plastic
deformation only occurs at some local regions.
When the punch velocity is up to 100 mm/s, the
distribution of the small grains is disordered
(Fig. 8(d)). It can be suggested that only a few of
a-Mg particles are severely deformed.

There are four mechanisms for the semisolid
ingot deformation: liquid flow (LF), flow of liquid
incorporating solid particles (FLS), sliding between
solid particles (SS) and plastic deformation of solid
particles (PDS) [35,36]. These mechanisms are
usually conducted in the sequence of LF, FLS, SS
and PDS. The former two operate when the solid
particles are surrounded by the liquid phase and the
latter two occur when the solid particles contact
with each other [36].

As mentioned above, when the punch velocity
1s 20 mm/s, the amount of the attached SPP is the
largest, and the residual liquid is the least. In this
case, the deformation of the semisolid ingot is
easily through SS and PDS mechanisms. Therefore,
the plastic deformation is operated. As a result,
many small grains are generated after the composite
is annealed (Fig. 8(a)).

With the increase in punch velocity, the growth
rate of grains decreases and the fraction of residual
liquid phase increases, which results in the
decreased contacting among the primary particles.
The proportion of the deformation operated through
LF and FLS is increased. So, both of the range and
degree of plastic deformation are decreased. As a
result, the grain size in the annealed composite is

Fig. 8 Annealed microstructures of composites thixoforged under different punch velocities: (a) 20 mm/s; (b) 60 mm/s;

(c) 80 mm/s; (d) 100 mm/s
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then increased (Figs. 8(b,c)). However, when the
punch velocity exceeds a certain value, the situation
is reversed. The response time of the deformation
mechanism decreases in the sequence of LF, FLS,
SS and PDS [35,36]. When the punch velocity
reaches 100 mm/s, there may be no enough time to
realize the deformation through the LF, FLS and SS
modes. This means that the deformation has to
operate in the PDS mechanism. Thus, the plastic
deformation degree increases. However, the plastic
deformation is not so uniform because the
deformation rate in the semisolid ingot is not so
uniform. Thus, the distribution of these small grains
is also disordered and unsystematic (Fig. 8(d)).
3.2.3 Tensile properties

Figure 9 presents the variations of tensile
properties of thixoforged composites with punch
velocity. It is shown that the ultimate tensile
strength (UTS) slightly decreases as the punch
velocity increases from 20 to 60 mm/s and then
sharply decreases with the punch velocity further
increasing. The elongation first increases to a peak
value at the punch velocity of 60 mm/s and then
also decreases. Although the composite thixoforged
under 20 mm/s has the highest UTS, in view of the
elongation, the punch velocity of 60 mm/s is the
optimal parameter for this composite. The UTS of
198 MPa and elongation of 10.2% can be obtained
at this punch velocity.
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Fig. 9 Variations of tensile properties with punch
velocity

Figure 10 shows the fractographs of the
composites thixoforged under different punch
velocities. The fracture surface of the composite
thixoforged under 20 mm/s is characterized by the
irregular particles and pits. The side view of the

fracture surface, shown in Fig. 11(a), indicates that
the cracks either propagate among the a-Mg
particles (marked by A) or occasionally traverse
them, passing across the black structures within the
o-Mg particles (marked by B). This implies that the
fracture of this composite belongs to a mixture of
transgranular and intergranular modes. Both the
irregular particles and pits on the fracture surface
are originated from the crack propagation among
the a-Mg particles. When the punch velocity is
20 mm/s, the feeding ability is the worst. Therefore,
the porosities are easily formed in the last solidified
structures, i.e., among the a-Mg particles or/and
between the a-Mg particles and Mg,Si particles. So,
the cracks are easy to initiate and propagate in these
regions, resulting in the irregular particles and pits
on the fracture surface. The black structures within
the a-Mg particles originate from the solidifying of
the liquid pools entrapped within the primary a-Mg
particles. There is no extra liquid to feed the
solidification shrinkage. So, these black structures
are also the weak sites of the composite. In
addition, the semisolid deformation of this
composite is in PDS mechanism. The plastic
deformation of the a-Mg particles -effectively
strengthens the matrix through work hardening
mechanism [37]. Owing to the feature of work
hardening, the relatively high UTS is obtained at
the cost of the decrease in elongation (Fig. 9).

Figure 10(b) shows that the irregular particles
and pits on the fracture surface are displaced by the
dimples. The cracks propagate completely through
the a-Mg particles and frequently pass the black
structures (mark by arrows in Fig. 11(b)). That is to
say, the fracture transforms into the intergranular
mode. The increase in the punch velocity results in
the more liquid phases solidifying at high pressure.
Therefore, the feeding ability is promoted and the
liquid phases are squeezed to the last solidified
regions under the high pressure. The porosities are
thereby reduced. As a result, the cracks propagate
through the a-Mg particles. The irregular particles
and pits on the fracture surface disappear
(Fig. 10(b)). In addition, the FLS mechanism
becomes more dominated as the punch velocity
increases. The plastic deformation of the a-Mg
particles is reduced. The decrease
hardening is responsible for the decrease in UTS
and increase in elongation (Fig. 9) when the punch
velocity increases from 20 to 60 mm/s.

in work
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Fig. 10 Fractographs of composites thixoforged under different punch velocities: (a) 20 mm/s; (b) 60 mm/s;

(c) 80 mm/s; (d) 100 mm/s

Loading direction

Fig. 11 Side-views of fracture surfaces of composites thixoforged under different punch velocities: (a) 20 mm/s;
(b) 60 mm/s; (c) 80 mm/s; (d) 100 mm/s
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However, as the punch velocity further
increases, the irregular particles and pits on the
fracture surface appear again (Fig. 10(c)). The side
view of the fracture surface indicates that the
fracture of the composite turns into a mixture of
transgranular and intergranular modes again
(Fig. 11(c)). As mentioned in Section 3.2.2, the
increase in punch velocity results in the increase in
the amount of eutectic f phases, which separate the
a-Mg particles from each other. Since the eutectic f
phase belongs to a hard and fragile phase, such
distribution of f phases results in the weak bonding
strength among the a-Mg particles. Thus, the a-Mg
particles are easily debonded during tensile testing.
Therefore, the decrease in tensile properties (Fig. 9)
and the feature of fracture surface are attributed to
the increase in the amount and size of eutectic f
phase.

The fracture surface of the composite
thixoforged under 100 mm/s is characterized by
porosity feature (Fig. 10(d)), and the side view of
the fracture surface indicates that the fracture
transforms into completely intergranular mode
(Fig. 11(d)). As the punch velocity increases, the
liquid phases tend to form the irregular structures
(Fig. 5(d)), and the porosities are easily generated
in the secondarily solidified structures (Fig. 7).
Thus, the cracks thereby initiate from these
porosities and develop along the secondarily
solidified structures. So, the incompact secondarily
solidified microstructures result in the inferior
tensile properties and the morphological feature on
fracture surface of this composite (Fig. 9).

3.24 Comparison with PMC composite and
strengthening role of Mg,Si particles

The tensile properties of the permanent mold
casting (PMC) composite are investigated. The
results exhibit relatively inferior properties, UTS of
108 MPa and elongation of 5%, respectively. In
comparison, the tensile properties of the
thixoforged composite under punch velocity of
60 mm/s are increased by 83% in UTS and by
110% in elongation, respectively. Figure 12 reveals
the fracture surface and its side view of the PMC
composite. As shown in Fig. 12(a), the fracture
surface of the PMC composite is characterized by
obvious porosity feature. The previous work [38]
indicated that porosity percentage was reduced from
4% in the PMC composite to 0.15% in the
thixoforged composite. These porosities always
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Fig. 12 SEM images of PMC composite: (a) Fracture
surface; (b) Side view

exist in the last solidified regions, i.e., the eutectic
structures among the primary o-Mg dendrites.
During tensile testing, the cracks initiate from these
porosities and propagate along the eutectic
structures. As displayed in Fig. 12(b), the fracture
of the PMC composite belongs to typical
intergranular mode. Therefore, the super properties
of the thixoforged composite are primarily due to
the decrease of porosities. In addition, the
thixoforged composites are subjected to a certain
degree of plastic deformation. Thus, the work
hardening also contributes to the improvement of
the tensile properties of the thixoforged composite
as discussed above.

The strengthening mechanisms of the Mg,Si
particles have been stated in the previous
works [31,38,39]. It is indicated that the
reinforcement effect of the Mg,Si particles changes
with the variations of process parameters. Therefore,
the effects of punch velocity should also be
investigated. Some typical fracture surfaces are
shown in Fig. 13. As shown in Fig. 13(a), the
interfacial Mg,Si/matrix debonding is the main
damage pattern of the Mg,Si particles in the
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composite thixoforged under 20 mm/s. As the
punch velocity increases to 60 mm/s, the Mg,Si
particles break up into pieces (Fig. 13(b)). However,
as the punch velocity is up to 100 mm/s, the Mg,Si
particles are seldom found on the fracture surface

(Fig. 10(d)).

Fig. 13 SEM images showing Mg;,Si particles on fracture
surface of composite thixoforged under different punch
velocities: (a) 20 mm/s; (b) 60 mm/s

As shown in Fig. 3 and Fig. 8, Mg,Si particles
do not fracture during thixoforging. As mentioned
above, the relatively severe plastic deformation
occurs when the composite is thixoforged under the
punch velocity of 20 mm/s. In this case, the residual
stress preferentially concentrates near the interface
of Mg,Si/matrix. During tensile testing, the
interfacial debonding is easily operated. When the
punch velocity increases to 60 mm/s, the plastic
deformation and residual stress during thixoforging
decrease. However, during tensile testing, a large
concentration of stress is also generated near the
interface, due to the difference in mechanical
behavior between Mg,Si particles and the a-Mg
matrix. As the strain increases, this stress
concentration can increase up to 2—4 times higher

than that of the surrounding matrix [40], and finally
results in the fragmentation of Mg,Si particle.
When the punch velocity increases to 100 mm/s, the
cracks initiate from the porosities in the secondarily
solidified structures during tensile testing of the
resulting composite and propagate to the
secondarily solidified structure. In this case, the
Mg,Si particle has almost no strengthening role in
the matrix, and they are seldom found on the
fracture surface (Fig. 10(d)).

In summary, the punch velocity obviously
influences the strengthening role of the Mg,Si
particles. The high residual stress concentration
near the interface of Mg,Si/matrix and the
porosities in the matrix bring a negative influence
on the strengthening mechanism of Mg,Si particle.
These should be avoided through adjusting the
process parameters.

4 Conclusions

(1) The solidification of Mg,Si,/AM60B
composite can be divided into three stages. The
variation of punch velocity results in the change of
the proportion of the microstructures formed under
different stage. Increase in punch velocity results in
the more liquids solidifying under pressure. Thus,
the fractions of the secondarily solidified structures
formed under normal or high pressure are changed.
The solidification behaviors, composition and
morphology of the resulting phases are thereby
changed.

(2) When the punch velocity increases from 20
to 100 mm/s, the dominating semisolid deformation
mechanisms transform from PDS mode into FLS,
and finally into PDS again. The plastic deformation
of the semisolid ingot during thixoforging and
incomplete recrystallization are responsible for the
formation of fine grains and twin planes.

(3) The appropriate punch velocity is 60 mm/s.
The corresponding UTS and elongation are
198 MPa and 10.2%, respectively. As the punch
velocity increases from 20 to 60 mm/s, the decrease
in UTS and the increase in elongation are attributed
to the reduced work hardening. The inferior tensile
properties are resulted from the eutectic f phases
and the formation of porosities in secondarily
solidified structures.

(4) The fracture mode of the composites
transfers in sequence from a mixture of



intergranular

Su-qing ZHANG, et al/Trans. Nonferrous Met

and transgranular modes to a

transgranular mode and finally an intergranular
mode as the punch velocity increases from 20 to
100 mm/s.

(5) Compared with the PMC composite, UTS

and the elongation of the thixoforged composite
increase by 83% and 110%, respectively. The
excellent tensile properties of the thixoforged
composite are ascribed to the elimination of
porosities and the work hardening.
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