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Abstract: Mg−xSi (x=0, 1.5, 3.3) alloys were fabricated and subjected to cyclic closed-die forging (CCDF), a new severe plastic 
deformation process, at 450 °C for 1, 3, and 5 passes. With applying CCDF, tensile strength, elongation and hardness increase, while 
coarse Mg2Si particles break into smaller pieces and exhibit more uniform distribution. Mg−1.5%Si alloy exhibits a combination of 
improved strength and elongation after 5 passes of CCDF processing. The tensile strength is about 142 MPa and elongation is about 
8%. The improvement in mechanical properties was further characterized by dry sliding wear testing. The results show that wear 
resistance improves with silicon content and CCDF process passes, particularly the first pass. The wear resistance increases by about 
38% for Mg−3.3%Si after 5 passes of CCDF compared with pure Mg. The improvement of wear is related to microstructure 
refinement and homogenization based on the Archard equation and friction effect. 
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1 Introduction 
 

Magnesium and its alloys are amongst the lightest 
engineering alloys known, and there is a great interest for 
automotive and aerospace industries [1,2], where mass 
saving is critical. However, Mg and its alloys without 
rare earth element exhibit a rather low strength compared 
with steels and most of aluminum alloys, the widely used 
structural materials. In fact, the hexagonal crystal 
structure of Mg affects the fundamental properties of Mg 
alloys such as hardness, elastic modulus and tensile 
strength.  Moreover, the wear easily occurs by friction 
with a counter material [3−5]. 

Recent studies have shown that the addition of hard 
particles and lubricants improves tribological 
performance of the conventional magnesium alloys such 
as hardness, yield strength, and wear resistance [6−9]. It 
is noted that the Mg2Si particles exhibit a high melting 
point (1085 °C), a high elastic modulus (120 GPa), a low 

thermal expansion coefficient (7.5×10−6 K−1), and a 
compatible interface with Mg [10−12]. Also, silicon has 
a low maximum solid solubility around 0.003% (mole 
fraction) in Mg, which promotes the precipitation 
formation from liuquid during casting [6]. Therefore, 
there is a strong interest in developing high performance 
Mg−Si series alloys to exploit the strength of Mg2Si 
particles for much improved mechanical properties 
including strength, hardness, creep resistance [13], and 
wear resistance.  To have a clear understanding of the 
strength of Mg2Si particles, it is interesting to study a 
simple system, the addition of silicon in pure 
magnesium. 

However, as-cast Mg−Si alloys have a low strength 
and ductility due to large particle sizes of Mg2Si [14].  
A significant way to improve the mechanical properties 
of Mg−Si alloy is to reduce the size of the particles and 
then refine their microstructure [15]. This can be 
achieved using severe plastic deformation processes 
(SPD), such as equal-channel angular pressing (ECAP) 
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[16,17], accumulative rolling bonding (ARB) [18], high 
pressure torsion (HPT) [19], cyclic-extrusion- 
compression (CEC) [20], repetitive upsetting (RU) 
[13,21], accumulative back extrusion (ABE) and cyclic 
closed-die forging (CCDF) [22].  The principle of SPD 
is to impose high strains in the billet to rearrange the 
dislocations resulting in fine grains below sub 
micrometres or even nanometres scale. Inflicting SPD 
process refines Mg2Si phases due to flow constraint 
between matrix and the particles [23]. In comparison 
with other SPD processes, CCDF produces more 
intensive strains per pass, and more uniform structure of 
the material may be achieved through multi-directional 
deformation. However, very limited investigations have 
been carried out on CCDF of breaking Mg2Si particles in 
Mg-based materials. GUO et al [24,25] investigated the 
microstructure and tensile mechanical properties of 
AZ31−1.7%Si composite after CCDF processing at 350 
°C. They found that the coarse Mg2Si particles broke into 
smaller pieces, and the yield strength and elongation 
were notably increased after 5 passes. Accordingly, the 
aim of the present work is to investigate the 
microstructure and mechanical properties including wear 
resistance of Mg−Si alloy processed by CCDF. Effects 
of silicon addition on the microstructure and mechanical 
properties of the alloy are studied. 
 
2 Experimental 
 
2.1 Materials 

Pure Mg was used as starting materials to prepare 
the designed Mg−2Si and Mg−5Si (mass fraction, %) 
alloys.  The whole smelting was carried out in an 
electric resistance furnace protected by the gas mixture 
of 0.5% SF6 and 99.5% CO2 (volume fraction). After Mg 
ingot was melted up to 780 °C in a steel crucible, silicon 
particles with an average diameter of 1 mm were added 
to the melt. The melt was manually stirred for about 5 
min using a steel rod and held for 20 min to make sure 
that the silicon was completely dissolved. When the 
temperature was cooled below 710 °C, the dross was 
skimmed and the melt was poured into a steel mold 
preheated to 200 °C to get a 100 mm × 100 mm × 160 
mm rectangular ingot. The actual silicon content was 
measured with an inductively coupled plasma optical 
emission spectrometer (ICP−OES), and the nominal 
Mg−2Si and Mg−5Si composites were actually 
Mg−1.5%Si and Mg−3.3%Si, respectively. 
 
2.2 CCDF processing 

Before CCDF, as-cast Mg−Si ingot was machined 
into rectangular samples with a square of 100 mm and a 

height of 20 mm. The schematic representation of the 
CCDF process is shown in Fig. 1. The die consists of a 
lower die with a chamber of 100 mm×100 mm 
cross-section and a punch of the same section for 
external loading which moves vertically inside the 
chamber. A well-lubricated sample with graphite 
lubricant was placed into the lower die and then heated 
to 450 °C and maintained at this temperature for 30 min.  
The sample was pressed into the lower die by the punch 
at a constant speed of 3 mm/s. After pressing, each 
sample was taken out and rotated 90° around Z-axis in 
the same direction, and reinserted into the lower die for 
next pressing. In this way, each sample was rotated 90° 
around Z-axis between consecutive passes. In this 
manner the samples were subjected to 1, 3, and 5 passes, 
respectively.  After the CCDF processing, the sample 
was cooled to room temperature in air. 
 

 
Fig. 1 Schematic representation of CCDF process 
 

Microstructure of the samples were examined by 
optical microscopy (OM) after mechanical polishing and 
etching for 30 s using a solution of 1 g oxaldehyde, 1 mL 
nitric acid, 1 mL acetic acid in 150 mL water.  
Microstructure at four typical positions inside the sample 
was examined. The crystal phases in the Mg−Si samples 
were investigated and identified using X-ray diffraction 
(XRD) with Cu Kα radiation at a scan speed of 2 (°)/min 
in a Shimadzu LabX XRD−6000 diffractometer. The 
hardness tests were performed using a Vickers indenter 
under a test load of 49 N and a dwell time of 30 s. 
 
2.3 Tensile tests 

Flat dog-bone tensile specimens (10 mm in gage 
length, 3.5 mm in gage width, and 2 mm in gage 
thickness) were created by electrical discharge 
machining.  The specimen was machined from the 
center portion of X−Z plane with the gage length 
direction parallel to the Z-axis.  Tensile tests were 
performed at room temperature with an initial strain rate 
of 8.3 × 10−4 s−1. 
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2.4 Wear tests 
Dry sliding wear tests were conducted using a 

ball-on-plate configuration. The counter-faces were AISI 
52100 steel bearing balls of 6 mm in diameter with 
hardness of 61 on the Rockwell-C scale. Before the test, 
rectangular specimens with dimensions of 50 mm ×    
30 mm × 5 mm were cut from the ingot by electrical 
discharge machining. The wear tests were conducted at 
room temperature in a sliding distance range of 
1000−2000 m, and a velocity range of 0.06−0.12 m/s for 
a constant load of 10 N. The stroke length was 30 mm on 
the center surface of the plate specimen. Finally, 
scanning electron microscopy (SEM) was employed to 
observe the fracture surface. 
 
3 Results and discussion 
 
3.1 Microstructure 

The XRD pattern taken from as-cast Mg−3.3%Si 
alloy is shown in Fig. 2. It indicates that the alloy is 
composed of α-Mg (matrix) and Mg2Si phases. Based on 
the Mg and Mg2Si phase information and chemical 
composition, Mg−3.3%Si alloy has a volume fraction of 
92% Mg and 8% Mg2Si. The initial microstructures of 
Mg−1.5%Si and Mg−3.3%Si alloys are shown in Fig. 3. 
In the as-cast Mg−1.5%Si alloy, the main features are the 
Chinese script shaped Mg2Si particles and bars of 
eutectic microstructure, whereas the Mg−3.3%Si alloy 
exhibits arranged bars of eutectic phase and polygonal 
shaped coarse Mg2Si particles with an average particle 
size of 33 µm. The Mg2Si particles in the as-cast 
Mg−1.5%Si alloy are much finer than those in the as-cast 
Mg−3.3%Si alloy. The microstructural evolution of 
Mg−3.3%Si alloy subjected to 1, 3 and 5 CCDF passes at 
450 °C is shown in Fig. 4. Samples were taken from both 
radial direction Z and direction Y parallel to the forging 
direction. After 1 pass of CCDF processing, the samples 
exhibit an inhomogeneous structure. The particle 
distribution consists of coarse particles surrounded by 
much finer particles, although the coarse particles 
occupy a significantly larger area fraction.  Some coarse 
particles break into smaller ones without changing the 
area fraction.  However, this structure is transitional.  
With further CCDF processing coarse particles continue 
breaking up, and the microstructure becomes more 
homogenous and refined. After 3 passes, the particle 
distribution tends to be more uniform but is still not 
homogenous with mixed coarse and fine particle 
structure. The particles continue breaking into smaller 
pieces and start to spread in the alloy but not very far 
(around 700 µm). The particles in the Z direction are still 
slightly smaller than those in the Y direction. Further 
forging to 5 passes, a reasonably refined and 
homogeneous microstructure is obtained in both Y and Z 
directions. 

 

 

Fig. 2 XRD pattern of as-cast Mg−3.3%Si alloy 
 

  
Fig. 3 Microstructures of as-cast Mg−1.5%Si (a), and 
Mg−3.3%Si (b) alloys before CCDF processing 
 

In order to further characterize microstructure 
refinement quantitatively, the particle sizes of Mg2Si 
phase in Mg−3.3%Si before and after 1, 3 and 5 CCDF 
passes are plotted in Fig. 5. With increasing the number 
of passes the average size of Mg2Si particles decreases 
constantly.  However, for each number of passes, the 
particles in the Z direction are lightly smaller than in the 
Y direction (the forging direction). During the CCDF 
process, the alloy is compressed in a specific direction 
parallel to the Y direction. The particles in the X and Z 
directions are then more deformed and smaller than those 
in the Y direction. After 1 pass of CCDF processing, the 
average particle size of Mg2Si phase is drastically refined 
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Fig. 4 Microstructures of Mg−3.3%Si alloy after CCDF processing at 450 °C viewed from Y direction (left column) and Z direction 
(right column) for 1 pass (a, b), 3 passes (c, d), and 5 passes (e, f) 
 

 
Fig. 5 Average size of Mg2Si particles with pass number in 
Mg−3.3%Si alloy 
 
to 26.8 µm in Y direction and 19.9 µm in Z direction, i.e. 
a maximum 40% refinement. Further forging to 3 passes, 
the particle size is still refined, especially in Z direction. 

After 5 passes, the average size of Mg2Si particles is 14.8 
µm in Y direction and 12.5 µm in Z direction, which are 
55% and 62% of total particle size reduction respectively.  
The CCDF significantly refines the microstructure and 
increases the uniformity of the particle distribution [21]. 

The microstructural evolution of Mg−1.5%Si alloy 
subjected to 3 and 5 CCDF passes at 450 °C is shown in 
Fig. 6. One striking feature is that Mg2Si particle size 
does not vary much with different CCDF passes 
compared with Fig. 3. The microstructure is relatively 
homogeneous and the effect of CCDF in Mg2Si particle 
refinement is minimal. However, the distribution of 
Mg2Si particle becomes more uniform with CCDF passes. 
It is expected that the interface bonding between Mg and 
Mg2Si particles is also enhanced through CCDF. After 5 
passes of CCDF, the fine Mg2Si particle distribution is 
relatively uniform. The Mg grain size tends to decrease 
with CCDF although it is not significant. 
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Fig. 6 Microstructures of Mg−1.5%Si alloy after 3 passes (a) 
and 5 passes (b) of CCDF processing at 450 °C viewed from Z 
direction 

 
The influence of CCDF processing on the Mg2Si 

morphology is also significant. After 1 pass, the regular 
distribution of dendritic and Chinese script type Mg2Si 
particles is changed. Some coarse Mg2Si particles are 
broken up into smaller pieces, leading to an 
inhomogeneous structure. With further increasing passes, 
the coarse Mg2Si particles continue to break under the 
strain imposed by the CCDF process. After 5 passes, the 
Mg2Si particles have random shapes after being broken 
by the CCDF, and the eutectic bars of magnesium silicide 
are randomly sprinkled and broken as well. In the as-cast 
alloy the orientation of the Mg2Si particles is random, as 
confirmed with XRD intensity data, which matches with 
the standard Mg2Si intensity profile. The random texture 
is beneficial for the mechanical properties of the Mg−Si 
alloys and has a great influence on the resistance of 
magnesium alloys [26]. 
 
3.2 Hardness 

The mean hardness in X, Y and Z direction for pure 
Mg, Mg−1.5%Si and Mg−3.3%Si alloys for 1, 3, and 5 
CCDF passes is shown on Fig. 7. The results reveal that 
the addition of silicon to pure Mg significantly increases 
the hardness, especially after 1 pass, compared with pure 
Mg. The hardness increases from HV31 to HV43.3 from 
Mg2Si hard particle strengthening. The hardness of 
Mg−3.3%Si alloy is higher than that of Mg−1.5%Si with 

increasing Mg2Si volume fraction. Moreover, the 
hardness of Mg−Si alloys increases slightly with the 
increasing number of passes, particularly for pure Mg. It 
is possible that recrystallization and grain growth 
actively operate at 450 °C and make the grain refinement 
of CCDF process less effective. The results show that 
SPD enhances the hardness from both grain refining and 
particle dispersing. Thus, the addition of silicon 
combined with grain refinement processed by CCDF 
improves the hardness of Mg−Si alloys. 
 

 
Fig. 7 Effect of pass number on hardness with different Mg−Si 
compositions 
 
3.3 Tensile properties 

Room temperature tensile stress—strain curves of 
pure Mg, as-cast Mg−1.5%Si and Mg−3.3%Si alloys are 
shown in Fig. 8(a). Variation of ultimate tensile strength 
(UTS) and elongation with pass number is 
correspondingly plotted in Fig. 8(b). The pure Mg alloy 
exhibits a significantly high elongation compared with 
the Mg−Si alloys. The addition of silicon creates coarse 
Mg2Si particles that are more brittle and prone to crack 
from initial defects shown in Fig. 4. The magnesium 
alloy becomes less ductile with addition of silicon and its 
elongation decreases drastically: 87% decrease from pure 
Mg to Mg−3.3%Si alloy. On the other hand, with particle 
strengthening of Mg2Si, the addition of silicon increases 
tensile strength. 1.5% of silicon increases the UTS up to 
127 MPa, 46% more than pure Mg. Nonetheless, the 
Mg−3.3%Si alloy exhibits a rather low strength, even a 
little lower than pure Mg. From Fig. 3 high volume 
coarse Mg2Si particles in Mg−3.3%Si makes Mg matrix 
discontinue and Mg2Si embrittle [13]. Mg−3.3%Si alloy 
has a premature tensile failure as shown in Fig. 8(a) and 
leads to a low tensile strength. It is possible that the 
stress concentration around Mg2Si particles fractures 
coarse Mg2Si particles. Therefore, 3.3% addition of 
silicon into pure Mg seems to be too much,      
without refining Mg2Si particle size and morphology. To 
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Fig. 8 Room temperature tensile properties of pure Mg, as-cast 
Mg−1.5%Si and Mg−3.3%Si alloys: (a) Tensile stress−strain 
curves; (b) Variation of UTS and elongation with mass fraction 
of silicon 
 
characterize the mechanical properties improvement after 
CCDF processing, Mg−1.5%Si is studied. 

Room temperature tensile stress—strain curves of 
Mg−1.5%Si alloy before and after 1 and 5 CCDF 
processes at 450 °C are shown in Fig. 9(a). Variation of 
UTS and elongation with pass number is correspondingly 
plotted in Fig. 9(b). The as-cast Mg−1.5%Si alloy 
exhibits a tensile strength of 127 MPa and an elongation 
of 3.4%. With CCDF processing, both strength and 
ductility almost linearly increase with the increasing 
number of passes. After 5 passes, the elongation reaches 
7.7%, which is twice that of the as-cast sample, and the 
tensile strength is 145 MPa, up to 14% more than the 
initial alloy. From the trend of microstructural evolution 
of Mg−3.3%Si in Fig. 4, CCDF not only breaks Mg2Si 
particle size but also improves the bond strength of 
Mg2Si and Mg interface. Both small Mg2Si particle size 
and good interface strength may improve the tensile 
strength and ductility of Mg−1.5%Si alloy. In this sense, 
the present findings are consistent with the general 
recognition that the CCDF process is an effective   
grain refining and strengthening method for magnesium 
alloys. 

 

 

Fig. 9 Room temperature tensile properties of Mg−1.5%Si 
alloy processed by CCDF at 450 °C: (a) Tensile stress−strain 
curves; (b) Variation of UTS and elongation with pass number 

 
The addition of silicon reduces the elongation, but 

increases the tensile strength if silicon is added in good 
proportions. Moreover, CCDF, a severe plastic 
deformation process, increases both strength and 
elongation for the Mg−1.5%Si. Therefore, the most 
efficient way to improve both tensile strength and 
elongation seems to add a small amount of silicon to 
pure Mg, as for Mg−1.5%Si for example, and refine with 
CCDF process to get a homogeneously fine structure. 
 
3.4 Wear resistance 

The effect of the sliding speed on wear mass loss is 
shown on Fig. 10 at applied load of 10 N, temperature of 
25 °C, and 2000 m sliding distance. Figure 10(a) shows 
the effect of silicon addition after 5 passes by CCDF 
processing at two different sliding speeds. The wear 
mass loss is smaller at 120 r/min (translational speed 
around 0.12 m/s) than at 60 r/min (0.06 m/s) for all three 
alloys. Since the sliding speed is high, the decreasing in 
wear loss with sliding speed is not related to the 
transition from static friction to kinematic friction. In our 
apparatus, the wear counter material steel ball is easy to 
bounce away from the surface at higher speeds such as 
300 r/min or above. Essentially, similar to roughness 
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Fig. 10 Effect of sliding speed on wear mass loss: (a) For 
different silicon contents (at 5 passes); (b) For different number 
of passes (for Mg−3.3%Si) 
 
measurement with a stylus profiler, sliding speed is an 
important factor to maintain proper contact between the 
counter ball and the Mg−Si wear surface. At 60 r/min 
better conformal contact is achieved compared with 120 
r/min [27,28]. Therefore, higher sliding speed may lead 
to higher apparent roughness or lower friction coefficient, 
and further decreases wear loss rate. For Mg−1.5%Si 
alloy after 5 passes, the mass loss is 36.88 mg at 60 r/min 
for 2000 m sliding distance corresponding to 33333 
revolutions. Each cycle back and forward removes 
around 11.1×10−4 mg. At 120 r/min the mass loss is 30.1 
mg, or each cycle the material removal is 9.03×10−4 mg. 
The wear loss rate increases by about 1.23 times after 
dropping the sliding speed by 50%. At a sliding speed of 
120 r/min, the wear mass loss is not sensitive to all three 
alloys, about 30.5 mg, and indicates that the roughness 
plays a major role in the wear rate at high speeds. 

At a sliding speed of 60 r/min, the wear mass loss is 
reduced significantly from 44.5 mg to 36.88 mg with the 
addition of 1.5% silicon, and further decreases down to 
35.13 mg with the addition of 3.3% silicon. Figure 10(b) 
shows the effect of the pass number on Mg−3.3%Si alloy 

at two different sliding speeds. At the speed of 120 r/min, 
the effect of the pass number on wear mass loss is not 
obvious and the wear loss only slightly decreases from 
30.9 to 30.4 mg. Nevertheless, at a speed of 60 r/min, the 
wear mass loss drops from 42.2 to 35.6 mg after 1 CCDF 
pass. After 5 passes, the wear mass loss has diminished 
to 35.13 mg, although the significant improvement in 
wear resistance occurs after the first pass of CCDF [22]. 
The wear mass loss reduces by 15.6% at the first pass, 
whereas from 1 pass to 5 passes the reduction is only 
1.3%. 

The wear behaviors of pure Mg, Mg−1.5%Si and 
Mg−3.3%Si at sliding speed of 60 r/min before and after 
1 and 5 passes are shown on Fig. 11. Since the effect of 
silicon addition and number of passes is more significant 
at low sliding speeds, wear rate measurement is studied 
under the following conditions: the sliding speed of 60 
r/min, the applied load of 10 N, the temperature of 25 °C, 
and the sliding distance of 2000 m. The addition of 1.5% 
or 3.3% silicon to pure Mg improves drastically its wear 
resistance due to Mg2Si hard particles [29]. For the 
as-cast alloys the wear loss decreases from 46.22 mg for 
pure Mg to 42.20 mg for both Mg−1.5%Si and 
Mg−3.3%Si alloys. After 1 pass of CCDF processing, 
the improvement in wear resistance is even more 
significant. The wear mass loss is reduced from 45.87 
mg for pure Mg to 35.60 mg for Mg−3.3%Si. The wear 
resistance of Mg−3.3%Si is little superior to that of 
Mg−1.5%Si, but this is not significant with regards to 
pure Mg. After 5 passes, the wear mass loss continues to 
decrease for all three alloys, but only slightly. The 
addition of silicon decreases the mass loss and improves 
wear resistance for both as-cast and CCDF processed 
alloys. These results of wear loss rate may be related to 
hardness using the Archard wear equation: 
 

 

Fig. 11 Wear mass loss of pure Mg, Mg−1.5%Si and 
Mg−3.3%Si before and after 1 and 5 passes at sliding speed of 
0.06 m/s, applied load of 10 N and temperature of 25 °C with 
2000 m sliding distance 
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H
KpLQ =                                    (1) 

 
where Q is the wear loss rate, K is the dimensionless 
constant, p is the total normal load, H is the hardness of 
the surface containing softer phase, and L is the sliding 
distance. The addition of silicon significantly increases 
hardness, which is consistent with the decrease of wear 
mass loss based on Eq. (1). To fix parameters such as 
external load and sliding distance makes easier to study 
the wear loss rate from the effect of material and CCDF 
processing. The CCDF process also increases hardness 
after 3 and 5 passes, as the wear mass loss decreases, 
especially for pure Mg and Mg−3.3%Si alloy. 

The increase of wear resistance with CCDF process 
may be understood from the aspect of microstructure 
refinement and homogenization of Mg−Si alloys.  
Mg−3.3%Si exhibits coarse Mg2Si particles initially, and 
a relatively homogeneous microstructure after 5 passes 
of CCDF. Mg−3.3%Si alloy also has a better wear 
resistance after 5 passes of CCDF than that in the initial 
as-cast condition. This shows narrower width and 
smaller depth of its wear mark. The arc length of the 
wear mark is 2485 µm for the as-cast alloy and 2180 µm 
after 5 CCDF passes. The average Mg2Si particle size 
also decreases from 33 to 13.6 µm after CCDF. From the 
Mg2Si particle size and wear mark length, there are about 
6 Mg2Si particles for the as-cast alloy and 13 particles 
for the 5 passes CCDF processed Mg−3.3%Si alloys, 
respectively. In the latter, although the Mg2Si particle 
size is smaller, the distance between particles is smaller, 

about 11 µm, compared with as-cast alloy, about 26.7 
µm. During the wear test, soft pure Mg matrix among 
hard Mg2Si particles is subjected to less constraint from 
particles for the as-cast alloy and is easily removed by 
the pin, which leads to higher wear mass loss. For 
Mg−3.3%Si processed by 5 passes of CCDF, the 
distance between hard coarse Mg2Si particles is smaller 
and the pin is supported by more Mg2Si hard particles. 
Thus, a small amount of matter is taken off and the wear 
resistance is better compared with the as-cast alloy. 

Microstructures of as-cast and 5 passes CCDFed 
Mg−3.3%Si alloys after wear test are shown in Fig. 12.  
The abrasion surface is indicated in the figure. Figure 
12(a) shows that Mg2Si particles near the surface have 
been broken during the wear test under the applied force 
of 10 N. Below 50 µm from the surface, all the Mg2Si 
particles are totally broken, but below 100 µm from the 
surface, few Mg2Si particles are broken. The effect of the 
wear test on the microstructure is limited to the surface. 
The normal external load 10 N itself (estimated around 
10 MPa for 6 mm steel ball) is not able to facture Mg2Si 
particles under compressive loading. The Mg2Si particles 
are subjected to high cyclic lateral shear stress from 
frictional loading during wear test since soft Mg matrix 
is not able to equally partition load. The Mg−Si alloy 
below 100 µm is less subjected to cyclic lateral shear 
stress due to limited elongation (<8%). The worn surface 
exhibits lateral cracks on the surface, as shown in Fig. 
12(b). The cracks propagate along horizontal direction, 
indicating a fatigue wear mode. The relatively brittle 

 

 

Fig. 12  Microstructures of as-cast Mg−3.3%Si alloy: (a) Broken Mg2Si particles at top due to wear test: (b) Crack due to friction;  
(c, d) Worn surface after 5 CCDF passes 
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Mg−Si material during the wear test is subjected to 
cyclic loading due to friction, and the fatigue wear 
creates cracks in the surface layer or on the surface, 
resulting in delamination. The thickness of the layer in 
Fig. 12(b) is around 20 µm. The surface is still not totally 
delaminated and remains linked to the surface until the 
crack is big enough to extend into the surface. This 
shows that 10 N may be a high load for the alloys studied 
here. The worn surfaces of the Mg−3.3%Si alloy after 5 
CCDF passes are shown in Figs. 12(c) and (d). This 
indicates that few Mg2Si particles near the surface is 
broken during the wear test, due to the fact that their size 
is remarkably refined and their distribution is 
homogenized by CCDF. In addition, no lateral cracks are 
detected on the worn surface of alloy after 5 passes, 
which indicates that fatigue wear resistance of 
Mg−3.3%Si alloy is improved by CCDF. 
 
4 Conclusions 
 

1) The CCDF process can refine and homogenize 
Mg2Si particle size and morphology. In the Mg−3.3%Si 
alloy, after 5 passes, the initially large dendritic structure, 
coarse particles or bar of eutectic of Mg2Si break up into 
many finer particles with uniform distribution in matrix. 
Average grain size of Mg2Si particles gradually 
decreases with the increase of pass number from 41.0 to 
19.7 μm. 

2) The addition of silicon and the grain refinement 
by CCDF processing improve the harness. Both strength 
and ductility of the Mg−Si alloys increase significantly 
with the increasing CCDF passes number. 

3) Mg−1.5%Si alloy exhibits a combination of 
improved strength and elongation after 5 passes of 
CCDF processing. The tensile strength is about 142 MPa 
and elongation is about 8%. 

4) The addition of silicon and the number of CCDF 
passes, particularly the first pass of CCDF, improve wear 
resistance measured from wear mass loss. The 
improvement of wear is related to microstructure 
refinement and homogenization based on the Archard 
equation and friction effect. 
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循环闭式模锻制备 Mg−Si 合金的组织和力学性能 
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摘  要：首先制备 Mg−xSi (x=0, 1.5，3.3)合金，再采用一种新的大塑性变形方法——循环闭式模锻(CCDF)在 450 

°C 进行 1、3 和 5 道次加工。通过循环闭式模锻，粗大的 Mg2Si 颗粒被破碎成小块并且分布更加均匀，材料的拉

伸强度、伸长率和硬度得到了提高。经 5 道次加工后 Mg−1.5%Si 合金的强度和伸长率同时得到提高，拉伸强度达

142 MPa，伸长率为 8%。采用干滑动摩擦进一步表征材料性能。结果表明，随着 Si 含量和加工道次的增加，材

料的耐磨性能得到了提高，加工 1 道次后显著提高，再继续增加道次时提高不明显。经 5 道次加工后，Mg−3.3%Si

合金的耐磨性比纯镁的高 38%。根据 Archard 方程和摩擦效果，耐磨性的提高归结于组织的细化和均匀化。 

关键词：镁合金；Mg2Si；循环闭式模锻；磨损；组织 
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