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H I G H L I G H T S

• Dual-phased quasicrystal alloys were
developed by a simple processing pro-
cedure.

• Thewear resistance is enhanced accord-
ing to the increase of the i-phase.

• The ductile beta-phase in dual-phase
quasicrystal alloys reduces the cracking.

• The optimal concentration of the two
phases was found for the best tribologi-
cal performance.

G R A P H I C A L A B S T R A C T

Design of dual-phased quasicrystal alloys with different i-phase content; 59.24% (0 h), 68.85% (12h), 75.84% (24 h), and 81.75%
(36 h) under a 600 °C annealing process. The higher content of i-phase in quasicrystal alloy shows a favorable tribological behav-
ior because of the microstructure and mechanical properties of the dominant i-phase.
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Quasicrystals have been used in various applications to improve wear resistance as well as friction. It is known
that quasicrystal (i-phase) content andmicrostructure in alloys have a decisive effect on the mechanical proper-
ties and tribological performance. In this research, four (β + i)-dual-phased quasicrystal alloys with different i-
phase content and grain sizewere developed to alleviate the brittleness of the i-phasewith the help of the soft β-
phase. The influences of the i-phase content and grain size were investigated through impact test, wear test, and
analysis. Through the annealing process, the amount of the i-phase was increased by about 38%
(59.24% → 81.75%), and, besides, the grain size of the i-phase was simultaneously increased from 3.47 μm up
to 9.98 μm. As the amount of i-phase increased, it was possible to increase the hardness from 712 HV to
763HV.Meanwhile, the increasedgrain size (i-phase) reduced the contact stress of the grain duringwear testing;
thus, the specific wear rate could be decreased from 2.21 × 10−4 mm3/Nm to 0.5 × 10−4mm3/Nm. Not only that,
but an experimental wear equation was obtained using empirical data to predict the wear behavior of the dual-
phased alloys.
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1. Introduction

Alloys and metal matrix composites (MMCs) are being developed
for use as advanced materials. Because they are composed of two or
more phases or materials, they show various and favorable mechanical
and chemical properties depending on the combination of intrinsic
compounds [1–7]. In this situation, quasicrystal alloys have emerged
as a new material with enhanced material properties such as low ther-
mal conductivity, high hardness, and low friction [8–12,14–16]. In addi-
tion, metallic phases of Al-Cu-Fe alloys are simply tailored by changing
the concentration of raw materials [17,18]. The developed quasicrystal
alloys have a microstructure composed of multi-phases like MMC and
the microstructure's shape and size can be controlled through an an-
nealing process. It has been reported that the change of the microstruc-
tures influences wear behavior and tribological performance [19–21].
Therefore, the microstructure effect on wear is actively studied by
many researchers [22–32]. However, the use of the quasicrystal alloy
has been limited due to its high brittleness [33–35]. In the present
work, to alleviate the strong brittleness of the quasicrystal, the dual-
phased quasicrystal alloy containing a ductile phase (beta-phase) was
created with the arc-melting process. By adjusting the amount and
shape of the quasicrystal phase (i-phase) by an annealing process, the
wear mode and wear loss could be controlled. As a result, the presence
of an optimal amount of the quasicrystal phase (i-phase) in the ductile
phase (beta-phase) led to significant improvement in the tribological
performance as well as the impact resistance. This is because the i-
phase which has a strong resistance to plastic deformation reduced
wear, and the beta-phasewhich is resistant to cracking decreased brittle
fracture.

The mechanical properties and tribological performance of devel-
oped dual-phase alloys were investigated as a function of the change
of shape and size distribution of the microstructure. Using statistical
analysis, we identified critical factors that affect wear. This research en-
abled us to design alloys with favorable impact resistance and superior
wear resistance. Additionally, the lifespan of the dual-phased alloy can
be predicted through the experimental equation that we obtained.

2. Materials and experimental procedure

2.1. Materials and fabrication

Purematerials, aluminum (99.99 wt%, EM Science), copper (99.9 wt
%, Chemisavers), and iron (99.98 wt%, Sigma-Aldrich) were used as raw
metals to fabricate dual-phased quasicrystalline alloys. Quasicrystal al-
loys used in this research were selected from the ternary Al-Cu-Fe
phase diagram. All alloys were developed by the arc-melting process
and annealing process [17,18]. Finally, the selected (β + i) dual-phase
quasicrystal alloys had a stoichiometry of Al57Cu33Fe10. Then, the sam-
ples were heated up to 600 °C to control the quantity and grain size of
the i-phase.

2.2. Characterization of microstructure

After annealing, the as-cast alloysweremechanically polishedwith a
polisher (STRUERS, DAP-3) and investigated chemically and mechani-
cally. The chemical compositions of each phase were identified by X-
ray diffraction (XRD, Rigacu) and energy-dispersive spectroscopy
(EDS). Based on the results of XRD and EDS, the different colored re-
gions on a scanning electronmicroscope (SEM, VEGA3-SB) backscatter-
ing image were matched to the phases identified by XRD. Then, the size
and shape of each phase on polished surface morphology were exam-
ined. In order to calculate the volume fraction of each phase, Image J
analysis was used for image processing and obtaining the area of each
phase in Fig. S1. We extracted only i-phase area (gray area) from SEM
image, and the area and the total number of the extracted each i-
phase grain were obtained by the software. We assumed each of the

grains as a sphere, and the radius of each grainwas obtained. Eventually,
the volume fraction of the i-phase was calculated using the radius.

2.3. Indentation crack testing

In order to study the behavior of crack and fracture caused by impact
force in terms of material removal, an indentation tester was designed
with inspiration from ASTM D7136/D7136M, as shown in Fig. 1. By
dropping a 200 gweight from 13mmheight with a 20 μm tungsten car-
bide (WC) tip on the polished QC alloy's surface, a 2 N impulsive force
occurred, and the impulsive force caused a 32,362 MPa contact stress
between the WC tip and the contact surface. Heavier weights were
not used becausemore than 200 g of weight could show the larger frac-
ture area than the cross-section (max. 7 mm× 5mm) of the sample we
developed. Through the indentation test, 26 mJ energy was generated
and transferred to the alloy surface. The impact energy eventually trig-
gered cracking and fracture of the alloy. Indentation crack and fracture
profiles of two selected samples (dual-phased and triple-phased QC al-
loys) were compared and evaluated with a scanning electron micro-
scope and Image-J analysis.

2.4. Mechanical testing

AVickersmicro-indentermeasured thehardnessof four (4) different
(β + i) dual-phased alloys at a load of 100 gram-force (Tukon 1102).
The fracture toughness of those samples was also obtained by the
Vickers micro-indenter at a load of 200 gram-force by measuring
crack length. Hardness and fracture toughnessmeasurements were car-
ried out seven times each to provide repeatability with standard
deviations.

2.5. Wear testing

In order to find the correlation between hardness and fracture
toughness on material failure, a designed tribological tester was used
under the same set of conditions. A sufficiently slow sliding speed
(3 mm/s) was applied in order to prevent tribochemical reactions as
well as heating and oxidation during testing at room temperature. A
6 mm tungsten carbide (WC) ball was used in a dry reciprocating
mode because of its super hardness and chemical stability. A tribometer
(CSM Instrument) recorded a friction coefficient under 5 N normal load
during total 1.5 m sliding movement. Each sample was tested three
times. After the test, the samples were investigated by a scanning elec-
tron microscope (VGA3-SB) and an interferometer (ZYGO NewView
600) to reveal the wear mechanism.

3. Results and discussion

3.1. Dual-phased quasicrystal alloy

Multi-phased quasicrystal alloys with different chemical composi-
tion ratio (Al65Cu20Fe15 and Al57Cu33Fe10) were synthesized through
two processes: arc-melting and annealing [17,18]. Phases of two alloys
were identified using the X-ray diffraction pattern, as shown in Fig. 2
(a). The two multi-phased alloys were designated as (λ + β + i)-
alloy and (β+i)-alloy. The (λ+β+i)-alloy showed excellentwear re-
sistance compared to other multi-phased alloys thanks to a dominant i-
phase (around 71%) [18]. However, the (λ + β + i)-alloy contained a
lambda-phase of 17% as well. It was revealed that the lambda-phase
was an extremely brittle material possessing high hardness and low
fracture toughness in our previous paper [17]. Thus, the lambda-phase
is quite vulnerable to impact and easily creates cracks and fractures.
To compensate for this defect, a (β + i) dual-phased quasicrystal alloy
without the λ-phase was designed and developed. Based on the results
of XRD and EDS, it was found that the light gray area of the (β+ i)-alloy
represented the β-phase and the gray area represented the i-phase in
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Fig. 2(b). Although the (β+ i)-alloy shows a relatively higher wear rate
(2.2 × 10−4 mm3/Nm) than that of the (λ + β + i)-alloy
(0.14× 10−4mm3/Nm)due to the lower content of the i-phase (around
60%), the (β+i)-alloy is expected to be favorable for impact aswell as a
brittle fracture. Because the (β + i)-alloy has relatively higher fracture
toughness. In addition, the quantity of the i-phase in the (β + i)-alloy
can be increased up to 81.75% by annealing for enhancing mechanical
properties and tribological performance.

3.2. Crack and fracture

Two multi-phased quasicrystal alloys showed significantly different
fracture behavior. Those behaviors were examined by the self-designed
indentation tester. For the (λ+ β+ i)-alloy, the lambda-phase acceler-
ated crack propagation due to its little or no plastic deformation before
failure. As a result, a broad fracture was observed in the (λ + β + i)-
alloywhich simultaneously showed combination geometries of a lateral
and median crack in Fig. 3(a). In contrast, a smaller fracture of median
crack was observed in the (β + i)-alloy since the beta-phase reduced
the possibility of crack and fracture by absorbing impact energy through
plastic deformation.

After completing indentation crack tests, the fracture dimensions
were gauged using SEM and image analysis. The results are summarized
in Table 1. The (β + i)-alloy had a fracture of an average 556.56 μm ±
114.18 μm in width and an average 411.13 μm ± 85.32 μm in depth.
For the (λ + β + i)-alloy, it showed two different crack modes: lateral
crack mode and catastrophic crackmode, as shown in Fig. 3(b). The lat-
eral crack in the (λ + β+ i)-alloy exhibited smaller fracture area with
an average 616.69 μm ± 95.65 μm width and an average 274.63 μm ±
135.17 μm depth, while the catastrophic crack in the (λ + β + i)-
alloy generated approximately five times greater fracture than that of
the lateral crack. The reason for two different crack modes can be
found in the microstructures of the alloys. It means that these alloys
do not have a perfect uniform microstructure. Accordingly, the crack

mode is reliant on the spot of indentation. Statistically, the probability
of a catastrophic crack is 3 out of 8. The catastrophic crack leads to se-
vere damage on the surface and the interior structure of the
(λ + β + i)-alloy (damaged area by fracture: 2.67 × 106 μm2 ±
0.95 × 106 μm2). This is because the lambda-phase in the (λ + β + i)-
alloy accelerates brittle fracture by supporting crack propagation in
the extremely brittle material. To further understand the crack mode,
the crack profiles of two alloys were examined at high magnification.
The profile of the (λ + β + i)-alloy in Fig. 3(c) represents the lateral
and median crack as the evidence of brittleness. In contrast, plastic de-
formation was prevalent in the (β + i)-alloy because the beta-phase
was soft. Based on these results, the lambda-phase is considered as a
main contributor to the catastrophic crack.

3.3. Controllable microstructure of dual-phased QC alloys

In this study, the (β + i)-alloy without the λ-phase was fabri-
cated to enhance the alloy's mechanical properties and tribological
performance. Our previously reported paper discovered the favor-
able wear resistance of the (λ + β + i)-alloy [17]. However, we
also found that the λ-phase among the (λ + β + i)-phases makes
the mechanical properties and tribological performance worse in
terms of impact or wear. Therefore, the λ-phase was removed and
dual phased (β + i)-alloy was developed to address this problem.
The i-phase concentration of the (β+ i)-alloy can be easily adjusted
by using 600 °C annealing as shown in Fig. 4(a). Basically, the
unannealed (β + i)-alloy contains a 59.24% volume fraction of the
i-phase. The volume fraction of i-phase rises proportionally with
the annealing time: 68.85% (12 h), 75.84% (24 h), and 81.75%
(36 h). Even the grain size of the i-phase also can be controlled
from 6.94 μm up to 19.96 μm according to annealing time (0 h–
36 h) in Fig. 4(b). From the grain size distribution of the i-phase,
the unannealed (β + i)-alloy has 270 small-sized grains (Radius:
3.47 μm) per 1.45 × 105 μm2 area. The annealed (β + i)-alloy for

Fig. 1. Schematic of indentation test experimental setup.
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36 h has 23 large-sized grains (Radius: 9.98 μm). Remaining two
annealed (β + i)-alloys (12 h & 24 h) have a shrinking trend in the
total number of grains and a rising tendency of grain size,

respectively (102 grains with 6.65 μm radius & 35 grains with
8.62 μm radius). These microstructure changes have a direct influ-
ence on mechanical properties and tribological behavior.

Fig. 2. (a) Comparison of the specific wear rate and the phase compositions between a (λ + β + i)-alloy and a (β + i)-alloy. (b) SEM image and EDS data of the (β + i)-alloy.
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Fig. 3. Crack and fracture analysis by the indentation test of the (λ + β + i)-alloy and the (β + i)-alloy: (a) Two different types of crack geometries caused by the indentation testing,
(b) comparison chart of the damaged area by fracture, and (c) crack profiles of two alloys.
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3.4. Mechanical properties

3.4.1. Hardness
The hardness of the (β + i)-alloys having different i-phase con-

tent was obtained utilizing a Vickers micro-indentation. The values
are plotted in Fig. 5. The unannealed (β + i)-alloy containing an i-
phase (59.24%) showed the lowest average hardness value 712 HV
(34.58 standard deviations) that ranged from 652 HV to 741 HV.
The hardness of the annealed 12 h (β + i)-alloy showed an average
of 736 HV (49.69 standard deviations) between 645 HV to 753 HV.
The (β + i)-alloy with 75.84% the i-phase showed a 750 HV (31.94
standard deviation) average value from 641 HV to 779 HV. In the
case of the 36 hour-annealed (β + i)-alloy, the hardness reached
up to 763 HV (37.18 standard deviations) with ranged 686 HV to
797 HV. The 81.75% volume fraction of the i-phase made the hard-
ness of 36 hour-annealed alloy go up by 7.2% than that of an
unannealed alloy (59.24% i-phase). Although the hardness is not
substantially increased, it is expected to influence significantly
wear behavior due to the changes in the microstructure and tough-
ness of the alloy. As another advantage of this experiment, the hard-
ness of the (β + i)-alloy is predictable using an experimental
hardness equation obtained based on the results: Y =
−1.034 × 10−2 X2 + 3.821 X + 521.589 (where, Y represents the
Vickers hardness and X represents the concentration of the i-phase).

3.4.2. Fracture toughness
In the previous research, we reported that although increased

fracture toughness would decrease the overall hardness of the
alloy, it would enhance wear resistance at the same time by reducing
brittle fracture [17]. Thus, the optimal concentration of the i-phase
should be determined in order to develop the alloy with the best tri-
bological performance. As a first step, the fracture toughness of the
(β + i)-alloys was measured with a Vickers micro-indentation. The
measured values were plotted in Fig. 6. The unannealed (β + i)-
alloy had the highest fracture toughness 1.878 MPa·m0.5 (0.246
standard deviations) with an average value ranging from
1.572 MPa·m0.5 to 2.149 MPa·m0.5. Contrary to the unannealed
alloy, the (β + i)-alloys annealed for 36 h had the lowest fracture
toughness 1.718MPa·m0.5 (0.238 standard deviations) with an aver-
age value ranging from 1.477 MPa·m0.5 to 1.990 MPa·m0.5. The alloy
annealed for 12 h and that annealed for 24 h had fracture toughness
1.813 MPa·m0.5 (1.673–1.987 MPa·m0.5 range with 0.163 standard
deviations) and fracture toughness 1.771 MPa·m0.5

(1.618–2.063 MPa·m0.5 range with 0.182 standard deviations), re-
spectively. The plotted curve of the fracture toughness tends to de-
crease with an increase in i-phase concentration. That means they
are inversely related to each other. Because increased i-phase re-
duces the ductility of the alloys. The inserted chart (violet dotted
line) in Fig. 6 clearly shows that there is a strong inverse proportion
between β-phase concentration (fracture toughness) and i-phase
concentration (hardness). The fracture toughness can be predicted
using the fitted equation (blue dotted line): Y = −3.128 × 10−6

X2 – 5.490 X + 2.203 (where, Y represents the fracture toughness
and X represents the concentration of the i-phase).

3.5. Tribological performance

3.5.1. Effect of i-phase concentration
Wear scars of four (β+i)-alloys (Annealing time0 h–36h)were ex-

aminedwith a scanning electronmicroscope and an interferometer. The
specific wear rate of each sample was obtained by dividing a wear vol-
ume by the load and total sliding distance. In Fig. 7(a), wear scars of the
unannealed sample showed groves and plows with a depth (2.32 μm)
and a width (225 μm) along the sliding direction, indicating abrasive
wear. The samples with increased annealing time exhibit shallower
wear grooves. Even grooves and plows were rare in the sample
annealed for 36 h which had a wear track depth of 0.86 μm and a
width of 180 μm. Because the sample has enough high resistance to lo-
calized plastic deformation. In contrast, the surfaces of both unannealed
sample and the sample annealed for 12 h showed delaminated areas,
which was identified as adhesive wear. That's because all (β+ i)-alloys
contained different sizes of i-phase grain (3.47 μm radius to 9.98 μm ra-
dius). When the (β+ i)-alloy had the smaller i-phase grains, spallation
easily occurred due to reduced contact areawith the beta-phasematrix.
As a result, the combination of two factors (i-phase concentration and i-
phase grain size) determined the wear resistance. The ranking of wear
resistance is the unannealed alloy (2.21 × 10−4 mm3/Nm ±
0.20 × 10−4 mm3/Nm) b the 12 hour-annealed alloy
(1.16 × 10−4 mm3/Nm ± 0.41 × 10−4 mm3/Nm) b the 24 hour-
annealed alloy (1.05 × 10−4 mm3/Nm ± 0.56 × 10−5 mm3/Nm) b the
36 h-annealed alloy (0.50 × 10−4 mm3/Nm ± 0.20 × 10−5 mm3/Nm).

We are also able to approach wear analysis from the viewpoint of
themechanical properties. The mechanical properties of the (β+ i)-al-
loys are found to depend on the i-phase concentration and the grain
size. Eventually, the specific wear rates are determined by the values
of the hardness and the fracture toughness as results in our previous pa-
pers [17,18]. The hardness, fraction toughness, and specific wear rate of
the (β+ i)-alloys are plotted in Fig. 7(b). While the hardness (red-dot-
ted line) rises, the fracture toughness decreases along with the qua-
dratic equations obtained by the experiment (blue-dotted line).
Therefore, the optimal concentration of the i-phase, which shows the
lowest specific wear rate, can be determined as the x-axis value of the
vertex of the specific wear rate trend curve plotted by experimental
values (green-dotted line): Y = 2.124 × 10−7 X2 − 3.3669 × 10−5

X+ 1.640 × 10−3 (Y represents the specific wear rate and X represents
the concentration of the i-phase). The experimental quadratic equation
of the specific wear rate shows a minimum wear rate
(0.55 × 10−4 mm3/Nm) when the concentration of the i-phase is
86.37 wt%. In order words, the two properties (Hardness and Fracture
toughness) that are in inverse relationship indicate that they are best
tribologically combined at the optimum concentration (86.37 wt%) of
the i-phase. If the concentration of the i-phase in the (β + i)-alloy is
less than 86.37 wt%, material removal is dominant and increased due
to lack of hardness. On the contrary, material failure begins to increase
by brittle fracture beyond that concentration (86.37 wt%) since the β-
phase (soft material) barely exists in the (β + i)-alloy.

3.5.2. Effects of i-phase's grain size
Generally, the degree of wear has a negative relationship with hard-

ness according to Archard's equation. Actual wear mode is rarely that

Table 1
Results of the indentation crack dimension test in the (λ + β + i)-alloy and the (β + i)-alloy.

Sample Type Indentation crack dimension

Width [μm] Depth [μm] Area [μm2]

Min. Ave. Max. Min. Ave. Max. Min. Ave. Max.

(λ + β + i)-alloy Lateral crack 516.75 616.69 741.09 149.49 274.63 464.75 36,841 65,749 164,099
Catastrophic rupture 2587.41 3053.38 3519.75 893.75 1002.63 1111.5 1,614,155 2,671,692 3,439,228

(β + i)-alloy Median crack 412.75 556.56 708.51 315.25 411.13 539.52 83,905 121,067 172,445

6 K. Lee et al. / Materials and Design 193 (2020) 108735



Fig. 4. (a) Controlling process of the content and grain size of the i-phase in the (β + i)-alloy according to annealing time and (b) grain size distribution of the i-phase according to
annealing time.

7K. Lee et al. / Materials and Design 193 (2020) 108735



simple in the case of alloys withmultiple phases or composites with re-
inforcement. Thus, to understand the wear mechanism of the (β + i)-
alloy, the effect of the microstructure should be considered. Our results
show a similar tendency: the higher the i-phase concentration in the
sample, the better wear resistance the sample shows. However, the re-
lationship between the mechanical property and tribological perfor-
mance is not linear. The reason is that the tribological performance
varies depending on the contact stress caused according to the grain
size (i-phase), and the frequency of cracking by the generated contact

stress. Even materials with extremely high hardness can be more abra-
sive due to brittle fracture [36]. The dual-phased quasicrystal alloy con-
sists of the β-phase and i-phase. Grains of the i-phase are located in the
beta-phase matrix as a reinforcement like a concept of composites. The
grain size analysis was already described in Section 3.3 Controllable Mi-
crostructure of Dual-Phased QC alloys. The contact stress of the i-phase
grain was calculated under a 5 N load with the aid of the Abaqus simu-
lation in Fig. 8. The smallest single grain (Radius 3.47 μm) of the i-phase
(without annealing) generated the highest contact stress of 24.89 GPa

Fig. 5. Experimentally obtained hardness values and the curve fit (red dotted line) as a function of i-phase concentration. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. Experimentally obtained fracture toughness values and the fitted curve (blue dotted line) as a function of the i-phase concentration. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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because it had the smallest contact area under the same pressure. On
the other hand, decreased contact stress is attributed to the growth of
the contact area as the grains increase. Accordingly, grains (Radius:
9.98 μm) in the (β + i)-alloy annealed for 36 h generate the smallest
contact stress value (22.21 GPa). The higher contact stress forces a
grain to protrude and escape from the surface during wear testing like

insert SEM images (0 h and 12 h annealed samples) in Fig. 8(a). The
missing grains accelerated a material loss. For this reason, the large
number of cracks observed in the grain boundary between beta-phase
and i-phase (0 h and 12 h annealed samples, Fig. 8(b)) worsen the
wear resistance. Therefore, in the case of 24 h and 36 h annealed sam-
ples, they show more favorable wear resistance thanks to the lower

Fig. 7. Specific wear rates as a function of the concentration of the i-phase. (a)microstructure andmeasured profiles of worn surfaces for four (β+ i)-alloys and (b) hardness and fracture
toughness plots of four (β + i)-alloys and the quadratic equation fit.
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contact stress (22.65 GPa and 22.21 GPa) as well as fewer grain bound-
aries. As a result, cracks andmissing grains in the (β+ i)-alloy annealed
for 36 h among the four samples were almost out of unobservable.

We found that the high fracture toughness enhances the wear resis-
tance by preventing crack and fracture in our previous research [17,18].
In this research, contrary to expectations, our results about the specific

Fig. 8. (a) Relationship between the grain size of the i-phase and the specific wear rate. (b) Contact stress simulation and degree of wear of each (β + i)-alloy (0 h–36 h annealing).
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Fig. 9. Specific wear rate and contact pressure of i-phase grain plotted as a function of fracture toughness in four (β + i)-alloys.

Fig. 10. (a) Variation of friction coefficient according to annealing time in four samples. (b) Indirect evaluation of crack or wear using fast Fourier transform.
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wear rate were totally different. We found that the softer it is, the
greater the wear, as shown in Fig. 9. The reason is associated with the
contact stress. Because the contact stress of the i-phase grain has in-
creased with the increase of the fracture toughness, the increased con-
tact stress makes the bonding between the interface of two phases
break and the grains easily come out from the (β+ i)-dual phased ma-
terial. As a result, increased fracture toughness leads to more wear.
Thus, microstructure must be considered with the mechanical proper-
ties for the comprehensive understanding of the wear mechanism.

3.6. Frictional performance

The friction coefficient of the four samples (annealing time: 0 h–
36 h) against a 6 mm WC ball was recorded during wear testing, as
shown in Fig. 10(a). While the unannealed sample is composed of the
i-phase (59.24 wt%) which shows the highest friction coefficient value
(0.363), the sample annealed for 36 h shows the lowest friction coeffi-
cient value (0.252) because the sample contains 81.75% i-phase. The re-
maining samples (12 hour-annealed and 24 hour-annealed samples)
show friction coefficients of 0.331 and 0.304, respectively. From this re-
sult, we can conclude that there is a negative correlation between the
annealing time and the friction coefficient. That is, longer annealing du-
ration leads to an increase in the volume fraction of the i-phase. In-
creased i-phase plays an important role in terms of friction reduction.
Therefore, the use of the alloy with high i-phase concentration is able

to save kinetic energy or thermal energy when surfaces in contact
move relative to each other.

The degree of crack or wear was again evaluated using the indirect
method (Fast Fourier Transform). The recorded data of the friction coef-
ficient was transformed to amplitude and frequency chart in Fig. 10(b).
The friction coefficient shows high peaks on the spots having a crack or
material removal. Numerous strongpeakswere periodically observed in
the FFT chart of two alloys (0 h and 12 h). However, the periodic strong
peaks were moderated as the annealing time increased. Finally, the
peaks were not observed in the alloy (36 h) because crack and material
removal did not exist duringwear testing.We can easily identify the ex-
istence or nonexistence of material failure with only friction data.

3.7. Correlation between i-phase and other factors

The (β + i)-dual phased alloys were investigated in various ways.
Among them, six types of factors were selected for correlation analysis:
volume of i-phase, hardness, fracture toughness, wear rate, friction coef-
ficient, and grain size of i-phase. According to the statistical correlation
chart in Fig. 11, the volume of the i-phase showed a high correlation
with others overall. Especially, it has a strong positive correlation with
hardness (0.999). Meanwhile, fracture toughness (−0.997) shows a
strong negative correlation with the volume of the i-phase. Statistical
results allow us to confirm their inverse relationship again. The hard-
ness (−0.976) of the alloy plays themost important role in determining
the degree of wear rate. Next, the grain size of the i-phase (−0.973) is

Fig. 11. Scatterplot matrix of the volume of i-phase and mechanical & tribological factors.
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also a dominant contributor on wear. Consequently, microstructure in-
evitably has to be studied for the wear mechanism.

4. Conclusions

Among a series of quasicrystal alloys containing different phases, the
(β+ i)-dual phased alloy (Al57Cu33Fe10) was chosen and then prepared
by a two-step process (arc-melting and annealing). The dual-phase
alloy is composed of beta and icosahedral phases. The beta-phase in-
creases the ductility of the alloy as a matrix by completely covering
the round shape of the i-phase like so many reinforced composites.
Therefore, the (β + i)-alloys possess both high hardness and favorable
fracture toughness, which leads to improved wear resistance as well
as impact resistance. The annealing process is able to adjust the concen-
tration (from 59.25 wt% to 81.75 wt%) and the grain size of the i-phase
(from 3.47 μm to 9.98 μm). Based on all experimental results, the wear
resistance of the quasicrystal alloy with the highest concentration of
the i-phase was improved around 77.38% compared to that of the qua-
sicrystal alloy with the lowest concentration due to the higher hardness
and the lower contact stress. In addition, the friction coefficientwas also
improved by up to 30.58%.

Additionally, the experimental equations were obtained. They will
be useful to determine the optimal conditions and predict the life span
of the material. Interesting results revealed in this research can lead to
future studies that focus on the corrosion behavior of quasicrystal alloys.
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