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Abstract: Al-Si alloys exhibit promising wear resistance, thus being mainly employed to weld Al
alloy parts and processed into components of equipment. During the new continuous casting direct
rolling (CCDR) process, the raw material gradually cools and solidifies, simultaneously plastically
deformed. Hence, the materials manufactured through the CCDR process presented an unparalleled
microstructure. The experimental results indicated that the strength of the CCDR Al-Si alloy can be
increased through cold rolling. A two-stage heat treatment (solid solution and aging treatment) was
introduced to improve the ductility and satisfy the industrial application. Furthermore, the erosion
wear characteristics and fracture mechanism of the CCDR Al-Si alloy dominated by the ductility were
confirmed. Both cold rolling specimens (FR) and those with heat treatment (FRH) showed greater
wear resistance than as-manufactured (F). The FR specimens exhibited greater wear resistance owing
to a higher Al matrix strength at a lower impact angle; on the other hand, at a higher impact angle,
the FRH specimens with a softer Al matrix presented better wear resistance due to the formation
of a lip structure to reduce material removal. The TEM results confirmed that the nanoscale grains
formation was induced in the erosion-affected region and affected the Si concentration. Conclusively,
the heat-treated CCDR Al-Si alloy possessed excellent erosion resistance and workability, which can
serve as a reference processed as wear-resistant mechanical parts.

Keywords: Al-Si alloy; continuous casting direct rolling (CCDR); erosion wear; mechanical properties;
phase transformation

1. Introduction

The continuous casting direct rolling (CCDR) process comprises continuous casting
and hot-strip rolling [1-4]. The CCDR process significantly features deformations that
can be accomplished on the same production line. As for energy efficiency and costs
caused by the labor and process, the CCDR process is regarded as a promising high-
efficiency production technology in industrial applications. Compared with the traditional
casting and extrusion processes, the CCDR process contributes to high-strength quenched
microstructure formations exhibiting excellent mechanical properties [4,5]. The materials
applied in the CCDR process are mainly copper and iron-based alloys [2,6].

Now, only steel and copper alloys have CCDR products; the aluminum alloy has a low
melting point, a narrow solidification temperature range, and insufficient material strength,
so there is no CCDR product. It is worth noting that CCDR technology for Al alloys has
gradually aroused attention in recent years, but current reports on Al-Si alloys are still
rare [3,5,7,8]. Therefore, the Al-Si alloy, considered as highly fluid and with excellent
wear resistance, was introduced to the CCDR process for the purpose of developing high
wear-resistant materials used in the industry [3,9,10].

In previous literature, Si efficiently increased the fluidity of the Al alloy as a liquid
state, inhibited its thermal expansion rate, and formed a Si solid solution in the Al matrix
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to improve the wear resistance [11-15]. The aforementioned properties contribute to this
alloy wildly employed as a welding material for Al alloy parts and as a cylinder head or
a lifter between the piston in engine systems [16]. According to the advantages reported
in previous studies, combining the CCDR process with a potential Al-Si alloy can further
improve the mechanical properties and considerably save production costs [3,5].

Considering the cold workability of wire rods used in the production of a Al-Si
alloy for high wear-resistant purposes, the rolling process was added after the CCDR
process to compare the mechanical properties and wear resistance [17]. Nevertheless,
cold rolling will also be accompanied by the disadvantage of a reduced ductility. The
cold-worked wire bars would increase the ductility after the two-stage heat treatment for
industrial applications [18-20]. In addition, reducing the residual stress and improving the
ductility after cold working through recrystallization was contributed by the two-stage heat
treatment, including a solid solution treatment and aging treatment [21]. The specimens
after cold rolling were subjected to the solid solution treatment at 540 °C for 4 h (water
quench) and aging at 170 °C for 12 h (air cooling) [22,23]. The solid solubility of Si in Al is
rare under 523 K in the Al-Si phase diagram, and Si precipitation would redissolve into the
Al matrix after the solid solution treatment beyond this temperature [24].

Several studies have reported that the ceramic particles hit the metal specimens’
surface at a high speed during particle erosion, and kinetic energy is transformed into
heat, which can raise the temperature of the surface to 400-500 °C instantaneously [25-27].
This phenomenon of high temperature and local high stress effects the results in the phase
transform (phase dissolved or formation) on the surface and has been demonstrated on
other metal materials [26,28-30]. The phase transform plays an important role, affecting the
hardness and mechanical properties [29,31,32]. Therefore, the investigation of the phase
transform mechanism and examination reliability after particle erosion in the CCDR Al-Si
alloy subjected to different conditions is the main concept in this study. Compared with
traditional processes, where the Al alloys are first cast, demolded, and cut into billets and
then subjected to hot extrusion or rolling to form bars or plates of specific sizes, the CCDR
process effectively reduces the production costs [2,3]. The results of this study can serve
as a major breakthrough in the industrial application research of the CCDR Al-Si alloy.
Relevant literature worldwide on the CCDR Al-Si alloy is currently still lacking, so the
results provide a crucial reference for Al alloy processing technology.

2. Materials and Methods

In the CCDR process, a single machine directly produces Al alloy wire coils
(Figure 1a,b), Tainan, Taiwan, Ting Sin Co., Ltd.. In this study, CCDR Al-Si alloy bars
with diameters ¢10 mm serve as the research materials applied in the tensile and erosion
wear tests, shown in Figure le—i (as-manufactured and under processing). The chemical
compositions of the research materials named “F” are as shown in Table 1. In the pre-
experiment, CCDR Al-Si alloy bars were rolled into strips of different thicknesses through
different reduction rates, then used to confirm the maximum cold working limit of cold
rolling by the observation of crack formations on the edges of specimens. As the results
exhibited, the reduction ratio was set at 60%, which was named “FR” (diameter of the
specimen: 10 mm—4 mm), as shown in Figure 1c. Moreover, FR were subjected to solid
solution treatment at 540 °C for 4 h (water quench) and aging at 170 °C for 12 h (air cooling).
Those were named “FRH”. The parameters and motivations are summarized in Table 2.
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Figure 1. (a) Al-Si alloy CCDR equipment, (b) bar coil of the CCDR Al-Si alloy, (c¢) schematic
diagram of the bar being cold rolled into strip, (d) the definition of the axial and transverse sections,
(e) as-manufactured and (f) as-manufactured after rolling, (g) dumbbell-shaped tensile specimens,
(h) dog-bone-shaped tensile specimens, and (i) specimens for erosion wear.

Table 1. Chemical composition analysis of the Al-Si alloy (wt.%).

Elements Al Si Fe Cu Mn Mg Zn Ti
Composition  Bal. 4.86 0.23 0.079 0.003 0.002 0.017 0.02
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Table 2. Treatment conditions and motivations for each group.

Group Treatment Conditions Motivations

fundamental material

F As-manufactured . .
properties evaluation

FR as-manufactured + rolling strain hardening

FRH As-manufactured + rolling + heat treatment secondary cold working

The microstructure was observed in the parallel (axial section) and vertical (transverse
section) directions to the rolling direction from the CCDR process, as shown in Figure 1d
with an optical microscope (Olympus BX41M-LED, Tokyo, Japan) and scanning electron
microscopy (SEM) (Hitachi SU-5000, Hitachi, Tokyo, Japan). The specimens were grounded
with #80—#4000 SiC sandpaper and polished with 1 and 0.3-um Al,O3 and 0.05-um SiO,
powder. Afterwards, Keller’s reagent (19-mL HNOj + 9-mL HCl + 6-mL HF + 19-mL H,0)
was used to etch the surface.

For the tensile test, the F was processed into dumbbell-shaped tensile specimens
(Figure 2a). After the rolling process, the bars were transformed into sheets, the FR and
FRH were processed into dog-bone-shaped tensile specimens (Figure 2b) at a fixed tensile
rate of 1 mm/ min. Each parameter was subjected to ten times tensile tests for averaging
the strength and elongation. The hardness was detected in units of HRF (Mitutoyo AR-10,
Kawasaki, Japan).
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Figure 2. Specifications of the tensile specimens: (a) group F, (b) groups FR and FRH, and (c) speci-
mens for erosion wear (a flow chart of three pieces combined into one piece).

The erosion specimens and experimental equipment to investigate the wear resistance
are shown in Figure 3a—c. The eroded particles (Figure 3d) are irregular Al,O3 particles
(range from 125 to 150 um). The erosion test was conducted with 200-g Al,O3 ceramic
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particles, the inlet pressure was fixed at 3 %, and the working distance was 20 cm. The
impact angle ranged from 15° to 90°, and the interval increment was 15°. Each condition
was tested with five specimens. The erosion rate is defined by the total mass of the removed
material divided by that of the eroded particles hitting the surface, showing the erosion
rate changing at different angles [25,26].

(a)

Injection Pressure : 3 kg/cm?*

Air flow

Adjust the control dial to
modify impact angle

(b) &‘ Erosion
, , Surface

Erosion
Subsurface

Figure 3. (a) The erosion test equipment developed by our group, (b) the position of the erosion sur-
face (working surface) and the erosion subsurface, (c) the cross-sectional view of the specimen carrier
and the definition of impact angle, and (d) Al,O3 ceramic particles for erosion wear experiments.

The phase of as-manufactured (F) was analyzed with cold rolling (FR) and the two-
stage heat treatment after cold rolling (FRH) of the CCDR Al-Si alloy, as well as the
phase transformation induced by particle erosion wear on the specimen surface. The F,
FR, and FRH groups were named the FE, FRE, and FRHE groups, respectively, after the
erosion wear. An X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) detected
the phase structure of the surfaces of all the specimens to clarify the particle erosion
mechanism. Moreover, to further investigate the surface crystal structure and fine grains
caused by erosion-induced phase transformation, the focused ion beam (FEI Helios G3CX,
Houston, TX, USA) cutting a cross-section of FRH with the best wear resistance under a
high angle was surveyed by transmission electron microscopy (TEM) (JEOL JEM-2100F,
Tokyo, Japan) [25,26,33].

3. Results and Discussion
3.1. Microstructural Characteristics

Figure 4 presents the microstructures of the F, FR, and FRH in the axial and transverse
sections. The white and dark regions indicate that the Al matrix and Si precipitations,
respectively. A comparison of Figure 4a,d reveals that the materials manufactured through
the CCDR process (F) exhibited microstructural differences in different sections. The
dendritic structure was partially destroyed and the irregular Si organization aggregated
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in the transverse section after the cold rolling process in the FR specimen, as shown in
Figure 4b,e. However, an inconspicuous change in microstructure of the axial section can
be observed through OM. In contrast to the F specimen, FR showed a long strip of Si-rich
zone transform into a thicker one caused by stress compression. The FRH specimen shown
in Figure 4c¢,f. Si precipitation was crushed during cold rolling and redissolved into the Al
matrix by the solid solution treatment, resulting in round Si particles and an oval-shaped
Si-rich zone formation after the aging treatment. An observation by the Si particles through
backscattered electronic (BSE) image in microstructure of the axial section is shown in
Figure 4g—i.

FRERTISY 50 um |

- e

@ 20 um

Figure 4. The microstructure evolution of the CCDR Al-Si alloy after cold rolling and T6 heat
treatment after cold rolling in the axial section and the transverse section: (a) F, transverse, (b) F,
axial, (c) FR, transverse, (d) FR, axial, (e) FRH, transverse, and (f) FRH, axial. BSE image of (g) F,
axial, (h) FR, axial, and (i) FRH F, axial.

The size and distribution of the Si particle influences on the Al matrix play a significant
role in the mechanical strength and ductility of Al-Si alloys [34]. Different shapes of Si
particles in the microstructure can be changed by F, FR, and FRH. Refining the Si particle
can substantially improve the material ductility to satisfy the requirements for industrial
application [28].

3.2. Tensile Mechanical Properties and Hardness

Figure 5a, after cold rolling, the yield strength (YS) of the specimens increased from
115 to 220 MPa, and the ultimate tensile strength (UTS) increased from 169 MPa to 240 MPa.
Figure 5b exhibited the uniform elongation (UE) and total elongation (TE), which decreased
from 11.8% and 20.2% to 3.2% and 16.7% after cold rolling, respectively. Compared to the
literature [34], the CCDR Al-Si alloy displayed mechanical properties superior to that of the
traditional processes. The aforementioned ductility cannot satisfy further cold workings
to form fasteners, thinner wires, and screws; therefore, the heat treatment is necessary for
ductile improvement.
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Figure 5. Tensile properties: (a) strength, (b) elongation, and (¢) HRF hardness of the CCDR
Al-Si alloy.

As shown in Figure 5a, after the heat treatment, (FR—FRH), both YS and UTS were
reduced (Table 3). Figure 5b indicated that the ductility was significantly improved in
both the UE and TE after the heat treatment (Table 3). The ductility can correspond to the
industrial need; on the other hand, the strength dramatically decreased. Conclusively, there
are two main reasons for the substantial increase in ductility: (1) the dendritic structure
partial fracture recrystallized and equiaxed after the heat treatment, and (2) the Si particles
become finer, round, and blunt after the heat treatment, which can alleviate the tensile
crack propagation rate [28,35,36].

Table 3. Mechanical properties of the Al-Si alloy.

Group YS (MPa) UTS (MPa) UE (%) TE (%) HRF
F 115 169 11.8 20.2 50
FR 220 240 3.2 16.7 73
FRH 38 77 29.7 55.3 28

SDof YS (MPa)  SD of UTS (MPa) SDof UE (%) SDofTE (%)  SD of HRF

F 13.60 17.64 1.07 2.88 1.00
FR 3.87 1.75 0.53 0.80 0.80
FRH 4.12 497 1.52 2.16 1.10

The hardness (Figure 5c) indicated that cold rolling can increase the HRF hardness to
approximately 70 and decrease it to approximately 30 after the heat treatment. Since the
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Si content exceeded the solid solubility in the Al matrix, the solid solution strengthening
effect achieved the limit and was difficult to increase by the heat treatment. Although the
rounding of the Si particles caused a decrease in the hardness, the heat treatment reduced
the brittleness effect for better workability of the CCRD Al-Si alloy. Nevertheless, for the
purpose of CCDR Al-Si alloy manufacturing, we should consider not only mechanical
properties but, also, the wear resistance [3,37].

3.3. Characteristics and Mechanism of Erosion

Figure 6 exhibited the erosion rates at different impact angles. The maximum erosion
rate represented the lowest wear resistance, and the impact angle corresponding to the
maximum erosion rate revealed the dominance of the wear mechanism.

6
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Figure 6. Erosion rate as a function of the impact angle of the CCDR Al-Si alloy.

According to previous studies, the typically ductility wear mechanism is collectively
controlled by cutting, plowing, and plastic deformation. In the range of 15-30°, as the
angle increases, the corresponding erosion rate gradually increases; in contrast, the erosion
rate gradually decreases in the range of 30-90° [38,39]. The results conducted on the
three specimens indicated a typical ductile fracture mode, with the maximum erosion rate
located at an impact angle of 30° and the minimum erosion rate observed at 90°. The
erosion rates of the specimens were ranked as F > FR > FRH as an impact angle lower than
45° and F > FRH > FR as an impact angle greater than 45°. Notably, under all the impact
angle conditions, the F specimen exhibited the lowest wear resistance.

Under low-impact angle conditions, the high hardness brought out the FR specimens’
greater wear resistance; on the other hand, under high-impact angle conditions, the FRH
specimens with the lowest hardness showed higher wear resistance. It can be concluded
that the effect of hardness on the erosion wear resistance depended on the conditions
at different impact angles. On the other hand, compared with the erosion results of the
traditional Al-Si alloy, the CCRD Al-Si alloy has better wear resistance [26].

3.4. Surface Characteristics of Erosion

Figures 7 and 8 present the morphology of the surface and subsurface at impact angles
of 30°, 60°, and 90°, respectively. At angle 30°, all the specimens exhibited clear grooves on
the erosion surface due to the particle impact. Compared with F and FRH, the FR specimen
exhibited a narrower groove width characteristic, which can indicate that a high hardness
leads to a high wear resistance and forms a shallower groove trend in FR [27,29]. On the
contrary, the FRH specimen with the softest matrix cannot afford a particle impact and
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demonstrates the cutting phenomenon, with an appearance like a squeezed lip on the
erosion surface [40-42].

-

Figure 8. Microstructure characteristics of the subsurface of erosion (the arrow represents the
direction of particle erosion).

At an impact angle of 90°, the erosion rate was ordered as F > FR > FRH, with Al,O3
particles vertically impacted on the specimen surface. Due to its high hardness but low
ductility, the FR specimen revealed a fractured morphology, as of brittle materials, with
amounts of crack growth by high-speed impact from Al,Oj3 particles. Nevertheless, the
FRH with high ductility yields a substantial buffering effect to counteract the plastic
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deformation after erosion, appearing as plenty of grooves on the erosion surface. The F
specimen showed characteristics between FR and FRH. [43,44].

3.5. Surface Phase Composition after Erosion

According to the literature, the particle erosion prompt surface temperature up to
400-500 °C contributed to phase transformation [25,27]. After erosion, the Si particles in
the Al-Si alloys dissolved the solids into the Al matrix [24,45,46].

The specimens subjected to the erosion wear experiment were named FE, FRE, and
FRHE, respectively. The surface phase before and after erosion wear were investigated
through XRD (Figure 9). The results indicated that the peaks strength all changed slightly
after erosion, with no other peaks emerging. The reason why the peak intensities are
changed is affected by the breaking of the dendrites and solid solution of the primary crystal
Si, while slightly altering the preferred orientation [29,47]. In general, the alter-orientation
resulted in the peak intensities decreasing and broadening. The high temperature induced
by erosion caused recrystallization and grain refining to occur, which is another factor that
causes broadening peaks. However, because the depth of the erosion-affected region was
several um, it caused material removal due to erosion. Therefore, the phenomenon of the
broadening of peaks cannot be observed.
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Figure 9. The XRD analysis of the erosion surface of each specimen before and after erosion.

The material texture orientation transformation after cold rolling resulted in the peak
intensities substantially decreasing, and the texture effect further altered after the heat
treatment. What is worth noting is that the FRHE specimen exhibited conspicuous texture
orientation of the Al matrix compared to that of FRH. This study applied TEM to confirm
the changes in the texture effect. In addition, the application data of the CCDR Al-Si alloy
was summarized in Table 4.

Table 4. Comparison of the material application properties (e: better).

Continuous Save Energy, and Workabilit Erosion Wear Stable Phase
Production Process Costs Y Resistance Structure
CCDR
[ ) [ ] [ [ ]
process
Traditional
[ ) [ ]

Process
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3.6. Erosion Induces Phase Transformation

To further clarify the phase transformation before and after erosion, the FRH with the
highest wear resistance under 90° was surveyed by SEM and TEM. The erosion subsurface
was divided into two regions, consisting of an erosion-affected region on the top and
a-Al matrix below (Figure 10). In the former region, the high temperature during erosion
induced Si nanoprecipitation. The compositions of the Al, Si, and O depth changes in the
Al matrix were detected by the EDS of TEM (Figure 11a—d). The results revealed two parts:
(1) Si gradually decreasing while away from the erosion surface and the (2) O concentration
increasing in the erosion-affected region, indicating Al oxidization to Al,Os.

P T NCE O S

Erosion-affected region #

o-Al matrix 2% o i S
; x1.80K sa'u%w‘!s[zoz%‘?-t‘v‘s

Figure 10. (a) The schematic diagram of the erosion-affected region and «-Al matrix, the SEM image
of (b) the erosion-affected region, and the (c) x-Al matrix.
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Figure 11. (a) EDS sampling point, (b) changes of the element concentrations at different points, and
the element pattern of (c) point 1 and (d) point 5.
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In Figure 12a, the nanoscale grains were comprised of the erosion-affected region, at a
depth of approximately 0.4 um, with a clear boundary segmentation of the erosion-affected
region and «-Al matrix. In mapping the results of the EDS, Si was solid-dissolved in both
regions (Figure 12b) compared to the EDS results in Figure 12b, which revealed that Si has
a low solubility in the «-Al matrix. Therefore, the Si solution diffraction pattern could not
be observed in Figure 12e.

R1=3.9419 1/nm
R2 =4.6962 1/nm
R3 =4.8489 1/nm

0.4141 nm

zone axis: [0 1 1]

Figure 12. (a) TEM image of FIB cross-section view, (b) EDS elemental mapping images, TEM bright

field image of (c) the x-Al matrix, (d) an erosion-affected region, corresponding to the SAED pattern
of (e) the x-Al matrix, and (f) an erosion-affected region.
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The bright field and SAED patterns of the «-Al matrix and erosion-affected region are
shown in Figure 12c—f. The sampling positions of Figure 12e,f are, respectively, marked
by the circles in Figure 12¢,d. Al lattice distortion is caused by a solid solution of Si and
Figure 12e. The phase transformation schematic is exhibited in Figure 13. The erosion-
affected region was composed of fine grains by erosion; the SAED pattern presented the
diffraction consisting of multiple crystal planes (Figure 12f). Compared with x-Al grains
in the matrix, extremely fine grains can serve as a resistance effect to protect the particle
impact and difficultly forming such pits after erosion. These results not only corresponded
with FRH coming as the highest erosion rate at high angles but also reflected the grain
orientation changing in the XRD results.

Erosion direction

B AR X FH AN e
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Erosion-affected

QoL "" _QQ‘\‘.QI Y X/ region
Sl tavss i o b T ey
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>— a-Al matrix

J

Figure 13. The schematic diagram of the structural characteristics and morphology of the phase
transformation mechanism.

4. Conclusions

1. The strength of the CCDR Al-Si alloy can be significantly improved through cold
rolling; ductility is not suitable for further processing. The two-stage heat treatment
increase the ductility but decreases the strength, in comparison to the former, though
it can satisfy the requirements for secondary cold working.

2. The CCDR Al-Si alloy under different conditions exhibited a ductile-dominated
erosion mechanism. Cold rolling alone or in combination with a heat treatment both
improved the wear resistance. The FR specimen showed the best wear resistance at a
lower angle, but the FRH specimen was at a higher impact angle.

3. The CCDR Al-Si alloy had a stable phase structure; no new phase appeared, and
both the peak intensity and preferred orientation changed after erosion wear. Erosion
induced fine grains, and a Si solid solution effect improved the erosion resistance.
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