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Abstract

Semi-solid rheological squeeze forming has distinct
advantages over traditional casting and forming tech-
niques. In this study, a high-performance thin-walled
CuSnlOP1 alloy was successfully produced by combining
liquid-metal instantaneous undercooling-induced nucle-
ation, semi-solid slurry homogenization treatment, and
semi-solid rheological squeeze forming. The effects of the
forming specific pressure (MPa) and filling speed (mm/s)
on the microstructure and mechanical properties of these
parts were explored in this study, and the influence of the
intergranular brittle phase (o-Cu 4+ 6-CuyySn;; + CusP)
content on the mechanical characteristics was determined.
CuSnlOP1 alloy with a Cu;3,5n phase exhibiting a large
number of spherical or nearly spherical morphological
features coexisting with the high-tin solid-solution layer

morphology was discovered and prepared at a mold tem-
perature of 485 °C, specific pressure of 165 MPa, and
filling speed of 22 mm/s. Parts with this microstructure had
excellent mechanical properties, including an ultimate
tensile strength of 419.95 MPa, yield strength of
228.89 MPa, and an elongation of 13.71%. This study
illustrates the viability of semi-solid rheological squeeze
casting for manufacturing high-performance thin-walled
high-tin copper alloys.

Keywords: CuSnl0P1 alloy semi-solid rheological squeeze
casting, liquid-metal instantaneous undercooling-induced
nucleation, metal semi-solid slurry preparation technology,
microstructure, mechanical properties

Introduction

As important alloys for industrial applications,’ Cu—Sn
alloys are widely used in the manufacture of bushings,
impellers, and electronic equipment connectors owing to
their high strength and toughness, wear resistance, corro-
sion resistance, and excellent electrical conductivity. They
can meet the high-performance requirements of certain
components in high-speed railways, aircraft, and ships.”~
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Semi-solid processing (SSP) is a metal-forming technique
that combines the advantages of traditional forging and
casting.® Compared to forged products, SSP can produce
complex parts with near-net shapes,”® excellent mechani-
cal properties, and good surface quality.” Aluminum and
magnesium alloys have been extensively studied over a
wide range of semi-solid temperatures.'®"® Apelian
et al."*'> proposed a continuous rheoconversion process
(CRP) based on passive liquid-mixing technology to obtain
spherical structures by controlling the nucleation and
growth of the primary phase; it is now widely used in
aluminum—copper (A206), wrought aluminum, and Mg
alloys. However, semi-solid processing is difficult for high-
melting point alloys owing to the wide temperature range

International Journal of Metalcasting/Volume 18, Issue 2, 2024


http://crossmark.crossref.org/dialog/?doi=10.1007/s40962-023-01109-3&amp;domain=pdf

of the solid-liquid lines. Nonetheless, the unique semi-
solid structures with excellent mechanical properties have
attracted research interest.'® Meng et al.'”'® demonstrated
the feasibility of recrystallization and partial melting
(RAP) method for producing semi-solid blanks of SKD61
steel with a homogeneous spherical microstructure. Jiang
et al.'” studied semi-solid blanks in the GH4037 alloy
preparation process and investigated their microstructural
evolution.

In addition to research on the application of semi-solid
forming technology to steel- or nickel-based high-temper-
ature alloys, SSP of copper alloys has been reported. Cao
et al.?® proposed a method for preparation of semi-solid
copper alloys by rotary swaging strain-induced melt acti-
vation (RSSIMA) and investigated the influence of tissue
characteristics on the elastic—plastic properties of semi-
solid tin—copper alloys. Jia et al.?' investigated the effect of
semi-solid isothermal treatment on the Cu—10Ni-Si (mass
fraction, wt%) alloy and the effect of the solid-solution
treatment process on the microstructure and phase
composition.

From the analysis, the main research methods for high-
melting point alloys are based on thixotropy. It is relatively
easy to store and transport blanks using thixotropic tech-
nologies. However, the length and complexity of the
preparation process for semi-solid paste increase produc-
tion costs and are not favorable for industrial use. High-
melting point alloys are characterized by high forming
temperatures, rapid temperature drops, and high require-
ments for semi-solid slurry preparation, limiting the use
and development of rheological forming technologies.'®
Nevertheless, with the great potential of semi-solid rheol-
ogy,** the rheological forming of high-melting point alloys
has attracted research attention, particularly in the steel
industry.”® High-tin copper alloys are particularly vulner-
able to brittle Cu,—Sn;qo_, intermetallic phases such as d-
Cuy;Sny; in conventional casting processes, making them
unsuitable for plastic processing.”**> Thus, high-tin copper
alloys are restricted to cast products*®’ and are unsuit-
able for technical applications.”*® Korean researchers™’
investigated the toughening of CuSnj; alloy after annealing
at 750 °C and deformation at high temperatures. The
strengths of air- and water-cooled specimens improved;
plasticity increased from 0.2% in the as-cast specimen to
0.3% and 3.6%, respectively, indicating the little possibil-
ity of use in plastic processing. When deformed after
annealing at temperatures ranging from 320 to 500 °C, tin
elements diffused from the intergranular to the intracrys-
talline; when deformed after annealing at temperatures
ranging from 500 to 800 °C, tin elements migrated to the
intergranular.’' Thus, the potential law of the brittle phases
and high-tin copper alloy parts must be clarified to reduce
or eliminate the high-tin brittle 5-Cuy;Sn;; phase as much
as possible in semi-solid rheological squeeze casting.
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This study investigates the effect of different rheological
squeeze-forming process parameters on the microstructure
and mechanical properties of CuSn10P1 alloy, focusing on
the relationship between forming specific pressure (MPa)
and filling speed (mm/s) in the intergranular brittle phase
(o« + & + CusP). In addition, the microstructural evolution
and strengthening mechanism of CuSnlOP1 alloy rheo-
logical squeeze parts were investigated. The results confirm
the feasibility of melt transient undercooling-induced
nucleation in production and industrial application of high-
performance thin-walled CuSn10P1 alloy parts with high
strength and plasticity.

Experimental Procedures
Materials

The experimental material was a CuSn10P1 copper alloy
bar (0 91 mm). The solid-liquid temperature range of the
CuSnlOP1  alloy was measured as 185.0 °C
(839.3-1024.3 °C) by differential scanning calorimetry
(DSC, NETZSCH STA449F3). Fluorescence spectrometry
(Axios pw4400 X-ray) was used to determine the sample
composition, as shown in Table 1.

Preparation of CuSn10P1 Alloy Semi-solid
Slurry and the Rheo-squeeze Casting Process

Figure 1 shows a schematic of the CuSn10P1 alloy semi-
solid slurry preparation and rheological squeeze casting,
with four processes, as shown in Figure la.

(a) Purification and melting processes. As shown in Fig-
ure 1b, 5.5 kg + 50g of CuSn10P1 alloy was melted in a
medium-frequency induction furnace; the 1200 + 1 °C
CuSn10P1 melt was purified by degassing and de-slagging,
followed by air cooling to 1080 £ 1 °C in the furnace.

(b) CuSnlOP1 semi-solid slurry preparation process. As
shown in Figure lc, the self-designed and developed lig-
uid-metal instantaneous undercooling-induced nucleation
semi-solid slurry preparation device was used; the device’s
tilt angle was set at 45°; the real-time flow rates of the
upper and lower water tanks were set to 30 ml/s and 25 ml/
s, respectively. Liquid-metal instantaneous undercooling-
induced nucleation (LMIUIN stage) was performed on the
purified CuSn10P1 alloy melt, resulting in a large tem-
perature drop (approximately 90 °C) in a short period of

Table 1. Chemical Composition of CuSn10P1 Alloy

Element Cu Sn P Impurity
Content [wt%] 88.76 9.89 0.85 0.17
1439
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Figure 1. Schematic of semi-solid slurry preparation and rheological squeeze-forming process.

time, resulting in a high cooling rate (approximately
450 °C/s).** A graphite crucible with a preheating tem-
perature of 990 °C was used to collect the semi-solid

slurry.

(c) Homogenization treatment (HT stage). As shown in
Figure 1d, the short-term homogenization treatment (20 £
1 s) was completed after collection of the CuSn10P1 semi-
solid slurry by preheating the crucible at 990 °C.

(d) CuSn10P1 alloy semi-solid rheological squeeze-casting
process (SC stage). To complete squeeze forming, the
semi-solid slurry of CuSn10P1 alloy in the collected cru-
cible was injected into the bottom injection extruder,
maintaining pressure for 20 £ 0.5 s before removal from
the mold and air cooling (Figure le).
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Microstructure and Mechanical Property
Analysis

To broaden the application of CuSnl10P1 alloy parts, the
parts investigated in this study simulated a specific type of
marine slide rail sheet with a maximum thickness of 5 mm.
The squeezing process parameters were designed according
to the orthogonal test design scheme presented in Table 2
to study the influence of different squeeze process param-
eters on the microstructure and properties of CuSnl10P1
alloy parts. The microstructure observation and tensile
samples were processed according to their positions and
sizes, as shown in Figure 1d. The microstructures of the
samples were examined using a Wuxi brand sandpaper; the
samples were polished using 280#, 400#, 600#, 800#, and
1000# metallographic sandpapers in turn, before
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Table 2. Factors Levels of Orthogonal Test for the Rheo-
squeeze Casting Parameters

Experimental Forming Filling Mold preheating
serial number specific speed temperature (°C)
pressure (MPa) (mm/s)
1 145 18 485
2 145 20 485
3 145 22 485
4 155 18 485
5 155 20 485
6 155 22 485
7 165 18 485
8 165 20 485
9 165 22 485

mechanical polishing with a 500 nm diamond polishing
liquid. After polishing, the samples were corroded for 7-8 s
with a 10% FeCl; solution (10 mL FeCl; + 10 mL
HC1 + 100 mL H,O), washed with anhydrous ethanol, and
dried. The microstructure and fracture morphology of the
samples were examined using a Nikon ECLIPSE MA200
metallographic microscope (OM). The microstructures and
elemental distributions of the parts were examined using a
tungsten-filament scanning electron microscope (FE-SEM)
in conjunction with an energy-dispersive spectrometer
(EDS). Dog-bone-shaped tensile specimens were tested on
a universal testing machine at a tensile speed of 1 mm/min
at room temperature. The yield strength (YS), ultimate
tensile strength (UTS), and elongation (EL) of the speci-
mens were determined using tensile stress—strain curves.
To improve the statistical significance, three replicate
tensile tests were performed on the CuSn10P1 parts for all
process parameters. The standard deviation was used to
measure the extent to which the test results deviated from
the arithmetic mean to gauge the validity and accuracy of
the data, calculated as

S (si—5)°

n

S= Eqn. 1

where S is standard deviations; S; (i = 1, 2, 3) is the test
result; 5 is the mean of the three test results; and 7 is the
total number of samples.

Image-Pro Plus software was used to quantify the average
grain size (D) and shape factor (F), which were determined
using Egs. (2) and (3):'°

D— vazl V4Ai/T
N

_ va:l 4”Ai/Pi2
N N

Eqgn. 2

F Eqn. 3
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Figure 2. Macrograph of rheo-squeeze CuSn10P1 parts.

The area and perimeter of the solid particles are denoted as
A; and P;, respectively; the total number of solid particles is
denoted as N. If F approaches 1, it suggests that the solid
particles are circular.

Result
Macroscopic Morphology of CuSn10P1 Parts

The macroscopic morphology of CuSnl0P1 semi-solid
rheologically formed parts is depicted in Figure 2. The
research object of this study is a thin-walled part composed
of a rectangular sheet with a wall thickness of 5 mm.
Filling of the parts was complete in all experiments; no
cracks appeared, and the parts had good surface quality.

Microstructure and Mechanical Properties
of Rheo-squeeze CuSn10P1 Alloy Based
on Orthogonal Experimental Design

In this study, L9(3)2 orthogonal table (Table 3) was created
to explore the influence degree and influence law of dif-
ferent factors on the ultimate tensile strength (MPa) and
elongation (%) of the CuSnl0P1 alloy parts. Each factor
had three levels values that all were determined
experimentally.

The statistical analysis results for the effects of forming
specific pressure (MPa) and filling speed (mm/s) on the
ultimate tensile strength (MPa) and elongation (%) are
presented in Table 4. Single-factor analysis was performed
on the results of the orthogonal experimental design to
determine the influence of a single factor on the ultimate
tensile strength (MPa) and elongation (%). Furthermore,
range analysis (RA) results revealed the most significant
factors. K; (i = 1, 2, 3) is the mean of the level values of the
factors presented in Table 3. The range (R) is the difference
between the maximum and minimum level values, as
indicated in Table 4. According to the results of the range
analysis provided in Table 4, the order of significant levels
for both ultimate tensile strength (MPa) and elongation (%)
is represented as: ‘filling speed > forming specific
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Table 3. Description of Process Parameters in Each Experiment

Experimental serial

Forming process parameters

Experimental results

number Forming specific Filling speed Ultimate tensile Yield strength Elongation
pressure forming strength
(MPa) (mm/s) (MPa) (MPa) (%)
1 145 18 350.97+4.67 251.97+£2.79 5.44+1.29
2 145 20 375.70+2.90 229.23+3.24 8.17+0.59
3 145 22 397.87+4.24 226.76+4.66 13.25+1.14
4 155 18 344.71+£12.10 229.74+8.67 5.97+1.57
5 155 20 365.12+8.21 212.86+5.27 8.84+1.47
6 155 22 380.81+£11.39 228.77+5.79 10.96+0.82
7 165 18 364.77+8.25 221.68+7.25 8.74+1.40
8 165 20 350.35+£15.19 222.82+3.54 5.22+0.74
9 165 22 400.70+13.63 230.53+2.24 13.01+0.88

Table 4. Resul,

ts of Range Analysis

Factors Forming Filling Forming Filling
specific speed specific speed
pressure (mm/s) pressure (mm/s)
(MPa) (MPa)
Ultimate tensile strength  Elongation (%)
(MPa)
K 374.85 353.48 8.95 6.72
Kz 363.55 363.72  8.59 7.41
K3 371.94 393.13 8.99 12.41
R 8.39 29.40 0.40 5.69
415 21.0
o —0O— Engineering Stress (MPa)
g —A— Elongation (%)
> 391f 393.138  {17.5
- ~~
@ 37485 37194 X
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5322 8.59 AL 74 {70
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pressure (MPa)

Figure 3. Effect of single-factor analysis on mechanical

characteristics of CuSn1
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O0P1 alloy parts.

pressure,” indicating that the filling speed had a greater
impact on the mechanical characteristics than the forming
specific pressure.

Figure 3 shows a law graph of the effects of each factor K;
(i=1, 2, 3) on the ultimate tensile strength (MPa) and
elongation (%) based on the results of Table 4. The graph
shows that as the forming specific pressure increases from
145 to 165 MPa, the ultimate tensile strength decreased by
3.01% and then increased by 2.31%, with an overall
decreasing trend. The effect on elongation decreased and
then increased, but the effect on elongation (%) was
insignificant. When the forming specific pressure reached
165 MPa, the average elongation was essentially the same as
that at 145 MPa. Similarly, when the filling speed increased,
the ultimate tensile strength increased slightly (2.90%), and,
then increased significantly (8.09%), with a overall
increasing trend. Although the ultimate tensile strength and
elongation increased at a filling speed of 22 mm/s compared
with 18 mm/s and 20 mm/s, respectively, this does not imply
that continuing to increase the filling speed improves tensile
strength and elongation. Previous research by our research
group discovered that at a filling speed of 25 mm/s, the
average values of the ultimate tensile strength (MPa) and
elongation (%) were 386.40 MPa and 9.07%,”” respectively,
significantly less than the average values of 397.87 MPa and
13.25% in this study.

Higher filling speeds (above 25 mm/s) are likely to
increase the number of shrinkage holes owing to air
entrapment. Cracks tend to sprout at the defects during the
loading process, causing the part to fail. In summary, for
the best quality and mechanical properties, the best form-
ing process parameters for the parts in this study should be
a mold preheating temperature of 485 °C, a forming
specific pressure of 145, 165 MPa, and a filling speed of
22 mm/s.

International Journal of Metalcasting/V olume 18, Issue 2, 2024



Figure 4. Microstructure of CuSn10P1 alloy semi-solid rheological squeeze parts with different
process parameters.

Figure 4 depicts the microstructure of the CuSn10P1 alloy
parts with the nine sets of semi-solid rheo-squeeze process
parameters, with metallographic photo sequences corre-
sponding to the nine experimental sequences. The
microstructural composition is generally consistent with
previous research results from our group;>>—® subsequent
XRD and EDS spot-scan results confirm that the part
consists of the primary a-Cu phase, the Cul3.7Sn phase,
the Cu3P phase, and the 5-Cu41Snl1 phase. The primary
o-Cu phase mainly appears as a light-brown spherical or
subspherical organization; the Cu;37;Sn phase mainly
wraps the primary o-Cu phase in a dark-brown ring-like
structure, appearing as a dark-brown spherical or sub-
spherical equiaxed crystal with some process parameters.
The 6-Cuy;Sn;; phase, together with the CuzP phase and a
small amount of the primary a-Cu phase, forms the inter-
granular organization (o-Cu + 8-Cuy;Sn;;+CusP), mainly

International Journal of Metalcasting/Volume 18, Issue 2, 2024

appearing as light-blue river-like or sheet-like structures
surrounding primary o-Cu phases; a similar phenomenon
was found by Zhou et al.**>*37

In Figure 4a—i, although the composition of the phases is
the same, the shape, distribution, and composition of the
intercrystalline phase (o0 + & + CusP) are distinct, and can
be classified into three categories:

(1) The light-blue intergranular phase content
increased, as shown in Figure 4b, e, and g, and
the spherical structure formed by the primary o-
Cu phase and Cu;3;Sn phase was half-wrapped
in a long flake shape.

(2)  As shown in Figure 4a, d, and h, the light-blue
intercrystalline phase content was substantially
enhanced, exhibiting a clear river-like structure
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Figure 5. Relationship between the volume fraction of intergranular phase and (a) ultimate tensile
strength; (b) elongation with different process parameters.

that was highly unevenly distributed around the
grains, and isolating them as islands.

As shown in Figure 4c, f, and i, the intercrys-
talline phase content is the lowest and was only
sporadically dispersed throughout the globular
microstructure.

3)

The statistics of no less than 20 optical micrographs of the
parts produced by each set of nine process parameters were
used to create an association between the intergranular
brittle phase, ultimate tensile strength (MPa), and elonga-
tion (%) (Figure 5). The overall ultimate tensile strength
decreased as the percentage of intergranular structures
increased, as shown in Figure 5a. When the volume per-
centage of the intercrystalline phase was increased by 1%,
the ultimate tensile strength decreased by 6.35 MPa com-
pared to the highest value of the average ultimate tensile
strength (400.70 MPa) of the research object. The maxi-
mum decrease in the ultimate tensile strength of high-in-
tercrystalline phase parts relative to low-intergranular
content parts was 17.77%; the average decrease was
10.59%. Similarly, as shown in Figure 5b, as the percent-
age of intergranular structure increased, the elongation
decreased, indicating a clear inverse relationship. A 1%
increase in the intercrystalline phase reduced the elonga-
tion by 0.58%. The maximum reduction in elongation with
a high-tin intercrystalline structure was 61.81% compared
to parts with a low intercrystalline structure; the average
reduction was 38.80%.

As a result, the influence of forming process parameters on
the properties of the CuSn10P1 alloy rheological squeeze
part was primarily due to the significant influence of the
forming process parameters on the content and distribution
of the intergranular phase. In conjunction with the results
of our previous study, it was discovered that the inter-
crystalline phase had an unfavorable effect on the com-
prehensive mechanical characteristics of the parts, with a
particularly severe negative effect on their elongation.
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Effect of Rheo-squeeze Casting Process
Parameters on Microstructure and Mechanical
Properties of CuSn10P1 Alloy Parts

Microstructure

With the orthogonal experimental design results, the
essence of different mechanical properties of CuSnl10P1
alloy semi-solid rheo-squeezed parts is attributed to dif-
ferent contents of the intergranular phase (a0 + 6 + CuzP)
caused by different forming parameters. Furthermore, the
Cu;37Sn phase exhibited distinct microstructures with
specific sets of process parameters. Therefore, the rela-
tionship between the microstructure and mechanical prop-
erties of the CuSn10P1 alloy parts No. 1, 2, 3, 6, and 9 in
Table 4 was analyzed using the control variable method to

more regularly investigate the influence of the
microstructure of the intercrystalline phase on the
mechanical properties of the parts with different
parameters.

Figure 6 shows the XRD patterns of the parts with different
process conditions. Figure 7 shows the SEM morphology,
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Figure 7. SEM images of CuSn10P1 alloy parts with different process parameters
(a)-(e), EDS element distribution mapping (a-1)-(a-3), (b-1)-(b-3), (c-1)—(c-3), (d-1)-
(d-3), (e-1)—(e-3), EDS line-scan results (a-4)—(e-4), (f) summarizes the point analysis

results.
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line-scanning energy spectrum, and surface-scanning
energy spectrum of the parts. Figure 7f shows the scanning
findings for each point in Figure 7a—e. Combining the
standard PDF cards and the aforementioned metallographic
morphological characteristics (Figure 4), it is observed in
Figure 6 and Figure 7a—f that the microstructure of the
parts with different process settings is constituted of four
phases: (1) a low-Sn primary o-Cu phase (1-point region)
with a gray, spherical or near-spherical form with an Sn
concentration of 1.02-2.27 at%; (2) high-tin Cu;3,Sn
phases that appear light gray and wrap the primary o-Cu
phase in a ring form, or in a separate spherical or sub-
spherical phase aggregated outside the primary o-Cu phase,
and with an Sn content of 6.03-6.81 at% and a Cu:Sn
atomic ratio of 13.7:1 (2-point region); (3) the 5-Cuy;Sny;
phase is off-white and connected in sheets with a Cu:Sn
atomic ratio of 4:1; (4) a CusP phase with a dark gray color
and a Cu:P atomic ratio of 3:1 attached to trigonal grain
boundaries or within the 8-Cu4;Sn;; phase in irregular
granular or triangular form (3-point region). Similar results
were obtained by Li et al.*>3*%’

From the EDS of Cu shown in Figure 7(a-1) and (b-1), it is
clear that Cu is missing at certain positions, indicating the
high-tin brittle intergranular phase (o + 6 + CusP). In
Figure 7(a-2) and (b-2), there is a gradient in the distri-
bution of Sn, which means that from the primary o-Cu
phase to the intergranular phase, the intensity of the Sn
distribution gradually increased reaching a maximum at the
intergranular phase positions. As shown in Figure 7(a-2),
(b-2), and (c-2) that the light-green distribution cloud
mapping surrounding the primary a-Cu phase indicates that
the Sn was distributed in the form of the Cu,3 ;Sn phase. Sn
was distributed in the form of the 6-Cu41Snll phase,
represented by the bright-green distribution cloud mapping.
Figure 7(c-1) and (c-2) shows that the distributions of Cu
and Sn were more uniform at 22mm/s than at low filling
speeds. Furthermore, as shown in Figure 7(a-3), (b-3), and
(c-3), the distribution of P indicates that P is mainly present
as the electronic compound Cu3P and was enriched with
the 5-Cuy;Sn;; phase at the grain boundaries as a reticulate
eutectoid. At 22 mm/s, the Sn was more evenly distributed
in the form of the Cu;;7Sn phase owing to the decrease in
the 8-Cuy;Sny; phase content; and P was distributed at the
triple junction grain boundaries with the granular or tri-
angular shape.

The line-scan positions shown in Figure 7 (S1, S2, S3, S4,
and S5) pass through the four phase regions. As shown in
Figure 7, A represents the low-tin primary o-Cu phase
region; B is the high-tin solid-solution layer region com-
posed of Cu;3,Sn; C is the high-tin 6-Cuy;Sn;; precipi-
tated brittle and hard phase region, and D is the Cu;P phase
region. As shown in Figure 7(a-4), the strength of Cu
decreased slightly, whereas the strength of Sn increased
slightly; overall the curve was stable. From Figure 7(a-4)
and (b-4), owing to the high-tin brittle 5-Cuy;Sn;; phase at
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the grain boundary, the Cu and Sn element distribution
curves underwent a large jump from the A region to the
C region or from the C region to the A region. The Cu
content decreased sharply, and the Sn content increased
significantly, which is why at 18 mm/s and 20 mm/s there
is a higher diffraction peak corresponding to 6-Cuy;Sny; in
the XRD pattern (Figure 6). The line-scan results in Fig-
ure 7(c-4) indicate that the strength of Cu was somewhat
reduced, and the strength of Sn increased slightly from A to
B. As shown in Figure 7(c-4), the B region transitioned into
the C region, and the transition amplitudes of the Cu and
Sn element distribution curves were greatly reduced.
Moreover, from Figure 7(c-2), the aggregation degree of
the 8-Cu41Snll phase at grain boundaries was greatly
reduced, which also explains the noticeable decrease in the
corresponding diffraction peaks of 8-Cuy;Sn;; in the XRD
pattern. Comparison of Figure 7(d-2), (e-2), (a-2), and (b-2)
shows that the distribution of Sn was more uniform, and
there was no clear distribution gradient of Sn. It is essential
that the relative concentration of the crystal in the high-tin
brittle phase 6-Cuy4;Sn;; phase is considerably reduced, and
the Sn appears as Cu;37Sn, as observed in Figure 6. The
XRD patterns reveal that the diffraction peak strength of
the Cu;3,Sn phase increased with increasing forming
specific pressure.

Figure 7(c-3), (d-3), and (e-3) shows that the P distribution
was almost completely changed into granular and dis-
cretely distributed at the triple junction. From the line-scan
results shown in Figure 7(c-4)—(e-4), the amplitude of the
Sn distribution curve was significantly lower, with A to
C or from C to A, all passing through a wider B region. In
other words, from the low-tin primary a-Cu phase region to
the high-tin brittle 5-Cu41Sn11 phase region, all must pass
through a wider Cu;37Sn solid-solution layer or a densely
distributed spherical Cu,3;Sn phase first, such that there is
no large jump in Cu and Sn, as shown in Figure 7(a-4) and
(b-4).

Mechanical properties and fracture morphologies

Figure 8a depicts the stress—strain curves for semi-solid
rheological squeeze forming of the CuSnl10P1 alloy parts
with five process parameters, corresponding to the average
yield strength (YS), ultimate tensile strength (UTS), and
elongation (EL), as shown in Figure 8b. The graphs show
that the forming process parameters had a considerable
impact on the mechanical properties. The ultimate tensile
strength value increased as the filling speeds increased at a
forming specific pressure of 145 MPa. The ultimate tensile
strength and elongation reached a maximum of 400.30
MPa and 13.32% at 22 mm/s. Similarly, at a filling speed
of 22 mm/s, the ultimate tensile strength decreased and
subsequently increased as the forming specific pressure
increased, reaching a maximum of 419.95 MPa and
13.71% at 165 MPa. Furthermore, at 22 mm/s, the forming
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Figure 8. Mechanical properties of CuSn10P1 alloy rheo-squeeze casting parts with different
process parameters: (a) stress—strain curves, (b) yield strength, ultimate tensile strength, and

elongation.

specific pressures were 145 MPa and 165 MPa, and the
parts had similar mechanical properties.

The fracture surface and longitudinal cross section of
CuSn10P1 alloy rheologically squeezed parts with different
process parameters are shown in Figure 9, using a combi-
nation of SEM and OM to determine the fracture type of
the CuSnlOP1 alloy rheologically squeezed parts during
tensile loading.

In Figure 9a, d, for the fracture cross sections in the low
magnification SEM images, both fractures had evident
holes and large cracks, whereas the tensile fractures all had
obvious tough nests at 22 mm/s (Figure 9g, j, m). The
fracture surfaces characteristics are enlarged to further
investigate their characteristics. As shown in Figure 9b, e,
there were large cracks in the parts; the fracture morphol-
ogy showed typical stone fracture morphology. At 22mm/s,
the forming specific pressures were 145 MPa, 155 MPa,
and 165 MPa (as shown in Figure 9h, k, n, respectively),
Many dense dimples appeared, with average sizes of
approximately 5.0 pm, 12.0 pm, and 3.5 pm. When the
forming specific pressure is 145 MPa or 165 MPa, there
were large dimples (5 um) and fine dimples closely
arranged on the tearing edge. At 155 MPa, some dimples
were observed, accompanied by a few small areas of
cleavage facets.

The fracture mode was typical of brittle fracture at
145 MPa-18mm/s and 145 MPa-20 mm/s; the tensile
strength and elongation were very low; at 155 MPa-
22 mm/s, there are tearing ribs, tough dimples, and a small
area of cleavage platform at the fracture, a mixed form of
quasi-cleavage fracture and ductile fracture. The tensile
fractures of the CuSnlOP1 alloy parts showed ductile
fracture patterns at 145 MPa-22 mm/s and 165 MPa-22
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mm/s, indicating that the CuSn10P1 alloy parts exhibited
good ductility in these forming conditions.

The crack propagation path was observed using OM ima-
ges of the longitudinal sections of the interrupted speci-
mens, as shown in Figure 9c, f, i, 1. At 145 MPa-18 mm/s
and 145 MPa-20 mm/s, cracks propagated along the region
of the intergranular high-tin  eutectoid phase
(o« + & + CusP) (marked with red arrows). Crack sources
(marked with magenta arrows) were preferentially gener-
ated during external stress-induced deformation because
intergranular 6-Cu41Sn;; and CusP are hard and brittle
phases with low strength, prone to stress concentration, and
have weak bonding with the incipient o-Cu matrix. Fur-
thermore, the increased number of crack-generating
boundaries made it difficult for dislocations to cross during
the plastic deformation of the alloy, resulting in cracking at
the phase interface and fracture along the crystal (marked
with white arrows). This provides additional evidence that
larger size and higher content of intergranular hard and
brittle phases have a more severe negative effect on the
properties, demonstrating a typical brittle fracture pattern
in both processes.

Many incomplete grains (marked with green arrows) were
observed at a filling speed of 22 mm/s and forming specific
pressure of 145 MPa and 165 MPa, with cracks primarily
extending along the inner grain, indicating a grain through
fracture pattern. Both processes had hard and brittle
intergranular phases that ruptured during unidirectional
stretching (marked with magenta arrows). However, due to
the low content of brittle intergranular phases, which were
not widely distributed and were discrete in the part, even if
cracks occurred, they were inhibited by the primary o-Cu
phase and the spherical high-Sn Cu;;7Sn phase. Figure 9i,
o shows that the spherical or near-spherical grains
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Figure 9. Fracture morphology and longitudinal section of CuSn10P1 alloy rheo-
squeeze casting parts with different process parameters.

consistent with the high elongations observed at 145 MPa

composed of the primary o-Cu phase and high-tin solid-
and 165 MPa.

solution layer, and the Cu;;,Sn phase with a spherical or
near-spherical equiaxed shape was clearly elongated,
indicating that the performance of parts was fully demon-
strated during the large deformation process. This is

As shown in Figure 9c, f, the grains remained spherical or
nearly spherical, indicating that the part failed due to crack
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expansion of the intergranular brittleness before the high
strength and high plasticity that the part should possess
could be exploited. At a forming specific pressure of 155
MPa, the OM image of the longitudinal section of the
tensile fracture was complex. Cracks along the preferential
rupture of the intergranular high-tin eutectic phase
(o + 8 + CusP) with a clear tendency to propagate inward
(marked with red arrows) were found, while incomplete
grains were observed at the fracture (marked with green
arrows). Thus, in process-forming conditions, the crack
propagated simultaneously along the high-tin intergranular
phase and within the grain, manifesting as both through-
grain and along-grain fracture modes.

Discussion
Feasibility Analysis

In this study, thin-walled CuSnlOP1 alloy parts with
complete filling and good surface quality were successfully
fabricated using rheological squeeze casting. The parts
exhibited excellent mechanical properties at a filling speed
of 22 mm/s and forming specific pressures of 145 MPa and
165 MPa. Although the mechanisms of the superior
mechanical properties realized by the two processes were
not identical, it was demonstrated that semi-solid rheo-
logical squeeze forming on a sheet with a thickness of only
5 mm is completely feasible.
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Optimization of the multi-process parameters of rheologi-
cal squeeze forming was realized, through an orthogonal
experimental design and completion of single-factor and
range analyses. Semi-solid rheological squeeze casting was
used to produce thin-walled parts made of CuSn10P1 alloy.
The composition and type of phase in the part and the
distribution and content of the intergranular phase
(o + 8 + CusP), which plays an important role in the
overall mechanical properties, are directly affected by the
extrusion process parameters. Consequently, the forming
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Figure 11. Average grain size and shape factor of solid
grains of CuSn10P1 parts formed with different process
parameters.

SC stage

Process of microstructure

| A Sn element migration and grain growth directtion 7 Grain growth direction, particularly

Room temperature
microstructure after demoulding

change in mold
1
OcCu1a.7sn

High-tin liquid phase [ Non-uniform high temperature liquid phase |

Figure 10. Microstructure evolution diagram of CuSn10P1 alloy from semi-solid

slurry preparation to rheo-squeeze casting.
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specific pressure (MPa) and filling speed (mm/s) signifi-
cantly affect the mechanical properties of the parts.

Figure 10 depicts the evolution of the microstructure of the
CuSn10P1 alloy from semi-solid slurry preparation through
the rheological squeeze-forming process. The microstruc-

tural evolution was divided into three stages:>> >

(1) In the first stage, using the liquid-metal instantaneous
undercooling-induced nucleation (LMIUIN stage) to pre-
pare CuSn10P1 alloy semi-solid slurry (Figures 1c, 10), the
melt can be cooled at an extremely high cooling rate (ap-
proximately 450 °C/s) for a short time.'® The strong
cooling forces the melt to undergo explosive nucleation,
with the primary o-Cu phase growing in a spherical or
subspherical manner while expelling Sn elements into the
remaining liquid phase,****?® resulting in the formation of
the CuSnl0P1 semi-solid slurry in a collection crucible,
with many inhomogeneous sizes and shapes of primary o-
Cu phases and inhomogeneous Sn content in the liquid
phase.

(2) In the second stage, after homogenization treatment
(HT stage) (Figures 1d, 11), further solute concentration
fluctuations in the liquid phase were eliminated; local
aggregation of Sn was avoided to a certain extent, and Sn
diffusion from the a-Cu phase to the intercrystalline phase
was inhibited, achieving microstructure homogeniza-
tion.”>**® A semi-solid slurry consisting of a spherical
primary o-Cu phase with a high-Sn solid solubility of
approximately 13.7% on the outer wall and a high-Sn
liquid phase with uniform Sn content was generated after a
short (20 %+ 0.5 s) homogenization treatment.

(3) As shown in Figures le, 11, in the semi-solid rheo-
logical squeeze-casting stage (SC stage), after the semi-
solid slurry was injected into the extruder barrel, there were
two scenarios depending on the forming specific pressure
and filling speed:

(1) With low filling speed and forming specific pressure
conditions, after the homogenization treatment stage, the
secondary nucleated grains in the mold barrel entered the
mold cavity together with the spherical primary o-Cu phase
wrapped in the high-tin solid-solution ring. The grains had
a long enough time to grow and continuously discharge Sn
to the front of the solid-liquid interface. Moreover, the
primary o-Cu phase was extruded and deformed under the
action of squeezing pressure, causing some of the grains to
become entangled, resulting in the irregular grain shape,
facilitating grain growth in a specific direction and Sn
accumulation in a specific orientation. Similar results were
reported by He.>® In addition, the average equivalent
diameter of the grains was the smallest, as shown in Fig-
ures 4a, 11, at 145 MPa-18 mm/s, because the remaining
high-tin liquid phase was secondarily nucleated on the
barrel wall and in the mold cavity to form a portion of the
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spherical or near-spherical Cu,37Sn phase. Due to the slow
filling speed and low forming specific pressure, the
spherical Cu;3;Sn phase of the secondary nucleation
solidified before it had grown sufficiently to consume a
significant amount of Sn from the remaining high-Sn liquid
phase, resulting in the largest volume fraction of this part
of the intergranular phase (o0 + & 4+ CusP).

(2) In high filling speed and forming specific pressure
conditions, the high forming specific pressure of the punch
on the semi-solid slurry in the barrel reduces the nucleation
radius, promoting heterogeneous nucleation®” and forcing
the remaining high-tin liquid phase to nucleate more
readily in the barrel and mold cavity in the secondary form.
More nucleation means that more Sn in the liquid phase
can be consumed, resulting in the o-Cu phase with a high-
tin solid-solution ring. The faster filling speed ensured that
the semi-solid CuSnl10P1 alloy slurry reached the mold
cavity faster. This prevented a large accumulation of Sn at
the grain boundaries after the solid-solution level had
reached its limit (13.5%); reaching the mold cavity faster
allow solidification at nearly the same cooling rate,
avoiding the bias of Sn at the grain boundaries caused by
different cooling rates. The combined effect of these two
factors allowed the primary o-Cu phase to grow with the
spherical high-tin Cu;3,Sn phase during the nucleation
process. The Sn element in the solid—liquid interface front
was not enriched in a specific growth direction; thus, the
composition of Sn throughout the cooling process did not
meet the conditions for the formation of an inclusion-like f
phase, ultimately resulting in a lower 8-Cu4;Sn;; phase
content in the part. Ultimately, the 6-Cuy;Sn;; phase in the
part was much lower and the Sn was present in the part as a
spherical high-tin Cu;;,Sn phase before it diffused from
the intracrystalline to the intergranular. This explains why,
for the nine process parameters shown in Figure 4, the
higher the forming specific pressure and filling speed, the
higher the relative content of the spherical or nearly
spherical dark-brown Cul3.7Sn phase in the microstructure
of the part, and the significant increase in the intensity of
the corresponding Cul3.7Sn diffraction peak (Figure 6).
Similar conclusions were reached by Chakkravarthy
et al.*>* in their studies on semi-solid squeeze-forming
processes for other alloys.

Strengthening Mechanisms

Figure 10 depicts the equivalent diameter and shape factor
distribution of the grains at 145 MPa-18 mm/s, 145 MPa-
20 mm/s, 145 MPa-22 mm/s, 155 MPa-22mm/s and 165
MPa-22 mm/s (corresponding to experiment numbers 1, 2,
3, 6, and 9, respectively) (the equivalent diameter refers to
the solid particles in the room-temperature microstructure,
except for the intergranular phase). Figure 11 shows that
the average equivalent diameter of the grains increased in a
regular upward trend with an increase in filling speed at a
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forming pressure of 145 MPa, and decreased in a more
uniform trend with increasing filling pressure at a filling
speed of 22 mm/s.'®*

Semi-solid CuSn10P1 alloy is now commonly strengthened
in three ways: fine-grain strengthening, solid-solution
strengthening, and microstructural homogenization.*>*
The fine-grain strengthening mechanism is primarily
characterized by a reduction in grain size, an increase in the
number of grain boundaries per unit area, and an increase
in the barrier effect of the grain boundaries on dislocation
movement, resulting in an increase in the tensile strength.*’
The fine-grain strengthening due to the average grain
refinement in this study can be expressed using the Hall-
Petch equation®” :

Aowp = Kyp -d~'/?

In the equation Kyp = 4.5 MPa mm'"??? d is the average
grain size. Fine-grain strengthening contributes 35.37 MPa,
31.50 MPa, 29.82 MPa, 32.00 MPa, and 33.11 MPa to the
strength values in the parts, respectively. The difference in
strength provided by fine-grained strengthening was not
obvious; the maximum difference was 5.56 MPa.
According to Figure 11, the average grain size was 16.19
pm when the forming specific pressure was 145 MPa and
the filling speed was 18mm/s. Although the average
equivalent diameter of the grain was larger than with 145
MPa-22 mm/s, the average ultimate tensile strength is
397.9 MPa and 13.20%, much higher than 351.0 MPa and
5.1%, respectively, with 145 MPa and 18 mm/s. As a
result, fine-grain strengthening cannot be regarded as the
sole cause of the change in strength and plasticity of the
CuSn10P1 alloy semi-solid rheo-squeeze casting parts.
Three scenarios can be considered:

(1) At 145 MPa-18 mm/s and 145 MPa-20 mm/s, the
intergranular phase content was high; it nearly completely
wrapped the Cu;3,Sn phase and primary o-Cu phase,
forcing them to be isolated by the intergranular phases,
even if the grain size was relatively small for these two
process parameters. This is because the intergranular d-
Cuy;Sny; and CusP brittle phases disrupted the continuity
and homogeneity of the microstructure, resulting in stress
concentration;’ high strength and elongation could not be
fully reflected in the brittle intergranular phase, causing the
brittle fracture. The ultimate tensile strength was limited to
329.3-378.6 MPa, and elongation was limited to
4.15-8.56%.

(2) At 145 MPa-18 mm/s and 145 MPa-20 mm/s, the line-
scan results in Figure 7 and point-scan results in Figure 7f
show a significant increase in the solid solution of Sn in the
primary o-Cu phase and a decrease in the content of the
intergranular phase, respectively. The microstructure
homogeneity was improved, and the ultimate tensile
strength and elongation were increased to some extent, as
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Figure 12. Comparison of mechanical properties with
different forming processes.

shown in Figure 7. The ultimate tensile strength remained
at 382.48-401.40 MPa and the elongation remained at
10.15-13.37%. A primary reason for the high strength and
plasticity of parts is microstructural uniformity. He® and
Li’*? reached similar conclusions in their studies.

(3) It was discovered that the intercrystalline phase content
was 2.57% higher at 165 MPa-22 mm/s than at 145 MPa-
22 mm/s. From the results, lower ultimate tensile strength
and elongation than at 145 MPa - 22 mm/s were expected.
However, the mechanical properties were essentially the
same as those with 145 MPa-22 mm/s (Figure 8a). Fur-
thermore, the diffraction peak intensity of Cu3,Sn at 165
MPa-22 mm/s was significantly higher than that at 145
MPa-22 mm/s, according to the XRD results. Comparing
Figure 4c, f, it is clear that the microstructures of the parts
differ significantly. The Cu;37Sn phase was mainly wrap-
ped outside the primary o-Cu phase in the form of a dark-
brown annular high-tin solid-solution ring, as shown in
Figure 4c, which is consistent with our previous
results.*?= However, as shown in Figure 4f, the Cu;;7Sn
phase was present not only as a high-tin solid-solution ring
but also as a large number of equiaxed fine dark-brown
spherical Cu;;7Sn phases surrounding the primary o-Cu
phase. It can be concluded that while both process
parameters provide excellent mechanical properties, the
strengthening mechanisms are not identical. The different
strengthening mechanisms of the two process parameters
can be classified as follows:

(1) At 145 MPa-22 mm/s, the content of the high-tin
intergranular phase decreased as the Sn migrated from the
grain boundary to the primary o-Cu phase; the
microstructure was primarily laminated and wrapped
around the primary o-Cu phase to form a spherical or
nearly spherical grain shape. The high strength and
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plasticity can be attributed primarily to solid-solution
strengthening.

(2) At 165 MPa-22 mm/s, there was a large amount of new
spherical high-tin Cu;3,Sn phase in addition to the
Cu;37Sn phase in the form of high-tin solid-solution rings,
which led to a decrease in the content of 3-Cuy;Sn;; phase
as the Cu;;3,Sn phase increased, proving that the solid-
solution strengthening mechanism was a main strengthen-
ing mechanism. In addition, the dispersion of a diffusely
distributed Cu;3,Sn phase in the form of spheres ensured
that even if a small amount of the brittle intergranular
phase was cracked by unidirectional tensile action, the
increase in the number of grain boundaries per unit area
caused by the fine-grain strengthening mechanism effec-
tively inhibited the expansion of microcracks (Figure 90),
ensuring the high strength and plasticity of the part. Owing
to the synergy between these two mechanisms, the parts
produced in these process conditions had high strength and
plasticity.

Microstructural homogeneity and solid-solution strength-
ening are common strengthening mechanisms for
CuSnl10P1 alloy semi-solid rheological squeeze-casting
parts. When the Cu;3,Sn phase was present in the
microstructure as spherical equiaxed crystals after process
optimization, the contribution of the fine-grain strength-
ening mechanism to the increase in plasticity is not neg-
ligible. The overall mechanical properties of the part can be
improved if the forming process parameters are further
optimized such that the main phases of the part contain
only primary o-Cu and Cu;3;Sn phases.

The mechanical properties of parts formed using conven-
tional methods were compared to highlight the superiority
of the CuSn10P1 alloy rheological squeeze-cast parts in
this study, as shown in Figure 12. The ultimate tensile
strength of the CuSnlOP1 rheo-squeezed parts produced
using the process in this paper was significantly higher than
that of conventionally cast parts,”* parts produced using
liquid squeeze,” and parts produced through hot-pressed
processing,** higher than that of heat-treated CuSnl10P1
alloy thixotropic parts,””*>*® but slightly lower than that of
parts produced with selective laser melting.**

Conclusion

CuSnl10P1 alloy rheological squeeze-casting parts with
complete filling and good surface quality were successfully
and stably prepared using casting methods The main con-
clusions are presented as follows.

(1)  During the formation stage, filling speed (mm/s)
significantly affected the elongation (%) of
CuSnl10P1. The best process parameters for
forming CuSn10P1 alloy by rheological squeeze
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casting are [165 MPa, 22 mm/s, 485 °C]. Parts
formed in these conditions have good overall
mechanical properties (UTS of 419.95 MPa, EL
of 13.71%).

(2) Semi-solid rheological squeeze casting of
CuSn10P1 alloy is feasible for thin-walled parts;
the mechanical properties are directly related to
the content of intergranular brittle phases
(o0 4+ & + CusP), with ultimate tensile strength
(MPa) and elongation (%) showing a significant
and consistent decrease with an increase in
intergranular brittle phases.

(3) At 165 MPa-22 mm/s, the Cu;;7Sn phase was
found in two forms: as a high-tin solid-solution
circle, as in our previous study, and as a
spherical or nearly spherical form distributed
around the low-tin primary o-Cu phase.

(4) The mechanical properties of parts fabricated at
165 MPa-22 mm/s were similar to those at 145
MPa-22 mm/s, but the strengthening mecha-
nisms were different; 145 MPa-22 mm/s indi-
cated  solid-solution  strengthening  and
microstructural homogeneity. In contrast, at
165 MPa-22 mm/s, in addition to solid-solution
strengthening and microstructural homogeneity,
fine-grain strengthening significantly improved
the plasticity of the parts.

To determine the optimum semi-solid forming parameters,
the influence of other forming parameters such as holding
time, pressure retention time, and mold temperature will be
investigated in further research.
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