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The relationship between the microstructure and properties of laser-clad Cu-Fe alloys with
different W contents was investigated. As the content of W increased, the size of the Fe
core free in the Fe-rich region first decreased and then increased. In addition, almost all the
W condensed in the Fe-rich region. The calculations verified that the Fe core in the molten
pool was mainly driven by the Marangoni motion, and the phase field was used to simulate
the nucleation and diffusion of the Fe cores inside the molten pool, revealing the formation
process of the Fe-rich region. The addition of W was also beneficial in improving the wear
resistance of the Cu-Fe alloy. When the W content was increased to 30%, the coefficient of

friction of the alloy was reduced by 13%.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Copper is widely used in the industrial field due to its high
electrical conductivity, thermal conductivity, and ductility
[1-5]. However, due to its low hardness and poor abrasion
resistance, its application in high-strength environments is
severely limited [6]. To avoid this limitation, a variety of cop-
per alloys were made, and different trace elements were added
to improve performance.

Cu-Fe alloys are well-known as immiscible alloys with
metastable miscible gaps, which cause Cu-Fe mixed solu-
tion to separate under a certain degree of subcooling [7-11].
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Certain monotectic alloys, such as Cu-Co [12-15], exhibit
similar characteristics, thereby deeming them ideal mate-
rials for electronic packaging, soft magnetic materials, and
automotive bearings applications. In addition, miscible Cu-Fe
alloys are inexpensive and have great potential and large-
scale applications in the above-mentioned fields. However,
Cu-Fe alloys undergo severe component segregation during
solidification, which adversely affects their alloy properties
and limits their application [16-18]. At present, Cu-Fe alloys
are prepared by gas atomization spraying, electromagnetic
suspension, microgravity dropper, and laser cladding [19-24].
Studies have shown that the liquid phase separation inside
the Cu-Fe alloy is mainly dependent on the Stokes motion
(affected by gravity) and the Marangoni motion (affected by the
concentration gradient and temperature gradient). Under the
first three process conditions, the solidification process of the
Cu-Fe mixed solution is greatly affected by the Stokes motion
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and causes severe segregation. Although studies have been
conducted to suppress such segregation, this phenomenon
cannot be eliminated. Laser cladding, as an emerging rapid
solidification technology, is becoming an ideal method for
producing immiscible Cu-Fe alloys. Under rapid solidification
conditions (cooling rate of 10°-10” K/s), the laser can produce
a high-speed convection motion inside the molten metal pool
[25-29]. The surface tension- and temperature gradient-driven
Marangoni convection effect is much larger than the gravity-
driven Stokes motion, such that the heat and solute transport
inside the molten pool is solely affected by the Marangoni
motion, thus providing new means for the preparation of
copper-iron alloys.

Chemical components also play an important role in con-
trolling the properties and microstructure of Cu-Fe alloys.
Zhou et al. [30] studied the effect of Al content on the solid-
ification structure of the Cu-Fe alloy. It was pointed out that
the main diffraction peak of e-Cu phase weakened with the
increase of Al content, but an increase in the main diffraction
peak of the a-Fe phase and in Al was promoted. More Cu was
deposited in the Fe-rich particles, improving the electrochem-
ical resistance. Zhou et al. [31] pointed out that the addition
of Si resulted in Cup and Fep coarsening, which increased the
area percentage of the Fe-rich layer in the alloy and induced
the in situ formation of the intermetallic compound Fe3Si.
Wang et al. [32] studied the solidification structure of the Fe-
Cu-Sn ternary alloy under different degrees of subcooling and
found that the Sn solute distribution curve of the Fe-rich and
Cu-rich shells was slightly different from the droplet diameter
in the core-shell structure. Dai et al. [15] successfully fabri-
cated self-assembled Cu-Fe-Ni-Cr-Siimmiscible alloys by laser
induction cladding, which exhibited high saturation magneti-
zation and low coercivity.

W and its carbides and boride, have high melting points,
high hardness, and good wear resistance. In addition, they are
widely used as strengthening phases of various alloys [33-35].
However, the properties and solidification morphology of the
Cu-Fe-W ternary alloys have not been reported so far. In this
study, a mixed alloy powder composed of Fe-based alloy pow-
der, Cu, and W was used as the material, and Cu-Fe alloys with
different W contents were prepared by laser cladding. The
solidification morphology and its properties were measured
and analyzed in detail. In addition, the phase-field model was
applied to reveal the liquid phase separation kinetics of the
immiscible alloy and its final evolution.

2. Experiments

The mixed alloy powder used in this study consists of three
parts. The first part is Fe-based alloy powder of grade RCF103
(Table 1), which was purchased from Nanjing Zhongke Ray-
cham Laser Technology Co., Ltd. The second part is a pure
copper powder (99.9% purity), and the third part is pure tung-

Table 2 - Chemical composition of the mixed powder
(Wt%).

RCF103 Cu W
CugsFess 35 65 0
CusgsFes1 sWio 31.5 58.5 10
CusyFesgWio 28 52 20
Cugs sFezs sW3g 24.5 45.5 30
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Fig. 1 - X-ray diffraction of the Cu-Fe alloy with different W
contents.

sten powder (99.9% purity). The different powders are shown
in Table 2.

The mixed alloy powder was dried for 5h and then sub-
jected to a laser cladding test with process parameters of laser
power of 750 W, scanning speed of 8 mm/s, and powder feed-
ing rate of 12.5g/s. The surface of the obtained sample was
polished with different meshes of sandpaper and, finally, the
polished surface was etched with aqua regia. The solidified
tissue was analyzed using an Oxford scanning electron micro-
scope. The chemical composition of the alloy was analyzed
by MPDDY2094 X-ray diffraction (XRD). The surface wear per-
formance was measured using an MFT4000 surface property
tester. A ball (GCr15, hardness of 60HRC) with a diameter of
5mm was used as the counterpart. The test was performed for
50 min under a load of 100N. The wear profile was measured
using an OLS4000 laser microscope.

3. Results
3.1. XRD results

The XRD diffraction results of Cu-Fe alloys having different
W contents are shown in Fig. 1. From the bottom to the top
of the diffraction pattern, the content of W increases in turn.
The obtained Cu-Fe alloy contains body-centered cubic a-Fe
and face-centered cubic e-Cu. The intensity of the diffraction

Table 1 - Chemical composition of RCF103 (wt%).

Components © Si Mn B

Cr Ni Mo Nb Fe

Proportion 0.07 1.1 0.4 0.23

15.2 51 1.0 0.31 Other
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peak of W increased as the content increased, and a small
amount of solid solution of Cu and W was also found in the
alloy containing W.

3.2. Microstructure

The micro-morphology of Cu-Fe alloys with different W con-
tents is shown in Fig. 2. Fig. 2a shows the microscopic
morphology without W. An obvious separation state was
observed in the Cu-rich and Fe-rich regions, specifically the
dispersion of the Fe-rich solute in the Cu matrix. The Fe-rich
region in the claddinglayer has a macroscopicirregular shape.
At the same time, the distribution of W can be observed in
Fig. 2b—d, indicating that W was uniformly distributed in the
Fe-rich region.

Fig. 3 shows a macro-cross-sectional structure of the Cu-
Fe alloy. Fig. 3 clearly reveals the existence of significant
macrosegregation inside the Cu-Fe alloy. The large Fe-rich
regions were distributed in a stripe-like manner in the Cu-
rich matrix. At the same time, many Fe cores were uniformly
distributed on the Cu-rich matrix. In addition, almost all the
bright white W was concentrated in the Fe-rich region.

Fig. 4 shows the boundary between the Cu-rich matrix
and the Fe-rich region of the Cu-free alloy without
W and its energy-dispersive X-ray spectroscopy (EDS)
results.

The Fe cores and a Cu-rich region containing Cr were
formed during solidification of the Cu-Fe alloy without W.
Irregular dendritic solidification was also observed inside the
Fe core. In addition, the Fe core may also contain a small num-
ber of microcracks. Many small spherical Fe cores were also
observed around the Fe-rich area, and the internal solidifica-
tion structure was similar to the large Fe core.

Fig. 5 shows the solidified structure of the Fe-rich edge
region. As compared to Fig. 4, Fig. 5 indicates that W solidi-
fied inside the Fe core, and almost no W was observed in the
Cu-rich region. Although W did not solidify in the copper-rich
region, the stability of the solidification interface in the Cu-
rich region improved as the W content increased. When the
W content reached 30%, a large number of columnar crystals
were observed in the Cu-rich region.

Fig. 6 presents the size distribution of the spherical Fe
core in the Fe-rich region. When W was not contained in
the alloy, the average size of the spherical Fe core was
4.74 pm. In comparison, a W content of 10% reduced the aver-
age size of the spherical Fe core to 2.68 pm. When the W
content continued to increase to 20 and 30%, the average
size of the spherical Fe core increased to 3.83 and 3.59 pm,
respectively. In addition, the Fe core size of the Cu-free alloy
containing W exhibited a bimodal distribution. A finer Fe core
distribution was observed with the addition of W. In other
words, the size of the Fe core decreased, while the amount
increased.

Fig. 7 shows the Fe core of CusyFegWoo. Many white bright
spots were clearly observed in the Fe core. The white bright
spot was more clearly depicted with increasing Fe cores. The
EDS analysis results presented in Fig. 7 indicate that the dif-
ference in elemental composition between the white bright
spot represented by A and the dark spot represented by B
was mainly reflected in the content of Cu. The Cu content

in the dark (15.57 wt%) was higher than the content at the
white bright spot (11.68 wt%). In addition, the EDS results also
indicated that the concentration of Cu in the Fe core greatly
exceeded the equilibrium solid solubility of a-Fe, revealing the
presence of a small amount of secondary liquid phase sepa-
ration.

4, Discussion on liquid phase separation
mechanism of the Cu-Fe-Wu ternary alloy

4.1. Liquid phase separation of Cu-Fe and influence of
w

The molten pool produced by laser cladding has a very large
degree of subcooling, such that the occurrence of liquid phase
separation can be clearly observed. At the macroscopic level,
the separation between the Fe-rich region and the Cu-rich
matrix can be clearly observed (Fig. 3), indicating that the laser
cladding process used in the experiment was not sufficiently
undercooled, thus allowing sufficient time for Cu and Fe to
separate from each other. According to Fig. 8, the primary v-
Fe phase preferentially nucleated and grew dendrites in the
absence of W. Following the addition of W, the preferential
nucleation resulted in the generation of «-W with significant
nucleation dynamics. The supercooling formation at the solid-
ification interface after nucleation ensured the occurrence of
primary liquid phase separation. In addition, the liquid phase,
which constitutes supercooling above AT, continued to sep-
arate into a Fe-rich phase and a Cu-rich phase. Under the
Cu-Fe-W ternary system, the preferential nucleation of W
was still in the Cu-Fe miscible alloy. Following primary liquid
phase separation, W was repelled as a solute by the copper-
rich phase and was eventually surrounded by the Fe-rich
nucleus.

For metastable immiscible Cu-Fe alloys, liquid phase sep-
aration occurs when the degree of subcooling of the melt is
greater than the subcooling degree AT, of the component [30].
According to the phase diagram shown in Fig. 7 [22], the sub-
cooling threshold of the composition of Cu in the range of
11.68-15.57% was significantly larger than that of the Cu-Fe
alloy used in the experiment (the composition of Cu was from
45.5 to 65 wt%). The degree of subcooling in the primary liquid
phase separation of Fe did not exceed the supercooling thresh-
old of the Fe-rich phase, such that the separated Fe nucleus did
not be immediately subcool into the miscible gap. Therefore,
contrary to the past literature [36], only a very small amount of
secondary liquid phase separation occurred inside the Fe core
in this experiment, which is consistent with the measurement
results in Fig. 7.

Given that the melting point of W is much higher than Fe,
the addition of W resulted in internally filled Fe with already
nucleated W during nucleation. Since the density of W was
also much larger than that of Fe, and the inside of the molten
pool flowed vigorously, W formed a function similar to flush-
ing and stirring in the Fe-rich region. At the beginning of
nucleation, many Fe nuclei shrank to a spherical shape due
to surface tension and subsequently moved closer to each
other and fused together to form an Fe-rich region. The move-
ment inside the molten pool mainly included the Marangoni
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Fig. 2 - Microscopic morphology of the Cu-Fe alloy with different W contents.
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Fig. 3 - Cross-sectional macrostructure of the Cu-Fe alloy by laser cladding.

and Stokes movements. The speed of each movement can be
expressed as [19]
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where 1 is the radius of the iron-rich droplets; 4 and um are
the viscosity of the liquid phase of the Fe-rich droplets and
the Cu-rich matrix, respectively; g is gravity; Ap is the den-
sity difference between the Fe-rich droplets and the Cu-rich
matrix liquid phase; and o is the interface energy. Previous lit-

erature [30] defined a competition coefficient and calculated
the critical radius describing the spherical droplets driven by
different motions. Under the critical radius, the velocity of
the Fe core driven by Marangoni motion was close to that of
Stokes motion. The radius of the Fe nucleus measured in this
study was distributed below 10 pm, which was much smaller
than the critical radius (29.6 pm) in the literature [30], indi-
cating that the Fe nucleus inside the molten pool was mainly
driven by Marangoni motion. Although there is a large den-
sity difference between the Fe-rich region and the Cu-rich
matrix, because the flow of the solution in the molten pool
is controlled by the Marangoni motion, the main reason for
macrosegregation should be the excessively small cooling rate,
not the density difference.
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Fig. 7 — Micromorphology and elemental analysis of Fe nuclei in Cus;Fe;gWog.
4.2.  Evolution of the Fe-rich and Cu-rich regions in the melt can be described by the Cahn-Hilliard-based total

As mentioned earlier, at the beginning of nucleation, many
W nuclei were contained in the iron-rich melt, to which the
Fe-rich melt separated from the Cu liquid phase. At the begin-
ning of the liquid phase separation, numerous Fe nuclei were
formed inside the melt, thereby resulting in the collision and
fusion of different Fe nuclei. The evolution of the Fe nucleus

free energy governing equation:

1 2
F= —K d 3
/V[f(c)+2 CCHEY ®

where « is the gradient energy parameter, and c is the concen-
tration. f(c) is the chemical/volume energy and is expressed
as
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flc) = Ac2(1 —¢)’ (4)

This is a simple phenomenological double-well potential.
A is a positive constant that controls the size of the energy
barrier between the two equilibrium phases, and the equilib-
rium concentration occurs at c=0 and c=1. It is assumed that
in the three-dimensional region of discrete Ny x Ny x Ng, the
discrete dot intervals in different directions are dy, dy, and dg,
respectively. The periodic boundary condition is set to

C0jk = CNxjks  CNx+1jk = CLjk (5)
Ciok = CiNyk: CiNy+Lk = Ci1k (6)
Cij,0 = CijNz» CijNz+1 = Cij1 ?)

where i, j, and k are the coordinate indices in the x-, y-, and
z-directions, respectively. Substituting the differential of the
free energy function into the Cahn-Hilliard equation yields a
concentration field governing equation based on explicit Euler
time integration:

Cyg+1 _cn F n
ijk ijk = v2M ; ijk (8)
At ac

where M is the dynamic parameter; At is the time step scale;
and n is the nth time step. The partial differential form in
parentheses on the right side of Eq. (8) is expressed as

n
oF, ijk
ac

Discretization of Eq. (9) gives the total free energy variation
of the system:

PO o

dc i ©)

Nx Ny Nz

Fp = ZZD(CiJk) + gs (10)
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Fig. 9 - Movement of Fe nuclei over time and its free energy
change.

Nx—1Ny—1Nz—-1 Nx—1Ny—1Nz—-1

S= Z Z Z(Ci+1,j,k - Ciﬂe)2 + Z Z Z(Ci'j+l‘k — Cijk)2
ik ik

Nx—1Ny—1Nz—-1

DD (e — )’ (11)
i j k

It is worth noting that in order to simplify the calcula-
tion, all physical parameters in the model are dimensionless
parameters. Among them, dimensionless length, energy, and
time are defined as

K
Ln= \/; 12)
n = AL (13)
12(ce — ce )2
ty = M (14)

MF,

where ¢ and ¢, are different phase equilibrium concentra-
tions. The evolution rule of the Fe core is shown in Fig. 9.

According to Fig. 9, at the beginning of the phase separa-
tion, the microstructure was relatively fine and contained a
large amount of precipitate. Over time, the Fe nuclei separated
from the Cu matrix migrate through the phase boundaries,
dissolved, and combined to form an Fe-rich region. The evolu-
tion of the Fe-rich region occurred during the Ostwald ripening
process, and the smaller Fe nuclei were absorbed by the larger
Fe core nucleus, resulting in a decrease in the total number
of Fe nuclei over time. In addition, the total free energy of
the separation process between the Cu-rich region and the
Fe-rich region continuously decreased. In the early stage of
separation, the free energy gradient was very large due to the
continuous merging of many Fe nuclei. In the later stage, the
expansion of the Fe-rich region and the free energy gradient
slowed down due to the significant decrease in the amount of
interface in the microstructure.
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Temperature

Time

Fig. 10 - Schematic of cooling curve of Cu-Fe-W ternary
alloy.

4.3. Solidification process of the molten pool

According to the cooling curve of a typical Cu-Fe alloy in the
liquid phase separation, the schematic of cooling curve of
the Cu-Fe-W ternary alloy can be similarly deduced (Fig. 10)
[37]. During the cooling process, the nucleation of W first con-
densed, and the latent heat released during the nucleation
raised the melt temperature to T1 due to the highest melting
point.

Immediately after the melt was cooled to the liquid phase
separation critical temperature, the Fe cores were generated
in large quantities in the melt and collided with each other to
form an Fe-rich region. In comparison, the already solidified W
carried the inside of the Fe core. The latent heat released dur-

4640
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Fig. 11 - Wear test of the Cu-Fe alloy with different W
contents.

ing the nucleation of Fe and Cu heated the melt temperatures
to T2 and T3, respectively.

Under the strong Marangoni convection inside the melt,
the first nucleation of W acted to a certain extent to stir the
melt. This behavior hindered the fusion of the Fe core, result-
ing in a decrease in the average size of the Fe core. However,
when there is a large amount of already nucleated W in the
melt, the rate of movement of W inside the molten pool was
lowered due to the higher density of W, such that more was
deposited into the Fe-rich region. The hindrance of W to the Fe
core was reduced, resulting in the re-increase of the average
size of Fe cores. Therefore, a small amount of W was inferred
to play a certain refinement effect on the microstructure of
the Cu-Fe alloy, though a large amount of W weakened the
refinement.

CuyssFeysWsp e

d. Wear morphology of Cuss sFexssW3o

Fig. 12 - Three-dimensional (3D) display of the Cu-Fe alloy wear profile with different W contents.
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Fig. 13 - Internal conditions of the wear scars with different W contents.

4.4.  Effect of W addition on the wear properties of the
Cu-Fe alloy

Fig. 11 presents the friction and wear test of the alloy obtained
in this study.

The Cu-Fe alloy had an average friction coefficient of 0.765,
wherein the friction coefficient was reduced to 0.731 at a W
mass fraction of 10%. In addition, the friction coefficient was
further reduced to 0.717 at a W mass fraction of 20%. When W
was increased to 30%, the coefficient of friction was reduced
to 0.65. It is apparent that the friction coefficient of the Cu-Fe
alloy decreased as the W content increased. In order to further
study the wear morphology, the groove marks generated by
friction were measured (Fig. 12).

The wear groove marks of CugsFess were most obvious, and
the edge portion of the groove exhibited the obvious extrusion
caused by plastic deformation. The addition of W smoothened
the groove marks, and the extrusion effect at the edge portions
was no longer obvious. Fig. 13 shows the inside of the wear scar
with different W contents.

A clear tendency for adhesion on the wear scar surface was
observed because CugsFess alloy has the lowest hardness. A

tear was apparent near the contact point between the grinding
ball and the alloy surface. In addition, a part of the alloy mate-
rial was pulled away and adhered to the grinding head, thereby
resulting in material transfer. In other words, the CugsFess
alloy and the grinding ball exhibited adhesive wear mecha-
nism. Fig. 13a shows a part of the transfer layer. The transfer
layer was mainly plate-shaped because the transferred frag-
ments underwent plastic deformation as they continued to
slide. The alloy hardness also increased following the addi-
tion of W. In Fig. 13b, a material transfer layer similar to thatin
Fig. 13a was not observed, and the wear mechanism gradually
developed toward abrasive wear. As the W content increased,
abrasive wear became more pronounced. When the W content
was increased to 20%, the Cu-rich regions around the wear
scars peeled off, whereas the iron-rich regions containing W
were still observed. Because the stripped Fe filings continue
to act as abrasives, the Cu-rich areas will be stripped more
severely as the hardness of the alloy increases, as shown in
Fig. 13d.

Improvements in the wear performance were presum-
ably from the addition of W, which resulted in overall tissue
refinement, whereas grain refinement improved the wear
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resistance. Although the Fe nucleus contained supersaturated
Cuin the absence of W, W was almost completely absorbed by
the Fe nucleus after the addition of W, and the overall hard-
ness of the Fe nucleus was strengthened. At the same time, as
the W content increased, the supersaturated Fe contained in
the Cu-rich region increased. In other words, the presence of W
enhanced the solid solution of the Cu-rich and Fe-rich regions.
In addition, the addition of W also increased the number of Fe
nuclei, resulting in diffusion strengthening. The above reasons
appeared to improve the wear resistance of the Cu-Fe alloy.

5. Conclusion

In this study, the phase separation mechanism and properties
of laser clad Cu-Fe-W ternary alloy were discussed. The main
conclusions include:

1. The Cu-Fe alloy underwent liquid phase separation in the
molten pool to form a Cu-rich matrix phase and an Fe-rich
region. Many spherical Fe nuclei were also scattered around
the edge of the Fe-rich region. The size of the Fe core first
increased and then decreased with the addition of W, while
the number of Fe cores increased.

2. The solute inside the molten pool was mainly driven by the
Marangoni movement. First, the nucleated W was absorbed
by the later nucleated Fe cores, and then the Fe cores were
then separated from the Cu-rich region. Different Fe cores
collided with each other to form an Fe-rich region.

3. The supercooling degree of the Cu-Fe-W ternary alloy did
not exceed the supercooling threshold of the Fe-rich phase
in the primary liquid phase separation, thus generating a
small amount of supersaturated Cu found in the Fe core.

4. The wear resistance of Cu-Fe alloy increased with the
increase of W content. When the W content reached 20%,
the wear morphology flattened and did not exhibit an obvi-
ous scratch.
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