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H I G H L I G H T S

• Laser surface melting (LSM) was first used to modify Cu-50Cr electric contacts.

• Average size of Cr grain decreased from ∼100 μm to ∼1 μm.

• Laser processing parameters were optimized to obtain desirable microstructure.

• Coarsening effect of liquid phase separation was inhibited by high cooling rate.

• Mechanical and electrical properties of LSM contacts were significantly improved.
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A B S T R A C T

Grain refinement and homogenization of Cr phase were achieved by laser surface melting (LSM) method, and the
properties of Cu-Cr alloy were significantly improved. In this study, LSM of Cu-50Cr alloy (wt.%) was conducted
with a high power density (106–107 W/cm2) laser beam, the microstructure and the properties of melt layer were
investigated. The size of Cr phase was effectively refined from hundreds of micron scale to several micron scale,
and the average size of Cr particles decreased to a few hundred nanometers. High cooling rate effectively in-
hibited coarsening effect on the Cr particles during liquid phase separation. Spherical Cr particles were dispersed
in the melt layer with a thickness of 165 ± 20 μm. Microhardness was obviously enhanced and the maximum
hardness was 232HV, which was 2.8 times that of the substrate. Arc duration of the LSM treated contacts
increased up to 18%. The withstanding voltage of the fixed and the moving contact increased to 28.7% and
35.4%, respectively. The results show that LSM is an effective method to refine the microstructure of Cu-Cr alloy,
and it is a promising modification method for electrical Cu-Cr vacuum contacts.

1. Introduction

In the past decades, laser surface melting (LSM) treatment has been
used for various engineering materials or components on the surface
instead of entirety treatment, with the merits of refined and homo-
genized microstructure, strong metallurgical bond, fast processing
speed and high controllability. A high power density (104–107 W/cm2)
laser beam can be used as a controllable heat source to melt the surface
of the alloy and then followed by rapid cooling (103–108 K/s) and so-
lidification to improve the surface dependent properties [1,2]. Unlike
other laser surface treatments, such as laser cladding or alloying, no
changes of chemical compositions or material additions are involved or
required in LSM. Although a number of researches were reported to

refine the microstructure and improve the properties, i.e., austenitic
steel [3], Ti-based alloys [4] by LSM. However, very few studies have
been carried out on the LSM of Cu-Cr alloy.

Cu-Cr alloys with high Cr content have been widely accepted as
electric contact materials in nearly all the medium-voltage and high-
current commercial vacuum interrupters (VIs) [5]. Similar to other Cu-
based liquid immiscible alloys, when the Cu-Cr undercooled liquid
below the Tsep, the Cu-Cr melt separated into Cu-rich melt and Cr melt
during liquid phase separation (LPS) [6,7]. Cu-Cr immiscible alloys are
very promising self-assembled composites, especially, when the refined
Cr spherical particles dispersedly uniformly in the Cu matrix [8]. But
the differences in densities of the two components result in the mi-
crostructural segregation during LPS. Due to this, the application of the
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Cu-Cr alloys is limited. Therefore, some small-scale rapid solidification
methods, for example, melt spinning [9], electromagnetic levitation
and splat-quenching [7] were used to refine microstructure. LSM is a
rapid solidification technique capable of large scale industrial produc-
tion. However, LSM of Cu-Cr alloy was more challenging because of the
high thermal conductivity and high reflectance of Cu-based alloys for
laser. According to previous studies, the grain size of Al-based alloys
with high thermal conductivity was refined to sub-micron scale using
laser power density of 3.65×105W/cm2 [10]. Besides, the grain size
of Cu-Al-Ni-Mn alloy was decreased to 23 ± 5 μm with the laser power
density of 5.97×105W/cm2 [11]. The grain size was decreased with
high laser power density by LSM method, it could be expected that a
finer microstructure of Cu-Cr alloy could be obtained similarly.

In this paper, the Cu-50Cr (wt.%) contacts were melt on the surface
by a high power density (106–107W/cm2) laser beam to refine and
disperse the Cr phase. The effect of LSM on the grain refinement of Cu-
Cr alloy, the influence of liquid phase separation (LPS) on the micro-
structure evolution, the influence of grain refinement on microhard-
ness, withstanding voltage and the interruption capability of Cu-Cr
contacts were studied. This paper provides a new way to improve the
performance of Cu-Cr electrical contacts which has broad industrial
application prospects.

2. Experimental details

2.1. Material and laser surface melting (LSM)

LSM treatments were conducted by a 1 kW continuous Nd:YAG laser
with a wavelength of 1.064 μm. In an effort to establish the range of
optimal lasing parameters, a series of experiments have been carried
out at laser power density from 106W/cm2 to 107W/cm2 with laser
scanning speed from 6000 to 10,000mm/min. The scanning interval
between adjacent scanning tracks was kept 0.08mm and the surface of
the sample was continuously scanned in lines that were equal to the
length of the samples. In order to control thermal stress and cool the
back of the contact, a clamping device with a water cooling circulating
system was made to hold the sample. The temperature of the back of the
sample remained at 15 °C to get a sharper temperature gradient from
the surface to the bottom. The LSM process was protected in an Ar
atmosphere box (gas content: O2 < 50 ppm, H2O < 100 ppm).
Schematic diagram of experimental set-up for LSM method was given in
Fig. 1.

The investigated Cu-50Cr (wt.%) alloys were prepared by PM
method and the chemical composition, density, mechanical and phy-
sical properties were listed in Table 1. The maximum solubility of Cu in
Cr and Cr in Cu is 0.77% and 0.08% (mole fraction) at eutectic tem-
perature, respectively. Cu-Cr alloy is a binary pseudo-alloy composed of
Cr particles embedded in Cu matrix.

2.2. Characterization

The samples after laser treatment were cut perpendicular to the
scanning direction by electrical discharge wire cutting. The micro-
structure of the cross section was observed by an optical microscope
and SEM (ZEISS EVO18 scanning electron microscope) equipped with
an EDS (energy dispersion spectrometer). The mean diameter of the Cr
particles were measured and calculated by Image-Pro software, average
length of diameters measured at 2 degree intervals and passing through
object’s centroid. Hardness along the depth of the cross-section was
measured by a Vickers hardness tester with a load of 100 g and a
dwelling time of 15 s. The measurements were performed on five lines
at intervals of 30 μm on the cross section of the LSM treated sample, the
first line was tested on the line about 30 μm below the surface of the
melt layer. And ten points were tested on each line, each point was
50 μm apart.

A pair of untreated and a pair of LSM treated contacts with the same

processing parameters were symmetrically assembled in two vacuum
interrupters (VIs), whose rated voltage was 12 kV, rated short-circuit
breaking current was 31.5 kA. The withstanding voltage of these two
VIs were tested with the contact gap of 2mm. The lightning voltages
were applied to the contacts by an up-and-down method until the
contacts broke down. The maximum value of the voltage was cited as
the withstanding voltage. In order to reduce the destruction effects
caused by standard lightning impulse voltage, the number of tests was
limited to 20 times. Then the switching tests were performed in the two
VIs. Parameters for the tests were as follows: voltage 23 kV, contact gap
11mm, transient recovery voltages (TRV peak up to 22 kV, 4100 Hz)
were standardized to correspond to the values guided by the IEC 62271-
100 [12]. At the beginning of the experiment, the contacts were closed.
During the high current range, the current exhibited a sinusoidal
characteristic up to a maximum high current, between 5 and 10 kA.
After arc ignition, the current was conducted until current zero at
10ms.

3. Results

3.1. Microstructure characteristics

Microstructure of the untreated Cu-50Cr alloy was shown in Fig. 2.
The dark round or elliptical Cr particles were surrounded by the bright
Cu phases. The key parameter for Cu-Cr alloy, the average size of Cr

Fig. 1. (a) Schematic diagram of experimental set-up for LSM and (b) the
principle diagram of interaction with Cu-Cr alloy.

Table 1
Chemical composition, density, mechanical and physical properties of Cu-Cr
alloy contact.

Element Composition
(wt.%)

Density (103

kg/m3)
Geometrical
parameters (mm)

Hardness (HB)

Cu Bal. ≥7.90 Φ50×2.8 80
Cr 49–52
O ≤0.05
N ≤0.004
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phase was approximately 84.9 μm.
Fig. 3a shows the cross-sectional microstructure of Cu-50Cr alloy

after laser surface melting with laser power density 5.73×106W/cm2

and the scanning speed of 8000m/min. The microstructure of the layer
is obviously different from that of the matrix, and the interface between
the layer and the matrix is clear. The thickness of the melt layer is
35 ± 10 μm. The Cr phase in the melt layer is refined. However, the
presence of many unmelt Cr band (labeled as A in Fig. 3a) implies that
the laser power is insufficient to ensure the fully melt of Cr phase,
which results in the inadequate refinement of the Cr particles.

Fig. 3b illustrates the cross-sectional microstructure of Cu-50Cr
alloy after laser surface melting with laser power density of
7.26×106W/cm2 and the scanning speed of 6000mm/min. The
thickness of the melt layer was 215 ± 30 μm. There are two kinds of
morphologies of refined Cr phases in the melt layer. One corresponds to
a small Cr spheroids and the other is a large Cr band with a strong
curved and elongated pattern (labeled as B in Fig. 3b). The extension
direction of Cr bands is to the upper part of melt pool. Since these two
phases can be distinguished by contrast, it can be seen that the com-
position of the melt layer is uneven. The effect of strong stirring caused
by convection on phase separated alloy melt can be seen, showing a
strong swirling flow pattern with larger Cr bands (labeled as C in
Fig. 3b). Fig. 3b illustrates the effect of excessive laser power on the
formation of large amounts of Cr bands due to intense melt flow.

Fig. 4a presents the cross-sectional microstructure of Cu-50Cr alloy
after laser treatment with laser power density 7.26×106W/cm2 and
the scanning speed of 8000m/min. The average thickness of the melt

layer was 165 ± 20 μm. At the bottom of the molten pool, a large
number of small spherical Cr particles were observed dispersing in the
melt layer, but only a small number of Cr sheets were observed. The
typical element map distribution of cross section is shown in Fig. 4b.
Because there are only two components in the alloy, the element dis-
tribution in the melt layer reflects the degree of refinement. According
to the results of element distribution analysis, it can be clearly seen that
the two elements (Cu and Cr) are uniformly mixed in the melt layer,
while the two components in the matrix show a trend to separate. This
sample is called LSM contact in the following to study the refinement of
microstructure and related electrical properties of Cu-Cr contacts.

Fig. 5 shows the magnified image of the morphologies of Cr grains
in different regions of a single melt pool (marked in Fig. 4a) and the
corresponding statistics of Cr grain size. As illustrated in Fig. 5a, mas-
sive Cr spheroids within the Cu matrix (Fig. 5a) with the average dia-
meter of∼0.59 μm (Fig. 5e) dispersed near the surface. In the middle of
the melt pool (Fig. 5b), numerous Cr spherical particles with a rela-
tively larger diameter ∼0.79 μm (Fig. 5f) homogeneously distributed in
the Cu matrix. Fig. 5c displays the overlapping zone, on the left side of
the overlapped zone which was melt, cooled down and solidified to
form a microstructure similar to that of the right side, but it was heated
again. So the Cr grains in the overlapped region were larger than that of
the right side which was only heated once. The mean diameter of Cr
grains in this zone (∼0.84 μm) was larger. The refined Cr particles were
preferably distributed in the Cu matrix with a sphere or near sphere
form. Additionally, a clustering tendency for the Cr spheroids to form
bigger Cr clusters was observed on fusion line in the overlapped zone
(Fig. 5c). Cr spheroids and only a few Cr sheets were observed in the
region at the bottom of the melt pool, as shown in Fig. 5d. According to
the micrographs and the statistics of Cr grain size, the size of refined Cr
particles was slightly decreased with the increasing distance from the
bottom to top of the melt pool. The majority of the Cr particles were all
with almost round shape to minimize individual surface energy. And a
few Cr sheets were observed only at the bottom of the melt pool. The
average size of the Cr particles was from ∼1 μm to almost 10 μm.

Fig. 6 showed the magnified image of Cr-rich particles in Fig. 5c,
magnified image of Cr sheet in Fig. 5d and their corresponding EDS
analysis. As labeled by A in Fig. 6a, many porous Cr particles composed
of fine nano-sized Cu precipitates. As shown in Fig. 6b, the element
content of the particle was similar to that of Cu27Cr73 (in mass ratio).
Fig. 6c shows the Cr particle with a sheeted shape (labeled by B) con-
taining a supersaturated Cu (40%) (Fig. 6d). The Cr content was rich in
these particles, therefore, the Cr cluster and Cr sheet were Cr-rich
cluster and Cr-rich sheet in the present study, respectively.

Fig. 2. Microstructure of Cu-50Cr alloy (backscattered electron images).

Fig. 3. Microstructure of the cross section of laser surface melt Cu-50Cr alloy with the laser power density (a) 5.73× 106W/cm2 (b) 7.26× 106W/cm2.
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3.2. Parametric results

The laser power density was calculated by the following Eq. (1), the
interaction time (t) was calculated by the following Eq. (2), and the
laser beam fluence (E) was calculated based on the following Eq. (3):

=
P

πr
Q

B (1)

=
r
v

t 2 B
(2)

= =Q t P
πr v

E · 2
B (3)

where P is laser power, rB is the radius of laser spot and v is the laser
scanning speed. Fig. 7a shows the effect of Q on the depth of the refined
layer, the thickness of refining layer is proportional to power density
(Q). When given a certain value of Q, the longer the interaction time (t),
the more energy the surface absorbed during LSM. It was apparent that
the thickness of the refined layer was directly related to the interaction
time within the appropriate range of Q given here. When the Q was
higher than 5.0×104MW/m2, the refined Cr melt layer could be ob-
served. But when the Q was higher than 8.28×104MW/m2, the effect
of excessive Q resulted in non-uniform distribution of Cr phase. How-
ever, the properties of Cu-Cr alloy not only depended on the depth of
the refined layer, but also on the size and distribution of the Cr grains.
As the grain refinement of Cu-Cr alloy depended both on the interaction
time and laser power density, the effect of E on the refined layer was
given in Fig. 7b. It has been found that the optimal range of E is very
narrow, between 4.3× 103 J/cm2 and 5.5× 103 J/cm2. It was in-
sufficient to fully melt the Cr phase when the E was lower than that of
the optimal range, leading to unmelt Cr bands. The intense melt flow
resulted in the formation many large elongated Cr-sheets when the E
was higher than 5.5×103 J/cm2. As shown in Figs. 4 and 5, when the
E= 5.45MJ/m2, which was in the optimal range, most of the spherical
Cr particles were uniformly distributed in the melt layer, with only a
few Cr-sheets appearing at the bottom of the melt pool.

3.3. Property characteristics

3.3.1. Microhardness of the refined layer
Fig. 8 illustrates the microhardness distribution of the refined layer.

The hardness in the refined layer was well-distributed, while the dif-
ference of hardness was particularly large on the substrate. The uni-
formity in hardness distribution of the melt zone implied the homo-
genization of the microstructure. The hardness of the refined layer was

from 188 to 232HV and the average hardness was approximately
220HV.

However, the Vickers hardness measurement for the substrate was
not appropriate. The size of the Vickers hardness indenter was much
smaller than of the original Cr phase. As the Vickers hardness tested on
the substrate shown in Fig. 8, when the indenter was pressed on dif-
ferent phases, the differences of the hardness was large. So the hardness
of substrate was characterized by Brinell hardness. The Brinell hardness
for Cu-50Cr substrate was 80HB, about 82HV. The average hardness of
the refined layer (220 HV) was much two times higher than that of the
Cu-50Cr substrate (82HV).

3.3.2. Withstanding voltage of Cu-50Cr contacts with refined layer
Fig. 9 shows the top view of the untreated and LSM treated Cu-50Cr

contacts. Fig. 10 shows the withstanding voltage values of these con-
tacts. Fig. 10a and b is the experimental result of standard lightning
impulse voltage applied to the fixed end and the moving end of un-
treated contacts, respectively. Fig. 10c and d is the experimental result
of standard lightning impulse voltage applied to the fixed end and the
moving end of contacts after LSM. Fifteen tests were conducted at each
voltage level, both the voltage value and success rate were recorded.
Generally, it is considered that three successive failures at the same
voltage level are considered not to withstand the voltage level in the
power industry. The withstanding voltage value of the fixed end (+)
and the moving end (−) for the untreated contacts is 101 kV and 96 kV,
respectively. The withstanding voltage value of the fixed end (+) and
the moving end (−) for the LSM contacts is 130 kV. Compared with the
untreated contacts, the withstanding voltage value of the fixed and the
moving contact increased to 28.7% and 35.4%, respectively. The results
were in accordance with the expectations because LSM treatment pro-
vided grain refinement in the surface, which was responsible for the
higher withstanding voltage observed.

3.3.3. Interruption capability of Cu-50Cr contacts with refined layer
As shown in Fig. 11, the LSM contacts passed all the successive 20

tests, while the untreated contacts failed 4 times. The average arc
duration of the LSM untreated sample (5.3 ms) increased up to 18%
than that of the untreated samples (4.5 ms). Both the max and min arc
duration of LSM sample were higher than the untreated (Table 2). And
the arc duration of LSM contacts remained relatively stable which
fluctuated slightly around 5.3ms. However, the arc duration of the
untreated contacts fluctuated greatly.

Fig. 4. Microstructure of the cross section of laser surface melt Cu-50Cr alloy (a) with laser power density 7.0× 104MW/m2 and laser scanning speed of 8000mm/
min (b) element distribution on the cross section, color red corresponds to the Cu phase and green corresponds to the Cr phase. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Magnified image of the morphologies of Cr grains in Fig. 4a, (a) top of the melt pool, (b) middle of the melt pool, (c) overlapping zone of the melt pool (d)
bottom of the melt pool and (e–g) the corresponding grain size distribution.
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4. Discussion

4.1. Parametric study

The thermal diffusivity of Cu (1.1×10−4 m2/s) is one order of
magnitude lower than that of Cr (2.7× 10−5 m2/s), and the thermal
diffusivity in Cu (394W/m·K) is much faster than that in Cr (91W/
m·K). Therefore, it is very important to select appropriate laser pro-
cessing parameters for the complete melting of the melt layer, which
determines whether the components in the molten pool can be mixed

and solidified quickly to obtain the desired microstructure. When the
low E was adopted during LSM, the temperature raise was relatively
small, the temperature in the melt layer was above the melting point of
Cu and below the melting point of Cr, and the adjacent Cr phase ab-
sorbed the latent heat released from the solidified Cu phase, so the
edges of the Cr phase were dissolved (denoted by arrow A in Fig. 3a).
When the excessive E was adopted, the maximum temperature of the
melt pool increased and there existed a sharp temperature gradient
from the melt surface to the substrate. As depicted by arrow B, it re-
vealed the occurrence of deep laser beam penetration around the center

Fig. 6. Magnified image of (a) Cr-rich cluster in Fig. 4c, (b) the corresponding EDS analysis of point A (c) Cr-rich sheet in Fig. 4d, and (d) the corresponding EDS
analysis of point B.

Fig. 7. Effect of (a) Q (laser power density) (b) E (laser fluence) on the depth of the refined layer.
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of the laser beam, the temperature at the bottom of the melt pool was
almost to the boiling point of Cr. At the same time, it would take longer
time to cool the melt pool and the convection became more intense. The
longer time the solidification cost, the more completely the liquid phase
separation resulting in the larger size of Cr phase. The appearance of
the spherical shape Cr particles was beneficial for the improvement of
the properties of Cu-Cr alloy, while the large Cr sheets with irregular
shapes were harmful to the performance of Cu-Cr contacts. An appro-
priate range of E was crucial to obtain a refined and uniform distributed
microstructure as shown in Fig. 7b. Only in the laser energy density
range, the temperature of the Cu-Cr melt was above the miscible me-
tastable gap, then followed by sustainable inter diffusion and rapid
solidification, melt separation was suppressed, and the desirable mi-
crostructure could be obtained.

4.2. Microstructure evolution

As is well known the cooling rate of LSM is on the order of
103–108 K/s [1], which can lead to a considerable dynamic super-
cooling of ∼150 K [13]. Generally, the supercooling of the Cu-Cr im-
miscible alloys with 50% Cr content is less than 27 K during the process
of liquid phase separation (LPS) [14]. Therefore, when homogenous Cu-
Cr melt was cooled below the metastable miscible gap (MG), the melt
decomposed into two mutual insoluble melts spontaneously, i.e., Cu-
rich liquid (LCu-rich) and Cr-rich liquid (LCr-rich). Since the Gibbs free
energy of one liquid and one solid is higher than that of two liquids, the
solidification of primary crystals stops at the beginning of LPS. Two
different solidification procedures are described below:

General process: → + → +− − − −L L S S SCuCr Cu rich Cr rich Cu rich Cr rich

LPS:

→ + → + → +− − − − − −L L L L S S SCuCr Cu rich Cr rich Cu rich Cr rich Cu rich Cr rich

The two melts will follow their own solidification path to accom-
plish nucleation and growth. Critical energy required for nucleation
was described by the following equations [15]:

=
πγ T

L T
ΔG

16
3( Δ )c

m

m

3 2

2 (4)

where ΔGc is the formation work of the critical crystal nucleus, γ is the
surface energy per unit area of embryos, Tm is the liquid temperature,

TΔ is the supercooling of the melt, Lm is the latent heat of liquid-solid
transformation. According to the Cu-Cr binary phase diagram, the for-
mation work for nucleation of −LCr rich was lower than that of the

−LCu rich, suggesting that −LCr rich experienced a preferential nucleation.
The −LCr rich spontaneously shrinks into big amounts of spherical parti-
cles due to the surface tension, and the solidified Cr spheroids were
enveloped by the surrounding Cu melt, and then embedded in the Cu
matrix which will solidify later [16]. As a result, the Cr particles pre-
ferably distributed in Cu matrix. The Cr particles with a spheroidal
morphology dispersed in the Cu matrix with the average diameter
∼1 μm evidenced the process of LPS, as shown in Fig. 5. The whole
cooling process of the samples lasted only tens of milliseconds, even if
the time for liquid cooling was neglected, such a short time could not
allow nano-sized nuclei of a solid solution to grow to Cr particles with
the diameter up to a few microns due to slow diffusion kinetics in the
solid state. However, if the micron-sized Cr particles were nucleated
from a supersaturated Cu-Cr melt through the metastable LPS, they
would be able to reach a size even of several micros within a few sec-
onds due to a faster convection kinetics as well as collision-assisted
coagulation in the liquid state.

As presented in Fig. 6, the collisions and coalescences between Cr

Fig. 8. Vickers hardness distribution in the refined layer.

Fig. 9. Top-view of (a) untreated (b) LSM treated Cu-50Cr contacts.
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particles occurred frequently, resulting in an agglomeration trend to
form Cr-rich sites. The Cr-rich sites were also found in an electron beam
irradiated Cu-30Cr alloy, which they attributed to the formation of
some Cux-Cr1-x compounds [17]. However, the formation enthalpy was
positive on the whole composition range indicating that there was little
possibility for the existence of such compounds [18]. A more reasonable
explanation for the formation of Cr-rich sites was the fluid flow during
rapid solidification [14]. In the process of LPS, the Cr particles were not
stationary, instead, they were affected by various convection forces and
gravity. The velocity of Marangoni motion (vm) and the Stokes motion
(vs) are the two competitive factors. The velocity of the Cr particles
controlled by Marangoni motion is given by Eq. (5) [19]:

≈
+

∂

∂
v r

μ μ
σ
T

G2
3(3 2 )

· ·m
d m (5)

where r is the radius of the Cr droplet, G is the temperature gradient, μd
and μm are viscosities of the Cr liquid droplet and the Cu liquid matrix,
respectively, and ∂

∂

σ
T
is the interfacial energy. When the size of the Cr

phase decreased to ∼1 μm and the value of the temperature gradient
was up to ∼600 K/mm, the value of vm/vs increased rapidly, the effect
of gravity turned to be so small that the Stokes motion could be ignored
[20]. Generally, the temperature gradient at the bottom of the melt pool

Fig. 10. Withstanding voltage values for (a) untreated fixed contact (b) untreated moving contact (c) LSM treated fixed contact and (d) LSM treated moving contacts.

Fig. 11. The arc duration along with the switch-off operations up to twenty
times, and failure or success for each operation.

Table 2
Arc duration features of different samples.

Sample Ave, arc duration (ms) Max, arc duration (ms) Min, arc duration (ms) Standard deviation of arc duration

Untreated 4.5 5.8 0 1.3
LSM 5.3 6.1 4.0 0.6
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was larger than that at the other region. Obviously, the increase in
temperature gradient which in turn can result in the increasing of vm.
Thus, the probability of collision and coalescence between the Cr
spheroids increased correspondingly. Consequently, the average dia-
meter of Cr-rich particles in the Cu matrix increased with an increase in
the distance away from the surface, as shown in Fig. 4. Especially, at the
bottom of the melt pool where the G was largest, the Cr-rich sheet
appeared because of the fierce impingement and accumulation between
Cr spheroids. According to Eq. (5), we can see that the larger the Cr
particles, the faster the vm. Therefore, the formation process of Cr-rich
sites was as follows: when a larger Cr particle caught up with the
smaller particle, the small spheroids were absorbed by the large ones
and finally they combined with each other to form a new, even lager Cr-
rich particle.

Cu and Cr existed as two independent phases in the Cu-Cr alloy, the
two components won’t undergo a solid-liquid phase transition at the
same temperature. The process of melting and solidification happened
at their respective melting points. At 1355 K, the Cr phase is in the solid
state, the latent heat is only part of Cu. When the temperature rises to
2133 K, the Cu phase is completely fused and only the latent heat of Cr
is considered. As shown in Fig. 1, clearly, the Cr phase was fully melted
in the Cu matrix. The latent heat of solid-liquid phase transition at
different temperatures was listed in Table 3. The cooling rate for the
LSM samples was calculated by Eq. (6) [21],

= −
−

−

πdT
dt

2 Kv(T T )
A(q 2r z vL)

0
2

B m (6)

where L is the latent heat of melting, q is laser power, rB is the radius of
laser beam, zm is the average thickness of the melt layer, K is thermal
conductivity of the alloy, T and T0 are the melting temperature and
room temperature, A is absorptivity for the laser beam, v corresponds to
the laser scanning velocity. The value of A is obtained by Eq. (7) [22],

=
πA 2 Kr T
1.77q

B

(7)

For the calculation of the cooling rate, the laser scanning speed and
the thickness of the melt layer and their respectively laser power, and
K=244W/m·K, rB= 50 μm, T0=288 K, v=0.13m/s, q= 570W,
Tm=2133 K, zm=165 μm and L= ×1.45 10 J/m9 3 were taken as
input parameters. The calculated cooling rate for LSM sample was

×5. 98 106 K/s. Although the gathering tendency for Cr particles ex-
isted, the coagulations were suppressed by the high cooling rate. The
existence time of the melt pool was so short that there was no sufficient
time for the Cr particles to merge into larger ones. As a result, the mean
diameter of the Cr phase in the melt layer was ∼1 μm. In order to
obtain an even finer solidified microstructure, further research should
be done on suppressing the growth of Cr-rich particles.

4.3. Property characteristics

4.3.1. Microhardness
The hardness depended mainly on the microstructure, since LSM

provided grain refinement in the melt layer, the higher hardness was
obtained. Hardness of Cu-Cr alloy processed by different technologies
was summarized in Table 4. It was evident that hardness was increased
with the decrease of grain size, which showed an inverse correlation.

Another reason for the enhancement of hardness could be the solid
solubility of Cr in Cu. For the rapid solidification could raise the solid
solubility of Cr in Cu, it was reasonable that a higher solid solubility
contributed to the enhanced hardness. As a result, the microhardness of
the refined layer was 2.8 times higher than that of the substrate due to
crystal strengthening and solid solution strengthening (Fig. 8).

4.3.2. Withstanding voltage and interruption capability
As a kind of electrical contact material, the surface of Cu-Cr alloy

was burned by a high temperature vacuum arc to produce metal vapor,
which supports the continuous arcing and realizes transient conversion
from conductor to insulator (within 10ms). Therefore, there is an in-
trinsic relationship between the motion characteristics of arc and the
microstructures of contact materials, especially the size, distribution
and morphology of the Cr phase. The microstructure of the contacts
material dominated the motions of cathode spots during the switching
off operations. The electron emission current remarkably increases with
the decrease of the work function at constant electric field intensity.
The maximum work function of the close-packed plane Cu (1 1 1) is
0.13 eV higher than that of Cr (1 1 0) [24]. The electrons are more
easily emitted from the Cr phase, so the first breakdown preferably
ignited on the dielectrically weak Cr phase [25,26]. The Cr particle size
of the untreated alloy was ∼100 μm, which was about 20 times bigger
than that of conventional recognized cathode spot size ∼5 μm [27].
Motions of cathode spot will be restricted on coarse Cr particles or jump
back and forth over the large Cr phase. After the LSM treatment, the Cr
particles on the surface were refined to a smaller average size (∼1 μm)
and a similar morphology to those of the cathode spots. So the spot
migration pattern was transferred to fast continuous moving which led
to a longer arc trace routine and faster motion speed, resulting in the
uniform distribution of arc energy on the contact surface. It was also
helpful to mitigate serious partial ablate of the surfaces and reduce the
possibility of failures in switching off operations. As a result, surface of
the contacts was able to withstand higher voltage (130 kV).

As shown in Fig. 11 that all the failures of untreated contacts oc-
curred with relatively lower arc duration, indicating that the arc
duration affected the success or failure of each switching off operation.
Vacuum arc was only fed by metal vapour evaporated from the contact
surface. The effect of particle size on the metal vapour pressure was
given by Kelvin’s equation when considering the critical metal vapour
as an ideal gas [27]:

∞
=

P r
P

σV
r

RTln ( )
( )

2
(9)

where P(r) is the vapour pressure, P(∞) is the vapour pressure of the
flat interface, of r is the radius of particle, σ is the surface tension, T is
the temperature, and V is the mole volume. The vapour pressure P(r)
increased with the decreasing in the Cr grain size. The higher the vapor
pressure, the longer the metal vapor required to provide a steady cur-
rent. At the same time, when the size of Cr phase decreases, with the
certain value of arc energy, more heat input per unit area is transferred
to the surrounding Cu phase with higher thermal conductivity, so more
Cu phase will be heated and evaporated. Both the refined Cr phase and
Cu phase matrix provide the metal vapor needed for arc ignition.
Therefore, the refinement of the Cr phase of the Cu-Cr alloy can greatly
improve the stability and sustainability of the arc and reduce the
chopping current. Therefore, fined-grained contacts owned a more

Table 3
Latent heat of Cu, Cr and Cu-Cr alloy.

Material Density (103 kg/m3) Latent heat of melting/(J·m3)

Cu 8.9 ×1.82 109

Cr 7.2 ×2.89 109

Cu-50Cr 7.9 1356 K: × ×0.5 1.82 109

2133 K: × ×0.5 2.89 109

Table 4
Comparison of the hardness of Cu-Cr alloy processed by different technologies.

Condition Vickers hardness (HV) Reference

LSM 188–232 This work
Laser surface alloying 120 [22]
Arc-melt 122 [23]
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stable and longer arc duration (increased by 18%), and LSM contacts
have successfully passed 20 consecutive switching off operations, as
shown in Fig. 11.

5. Conclusion

LSM method was used to modify Cu-Cr vacuum electrical contacts
which were fabricated through the PM process. Laser surface melting
produced a homogeneous melt layer, the microstructure of the layer
was characterized by the refined spherical Cr spheroids and Cr-rich sites
embedded in Cu matrix. The hardness test, withstanding voltage test
and the interruption capability test were performed to investigate the
influence of grain refinement on the surface of Cu-Cr contacts. The
following results were obtained:

(1) The average diameter of Cr phase was effectively refined from
hundreds of microns to few hundred nanometers, and dispersed in
the melt layer with the thickness of up to 165 ± 20 μm.

(2) In order to obtain a dispersed and refined microstructure, the op-
timal laser fluence range was from 4.3×103 J/cm2 to 5.5×103 J/
cm2.

(3) The gathering tendency for the Cr spheroids induced by LPS was
suppressed by the high cooling rate (5.98×106 K/s) during LSM
process.

(4) The microhardness of the refined layer increased to 198-232HV,
which was two times higher than that of the matrix.

(5) The withstanding voltage of the LSM contacts increased to 130 kV.
Compared with the untreated contacts, the withstanding voltage
value of the fixed and the moving contact increased to 28.7% and
35.4%, respectively. The arc duration of LSM contacts increased by
18% resulting in successful successive 20 switching off operations.
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