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a b s t r a c t

A nanostructured surface layer of �300 lm thickness was fabricated on Cu-30Cr (wt%) hypereutectic
alloy by a continuous laser beam with high power density (1.08 � 107 W/cm2). The average grain size
of Cr-rich particles was refined to �40 nm, and the solid solubility limit of Cr in Cu was extended to
1.96 at. %. Experimental results show that the dispersion of nano-sized Cr-rich spheroids in Cu-rich
matrix was attributed to the Brownian motion of Cr-rich spheroids, and the high cooling rate
(5.75 � 106 K/s) during liquid phase separation which inhibits the collisions between Cr-rich spheroids.

� 2018 Published by Elsevier B.V.
1. Introduction

Surfaces of engineering materials or components are the sites
where failures frequently originate. In the past decades, surface
nanocrystallization has been adopted to improve the overall
mechanical properties and service behaviors. Severe plastic defor-
mation [1,2], electron beam [3] or laser beam [4,5] were applied to
transfer surface layer of metallic materials into nanostructured
state. Among them, with the merits of strong metallurgical bond-
ing, fast processing speed and high controllability, laser surface
melting (LSM) technique has been widely employed to surface
nanocrystallization of low carbon steel [6,7], Al alloys [8] while
keeping the composition unchanged. However, LSM of Cu-Cr alloys
was extremely challenging due to high reflectivity to infrared
wavelength laser, high thermal conductivity and low wettability,
reports of surface nanocrystallization of Cu-Cr by LSM were rare.

In this study, surface nanocrystallization of Cu-Cr alloy was
achieved by a continuous laser beam with high power density
(Q = 1.08 � 107 W/cm2). Thermally induced surface nanocrystal-
lization via liquid phase separation (LPS) during fast heating and
rapid solidification in LSM was investigated, and grain refinement
mechanism of LSM treated Cu-Cr alloy was explored.
2. Experimental

Cu-30Cr (wt%) alloy prepared by powder metallurgy method
was used as experimental material, and the average surface rough-
ness was 1.6 ± 0.4 lm. A continuous Nd:YAG laser with a wave-
length of 1.064 lm was selected in this study. The laser power
density was 1.08 � 107 W/cm2, which was much higher than the
conventionally recognized power density for LSM (105 W/cm2)
[9]. Other parameters were as follows:scanning speed 8 m/min,
beam diameter 100 lm, track distance 70 lm. A circulating water
cooling system was assembled at the bottom of the sample to keep
the bottom temperature at 288 K. The whole process was con-
ducted in a high purity argon atmosphere box (content:
O2 < 10 ppm, H2O < 10 ppm) to avoid oxidation.

After LSM, the sample was cut perpendicular to the scanning
direction. The microstructure was observed by ZEISS EVO-18 scan-
ning electron microscopy (SEM) equipped with a backscattered
electron detector (BSE), and JEM-2100F transmission electron
microscopy (TEM). The phase constituents were analyzed by X-
ray diffractometer (XRD, with Cu Ka radiation).
3. Results and discussion

Fig. 1a presents the XRD patterns of Cu-Cr alloy before and after
LSM. No changes in crystallographic orientations of Cu and Cr were
detected, and no intermetallic phase was formed. The phase
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Fig. 1. (a) XRD measurements on the raw-material and after LSM (b) Cu lattice parameter.
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constituents indicated as a body centered cubic (BCC) a-Cr and a
face centered cubic (FCC) e-Cu. The crystallite size D was deter-
mined by Scherrer formula [10]:

D ¼ 0:9k
B � cosh ð1Þ

where k = 0.15405 nm is the wavelength of the X-ray, B is the peak
width at half the maximum intensity and h is the Bragg diffraction
angle. Thus, the crystallite size of a-Cr was �36.7 nm. As indicated
from the enlarged image of Cu (1 1 1) and Cr (1 1 0) peaks in Fig. 1a,
the peaks of LSM treated sample become broadening and the rela-
tive intensity ratios reduced, revealing that the Cr atoms were dis-
solved in Cu. Lattice parameter of Cu was shown in Fig. 1b, the value
decreased after LSM treatment. Lattice parameter variation (Da)
due to non-equilibrium solidification was defined by:

Da ¼ apureCu � a0Cu ð2Þ
where apureCu as the lattice parameter for pure material standard, a0Cu
was the lattice parameters of Cu as a function of Nelson-Riley
parameters for the respective peaks obtained from XRD patterns.
The amount of Cr dissolved in Cu (CuCr) was given by [11]:

CuCr ¼ Da
2:6� 10�4 ð3Þ

A supersaturated solid solubility of Cr in Cu (1.96 at. %) was
obtained, which was higher than the maximum solid solubility of
Cr in Cu (0.77 at. %) at the eutectic temperature [12]. The decrease
in a0Cu was ascribed to that some FCC Cu atoms were replaced by
BCC Cr atoms, so a substitutional solid solution was formed. Radius
of Cr (1.24 Å) was smaller than that of Cu (1.28 Å) [13], therefore,
the Cu lattice was contracted.

Fig. 2a illustrates the BSE images of the cross-section of the
sample, and the depth of the melt layer was 290 ± 20 lm. In the
substrate, dark elliptical Cr phase with average size about 90 lm
is completely or incompletely surrounded by bright Cu phase,
which is closely related to the complete and incomplete wetting
of grain boundaries (GBs) by the melt. The incompletely wetted
GBs are visible, which was also found in Zn-Al eutectic system
[14]. As shown in Fig. 2b, many Cr dots dispersed in the Cu matrix,
and almost all GBs are completely wetted. LSM causes intensively
wetting of phase boundaries, since melting and crystallization of
the surface layer were involved in the process, the wetting of
GBs is apparently complete when the amount of liquid phase is
high [15]. TEM bright-field (BF) image (Fig. 2c) reveals that numer-
ous droplet-shaped Cr-rich spheres dispersed in the Cu matrix, and
the average size of the spheroids was �40 nm. The matrix e-Cu is
confirmed by indexing the corresponding selected area electron
diffraction (SAED) patterns (Fig. 2d). As presented in Fig. 2e,
nano-sized Cr-rich particle contain significant Cr (78.75 wt%),
which is in excess of the solubility limit. The collisions between
Cr-rich particles were observed, smaller Cr-rich particle (A) tended
to crash into a bigger particle (B).

The formation of refined spheroidal Cr-rich particles indicates
that LPS occurred in the process. CuCr30 is a pseudo alloy made
of two independent phases, i.e., BCC Cr and FCC Cu with low solu-
bility and no interphase between them. 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 com-
pletely 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 temper-
atures was listed in Table 1. The cooling rate was calculated by Eq.
(4) [16]:

dT
dt

¼ � 2pKvðT� T0Þ2
Aðq� 2rBzmvLÞ ð4Þ

where K = 341 W/m�K is thermal conductivity, v = 8 m/min corre-
sponds to the laser scanning velocity, T = 2133 K and T0 = 288 K
are the melting temperature and room temperature, A = 0.2 is
absorptivity for the laser beam, rB = 50 lm is the beam radius,
q = pQr2B is the laser power, zm = 300 lm is the thickness of the
layer, and L = 1.01 � 109 J/m3 is the latent heat per unit volume.
The calculated cooling rate for LSM sample was 5.75 � 106 K/s.
The high cooling rate during which could induce a dynamic under-
cooling (DT) up to 150 K, while the critical DT required to trigger
LPS for Cu-30Cr (wt%) alloy was only 27 K [12]. Therefore, the Cu-
Cr30 melt was highly undercooled.

As a result, the Cu-Cr melt is thermodynamically unstable and
can enter into the liquid metastable immiscible region. The melt
separates into Cu-rich (L1) and Cr-rich (L2) liquid. Once it starts,
LPS will take place extremely fast due to high diffusivity in the liq-
uid. L1 and L2 will follow their own path to finish nucleation and
growth. Energy barrier to nucleation for L2 was lower than that
of the L1 for its undercooling below the binodal line of liquidus
temperature is considerably larger, so the nucleation occurred first
in L2. And the critical nucleation radius of Cr-rich particles is
greatly reduced due to big DT [17]. Then L2 spontaneously shrinks
into numerous spherical droplets due to surface tension and solid-
ified Cr-rich spheroids will be enveloped by the surrounding Cu
melt which will solidify later.

Due to the high Q adopted in this study, fast melting concen-
trated near the surface, which weakened the convection of the



Fig. 2. Cross-sectional BSE image of LSM treated sample (a) the overall view, (b) magnified image of dash yellow frame in (a), (c) bright field TEM images showing Cr-rich
spheroids in the layer, (d) SAED patterns in (c), (e) magnified image of Cr-rich particles. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Latent heat of Cu, Cr and Cu-30Cr alloys.

Material Density (103 kg/m3) Latent heat of melting/(J�kg�1)

Cu 8.9 2.05 � 105

Cr 7.2 4.02 � 105

Cu-30Cr 8.4 1356 K: 0.7 � 2.05 � 105

2133 K: 0.3 � 4.02 � 105
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melt pool. And the effect of Marangoni motion and Stokes were
feeble when the diameter of Cr-rich particles were <1lm (Fig. 2b
and c). The random migration of nano-scaled Cr-rich particles is
mainly dominated by Brownian motion [18]. Nano Cr-rich particles
are constantly impacted by Cu atoms and other Cr-rich nanoparti-
cles when they suspended in the melt. These collisions change the
directions and velocities of the Cr-rich particles. However, the liq-
uid miscibility gap is very narrow for Cu-Cr30 (wt%), and the cool-
ing rate is so high that there existing little time for the melt to pass
through the gap. Therefore, the collisions between Cr-rich particles
were insufficient, so nano-scaled Cr-rich particles solidified in the
Cu matrix without continuous grain growth.
4. Conclusions

Stable and reliable large area surface nanocrystallization of
Cu-Cr30 (wt%) was achieved by a continuous laser beam with high
power density (1.08 � 107 W/cm2). The microstructure was
characterized by nano-sized Cr-rich spheroids (�40 nm) dispersed
in the Cu-rich matrix. Due to fast heating and rapid cooling
(5.75 � 106 K/s) in the process, insufficient LPS shortened the
moving time for Cr-rich spheroids. Meanwhile, the movements of
Cr-rich particles were dominated by Brownian motion which
weakened the enrichment effect. Therefore, the sizes of Cr-rich
spheroids were maintained at nano scale.
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