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Abstract: Copper manufactured by laser powder bed fusion (LPBF) process typically exhibits poor strength-ductility coordination,

and the addition of strengthening phases is an effective way to address this issue. To explore the effects of strengthening phases on Cu,
Cu-carbon nanotubes (CNTs) composites were prepared using LPBF technique with Cu-CNTs mixed powder as the matrix. The
formability, microstructure, mechanical properties, electrical conductivity, and thermal properties were studied. The result shows that
the prepared composites have high relative density. The addition of CNTs results in inhomogeneous equiaxed grains at the edges of
the molten pool and columnar grains at the center. Compared with pure copper, the overall mechanical properties of the composite are
improved: tensile strength increases by 52.8% and elongation increases by 146.4%; the electrical and thermal properties are also

enhanced: thermal conductivity increases by 10.8% and electrical conductivity increases by 12.7%.
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1 Introduction

Pure copper is an important material with high electrical
conductivity, which is 102% of the international annealed
copper standard (IACS), and fine thermal conductivity of 400
W/(m-K), making it widely used in heat transfer and
fields.
manufacturing techniques are unable to produce fine parts
with complex geometric structures. As a result, metal additive
manufacturing processes, especially laser powder bed fusion
(LPBF), have attracted significant attention due to their ability
to fabricate geometrically complex parts from powder

electromagnetic However, current traditional

materials" *. Combining the advantage of LPBF with the high
thermal conductivity of pure copper, parts with higher heat
transfer efficiency can be produced™. However, due to the
high laser reflectivity of copper to infrared radiation,
especially that within the range of 1060 — 1080 nm which
corresponds to the near-infrared radiation of the most
commonly used lasers in LPBF, and extremely high thermal
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conductivity (a small amount of heat can be absorbed by the
instantaneous dissipation) , the strength and density of the
prepared samples generally cannot meet the practical
application requirements.

Currently, an effective method is to add other strengthening
phases into the copper matrix to enhance its strength. For this
purpose, many researchers prefer pre-alloyed copper powder,
which has slightly lower optical reflectivity than pure copper.
This enables the production of dense parts using alloys such
as Cu-Cr"”, Cu-Cr-Zr™, Cu-Sn”, and Cu-Zn"”. Therefore,
these alloy samples exhibit significantly improved density and
much higher tensile strength compared to as-built pure copper
parts. The addition of other metal elements with lower thermal
conductivity seriously hinders the transmission of phonons
and electrons, resulting in much lower thermal and electrical
conductivities compared to those of pure copper samples™".
Currently, nanoparticle-reinforced metal matrix composites

have been proven to be one of the promising materials to
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address this challenge™. A new trend has emerged: adding
nanomaterials with higher laser absorption and electrical
conductivity to copper powder particles, and then using LPBF
technique to prepare composites with high strength, thermal
conductivity, and electrical conductivity. Therefore, this study
used nanoscale carbon nanotubes (CNTs) covering on the
surface of pure copper powder to prepare samples with
enhanced laser absorption, strength, electrical conductivity,
and thermal conductivity. Although the idea of copper powder
coated with CNTs has been previously proposed™, LPBF
behavior and the resulting mechanical properties and thermal
conductivity have seldom been reported.

Consequently, this study proposed an alternative method
involving mixing CNTs with copper powder particles to
improve the powder’s laser absorption and LPBF behavior.
The effects of CNTs on the formability, microstructure,
mechanical properties, electrical conductivity, and thermal
conductivity of the composites were evaluated.

2 Experiment

The gas-atomized copper powder (99.96% purity, D,
37.87 um, Asia New Materials Co., Ltd, China) and multi-
walled CNTs (diameter: 4 — 6 nm, Jiangsu Xianfeng
Nanomaterials Technology Co., Ltd, China) were used as the
initial materials. 0.3wt% CNTs were dispersed in anhydrous
ethanol. A beaker containing this solution was placed in a
water bath, with the probe of an ultrasonic homogenizer
immersed in the solution. The solution was subjected to
ultrasonic homogenization until the CNTs were evenly
dispersed. Pure copper powder was added to the solution, and
the mixed solution was evenly stirred using a vacuum homoge-
nizer (ZYMC-200V). Powder mixing process was carried out
in three modes of variable-speed rotation: 1500 r/min for 20 s,
2500 r/min for 30 s, and 1000 r/min for 15s. The particle size
distribution of the Cu-0.3wt% CNTs mixed powder was
measured by an LS-909 laser diffraction particle size analyzer
(Omec, China) in wet mode. Before the LPBF process, the
powder was dried in a vacuum drying oven at 120 °C for 10 h.
Vacuum drying not only removed moisture from the powder
to enhance its fluidity, but also effectively prevented oxidation
of the Cu-0.3wt% CNTs mixed powder during the LPBF
process.

The optical reflectance of the powder was measured at
room temperature using a UV-visible near-infrared
spectrophotometer (Shimadzu UV3600; Agilent CARY 300;
PE lambda 750S). Measurements were performed in total
reflection mode, with a 100% reflectance as the reference
material. Light absorption was calculated from the reflectance
data using the formula: light absorption (% )=100% - light
reflection (%).

LPBF was performed using a machine developed by the
Department of Mechanical Engineering of Xi’an Jiaotong
University. Throughout the fabrication process, oxygen levels
in the build chamber were maintained below 0.01vol% by
purging with protective argon gas. The fiber laser of the
device was operated at a wavelength range of 1060—1080 nm.

First, an STL file for a cube part with dimensions of § mmx§
mmx § mm was created using Magics software (Materialise,
Belgium). All cube parts were fabricated on a stainless steel
substrate under various LPBF process parameters. The density
of these parts was measured via the Archimedes method, and
the relative density was calculated using a theoretical (true)
density of 8.87 g/cm’. The theoretical (true) density of the Cu-
0.3wt% CNTs composite powder was determined using a
Multipycnometer (Quantachrome Instruments). In addition, all
LPBF experiments were conducted without preheating the
build plate.

The printing adopted a segmented scanning strategy: each
segment of the layer was 6 mm in length, and the laser beam
was rotated 67° for each subsequent layer during scanning.
The LPBF parameters yielding the highest part density (laser
power: 380 W; scanning speed: 230 mm/s; hatch spacing: 0.1
mm) were selected and kept consistent for fabricating both
pure Cu and Cu-CNTs composite samples. These parameters
were used to manufacture dog-bone samples for mechanical
property testing.

The microscopic morphology of the sample was observed
using a JEM-ITS00 tungsten filament scanning electron
microscope (SEM, JEOL, Japan). Phase analysis was
performed via X-ray diffractometer (XRD, Bruker DS
ADVANCE, Germany) with a scanning angle ranging from
10° to 90°.

The test data were processed and analyzed using MDI
JADEG.0 software. The grain orientation and texture of the
samples were characterized by electron backscatter diffracto-
meter (EBSD) using a JSM-7900F field emission SEM
(JEOL, Japan), and then the data were processed using
Channel 5 software. To evaluate the mechanical properties,
dog-bone tensile samples (dimensions: 10 mmx5 mmx2 mm)
were printed according to GB/T 228.1-2010 standard, as
shown in Fig. la. Tensile tests were performed at a rate of 1
mm/min using an Instron M4206 testing machine. Thermal
conductivity was measured using a calorimeter (Hot
Disk2500s) on printed samples with dimensions of 10 mmx10
mmx2 mm, as shown in Fig.1b.

3 Results and Discussion

3.1 Formability

The particle size, microscopic morphology, laser
absorptivity, and Raman spectrum of the Cu-CNTs mixed
powder are shown in Fig.2. As shown in Fig.2d, the median

particle size (D,,) of the mixed powder is 38.83 um, which
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Fig.1 Schematic diagrams of tensile sample (a) and thermal conducti-
vity test sample (b)
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satisfies the powder size requirement (13—53 pum) for LPBF
technique. Fig.2c reveals that the sphericity of the Cu powder
is well maintained during the preparation of the mixed
powder, with no degradation observed during the preparation
process. The basic structure of CNTs dispersed by ultrasonic
waves is not seriously damaged. In the wavelength range of
1060—1080 nm (Fig.2e), the laser absorption rate of the Cu-
CNTs mixed powder reaches 48.7%, compared to that of pure
Cu powder (23.4%), representing a 108.1% increment. It
suggests that the addition of CNTs significantly enhances the
light absorption of copper powder, which is attributed to the
high optical absorption of carbon materials in the infrared
region. Fig.2f shows that the Raman spectral characteristics of
the mixed powder are not significantly altered compared to
those of the original CNTs. The 1/l ratio of the original
CNTs is 1.173, while the I,/I; ratio of the water-bath
ultrasonically homogenized CNTs is 1.211, indicating only a
3.24% reduction in structural integrity, and confirming that
water-bath ultrasonic homogenization effectively preserves
the structural integrity of CNTs. The /I, ratio of the
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original CNTs is 2.467, and the I;/I,, ratio of the
ultrasonically homogenized CNTs in water bath is 2.491. The
L, value is closely related to the number of CNT layers, and
the increase in the abovementioned ratio indicates that the
water-bath ultrasonic homogenization leads to a slight
increase in the number of CNT layers. This is because during
the ultrasonic homogenization process, some dispersed thin-
layer CNTs may undergo mild agglomeration or interlayer re-
combination. Calculations show that the number of layers of
water-bath ultrasonically homogenized CNTs increases by
0.97%, compared with that of the original CNTs. Considering
in the I/I; ratio, CNTs
homogenization can still maintain their structural integrity.

the change after ultrasonic

Cu-CNTs composites are successfully fabricated under the
specified process parameters, which include a laser power of
380 W, a scanning speed of 230 mm/s, a scanning spacing of
0.1 mm, and a powder layer thickness of 0.03 mm. The
density of the Cu-CNTs composites is 96.6%, while that of the
pure Cu is 92.3%. The corresponding optical images are
shown in Fig. 3¢ and 3d. There are noticeable pores and a
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Fig.2 Microscopic morphologies of initial Cu powder (a), initial CNTs (b), and Cu-CNTs mixed powder (c); particle size distribution of Cu-CNTs

mixed powder (d); optical reflection of pure Cu powder and Cu-0.3%wt CNTs in wavelength range of 400—-1400 nm (e); Raman spectra of

original CNTs and ultrasonically homogenized CNTs (f)



30 Yang Laixia et al. / Rare Metal Materials and Engineering, 2026, 55(1):27-34

Fig.3 Macroscopic morphologies (a—b) and defect diagrams (c—d) of prepared pure Cu (a, ¢) and Cu-CNTs composite (b, d) samples

negligible amount of unmelted powder in the pure Cu sample,
as indicated in the magnified image in Fig.3c. The presence of
unmelted powder is attributed to the low laser absorption rate
of pure Cu powder: most of the laser energy is reflected,
leaving only a small portion of energy for sample fabrication.
Consequently, the powder between adjacent molten pools is
less likely to melt, leading to an increase in defect. However,
due to the incorporation of CNTs which have a higher laser
absorption rate, more energy is used in the fabrication of Cu-
CNTs composite samples. This results in a significant
reduction in surface defects and virtually eliminates unmelted
powder. Consequently, with the addition of CNTs, the non-
melting phenomenon of the powder is eliminated, and the
number of pores is also reduced.
3.2 Microstructure

As observed in XRD patterns (Fig. 4a), the addition of
CNTs to pure Cu does not result in the formation of impurity
phases with Cu during the fabrication process. Meanwhile,
Raman spectrometer was used to test the prepared samples,
and the resulting spectra are shown in Fig. 4b. There is no

characteristic peak of CNTs in the Raman spectrum of pure
Cu sample, whereas the Cu-CNTs composite sample exhibits
an obvious G-band. During LPBF process, CNTs are
surrounded by molten metal and covered by the solidified
metal matrix, which may affect Raman scattering results.
Therefore, the Cu-CNTs samples show a
pronounced G-band peak, which corresponds to the vibration
of carbon-carbon bonds within CNTs. This confirms the
retention of CNTs in the prepared composite samples.

The grain morphology and size were analyzed through
large-area EBSD with a step size of 0.9 um, and the grain
boundary angular orientation is depicted in Fig.5. In inverse
pole figures (IPFs), as shown in Fig. 5a—5b, the regions of
equiaxed grain (EG) and columnar grain (CG) are
distinguishable. Specifically, CG refers to the CG region, and
EG indicates the EG region. According to IPFs, the grain of
the prepared sample exhibits no obvious preferred orientation.
The CNTs content significantly influences the grain mor-
phology of pure Cu samples.

As illustrated in Fig.5a, CGs predominantly grow along the
reverse direction of heat flow (i. e., from the molten pool

composite

+Cu a %1) a ——Cu-CNTs b
—Cu
290 (220)
g N I A G-band
E\‘ Cu-CNTs
w2
[=}
2
= WMW
A l |
1 1 1 1 1 1 Cu

10 20 30 40 50 60 70
200(°)

80 500

1500 2000 2500 3000
Raman Shift/cm™'

1000

Fig.4 XRD patterns (a) and Raman spectra (b) of pure Cu and Cu-CNTs composite samples
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Building direction

Fig.5 IPFs of pure Cu (a) and Cu-CNTs composite (b) samples; schematic diagram of test surface marked by orange area (c)

boundary to the center), while EGs are randomly distributed
along the molten pool boundary and within the molten pool.
However, upon adding CNTs to the pure Cu samples, the
grains exhibit distinct differentiation in terms of shape and
size: EGs at the edge of the molten pool and coarse CGs at the
center of the molten pool, as indicated by the black arrow in
Fig.5b.

As depicted in Fig. 5a, EGs are initially randomly
distributed within the pure Cu sample. After incorporating
CNTs into the pure Cu sample, EGs start to accumulate near
the edge of molten pool. This phenomenon promotes the
formation of a greater number of coarse CGs with similar
orientations, which ultimately coalesce into larger CGs.

The influence of CNTs on grain morphology may be
attributed to their high thermal conductivity, which modifies
the heat transfer dynamics within the molten pool. The impact
of CNTs on the microstructure is illustrated in Fig. 6. The
overall microstructure of the sample fabricated using LPBF is
comparable to that of the pure Cu sample, as depicted in
Fig. 6a. Owing to the well-oriented thermal gradient and an
inherent characteristic of LPBF which facilitates epitaxial
growth, the grains within the molten pool are predominantly
columnar, with a few EGs distributed relatively uniformly.
However, for the composite samples, the EGs distributed at
the molten pool boundary are in contact with the solidification
zone, where heat dissipation is the most rapid, leading to swift
quenching. Consequently, the grains at the boundary of the
molten pool typically form as EGs.

Drawing upon the nucleation sites supplied by CNTs, the

elevated cooling rate of composites enhances the number of
nucleation events and the rate of heterogeneous nucleation*.
A higher cooling rate results in a faster solidification rate,
thereby restricting grain growth. The absorption of laser energy,
coupled with the swift solidification at the heterogeneous
nucleation sites, contributes to the formation of EGs with a
random orientation at the periphery of the molten pool™”.

However, the grain size in the composite is increased with
the introduction of CNTs. This can be attributed to the higher
temperatures in the center of the molten pool compared to its
edges, leading to overheating of the molten metal and the
melting of some initial nucleation sites, thus restricting
nucleation rates and providing longer time for grain growth.
This elucidates the disparity in grain morphologies between
the center and the periphery of the molten pool.

Moreover, CNTs exert an influence on the alteration of heat
transfer dynamics within composites. Typically, in LPBF, the
heat flow proceeds from the center of the molten pool toward
the boundary, as indicated by red arrows in Fig. 6a.
Incorporating CNTs can improve heat transfer rates and
temperature gradients, thereby promoting the formation and
growth of CGs. Consequently, CGs sharing
orientations amalgamate into larger and coarser CGs, as
shown in Fig.6b.

Regarding the pure Cu sample, CGs grow in a direction
opposite to the heat flow direction. Upon the addition of CNTs

similar

to the material, the thermal conductivity and cooling rate of
the composite both increase. This makes it easier to form EGs
at the edge of the molten pool, whereas the center of the

Fig.6 Schematic diagrams of effect of CNTs on microstructures of pure Cu (a) and Cu-CNTs composite (b) samples
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molten pool tends to form CGs due to the well-aligned
temperature gradient. Heat transfer is facilitated in the vicinity
of CNTs which possess high thermal conductivity. Within the
composite samples, CNTs constitute a larger portion of the
heat transfer pathways in the molten pool, thereby promoting
the formation of numerous longer CGs with similar
orientations. These grains amalgamate to form larger grains.
Hence, incorporating CNTs leads to a heterogeneous
microstructure in the Cu-CNTs composites.

CNTs also exert a significant influence on the distribution
of recrystallized structure within the composites. As illustrated
in Fig. 7a — 7b, the deformed microstructure of Cu-CNTs
samples is notably more pronounced than that of pure Cu
samples. This is attributed to the nanoscale fibrous nature of
CNTs. During the formation process, grains at the molten pool
boundary are in contact with the solidification zone, where
heat dissipation is accelerated and rapid quenching ensues.
This leads to an increase in EGs and a rise in dislocation
density among EGs, thereby rendering recrystallization more
difficult. In summary, the enhancement of the deformed
microstructure optimizes the mechanical properties of the
material, enabling it to better withstand high loads and
pressures. Moreover, the substructures generated within the
grain become more intricate, contributing to the overall
enhancement of the material’s properties. The increased con-
tent of deformed structures elevates the dislocation density,
accelerating the material’s recovery rate in subsequent heat
treatment processes to a certain extent, and aiding in the
reduction of material processing time.

3.3 Mechanical properties

As listed in Table 1, the pure Cu sample exhibits a tensile
strength of 145.7 MPa and an elongation of 11.2%, while the
Cu-CNTs composite sample demonstrates a tensile strength of
222.6 MPa and an elongation of 27.6%. In contrast, the
addition of CNTs results in a 52.8% increment in the tensile
strength and a 146.4% increase in elongation for the
composite.

In the tensile curves shown in Fig. 8, the stress declines
under the condition of minimal strain. This phenomenon
occurs because the two samples are not fully dense,
containing defects such as microcracks and microholes. Local
deformation occurs at the initial stage of loading, resulting in
a slight decrease in stress.

The improved tensile properties of composites may be due

100 pm

to the following strengthening mechanisms. Orowan
strengthening and load transfer strengthening are strongly
dependent on the volume fraction of CNTs. For composites
containing CNTs with a high aspect ratio, the primary
strengthening mechanism is load transfer"*'”. Given the
presence of CNTs in composites, Orowan strengthening may
have a significant strengthening effect on Cu-CNTs
composites.

Grain boundary strengthening, also known as Hall-Petch
strengthening, is closely related to the average grain size.
However, according to the EBSD grain data in Fig. 5, the
average grain size of the Cu-CNTs sample is relatively larger.
Therefore, grain boundary strengthening is unlikely to be one
of the main strengthening mechanisms. In addition, the
addition of CNTs and the heterogeneous structure induced by
CNTs unlikely contribute to a back-stress strengthening
mechanism during the deformation of Cu-CNTs composites,
which
materials

improves the
[18-20]

strength and plasticity of the

The fracture morphology of Cu-CNTs composites prepared
by the LPBF method is shown in Fig. 9b, revealing a
significant influence of CNTs on the fracture morphology of
samples. It can be seen from Fig. 9a that the tensile
fracture surface of pure Cu sample shows a large number of
cleavage planes alongside a small number of dimples. The
low elongation of this sample is attributed to quasi-cleavage
fracture and the presence of large defects. In contrast, Fig.9b
shows that the tensile fracture morphology of Cu-CNTs
composites is characterized by a high density of dimples,
with small dimples distributed within the large ones. This
observation demonstrates that the tensile strength and
elongation of Cu-CNTs
improved compared with pure Cu samples. This is because the

composites are significantly
addition of CNTs increases the material’s energy absorption
capacity: more energy is used to melt the metal powder,
resulting in a reduction in the number of internal defects
and pores. Therefore, during the tensile process, dislocations
grain boundaries, inducing
concentration that causes interface debonding and formation

accumulate at the stress
of tiny cavities. The material between these cavities is
stretched, resembling a protrusion. The cavities connect to
form dimples, which makes the composite more resistant to
fracture. However, the defects in pure Cu samples are
relatively larger. When stress concentration occurs due to

100
914 C
89.4 R ccrystallized

[ Deformed

80F

601

40F

Proportion/%

201

Cu-CNTs

Fig.7 Recrystallized structures of pure Cu (a) and Cu-CNTs composite (b) samples; proportions of recrystallized and deformed grains (c)
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Table 1 Tensile properties of pure Cu and Cu-CNTs composite

samples
Sample Tensile strength/MPa Elongation/%
Cu 145.7 11.2
Cu-CNTs 222.6 27.6

the accumulation of dislocations at the grain boundaries
during the stretching process, microcracks tend to form at
these defects and propagate rapidly, making the material
easier to fracture.
3.4 Thermal conductivity

Table 2 summarizes the thermal conductivity of the pure
Cu and Cu-CNTs composite samples. The results show that
the thermal conductivity of Cu-CNTs composite sample is
higher. Compared with that of pure Cu sample, the thermal
conductivity of Cu-CNTs composite sample increases from
405.54 W/(m-K) to 449.34 W/(m-K), representing an increase
of 10.8%. Similarly, the thermal diffusion increases from
120.96 mm*s to 134.97 mm’/s, showing an increment of
11.6%. The specific heat capacity decreases from 0.41 J/(g-K)
to 0.39 J/(g-K), inferring a reduction of 4.9%. The electrical
conductivity of parts was theoretically calculated using
Wiedemann-Franz law. With the Lorentz constant L=2.44%
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Fig.8 Stress-strain curves of pure Cu and Cu-CNTs composite

samples at room temperature

10° W- Q/K*" and temperature 7=300 K, the calculated
electrical conductivity is 6.2x107 S/m. Compared with that
of the pure Cu sample, the electrical conductivity of Cu-
CNTs composite sample is increased from 5.5x10” S/m to
6.2x107 S/m, increasing by 12.7%.

CNTs, due to their nanostructure and high aspect ratio,
provide highly efficient pathways for phonon and electron
transport. Their carbon-carbon bonding endows the material
with excellent thermal and electrochemical stability, resulting

Pimples

Fig.9 Tensile fracture morphologies of pure Cu (a) and Cu-CNTs composite (b) samples

Table 2 Thermal diffusivity, thermal conductivity, specific heat capacity, and electrical conductivity of pure Cu and Cu-CNTs composite

samples
Sample  Thermal diffusivity/mm?®s™ Thermal conductivity/W-(m-K)™"'  Specific heat capacity/T-(g-K)™"  Electric conductivity/x10” S-m™
Cu 120.96+0.06 405.54+0.20 0.41+0.01 5.5
Cu-CNTs 134.97+0.89 449.34+2.97 0.39+0.01 6.2

in extremely high thermal and electrical conductivities™.

When added to Cu matrix materials, CNTs retain these high
thermal and electrical conduction properties. Dispersed CNTs
partially replace the Cu-based thermal conduction network in
the matrix, forming a new network with enhanced thermal
conductivity. Compared to the thermal conductivity of pure
Cu matrix, this new thermal conduction network exhibits
superior phonon and electron transport capabilities. Thus, the
addition of CNTs
conductivity of the Cu material.

significantly enhances the thermal

4 Conclusions

1) Ultrasonic homogenization in water minimizes structural
damage to CNTs, and the addition of CNTs enhances the laser
absorption rate of the composites. Under the optimal
parameter combination, Cu-CNTs composites are successfully
fabricated by the LPBF method, with the density of 96.6%.

2) Due to their high thermal conductivity, CNTs can alter
the heat transfer behavior and cooling rate of the composite
material. CNTs also modify the local temperature gradient,
leading to the formation of EGs at the edge of the molten pool
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