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Development and characterisation of direct
laser sintering multicomponent Cu based
metal powder -

D. D. Gu* and Y. F. Shen

Recent advances in direct metal laser sintering (DMLS) have improved this technique considerably;
however, it still remains limited in terms of material versatility and controllability of laser processing.
In the present work, a multicomponent Cu based metal powder, which consisted of a mixture of Cu,
Cu-10Sn and Cu-8-4P powder, was developed for DMLS. Sound sintering activities and high
densification response were obtained by optimising the powder characteristics and manipulating
the processing conditions. Investigations on the microstructural evolution in the laser sintered
powder show that liquid phase sintering with partial or complete melting of the binder (Cu-10Sn),
but non-melting of the cores of structural metal (Cu) acts as the feasible mechanism of particle
bonding. The additive phosphorus acts as a fluxing agent to protect the Cu particles from oxidation
and shows a concentration along grain boundaries owing to the low solubility of P in Cu and the
short thermal cycle of laser sintering. A directionally solidified microstructure consisting of
significantly refined grains is formed, which may be ascribed to laser induced non-equilibrium

effects such as high temperature gradient and rapid solidification.

Keywords: Direct metal laser sintering, Cu based metal powder, Microstructure

Introduction

Direct metal laser sintering (DMLS) is a newly devel-
oped material additive manufacturing process which
enables the quick production of complex shaped three-
dimensional (3D) parts directly from metal powder." As
compared with indirect laser sintering or other conven-
tional processes, the main advantages associated with
this technique are elimination of cost and time consum-
ing preprocessing and post-processing steps.>* In other
words, the purpose of DMLS is to fabricate functional
metallic parts in a single process. Therefore, the DMLS
process is regarded as ‘rapid manufacturing’ more than
‘rapid prototyping’.*

So far, there exist abundant research reports in the
area of DMLS. Recent works mainly focus on the direct
laser sintering of the prealloyed metal powder (e.g. alloy
625, Ti-6A1-4V,* bronze,® stainless steel,” high speed
steel,® low carbon steel’ and tool steel'®) and the
multicomponent metal powder (e.g. bronze-Ni-CuP,"!
Ni-alloy-Cu,'?> Cu-SCuP,>'* iron—graphite,"'* Fe-C-
Cu-Mo-Ni"® and Fe-Cu-W'®). Most investigations
have been carried out on developing the workable
materials and exploring the fundamentals of laser
processing. Although recent advances in DMLS have
improved this technique considerably, it still remains
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limited in terms of material versatility and sintering
quality.'” Only a few metallic materials have been
commercialised, which limits the industrial application
of DMLS. Common problems associated with DMLS
such as oxidation, balling and curling might result in a
series of processing defects such as low sintered density,
weak strength and high surface roughness.'® In fact,
DMLS is a complex metallurgical process exhibiting
multiple modes of heat and mass transfer, and in some
cases, chemical reactions."'® Furthermore, these com-
plex phenomena are strongly material dependant and
governed by powder characteristics in terms of chemical
constituents, particle shape, particle size and its dis-
tribution and loose packing density.!**° However, not
much previous work has been reported on the basic
principles of powder preparation and the microstruc-
tural evaluation of the laser processed materials.*!

This paper presents the development and character-
isation of a multicomponent Cu based metal powder for
DMLS. The sintering behaviour, phase transformation
and microstructural evolution during laser sintering of
this powder system are also addressed.

Experimental procedure

Powder preparation

Electrolytic 99% purity Cu powder, water atomised
CuSn (10 wt-%Sn) powder and gas atomised CuP
(8-4 wt-%P) powder were used in this experiment. The
as received powder was sieved through a series of mesh

Powder Metallurgy 2006 voL 49 NO 3
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size to extract powder of desirable particle size. Size
distribution of the particles was measured using a
MS2000 laser particle size analyzer. The morphology
of the starting powder was examined by a Quanta 200
scanning electron microscopy (SEM).

The three kinds of powder were mixed according to
CuSn:Cu:CuP ratio of 30:60:10 by weight. Powder
mixing was performed in a cylindrical vessel with a
vacuum pumping system at the rotation velocity of
100 rev min™" for 90 min.

Laser sintering process

A DMLS system developed at the China Academy of
Engineering Physics (CAEP) was used for the laser
sintering experiments. Figure 1 depicts a schematic
diagram of the apparatus. The system consists of a
continuous wave CO, (A=10-6 um) laser with a max-
imum output power of 2000 W, an automatic powder
delivery system and a chamber with atmosphere control.

Single layer melting tests were firstly performed by
repeated scanning a powder layer (0-3 mm in thickness)
using a simple linear raster scan pattern. The laser
processing parameters used were listed as follows: spot
size of 0-30 mm, laser power of 200-500 W, scan speed
of 0-01-0-06 m s~! and scan line spacing of 0-15 mm.
The entire sintering process was carried out in air at
room temperature. From these experiments, several
optimal processing parameters were chosen for further
preparation of rectangular samples for microstructural
investigations. Further details of the DMLS process can
be found in the literatures.’!

Characterisation

Samples for metallographic examination were prepared
using standard techniques and etched with a mixture of
FeCl; (5 g), HCI (10 mL) and distilled water (100 mL)
for 30 s. Surface morphology and microstructure were
characterised using the Quanta 200 SEM and a SPI3800

Table 1 Specifications of particle size of starting powder
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atomic force microscope (AFM). Chemical composition
was examined by an EDAX spectroscopy. Phase
identification was performed with a Bruker D8
Advance X-ray diffraction (XRD) analyser.

Results and discussion

Powder characteristics

The material system as investigated was mixed by three
components: Cu powder, CuSn powder and CuP
powder. The Cu powder with higher melting point of
~1083°C acts as the structural metal during laser
sintering, while the prealloyed CuSn (10 wt-%Sn) with
lower solidus temperature of ~840°C and liquidus one
of ~1020°C acts as the binder. Phosphorus was added as
prealloyed CuP (8-4 wt-%P) powder, taking as a fluxing
agent to improve the wetting ability and thus aid in laser
processing.

The specifications of particle size of the starting
powder are listed in Table 1. It is clear that the powder
system was mixed by coarse Cu powder and fine CuSn
and CuP powder. Such bimodal mixture with a broad
particle size distribution (>60 pm) may lead to an
increase in the loose packing density than powder
systems with a uniform particle size.'> Generally, a
powder system with a high loose packing density is
preferred in the DMLS process.?’ In addition, the fine
CuSn and CuP particles can provide larger surface area
to absorb more laser energy, thereby increasing the
particle temperature and the sintering kinetics.

Figure 2 shows the morphologies of the starting
powder. The Cu powder exhibited an irregular and
ligamental structure (Fig. 2a). The irregularly shaped Cu
powder used may facilitate particle rearrangement
during liquid phase sintering and thus assist densifica-
tion, because the torques, which are formed owing to
misalignment of the particles’ centre, tend to rotate the
particles in the liquid.?> The CuSn powder showed an
ellipsoidal shape (Fig. 2b), while the CuP powder
exhibited a generally spherical morphology (Fig. 2c¢).
Such spherical or near spherical particles in the powder
system give higher coordination number and resultant
higher loose packing density. Figure 2d shows that the
fine particles were dispersed uniformly around the
coarse particles after mixing. A homogenous powder
blend with less agglomeration of the binder is of critical
importance to increase the thermal absorption rate of
the laser beam. Furthermore, a homogeneous dispersion
of the binder can lead to a favourable rheological
property of the solid-liquid system during sintering,®
which further enhances wetting characteristics and
accelerates particle rearrangement, hence permitting a
high densification.

Mechanisms of particle bonding

Figure 3 depicts an overview on the change of mechan-
isms of single layer melting. Over the entire range of
laser powers and scan speeds, five process regions as

¥

Powder Size, ym Volume fraction Mean particle diameter, ym
Cu 28-75 20%<38 pm, 80%<65 pm 54
CuSn 11-46 20%<22 pm, 80%<40 pm 28
CuP 5-24 20%<9 pm, 80%<20 pm 16
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a Cu powder; b CuSn powder; ¢ CuP powder; d powder mixture
2 Micrographs of starting metal powder (SEM)

follows are defined to characterise each single layer

sample:

Laser power(W)

(@

(i)

slight melting: the energy delivered was insuffi-
cient to cause any significant melting of the
binder, resulting in the formation of weak
interparticle contacts through short necks
partial melting: the incident energy could
generate sufficient liquid phase through the
partial or complete melting of the binder, while
the structural metal particles remained in solid.
The solid particles were bonded together by the
molten liquid to form a continuous network of
relatively small agglomerates, leading to an
almost fully dense sintered surface (Fig. 4a)

Complete meiting

0.04
Scan speed(m/s)

Single layer melting processed over wide range of
laser powers and scan speeds

Powder Metallurgy 2006 voL 49 NO 3

(iii) excessive melting: the laser sintering at a high
laser power with a low scan speed resulted in the
formation of excessive molten material because
of the highly localised heat input and the greater
heat affected zone around the laser beam.
Under this condition, coarse columnar agglom-
erates were formed, between which open and
deep pores were visible (Fig. 4b)

(iv) balling: at a high laser power with a high scan
speed, a liquid scan track of cylindrical shape
was generated, which in turn broke up to a row
of spheres owing to surface energy reduction
(‘balling’ effect). This resulted in the formation
of significantly coarsened metallic agglomerates
and large pores (Fig. 4¢)

(v) complete melting: at an even higher laser power
for all scan speeds, the incident energy was high
enough to make complete melting of the powder
occurred, producing a long thin melt pool. The
liquid broke up at longer intervals owing to
significant shrinkage during liquid-solid transi-
tion, thereby forming a porous surface consist-
ing of highly rippled metal lumps (Fig. 4d).
Furthermore, EDX analysis was detected the
formation of severe non-metallic inclusions in
this case as a consequence of oxidation.

Typical surface morphologies of the laser sintered
powder obtained on the described regions are shown
in Fig. 4.

A close look at the laser sintered surfaces (Fig. 4)
demonstrates that liquid phase sintering with partial or
complete melting of the binder, but non-melting of the
cores of structural metal proves to be a feasible bonding
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a 350 W, 0-04 m s~ (point 1 in Fig. 3); b 350 W, 0-02m s~ (point 2); ¢ 425 W, 0-06 m s~ (point 3); d 425 W, 0-03 ms™'

(point 4)

4 Micrographs of surface morphologies of laser sintered samples at different laser power and scan speed combinations

(SEM)

mechanism for this powder system. From the parameter
dependence descriptions (Fig. 3), it can be noticed that
the process window is quite narrow and the require-
ments for adjusting the laser processing parameters are
critical: sintering can only be smoothly processed at
temperatures exceeding the melting point of the binder,
but below the melting point of the structural metal. With
the suitable sintering mechanism permitted, a rectangu-
lar sample with dimensions of 100 x 10 x 30 mm was
fabricated at a laser power of 350 W and a scan speed of
0-04 m s™! (Fig. 5). From the images, it can be seen that
the powder was smoothly sintered without any splash
(Fig. 5a) and the laser sintered part showed very little
dimensional deformation and balling phenomena
(Fig 5b).

Structural analysis

Figure 6 shows typical XRD patterns of the powder
mixture and the above laser sintered sample. The
starting powder blend mainly consisted of a matrix
metal Cu and an intermetallic compound Cuy4;Sny;,
while Cu;P acted as the primary eutectic constituent
phase of the prealloyed CuP (Fig. 6a). After laser
sintering, the diffraction peaks of the retained Cu
decreased and slightly shifted to a low diffraction angle
(Fig. 6b), resulting in an increase in the lattice para-
meters. This may be caused by the substitutional
replacement of Cu atoms possessing smaller radii
(0-128 nm) with Sn atoms possessing larger radii

b

5 Photographs of a laser sintering process and b laser
sintered sample
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X-ray patterns of a starting powder blend and b laser
sintered sample .
(0-158 nm). This analysis is further proved by detecting
the formation of a-CuSn phase, a solid solution of Sn in
Cu (Fig. 6b). In addition, Fig. 6b reveals the presence of
phosphorus as CuPOj, but without the existence of
oxide CuO or Cu,0. This may be because phosphorus
acts as an in situ sink for oxygen during sintering,
protecting the Cu particle surface from oxidation and
permitting a sound solid-liquid wetting characteristics
with minimal or no balling effect.

Microstructure

Figure 7 shows the characteristic microstructure of the
laser sintered sample. It can be seen that a highly
continuous network of dendrites was formed (Fig. 7a).
The EDX results reveal that such dendrites were CuSn
solid solution, while the areas between dendrites were
identified to be Cu rich. This indicates that the
mechanism of this process is liquid phase sintering,
and the liquid formation is achieved by melting of CuSn
but non-melting of the cores of Cu particles. Partial
melting of the particles by laser irradiation may result in
the formation of a so called ‘sintering pool’ containing a
solid-liquid mixture, which differs from the melt pool
with a single liquid phase formed in direct metal laser
remelting (DMLR)? or selective laser melting (SLM)**
process. Eventually, the sintering pool undergoes
solidification by preferred nucleation of epitaxial grains
off the surface of remained Cu solid particles. An EDX
line scan was performed across the dendrites from
position A to B (Fig. 7b), with the content distribution
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a x1000; b x 2000
7 Typical microstructures of laser sintered sample at dif-
ferent magnifications

of Cu, P and Sn shown in Fig. 8. It is observed that the
Cu generally demonstrated a higher content distribu-
tion. The P content at the boundaries of dendrites was
much higher than that in other positions, while the Sn
content showed a relatively slight change except for little
higher concentration in the dendrites. This phenomenon
can be explained with the following reasons. During
laser sintering, the melting of the binder CuSn occurs
because of the relatively higher absorption to laser
energy and lower solidus temperature of ~840°C. At the
melting temperature of the CuSn, the CuP powder is
expected to be fully molten as it has a lower eutectic
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8 Distributions of Cu, P and Sn elements shown by EDX
trace along AB line in Fig. 7b
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a 10x10 um scan area; b 1x1 um scan area on zone A; ¢ 1x1 um scan area on zone B; d 200 x200 nm scan area on

zone B
9 Images of AFM of ultrafine structures on microareas

temperature of ~714°C. The Cu particles, however, are
dissolved slightly in the wetting liquid owing to a higher
melting point of ~1083°C. With the laser beam moving
away, the high temperature phase a-Cu starts to solidify.
Owing to a relatively high solubility of Sn in Cu
(~15 wt-% at 200°C),%® the formation of the a-CuSn
solid solution (Fig. 6b) as well as the precipitation in
dendritic morphologies can occur (Fig. 7a). However,
because of a low mutual solubility of P and Cu
(<2 wt-% at 200°C)*> and the rapid heating process,
the solution of P in Cu may be significantly suppressed
and the P tends to segregate along the boundaries of the
solidified phase (Fig. 8).

Metallographic study at a higher magnification shows
that the dendrites grew directionally along certain
preferred but not changeless orientations (Fig. 7b).
Because an extremely high temperature gradient exists
in the sintering pool, the dendrites grow directionally
along the heat flow direction; meanwhile, the preferred
crystal orientation of the grains also shows pronounced
influence on the direction of the growing dendrites.?®
Owing to the dynamic effects induced by the mobile
laser scanning, the heat flow direction changes with the
solid/liquid interface advancing. Thus, the dendrites may

-

adjust their growth direction between heat flow direction
and their preferred orientation. Furthermore, Fig. 7b
reveals that the side branches of the dendrites were not
well developed and the dendritic cellular structures were
coexisted. This is attributed to the high temperature
gradient and high solidification rate induced by laser
scanning. Also, Fig. 7b shows that the primary dend-
ritic spacing was generally <S5 pm, from which it can
be concluded that the temperature gradient and
the solidification rate can reach 1-0x10°®km™' and
6:0x 10> K min~! respectively.?*?’

Analysis of AFM performed on microscan areas
shows the formation of ultrafine sintered structures
(Fig. 9). It can be seen that the average grain size of the
precipitated CuSn solid solution (zone A in Fig. 9a) was
~250 nm (Fig. 9b). Here, it should be noted that the
high solidification rate and the large degrees of under-
cooling of alloys may lead to the refinement of the scale
of microstructures. Interestingly, the results, shown in
Fig. 9c, reveal that the grains of the remained Cu phase
(zone B in Fig. 9a) were consisted of ultrafine nanometre
scaled subgrains, with the mean grain size of ~50 nm
(Fig. 9d). It is well known that the laser heating is a
transient non-equilibrium process.?® For high speed
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heating, thermal expansion will lag behind temperature,
i.e. even though temperature reaches a maximum, the
thermal expansion remains unfinished.?” The non-
synchronous change of temperature rise and thermal
expansion leads to a high non-stationary thermal stress
in the sintering system.>° This will be beneficial in
refinement of the microstructural scale of the copper
phase, even though it has not been molten by the laser
beam during sintering. The significant grain refinement
in the sintered structures holds a great potential in
improving the performance of the laser processed
materials.

Conclusions

Based on the experiments conducted, conclusions can be
drawn as follows: R

1. A multicomponent Cu based metal powder is
developed for direct laser sintering. The shape, size
and its distribution of the particles as well as the
dispersion homogeneity of the powder system influence
sintering behaviour and densification response.

2. The direct laser sintering of this powder system is
based on the mechanism of liquid phase sintering with
partial or complete melting of the binder (CuSn), full
melting of the additive (CuP) and non-melting of the
cores of the structural metal (Cu).

3. With optimising the processing parameters such as
laser power and scan speed, the workable sintering
mechanism and sound interparticle bonding can be
permitted.

4. Mutual solubility and reactivity between the
different constitutes of the powder blend leads to the
formation of new phases as well as solution and
precipitation phenomena during short laser irritation.

5. The laser induced non-equilibrium effect signifi-
cantly refines the grain size of the sintered structure.
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Abstract. Selective laser sintering (SLS) of a multi-component Cu-based alloy, which consisted of
a mixture of Cu, CuSn, and CuP powder, was successfully processed. The XRD, SEM, and EDX
analysis shows that the bonding mechanism of this process is liquid phase sintering with partial
melting of the powder occurred. The CuSn powder with lower melting point acts as the binder,
while the Cu powder with higher melting point acts as the structural metal. The element phosphorus
acts as a fluxing agent to prevent the Cu particles form oxidation. The distribution of phosphorus
shows higher concentration at grain boundaries due to low solubility of P in Cu. A case study on
SLS of this powder system to fabricate a gear was carried out. The relative density of 82% and
radial dimension error of 1.9% were achieved.

Introduction

Selective Laser Sintering (SLS) is a typical Rapid Prototyping (RP) technique which holds the
capability of producing three-dimensional (3D) full-density parts directly from powders with
minimal or no pre-processing and post-processing requirements [1]. Recent research efforts have
demonstrated the great potential to fabricate metal components with controlled microstructures and
mechanical properties by SLS process [2]. Metallic SLS has been commercially available to
produce high performance engineering parts such as functional prototypes and low-volume tools for
injection molding and die casting [3].

Copper and copper alloys are widely used materials owing to their excellent thermal and
electrical conductivities, ease of material processing, and low cost [4], which also makes them
particularly suitable for SLS. The Cu-based powder systems that have been investigated include:
CuSn [5], CuSn-Ni [6] and Cu-SCuP [4]. However, till now, common problems associated with
metallic SLS such as “balling” effect, curling deformation, low sintered density, weak strength, and
high surface roughness are still difficult to completely overcome. This might be caused by the
complex nature of SLS, in which multiple modes of heat and mass transfer, and in some instances,
chemical reactions may occur [2]. In fact, the SLS of metal powder is still in its early stage of
development. Significant research efforts are still required to study the basic principles of SLS
process, especially the bonding mechanism of metal powder during laser sintering [7].

This paper reports the results of an investigation into direct SLS of a special multi-component
Cu-based metal powder. The phase transformation and microstructural evolution of this powder
system during SLS are addressed, with an overall aim to assess its laser sintering behavior.

Experimental Procedure

Powder Preparation. Electrolytic 99% Cu powder with irregular structure and mean equivalent
spherical diameter of 54pm, water-atomized CuSn (10 wt. % Sn) powder with ellipsoidal shape and
particle size distribution of 11-46um, and gas-atomized CuP (8.4 wt. % P) powder with spherical
morphology and particle size ranging from 5 to 24pum were used in this experiment. Phosphorus,
taking as a fluxing agent, was added as pre-alloyed CuP to improve the wetting characteristics in the
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