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The densification behavior and attendant microstructural characteristics of direct laser sintered submicron
W-Cu/micron Cu powder system under different processing conditions were investigated in this work.
The methods for improving the controllability of laser processing were elucidated. A “linear energy density
(LED)”, which was defined by the ratio of laser power to scan speed, was used to tailor the powder melting
mechanisms. It showed that using a suitable LED between ~13 and ~19 kJ/m combined with a scan speed
less than 0.06 m/s led to a continuous melting of the Cu component, yielding a sound densification larger
than 92% theoretical density without any balling phenomena. With a favorable sintering mechanism
prevailed, a proper increase in the LED above ~13 kJ/m, which was realized by increasing laser power
or lowering scan speed, produced a homogeneous microstructure consisting of a novel W-rim/Cu-core
structure. Narrowing the scan line spacing to 0.15 mm was able to enhance the inter-track bonding, and
to reduce the roughness of laser sintered surface. Decreasing the powder layer thickness to 0.15 mm was
a promising approach for improving the inter-layer bonding coherence. A “volumetric energy density
(VED)” was defined to facilitate the integrated process control by considering the combined effect of
various processing parameters. It was found that setting the VED within ~0.6 and ~0.8 kJ/mm? favored a

Keywords:

Metals and alloys
Laser processing
Sintering
Microstructure

better yield of high-density sintered parts.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Due to a unique combination of high electrical and thermal con-
ductivity of copper and low coefficient of thermal expansion (CTE)
and high hardness of tungsten, tungsten-copper (W-Cu) compos-
ites have been widely used for thermal and electrical applications
such as heavy-duty electronic contacts and heat sink materials for
high-power microelectronic devices [1-5].

W-Cu composites are commonly produced by infiltrating
porous sintered W with liquid Cu or powder metallurgy (PM) tech-
niques. However, for the infiltration method, there exist a series
of process defects such as porosity, copper lakes, and tungsten
agglomerates [6]. Additionally, there is a limit to the copper con-
tent of 30 wt.% if using this method [7]. In the case of PM method,
a significant technological problem is the resultant porosity, due
to the mutual insolubility between W and Cu. Furthermore, almost
all PM-processed pieces are required to be pre-worked by some
dedicated tools (e.g., moulds or dies) to obtain a desired shape.
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However, because of the limitation of currently available tools,
some complex-shaped W-Cu objects are always difficult to be pro-
duced.

To overcome these shortcomings, a new fabrication technique,
i.e., direct metal laser sintering (DMLS), has been introduced for the
production of W-Cu components [8]. DMLS is a laser-based rapid
prototyping (RP) technology that builds objects in a layer-by-layer
fashion using a bed of loose powder and a computer controlled
laser beam [9-16]. DMLS, due to its flexibility in materials and
shapes, allows complex three-dimensional (3D) W-Cu objects to
be produced without any tools.

However, a review of existing literature reveals that not much
previous work has focused on the basic principles of the fabrica-
tion of W-Cu components using DMLS. Actually, because of the
complex nature of DMLS, which involves multiple modes of heat,
mass, and momentum transfer [11,12], process defects associated
with DMLS such as balling, curling, and delamination are still dif-
ficult to be eliminated completely. It has been found that both
powder characteristics (e.g., particle shape, size and its distribu-
tion, and component ratio) and processing parameters (e.g., laser
power, scan speed, scan line spacing, and powder layer thickness)
influence the densification level and the attendant microstructures
of DMLS-processed materials [17].In our previous work [8], we have
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Fig.1. SEMimage showing characteristic morphology of ball-milled powder system.

reported the influence of Cu elemental content on the microstruc-
tural evolution and densification response of direct laser sintered
W-Cu composites. A sound sintered density accompanied by an
interesting W-rim/Cu-core structure has been obtained at a suitable
Cu content. Besides the optimization of material characteristics,
the possibility of controlling processing parameters in improving
the properties of laser sintered W-Cu components is becoming
another important consideration. This article presents the sintering
mechanisms, surface morphologies, and microstructural features of
DMLS-processed W-Cu composites using a wide range of process-
ing parameters, with an aim to elucidate the optimal processing
conditions and the relevant control methods.

2. Experimental procedure
2.1. Powder preparation

Electrolytic 99% purity Cu powder with an irregular shape and a mean particle
size of 15 wm and submicron W-20Cu (wt.%) composite powder with an irregular
morphology and an average particle size of 0.24 um were used in the current study.
The W-20Cu powder was synthesized via combining spray drying and hydrogen
reduction [18]. The two powder components were mixed in a Fritsch Pulverisette
6 planetary mono-mill at a rotation speed of 350 rpm for 60 min, with a ball-to-
powder weight ratio of 10:1. A homogeneous W-Cu powder system was obtained
after mechanical milling, as shown in Fig. 1. Using such a bimodal-sized powder
bed was able to improve the flowability of the powder mixture while keeping a fine
structure of W in the system.

2.2. Laser processing

The used DMLS system mainly consisted of a continuous wave Gaussian CO;
laser with a maximum output power of 2000 W, an automatic powder delivery
system, and a computer system for process control.

Single layer sintering tests were performed in ambient atmosphere by repeated
scanning a powder layer (0.15 mm in thickness) on a Q235 steel substrate using a
simple linear raster scan pattern. From these experiments, a series of typical process-
ing parameters were chosen for further preparation of 3D samples with dimensions
of 40 mm x 15 mm x 6 mm. Further details regarding DMLS process can be found in
the literature [19,20]. The used processing parameters were: spot size 0.30 mm, laser
power 300-1200 W, scan speed 0.02-0.08 m/s, scan line spacing 0.15-0.30 mm, and
powder layer thickness 0.10-0.30 mm.

2.3. Characterization

Photographs of the real-time laser sintering process were recorded using a SONY
DSC-P8 digital camera. Densities of laser sintered samples were calculated based
on Archimedes’ law. Specimens for metallographic examinations were cut, ground,
and polished according to standard procedures. No etching was performed. Sur-
face morphologies and microstructural features of specimens were characterized
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Fig. 2. Mechanisms of single layer melting processed over a wide range of laser
powers and scan speeds for the W-Cu system. Laser sintering using “v” denoted
parameters results in slight melting; laser sintering using “+¢” denoted parameters
leads to continuous melting; laser sintering using “O” denoted parameters results in
melting with balling; laser sintering using “A” denoted parameters results in melting
with breakage.

using a Quanta 200 scanning electron microscope (SEM) at an accelerating voltage
of 20 kV. An EDAX energy dispersive X-ray spectroscope (EDX) was used to determine
chemical compositions.

3. Results
3.1. Mechanisms of powder melting

Fig. 2 depicts the process map regarding the change of mech-
anisms of single layer melting. Over the entire range of laser
powers and scan speeds, the following four process windows can
be defined:

(1) Slight melting. The incident laser energy was great enough to
exert an effect on the powder bed, but insufficient to induce
any significant melting of the powder.

(I) Continuous melting. The delivered energy produced continu-
ous molten tracks by means of the complete melting of the Cu
component, leading to coherent sintered tracks after solidifi-
cation.

(1) Melting with balling. Using a high laser power and a high scan
speed (>0.06 m/s) resulted in the formation of liquid scan
tracks of a long thin cylindrical shape, which then broke up
into a series of metallic spheres as a consequence of surface
tension reduction.

(IV) Melting with breakage. At a high laser power combined with
a low scan speed (<0.06 m/s), the localized heat input and
the attendant heat affected zone around the molten pool
were enhanced considerably. The molten scan tracks broke
up at longer intervals due to the excessive shrinkage during
liquid-solid transition, forming the interrupted sintered tracks
on cooling.

It should be noted that the process map is defined based on a
series of points, which are indicated by different symbols in Fig. 2. In
each process window, laser sintering using the processing param-
eters within it yielded a similar mechanism of melting. With these
key pointes determined, the boundaries between the four differ-
ent windows were drawn approximatively. The boundary locations
were not absolutely strict, due to the span of parameters choice
(typically 50 W for the laser power and 0.01 m/s for the scan speed).
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Fig. 3. SEM images showing typical surface morphologies of laser sintered samples prepared with selected parameters in different windows of Fig. 2: (a) 500 W, 0.04 m/s
(point 1, zone I), (b) 700W, 0.04 m/s (point 2, zone II), (c) 1000 W, 0.07 m/s (point 3, zone III), and (d) 1000 W, 0.05 m/s (point 4, zone IV). Fixed parameters are scan line

spacing 0.15 mm and powder layer thickness 0.15 mm.

In spite of that, the four process windows can be used to choose
the suitable processing conditions under which laser sintering will
generate a feasible mechanism of melting.

The characteristic surface morphologies of laser sintered multi-
layer samples obtained in the described windows are provided in
Fig. 3. Table 1 depicts the statistics for the sintered densities using
different sintering mechanisms. Laser sintering using parameters
within zone I (point 1) produced a porous sintered surface con-
taining some residual unsintered powder particles (circles denoted,
Fig. 3a), resulting in a considerably low sintered density (Table 1).
For point 2 within zone II, a relatively smooth and fully dense
sintered surface was obtainable (Fig. 3b). Actually, the densifi-
cation level of laser processed samples using parameters within
zone II was generally higher than 92% theoretical density (TD).
In the case of point 3 within zone III, the sintered surface con-
sisted of rows of coarsened balls and interconnected inter-ball pore
channels (Fig. 3¢), leaving a high residual porosity (Table 1). More
severely, balling effect, in most cases, handicapped the completion
of a desired multi-layer sample, because balling phenomena made
the smooth spreading of fresh power on the previously processed

layer impossible, especially at the latter stage of sintering. As to
point 4 within zone IV, a highly rippled surface consisting of large-
sized pores was found (Fig. 3d). Besides the limited densification
(Table 1), the sintered samples generally exhibited a significant
geometric distortion (curling or delamination).

3.2. Microstructures

Although laser processing using the various parameters within
zone II (Fig. 2) generally yielded a favorable densification (Table 1),
the microstructural features on internal sections of laser sintered
samples showed some pronounced differences, as revealed in Fig. 4.
In general, the EDX analyses showed that the white phase was
W, while the surrounding grey matrix was Cu. At a laser power
of 600 W and a scan speed of 0.04m/s (point 5), a heterogeneous
microstructure consisting of clusters of W solids and irregular Cu-
rich regions was visible (Fig. 4a). A high-magnified SEM image
revealed that the fine W solids aggregated severely in the matrix
(Fig. 4b). At a higher laser power of 700 W and the same scan speed
(point 2), regular-shaped chain-like structures were present after



110 D. Gu, Y. Shen / Journal of Alloys and Compounds 473 (2009) 107-115

Fig. 4. SEM images showing characteristic microstructures on polished sections of laser sintered samples at different laser powers and scan speeds: (a) 600 W, 0.04 m/s
(point 5, Fig. 2), (c) 700 W, 0.04 m/s (point 2), and (e) 850 W, 0.06 m/s (point 6). Fixed parameters are scan line spacing 0.15 mm and powder layer thickness 0.15 mm. (b), (d),
and (f) are local magnifications of (a), (c), and (e), respectively.
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Table 1

Average densification level of laser sintered multi-layer samples with various mechanisms of melting

Melting mechanism Slight melting

Continuous melting

Melting with balling Melting with breakage

Zone Il
>92% TD

Zone |
<70% TD

Process window
Densification level

Zone Il
<75% TD

Zone IV
~80% TD

sintering, showing a more homogeneous structure (Fig. 4c). More
interestingly, the W solids were well arranged into a novel W-
rim/Cu-core structure (Fig. 4d). However, at a higher scan speed
of 0.06 m/s (point 6), the W solids again showed some aggregation
in laser sintered matrix, thereby destroying such a W-rim/Cu-core
structure (Fig. 4e and f).

Fig. 5 elucidates that the surface morphologies of laser sin-
tered samples (e.g., size and shape of sintered agglomerates,
amount of porosity) are strongly affected by scan line spacing. At
a high scan line spacing of 0.30 mm (i.e., no overlap between scan
lines), narrow columnar agglomerates parallel to the scan direction
(arrowheaded) were formed, which were separated by large and
interconnected gaps (Fig. 5a). As the spacing decreased to 0.25 mm
(i.e., overlap between scan lines of 8.3%), the gaps between sin-

tered agglomerates became shallow, although the surface was still
rippled and rough (Fig. 5b). Interestingly, at an even lower spacing
of 0.15 mm (i.e., overlap between scan lines of 25%), an almost fully
dense and comparatively smooth surface was obtained (Fig. 5¢).

In order to study the influence of layer thickness on sintering
activity and densification response of the powder system, pow-
der beds with various layer thicknesses were scanned at a fixed
laser energy input, with the real-time sintering process illustrated
in Fig. 6. The inter-layer bonding properties of the finished multi-
layer samples are shown in Fig. 7. At a high layer thickness of
0.30mm, a considerably large sparkle was observed in the laser
irradiating region, resulting in a severe splash of the heated pow-
der (Fig. 6a). In this situation, interconnected pore channels were
present between sintered layers, resulting in a poor densification of

Fig. 5. SEM images showing typical surface morphologies of laser sintered samples with various scan line spacings: (a) 0.30mm, (b) 0.25 mm, and (c) 0.15 mm. Fixed
parameters are laser power 850 W, scan speed 0.05 m/s, and powder layer thickness 0.15 mm.
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Fig. 6. Photographs of the real-time laser sintering process using different powder
layer thicknesses: (a) 0.30 mm and (b) 0.15 mm.

78.3% TD (Fig. 7a). Differently, as decreasing the layer thickness to
0.15 mm, the powder was smoothly sintered without any apparent
splash, exhibiting a small spark during powder-beam interaction
(Fig. 6b). As a consequence, a sufficient densification (94.1% TD)
combined with a favorable inter-layer bonding was obtained, show-
ing no apparent pores or cracks between layers (Fig. 7b). However,
it was noted that a further decrease in the layer thickness to
0.10mm reduced the level of inter-layer microstructural homo-
geneity (Fig. 7c). The obtainable sintered density, 82.6% TD, also
showed a decrease.

4. Discussion
4.1. Control of melting mechanisms by “linear energy density”

During DMLS, laser scanning is performed line-by-line over the
powder bed at a constant speed. The dwelling time of the laser
spot at any irradiating region is extremely short, typically less than
4ms [10]. Due to such a localized nature of the rapid DMLS pro-
cess, particle bonding must occur speedily, in the order of seconds
[21]. Therefore, a sintering mechanism involving a liquid Cu phase
is more reasonable for DMLS. Laser sintering of W-Cu system starts
by means of the selective melting of Cu component, due to a signifi-
cant difference in the melting temperatures of Cuand W (~1083 vs.
~3410°C). A close look at the process map (Fig. 2) reveals that pro-
cessing parameters are required to be carefully tailored, in order

to achieve a favorable mechanism of melting. It is worthy noting
that laser power (P) and scan speed (v) are the two main parame-
ters involved in the individual line scanning. In order to assess their
combined effect, a new concept, i.e., “linear energy density (LED)”
(A), is defined:
p

A= (1)

After converting Fig. 2 into Fig. 8 using the defined LED, it is
easy to find that the powder melting mechanisms show a distinct
change with the incident LED. For a given LED below ~13 kJ/m, laser
sintering at all scan speeds induces a considerably low degree of
liquid formation due to an insufficient melting of the low melting
point Cu component, which inevitably results in a large amount
of residual porosity after sintering (Fig. 3a). Using a LED between
~13 and ~19KkJ/m proves to be feasible in realizing a continu-
ous melting of the Cu component, thereby producing a sufficient
amount of liquid phase. More molten liquid is thus likely to flow
and infiltrate into the voids between the W solids, yielding a denser
microstructure (Fig. 3b). However, using a high scan speed larger
than 0.06 m/s incurs detrimental effects due to the occurrence of
balling, even if the obtained LED falls within this favorable range
(Fig. 3c). In this situation, the Cu liquid is able to spread around
the W solid particles into a continuous film of a cylindrical shape
in the initial stage of melting, owing to the sufficient energy input.
However, due to an enhanced capillary instability effect induced by
a higher scan speed, a significant transverse shrinkage distortion
tends to initiate in inter-particle areas, resulting in the breakage
of Cu liquid film along the molten track [22]. Also, a higher scan
speed results in a rapid decrease in the diameter of the cylindri-
cal shaped scan track. Thus, the radial contraction of the liquid
track occurs, changing the direction of fluid flow from radially
outward to radially inward and, eventually, causing the balling
[23]. At an even higher LED above ~19kJ/m, an excessive energy
input enhances the operating temperature significantly, resulting
in a high degree of superheating of the low melting phase Cu.
The viscosity of liquid-solid mixture, thus, decreases markedly,
which in turn elevates the Marangoni effect considerably. As a
consequence, a significant shrinkage occurs during liquid-solid
transition, thus decreasing the attainable density due to the for-
mation of interrupted scan tracks and large-sized pores (Fig. 3d).
Also, the overheating of the sintering system causes a large warp-
ing of the sintered parts owing to the high thermal gradients, which
induce residual stresses relieved by shape change.

4.2. Influence of processing parameters on microstructures

It is well known that the conventional liquid phase sinter-
ing (LPS) process consists of three overlapping stages: particle
rearrangement, solution reprecipitation, and solid-state sintering
[15]. The W-Cu as investigated is a unique material combination
because of the good wettability yet mutual insolubility of W in Cu,
which makes the contribution of solution reprecipitation negligible
[24,25]. Thus, only the first stage, i.e., particle rearrangement, plays
a main role in realizing a successful DMLS due to the short interac-
tion duration between the laser and the powder. In general, laser
sintering using different LEDs within zone II of Fig. 8 yields a sound
density (Table 1), which is mainly ascribed to the sufficient amount
of liquid formation (Fig. 2). However, the microstructural homo-
geneity of DMLS-processed powder varies with the LED (Fig. 4).
In detail, the LEDs corresponding to Fig. 4a, ¢, and e are 15, 17.5,
and 14.2 kJ/m, respectively. Thus, it can be assumed that using a
higher LED leads to a more homogeneous microstructure (Fig. 4c)
combined with an interesting W-rim/Cu-core structure (Fig. 4d).
A comparative study reveals that increasing laser power (Fig. 4a
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Fig. 7. SEM images on cross-sections of laser sintered samples showing inter-layer bonding at different layer thicknesses: (a) 0.30 mm, (b) 0.15 mm, and (c) 0.10 mm. Fixed

parameters are laser power 850 W, scan speed 0.05 m/s, and scan line spacing 0.15 mm.

vs. Fig. 4c) or decreasing scan speed (Fig. 4e vs. Fig. 4c) can both
enhance the LED. A higher LED, thus, favors a higher sintering tem-
perature, due to a larger energy gain of the powder. It is known that
the surface tension (o, mN/m) of Cu liquid has a linear relationship
with the temperature (T, °C), and can be estimated by [26]:

o = 1330 — 0.23(T — 1085) 2)

Therefore, a higher LED leads to a higher T and, accordingly, a
lower o. On the other hand, based on Takamichi and Roderick’s
results [27], the dynamic viscosity of the liquid (7, Pa-s) is defined
by:

16 /m

n=1\ 15" (3)

where m is the atomic mass and k is the Boltzmann constant. From
Eq. (3), one can notice that either a higher T or a lower o leads to a
smaller n. During DMLS of W-Cu composites, the main forces act-
ing on W solids are: the capillary force for the rearrangement of W
particles and the friction force due to the flow of Cu liquid around W
particles [28]. Anestiev and Froyen’s work [28] reveals that the cap-
illary force is in inverse proportion to the o, while the friction force
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Fig. 8. Variation of powder melting mechanisms with linear energy density for the
W-Cu system.
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Fig. 9. Schematic of multi-line laser scanning.

is proportional to the 5. Therefore, a decrease in o and n (Eqs. (2) and
(3)), which can be realized by increasing LED, enhances the capil-
lary force and, meanwhile, lowers the friction force. The combined
effect of these two factors favors the sufficient rearrangement of W
particles, thus producing a homogeneous sintered structure free of
the apparentaggregation of W solids (Fig. 4c). Additionally, an inter-
esting W-rim/Cu-core structure is present in this situation (Fig. 4d).
Our previous work [29] has proposed a reasonable mechanism for
its formation, i.e, the combined action of the thermal Marangoni
flow and the solutal one. Moreover, it shows that a decrease in the
n leads to a stronger Marangoni flow [8], which favors the formation
of such a novel structure.

On the other hand, the sintering and densification behavior in
the W-Cu powder system would be influenced by scan line spacing
during line-by-line laser melting (Fig. 5). As is evident from Niu and
Chang’s work [30], there exists a torque around the non-spherical
W particles in Cu liquid, due to the misalignment of W solids. In
addition, since the spatial intensity profile of the used laser beam
follows a Gaussian distribution (Fig. 9), a large thermal gradient
tends to develop between the centre and edge of the melt pool,
which further gives rise to surface tension gradient and attendant
Marangoni flow [31]. The combined effect of the present torque
and Marangoni flow tends to rotate the W solids in the melt pool
and, meanwhile, moves them towards the centre of the laser beam,
where the temperature is the highest. As a consequence, arrays of
agglomerates located at the centre of the scanned tracks and the
large inter-track gaps are formed (Fig. 5a). Decreasing the scan line
spacing brings the scan tracks closer to each other until they overlap
(Fig. 9). The overlapping of the adjacent tracks makes it possible
that a large part of the laser spot would scan over the previously
scanned track and, accordingly, remelt the previously processed
materials. This favors the flow and spreading of liquid between scan
tracks and the escaping of some previously trapped air, leading to
the enhancement of the inter-track bonding and the reduction in
the sintered porosity (Fig. 5b and c).

The move to the fabrication of a multi-layer sample requires
that an appropriate layer thickness to be determined. When the
laser beam scans over the powder layer, the laser energy is directly
absorbed by the solid particles through both, bulk coupling and
powder coupling mechanisms [32]. Primarily, the laser energy is

absorbed in a narrow layer of individual powder particles deter-
mined by the bulk properties of the materials, inducing a high
temperature of the particle surface. The heat flows mainly towards
the centre of the particles until a uniform temperature within the
particles is obtained. Subsequently, the surrounding powder prop-
erties are responsible for the further thermal development. It is
known that a large volume of gas phase exists in pores between
particles. The heat conductivity of a loosely packed powder layer
(kp) can be described as [33]:

3
ky = ks [ = —2 4
p ‘(% > (4)

where k, is the heat conductivity of the air and ¢;, is the porosity of
the powder layer. Eq. (4) reveals that the kj, is directly proportional
to the ka. Thus, at an initial stage of sintering the kp is considerably
low, since the k, (0.0259 W/(m-K) at 20°C and 1.01325 x 10° Pa) is
negligible. Consequently, the heat generated during laser-powder
interaction is difficult to conduct and transfer into the interior of
the powder layer, especially for a thicker layer. The heat, thus, tends
to accumulate on the surface of the layer, resulting in overheating
and severe splashing of the powder (Fig. 6a). Also, interconnected
pore channels between adjacent layers would be formed in this
instance (Fig. 7a), since the powder layer has not been completely
melted down due to the insufficient energy penetration. It is known
that a certain portion of air in pores between particles tends to
be trapped as bubbles during laser melting [34,35]. If the layer is
thin, most bubbles, even at the bottom of the layer, are able to rise
up to the surface of the layer and collapse, leading to less poros-
ity. Furthermore, for a thinner layer, the laser energy can not only
completely penetrate the current layer, but also remelt the surface
of the previously sintered layer, thus obtaining coherently bonded
layers (Fig. 7b). However, for a given laser energy, a further decrease
in layer thickness would result in an excessive liquid formation via
overmuch remelting of the previously processed materials, thus
greatly enhancing the Marangoni effect. The elevated Marangoni
forces would roughen the sintered surface, producing a consider-
ably heterogeneous inter-layer microstructure (Fig. 7c).

4.3. Integrated process control using “volumetric energy density”

DMLS is a complicated free-form shaping process, which follows
a processing routine from a “line” to a “layer” and, subsequently, to
a “bulk”. DMLS starts with a single line scanning, thus introduc-
ing two main parameters, i.e., laser power (P) and scan speed (v).
The completion of multiple scan lines leads to the formation of a
sintered layer. Here, another parameter, i.e., scan line spacing (h),
is involved. The layer-by-layer bonding and consolidation yields
a bulk component, which requires a suitable powder layer thick-
ness (d) to be determined. In light of the experimental results, as
listed in Section 3, it is clear that the P, v, h, and d all have great
influence on the densification and attendant microstructural fea-
tures of DMLS-processed W-Cu composites. In order to evaluate the
combined effect of these parameters and, thus, control the DMLS
process integrally, besides the above-proposed LED, another single
factor termed “volumetric energy density (VED)” (¢) is defined as
follows:

P
£= 1o (5)

The unit of VED is kJ/mm3. Fig. 10 depicts the relationship
between the laser sintered density and the VED under different pro-
cessing conditions. It is evident that for a given VED between ~0.6
and ~0.8kJ/mm?, the attainable density is generally high (>90%
TD). Either a VED below ~0.6 kJ/mm? or a VED above ~0.8 k]/mm?3
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results in a poor densification. For example, the surface morpholo-
gies of laser sintered samples at the VEDs of 0.556, 0.756, and
0.889 k]/mm? are shown in Figs. 3a, 5c, and 3d, respectively. Here,
it should be noted that although a suitable VED can be obtained by
using a high laser power combined with a high scan speed, balling
phenomena would initiate under such a condition (Figs. 2 and 8),
which ultimately deteriorates the densification level. For instance,
the VED corresponding to Fig. 3c (i.e., 0.635k]J/mm?3) falls within
the above favorable range, but a higher scan speed in this case (i.e.,
0.07 m/s) causes the balling and resultant porosity.

5. Conclusions

The processing conditions and control methods for direct laser
sintering of submicron W-Cu/ micron Cu powder system are inves-
tigated, and the following conclusions can be drawn.

(1) A linear energy density between ~13 and ~19 kJ/m combined
with a suitable scan speed (<0.06 m/s) leads to a continuous
melting of the Cu component, yielding a sound densification
level (>92% theoretical density) free of any balling phenomena.

(2) A proper increase in the linear energy density above ~13 kJ/m,
which is realized by increasing laser power or lowering scan
speed, improves the microstructural homogeneity of laser sin-
tered materials.

(3) Narrowing the scan line spacing to 0.15 mm is able to enhance
the inter-track bonding, and to reduce the roughness of the laser
sintered surface.

(4) Decreasing the powder layer thickness to 0.15 mm is a promis-
ing approach for improving the bonding ability between
sintered layers. A further decrease in the layer thickness to
0.10 mm produces a heterogeneous inter-layer microstructure.

(5) Setting the volumetric energy density within ~0.6 and
~0.8 kJ/mm? facilitates an integrated control of the laser sinter-
ing process, which proves to be an efficient method to produce
high-density sintered parts.
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