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a b s t r a c t

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
intering
icrostructure

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/mm3 favored a
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. Introduction

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

W–Cu composites are commonly produced by infiltrating
orous sintered W with liquid Cu or powder metallurgy (PM) tech-
iques. However, for the infiltration method, there exist a series
f process defects such as porosity, copper lakes, and tungsten
gglomerates [6]. Additionally, there is a limit to the copper con-
ent of 30 wt.% if using this method [7]. In the case of PM method,

significant technological problem is the resultant porosity, due

o the mutual insolubility between W and Cu. Furthermore, almost
ll PM-processed pieces are required to be pre-worked by some
edicated tools (e.g., moulds or dies) to obtain a desired shape.
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owever, because of the limitation of currently available tools,
ome complex-shaped W–Cu objects are always difficult to be pro-
uced.

To overcome these shortcomings, a new fabrication technique,
.e., direct metal laser sintering (DMLS), has been introduced for the
roduction of W–Cu components [8]. DMLS is a laser-based rapid
rototyping (RP) technology that builds objects in a layer-by-layer

ashion using a bed of loose powder and a computer controlled
aser beam [9–16]. DMLS, due to its flexibility in materials and
hapes, allows complex three-dimensional (3D) W–Cu objects to
e produced without any tools.

However, a review of existing literature reveals that not much
revious work has focused on the basic principles of the fabrica-
ion of W–Cu components using DMLS. Actually, because of the
omplex nature of DMLS, which involves multiple modes of heat,
ass, and momentum transfer [11,12], process defects associated
ith DMLS such as balling, curling, and delamination are still dif-
cult to be eliminated completely. It has been found that both

owder characteristics (e.g., particle shape, size and its distribu-
ion, and component ratio) and processing parameters (e.g., laser
ower, scan speed, scan line spacing, and powder layer thickness)

nfluence the densification level and the attendant microstructures
f DMLS-processed materials [17]. In our previous work [8], we have

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dongdonggu@nuaa.edu.cn
mailto:dongdonggu@hotmail.com
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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 “�” denoted
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ig. 1. SEM image showing characteristic morphology of ball-milled powder system.

eported the influence of Cu elemental content on the microstruc-
ural evolution and densification response of direct laser sintered

–Cu composites. A sound sintered density accompanied by an
nteresting W-rim/Cu-core structure has been obtained at a suitable
u content. Besides the optimization of material characteristics,
he possibility of controlling processing parameters in improving
he properties of laser sintered W–Cu components is becoming
nother important consideration. This article presents the sintering
echanisms, surface morphologies, and microstructural features of
MLS-processed W–Cu composites using a wide range of process-

ng parameters, with an aim to elucidate the optimal processing
onditions and the relevant control methods.

. Experimental procedure

.1. Powder preparation

Electrolytic 99% purity Cu powder with an irregular shape and a mean particle
ize of 15 �m and submicron W–20Cu (wt.%) composite powder with an irregular
orphology and an average particle size of 0.24 �m were used in the current study.

he W–20Cu powder was synthesized via combining spray drying and hydrogen
eduction [18]. The two powder components were mixed in a Fritsch Pulverisette

planetary mono-mill at a rotation speed of 350 rpm for 60 min, with a ball-to-
owder weight ratio of 10:1. A homogeneous W–Cu powder system was obtained
fter mechanical milling, as shown in Fig. 1. Using such a bimodal-sized powder
ed was able to improve the flowability of the powder mixture while keeping a fine
tructure of W in the system.

.2. Laser processing

The used DMLS system mainly consisted of a continuous wave Gaussian CO2

aser with a maximum output power of 2000 W, an automatic powder delivery
ystem, and a computer system for process control.

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

.3. Characterization
Photographs of the real-time laser sintering process were recorded using a SONY
SC-P8 digital camera. Densities of laser sintered samples were calculated based
n Archimedes’ law. Specimens for metallographic examinations were cut, ground,
nd polished according to standard procedures. No etching was performed. Sur-
ace morphologies and microstructural features of specimens were characterized

e
k
e
w
(

arameters results in slight melting; laser sintering using “�” denoted parameters
eads to continuous melting; laser sintering using “©” denoted parameters results in

elting with balling; laser sintering using “�” denoted parameters results in melting
ith breakage.

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

. Results

.1. Mechanisms of powder melting

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

(I) 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.

(II) 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.

(III) 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
eries of points, which are indicated by different symbols in Fig. 2. In
ach process window, laser sintering using the processing param-

ters within it yielded a similar mechanism of melting. With these
ey pointes determined, the boundaries between the four differ-
nt windows were drawn approximatively. The boundary locations
ere 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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ig. 3. SEM images showing typical surface morphologies of laser sintered sample
point 1, zone I), (b) 700 W, 0.04 m/s (point 2, zone II), (c) 1000 W, 0.07 m/s (point
pacing 0.15 mm and powder layer thickness 0.15 mm.

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

The characteristic surface morphologies of laser sintered multi-
ayer samples obtained in the described windows are provided in
ig. 3. Table 1 depicts the statistics for the sintered densities using
ifferent sintering mechanisms. Laser sintering using parameters
ithin zone I (point 1) produced a porous sintered surface con-

aining some residual unsintered powder particles (circles denoted,
ig. 3a), resulting in a considerably low sintered density (Table 1).
or point 2 within zone II, a relatively smooth and fully dense
intered surface was obtainable (Fig. 3b). Actually, the densifi-
ation level of laser processed samples using parameters within
one II was generally higher than 92% theoretical density (TD).
n the case of point 3 within zone III, the sintered surface con-

isted of rows of coarsened balls and interconnected inter-ball pore
hannels (Fig. 3c), leaving a high residual porosity (Table 1). More
everely, balling effect, in most cases, handicapped the completion
f a desired multi-layer sample, because balling phenomena made
he smooth spreading of fresh power on the previously processed

m
r
r
(
(

ared with selected parameters in different windows of Fig. 2: (a) 500 W, 0.04 m/s
e III), and (d) 1000 W, 0.05 m/s (point 4, zone IV). Fixed parameters are scan line

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

.2. Microstructures

Although laser processing using the various parameters within
one II (Fig. 2) generally yielded a favorable densification (Table 1),
he microstructural features on internal sections of laser sintered
amples showed some pronounced differences, as revealed in Fig. 4.
n general, the EDX analyses showed that the white phase was

, while the surrounding grey matrix was Cu. At a laser power
f 600 W and a scan speed of 0.04 m/s (point 5), a heterogeneous

icrostructure consisting of clusters of W solids and irregular Cu-

ich regions was visible (Fig. 4a). A high-magnified SEM image
evealed 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
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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

M meltin
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elting mechanism Slight melting Continuous

rocess window Zone I Zone II
ensification level <70% TD >92% TD

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

Fig. 5 elucidates that the surface morphologies of laser sin-
ered samples (e.g., size and shape of sintered agglomerates,
mount of porosity) are strongly affected by scan line spacing. At

high scan line spacing of 0.30 mm (i.e., no overlap between scan

ines), narrow columnar agglomerates parallel to the scan direction
arrowheaded) were formed, which were separated by large and
nterconnected gaps (Fig. 5a). As the spacing decreased to 0.25 mm
i.e., overlap between scan lines of 8.3%), the gaps between sin-

l
0
i
d
p

ig. 5. SEM images showing typical surface morphologies of laser sintered samples w
arameters are laser power 850 W, scan speed 0.05 m/s, and powder layer thickness 0.15 m
g Melting with balling Melting with breakage

Zone III Zone IV
<75% TD ∼80% TD

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

In order to study the influence of layer thickness on sintering
ctivity and densification response of the powder system, pow-
er beds with various layer thicknesses were scanned at a fixed

aser energy input, with the real-time sintering process illustrated
n Fig. 6. The inter-layer bonding properties of the finished multi-

ayer samples are shown in Fig. 7. At a high layer thickness of
.30 mm, a considerably large sparkle was observed in the laser

rradiating region, resulting in a severe splash of the heated pow-
er (Fig. 6a). In this situation, interconnected pore channels were
resent between sintered layers, resulting in a poor densification of

ith various scan line spacings: (a) 0.30 mm, (b) 0.25 mm, and (c) 0.15 mm. Fixed
m.
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ig. 6. Photographs of the real-time laser sintering process using different powder
ayer thicknesses: (a) 0.30 mm and (b) 0.15 mm.

8.3% TD (Fig. 7a). Differently, as decreasing the layer thickness to
.15 mm, the powder was smoothly sintered without any apparent
plash, exhibiting a small spark during powder-beam interaction
Fig. 6b). As a consequence, a sufficient densification (94.1% TD)
ombined with a favorable inter-layer bonding was obtained, show-
ng no apparent pores or cracks between layers (Fig. 7b). However,
t was noted that a further decrease in the layer thickness to
.10 mm reduced the level of inter-layer microstructural homo-
eneity (Fig. 7c). The obtainable sintered density, 82.6% TD, also
howed a decrease.

. Discussion

.1. Control of melting mechanisms by “linear energy density”

During DMLS, laser scanning is performed line-by-line over the
owder bed at a constant speed. The dwelling time of the laser
pot at any irradiating region is extremely short, typically less than
ms [10]. Due to such a localized nature of the rapid DMLS pro-
ess, particle bonding must occur speedily, in the order of seconds
21]. Therefore, a sintering mechanism involving a liquid Cu phase

s more reasonable for DMLS. Laser sintering of W–Cu system starts
y means of the selective melting of Cu component, due to a signifi-
ant difference in the melting temperatures of Cu and W (∼1083 vs.
3410 ◦C). A close look at the process map (Fig. 2) reveals that pro-

essing parameters are required to be carefully tailored, in order

I
a
h
c
A

ompounds 473 (2009) 107–115

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

= P

v
(1)

After converting Fig. 2 into Fig. 8 using the defined LED, it is
asy to find that the powder melting mechanisms show a distinct
hange with the incident LED. For a given LED below ∼13 kJ/m, laser
intering at all scan speeds induces a considerably low degree of
iquid formation due to an insufficient melting of the low melting
oint Cu component, which inevitably results in a large amount
f residual porosity after sintering (Fig. 3a). Using a LED between
13 and ∼19 kJ/m proves to be feasible in realizing a continu-
us melting of the Cu component, thereby producing a sufficient
mount of liquid phase. More molten liquid is thus likely to flow
nd infiltrate into the voids between the W solids, yielding a denser
icrostructure (Fig. 3b). However, using a high scan speed larger

han 0.06 m/s incurs detrimental effects due to the occurrence of
alling, even if the obtained LED falls within this favorable range
Fig. 3c). In this situation, the Cu liquid is able to spread around
he W solid particles into a continuous film of a cylindrical shape
n the initial stage of melting, owing to the sufficient energy input.
owever, due to an enhanced capillary instability effect induced by
higher scan speed, a significant transverse shrinkage distortion

ends to initiate in inter-particle areas, resulting in the breakage
f Cu liquid film along the molten track [22]. Also, a higher scan
peed results in a rapid decrease in the diameter of the cylindri-
al shaped scan track. Thus, the radial contraction of the liquid
rack occurs, changing the direction of fluid flow from radially
utward to radially inward and, eventually, causing the balling
23]. At an even higher LED above ∼19 kJ/m, an excessive energy
nput enhances the operating temperature significantly, resulting
n a high degree of superheating of the low melting phase Cu.
he viscosity of liquid–solid mixture, thus, decreases markedly,
hich in turn elevates the Marangoni effect considerably. As a

onsequence, a significant shrinkage occurs during liquid–solid
ransition, thus decreasing the attainable density due to the for-

ation of interrupted scan tracks and large-sized pores (Fig. 3d).
lso, the overheating of the sintering system causes a large warp-

ng of the sintered parts owing to the high thermal gradients, which
nduce residual stresses relieved by shape change.

.2. Influence of processing parameters on microstructures

It is well known that the conventional liquid phase sinter-
ng (LPS) process consists of three overlapping stages: particle
earrangement, solution reprecipitation, and solid-state sintering
15]. The W–Cu as investigated is a unique material combination
ecause of the good wettability yet mutual insolubility of W in Cu,
hich makes the contribution of solution reprecipitation negligible

24,25]. Thus, only the first stage, i.e., particle rearrangement, plays
main role in realizing a successful DMLS due to the short interac-

ion duration between the laser and the powder. In general, laser
intering using different LEDs within zone II of Fig. 8 yields a sound
ensity (Table 1), which is mainly ascribed to the sufficient amount
f liquid formation (Fig. 2). However, the microstructural homo-
eneity of DMLS-processed powder varies with the LED (Fig. 4).

n detail, the LEDs corresponding to Fig. 4a, c, and e are 15, 17.5,
nd 14.2 kJ/m, respectively. Thus, it can be assumed that using a
igher LED leads to a more homogeneous microstructure (Fig. 4c)
ombined with an interesting W-rim/Cu-core structure (Fig. 4d).

comparative study reveals that increasing laser power (Fig. 4a
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F bonding at different layer thicknesses: (a) 0.30 mm, (b) 0.15 mm, and (c) 0.10 mm. Fixed
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ig. 7. SEM images on cross-sections of laser sintered samples showing inter-layer
arameters are laser power 850 W, scan speed 0.05 m/s, and scan line spacing 0.15 m

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

= 1330 − 0.23(T − 1085) (2)

Therefore, a higher LED leads to a higher T and, accordingly, a
ower �. On the other hand, based on Takamichi and Roderick’s
esults [27], the dynamic viscosity of the liquid (�, Pa·s) is defined
y:

= 16
15

√
m

kT
� (3)

here m is the atomic mass and k is the Boltzmann constant. From
q. (3), one can notice that either a higher T or a lower � leads to a

maller �. During DMLS of W–Cu composites, the main forces act-
ng on W solids are: the capillary force for the rearrangement of W
articles and the friction force due to the flow of Cu liquid around W
articles [28]. Anestiev and Froyen’s work [28] reveals that the cap-

llary force is in inverse proportion to the �, while the friction force
Fig. 8. Variation of powder melting mechanisms with linear energy density for the
W–Cu system.
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The unit of VED is kJ/mm3. Fig. 10 depicts the relationship
Fig. 9. Schematic of multi-line laser scanning.

s proportional to the �. Therefore, a decrease in � and � (Eqs. (2) and
3)), which can be realized by increasing LED, enhances the capil-
ary force and, meanwhile, lowers the friction force. The combined
ffect of these two factors favors the sufficient rearrangement of W
articles, thus producing a homogeneous sintered structure free of
he apparent aggregation of W solids (Fig. 4c). Additionally, an inter-
sting W-rim/Cu-core structure is present in this situation (Fig. 4d).
ur previous work [29] has proposed a reasonable mechanism for

ts formation, i.e, the combined action of the thermal Marangoni
ow and the solutal one. Moreover, it shows that a decrease in the
leads to a stronger Marangoni flow [8], which favors the formation
f such a novel structure.

On the other hand, the sintering and densification behavior in
he W–Cu powder system would be influenced by scan line spacing
uring line-by-line laser melting (Fig. 5). As is evident from Niu and
hang’s work [30], there exists a torque around the non-spherical

particles in Cu liquid, due to the misalignment of W solids. In
ddition, since the spatial intensity profile of the used laser beam
ollows a Gaussian distribution (Fig. 9), a large thermal gradient
ends to develop between the centre and edge of the melt pool,
hich further gives rise to surface tension gradient and attendant
arangoni flow [31]. The combined effect of the present torque

nd Marangoni flow tends to rotate the W solids in the melt pool
nd, meanwhile, moves them towards the centre of the laser beam,
here the temperature is the highest. As a consequence, arrays of

gglomerates located at the centre of the scanned tracks and the
arge inter-track gaps are formed (Fig. 5a). Decreasing the scan line
pacing brings the scan tracks closer to each other until they overlap
Fig. 9). The overlapping of the adjacent tracks makes it possible
hat a large part of the laser spot would scan over the previously
canned track and, accordingly, remelt the previously processed
aterials. This favors the flow and spreading of liquid between scan

racks and the escaping of some previously trapped air, leading to
he enhancement of the inter-track bonding and the reduction in
he sintered porosity (Fig. 5b and c).

The move to the fabrication of a multi-layer sample requires

hat an appropriate layer thickness to be determined. When the
aser beam scans over the powder layer, the laser energy is directly
bsorbed by the solid particles through both, bulk coupling and
owder coupling mechanisms [32]. Primarily, the laser energy is

b
c
a
T

ompounds 473 (2009) 107–115

bsorbed in a narrow layer of individual powder particles deter-
ined by the bulk properties of the materials, inducing a high

emperature of the particle surface. The heat flows mainly towards
he centre of the particles until a uniform temperature within the
articles is obtained. Subsequently, the surrounding powder prop-
rties are responsible for the further thermal development. It is
nown that a large volume of gas phase exists in pores between
articles. The heat conductivity of a loosely packed powder layer
kp) can be described as [33]:

p = ka

(
3

ϕp
− 2

)
(4)

here ka is the heat conductivity of the air and ϕp is the porosity of
he powder layer. Eq. (4) reveals that the kp is directly proportional
o the ka. Thus, at an initial stage of sintering the kp is considerably
ow, since the ka (0.0259 W/(m·K) at 20 ◦C and 1.01325 × 105 Pa) is
egligible. Consequently, the heat generated during laser–powder

nteraction is difficult to conduct and transfer into the interior of
he powder layer, especially for a thicker layer. The heat, thus, tends
o accumulate on the surface of the layer, resulting in overheating
nd severe splashing of the powder (Fig. 6a). Also, interconnected
ore channels between adjacent layers would be formed in this

nstance (Fig. 7a), since the powder layer has not been completely
elted down due to the insufficient energy penetration. It is known

hat a certain portion of air in pores between particles tends to
e trapped as bubbles during laser melting [34,35]. If the layer is
hin, most bubbles, even at the bottom of the layer, are able to rise
p to the surface of the layer and collapse, leading to less poros-

ty. Furthermore, for a thinner layer, the laser energy can not only
ompletely penetrate the current layer, but also remelt the surface
f the previously sintered layer, thus obtaining coherently bonded
ayers (Fig. 7b). However, for a given laser energy, a further decrease
n layer thickness would result in an excessive liquid formation via
vermuch remelting of the previously processed materials, thus
reatly enhancing the Marangoni effect. The elevated Marangoni
orces would roughen the sintered surface, producing a consider-
bly heterogeneous inter-layer microstructure (Fig. 7c).

.3. Integrated process control using “volumetric energy density”

DMLS is a complicated free-form shaping process, which follows
processing routine from a “line” to a “layer” and, subsequently, to
“bulk”. DMLS starts with a single line scanning, thus introduc-

ng two main parameters, i.e., laser power (P) and scan speed (v).
he completion of multiple scan lines leads to the formation of a
intered layer. Here, another parameter, i.e., scan line spacing (h),
s involved. The layer-by-layer bonding and consolidation yields

bulk component, which requires a suitable powder layer thick-
ess (d) to be determined. In light of the experimental results, as

isted in Section 3, it is clear that the P, v, h, and d all have great
nfluence on the densification and attendant microstructural fea-
ures of DMLS-processed W–Cu composites. In order to evaluate the
ombined effect of these parameters and, thus, control the DMLS
rocess integrally, besides the above-proposed LED, another single

actor termed “volumetric energy density (VED)” (ε) is defined as
ollows:

= P

vhd
(5)
etween the laser sintered density and the VED under different pro-
essing conditions. It is evident that for a given VED between ∼0.6
nd ∼0.8 kJ/mm3, the attainable density is generally high (>90%
D). Either a VED below ∼0.6 kJ/mm3 or a VED above ∼0.8 kJ/mm3
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ig. 10. Change of relative density of laser sintered samples with volumetric energy
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esults in a poor densification. For example, the surface morpholo-
ies of laser sintered samples at the VEDs of 0.556, 0.756, and
.889 kJ/mm3 are shown in Figs. 3a, 5c, and 3d, respectively. Here,

t should be noted that although a suitable VED can be obtained by
sing a high laser power combined with a high scan speed, balling
henomena would initiate under such a condition (Figs. 2 and 8),
hich ultimately deteriorates the densification level. For instance,

he VED corresponding to Fig. 3c (i.e., 0.635 kJ/mm3) falls within
he above favorable range, but a higher scan speed in this case (i.e.,
.07 m/s) causes the balling and resultant porosity.

. Conclusions

The processing conditions and control methods for direct laser
intering of submicron W–Cu/ micron Cu powder system are inves-
igated, 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.

[

[

[

ompounds 473 (2009) 107–115 115

5) Setting the volumetric energy density within ∼0.6 and
∼0.8 kJ/mm3 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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