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a b s t r a c t

Tungsten compacts are processed by the activated sintering technique at low temperatures near 1200 ◦C,
whereby either nickel, iron or a combination of the two are employed as additives. Despite very small
contents of additives of a few monolayers and below, the processing technique is found viable for providing
enhancing effects to the sintering kinetics of tungsten, and the sintered materials remain in the partially
ccepted 26 September 2008
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densified stage. Nickel is proved to be a superior activator, which induces a reduction of the activation
energy as its content increases.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Owing to its very high melting point of 3422 ◦C, tungsten (W) has
een a material of choice for a number of refractory uses including
eating, electrical and welding applications. Commonly, W is pro-
essed by sintering which allows near-net shape manufacturing of
omponents at temperatures below their melting points, and full
intered density can be achieved when temperatures as high as
700 ◦C is employed. Research studies by German and Ham (1976)
nd German and Munir (1976) have however demonstrated that
ddition of Group VIII transition metals including Ni, Pd, Pt, Co,
nd Fe can beneficially enhance the sintering kinetics of W pow-
er, and thus reduce its sintering temperatures. It was found that a
intering additive which is insoluble in W can segregate to the con-
act zone between W particles, provide a high diffusivity transport
ath for W atoms, and consequently lower the activation energy
or bulk transport of W (Li and German, 1984; Hwang et al., 2000).
o obtain high theoretical densities (TD) above 90%, German and
unir (1976) have shown that 4 monolayers of either Ni, Pd, or Pt
re required as a W-additive for sintering in the temperature range
f 1100–1400 ◦C.

While the prior studies on activated sintering have concentrated
n highly densified W sintered compacts, fundamental studies
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f W with low sintered density are limited. From the point of
iew of property control, functionality, and economics, partial
intering (∼<80%TD) is in fact of importance for many applica-
ions, including those that benefit from the presence of porosity
nd weight reduction. For example, melt-infiltration processes
or fabrication of metal matrix composites require preforms with
nterpenetrated open porosity (Peng et al., 2000), a tungsten com-
onent with high energy absorption capability can be engineered
hrough an introduction of porosity (Boade, 1969), and finally, to
rovide decent emission properties, a high current density tung-
ten cathode impregnated with electron emissive materials must
e partially-sintered (Selcuk and Wood, 2005). The development
nd understanding of effective routes for processing of partially
ensified tungsten components are thus essential. In this study, we
herefore extend the prior studies on activated sintering of W and
ystematically examine the feasibility of the use of small contents
f activators (i.e. <3 monolayers), namely Ni and Fe, to fabricate
artially densified W sintered compacts. Various additive contents
elow 3 monolayers are investigated at different sintering temper-
tures in the low-temperature range near 1200 ◦C, and sintering
roperties, sintering mechanisms and activated energy of the sys-
ems are analyzed.
. Experimental procedure

High purity W powder manufactured by GE Lighting Compo-
ents (Cleveland, OH) is used in the study. The powder has a mean
article size of 1.2 �m, and contains negligibly low content of Ni

http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:yuttanant.b@chula.ac.th
dx.doi.org/10.1016/j.jmatprotec.2008.09.026
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Unlike W with 1Ni:3Fe additive, that with 3Ni:2Fe additive avoids
the formation of intermetallic phases, which can inhibit W trans-
port during sintering. Consequently, it may be expected that the
activation energy for diffusion of W atoms is relatively low for W
Y. Boonyongmaneerat / Journal of Material

nd Fe of 0.0005 and 0.001 wt.%, respectively. Various contents of
ither Ni, Fe, or both Ni and Fe (1:3 and 3:2 weight ratios) addi-
ives, ranging approximately from 0.01% to 0.18% by weight, were
ncorporated into the base powder, resulting in 0.6, 1.3 or 2.6 aver-
ge monolayer coverage of the sintering activators on the surface
f W powders. The average monolayer coverage parameter, M̄, is
alculated by integrating monolayer coverage over the particle size
istribution, assuming spherical particles:

¯ =
∫

P(r) r/2a[(1 + c�w/�a(1 − c))1/3 − 1] dr∫
P(r) dr

(1)

here r is the particle radius of W, P(r) the number population
f W powders at any particle size, c and a the concentration and
tomic radius of sintering activators, respectively, and �w and �a

he theoretical densities of W and additives. Sintering activators
enerally can be added to W with an aqueous deposition method
Li and German, 1984) or a dry mixing method (Moon et al., 1984).

hile the first can result in a more uniform coating, the latter is
ractically useful for an industrial setting and thus was chosen for
his study. In particular, Ni (2.2–3 �m) and Fe (1–3 �m) powders
ere added to the W powder and the materials were mixed in a
igh-energy powder mixer for 30 min.

Following dry mixing, green compact specimens were pre-
ared using a single-action cold press and a stainless-steel die of
ectangular cross section. A compaction pressure of 21 MPa was
mployed, resulting in compact densities of 50%TD, with speci-
en dimension of 25 mm × 8 mm × 3 mm. These green specimens
ere then sintered in a furnace programmed with a heating rate of
◦C/min and an isothermal hold at 1177 ◦C for either 0.5, 1 or 2 h.
dditionally, some sets of specimens were sintered isothermally at
200 and 1250 ◦C for 0.5 h. In all cases, slow furnace cooling was
mployed after firing. To prevent the oxidation of W, the process-
ng was carried out in a dry 3% H2–97% N2 atmosphere. At least two
pecimens were prepared for each processing condition, and for
omparison, sintered W specimens containing no additives were
lso prepared using similar processing procedure. After sintering,
intering properties including linear shrinkage (�L/L0) and sintered
ensity (�s) were determined from the measured mass and dimen-
ions of the as-fired specimens. Microstructure of the specimens
as examined using a scanning electron microscope.

. Analysis of sintering kinetics

The controlling sintering mechanism and the activation energy
or diffusion of W atoms can be determined by examining their
intering kinetics. In the initial stage of sintering, linear shrinkage
f a material, �L/L0, may be assumed to follow (Kang, 2005):

�L

L0
=

(
Kt

T

)m

(2)

here K = B exp

(
−Q

RgT

)
(3)

In Eqs. (2) and (3), K is a diffusion coefficient, B a constant which
elates to diffusivity, surface energy, atomic volume, and particle
ize, t time, T temperature, Q activation energy for atomic diffu-
ion, Rg the gas constant (8.3 J/mol K), and m a sintering exponent
hose value depends on the dominant diffusion mechanism. For

rain boundary diffusion, volume diffusion and viscous flow, the

alues of m are 0.33, 0.5, and 1 respectively (Kang, 2005). Accord-
ng to Eq. (2), m may be estimated from a slope of a log–log plot of
hrinkage versus time at a constant temperature. Using a fixed value
f linear shrinkage and corresponding sintering time presented in
sothermal log–log shrinkage–time plots, the value of K can also be

F
a
(
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etermined. Finally, from Eq. (3), the value of Q/Rg can be obtained
rom the slope of a ln(K) − 1/T plot, following the general procedure
iscussed in Pathak (2004) and Kang (2005).

. Results and discussion

Fig. 1 presents the linear shrinkage and sintered density of W
pecimens prepared at 1177 ◦C for 1 h as a function of types and
ontents of additives. For all specimens containing additives, sin-
erability was enhanced over that of the pure W specimen, whose
inear shrinkage and sintered density were respectively 0.5% and
1.4%TD. With low-firing temperature of ∼1200 ◦C and very small
dditive content below 3 monolayers, all W sintered compacts were
artially sintered with sintered density below 70%. In particular, the
icrostructure of the specimens comprised of irregular pores and
particles that were bonded to one another, indicating that sin-

ering remained in the initial stage. Details of the microstructure of
ctivated W compacts sintered at low temperatures are discussed
y Boonyongmaneerat (2007).

The data in Fig. 1 also illustrates that Ni is a very effective sin-
ering activator as compared to Fe, and that the sintering of W
s enhanced with increasing amount of Ni added. On the other
and, sintering improved with an increase of Fe content until it
eached 2.6 monolayers, after which a drop in linear shrinkage and
ensity was detected. The observation that Ni helps activate the
interability of W more pronouncedly than Fe agrees well with pre-
ious studies (German and Munir, 1976; Li and German, 1984). With
he use of 2.6 monolayers of Ni, which is the maximum impurity
ontent employed in this study, maximum shrinkage and sintered
ensity of 7.8% and 65.4%TD, respectively, were obtained.

Activated sintering process was enabled when both Ni and Fe
ere used together (Fig. 1). With the same monolayer coverage, W

pecimens containing both Ni and Fe additives with the weight ratio
f 3:2 appeared to sinter better than those with 1Ni:3Fe. This may
e due to the higher content of Ni, the superior activator, present

n the first case. Alternatively, this may be explained by consider-
ng the co-existing phases of the materials upon sintering, using a

–Ni–Fe pseudo-binary phase diagram (Raynor and Rivlin, 1981).
ig. 1. Linear shrinkage of W compact specimens, which were activated by Fe and Ni
t various concentrations, and were sintered at 1177 ◦C for 1 h. The sintered densities
in % theoretical density) are indicated next to the data points.
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ig. 2. Natural log–log plot of linear shrinkage of W compacts and time. The speci-
ens contained various contents of Ni activator and were sintered at 1177 ◦C for 0.5,

, and 2 h. Sintering exponents (m) can be determined from slopes of the trendlines.

ith 3Ni:2Fe additive. From the experiment, it was also observed
hat the degree of sintering of W was generally higher in the case of
pecimens containing only Ni additives, as compared to those with
oth Ni and Fe of the same total monolayer coverage.

Fig. 2 shows a log–log shrinkage versus time plot of W speci-
ens that contained 0, 0.6, and 1.3 monolayers of Ni additive and
ere sintered at 1177 ◦C for 0.5, 1, and 2 h. In Fig. 3, shrinkage of

he specimens prepared at 1177, 1200, and 1250 ◦C for 0.5 h is pre-
ented as a function of processing temperature. The results shown
n these figures indicate that sintering of W was improved with an
ncrease of sintering time or temperature, as can be anticipated.
sing the data provided in Figs. 1 and 2 and Eq. (2) and assuming

hat, within this narrow range of sintering temperatures of con-
ern (1177–1250 ◦C), the controlling diffusion mechanism of any
articular set of materials is the same at different temperatures,
he values of diffusion coefficients (K) at different processing tem-
erature could be derived, and they are plotted as a function of 1/T

n Fig. 4. Parameters m and Q of the sintered compacts determined
rom the slopes of trendlines shown respectively in Figs. 2 and 4 are

abulated in Table 1.

For the case of W without additives, the sintering exponent (m)
as determined as 0.40. This is comparable to the expected value of

intering exponent for grain boundary diffusion mechanism (0.33),

ig. 3. Linear shrinkage of Ni-activated W compact specimens isothermally sintered
t various temperatures for 0.5 h.
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ig. 4. Natural log of diffusion coefficient (K) of the W sintered compacts with and
ithout Ni activators, plotted as a function of inverse temperature. Slopes of the

rendlines give Q/Rg.

nd therefore it is suggestive that, for the case of pure W, the dom-
nant diffusion mechanism involves the transportation of W atoms
rom grain boundaries (i.e., interparticle boundaries) to interpar-
icle neck regions. The activation energy (Q) for this process was
etermined to be 404 kJ/mol, in agreement with prior studies which
eported the activation energy for sintering of pure W between 380
nd 460 kJ/mol (Kothari, 1963; Hayden and Brophy, 1964).

As a minority content of Ni (0.6 monolayers) was introduced, the
intering exponent (m) was found to increase from that observed
n the pure W case to 0.64. This value is slightly higher than the
intering exponent proposed for the volume diffusion mechanism
0.50), and the deviation may be attributed to competitive diffusion

echanisms that occurred simultaneously. The apparent activation
nergy in this case was found to be 406 kJ/mol, which is comparable
o that observed in the case of pure W. The results, therefore, sug-
est that when a minimal content of Ni was introduced to W, the
ominant diffusion mechanism starts to shift from grain boundary
iffusion to volume diffusion which involves migration of diffus-

ng species from grain boundary to sintered neck surface through
he particle interior. In this case, the “particle interior” could be the
ctivator-rich layer along the surface of W particles. With this very
mall content of Ni, the increase in diffusion rate arises from the
hange of dominant transport mechanism without an observable
hange in activation energy.

When the content of Ni additive was increased to 1.3 mono-
ayers, the sintering exponent (m) was determined to be 0.66,

hich was similar to the case with lower Ni content, suggesting a
imilar material transport mechanism in the two systems. The acti-
ation energy for diffusion (Q), however, decreased significantly to
15 kJ/mol. With this reduction in energy barrier for diffusion, the

intering kinetics of W containing 1.3 monolayers of Ni was evi-
ently much faster than that with 0.6 monolayers. Comparing the
esults obtained here with the activation energy for sintering of W
ith 4 monolayers of Ni, 280 kJ/mol as reported by German and

able 1
he sintering exponent (m) and the apparent activation energy for sintering (Q) of

specimens with and without Ni additives.

aterial m Q (kJ/mol)

ure W 0.4 404
+ 0.6 monolayer Ni 0.65 406
+ 1.3 monolayer Ni 0.66 315
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uation of constitutions of certain ternary alloys containing iron, tungsten and a
third metal. Int. Met. Rev. 26, 213–249.
Y. Boonyongmaneerat / Journal of Material

unir (1976), it can be seen that activation energy is reduced with
ncreasing activator content.

. Conclusions

The addition of sintering activators, namely Ni and Fe, resulted
n the improvement of the sinterability of W powder. In the regime
f small activator content, particularly less than 3 monolayers, and
ow processing temperatures near 1200 ◦C investigated in the study,
he activated W compacts were partially sintered and remained in
he initial stage of sintering. Using a dry-mixing processing tech-
ique, Ni was found superior to Fe and a combination of Ni and Fe

n enhancing the sintering kinetics of W compacts. The sintering
xponent was increased when Ni activator with content as small
s below 1 monolayer was added, indicating a change of the domi-
ant sintering mechanism from grain boundary diffusion found in
ure W. With increasing content of Ni, a reduction of the activation
nergy occurred, and led to the increase of the diffusion coeffi-
ient, explaining fast sintering kinetics of the activated materials.
he fundamental studies presented here therefore have provided
n insight into the process of activated sintering with minimal addi-
ive content, and shown the viability of the process which may be
pplied for fabrications of partially densified materials for various
ngineering applications.
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