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bstract

In powder materials that are sintered only in the initial stage, a continuous network of pores remains in the structure. Here the mechanical
roperties of partially sintered materials are investigated in relation to processing parameters, sintering behavior, and microstructure, using, as a

odel material, W prepared by the activated sintering technique at low firing temperatures. Hardness and fracture toughness of partially sintered
are found to be critically dependent on the interparticle neck size of W sintered particles, which is in turn affected by the sintering additives.

hile fracture toughness is apparently solely a function of densification and interparticle neck size, hardness scales with a factor that combines
oth sintered density and densification. Existing analytical models for these scaling behaviors are compared critically with the new data.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

The process of sintering allows near-net shape manufacturing
f components at temperatures below their melting points, and
onsequently has been widely employed in numerous applica-
ions [1,2]. The sintering process is generally described by three
equential stages called the initial, intermediate and final stages
f sintering. In the initial stage, necks grow between sintered
articles, and the degree of shrinkage and densification is rela-
ively low. At higher sintered density, generally above 80% TD
theoretical density), the formation of interconnected pores and
ore isolation occur, marking the intermediate and final stages,
espectively. Sintering protocols, namely firing time and temper-
ture, are among the factors that control the progression through
hese stages.

It is clear that in many applications it is desirable to sinter
owder materials through all three stages to full density, such
hat optimum strength is achieved. In some applications, how-

ver, full sintering is not required or may even be undesirable
rom the point of view of property control or economics. For
xample, a sintered ceramic shell used in investment casting
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eeds to contain some porosity, so that steams can be trans-
erred through the mold during the autoclave operation and so
hat entrapped gas can migrate out of the mold during the metal
asting step [3,4]. Anode substrates for solid oxide fuel cells can
e processed by tape casting and sintering, and require a high
esidual porosity level so that fuel can reach the electrolyte inter-
ace [5–7]. Finally, melt–infiltration processes for fabrication
f metal matrix composites require a partially sintered porous
reform with fully open porosity [8]. A continuous network of
ores is present in all of theses cases, and the mechanical prop-
rties of the component rely on the transmission of stress across
nterparticle necks of the partially sintered powder particles.

While a large number of publications have concentrated on
he mechanical response of highly densified sintered materials
9–16], fundamental studies on the mechanical properties of
hose with low sintered density (i.e., sintered only in the initial
tage) are much more limited [17–20]. It is the purpose of this
aper to examine the mechanical properties of partially sintered
aterials, particularly hardness and fracture toughness, and to

larify the relationships between material properties, sintering
arameters, and microstructure. Our study is performed on a sin-
le system, namely tungsten (W) containing minority additions
f sintering activators.
. Analytical

Arato et al. were one of the first groups to consider the
echanical properties of partially sintered materials in rela-
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Table 1
Proposed relationships between the relative interparticle neck radius and
densities
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ion to their microstructure [17]. They derived an analytical
caling relationship for elastic modulus through the determina-
ion of forces acting across particle contacts and on a reference
lane through the structure, using a Voigt average for the elastic
roperties of a polycrystalline body. The resulting expression
or Young’s modulus is nominally valid for the initial stage of
intering [21]:

= E0
z

4
ρs

( r

R

)2
(1)

ere E and E0 are the Young’s moduli of partially sintered and
ully dense material, respectively, z is the average coordination
umber of the sintering particles of mean radius R, ρs is the frac-
ional sintered density (relative density), and r is the interparticle
eck radius. The dimensionless ratio r/R will be termed the “rela-
ive neck radius”. Arato et al. further suggested that the hardness
f a partially sintered compact, H, would scale similarly

= E

E0
H0 (2)

here H0 is hardness of the fully dense material. The general
caling of Eq. (2) has been experimentally validated by Luo and
tevens [19], who measured the bulk modulus and hardness of
tabilized zirconia sintered to densities ρs = 0.6–1.0. Combining
qs. (1) and (2), the hardness of partially sintered material may
lso be written as

=
(

z

4
ρs

( r

R

)2
)

H0 (3)

qs. (1) and (3) give simple scaling relationships for modulus
nd hardness with respect to the density of a partially sintered
ompact. However, the microstructural state variables z and r/R
lso evolve with sintered density, and must be modeled to reduce
he above expressions to simple functions of ρs. For example,
rato et al. used Fischmeister and Arzt’s model [22,23] for the
ensification of an irregular packing of spherical particles to cap-
ure the evolution of z and r/R as a function of the sintering profile
density), and compared the resulting model with hardness mea-
urements performed on Si3N4-based sintered compacts having
intered density in the range ρs = 0.6–0.9. The results from the
xperiments were found to be in good agreement with the pre-
ictions of Eqs. (1) and (3).

In addition to their discussion of hardness, Arato et al. also
odeled the fracture toughness, KIC, of partially sintered brittle
aterials using Griffith’s fracture theory:

IC = σ0R
1/2 E

E0
= σ0R

1/2
(

z

4
ρs

( r

R

)2
)

(4)

n Eq. (4), σ0 is the tensile strength of flaw-free fully dense
aterial. Fracture toughness was also considered later by Green

nd Hardy [18], who derived a different theoretical model for
artially sintered brittle materials by modifying existing mod-
ls for fracture toughness of cellular ceramics [24]. With the

ssumption that partially sintered particles fail by a crack pass-
ng through sintered interparticle contacts (i.e., necks) and that
ne contact is broken at a time, the authors argued that ten-
ile stress, σ, acting on an unbroken neck ahead of a crack is

S

i
t

elle et al. [26]
R

=
3

1 − s

1 − ρg

esponsible for fracture of the material, and is given by

=
(

2

π

)1/2 (
KI

πr2

)
(2R)3/2 (5)

here KI is the stress intensity factor in mode I loading. As σ

s increased and reaches the intrinsic strength of the neck, �0,
racture occurs, and the critical stress intensity is written as

IC = C0σ0R
1/2

( r

R

)2
(6)

here C0 ≈ 1.4 is a numerical constant.
Unlike Arato et al.’s model (Eq. (4)), Green and Hardy’s

olution in Eq. (6) does not contain an explicit sintered density
ependency, and, as before, a microstructural model is required
o link r/R to ρs. However, neither of these two models has been
igorously tested against experimental data. Green and Hardy
id examine the fracture toughness of sintered alumina over
relatively narrow range 58–64% TD, and found reasonable

greement with the form of Eq. (6). However, in the narrow
ange of sintered densities they investigated, their model (Eq.
6)) and Arato et al.’s (Eq. (4)) give very similar predictions.

Despite the differences among the various analytical mod-
ls described above, they all contain an explicit dependence on
he relative neck radius. This highlights the importance of neck
ormation on the evolution of strength in the initial stage of
intering. Several expressions for the relationship between the
elative neck radius, r/R, and sintered density, ρs, have been
roposed, some of which are shown in Table 1 and plotted as
function of sintered density, for the case of sintered materials
ith green density ρg = 0.5 and 0.64, in Fig. 1 [22,23,25,26]. As

hown in the figure, all four models suggest a monotonic increase
f relative neck radius with sintered density. In the initial stage of
intering of concern to this work (0.5 < ρs < 0.75), the predicted
/R is significantly different from one model to another. In the
ater stages of sintering, these differences become even more
ronounced; compared to the expected limit r/R → 1 as ρs → 1,
he relationships of Fischmeister and Arzt [22,23] and Helle et al.
26] underestimate the relative interparticle neck radius, while

korokhod’s initial stage model [25] overestimates it.

Most of the relationships presented in Table 1 can be explic-
tly expressed in terms of densification, ρ̃—a sintering parameter
hat is defined as the relative change of density with respect to
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Fig. 1. The relative neck radius of powders with green density, ρg of 0.5 (· · ·)
and 0.64 (–) as a function of sintered density, ρs, according to the models of (a)
Skorokhod (initial stage) [25], (b) Skorokhod (all stages) [25], (c) Fischmeister
and Arzt [22,23], and Helle et al. [26] (see Table 1). Also shown on the plot are
t
ρ

ρ

t

ρ

F

(

t
r
b
s
p

t
i
S
t
T
a
p
v
o
r

d
p

T
P
r

F
G

Fig. 2. The coordination number of powders as a function of sintered density,
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he average values of relative neck radius of (i) series A sintered powders with

g = 0.5 and ρs = 0.65 (�), and (ii) series B sintered powders with ρg = 0.64 and

s = 0.76 (�).

he green density, ρg (i.e., compact density), according to

˜ = ρs − ρg

1 − ρg
(7)

or example, Skorokhod’s model may be written as

r

R

)2 = 1 −
(

1 − ρg

1 − ρs

)4/3

= 1 − (1 − ρ̃)4/3 (8)

This signifies that densification, ρ̃, may be regarded as a sin-
ering parameter that describes the relative interparticle neck
adius of sintered materials. Two sets of sintered materials can
e sintered to very different levels of sintered density, but to the
ame densification (and hence the same relative neck radius),
rovided they have different green densities.

Another variable that enters into Eqs. (1), (3) and (4), is
he average coordination number of sintered particles, z, which
ncreases as the structure forms new contacts upon sintering.
everal models have been proposed for z as a function of sin-

ered density [22,23,27,28]; two such models are presented in
able 2 and Fig. 2. Due to geometric constraints, the minimum
nd maximum coordination number that mono-sized spherical
articles can exhibit is 6 and 14, respectively. Unlike r/R, the
alues of z as predicted by different models do not differ from
ne another significantly in the lower range of sintered density

elevant to initial stage sintering (0.5 < ρs < 0.75).

To briefly summarize, various models have been proposed to
escribe the relationship between the structure and mechanical
roperties of partially sintered materials. However, some such

able 2
roposed relationships between coordination number of sintered particles and
elative density

ischmeister and Arzt [22,23] z = 7.3 + 8.07(ρs − 0.64)
erman [28] z = 14 − 10.3(1 − ρs)0.38

t

B
t
G
d
p
p
t
T

s, according to the models of (a) German [28] and (b) Fischmeister and Arzt
22,23] (see Table 2). The highest and lowest values of the coordination number
ossible are 6 and 14, respectively, as shown on the plot.

odels exhibit fundamentally distinct scaling from one another,
ven for the same predicted property. Furthermore, experimental
orks performed to justify these models are very limited, and
ot conclusive. Here we present an experimental study aimed at
quantitative evaluation of both the hardness model proposed

y Arato et al. and the fracture toughness models proposed by
rato et al. and Green and Hardy. The investigation is performed
n partially sintered W containing minority additions of sinter-
ng activators, and with a broad range of sintered density as well
s densification. Similar to the situation for other sintered mate-
ial systems, studies of the mechanical properties of partially
intered W are very limited [29].

. Experimental procedure

W powder was chosen for the present study for several main
easons. First, W is used in a variety of refractory applications
30,31], and due to its very high melting point of 3410 ◦C, W is
rimarily formed into desirable shapes by powder processing.
ypical firing temperatures for W are above 2700 ◦C to achieve
igh sintered density [30,32]. Second, the sintering kinetics of

particles can be dramatically enhanced by the addition of
ery small quantities of transition metals such as Ni, Fe and
d, through the process of activated sintering [33,34], and this
llows W to be sintered at lower temperatures. Here, we use
his approach to control density and densification of sintered W.
inally, it is known that W fractures in a brittle mode at room

emperature [35], a necessary condition to test Eqs. (4) and (6).
Two series of W powders, which we will label series A and

, were used in this study (see Table 3 for some characteris-
ics of these powders). These powders were manufactured by
E Lighting Components (Cleveland, OH) and Alldyne Pow-
er Technologies (Huntsville, AL), respectively, and had mean

article sizes of 1.2 �m (A) and 1.7 �m (B). Due to the different
article size distributions of the two powders, as shown in Fig. 3,
he tap densities of powders A and B were quite different (see
able 3). In order to manipulate the sintering properties of these
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Table 3
The characteristics of W powders in series A and B

Property A B

Mean size (�m) 1.2 1.7
Tap density (% TD) 42 60
Compact density (% TD) 50 64
N
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i impurity (wt.%) <0.0005 0.006
e impurity (wt.%) <0.001 0.018

owders, various minority additions of Ni (2.2–3 �m) and Fe
1–3 �m) powders were added to the W powder by dry mixing
ollowing the general procedure of Ref. [36]. It should be noted
hat a small initial content of sintering activators (Ni and Fe) was
lso present as impurities, particularly in powder B (Table 3).

After dry mixing, green compact specimens were made using
single-action cold press and a stainless-steel die of rectangu-

ar cross section, a geometry chosen to facilitate measurement
f fracture toughness. A compaction pressure of 21 MPa was
mployed, resulting in compact densities of 50 and 64% TD in
eries A and series B specimens, respectively. These green speci-
ens were then sintered in a furnace programmed with a heating

ate of 5 ◦C/min and an isothermal hold at 1177 ◦C for 1 h, fol-
owed by slow furnace cooling. To prevent the oxidation of W,
he processing was carried out in a dry 3% H2–97% N2 atmo-
phere. The geometry of the fired specimens was approximately

4 mm × 8 mm × 3 mm.

Sintering properties including linear shrinkage (�L/L0), sin-
ered density (ρs) and densification (ρ̃) were determined from the

ig. 3. Particle size distribution of (a) ‘series A’ and (b) ‘series B’ tungsten
owders.
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easured dimensions of the as-fired specimens. As will be dis-
ussed in more detail later, the two chosen series of W powders
ith processing parameters as described resulted in specimens
ith a broad range of sintered density and densification in the

nitial stage, ranging over ρs = 0.51–0.75, and ρ̃ = 0.03–0.31,
espectively. Hardness measurements were performed using a
ickers micro-indenter with a load of 100 g. To measure frac-

ure toughness, the single-edge notched three point bending test
37,38] was conducted on test specimens containing a notch cut
y a diamond knife with an approximate depth of 1 mm. For
very mechanical property reported, at least two identical spec-
mens were prepared and tested. In the case of hardness, the
eported values are the averages of at least four measurements.

. Results

The linear shrinkage of series A and B specimens after sin-
ering is shown in Fig. 4. In both series, the maximum shrinkage
s observed for the highest content of Ni additive (0.18 and
.10 wt.%. for series A and B, respectively). When the same
mount of Fe was added to powder A, significantly less sintering
hrinkage was observed. This result suggests that Ni improves
he sintering kinetics of W much more than does Fe, in agree-

ent with prior observations [33]. In the range of low density
f concern here, sintering shrinkage relates linearly to sintered
ensity. Due to their relatively higher green density, series-B
pecimens exhibited higher sintered densities even while they
xperienced a very small degree of shrinkage. The results in
ig. 4 also suggest that the correlation of shrinkage and sintered
ensity is independent of the particular activators added, as the
arious points collected there correspond to specimens with Ni,
e and Ni + Fe additions.
Fig. 5a–d presents the microstructure of fired specimens pre-
ared with powders A and B which experienced the smallest (a
nd c) and largest (b and d) sintering shrinkage. The micrographs
learly show that with increasing content of sintering activators,

ig. 4. The percent linear shrinkage of W compacts prepared with series A and
powders containing various contents of sintering additives. The shrinkage is

resented as a function of sintered density.
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F = 0.51), (b) series A powder containing 0.18 wt.% Ni (ρs = 0.65), (c) series B powder
( (ρs = 0.75). The specimens shown in (b) and (d) contained the highest amounts of
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Fig. 6. The average (a) Vickers hardness and (b) fracture toughness of W com-
ig. 5. SEM micrographs of W compacts prepared with (a) series A powder (ρs

ρs = 0.67), and (d) series B powder containing 0.10 wt.% Ni and 0.02 wt.% Fe
dditives used to prepare series A and B specimens, respectively.

he bonding between W particles is promoted. At the maximum
ontent of sintering activators employed, irregular pore shapes
an still be observed in both series of specimens, indicating that
intering remains in the initial stage.

The hardness and fracture toughness of the specimens as a
unction of the sintering activator concentration are respectively
hown in Fig. 6a and b, using for the latter quantity the monolayer
overage of activators, M, on the surface of W powders. This
arameter was calculated by integrating monolayer coverage
ver the particle size distributions, assuming spherical particles:

=
∫

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

(9)

here r is the particle radius of W, P(r) is the number population
f W powders at any particle size, c and a are the concentration
nd atomic radius of sintering activators, respectively, and ρw
nd ρa are the theoretical densities of W and additives.

With a slight increase of the sintering activator concentration
amounting to only a few monolayers), the hardness and fracture
oughness of the specimens in both series increased considerably
Fig. 6a and b), and roughly in proportion to the sintered density
Fig. 7a and b). The exception to this observation is the spec-
mens in series A that contained Fe, whose toughness slightly
eclined at relatively high Fe content. As shown in Fig. 7a and b
he hardness and fracture toughness of the specimens was essen-
ially zero at the green density, and increased monotonically with
intered density, even though different combinations of sintering
ctivators were used. The results therefore suggest that hardness
nd fracture toughness are dominated by the evolution of the
artially sintered microstructures of the specimens, which is in
urn influenced by the sintering activators, Ni and Fe; the direct

ffect of a small concentration of the additives on hardness is
ot obviously significant.

The fracture surfaces of the specimens employed in the frac-
ure test were analyzed in a scanning electron microscope, and

pacts prepared with series A and B powders that contained various types and
contents of sintering additives. The content of sintering activators is presented
in terms of monolayer coverage of activators on the surface of W particles. A
representative error bar is presented for one of the data sets on each curve to
show the degree of deviation in the data obtained.
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malization based on Arato et al.’s model (Eq. (3)).

Introducing Skorokhod’s model for relative neck radius (Eq.
(8)) into Arato et al.’s hardness model (Eq. (3)), we see that
hardness is proportional to zρs(1 − (1 − ρ̃)4/3). Our experimental
ig. 7. The average (a) Vickers hardness and (b) fracture toughness of W com-
acts prepared with series A and B powders, as a function of sintered density.
rendlines are shown for visualization purposes only.

t was observed that the surfaces of particles across the frac-
ure surface were smooth and no ductile dimples were apparent
n the surfaces (not shown). This result suggests that fracture
ccurred along sintered contacts in a brittle fashion.

. Discussion

It can be deduced from Fig. 7a and b that sintered density
s a poor microstructural state variable with which to pre-
ict mechanical properties of partially sintered W, because this
arameter alone does not account for the microstructural evo-
ution that occurs upon sintering from different green densities.
onsequently, different parameters are required to predict the
roperties of the material. In this section, the applicability of
caling factors for hardness and toughness, proposed in the var-
ous models described earlier will be examined.

To compare the Arato et al. and Green and Hardy models to
ur experimental data, some knowledge of z and r/R is essential.
ince the values of the average coordination number, z, proposed

n different models do not differ significantly from one another,
s shown in Fig. 2, it is assumed here that z follows Fischmeis-
er and Arzt’s model. The models for r/R, on the other hand,
re somewhat different from one another (Fig. 1). To justify a

hoice of model to be used here, the relative neck radius from
wo sets of specimens, one from each powder series, was mea-
ured. This was accomplished by measuring interparticle neck
ize and particle size of over 100 interparticle contacts from

F
o
t
p
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ach set on scanning electron micrographs. Many local values
f r/R were measured, and the average and standard deviation of
he measurements are shown in Fig. 1. The relative neck radius
f specimens from both experimental sets matches fairly well
ith that given in Skorokhod’s “all-stage” model. Furthermore,
korokhod’s all-stage model is the only one which appropri-
tely extrapolates to r/R = 1 at full density. For these reasons,
korokhod’s model was chosen for the comparisons that follow.

.1. Hardness

A first attempt to normalize hardness for the effect of green
ensity is shown in Fig. 8a, where the hardness of the speci-
ens in series A and B is plotted as a function of densification.
owever, just as was observed in Fig. 7, two distinct curves can
e discerned for series A and B, although they appropriately
onverge to a hardness of zero as densification decreases. Den-
ification alone therefore does not explicitly predict the hardness
f the material, and we therefore turn to a more complex nor-
ig. 8. Vickers hardness of W compacts in series A and B (a) as a function
f densification, and (b) as a function of a factor which contains the coordina-
ion number (z), the sintered density (ρs), and densification (ρ̃). Trendlines are
rescribed for visualization purposes.
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ata is plotted as a function of this scaling factor in Fig. 8b,
here the two separable trends observed earlier for powders A

nd B in Figs. 7a and 8a collapse into a single, monotonic trend.
his result signifies that hardness of partially sintered W cannot
e predicted knowing either sintered density or densification
lone, but is related to both sintering parameters; Arato et al.’s
odel reasonably captures the hardness evolution of the present

artially sintered materials.

.2. Fracture toughness

We first compare our data to Arato et al.’s model for frac-
ure toughness [17]. Examining Eqs. (3) and (4), we observe
hat the scaling factor for fracture toughness proposed by
rato et al. has a similar form as that of hardness, with
IC ∝ R1/2zρs(1 − (1 − ρ̃)4/3). The fracture toughness of W nor-
alized by R1/2 is plotted as a function of this factor in Fig. 9a.

nfortunately, Arato et al.’s model neither convincingly lin-

arizes our data nor collapses the two data series into a single
rend. While the two trendlines start from the origin, they deviate
rom one another as the value on the x-axis increases.

ig. 9. Normalized fracture toughness of W compacts in series A and B (a) as
function of a factor which contains the coordination number (z), the sintered
ensity (ρs), and densification (ρ̃), and (b) as a function of a factor which solely
epends on densification. Trendlines are prescribed for visualization purposes.
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To examine the applicability of Green and Hardy’s fracture
oughness model, which suggests a more explicit dependence of
racture toughness on interparticle neck size (Eq. (6)), we plot
IC/R1/2 as a function of (1 − (1 − ρ̃)4/3), which is equivalent

o (r/R)2 according to Eq. (8). The result presented in Fig. 9b
xhibits data that are reasonably aligned in a single monotonic
rend. The toughness extends to zero as interparticle neck size
ecreases to zero, as expected, and increases linearly with the
ncrease of neck size, in agreement with Green and Hardy’s

odel. This trend underscores the importance of interparticle
eck size on fracture toughness and that fracture toughness is
elated to a scaling factor of (r/R)2.

It should be noted that the factor (1 − (1 − ρ̃)4/3) may be writ-
en in terms of a Taylor expansion series with the first term being
4/3)ρ̃. Since this first term sufficiently describes the polyno-
ial function at low values of densification (∼<0.5), the fracture

oughness of partially sintered materials may in many cases be
dequately described using only the densification parameter and
he mean particle size R. At high densification, on the other hand,
he factor (1 − (1 − ρ̃)4/3) predicts that the fracture toughness of
intered materials will deviate from the linear trend. These find-
ngs are consistent with the experimental results obtained by
am et al. [20] who investigated the fracture response of sin-

ered alumina. In their investigation, the authors measured the
racture toughness of sintered alumina which had a mean parti-
le size of 1 �m, densification within the range 0.16–0.94, and
elative green density of 0.5 or 0.62. Their experiment reveals
hat fracture toughness is linearly related to the densification
arameter for densification values up to ∼0.4–0.6, all of which
orrespond to the initial-stage of sintering regime. Beyond those
ensification values, the fracture toughness of sintered alumina
tarts to deviate from the linear trend.

. Conclusions

In the regime of low sintering activator content and low
rocessing temperatures chosen for this study, activated W com-
acts were partially sintered and remained in the initial stage of
intering. The mechanical properties of W were improved with
intering enhancement, and the relationship between mechanical
esponse and sintered density was found not obviously depen-
ent to the type or content of sintering additives used. The
echanical properties of the partially sintered W compacts were

ritically controlled by relative interparticle neck size—a sinter-
ng property whose value can be estimated from the densification
arameter. Specifically, hardness of partially sintered materials
s explicitly related to both sintered density and densification,
n accordance with Arato et al.’s hardness model. On the other
and, fracture toughness (normalized by a square root of parti-
le radius) scales explicitly with densification but apparently not
ith sintered density, an effect captured by Green and Hardy’s

racture toughness model for partially sintered materials.
cknowledgements
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