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Abstract

In powder materials that are sintered only in the initial stage, a continuous network of pores remains in the structure. Here the mechanical
properties of partially sintered materials are investigated in relation to processing parameters, sintering behavior, and microstructure, using, as a
model material, W prepared by the activated sintering technique at low firing temperatures. Hardness and fracture toughness of partially sintered
W are found to be critically dependent on the interparticle neck size of W sintered particles, which is in turn affected by the sintering additives.
While fracture toughness is apparently solely a function of densification and interparticle neck size, hardness scales with a factor that combines
both sintered density and densification. Existing analytical models for these scaling behaviors are compared critically with the new data.
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1. Introduction

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

It is clear that in many applications it is desirable to sinter
powder materials through all three stages to full density, such
that optimum strength is achieved. In some applications, how-
ever, full sintering is not required or may even be undesirable
from the point of view of property control or economics. For
example, a sintered ceramic shell used in investment casting
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needs to contain some porosity, so that steams can be trans-
ferred through the mold during the autoclave operation and so
that entrapped gas can migrate out of the mold during the metal
casting step [3,4]. Anode substrates for solid oxide fuel cells can
be processed by tape casting and sintering, and require a high
residual porosity level so that fuel can reach the electrolyte inter-
face [5-7]. Finally, melt-infiltration processes for fabrication
of metal matrix composites require a partially sintered porous
preform with fully open porosity [8]. A continuous network of
pores is present in all of theses cases, and the mechanical prop-
erties of the component rely on the transmission of stress across
interparticle necks of the partially sintered powder particles.

While a large number of publications have concentrated on
the mechanical response of highly densified sintered materials
[9-16], fundamental studies on the mechanical properties of
those with low sintered density (i.e., sintered only in the initial
stage) are much more limited [17-20]. It is the purpose of this
paper to examine the mechanical properties of partially sintered
materials, particularly hardness and fracture toughness, and to
clarify the relationships between material properties, sintering
parameters, and microstructure. Our study is performed on a sin-
gle system, namely tungsten (W) containing minority additions
of sintering activators.

2. Analytical

Arato et al. were one of the first groups to consider the
mechanical properties of partially sintered materials in rela-
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tion to their microstructure [17]. They derived an analytical
scaling relationship for elastic modulus through the determina-
tion of forces acting across particle contacts and on a reference
plane through the structure, using a Voigt average for the elastic
properties of a polycrystalline body. The resulting expression
for Young’s modulus is nominally valid for the initial stage of
sintering [21]:

E=Epip (L)’ 1
= Eozs() (M
Here E and Ej are the Young’s moduli of partially sintered and
fully dense material, respectively, z is the average coordination
number of the sintering particles of mean radius R, ps is the frac-
tional sintered density (relative density), and r is the interparticle
neck radius. The dimensionless ratio 7/R will be termed the “rela-
tive neck radius”. Arato et al. further suggested that the hardness
of a partially sintered compact, H, would scale similarly
H E H 2
= g, Ho (2)
where Hy is hardness of the fully dense material. The general
scaling of Eq. (2) has been experimentally validated by Luo and
Stevens [19], who measured the bulk modulus and hardness of
stabilized zirconia sintered to densities ps =0.6—1.0. Combining
Egs. (1) and (2), the hardness of partially sintered material may
also be written as

z r\2

H = (4ps(R) > Ho 3)
Egs. (1) and (3) give simple scaling relationships for modulus
and hardness with respect to the density of a partially sintered
compact. However, the microstructural state variables z and /R
also evolve with sintered density, and must be modeled to reduce
the above expressions to simple functions of ps. For example,
Arato et al. used Fischmeister and Arzt’s model [22,23] for the
densification of an irregular packing of spherical particles to cap-
ture the evolution of z and #/R as a function of the sintering profile
(density), and compared the resulting model with hardness mea-
surements performed on SizNy-based sintered compacts having
sintered density in the range ps =0.6—0.9. The results from the
experiments were found to be in good agreement with the pre-
dictions of Eqgs. (1) and (3).

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

_or2E (2 (’)2)
Kic = ooR E ooR <4,0s R 4
In Eq. (4), o¢ is the tensile strength of flaw-free fully dense
material. Fracture toughness was also considered later by Green
and Hardy [18], who derived a different theoretical model for
partially sintered brittle materials by modifying existing mod-
els for fracture toughness of cellular ceramics [24]. With the
assumption that partially sintered particles fail by a crack pass-
ing through sintered interparticle contacts (i.e., necks) and that
one contact is broken at a time, the authors argued that ten-
sile stress, o, acting on an unbroken neck ahead of a crack is

Table 1
Proposed relationships between the relative interparticle neck radius and
densities

2
Fischmeister and Arzt [22,23] (%) = 1.75(ps — pe)(1 — (ps — pg))
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Skorokhod (initial stage) [25]

Skorokhod (all stages) [25]

Helle et al. [26]

responsible for fracture of the material, and is given by

1/2
o= (2) (K‘z) (2R)*? Q)
T Tr

where K7 is the stress intensity factor in mode I loading. As o
is increased and reaches the intrinsic strength of the neck, oy,
fracture occurs, and the critical stress intensity is written as

Kic = COO’ORUZ(%>2 (6)

where Cy ~ 1.4 is a numerical constant.

Unlike Arato et al.’s model (Eq. (4)), Green and Hardy’s
solution in Eq. (6) does not contain an explicit sintered density
dependency, and, as before, a microstructural model is required
to link #/R to ps. However, neither of these two models has been
rigorously tested against experimental data. Green and Hardy
did examine the fracture toughness of sintered alumina over
a relatively narrow range 58-64% TD, and found reasonable
agreement with the form of Eq. (6). However, in the narrow
range 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-
els described above, they all contain an explicit dependence on
the relative neck radius. This highlights the importance of neck
formation on the evolution of strength in the initial stage of
sintering. Several expressions for the relationship between the
relative neck radius, r/R, and sintered density, ps, have been
proposed, some of which are shown in Table 1 and plotted as
a function of sintered density, for the case of sintered materials
with green density pg =0.5 and 0.64, in Fig. 1 [22,23,25,26]. As
shown in the figure, all four models suggest a monotonic increase
of relative neck radius with sintered density. In the initial stage of
sintering of concern to this work (0.5 < ps <0.75), the predicted
/R is significantly different from one model to another. In the
later stages of sintering, these differences become even more
pronounced; compared to the expected limit /R — 1 as ps — 1,
the relationships of Fischmeister and Arzt [22,23] and Helle et al.
[26] underestimate the relative interparticle neck radius, while
Skorokhod’s initial stage model [25] overestimates it.

Most of the relationships presented in Table 1 can be explic-
itly expressed in terms of densification, p—a sintering parameter
that 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, pog of 0.5 (- --)
and 0.64 (-) as a function of sintered density, ps, 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
the average values of relative neck radius of (i) series A sintered powders with
pg=0.5 and ps =0.65 ({J), and (ii) series B sintered powders with pg =0.64 and
ps=0.76 (H).

the green density, p, (i.e., compact density), according to

Ps — Pg

p=——— )
I —pg
For example, Skorokhod’s model may be written as
r\2 1—ps \ ¥ .
(%) =1-(=2) =1-a-p* ®)
R 1 —ps

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

Another variable that enters into Egs. (1), (3) and (4), is
the average coordination number of sintered particles, z, which
increases as the structure forms new contacts upon sintering.
Several models have been proposed for z as a function of sin-
tered density [22,23,27,28]; two such models are presented in
Table 2 and Fig. 2. Due to geometric constraints, the minimum
and maximum coordination number that mono-sized spherical
particles can exhibit is 6 and 14, respectively. Unlike r/R, the
values of z as predicted by different models do not differ from
one another significantly in the lower range of sintered density
relevant to initial stage sintering (0.5 < ps <0.75).

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

Table 2
Proposed relationships between coordination number of sintered particles and
relative density

Fischmeister and Arzt [22,23]
German [28]
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Fig. 2. The coordination number of powders as a function of sintered density,
ps, 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
possible are 6 and 14, respectively, as shown on the plot.

models exhibit fundamentally distinct scaling from one another,
even for the same predicted property. Furthermore, experimental
works performed to justify these models are very limited, and
not conclusive. Here we present an experimental study aimed at
a quantitative evaluation of both the hardness model proposed
by Arato et al. and the fracture toughness models proposed by
Arato et al. and Green and Hardy. The investigation is performed
on partially sintered W containing minority additions of sinter-
ing activators, and with a broad range of sintered density as well
as densification. Similar to the situation for other sintered mate-
rial systems, studies of the mechanical properties of partially
sintered W are very limited [29].

3. Experimental procedure

W powder was chosen for the present study for several main
reasons. 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
primarily formed into desirable shapes by powder processing.
Typical firing temperatures for W are above 2700 °C to achieve
high sintered density [30,32]. Second, the sintering kinetics of
W particles can be dramatically enhanced by the addition of
very small quantities of transition metals such as Ni, Fe and
Pd, through the process of activated sintering [33,34], and this
allows W to be sintered at lower temperatures. Here, we use
this approach to control density and densification of sintered W.
Finally, it is known that W fractures in a brittle mode at room
temperature [35], a necessary condition to test Egs. (4) and (6).

Two series of W powders, which we will label series A and
B, were used in this study (see Table 3 for some characteris-
tics of these powders). These powders were manufactured by
GE Lighting Components (Cleveland, OH) and Alldyne Pow-
der Technologies (Huntsville, AL), respectively, and had mean
particle sizes of 1.2 um (A) and 1.7 pm (B). Due to the different
particle size distributions of the two powders, as shown in Fig. 3,
the tap densities of powders A and B were quite different (see
Table 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 (p.m) 1.2 1.7
Tap density (% TD) 42 60
Compact density (% TD) 50 64
Ni impurity (wt.%) <0.0005 0.006
Fe impurity (wt.%) <0.001 0.018

powders, various minority additions of Ni (2.2-3 wm) and Fe
(1-3 pm) powders were added to the W powder by dry mixing
following the general procedure of Ref. [36]. It should be noted
that a small initial content of sintering activators (Ni and Fe) was
also present as impurities, particularly in powder B (Table 3).

After dry mixing, green compact specimens were made using
a single-action cold press and a stainless-steel die of rectangu-
lar cross section, a geometry chosen to facilitate measurement
of fracture toughness. A compaction pressure of 21 MPa was
employed, resulting in compact densities of 50 and 64% TD in
series A and series B specimens, respectively. These green speci-
mens were then sintered in a furnace programmed with a heating
rate of 5 °C/min and an isothermal hold at 1177 °C for 1 h, fol-
lowed by slow furnace cooling. To prevent the oxidation of W,
the processing was carried out in a dry 3% H—97% N; atmo-
sphere. The geometry of the fired specimens was approximately
24mm x 8 mm X 3 mm.

Sintering properties including linear shrinkage (AL/Lyp), sin-
tered density (ps) and densification (p) were determined from the
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Fig. 3. Particle size distribution of (a) ‘series A’ and (b) ‘series B’ tungsten
powders.

measured dimensions of the as-fired specimens. As will be dis-
cussed in more detail later, the two chosen series of W powders
with processing parameters as described resulted in specimens
with a broad range of sintered density and densification in the
initial stage, ranging over pg=0.51-0.75, and p=0.03-0.31,
respectively. Hardness measurements were performed using a
Vickers micro-indenter with a load of 100 g. To measure frac-
ture toughness, the single-edge notched three point bending test
[37,38] was conducted on test specimens containing a notch cut
by a diamond knife with an approximate depth of 1 mm. For
every mechanical property reported, at least two identical spec-
imens were prepared and tested. In the case of hardness, the
reported values are the averages of at least four measurements.

4. Results

The linear shrinkage of series A and B specimens after sin-
tering is shown in Fig. 4. In both series, the maximum shrinkage
is observed for the highest content of Ni additive (0.18 and
0.10 wt.%. for series A and B, respectively). When the same
amount of Fe was added to powder A, significantly less sintering
shrinkage was observed. This result suggests that Ni improves
the sintering kinetics of W much more than does Fe, in agree-
ment with prior observations [33]. In the range of low density
of concern here, sintering shrinkage relates linearly to sintered
density. Due to their relatively higher green density, series-B
specimens exhibited higher sintered densities even while they
experienced a very small degree of shrinkage. The results in
Fig. 4 also suggest that the correlation of shrinkage and sintered
density is independent of the particular activators added, as the
various points collected there correspond to specimens with Ni,
Fe and Ni + Fe additions.

Fig. 5a—d presents the microstructure of fired specimens pre-
pared with powders A and B which experienced the smallest (a
and c) and largest (b and d) sintering shrinkage. The micrographs
clearly show that with increasing content of sintering activators,
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Fig. 4. The percent linear shrinkage of W compacts prepared with series A and
B powders containing various contents of sintering additives. The shrinkage is
presented as a function of sintered density.
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Fig. 5. SEM micrographs of W compacts prepared with (a) series A powder (ps =0.51), (b) series A powder containing 0.18 wt.% Ni (ps =0.65), (c) series B powder
(ps =0.67), and (d) series B powder containing 0.10 wt.% Ni and 0.02 wt.% Fe (ps =0.75). The specimens shown in (b) and (d) contained the highest amounts of

additives used to prepare series A and B specimens, respectively.

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

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

[ Pr)(r/2a)[(1 + (c/1 — c)(pw/pa)'/? — 1] dr

M= [ P(r) dr

©)

where r is the particle radius of W, P(r) is the number population
of W powders at any particle size, ¢ and a are the concentration
and atomic radius of sintering activators, respectively, and py,
and p, 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
toughness 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-
imens in series A that contained Fe, whose toughness slightly
declined at relatively high Fe content. As shown in Fig. 7a and b
the hardness and fracture toughness of the specimens was essen-
tially zero at the green density, and increased monotonically with
sintered density, even though different combinations of sintering
activators were used. The results therefore suggest that hardness
and fracture toughness are dominated by the evolution of the
partially sintered microstructures of the specimens, which is in
turn influenced by the sintering activators, Ni and Fe; the direct
effect of a small concentration of the additives on hardness is
not obviously significant.

The fracture surfaces of the specimens employed in the frac-
ture test were analyzed in a scanning electron microscope, and
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Fig. 6. The average (a) Vickers hardness and (b) fracture toughness of W com-
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.



778 Y. Boonyongmaneerat / Materials Science and Engineering A 452—-453 (2007) 773-780

250 —
(@) [oseriesA

= 200 @ Series B
L2 :
S 150
w "‘: V-
§ 100 o) .f".
I QO .

50 1 A s @

Pg Pg
0 I . 1 . .
18 {® < Series A ‘

16 4 @ Series B <> Q
14 4 2
12

1
0.8 -
06 -

04 - A § .‘ B 0
02 - 3 P
& k

0
045 050 055 060 065 070 075 080 085
Ps

[MPa.m"?]

Ic

K

Fig. 7. The average (a) Vickers hardness and (b) fracture toughness of W com-
pacts prepared with series A and B powders, as a function of sintered density.
Trendlines are shown for visualization purposes only.

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

5. Discussion

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

To compare the Arato et al. and Green and Hardy models to
our experimental data, some knowledge of z and r/R is essential.
Since the values of the average coordination number, z, proposed
in different models do not differ significantly from one another,
as shown in Fig. 2, it is assumed here that z follows Fischmeis-
ter and Arzt’s model. The models for r/R, on the other hand,
are somewhat different from one another (Fig. 1). To justify a
choice of model to be used here, the relative neck radius from
two sets of specimens, one from each powder series, was mea-
sured. This was accomplished by measuring interparticle neck
size and particle size of over 100 interparticle contacts from

each set on scanning electron micrographs. Many local values
of r/R were measured, and the average and standard deviation of
the measurements are shown in Fig. 1. The relative neck radius
of specimens from both experimental sets matches fairly well
with that given in Skorokhod’s “all-stage” model. Furthermore,
Skorokhod’s all-stage model is the only one which appropri-
ately extrapolates to r/R=1 at full density. For these reasons,
Skorokhod’s model was chosen for the comparisons that follow.

5.1. Hardness

A first attempt to normalize hardness for the effect of green
density is shown in Fig. 8a, where the hardness of the speci-
mens in series A and B is plotted as a function of densification.
However, just as was observed in Fig. 7, two distinct curves can
be discerned for series A and B, although they appropriately
converge to a hardness of zero as densification decreases. Den-
sification alone therefore does not explicitly predict the hardness
of the material, and we therefore turn to a more complex nor-
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 zps(1 — (1 — ,b)4/ 3). Our experimental
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Fig. 8. Vickers hardness of W compacts in series A and B (a) as a function
of densification, and (b) as a function of a factor which contains the coordina-
tion number (z), the sintered density (ps), and densification (p). Trendlines are
prescribed for visualization purposes.
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data is plotted as a function of this scaling factor in Fig. 8b,
where the two separable trends observed earlier for powders A
and B in Figs. 7a and 8a collapse into a single, monotonic trend.
This result signifies that hardness of partially sintered W cannot
be predicted knowing either sintered density or densification
alone, but is related to both sintering parameters; Arato et al.’s
model reasonably captures the hardness evolution of the present
partially sintered materials.

5.2. Fracture toughness

We first compare our data to Arato et al.’s model for frac-
ture toughness [17]. Examining Eqgs. (3) and (4), we observe
that the scaling factor for fracture toughness proposed by
Arato et al. has a similar form as that of hardness, with
Kic x R2zp4(1 — (1 — p)*3). The fracture toughness of W nor-
malized by R'/? is plotted as a function of this factor in Fig. 9a.
Unfortunately, Arato et al.’s model neither convincingly lin-
earizes our data nor collapses the two data series into a single
trend. While the two trendlines start from the origin, they deviate
from one another as the value on the x-axis increases.
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Fig. 9. Normalized fracture toughness of W compacts in series A and B (a) as
a function of a factor which contains the coordination number (z), the sintered
density (ps), and densification (p), and (b) as a function of a factor which solely
depends on densification. Trendlines are prescribed for visualization purposes.

To examine the applicability of Green and Hardy’s fracture
toughness model, which suggests a more explicit dependence of
fracture toughness on interparticle neck size (Eq. (6)), we plot
Kic/R"? as a function of (1 — (1 — p)*3), which is equivalent
to (r/R)* according to Eq. (8). The result presented in Fig. 9b
exhibits data that are reasonably aligned in a single monotonic
trend. The toughness extends to zero as interparticle neck size
decreases to zero, as expected, and increases linearly with the
increase of neck size, in agreement with Green and Hardy’s
model. This trend underscores the importance of interparticle
neck size on fracture toughness and that fracture toughness is
related to a scaling factor of (r/R).

It should be noted that the factor (1 — (1 — b)‘” 3 may be writ-
ten in terms of a Taylor expansion series with the first term being
(4/3)p. Since this first term sufficiently describes the polyno-
mial function at low values of densification (~<0.5), the fracture
toughness of partially sintered materials may in many cases be
adequately described using only the densification parameter and
the mean particle size R. Athigh densification, on the other hand,
the factor (1 — (1 — p)*3) predicts that the fracture toughness of
sintered materials will deviate from the linear trend. These find-
ings are consistent with the experimental results obtained by
Lam et al. [20] who investigated the fracture response of sin-
tered alumina. In their investigation, the authors measured the
fracture toughness of sintered alumina which had a mean parti-
cle size of 1 wm, densification within the range 0.16-0.94, and
relative green density of 0.5 or 0.62. Their experiment reveals
that fracture toughness is linearly related to the densification
parameter for densification values up to ~0.4-0.6, all of which
correspond to the initial-stage of sintering regime. Beyond those
densification values, the fracture toughness of sintered alumina
starts to deviate from the linear trend.

6. Conclusions

In the regime of low sintering activator content and low
processing temperatures chosen for this study, activated W com-
pacts were partially sintered and remained in the initial stage of
sintering. The mechanical properties of W were improved with
sintering enhancement, and the relationship between mechanical
response and sintered density was found not obviously depen-
dent to the type or content of sintering additives used. The
mechanical properties of the partially sintered W compacts were
critically controlled by relative interparticle neck size—a sinter-
ing property whose value can be estimated from the densification
parameter. Specifically, hardness of partially sintered materials
is explicitly related to both sintered density and densification,
in accordance with Arato et al.’s hardness model. On the other
hand, fracture toughness (normalized by a square root of parti-
cle radius) scales explicitly with densification but apparently not
with sintered density, an effect captured by Green and Hardy’s
fracture toughness model for partially sintered materials.
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