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Amodel for densification based on themaster sintering curve concept is applied to solid-state sintering ofW and
Mo and to liquid-phase sintering of W–10Cu and Mo–18Cu. The effects of small additions of Ni, Co, Fe, and Pd to
W–10Cu andMo–18Cu are investigated. Separate grain growthmodels for solid-state and liquid-phase sintering
are also applied to these systems. The model predictions are compared to experimental results to determine the
effects of the activators on densification and grain growth mechanisms. Ni and Pd additions only slightly reduce
the activation energy for densification, while Co and Fe have a much larger effect. The effects of Co and Fe addi-
tions on grain growth rate constants are not adequately described by consideration of their effects on the solubil-
ity of W andMo in the liquid phase. The experimental results with Co and Fe additions are better described by a
solid-state grain growth model. The effects of Co and Fe additions on densification and grain growth are consis-
tent with enhanced diffusion through a segregated solid phase during liquid-phase sintering.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The high diffusion rates of liquid phases can provide rapid densi-
fication and grain growth during sintering. In classic systems, such as
W–Ni–Cu and W–Ni–Fe alloys, the liquid phase that forms has sub-
stantial solubility for the base solid phase, resulting in dissolution
of small particles and convex surface features [1]. The dissolved
base phase then reprecipitates on larger particles and concave sur-
faces resulting in grain spheroidization and coarsening. Porosity is
virtually eliminated.

Liquid-phase sintering of systems such as W–Cu and Mo–Cu, in
which the base metal has little solubility in the liquid phase, results
in poor densification behavior and slow grain growth rates. Sub-
micrometerWparticle sizes are needed to sinterW–Cu to near full den-
sity [2–4], while full density for Mo–Cu requires Mo particle sizes less
than about 2 μm [2,5–9]. Sintered grains are not much larger than the
starting particle size.

For W–Cu, the solubility of W in Cu is less than 10−3 at.% [10],
and grain growth likely occurs by a combination of solution-
reprecipitation [11–13] and coalescence [14–16]. ForMo–Cu the reported
solubility of Mo in Cu of 0.5 to 1.3 wt.% at 1100 to 1500 °C [17] would be
expected to result in a dominant role for solution-reprecipitation, but re-
ported grain growth rates aremuch lower, raising the probability of a sig-
nificant contribution from coalescence [18].

Substituting small amounts of other transitionmetals for Cu can sig-
nificantly increase the solubility ofW andMo in the liquid phase. Ni and
Pd are completely soluble in Cu and substituting 1 wt.% Ni for Cu in-
creases the W solubility by more than an order of magnitude [16].

This increase in solubility improves densification behavior, but Co and
Fe are more effective than Ni at enhancing densification of W–Cu
[19–21]. Co and Fe have similar solubility for W, but are less soluble in
Cu so they segregate to the surfaces of W grains [22] where they are
more effective in small quantities by activating solid-state sintering of
the W skeleton.

New analytical methods based on the master sintering curve
(MSC) concept enable further analysis of the densification kinetics
of these systems to provide an improved understanding of the
sintering mechanisms involved in “activated” liquid-phase sintering.
Initially developed by Su and Johnson [23] to obtain a single apparent
activation energy for densification of a given ceramic system, the
MSC equations were modified by Park et al. [24,25] to calculate ap-
parent activation energies for both densification and grain growth
for W–Ni–Fe alloys before, during, and after formation of the liquid
phase. These modified MSC equations were further used to calculate
the apparent activation energy for sintering, densification function,
and work of sintering for W–Ni–Fe, W–Ni–Cu, and W–Cu to create
a master sintering surface for different solubilities of W in the liquid
phase [26].

In this paper, a model for densification based on the MSC concept is
applied to solid-state sintering of W and Mo and to liquid-phase
sintering of W–Cu and Mo–Cu. The effects of small additions of Ni, Co,
Fe, and Pd for Cu are investigated. Separate grain growth models for
solid-state and liquid-phase sintering are also applied to these systems.
The model predictions are compared to experimental results to deter-
mine the effects of the activators on apparent activation energies for
densification and grain growth rate constants.
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2. Models

2.1. Densification

The dependence of the fractional apparent density ρA on the particle
size can be expressed as follows [27,28]

logρA ¼ logρ0 þ a logD ð1Þ

where ρ0 is the fractional packing density of a 1 μm powder, a is a
constant, and D is the median particle size in μm. Prior work [29] deter-
mined values of 0.206 and 0.070 for ρ0 and a, respectively, for W pow-
ders with D given by the BET particle size in μm.

The fractional green density ρg has been linked to the particle size
and compaction pressure by the following empirical equation [29]

ρg ¼ 1þ ρA 1− exp
A

D
1=7

−
P

1=2

C
þ E

 ! !
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where A relates to particle rearrangement behavior, ρA is the fractional
apparent density,D is the BET particle size, P is the compaction pressure,
C relates tomaterial strength, and E is a constant. Prior work [29] deter-
mined vales of 0.608 for A, 73.8 for C, and 0.735 for Ewith D in μm and P
in MPa for W. These values were also used for Mo in the present work
since they provided a better fit to the data than the values of 1.529 for
A, 36.1 for C, and 0 for E previously determined for Mo [29]. To approx-
imate the experimental green densities, a fixed green density of 0.55
was used for W–Cu and Mo–Cu.

The sintered density depends on the green density ρg and the linear
sintering shrinkage ΔL/Lg according to

ρs ¼
ρg

1− ΔL
Lg

� �3 : ð3Þ

The sintering shrinkage displays an asymptotic character as the
compact nears full density. TheMSC approach [23] accounts for this be-
havior, which can be represented by a sigmoid function as given by the
following relation [27,28]

ΔL
Lg

¼ f 1 þ
f 2

1þ exp
f 3−Y
f 4

� � ð4Þ

where f1 = 0.01, f2 = 0.165, f3 = 0.104, and f4 = 0.015, and Y is a den-
sification factor that can be calculated from an Arrhenius-type equation
as follows:

Y ¼ 1
Dv exp BStw−

Q
RT

� �
ð5Þ

where D is the particle size,w and v depend on the diffusion mechanism,

BS is amaterial parameter, t is the sintering time,Q is the activation energy
for densification, R is the gas constant, and T is the sintering temperature.
Frompreviouswork [27,28],BS=0.0054,Q=30.4 kJ/mol, v=0.444, and
w = 0.119 when the W particle size D is in μm and time t is in minutes.
Other work [29] found Q = 36.0 kJ/mol best fit experimental data for
sintering temperatures ranging from900 to 1200 °Cusing the BETparticle
size for D. The activation energy was treated as an adjustable parameter
for the material systems investigated in the present work.

2.2. Grain growth

For solid-state sintering, the mean grain size Gm depends on sintering
temperature, hold time, initial grain size, and the effects from porosity
and pore drag as follows [27,28]:

Gm−Go ¼ K′t
1=n

ρg

1−ρs

� �1=2

exp
−QG

RT

� �
ð6Þ

whereGo is the initial particle size,K′ is a collection ofmaterial constants, t
is the isothermal time at absolute temperature T, n is a constant that de-
pends on the grain growth mechanism, ρg is the fractional green density,
ρs is the fractional sintered density, and QG is the activation energy for
grain growth. For W, K′ = 23.5 μm/s1/3, n = 3, and QG = 86 kJ/mol
when the particle size Go is in μm and time t is in seconds [29].

For liquid-phase sintering, the mean grain size Gm obeys the follow-
ing relationship [30]:

Gn
m−Gn

o ¼ Kt ð7Þ

where G0 is the initial grain size, K is the grain growth rate constant, t is
the time, and n is the growth rate exponent. The growth rate exponent

Table 1
Characteristics of the W, Mo, and Cu powders.

Powder W W W W Mo Mo Cu Cu

Vendor Firth Sterling GTP Firth Sterling GTP Climax Climax ACuPowder ACuPowder
Designation C-3 M10 C-5 M35 012293 102792 2000 635
Particle size distribution

D10 (μm) 0.6 0.9 1.8 2.7 1.1 2.1 1.3 8.2
D50 (μm) 1.5 2.1 5.1 6.2 2.5 4.1 3.6 12.5
D90 (μm) 10.0 7.2 16.4 14.2 4.8 7.9 5.5 19.2

BET particle size (μm) 0.11 0.23 0.49 1.08 0.47 1.52 1.80 5.71
Pycnometer density (g/cm3) 18.4 18.4 19.0 18.4 9.62 10.14 8.78 8.8
Apparent density (g/cm3) 2.0 1.9 2.6 2.8 2.1 3.0 3.3 3.3
% of pycnometer density 11% 10% 14% 15% 21% 29% 38% 38%
Tap density (g/cm3) 3.2 3.7 3.2 5.0 3.1 5.0 3.7 3.8
% of pycnometer density 17% 20% 24% 27% 31% 49% 42% 43%

Fig. 1. Effect of sintering temperature and W particle size on the density of W (open
markers) and W–10Cu (solid markers) after compacting at 70 MPa and sintering for 1 h
in hydrogen.
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