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The master sintering curve (MSC) theory is modified by substituting the densification ratio (F) for
the densification parameter (C) to identify regions where shrinkage occurs by a similar combination
of sintering mechanisms. The modified MSC theory is used to analyze the results of dilatometry
experiments conducted with W-Ni-Fe heavy alloys, in which a phase change occurs during sintering.
Apparent activation energies for sintering in three regions (solid state, transition, and liquid phase) are
calculated. These activation energies are compared with experimental values for diffusion and other
mass-transport phenomena to identify the dominant mechanisms in each region. A series of master
sinter curves for varying W contents are developed into a master sintering surface that includes
tungsten content and integral work.

I. INTRODUCTION

TUNGSTEN heavy alloys (WHAs) are used for a num-
ber of applications, including radiation shields, counter-
weights, electrical contacts, gyroscopic components, vibration
dampeners, and kinetic energy penetrators.[1] The most
common compositions consist of W along with some com-
bination of Ni, Fe, or Cu, although small amounts of other
transition metals are sometimes added. The WHAs can be
readily processed to near theoretical density by sintering at
temperatures at which a liquid phase is present. However,
significant densification occurs by solid-state sintering dur-
ing heating prior to liquid-phase formation.[2–5] The Ni and
Fe additions, in particular, enhance the solid-state sintering
of W.[6] Changes in the dominant sintering mechanism at
different stages of the sintering cycle complicate analysis of
densification behavior. In this article, the master sintering
curve (MSC) concept is modified to analyze densification
during heating of W-Ni-Fe heavy alloys with W contents
ranging from 83 to 93 wt pct.

II. MSC THEORY

During solid-state and liquid-phase sintering of most
materials, diffusion plays the primary role in densifica-
tion,[7] although grain rearrangement can also be very
important in liquid-phase sintering.[8] In solid-state sinter-
ing, either grain boundary or volume diffusion is the dom-
inant densification mechanism. Surface diffusion is active
with small powders, but does not contribute to densifica-
tion. The following multiple mechanism model provides a
means to predict densification behavior:[9]
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where r is the relative density, t is the time, gsv is the
solid-vapor surface energy, V is the atomic volume, k is
Boltzmann’s constant, T is the absolute temperature, G is a
density-dependent function, D is a diffusivity, G is the grain
size, db is the width of the grain boundary, the subscript
v stands for volume diffusion, and the subscript b stands for
grain boundary diffusion. Taking into account the exponen-
tial dependence of the diffusivities with temperature, the
previous equation can be rewritten as
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where R is the universal gas constant, Dv0 and Db0 are the
pre-exponential factors, and Qv and Qb are the activation
energies for volume and grain boundary diffusion, respec-
tively. It is noteworthy to mention that in all crystalline
materials, Qb , Qv, because grain boundaries are high dif-
fusivity paths.
When volume diffusion is the dominant sintering mech-

anism, Eq. [2] can be simplified as
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Similarly, when grain boundary diffusion is the dominant
sintering mechanism, Eq. [2] can be simplified as
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If the dominant densification mechanism is not known,
Eq. [3] or [4] can be used to determine experimentally an
apparent activation energy for sintering (Q) using the
shrinkage-rate data obtained in either isothermal experiments
at different temperatures or constant-heating-rate experi-
ments at different heating rates. This apparent activation
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energy for sintering (Q) can be compared with activation
energies for diffusion processes (either Qv or Qb) deter-
mined by other methods to identify the dominant densifi-
cation mechanism.[10–14]

If the apparent activation energy for sintering (Q) does
not match any diffusion activation energy between the mar-
gins of experimental error, the contribution to shrinkage
from both mechanisms could be significant, so no one of
them can be neglected. This apparent activation energy (Q)
results from assuming one common activation energy in
Eq. [2] for both participating densification mechanisms:
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Comparing Eq. [2] with Eq. [5], it is evident that
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This expression shows that the apparent activation
energy from sintering (Q) is always between Qb and Qv,
that is, Qb , Q , Qv. Then, Q can be compared with
possible values of Qv and Qb in order to detect which dif-
fusion sintering mechanisms are acting simultaneously.
Additionally, Eq. [6] implies that Q is one single constant
when the proportional contribution of both involved sinter-
ing mechanisms is constant during the entire range of tem-
peratures under study.

Eq. [5] can be further modified as
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where gVGD0/kG
m is a symbolic way of representing the

terms including surface energy (g), atomic volume (V),
Boltzmann’s constant (k), the density-dependent parame-
ters G, the diffusivity pre-exponential factors (D0), the
thickness of the grain boundaries (db), the grain size (G),
and the numerical exponents for grain size (m). Actually,
this term is not used to build the master sintering curve, so a
detailed knowledge of its value and form is not necessary.
In Eq. [7], m is between 3 for volume diffusion and 4 for
grain boundary diffusion. In addition, Eq. [7] can be obtained
from any couple of diffusion-controlled mechanisms of den-
sification following the procedure explained previously.

It can also be extended to diffusion-controlled densifica-
tion by solution-reprecipitation during liquid-phase sinter-

ing. This densification mechanism can be described using
different models.[15] One of them is the contact flattening
model proposed by Kingery:[16]
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where DL/L0 is the linear shrinkage, L0 is the initial value of
any linear dimension of the compact, glv is the liquid-vapor
surface energy, Dvl is the diffusivity of the solid in the
liquid, dl is the width of the liquid film between solid par-
ticles, and Cl is the solubility of the solid into the liquid.
The original model was proposed for a dihedral angle equal
to zero, that is, the solid particles are separated by a con-
tinuous liquid layer. However, later simulation work has
shown that this equation is still accurate enough for higher
dihedral angles and, hence, discontinuous liquid films.[17,18]

For isotropic densification, the linear shrinkage is related to
the density variation by the following approximate relationship:
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where Dp is the change in density during sintering and r0 is
the original density of the compact. Substituting Eq. [10]
in Eq. [9], taking the derivative with time, considering the
exponential dependence of the diffusivity with temperature,
and rearranging terms, the following expression results:

1

3r

dr

dt
5

glvV

k

GlCldlDvl0

G4

1

T
exp �Qvl

RT

� �
[11]

where
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The term Dvl0 is the pre-exponential factor and Qvl the
activation energy for diffusion of the solid atoms through
the liquid.

Another model describes densification by solution-
reprecipitation as a consequence of the preferential disso-
lution of small particles and reprecipitation on the largest
ones. According to this model, the linear shrinkage can be
approximately described by[15]
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Substituting Eq. [10] in Eq. [13] and operating as before,
the following equation results:
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Note that Eqs. [11] and [14] display the same dependence
of (1/3r)(dr/dt) with temperature.

Equation [11] or [14] can be combined with either Eq.
[3] or [4] to take into account that during liquid-phase
sintering the solution-reprecipitation mechanism can be
competing with solid-state sintering (by volume or grain
boundary diffusion, respectively). Let us say, for example,
that a significant contribution of grain boundary diffusion to
densification occurs together with the solution-reprecipitation
mechanism. We choose Eq. [11] to describe this, although
an equivalent result is obtained with Eq. [14]. In this case,
adding Eq. [11] to [4] leads to
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This expression is comparable to Eq. [2], so following
the same steps as previously discussed, Eq. [7] is attained,
where now
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In this case, the term gVGD0/kG
m will include also the

solubility of the main component into the liquid (Cl), but
as mentioned previously, no detailed knowledge of this
term is necessary to build a master sintering curve. How-
ever, it is important to keep in mind that the apparent acti-
vation energy for sintering (Q) will have a value between
the activation energies for both competing diffusion pro-
cesses, that is, Qvl and Qb in the present example. Obviously,
the same conclusion is reached if Eq. [11] is replaced by
Eq. [14].

Equation [7] is a very general sintering equation. Pro-
vided that the apparent activation energy for sintering (Q),
obtained from experimental data, is a constant in the tem-
perature range of interest, it can be used to simulate the
sintering process using the concept of the MSC.[9] The
MSC is a direct consequence of this model with the
assumption that grain growth can be described as a function
of density.[9] Equation [1] is rearranged to bring all of the
constants and material parameters with slight modification
into a single density-dependent parameter, P(r), except for
the terms related to temperature:
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Integration is from the initial or green density to the
target final density. The remaining terms lead to a param-
eter that is equivalent to the thermal work performed in
reaching the density. This parameter Q with slight modifi-
cation is termed the work of sintering:
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where rref is a reference heating rate for the dimensionless
Q parameter and Tref is a reference temperature. In this
study, rref is 10 °C/min and Tref is 1500 °C.
The two terms represented by Eqs. [18] and [19] can be

related to each other experimentally when the geometric
parameters of microstructure are independent of the ther-
mal sintering path. As a consequence, the MSC can be
applied only to powder compacts made from the same
powder and by the same green-body processing. Another
assumption is that microstructural evolution (both grain
size and geometry) is dependent only on density for any
given powder and green body.[9]

Note that the work of sintering depends on the time-
temperature pathway and contains one activation energy
for each step during the sintering process. As explained
previously, while the dominant densification mechanism
is volume or grain boundary diffusion, most materials den-
sify through a mixture of densification mechanisms, each
with changing roles during heating and as the microstruc-
ture changes. Because of these mixed events and their com-
plex dependence on temperature, surface area, grain size,
and its curvature, the apparent activation energy used in Eq.
[19] often does not match a handbook diffusional parame-
ter. Other factors that sometimes modify the kinetics of
sintering and its apparent activation energy are small
changes in composition, impurities, and the sintering
atmosphere. That is why the apparent activation energy is
found in this work by a root-mean-square fitting of exper-
imental data with a master sintering curve. This fitting is
performed through iteration with the criteria of minimizing
the mean residual value.
A sigmoid function provides a good fit between the den-

sification parameter C with range of r0 , r , 1 and the
natural logarithm of the work of sintering, ln Q.[19,20] The
sigmoid equation used to define the MSC is
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where r0 is the relative density at the start of the sintering
experiment, and a and b are constants defining the curve.
An alternative form of Eq. [20] is
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with ln Qref 5 a and n5 1/b. In Eqs. [21] and [22], F is the
densification ratio with the range of r0 , r , 1, which is
defined as the ratio of density difference between the cur-
rent density and the initial density to the current porosity u;
n is a slope, power-law exponent, or densification function,
which defines the rate of increment of ln F during the
sintering process; and ln Qref is the natural logarithm of
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the work of sintering ln Q at r 5 (r0 1 1) / 2, which is the
midpoint of densification or densification to parameterC of
0.5. Note that the relationship between C and F is
1/C 5 1 1 1/F. Furthermore, the generalized power-law
exponent is defined as

n [
d ln F

d ln Q
[23]

which will be used for constructing multiphase MSCs later
in this article.

III. EXPERIMENTAL PROCEDURES

A. Powder and Sample Preparation

The characteristics of the as-received W, Ni, and Fe
powders selected for this study are given in Table I. The
tungsten powder used in the mixture was rod milled to
deagglomerate the as-received powder. The rod milling
operation was performed dry for 1 hour in a 2000 cm3

capacity plastic jar at 90 rpm using greater than 95 pct pure
tungsten rods with 10-mm diameter and 180-mm length.
The weight ratio of rods to powder was 10:1. The milling
jar was evacuated, argon back filled, and tape sealed in
order to prevent oxidation.

Elemental W, Ni, and Fe powders were weighted accu-
rately to make up the desired compositions. The weighed
powders were subsequently placed in a 500 cm3 capacity
plastic jar and mixed in a Turbula mixer (T2C, Glen Mills,
Clifton, NJ) for 30 minutes. The homogenously mixed
powders were compacted uniaxially into cylinders of 12.7
mm in diameter and 10.0 mm in height using a Carver press
at a pressure of 175 MPa. The green densities of all sam-
ples for both dilatometry and quenching were 60 pct of
theoretical.

B. Dilatometry Test

A dilatometer was employed for in-situ measurement of
shrinkage, shrinkage rate, and the temperature at which
phase changes occur. Dilatometry experiments were con-
ducted on 83W, 88W, and 93W with the balance being Ni
and Fe in the ratio of 7:3 at heating rates of 2 °C/min, 5 °C/
min, and 10 °C/min. The experiments were performed
using a vertical push rod dilatometer in hydrogen (ANTER
UNITHERM* model 1161) with three different heating

*ANTERUNITHERM is a trademark of Anter Corporation, Pittsburgh, PA.

rates both in solid-state and liquid-phase sintering to obtain
activation energies and to construct MSCs, as shown in
Table II. The dilatometer was also used to measure the ther-
mal expansion of each composition during a controlled cool-
down at a rate of 20 °C/min from the sintering temperature.

C. Quenching Test

The samples were placed in a molybdenum crucible sus-
pended in the hot zone of a vertical CM furnace with a
tungsten wire. The special design of the furnace allowed
the sintered compacts to be quenched when the desired
temperature and time were reached. The samples were
heated at 10 °C/min to 900 °C with a 1-hour hold to reduce
oxides on the powders. For solid-state-sintered samples,
the temperature was increased to the quench temperature
at 5 °C/min for various hold times (0, 30, or 60 minutes).
For the liquid-phase-sintered samples, the temperature was
increased 10 °C/min to 1400 °C, then 5 °C/min to the
quench temperature. Sintering was performed in a dry H2

atmosphere. The entire crucible was quenched in water to
obtain the instantaneous microstructure when the target tem-
perature and time were reached.

Table I. Powder Characteristics and Tungsten Heavy Alloy Composition

Element W Ni Fe

Vendor Osram (Towanda, PA) Novamet (Wyckoff, NJ) ISP (Wayne, NJ)
Designation M-37 123 CIP-R1470
Fabrication method oxide reduction carbonyl process carbonyl process
Powder properties
D10 (mm) 2 3 2
D50 (mm) 6 10 6
D90 (mm) 10 24 10
apparent density (g/cm3) 4.1 (21 pct) 2.3 (26 pct) 2.4 (31 pct)
tap density ((g/cm3) 6.2 (32 pct) 3.3 (37 pct) 4.6 (59 pct)
pycnometer density (g/cm3) 19.20 8.96 7.89
BET surface area (m2/g) 0.18 0.60 0.45

83 pct WHA
wt pct 83.0 11.9 5.1
vol pct 68.5 21.2 10.3
density (g/cm3) 15.94

88 pct WHA
wt pct 88.0 8.4 3.6
vol pct 76.6 15.7 7.7
density (g/cm3) 16.80

93 pct WHA
wt pct 93.0 4.9 2.1
vol pct 85.6 9.7 4.7
density (g/cm3) 17.76
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The quenched samples were sectioned top to bottom and
mounted using epoxy resin under vacuum to fill the porosity
and to prevent the smearing of the material into the pores.
The polishing procedure involves the use of a 9-mm diamond
suspension followed by 6-, 3-, 1-mm diamond suspension on
a MD-Dac cloth from Struers (Westlake, OH). A mirrorlike
finish was obtained by giving a final polish with a 0.04-mm
silica colloidal suspension (OP-S from Struers). The micro-
structure was imaged using scanning electron microscopy
(SEM; TopCon model ABT-32, TopCon, Manchester, United
Kingdom). These SEM pictures were used to explain densi-
fication behavior in terms of microstructure.

IV. RESULTS

Figure 1(a) shows the relationship between the densifi-
cation parameter (C) and the work of sintering (Q) directly
plotted from the dilatometry data in the case of the alloy
with 93 wt pct of W. For the other compositions, the curves
are similar. This is basically the traditional MSC plot used
earlier in the literature.[9,20] Figure 1(b) presents one of the
modifications proposed in this article, which is substituting
the densification parameter (C) with the densification ratio
(F). This modification makes it easier to identify the three
regions of the curve into which it can be divided.

Based on the W-Ni-Fe ternary phase diagram[21] and
Figure 1(b), these three regions can be roughly identified
as follows: (1) region I, low-temperature or solid-state sin-
tering region (T , 1400 °C); (2) region II, intermediate
temperature or transition region (1400 °C # T , 1455
°C); and (3) region III, high-temperature or liquid-phase
sintering region (T $ 1455 °C). Obviously, interdiffusion
during heating will shift the onset temperature for each
region. The three regions are defined, based on Eq. [22],
by the following three equations.

Region I, low-temperature region or solid-state sintering
region (,1400 °C):

ln F 5 n ln Q� ln Qrefð Þ [24]

with Q5 Qs (the activation energy for solid-state sintering)
and n5 ns (the densification function for solid-state sintering).
Region II, intermediate temperature or transition region

(1400 °C # T , 1455 °C):

d ln F 5 nd ln Q [25]

with Q 5 Qsl (the activation energy of sintering in this
region) and n 5 nsl (densification function in this region).
In this study, Qsl is linearly interpolated from Qs and Ql on
the basis of temperature and nsl is calculated from exper-
imental data using Eq. [23].
Region III, high-temperature or liquid-phase sintering

region (T $ 1455 °C):

d ln F 5 nd ln Q [26]

with Q 5 Ql (the activation energy for liquid-phase sinter-
ing) and n 5 nl (the densification function for liquid-phase
sintering).
In region I, below the solidus temperature of the alloy,

densification can be fully described with Eq. [24] using the
same apparent activation energy (Qs) and densification
function parameter (ns) for every temperature and heating
rate. The same is also true for region III, where the additive
phase has melted completely. In this region, both parame-
ters (Ql and nl) are also independent of the temperature and
heating rate, proving that the concept of MSC can be
extended to liquid-phase sintering. However, in region II,
where the additive phase is melting and alloying progres-
sively, the value of both parameters changes with increasing
temperature because the contribution to densification is
shifting from solid-state to liquid-phase mechanisms.

Table II. Sinter Cycle for Obtaining Activation Energies
and Constructing MSCs

solid state
cycle I 20 °C to 900 °C, 10 °C/min, no hold

900 °C to 1500 °C, 2 °C/min, 10-min hold
1500 °C to 20 °C, 10 °C/min

cycle II 20 °C to 900 °C, 10 °C/min, no hold
900 °C to 1500 °C, 5 °C/min, 10-min hold
1500 °C to 20 °C, 10 °C/min

cycle III 20 °C to 900 °C, 10 °C/min, no hold
900 °C to 1500 °C, 10 °C/min, 10-min hold
1500 °C to 20 °C, 10 °C/min

liquid state
cycle I 20 °C to 1455 °C, 15 °C/min, no hold

1455 °C to 1500 °C, 1 °C/min, 10-min hold
1500 °C to 20 °C, 10 °C/min

cycle II 20 °C to 1455 °C, 15 °C/min, no hold
1455 °C to 1500 °C, 2 °C/min, 10-min hold
1500 °C to 20 °C, 10 °C/min

cycle III 20 °C to 1455 °C, 15 °C/min, no hold
1455 °C to 1500 °C, 3 °C/min, 10-min hold
1500 °C to 20 °C, 10 °C/min

Fig. 1—MSC plots for 93W-4.9Ni-2.1Fe: (a) densification parameter plot
and (b) densification ratio plot.
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Figure 2 shows the microstructural evolution of the mate-
rial during solid-state sintering. Densification when increas-
ing the temperature is evident in the micrographs. It is also
worthy to remark that W grains are rounded with grain growth
at higher temperatures, in conformity with a dissolution-
precipitation process. Additionally, the pictures show that
when the temperature increases, necks develop between W
particles, making possible the contribution of W grain boun-
dary diffusion to the densification of the material.

Figure 3 shows the typical microstructure of the material
after melting of the additive phase. When the sample reaches
1480 °C, it is completely dense. Additionally, the morphol-
ogy of the grains is more rounded, as a consequence of the
enhanced dissolution-precipitation that occurs when the
liquid phase appears. This also originates grain growth by
Ostwald ripening, which is evident in the micrographs.

Figure 4(a) shows that the densification function during
solid-state sintering, ns, can be considered as a constant for
the entire range of temperature (1000 °C to 1400 °C) where
densification occurs with 2 °C/min to 10 °C/min of heating
rate. In addition, the densification function, ns, which is
related to the speed of densification, increases slightly dur-
ing solid-state sintering as the amount of W decreases, as
shown in Figure 4(b) and Table III. Like solid-state sinter-
ing, the densification function, nl, increases during liquid-
phase sintering as the amount of W decreases.

V. DISCUSSION

Tungsten heavy alloys increase their density by both
solid-state and liquid-phase sintering.[2–5] The relative con-
tribution of these mechanisms depends on experimental

Fig. 2—SEM micrographs of 88W-8.4Ni-3.6Fe during solid-state sintering: (a) 1200 °C with no hold, (b) 1300 °C with no hold, and (c) 1400 °C
with no hold.
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parameters such as the amount of additive phase and its
composition, W grain size, and sintering cycle.[3–5,22] Tables
IV and V summarize the densification mechanisms that can
be active, respectively, during solid-state and liquid-phase
sintering for these materials.[2,4,5,8,23–28] When analyzed
quantitatively from a kinetic point of view, each one of
them can be related to the activation energy of a diffusion
process, except for the case of rearrangement.

Approximated values for these activation energies in
solid-state sintering are also included in Table IV.[26] As
activation energies for the ternary system W-Ni-Fe could
not be found in the literature, values belonging to the binary
systems W-Ni and W-Fe are presented. In the case of
liquid-phase sintering, the activation energy for W diffusion
into either molten Ni or Fe is not available. However, a W
diffusion coefficient in liquid Ni of (2.4 6 0.2)�10�9 m2/s,

with an additional systematic uncertainty of 60.5�10�9 m2/s
due to instrumental and surface effects, has been recently
reported.[29] This value is the average of three measure-
ments between 1482 °C and 1688 °C, that is, in a temper-
ature range just above the melting point of Ni (1453 °C).
The self-diffusion coefficient of liquid Ni has been calcu-
lated theoretically[30,31] in this temperature range giving
values of 3.84�10�9 to 4.61�10�9 m2/s at 1500 °C and
5.88�10�9 to 6.76�10�9 m2/s at 1650 °C. An experimental
measurement at 1500 °C gave 4.0�10�9 m2/s.[32] These data
are between 1.6 and 2.8 times higher than the experimental
value for W diffusion in liquid Ni, but they are of the same
order of magnitude.
Thus, considering the lack of data for the activation

energy of W diffusion in the liquid Ni-Fe-W solution existing
in region III, a convenient estimate could be the activation

Fig. 3—SEM micrographs of 88W-8.4Ni-3.6Fe during liquid-phase sintering: (a) 0 min hold at 1480 °C, (b) 30 min hold at 1480 °C, and (c) 60 min hold at
1480 °C.
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energy for self-diffusion in Ni. Although these activation
energies are surely different, it is expected that they will be
similar in magnitude and much lower than the values pre-
sented in Table IV for solid-state diffusion processes. To
illustrate this last assertion, the ranges of activation ener-
gies for self-diffusion and impurity diffusion of several
transition metals in liquid Fe[27] are also included in Table
V, along with the data for self-diffusion in liquid Ni.[28]

Comparing the activation energies in both tables, the lower
magnitude of activation energies for diffusion in liquid
metals is evident. This is enough for the subsequent dis-
cussion about sintering mechanisms developed in this
article.

Table VI shows the apparent activation energies obtained
from the construction of the MSC from dilatometry data
when the mean square residuals are minimized. These data

will be compared with values in Tables IV and V in sub-
sequent sections in order to obtain some knowledge about
the most significant densification mechanisms occurring
during sintering. According to a main hypothesis underlying
the building of a MSC,[9] a constant value of the apparent
activation energy means that the dominant densification
mechanism remains the same in the specific range of times
and temperatures where sintering was done. However, as
mentioned previously, the densification of real systems usu-
ally takes place by a combination of mechanisms rather than
by only one. Even in this case, a constant value will result if
the proportional contribution of each mechanism does not
change.

A. Solid-State Sintering

When heating to 1400 °C, several mechanisms can con-
tribute simultaneously to the shrinkage of the sample. The
activation energy associated with these processes is a meas-
ure of the relative rate at which they occur. The higher the
activation energy is, the lower the kinetics of the related
densification process. According to the data in Table IV, the
lower activation energies correspond to grain boundary dif-
fusion (97 to 234 kJ/mol) and lattice diffusion (254 to 306
kJ/mol) into the additive phase. Consequently, the most
important events at low temperatures should be the sinter-
ing of the additive Ni-Fe particles by these mechanisms and
their interdiffusion to form a face-centered cubic (fcc) solid
solution. The literature does not usually report that sinter-
ing of the additive phase contributes to the global densifi-
cation of the compact in the system W-Ni-Fe, probably
because contacts between W particles hinder the shrinkage.
However, the results of Lee and Moon[24] for the W-Ni
system suggest that a moderate contribution takes place,
particularly for the samples with a higher amount of addi-
tive phase.

The shrinkage caused by additive phase sintering has
been better described in the W-Cu system, particularly with
nanocomposite powders obtained by either hydrogen core-
duction of W-Cu oxide powder mixtures or mechanical
alloying.[25,33–35] Probably the description holds also for
the W-Ni-Fe system. It starts when the solid additive phase
spreads by diffusion or viscous flow on the surface of W
particles.[25,33,36] As a result, the additive phase fills the
smaller pores between W particles forming dense W-addi-
tive phase aggregates. Next, these aggregates sinter within
them growing necks of additive phase. The process has also
been termed rearrangement in the solid state.[33] The
spreading of the additive phase and the filling of small
porosity is evident when comparing the microstructures at
1200 °C and 1300 °C (Figures 2(a) and (b)).

The dissolution of the W particles into the Ni-Fe based
fcc solution also promotes densification. The rate at which
this phenomenon occurs is controlled by the activation
energy of the diffusion coefficient of W in the Ni-Fe fcc
phase (around 268 to 306 kJ/mol). The total shrinkage by
these mechanisms can be calculated using the model pro-
posed by Savitskii:[23]

rf � r0
r0

5
CadCs

1� Cad � Cs
[27]

Fig. 4—Densification function plots based on MSC: (a) densification
function plot for 93 pct WHA and (b) densification function plot with
various alloy systems.

Table III. Summary of MSC Parameters and Thermal
Expansion Coefficients

Material Parameters 83 pct
WHA

88 pct
WHA

93 pct
WHA

ln Qref �4.12 �5.41 �5.47
ns 0.756 0.606 0.513
nl 19.9 18.0 14.2
Thermal expansion
coefficient (10�6 K�1)

11.23 9.27 7.83

Note that thermal expansion coefficient values are 4.6 � 10�6 K�1 for W,
13.3 � 10�6 K�1 for Ni, and 12.3 � 10�6 K�1 for Fe.[7]
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where rf is the density after dissolution, r0 is the green
density, Cad is the volume concentration of additive phase,
and Cs is the solubility (volume fraction) of W in the Ni-Fe
based fcc solid solution. This ideal model supposes that
dissolution takes places evenly on the entire surface of W
particles, so that they do not change their shape. In real
compacts, this is not fulfilled, and the actual densification
is lower than predicted by the model. Table VII shows the
value of density, densification parameter, and densification
ratio after dissolution of W into the fcc additive phase
calculated using the model of Savitskii for the materials
used in this work. The values of solubility (Cs) were
obtained from the W-Ni-Fe ternary phase diagram.[21]

These values indicate only moderate densification due to
this effect.

According to the previous explanations, only limited
densification is expected by either the sintering of the addi-
tive phase or by the dissolution of W into it, so other mech-

anisms must be active. The next one to be considered in
ascending order of activation energies is dissolution-precip-
itation of W through the additive phase (295 to 306 kJ/mol).
This mechanism is active once the fcc additive phase is
saturated with W. Krock[2] reported that the solid-state sin-
tering of W-Ni-Fe takes place in this way, measuring an
apparent activation energy of 383 kJ/mol. This mechanism
has also been mentioned in relation to the Ni-activated
sintering of W and Mo.[13,24]

However, other authors describe the activated sintering
process as an enhanced W grain boundary diffusion proc-
ess[37] rather than as a diffusion process through the additive
phase. In this case, the associated activation energy should
be lower than the value given in Table III for pure W (379
to 385 kJ/mol), but a more precise value could not be
found. Regardless of whether the process is activated, a
significant contribution of W grain boundary diffusion
mechanism to densification must always be considered.
The occurrence of this contribution has been observed dur-
ing sintering of W-Cu alloys[5,25] and pure W.[14] On the
other hand, W lattice diffusion is not an active densification
mechanism in this range of temperatures because of the
high activation energy (526 to 666 kJ/mol).
The values of apparent activation energies obtained from

the MSC analysis in region I (Table VI) are between the
activation energy for lattice diffusion of W in the fcc addi-
tive phase (295 to 306 kJ/mol) and W grain boundary dif-
fusion (379 to 385 kJ/mol). Consequently, most of the
densification is expected to occur by a combination of both.
The increase of the activation energy with the W content is
also coherent with this conclusion, as it reflects a higher
contribution of the W grain boundary diffusion mechanism.
Further, this result correlates with the decrease in the den-
sification function, ns, as the W content increases, as shown
in Table III. By quantifying and interpolating based on the
MSC parameters, Qs, ns, and ln Qref, given in Table III,
densification behavior can be predicted during solid-state
sintering for 83 to 93 WHA systems.

Table IV. Densification Mechanism for Solid-state Sintering of W-Ni-Fe Alloys; Activation Energies and Temperature Range of
Validity for the Corresponding Diffusion Coefficients[26]

Mechanism

Temperature Range and Activation Energy

T (°C) Q (kJ/mol)

Lattice diffusion of the additive 675 to 1404 QNi
v : 279 to 294

950 to 1393 QFeðgÞ
v : 270 to 311

635 to 1426 QFe�70Ni
v : 254 to 306*

Lattice diffusion of the W 1432 to 3228 QW
v : 526 to 666

Grain boundary diffusion of the additive 368 to 1100 QNi
b : 115 to 234

918 to 1200 Q
FeðgÞ
b : 97 to 181

Grain boundary diffusion of the W 1397 to 2150 QW
b : 379 to 385

Dissolution of the main component into the additive 1000 to 1316 QNi�W
v : 295 to 306**

912 to 1485 QFeðgÞ�W
v : 268†

Dissolution precipitation through the additive (diffusion controlled) 1000 to 1316 QNi�W
v : 295 to 306**

912 to 1485 QFeðgÞ�W
v : 268†

*Chemical diffusion coefficient for Fe-70Ni (wt pct).
**Chemical diffusion coefficient for Ni-(19.1 to 25.8 wt pct) W.
†Chemical diffusion coefficient for Fe(g)-(0 to 9.0 wt pct) W.

Table V. Additional Densification Mechanisms for
Liquid-Phase Sintering of W-Ni-Fe Alloys; Activation

Energies for Self-Diffusion in Liquid Fe ðQFeðlÞ
Fe Þ, Impurity

Diffusion of Some Transition Metals in Liquid
Iron ðQFeðlÞ

M Þ, and Self-Diffusion in liquid Ni ðQNiðlÞ
Ni Þ

Near the Melting Point

Mechanism Q (kJ/mol)

Rearrangement —
Dissolution of the main component into
the liquid and dissolution-
precipitation through the liquid
(diffusion controlled)

Q
FeðlÞ
Fe : 51:1 to 65:7*

Q
FeðlÞ
M : 16:3 to 47:7*

Q
NiðlÞ
Ni : 35:1 to 78:9**

Note that these activation energies are relevant when discussing liquid-
phase sintering mechanisms involving diffusion through the liquid in
W-Ni-Fe heavy alloys. No activation energy can be related with densifi-
cation by rearrangement.

*Experiment.[27]

**Calculated from theoretical models.[28]
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B. Transient Zone

Region II in Figure 1(b) corresponds roughly with the
temperature interval in which Ni-Fe-W fcc solid solution
(additive phase) melts, according to the phase diagram.[21]

During this transition period between 1400 °C and 1450 °C,
the amount of liquid in the system increases continuously
with temperature from zero until about 14 vol pct for 93 wt
pct W alloy, 25 vol pct for 88 wt pct W alloy, and 36 vol pct
for 83 wt pct W alloy. Consequently, there are solid and
liquid densification mechanisms active at the same time.
Moreover, liquid-phase sintering becomes more and more
important compared with solid-state sintering with increas-
ing temperature, so it is not possible to describe the densi-
fication using only one constant value for the activation
energy (Q) and for the densification function parameter
(n). Instead, the value of activation energy has been inter-
polated linearly with temperature between the end values
corresponding to solid-state (Qs) and liquid-phase sintering
(Ql). Then, the densification function parameter value is
calculated directly from the experimental data using
Eq. [23].

The transitory liquid being generated in this region is
able to penetrate through the W particle necks and to sep-
arate grains in a few minutes.[7] This might make possible
the densification by rearrangement, which is also a very fast
process.[8] The amount of densification by rearrangement
will vary with the solid volume fraction of the material and
the heating rate. In the present case, the density of the
compacts at the beginning of region II is already high.
For example, it is about 84 pct for every alloy when the
heating rate is 10 °C/min. This density corresponds to W
volume fractions of 0.71 for 93 wt pct W alloy, 0.62 for
88 wt pct W alloy, and 0.52 for 83 wt pct W alloy. The solid
volume fraction corresponding to a random dense packing
of monosized spheres is 0.610-0.667.[38] As a result, it is not

expected that rearrangement will contribute any significant
densification in the case of 93 wt pct W; it will contribute
slightly in the case of 88 wt pct W; and a complete densi-
fication by rearrangement, corresponding to a 0.61 solid
volume fraction, probably will occur with the 83 wt pct
W alloy. When the heating rate is reduced from 10 °C/min
to 2 °C/min, the density at the beginning of region II is
higher, so the rearrangement contribution to densification
is smaller.

C. Liquid-Phase Sintering

The remaining densification up to 100 pct relative den-
sity mainly occurs by dissolution-precipitation of the W
particles through the Ni-Fe-W liquid phase, as this is the
active process with the lowest activation energy (about 24.3
to 78.9 kJ/mol according to the data in Table V). Thus, the
experimental values determined for the activation energies
are much lower in Region III (liquid-phase sintering) than
in region I (solid-state sintering), as shown in Table IV.

A comparison of Figure 2 with Figure 3 shows that the
number of W particle necks after liquid formation is
smaller than in solid-state sintering, demonstrating that
most of them were broken during the generation of the
liquid in region II. This suggests also a reduction in the
contribution of the grain boundary diffusion mechanisms
in region III compared with region I. However, the exper-
imental values for region III in Table VI are higher than the
data of Table V, and, what is more significant, they increase
slightly with the amount of W in the alloy. This result
correlates with the decrease in the densification function,
ns, as the W content increases, as shown in Table III, and
indicates that a minor contribution to sintering of W grain
boundary diffusion simultaneously takes place. Densifica-
tion behavior can be predicted for 83 to 93 WHA systems

Table VII. Density (rf), Densification Parameter (C), and Densification Ratio (F) as a Function of Temperature after
Dissolution of W into the Fcc Additive Phase Calculated According to the Savitskii Model[23]

Alloy Cad (Vol Pct) T (°C) Cs (Vol Pct) rf (Pct) C ln F

83 pct WHA 31.5 1100 10.3 63.4 0.084 �2.39
1250 11.8 63.9 0.099 �2.21
1400 13.8 64.8 0.119 �2.00

88 pct WHA 23.4 1100 10.3 62.2 0.055 �2.85
1250 11.8 62.6 0.064 �2.68
1400 13.8 63.1 0.077 �2.48

93 pct WHA 14.4 1100 10.3 61.2 0.030 �3.48
1250 11.8 61.4 0.035 �3.32
1400 13.8 61.7 0.042 �3.13

Note that green density is 60 pct.

Table VI. Activation Energies for Solid-State and Liquid-Phase Sintering Used in Constructing MSC

Phase

Region I (Solid) Region III (Liquid)

Qs (kJ/mol) Mean Residual Ql (kJ/mol) Mean Residual

83 pct WHA 262 22.5 pct 101 29.3 pct
88 pct WHA 367 17.7 pct 127 25.9 pct
93 pct WHA 387 15.9 pct 136 28.5 pct
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by quantifying and interpolating based on the MSC param-
eters, Ql and nl.

D. Master Sintering Surface

In this study, densification behavior was systematically
and completely quantified during both solid-state sintering
and liquid-phase sintering for 83, 88, and 93 WHA systems
by using the MSC approach and sigmoid function model, as
shown in Tables III and VI . All parameters show logical
trends as the W amount increases. The sigmoid model
based on the MSC has good agreement with experimental
data within 1.0 pct relative error. Table III shows that den-
sification occurs faster in the lower W system (higher value
of ‘‘n’’) and thermal expansion coefficients are well placed
between the values of W and the values of Ni and Fe. Addi-
tionally, as discussed previously, the activation energies
obtained from MSC analysis are coherent with densifica-
tion mechanisms proposed in the literature. These results
provide strong evidence that the MSC is a good tool for
analyzing and quantifying densification behavior for multi-
phase sintering systems.

Figure 5 shows the master sintering surface (MSS),
which is a series of MSCs with varying tungsten amounts.
From this plot, the density can be predicted for any given
83 to 93 wt pct WHA system and sintering cycle. Such MSSs
are very useful for determining optimum combinations of
material compositions and sintering cycles.

VI. CONCLUSIONS

Substituting the densification ratio (F) for the densifica-
tion parameter (C) in MSC theory helps identify regions
where shrinkage is taking place by the same combination of
sintering mechanisms. This identification enables extension
of the MSC concept to sintering processes in which a
change of phase occurs, such as sintering of WHAs. Appa-
rent activation energies for sintering in each identified
region of the multiphase MSC can be obtained. Comparing
these activation energies with experimental values for dif-
fusion or other mass-transport phenomena enables identifi-
cation of the dominant densification mechanisms in each
region. For sintering of WHAs at temperatures up to
1400 °C, densification occurs through a combination of
both lattice diffusion of W in the additive phase and W
grain boundary diffusion. At temperatures above 1455 °C,

dissolution-precipitation of the W particles through the
Ni-Fe-W liquid phase is the dominant densification mech-
anism. Between 1400 °C and 1455 °C, the MSC shows a
transition region in which a combination of the solid-state
and liquid-phase mechanisms is active. The densification
function, n, increases during both solid-state and liquid-
phase sintering as the amount of W decreases. Densification
behavior can be predicted for 83 to 93 wt pct W heavy alloy
by quantifying and interpolating the MSC parameters to
construct a master sintering surface.
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