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Microstructural evolution during the supersolidus

liquid phase sintering of nickel-based prealloyed

powder mixtures
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A novel concept for full-density sintering is described. Two prealloyed powders with slight
compositional differences are tailored to separate the solidus temperatures into high-melt
and low-melt compositions. A mixture of these two powder compositions allows
full-density sintering at a temperature between the two solidus temperatures. For these
experiments, the two powders were nickel-based alloys, where the low-melt powder
contained boron. The mixed powders were sintered at temperatures above the solidus of
the low-melt powder to form a transient liquid that promoted rapid densification of the
mixture. Microstructure evolution during sintering was assisted using quenching
experiments. Variables in this study included the heating rate, peak temperature, hold time,
and powder ratio. Interdiffusion between the two powders controls microstructure
evolution, with a dominant role associated with boron diffusion and reaction. The transient
liquid phase responsible for densification is linked to boron diffusion and subsequent
compound precipitation. C© 2000 Kluwer Academic Publishers

1. Introduction
Supersolidus liquid phase sintering (SLPS) allows for
the densification of a prealloyed powder between the
solidus and liquidus temperatures [1–18]. It differs
from classic liquid phase sintering which starts with
mixed elemental powders, which are heated into a two
phase solid-liquid temperature range to induce densifi-
cation [3–8]. As a variant on supersolidus liquid phase
sintering, densification of prealloyed powders can be
enhanced by additives which form a low temperature
liquid [14–18]. Further, supersolidus liquid phase sin-
tering is possible using mixtures of two prealloyed pow-
ders [2]. This process is the most complex variant of
SLPS, yet proves useful in high alloy systems.

Tandon and German [2] investigated the processing
parameters in the densification of mixed nickel-based
superalloy powders. One powder was doped with boron
to lower the melting temperature range by formation of
the Ni-B eutectic. In this system, the low-melt powder
forms a liquid that densifies the mixed powder structure.
A homogeneous product is achieved during sintering
by interdiffusion between of the constituent powders.
Densification is controlled through the powder mixture,
where a higher proportion of low-melt powder gives
more liquid and accelerates densification. Alternatively,
an increase in the high-melt powder fraction broadens
the temperature range over which densification occurs.

One advantage of mixed prealloyed powders is the
fabrication of dense, homogeneous structural compo-
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nents without distortion [1]. Success with this variant
relies on a small proportion of the low-melt powder.
Alternatively, the two powder concept can be used to
form a brazing mixture by increasing the proportion
of low-melt powder [19–23]. In each case, the powder
composition is selected to tailor the final properties and
rheological behavior during sintering.

German [1] has created a model for SLPS that as-
sumes viscous flow densification driven by capillary
forces acting on the partially dense semisolid structure.
To apply this model to densification of prealloyed pow-
der mixtures requires knowledge of microstructure de-
velopment concomitant with densification. Controlling
features are the liquid content and distribution as func-
tions of temperature and time during sintering. Further,
in the nickel-base alloys investigated here, the precip-
itation, borides reduces the liquid volume over time.
This paper builds on recent work [24] to enable appli-
cation of SLPS models to prealloyed powder mixtures.

2. Experimental procedures
Gas atomized nickel-based powders were employed for
the low-melt (LM) and high-melt (HM) powders. Com-
positions for the two powders are given in Table I and
scanning electron micrographs are shown in Figs 1
and 2. Table II summarizes the powder characteris-
tics. The particle size distribution is given in terms
of the particle sizes at the 10, 50, and 90 percentage
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TABLE I Chemical composition of the powders in weight percent

Powder Ni Co Cr Al Ti B Ta W Mo Zr

LM 55.5 24.3 15.1 1.2 - 2.7 1.2 - - -
HM 60.4 9.5 14.0 3.0 5.0 - - 4.0 4.0 0.1

Figure 1 Scanning electron micrograph of gas atomized LM powder.

Figure 2 Scanning electron micrograph of gas atomized HM powder.

4508



TABLE I I Powder characteristics

Powder Characteristics LM Powder HM Powder

Apparent Density, (g/cm3) 4.6 4.8
Tap Density, (g/cm3) 5.6 5.3
Pycnometer Density, (g/cm3) 8.1 8.1
Size Distribution, (µm)

D10 18 57
D50 53 88
D90 116 133

Internal Microstructure Dendritic Dendritic
Solidus Temperature,◦C 1060 1285
Liquidus Temperature,◦C 1089 1330

points on the cumulative mass distribution. The solidus
and liquidus temperatures were determined using
differential thermal analysis, and are included in
Table II.

Powder mixtures were prepared using 20 min mixing
in a Turbula device. Both batch and interrupted sinter-
ing experiments were used to follow sintering. For the
batch experiments, loose powder was vibrated into alu-
mina crucibles and sintered in flowing hydrogen (dew
point below−30◦C) followed by furnace cooling to
room temperature. Microstructure evolution was cap-
tured using interrupted cycles. A vertical water-quench
furnace was employed with an estimated cooling rate of
103 ◦C/s. Heating was at 10◦C/min for all experiments.
The samples were analyzed by standard microscopy
techniques.

Table III identifies the compositions and thermal cy-
cles. Sample 1 provided information on liquid forma-
tion in the LM powder. Samples 2 through 5 con-
sisted of 50-50 wt.% mixtures of the LM and HM
powders, with selected quenching temperatures and
hold times. These allowed identification of the phase
evolution during sintering. Initially, a temperature of
1080◦C was used since it is slightly below the liquidus

Figure 3 Backscattered electron image of the LM powder, water quenched from 1085◦C after 15 min. The lighter gray and the relatively darker
regions are the solid and liquid phases, respectively. The black precipitates are borides.

TABLE I I I Compositions and heating cycles of samples

Sample
Number Composition and Heating Cycle

1 100% LM powder, quenched at 1085◦C after a 15 min hold
2 50-50 wt.% mixture of LM and HM powders, quenched

after 60 min at 1080◦C
3 50-50 wt.% mixture of LM and HM powders, quenched

from 1145◦C without any hold
4 50-50 wt.% mixture of LM and HM powders, quenched

after a 20 min hold at 1145◦C
5 50-50 wt.% mixture of LM and HM powders, quenched

after a 60 min hold at 1145◦C
6 50-50 wt.% mixture of LM and HM powders, sintered at

1145◦C for 60 min and furnace cooled

of the LM powder. Subsequently, a higher temperature
of 1145◦C allowed for more liquid. Finally, the last sam-
ple was slow cooled using a 50-50 mixture to determine
phase and composition changes during normal slow
cooling.

3. Results
3.1. Sample 1 (100% LM, 10◦C/min to

1085◦C, 15 min hold, water quench)
This 100% LM powder sample provided information
on the nucleation of the first liquid. A back scattered
electron image of the cross-sectioned sample is shown
in Fig. 3. The three distinct phases visible as light gray,
dark gray, and black were identified as solid, liquid, and
precipitate, respectively. Compositions for the phases
are given in Table IV based on electron microprobe
analysis. The major difference is in the segregation of
B and Ta to the liquid phase. Since the peak temper-
ature was above the solidus (1060◦C), the boron-rich
darker phase represents solidified liquid. Boron forms
eutectic liquid in nickel-based and cobalt-based pre-
alloyed powders [2, 23–27]. The small black regions
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TABLE IV Composition of phases in LM powder quenched from
1085◦C after 15 min (Sample 1)

Precipitate
Element Solid Liquid Region∗

at.% at.% at.%
Ni 55.8 50.9 7.4
Co 25.2 22.6 9.3
Cr 17.5 12.2 55.8
Al 1.5 1.5 0.2
Ti 0.0 0.0 0.0
B 0.0 12.4 27.3
Ta 0.0 0.4 0.0
W 0.0 0.0 0.0
Mo 0.0 0.0 0.0

∗Note: Includes some of the surrounding phase.

correspond to Cr2B precipitates in the liquid phase. The
Ni and Co detected in the analysis is from electron beam
stimulation of the surrounding matrix.

The quenched LM powder does not show the clas-
sic supersolidus liquid phase microstructure. Normally,
liquid forms along grain boundaries, in isolated droplets
in the grains, and at the particle contacts [27]. In the
LM powder, which was originally dendritic, the den-
drite arms pinched off once the liquid formed, leaving
discrete solid grains separated by liquid [28].

Because the LM powder forms the initial liquid, the
composition analysis in Table IV provided the means
to identify liquid in subsequent quenched samples. As
expected, liquid formation was consistently associated

Figure 4 Backscattered electron image from a 50-50 wt.% powder mixture, quenched after 60 min at 1080◦C (Sample 2). The HM particle shows
precipitates (marked as “P”). The LM powder is partially molten and the solid and liquid regions are marked as “S” and “L”, respectively. Liquid has
formed in the HM particle at the neck region.

with high boron regions. Thus, in subsequent discus-
sions, regions identified as liquid refer to the phase ex-
isting at the time of quenching.

3.2. Sample 2 (50-50 wt.% mixture,
10◦C/min to 1080◦C, 60 min hold,
water quench)

A back scattered electron image of the microstructure is
shown in Fig. 4. A large spherical HM particle is on the
right and a LM irregular particle is in contact on the left.
The LM particle is mostly solid, with isolated pockets
of liquid (seen in relief). Dark precipitates are evident
in the LM particle. The HM particle exhibits liquid
formation near the neck region with extensive precipi-
tate formation in the remainder. These precipitates were
not found in the as-received powder. Further, the pure
HM powder did not show these precipitates, even when
quenched from 1145◦C after 180 min. Table V lists the
compositions of the solid, liquid, and precipitates in
the LM particle, HM matrix (i.e., excluding precipi-
tates), and HM precipitates. Further, the table gives the
bulk composition of a HM particle after quenching. It
can be compared to the composition of the initial HM
powder, which is included in the table. The LM particle
shows Ti, W, and Mo, which were not present in the ini-
tial composition. Further, the HM particle has 8.2 at.%
(1.6 wt.%) boron, although no boron was present in the
initial composition. The boron in the HM particles is
present as boride precipitates. The HM particle matrix,
like the solid LM matrix, is devoid of boron.
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TABLE V Compositions of the phases present in a 50-50 wt.% mixture of powders quenched from 1080◦C after a hold of 60 min (Sample 2). The
original composition of HM powder is included for comparison

Solid in Liquid in Precipitate in HM Powder HM Powder HM Powder Original
Element LM LM LM∗ Matrix Precipitates∗ (bulk) HM Powder

at.% at.% at.% at.% at.% at.% at.%
Ni 57.7 53.2 4.3 66.0 21.8 53.3 59.2
Co 23.0 17.8 8.0 12.4 5.9 8.5 9.3
Cr 17.0 7.0 55.3 12.3 30.4 15.9 15.5
Al 1.5 1.1 0.0 4.3 1.2 4.4 6.4
Ti 0.3 4.3 0.1 4.1 2.2 5.8 6.0
B 0.0 16.2 31.9 0.0 31.7 8.2 0.0
Ta 0.0 0.1 0.0 0.0 0.0 0.0 0.0
W 0.2 0.1 0.1 0.4 2.3 1.5 1.2
Mo 0.3 0.2 0.3 0.5 4.5 2.4 2.4

∗Note: Includes some of the surrounding phase.

Figure 5 Scanning electron micrograph of a 50-50 wt.% powder mixture, quenched from 1145◦C (without a hold) (Sample 3). The HM particles are
surrounded by solid grains (S) and liquid (L) formed on melting of LM powder.

3.3. Sample 3 (50-50 wt.% mixture,
10◦C/min to 1145◦C, no hold,
water quench)

By 1145◦C there was significant densification and ho-
mogenization. Fig. 5 is a scanning electron micrograph
of Sample 3 showing two HM particles in a matrix of
liquid and solid grains formed by LM particle melt-
ing. Note the LM particle is not completely liquid
even though the maximum temperature (1145◦C) was
over the liquidus temperature (1089◦C). The HM par-
ticles show no evidence of liquid, but do have boride
precipitates.

Phase compositions are listed in Table VI. They in-
clude the solid and liquid in the matrix, the precip-
itates present in the liquid and in the HM particles,
and a HM particle as a whole. The solid and liquid

phases that constitute the matrix exhibit Ti, W, and Mo,
which were initially absent in the LM powder. Note that
the composition of the solid is typical for nickel-based
gamma alloys [29]. Further, analysis of a HM particle
showed 6.8 at.% (1.3 wt.%) boron in the form of boride
precipitates.†

Qualitative elemental mapping showed segregation
among phases as shown in Fig. 6, supporting quantita-
tive compositional analysis. The backscattered electron
image on the top left has a HM particle surrounded

† The possibility these boride precipitates were not present at the sinter-
ing temperature and formed on cooling seems negligible. For that to
happen the Ni-rich solid solution in the HM powder needs to have a
high boron solubility at the sintering temperature. This is unlikely con-
sidering that Ni has a very low solubility for boron at high temperatures.
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TABLE VI Composition of phases present in a 50-50 wt.% mixture of powders quenched from 1145◦C (Sample 3). The original composition of
HM powder is included for comparison

Solid Liquid in HM Original Precipitate in Precipitate in
Element In Matrix Matrix Powder HM Powder Liquid∗ HM Powder∗

at.% at.% at.% at.% At.% at.%
Ni 58.6 52.4 55.5 59.2 3.7 10.6
Co 20.1 18.0 11.7 9.3 5.5 6.8
Cr 15.1 13.3 15.1 15.5 54.9 39.6
Al 4.0 1.3 4.6 6.4 0.0 0.2
Ti 1.3 3.3 3.3 6.0 0.2 0.8
B 0.0 10.6 6.8 0.0 32.2 32.8
Ta 0.1 0.2 0.0 0.0 0.0 0.1
W 0.3 0.2 1.2 1.2 1.4 3.2
Mo 0.5 0.7 1.8 2.4 2.1 5.9

∗Note: Includes some of the surrounding phase.

Figure 6 Electron microprobe elemental maps for a 50-50 wt.% powder
mixture, quenched from 1145◦C (without a hold) (Sample 3).

by a matrix of solid grains and liquid. Precipitates are
apparent as dark phases in the HM particle and ma-
trix. The corresponding elemental maps provide a vi-
sual comparison of the partitioning between phases.
Brighter areas represent regions of high concentration
of an element compared to darker areas. Considerable

interdiffusion occurred between the HM particles and
the partially melted LM particles. Elements present ini-
tially in only one of the powders are now evident in the
other.

3.4. Sample 4 (50-50 wt.% mixture,
10◦C/min to 1145◦C, 20 min hold,
water quench)

Sample 3 evidenced boron-rich precipitates and no liq-
uid in the HM particles. However, Sample 4 showed
that liquid formed in the HM particles over time. Fig. 7
is a back-scattered electron image of a HM particle in
the quenched microstructure, showing both liquid and
boride precipitates. The liquid has formed an intercon-
nected structure, resulting in fragmentation of the HM
particle.

3.5. Sample 5 (50-50 wt.% mixture,
10◦C/min to 1145◦C, 60 min hold,
water quench)

Fig. 8 is an optical image of Sample 5 quenched after
a long hold. Now the microstructure consists of coars-
ened grains with liquid at the grain boundaries. The
microstructure is uniform and with no evidence of the
original particles. Hence, a hold of 60 min was sufficient
to homogenize the powder mixture. The micrographs
show clusters of small blocky precipitates dispersed
predominantly in the liquid phase. These precipitates
appear to be clustered at prior HM particle sites.

Table VII gives the compositions of the solid, liquid,
and precipitates. As before, boron segregates to either

TABLE VI I Composition of phases present in a 50-50 wt.% mixture
of powders quenched from 1145◦C after a 60 min hold (Sample 5)

Element Solid Liquid Precipitate∗

at.% at.% at.%
Ni 58.9 54.6 6.6
Co 18.3 17.5 5.9
Cr 15.4 11.4 43.9
Al 4.5 1.4 0.0
Ti 1.8 4.4 0.9
B 0.0 9.9 30.8
Ta 0.1 0.2 0.1
W 0.4 0.1 4.2
Mo 0.6 0.5 7.6

∗Note: Includes some of the surrounding phase.
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(a)

(b)

Figure 7 Optical micrograph of a 50-50 wt.% powder mixture, water quenched from 1145◦C after a hold of 20 min (Sample 4), showing liquid in a
HM particle.

the liquid or the precipitates. No traceable quantities
of boron are present in the solid grains. The refractory
elements, W and Mo, have segregated predominantly
to the blocky precipitates along with B and Cr. The

composition of these precipitates is similar to the com-
position of the HM powder precipitates observed after
shorter times. Thus, they concentrate at the prior HM
particle sites.
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Figure 8 Backscattered electron images of a 50-50 wt.% powder mixture, quenched from 1145◦C after a 60 min hold (Sample 5). Small blocky
precipitates are clustered at prior HM particle sites, as marked by the dotted circle in (a) and shown at a higher magnification in (b).

3.6. Sample 6 (50-50 wt.% mixture,
10◦C/min to 1145◦C, 60 min hold,
furnace cool)

Fig. 9 is a secondary electron and a backscattered elec-
tron image of Sample 6. The microstructure consists
of grains with ‘script’ phase at the grain boundaries
and blocky precipitates. The compositions of the three
phases; the matrix, the script phase, and the blocky pre-
cipitates, are tabulated in Table VIII. The segregation
of the elements to the three phases is similar to that
seen in the Sample 5. This sintered sample differs from
the quenched sample (Sample 5) in the presence of the
script phase and the absence of liquid. A comparison
of the compositions confirms that the liquid present at
the processing temperature (observed in quenching) is
the precursor of the script phase. The compositions are
slightly different, because slow cooling allowed more
interdiffusion. The initial packing density of the pow-
der mixture was 56.5% of theoretical, whereas the final
sintered density was 96% of theoretical.

TABLE VI I I Composition of the phases present in a 50-50 wt.%
mixture of powders sintered at 1145◦C for 60 min (Sample 6)

Element Matrix Script Phase Blocky Precipitate∗

at.% at.% at.%
Ni 59.6 54.0 7.6
Co 17.5 16.5 7.2
Cr 15.0 5.6 45.5
Al 4.8 0.7 0.0
Ti 2.0 6.5 1.1
B 0.0 16.3 32.1
Ta 0.1 0.1 0.0
W 0.4 0.1 1.2
Mo 0.6 0.2 5.3

∗Note: Includes some of the surrounding phase.

During liquid phase sintering, component distortion
is a concern. However, Sample 6 did not distort and only
samples with the 50-50 wt.% powder mixtures sintered
for 60 min at temperatures of 1165◦C and higher lost
shape.

4. Discussion
4.1. Microstructural evolution
Homogenization occurs simultaneously with densifi-
cation for these mixed powders. The LM powder be-
gins to melt above its solidus temperature of 1060◦C.
Boron diffusion out of the LM powder alters its melt-
ing behavior such that it is not completely liquid at
temperatures much higher than its liquidus (1089◦C).
At temperatures slightly above the LM solidus, boron
diffusion into HM particles precipitates borides rich in
W, Mo, and Cr (as shown in Fig. 4). When the sinter-
ing temperature is higher (for example, 1145◦C), boron
diffusion forms liquid within the HM particles. In that
case, the boride precipitates in the HM particles form
during heating. The liquid fragments the HM particles.
The spreading of a liquid film throughout the structure
and the increased particle contact due to densification
promotes homogenization.

Interdiffusion leads to compositional changes in the
solid and liquid phases formed on the melting the LM
particles. The composition of these phases moves to-
ward the overall composition of the alloy mixture. Inter-
diffusion continues until no difference remains between
LM powder and HM grains. Thus, the microstructure
after about a 60 min hold at 1145◦C consists of rel-
atively coarse solid grains, dispersed in an intercon-
nected liquid (Fig. 8). The boride precipitates that
formed initially in the HM powder are stable, and once
formed undergo minor compositional changes.

4514



(a)

(b)

Figure 9 Scanning electron micrograph (a) and backscattered electron image (b) of a 50-50 wt.% powder mixture sintered at 1145◦C for 60 min and
furnace cooled (Sample 6). The script phase and blocky precipitates are evident.

Liquid at the sintering temperature precipitates a
script phase on furnace cooling. This phase has been ob-
served earlier for similar Ni-based alloy systems, and
has been identified as a topologically closed packed
phase [23].

To determine the effect of HM powder on the LM
melting behavior, differential thermal analysis was per-
formed on a homogenized 50-50 wt.% powder mixture
(Sample 5). The solidus and liquidus temperatures were
1107 and 1230◦C, respectively. These may be compared
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to the lower values for LM powder. Hence, the melting
characteristics of the LM powder change continuously
with homogenization, approaching the solidus and liq-
uidus temperatures corresponding to the overall com-
position.

In the presence of about 25 to 30 vol. % liquid,
interdiffusion and homogenization are complete within
one hour. However, insufficient temperature or time
results in an inhomogeneous structure. In such mi-
crostructures, the HM powder is still distinguishable
and contains some solidified liquid and boride precip-

Figure 10 Optical micrograph of a 50-50 wt.% powder mixture sintered at 1125◦C for 60 min.

Figure 11 A schematic illustration of boron diffusion in mixtures of LM and HM powders, using separate hypothetical binary phase diagrams.TS is
the sintering temperature,C0 is the initial boron content in the LM powder,C′0 is the boron content in the LM powder after boron precipitation in the
HM powder, andCF is the final equilibrium content in both the alloys. In each case, L denotes the liquid phase.

itates. An example is shown in Fig. 10, which is an
optical micrograph of a 50-50 wt.% mixture sintered at
1125◦C for 60 min.

4.2. Mechanism of Interdiffusion
The mechanism by which homogenization occurs be-
tween the LM powder and the HM powder is sketched in
Fig. 11. Hypothetical binary phase diagrams represent-
ing the two powders aid in describing boron diffusion
and microstructural changes. The initial boron content
is C0 in the LM powder, and zero in the HM powder
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(refer to Fig. 11a). Further, the compositions of the two
powders differ in other alloying elements to raise the
eutectic temperature in the HM powder.

As the system is heated to the sintering temperature
(TS), liquid forms in the LM powder above its solidus
temperature. Simultaneously, boron atoms diffuse into
the adjacent HM particles. During heating, although the
inherent HM powder is below the solidus temperature,
boron diffusion generates boride precipitates in the par-
ticles. The solubility of boron in the HM matrix is neg-
ligible. Thus, at the beginning of the sintering hold, the
boron content in the LM powder, designatedC′0, is less
than the initial contentC0 due to boron diffusion into
the HM powder (as shown in Fig. 11a).

At the sintering temperature, boron continues to dif-
fuse into the HM particles, reducing the liquid content
in the LM powder (refer to Fig. 11b). The diffusing
boron forms a eutectic liquid in the HM powder. Boride
precipitates which form initially in HM powder are sta-
ble and do not dissolve in the liquid at the sintering
temperature [23]. Simultaneously, interdiffusion of the
other elements occurs, causing homogenization toward
a mean composition (as manifested by the reduced gap
between the eutectic temperatures for the two alloys).

Boron diffusion continues until the concentration is
equal for particles of both the alloys (CF), as shown in
Fig. 11c. Boron diffusion is fast in comparison to the
other alloying elements. The final weight fraction of
boron in the systemCF dictates the equilibrium amount
of liquid.

At temperatures lower than the LM liquidus, less liq-
uid is formed on melting and the equilibrium concen-
tration of boron in the liquid is high. For example, the
concentration of boron in the liquid phase was 3.5 wt.%
at 1080◦C (refer to Table V) in comparison to 2.0 wt.%
at 1145◦C (refer to Table VII). Fig. 11 predicts that if
the sintering temperature is only slightly higher than
the eutectic temperature of the LM powder, then the
HM powder will predominantly form borides. In fact,
at 1080◦C the HM powder formed borides with little
liquid even after a 60 min hold (Fig. 4). The complex
composition of the HM powder prevents the determi-
nation of the exact conditions which result in liquid
formation rather than boride precipitation.

Gale and Wallach [30] obtained similar results for
transient liquid phase bonding of Ni substrates using
Ni-Si-B insert metals. At the onset of insert melting,
boron diffused out of the liquid into the solid Ni sub-
strate. If the temperature was below the Ni-B eutectic,
then the diffusing boron formed precipitates (Ni3B and
Ni23B6) in the Ni substrate. At temperatures above the
Ni-B eutectic, the diffusing boron caused localized li-
quation of the Ni substrates.

An increase in the sintering temperature and fraction
of LM powder results in more liquid. High temperatures
and high heating rates (where less time is spent at lower
temperatures) decrease boride precipitation in the HM
powder, leaving more boron available for liquid forma-
tion. Along with more liquid, higher temperatures also
cause an exponential rise in diffusivity, leading to faster
homogenization. A high peak temperature and high fi-
nal boron contentCF (excluding the borides) result in

excessive liquid in the final structures and formation of
the script phase on cooling.

Transient liquid phase sintering is expected with such
prealloyed powder mixtures [2]. The liquid formed on
melting the LM powder disappears during sintering. A
transient liquid has high solubility in the solid, with a fi-
nal composition in a single-phase region at the sintering
temperature [31–34]. However, transient liquid phase
sintering does not appear feasible for the present sys-
tem, since it requires complete solubility of the boron-
rich liquid in the solid. There is almost negligible solid
solubility of the HM powder in Ni [35]. Further, the
solid present after a 60 min hold at 1145◦C has no boron.
Thus, boron diffusing into the HM powder forms either
precipitates or liquid. Boron diffusion into the HM pow-
der produces a eutectic liquid at temperatures above its
solidus. Hence, the liquid is distributed throughout the
compact (both LM and HM particles) and not just in
the LM powder. With slow cooling, the liquid forms
the script phase. If low quantities of LM powder are
used, there is a possibility the liquid will disappear dur-
ing isothermal sintering (especially if there is extensive
boride precipitation). In that case, the densification and
homogenization are slowed.

The current study may be extended to predict the be-
havior of other alloy systems. If the melting depressant
has a higher solubility in the solid, then transient liq-
uid phase sintering is possible. For example, Si may be
used instead of B, as it has much higher solubility in
the solid [35]. The diffusivity of Si in a Ni-based al-
loy is slower than boron,‡ the various microstructural
events associated with diffusion of the depressant into
the high melting alloy are slower. Additionally, in case
of the slower diffusing Si, grain boundary penetration
of the liquid may be a mechanism for liquid formation
in the high melting particles (as opposed to Si solid state
diffusion into the high melting particles and subsequent
liquation).

If the present system is used in brazing, then the dif-
fusion of the melting depressant into the base-material
must also be considered. This effect reduces the melt-
ing depressant content in the brazed region leading to
isothermal solidification at the brazing temperature.

5. Conclusions
Microstructural evolution during the sintering of
nickel-based prealloyed powder mixtures was fol-
lowed.

1. Mixtures of powders of similar compositions may
be sintered at temperatures above the solidus of the
low-melt constituent to form a homogeneous and dense
product.

2. Microstructural evolution reflects the chemical
homogenization of the two constituent powders. The
diffusion of the melting depressant, boron, from the

‡ Kuceraet al. [36] determined diffusivity at 1100◦C for diffusion of
boron and silicon out of a Ni-Cr-Si-B insert into nickel-based sub-
strate (with Ti, Al, Fe, and Cr as major alloying elements) as 6.22×
10−11 m2 s−1 and 3.09× 10−14 m2 s−1, respectively.
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low-melt to the high-melt powder is the controlling
feature.

3. Boron diffusion from the low-melt powder contin-
uously increases its solidus temperature and results in
incomplete melting even with peak temperatures above
its liquidus. Boron diffusion can form either boride pre-
cipitates or liquid in the high-melt powder, depending
on the temperature. During heating boron diffusion is
responsible for both liquid formation and boride precip-
itation in the high-melt powder. There is simultaneous
diffusion of other alloying elements, Ni, Co, Cr, Al, Ti,
Ta, W, and Mo, between the two powders.

4. Hypothetical binary phase diagrams representing
the two powders may be used to describe the inter-
diffusion mechanisms. An increase in temperature or
the proportion of the low-melt powder increases the
liquid content and promotes homogenization.

5. The boron-rich liquid is the precursor for pre-
cipitation of the compound script phase during slow
cooling.
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