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Densification and strength evolution

in solid-state sintering

Part I Experimental investigation
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Prealloyed bronze (Cu-10Sn) powder and a mixed elemental steel (Fe-2Ni-0.9C) powder
were evaluated for strength evolution during sintering. For the bronze powder, test
samples were fabricated using a loose powder casting method, while the steel powder was
formed by injection molding. In situ strength during sintering was measured using a
bending fracture test. Primary focus was on measuring the effects of sintering temperature
and time on in situ strength evolution. Sintering temperature had the most significant
effect, but the strength underwent significant gains prior to densification. The results are
explained by the competition among interparticler neck growth, densification, and thermal
softening. Sinter strengthening is initially governed by interparticle bonding, followed by a
contribution from densification at high temperatures. However, high temperatures also
lead to significant strength degradation due to thermal softening. Densification is favored
by the declining in situ strength associated with thermal softening at high temperatures.
C© 2002 Kluwer Academic Publishers

1. Introduction
Powder metallurgy has the ability to fabricate high qual-
ity, complex components to close tolerances in an eco-
nomical manner [1]. The net-shaping capacity of the
technique dictates precise dimensional control to elim-
inate post-sintering operations. Although a high sin-
tered density is desired in many applications, sintering
to full density demands a large shrinkage, often result-
ing in difficulties with dimensional control. Loss of di-
mensional control can occur at low temperatures due
to the low strength of the green body. For example,
warping and even cracking occur from stresses gen-
erated by gravity, substrate friction, thermal gradients,
or green density inhomogeneities that induce stresses
that exceed the in situ strength of the component [2].
Also, distortion occurs at high temperatures when the
compact is weak, typically near the point of full densifi-
cation. Thus, understanding in situ strength evolution is
important to minimize loss of dimensional precision in
sintering. Unfortunately, lack of knowledge on strength
evolution inhibits heating cycle design for improved di-
mensional control.

This study investigates important parameters affect-
ing sinter strengthening, including interparticle bond-
ing, densification, and thermal softening. Interparticle
bonding dominates sinter strengthening during initial
heating, followed by a strength contribution from den-
sification at high sintering temperatures. On the other
hand, high temperatures significantly degrade strength
due to thermal softening of the bulk material. Therefore,

the in situ strength evolution in sintering is determined
by the competition among several events.

2. Experimental procedures
Prealloyed bronze (Cu-10Sn) and mixed elemental steel
(Fe-2Ni-0.9C) powders were selected in this study. The
prealloyed bronze was used as a model system because
of its simple chemistry, relative low sintering temper-
ature, and near spherical particle shape. Table I gives
the bronze powder characteristics, including the source,
particle size distribution, surface area, and packing den-
sities. Fig. 1 shows a SEM image of the spherical as-
received bronze powder. The starting Fe-2Ni-0.9C steel
was a premixed feedstock for powder injection mold-
ing, as characterized in Table II [3].

Transverse rupture bars (TRBs) of bronze were made
using a powder casting method. Bronze powder was
mixed with a solution consisting of 240 g powder,
35 ml distilled water, 0.8 g polysaccharide (Gallen
Gum, Kelco, San Diego, CA), and 1 drop of polyethy-
lene glycol-200. The samples were 32 to 33 mm long,
10 to 12 mm wide, and 7 to 9 mm thick with a green frac-
tional density of 55 ± 1%. To gain handling strength,
the green bronze samples were presintered at 600◦C in
hydrogen for 120 min with no measurable change in
density.

The transverse rupture bars for the steel composi-
tion were fabricated by injection molding using the pa-
rameters listed in Table III [3]. The binder is 90-wt%
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Figure 1 SEM image of prealloyed Cu-10Sn bronze powder showing spherical particle shape.

T ABL E I Powder characteristics for the prealloyed Cu-10Sn bronze

Powder Bronze

Vendor ACuPowder
International

Designation 10P
Apparent density, g/cm3 5.0
Tap density, g/cm3 5.7
Pycnometer density, g/cm3 8.9
BET surface area, m2/g 0.04
Size distribution, µm

D10 10.0
D50 17.9
D90 30.4
Mean 19.4

T ABL E I I Feedstock characteristics for the mixed elemental steel
(Fe-2Ni-0.9C) system [3]

Feedstock Catamold Fe-2Ni

Vendor BASF
Fe particle size D10 = 1.5 µm

D50 = 3.9 µm
D90 = 10.1 µm

Carbon content 0.9 wt%
Oxygen content 0.3 wt%
Feedstock size Approximately 3 mm3

Density of feedstock 4.98 ± 0.06 g/cm3

Solid volume fraction 0.57
Solid weight percent 91.6%
Melt temperature 185◦C

polyacetal and 10-wt% polyolefin, requiring a two-step
debinding process. The polyacetal phase was catalyti-
cally removed at 140◦C using flowing nitrogen doped
with nitric acid as a catalyst, while the polyolefin was
thermally extracted by heating to 500◦C in hydrogen

TABLE I I I Injection molding parameters for the steel feedstock

Parameter Value

Nozzle temperature, ◦C 193
Barrel temperature, ◦C 189 189 185
Heating zones 1 2 3
Mold temperature, ◦C 120

Screw speed control
Injection profile position, mm 71.1 60.2 58.7 56.4 54.6
Speed, mm/s 152.4 203.2 127.0 20.3 2.5

Pressure control
Packing pressure, MPa 10.7 9.3 6.6 2.4 5.2
Profile step number 1 2 3 4 5
Packing hold time, s 9
Cooling time, s 45
Screw back pressure, MPa 0.2

prior to sintering. Similar sized steel TRBs were fab-
ricated via powder injection molding with a 57% solid
green density.

In situ transverse rupture strengths were measured
using the Flaming Tensile Tester (FTT) sketched in
Fig. 2 at a displacement rate of 1 mm/s. For bronze,
the in situ strength was measured at temperatures up
to 850◦C with hold times of 0, 30, 60, and 180 min at
testing temperatures of 600◦C, 700◦C, or 800◦C. The
sintering atmosphere was dry hydrogen with a drew
point below −40◦C. Four sets of cooling experiments
were conducted to investigate the thermal softening be-
havior. For the cooling experiments, TRBs were first
sintered in pure hydrogen for 180 min in a CM hori-
zontal tube furnace. The heating rate was 5◦C/min to
temperatures of 600, 700, 750, or 800◦C. The sintered
bars were then reheated at 10◦C/min in pure hydrogen
to test temperatures between room temperature and the
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Figure 2 A section view of the Flaming Tensile Tester (FTT) used for
both the in situ strength and post-sintering bend strength measurements.

peak sintering temperature to conduct the strength tests.
Sintered strength of bronze was also measured at room
temperature in the FTT. The transverse rupture strength
is calculated as follows [4]:

σTRS = 3PL

2wt2
(1)

where P is the recorded peak fracture force, L is the
2-point support span length (25.4 mm), w is the sample
width, and t is the sample thickness.

The steel in situ bend strength measurements were
conducted at temperatures up to 1100◦C in an atmo-
sphere of 80% N2 and 20% H2. After cooling, the sin-
tered bend strength was also measured using the FTT.
Because these samples were ductile and Equation 1 as-
sumes brittle fracture, the recorded proportional limit
in the load-deflection curve was used to calculate the ef-
fective yield strength. For comparison, sintered tensile
strength of the steel was measured using a screw-type
machine with a 64 kN load frame.

After sintering and fracture, compacts were exam-
ined for interparticle sinter bonding using scanning
electron microscopy (SEM). More than 100 interparti-
cle sinter necks were imaged and sized. For each bonded
particle pair, the neck size ratio was calculated by di-
viding the neck diameter X by the average diameter D
of the two particles.

3. Experimental results
3.1. Sintering densification
To monitor shrinkage, bronze samples were heated
in hydrogen at 5◦C/min up to 850◦C in a push-rod
dilatometer. A plot showing shrinkage and shrinkage
rate versus temperature is given in Fig. 3. The sam-
ple initially underwent expansion, followed by grad-
ual shrinkage. There was no significant shrinkage rate
at temperatures up to 800◦C. Cumulative densification
was evident at temperatures above 750◦C. When the
sample was heated to about 840◦C, both the shrink-
age and shrinkage rate showed abrupt increases as the

Figure 3 Dilatometer plot of shrinkage and shrinkage rate versus tem-
perature for the Cu-10Sn bronze powder heated at 5◦C/min in hydrogen.

Figure 4 Sintered density versus temperature for the Cu-10Sn bronze
powder. The heating rate was 5◦C/min.

850◦C solidus temperature was approached. A plot of
sintered density versus peak temperature is shown in
Fig. 4, comparing no hold and 60 min hold results with
the dilatometry data. In all cases, an appreciable in-
crease in sintered density was observed at temperatures
above 750◦C. The difference between dilatometry and
batch sintering probably traces to the contact force from
the dilatometer push rod.

Fig. 5 shows the dilatometer results for the steel pow-
der heated to 1400◦C at 5◦C/min in an atmosphere of
80% N2 and 20% H2. As shown in Fig. 5, both the
shrinkage and shrinkage rate were small below 600◦C.
A substantial increase in shrinkage was observed at
temperatures from 600◦C to 900◦C, but the shrinkage
rate declined above 900◦C.

A plot of sintered density versus sintering tempera-
ture for the Fe-2Ni-0.9C steel is shown in Fig. 6. Note
a curve of sintered density versus sintering temperature
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Figure 5 Dilatometer data for shrinkage and shrinkage rate versus tem-
perature for the Fe-2Ni-0.9C steel powder heated 5◦C/min in an atmo-
sphere of 80% N2 and 20% H2.

Figure 6 Sintered density versus temperature for the Fe-2Ni-0.9C steel
heated at 5◦C/min in an atmosphere of 80% H2 and 20% N2 with no hold
at the peak temperature. Dilatometer data are included for comparison.

calculated from the dilatometer results is included in
the figure. As evident from Fig. 6, increasing temper-
ature was effective in promoting densification: An in-
crease in temperature from 600◦C to 800◦C resulted in
an increase of about 22% in sintered density. A density
of about 96% was obtained by sintering at 1400◦C.

3.2. Strength evolution
Fig. 7 shows in situ strength evolution as a function
of sintering temperature for the prealloyed Cu-10Sn
bronze powder. The experiments were conducted us-
ing a constant heating rate of 5◦C/min in hydrogen.
The green strength of the starting TRBs was 1.2 MPa.
As the temperature increased, the strength decreased to
about 1.0 MPa at 500◦C. This reduction in strength was
due to binder burnout prior to the onset of interparticle

Figure 7 A plot in in situ transverse rupture strength versus test temper-
ature for the Cu-10Sn bronze powder heated at 5◦C/min.

Figure 8 In situ transverse rupture strength versus isothermal hold time
at the test temperature for the Cu-10Sn bronze powder heated at 5◦C/min.

bonding. An appreciable increase in strength was ob-
served at temperatures between 500◦C and 750◦C. The
peak in strength occurred at 750◦C at 4.1 MPa for no
hold, and 8.1 MPa for the 60 min hold. Above 750◦C, a
further increase in temperature causes decay in strength
through the highest test temperature of 900◦C. To fur-
ther investigate the effect of isothermal hold time on sin-
ter strengthening, several fracture tests were conducted
at test temperatures of 600◦C, 700◦C, or 800◦C with
isothermal sintering times up to 180 min. The heating
rate was 5◦C/min, and sintering atmosphere was pure
hydrogen. Fig. 8 plots the in situ strength as a func-
tion of isothermal hold time for temperatures of 600◦C,
700◦C, and 800◦C. An appreciable gain in strength was
observed during the first 30 min. A prolonged hold of
180 min led to only a minor increase in strength. For
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Figure 9 Thermal softening behavior of the Cu-10Sn bronze powder.
The samples were sintered for 180 min at peak temperatures of 600◦C,
700◦C, 750◦C, or 800◦C. Then the samples were reheated in 100%
hydrogen to each test temperature to obtain the strength measurements.

each isothermal hold time, the measured in situ strength
increased with sintering temperature.

The effect of thermal softening was studied using
cooling experiments. The samples were sintered at the
peak temperatures of 600◦C, 700◦C, 750◦C, or 800◦C.
A long isothermal hold time of 180 min at the peak
temperatures was employed to minimize the effects of
any neck growth during cooling, so that the experiments
were performed based on the same neck size ratio for
each peak sintering temperature. Thermal softening be-
havior is plotted in Fig. 9 by showing the in situ strength
against the test temperature, showing a reduction in
strength as temperature increased. For the experiments
with peak sintering temperature of 800◦C, the remain-
ing in situ strength at 800◦C was less than 10% of its
room temperature strength of approximately 160 MPa.
Note that for all four cases, the ratio of strength
at 600◦C to the room temperature strength is about
one-third.

Typical scanning electron microscope images of frac-
ture surfaces for the bronze samples are shown in
Fig. 10. These images indicate progressive neck growth
with an increase in sintering temperature. Only a small
interparticle bond size was observed in a sample sin-
tered at 600◦C for 180 min, as identified in Fig. 10a.
The fracture surface of the sample sintered at 700◦C
for 180 min showed an overall enlarged interparticle
bond area, compared to the sample sintered at 600◦C
for 180 min. The obvious fracture surface tearing for the
sample sintered at 800◦C for 180 min indicated a high
degree of interparticle bonding. With a further increase
in temperature to 850◦C, significant fracture surface
tearing and particle deformation showed a even higher
degree of interparticle bonding, as evident in Fig. 10d.
Note this sample was sintered with no hold. These frac-
ture surface images clearly indicate interparticle neck
growth strongly depended on temperature.

TABLE IV The carbon content for the sintered steel samples

Sintering temperature, ◦C Prior to sintering 1000 1200 1400
Carbon content, wt.% 0.90 0.93 0.89 0.91

Fig. 11 shows a plot of in situ bend yield strength
versus temperature for the steel. The in situ bend yield
strength decreased slightly during initial heating, fol-
lowed by a continuous rapid increase with test tem-
perature. Significant strengthening occurred between
500◦C and 970◦C due to interparticle neck growth
and densification. The in situ strength peaked at about
970◦C, and then decreased with a further increase in
temperature. Selected sintered samples were analyzed
for final carbon content to ensure the strength varia-
tion was not due to a composition change. Table IV
compares the carbon contents for the initial steel and
for samples sintered for 60 min at 1000◦C, 1200◦C,
and 1400◦C, respectively. The results showed no ap-
preciable carbon change during sintering. Therefore,
both in situ and sintered strength are determined by
sinter bonding factors addressed in this study, not by
carbon variations during sintering.

Fig. 12 shows a plot of sintered bend yield strength
versus sintering temperature, indicating an approxi-
mately linear relation between sintered strength and
temperature. Because of sample ductility during high
temperature testing, the sintering parameter effects on
sintered strength were examined using room temper-
ature tensile tests. Figs 13 and 14 are plots of sin-
tered ultimate tensile strength versus sintering temper-
ature and hold time, respectively. As shown in these
plots, sintered tensile strength increased significantly
with sintering temperature in a nearly linear relation.
For example, the sintering at 1000◦C gives 230 MPa,
but the strength increases to approximately 600 MPa
following sintering at 1400◦C. On the other hand, the
isothermal hold did not have a substantial effect on the
sintered strength. After holding at 1200◦C for 60 min
the strength was only 2% higher than with no hold at
the same temperature.

4. Discussion
Sintering involves heating a powder to a temperature
where bonding is stimulated [5]. The atomic motion
leads to interparticle bonding and possible shrinkage.
Interparticle bonding is generally favored during ini-
tial heating with little densification. This is evident for
the bronze powder in Fig. 15, in which interparticle
neck size ratio (X/D) and sintered density are plotted
against sintering temperature. Densification followed
behind interparticle bond growth. For example, a sam-
ple sintered at 700◦C for 60 min showed an average in-
terparticle neck size ratio of 0.33 with only 4% increase
in density. Densification is observed at higher tempera-
tures where bulk transport is active. This can be seen in
the shrinkage results of Fig. 3. Both the shrinkage and
shrinkage rate were small at temperatures under 750◦C,
followed by rapid shrinkage above 800◦C. Dilatometry
on a different bronze powder by Lal et al. [6] yielded
a similar result. Shrinkage was delayed to 600◦C, fol-
lowed by a sudden increase above 800◦C.
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For the steel, the shrinkage shown in Fig. 5 indi-
cates no densification prior to 600◦C. However, an ob-
vious increase in sintered strength, as shown in Fig. 12,
demonstrated significant interparticle bond growth be-
fore densification. Sinter bonding is the result of mul-
tiple transport mechanisms. However, the dominance
of each mechanism varies with temperature and sin-
tering stage. For metals, surface diffusion is usually
favored at low temperatures during heating, resulting
in interparticle bonding with no shrinkage. Therefore,
interparticle bonding is a primary strengthening mech-
anism during low temperature sintering. Heating to a
high temperature, where bulk transport mechanisms
are active, induces densification. Strength gains at high
temperatures come from the further neck growth, den-
sification (removal of pores), and a higher coordination

(a)

(b)

Figure 10 SEM fracture surfaces of for the Cu-10Sn bronze samples sintered under various conditions. In each case the heating rate was 5◦C/min,
(a) 600◦C for 180 min, (b) 700◦C for 180 min, (c) 800◦C for 180 min, and (d) 850◦C with no hold. (Continued.)

number for each particle (closer packing induces more
neighboring bonds).

The strength increase associated with sintering
emerges from the sinter bonds between contacting
grains [5]. Nyce and Shafer [7] demonstrated the key
parameter is the neck size ratio of the interparticle bond,
which relates to sintered strength by an empirical model
as follows,

σ = Aσo

(
X

D

)2

(2)

where A is an empirical constant, σo is the wrought
material strength, and X/D is the neck size ratio (in-
terparticle neck diameter divided by particle diameter).
Shoals and German [2] developed a phenomological
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(c)

(d)

Figure 10 (Continued.)

model to describe in situ strength σT as a function of
sintering parameters as follows:

σT = A

(
ρG

ρA

)n

Be
Q A
RT + Cρs

(
X

D

)2

e
Qs
RT (3)

where A and n are empirical constants, ρG and ρA are
the green and apparent densities, B and Q A reflect an-
nealing behavior (applicable to compacted powders),
while C is a constant that includes the temperature de-
pendent strength of the bulk material, ρS is the sintered
density, (X/D) is the neck ratio, QS is the activation
energy for thermal softening, R is the gas constant, and
T is the absolute temperature. The first term in Equa-
tion 3 accounts for the remaining green strength due

to annealing, and the second one combines sintering
strengthening and thermal softening effects on strength
evolution. Both models demonstrate the importance of
bond size on sintered and in situ strength.

Fig. 10 shows the progressive neck growth with sin-
tering temperature for bronze. At temperatures below
750◦C there was neck growth but little densification.
Hence, the sintering strengthening in initial heating is
provided by the interparticle neck growth. Although
heating to higher temperatures resulted in more neck
growth, concomitant thermal softening significantly
weakened the compact. This is the reason why the in situ
strength peaked at about 750◦C for the bronze, and de-
creased at higher temperatures. As evident from Fig. 9,
cooling from 800◦C, where the strength was 12.8 MPa,
to room temperature gives a transverse rupture strength
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Figure 11 In situ bend yield strength versus test temperature for the
Fe-2Ni-0.9C steel. The heating rate was 5◦C/min with no hold at the test
temperature in a mixture of 80% N2 and 20% H2.

Figure 12 Room temperature bend yield strength versus peak tempera-
ture for Fe-2Ni-0.9C steel heated at 5◦C/min in an atmosphere of 80%
N2 and 20% H2.

Figure 13 Room temperature ultimate tensile strength versus peak sin-
tering temperature for the Fe-2Ni-0.9C steel heated at 5◦C/min in an
atmosphere of 80% N2 and 20% H2.

Figure 14 Room temperature ultimate tensile strength versus isothermal
hold time for Fe-2Ni-0.9C steel heated at 5◦C/min in an atmosphere of
80% N2 and 20% H2.

Figure 15 Sintered density and interparticle neck size ratio versus sinter-
ing temperature for the Cu-10Sn bronze heated at 5◦C/min in hydrogen
with no hold at the sintering temperature.

of 161 MPa. Thermal softening was also observed for
the steel powder in Fig. 11, in which the in situ strength
curve peaked at about 970◦C and decreased to 62 MPa
at 1070◦C.

5. Conclusions
The in situ strength evolution during sintering is deter-
mined by three parameters-interparticle neck growth,
compact densification, and bulk material thermal soft-
ening. Substantial neck growth occurs during initial
heating with little densification, resulting in sinter
strengthening. At high temperatures, densification be-
comes active, further adding to compact strength by the
eliminating pores and increasing the particle coordina-
tion number (number of bonds per particle). However,
at these same high temperatures, bulk material ther-
mal softening leads to significant strength loss. In situ
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strength evolution in sintering emerges from the compe-
tition between interparticle neck growth, densification,
and thermal softening. These and other results suggest
that sintering densification and compact thermal soft-
ening are inherently related. In all cases tested to date,
there is a consistent pattern of densification being de-
layed to a point where thermal softening lowers the
in situ strength [5].
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