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EFFECTIVE COMPUTER SIMULATIONS
of metal powder compaction and sintering are
at the top of the powder metallurgy industry’s
wish list. There is much anticipated advantage
to such efforts, yet there are problems that will
inhibit widespread implementation. Press-sinter
powder metallurgy computer simulations cur-
rently focus on the use of minimal input data
to help with process setup. Although the simula-
tions are reasonably accurate, a large data array
is required to hone in on current industrial prac-
tice. For example, final dimensions for automo-
tive transmission gears are required to be held
within 10 mm, but the simulations are not capa-
ble of such accuracy. Simple factors such as
frictional tool heating are missing from the
simulations. Additionally, powders vary in par-
ticle size distribution between production lots,
but the simulations assume a nominally uniform
powder. Because it is expensive to test each
powder lot, the logic is to assume a nominal
set of characteristics. In production, such pro-
cess and powder variations are handled by con-
stant adaptive control techniques. As an
example, when an outside door is opened on
the press room, it is common that press adjust-
ments will be required to hold sintered dimen-
sions. The press-sinter powder metallurgy
simulations have not advanced to such levels
of sophistication. Instead, the press-sinter pow-
der metallurgy simulations are used to help set
up production operations, with heavy reliance
on experienced operators to make final trial-
and-error adjustments.
In practice, the variations in powder, press,

tooling, and other process variables are handled
through skilled technicians, quality charts, and
adaptive process control that relies on frequent
sampling and periodic equipment adjustments.
The gap between press-sinter practice and mod-
eling may close if more rapid data-generation
routes were developed. For example, a study
on modeling the press-sinter production of a
main bearing cap required 10,000 measures to
isolate the behavior. It is not economically

feasible to repeat this testing for each 20 ton
lot of powder. Even so, a great benefit comes
from the fact that the computer simulations
have forced the technical community to orga-
nize our knowledge and determine where there
are problems.
Computer simulations of press-sinter opera-

tions trace to the 1960s (Ref 1 to 20). The
early simulations were generally unstable and
two-dimensional (for example, the sintering
of aligned wires). By 1975, a variety of two-
dimensional sintering approaches existed.
With the expansion in computer power, the
implementation of three-dimensional simula-
tions arose to provide realistic outputs. In
more recent times, the simulations have
provided valuable three-dimensional treat-
ments to predict the final component size and
shape after sintering. Because the pressed
green body is not homogeneous, backward
solutions are desired to select the powder,
compaction, and sintering attributes required
to deliver the target properties with different
tool designs, compaction presses, and sintering
furnaces. In building toward this goal, various
simulation types have been evaluated: Monte
Carlo, finite difference, discrete element, finite
element, fluid mechanics, continuum mechan-
ics, neural network, and adaptive learning.
Unfortunately, the input data and some of the
basic relations are not well developed; accu-
rate data are missing for most materials under
the relevant conditions. For example, rarely is
the strength measured for a steel alloy at the
typical 1120 �C sintering temperature. Further,
constitutive models do not exist for the condi-
tions relevant to sintering; for example, fric-
tion in die compaction changes during the
split-second pressure stroke, because lubricant
(polymer) particles deform and undergo vis-
cous flow to the die wall, effectively changing
friction constantly during compaction. Thus,
the simulations are approximations using
extrapolated data and simplified relations. For
this reason, computer simulations of press-

sinter routes work best in the setup mode.
The simulations help define the processing
window and set initial operating parameters.
Presented here is information relevant to com-
puter simulation of first-article production,
what is best termed setup calculations, realiz-
ing that practice relies heavily on adaptive
process control to keep the product in specifi-
cation after the initial setup is accomplished.

Brief History

The first major publication on computer sim-
ulation of sintering came out in 1965 (Ref 1).
Early simulations were two-dimensional (sin-
tering two wires) with a single diffusion mech-
anism. These simulations were slow, requiring
ten times more computer time than the actual
physical sintering time. Most damaging, these
early models were unstable, because they lost
volume and increased energy. However, within
20 years the concept was extended to include
multiple transport mechanisms, multiple sinter-
ing stages, and even pressure-assisted sintering
(Ref 6, 9 to 11). These simulations predicted
density versus compaction pressure, sintering
time, peak temperature, heating rate, green den-
sity, and particle size.
One of the first realizations was the limita-

tions arising from the assumed isothermal
conditions and simplistic microstructure coars-
ening. Dilatometry experiments show that most
sintering occurs on the way to the peak temper-
ature, so isothermal models poorly reflect actual
behavior (Ref 20). Indeed, production powder
metallurgy often simply “kisses” the peak tem-
perature, a situation far from what is assumed
in the simulations. Also, the assumed homoge-
neous and ideal microstructure unrealistically
limits the models. Today (2009), the sintering
body first treated with a compaction or shaping
simulation to predict the green microstructure
gradients, and subsequent sintering simulations,
use those density gradients, via finite-element
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analysis, to predict the final size, shape, and
properties (Ref 16 to 19).

Theoretical Background and
Governing Equations

The methodologies used to model the press
and sinter powder metallurgy include contin-
uum, micromechanical, multiparticle, and
molecular dynamics approaches. These differ
in length scales. Among the methodologies,
continuum models have the benefit of shortest
computing time, with an ability to predict rele-
vant attributes such as the component density,
grain size, and shape.
Mass, volume, and momentum conservation

are evoked in the continuum approach.
Although such assumptions may seem obvious,
powder metallurgy processes are ill-behaved
and difficult to properly simulate. For example,
polymers are added to the powder for tool
lubrication, but the polymers are pyrolyzed
during sintering, resulting in 0.5 to 1.5 wt%
mass loss. Likewise, pore space is not con-
served during compaction and sintering, so
bulk volume is not conserved. Even so, mass
conservation equations are invoked to track
densification, while momentum conservation
is used to follow force equilibrium, including
the distortion effect from gravity. Energy con-
servation is also essential in the continuum
approach. However, it is typical to assume tem-
perature is uniform in the compact—set to
room temperature during compaction and fol-
lowing an idealized thermal cycle (often iso-
thermal) during sintering. Both are incorrect,
because tool heating occurs with repeated com-
paction strokes, and compact position in the
sintering furnace gives a lagging thermal his-
tory that depends on location. Indeed, because
dimensional precision is the key to powder
metallurgy, statistical audits have repeatedly
found that subtle factors such as position in
the furnace are root causes of dimensional scat-
ter. For example, fluid flow and heat-transport
calculations show considerable temperature dif-
ferences associated with atmosphere flow and
component shadowing within a furnace.
Because such details are not embraced by the
models, the typical assumption is to ignore
temperature distribution within the component,
yet such factors are known to cause part distor-
tion during production.
Additionally, constitutive relations are

required to describe the response of the com-
pact to mechanical force during compaction
and sintering. Many powder metallurgy materi-
als are formed by mixing powders that melt,
react, diffuse, and alloy during sintering. This
requires sophistication in the models to add
phase transformations, alloying, and other fac-
tors, many of which depend on particle size
and other variations (Ref 15). From conserva-
tion laws and constitutive relations, a system
of partial differential equations is created that

includes the initial and boundary conditions.
These must be integrated with microstructure
and property models so that final compact prop-
erties can be predicted. Because the constitutive
relations for compaction and sintering are
completely different, they are described here
in two separate sections.

Constitutive Relation during
Compaction

Continuum plasticity models are frequently
used to describe the mechanical response of
metal powders during compaction. These phe-
nomenological models, originally developed in
soil mechanics, are characterized by a yield cri-
terion, a hardening function, and a flow rule.
Representative models include those known as
the Cam-Clay (Ref 21), Drucker-Prager-Cap
(Ref 22), and Shima-Oyane (Ref 23) models.
Of these, the most successful for metal powders
has been the Shima-Oyane model, although for
ceramics, soils, and minerals, other relations are
generally more successful.
The typical initial and boundary conditions

during compaction are as follows:

� Initial condition for the powder: Tap density
� Boundary conditions: Velocity prescribed in

upper and bottom punches and friction con-
dition in the tooling side wall; usually
assumed the same for all tool surfaces inde-
pendent of wear and independent of lubri-
cant flow during the compaction stroke

During compaction and ejection, a damage
model, such as the Drucker-Prager failure sur-
face (Ref 22) and failure separation length
(FSL) idea (Ref 24), is required. To predict crack
formation, the FSL assumes there is an accumu-
lated separation length from the Drucker-Prager
failure surface, which provides the possibility

of crack formation, as shown in Fig. 1. The equa-
tion for the FSL is expressed as:

FS ¼ q þ p tan b� d (Eq 1)

where q and p are the effective stress and hydro-
static pressure, respectively. Note that d and b
are the offset stress and slope, respectively, for
the Drucker-Prager failure surface shown in
Fig. 1. Because the models predict green den-
sity versus location, defect sensitivity is possi-
ble. For example, elastic relaxation occurs on
ejection, and if the stress exceeds the green
strength, then green cracking occurs. It is in this
area that the compaction models are most
effective.

Constitutive Relation during Sintering

Continuum modeling is the most relevant
approach to modeling grain growth, densifica-
tion, and deformation during sintering. Key con-
tributions were by Ashby (Ref 6, 9), McMeeking
and Kuhn (Ref 25), Olevsky et al. (Ref 17, 19),
Riedel et al. (Ref 13, 26, 27), Bouvard and Meis-
ter (28), Cocks (29), Kwon et al. (Ref 30, 31), and
Bordia and Scherer (Ref 32 to 34) based on a sin-
tering mechanism such as surface diffusion,
grain-boundary diffusion, volume diffusion, vis-
cous flow (for amorphous materials), plastic flow
(for crystalline materials), evaporation conden-
sation, and rearrangement. For industrial appli-
cation, the phenomenological models are used
for sintering simulations with the following key
physical parameters:

� Sintering stress (Ref 20) is a driving force of
sintering due to interfacial energy of pores
and grain boundaries. Sintering stress depends
on the material surface energy, density, and
geometric parameters such as grain size when
all pores are closed in the final stage.

Fig. 1 Definition of failure separation length (FSL) based on Shima-Oyane yield model and Drucker-Prager failure
surface. d, offset stress; b, slope
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� Effective bulk viscosity is a resistance to
densification during sintering and is a func-
tion of the material, porosity, grain size,
and temperature. The model of the effective
bulk viscosity has various forms according
to the assumed dominant sintering
mechanism.

� Effective shear viscosity is a resistance to
deformation during sintering and is also a
function of the material, porosity, grain size,
and temperature. Several rheological models
for the effective bulk viscosity are available.

The preceding parameters are a function of
grain size. Therefore, a grain-growth model is
needed for accurate prediction of densification
and deformation during sintering.
Typical initial and boundary conditions for

the sintering simulations include:

� Initial condition: Mean particle size and
grain size of the green compact for grain
growth and initial green density distribution
for densification obtained from compaction
simulations

� Boundary conditions: Surface energy condi-
tion imposed on the free surface and friction
condition of the component depending on its
size, shape, and contact with the support
substrate

The initial green density distribution within the
pressed body raises the necessity of starting the
sintering simulation with the output from an
accurate compaction simulation, because die
compaction induces green density gradients that
depend on the material, pressure, rate of pres-
surization, tool motions, and lubrication. The
initial and boundary conditions help determine
the shape distortion during sintering from grav-
ity, nonuniform heating, and the green body
density gradients.
Numerical Simulation. Even though many

numerical methods have been developed, the
finite-element method (FEM) is most popular
for continuum models of the press and sinter
process. The FEM approach is a numerical
computational method for solving a system of
differential equations through approximation
functions applied to each element, called
domain-wise approximation. This method is
very powerful for the typical complex geome-
tries encountered in powder metallurgy. This is
one of the earliest techniques applied to materi-
als modeling and is used throughout industry
today (2009). Many powerful commercial soft-
ware packages are available for calculating
two- and three-dimensional thermomechanical
processes such as found in press and sinter pow-
der metallurgy.
To increase the accuracy and convergence

speed for the press and sinter simulations,
developers of the simulation tools have selected
explicit and implicit algorithms for time
advancement, numerical contact algorithms for
problems such as surface separation, and
remeshing algorithms as required for large

deformations such as seen in some sintered
materials, where up to 25% dimensional con-
traction is possible.
Figure 2 shows the typical procedure for

computer simulation for the press-sinter
process, which consists of five components:
simulation tool, pre- and postprocessors, opti-
mization algorithm, and experimental capabil-
ity. Pre- and postprocessors are important for
using the simulation tools efficiently. The pre-
processor is a software tool to prepare input
data for the simulation tool, including computa-
tional domain preparation such as geometry
modeling and mesh generator. Figure 3 is an
example of the component, compaction, and
sintering models, in this case for an oxygen
sensor housing. Executing this model requires
considerable input, including a material prop-
erty database (including strain effects during
compaction and temperature effects during sin-
tering) and a processing condition database
(loading schedule of punches and dies for com-
paction simulation and heating cycle for sinter-
ing simulation). A postprocessor is a software
tool to visualize and analyze the simulation
results, which enhances the usefulness of the
simulations. From the standpoint of process
setup calculations, the optimization algorithm
is essential to maximize computer simulation
capability providing the optimum part, die,
and process condition design. Experimental
capability is very important in computer simu-
lation, providing a means to evaluate changes
in materials, powders, compaction schedules,
heating cycles, and generally to provide verifi-
cation of the simulation results.

Experimental Determination of
Material Properties and Simulation
Verification

Material Properties and Verification for
Compaction

One of the first needs is to measure the pow-
der density as a function of applied pressure to
generate the material parameters in the consti-
tutive model for compaction, including the
Coulomb friction coefficient between the pow-
der and die. Note that these factors vary with
the powder lot, lubricant, tool material, and
even tool temperature. The procedure to obtain
the material properties based on the generalized
Shima-Oyane model is as follows (Ref 24):

� Measure the pycnometer and tap densities of
the powder.

� Conduct a series of uniaxial compression
tests with die wall lubrication to minimize
the die wall friction effect. The tap density
is considered the starting point (after particle
rearrangement) corresponding to zero com-
paction pressure. By curve fitting, six mate-
rial parameters (a, g, m, a, b, and n) are
determined for the yield surface, F:

F ¼ q

sm

� �2

þa 1�Dð Þg p

sm

� �
�Dm (Eq 2)

where q and p are the effective stress and
hydrostatic stress or pressure, respectively;
D is the relative or fractional density; and

Fig. 2 Typical procedure for computer simulation for press and sinter process
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sm is the flow stress of the matrix material,
which is expressed as:

sm ¼ aþ b�enm (Eq 3)

where em is the effective strain of the matrix
material.

� A series of uniaxial compression tests are
performed without wall lubricant, then the
Coulomb frictional coefficient is obtained
by FEM simulation.

Figure 4 is an illustration of the compaction
curve for an iron-base powder (Distaloy AE,
Höganäs) in a simple cylindrical geometry.
Uniaxial compression tests are provided for
two samples: the smaller sample of 4.5 g in a
12 mm diameter die with die wall lubrication,
and the larger sample of 9.3 g without wall
lubrication. By curve fitting, the six material
parameters are (Ref 24):

a ¼ 6:20; g ¼ 1:03; m ¼ 7:40; a ¼ 184 MPa;

b ¼ 200 MPa; and n ¼ 0:240

By FEM simulation, the Coulomb frictional
coefficient was obtained as 0.1. Table 1 shows
the example of a complete set of material prop-
erties of an iron-base powder as input data for
the compaction simulation.
Verification of the predicted density gradi-

ents in the green compact has been approached
by many techniques. The most reliable, direct,
and sensitive comes from taking hardness or
microhardness traces on a polished cross sec-
tion. Thus, to verify the compaction simulation
results, the relationship between hardness and
green density is conducted according to the fol-
lowing procedure:

� Use the same samples as used for obtaining
the material parameters.

� Presinter the compacts at a temperature suf-
ficient to bond the particles but below the
temperature range where dimensional
change or chemical reactions occur.

� Carefully prepare a metallographic cross
section of the presintered samples and treat
with a vacuum annealing cycle to minimize
any hardness change induced by the cutting
process.

� Measure the hardness of each sample with a
known green density, and from that develop
a correlation between density and hardness.

� Apply the same procedure and hardness traces
to real components, and from precise measure-
ments of hardness and location develop a con-
tour plot of the green density distribution for
comparison with the computer simulation.

As an example, Fig. 5 is a plot of the correla-
tion between green density and hardness for
the WC-Co system. For this plot, the presinter-
ing cycle of the WC-Co system was at 790 oC
for 30 min, and the annealing cycle was at
520 oC for 60 min; in this case, a Rockwell
15T hardness scale was used. The obtained cor-
relation is (Ref 35):

D¼0:638þ 1:67�10�3H� 5:44�10�7H2 (Eq 4)

where H is the 15T Rockwell hardness number,
and D is the fractional density. Figure 6 com-
pares the simulation results taken from a com-
mercial software package (PMsolver) with the
experimental results for a cutting tool geometry
formed from a cemented carbide powder, based
on Eq 4.

Material Properties and Verification for
Sintering

In the development of a constitutive model
for sintering simulation, a wide variety of tests
are required, including data on grain growth,
densification (or swelling), and distortion.
These are approached as follows:

� Grain growth: Quenching tests are con-
ducted from various points in the heating
cycle, and the mounted cross sections are
analyzed to obtain grain-size data to imple-
ment grain-growth models. A vertical
quench furnace is used to sinter the com-
pacts to various points in the sintering cycle
and then to quench those compacts in water.
This gives density, chemical dissolution (for
example, diffusion of one constituent into
another), and grain size as instantaneous
functions of temperature and time. The
quenched samples are sectioned, mounted,
and polished prior to optical or scanning
electron microscopy (SEM). Today (2009),
automated quantitative image analysis pro-
vides rapid determination of density, grain
size, and phase content versus location in
the compact. Usually during sintering, the
mean grain size, G, varies from the starting
mean grain size, G0 (determined on the
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Fig. 3 Modeling and mesh-generation example showing the simulation of compaction and sintering for an oxygen
sensor housing. (a) Mesh generation for the compact. (b) Modeling of punches and dies during compaction

for the press simulation. (c) Modeling of compact in contact with the substrate during sintering simulation
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green compact). A new master sintering
curve concept is applied to fit the experi-
mental grain-size data to an integral work
of sintering (Ref 36), because actual cycles
are a complex combination of heats and
holds. The resulting material parameters

trace to an apparent activation energy as
the only adjustable parameter. Figure 7
shows SEM micrographs after a quenching
test and grain-growth modeling for a
W-8.4wt%Ni-3.6wt%Fe mixed powder com-
pact during liquid-phase sintering.

� Densification: To obtain material parameters
for densification, constant heating rate dila-
tometry is used for in situ measurement of
shrinkage, shrinkage rate, and temperature.
By fitting the experimental data to models
that include the sintering stress, ss, and bulk
viscosity, K, as functions of density and
grain size, again relying on the master sin-
tering curve concept (Ref 37), the few
unknown material parameters are extracted.
Figure 8 shows the dilatometry data and
model curve-fitting results used to obtain
the missing material parameters during sin-
tering of a 316L stainless steel (Ref 38).

� Distortion: Powder metallurgy compacts
reach very low strength levels during sinter-
ing. Accordingly, weak forces such as grav-
ity, substrate friction, and nonuniform
heating will induce distortion and even
cracking. To obtain the material parameters
related to distortion, three-point bending or
sinter forging experiments are used for in
situ measurement of distortion (Ref 39). By
fitting the experimental data with FEM
simulations for shear viscosity, m, with grain
growth, the parameters such as apparent
activation energy and reference shear viscos-
ity are extracted. Figure 9 shows an in situ
bending test and FEM results for obtaining
material parameters in shear viscosity for a

Fig. 4 Example compaction curve for an iron-base powder showing the relative density model results versus
compaction pressure with no friction and with a friction coefficient of 0.1 for two compact samples.

Source: Ref 24

Table 1 Complete set of material
properties for die compaction of an iron-
base powder

Densities Pycnometer density 7.8 g/cm3

Fractional tap density 0.45
Yield function
(Shima-Oyane)

a 6.2
g 1.03
m 7.4

Flow stress of matrix
materials (work
hardening)

a 184 MPa
b 200 MPa
n 0.24

Friction coefficient 0.1
Failure surface d 0.01

tan b 3.41

Source: Ref 24

Fig. 5 Plot of relative density and Rockwell 15T
hardness scale for the die compaction of a

WC-Co powder. Source: Ref 35

Fig. 6 Comparison between the computer-simulated green density gradients (PMsolver) and the experimental results
taken from hardness tests on a cross-sectioned green compact of a cutting tool formed from WC-Co powder.

Source: Ref 35
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316L stainless steel powder doped with
0.2% B to induce improved sintering.

Such data-extraction techniques have been allied
to several materials, including tungsten alloys,
molybdenum, zirconia, cemented carbides, nio-
bium, steel, stainless steel, and alumina. Table
2 is an example set of material properties for W-
8.4 wt%Ni-3.6wt%Fe as used as input data for
the sintering simulation (Ref 40). The preceding
experiment techniques can be used for verification
of sintering simulation results.

Demonstration of System Use

Time Advance Algorithm and
Compaction Simulation Accuracy

Time advance in the simulation models is a
concern with respect to the balance between

accuracy and computational speed. The explicit
method is fast but sometimes exhibits conver-
gence and accuracy problems, while the implicit
method is accurate but slow. Figure 10 illustrates
this case for a simple cylindrical geometry in the
WC-Co system (Ref 35). As shown in Fig. 10
(b), the implicit method is more accurate for
this case.

Gravitational Distorting in Sintering

The rheological data for the sintering system
allow the system to respond to the internal sin-
tering stress that drives densification and any
external stress, such as gravity, that drives dis-
tortion. When a compact is sintered to high
density, it is also necessary to induce a low
strength. (The material is thermally softened
to a point where the internal sintering stress
can induce densification.) Figure 11 shows

sintering simulation results for a tungsten heavy
alloy, relying on test data taken on Earth and
under microgravity conditions, to then predict
the expected shapes for various gravitational
conditions: Earth, Moon, Mars, and in space.
The results show that gravity affects shape dis-
tortion during sintering (Ref 40). Accordingly,
the computer simulations can be used to reverse
engineer the green component geometry to
anticipate the distortion to achieve the desired
sintered part design.

Compaction Optimization

There are two different simulation
approaches used to optimize die compaction.
One is based on the concept of design of
experiment, and the other is a derivative-based
optimization scheme. The process designer
must first select a reasonable initial guess, an

Fig. 7 (a) Scanning electron micrograph of a liquid-phase sintered tungsten heavy alloy (W-8.4wt%Ni-3.6wt%Fe) after quenching. (b) Grain-size model results taken from an
integral work of sintering concept that includes only the thermal cycle (time-temperature path) to predict grain size for any point in a heating path for three different

tungsten contents. Source: Ref 36

Fig. 8 Dilatometry data showing in situ shrinkage data during constant heating rate experiments and the curve-fitting results used to obtain the material parameters to predict
densification of a 316L stainless steel powder. (a) Shrinkage with time. (b) Shrinkage with temperature. Source: Ref 38
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objective function that needs to be minimized,
and design variables for both approaches.
Figure 12 shows the first approach used to

optimize the loading schedule to generate a
uniform green density during die compaction
(Ref 35). In this case, the target is a cutting
tool formed from WC-Co. The displacement
of the upper punch was set as the design vari-
able, and the lower punch displacement was

automatically calculated because the final
dimension was fixed. The objective function
was set to the standard deviation in green den-
sity, which is called the nonuniformity, and this
was to be minimized. Figure 12(a) plots the
density histograms for five different processing
conditions. The first one (black) is the initial
compaction process design, and the fourth one
(yellow) shows the optimum design for

maximum uniformity with only a change in
the upper punch motion. The density distribu-
tions of those two cases are shown in Fig. 12
(b). For optimization in more complicated sys-
tems, the Taguchi method with an orthogonal
array can be used to create simulation experi-
ments to efficiently isolate solutions.
In using a derivative-based optimization

scheme, it is important to define the searching

Fig. 9 (a) Video image taken during in situ bending test for a 316L stainless steel sample doped with 0.2 wt% B. (b) Finite-element modeling results used to verify the shear viscosity
property as a function of time, temperature, grain size, and density during heating. Source: Ref 39

Table 2 Complete set of material properties for simulating the sintering of W-8.4wt%Ni-3.6wt%Fe

Pycnometer density 16.75 g/cm3

Initial density distribution, r0 Results from press simulation
Initial mean grain size 0.30 mm
Surface energy, g 2.5 J/m2

Transition temperature from solid state to liquid phase 1460 �C
Friction coefficient 0.3

Sintering stress

ss ¼ 6g
G

r2 2r� r0ð Þ
y0

for r < 0:85

ss ¼ 2g
G

6r
y

� �1=3

for rW > 0:95

ss ¼ ðr2 � rÞ
ðr2 � r1Þ

ssi þ ðr� r1Þ
ðr2 � r1Þ

ssf for 0:85 � rW � 0:95

State Solid Liquid

Grain growth
dG

dt
¼ k0 expð�QG=RT Þ

Gl
k0 (m

n+1/s) 2.8�10�13 1.1�10�15

QG (kJ/mol) 241 105
l 2.0 2.0

Bulk viscosity

Ki ¼ rðr� r0Þ2
8y20

TG3

ai expð�QD=RT Þ for r � 0:92

Kf ¼ r

8y1=20

TG3

af expð�QD=RT Þ for r > 0:92

with af ¼ y20ffiffiffiffiffiffiffiffiffi
0:08

p ð0:92� r0Þ2
ai

QD (kJ/mol) 250 250
ai (m

6�K/s) 1.3�10�17 5.0�10�17

Shear viscosity

mi ¼
r2ðr� r0Þ

8y0

TG3

bi expð�QD=RT Þ for r � 0:92

Kf ¼ r
8

TG3

bf expð�QD=RT Þ for r > 0:92

with bf ¼
y0

0:92ð0:92� r0Þ
bi

bi (m
6�K/s) 1.3�10�17 1.3�10�12

Note that R is the universal gas constant, r is the density, y (= 1 � r) is the porosity, y0 (= 1 � r0) is the initial porosity, and rW is the density of the tungsten skeleton. Source: Ref 40
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direction and stepping size. The searching
direction is decided by the direct differentiation
or adjoint variable methods, and the stepping
size is usually selected by polynomial curve fit-
ting. Using the results of a finite-element simu-
lation with a mesh system generated by the
given design variables, design sensitivities are
calculated by the algorithm of the searching
direction. The searching direction is selected
by the conjugate gradient method, and the
proper stepping size is selected by the polyno-
mial curve fitting, with the objective functions
obtained by additional finite-element simula-
tions. The design parameters are iteratively
updated until the convergence criteria are satis-
fied. Figure 13 shows the procedure for opti-
mizing the loading schedule to have uniform
density distribution during die compaction for
a hub part formed using a steel alloy powder
(Ref 24). The design variables considered in
this example were the loading schedules of
upper, inner lower, core rod, and die, and the
objective function is the nonuniformity after
die compaction. The goal was to minimize the
nonuniformity. Figure 13(a) shows the compac-
tion tool set and analysis domain. Figure 13(b)
plots the objective function during optimiza-
tion, and Fig. 13(c) plots the density distribu-
tions of the initial and optimum designs.

Sintering Optimization

Usually, a small grain size is desired to
improve properties for a given sinter density.
In this illustration, the design variable is the
sintering cycle. To obtain maximum density
and minimum grain size, the following objec-
tive function, F, is proposed (Ref 41):

F ¼ a
Dr
r

� �
þ 1� að Þ DG

G

� �
(Eq 5)

where a is an adjustable parameter. Figure 14(a)
shows an example for maximum density andmin-
imum grain size for a 17-4 PH stainless steel pow-
der. For example, the minimum grain size will be
21.9 mm if the specified sintered density is 95% or
theoretical. Figure 14(b) shows the corresponding

Fig. 10 Comparison of explicit and implicit methods for compaction simulation in the WC-Co system. (a) Meshed
geometry. (b) Left, half-axis experimental result; center, full-axis explicit method result; and right, implicit

method result. Source: Ref 35

Fig. 11 Final distorted shape by sintering under various gravitational environments for complicated test geometries. (a) T-shape. (b) Joint part. Source: Ref 40
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sintering cycle bymatching the value of the adjus-
table parameter a.

Coupled Press and Sinter Optimization

Coupled simulations are necessary to predict
the quality of the final component after the com-
bined press and sinter operations. Figure 15 illus-
trates this for the case for a shaped cutting tool
formed from WC-Co. In practice, the final com-
ponent exhibited cracking along the corners,
but there was no sign of cracking after die

compaction, as shown in Fig. 15(b). From the
simulation results for the initial design, the den-
sity distribution is found to vary from a fractional
density of 0.583 to 0.814. After optimization of
the tool loading schedule with the objection
function to make the green density as uniform
as possible, the green density distribution ranged
from 0.638 to 0.675. Implementation of this
loading cycle resulted in elimination of cracking
in the sintered component.
Figure 16 illustrates the distortion in final

shape for oxygen sensor components. After

optimization of the tool loading schedule and
the sintering cycle, the final distortion from
the target shape is significantly reduced for both
the holder and sleeve.

Conclusion

Computer simulations of the press-sinter
cycle in powder metallurgy have advanced con-
siderably and, in combination with standard
finite-element techniques, show a tremendous

Fig. 12 Optimization for uniform density distribution during die compaction for a cutting tool fabricated from WC-Co. (a) Histogram for various processing conditions. (b) Green
density distributions in the initial and optimum designs. Source: Ref 35
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ability to guide process setup. Illustrated here
are the compaction and sintering concepts
required to perform process optimization, typi-
cally via selection of appropriate compaction
tool motion. Although the models are only
approximations to reality, they are still of value
in forcing a careful inspection of what is under-
stood about the press-sinter process. In this
regard, the greatest value of modeling is in the
forced organization of process knowledge.
There remain several barriers to widespread

implementation. The largest is that traditional
powder metallurgy is largely dependent on
adaptive process control, because many of the
important factors responsible for dimensional
or quality variations are not measured. The
variations in particle size, composition, tool
wear, furnace location, and other factors, such
as reactions between particles during heating,
impact the important dimensional-control
aspects of press-sinter powder metallurgy.
However, nominal properties, such as strength,
hardness, or fatigue life, are dominated by the
average component density. In that regard,
especially with respect to the initial process
setup, the computer simulations are of great
value. Nevertheless, important attributes such
as dimensional tolerances and internal cracks
or other defects are outside the cost-benefit cap-
abilities of existing simulations. Further, the
very large number of materials, processes, tool
materials, sintering furnaces, and process cycles
makes it difficult to generalize; significant data
collection is required to reach the tipping point
where the simulations are off-the-shelf. Thus,
much more research and training is required to
move the simulations into a mode where they
are widely applied in practice. Even so, com-
mercial software is available and shows great
value in the initial process definition to set up
a new component.
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