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ABSTRACT

Powder compacts of nickel aluminide were compressed under
uniaxial load above 1373 K, in a way such that the material was free to
move in the lateral direction. Lateral and axial displacements were
measured by means of three LVDTs. The data so obtained gave a full
description of the applied stress state and the strain state as a
function of time during the flow and densification process. That
allowed us to obtain simultaneous measurements of the time dependent,
and density dependent shear and densification behavior of the powder
compact. The shear rate was non-linear in stress suggesting a
dislocation flow mechanism. A model for densification by power law
creep was applied to the data. It greatly overestimated the measured
densification rates. Interestingly it was found that it is difficult to
densify the powder to a density of greater than about 0.80 (relative)
by means of uniaxial compression. Further experiments were done where
tﬁe powder was hot-pressed in a constraint cavity. In this case large
hydrostatic pressures could be applied to the specimen and near
theoretical densities were obtained, presumably because the hydrostatic
pressure promoted the diffusional transport mechanism of densificationm.
The hot-pressing data was combined with the sinter forging data to
obtain the correlation between densification rate and applied pressure.
The diffusional mechanism of densification gave good quantitative
explanation for the densification behavior. In a broader context, we
believe that powder consolidation techniques should be optimized with a

view to both shear strain as well as hydrostatic pressure. The shear
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strain can promote microstructure refinement through dynamic

recrystallization, while pressure provides a driving force for

diffusional densification.

INTRODUCTION

The availability of high temperature ceramic fibers may lead to
the development of a new class of metal-matrix structural composites.
The fibers will impart high modulus and where the metal has limited
ductility, as is often the case with intermetallic compounds, they may
also increase toughness and reliability.

Metal matrix composites will almost certainly be fabricated by
powder metallurgy techniques. The present paper is an attempt to
develop experimental and anmalytical tools for the optimization of a
special kind of a compaction process which we call sinter forging. The
idea 1s akin to the isothermal forging process used in shaping
nickel-base and titanium alloys, except that in sinter forging the
workplece is a porous powder compact. Thus the forging process while
imparting shape, is also used to densify the compact to near full
density.

At the fundamental level, the sinter forging process involves
both densification strain, as well as effective or shear strain. 1If
the sinter forging process were to be numerically simulated it would be
necesgary to have constitutive equations for both shear and

densification behavior of the material. These constitutive equations




. will depend not only on strain rate and temperature but also on density
which will be an evolutionary parameter in the problem.

In the current paper we present a simple technique for measuring
the rate dependent shear and densification constitutive equations for
powder compacts. The same technique was applied earlier to ceramic
materials (1). Here we use it to study a metal, specifically the
nickel-aluminide intermetallic. The technique consists of uniaxial
pressing of the powder without any lateral constraint at high
temperatures. The axial as well as the radial strains are measured
which provide a full description of the stress and strain tensor as a
function of time. A limitation of this technique is that the
hydrostatic pressure cannot be greater than the yield stress of the
material.

In addition to sinter forging we also carried out hot-pressing
experiments where the powder is pressed in an enclosed die. In this
case nearly full density was obtained because the die constraint allows
the application of hydrostatic pressure which is greater than the yield
stress. While, the results of the hot-pressing experiments by
themselves are difficult to analyze because the die wall pressure is
unknown, the flow properties of the material measured from the sinter
forging experiment allowed us to estimate the wall pressure and reach
an understanding of the densification mechanisms, It was concluded
that diffusional transport contributed significantly in the final
stages of densification.

The theoretical studies of powder compaction have been largely

concerned with the removal of pores. Matrix deformation and
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d diffusional tramsport are two distinct mechanisms by which matter can
be transported to fill the pores. Both mechanisms have been studied in
detail and equations developed from them have been expressed in the
form of maps (2). In this approach plastic strain only serves the
purpose of pore removal since the applied stress is purely hydrostatic.
Plastic deformation stops when the material is fully dense. Thus the
average plastic strain experienced by the material during the
densification process if of the same order as the maximum volumetric
strain, which will be equal to 1n(1/po) where IR is the initial density
of the workpiece. For example if Py ™ 0.6 then the maximum plastic
strain will be of the order of 0.50.

Plastic or dislocation strain in hot-working is frequently used
to refine the microstructure. Dynamic recrystallization is an obvious
example of grain refinement (3) where a critical amount of shear strain
is required to achieve grain refinement, but in addition, dislocation
hardening can lead to boundary migration which can serve to ameliorate
the brittle properties of prior particle grain boundaries. The
inference is that the magnitude of the shear strain must be included as
one of the criteria in the optimization of the powder comsolidation
process. This also means that hot-isostatic-pressing by itself may not

be enough to obtain the best properties; HIP should be followed by

deformation processing to induce grain refinement. Instead, a sinter

forging process can be used to obtain densification, shear strain, ard
net-shape in one step. The design of the sinter forging process

{
requires the knowledge of the constitutive equations for densification s;

ye

and shear of porous materials. This paper describes a technique for
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obtaining such equations. A good review of the state-of-art status of

powder metallurgy processing can be found in Ref. 4.

EXPERIMENTAL TECHNIQUE

Definition of Stress and Strains

We assume that the principal stresses and strains are known and

they are:

where oi are the principal stresses and 81 are the principal strains.

Both are defined to be positive if they are tensile. The shear

components can then be defined by the effective stress and strain, Ue

and ee, as follows:

o, = V1/2 {(o - 02)2 + (o, - 03)2 + (o, - 01)2}

and [2] |

€ =.% /1/2{(e1 - 52)2 + (€2 - e3)2 + (e3 - el)z}

The numerical factors in Eq. [2] are such that o, and ee are equal to
the uniaxial quantities in a simple uniaxial test.
The volumetric quantities are pressure, p, and the strain, ea,

which are given by:




. p= -(01 + o, + 03)/3
(3]

€ = g

+ €, + €
a 1

2 3

Note that €, in Eq. [3] will have negative sign if the workpiece
reduces in volume as a result of densification.

The strain equations in [2,3] are also valid for strain rates.

The Technique

The technique used to measure all the principal stress and
strains is shown schematically in Fig. 1. A cylindrical workpiece is
compressed between two pistons without any lateral constraint. The
axial as well as the radial displacements are measured. The radial
displacement is determined by taking the average of measurements of two
LVDTs placed diametrically opposite to each other. Let us assume that
the axial stress is s and that the friction between the pistons and
the workpiece 1s negligible, which means that the other two principal
stresses are equal to zero. The corresponding principal strains are
€0 €po and Cr’ where the radial strains are assumed to be equal, that

is, flow and densification are assumed to be isotropic in the lateral

plane. Substitution of these quantities in Eqs. [2] and [3] leads to

the following equations:

P = ’02/3 ’

€ = ¢ + 2¢ ,
r

(4]

z
g = |UZI ’

and, € %152 " erl




. Materials
The model material chosen for this study was a nickel aluminide

having the composition Ni The non-equimolar composition leads

.64A1.36'

to self diffusion coefficients which are more than two orders of

magnitude faster than those for the equimolar composition (5). The

o, relative rate of diffusion of nickel and aluminum at this composition
o differs by less than a factor of 1.25; thus diffusional transport

5 should not give rise to significant segregation. The powders were
prepared by the rotating electrode technique which gives nearly

. spherical particles. Particles were separated by 500 mesh screen; the

average particle size in the powder as determined by scanning electron

)
b
;ﬁ microscopy was 25 ym.
? The above composition of nickel-aluminide separates into § and ¢
" phases at room temperature. The exact theoretical density of these
%; constituent phases at room temperature was calculated using the lattice
-3 parameter data as a function of composition provided in Ref. 6. This
i gave a density of 6.50 gm cm-3 for the 8 phase and 7.31 gm cm“3 for the
i € phase. The relative amounts of the two phases for our composition
\%‘ are predicted to be 96.87% of the § phase and 3.27% of the ¢ phase from
, the phase diagram. Thus the ideal theoretical density of the material
&f at room temperature is predicted to be 6.52 gm cm-3.
B‘ The sinter forging and hot-pressing experiments were all
Ji performed at 1373 K. At that temperature the equilibrium fractions of
"
:g 8§ and ¢ phases are 90.6% and 9.47 respectively which leads to an
:f average ideal density of 6.57 gm cm-3.
li ‘
i
;
)
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Experiments

Specimens for sinter forging experiments were prepared by cold
compaction of raw powder in a cylindrical die up to a pressure of 2.5
MPa. The specimens obtained from cold pressing were hot-pressed in a
graphite die at 1223 K at a pressure of 5 MPa for a period of 20 to 25
min after reaching the hot-pressing temperature. This procedure
yielded specimens for sinter forging which were 12.7 mm in diameter and
varied in height from 17.2 mm to 19.0 mm. Their density varied from
0.68 to 0.72 of the theoretical density.

The sinter forging experiments were carried out at 1373 K by
compressing the specimens prepared as above between flat faced pistons
of high purity graphite in a vacuum of 10—5 torr. The heat up schedule
consisted of heating up to 473 K over a period of 10 min, holding at

that temperature for ten minutes to allow outgassing, and then

increasing the temperature to 1373 K linearly with time over a period
of 45 min., The uniaxial load was applied after reaching 1373 K.
Altogether five sinter forging experiments were completed. Each
was carried out at a fixed applied load which was kept constant
throughout the test. The magnitudes of the five loads for the five
experiments, expressed in terms of the initial uniaxial stress, were as
follows: 0,0 = ~7.72 MPa, -11.97 MPa, -18.04 MPa, -23.42 MPa, and
-28.83 MPa. Since the cross-sectional area of the specimens increased

with time the initial stresses represent the maximum value of the
%

v

applied stress.
In addition to the sinter ¥orging experiments, we also carried

out five hot-pressing experimemts. In this case the diameter of the

LﬂDCUOVJUGUUTﬁVUVEKLKlfg!h!hfhﬂhﬂhﬂ\UQ?iUiiERLSh]hilJhEli}llhh.i.i-iiillil.-.--l_g



hot-pressing die was 12.7 mm and the inside die-wall was lined with
graphoil of thickness 0.13 mm. The die was filled with powder by
tapping. The initial height of the powder was approximately 12.7 mm.
The same procedure as described in the preceding experiments was used
for heating up to the hot-pressing temperature. The hot pressing loads
used in the five tests corresponded to a compressive uniaxial stress of

8.5 MPa, 13.0 MPa, 17.9 MPa, 23.5 MPa, and 30.0 MPa.

Correction for Friction

The specimens showed some barrelling at the end of the sinter
forging experiments because of finite friction between the workpiece

and graphite pistons., Barrelling led to an error in the measurement of

the radial strain. The error was corrected by estimating the effective
diameter of the specimen at the end of the sinter forging experiment;
this was obtained from the final height of the specimen and its total
volume as measured by the Archemides method. The correction was
greater than 5% but always less than 107 of the total increase in the
diameter of the specimen during sinter forging. The exact correction
could be obtained only at the end point of the experiment and we were
forced to make an assumption about the correction for the intermediate
points during the forging test. The assumption was not too critical
since the maximum correction to the radial strain was less than 10%.

We assumed that the displacement correction increased linearly with
time. The 1dea is illustrated in Fig. 2. The solid line shows the
radial displacement as measured by the LVDTs. The straight line at the

bottom of the figure gives the assumed correction and the dashed line,
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which i1s the difference between these two curves, is assumed to be the
corrected radial displacement.
The measurement of the specimen volume described in the previous

paragraph needs to be discussed in more detail. Since the specimen

e

contained at least some interconnected porosity, the Archemides method

. o
p i

was used in a slightly different way. The amount of fluid absorbed by

e

the porous solid was obtained from the difference in the mass of the

solid before and after its immersion in the fluid.

RESULTS AND ANALYSIS OF SINTER FORGING EXPERIMENTS

Shear Strain, Densification Strain and Applied Stress

L n e i T

as a Function of Time

The radial and axial (true) strains calculated from the

R

displacement measurements are plotted in Figs. 3 and 4. Each curve

N L)
e

corresponds to one experiment carried out at a constant applied load.
The magnitude of that load, expressed in terms of the initial axial

stress is stated in the figures. It ranged from -7.7 MPa to -28.8 MPa.

P
e e

The axial strains at the end of the experiments ranged from -0.6 to

=,

-0.9, that is the final height of the specimens was 0.55 to 0.41 of

L
i o

e

their initial height. The radial strains were positive and ranged from

- 3

0.25 to 0.35. The rate of deformation was very sensitive to stress

{ since it took 42 min to complete the test at -7.7 MPa but only 2 min at
1

. -28.8 MPa.

"

N The true axial stress, cz, was calculated using the following

: equation:

4

i

D A T O

-~ R

'l"""\'\ " At e R LTSRS

» R W] . e A A :
AN Kl X A AN KW LSOO o N\ MO 7 o Wy by o .‘.0..l,.l... i WIOC L N e Wl Ol A it A N ULOA I b Ot i



-

R
o

B Pl o

11

aso:e r (5]

The data in Fig. 4 and Eq. [5] led to the results shown in Fig. S. The
volumetric and the effective strains were obtained from the data
presented in Figs. 3 and 4, and the use of Eqs. [4]. The results are
given in Figs. 6 and 7. The effective strain represents shear and is
therefore necessarily positive. The volumetric strain however, can be
negative or positive, Negative volumetric strain implies densification
of the powder compact whereas a positive volumetric strain would mean
that the porosity is increasing due to fracture. The results in Fig. 7
show that the strain was always negative.

The relative density of the powder compact can be calculated from
the volumetric strain. We define the relative density, p, such that
when the compact is fully dense p = 1. The volumetric strain, €
then, is related to the volume, V, the initial volume, Vo, the density,

p, and the initial density, Py by the following equation:

e, = InG) = 1n(%9-) 6]
o
Here G and V° are the quantities at the point when load was applied to
the powder compact after reaching the sinter forging temperature. The
measurement of the final density, and the maximum value of €, for each
sinter forging experiment allows us to calculate s from Eq. [6].
These results are presented in Table 1. They show the initial density

to be approximately 0.69,.

L
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Note from Eq. [6] that the densification rate is related to the

volumetric strain rate by the equation: g

(7]

[~ 9
=
:
"
o
|
Me

Power-Law Creep

The effective stress, the effective str#in rate, and the density
can be related to each other through the data given in Figs. 4, 5, and
6. The data are cross-correlated by choosing a fixed time. Many sets
of data are obtained by varying the time. Note that the effective
stress is exactly equal to o, only if the friction is exactly zero. We
know that it is not; but since we did not get severe barrelling and
since the densification of the powder compact was quite uniform we will
assume that the correction due to the friction was small. Also note
that the density was obtained from the volumetric strain €0 the use of
Eq. [6], and Table 1.

A reasonable indicator of the micromechanism of high temperature

deformation is the stress exponent, n, in the constitutive equation:

[8]

where éo and o, are normalizing parameters. If n is equal to one then
it is likely that diffusional creep 1s the operating mechanism, and if
n > 3 then the more likely mechanism 1s power-law dislocation creep.

A logarithmic plot of the effective strain rate versus effective

stress, at different densities 1is given in Fig. 8. The average slope

B P - 4 o - W ) T AR
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. leads to stress exponent n = 4,0, We infer that within the constraints

%3

R

o

of the parameters used in our experiments, the material was deforming e
by dislocation creep. It is interesting to note in Fig. 8 that a small »
change in the density, a change from 0.68 to 0.76 increased the strain
rate by more than a factor of ten. Clearly the effect of porosity on

deformation rate 1s quite nonlinear.

I e T

Densification Behavior

-
P -

The mechanism of pore closure is likely to be the same as the

e,

-

mechanism for shear deformation of the porous solid. The simple
argument is that since the majority of the pores are situated at three

grain junctions, the diffusion distance for diffusion mass transport is

- .
- - o 3

equal to one half of the grain size. For diffusional creep the
diffusion distance is equal to the grain size. Thus, while a narrow {

window may exist where the overall deformation takes place by

e
- s al wd

dislocation creep while pore closure occurs by diffusional flow, in

. o

general, both processes are likely to be controlled by the same

mechanism. Therefore, we have compared our data to the results of a
model by Banks-Sills and Budiansky (7) who considered the general i
problem‘of void colliapse in nonlinear viscous solids under compressive

loadings. Their results were computed numerically and we compare our

data to their Figure 15. ‘

The change in the volume of pores during deformation of a \
nonlinear viscous solid depends only on the stress exponent, the state
of applied stress, and the applied strain. The magnitude of the

éppliedvstress is not important. The data can, therefore, be ' h

- "
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' normalized in terms of the applied plastic strain if the stress strain
remains invariable. The present situation is a simple example of the
treatment by Banks-Sills and Budiansky. Their numerical results are
presented as the change in the volume of the pores with applied
uniaxial strain for different values of n, the power law stress
exponent. By suitable manipulation of Eq. [6] it can be shown that €
is related to the change in the volume of the pores, v/vo, as

following:

v
e, = In {po + 5 (-p )} [9]
o
where v, is the initial volume of the pores and v is the current
volume. In Eq. [9], Po is the density of the specimen at the start of
the sinter forging experiment. For the present experiments (please

refer to Table 1) we assumed that ho = 0.69. The numerical results

given by Banks-Sills and Budiansky were converted into volumetric
strain €, by Eq. [9]. The theoretical prediction for the relationship
between €y and €, for n=4 and Py = 0.69, is shown by the solid curve
in Fig. 9. The experimental points obtained by correlating data from
Figs. 3kand 7, for all five sinter forging tests are shown on the same
graph. Although the theoretical and experimental curves show the same
shape, that is the rate of pore closure with axial strain increases
with Increasing axial strain, there is a wide discrepancy between the !
magnitude of the rate of pore closure. The absolute rate is much

slower than predicted by theory. We cannot give a satisfactory

explanation for this discrepancy at the present time except to point

[)
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out that a similarly large gap between theory and experiment was found
by McClintock when he compared his theory for pore growth (8) under
tensile strain with experiment (9). The answer does not lie in the
theoretical assumption in the analysis (7) that the pores are
completely isolated from their neighbors since interaction between the
flow fields of adjacent pores would serve to increase the rate of pore
closure, which will further increase the discrepancy between theory and

experiment.

RESULTS AND ANALYSIS OF HOT-PRESSING EXPERIMENTS

In a hot-pressing experiment the radial strain is zero since the
lateral displacement is constrained by the die wall., Thus the strain
tensor 1is completely described by the axial strain €,3 all other strain
components are zero. The stress tensor is more complicated because the
radial stress imposed by the die wall is an unknown quantity. The
principal stresses are, therefore, a, which is known since it is equal
to the applied uniaxial stress, and the two radial stress components,
Ops which are equal to each other but are an unknown quantity.
Substitution of these principal stresses and strains into equations
[2), and [4] leads to the following results for the effective and mean

stresses and strains for the hot-pressing experiment.

p = - 1/3(0z + 20r) (a)
€. =€ (b)
a z (10]
0, = Ioz - orl (c)
and € = 2/3|ez| (d)
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Since o, is unknown the results from hot-pressing experiments
cannot be unambiguously interpreted. In the present situation,
however, the data from sinter forging experiments can be used to
estimate . The procedure consists of estimating the effective
stress, oe for a given strain rate ée from sinter forging data such as s
that presented in Fig. 8. The effective strain rate is well defined in
the hot-pressing experiment by Eq. [10d]. The substitution of the
effective stress, which is estimated from the sinter forging
experiments, into Eq. [10c] gives the value for G This value of oL
can then be substituted in Eq. [10a] to calculate the pressure which 1is
driving the densification rate given by Eq. [10b]. The power law

relationship between the pressure and the densification rate can then

- -

be used to determine whether or not pore closure is being controlled by
the diffusional mechanism. In the following section we present the )
results of such an analysis.

The basic data obtained from the hot-pressing experiments in the
current study are shown in Fig. 10. The quantity L: refers to the
theoretical limit of the specimen height 1f it were fully demnse, while
Lz refers to the specimen height as measured during the hot-pressing
experiment. We note from the data that except for the case of the !
lowest o, the specimens were allowed to reach their full demsity
before the test was ended. This is in sharp contrast to the sinter !
forging experiments where the final density of the specimens was less
than 80%. An immediate inference from this observation is that the die
wall was exerting a large hydrostatic stress on the specimen which

enhanced the rate of densification of the powder compact.
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The data in Fig. 10 allows us to calculate éz, and from that we
can obtain €q and €, with the use of Eqs. [10b and d]. Note that in a
hot-pressing experiment €e is always equal to two-thirds of €,.° The
result showing éa and ée as a function of o, are shown in Fig. 11, for
four different values of density.

In order to understand the densification mechanism it is
necessary to obtain the magnitude of the applied pressure. This can be
done by calculating the effective stress from Fig. 8 and then

substituting that in the following equation:
p=-0, - 2/3 % [11]

Equation [11] is valid only for the hot-pressing experiment and is
derived by eliminating o, from Eqs. [10a and c]. The effective stress
for the strain rate data in Fig. 11 was obtained by transposing that
data to Fig. 8. The magnitudes of the effective stress so obtained are
shown in Fig, 12, When the effective stress values, obtained from Fig.
12, are substituted in Eq. [11] and the pressure is plotted against the
volumetric strain rate then the graph shown in Fig. 13 is obtained.
Note that the volumetric strain rate for the hot-pressing experiment is
always equal to 1.5 times the effective strain rate.

The data described in Fig. 13 can be used to interpret the
mechanism of densification., At the lower stress the slope of the
pressure vs densification curves approaches unity which is suggestive
of the diffusional mechanism. Since the density values are quite high

we may assume that the densification is in its final stage where the

pores are isolated from each other and are placed at three grain




Junctions. 1If that is the case then the questions developed for pore

growth in creep rupture experiments should be applicable here. We
consider equation [C2] in Ref. 11. 1In that equation we assume that the
pores have spherical geometry and that they are located at three grain
junctions; then the parameter ré/blz in equation [C2] becomes equal to
the volume fraction of pores in the material, that is, (l-p) = ri/élz.
Since the particle size in our specimens was equal to 25 um the rate
controlling mechanism for diffusion transport is likely to be lattice
diffusion rather than boundary diffusion; therefore, we replace nGDb in
equation [C2] by dDL’ where d 1s the grain size and DL is the lattice
diffusion coefficient. The left hand side of the equation in [C2] is
the rate of change of pore volume with time. If we assume the grain
volume to be equal to d3 then we can show that the left hand side of

the equation is equal to éa X d3. With these substitutions we obtain

the following equation for the volumetric strain rate:

27D
. __"Tupa_ (1-40-p)]
€a 2 M IIn_1 -3+ (p [12]
27 (i) &

Here p is the externally applied mean pressure to the powder compact,
and Q is the average atomic volume of diffusion.

The dashed theoretical line in Eq. [13] was obtained from Eq.
[12] after the following substitutions: DL =4 x 10-13 mzs—1 (from
diffusion data given in Ref. 2), p = 0.94, d = 25 ym, T = 1373 K, k =
1.38 x 10-23 JK_I, and Q = 1,21 x 10-29 m3 (calculated assuming a

density of 6.53 gm cm-3, and a stochiometry of Ni 64A1 36). It must be
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considered remarkable that the theoretical prediction comes within a
factor of two of the densification data. At the very least, this
suggests that the experimental technique described in this paper should
be pursued further to study the mechanisms and constitutive equation
for flow and densification of porous metallic and ceramic bodies where

linear and nonlinear viscous mechanisms may be operating.

CONCLUDING REMARKS

Powder methods are coming into increasing use for the fabrication
of interesting new materials., Metal-matrix/ceramic fiber composites
and mechanically alloyed aluminum are examples of materials which must
be processed by powder technology.

Most of the theoretical work in powder consolidation has
concentrated on the hot-isostatic-pressing technique where the pore
shrinkage is the major concern. A case can be made, however, for also
including shear strain as one of the criteria in the optimization of
the densification process. The reason is that not only must the pores
be removed but the material should also be subjected to a critical
amount of shear strain in order to bring about phenomena which refine
or improve the microstructure. Examples are dynamic recrystallizationm,
removal of the prior particles grain boundaries, and the removal of
large defects in the cold pressed microstructure.

The analytical and experimental techniques presented in this
paper offer a methodology for developing constitutive equations which

describe the densification as well as the shear behavior of powder
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. compacts. Some problems remain, especially the problem of friction
between the die and the workpiece, but in general the approach seems
promising. The fundamental information obtained from such experiments
can then be used in process simulation of sinter forging method for net

shape forming from powder starting materials.
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Table 1

4

The initial value of the applied stress for the five sinter forging

experiments. Peinal is the density obtained at the end of each
experiment and Po is the extrapolated density of the material at the

point of application of the uniaxial load.
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~12.0 0.782 0.687
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FIGURE CAPTIONS

1. A schematic illustration of the technique used to measure radial
and axial strains in the sinter forging experiments. (Courtesy

American Ceramic Society, Reference 1.)

b =

2. The procedure used to account for error in the measurement of the

radial strain as a result of barrelling. The correction at the end
point of the experiment is exact. In the intermediate region a linear

extrapolation is assumed.

3. The axial strain as a function of time for the five sinter forging

=

experiments. The stress is equal to the initial value of the applied

stress, oz. The experiments were carried out at constant load.

4. The radial strain as a function of time for the five sinter forging
experiments. The stress is equal to the initial value of the applied

0
stress, o_. The experiments were carried out at conmstant load.

5. The true stress experienced by the specimens during the course of
the five sinter forging experiments. The experiments were carried out

at constant Jload.

6. The effective strain, ce, as a function of time for the five sinter

forging experiments.
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7. The volumetric strain, €,0 38 a function of time for the five

sinter forging experiments.

8. A logarithmic plot of ée and g to determine the value of the

stress exponent for power law creep.

9. A comparison between the theoretical prediction and the measured
rate of pore closure with applied axial strain. The theory greatly

overestimated the closure rate of the pores.

10. Data obtained from the five hot-pressing experiments. In
hot-pressing the applied uniaxial stress remains constant since the

specimen diameter does not change.

11. A plot of ée and éa as a function of the uniaxial stress, o,

Note that the ée is always two-thirds of éa'

12. The procedure used for obtaining the effective stress Oe for the
hot~pressing experiments by using g ™ ée data obtained from sinter

forging experiments.

13. A plot of the volumetric strain rate éa versus the applied
pressure for hot-pressing experiments, and a comparison between

theoretical prediction and experimental results.,
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1. A schematic illustration of the technique used to measure radial
and axial strains in the sinter forging experiments. (Courtesy

American Ceramic Society, Reference 1.)
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2001
o;’ = -18.0 MPa
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7.5

Diameter

(mm) EQUAL

15.0

CORRECTION

1
0o 4 8 12 16
t, min

2. The procedure used to account for error in the measurement of the
radial strain as a result of barrelling. The correction at the end

point of the expertiment is exact. In the intermediate region a linear

extrapolation is assumed,
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3. The axial strain as a function of time for the five sinter forging
experiments. The stress is equal to the initial value of the applied

stress, c:. The experiments were carried out at constant load.
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4. The radial strain as a function of time for the five sinter forging

experiments. The stress is equal to the initial value of the applied

o
stress, o, The experiments were carried out at constant load.

[ P A R R SR . Tl Yl P VI N, T2 AT S B h U N R iV gV ST wsey =58 -+



oz vs t
SINTER FORGING 1373 K -
25} Nigea Alose
-
~-18.0
-12.0 _{
=77
1 i 1 1
oo 10 20 30 40
t, min

5.

The true stress experienced by the specimens during the course of

the five sinter forging experiments. The experiments were carried out

at constant Jload.
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6. The effective strain, Ee’ as a function of time for the five sinter

forging experiments.
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7. The volumetric strain, €, 35 3 function of time for the five

sinter forging experiments. M
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| stress exponent for power law creep.

8. A logarithmic plot of ée and g, to determine the value of the
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9, A comparison between the theoretical prediction and the measured
rate of pore closure with applied axial strain. The theory greatly

overestimated the closure rate of the pores.
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10. Data obtained from the five hot-pressing experiments. 1In

hot-pressing the applied uniaxial stress remains constant since the

specimen diameter does not change.
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12, The procedure used for obtaining the effective stress Ge for the

hot-pressing experiments by using gg Ee data obtiined from sinter

forging experiments.
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13. A plot of the volumetric strain rate éa versus the applied
pressure for hot-pressing experiments, and a comparison between

theoretical prediction and experimental results,
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