N

N

Pressure assisted sintering stress exponent assessment
methods: Accuracy analysis and effect of sintering stress
Charles Maniere, Joseph Sambasene Diatta, Christelle Harnois, Christophe
Couder, Christelle Bilot, Sylvain Marinel

» To cite this version:

Charles Maniere, Joseph Sambasene Diatta, Christelle Harnois, Christophe Couder, Christelle Bilot,
et al.. Pressure assisted sintering stress exponent assessment methods: Accuracy analysis and effect
of sintering stress. Mechanics of Materials, 2023, 181, pp.104664. 10.1016/j.mechmat.2023.104664 .
hal-04083198

HAL Id: hal-04083198
https://hal.science/hal-04083198v1
Submitted on 27 Apr 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04083198v1
https://hal.archives-ouvertes.fr

Pressure assisted sintering stress exponent assessment methods:
accuracy analysis and effect of sintering stress

Charles Maniére!*, Joseph Sambasene Diatta?, Christelle Harnois?, Christophe Couder?,
Christelle Bilot!, Sylvain Marinel*

1. Normandie Univ, ENSICAEN, UNICAEN, CNRS, CRISMAT, 14000, Caen, France
2. Assane Seck University, Ziguinchor, Sénégal

Keywords
Pressure assisted sintering; Ceramic; Modeling; Creep; Mechanisms

Abstract

Pressure assisted sintering models involve creep based mechanisms having different stress
exponent values. The later evolve from linear viscous diffusional creep mechanisms to highly
non-linear mechanisms involving dislocation motion. Consequently, the determination of the
stress exponent is of key importance to define the sintering mechanisms and one of the first
parameters to identify for the assessment of sintering model. Different methods exist in the
literature involving tests at different pressures or with a stepwise pressure profile to extract
the creep stress sensitivity. Open questions remain on the accuracy of these methods with the
impact of sintering stress (high in ceramics nano-powders) or transient microstructure
evolution for the stepwise approaches. This accuracy issue is investigated on an alumina
submicronic powder by comparing different methods based on sinter-forging and Spark
Plasma Sintering (SPS) at 1200°C. We show that the sintering stress has a high influence on
the identified value of stress exponent. Otherwise, the combination of sintering stress and
transient behavior at the level of the pressure “jump” of the stepwise method can lead to high
disturbance in the identified values.
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Nomenclature

Alphabetical terms and abbreviations

A Creep law deformability term (Ks*Pa™)

D Diffusion coefficient (m?.S™?)

é Trace of the strain rate tensor (s?)

H A constant for creep based hot pressing model
i Identity tensor

k Boltzmann Constant (1.380 649 x 10722 J. K1)
n Creep law stress exponent

P Sintering stress (N.m?)

r, G Particles radius, Grain size (m)

T Temperature (K)

HIP Hot isostatic pressing

SPS Spark Plasma Sintering

HP Hot pressing

Greek symbols

0 Porosity

6 Porosity elimination rate (s

p Relative density

o Stress tensor (N.m?)

0.4 Equivalent stress (N.m)

£ Strain rate tensor (s™)

€0q Equivalent strain rate (s™)

¢ Shear modulus

Y Bulk modulus

a Surface energy (J.m?)

¢, Axial strain rate tensor component (s)
g, Axial stress tensor component (N.m?)
6. Critical porosity

¢ Stress intensification factor

#1 or 2 the subscripts 1 or 2 refer to parameters at different pressures



1. Introduction

Pressure assisted sintering includes different methods such as Hot Isostatic Pressing (HIP),
Hot Pressing (HP) or faster technique like Spark Plasma Sintering (SPS). These advanced
sintering methods allow decreasing the sintering temperature, favor the total elimination of
residual porosity and enable the sintering of ultra-refractories having strong covalent bonds
that cannot be sintered by pressureless sintering [1-7]. Such conditions allow retaining nano-
grain microstructure, producing transparent ceramics or high temperature materials [8-11].
The sintering of these materials involves different sintering mechanisms highly sensitive to
the applied stress exponent (called “n” in below equation). For instance, the sintering model
of HP and SPS is detailed below [6].

ldp _ _. _ HD(D¢(p) o}
pdt 7 GMKT 1)

Where n=1, m=2, corresponds lattice diffusion, n=1, m=3 grain boundary diffusion,
n=1or2, m=1 grain boundary sliding and n >3, m =0 dislocation creep. The H constant
gathers all pre-exponential constants of the underlying creep deformation behavior, the term
¢(p) is a relative density function called “stress intensification factor” that describes the
porous skeleton effective stress at the grain boundary active zones, and D(T) is the diffusion
coefficient which is temperature dependent.

The stress exponent “n” governs the degree of non-linearity of the sintering model where
linear mechanisms (n=1) are the grain boundary/lattice diffusion and highly nonlinear (n>1)
ones are dislocation based mechanisms or grain boundary sliding [1,6,12]. For certain
materials like metals, the stress exponent is not constant but may evolve from dislocation
mechanisms at low temperature to diffusional mechanisms at higher temperatures [13,14].
Consequently, the experimental determination of the stress exponent is of key importance and
is generally the first step of a simulation study. Different methods exist in the literature to
identify the stress exponent: (i) the direct regression method, (ii) fully dense creep tests and

(iii) porous stage tests.



Direct identification methods are based on logarithmic linear regression of the applied
stress [15]. In these approaches, the regression curves assume theoretical functions for the
relative density dependence of the stress intensification factor [16]. These methods are direct
and require a few tests but the theoretical porosity function may influence the “n”
determination and imply unstable results [17].

Another method consists of conducting creep tests [18]. The studied powder is first fully
sintered into dense specimens that are subjected to creep tests to determine the stress exponent
and the temperature behavior [13,19-22]. This method is ideal for large particle metals but for
ceramics where the creep behavior is strongly influenced by the grain size [23] (“m” exponent
in equation (1)), the large sintered grains may imply a very different creep regime.

To solve later issues, different porous stage methods should be preferred to identify the
exponent in the low grain growth zone [24]. The identification methods are in isothermal

conditions and for temperatures where the grain growth is low (G™~ constant) so the terms

zZ—(kTT)of equation (1) is constant. In addition, the tests compare the sintering shrinkage rate

(%%) acceleration at different pressures (a,) for similar (or close) relative density (p) to

negate the influence of the stress intensification factor (¢), which is a function of the relative
density generally unknown.

Among the existing porous methods which identify the stress exponent by sintering curves,
we can cite the “stepwise” approaches and the “constant porosity” multiple tests approach at
different pressures. Both approaches principles are represented in figure 1.

The stepwise approach applied different brief pressure “jumps” to identify the “n” exponent
by the acceleration of the sintering shrinkage strain rate before and after the “jump” [25-28]
(see figure 1a). This approach is one of the most simple as it can be performed is one single
test. However, the pressure “jump” should be fast to avoid a high relative density variation
that would change the value of the stress intensification factor (¢) assumed to be constant. Li

et al [25], present a theoretical approach to take into account the porosity change at the
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transient stage of the pressure “jump” by a hypothesis on the sintering moduli. One of the
advantages of this method is to allow a fast exploration of the sintering behavior in a wide
pressure range. Different use of Li et al [25] method can be cited in the literature for the SPS
of Mo [29], W [30], different metals, oxides and plastics [26].

The other method compares different isothermal strain rates tests at “constant porosity” and
for different pressures (see figure 1b). This method can be applied to SPS, HP [31] and to
sinter-forging [24]. Similar to the formula in figure 1b, the “n” can be identified by the strain
rate/pressure ratio or by a regression approach on three or more tests [32-34]. The “constant
porosity” approaches requires more sintering tests but it ensures no disturbance from the
stress intensification factor (¢ ) which is relative density dependent. Nevertheless, the
sintering time between the tests can be very long and variations of ¢ can still happen at the

same porosity if surface diffusion is highly active.
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Figure 1 Stress exponent identification methods: stepwise pressure approach (A), multiple
pressure isothermal test approach (B)

In summary, the pros and cons of later methods are the following: the “stepwise” is rapid, less
influenced by surface diffusion but sensitive to porosity variations, the “constant porosity”
method requires multiple tests but assure no disturbance from porosity variation. In this
article, the “stepwise” and “constant porosity”” methods are tested and compared with SPS and
sinter forging methods, respectively. The aim is to verify their accuracy for a submicronic

alumina powder sintering. Such a powder has a significant sintering stress (from capillarity



forces) that may have an impact on the identification of the stress exponent. Consequently, the

study will also compare the methods with and without the actions of the capillarity forces.

2. Theory and calculations

In this section, “n” stress exponent identification analytic equations are detailed for the
“stepwise” method applied to SPS and the “constant porosity” method applied to sinter
forging. This analysis starts from the general equations of the continuum theory of sintering
[35]. In particular the contribution of the sintering stress (Pi) to the “n” exponent

identification will be detailed for the two methods.

2.1. Stepwise n identification equation for SPS

The general equation describing the continuum theory of sintering behavior is the following:

g

Teq . _ 1 .= a
22 (9@:2+ () —50(0) ét) + Pi 2)
with Skorohod’s theoretical expression of the sintering stress liking the porosity with the

surface energy (1.12 J/m? for alumina [36]) and the particle radius that can be assumed

constant in high porosity tests where grain growth is limited.
P =22(1-6) (3)
In SPS case, if the radial displacement is assumed close to zero (die confinement), the

specimen temperature is homogeneous and the sintering is in the domain of low grain growth,

the above general equation reduces to the following analytical equation [24].

=g =A(p+ie) T (1-0)F (0, - P @

-6

Isolating the “n” exponent terms we have:

n
1-6 g,—P;

\/¢+§<p me+§¢

&, =A

(5)



From later equation, if we assume that the pressure “jump” of the stepwise approach reported
in figure 1a implies no porosity variation, the ratio of strain rates before and after the “jump”
£,/&, eliminates all porosity dependent terms (v, ¢ and 6) in equation (5) and the “n”

exponent can be calculated by the equation below that includes the contribution of P.

ln(:g—l)
n= alg—zPl (6)
ln( )

0’2—Pl

If the transition of pressure implies a porosity evolution which is not negligible (6, < 6,), the

porosity dependent terms should be considered and the ratio &; /&, is:

n
g, V1701 /1P2+§<P2 (01-P11)y1-6; /¢2+§<P2 @)

&2 V1-6; /11117%@1 (02—P2)y/1-6, /¢1+§‘P1

Isolating the “n” term, and taking the logarithm, we have the identification equation below.

. 2 \/1—92,/¢1+§¢1
n| +t———Mm——
£z \/1—91,/¢2+§<P2
n=
2
ln<(”1‘Pl1) V1-6; \le2+§‘p2>

—P —
(o2-P12) J1-61 \/11,1%(,,1

(8)

This equation allows considering the small porosity variation during the pressure “jump”.
This equation is interesting as it allows testing different theoretical hypotheses of shear and
bulk moduli. Indeed, the theoretical value of the moduli are often higher than the
experimental one that has more energetic and responsive microstructure and then lower values
[23,24,37].
If Skorohod [38] theoretical moduli are used, equation (8) becomes the expression below as
expressed by Li et al [25].
)
(s oo 653)

(9)




2.2. Constant porosity n identification method, equations for sinter forging

The analytical formulation of sinter forging is detailed in ref [24]. Assuming homogeneous
temperature, a negligible friction with the support and taking into account the sintering stress

Pj, the analytic model is the following.

n—1
lozl_p \?\ 2
2|o4l? (‘ £-py) logl
e T =z
. 3¢ P _ 2|og] ( 3 Pl)
&, =A B — ( ” + ) (10)

The “constant porosity” approach compares two strain rates from two isothermal tests at
different pressures and for the same porosity (see figure 1b). Like the “stepwise” approach,

below strain rate ratio is used to determine the stress exponent.

n-1
5 1
loql 2 loql
, 2|a1|2.(_ --Pu) 2|a1l.(_ Py
€1 _ 3¢ Y 3¢ 3y (11)
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Isolating the “n” term, we obtain the following identification equation.
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3p P

n=1+ (12)

in

Because of the presence of the P, term, the shear and bulk moduli cannot be fully eliminated.
Nevertheless, because the analysis compares strain rates at the same porosity, the
contributions of the moduli (that are porosity functions) should be negligible and simple
Skorohod[38] theoretical functions are used. If the sintering stress P is neglected, the moduli

terms disappear and the identification expression is as below [24].

(13)



3. Experiment and method

The methodology employed in this paper consists of a comparison of the stress exponent by
different methods including stepwise approach conducted on an SPS device and the “constant
porosity” approach based on sinter forging tests. A submicronic alumina powder Baikowski®
BMAL15 with average particle size of 120 nm is used for this study. We use 15 mm diameter
punches and 15 mm thick die with heights of 50 mm for the die and 30 mm for the punches.
For the stepwise approach, different pressures ranging from 16 MPa to 54 MPa were applied
with different 10 MPa pressures “jump” (as short as 10s) at the isothermal temperature of
1200°C. The evolution of the SPS powder height (h) was calculated from the final pellet
measured height as reference and the SPS displacement curve (see figure A in appendix).

Only the isothermal displacement part was selected to avoid thermal expansion disturbances.

From the height curves, the true strain rate curve was determined by &, = % The SPS device

“FCT system HPD25” was used with 15 mm inner die and punches. The SPS configuration,
calculation of experimental parameters like the strain rate (&,), the applied stress (o,) and the
porosity curve (0) are reported in figure 2a. The profile and the response of the “stepwise”
experiment are reported in figure 2b. As shown, the pressure “jump” may implicate a small
evolution of the porosity (6, < 6,). This evolution can rigidify the porous skeleton and may
decrease the value of the measured strain rate after sintering (€,). To correct this aspect, the
shear and bulk moduli generally approximated theoretically (Skorohod [38]) must be
actualized (¢, > @1,¥, > Y, and P, > P;; ). The identification equations (6) and (8)

reported in figure 2c must be used to identify the “n” in four ways:
Q) The “simple” approach using equation (6) neglecting the porosity evolution
and the sintering stress (P = 0).
(i) The “simple” approach using equation (6) neglecting the porosity evolution

but taking into account P,.



(iii)  The approach using (8) with the porosity variation and neglecting the sintering

stress (P1=0).

(iv)  The approach using (8) with the porosity variation and P;.

NM
I
= =
Q
N
(o)

\
\
03 6,4
F &
_ Force(N) o, \ \
72 = "n(a/2)y? :
o \
hy;
0 = 1_(1_9final)% >

(A) (B) Time Time Time

\ 4

A\ 4

“simple” approach for n identification (©) n identification with the porosity
neglecting the porosity variation at the variation at the pressure “jump”

pressure “jump” >
e \/1—92,/¢1+§<ﬂ1
. n| -—
& & 2
. in(2) VT=01 2+ 502
In (01 - il) n=
02 — I [ 2
In (0 =Py) y1-6, 1,1)2+§(p2

(0, — Ppy) _
2~ Pr) \J1-06, \/¢1+§<P1

Figure 2 Stepwise multiple pressure method applied to SPS, (A) identification of the sintering
main variables, (B) typical scheme of the stepwise approach and (C) stress exponent
identification equations with and without taking into account the porosity variation during the
pressure “jump”.

Later four identified n values are compared with a method less sensitive to the microstructure
evolution, the “constant porosity” method applied to sinter forging. The experiment is
implemented in a microwave press device (SAIREM® LABOTRON IWASP2000 2TE) able
to apply similar heating profiles as close as possible as SPS ones. The device used is a
2.45 GHz solid-state microwave generator (SAIREM® GMS1000MS) with an auto-adaptive
PID regulation (SAIREM® EUROTHERM?2408) that controls the temperature of the
specimen heated in sinter forging configuration. To ensure a homogeneous heating, SiC
microwave susceptors were added to the upper and lower contacts of the specimen and on the
two lateral sides (see configuration in figure 3a). A displacement sensor magnescale

DS830SLR [39] was used to record the pellet diametric expansion during the test and to
10



actualize the calculation of the applied stress and the porosity (figure 3a). The principle of the

“constant porosity” test is schematically represented in figure 3b. Two tests at 20 and 30 MPa,

were performed. Like in the SPS tests, the isothermal temperature was 1200°C. The stress

exponent identification uses equations (12) and (13) for identification with and without P,

respectively (see figure 3c).

(A)

Sinter-forging test

d

Heating configuration

Displacement probe

v

Time

v

Time
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; Force(N)
. _h 0z = 379N2
&, = z 1l'(d/2)
d h¢;
o=1-(1- efmaz)< ! mal) ! Zml

n identification at same porosity
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(€)

Time

n identification at same porosity

with Pl
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Figure 3 (A) Scheme of the sinter forging tests with calculation of the main sintering
parameter and representation the heating configuration, (B) typical scheme of the constant
porosity approach and (C) stress exponent identification equations with and without PI.

11



4. Results and discussions

In this section, the results of the two stress exponent identification methods are detailed and

compared.

4.1. Sinter-forging based identification of n by the “constant porosity” method

The method presented in figure 3 is applied at 20 and 30MPa for 1200°C. In isobar, isotherm
regime, the sinter forging recorded strain rates are reported vs porosity in figure 4a. As
expected, the strain rate is clearly higher for higher applied stress and in this graph different
strain rate ratios have been taken for different fixed porosities. Using the corrected applied
stress (which takes into account the specimen diametric expansion), “n” stress exponent
values have been identified in figure 4b using the equations (12) and (13). The raw
experimental data imply a certain noise in the “n” values with standard-deviation of 0.8 for
the expression with P and 0.4 for the one without P). The expression (12) with Py has two
main consequences, the noise in the “n” data is bigger and the average value of n evolves
from 1.4 (for the expression without Py) to 2.3 for the expression with P). From these data, the
possible mechanisms are between diffusion (n = 1) and grain boundary sliding (n = 2)[6,12].
For alumina, n values close to 1 were identified for field assisted sintering at 1100°C and
1200°C and for 150 nm TMDAR Taimei alumina [32]. For the same powder and at 1000°C, n
values of 2 and 2.3 where identified for HP and SPS, respectively [33]. These values are
identified neglecting the sintering stress Pi. Nevertheless, they are in a similar range to our
study. In the following section, the comparison with the stepwise method help discussing the

origin of this rise of “n” values with Py (see last section discussion).
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Figure 4 (A) Isobar, isotherm sinter forging strain rate vs specimen porosity, (B) obtained

stress exponent with the constant porosity method vs porosity using the equation with and
without the Py term.

4.2. SPS based identification of n by the “stepwise” method

The stepwise method includes one “simple” approach using equation (6) with and without the
sintering stress Pi. This equation assumes the pressure “jump” is fast and the porosity
evolution before and after the “jump” is nearly the same. However, as Li et al [25] showed,
the porosity variation can be corrected theoretically using equation (9) based on
Skorohod [38] theoretical moduli or equation (8) which allows correcting such moduli
function. Indeed, these theoretical moduli like other plasticity/creep based theoretical
approaches [40-44] assume spherical porosity which corresponds well to the final stage
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sintering but not to the initial stage where the particle contact makes these moduli close to
zero. Consequently, in this article we investigate the impact of modified theoretical moduli
that correct the initial stage reactivity by a critical porosity inspired from Abouaf et al [45,46]
moduli function. The modified Skorohod moduli are plotted in figure 5.

20
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O N B OO

0.5 0.6 0.7 0.8 0.9 1
Relative density

0.8
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$-05
0.4
0.3
0.2
0.1

0.5 0.6 0.7 0.8 0.9 1
Relative density

Figure 5 Modified Skorohod moduli for taking into account initial stage sintering high
reactivity, (A) bulk modulus, (B) shear modulus.

The recorded SPS specimen height of the 1200°C stepwise experiment is reported in
figure 6a. Four successive pressure “jumps” were tested from 16 MPa to 54 MPa. The blue
and red parts of the curves indicate the zones of strain rate calculation before and after the

pressure “jump”. These calculation zones are in isobar/isotherm condition to avoid elastic and

14



thermal expansion disturbances. The slope of these zones is clearly higher after the rise of
pressure. In figure 6b, equation (9) n values identified with Skorohod moduli (with and
without Py) are presented. We can clearly see that typical n values close the sintering forging
tests are found between 0.3 and 0.4 of specimen porosity. However, for porosity lower than
0.3, the moduli make significant disturbances on the n values which are out of range. In the
same graph, the n values identified from the “simple” model of equation (6) that neglects the
porosity variation are presented. This model gives much more stable n values close to the
values between 0.3-0.4 of porosity. The average n values are similar to the sinter forging case
with n of 2.1 and 1.5 with and without Py, respectively.

In order to verify if the origin of these disturbances and higher identified n values is related to
the theoretical moduli that do not correct the initial porosity behavior, the n identified with the
modified moduli (figure 5) are reported in figure 6¢. This clearly shows the correction of the
initial stage behavior does not help stable values to be identified. On the contrary, the n values

become bigger when the critical porosity approaches the initial porosity.
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4.3. Comparison of the n identified values and discussions

In this section all average n values identified by “constant porosity” method (sinter forging)
and the “stepwise” method with and without the P, and the porosity variation are gathered in
figure 7. We can see that the value of n with and without P; are very close between the sinter
forging and SPS tests. Only the method that considers the porosity variation and P, shows
significantly higher values. For the stepwise approach, considering both P, sintering stress and
the porosity variation seems to make the identification method extremely sensitive to the
moduli and unstable in all explored zones. In general, the methods comparison clearly shows
the expressions with Py give higher n values. If we consider the fact that the pressure ratio is
present at the denominator in equation (6) like in all other identification equations, taking into
account the Py term systematically decreases the denominator and increases the value of n. On
a mechanistic point of view, high temperatures and low stress favor diffusional mechanisms
and n close to 1. Conversely, low temperatures and high stresses favor high n values of
dislocation based mechanisms. The sintering stress (Pi) raises the total effective pressure at
the grain boundaries (o, —P;) as we have o, <0 for applied compressive stress.
Consequently, Py raises the nonlinear sintering behavior. If the model neglects P, it will
underestimate both the n value and the effective stress. The model predictability of the
apparent deformation response will be preserved but it can modify the mechanism
interpretation by erroneously indicating diffusional mechanisms with low n values close to 1.
This is particularly true for submicronic ceramic powders having high sintering stress
(Pi~10 MPa). For the special case of the use of nano-size metal powder or composite of nano-
size powder the capillarity stress (Pi) should also be considered to avoid underestimate the
stress exponent value. Compared to hot pressing, SPS of conductive powders many activate
different mechanisms (with different “n” and “A” parameters) due to the “current effect” on
the sintering behavior [28,47,48]. It is also true for the case of high heating rate [49] or flash

sintering [50,51].
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Figure 7 Summary of all average identified n values for all methods.

5. Conclusion

In this study, we present different identification methods of the stress exponent, based on
sinter forging and SPS. The methods converge to the same exponent values near 1.4 when
neglecting the sintering stress and 2.5 with the sintering stress. For the SPS stepwise
approach, taking into account the porosity variation before and after the pressure “jump”
seems to destabilize the stress exponent estimation for the low porosity and adding the
sintering stress gives even higher out of range exponent values. These instabilities can be
explained by an overestimation of the porosity at the pressure “jump”. However, considering
the identified values of the “simple” model that neglects the porosity evolution gives the same
values as sinter-forging method at fixed density, the use of the “simple stepwise” model
(which is more stable) is highly recommended. The other main outcome of the study is the
impact of the sintering stress that increases the stress exponent in all tested approaches. The
sintering stress deserves to be considered in the identification models for nano/submicronic

particle size ceramic powder while it can be neglected for large metal particle sintering.
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Appendix
In order to determine the strain rate curves of the article, the raw experimental data curves

reported in figure A were used.
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Figure A Main time dependent raw sintering displacement and pressure data for the sinter-
forging tests (A) and multiple pressure SPS test (B).
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