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ABSTRACT

Results of indentation experiments used for the determination of the deformation response of the
combustion synthesized TiC-NiTi composite are described. The experimentally obtained data is
used in combination with a model developed for the indentation process which enables the
calculation of the rheological parameters of a porous cermet.

INTRODUCTION

Uniaxial pressing with a »pressure-transmitting medium (i.e. PTM) (Fig. 1) has been attracting
attention [1].

Known as the Ceracon [2] or Quasi-Isostatic
Pressing (i.e. QIP) process, it has been
utilized industrially in manufacturing [3] and
more recently, in combination with self-
propagating high-temperature synthesis (i.e.
SHS) [4-9]. Highly exothermic reactions that
become self-sustaining and propagate as a
combustion wave provide an attractive low
cost alternative for the production of
refractory ceramics and composites.

Unlike conventional sintering, which requires
heating for long times at high temperatures,
combustion synthesis uses an external energy
source only for local ignition, and the reaction
is complete within seconds. It has been

Fig. I Loading modc under quasi-isostatic pressing shown that when this technique is combined
with external pressure, dense products can be
formed from reactant powders. One of the




appropriate processing techniques used for the exiernal pressure application is the above- menl:oned
Quasi-Isostatic-Pressing.

When combined with SHS, QIP offers a relatively simple processing method by which hundreds
of industrially-useful materials can be produced and shaped into engineering components. A
granular pressure- transmitting medium (alumina with graphite powder) not only serves as a load
transmilter, but also as a natural thermal insulator which prevents substantial heat loss and
minimizes temperature gradients during SHS.

For this study, TiC-NiTi composites were made by combustion synthesis and densification in a
granular pressure transmitting medium. TiC-NiTi composites allow for optimization of material
properties by combining the hard, wear resistant properties of ceramics with the increased ductility
of the metal phases.

In light of the current development of near-net-shape technologies, the analysis of both shape and
volume changes under QIP is of considerable importance. The factors which influence the shape
and volume change of a porous body include the initial porosities of both the PTM and porous
body, and their respective constitutive properties. The investigation of the effect of these factors on
shape change during QIP is one of the objectives of the earlier work [10]. To apply the developed
model for the description of shape change of a porous specimen produced from specific material,
the constitutive properties of the porous body skeleton should be known. The present work
includes the results of the indentation experiments used for the determination of the deformation
response of the combustion synthesized TiC-NiTi composite. The experimentally obtained data is’
used in combination with a developed model of the indentation process which enables the
calculation of the rheological parameters of a porous cermet.

EXPERIMENTAL PROCEDURE AND RESULTS OF INDENTATION

The starting materials used in this investigation were high purity powders of Ti, C, and Ni. The Ti
powder (99.7% pure) from Micron Metals was classificd as -325 mesh with the smallest
dimension being less than 44 pum. The C powder (99.9% pure) from Consolidated Astronautics
had a particle size of 2 umwith a flake-like morphology. It tended to form large agglomerates on
the order 50 pm. The Ni powder (99.7% pure) from Aldrich Chemical Co had an average particle
size of 3um with a filament structure.

Powder was mixed in order to obtain final product compositions corresponding to volume fraction
of NiTi of 0.3. Since sintered TiC -NiTi composites [11,12] typically have a lattice parameter of

4.32x1074 um ,which corresponds to TiC,, samples were also prepared anticipating
nonstoichiomeltric carbide.

The powders were loaded under argon into polyethylene jars and dry mixed with burundum™
grinding media (4:1 by weight) for at least 24 hours. Then they were baked in a vacuum oven for
a minimum of 24 hours at approximately 100°C and a pressure less than 100 mm Hg to remove
adsorbed water. After baking, the powders were uniaxially pressed in a steel die into a green
compact having diameter of 80 mm and height of 15 mm. The relative density of the cold pressed
compact was 0.5.

The green compact was placed on a 2mm layer of an alumina refractory sheet as a thermal insulator
(see Fig.2) to protect it from immediate cooling after combustion synthesis. The indentation
experiment was carried out using a screw driven testing machine with the controlled variable
velocity of the punch (indentor) movement.



The velocity of the indentor movement was
0.41 mnvs. The indentor was a SiC rod
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Fig. 2 Indentation schematics synthesis and had an increased final
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Fig. 3 Reconstructed image of the indented TiC-TiNi composite
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The mechanical response of the cermet material is 0 Sem=m= ' =
. . . [} 0.2 0.4 0.6 0.8
represented in Fig. 4 in the form of the stress - Enginesring strain
engineering strain (axial deformation of the material e
domain below the indentor) dependence. The material Fig. 4 The mechanical response of the cermet
hardening during indentation should be attributed to the material during indentation

decrease of porosity, cooling of the material during
indentation and possible physical hardening of the porous body skeleton.

MODELING THE INDENTATION OF THE COMBUSTION SYNTHESIZED POROUS
CERMET

The mechanical properties of the porous cermet immediately after combustion synthesis can be

identified as nonlinear-viscous (power-law creep). Mechanical response of a nonlinear-viscous
porous body can be described [13] by a rheological (constitutive) relationship connecting

* components of stress tensor G; and strain rate tensor ¢; :

[ov? 7\
o, = A[—Wl—\/_f_gls-) [(péij + (\y - %(p)éﬁij] , (1)
where A and n - are material creep parameters; ¢ and \ are the shear and bulk nonnalized
viscosity moduli, which depend on porosity 6 (for example, following [14], ¢ = (1 — )2,

2(1-8)°
y==

3
invariant of the strain rate tensor, i.e. sum of tensor diagonal components: € = €, +€,, +€,;.

; 8, is a Kronecker symbol (8, =1, if i=j, and §; =0, if i# j); € is the first



Equivalent strain rate W is connected with the current porosity and with the invariants of the strain

rate tensor:
l .2 .2
W= —— + we 2
==t +y )

Term 7Y is the second invariant of the strain rate tensor deviator and represents, physically, the
shape change rate of a porous body:

1 1 "
Y= [(éij - gésij)(éij - '3‘é55j )] (3)

It can be expressed in terms of the main elongation rates: ¢,,¢,,¢, :

y:v_a-\/(e,—e2)2+(ez—63)2+(e3—e,)2 4)
It can be noted, that, for n=1 Equation (1) is transformed into a relationship describing a linear-

viscous constitutive response (A = 211, where 7, is the shear viscosity of the porous body
skeleton) and, for n=0, Equation (1) is transformed into a relationship corresponding to rigid-

plastic properties of the porous body skeleton (A = 1, where T, is the yield stress of the porous

body skeleton). Thus, linear-viscous and rigid-plastic behavior are two limiting cases for a
nonlinear-viscous rheology.

With regard to expressions for ¢ and y, the given model can be used for 6 < %

Analytical modeling of the indentation process

To get an analytical solution, the boundary conditions and the indentation load schematics should
be simplified. In this connection, we shall consider the indentation as a uniaxial up-setting of a
porous cylinder with a radius smaller that the radius of the indentor. Friction is neglected.

The volume-change rate € and the shape-change rate y are given by:

= ¢, + 2 1+2é"' 6 5
e=e.. = -— = —

=t 2€, ;. =15 (5)
) 2 .. 2 e, \| -
y= \/—;leu-e,,l= 3 l-(é—u) eul (6)

where €,,, €, and 8 are the axial strain rate, radial strain rate, respectively. For a cylindrical
specimen, the axial and radial strain rates are given by:

. H . R

euz—ﬁ;enz'ﬁ (7

where H and R are the instantaneous cylinder height and radius. Substituting Equation (7) into

Equation (6) gives the following relationship for the shape-change rate:

. 2|H R

=\ 3| R (8)
This expression will be used to derive relationships between the height and radius of the cylindrical
specimen and porosity.

The radial g, and the axial g, stresses can be written as (see Eq. (1)):



w

TR
au=AW""qo{l -%[1 -3(%)11 +2(§—:)]}éu (I

The equivalent strain rate W is defin'ed as (see (Eq.(2)):. 1 o
el R ool - el

During free up-setting, the applied stresses on the lateral surfaces are equal to zero (i.e. 0,=0).
From Equation (9) one can obtain the following relationship between the axial and radial strain

_ralcs:
o1 -3l¥)
e, (90) (2-36)
PR 2% Sl Vraery: (15
4 4-36
¢

Substituting Equation (12) into Equation (11) gives the following expression for the equivalent
strain rate:
]|

W =(6)? ]"9,}éul (12
(4 -36)}

Combining Equations (10), (12), and ( 13) and considering that 6,, < 0, the following expression
for the axial stress is obtained:

n+2
o, =-A6)T (L'—"i))m}éur (14
4-36) 7
The latter equation can be transformed as follows:
of(H. ) _ 2 (1-0)"2 |(H, Y
%) - ) “5
P (4-36) 2

where H, is the initial height of the porous cylinder, V, is a constant velocity of the indentor.
‘From Egs. (5), (7), and (12) it follows that:
6 _ 36 H
1-6 4-30H

(16,
Integration of Eq. (16) gives:

(_e_“n-eo_ HY  ar
6.) 1-0  |H, '

where 0, is the initial porosity before the indentation.

The solution of set of Egs. (15) and (17) enables the determination of the stress-strain dependence
characterizing the mechanical response of the porous material.
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Fig. 5 Analytical solution for the indentation
approximated as an up-selling of a porous cylinder

Finite-element modeling of the indentation process

The dependence of the normalized stress

o.ll H . . . .
l-}—\‘—l(——"—) on the engineering strain is shown
P

in Fig. 5 for different values of the strain rate
sensitivity n.

The engineering strain is calculated as Ho - H.
Here it should be noted that the dimensionless

normalized stress depends on the strain rate
sensitivity n itself.

Using Eqs. (15) and (17), one can find the
constitutive properties (coefficients A and n)
which would provide the best fit for the
experimental data given in Fig. 4. It is
determined that the following values:

A=180MPa-s®?, n=0.2 provide the best fit to
the experimental data.

The results of the analytical modeling can be accepted only as a rough assessment of the real
mechanical behavior of the combustion synthesized material. In order to obtain more exact data,
one needs to consider the corresponding boundary-value problem of the indentation. The finite-
element algorithm used for this purpose is described elsewhere [13]. The boundary conditions
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Fie. 6 Results of the finite-element calculations of the indentation of a linear-viscous (n=1) and rigid-



are reduced to the full bonding of the bottom surface. The friction is neglected. The initial porosil
is assumed to be 40%. The conslitutive behavior of the porous material is determined by
relationship (1). The calculations results are represented in Fig. 6 for two limiting cases: n=1
(linear-viscous material) and n=0 (rigid-plastic material). The specific time used in the calculatior

is defined as 1/(30s)-t, where t is the physical time (s).
In Fig. 6, one can see more localized densification in the case of the rigid-plastic material.

The stress-strain relationship obtained from the calculations (the stress is counted as an integral o
the reaction force over the indentor cross-section area) can be used for the solution of the inverse
problem: to find the constitutive properties (coefficients A and n) which would provide the best fi
for the experimental data given in Fig. 4. As a result of a number of “computer experiments”, the

best fitting values for A and n are found to be A=100 MPa-s®'®, n=0.18. One can see that these
values correspond to a lower deformation response of the porous material compared to the values
obtained by analytical modeling. This is understandable, because the analytical model does not ta

into account the additional radial resistance of the peripheral layers, rendering the overestimated
values of the material resistance.

The porosity distribution as well as the final macroscopic shape of the indented specimen can be
used as additional fitting parameters which is a subject of further investigations.

CONCLUSIONS

1. An experimental-theoretical integrated approach is developed for the determination of the
constitutive properties of the combustion synthesized material.

2. A mathematical model of the hot indentation of the porous material is elaborated.

3. The constitutive (power-law creep) properties of the combustion synthesized TiC-TiNi
composite are determined.
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