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Abstract: Finite element formulations are used to simulate the
evolution of the elastoplastic response of functionally graded
cemented carbides ( FGCC) due to thermal loading. The
geometry of specimens is an axisymmetric solid cylinder with
a two-dimensional gradient. The elastoplastic constitutive
relationship is developed by constraint factors. Numerical
results show that compressive stresses occur in the surface zone
and tensile stresses in the cobalt rich zone when the
temperature drops from the initial stress-free temperature of
800 to 0 C. The maximum value of the surface compressive
stress is 254 MPa and the maximum value of the tensile stress
is 252 MPa in the cobalt rich zones. When the cobalt
concentration difference in the specimens is equal to or greater
than 0.3, there is pronounced plastic flow in cobalt rich zone.
When the temperature heats up from 0 to 800 C, the total
plastic strain reaches 0.001 4. Plastic flow has a significant
effect on the reduction of thermal stress concentration.
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finite

ne of the latest developments in the field of hard-
metals and cements used for mineral cutting and
rock drilling operations is the establishment of a function-
al gradient in near-surface areas of cemented carbide tools
functionally graded
Advances in materials processing have now

leading to cemented carbides
(FGCo) '™,
provided a variety of technologically viable methods to
produce functionally graded materials ( FGMs). Such
techniques include chemical vapor deposition, physical
vapor deposition, powder metallurgy, thermal spray, and
self-propagating high-temperature combustion synthe-
sis'™. The evolution of thermal stresses and the associat-

ed mechanical responses are influenced by both the geom-
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etry of the component and the gradients in the composi-
tion and properties.

The elastic constitutive equation and application are
available in Ref. [7]. The purpose of this paper is to de-
velop the elastoplastic constitutive response of two-dimen-
sional gradient specimens. The cobalt gradient structure is
formed by carburization. The constitutive response for
continuous and smooth variation of material properties is
developed by constraint factors. Material properties are
smooth functions of the volume fraction as a smooth func-
tion of position. The field quantities of calculated results
change with the function of the cobalt gradient and the
temperature difference.

1 Numerical Formulation and Material Model

As mentioned above, a model for continuous and
smooth spatial variations in the composition and proper-
ties of materials is used. The model is available in the
MSC. Marc2005 software.

We consider the small strain problem of axisymmetric
solid cylinders. In the solid cylinder, there is a two-di-
mensional gradient of composition in axial and radial di-
rections. Uniform temperature cooling and heating are as-
sumed. The geometry represents the most realistic geo-
metrical conditions in hard metal tools such as anvils and
gradient buttons. The geometry is shown in Fig. 1.
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Fig.1 Axisymmetric solid cylinder model

In the axisymmetric calculations, a cylindrical coordi-
nate system (r, 0, z) is introduced and all the field quanti-
ties are taken to be independent of §. The cylinder ana-
lyzed numerically is O<<r<<R and 0<<z<L, for which the
L/R ratio is 1. Free boundary conditions are assumed on
the external boundary of the cylinder,
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where T, is the external force in the direction of r; u, is
the displacement in the direction of z.

The effective values of the coefficient of thermal ex-
pansion « and Poisson’s ratio vy of the compositionally
graded solid cylinder are computed from a volume frac-
tion-based interpolation'® . In this way,

a=fia, +fro,, v=fiv, +fiv,, fi+fi=1 (1)

where f, is the volume fraction of material i (0<f,,f, <1),
and subscript 1 and 2 refer to cobalt and tungsten carbide,
respectively. The elastoplastic constitutive relationship de-
veloped by constraint factors for FGCCs incorporates the
variation of mechanical properties with temperature'” .

2 Numerical Results

2.1 Thermal stress distribution with two-dimensional
gradient

Orthogonal intersection for the axial and radial gradient
in the corner of the cylinder is considered. The radius and
height of the cylinder are 5 and 10 mm, respectively. The
thickness of the cobalt gradient zone is around 1 mm.
Uniform temperature cooling and free boundary conditions
are assumed. Fig. 2 shows the distribution of thermal
stresses. From Fig. 2(a), it is found that the equivalent
Von Mises stress mainly concentrates in the cobalt gradi-
ent zone and it is quite small in the core. There is a great
stress gradient from the cobalt rich zone to the core. The
maximum value of the equivalent Von Mises stress is 241
MPa in the surface zone. There are two peaks of the
equivalent Von Mises stress which lies in the cobalt rich
zone and the surface zone. The picture also shows that
the equivalent Von Mises stress in the corner is smaller
than that of the counterparts with the same thickness.
From Fig.2(b), it can be seen that there forms compres-
sive stresses in the surface zone and tensile stresses in the
cobalt rich zone after a temperature cooling from the ini-
tial stress-free temperature of 800 to 0 C. The maximum
value of the surface compressive stress is 254 MPa. The
compressive stresses are beneficial to material lifetime.

2.2 Effects of plastic flow

When the cobalt concentration difference in the speci-
mens is equal to or greater than 0. 3, there is a distinct
plastic flow in the cobalt rich zone. Plastic deformation
has a significant effect on the redistribution of the thermal
stress. Furthermore, there are different responses between
the temperature cooling and heating for the material prop-
erties varied with temperature. Tab. 1 shows different cal-
culated results in different cobalt concentration differences
(Co) and different thermal loadings ( cooling or heating) .

Stress/MPa;
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Fig.2 Stress distribution. (a) Equivalent Von Mises stress after a
temperature cooling from initial stress-free temperature of 800 to 0 C;
(b) Distribution of axial stress after a temperature cooling from initial
stress-free temperature of 800 to 0 C

Fig.3(a) shows there is distinct strip shaped plastic flow
in the cobalt rich zone of the axial gradient after a temper-
ature drop from the initial stress-free temperature of 800
C. Fig.3(b) shows that there is distinct plastic flow in
the cobalt rich zone of the axial and radial gradient when
the temperature increases from 0 to 800 C. The maxi-
mum value of the total equivalent plastic flow as cooling
down is 0.000 18, but the maximum value as heating up
is 0.001 4.

Tab.1 Responses of different cobalt concentration differences
and thermal loadings

Equivalent stress  Axial stress Total plastic

T
Ap(Co) A /T max/MPa max/MPa strain
- 800 241 258
0.08
+800 241 257
0.30 - 800 904 752 0.18 x10 73
’ +800 616 672 0.14 x 1072

- 800 denotes
temperature cooling down from 800 to 0 C; + 800 means temperature
heating up from 0 to 800 C.

Note: Ap(Co) indicates the volume fraction of cobalt;
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Fig.3 Distribution of total equivalent plastic strain. (a) After a
temperature cooling from 800 to 0 C; (b) After a temperature heating
from 0 to 800 C

Fig. 4 shows the effects of the plastic flow on the redis-
tribution of the thermal stress. It can be seen that the

difference between elastic and elastoplastic deformation
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Fig.4 Distribution of equivalent stress along radial direction in
different constitutive relations of materials

after cooling is quite small, but there is a great difference
of stress distribution between cooling and heating, which
is the same as between elastic and elastoplastic deforma-
tion. The difference of the equivalent Von Mises stress
between the elastic and the elastoplastic deformation is 20
MPa as temperature cooling and 530 MPa as heating up.

3 Conclusion

Numerical results show the thermal residual stresses
mainly concentrate in the cobalt gradient zone and are
very small in the core with middle cobalt content. When
the temperature drops from the processing, there generate
compressive stresses in the surface zone and tensile stres-
ses in the cobalt rich zone. The maximum value of the
surface compressive stress is 254 MPa. The compressive
stresses are beneficial to material lifetime. When the co-
balt concentration difference in the specimens is equal to
or greater than 0.3, there is a distinct plastic flow in the
cobalt gradient zone. The plastic flow has a significant
effect on the reduction of thermal stress.
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