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ABSTRACT

Upon cooling down from a high fabrication temperature, residual stress will be generated within the joint of
ceramic-metal components. The stress is originated from the difference in thermal expansion between ceramic and metallic
substrates. The excessive internal stress always leads to premature failure of the joint due to cracking or debonding. In this
work, distribution and magnitude of residual stress in cylindrical sialon-AISI 420 stainless steel-sialon joining have been
evaluated numerically using ANSYS software by varying the thickness of the steel. The simulation has been performed
under pure elastic deformation and several other assumptions. Three stresses are evaluated namely radial, axial, and shear
stress. Most parts of the sialon are in compressive mode whereas majority of the regions in the steel have experienced
tensile radial stress. The maximum tensile axial stress is located at the free edge of the sialon and at the centre of the joint.
Meanwhile, the maximum shear stress is concentrated at the edge of the interface. Increasing the thickness of the steel has
reduced the radial stress but the stress that acts in axial direction is increased. The radial and axial stress exhibit constancy
in joining to steel with thickness more than 10.0 mm. Regardless of any thickness of the steel, the shear stress practically
remains unchanged. Comparison to diffusion bonded sample has validated that the developed stress is lower than the

fracture stress of the sialon since neither sialon nor reaction layer contains any crack.
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INTRODUCTION

With rapidly increasing industrial demands
nowadays, ceramic to metal joining becomes a popular
trend in manufacturing activity. However, it is a challenge
to obtain a high integrity joint between these materials due
to their dissimilar cooling rate that cause inhomogeneous
deformation at different region of the joint. Ceramics
experience higher rate of lateral expansion since they
possess low coefficient of thermal expansions (CTEs)
where the values are about five times lower than steels.
Dissimilarity in the rate of expansion leads to development
of residual stresses which tend to be localized in the joint
and reduce its load-carrying capacity, consequently
increasing the tendency to fracture. Residual stresses are
defined as self-equilibrating stresses within a stationary
solid body without the presence of external forces on it
[1]. Accumulation of excessive residual stress affects the
joint severely since crack will be initiated at this region
and propagates towards the ceramic. Ceramics can endure
compressive stress but they will break under tensile stress
since these materials possess low yield strength that
contributes to their brittleness. In the case of steels, the
tensile stress can be accommodated by the elastic and
plastic deformation.

Numerous works on investigation of residual
stress in the area of ceramic-metal joining that employ
finite element method (FEM) have been carried out. Most
of the works investigated the generation of residual stress
in joining metal to Si3N4 or AI203 where the parameters
that affect the generation of stress have been determined
and discussed. Utilizing FEM has resulted in satisfactory
description of the residual stresses distributions in the
joints relative to the mechanical stress measurement
methods [2—4]. A series of pioneering works in

determining and describing the residual stress in ceramic-
metal joining by finite element analytical model had been
performed nearly three decades ago [5—6]. These earliest
works studied the effect of geometrical parameters on the
development of residual stress. The former work revealed
that as the thickness of ceramic such as Si3N4 was
increased, the maximum tensile stress in this material was
also increased. Up to certain thickness and beyond, the
stress started to show constant values. In the work of
simulating the residual stress in AI203-Ni-HAYNES®
214TM joining, it was found that an increase in the
thickness of the A1203 produced larger residual stress [4].
The maximum one was concentrated in the joint
particularly at A1203-Ni alloy interface. Therefore, it was
concluded that the critical part of the joint must be at the
interface of the joined materials. In sialon-AISI 316
austenitic stainless steel joining, the work had shown that
the magnitude of axial stress increased when joining sialon
to thicker steel [7]. The gravity of the developed residual
stress at the joint produced poor joint strength that would
lead to early fracture of the component.

Attempt on the diffusion bonding of sialon to
AISI 420 stainless steel produced no crack in the joint [8].
Due to difficulty in attaining the residual stress via the
mechanical stress measurements, this work is conducted to
numerically evaluate the distribution and magnitude of
residual stresses in sialon-AISI 420 stainless steel joining
with different thickness of steel by finite element analysis.

FINITE ELEMENT MODEL

Residual stresses in joining two different classes
of materials were determined. The properties of the sialon
and AISI 420 stainless steel that were utilized in the
simulation are listed in Table-1.
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Table-1. Properties of sialon and AISI 420 stainless steel.

Property Sialon | AISI 420
Modulus of elasticity (GPa) 290 220
Poisson’s ratio 0.23 027
CTE (10 K1) 3.0 10.5
Thermal conductivity (Wm!K-1) | 21.0 249

The distribution and magnitude of the generated
residual stress in the sialon-AISI 420 stainless steel joint
was simulated using a commercial finite element software
ANSYS version 15.0. The simulation was performed
under several assumptions as the following:

= A two-dimensional model was sufficient to
represent the three-dimensional structure geometry
under investigation since both of the geometry and
load can be completely described in one plane.

=  Qeneration of residual stress was only caused by the
difference in property of sialon and AISI 420
stainless steel where it did not involve any external
mechanical load.

= Joining at 1473 K was assumed to form a perfect
bond between the joined materials that resulted in
perfect interface.

=  Shrinking was allowed in the x- and y-direction to
enable free deformation of the bonded materials.

A cylindrical shaped sialon-AISI 420 stainless
steel-sialon arrangement was considered. As a result of the
symmetry of the shape, only a quarter of the sample body
was modelled. Modelling was performed by a two-step
sequential coupled thermal-structural analysis. In the
thermal-structure, the temperature distribution in the
joined materials was acquired. Then, the nodal values
were fed to the structural analysis as the only applied load.
PLANESS and PLANE182 with axisymmetric element
behaviour were selected as the element for the respected
thermal and structural analysis. As the maximum stress
was expected to be formed near the joint interface and the
free surface, mapped mesh with refinement had been
imparted within these regions as illustrated in Figure-1.
Pure elastic mode of the bonded materials was assumed to
simplify the modelling.

Axis of

symmetry T,=208K

_/) hy, = 7 W/m.K

sialon

T,=298K

h, =7 W/m.K
4 Axis of
T—> x symmetry

Figure-1. Schematic representation of the geometry, mesh
configuration, and boundary conditions applied in the
analysis.

Considering the boundary condition, the heat was
only allowed to dissipate from the right side and top
surface of the joined materials as illustrated in Figure-1.
The only applied load on the model was thermal loading
where it was in the form of temperature that comprised of
cooling from 1473 K to 298 K. For convection heat
transfer, film coefficient (hu) and bulk temperature of the
still air (Tu) were set to 7 W/m.K and 298 K, respectively.
The left side and the bottom part of the model were
constrained in x- and y-direction, respectively whereas
other surfaces remained free to allow bending upon
cooling. The thickness of the steel was varied from 1 to 15
mm with different increment. Meanwhile, the sialon’s
thickness and diameters of the materials were fixed to 4
mm and 20 mm, respectively.

RESULTS AND DISCUSSION

During cooling down to ambient temperature, the
imposed thermal loading has caused residual stress build-
up as expansion and contraction took place in the joined
materials. The distribution of the radial stress for joining
sialon to steel with thickness of 1.5 mm is depicted in
Figure-2. The negative sign that is shown on the values
below the model indicates the compressive stress whereas
the positive ones represent the stresses in tensile mode.
Sialon experiences the compression where the maximum
compressive stress is concentrated near the edge of the
joint with a value of 610 MPa. Meanwhile, the steel is
under tensile mode where the stress has increased towards
the centre of the joint with the maximum value of 946
MPa. Compressive stress with a value of 91.3 and 264
MPa are developed at the free surface of the sialon and the
steel, respectively. Most parts of the sialon are dominated
by the compressive stress of 264 MPa. The pattern is in
agreement with the model that has been proposed by
another researcher [9].

610 437 264 913 815 24 427 600 773 M6 (MPa)

Figure-2. Radial stress distribution across the sialon-steel
joint.

Evaluation of stress in y-direction has produced
the distribution of the axial stress as presented in Figure-3.
It shows the distribution of stress in joining sialon to 1.5
mm-thick-steel. The maximum tensile axial stress with a
value of 187 MPa is located at the interface of the base
materials. In addition, it is distributed at the edge of free

4192



VOL. 11, NO. 6, MARCH 2016

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

o
©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved. @

www.arpnjournals.com

surface in sialon. From Figure-3 also, approximately more
than 80% of the steel experiences the axial stress in tensile
mode. It spread towards the centre of sialon that is located
close to the interface. The free surface of the steel has
experienced very high compressive stress which is 1030
MPa, near the edge of the joint. However, it only covers a
very small region of the steel. Meanwhile, compressive
stress with a value of 83.8 MPa is generated in most
regions of the sialon ceramic.

— — ——
1030 897 762 626 491 355 219 -B38 518 187(MPa)

Figure-3. Axial stress distribution across the sialon-steel
joint.

The distribution of shear stress in the joined
materials with a steel having thickness of 1.5 mm is shown
in Figure-4. At the edge of the joint, maximum tensile
stress is formed with a value of 374 MPa. This maximum
stress is only distributed in a small region of the bonded
materials. The contour plot of the distribution becomes
gradually larger as moving away from the edge but the
magnitude of the stress is reduced. The minimum
compressive stress is 13.1 MPa. It is distributed at the free
surfaces of the materials and towards the centre of the
joint. It occupies about 50% of the parts in sialon and the
steel. The maximum tensile shear stress is concentrated at
the edge of the joined interface since this region is always
prone to detachment as compared to the centre of the joint.

H=——
431 9% -9 -6 -9 M2 M5 MR 3

374 (MPa)
Figure-4. Shear stress distribution across the sialon-steel

joint.

The distribution and magnitude of residual stress
in a sialon-steel joint that undergoes cooling from a high

temperature is not uniform as illustrated in Figure-2 to
Figure-4. Regardless of any steel thickness, the patterns of
the residual stress distributions are quite similar. They
only have small difference in the contour plot of the
coverage area. Therefore, Figure-2 to Figure-4 can be used
as the reference for the stress distribution in any thickness
of steel. In general, sialon and steel are subjected to radial
stress in compressive and tensile mode, respectively. The
maximum tensile axial stress is located at the free edge of
sialon and at the interface where the magnitude has
affected the strength of the joint. Meanwhile, the highest
shear stress in tensile mode is concentrated at the end of
the interface, close to the edge of the free surfaces. In
comparison to the diffusion bonded sample, the edges of
the joined materials easily become de-bonded or detached
due to the unjoined edge or the presence of other defects
for example interface flaw [10]. For this reason, high
possibility of cracking may be initiated at the interface that
followed by propagation towards the sialon.

The distributions of stresses which have been
attained are in accordance with the past works. The
distributions in AI203-Ni-HAYNES® 214T™M
biomaterials joint [11] had shown patterns that possessed
some similarities with the obtained stresses in this work.
In the x-direction, compressive and tensile stresses were
developed in the ceramic and metal, respectively where
the largest one was generated at the interface of the joint.
On the other hand, the free edge of the alumina ceramic
perpendicular to the joint had the highest tensile axial
stress. Meanwhile, the shear stress was concentrated at the
edge of the joined materials’ interface. Also, similar
pattern had been observed in the work of determining the
residual stress in Si3N4-steel joint [5]. The maximum
stresses were formed at the free edge of Si3N4 and at the
interface of the bonded materials as well. Stress in y-
direction that located at the free surface of the sialon was
in tensile whereas the free end of the steel experienced
compressive mode. These modes of stresses are developed
at those regions since cooling has caused the contraction
of the steel as illustrated in Figure-3. The generated
compressive stress at the free surface of the steel has been
triggered by the effect of yielding in the steel. Bending
that occurs in the sialon is to balance the bending moment
when the steel shrinks during cooling [12]. The
distribution of residual stress in sialon-AISI 430 ferritic
stainless steel joining [9] is also in agreement with the
current work. Sialon experienced axial stress in tensile
mode at the free surface whereas the free end of the steel
was in compression. The work had shown that high tensile
stress was developed at the centre of the joint.

Simulation of the residual stress by increasing the
thickness of the steel has resulted in reduction of the
maximum tensile radial stress but it does increase in the
axial stress whereas shear stress remains constant as
demonstrated in Figure-5. The highest radial stress is
attained in joining sialon to 1.0 mm-thick-steel with a
value of 988 MPa. The stress is gradually decreased where
the lowest one with a value of 621 MPa has been attained
in joining to the steel having thickness of 8.0 mm. Around

4193



VOL. 11, NO. 6, MARCH 2016

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved.

@

www.arpnjournals.com

10.0 mm-thick of the steel, the stress starts to show
constancy with a value of 601 MPa. Further increasing the
thickness by joining to thicker steel produce only a slight
difference of the radial stress since the value is 603 MPa.
The percentage of increase is 0.33% at which it can be
disregarded. The opposite trend is observed in axial stress
where the value has increased as the steel thickness is
increased. Joining to thicker steel has resulted in the
increase of the tensile stress at the free end of the sialon
and at the centre of the joint. Employing 1.0 and 10.0 mm-
thick-steel generate stress with a value of 136 and 531
MPa, respectively. The axial stress exhibits constancy
when sialon is bonded to 12.0 mm-thick-steel and beyond.
Meanwhile, joining to any thickness of the steel does not
influence the shear stress. The stress shows almost
constant values since they are in the range of 369 to 377
MPa where the difference is less than 2.20%.

1200 -4 ——Radial stress
—e— Axial stress
1000 —— Shear stress
800 4

600

Stress (MPa)

400 4

200 4

Thickness (mm)

Figure-5. The maximum tensile stresses by varying the
thickness of the steel.

From the findings that are presented above,
thickness of the steel plays important role in generation of
residual stress within a sialon-steel joint. From Figure-5,
the residual stress in the x- and y-direction is the only two
affected stresses when joining to steel with thickness less
than 10.0 mm. The thickness of the steel influences the
bending curvature of the joined materials. In thicker steel,
it will experience larger bending curvature where it has
resulted in higher tensile axial stress at the free edge of the
sialon. According to Figure-5, constant stress is generated
beyond certain thickness of the steel and this implies that
the bending curvature has reached its limit due to stress
relaxation [13]. Joining sialon to thinner steel produces
smaller bending curvature that resulted in lower axial
stress. Among the three evaluated stress, the axial stress
which acts along the y-direction is the most important one
as the increase in the tensile stress will directly affect the
sialon. As illustrated by Figure-3, the free edge of sialon
and at the centre of the joint experience the maximum
tensile axial stress. Sialon does not have the ability to
withstand large tensile stress since it is a brittle material
due to its lower yield strength as compared to the steel.

Without considering the reaction layer, the
simulation has resulted in low axial stress at the interface.

In 1.5 mm-thick-steel, it produces stress with a value of
187 MPa which is very much lower than the fracture stress
of the sialon (i.e. 825 MPa). Thus, the joint will not fail
when sialon is bonded to AISI 420 stainless steel and this
has been further supported by the finding attained from the
diffusion bonded sample where no crack formation at the
interface layer and the sialon as shown by the optical
micrograph in Figure-6.

[

Figure-6. Optical micrograph of joining sialon to 1.5 mm-
thick AISI 420 stainless steel.

Although the reaction layer is not taken into
consideration since it has been assumed that the bonded
materials will form a perfect interface, the residual stresses
which have been attained are still in agreement with the
diffusion bonding experiment [8]. In the work, the joint
does not show any form of crack. It has been predicted
that joining sialon to AISI 420 stainless steel will be
possible since the materials possess CTE that does not
differ too much as given in Table-1. A huge difference of
this property will cause large development of the internal
stress as it happened in the case of joining sialon to
austenitic stainless steel [14]. Meanwhile, joining sialon to
ferritic stainless steel was a successful attempt. These
materials were able to be bonded because their possessed
smaller difference of CTE as compared to austenitic
stainless steel. The CTE of the ferritic and austenitic
stainless steel were (16.87 x 10-6) and (22.56 x 10-6) K-1,
respectively. High residual stress caused cracking in the
assembly but this defect was not observed in joining sialon
to ferritic stainless steel.

The accuracy of residual stresses obtained
through FEM in this work will not be quantitatively 100%
in agreement with the results attained via mathematical
calculation or the mechanical stress measurements such as
diffractions or indentation fracture methods since the
plastic behaviour of the steel is not taken into account.
However, the analysis still can be applied as a simple
guideline that is able to provide a valuable framework in
assessing the developed stress within the sialon-AISI 420
stainless steel joint as mechanical stress measurement in
determining the residual stress has yet to be carried out in
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this particular joining. In fact, several works on evaluating
the state of residual stress in the ceramic-metal joining
have carried out the simulation based on this simple elastic
method [7],[15],[]16]. The calculated stresses from
numerical works are always different from the measured
ones. Several possible reasons have been identified for
causing this discrepancy. They are residual stress
relaxation, recovery process during cooling, and
assumptions that are taken into consideration for example
adoption of two-dimensional rather than three-dimensional
model [17]. Limiting the assumptions by conducting the
simulation close to the real problem and incorporating the
three-dimensional analysis have greatly improved the
results [2]. From the previous research also, the difference
has been caused by the effect of interfacial reaction on the
joint’s properties [7]. By considering the reaction layer in
the analysis, it will produce more realistic values of the
generated stresses since the joint acts as a buffer zone to
accommodate the internal stresses.

CONCLUSIONS

Axial, radial, and shear stress are the three
evaluated stresses. At the free end of the sialon and the
centre of the joint, these regions experience stress in
tensile mode. In general, increasing the thickness of the
steel produces lower radial stress but the opposite occurs
on the axial stress that indicates the latter stress has higher
influence in determining the strength of the joint. Constant
values of stresses are attained in thicker steel due to the
effect of bending-induced stress relaxation which has been
provided by the steel. The magnitudes of all stresses are
gradually reduced as moving further away from the
interface. Due to the extreme difference of stress, the
critical region is located at the interface of the bonded
materials. Regardless of any thickness of the steel, the
shear stress practically remains unchanged. The attained
residual stresses will not cause fracture in the joint as
verified by no cracking in the joint of the diffusion bonded
sialon to AISI 420 stainless steel.
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