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This study evaluated the residual stresses induced by brazing and grinding submicron Al2O3, using dif-
ferent methods. Energy dispersive x-ray spectrometry analysis (EDX) of 72Ag-Cu filler and filler/WC-Co
interface showed evidence of atomic diffusion and possible formation of titanium oxide layers between the
joint and the bonding materials. An analytical model supported by the finite element method (FEM) based
on strain determination due to the difference in variation of thermal expansion was used to assess the stress
distribution at the coupling interface and in bulk materials. The model took into account the evolution of
the Young�s modulus and of the thermal expansion with temperature. The model could be used to follow
strain and stress evolutions of the bonded materials during the cooling cycle. The maximum stress rose
above2300 MPa at the center of the 1003 1003 3 mm ceramic plates. The residual stresses on the external
surface of ceramic were investigated by x-ray diffraction (XRD) and indentation fracture method (IFM).
After brazing and grinding the plate, the principal stresses were 128.1 and 94.9 MPa, and the shear stress
was 220.1 MPa. Microscopic examination revealed grain pull-out promoted by the global residual stresses
induced by the brazing and grinding processes. The surface stresses evaluated by the different methods
were reasonably correlated.
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1. Introduction

On one hand, the brazing of engineering ceramics opened the
field for many new applications like the bonding of cutting inserts
for tools and of electronic compounds in high vacuum systems
(Ref 1). This means the assembly has to resist to high mechanical
loading and durability through cycles and preserve hermeticity for
a long working time (Ref 2, 3). On the other hand, the ceramic
manufacturing methods have been improved to provide higher
mechanical properties, such as hardness in the case of submicron
alumina (Ref 4). However, some difficulties appear in the
ceramic-metal assembly to keep their integrity due to high
residual stress that appears after being coupled by brazing. The
main difficulty in joining ceramic to metal is due to the coefficient
of thermal expansion (CTE) mismatch between these two
materials that leads to residual stress during the cooling. Usually,
the adjustment of theCTE is the best way to reduce this stress. The
use of a ductile joint could also play a key role in the relaxation of
part of the residual stress by plastic deformation (Ref 5, 6).

The field of application of this work is the design of new
ceramic cutting tools for the machining of wood-based materials
(Ref 7). Ceramic is first bonded on a substrate, like tungsten
carbide. A grinding operation is made with an abrasive diamond
wheel to reduce the thickness. Then, small inserts are cut from the
plates and brazed a second time by electromagnetic induction on
the tool. The study takes place during the first brazing of alumina

plates, and after the cutting and grinding of the cutting inserts. It is
a task of improvement to reduce residual stress that could lead to
the deterioration of the cutting edge. The residual stress could
consequently initiate and promote crack growth in the ceramic
under technical loading in machining. The main purpose is to
follow stress distribution of the submicron alumina through
brazing and grinding. Different non-destructive methods for
stress measurements are used to illustrate and review this issue.
Firstly, by relying on the work from Ref 8 and Ref 9 in order to
evaluate the residual stress at the interface, which has been assess
from an analytical model. The first objective is to propose an
improvement of themodel by using a strain-temperature equation
computed from the difference of CTE of submicron alumina and
tungsten carbide. For this purpose, the model takes into account
the evolution of the Young�s Modulus and the CTE according to
the temperature. Then, the finite element method (FEM) has been
used to compare the results to simulate stress in the bulk of the
assembly. X-ray diffraction (XRD) measurements correlated
with sin2(W) method, detailed byRef 10, and indentation fracture
method (IFM) on sub-lm alumina have also been used to
determine residual stress in the ground surface. The investiga-
tions were aimed at summarizing residual stress state in
submicron alumina, and suggest ways of improvements to
reduce this latter.

2. Materials and Methods

2.1 Manufacturing of Ceramic Samples

2.1.1 Preparation of Materials. Aluminum oxide used in
this work was prepared by an innovative liquid shaping method
named Gelcasting (GC). After the burn out of organics at
800 �C, ceramic is sintered in air followed by Hot Isostatic
Pressing (HIP). The high-purity alumina produced by this low-
defect process technology reaches homogeneous microstructure
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and high density. The substrates used for brazing were plates of
sintered cobalt-cemented tungsten carbide provided by CER-
ATIZIT under the reference CTE60A. The powders were
densified by Cold Isostatic Pressing (CIP). The WC-Co has a
volumic mass of qwc = 12.75 g/cm3, a Young�s modulus of E
= 450 GPa, and a fracture toughness of KIc = 27 MPa �m. The
traverse rupture strength is 2100 MPa, and the compressive
strength is 3100 MPa. All the properties can be found in the
supplier�s generic handbook data, more specifically in its
catalog entitled ‘‘Wear Parts.’’

2.1.2 Characterization. Density values for alumina were
calculated by Archimedes�s method. The Young�s modulus was
measured by resonance frequency by Grindsonic, according to
EN 843-2. 4-point bending tests were done with 12 samples of
39 49 50 mm3, regarding the ISO DIN 3327. The critical stress
intensity factor KIc has been taken from SEVNB notching tests
madewith 8 bending bars of 39 49 50mm3 (DIN 14425-5), and
hardness by 10Vickers indentationswith a 10 kg testing load (EN
843-4). Alumina�sYoung�smoduluswas defined fromRef 11 and
tungsten carbide from Ref 12. Samples for IFM were polished
with different diamond grit sizes provided by Struers. The inserts
were polished with P180 for 5 min. The operation took place for
10minutes with grit 220, 500, 1200, 2000, and finishingwith a 1-
lm diamond paste.

2.1.3 Brazing Process. The brazing plates need to have a
high flatness with a low arithmetic roughness. These parameters
are important for the plates positioning, to ensure bonding
homogeneity. The latter was measured by STIL station with an
optical sensor CHR 150. An area of 29 2 mm2 was swept, with
a 2-lm sampling and 150-lm focal field depth. Plates were
controlled after ultrasonic cleaning. An arithmetic roughness of
Ra = 0.361 lm was measured on the external surface of
alumina before brazing. The joining of ceramic to WC-Co was
done in a vacuum furnace (5-10 mbar) with a 50-lm thickness
72Ag-Cu filler. The eutectic temperature of the alloy was
780 �C. Titanium hydride paste was applied to the face of the
plates to enhance wettability of alumina. The cooling starts
from 780 to 750 �C at a cooling speed of 15 K/min and from
750 to 20 �C at 4 K/min.

2.1.4 Grinding Process. A synthesis of the global manu-
facturing is proposed in Fig. 1. The first step is the high-
temperature brazing of plates. Following the first step, ceramic
plates of 1009 1009 3 mm3 were used, and cut in inserts of
99 4 mm2 after the brazing. The plates were ground to a final
thickness of 1.5 mm, and the WC-Co to 0.5 mm. The operation
was performed with a resin-bonded wheel with a grit size of 60
lm. The cut of small tooling inserts was performed with a
diamond disk. After the third step, the inserts are ready to be
brazed on the tool�s body by an electromagnetic induction heating
process. A Walter Helitronic Power peripheral grinding center
was used to machine the outer surface of ceramic plates after the
joining of the inserts on the tool. The cutting speedwas 20 m/s, at
a feed of 20 mm/min, with a 6-lm-grit-size grinding wheel. The
thus produced cutting edge has a low surface roughness (Ra� 0.3
lm) and a sharp cutting edge (<5 lm), that is required for the
machining of wood-based materials.

2.2 Characterization of the Brazing Interface and the
Residual Stresses

Environmental Scanning Electron Microscopy (ESEM,
Philip XL 30) was performed to observe the brazed interface
between alumina and WC-Co. Energy dispersive x-ray spec-

trometry (EDX) analyses were used to obtain the cartography
of chemical elements.

Residual stress has been determined in the brazing zone and
in the external surface, as illustrated in Fig. 2. The analytical
calculation and the FEM were performed at the interface (1),
whereas x-ray analysis and IFM were done on zone (2). The
analytical calculation was made to evaluate stress at the
bonding interface, determined from the difference of CTE
curves. The thermal expansion measurements were carried out
using 39 39 40 mm2 samples. Each specimen was introduced
in a silica tube and put in a furnace. The displacement was
recorded by a MECI system (B50545), using a mechanical
feeler (B47948). Data were taped on a plotting table.

For the numerical approach, the calculation was done with
MARC MENTAT. The meshing has been made with 50 000
hexahedral elements in 1009 100 mm2 and 3-mm-thick plates.
The Young�s modulus and the CTE were defined as a function
of temperature, in the same way that for the analytical
calculation. Simulation results were obtained for a cooling

Fig. 1 Manufacturing process of brazed cutting inserts

Fig. 2 Zone of residual stress measurements; (1) Biaxial stress at
the brazing interface, (2) Stresses on the external surface
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from 810 to 20 �C using the real cooling process parameters.
X-ray stress analysis has been done with BRUKER Advance
8.8, where stresses were calculated with the sin2(W) method.
The Pearson VII function has been used to model the
diffraction peak profile. Values for alumina crystal structure
were taken from Ref 13. A copper tube CuKa1 = 0.1541 nm
was used to target the 2h = 136.07� peak. The highest the
diffraction angle is, the more the x-ray stress measurements are
accurate. It is due to the amplification of the variation of
interplanar distance at high angles. Deformation was calculated
from the (146) plan, with d = 1.37401, in accordance with
recommendations of Ref 19 for measurement on high-purity
alumina. The inclination angle w varies from [�45�; 45�], and
the azimuth U from [�45�; 0�; 45�]. Elastic constants used
were S1 = �5.7509 10�7 and 1

2 S2 = 3.0759 10�6 with a
Poisson ratio of 0.23. The x-ray depth penetration is about 14-
20 lm under the surface. Global stress is determined from an
addition of average stress values through the thickness. For the
IFM, the measurements were made 4 times at different zone on
the surface of the brazed samples. The cracks� length was
measured using ESEM.

3. Results and Discussion

3.1 Mechanical Properties

The properties of submicron alumina after the GC and the
HIP have been measured by the methods explained in
section 2.1.2, and results are given hereinbelow. The volumic

mass for alumina made by GC is 3.98 g/cm3, its Young�s
modulus is 400 GPa, and the bending strength is 661 MPa ±
100 MPa. The fracture toughness is KIc = 3.6 ± 0.3 MPa
�m, and the Vickers hardness is 2009 HV10 ± 20. The
average grain size estimated by the intercept linear method is
0.81 lm.

3.2 Chemical Characterization of the Brazing Interface

The EDX shown on Fig. 3 depicts chemical distribution of
elements through the brazing joint. At the top of the image at
the gray image, alumina is at the top, and tungsten carbide at
the bottom. The presence of aluminum, titanium, and tungsten
confirms a good atomic migration by diffusion. Titanium has
made a barrier at the interface with aluminum and oxygen. The
formation of titanium oxide layer at the interfaces is a major
point leading to the bonding of joint with ceramic and with the
substrate. Quality of the brazing assembly is a function of
oxidation degree according to Ref 14. Element cartography
shows the success of the brazing operation regarding diffusion
that leads to an optimal bonding between materials. The shear
strength of the solder is given by the filler manufacturer of 180
MPa, but Ref 15 shows that with a reaction-thickness layer of
0.8 mm, the value is around 100 MPa. The microstructure of
the layer is mainly a function of temperature and time of the
brazing parameters.

3.3 Residual Stress at the Bonding Interface

Results from dilatometry tests are shown in Fig. 4. As
shown hereinafter, Al2O3 has lower thermal expansion than

Fig. 3 EDS composition maps of the brazing interface Al2O3/WC-Co with a Ag-Cu filler
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WC. Variation of dilatation l in function of temperature h is the
so-called coefficient of thermal expansion aL (CTE), expressed
on its linear form at a constant pressure p by the relation

aL ¼ 1

l0

dl

dh

� �
p

ðEq 1Þ

The CTE of each material has been determined from the
plotted curves related to Fig. 4. Usually, a linear form is
commonly accepted on a temperature range. Nevertheless, a
polynomial function is more appropriate here. In our results, a
polynomial of the third degree gives the highest coefficient of
determination (R2 � 1). As a consequence, the CTE of both
materials takes the form of a second-degree polynomial.

Difference in thermal dilatation ensures stress at the
interface during the cooling. Strain e due to mismatch caused
by the difference in variation of thermal expansion coefficients
follow the form:

e ¼ ðaal � awcÞDh ðEq 2Þ

where Dh represents the difference in temperature between
the bonding temperature he (at the eutectic point) and the
room temperature hRT. However, to obtain a more accurate
strain evolution, it is possible to integrate Eq 2 after having
written the CTE in their developed form, as exhibited in
Eq 1. Then, we obtain the strain evolution in function of tem-

perature, as shown in Fig. 5. Maximal strain is reached when
the cooling ends at 20 �C. The resulted strain is negative be-
cause alumina CTE is lower than that of tungsten carbide.

Stress calculation model presented hereinafter in Eq 3 was
initially introduced by Ref 16, and resumed by Ref 8. It roughly
defines stress rxx at the interface between two bonded materials
i and j, regarding the fact that materials can deform elastically
only (an acceptable hypothesis for ceramic). In Eq 3, the model
could be improved by incorporating the Young’s Modulus E
and thermal expansion dl/dh, both being a function of
temperature. Stress at the interface rxx could be calculated by
integration difference in thermal expansion (from Eq 1) from
eutectic temperature he to room temperature hRT, as follows:

rxx hð Þ ¼ EiðhÞ � EjðhÞ
EiðhÞ þ EjðhÞ

:

ZhRT
he

1

l0i

dli
dh

� �
� 1

l0j

dlj
dh

� �� �
dh

ðEq 3Þ

Figure 6 relates residual stress at the interface of pure Al2O3

and WC-Co. The results are valid for a material volume close to
the bonded interface. The maximal value is 300 MPa at room
temperature. The ceramic is under a compressive stress. In this
approach, the role of the brazing joint was neglected. Neverthe-
less, it strongly contributes to absorb plastically a part of strain
and contribute to relax residual stress (Ref 6-9). Thismodel offers
the possibility to reduce stress by improving the fit between the
curves of thermal expansion (Fig. 4), instead of using fix CTE
values usually given for a temperature range. It could also give
the possibility for some ceramic-substrate-brazed assembly to
quantify the stress induced by an allotropic transformation during
the cooling. For example, the brazing of a 3Y-ZrO2 to C45
assembly takes place at 800 �C, and generates a change in
crystallographic structure of steel that leads to a brutal variation
of stress. Initially, 3Y-ZrO2 ceramic was compressed until
682 �C, and then the stress changes in tensile stress. When the
temperature reaches 602 �C, it comes back in compressive stress.
This phenomenon could be responsible for some localized lack of
adhesive bonding and failure of the ceramic. In order to design the
brazing of an assembly, dilatometry measurements allied to this
analytical model could be used.

3.4 Residual Stress Simulated Using the Finite Element
Method (FEM)

The purpose of the following investigation is to get a view
on stress distribution on bulk materials. The meshing has been
made with plates in ceramic and tungsten carbide of the same

Fig. 4 Evolution of thermal expansion of coupled materials

Fig. 5 Strain evolution at the brazing interface of sub-lm Al2O3

Fig. 6 Residual stress evolution at the brazing interface calculated
from the measurement of difference in CTE
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dimensions. Alumina elastic modulus function was calculated
from Ref 11 and the CTE aal and awc were taken from the
dilatometer measurements. For WC-Co substrate, EwcðhÞ was
taken from Ref 12, and the volumic mass value used was qwc =
12.75 g/cm3. The graphs depicted in Fig. 7 and 8 show
numerical results of residual stress simulations. As shown on
Fig. 7, ceramic is under a compressive stress of -360 MPa. No
significant stress was found in the normal direction (~z). Stress
on the outer surface is 200 MPa. However, this model does not
take into account the shear stress that arises in the interface.
According to Ref 15, shear strength of the bonding joint is
dependent on kinetic growth of reaction layer. Stress evolutions
are close to the results determined analytically. Figure 9
revealed that there is a good qualitative degree of agreement
between analytical and FEM results.

Similar stress configuration in the assembly was found by
Ref 17. It relates compressive stress in a Si3N4-steel brazing
assembly. The author puts forward the hypothesis that com-
pressive stress in ceramic is major than shearing stress.
Charreyron�s Ref 9 introduced different models of stress
calculation at the interface with the modelization of different
bonding joints. The latter model is noticeably different that the
one submitted hereinabove because of the shearing stress taken
into account in the joint. The shape of the brazing assembly has
an influence on residual stress distribution, as shown by Ref 18.
Stress modes are different in the bulk of ceramic and its
substrate than at the bonding interface. Moreover, stress
intensity on the external surface decreases with the augmen-
tation of the thickness of the assembly.

3.5 Residual Stress on the Outer Surface by X-ray
Measurements

Results shown in Fig. 10 highlight residual triaxial stress
after the brazing and the cut of small insert (a). The principal
stresses rI and rII are, respectively, 103.2 MPa, is 66.2 MPa,
and rIII is 41.6 MPa. The shear stress is sxy = �27.0 MPa. Error
tolerance on values is between 6 and 8%. After the grinding (b),
stress mainly becomes biaxial (rIII = �4.5 MPa). Then, main
stresses become rI = 128.1 MPa and rII = 94.9 MPa. The shear
stress decreased at �20.1 MPa.

By using this method, a view of the average stress state of
the center of the samples is possible. The stress decreases after

Fig. 7 Simulation of residual stress rxx after cooling at room temperature on alumina-WC-Co-brazed assembly calculated by FEM on MARC
MENTAT

Fig. 8 Residual stress evolution rxx at the opposite surfaces during
the cooling of alumina-tungsten carbide assembly
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the cutting of small inserts, and becomes mainly longitudinal.
The surface stress state of post-sintered submicron alumina was
investigated by Ref 20. The results suggest a residual stress
around 20-30 MPa mainly due to grains thermal expansion
anisotropy. Here, the presence of shear stress could generate
dislocation

3.6 Residual Stress by Indentation Fracture Method (IFM)

Indentation in fragile material results in cracking at the tip of
plastic zone. This method shows the evolution of stress over the
surface of the inserts. After the brazing, the residual stress
generates longer cracks. Difference between crack length
between a stress-free state and a residual stress state indicates
residual stress intensity. At the center of the stress curves in
Fig. 11, the middle point is made at the center of the sample.
Additionally, 2 points were printed from both sides, in width
and lengthwise. As a result, stress in the two main directions at
the external surface was estimated.

The Ref 21 showed that residual stress in brittle material
could be approached by IFM which resulted from the
measurement of the crack length generated at the corner of
the indentation print. Then the residual stress could be
determined by the following formula (Eq 4):

rr ¼
KIc

ðp � c � XÞ1=2

" #
� 1� c0

c

� �3=2
� �

ðEq 4Þ

Initially, the crack length c0 in stress-free corundum was
measured. According to the indentation geometry, X ¼ 4

p2 has
been used, as recommended by Ref 22. Regarding previous
results, lower residual stress was found. The ryy stress appeared
to be almost near from zero at the surface edges (points 4 and
5), and of 87 MPa in the middle. Residual stress decreases in
the small inserts, after the cut of big plates. The cutting and the
grinding of inserts have relaxed stress, and no grain size effects
are expected here, where the values agree with the XRD stress
measurements. As a conclusion, IFM fits for the characteriza-
tion of the residual stress in submicron alumina. The reduction
of the crystallite size does not affect the crack length at the
indentation corner, and the use of Eq 4 gives coherent results.

3.7 Fracture and Damage

As shown in Fig. 12, difference in CTE between alumina
and tungsten carbide could generate crack. The use of tungsten
carbide composite with lower cobalt content increased interfa-
cial stress and have led to failure. In this study, the WC-Co used
has more than 25 wt.% of cobalt. Titanium oxide layer (from
green arrows) could be observed. The residual stress could have
propagated a crack from an initial weakness or from a defect
(e.g., lack of bonding, microcrack, or porosity). The cracks
could also start from a junction (Ref 23).

Micrograph in Fig. 13 shows the damaged surface after
being ground. The outer surface (on Fig. 13) is expected to be
used as a wear part for the machining of abrasive materials,
such as wood-based products. In this context, it is essential to
prevent defects formation which would cause a decrease on the
global strength of ceramics. In an abrasive wear mode, the
smaller the defects are on the rake face, the longer the tool�s
lifetime is Ref 7-25. The residual stress needs to be estimated
regarding the manufacturing of ceramic cutting tools, as the

Fig. 11 Residual stress distribution through external surface of
99 4 alumina-WC brazing assembly

Fig. 10 Residual microstrain eUw between w [�45�;45�] on the
external face, after brazing at U = 0� (a), and after brazing and
grinding at U = �45� (b)

Fig. 9 Comparison of stress evolutions between the models deter-
mined by the analytical approach and the FEM
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compressive stress could increase the wear resistance, whereas
the shear stress can reduce the critical stress value needed to
activate a dislocation movement within the crystallite lattice
(Ref 24). The material loss observed on Fig. 13 has been
initiated by the global stress that results from the manufacturing
process. The local shear stress generated by the grinding has
contributed to the microcracking as well. Then, subcritical
crack growth in the ceramic has generated material pull-out.
The less amount of stress is induced in the processes, the less
damaged assembly is obtained.

4. Conclusions

The manufacturing of pure submicron grain size alumina by
gelcasting has led to a highly wear-resistant material for cutting
tools. The high bending strength and the hardness make the
ceramic difficult to braze and to grind.

Different processes have been used to quantify the residual
stress after the bonding of alumina with tungsten carbide and
the grinding with abrasive wheel. An improved equation has
been proposed for the calculation of the residual stress at the

interface in order to estimate the variation of strain and stress
during the cooling cycle of the bonded materials. The new
model takes into account the evolution of the Young’s
Modulus and the CTE in accordance with the temperature,
and could be used to reduce the residual strain. The
calculation could be employed to follow the prompt variation
of stress induced by an allotropic change in the case of a
bonding with a steel substrate. The estimated residual stress at
the close vicinity of submicron alumina and tungsten carbide
brazing area exhibits a qualitative degree of agreement with
the FEM calculation.

The stress state at the outer surface of the ceramic cutting
parts after brazing and grinding has been investigated by XRD
and IFM. Both results concurred and indicated that it is mainly
tensile and shear stresses that appeared in the crystallites
lattices of submicron alumina. The mechanical stress is wider in
the middle and becomes smaller to the edges. The induced
residual stresses have influenced the integrity of the brazing
materials by promoting material pull-out. The proposed meth-
ods enable to determine the brazing and grinding residual stress
state for submicron alumina cutting inserts.
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