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Abstract

The use of ceramic components in electrical engineering and mechanical applications is rapidly increasing. Most of these applications require the
use of ceramics bonded with metal. In this paper, we have studied the role of residual stresses occurring after joining between an industrial alumina
ceramic (Al,O3) and Ni-based super-alloy, on the dielectric behaviour of ceramics. The electric charging phenomenon i.e. trapping—detrapping or
diffusion of electric charges is studied by Scanning Electron Microscope Mirror Effect (SEMME) coupled with the Induced Current Method (ICM).
Knowing that localized trapped charges in ceramics is a source of damage, the correlation between residual stress intensity, apparent-toughness of
ceramics and ability to trap charges near the interface was demonstrated: the SEMME and ICM measurements of the quantities of trapped charges
near the interface, highlighted the changes in the ceramic properties related to residual stresses due to both thermo-mechanical effect and diffusion

of metallic species in the ceramics, during the bonding process.
© 2011 Elsevier Ltd. All rights reserved.

Keywords: Joining; Toughness; Residual stress; Al,O3; Dielectric properties

1. Introduction

Ceramics are potentially interesting for industrial application
under severe conditions of service. Their insulating properties,
wear resistance and high melting point make them attractive.
But it is sometimes difficult to use ceramic materials as general
structural materials because they have some fatal weakness in
impact resistance, toughness, or during manufacturing process.

However, in order to be used more effectively, ceramics can
be joined to metals. In this context, joining of ceramic has
been the subject of numerous researches, essentially focused
on solid state bonding,'=3 direct copper bonding technique
(DCB)*? and active metal brazing, whose feasibility has been
demonstrated.®’ The reader is referred to the numerous refer-
ences reported in our previous papers.' - In general, ceramics
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and metals are joined at high temperature. Residual stresses
appear in the joint during the cooling process according to the
plastic and elastic properties of both materials. These stresses
influence the strength and fracture toughness of the bond.! = The
stress-field depends of many factors, e.g. thermo-mechanical
properties of both material (temperature dependence of mechan-
ical characteristics, thermal expansion coefficients), thermal
cycle used, geometric design'>®? and also electrical charge
generation occurring during contact, diffusion and friction.!%!!

The breakdown of insulators,!?!3 also the tribology (fric-
tion coefficient, wear)lo’11 and the fracture of ceramics!# were
explained on the basis of the concept of the space charge
physics.!>!5 According to this approach and knowing that a
localized trapping of charges on structural defect (point defects,
dislocations, grain boundaries, and more generally interfaces)
is a source of damage, the properties (toughness, friction, wear
mechanical, breakdown strength) of insulating materials (ceram-
ics, polymers, composites) can be explained in a new way.'?

In order to understand the reasons of ceramic damage when
there are joined to metal, we proposed to study the trapping
and/or diffusion of charges i.e. the storage and/or dissipation
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Fig. 1. Schematic illustration of a Al,O3/HAYNES®214™ joint (a) with Ni interlayer; (b) with Cup O—Cu/Ni/Cu interlayer.

of polarization energy into alumina materials, close to the
metal—ceramic interface, according to the concept of the space
charge physics. Previously, the residual stresses expected in
Al O3/Ni/HAYNES®214™ joints were characterized mechan-
ically and simulated using Vickers indentation method (VIF),
X-ray diffraction (XRD) and Finite Element Analysis (FEA).!
It was proved that fracture strength of the joint and apparent-
toughness of alumina decrease near the metal-ceramic interface
due to tensile residual stresses developed close to the interface.
(The term apparent-toughness has been used rather than tough-
ness, to show that the measures correspond to the superposition
of several effects.)

In this study, the Scanning Electron Microscope Mirror
Effect (SEMME)16 and Induced Current Method (ICM)!7 were
used to determine the quantity of charges trapped in ceram-
ics. This work was the first attempt to apply the SEMME
techniques to metal-ceramic joints. The results show the
correlation between ceramic apparent-toughness, intensity of
residual stresses and the capacity of charges to trap near
the metal—ceramic interface. AlLO3/Ni/HAYNES®214™ and
AlyO3/Cu/Ni/Cu/HAYNES®214™ gystems were considered as
model for metal-ceramic joint.

2. Experimental procedure

2.1. Materials

As in the previous study,'>® the ceramic material used in
this work is a commercial polycrystalline a-Al,O3 (AL23 alu-
mina), from UMICORE Marketing services. The metal is the
nickel super alloy (HAYNES®214™), which is widely used in
technological applications at high temperatures and in severe
chemical atmosphere such as that encountered in industrial
heating market (petrochemical, etc.). For bonding, both base
material blocks were cut into small pieces with the dimension

15 mm x 5mm x 5 mm. The pure metal foils used as filler mate-
rials were commercially available and of high purity. Both Ni
and Cu foils were prepared by cold rolling down to a thickness of
200 wm and 100 wm respectively and had the same dimensions
as the ceramics and alloy blocks (Fig. 1).

Prior to bonding, the faying surfaces of HAYNES®214™
and alumina were well polished. The R, surface roughness
of HAYNES®214™ and alumina was equal respectively to
0.08 and 0.48 pm. All surfaces of base materials were cleaned
by immersion in acetone with ultrasonic agitation for 0.5h.
The Al,O3/Ni/HAYNES®214™ system was fabricated by solid
state bonding!® at 1150 °C for 1h. A pressure of 16 MPa was
applied through a pneumatic piston. Heating speed was 150 °C/h
and cooling speed was 200 °C/h. The solid state bonding was
carried out in primary dynamic vacuum (1073 Pa) during all the
thermal cycles. The optimized process was selected taking into
account previous studies.!!8

For the Al,O3/Cu/Ni/Cu/HAYNES®214™ gystem, the pro-
cess was as follows®: firstly, copper foils (100 wm thick) are
polished with a 6 wm diamond paste, and oxidized under low
oxygen pressure (10~ Pa) at 950 °C for 0.5 h to obtain a super-
ficial CuO film.* Cu, O is removed on one of the copper surfaces
in contact with nickel. The Cu,O-Cu/Ni/Cu multilayer, was
placed between alumina and HAYNES®214™ gybstrates, for
good metal-ceramic contact. Secondly, the sandwiches were
heated (200 °C/h) and maintained at 1075 °C for 10 min, and
then cooled to room temperature (150 °C/h). During the entire
cycle a minimum low pressure of 1 MPa was applied on the
sandwiches and the vacuum in the furnace was maintained at
1073 Pa. At 1075 °C, a eutectic liquid appears at the Cu,O—Cu
interface; its amount can be controlled by the oxide growth
conditions of the copper foil. This thin molten film produces
an intimate contact between copper and alumina and gener-
ates, after cooling, a strong bond between metal and ceramic
materials. *6-8
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Fig. 2. (a) Schematic experimental set-up for measuring the induced and surface currents; (b) schematic ground current curve; (c) mirror image; (d) mirror curve

1d=fV).

2.2. Characterization techniques

When an insulating material such as alumina ceramics is
bombarded by electrons with sufficiently high energy, elec-
trons can penetrate few atomic layers and generate excitons
(electron-hole pairs). These electrons and hole can be recom-
bined or can be trapped on structural defects. In this way, the
use of Scanning Electron Microscope (SEM) is interesting to
simulate the injection of charges (electrons) and then to observe
the trapping of charges.'® The Induced Current Method (ICM)!7
gives the dynamic aspects during the charge injection. On the
other hand, the SEMME method gives the capacity of charges
to be locally trapped in the insulating materials. The use of both
techniques can be applied to any insulating material and allows
us to determine the ability of the insulator to trap or to diffuse
electric charges.

2.2.1. Induced Current Method (ICM)

In our study, the alumina ceramics is bombarded at 25 °C
by electrons, in focused mode, at high voltage (30 KeV) in SEM
(LEO 440, Electron Microscopy Ltd., Cambridge, UK) equipped

with a beam blanking device to select the irradiation duration
(injection time #, = 100 ms), in order to know the total quantity
of injected charges (Q; = 100 pC) (Fig. 2a).

Any evolution of the total electric charges in the
SEM/insulating material system involves a flow of induced
charges towards the ground of the SEM.!” This evolution is
recorded in the form of induced current [j,s. This current is
measured using a pico-ammeter (Keithley type). The curve
Iin =f(injection time) permits to obtain the total quantity of
charges Qn,, distributed in the samples (bulk and surface) during
the injection:

Qm = /Iinf dt

The typical evolution of Ijnf =f(¢) during injection (Fig. 2b)
gives information on the different steps of diffusion or trapping
of charges present in the insulating sample:

ey

- Step 1 — unsteady step: a decrease in [ys is observed as a
result of the increase in the surface potential, according to
trapped charge stabilized just beneath the beam impact point.
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The incident electrons are slowed down and then I;,r decreases
continuously.

- Step 2 — steady step: an asymptotic profile is observed. It
corresponds to a self-regulating process between slowing of
incident electrons, secondary emission, diffusion and trapping
of charges.

- Step 3 — after the stop of the electron injection, a
depolarization—detrapping step, can be observed. This phe-
nomenon leads to a brutal fall of the current curve and a part
of the trapped charges can be brutally re-emitted.

Sometimes this phenomenon of charge relaxations can appear
during the electron injection: the influence current (fjnf) falls
brutally, associated with secondary emission.

2.2.2. Scanning Electron Microscope Mirror Effect
(SEMME) method
The SEMME method'® will be performed after the injection
step. The observation at lower energy (V=100-3000 V) of the
irradiated zone makes it possible to put in evidence the mir-
ror effect.'®17 In fact negative charges Op locally trapped and
stabilized near to the injection point can induce the deflection
of incident electrons: the mirror image is a view of the SEM
chamber (Fig. 2c). The quantity Q) of trapped charges can be
deduced from the slope of the linear part of the “mirror” curve
1/d=£(V) (Fig. 2d) according to an electrostatic law, established
by Vallayer,'¢ relating the real diameter ' of the last output
diaphragm and the apparent one, d, measured on the mirror
image:
l _ 4_L 2meg(er + 1) v @)
d d Op
where L is the working distance of the SEM, fixed at 10 mm; &/,
the diameter of the last output diaphragm (5.3 mm); d, the appar-
ent diameter measured on the mirror image; V, the acceleration
potential of the electron beam; &;, the permittivity of alumina.
The comparison between Qp,, measured by the ICM and
Op, measured by the mirror method, gives information of the
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charge state in the sample. In fact, if Qp/Om=1, the charges
are stabilized and trapped near the injection point. However, if
Op/On tends towards 0, the charges diffuse in the sample from
the injection point.

If the electron beam energy is increased, the mirror curve
(Fig. 2d) departs from a straight line beyond a certain tension
Viim. Several authors have shown that the mirror curve curvature
is due to a non-punctual charge distribution.'®17:19:20

Before testing, each sample i.e. alumina ceramics, Al,O3/Ni/
HAYNES®214™ or Al,03/Cuy O—Cu/Ni/Cu/HAYNES®214™
joint is annealed (700 °C for 3 h), in vacuum to avoid the surface
contamination. The aim of this annealing is to limit, for
the dielectric study, the defects (dislocations?!) and stresses
produced by the polishing of the assembly. This annealing also
leads to neutralization, total or partial, of the oxygen vacancies
by the monovalent or divalent impurities. Four samples of
alumina ceramics and multi-materials were analyzed using
Induced Current Method (ICM) method and Scanning Electron
Microscope Mirror Effect (SEMME) method.

Various parameters can be deduced from ICM and SEMME
method (Fig. 2b and d), we selected:

- Imax: initial current that informs on the response of material
without any perturbation;

- Om: quantity of charges distributed in the sample (ICM);

- Op: quantity of charges locally trapped near the injection point
(SEMME method).

3. Results and discussion
3.1. Al;O3 before joining

As reference, alumina before bonding was studied. Alu-
mina sample received a thermal cycle identical to that used for
the assemblies. As reported in Fig. 3a, induced current curves
Iing =f(t), measured for alumina sample before joining, present
a high Inhax (785 £55pA) and then, a strongdecrease. The

Fig. 3. (a) Evolution of induced currents /;,q during electron irradiation for Al;O3 ceramics before joining; (b) the mirror image of Al,O3 ceramics, before joining.
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Fig. 4. Schematic representation of the specimen for dielectric measurements.

presence of mirrors (Fig. 3b) confirms that the charges remain
concentrated (Qp =46.1pC for 100 pC injected electrons and
Om =47 £4pC), moreover they are stable (tension of disap-
pearance of the mirror for approximately 2200 V).

3.2. Al>Os3 after joining

The dielectric measurements take place on the free edge
of ceramics, close to the interface (L1; Fig. 4). To high-
light the influence of the residual stresses (primarily oyy)
and the diffusion of metallic species on the phenomenon
of trapping charges, we choose to carry out a filiation of
electron injection, in staggered, from the metal-ceramic inter-
face to ceramic bulk. The results of these injections appear
in Table 1 for the AlLO3/Ni/HAYNES®214™ gystem and
in Table 2 for the Al,O3/Cu,O-Cu/Ni/Cu/HAYNES®214™
system.

Two typical examples of [ipg curves are given in Figs. 5 and 6.
The curve of Fig. 6a presents a very fast decrease in the cur-
rent at the first moments of the injection. The post-injection
observation shows a mirror effect due to a quantity of trapped

charges Q,, localized close to the electronic beam injection point.
The asymptotic value of the current is low, corresponding to
behaviour of trapping—localization of the charges. The curve
of Fig. 5a is very different from the first. During the electron
injection, a phenomenon of charge relaxation occurs, accom-
panied by a brutal emission of secondary electrons, generally
due to the local saturation of the traps. After each injection,
an observation with low tension (starting from 200 V) of the
irradiated zone is carried out. The observation of mirrors is fre-
quent and indicates that the charges are localized in the vicinity
of the injection point. Far from the interface (>100 pm), the
majority of the electron injections lead to circular mirrors. In
certain cases, in the vicinity of the interface (50 wm), they take
an elliptic form (Figs. 5b and 6b), with the large axis of the
ellipse forming with the interface an angle of 35-40°. Let us
note that this angle corresponds to the angle observed for the
propagation of cracks (Fig. 7) related to the residual stress field
close to the metal/Al,O3 interface. Consequently, in the vicin-
ity of the interface, an anisotropic trapped charge distribution is
obvious.!”

These mirrors could be measured what made it possible to
determine the quantities Q), of charges remained locally trapped
after injection. The mirrors were stable until a tension from 2 to
2.4kV.

Until a lecture potential V};y, of approximately ~600V, the
1/d ratio follows a law of proportionality with the lecture poten-
tial (Fig. 8) and allows the calculation of the quantity Qp of
trapped charges. Then, the mirror is stretched and becomes more
or less deformed; the slope of the 1/d=f(V) curve decreases,
indicating that the charges spread out, laterally.0:17-19

Table 1

Characteristic parameters deduced from ICM for Al,O3/Ni/HAYNES®214™ joint.

Distance from interface (um) I'max (PA) Om (pC) 0, (pO) 0p/Om Relaxations

Before joining 942.187 47.65 46.1 0.967 No

After joining
0 879.37 69.7 355 0.509 Yes
50 750.34 26.16 2.96 0.113 No
100 832.44 29.9 0 - -
140 856.34 26.8 0 - -
250 829.43 26.1 6.9 0.264 No
500 789.34 21.2 10.5 0.495 No
1000 709.4 389 15.2 0.391 No

Op =0 corresponds to the absence of mirror image due to the diffusion of charges.

Table 2

Characteristic parameters deduced from ICM for Al O3/Cuy O-Cu/Ni/Cu/HAYNES®214™ joint.

Distance from interface (pm) I'max (pA) Om (pC) 0, (pO) 0p/Om Relaxations

Before joining 942.187 47.65 46.1 0.967 No

After joining
20 822.43 58.2 375 0.644 Yes
45 788.33 29.12 0 - -
80 790.45 28.3 0 - -
120 844.21 26.1 0 - -
250 756.21 26.4 12.3 0.465 No
1000 734.12 22.1 14.45 0.653 No

Op =0 corresponds to the absence of mirror image due to the diffusion of charges.
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Fig. 5. (a) Typical linq(?) plots for injections at the Ni/Al,O3 interface: behaviour of periodic secondary electronic relaxation on the level of the interface. (b) The
corresponding mirror image (Al O3/Ni/HAYNES®214™ system).

3.2.1. Correlation between trapping of electric charges and - Zone 1 (0 to about 50 wm): toughness is very low and, parallel,

apparent-toughness Op and Oy, are high (respectively 3540 pC and 58-70 pC for
Fig. 9 shows the evolution of alumina toughness from 100 pC injected electrons). The trapping is localized which

the metal—ceramic interface. Apparent-toughness is very weak leads to a lowering in toughness.

level near the interface and then increases to be maxima to - Zone 2 (50 to 150-200 wm): toughness increases sharply

150-200 pm. It then tends to the toughness of the starting alu- beyond the toughness of alumina before assembly

mina (5.8 MPam'/?), away from the interface. (5.8 MPam!?) while Op is zero: the charges diffuse
Three zones can be highlighted (Fig. 9), related to trapping throughout the ceramics.

of charges (Tables 1 and 2): - Zone 3 (over 150-200 pwm): after reaching a maximum, the

toughness gradually decreases and Q), increases. O, remains
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Fig. 6. (a) Typical Iinq(?) plots for injections at ~50 wm from the Ni/Al,O3 interface: behaviour of trapping—localization of charges; (b) the corresponding mirror
image (A, O3/Ni/HAYNES®214™ system).
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L ~

Fig. 7. Crack propagation in alumina ceramic in the Al,O3/Ni/HAYNES®214™ system after joining process. It will be noted that the angle of the crack with the
interface is close (35-45°) to that observed for the elliptic mirror, following in that the stress field lines.!® (a) Optical image of polished cross-section perpendicular
to the interfaces; (b) typical elliptic mirror observed after injection near to the interface (~<50 pm).
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relatively constant (Tables 1 and 2). So Q) (not Qy,) is the
quantity most appropriate for understanding the evolution of
toughness.

However, a question arises: how to explain the large increase
in toughness (reinforcing effects) associated exactly to the nul-
lification of Q) (zone 2)?

The most likely hypothesis, usually advanced for this type
of reinforcement,?? is the formation of a micro-cracking due
to residual stresses developed in the assembly. These micro-
cracks are favourable to the diffusion of charges proved by the O,
decrease.”? Beyond this zone 2, the micro-cracking disappears
and the energetic potential increases gradually leading to a new
decrease in toughness (zone 3). Qp, O and Kjc tend far from
the interface to their values before bonding.
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Fig. 10. (a) Evolution of the quantities of charges Or, and Q}, and normal stress
oyy measured on the free edge (L1), vs distance y from the metal—ceramic inter-
face. (b) Residual stresses determined by Finite Element Analysis (FEA)'3
(Al O3/Ni/HAYNES®214™ gystem).



724 M.L. Hattali et al. / Journal of the European Ceramic Society 32 (2012) 717-725

]
0o
2

~

—m—g

Yy 70
-A-Qm

400

300

60

200
50

100
A 40

I ETEET FENTEE FERTRE FETEEE ST,
|

Electric charges Q (pC)

-100

Residual stress along y-axis, Syy (MPa)

-200

paalagaaalaag

0 100 200 300 400 500 600 700 800 9S00 1000
Distance along y-axis, y (um)

Fig. 11. Comparing the quantity of influence charges Qn and residual
Al O3/Ni/HAYNES®214™  (b) Al,03/Cur O—Cu/Ni/Cu/HAYNES®214™

3.2.2. Correlation between trapping of electric charges and
residual stresses

The results of the quantities of influence charges Qn and
charges locally trapped Q,, for the Al O3/Ni/nickel alloy system,
were compared with those of the residual stresses determined by
Finite Element Analysis (FEA)!3 (Fig. 10).

A strong regular decrease of tensile stresses was observed (let
us recall that in fact tensile stresses are harmful) and, in parallel,
Om and Q, decrease until reaching a minimum, then increase
towards their values for alumina before junction. This difference
in evolution can be explained by the fact why FEA simulation
does not take into account the evolution of the properties of
ceramics in the vicinity of the interface, as shown previously
(Fig. 9).

Otherwise, Vickers indentation technique makes possible to
consider the residual stresses in the same area as that correspond-
ing to dielectric measurements.>3

For the two systems, the evolution of the quantity of charges
On vs the distance to the interface (Fig. 11 and Tables 1 and 2)
shows:

- A similar evolution for Qp, and tensile residual stresses mea-
sured by Vickers indentation.

- The quantities of charges (Om or Qp) stored in alumina are
very strongly increased close to the interface (Tables 1 and 2).

- The strong fall of Oy, and Qp, below approximately 100 wm
far from the interface, is related to the fall of stresses observed
by indentation.

- For the Al,O3/Ni/nickel alloy system, Qn becomes again
higher atlong distance (1 mm) while tending towards the value
of alumina, before bonding. This tendency is slower for the
system Al,03/Cu; O-Cu/Ni/Cu/HAYNES®214™

- The Qp/On ratio, close to 1 for alumina before bonding, is low
or zero in areas of high tensile stresses (Tables 1 and 2). This
shows that tensile stresses favour the mobility of the charges
starting from the injection point of electrons.

These results are to be compared to those obtained by in situ

electron injection on alumina subjected to bending stresses>*:
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stress estimated by Vickers indentation in both types of assemblies: (a)

in fact mechanical load influences the capacity of material to
trap and/or to diffuse electric charges. The interpretation which
can be given was developed in [24]. Under mechanical load-
ing, the distortions of the lattice can allow a trapping of charges
leading to storage of polarization energy. This energy can be suf-
ficient to create dislocations which appear in the alumina lattice,
thus creating new sites of trapping.2> These created dislocations
are mobile and subjected to an electric field. Consequently, an
increase in the trapping of the charges occurs but these charges
do not remain localized (mirror not very stable and Qp/Opm < 1).

Let us note that these measurements are sensitive as well
to the stress field as with the effect of diffusion of nickel (Ni)
or copper (Cu) and then, these two factors favour the trapping
and/or the mobility of the charges. Lastly, according to our
results it is obvious that the Al,O3/Cu/Ni/Cu/HAYNES®214™
system s less stressed than the Al,O3/Ni/HAYNES®214™ gys-
tem (weaker Qp,), which induces mechanical properties of the
assembly more favourable (shearing, bending, interfacial frac-
ture energy, toughness).>8

4. Conclusions

The two complementary techniques: Induced current Method
(ICM) and Scanning Electron Microscope Mirror Effect
(SEMME) method are the non-destructive technique developed
for insulator characterization for the study of charging properties
of ceramics. Knowing that localized trapped charges in ceram-
ics is a source of damage, the correlation between residual stress
intensity, ceramic apparent-toughness and ability to trap charges
near the interface was demonstrated. In summary, the following
points can be retained:

1. A residual stress field appears close to the metal-ceramic
interface, in particular, due to thermal expansion mismatch
between metal and ceramics. The comparison between the
various methods (XRD,I’8 FEA,! and VIF3’8) and estima-
tions of the stress field in ceramics, reveals a global tendency,
to pass from traction (near interface) towards compression
(medium of ceramics), before cancelling itself (far from the



M_.L. Hattali et al. / Journal of the European Ceramic Society 32 (2012) 717-725 725

interface); but only VIF and SEMME, by their good spa-
tial resolution, demonstrate wide variations of stresses in
sub-layer.

2. It is confirmed that the mechanical and dielectric proper-
ties of ceramics are significantly altered in the vicinity of
metal-ceramic interface. These changes, due to the process,
are related both to thermo-mechanical stresses and diffusion
in ceramics of metallic species.

3. The results of Vickers indentation mainly revealed us that
the apparent-toughness of ceramics falls in the vicinity of
the metal-ceramic interface what leads to the embrittlement
of ceramics. This fall can be explained by the existence of
the stress field and/or the diffusion of the metals (Ni, Cu) in
alumina. Indeed, the developed stresses will create a distor-
tion of the crystal lattice, being able to play the role of sites
of charge trapping, then creation of dislocations.!>?

4. The mirror method made it possible to highlight the role
played by the residual stresses in diffusion of electric charges
in metal—ceramic assemblies. The residual stress field close to
the interface modifies significantly the response of ceramics
to the charge injection.

5. Toughness and breakdown being dependent,'#2¢ a fall of
resistance to the breakdown of ceramics in the vicinity of
the junction can be expected.

6. Finally, we show that SEMME characterization can be a
good method for study of residual stress and changes in
properties of materials developed in metal/ceramic joints.
However, for a careful estimation of the residual stresses
alone, SEMME method and ICM should be calibrated using
previously described protocols®* to avoid the superposition
of several phenomena (diffusion, stresses, micro-cracking,
etc.).
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