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Ceramics are significantly used in many industrial applications due to their excellent
mechanical and thermal properties such as high temperature strength, low density, high
hardness, low thermal expansion, and good corrosion resistive properties, while their
disadvantages are brittleness, poor formability and high manufacturing cost. To combine
advantages of ceramics with those of metals, they are often used together as one composite
component, which necessiates reliable joining methods between metal and ceramic. Direct
brazing using an active filler metal has been found to be a reliable and simple technique,
producing strong and reliable joints. In this study, the fracture characteristics of SisN, ceramic
joined to ANSI 304L stainless steel with a Ti-Ag-Cu filler and a Cu (0.25-0.3 mm) interlayer
are investigated as a function of strain rate and temperature. In order to evaluate a local strain
a couple of strain gages are pasted at the ceramic and metal sides near joint interface. As a result
the 4-point bending strength and the deflection of interlayer increased at room temperature with
increasing strain rate. However bending strength decreased with temperature while deflection of
interlayer was almost same. The fracture shapes were classified into three groups ; cracks grow
into the metal-brazing filler line, the ceramic-brazing filler line or the ceramic inside.

Key Words : SiaN,/ANSI 304L, Four-point Bending, Strain Rate, Elevated Temperature,

Fracture Strength, Active Metal Brazing

1. Introduction

Ceramic/metal joining is an important tech-
nique to apply ceramics to structural components,
while its fracture strength is influenced by resi-
dual stress and stress concentration caused by
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differences between the thermal expansion coeffi-
cients and the elastic moduli as well (Kutzer,
1965).

Regarding the joining techniques and material
combinations, many experimental studies have
been conducted (Iseki and Nicholas, 1979 ; Pabst
and Elssner, 1980). And some analytical studies
on the thermal and residual stresses have been
reported (Hamada et al., 1986 ; Fukumoto et al.,
1987). Moreover some experimental studies on
the strength of ceramic/metal joint have been
made (Kobayashi, 1991). However, studying the
effect of strain rate and environmental tempera-
ture on the strength of ceramic/metal joint is still
needed to make accurate evaluation of it.
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In this study, four-point bending tests were
conducted on SisN,/ANSI 304L-stainless-steel
joint specimens under various strain rates and
elevated temperatures. In order to evaluate a local
strain, a couple of strain gages were pasted near
the joint interfaces at the SisNs and ANSI 304L
sides.

2. Materials and Procedure

2.1 Materials

Pressureless-sintered SisN, and ANSI 304L
austenitic stainless steel were joined by the
activation metal vacuum-brazing method. An
interlayer of copper sheet and the brazing filler
metal of Ti-Ag-Cu were used. The material
properties and joining conditions are listed in
Tables 1 and 2, respectively.

Table 1 Mechanical properties

SisNy ANSI 304L Cu
E (GPa) 304 196 101
v 0.27 0.30 0.33
a(x107%/°C) 3.0 15.0 17.7

E ! Young’s modulus
v Posson’s ratio
a | thermal expansion coefficient

Table 2 Joining condition

Brazing filler Ti-Ag-Cu
Temperature 800—850 °C
Atmosphere Vacuum, 1.3X 107 Pa
Interlayer Cu

ANSI 304L

Brazing filler
Cu
Brazing filler

SizNg

Fig. 1 Specimen configuration

The specification of a test specimen is drawn
in Figs. 1 and 2. SisN, material was cut into
3X4X20 mm bars. The bonding faces of each bar
were ground to the average surface roughﬁess of
0.5 um. The rest faces of the bar were polished
with a fine meshed SiC abrasive followed by
ultrasonic cleaning with acetone. ANSI 304L bars
of the same size with the SisN4 specimens were
prepared and the bonding faces were finished
with a 1200 grit SiC paper and then macro-etched
to remove any oxide films. The thicknesses of a
copper interlayer and Ti-Ag-Cu brazing filler are
0.25-0.30 mm and 0.05-0.125 mm, respectively.
With the SisNs/ANSI 304L-stainless-steel joint
specimens without pre-crack for the four-point
bending test shown in Fig. 2, four-point bending
test procedures were conducted in accordance
with the ASTM standard (ASTM, 1993).

2.2 Experimental procedure

A four-point bending test procedure was
performed by a hydraulic universal test machine,
Instron model 8516 with 1-ton load cell. The
lower span distance was 30 mm and the upper one
was 10 mm. A nominal bending strength ignoring
the material discontinuity was calculated from the
following equation :

0'b4=3P(L—Z)/2th (l)

where Pis the maximum load (fracture load), L
the lower span, / the upper span, w the specimen
width and £ the specimen thickness.

Tests were carried out at various cross head
speeds (CHS), 0.005, 0.05, 0.5, 5 and 50 mm/min,
to evaluate the effect of strain rate on the strength
of the joint at room temperature. The effect of
environmental temperature was evaluated by tests

P 40
10 (mm)
A A
(o)
30 4

Fig. 2 Dimensions of a 4-point bending specimen
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at room temperature (RT), 100, 300 and 500 C at
a constant CHS=0.5 mm/min.

In order to evaluate a local strain, a couple of
strain gages were pasted near joint interfaces at
the SizN, and ANSI 304L sides. A strain gage of
gage length=2 mm was bonded on the lower side
where tensile load was applied.

3. Experimental Results and
Discussion

3.1 The effect of strain rate

Relationship between bending strength and
logarithms of cross head speed, obtained by the
four point bending tests at room temperature, is
shown in Fig. 3. The linear increase of bending
strength over CHS=0.005 mm/min up to CHS=
50 mm/min is in a consistent agreement with
other published works for Ti alloy and other
metals (Jain et al., 1991 ; Lee and Lin, 1997). The
test specimens at room temperature were mainly
fractured along the boundary between the Cu
interlayer and the metal (ANSI 304L); the cracks
initiated at the reaction layer of metal-brazing
filler and the fracture behaviour was similar to
that in metals.

Variation in deflection at the Cu interlayer, the
center of specimen bars, is illustrated in Fig. 4
for various crosshead speeds. The deflection of
interlayer at the maximum strength generally
increased as increasing a crosshead speed. These
result might be influenced by increasing strength
with a high loading speed at a relatively high
CHS region; the downward deflection of the
specimens, increased with an applied load.

Variation in a maximum local strain on a
crosshead speed, near the joint interface of the
SisN, and ANSI 304L, is illustrated in Fig. 5,
showing strains at maximum strength before
fracture. The strain gages were under a applied
tensile load, perpendicular to the ceramic/metal
interface. The strain value of the metal side
remained at a constant with the increase of strain
rate, while the local strain of the ceramic side
showed a tendency that gradually increased with
increasing strain rate. For relatively high strain
rates, the gap in strain levels between the SisN,
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Fig. 5 Maximum stain as a function of cross head
speed

and ANSI 304L was small. This seems to be due
to the high loading speed applied to specimens.
The individual deformation seemed to be impos-
sible because two materials were joined with
brazing alloy and high loading speed applied.
For a relatively low strain rate region, the strain
value of SizNs side was almost zero, but the
strain level of ANSI 304L side rose, because of
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Fig. 6 Residual strain of metal and ceramic as a
function of cross head speed

the characteristics of the ductile metal.

Figure 6 shows the residual strain of metal and
ceramic that remained after fracture with various
crosshead speeds. It is seen that the residual strain
value of metal is larger than ceramic ; the residual
strains of ANSI 304L ranged from 200X 107 to
1000 %X 10~¢ zm and for SisN,, from 5X107° to
20X 107® um. These patterns are typical to metals
and ceramics. The gap in residual strain levels
between the SisNy; and ANSI 304L gradually
decreased with increasing strain rate.

3.2 The effect of environmental tempera-
ture

The relations between the bending strength
and the test temperature at CHS=0.5 mm/min
are shown in Fig. 7. For a high temperature
region, from 100 to 500 C,the bending strength
graduallly decreased with increasing test temper-
ature. The specimens at high temperature, were
mainly fractured along the interface between the
Cu interlayer and the SisN4 ceramic. The cracks
initiated at the reaction layer of the ceramic-
brazing filler (Ti-reactions). As mentioned above,
cracks at room temperature test progressed along
the interface between the Cu interlayer and ANSI
304L. But at elevated temperature the weak point
changed to Cu/SisNy interface. It seems that the
big difference in thermal expansion coeffcients of
Cu metal and SisN; ceramic makes stress concen-
tration on the Cu/SisNy interface. The difference
of thermal coefficents might increase with increas-
ing temperature and then the stress concentration
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Fig. 8 Maximum displacement as a function of test
temperature

would increase. So the strength decreased with
increasing temperature. The marks as indication
RT are for comparison with the strength at room
temperature.

The variation of deflection at the Cu interlayer,
is illustrated in Fig. 8 under various test tem-
peratures at CHS=0.5 mm/min. At an elevated
temperature region, the result shows no signifi-
cant change in deflection. The values of this curve
mean the deflections to fracture. Testing was
started after the surrounding temperature was
stabilized. In tests the deflection values were
measured up to failure. The deflection of the
Cu interface affected by heating was eliminated.
Thus, the loading deflection level of the Cu
interlayer was low.

3.3 The analysis of fracture surface
After failure at room temperature, the Cu
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interlayer part was remained on the fracture
surfaces of the ceramic side. That is, the joined
specimen was mainly fractured along the interface
between the Cu interlayer and the metal side
(ANSI 304L).

x 25 x 300

(a) Ceramic side

x 25 x 300

(b) Metal side
Fig. 9 SEM micrographs of the Cu/ANSI 304L
interface at RT test

The SEM photographs for the fracture surface
between the Cu interlayer (ceramic side) and the
metal side, tested at room temperature, are shown
in Fig. 9. Figure 9(a) shows the partially separ-
ated brazing filler from the interlayer on the
ceramic side. At the right lower side of the figure,
we can observe the state of reacted filler. Figure 9
(b) shows the separated brazing filler from the
Cu interlayer on the metal side, we can observe
the melted condition between the brazing filler
and the metal side.

Figure 10 shows the fractured surface between
the Cu interlayer (brazing filler) and the ceramic
side at a 300 °C test. We can observe the brittle
behavior in the ceramic joint part at high temper-
ature environment. The crack initiated at the
ceramic-brazing filler. But the crack path parti-
ally deviated from the interface to the ceramic

x 25 x 300
Fig. 10 SEM micrographs of ceramic joint part at
300 °C

) Ceramic

(a) Cu/304L interface
CHS=0.005/0.5/5/50, RT

(b) Cu/SisN, interface
CHS=0.5, 100/500 C

Fig. 11 The classification of fracture shapes

(c) Ceramics inside
CHS=0.5, 300 C
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inside and finally resumed its course in the
interface.

3.4 The classification of fracture shapes

The fracture shapes are classified into three
groups and shown in Fig. 11. When CHS=0.005,
0.5, 5, 50 mm/min at room temperature, the crack
initiated at the Cu interlayer/metal interface (Fig.
11(a)). When temperatures are 100 and 500 C
(CHS=0.5 mm/min), the crack initiated at the
Cu interlayer/ceramics interface (Fig. 11(b)). In
the case of 300 °C (CHS=0.5 mm/min), the crack
initiated at the Cu interlayer/ceramics interface
(Fig. 11{c)). Then the crack path changed from
the interface to the ceramic inside and it finally
resumed its course in the interface.

4. Conclusions

Four-point bending tests were conducted for
SisN,/ANSI 304L stainless steel joined specimens
with various strain rates and elevated tempera-
tures. The classification of fracture shapes was
also performed with the variety of crack path. The
results obtained are as follows.

(1) The bending strengths linearly increased
with increasing strain rate at room temperature.
The cracks initiated at reaction layer of the
metal-brazing filler, so the fracture behaviour
was similar to that of metals. The downward
deflection of Cu interlayer increased with in-
creasing strain rate at room temperature, because
of increasing strength with a high loading speed.

(2) With the increase of strain rate at room
temperature, the gaps in strain and residual strain
levels between the SisN, and ANSI 304L became
gradually smaller, because two materials were
joined with brazing alloy and high loading speed
applied.

(3) The bending
increasing temperature, as

strength decreased with
the difference in
thermal expansion coefficients of two materials
increased with temperature.

(4) The cracks grew into the Cu/ANSI 304L
interface at room temperature, the Cu/SisN,

interface or the ceramic inside at elevated
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