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a b s t r a c t

Using laser brazing process, we made the dissimilar joint of the boron nitride and tungsten carbide with
an excellent functionality. In order to investigate the characteristic of joint, observation and structural
analysis of its interface by the electron probe micro-analysis (EPMA) and the scanning acoustic micros-
copy were performed. The wetting property between h-BN and Ag–Cu–Ti braze was excellent, therefore
no gaps were seen between them. Moreover, it was suggested that the Ti element, which is the active
ingredient in Ag–Cu–Ti braze, reacted with N in h-BN to generate Ti–N composite phase as an interfacial
precipitation and the generation of Ti–N composite phase was affected by the concentration of Ti in Ag–
Cu–Ti braze. All fracture was formed in h-BN body near the interface and it seemed that the distribution
of shear strength of 1.25%Ti to 1.68%Ti was within the margin of variation of bulk strength of h-BN.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Boron nitride has a various functional characteristics. Especially
h-BN has a good thermal resistibility and solid-lubrication [1]. Be-
sides, tungsten carbide/cobalt alloy made by powder metallurgy
has low thermal expansion coefficient and high rigidity good for
a counter structural material to ceramic. However, only a few re-
searches have done focusing on the joining of boron nitride and
tungsten carbide alloy or other metals [2,3] by brazing in a furnace
that needs long heating time.

The brazing technology is commonly used for the bonding of
ceramic to metals [4–12]. Although, there are some problems such
as causing the joint defect that due to thermal stress in the joint
field and material deterioration by heating in these dissimilar join-
ing [13].

Among brazing processes [14], laser brazing [4,12,15–28] has
good characteristics for dissimilar joining process because of possi-
bility of short heating time and small heating area, and suppression
of damage to the base materials without furnace in comparison
with conventional furnace brazing. So, this study described dissim-
ilar laser brazing of boron nitride (h-BN) and tungsten carbide, and
in order to investigate the characteristic of dissimilar joint, cross-
section observation, elemental and structural analyses of joint
interface and adhesion evaluation, and shear strength measure-
ment were performed.
ll rights reserved.
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2. Experimental method

Commercially available tungsten carbide equivalent material
classified with ISO K10 grade and high purity h-BN made by hot
pressing method without using sintering additives were used in
this work. Two types of Silver–Copper–Titanium alloy braze sheet
included Ti as major active ingredient for direct ceramic brazing
with its thickness were 0.1 mm. Nominal compositions and prop-
erties were summarized in Tables 1 and 2. In this report, notations
of 1.68%Ti braze and 1.25%Ti braze are used to describe 70.26
mass% Ag–28.06 mass% Cu–1.68 mass% Ti, and 71.07 mass% Ag–
27.68 mass% Cu–1.25 mass% Ti, respectively. The size of braze
sheet was determined to cover 80% for the joint area of h-BN so
that the melted braze not to flow out of the joint.

Before brazing, h-BN block, braze and tungsten carbide plate
were degreased by ultrasonic agitation for 10 min in acetone and
dried in air.

Sample configuration was a top hat shape. A braze sheet was
sandwiched with a h-BN block from top side and a tungsten car-
bide plate from bottom side in a vacuum chamber. Small pressure
of 1.2 MPa was applied to prevent the workpiece from moving
when braze sheet was melted, and no gap adjustments for the joint
were done. A vacuum chamber with a 100 mm diameter was used
in the brazing experiments. This Chamber was evacuated to less
than 10�1 Pa after samples had been loaded, and substitution to
the atmospheric pressure with Ar gas was done after the evacua-
tion. The purity of Ar gas was 99.999%. This evacuation and substi-
tution cycles were done at least three times before brazing. During
brazing, Ar gas continued to flow, which flow rate was about
5 L/min.

http://dx.doi.org/10.1016/j.matdes.2009.10.009
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Table 1
Materials used in this work.

Material Grade Nominal composition (mass%) Bend strength at room temperature (MPa) Density (�10�3 kg/
m3)

Relative density (%) Size (mm)

Tungsten Carbide HTi 10 WC: 94, Co: 6 32,000 14.9 – 20 � 20 � 2
h-BN 99% up h-BN > 99.993 32.5 1.93 82.5 5 � 5 � 3.5

Table 2
Brazes used in this work.

Braze Grade Nominal composition (mass%) Thickness (mm)

Ag Cu Ti

1.68%Ti TKC-710 70.26 28.06 1.68 0.1
1.25%Ti TKC-711 71.07 27.68 1.25 0.1
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Setup of laser brazing was as shown in Fig. 1. The sample was
located in a small vacuum chamber. The topside of specimen was
covered with a transparent quartz glass plate, which also worked
to fix the specimen. The generated YAG and LD lasers were
coaxially transferred with an optical fiber to the laser head unit
and radiated through the transparent quarts glass plate to the top-
side of the tungsten carbide plate which radiation angle was 85�.
Laser brazing condition was summarized in Table 3. Scanning
speed of laser was 0.6 mm/s on the first run and 1.0 mm/s on the
second run to the forth run in order to heat the specimen effi-
ciently in a circle around it. In this study, the scanning of laser
was done on the tungsten carbide substrate around the h-BN block.

Temperature during laser blazing was monitored at the bottom
of tungsten carbide plate using R type thermo couple.

Some of the samples were subsequently cross-sectioned by the
low-speed diamond saw with water cooling, and mounted by
epoxy resin, curing at room temperature about 8–10 h, and grinded
by SiC paper #120–#1200, polished by 3–1 lm polycrystalline dia-
mond to provide microstructural information.
Glass fiber 

Thermo coupleSpecimen stage 

5° 
Beam head 

Transparent quartz 

glass plate 

Laser radiation area 

Laser beam 

h-BN 

Braze 

Tungsten  

carbide 

Fig. 1. Schematic diagram of laser brazing.

Table 3
Laser brazing condition.

Pulsed YAG Average Output (kW) 0.134
Pulsed YAG wave length (nm) 1064
CW LD Output (kW) 0.02
CW LD wave length (nm) 808
Pulse frequency (Hz) 100
Scanning speed (mm/s) (1st run) 0.6

(2nd run) 1.0
(3rd run) 1.0
(4th run) 1.0

Laser beam diameter (mm) 0.5
Cross-sectional observation and elemental analysis of the inter-
face were performed using electron probe micro-analyzer (JEOL Co.
Ltd. JXA-8621MX) and X-ray diffractometer (Bruker AXS Co. Ltd.
D8: Co Ka). The diameter of collimator was 50 lm to determine
crystallographic phase of micro region. Interfacial observation
and estimation of interface area were performed using scanning
acoustic microscope (Hitachi Kenki FineTech Co., Ltd. HSAM220),
which can observe interfacial structure using ultrasonic echo radi-
ated from the prove in a water tank.

Some of the samples were placed in a shearing jig as shown in
Fig. 2 and stressed to destruction in precision universal tester (Shi-
madzu Cooperation Autograph AGS-5kNB) operating at a cross-
head speed of 0.5 mm/min.

In order to compensate the effect of interfacial area on the shear
strength test, shear strength was calculated from maximum load
divided by interface area estimated from scanning acoustic micros-
copy and its average shear strength was calculated using the Wei-
bull distribution function [29,30]:

ln lnð1� FÞ�1 ¼ m ln r�m lnr0 ð1Þ

where F is the cumulative failure probability, m is the Weibull mod-
ulus, r0 is the characteristic strength. In this paper, the median rank
method was used for computing cumulative failure probability F in
Eq. (1) because of its good reliability despite the small number of
samples:

F ¼ ði� 0:3Þ=ðnþ 0:4Þ ð2Þ

where i is the rank of the observation and n is the number of sam-
ples. Average shear strength l is as follows:

l ¼ r0Cð1þ 1=mÞ ð3Þ

where the C function is expressed as follows:

CðxÞ ¼
Z 1

0
e�ttx�1dt ðx > 0Þ ð4Þ
3. Results

3.1. h-BN/WC–Co brazed interface structure

Fig. 3 shows the typical profile of the bottom temperature of the
WC–Co plate while laser brazing joining. The increase of tempera-
ture continued in the approximate proportion of gradient until
Braze
h-BN

WC-Co

Jig

Fig. 2. Schematic diagram of shear strength test.



Fig. 3. The bottom temperature profile of the WC–Co plate while laser brazing
joining.

Fig. 5. Cross-section of a h-BN/1.68%Ti braze/WC–Co interface (enlargement).
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irradiation of the laser on the forth side. The maximum bottom
temperature was around 973 K. After the heating, the bottom tem-
perature decreased quickly to 673 K within 25 s from the end of
the forth run of heating. After 100 s from the end of heating, the
bottom temperature decreased lower than 400 K.

Fig. 4 shows cross-sectional SEM observation of an h-BN/
1.68%Ti braze/WC–Co interface with low magnification. The top
and bottom sides of the picture are h-BN and WC–Co, respectively.
The intermediate layer is 1.68%Ti braze. Though the contact angle
between WC–Co and braze is not measured yet by sessile drop
method, it is suggested to be an acute angle from Fig. 3, and the
contact angle between h-BN and 1.68%Ti braze is also an acute
angle.

Fig. 5 shows cross-sectional SEM observation of an h-BN/
1.68%Ti braze/WC–Co interface with high magnification. WC–Co/
braze interface is smooth and no voids were observed.
Fig. 4. Cross-section of a h-BN/1.68%Ti braze/WC–Co interface.
Fig. 6 shows the result of map analysis of an h-BN/1.68%Ti braze
interface. Fig. 6a shows enlargement of left and top side of h-BN/
Ag–Cu–Ti braze interface in Fig. 5. Fig. 6b shows the distribution
of Ag near the interface in the same area of Fig. 6a. Fig. 6c and d
shows the distributions of N and Ti, respectively. From these distri-
butions of elements, concentration of Ti near the interface was
apparently observed as colored to white in the interface layer of
which thickness was about 2 lm.

Fig. 7 shows cross-sectional SEM observation of an h-BN/
1.25%Ti braze/WC–Co interface with low magnification. The top
and the bottom sides of the picture are h-BN and WC–Co. An inter-
mediate layer is 1.25%Ti braze. The contact angle between WC–Co
and 1.25%Ti braze is suggested to be an acute angle from Fig. 7, and
the contact angle between h-BN and 1.25%Ti braze is also an acute
angle although h-BN surface is not flat with rough surface mor-
phology in comparison with smooth WC–Co/braze interface, which
suggests good wettability between them as shown in Fig. 8 with
high magnification SEM photo of an h-BN/1.25%Ti braze/WC–Co
interface. In Fig. 7, each interface spreads from the right to the left
sides.

Fig. 9 shows the results of map analysis of an h-BN/1.25%Ti
braze interface, (a) in Fig. 9 shows enlargement of h-BN/1.25%Ti
braze interface in Fig. 8. Fig. 9(b–d) shows the distribution of Ag,
N and Ti near the interface in the same area of (a), respectively.
From these results, the concentration of Ti near the interface was
also clearly observed, as the layer of which thickness was about
2 lm.

Fig. 10 shows XRD profiles of the samples at the interface of the
h-BN/1.68%Ti braze and h-BN/1.25%Ti braze, respectively. Among
strong peaks of h-BN, WC–Co and Ag, which were resulted from
bulk ceramics, WC–Co and braze elements, respectively, some
peaks from titanium nitrides are found to exist at the interfaces.
These weak peaks were indexed as TiN [4,6,9] or Ti4N3�x [31].



Fig. 6. Map analysis of a h-BN/1.68%Ti braze interface.

Fig. 7. Cross-section of a h-BN/1.25%Ti braze/WC–Co interface.

Fig. 8. Cross-section of a h-BN/1.25%Ti braze/WC–Co interface(enlargement).
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3.2. Non-destructive test by scanning acoustic microscopy

Non-destructive test by scanning acoustic microscopy was done
to evaluate how the melted braze filler spread at the interface be-
tween h-BN and WC–Co plate. Fig. 11a shows appearance of the
specimen and Fig. 11b shows the image of scanning acoustic
microscopy at the interface of h-BN/1.68%Ti braze/WC–Co. In
Fig. 11a, white part of square in the center is h-BN block, a periph-
eral metallic luster part is WC–Co. The black area in the center of
Fig. 11b is 1.68%Ti braze which was melt at the joint interface
and partly spread out of the interface onto WC–Co plate as shown
in the upper parts in (a) and (b). However in the white part around
the black area, no braze existed. There were no big voids in the
black area where melted braze existed at the joint interface.

Fig. 12a shows appearance of the specimen and Fig. 12b shows
the image of scanning acoustic microscopy at the interface of h-BN/
1.25%Ti braze/WC–Co. In Fig. 12a, white part of square in the cen-
ter is h-BN block, a peripheral metallic luster part is WC–Co. The
black area in the center of Fig. 12b is 1.25%Ti braze which was melt
at the joint interface. These characteristics of melted braze using
1.25%Ti were similar to the case using 1.68%Ti braze, while the area
of melted braze which spread into the gap between h-BN and WC–
Co was smaller than that in case of 1.68%Ti although the volume of
braze used had some uneven quantity.
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Fig. 11. Interface observation of a h-BN/1.68%Ti braze/WC–Co interface using
scanning acoustic microscopy.
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Fig. 12. Interface observation of a h-BN/1.25%Ti braze/WC–Co interface using
scanning acoustic microscopy.

Fig. 9. Map analysis of a h-BN/1.25%Ti braze/WC–Co interface.
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3.3. Shear strength test

After cross-sectional and non-destructive examinations, shear
strength test of the dissimilar joint was done. Fig. 13 shows
cross-sectional SEM observation of an h-BN/1.68%Ti braze interface
after shear strength test has done. The topside is molding epoxy re-
sin. The gray plate-like layer and bottom white colored sides of the
picture are h-BN and 1.68%Ti braze, respectively. The upper side of
h-BN layer is the fracture surface, while no origins of fracture were
observed at the h-BN/1.68%Ti braze interface and braze was melt
into the h-BN. In each specimen, fracture occurred at h-BN side
of the specimen near the interface. Fig. 14 shows Weibull distribu-
tions of shear strength test of h-BN/1.68%Ti braze and h-BN/
1.25%Ti braze, respectively, which was plotted using the median
rank method. In case of all test, fracture occurred at h-BN side of
the specimen near the interface. In both cases, the difference of



Fig. 13. Cross-section of an h-BN/1.68%Ti braze interface after shear strength test.
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maximum and minimum shear strength was about 4–5 MPa,
respectively. In addition, distributions of shear strength were over-
lapped each other and spread widely, and can be approximated by
line formula as shown.

4. Discussions

Fig. 3 shows the maximum bottom temperature during heating
was around 973 K. On the other hand, the liquidus temperature of
Ag–Cu–Ti braze which was used in this study is 1063 K, and taking
the fact that the braze alloy was melt after the heating into consid-
eration, the maximum temperature of topside was thought to be
over 1063 K. Thus the difference between the maximum tempera-
ture of topside and the maximum bottom temperature seems to
arise from thermal decrease in the WC–Co plate due to the distance
from the heating area and temperature measuring point.

The contact angle between WC–Co and braze is estimated to be
an acute angle from Fig. 4 (using 1.68%Ti braze) and from Fig. 7
(using 1.25%Ti braze). So wettability of Ag–Cu–Ti braze to WC–
Co was considered to be good, though accurate measurement with
sessile drop method will be needed, and the contact angle between
h-BN and Ag–Cu–Ti braze is also estimated to be an acute angle.
Wettability of both Ag–Cu–Ti braze to h-BN [6,32,33] was also con-
sidered to be good whenever Ti content in braze was even 1.25%.
Judging from each interface, WC–Co/Ag–Cu–Ti braze and h-BN/
Ag–Cu–Ti braze, spreading to left side, wettability of each inter-
faces seemed to be good. Nicolas et al. [6] revealed that boron ni-
tride remained unwetted until the temperature was above
1173 K, but wetted at 1223 K by Ag–28%Cu–2%Ti with sessile drop
method. So, the result of this study indicates that brazing of h-BN
and WC–Co and other metal can be done even using Ag–Cu–Ti al-
loy in lower than 2%Ti content.

In dissimilar brazing process, vacuum furnace is commonly
used to avoid oxidation and its heating rate is relatively slow.
But using laser brazing method, good bond strength was achieved
because of moving of Ti in Ag–Cu–Ti braze toward the interface
and making good reaction of Ti in Ag–Cu–Ti braze and N in h-BN
at interface layer in short period within 60 s. Thus, this study
shows that braze can be done using rapid heating process.

From Figs. 5 and 8, the interface between WC–Co and Ag–Cu–Ti
braze was smooth and no voids were observed [34]. Oppositely,
the interface between h-BN and Ag–Cu–Ti braze was very rough
in detail. Ag–Cu–Ti braze melted and infiltrated into open pore part
of h-BN surface because the wettability between braze and h-BN
was excellent. The addition of Ti to braze as an active element
seemed to be sufficient to induce wetting of h-BN [6,32,33] even
in Ti content of 1.25%.

From Fig. 6a, interface layer existed. In this area, concentrations
of Ti and N near the interface were observed from Fig. 6b–d. And
Fig. 9 also shows existence of interface layer when using 1.25%Ti
braze. The distributions of Ti and N were similar to those of
Fig. 6 (using 1.68%Ti braze). These results strongly suggest the for-
mation of reacted layer at the interface of h-BN/Ag–Cu–Ti braze, of
which thickness was about 2 lm. From Fig. 10, some small peaks
were observed and which were indexed as TiN [4,6,9] or Ti4N3�x

[31] at the interface of the h-BN/1.68%Ti braze and h-BN/1.25%Ti
braze, respectively. From Figs. 6 and 9, Ti-rich layers were observed
at the interface of h-BN and braze. Thus, these peaks of XRD profile
were thought as originated in reacted phase at the interface. Be-
sides, standard free energies of formations of nitrides [35] de-
scribes those of TiN and BN at 1173 K are about �220 and �150
(kJ/g mol N2), respectively. Thus judging from standard free ener-
gies of formations, TiN is more stable than BN in all temperature
ranges. Nicolas et al. [6] reported about the wettability and reactiv-
ity of Ti in Ag–28%Cu–2%Ti braze and h-BN. The result of this study
agrees with them and in addition, this study shows that the Ti con-
tent in Ag–Cu–Ti braze can be reduced to 1.25%. In manufacturing
process of Ag–Cu–Ti braze, intermetallic compound phase like
Cu3Ti is produced during melting of raw materials and it increases
the hardness of the braze with increasing Ti content. From the
point of view about cutting and forming of sheet type braze, it is
preferable that the amount of Ti content is small because this inter-
metallic phase is hard.

As shown in Figs. 11b and 12b, it seemed to be no large voids or
cracks in the brazed area. This means that no large defects existed.
So the wettability of these braze fillers and h-BN or WC–Co seemed
to be good.

In all shear strength tests, every crack was made at h-BN side of
the interface of brazing joint as shown in Fig. 13. It suggests that
the fracture occurred at base material of h-BN and that the inter-
face of brazing joint has the strength enough to connect h-BN
and WC–Co. By using aluminum braze, h-BN failed at its metal-
ceramic interface [6], but 70.26%Ag–28.06%Cu–1.68%Ti braze en-
abled to join h-BN and tungsten carbide.

The reason why the wide distribution of shear strength oc-
curred can be explained by dispersion of ceramics strength. The
variation of shear strength followed Weibull distribution as shown
in Fig. 14. In both cases, the plot can be approximated by line for-
mula and this indicates that the reason of fracture was originated
from single mode. Besides, the fracture was formed in h-BN body
near the interface. This result shows that h-BN is a brittle material
and that the distribution of shear strength may be wide. In addi-
tion, this h-BN used in this study was produced by hot pressing
method using high purity plate crystal, so most of grain was ori-
ented to the same direction of shear stress test and its relative den-
sity was not so high about 82.5%. This feature resulted in low bulk
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strength. Judging from the difference between the two extreme
values and low bulk strength, it seemed that the distribution of
shear strength of 1.25%Ti to 1.68%Ti was within the margin of
variation.

5. Concluding remarks

Dissimilar laser brazing of boron nitride and tungsten carbide
was done. Observation and structural analysis of its interface and
shear strength test revealed as follows:

(1) The contact angles between h-BN and Ag–Cu–Ti braze and
between WC–Co and Ag–Cu–Ti braze were acute angle for
both brazes containing 1.68%Ti and 1.25%Ti. Wettability of
these brazes to h-BN was also considered to be good when-
ever Ti content in braze was even 1.25%.

(2) At the interface of h-BN/Ag–Cu–Ti braze, braze was observed
to infiltrate into micro open pores of h-BN in both cases of
using 1.68%Ti braze and 1.25%Ti braze.

(3) At the interface of h-BN/Ag–Cu–Ti braze, concentration of Ti
near the interface of which width was about 2 lm was
observed in both brazes containing 1.68%Ti and 1.25%Ti. Dis-
tribution of N was also observed at same area. It was pre-
sumed that the reacted phase existed near the interface
between h-BN and braze.

(4) In both brazes containing 1.68%Ti and 1.25%Ti, no large voids
or cracks in the braze area were existed from non-destruc-
tive observation of the interface using scanning acoustic
microscopy.

(5) Fracture occurred at h-BN side of the specimen near the
interface in each specimen after shear strength test. It sug-
gests that the shear strength indicates the bulk strength of
h-BN and this brazing joint has the strength enough to con-
nect h-BN and WC–Co.
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