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Relationship Between Embedding Depth
and Residual Stress in the cBN Grain of Monolayer
Brazed Abrasive Tools
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The relationship between the embedding depth and the residual stress in the brazed ¢cBN grains is analyzed
experimentally in order to optimize the embedding depth of grains in the monolayer brazed abrasive tools.
It is found that the residual stress is stable without remarkable gradient in the core zones of the brazed
grains. However, the stress distribution gradient is rather great in the regions such as both ends of the
central axis, the margin region of the central plane in the cBN grains, and the margin region of the section
plane between the grains and the filler top. The maximum tensile stress in the margin zone of the brazed
c¢BN grains has the most important influence on the mechanical property of the grains. The embedding
depth is accordingly optimized at 30-40% of the total height of ¢BN grain.

Keywords advanced characterization, brazing, c¢BN grain,
embedding depth, residual stress

1. Introduction

The monolayer brazed cubic boron nitride (cBN) abrasive
tools realize strong joining to abrasive grains by virtue of the
chemical reaction among the partners at elevated temperatures
(Ref 1, 2). As aresult, the typical shortcoming of the traditional
electroplated and sintered abrasive tools, such as the grains
fallout during the heavy-load grinding process, is avoided
(Ref 3). Brazed cBN tools have shown distinguished advan-
tages in machining nickel superalloy and titanium alloy, etc.
(Ref 4, 5). It is evident, however, that the performance of the
brazed abrasive tools depends not only on the quality and size
of the utilized ¢cBN grains, but also on the embedding depth of
the brazed grains in the joining layer. Here the embedding
depth is the distance between the grain bottom and the filler top
on the working surface of the abrasive tools. If the embedding
depth of grains is too large, then the chip storage space is
insufficient, and the machining performance of the brazed
abrasive tools is imperfect. On the contrary, if the embedding
depth is small, fracture and cracking may occur in the brazed
cBN grains even though strong joining between the abrasive
grains and the filler alloy is realized in the brazing process
(Ref 6). At this time, serious wear and high tool cost restrict the
wide commercial application of the brazed cBN abrasive tools.

For the reason mentioned above, it becomes rather difficult to
determine the embedding depth of the grains in the filler layer
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during fabrication of brazed cBN abrasive tools. All the above
factors need to take synthetically into account the following
aspects: the joining strength, the chip storage space, and the
mechanical properties. In particular, the difference in the
thermal expansion coefficients among three partners of brazed
abrasive tools, such as brittle cBN grains, ductile filler alloy, and
tool substrate, results in large residual stresses. Consequently,
the mechanical strength of the brazed c¢BN grains may be
negatively impacted. So far, these vital problems have seldom
been studied though previous literature has focused on the
reaction mechanism of ¢cBN grain and Ag-Cu-Ti filler alloy at
elevated temperatures (Ref 7-9). In the investigation of this
study, the residual stresses in the brazed cBN grains are
measured and the corresponding distribution characteristics are
analyzed. The embedding depth of ¢cBN grains on the working
surface of the brazed abrasive tools is accordingly optimized.

2. Experimental Procedure

2.1 Materials

In general, it is not easy to ensure the uniform shape of cBN
grains. In this study, the grains with both the long and short
axes of 250 um were chosen. In particular, though the sharp
edges and corners exist on the surface of CBN grains, it is
reasonable to assume a globular shape for these grains.
Consequently, the grains may be regarded as having an axial
symmetric structure. At the same time, (Ag7,Cusg)osTis alloy is
utilized as the active filler, which is considered as the joining
layer of the abrasive tools in the present investigation. The tool
substrate of AISI 1045 steel is a column with a diameter of
15 mm and a height of 5 mm.

2.2 Specimen Preparation

Prior to brazing, the raw materials mentioned above were
cleaned. The three-layer sandwich structure of tool substrate/
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Fig. 1 Schematic showing the brazed CBN grain specimen

filler alloy/cBN grain was assembled, as presented in Fig. 1.
The grain was placed by a fine pincer at the central point in the
top layer of the filler alloy. Then the CBN grains were joined to
the steel substrate via the chemical reaction at elevated
temperatures in the brazing process. In this investigation, the
embedding depth from 10 to 70% of the total grain height was
controlled by adjusting the thickness of the filler layer. Brazing
was performed in a vacuum furnace. The heating temperature
and the dwell time were chosen as 920 °C and 5 min,
respectively. These were the optimal processing parameters
for brazing ¢cBN grains, as described in Ref 10. Since the
heating and cooling rate of 10 °C/min was rather low, the
uniform temperature fields in the specimens were achieved
during brazing. Accordingly, the residual stresses arising from
the temperature variation of the joined partners may be very
minimal and hence, neglected.

2.3 Residual Stress Measurement

Due to the sp> hybridization structure and small size of the
CBN grain crystal, the conventional stress measurement
techniques, such as strain resistance gauges and x-ray diffrac-
tion, were not able to measure the residual stresses in such
limited regions as that of ¢cBN grains. Recently, a method based
on the complementary use of Fourier transform infrared (FTIR)
spectroscopy has been developed for a quantitative evaluation
of sp® and sp> bonded fraction in the BN crystal (Ref 11).
Meanwhile, other stickies (Ref 12-16) have proposed to
measure the stress distribution by means of detecting the
deflection of the characteristic infrared (IR) absorption peak in
stress-free cBN and the actual peak in stressed cBN. The peak
shift of the ¢cBN IR transverse optic (TO) absorption mode is
expected to be simply proportional to the relative lattice
compression, which has been proved valid for a ¢BN bulk
crystal through the comparable experiments of the Raman and
FTIR measurements under high hydrostatic pressure (Ref 17).
Therefore, it is well justified to assume that the peak shift of the
TO modes measured under isotropic pressure yields at least a
first approximation of that found by FTIR at normal incidence.
In this study, the measurement of FTIR spectrum of the brazed
cBN grains was carried out along three directions. One is Line I
in Fig. 1, that is, the central axis of the globular grain. Another
is Line II, namely, the radial direction along X axis in the
central plane parallel to the top layer of Ag-Cu-Ti filler alloy.
The last is Line III in Fig. 1, that is, the radial direction along X
axis in the section plane between the brazed cBN grain and the
filler top. Among the three lines, Line I and Line II are the
particular positions within the ¢cBN grains, whereas Line III is
always the margin region between the brazed grains and the
filler layer. According to the distribution characteristics of the
residual stress in brazed brittle materials, i.e., SizNy4, SiC, and
Al,O5 ceramics, three special zones in Fig. 1 are always the
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Fig. 2 Typical FTIR spectrum of brazed CBN grain

potential regions where the maximum stress of the brazed grain
perhaps exists. On the other hand, because of the supposed
symmetric structure around the central axis, the stress fields are
also regarded as symmetric. Therefore, the influence of the
vector direction of the lines in Fig. 1 on the stress magnitude of
the brazed cBN grains is neglected.

3. Results and Discussion

3.1 Distribution of the Residual Stress in the Central Axis
of the Brazed cBN Grains

Figure 2 shows the typical FTIR spectrum curves in the
central axis of a brazed cBN grain with 50% embedding depth.
It is noted that the wavenumber of 1055 cm™' is the
characteristic peak position for cBN grain without stress (Ref
14, 15). Obviously, the absorption peaks display a certain
excursion to the standard value of 1055 cm™'. It implies that
the brazed grain endures different residual stresses at the
corresponding positions. Previous research has discovered that,
the residual stress o in ¢cBN is given by (Ref 13):

_Aw

> (Eq 1)

where Aw is the excursion value of the absorption peak and
pis 4.5 cm '/GPa (Ref 14, 15).

According to Fig. 2 and Eq 1, the residual stresses in the
central axis (Line I in Fig. 1) of the brazed cBN grains are
achieved, as illustrated in Fig. 3. In general, the embedding
depth has different influence on the stress distribution along
Line I of the brazed ¢cBN grain.

When the embedding depth is as small as 10-30% of the
total, there exists a steady region with width of 75 pm within
the top region of the brazed cBN grains. In this special region,
the embedding depth does not affect the magnitude of the
tensile stress that is below 40 MPa. However, significant
fluctuation of the stress distribution occurs in the bottom region
of the brazed grains. The reason is attributed to a strong
interaction between ¢cBN grain and Ag-Cu-Ti filler in the
extremely narrow region such as the side and bottom surface
of the brazed grains. Here, the interaction implies that
the coordinating effect makes allowance for the difference in
the thermal expansion coefficients at the joining interface of the
cBN grains and Ag-Cu-Ti alloy.
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Fig. 3 The distribution of residual stress in the central axis of
brazed CBN grains

When the embedding depth is above 40% of the brazed cBN
grains, the fluctuation of the residual stress in the bottom region
of Line I disappears, whereas significant distribution gradient of
the residual stress is still observed. The maximum tensile stress
is below 60 MPa. The deeper the embedding depth of grains,
the greater the distribution gradient of the residual stress. In the
bottom region of the brazed grains, the embedding depth shows
a remarkable influence not only on the distribution gradient but
also on the magnitude of the residual stress. The maximum
compressive stress decreases with the decrease of the embed-
ding depth. Figure 3 shows that the compressive stresses have
reduced from 190 to 100 MPa for the embedding depths of 70
and 40%, respectively. Meanwhile, the distribution gradient is
also quite distinct. On the other hand, in the middle region of
the brazed cBN grains, the embedding depth has displayed
significant influence not on the compressive stresses but on the
width of the steady region of the residual stresses. For example,
the width is about 30 pm for the embedding depth of 40% and
approximately 100 um for the depth of 60%.

3.2 Distribution of the Residual Stress in the Central Plane
of the Brazed cBN Grains

Figure 4 demonstrates the residual stresses within the radial
direction of the central plane (Line II in Fig. 1) in the brazed
cBN grains. Though the stress magnitude and the width of the
steady stress region change slightly in the core zone of the
central plane, the stress gradient is very obvious in the margin
region with the width of about 25 pm. Within Line II, when the
embedding depth is below 50%, the margin regions of the
brazed grains endure the tensile stress of 80 MPa. However,
once the brazed grains are embedded surpassing the central
plane, the residual stresses change from tensile to compressive.
For instance, when the embedding depth attains 70% of the
total height of cBN grain, the compressive stress increases up to
130 MPa.

If the grains are embedded shallowly, the tensile stresses
along Line II increase gradually with increasing embedding
depth. It can be seen from Fig. 4 that the tensile stress is only
5 MPa when the embedding depth is 10%, while the stress is
increased to 80 MPa when the depth is increased to 30%.
Meanwhile, though the residual stresses of the brazed cBN
grains are almost uniform for the embedding depth of 10-20%,
the stress gradient becomes remarkable when the embedding
depth is above 30%.
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Fig. 4 The distribution of the residual stress in the central plane of
brazed CBN grains
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Fig. 5 The distribution of the residual stress in the section plane of
brazed grains and filler alloy

3.3 Distribution of the Residual Stress in the Section Planes
between the Brazed cBN Grains and the Filler Top

The stress distribution in the radial direction of the section
planes (Line III in Fig. 1) between the brazed cBN grains and
the top layer of filler alloy is illustrated in Fig. 5. As could be
seen, when the grains are embedded deeply, no evident
influence of the embedding depth exists on the residual stresses
in the core region of the section planes. However, the stresses
of the margin region within the section planes show a strong
relationship with the embedding depth. The tensile stresses are
about 90 MPa and 130 MPa for the embedding depth of 50 and
60%, respectively. Moreover, the distribution of the residual
stresses also changes remarkably. When the embedding depth
of the brazed grain is 40%, the compressive stress of 20 MPa in
the core zone changes rapidly to the tensile stress of 110 MPa
in the margin zone.

On the other hand, if the grain is embedded shallowly, the
distribution gradient of the residual stresses is more obvious
and the tensile stress becomes greater for the shallower
embedding depth. When the embedding depth is 10%, the
tensile stress reaches 200 MPa, as demonstrated in Fig. 5.

3.4 Mechanism of Stress Development in the Brazed cBN
Grains

According to the analysis above, in the margin region of the
section planes between the grains and the filler top, the grains
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Fig. 6 Resultants formed at the brazing interface of CBN grain and
Ag-Cu-Ti alloy

always endure the tensile stresses. The reason is that the margin
region is a special interface, where the mechanical properties
change drastically between brittle ¢cBN abrasive grain and
ductile Ag-Cu-Ti filler alloy. On the one hand, the brazing
resultants, i.e., TiB,, TiB, and TiN (Fig. 6), have a relaxation
effect on the residual stress between the ¢cBN grains and the
filler alloy depending on the transitional interfacial microstruc-
ture of ¢cBN/TiB,/TiB/TiN/filler alloy (Ref 18). The difference
between the thermal expansion coefficients is weakened to a
certain extent. For example, the average thermal expansion
coefficients of ¢cBN, TiB,, TiB, TiN, and Ag-Cu-Ti filler alloy
over the temperature range of 20-800 °C are about 4.55 x 10™°,
74%x107° 8.6x107% 94x107° and 20x 107 °K ™,
respectively. On the other hand, the compounds could not yet
completely eliminate the residual stresses caused by the great
difference in the mechanical property of the joined partners.
Theoretically, the mechanical properties in the core zone of the
brazed cBN grains are quite similar except for the existence the
crystal defects of the grains. Under such circumstance, the trend
is too weak to form the residual stresses because of the varied
thermal expansion coefficients. The residual stresses are mainly
controlled by the faint distortion of the crystal lattice in the
inner zones of the grains, which is induced by the crystal
distortion in the margin region of the section planes (Ref 15).
Consequently, the residual stress is always low.

In addition, since the grain is a type of brittle material with
high compressive strength and low tensile strength, the tensile
stress has a vital influence on the mechanical strength of the
brazed cBN grains (Ref 19, 20). If the tensile stress is too high
in some inner region of the brazed grains, the special region is
the dangerous one where the grain is likely to crack during the
heavy-load grinding process or even during the brazing process
because the strength of the brazed grains has been degraded.
The service life and the machining performance of the brazed
cBN abrasive tools are therefore decreased. Figure 7 provides
the apparent evidence that when the embedding depth is 10%, a
crack has been formed and expanded in the brazed ¢cBN grain.
It corresponds to the decreased grain strength due to the
maximum tensile stress of 200 MPa.
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Fig. 7 Crack in the brazed CBN grain with embedding depth of
10%
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Fig. 8 Maximum residual stress in the special regions of brazed
grain

3.5 Optimization of the Embedding Depth of the cBN Grains
in the Monolayer Brazed Abrasive Tools

Just as described in the above analysis, the tensile stress is
an important limiting factor to determine the mechanical
strength of the brazed ¢cBN grains. The embedding depth of the
cBN grains in the filler layer has strong correlation with the
maximum tensile stress. Consequently, it is reliable to optimize
the embedding depth of the brazed grains based on the
maximum tensile stress in the special zones as follows: the
central axis, the radial direction in the central plane, and
the radial direction in the section planes between ¢cBN grain and
filler top.

On the basis of Fig. 3-5, the influence of the embedding
depth on the maximum stress along the three lines is exhibited
in Fig. 8. As could be seen, the maximum tensile stress in the
brazed grains does not change linearly with the embedding
depth. When the embedding depth is below 30%, the maximum
tensile stress decreases significantly with increasing embedding
depth. However, when the embedding depth is above 30%, the
maximum tensile stress does not vary markedly. It is attributed
to the stress relaxation effect of the filler layer. As a result, the
residual stresses are released via the ductile deformation of
Ag-Cu-Ti filler alloy. Obviously, when the grains are embedded
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Fig. 10 Abrasion wear of the brazed CBN grains

between 30 and 70%, the maximum stresses of 100-120 MPa in
the brazed cBN grains are lower than the stresses of the brazed
grains with the embedding depth of 10-20%. Considering the
chip storage space on the working surface of the brazed
abrasive tools, the embedding depth is optimized at 30-40% of
the whole grain. It is noted here that the applied grain
embedding depth of the abrasive tools may be adjusted further
according to the requirements of the machining process. Thus,
not only the grain strength is ensured, but the essential chip
storage space of tools is also obtained.

In this study, the grinding experiments of nickel superalloy
have indicated that when the grains are embedded with 40%
(Fig. 9). Abrasion wear is the primary wear form for the brazed
cBN abrasive tools, as shown in Fig. 10. Cracking of CBN
grains seldom takes place. Therefore, the brazed cBN abrasive
tools with optimum grain embedding depth show better
grinding performance and longer service life than the traditional
electroplated and sintered counterparts.
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4. Conclusions

The results are summarized as follows:

1. The residual stress is stable without remarkable gradient
in the core zones of the brazed cBN grains. The variation
of the stress distribution is rather significant in the three
special zones such as both ends of the central axis, the
margin regions of both the central planes, and the section
planes.

2. Because of the tremendous difference in the thermal
expansion coefficients of brittle ¢cBN grain and ductile
Ag-Cu-Ti filler alloy, the tensile stress always exist in the
margin region of the section planes between the grains
and the filler. Moreover, the stress gradient is large.

3. In order to ensure the grain strength and the essential
chip storage space of the abrasive tools, the embedding
depth is optimized at 30-40% of the whole grain accord-
ing to the maximum tensile stress in the brazed ¢cBN
grains.
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