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Abstract
Cutting tools made of the ultra-hard composites polycrystalline diamond and polycrystalline boron nitride are being used
in more and more sectors of machining. Due to the laborious preparation processes such as grinding, brushing, electrical
discharge and laser machining, the subsurface of these tools is strongly stressed mechanically and thermally. This also
changes the residual stress state in the highly loaded cutting edge area. The measurement of these residual stresses is not
possible by established XRD methods due to the highly curved surface of the cutting edge. The measurement method
Raman spectroscopy shows high potential for this application, but conversion factors are necessary for the application.
These factors enable the conversion of the stress-induced peak shift in the Raman spectrum into absolute residual stress
values. Previous conversion factors are mainly based on hydrostatic load cases, which, however, cannot be transferred to
the application on cutting tools. In this work, axial load cases were provided by bending and conversion factors were
determined by comparing XRD stress measurements and Raman peak shifts. The conversion factors determined were then
plotted against existing results from other studies and the causes for the deviations that occurred were determined. By this,
for the first time, a conversion factor for an axial load case for cubic boron nitride could be determined and it could be
shown that, as for diamond, it differs significantly from the hydrostatic load case.

Ortsaufgelöste Spannungsmessung in den hochharten Kompositmaterialien polykristalliner Diamant
und polykristallines kubisches Bornitrid

Zusammenfassung
Zerspanwerkzeuge aus hochharten Schneidstoffen wie polykristalliner Diamant und polykristallinem Bornitrid finden in
immer mehr Bereichen der Zerspanung Anwendung. Durch die aufwendigen Präparationsprozesse wie Schleifen, Bürsten,
Erodieren und Laserbearbeitung wird die Randzone dieser Werkzeuge mechanisch und thermisch stark beeinflusst. Durch
diese Einflüsse wird auch der Eigenspannungszustand im hochbelasteten Schneidkantenbereich verändert. Die Messung
dieser Eigenspannungen ist durch etablierte röntgenografische Verfahren aufgrund der stark gekrümmten Oberfläche der
Schneidkante nicht möglich. Die Messmethode Raman-Spektroskopie zeigt für diese Anwendung hohes Potential, jedoch
sind hierfür Konvertierungsfaktoren notwendig. Diese Faktoren ermöglichen eine Umrechnung des spannungsinduzierten
Peakshifts im Raman-Spektrum in absolute Eigenspannungswerte. Bisherige Konvertierungsfaktoren basieren zum großen
Teil auf hydrostatischen Lastfällen, die auf die Anwendung an Zerspanwerkzeugen jedoch nicht übertragbar sind. Im
Rahmen dieser Arbeit wurden axiale Lastfälle durch eine Biegebelastung bereitgestellt und anschließend die Konvertie-
rungsfaktoren durch die Gegenüberstellung von röntgenografischen Spannungsmessungen und Raman-Messungen ermittelt
und mit Literaturwerten verglichen. Dabei konnte erstmals ein Konvertierungsfaktor für einen axialen Lastfall für kubisches
Borntitrid ermittelt werden und aufgezeigt werden, dass sich dieser, ebenso wie bei Diamant, stark vom hydrostatischen
Lastfall unterscheidet.
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1 Introduction

Ultra-hard cutting materials such as diamond and cubic
boron nitride are used in both monocrystalline and poly-
crystalline states, particularly in manufacturing technology
for machining metallic materials like hardened steels or alu-
minium alloys. In order to produce the tools, tool shaping
processes like grinding, brushing, laser or electrical dis-
charge machining are used which mechanically or thermally
stress the cutting material and thus strongly influence the
subsurface. In addition to topography and microstructure,
the residual stress state is highly influenced by tool shaping
processes. Furthermore the subsurface of the cutting edge
is of major interest due to its high mechanical stressing
in the machining process. Topography and microstructure
can be reliably determined in this area by optical surface
measurement systems or cross-sectional micrographs. The
determination of residual stresses in the highly curved area
of the cutting edge rounding, which usually has a radius
between rβ= 5 and 100µm, is not possible with established
X-ray-diffraction (XRD) methods, since necessary diffrac-
tion conditions are not fulfilled [1]. An alternative method to
determine strains and consequently stresses in solids is Ra-
man spectroscopy. By illuminating a solid with monochro-
matic laser light, a light-matter interaction excites molecu-
lar vibrations, which change the wavelength or frequency
of the backscattered light. This wavelength change can be
observed in the spectrum of backscattered light and quan-
tified by characteristic peaks. The initial light-matter inter-
action is influenced by interatomic bond lengths which are
changed by load or residual stresses. Finally, the described
stresses result in a peak shift in the Raman spectrum [2].

Due to the small laser spot diameter of only a few mi-
crons, the method enables a spatially resolved analysis in
the highly curved area of the cutting edge. The ultra-hard
cutting materials polycrystalline diamond (PCD) and poly-
crystalline cubic boron nitride (PcBN) are both Raman-ac-
tive, therefore they show an inelastic scattering of the laser-
light, and are thus measurable with the described method.
Cubic boron nitride exhibits two characteristic peaks at
ωcBN,LO = 1305cm–1 (longitudinal optical mode) andωcBN,TO =
1054 cm–1 (transverse optical mode) when using laser light
with a wavelength of λ= 532nm [3, 4]. Diamond has a char-
acteristic peak at ωDia= 1332cm-1 at the same wavelength
[5, 6]. By determining a shift of the characteristic peaks,
stresses can be measured close to the surface.

The application for residual stress measurement in ni-
tride-based PVD tool coatings has already been demon-
strated extensively [1, 7, 8]. However, there are clear lim-
itations with regard to its validity. In order to determine
stresses from the peak shift in the Raman spectrum, a con-
version of the peak shift to a residual stress value is nec-
essary. For the high hardness materials diamond and boron

nitride this is already known and has been studied in detail
[9–12]. The conversion factors were determined by mea-
surements under hydrostatic load in a diamond anvil cell
[9, 11]. However, it is noted that the magnitude of the con-
version factor Ci for diamond, for example, depends on the
type of load. The conversion factor under hydrostatic load
differs significantly from the conversion factor under ax-
ial load [13]. According to Catledge et al. for a biaxial or
a hydrostatic stress condition, the following relationship be-
tween biaxial and hydrostatic stress σbiaxial / σhydro and peak
shift �ω is obtained:

�biaxial =
�!

Cbiaxial
(1)

�hydro =
�!

Chydro
(2)

Chydro,Dia here is 2.88GPa/cm–1 and was averaged from
existing work in [14] based on the studies from [10–12].
Cbiaxial,Dia was determined in [14] and is 1.62GPa/cm–1. Be-
cause measurements on the surface of solid bodies generally
result in a biaxial stress state at most, it is necessary to de-
termine the conversion factor C under a comparable load.
Furthermore, in addition to the cutting materials, the com-
posites PcBN and PCD contain binder phases such as cobalt
and tungsten or aluminum, which are not Raman-active in
the elemental state, but in some cases form their own spec-
tra in compounds with nitrogen or oxygen. An influence of
these elements on the conversion factor is possible.

In this study, the conversion factor C is determined for
converting near-surface peak shifts in the Raman spectra of
PcBN and PCD under bending stress. For cubic boron ni-
tride (cBN), conversion factors for biaxial or uniaxial loads
are not available. Under standard atmospheric conditions,
a hydrostatic load on the tool surface, for which a conver-
sion factor exists, is unlikely. Instead, biaxial load cases re-
quire specific conversion factors, which can be determined
through bending experiments.

2 Experimental details

2.1 Cuttingmaterials

PCD and PcBN cutting materials were used for the investi-
gations. The PCD cutting material has diamond grains with
a diameter of dg= 4µm and a cobalt binder content of 10%.
Due to the manufacturing process, the 0.5mm thick PCD
layer is soldered on a 1.1mm thick tungsten carbide sub-
strate (Data sheet information). The PCD grade is charac-
terized by the good measurability by Raman spectroscopy
and the later machining of highly eutectic aluminum alloys
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with a high silicon content. Furthermore, a PcBN cutting
material with a cBN content of 85% was used, which has an
AlWCoB binder and cBN grain diameter of dg= 2µm (Data
sheet information). The surface exhibits an as-sintered con-
dition, which was prepared using a diamond polishing pro-
cess for better measurability by Raman spectroscopy. The
PcBN grade was selected due to its good machinability by
nano- as well as by femtosecond lasers, and will enable
near-industrial machining of hardened 100Cr6 in later ap-
plication tests. Due to the high cBN content, reproducible
Raman spectroscopy measurements are possible.

2.2 Four point bending experiment

In order to be able to apply an axial load to the PcBN and
PCD cutting materials, a 4-point bending unit was used
(Fig. 1). The bending stress is applied by two steel pins
which are tensioned by a lever and a screw. To ensure that
the stress state remains constant between the stress mea-
surement by XRD and the measurements on the Raman
microscope and that a transport-related influence can be ex-
cluded, the screw with which the bending force is applied is
monitored with a force measuring ring. The measurement
takes place exactly in the middle between the two inner con-
tact points. The cutting material specimens had dimensions
of 45× 6mm2.

2.3 Residual stress measurement

The XRD residual stress measurements were carried out
using the sin2ψ method on both cutting materials. A Seifert
XRD 3003 ETA five-circle diffractometer from GE Inspec-
tion Technologies was used for this purpose. The diffrac-
tometer was equipped with a Ketek AXAS-M Silicon Drift
Detector (SDD). The point focus of an X-ray tube with
Co-anode was used with a point collimator of 2mm di-
ameter. Both the manufacturing process-induced residual
stresses in the unloaded state and the superposition of load
and residual stress in the loaded state were determined. For
this purpose, the diamond diffraction peak of lattice plane
hkl 311 of PCD specimens was evaluated at 2θ= 112.56°.
For stress measurement of PcBN specimens, the diffraction
peak of lattice plane hkl 200 of cubic boron nitride at 2θ=
59.30° was considered.

Table 1 Measurement settings Raman spectroscopy

Parameter PCD PcBN

Laserpower PL 5mW 10mW

Accumulation time t 15s 20s

Coaddition 2×

Fig. 1 Setup test bench for applying bending load

2.4 Raman spectroscopy

Raman spectra were recorded using a Bruker Santerra II
spectrometer on an Olympus BX51 microscope. A green
laser with a wavelength of λ= 532nm and an objective lens
with 100×magnification were used. The measurement set-
tings from Table 1 were used for the measurements. For
each load case and cutting material 16 measurements were
performed and positioned in the middle of the cutting ma-
terial segment each offset by 10µm. (Figure 1). The mea-
suring point diameter dM was approx. 2µm.

3 Results

3.1 Residual stress measurement

In order to determine an evaluable peak for the residual
stress measurement, an XRD overview diffractogram was
recorded for both the PCD and PcBN samples in the first
step.

This ensured that the peaks of the carbide substrate,
which appear several times below the main cutting mate-
rial, did not interfere with the evaluated peaks. Interference
was also expected from the binder phases cobalt in the PCD
cutting material and from tungsten, aluminum and cobalt in
the PcBN cutting material.

As the diffractograms in Fig. 2 show, however, no inter-
ference can be assumed in the region of the diamond peak
311 and in the region of the boron nitride peak 200, thus
enabling a reliable measurement. However, it is also clear
that the peaks of the carbide are clearly visible and can be
measured for the PCD cutting material. In addition to the
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Fig. 2 XRD overview diffractograms (PCD/PcBN)

classical carbide phases, CoW and CoWB are also detected
in PcBN.

In the next step, XRD residual stress measurements were
carried out on PcBN specimens in the unloaded state. As
Fig. 3 shows, the residual stress values parallel to the bend-
ing line is σRS,PcBN= –510MPa. In PcBN there is a produc-
tion-induced compressive residual stress state. The mea-
surement of the PCD specimen shows an initial compres-
sive residual stress state of σRS,PCD= –1015MPa. Thus, initial
compressive residual stresses are present in the unloaded
state of the ultra-hard material specimens. As shown in
Fig. 1, the cutting material specimens were now exposed
to a load stress which was kept constant between the XRD
measurement and the subsequent Raman measurement. Due
to a lever construction required for reasons of limited space,
an absolute force in the two upper contact points could

Fig. 3 Load and residual stresses measured by XRD under bending
load

not be determined with certainty. The maximum deflection
was determined iteratively up to fracture of the specimen
and therefore almost corresponds to the maximum possible
load that the segment can withstand. The combination of the
previously measured residual stresses and the load stresses
applied by the bending device is also shown in Fig. 3.

In comparison to the previously measured residual
stresses σRS, the applied load stresses σL occur as shown
in Fig. 3. For the PcBN cutting material, additional load
stresses σL,PcBN= –4515MPa and for the PCD cutting mate-
rial σL,PCD= –1900MPa occur.

The additionally applied load stresses of 187% for PCD
and 870% for PcBN of the original compressive residual
stress are significantly higher and suggest a significant peak
shift in the Raman spectrum.

Fig. 4 Peak shift in the Raman spectrum in the loaded and unloaded
state (Diamond)
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Fig. 5 Peak shift in the Raman spectrum in the loaded and unloaded
state (cBN)

3.2 Raman-Spectroscopy

Parallel to the XRD stress measurements, 16 Raman mea-
surements were recorded in the same area on the unloaded
and loaded cutting material specimens with an offset of
10µm. As described above, the peaks at 1050cm–1 (TO
mode) and 1305cm–1 (LO mode) for PcBN and 1332cm–1

for PCD were recorded for the load cases described in
Sect. 2.1. A corresponding overview is shown in Fig. 4
top and Fig. 5 bottom. Considering the spectra of the un-
loaded and the loaded PCD samples in Fig. 4, the differ-
ence is evident. When a compressive load is applied, there
is a clear shift towards higher wavenumbers. Furthermore,
there is a broadening of the peak in the loaded condition. In
Fig. 4, it should be noted that the spectra were normalized
to the highest point and then shifted vertically for a better
overview.

Fig. 6 Fitted peak positions in loaded and unloaded state

If the spectra of the unloaded and loaded PcBN speci-
mens in Fig. 5 are considered, a clear difference also be-
comes visible. When a compressive load is applied, there
is a clear shift towards higher wavenumbers. In particu-
lar, for the TO mode, it is a stronger peak shift to higher
wavenumbers compared to the LO mode. A clear widening
of the peak, as previously seen in the observation of the
diamond peak in the PCD cutting material, cannot be seen.

In order to reliably determine the exact position of the
peaks in the Raman spectrum, the program Fityk was used
and a spline baseline adjustment was performed in the first
step [15]. Subsequently, the peak positions in both the cBN
and PCD spectra were determined using a Gaussian fit. The
determined peak positions are shown for both modes in the
PcBN as well as in the diamond spectrum in Fig. 6. They
confirm the previous qualitative observation of the peak
shift. For both cutting materials, there is a peak shift to
higher wavenumbers.

The previously observed higher peak shift of the TO-
mode compared to the LO-mode of the PcBN can be con-
firmed here once again.

In addition to the position of the peaks themselves,
a closer look at Fig. 4 shows that the peaks determined in
the PCD spectrum broaden under load. To quantify this,
the FWHM was determined. The result is shown in Fig. 7
and confirms the subjective broadening of the peaks due to
a significantly increased FWHM.

4 Discussion

The results presented show that there is a clear peak shift in
both the cBN and diamond spectra at a strong compressive
load induced by bending. The two considered load cases
can clearly be separated by looking at the peak positions
and the peak shift of both cBN and diamond. However,
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Fig. 7 FWHM in unloaded and loaded state

using comparison values based on existing conversion fac-
tors from Sanjurjo et al. shows a significant deviation, as
shown in Fig. 7 for PcBN. The conversion factors of San-
jurjo et al. are CcBN.S.LO= 3.45GPa/cm –1 (LO mode) and
CcBN.S.TO = 3.39GPa/cm –1 (TO mode), respectively. These
conversion factors are significantly higher than the result-
ing conversion factors from this investigation of CcBN.B.LO=
1.14GPa/cm–1 (LOmode) and CcBN.B.TO = 1.60GPa/cm–1 (TO
mode). However, it is clearly evident that the peak position
in the stress-free state, which is obtained both by means of
the linear relationship from [9] and by means of extrapola-
tion from the peak positions from Fig. 7 converges closely.
The difference here is less than 1.5 wavenumbers for both
modes (Fig. 8).

The absolute peak position of a stress-free sample can
therefore be reliably determined with the presented method
for cBN cutting materials. However, the determination of
load or residual stresses does not agree with the literature
values.

The linear relationship for hydrostatic loading and for
biaxial loading from [14, 16–20] is included for direct com-
parison. If the determined peak positions are compared with
a hydrostatic load case, a strong deviation can be seen. Es-
pecially in comparison to the results of Ocelli et al., Mitra
et al. and Catledge, a significant difference in the slope of
the linear interpolation becomes evident (Fig. 9). As ob-
served, this behavior resembles hydrostatic load stresses in
cBN cutting material. It is not possible to compare the pre-
sented investigations with investigations that apply the load
stresses hydrostatically.

However, in addition to hydrostatic investigations,
Catledge et. al. also investigated a biaxial load case in
order to analyse the peak shift on diamond coatings. The
conversion factor CDia,C= 1.62GPa/cm–1 for this load case is
significantly lower. If this is compared with the conversion
factor CDia,B= 1.36GPa/cm–1 determined from the measure-
ment data in this study, there is a significantly higher
agreement at high load stresses. However, it is noticeable
that the stress-free wavenumber is below 1332cm–1. Ad-

Fig. 8 Peak position as a function of applied compressive bending
stresses (PcBN)

justing the determined linear interpolation to align with
the point ω= 1332cm–1, the agreement with findings of
Catledge et al. increases.

Furthermore, there is also close agreement with the val-
ues of Ager et al. at low pressures [21]. The load-dependent
shift of the split peaks (singlet and doublet) also described
by Ager et al., which according to [19, 21] occur at high
pressures, exhibits a significantly lower slope (singlet) or
higher slope (doublet). The load therefore does not lead to
a separation of the peak into singlet and doublet. However,
if the FWHM is examinedmore closely as in Fig. 7, a broad-
ening of the peak can be seen when the load stresses is
applied. This indicates that there may already be two peaks
that cannot be considered separately. This broadening of
the peak due to an applied load stress has also already been
demonstrated by Nasdala et al. and Ono et al. [22, 23]. In
this context, the peak broadening can be explained by an
increase in defects in the diamond under load [23].
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Fig. 9 Peak position as a func-
tion of applied compressive
bending stresses (PCD)

The strong difference in the peak shift between hydro-
static and axial loading can be explained by the cubic crystal
structure of diamond and boron nitride.

According to Angel et al., the relationship between strain
or stress and the peak shift is generally given by Eq. 3. In
this equation, the wavenumber shift depends on the strain
ϵϵ of the crystal and on the direction-dependent component
of the material-dependent Grüneisen tensor γ [2].

−�!m

!m
0

= �m
1 "1 + �m

2 "2 + �m
3 "3 + �m

4 "4 + �m
5 "5 + �m

6 "6 (3)

For triclinic crystal systems, for example, no constraints
exist and no simplification can be made. This means that
the peak shift is individually dependent on strains/stresses
from all directions.

However, for cubic crystals and thus for PCD and PcBN
the following can be applied from Angel et al. [2]:

�m
1 = �m

2 = �m
3 (4)

�m
4 = �m

5 = �m
6 = 0 (5)

Consequently, the peak shift depends only on the load-
induced volume change. Thus, if stresses are applied to the
cutting material in all directions due to a hydrostatic load
case, a strong load-induced peak shift occurs.

Because of the low information depth of the method,
a biaxial residual stress state is assumed here, similar to
Spieß et al. as it is for the XRD method [24].

As only loads from two directions influence the volume
of the cutting material, the volume change caused by the
load is also correspondingly lower. This results in a smaller
peak shift. This finding clearly shows the limitation of
(residual) stress measurement by Raman spectroscopy on
cubic crystalline cutting materials such as PCD and PcBN.
Biaxial residual stress states close to the surface can, how-
ever, be well described with Raman spectroscopy. For the

conversion of peak shifts into residual stresses, the conver-
sion factors CDia,B, CcBN,B,LO and CcBN,B,TO determined in this
work are therefore more suitable for both cutting materials
than the existing factors from the literature for hydrostatic
load cases. This leads to new findings, particularly for cBN,
as a biaxial conversion factor was not yet available.

5 Conclusion

The presented results could clearly show that the conversion
factor C, which is necessary for (residual) stress measure-
ments by Raman spectroscopy, strongly depends on the in-
duced load case. According to the literature, the coefficients
for diamond derived from hydrostatic loads in diamond
anvil cells are significantly higher than those for biaxial
or monoaxial loads. This can be explained by the influence
of the volume change on the peak shift in the Raman spec-
trum. The determined conversion factor for diamond CDia,B

for a biaxial load case is to be regarded as clearly more
suitable, since at the surface a hydrostatic load case is not
possible.

The same applies to the previously available conversion
factors CcBN,S,LO and CcBN,S,TO for PcBN. The conversion fac-
tors valid for hydrostatic load cases differ strongly from the
biaxial conversion factors CcBN,B,LO and CcBN,B,TO presented in
this work. Since there is no hydrostatic load at the surface of
PcBN tools, it can be assumed that the newly determined
conversion factors are also better suited for determining
residual stresses in cutting tools.

Whether the conversion factors also apply directly to
other cutting material grades with lower cutting material
content and other binder systems is to be expected due to
the same cutting material phase, but it is planned to inves-
tigate this in a further bending experiment. In the future,
the determined conversion factors will be used to convert
the results of Raman measurements on ground and lasered
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PcBN and PCD tools into absolute residual stress values. It
is then planned to investigate the influence of these resid-
ual stress values on tool life of these tools when machin-
ing roller bearing steel and silicon-containing hypereutectic
aluminium alloys.
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