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Abstract Polycrystalline cubic boron nitride (PCBN) has outstanding properties in terms of 

hardness and chemical stability at elevated temperatures. Therefore, PCBN is used in cutting tool 

materials for hard machining applications e.g. hard turning of hardened steels. Due to the hardness 

of the workpiece, high forces act on a low contact area between tool and workpiece. Hence, severe 

thermo-mechanical loadings occur in such applications causing enhanced tool wear. Fundamental 

knowledge about the material behavior of PCBN-cutting-materials under thermo-mechanical 

loading is valuable as a basis for a better understanding of tool wear and finally for improvement 

of tool wear behavior. PCBN-materials are polycrystalline multi-phase compounds with strongly 

deviating material properties. In order to investigate the phase selective thermo-mechanical 

behavior of such materials lattice strain measurements are conducted under thermo-mechanical 

load using in situ X-ray diffraction with high energy synchrotron radiation. A four point bending 

test set-up and ceramic thermal heaters are used for the application of thermo-mechanical loading. 

Three different materials are investigated: a solid low PCBN-content material, a low PCBN-

content material on a cemented carbide (CC) substrate and a high PCBN-content material on a 

CC-substrate. The low PCBN-content material exhibits a single phase binder material whereas the 

high PCBN-content material exhibits a multi-phase binder with up to five phases. Residual stresses 

are found in the samples with CC-substrate, only. Different phases of one material show different 

strains but nearly same stresses upon loading. Thus, thermo-mechanical loading can be seen as 



superposition of the respective mechanical and thermal loads. The space-resolved experimental 

data is used to validate analytical and numerical models for the calculation of macroscopic and 

phase selective stresses. The phase selective space-resolved strain and stress analysis presented in 

this paper provides a valuable method for the investigation and optimization of hard cutting tool 

materials and coatings under real cutting conditions. 
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1 Introduction 

Polycrystalline cubic boron nitride (PCBN) is the second hardest material after 

diamond and has been used commercially as cutting tool material since the 1970s. 

The advantages of PCBN are the high oxidation resistance and thermal stability 

supplemented by a low chemical affinity towards iron alloys. Due to these 

properties new opportunities of profitable hard machining and a rise in 

productivity have been obtained. The main application of PCBN is machining of 

hardened steels which is characterized by very high thermo-mechanical loading 

acting on a small contact area between tool and workpiece. These thermo-

mechanical loads owe typical values of 3 GPa and 1000 °C and cause high tool 

wear [1]. To improve the wear resistance of tool materials it is necessary to 

understand the action of thermo-mechanical loads on multi-phase cutting 

materials in detail. In the past, research was mainly done with focus on empirical 

testing. In our previous work, we introduced a new approach to investigate cutting 

tool materials using synchrotron radiation. The method was successfully verified 

on mixed ceramic cutting tools in first model tests. This novel method provides 

the opportunity to analyze strains and stresses in situ and phase selective during 

thermo-mechanical loading [2, 3]. Total stresses are composed of load induced 

stresses which result from external loading and residual stresses which are all 

stresses in absence of external loading. In this context external loads are defined 

as mechanical loads or inhomogeneous temperature fields in terms of space and 

time [4]. PCBN-cutting materials are polycrystalline and multi-phase materials 

composed of phases with opposing elastic properties (Young’s modulus, 

Poisson’s ratio) and thermal properties (coefficient of thermal expansion (CTE)). 

Phase selective strain and stress distributions in CBN-materials under external 

loading are unknown up to now. In literature, two theories exist to describe strain 

and stress distributions in a multi-phase material which base on contrary 

assumptions: Reuss postulated same stresses across all different grains in a multi-

phase material while Voigt supposed that all grains in such materials underlie 

same strain. Since these two assumptions represent the theoretical limits of a 

multi-phase materials behaviour a real material is meant to be in between these 

two cases.  Hence, it should be investigated which is the appropriate model for 

PCBN-materials [5-7]. In addition to different phases of PCBN-cutting tool 

materials these can be sintered to a cemented carbide as support structure. 



Accordingly, stresses of such bi-layer materials under thermo-mechanical loading 

need to be analyzed on a microscopic scale. In this regard, in situ diffraction 

experiments using synchrotron radiation were conducted in order to capture 

residual stresses as well as load induced stresses across the whole width of bi-

layered specimens phase selectively.  

2 Experimental  

2.1 Specimen material 

For in situ stress-strain analysis three different kinds of PCBN materials were 

investigated (see Fig. 1): DSC500 is a solid bar of low PCBN-content (50 vol.%) 

and a titanium carbide (TiC) binder. DCC500 is a bi-layer bar with a cemented 

carbide support structure that carries a PCBN layer with the same composition as 

of DSC500. DBW85 is a bi-layer bar composed of a PCBN-layer which is 

sintered to a cemented carbide as support structure. The nominal composition of 

the PCBN-layer is given by a high PCBN-content (85 vol.%) and a metallic multi-

phase binder (AlWCoB) [8]. The geometry of all samples was 35 x 2 x 2 mm3 

with a PCBN layer height of the bi-layer specimens of 720 µm for DCC500 and 

of 890 µm for DBW85. PCBN grain size was approximately 1 - 2 µm for all 

specimens. Additionally, all samples were ground at all faces and polished at the 

top and bottom faces.  

 

Fig. 1 Overview of investigated specimen materials 

 



2.2 Experimental set-up for application of thermal and mechanical 
load 

For application of thermal and mechanical loads an experimental set-up was used 

according to our previous work [2]. It mainly consists of a 4-point bending unit 

made from Inconel 718 material in order to withstand high temperatures at low 

thermal expansion without oxidation (see Fig.2). The bending unit is framed by a 

steel structure that contains a crosshead with a screw to apply the mechanical 

load. A force dynamometer (Type 9254, Kistler Holding AG, Winterthur, 

Switzerland) is mounted beneath the bending unit to adjust and monitor the 

applied load. Two ceramic heating elements (Glow igniters, Bach RC GmbH, 

Werneuchen, Germany) are placed at the lateral faces of the specimens to apply 

thermal loads. By tightening the screw bending stresses from 100-600 MPa (step 

size: 100MPa) were forced as mechanical load corresponding to our previous 

work [2]. Thermal loads were applied in three levels of 10, 20 and 30 heating 

units (HU) by adjustment of a potentiometer. These heating units resulted in 

different temperatures at the measurement position depending on thermal 

properties of the respective sample. For thermo-mechanical loading maximal 

mechanical and thermal loading were combined (600 MPa + 30 HU). 

 

 

Fig. 2 Set-up for application of thermal and mechanical load  

2.3 Diffraction experiments 

Experiments were performed at the test facility P07b at the High Energy Material 

Science (HEMS) beamline of PETRA III (DESY, Hamburg) [9]. Monochromatic 

synchrotron radiation with a wavelength of λ = 0.0156 nm (~ 80 keV) was used. 

The beam cross section was defined to a square of 50 x 50 µm2 by the optical slit 



system. The experiments were carried out according to the Debye-Scherrer 

method [10]. The specimens were irradiated in transmission mode. Diffracted 

radiation was detected by a flat panel 2D detector (Perkin Elmer XRD 1622 AO, 

USA) and converted into diffraction patterns with a number of pixels of 20482 and 

a pixel size of 0.2 x 0.2 mm2. For alignment of the specimens in the incident beam 

and movement of the experimental set-up in x-, y-, and z-direction the 

experimental set-up was mounted on a heavy load hexapod (M-850K148, Physik 

Instrumente GmbH, Karlsruhe, Germany). The distance between specimen and 

detector was set to 1930 mm. The measurement pattern consisted of measuring 

points arranged on a vertical line in the center of the specimen between the pins of 

the 4-point bending unit with a point distance of 50 µm. Images were recorded 

with an exposure time of 2 s. An additional dark field image was taken prior to the 

intrinsic image to improve the signal-to-noise ratio. At the beginning of every 

measurement series a reference measurement was carried out at room temperature 

without load application. After that, all specimens were investigated under the 

before mentioned loading conditions. 

 

2.4 Data evaluation 

The evaluation of the diffraction patterns to obtain lattice spacing and lattice 

strains was performed in accordance to our previous work wherein a detailed 

description of the procedure can be found [2]. By integration of the diffraction 

patterns in x- und z-direction using A2tool software, version 0.23a (A. Rothkirch, 

DESY) the diffraction spectra were extracted. The peaks in the diffraction spectra 

were fitted using the tool Fityk and Voigt functions [11]. The lattice spacing was 

calculated from fitted peaks with Bragg’s law [5]. For calculation of the lattice 

strains the lattice spacing of the reference and loaded condition were related. The 

normal lattice stresses were determined by [12]: 

ε                   (1) 

with σii as normal stress component, E as Young’s modulus, ν as Poisson’s ratio, 

εii as normal strain component and εT as thermal strain. With no thermal load 

applied the last term in the equation is equal to zero. In case of thermal loading 



the thermal strain was approximated by the mean value of the respective ε22 -

strains because they were least affected by mechanical loading and the thermal 

strain was unknown. Equal strain in y- und z-direction was assumed (ε22 = ε33) for 

the calculation of lattice stresses. This is due to the fact that with the presented 

set-up no lattice strains in y-direction could be measured. Furthermore, anisotropy 

of the crystals was neglected.  

3 Modelling of load induced strains and stresses 

In addition to the experiments on single and bilayer PCBN grades, simulations of 

the load induced strains and stresses were carried out using an analytical model. 

Due to the restriction of the model to single-phase materials the material’s 

behavior was assumed isotropic and homogenous. The integral material properties 

of the PCBN containing constituents required for this approach are provided by 

Element Six S. A. (see Tab. 1). 

Table 1: Integral material properties of PCBN and cemented carbide materials used for stress and 

strain modeling  

PCBN 

constituent 

Young’s 

modulus 

[GPa] 

Poisson’s 

ratio [ - ] 

Coefficient 

of thermal 

expansion 

[*10-6/K] 

Thermal 

conductivity 

[W/(m∙K)] 

DSC500 / 

DCC500 

588  0.153 6.21 38.2 

DBW85 574 0.191 4.98 87.5 

Cemented 

carbide [13] 

550 0.22 5.6 65 

 

3.1 Analytical model 

The stress inside a bending bar upon external loading consisting of a single layer 

of homogeneous isotropic material is expressed by Eqs. (2), which is based on 

classical mechanics of materials. Accordingly, the normal stress in x-direction  

is calculated using the external moment , the geometrical moment of inertia  

and the variable z depending on the position in z-direction [14]. 



                   (2) 

This equation leads to a linear stress distribution with compression in the upper 

half and tension in the lower half of the bending bar. Due to symmetry and 

isotropic homogeneous material behavior the neutral axis is located central to the 

bar height [14]. In order to describe mechanical stresses in bilayer-samples and 

thermally induced stresses, this approach is extended according to Chuang et al. 

[15]. With the following equations, the stresses in mechanically and thermally 

loaded bilayer-bars are described with respect to the parameters of the bilayer-bar 

and the running variable z [15] as follows: 
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where  is the thickness of the layer i,  is the Young’s modulus of the layer i,  

is the coefficient of thermal expansion of layer i and  is the difference in 

temperature between reference and working temperature. As a fundamental 

assumption, the strain of both constituents in the interface is equal. Thus, strain 

distributions across the sample height must be continuous while stress 

distributions can be discontinuous at the interface. A general equation to 

determine strains from the measured lattice spacing is given by  

                   (5) 



where  is the strain,  is the difference in lattice spacing and  is the initial 

lattice spacing [5]. The conversion of the stresses obtained from the analytical 

model into bulk strains  is done according to Hooke’s law using the respective 

Young’s moduli of layer i: 

,                    (6) 

This model incorporates only strains from induced mechanical stresses. Therefore, 

in case of thermal loading an additional term is added to involve the absolute 

strain as follows [12]: 

,
, ,                    (7)  

4 Results and Discussion 

First, the phase composition of all samples is determined. Secondly, residual 

stresses in the samples are derived from changes in lattice spacing for unloaded 

samples. By relating the lattice spacing of unloaded and loaded samples the 

strains resulting from external loading are determined. Thirdly, stresses are 

calculated from strains using theory of elasticity. Finally, stresses evaluated from 

experiments and analytical model are compared. 

4.1 Phase composition 

To determine the phase composition of the three PCBN specimens, diffraction 

patterns are taken for each sample from the bulk material in the middle of the 

PCBN-layer. The phases are identified according to JCPDS-Standards listed in 

Tab. 2. As shown in Fig. 4, DSC500 (a) and DCC500 (b) exhibit a similar 

composition. In DSC500 and DCC500 only two phases, namely CBN and TiC, 

occur. DBW85 contains a CBN-phase and four binder-phases which consist of 

complex borides (W2Co21B6, CoWB), cobalt nitride (Co5,47N) and tungsten 

carbide (WC) (c). The complex borides are known from CBN-materials with 

metallic Co and W containing binders [1]. In conclusion, the diffraction patterns 

show that DBW85 is a more complex material than DSC500 and DCC500 in 

terms of phase composition.  



 

Fig. 4 Diffraction spectra of all specimens, phases according to JCPDS-Standards 

Table 2: JCPDS-Standards for phase identification  

Phase JCPDS-Standard No. 

CBN 00-025-1033  

TiC 00-032-1383 

W2Co21B6 00-019-0373 

CoWB 00-023-0194 

WC 00-025-1047 

Co5,47N 00-041-0943 

 

4.2 Elastic lattice strain and residual stress 

Changes of lattice spacing can result from externally applied mechanical stress, 

temperature difference or a variation in chemical composition. In the unloaded 

reference state, changes of lattice spacing across the sample height are only 

caused by residual stress or variations of chemical composition. For the TiC-

phase, changes in lattice spacing can also be caused by variations in stoichiometry 

due to its stability in a wide homogeneity region whereas for the CBN- and WC-

phase only one stable stoichiometric composition exists [16]. Therefore, 

variations in lattice spacing of CBN- and WC-phase provide information about 

residual stresses. Measured lattice spacing across the sample height in the 

unloaded reference state for the two main phases of each specimen is shown in 



Fig. 5. The main phases are CBN and TiC for DSC500 and DCC500 and CBN 

and WC for DBW85. 

 

Fig. 5 Lattice spacing across the sample height for the two main phases of each specimen  

In DSC500 the values of lattice spacing for CBN and TiC are constant across the 

sample height (see Fig. 5(a)) whereas a dependency of the lattice spacing for the 

z-position can be observed in sample DCC500 and DBW85 (see Fig. 5(b + c)). As 

the lattice spacing of the unloaded constituents CBN and WC is unknown, only 

2nd order residual stresses can be evaluated from these measurements [17]. From 

the comparison of the CBN-lattice spacing evaluated in different unloaded 

materials one might conclude 1st order residual stresses, but reference 

measurements on different samples of identical composition showed too high 

scattering to justify that conclusion. The 2nd order residual stresses are calculated 

from locally resolved lattice strains by solving Eqs. (5) for  and  by using the 

material properties listed in Tab. 3. 

Table 3: Material properties of phases in PCBN cutting materials 

Phase Young’s 

modulus 

[GPa] 

Poisson’s 

ratio 

[ - ] 

Coefficient of 

thermal expansion 

[10-6/K] 

Thermal 

conductivity 

[W/(m∙K)] 

CBN  680 [18] 0.17 [18] 4.8 [19] 600 [20] 

TiC 460 [20] 0.19 [20] 7.75 [21] 21 [21] 

WC 690 [20] 0.18 [20] 5.2 [22] 120 [22] 



Consequently, DSC500 is supposed to be free of 2nd order residual stresses. For 

DCC500 the lattice parameters of both the CBN- and TiC-phases vary from the 

bulk material towards the interface indicating local compression stresses due to 

the decrease of lattice spacing. The calculation of the residual stress amounts to 

330 MPa in the CBN-phase. Regarding the TiC-phase in DCC500, the change of 

the lattice spacing can be caused by residual stresses, by stoichiometric 

inhomogeneity or a combination of both. For clarification, further investigations 

are needed. In DBW85, the lattice spacing varies across the whole sample height. 

In both examined phases, a decrease of lattice spacing towards the interface can 

be determined (c). From the change in lattice spacing a residual stress of 400 MPa 

can be calculated for the CBN-phase and of 690 MPa for the WC-phase. As the 

transverse rupture strengths of DCC500 and DBW85 amount to 843 MPa and 

1000 MPa respectively, the residual stresses significantly contribute to the stress 

state in the bulk materials [23]. 

 

4.3 Lattice strain 

The lattice strain ε11 across the sample height upon bending is presented in Fig. 6 

for all PCBN samples. For DSC500 (a), almost linear strain gradients are found in 

both phases across the sample height increasing towards the surfaces of the 

sample. This strain distribution meets theoretical assumptions. With increased 

applied bending load the lattice strains increase. Maximum strain in the CBN-

phase amounts to 0.75∙10-3 at 600 MPa bending load, maximum strain in the TiC-

phase amounts to 1.15∙10-3 (b). Different Young’s moduli of CBN and TiC (see 

Tab. 3) explain the evolution of higher strains of the TiC-phase with TiC having 

the lower Young’s modulus compared to CBN. This is in accordance with the 

theory of Reuss [7]. In the bilayer specimens DCC500 and DBW85 (c-f), no 

diffraction pattern could be taken from the cemented carbide due to the high 

absorption of tungsten. Despite the bilayer structure, the strain of both phases of 

DCC500 are identical to those of DSC500 when compared for 0 ≥ z ≥ -500 µm, 

i.e. close to the upper PCBN surfaces. However, the strain of the TiC-Phase of 

DCC500 strongly deviates from the linear curve towards the interface (d). These 

strong deviations are not completely understood, yet. They partly result from a 

deflection of the sample bar under bending load leading to a shift of Δz = 7 µm 



per 100MPa with respect to the fixed synchrotron beam. Hence, this deflection 

causes a misfit of the examined loaded and reference sample volumes. This effect 

is much more pronounced in the TiC phase due to higher gradient of the lattice 

spacing close to the interface compared to the according gradients present in the  

other phases CBN and WC (see Fig. 5(b + c)). The strain values of the CBN-

phase in DBW85 underlie a strong scattering (e).  This is explained by a relatively 

low intensity of the CBN-peak in DBW85 compared to DCC500 (see Fig. 4 (b + 

c)) which results from the presence of the tungsten with its higher atomic number 

and the according mass attenuation coefficient [24].  The low intensity of the 

CBN-phase in DBW85 causes larger uncertainties during peak fitting. 

Nevertheless a linear behavior of the strains in the CBN-phase of DBW85 exists 

with a magnitude of lattice strain of 0.8∙10-3 at the upper PCBN surface. High 

peak intensities of WC (see Fig. 4(c)) lead to low scattering of the strain 

evaluation for the WC-phase (f). The strains in the WC-phase of DBW85 are 

linear and amount to 0.8∙10-3 at the surface. Thus, they are almost of the same 

amount as the strains of the CBN-phase due to similar Young’s moduli of CBN 

and WC (see Tab. 3). In summary, strain distributions under bending load are 

mostly in good agreement with the ideal stress distribution in a bending bar with 

negative strains in the upper half and positive strains in the lower half of the 

beam. This is also valid for the CBN-phase in bilayer samples, whereas the TiC 

phase in the bilayer sample shows deviations from the theoretical curve indicating 

effects of the interphase. The absence of measurable effects of the bilayer 

structure in DBW85 is explained by similar mechanical properties of both layers 

and phases, i.e. the PCBN and the cemented carbide layer, as well as the CBN- 

and WC-phases in the PCBN layer (see Tab. 1 and 3). In contrast to a bending bar 

made from a homogeneous single-phase material, in a multi-phase material the 

strains in different phases deviate from each other and show inverse 

proportionality to their Young’s moduli. This is in good agreement with the 

theory of Reuss, stating that upon mechanical loading, the different phases in a 

material experience equal stress but different elastic lattice strains [7].  



Fig. 6 Lattice strains of the two main phases for all specimens during different bending loads 

In order to get an understanding of the strain dependency on mechanical, thermal 

and thermo-mechanical loading measured strain values are related to calculated 

strains from the analytical model based on integral material properties using 



DCC500 as an example (see Fig. 7, Tab. 1). Under bending load (a) the measured 

strain curves in the different phases of CBN and TiC and the calculated strain 

curve in the macroscopic material exhibit different slopes corresponding to their 

different Young’s moduli (see Tab. 1, 3).    

Lattice strains of both phases at elevated temperature for DCC500 were measured 

at a thermal load of 30 HU. However the setup was prone to imperfections as the 

heat transfer conditions between specimen and heating elements turned out to be 

not sufficiently reproducible. Therefore the actual temperature couldn’t be 

evaluated by preceding or subsequent calibration. 

In order to compare these lattice strains with the corresponding strain of the bulk 

material DCC500 the temperature was evaluated from the measured lattice strains 

and the coefficients of thermal expansion from the literature of both phases (see 

Tab. 3). Based on this temperature the bulk strain of DCC500 was calculated 

taking the bulk coefficient of thermal expansion taken from literature (see Tab. 1) 

using the analytical model. This approach leads to consistent results of lattice and 

bulk strains.  

The appearance of a small slope in the bulk strain of the bilayered DCC500 

sample across the sample height upon thermal loading is due the difference in 

CTEs considering the cemented carbide substrate and PCBN (see Tab. 1). Under 

thermo-mechanical loading measured strains of the TiC-phase are larger than 

those of the CBN-phase. This result is opposing to the lattice strains under 

mechanical loading (see Fig. 7 (a)). It can be explained by the larger CTE of the 

TiC-phase compared to the CBN-phase (c) which superimposes the mechanical 

properties. For explanation of the strain deviations between both phases close to 

the interface further investigations need to be done. The bulk strain was calculated 

in the manner as it was explained for Fig. 7 (b) indicating consistency with the 

measured lattice strain measurements. Hence the slope of the strain curves across 

the sample height is mainly caused by the bending load while the shift to positive 

strain results from thermal loading. Thus, the overall strain in the PCBN-layer is 

reduced upon combined loading. In conclusion, the combined thermal and 

compressive loading, which indicates the loading of a PCBN cutting tool edge in 

operation, results in a relative low and almost uniform strain of both the CBN- 

and the TiC-phases due to their similar thermo-mechanical properties. This is 



expected to be favorable with regard to the formation of stresses and the wear 

behavior of the material. Major strain differences only occur in a larger distance 

from the functional PCBN surface in the vicinity of the interface.  

 

 

 



Fig. 7 Measured lattice strains and calculated bulk strain of DCC500 under (a) mechanical load, 

(b) thermal load and (c) thermo-mechanical load  

 

4.4 Lattice stress 

Phase selective stresses were evaluated from strains upon separate mechanical and 

thermal loading as well as upon combined thermo-mechanical loading 

exemplarily for the DCC500 sample. To calculate the stresses Eqs. 1 was used by 

taking the material properties from Tab. 3 and considering the assumption ε22 = 

ε33. In accordance with the applied bending load almost identical stresses of both 

the CBN- and the TiC-phase can be determined reaching maximum compressive 

stresses at the upper surface of 514 MPa and 530MPa respectively (see Fig. 8(a)). 

A small discontinuity of the analytically calculated bulk stress curve can be seen 

at the interface, which amounts to ~10 MPa. The discontinuity results from the 

different elastic properties of PCBN and cemented carbide (see Tab. 1). Under 

thermal loading, i.e. at elevated temperature of 248°C only small tensile stresses 

up to 50 MPa in the CBN- and very small scattering stresses in the TiC-phase 

occur. They are meant to be inner stresses of 2nd order due to different CTEs and 

Young’s moduli of CBN and TiC. In fact, the result is superimposed by 

considerable scattering and artifacts close to the interface (b). The analytical 

model indicates bulk stresses induced by the thermal load amounting to ±43 MPa, 

which result from the difference of the bulk CTE and Young’s moduli between 

PCBN-layer and cemented carbide (see Tab. 1). Stresses under thermo-

mechanical loading reach slightly lower compression in the CBN- compared to 

the TiC-phase. According to the previous figures the discontinuity in the interface 

between the PCBN-layer and the cemented carbide amounts to 90 MPa. The 

stresses calculated based on bulk properties of PCBN by the analytical model are 

in between the phase selective stresses indicating consistency with the 

experimentally obtained lattice stresses (c). The high stress values of the TiC-

phase close to the interface may result from changes in chemical composition but 

needs to be further investigated. Thus, Reuss’ theory is appropriate to model 

phase selective stresses of PCBN cutting tool materials. Despite the different 

thermo-mechanical properties of both phases a nearly uniform stress distribution 



occurs under combined loading by elevated temperature and compression, 

indicating the loading conditions of a cutting edge in operation. 

 

Fig. 8 Lattice stresses and bulk stresses of DCC500 under mechanical, thermal and thermo-

mechanical loading  

Finally, stresses obtained from phase selective lattice spacing measurements and 

bulk stresses calculated by the analytical model are compared for all three PCBN 

cutting materials under elevated thermo-mechanical loading, i.e. 600 MPa and the 

according temperatures which differ due to the material properties of the samples 

and imperfections of the setup (see Fig. 9). Regarding DSC500, the CBN- and 

TiC-phase show identical lattice stresses which are linear and sloped from 

negative compressive values at the top to positive tensile values at the bottom 



surface (a). The bulk stress values of the analytical model are in good agreement 

with the measured values. Deviations in between the stresses of the analytical 

model and the phase selective evaluated lattice stresses in DSC500 are not fully 

understood. For DCC500 the lattice stresses evaluated from measurements and 

modeled bulk stresses are in good agreement (b). In DBW85 the stresses in the 

CBN- and WC-phase match the modeled bulk stresses (c). Due to the difference 

of CTE’s and mechanical properties between the PCBN-layer and the cemented 

carbide a discontinuity of approximately 100 MPa arises at the interface in the 

analytical model. However, the bulk stress discontinuities in the bilayer samples 

indicated by the analytical model at the interface can’t be proven by experimental 

values because of the missing data in the cemented carbide substrate. 



 

Fig. 9 Lattice stresses and bulk stresses of three PCBN samples under thermo-mechanical loading  



5. Summary and Conclusions 

To investigate a phase selective analysis of composition, residual stress state and 

stress distribution under thermo-mechanical loading, the strain states of three 

different PCBN cutting tool materials were determined using X-ray diffraction 

with synchrotron radiation in transmission mode. To compare effects of bilayer 

samples vs. solide samples and also investigate the influence of CBN-content, the 

following sample types were examined: a solid sample DSC500 and a bilayer 

sample DCC500 (cemented carbide substrate) with low PCBN-content (50 vol.%) 

consisting of two phases, namely CBN and TiC (binder) and a second bilayer 

sample DBW85 with 85 vol.% CBN-content and a binder composition of four 

phases. 

Evaluation of lattice spacing shows that the solid sample DSC500 is free of 2nd 

order residual stresses. In contrast, the bi-layer samples DCC500 and DBW85 are 

afflicted with residual stresses, which amount to 330 MPa in the PCBN-phase of 

DCC500 and 400 MPa in the PCBN-phase of DBW85. Whereas the lattice 

spacing of the CBN phase and the TiC phase exhibit variations only close to the 

interface in case of DCC500 a change of the lattice spacing in DBW85 along the 

height of the PCBN layer was identified.  

Strain measurements under mechanical loading reveal minor influence of the bi-

layer structure expressed by similar strain values, which are distributed linearly 

across the sample height and increase linearly with increasing load. The 

investigated PCBN-grades exhibit different strain values of their phases with 

deviating Young’s moduli thus being inconsistent with Voigt’s elasticity model of 

multi-phase materials. Stress values calculated from measured strains indicate that 

Reuss’ theory is appropriate for modeling multi-phase PCBN-materials because 

stresses in different phases amount to same values. The strains and stresses under 

mechanical, thermal and thermo-mechanical loading show that the thermo-

mechanical loading can be taken as the superposition of the respective strains. 

In addition, bulk stress and strain distributions in PCBN subjected to 

thermomechanical loading were calculated by an analytical model. The calculated 

bulk stresses based on the analytical model are consistent with according 



measurements of lattice stresses. Therefore, they allow stress calculations in 

PCBN-materials similar to the investigated bilayer-bars.  

The phase selective space-resolved strain and stress analysis presented in this 

paper provides a valuable method for the investigation and optimization of hard 

cutting tool materials and coatings, which allow transmission by synchrotron 

radiation, as i.e. PCBN and PCD. This method is promising to investigate such 

cutting tools under real cutting conditions in the future. 
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