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Abstract: Thermal residual stresses in polycrystalline diamond compact (PDC) cutter arising from the difference in thermal 
expansion between the polycrystalline diamond (PCD) and the supporting tungsten carbide substrate after sintering at high pressure 
and high temperature were investigated using finite element simulation, laboratory tests and theoretical analysis. The obtained results 
show that although compressive residual stresses exist both in the interface of PCD table and in the most region of PCD table surface, 
the tensile residual stress, which is a fatal shortage to PDC, can also occur near the outer diameter area of PCD table, and the 
maximum value is 690 MPa. Distribution of tensile stress in the PCD table is given through experimental results, which is well 
consistent with the numerical results. This finding may be significant in designing new PDC cutters with lower residual stress and 
high cutting behavior. 
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1 Introduction 
 

Polycrystalline diamond compact (PDC), consisting 
of a polycrystalline diamond (PCD)-Co layer on a 
WC-Co substrate, is extensively used to drill oil and gas 
wells[1−3]. Commercially available diamond compacts 
are usually made by sintering diamond powders in the 
temperature range from 1 400  to 2℃  000  at pressure ℃

of 5−7 GPa by using suitable metallic solvent catalysts, 
such as iron, nickel and manganese. In the present 
investigation, sintering temperature and pressure are    
1 450  and 5.5℃  GPa, respectively[4]. 

However, two severe issues may occur in the 
sintering process of PDC. Firstly, the mismatch of 
thermal expansion coefficients between diamond and 
catalyst metal may induce significant internal stress, 
which may generate micro-cracks within the 
polycrystalline diamond layer. This will greatly reduce 
the resistance of the cutting element to mechanical or 
thermal shock[5−6]. And secondly, the different thermal 
expansion of the polycrystalline diamond layer and the 
tungsten carbide substrate may also result in significant 

residual stresses in the PDC cutter upon cooling from the 
sintering temperature to room temperature[7]. Especially, 
the tensile thermal residual stresses in PCD table are the 
most harmful to PDC cutter, which will cause fracture, 
delamination and other abnormal failure of PDC cutters 
[8]. 

The aim of the present work is to elucidate the 
distribution features of residual thermal stresses in the 
interface and diamond table, and to find the relationship 
between residual stress distribution and failure modes. 
Finite element simulation, laboratory tests and theoretical 
analysis are used in the investigation. 
 
2 Thermal residual stress analysis 
 
2.1 Theoretical analysis for thermal residual stress 

PDC obtained under high pressure and high 
temperature, consists of a polycrystalline diamond (PCD) 
layer and a WC-Co substrate. As pressure is released and 
the PDC is cooled from the sintering temperature (above 
1 100 ) to room temperature (20℃  ), the PCD layer ℃

and substrate material respond at different rates. A very 
high thermal residual stresses will be induced in both  
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PCD table and WC-Co substrate due to the mismatch of 
thermal expansion coefficients between them[9]. Usually, 
the thermal expansion coefficient of PCD is much lower 
than that of WC-Co. So, very large compressive stresses 
are induced in the diamond table, and much little radial 
tensile stresses are induced in the cemented tungsten 
carbide substrate. Volumetric strain[10] may provide a 
clear illustration to the origin of these thermal residual 
stresses, which can be written as follows: 
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where e is the volumetric strain; ∆p is the sintering 
pressure change; ν  is Poisson ratio; E is the elastic 
modulus; α is the coefficient of thermal expansion[11]; 
and ∆TS is the sintering temperature change from the 
room temperature T to the sintering temperature TS, 
which can be expressed as 
 
∆TS=T−TS                                   (2) 
 

The first term on the right of Eq.(1) denotes the 
volumetric expansion of PDC material as the pressure is 
released after sintering. The second term represents the 
volumetric contraction as the PDC material cools from 
sintering temperature to room temperature. 
BERTAQOLLI and VALE[10] suggested a simpler 
formula to model the combination of both pressure and 
temperature changes after sintering: 
 
e=α∆Teff                                    (3) 
 

They found a good match between experimental 
results and numerical calculations of residual stress when 
∆Teff=−343 . It can be seen that the negative ℃

volumetric strain due to decreasing temperature is more 
dominant than the positive volumetric strain due to 
decreasing pressure. 

Since the elastic constants, E, ν and thermal 
expansion coefficients, α, of diamond material and 
WC-Co material are quite different, different volumetric 
subtraction in the same temperature change ∆Teff will 
induce a huge residual stress in diamond table and 
tungsten carbide substrate, especially in the interface of 
two materials. About 70% abnormal failures of PDC 
cutters, such as diamond and substrate fracture, 
delamination and chipping or spalling damage are due to 
thermal residual stresses[12]. 

2.2 Numerical analysis on residual stress 
Thermal residual stress distribution in diamond 

table can be obtained using three-dimensional finite 
element analysis(FEA). The material of diamond table 
used in the present numerical simulation contains 94% 
diamond and 6% Co (denoted by D6Co), and the 
substrate contains 15% Co (denoted by YG15). Material 
constants for both D6Co and YG15 are tested and listed 
in Table 1. Dimension of the model is shown in Fig.1, 
with PCD of 1 mm and substrate of 7 mm in thickness. 
 

  
Fig.1 Geometry of PDC used in numerical simulation 
 

The temperature change used in calculation is from 
1 000  (stress relax point) to 20℃   (room temperature)℃  
[13]. Elastic constants, E, ν  and thermal expansion 
coefficient, α, used in the calculation are listed in Table 1. 
The calculated radial, axial and shear stresses at different 
levels AC, DE and OG (Fig.2) are depicted in Fig.3. 
Fig.4 shows the distribution of thermal residual stresses 
along y directions. 
 

 
Fig.2 Local coordinates of diamond table 
 

Thermal residual stress distributions in both 
diamond table and substrate are given in Fig.5. 

The maximum thermal residual stresses in both 
diamond table and WC-Co substrate are listed in Table 2. 

It can be seen from Figs.3−5 that the maximum 
stress occurs near the interface. The radial compressive 
stress in the diamond layer reaches 1.2 GPa, which is 

 
Table 1 Mechanical constants for diamond table (D6Co) and substrate (YG15) 

Material Density/ 
(kg·m−3) 

Thermal 
conductivity/ 
(W·m−1·℃−1) 

Specific heat/ 
(J·kg−1·℃−1) 

Thermal expansion 
coefficient/10−6 K−1 

Elastic 
modulus/GPa 

Poisson 
ratio 

PCD 3 510 543 790 2.5 890 0.07 

WC-Co 15 000 100 230 5.2 579 0.22  
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Fig.3 Thermal residual stress distribution at different levels of 
PCD: (a) Radial stress; (b) Axial stress; (c) Shear stress 
 
Table 2 Maximum stresses in PCD table and WC-Co substrate 

Material σx, max/MPa σy, max/MPa τxy, max/MPa 

PCD table −1 200 690 −421 

WC-Co 
substrate 829 −962 383 

 
near the compressive limit of diamond material (1.9−  
6.9 GPa). Both the maximum tensile stress in thickness 
direction (σy) and tensile shear stress between two 
materials occur in the outer edge of interface. It is 

 

 
Fig.4 Thermal residual stress distribution along y direction:   
(a) Radial stress; (b) Axial stress; (c) Shear stress 
 
potentially very detrimental to the cutter because it 
makes the cutter more susceptible to gross fracture and 
delamination at the diamond/carbide interface[14]. 
 
2.3 Tests for thermal residual stress using stress 

release method 
In order to investigate the influence of substrate 

thickness on the thermal residual stress of the diamond 
table, a procedure called stress release method[15] was 
applied, and the residual stress on the diamond table 
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Fig.5 Thermal residual stress distributions in diamond table and 
substrate: (a) Radial stress distribution; (b) Axial stress 
distribution; (c) Shear stress distribution 
 
surface was measured. Three rosette strain gages were 
bonded to the diamond table, located at the center, half 
radius and outer edge of the diamond table, respectively. 
Four flat interface PDC specimens with the same 
dimension of d 19 mm×13 mm, but different diamond 
thickness, 0.5, 1.0, 1.5 and 2.0 mm, were used. 

The PDC specimen was then held in a specially 
designed fixture while the carbide substrate was cut 
away using electrical discharge wire-cutting machine. 
The strain gage response can be recorded as a function of 
substrate thickness. The PCD table is assumed to be 
stress-free when the substrate material has been removed, 
thus producing a plot of surface residual stress for each 
point of the diamond table. The tested results are shown 
in Table 3. 

The variation of thermal residual stress with respect 
to the substrate thickness is shown in Fig.6. 
 

 
Fig.6 Variation of thermal residual stress with respect to 
substrate thickness: (a) PCD thickness of 1.5 mm; (b) PCD 
thickness of 2.0 mm 
 

It can be seen that experimental results correlate 
well with the calculated ones. Fig.7 shows the radial 
residual stress distribution along radius of diamond table 
(for 2 mm-thick diamond table), which can be simulated 
by the following formula: 
 

023.7)9.7(
015.709 7825.824 2r
+−

+−=
D

σ               (4) 

 
where σr is the radial residual stress (MPa) on PCD 

surface; and D is the distance (mm) from the calculated 
point to the center of diamond table. 

It can be seen from Fig.7 that the maximum 
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Table 3 Thermal residual stress at different positions on diamond surface 

Specimen No. PCD thickness/mm Location Strain/10−6 Stress/MPa Stress by FEA solution/MPa

1 0.5 
Center 

Half radius 
Edge 

−1 988.403 
−1 934.204 
−236.289 

−1 879.689 
−1 831.442 
−210.297 

−1 802.11 
−1 619.25 
−271.91 

2 1.0 
Center 

Half radius 
Edge 

−1 232.056 
−1 067.603 

208.032 

−1 096.529 
−950.167 
185.148 

−1 360.90 
−1 088.81 

247.72 

3 1.5 
Center 

Half radius 
Edge 

−1 317.487 
−913.989 
359.835 

−1 172.563 
−813.450 
320.252 

−1 003.10 
−677.65 
291.25 

4 2.0 
Center 

Half radius 
Edge 

−713.016 
−445.179 
276.807 

−634.584 
−396.209 
246.358 

−701.11 
−365.51 
240.65 

 
compressive stress reaches 701.11 MPa at the center of 
diamond table surface (D=0) while the maximum tensile 
stress reaches 293.01 MPa at D=8.03 mm. However, it 
should be pointed out that position of the maximum 
tensile stress on PCD surface can be changed with the 
substrate thickness. The experimental results obtained on 
four specimens with different diamond thicknesses are 
depicted in Fig.8. It can be seen that the position of the 
 

 
Fig.7 Radial residual stress on surface of diamond table 
 

 
Fig.8 Variation of position of maximum tensile residual stress 
with respect to substrate thickness 

maximum tensile stress changes with the substrate 
thickness. The maximum tensile stress position on PCD 
surface can remain unchanged when the thickness ratio 
of diamond table to substrate is less than 0.2, which 
indicates that one-time cut away of substrate procedure is 
very important to obtain accurately the maximum tensile 
stress of PCD table surface. 
 
3 Conclusions 
 

1) Very high radial compressive residual stress near 
the compressive limit of PCD material can be induced in 
PDC cutter when being cooled from sintering 
temperature to room temperature. Radial tensile residual 
stress can also occur in diamond layer of PDC cutter. The 
maximum tensile stress occurs at the edge of diamond 
layer surface, which is harmful to PDC cutter, causing 
material fracture, cleavage and delamination failures. 

2) The maximum compressive residual stress 
occurring at the center of interface is affected 
significantly by the thickness of diamond table. It can be 
a function of the thickness ratio of the diamond layer to 
carbide substrate layer. The lower the ratio, the less the 
radial compressive residual stress in the diamond table 
and the lower the radial tensile residual stress in the 
carbide substrate. 

3) Location of the maximum tensile residual stress 
on diamond table surface varies with the thickness ratio 
of the diamond layer to carbide substrate layer. The 
obtained residual stress distribution feature in PDC cutter 
enables us to identify and mitigate harmful residual 
stresses in diamond layer. 
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