
Diamond coatings make cutting tools more 
effective, but only if the layer remains intact. 
Read on to learn about how machining stress 
can lead to delamination, and failure.
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After depositions the residual stresses around the edge are 
compressive and tensile for the radial and tangential compo-
nents, respectively, with high stress concentrations. The stress 
concentrations can be alleviated by a large edge radius. When 
machining loading is imposed, stress reversal occurs on both 
components, i.e., radial (or tangential) stresses shifting toward 
less tensile (or compressive). For the edge radius effects, at a 
low feed, increasing the hone radius will reduce the maximum 
tangential normal stress (from compression toward tension). 
However, the edge radius seems to have minor effects at a high 
feed.

Introduction
Diamond is the ideal candidate to machine non-ferrous materi-
als because of its high hard-
ness/strength, low friction coef-
ficient, and chemical stability, 
etc. Diamond turning of ultra-
precision components, e.g. mir-
ror-finish optics, requires single-
crystal gem-quality nature dia-
mond. Synthetic polycrystalline 
diamond (PCD), made by high-
pressure high-temperature sin-
tering, is more commonly used 
in the manufacturing industry. 
However, processing and fab-
rications of PCD tools are of 
high cost, too. On the other 
hand, diamond coatings using 
advanced surface engineering 
technologies such as chemical 
vapor deposition (CVD) have been increasingly explored for 
cutting-tool applications. Diamond coated tools have great poten-
tial in various machining applications and an advantage in the 
fabrication of cutting tools with complex geometry such as drills. 
Increased usages of lightweight high-strength components have 

also resulted in significant interests in diamond coating tools.
Hot-filament CVD is the primary process of diamond coatings 

because of the relative low cost of equipment and mature fabrica-
tion technologies. Thin film CVD diamond over 50 µm thick has 
been deposited on various materials including tungsten carbide. 
Applications of CVD diamond coating tools have been frequently 
reported. It is the consensus that CVD diamond tools generate 
poor surface finish compared to PCD due to rough coating surfac-
es. Though post-deposition polishing of the coating may improve 
part surface finish (Arumugam et al., 2006), the additional 
step is expensive and difficult to perform on complex shapes. 
On tool life, however, there are mixed results of CVD diamond 
performance. In a few applications CVD diamond shows greater 
wear resistance than PCD tools. Oles et al. applied different 

treatments to enhance diamond 
coating adhesion (Oles et al., 
1996). In machining testing of 
high-Si Al alloys the results show 
that CVD diamond tools can meet 
or even exceed PCD in tool life. 
Shen also tested CVD diamond 
tools from a variety of sources 
and reported that some coatings 
have performance comparable to 
PCD, but cited large variations 
of coating performance (Shen, 
1994 and 1996). On the other 
hand, there are several stud-
ies showing that the tool wear 
resistance of CVD diamond is 
still inferior to PCD (Karner et al., 

1996, Schafer et al., 1999, D’Errico 
and Calzavarini, 2001, Davim, 2002, Polini et al., 2003, etc.). For 
example, D’Errico and Calzavarini tested CVD diamond tools from 
different manufacturers against PCD in machining Al-based com-
posite. It was concluded that CVD diamond tools have shorter 
tool lives than PCD, though CVD diamond may have potential 

Figure 1: Tool flank wear vs. time

Diamond coatings have been increasingly used in cutting-tool applica-

tions. Coating delamination is the major tool failure mode and occurs 

due to deposition-induced residual stresses and thermo-mechanical 

loading in machining. This study applies finite element analysis to 

investigate stress distributions—with a focus on the edge radius—in 

diamond coating tools considering depositions and machining.
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economical benefit because of multiple 
edges. The authors further examined the 
coating failure zone by scanning electron 
microscopy (SEM) and observed coating 
flaking and gaps between the coating and 
the substrate, also reported by others. 
Our previous work also demonstrated that 
coating delamination at the tool flank can 
be of a catastrophic nature and is the tool-
life limiting factor for CVD diamond tools 
(Chou and Liu, 2005). High stresses and/
or degraded adhesion during machining 
result in coating failure and the exposed 
substrate suffers from massive deforma-
tion and rapid wear.

Recently a microwave-plasma CVD tech-
nology has been developed to increase 
the diamond growth rate and, with nitrogen 

gas, to produce fine diamond grains on 
the order of 10 nm (Catledge and Vohra, 
1995). The produced nano-structured coat-
ings, which consist of nanocrystals of dia-
mond embedded into a hard amorphous 
diamond-like carbon matrix, have high 
hardness and low surface roughness. The 
newly developed nanocrystalline diamond 
(NCD) tools were characterized together 
with CVD diamond and PCD (Hu et al., 
2006). Measured surface roughness of 
the tool rake is listed in Table 1. The CVD 
diamond has the roughest topography due 
to the multiple facets of diamond grains. 
The PCD insert has the smoothest surface 
from polishing. NCD shows a fairly smooth 
surface that replicates the texture of the 
substrate. Nanoindentation testing also 

shows that NCD diamond has the high-
est hardness, followed by CVD and PCD 
(Table 1).

The three types of diamond tools were 
further tested in machining Al compos-
ite bars to compare their performance. 
Machining conditions were 4 m/s, 0.05 
mm/rev, and 1 mm depth of cut. Part 
surface finishes produced by the diamond 
tools prior to failure are also compared 
in Table 1, rough from CVD diamond and 
PCD, and better finish by NCD. Figure 
1 plots tool wear developments of the 
diamond tools, and figure 2 shows worn 
diamond tools after the machining test. 
CVD diamond had coating failure at short 
cutting time. The PCD tool reached about 
0.11 mm wear-land width after about 10 

Figure 2: Diamond tool wear after composite machining
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min. cutting. For the NCD tools, low wear, comparable to PCD, 
with some deposits were observed. If the deposit was cleaned 
(at 8 min. cutting), the tool continued cutting with little notice-
able wear increases. Note, however, that if the deposit was not 
removed, catastrophic delamination occurred, e.g., at 10 min. 
cutting time and around 0.1 mm VB.

Coating delamination is a major issue in CVD diamond coating 
(Amirhaghi et al., 2001). Strong adhesion between the coating 
and the substrate is a key factor to coating performance. With 
tungsten-carbide (WC) substrates, various techniques have 
been developed to enhance the adhesion strength (Mallika 
and Komanduri, 1999). Moreover, largely mismatched thermal 
expansion coefficients between diamond and WC cause very 
high stresses in the coating tool and stress discontinuity at the 
interface. Diamond coating, with a smaller thermal expansion 
coefficient, is subject to a compressive residual stress, but the 
carbide substrate in tension. Using literature data: 2.5 and 5.5 
µm/(m·K) of thermal expansion coefficients for CVD diamond 
and WC, and 1200 GPa and 0.07 for elasticity and Poisson’s 

ratio of diamond, respectively, a deposition temperature of 800° 
C can generate a nominal stress in the coating as high as 3.0 
GPa in compression. Such high residual stresses will have a 
compound impact to the coating performance.

The deposition stress estimated above is for the nominal 
biaxial stress condition. Around any geometric changes, stress 
distributions will be altered. Using numerical analysis, Gunnars 
and Alahelisten reported that residual stresses around the 
substrate edge increase significantly compared to the uniform 
coating area and small edge radii will drastically increase stress 
concentrations (Gunnars and Alahelisten, 1996). For machin-
ing applications, such high stresses around the cutting edge 
are obviously crucial because the cutting tip is further subject 
to localized thermal and mechanical loads. Literature of edge 
effects on coating tool performance is rather rare. Almeida et al. 
experimentally studied edge preparations of a diamond coated 
tool in machining WC (Almeida et al., 2005). Three types of 
edge conditions—i.e. up-sharp, chamfer, and hone—were tested. 
The authors indicated that the edge conditions of coating tools 
significantly affect machining forces, wear pattern, and tool life, 
etc. It was also shown that coating delamination occurs first at 
the honed tool, which has a large edge radius, despite possibly 
reduced stress concentrations.

It is not clear how the cutting edge geometry affects the coat-
ing tool performance. To effectively use diamond-coating tools it 
is necessary to understand the stress modifications around the 
tool tip due to depositions and machining. By applying finite ele-
ment analysis (FEA) the goal of this study was to evaluate stress 
evolutions, affected by the cutting edge, in coating depositions 
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and subsequent machining. Effects of the 
edge radius and machining parameters on 
the stress distributions were quantified 
numerically.

Stress Analysis
In all simulations the diamond coating 
tools were modeled with 2D geometry. 
The substrate, WC, was 12.7 mm wide 
and 3.18 mm thick, and had an 11° 
relief angle with different edge geom-
etries. Three edge conditions—namely 
sharp (edge radius, re=20 µm), chamfered 
(20° by 2 mm, 20 µm re), and honed 
(re=60 µm, 100 µm)—were first evaluated 
in the deposition stress simulation. The 
diamond coating in the simulation was 30 
µm thick as the experimental tools, uni-
form at the rake and variable thickness at 
the relief face, linearly decreasing to 0 at 
about 0.9 mm from the substrate bottom. 
ANSYS software was used for thermal and 
mechanical analysis simulations with the 
plane strain condition assumed. The ele-
ment geometry chosen had three edges 
and eight nodes, with dual attributes of 
Plane77 and Plane82 for thermal and 
structural analyses, respectively. Meshing 

was generated in the coating first using 
the default setting, and the edge area 
was refined to about 1.5 µm of element 
sizes. The substrate was meshed using 
the default setting.

In deposition-stress simulations, static 
structural analysis with thermal strains 
considered was conducted. A deposition 
temperature of 800° C was set as the ini-
tial condition and a room temperature of 
25° C as the final temperature. Since both 
diamond and WC have high melting points 
and have limited plastic deformation, lin-
ear-elastic material models independent 
of temperatures were used. The elasticity, 
Poisson’s ratio, and thermal expansion 
coefficient of diamond (Amirhaghi et al., 
2001) and WC (Heath, 1986) used were 
1200 GPa, 0.07, 2.5 µm/(m·K), and 620 
GPa, 0.22, 5.5 µm/(m·K), respectively. 
Geometric boundary conditions used in the 
mechanical analysis were fixed constraints 
at the two corners. As no efficient 3D FEA 
machining model with coating stresses 
considered available, the 2D model from 
the deposition stress study was carried 
into the machining simulation. To simulate 
stress distributions during machining, first 
transient heat conduction was conducted 

to obtain the temperature distributions in 
the diamond coating tool. The heat flux at 
the tool-rake contact was estimated using 
data collected and analyzed from the 
machining test (Liu and Chou, 2005). The 
substrate bottom was approximated as 
the room temperature and other surfaces 
adiabatic. Temperature-dependent thermal 
conductivities and constant specific heat 
and density for both diamond and WC were 
used (Liu and Chou, 2005). Next a static 
structural analysis was continued, carrying 
final temperatures from the thermal analy-
sis and initial stresses from the deposi-
tion simulations. The machining-induced 
contact stresses at the rake face were 
applied as the mechanical boundary condi-
tions. To estimate the machining loading 
input to numerical simulations, a set of 
machining tests was conducted using NCD 
tools to turn A390 bars with a two-speed 
(3 ms/ and 10 m/s), two-feed (0.2 mm/
rev and 0.8 mm/rev) combination. The 
depth of cut was 1.0 mm in all cases 
and the machining time was about 12 
seconds, also used in the thermal simula-
tion. Cutting forces were monitored during 
machining, cutting chips were collected 
and thickness measured, and the chip-tool 
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contact length was measured too. The 
data was compiled for cutting analysis, 
orthogonal cutting approximation, to esti-
mate the heat flux and heat partitioning, 
as well as the normal and shear stresses 
(all assumed uniform) at the tool rake face 
(Tables A1 and A2 in appendix). For the 
edge radius effect on machining forces 
it is assumed that at a high feed, 0.8 
mm/rev, the size effect can be neglected. 
However, at a low feed, 0.2 mm/rev, the 
forces—mainly the thrust component—
will be changed by edge hones. As there 
is no data currently available, a linear 
relationship between force increments and 
edge-radius increments was assumed, and 
a proportional constant of 0.25 was esti-
mated (Thiele and Melkote, 1999). Edge 
radius effects on cutting chip thickness, 
contact length, and heat partitioning were 
further considered negligible. The approxi-
mated machining forces were then used 
to evaluate mechanical contact stresses 
and heat-flux boundary conditions, further 
implemented into the FEA model. The 
stress evolution and final stress distribu-
tions and maximum value around the tool 
edge at different machining conditions and 
different edge radii were evaluated.

Results and Discussion
Figure 3 shows typical stress contours 
(normal component, parallel to the coat-
ing surface) after the deposition. The 

area away from the edge has a uniform 
compressive stress around 4.0 GPa in 
the coating and 0.7 GPa of tension in the 
substrate. Around the edge, the stress 
distributions, both values and pattern, 

Figure 3: An example of deposition stress distributions
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alter considerably. The plot also shows the distortion caused by 

the residual stresses, about 1.7 µm deflection in height at the 
center of the insert. Figure 4 compares the deposition stresses 
(maximum principal component) around the edge area for three 
different edge preparations. Clearly the edge hone (60 µm re) 
has a dominant role in stress modifications and the chamfer only 
affects the stress concentrations at the edge slightly.

Figure 5 plots three stress components after the deposition. 
σr, and σθ are the normal stresses in the radial and tangential 
directions, and τrθ is the shear stress in the tangential direction, 
respectively. The stresses are at the coating-substrate interface 
and plotted along the edge, also extended to the flat area (coor-
dinate 0 is where the edge curve begins and negative values are 
toward away from the edge). It can be seen that at the edge, high 
tensile radial stresses are developed. The high tensile stresses 
can be detrimental in brittle fracture due to crack propagations 
and require greater adhesion strengths. The large compressive 
tangential stresses have been viewed to be beneficial for abra-
sive wear rate reductions, however, buckling could be another 
mechanism risky to the coating failure (Gahlin et al., 1996).

Figure 6 shows the deposition-stress comparisons between 
three different edge radii. The results clearly demonstrate that 
the edge radius greatly affect the stresses, both values and pat-
tern; the maximum σr reduces from 1.8 GPa for 20 µm re to 0.8 
GPa for 100 µm re. In addition, the large-hone case also shows 
smooth stress gradients along the edge. For σθ and τrθ, stress 

Figure 4: Around-edge stress distributions of three types of edge preparations maximum principal stress (Mpa)

Figure 5: Stress profiles, three components, around the cutting edge

Figure 7: Machining effects on stress profiles along the interface: a) radial and b) tangential normal stresses
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reductions at a large radius are also evi-
dent, but with a less extent in τrθ.

As shown above, the chamfer edge has 
minor effects on the deposition stress 
around the cutting edge, and thus, subse-
quent simulations with machining loading 
focus on only the honed edge, i.e. edge 
radius effects. Figures 7(a) and 7(b) show 
machining-parameter effects on the stress 
modifications, σr and σθ, respectively, for 
the sharp edge case. It can be seen 
that the thermal and mechanical loads 
do strongly modify the stress distribu-
tions. The stress changes result from the 
combined thermal and mechanical loads 
in machining. Machining loading tends 
to reduce σr due to mechanical contact 
stresses. At a low cutting speed (3 m/s), 
σr remains mostly tensile with the high 
feed case slightly smaller. However, at 
a high cutting speed (10 m/s), σr shifts 
toward mostly compression with the high 
feed case more prominent. Thus, it can 
be inferred that the thermal effect is 
dominant. The elevated machining tem-
peratures cause stress relief and, while 
balanced with the mechanical stresses, 
result in reduced radial stresses. For the 
tangential normal stress, σθ, a similar 
trend is noted too, but the compression 
changed to tension. The machining load-
ing tends to increase σθ, moving toward 
tension. At a high speed (10 m/s), the 
stress relief at high machining tempera-
tures will overweigh mechanical contact 
stresses (compression) and result in low 
compressive or even tensile stresses. At 
a low cutting speed (3 m/s), σθ remains 
compressive, but to a less degree. A high 
feed keeps σθ slightly more compressive.

The interfacial stresses have been ana-
lyzed, maximum valued compared, at dif-
ferent conditions: machining and assumed 
edge radii. Figures 8(a) and 8(b) plot 
σθ,max and σr,max, respectively, affected by 
the edge radius with different machin-
ing parameters. It is noted that the feed 
seems to govern the trend of the edge 

Figure 6: Edge 
radius effects 
on stress pro-
files around the 
cutting edge
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radius effects. At a low feed, σθ,max increases (toward tensile) with the 
increase of the edge radius, more evident at a high cutting speed. 
However, at a high feed, the edge radius has a negligible effect on 
σθ,max, minor decreasing (more compressive) with increasing the edge 
radius at a low speed. Considering if compressive stresses are ben-
eficial to wear reductions, at 10 m/s and 0.2 mm/rev, a honed edge 
would relatively increase tool wear compared to a sharp edge. In 
contrast, at 3 m/s and 0.8 mm/rev, the edge hone may be expected 
to slow down the tool wear. For the radial normal stress, from the 
simulations, large edge radii tend to shift σr,max toward compression 
except one condition, i.e. 10 m/s and 0.8 mm/rev. At 10 m/s and 
0.8 mm/rev, σr,max increases slightly with the increase of the edge 
radius. Therefore, a honed edge may be considered beneficial for 
wear resistance.

Figure 8: Machining effects on maximum stresses: a) tangential and b) 
radial components, as a function of edge radius
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Conclusions
Coating delamination is the major tool 
failure mode of diamond coating tools, 
which inherits high residual stresses from 
the deposition process. Moreover, the 
stresses around the edge area are aug-
mented due to the geometric changes and 
the edge radius strongly affects the depo-
sition stresses. In addition, the cutting 
edge also dominates the contact stresses 
and heat flux conditions imposed during 
machining.

In this study, finite element analysis 
was applied to investigate edge prepara-
tion effects, in particular, the edge radius, 
on the deposition stresses and following 
stress changes due to machining. 2D 
thermal and mechanical analyses were 
conducted using linear-elastic material 
models for both diamond and WC. Three 
edge radii combined with different machin-
ing conditions (two cutting speeds and 
two feeds) were evaluated and stress 
evolutions in diamond coating tools were 
analyzed.

The results quantify the edge radius 
effects on stress concentrations around 
the cutting edge after the deposition. 

Table A2: Computed 
rake-face variables in 
machining

Table A1: Measurements 
from machining tests

Appendix

??
Q

When it has to be right.
• Gearbox Repair
• Gear Grinding to 94”
• Industrial Gears to 250”
• Turbo Compressor Gears
• Custom Drives
• Spline Broaching
• Gear Metrology
• Stock Planetary Speed Reducers

C u s t o m  G e a r  S e r v i c e s  S i n c e  1 9 4 6

ISO-9001

www.thegearworks.com

THE GEAR WORKS — SEATTLE, INC.
500 S. PORTLAND STREET • SEATTLE, WA 98108-0886

PHONE: 206.762.3333          •         FAX: 206.762.3704
E M A I L :  S A L E S @ T H E G E A R W O R K S . C O M

gearsolutionsonline.com         •              APRIL  2008        •        GEAR SOLUTIONS             43



The radial normal stress is largely tensile and can be alleviated 
by a large hone; the maximum σr reduces from 1.8 GPa for 20 
µm re to 0.8 GPa for 100 µm re. When the machining loading is 
imposed, the tangential normal stress is increased mainly due 
to the stress relief at elevated machining temperatures. At a 
high cutting speed and a high feed, the tangential normal stress, 
σθ,max, becomes partly tensile. For the edge radius effect, at a low 
feed, increasing the edge radius results in decreased σθ,max (more 
toward tension), which is more evident at a high cutting speed. 
However, at a high feed, the edge radius has a negligible effect 
on both σθ,max and σr,max.  
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“Diamond-coated tools have great poten-
tial in various machining applications, 
and an advantage in the fabrication of 
cutting tools with complex geometry 
such as drills. Increased usages of light-
weight high-strength components have 
also resulted in significant interests in 
diamond coating tools.”
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