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Abstract: This article deals with the potential to reduce the amount of the residual stresses in the
diamond films on cemented carbide inserts for improving their effective interfacial fatigue strength and
thus their wear resistance. In this context, nano-crystalline diamond coatings (NCD) were deposited on
cemented carbide inserts. A portion of these coated tools were annealed in vacuum for decreasing the
amount of residual stresses in the film structure. The annealing temperature was appropriately selected
for keeping the substrate strength properties invariable after the coating annealing. Inclined impact
tests at ambient temperature on the untreated and heat-treated diamond coated tools were conducted
for evaluating their effective interfacial fatigue strength. Depending upon the impact load, after a
certain number of impacts, damages in the film-substrate interface develop, resulting in coating
detachment and lifting. Via appropriate FEM (Finite Element Method)-evaluation of the impact
imprints, the residual stresses in the diamond film structure were determined. Milling experiments
were conducted for evaluating the cutting performance of the coated tools using aluminum foam
as workpiece material. A correlation between the interfacial fatigue strength of diamond coatings
and their residual stresses affected by annealings contributed to the explanation of the attained
cutting results.
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1. Introduction

Diamond coatings deposited on cemented carbide tools are widely used in machining of
non-ferrous materials like aluminum alloys, composite and so forth [1–5]. A key issue for ensuring
a sufficient diamond coated tool life, especially in milling, is the fatigue strength of diamond
coating-substrate interface [6–8]. For enhancing the diamond film bonding on its substrate and thus
the film adhesion, selective chemical Co-etching is carried out on hard metal tools for decreasing
superficially the non-adhesive cobalt [1,4]. Moreover, the application of interlayer materials was
introduced as an effective technology for enhancing the film adhesion and nucleation densities of
diamond coatings on various substrates [4,6,9–11].

In the present paper, the potential to change the amount of residual stresses in the diamond film
structure via appropriate heat treatment, thus increasing the effective interfacial fatigue strength as
well as the wear resistance of diamond coated tools in milling was investigated. Nano-crystalline
diamond (NCD) coatings deposited on cemented carbide tools are characterized by high residual
stresses. The high level of residual stresses in the diamond film structure are attributed to epitaxial
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crystal differences and thermal expansion coefficients mismatch of the diamond coating and its
cemented-carbide substrate [12–14]. In this context, annealings were carried out using the NCD
coated tools for attaining a relaxation of the residual stresses [15]. Moreover, Raman spectra were
applied to study the crystallinity of the as deposited as well as annealed diamond coatings [5,16].
Nano-indentations coupled with appropriate finite element method (FEM)-simulations were applied
for characterizing the substrate mechanical properties at ambient and at annealing temperature [17].
As a result, potential change of the wear behavior of diamond coated tools due to annealing can be
attributed only to the relaxation of the film residual stresses.

The effective interfacial fatigue strength of the as deposited and heat-treated NCD coated tools
was investigated by conducting inclined impact tests at ambient temperature and at various loads and
number of impacts. Under certain impact conditions, the conduct of the inclined impact test results
in the development of interfacial fatigue micro-cracks and damages. As a consequence, a release
of the residual stresses in the diamond film structure takes place leading to bulge formation [7].
Via appropriate FEM-evaluation of the impact imprints, the residual stresses in the examined diamond
coatings were calculated [18]. Moreover, milling experiments were carried out for evaluating the
cutting performance of the prepared NCD coated inserts using aluminum foam as workpiece material.
Based on the achieved results, optimum annealing conditions can be determined for improving the
wear resistance of the NCD coated tools in milling.

2. Experimental and Computational Details

Nano-composite diamond coatings (NCD) were deposited on cemented carbide inserts of HW-K05
SPGN 120308 specifications via hot filament method using a CC800/9Dia Cemecon coating machine
(Würselen, Germany). The applied temperature of the filament and substrate during the deposition
process were 2000 ◦C and 900 ◦C, respectively. Moreover, a cooling process took place after the coating
deposition lasting for 9 h. The coating thickness amounts to approximately 5 µm. For achieving a
sufficient film adhesion, cobalt-etching procedures were conducted prior to the coating deposition [6].
A portion of the produced diamond inserts was annealed in vacuum for a duration of 3 h and 10 h.
The annealing temperature was set equal to 400 ◦C. In this way, three groups of diamond coated inserts
were created possessing different annealing durations.

For characterizing the crystallinity of the as deposited and annealed at different conditions
diamond coatings, Raman spectroscopy was carried out using a LabRAM HR spectrometer (HORIBA
FRANCE SAS). The recorded spectra are presented in Figure 1. The as deposited as well as the annealed
diamond coatings appear a narrow peak at 1332 cm−1. This peak is associated with a diamond coating
characterized by high crystalline quality [16]. Moreover, the captured spectra for all investigated
coating cases are similar. Thus, it can be stated that the effect of the temperature up to 400 ◦C on the
crystallinity of diamond coatings is negligible.

For evaluating the substrate strength properties before and after annealing at 400 ◦C,
nanoindentations were conducted by a FISCHERSCOPE H100 device (Helmut Fischer GmbH,
Sindelfingen, Germany) [17]. The fatigue strength of the coating–substrate interface was assessed by
inclined impact tests at various loads and cycles using an impact tester designed and manufactured
by the Laboratory for Machine Tools and Manufacturing Engineering of the Aristotle University of
Thessaloniki in conjunction with the company Impact-BZ [19]. The load inclination angle was 15◦

and the ball diameter was 5 mm (see Figure 2a). The applied time-dependent force signal is shown
in Figure 2b. The 3D-measuement facilities of the confocal microscope µSURF of NANOFOCUS AG
(Oberhausen, Germany) were used for evaluating the impact imprints. The milling experiments were
conducted without coolant or lubricant for attaining a more intense wear evolution. The workpiece
material was an aluminum foam. Based on standard metallographic techniques, the various hard
phases of the workpiece material were detected and described in Figure 2c. It has to be pointed out
that the coated cutting edge is loaded by high dynamic loads during milling owing to the structure of
workpiece material.
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Figure 2. (a) The device for conducting inclined impact tests; (b) the applied force signals during the
inclined impact test; (c) characteristic micro-graphs of the aluminum foam used in milling experiments.

An axisymmetric FEM-model was employed using ANSYS 18 software for determining the thermal
residual stresses in the diamond film structure, as shown in Figure 3a and described analytically in
Reference [18]. The applied FEM-algorithm (FEM-TRS algorithm) enables the calculation of thermal
compressive stresses in the NCD structure during cooling from the deposition temperature to the
ambient one taking into account the different thermal expansion coefficients of the diamond coating
and the cemented carbide substrate.

Moreover, the maximum residual stresses in the diamond coating structures before and after
annealing were determined by an appropriate FEM-model using ANSYS software, as shown in
Figure 3b and described analytically in Reference [18]. By using the experimental data of the diameter
of detached film region in each examined coating case after inclined impact test, the goal of the
applied FEM-DRS (Finite Element Method-Distributed Resource Schedule) algorithm is to describe
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the geometry of the formed film bulges [18]. In this context, a pressure is applied to the FEM-model
elements until the deformation height at the most elevated central bulge region to be equal with the
relevant measured film bulge maximum height. Thus, the overall compressive residual stresses in the
diamond film structure can be determined.Coatings 2020, 10, x FOR PEER REVIEW 4 of 13 
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Figure 3. The applied finite element method (FEM) model for calculating (a) the thermal residual
stresses and (b) the overall residual stresses in film structure after the diamond coating deposition and
its annealing.

3. Results and Discussion

3.1. Mechanical Properties of Cemented Carbide Substrates before and after Annealing

Since the goal of this work was to improve the effective interfacial fatigue strength of diamond
coated tools and thus their wear behavior in milling via appropriate annealing, it was necessary
to ensure that the effect of the applied annealing process on substrate mechanical properties is
negligible. In this way, uncoated HW-K05 cemented carbide substrates were annealed in vacuum at a
temperature of 400 ◦C corresponding to the related one during the annealing of the diamond coated
tools. Herewith, the effect of the annealing temperature on the substrate strength properties was
recorded by conducting nanoindentations at a maximum indentation load of 50 mN. In order the effect
of the specimen roughness on the results accuracy to be nullified, 30 measurements per nanoindentation
were conducted [17]. The related load-displacement diagrams for both examined cases are shown
in Figure 4a. According to the obtained results, the load-displacement curve of cemented carbide
subjected to an annealing at 400 ◦C is similar to the corresponding one of an untreated substrate.
By appropriate FEM-evaluation of the nanoindentation results, the mechanical characteristics for both
cemented carbide inserts are shown in Figure 4b [17]. Based on the attained results, it can be stated
that potential change of the wear behavior of diamond coated tools via annealing can be attributed
only to the relaxation of the film residual stresses and not to substrate effects.
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3.2. Residual Stresses in NCD Coatings before and after Their Annealings

Annealings were conducted on the diamond coated tools in vacuum for 3 h and 10 h at a
temperature of 400 ◦C. Taking into account the dominant effect of the strength properties of the
cemented carbide substrates on the capability of coated tools to withstand the dynamic loads in
interrupted cutting processes, the annealing temperature of 400 ◦C was intentionally selected. At the
temperature of 400 ◦C, the HW-K05 substrate strength properties remain invariable, as also described
in the Section 3.1 [20]. In the first step of the conducted investigations, it was necessary to determine the
developed residual stresses in the film structure before and after annealing. Based on an appropriate
axisymmetric FEM-model described in Figure 3a (FEM-TRS algorithm), the developed thermal stresses
due to the different thermal expansion coefficients of the diamond coating and cemented carbide
substrate after cooling from the deposition temperature to the ambient one were calculated and amount
to approximately 4.8 GPa. These compressive stresses remain constant in all investigated annealing
cases. The magnitude of the thermal residual stresses depends only on the operational temperature of
the diamond coated tools and the coating deposition temperature. In all cases, the inclined impact
tests for evaluating the interfacial fatigue strength of diamond coated tools were conducted at ambient
temperature. Moreover, by using a further FEM-model described in Figure 3b (FEM-DRS algorithm),
the overall amount of residual stresses in the film structure were calculated. This FEM-model, as already
described in Section 2, simulates the film lifting due to the fatigue failure of its interface at ambient
temperature and the residual stress release after the conduct of inclined impact test considering the
diameter and height of the formed bulges. The diameter of each detached region after the inclined
impact test corresponds to a certain film bulge height depending on the amount of the residual stresses
in the diamond coating structure [21].

A characteristic example illustrating the applied procedure for determining the residual stresses in
the as deposited diamond coating structure is shown in Figure 5. The dimensions of the formed bulge
after inclined impact test at certain conditions (diameter and height) are used as input parameters in
the FEM-DRS algorithm for calculating the overall compressive residual stress in the diamond film
structure (see Figure 5a). The overall principal stresses in σ1 and σ2 directions are equal and amount to
approximately 10.2 GPa (see Figure 5b). Moreover, the corresponding compressive thermal residual
stresses of the diamond coating in the same principal directions are calculated using the FEM-TRS
algorithm (see Figure 5c). By subtracting the thermal residual stresses from the overall residual
stresses, the remaining residual stresses in the diamond film structure, characterized as structural,
were calculated (see Figure 5d) [7]. These stresses are generated during the film deposition and can be
varied after the annealing process.



Coatings 2020, 10, 821 6 of 13

Coatings 2020, 10, x FOR PEER REVIEW 6 of 13 

 

structural, were calculated (see Figure 5d) [7]. These stresses are generated during the film deposition 
and can be varied after the annealing process. 

 
Figure 5. (a) Determination of the input parameters (diameter and height of the formed bugle) in the 
FEM-DRS algorithm; (b) calculation of the overall compressive stresses in the diamond film structure 
via FEM-DRS algorithm; (c) calculation of the thermal compressive stresses in the diamond film 
structure via FEM-TRS algorithm; (d) determination of the structural stresses in the diamond film 
structure. 

Characteristic impact imprints after various number of impacts and loads at ambient 
temperature of the untreated as well as of the annealed diamond coated tools are shown in Figure 6. 
Taking into account the mechanical properties and the dimensions (diameter and height) of the 
formed bulges in each case as an input parameter in the FEM-model shown in Figure 3b (FEM-DRS 
algorithm), the overall residual stresses were calculated. According to the attained results, an increase 
of the annealing duration results in a significant reduction of the structural residual stresses. More 
specifically, after an annealing duration of 10 h, the structural residual are almost negligible and only 
thermal stresses exist in the film structure. 

Figure 5. (a) Determination of the input parameters (diameter and height of the formed bugle) in the
FEM-DRS algorithm; (b) calculation of the overall compressive stresses in the diamond film structure via
FEM-DRS algorithm; (c) calculation of the thermal compressive stresses in the diamond film structure
via FEM-TRS algorithm; (d) determination of the structural stresses in the diamond film structure.

Characteristic impact imprints after various number of impacts and loads at ambient temperature
of the untreated as well as of the annealed diamond coated tools are shown in Figure 6. Taking into
account the mechanical properties and the dimensions (diameter and height) of the formed bulges
in each case as an input parameter in the FEM-model shown in Figure 3b (FEM-DRS algorithm),
the overall residual stresses were calculated. According to the attained results, an increase of the
annealing duration results in a significant reduction of the structural residual stresses. More specifically,
after an annealing duration of 10 h, the structural residual are almost negligible and only thermal
stresses exist in the film structure.Coatings 2020, 10, x FOR PEER REVIEW 7 of 13 
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3.3. Evaluation of the Interfacial Fatigue Strength of Diamond Coated Tools before and after Their Annealings

Inclined impact tests were conducted on the as deposited and annealed coated tools at various
loads and number of impacts for evaluating their interfacial fatigue strength. During the conduct of
the inclined impact test, shear stresses are developed in the diamond film-substrate interface. If the
developed interface stresses lead to loads in the film substrate interface, which exceed the interfacial
toughness of the film, an interface fatigue failure occurs. As a consequence, the high compressive
residual stresses in the NCD structure are released hiking up the detached area at certain maximum
height. The interfacial toughness of the diamond coatings depends strongly on the level of residual
stresses in the film structure.

In Figure 7, characteristic topomorphies of the developed imprints on the untreated NCD coated
insert at an impact load of 350 N after 100,000 as well as 300,000 and 400,000 impacts at ambient
temperature are shown. After 100,000, there is no any sign of damage in the coating surface. An interface
failure takes place after 300,000 impacts resulting to the bulge formation with a height of about 15 µm.
The bugle is totally damaged and removed after only a further 100,000 impacts. Related topomorphies
of impact imprints on the annealed coated inserts after 3 h and 10 h are illustrated at a load of 600 N
and 650 N in Figures 8 and 9, respectively. The developed mechanism for diamond coating damage
under the application of repetitive dynamic loads is similar including the coating detachment and
its removal.Coatings 2020, 10, x FOR PEER REVIEW 8 of 13 
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An overview concerning the occurring topomorphy of the as-deposited and annealed diamond
coated tools after the conduct of the inclined impact tests at various loads and the number of impacts
is shown in Figure 10a. All the impact tests were conducted at ambient temperature. After a certain
combination of the impact load and number of impacts, bulges are formed. The experimentally
detected maximum forces for avoiding the fatigue failure of the diamond coating-substrate interface
after 106 impacts for the untreated as well as the annealed diamond coated tools after 3 h and 10 h
amount to approximately 300 N, 525 N and 625 N (see Figure 10b). An impressive increase of threshold
load for interfacial fatigue damage initiation after 106 impacts occurs when the structural stresses in
the film structure are nullified due to the applied annealing process for 10 h.Coatings 2020, 10, x FOR PEER REVIEW 10 of 13 
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and number of impacts; (b) critical impact forces for avoiding interfacial damage after 106 impacts in
the examined coating cases.

3.4. Explanation of the Attained Impact Test Results

For explaining the effect of the residual stresses of the NCD coating on its effective interfacial
fatigue strength, the FEM-DRS algorithm was used (see Section 2). More specifically, two characteristic
cases of NCD coatings were considered possessing overall residual stresses equal to approximately
10.2 GPa (as deposited case) and 5.1 GPa (annealed for 10 h) (see Figure 11a). In order to achieve a bulge
height of 1 µm in both examined cases, the detached film region due to the interfacial fatigue failure
is different. In the case of an NCD coating with residual stresses equal to approximately 10.2 GPa,
the detached film area is associated with a diameter of only 60 µm, as shown in Figure 11b. However,
a decrease of the residual stresses in the diamond film structure results in a significant augmentation of
the detached film area for attaining the same coating lifting (see Figure 11b). Based on these results,
it can be stated that the high level of residual stresses in NCD diamond coating triggers a coating
lifting and removal when a fatigue damage occurs even in a restricted region in the coating-substrate
interface, thus worsening the coating fatigue strength.
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3.5. Wear Behavior of the Untreated and Annealed Diamond Coated Tools in Milling

The cutting performance of the untreated and annealed diamond coated tools was investigated in
dry milling. In the way, the evolution of the wear was accelerated. Moreover, due to the structure of
the aluminum foam used as workpiece material and the existence of especially hard phases, as already
described in Figure 2c, intense dynamic load are developed in the coated cutting edge. In this way,
a key-issue for attaining a sufficient tool life in milling is the interfacial fatigue strength of the diamond
coated tool. After a prescribed number of successive cuts, the cutting insert wear was recorded.
According to the cutting results shown in Figure 12a, in the case of the untreated coated tools, a flank
wear width of 0.15 mm developed after only approximately 15,500 cuts. Moreover, the application of
inserts annealed for 3 h at 400 ◦C enhances the coated tool life up to roughly 50,000 cuts. Coated inserts
annealed for 10 h exhibit the best cutting performance reaching an impressive tool life of almost
78,000 cuts. Characteristic micro-graphs of the worn cutting edges in the examined annealing cases are
shown in Figure 12b.
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3.6. Review of the Obtained Results

A correlation among the diamond coating’s residual stresses, the threshold impact load for
interface fatigue endurance after 106 impacts as well as the tool life up to a flank wear width of
0.15 mm of the untreated (see Figure 13a) and annealed (see Figure 13b,c) coated tools at various
conditions is conducted for having an overview of the achieved results. It is obvious that a decrease of
the structural residual stresses in the diamond film structure due to annealing leads to a significant
augmentation of the critical load for the initiation of diamond coating-substrate interface damage. As a
result, the capability of the diamond coated cutting edge to withstand the dynamic loads in milling
is enhanced resulting to an impressive enhancement of the coated tool life. It has to be pointed out
that a percentile increase of approximately 400% of the coated tool life is attained when the structural
residual stresses are totally removed from the initial diamond coating state after annealing.
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4. Conclusions

In the frame of this work, the potential to improve the wear behavior in the milling of NCD coated
cemented carbide inserts via appropriate annealing was investigated. The obtained results show that
an impressive enhancement of the effective interfacial fatigue strength and milling performance of
diamond coated tools can be achieved by decreasing the structural residual stresses in the diamond
film structure. More specifically, when the structural residual stresses are nullified via an appropriate
adjustment of the annealing duration and temperature, the coated tool life is approximately four times
larger than the initial one and thus the number of the worn tool replacements decreases significantly in
machining processes. In this way, the conduct of the annealing process on NCD coated tools using
appropriate conditions is highly recommended for improving their cutting performance.
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