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Abstract: The adhesion, structure architecture, and residual stresses of crystalline diamond coatings
(CDCs) on cemented carbide inserts are the factors that significantly affect tool life. The influence of
these factors on cutting performance cannot be investigated separately since interactions among them
exist. The paper elucidates such dependencies to optimize the CDC architecture and improve cutting
performance. In this context, diamond coatings possessing different architectures were deposited
on cemented carbide tools. The fatigue endurance and the milling performance of the coated tools
were investigated using impact and milling tests, respectively. The residual stresses in the film
structures were determined through impact tests and appropriate (Finite Element Analysis) FEA
evaluation of the corresponding results. According to the obtained results, the application of a bottom
micro-structured CDC prior to the deposition of an upper nanolayered one with inferior thickness
improves the coated tools” cutting performance. An optimum coating architecture is associated
with a thickness ratio between the micro-structured bonding to the upper nanolayered CDCs of
2/1. Hereupon, the augmentation of coated tool life via the application of an optimum diamond
coating architecture compensates for the high tool cost and improves milling productivity. The latter
is further enhanced as the number of tool replacements decreases.

Keywords: crystalline diamond coating; tool coating; tool wear; milling performance; machinability
assessment

1. Introduction

Crystalline diamond coatings (CDCs) on cemented carbide inserts are widely used in
various cutting applications, especially for aluminum alloys, carbon-fiber-reinforced com-
posite materials, etc. [1-5]. Such coatings are characterized by high compressive residual
stresses in their structures, significantly affecting the interfacial fatigue strength [6,7]. The
fatigue strength of the diamond coating—substrate interface is a key issue for the coated
tool life, especially when the coated tools are used in machining processes with interrupted
chips, thus characterized by the highly developed dynamic loads [7-9]. As a consequence
of the applied dynamic loads developed in the coating—substrate interface during cutting,
a wear mechanism relevant to coating detachment and, thus, bulge formation appears in
the case that the interfacial toughness of the diamond film is insufficient. The lifting of
the diamond coating from its substrate can be explained by the release of the compres-
sive residual stresses from its structure after interface damage [10]. In order to improve
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the interfacial fatigue strength and, thus, film adhesion, various procedures have been
proposed with the aim of reinforcing the bonding between the diamond coating and its
cemented carbide substrate. Selective chemical co-etching conducted on hardmetal tools to
superficially delete non-adhesive cobalt is highly recommended in the literature [1,10-12].
Moreover, the application of interlayer materials has also been proposed as another solu-
tion for improving the adhesion and nucleation densities of diamond coatings on various
substrates [13,14]. Another crucial issue for the cutting performance of diamond-coated
tools is the architecture of the deposited films. Related investigations have been conducted
by other researchers in order to examine the influence of different structures, such as of
micro-crystalline, nano-crystalline, and micro/nano-crystalline composite of diamond coat-
ings on their tribological behavior and on the chemical bond to the substrate as well as on
their milling performance [4,15].

Considering the above-mentioned facts, the adhesion, structure architecture, and resid-
ual stresses of such coatings are the main factors dominantly affecting cutting performance.
Due to the underlying interactions among those factors, their influence on cutting perfor-
mance cannot be investigated individually. For example, nanolayer crystalline diamond
coatings improve manufacturing accuracy due to their smooth surface and decelerate crack
propagation. However, they possess higher residual stresses compared to micro-coating
structures. The latter fact can deteriorate coating—substrate adhesion and herewith di-
minish cutting performance. The present paper elucidates such dependencies to facilitate
the optimization of the coating architecture to enhance cutting performance when using
CD-coated cemented carbide inserts.

2. Materials and Methods

The used cemented carbide K05 inserts were chemically treated with optimized process
parameters to decrease the superficial Co content to improve coating adhesion. Since
residual stresses develop in a CDC mainly due to epitaxial crystal differences and thermal
expansion coefficient mismatch in the CDC and its cemented carbide substrate, micro-
fractures may occur in the coating—substrate interface [10,16,17]. To avoid such failures,
micro-structured (ms) CDCs are usually used as bonding layers, which can more effectively
absorb residual stresses. In addition, since nanolayered (nl) CDCs possess low surface
roughness and decelerate crack propagation down to the substrate, they are promising in
terms of increasing manufacturing accuracy and tool life [15].

Considering these facts, to determine an optimum coating microarchitecture, four
cemented carbide insert batches were formed. The first one was coated with a micro-
structured crystalline diamond coating (ms CDC) of 5 um thickness via the hot filament
method using a CC800/9Dia CEMECON coating machine (see Figure 1). Two further insert
batches, the 2nd and 3rd ones, were manufactured with two layers. The bonding layer was
an ms CDC and the upper one was a nanolayered (nl CDC), with thicknesses 6 pm and
3 pum for the 2nd batch and 3 um and 6 um for the 3rd, respectively (see Figure 1). The
upper layered coating consists of individual nano sub-layers alternating with micro-sized
ones that are a few nm in thickness. The overall thickness of the coating was held constant,
equal to 9 um. The last 4th insert batch was coated only with an nl CDC of 9 um thickness.
During the coating CVD deposition, the substrate temperature was adjusted to 900 °C. The
filament temperature amounted to approximately 2000 °C, and the total pressure amounted
to 30 mbar. At a carbon-to-hydrogen ratio of 1% and a gas flow of 2 L/min, the coating
growth rate was around 0.5 mm/h. These conditions were also adjusted in order to attain
improved coating crystallinity [7].

To check the adhesion and the magnitude of the developed residual stresses of the
prepared CDCs with the described structures, an inclined impact test under various loads
and a temperature of 300 °C was used. The latter temperature was chosen since it is
approximately equal to the temperatures reached during milling aluminum alloys with
CDC-coated tools [8]. The employed impact test device used was the Apollo NXG of Impact
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Bz Ltd (Thessaloniki, Greece). [18] (see Figure 2a). In Figure 2b, the applied force signal
during the impact test is shown.
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Figure 1. The employed cemented carbide insert batches with various coating architectures.
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Figure 2. (a) The device used to conduct inclined impact tests; (b) the applied force signals.

The developed impact imprints were evaluated through 3D measurements using the
confocal microscope, mSURF, of NANOFOCUS AG. Moreover, appropriately developed
FEA models were employed to calculate the structural and thermal stresses of the exam-
ined diamond coating cases, as shown in Figure 3 [10]. More specifically, by using the
axisymmetric FEA model shown in Figure 3a, the magnitude of thermal stresses in the
diamond coating structure developed during cooling from the deposition temperature to
the operational one can be calculated. The thermal-dependent expansion coefficients of the
diamond coating and its substrate were considered. The overall amount of compressive
residual stresses can be estimated using the FEA model presented in Figure 3b. The latter
model simulates the film lifting after interfacial fatigue failure that results in the release of
residual stresses. Necessary data, such as the diameter of the detached film and the height
of the film bulges in the employed FEA model, were experimentally detected using the
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impact test results. The milling investigations were performed by employing a three-axis
numerically controlled milling center using aluminum foam as the workpiece material.
This workpiece material consists of various hard phases, such as Al4Ca and AlyTix, as
related optical microscopy observations using standard metallographic techniques revealed
(see Figure 4). The structure of the workpiece material results in the development of intense
dynamic loads on the cutting edge of the coated tools during milling [19].
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Figure 3. (a) The developed FE model used to calculate thermal residual stresses after the film cooled
from the deposition temperature to operational one; (b) the developed FE model used to simulate the
coating bulge geometry.

Workpiece material: Aluminium foam
Cemented carbide inserts of HW-K05 SPGN120308 ISO

Figure 4. Characteristic micro-graphs of the aluminum foam used in milling experiments.

3. Results
3.1. Impact Performance of the Examined Diamond Coatings

Inclined impact tests were conducted on the examined diamond-coated inserts at a
temperature of 300 °C for 100,000 impacts and under different loads to characterize the
adhesion quality and detect residual stresses. Characteristic results of such tests in the case
of the 4th insert batch coated only with an nl CD film are presented in Figure 5. Based on
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the developed imprint geometry under various loads, the critical impact force inducing the
onset of coating detachment due to interface fatigue after 100,000 impacts can be detected,
as in the following described. In the present case, under impact forces greater than 250 N,
coating delamination may occur due to coating—substrate interface fatigue failure and
coating compressive residual stresses release, leading to bulge formation. As can be seen
in Figure 5, under an impact force of 350 N, a bulge of about 8 um formed. The height
and base diameters of this bulge further increase with the increasing number of impacts
up to a critical size at which it fails due to fatigue induced by the repetitive mechanical
loads [10]. Under impact loads greater than 400 N, the formed bulges are damaged at fewer
than 100,000 impacts.
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Figure 5. Formation of a coating bulge due to interface fatigue failure during the inclined impact test
in the examined case of the 4th batch.

Considering the previous results, the bulge height versus the impact force can be
plotted, as shown in the left part of Figure 6. Introducing a bulge height of 0.5 pm as a
criterion for the onset of coating delamination, the corresponding critical impact force Fge
can be graphically determined. In the case of the only-nl CD-coated insert, F4.; amounts
to approximately 270 N (see Figure 6). The latter force is temperature-dependent [8].
Furthermore, employing the FEA models shown in Figure 3, which are associated with the
mathematical procedure described in [10], and taking into account the bulge dimensions,
the released coating compressive residual stresses that led to the demonstrated bulge
formation at 300 °C were predicted. In the exhibited nl CDC case, these are roughly equal
to 6.1 GPa, as shown in Figure 6. The overall residual stresses in the diamond coating
structure at 25 °C were calculated considering the increase in thermal stresses due to
temperature reduction, as illustrated in Figure 6 and explained in [8]. Herein, the occurring
compressive thermal residual stresses from 300 °C to 25 °C are overlaid with the existing
structural and thermal ones at 300 °C.

Related investigations were conducted in the case of the 1st insert batch only coated
with a micro-structured crystalline diamond coating (ms CDC) of 5 um thickness. Accord-
ing to the inclined impacts tests after 10° impacts shown in Figure 7a, no damage to the
coating surface appears at a load of 350 N. At a further load increase at 450 N, an interfa-
cial fatigue failure occurs, the high compressive residual stresses of the micro-structured
diamond coating are released, and the detached coating hikes up at a certain maximum
height (bulge formation). The critical impact force F4,] amounts to approximately 400 N
for attaining a bulge height equal to 0.5 um after the coating detachment (see Figure 7b).
Finally, the compressive residual stresses in the film structure at 300 °C and at 25 °C were
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calculated via the methodologies described in [10] and are presented in Figure 7b. As
it can be observed, the magnitude of the compressive residual stresses in the case of a
micro-structured film is lower compared to the related ones of a nano-layered crystalline
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Inclined impact tests at 300 °C were also conducted on the two further insert batches,
the 2nd and 3rd ones. As already described, these coatings have two layers. The bonding
layer consists of an ms CDC and the upper one, a nanolayered (nl CDC) with thicknesses
6 pm and 3 pm for the 2nd batch and 3 um and 6 um for the 3rd. Applying the afore-
described experimental-analytical methods, the critical impact force Fg, for the coating
delamination at 300 °C and the coating residual stresses at 25 °C were also determined. An
overview of the obtained results for all investigated CD-coated cemented carbide insert
batches 1 to 4 is demonstrated in Figure 8. Each of the exhibited values represents the mean
of one of three impact tests. The maximum results’ deviation from each time mean value
was, in all cases, less than 5%. The maximum standard deviation Spax of the applied critical
forces in all investigated cases is less than 8.

450 . . 9 §
S,<8 (Maximum standard *F 25°C O

Z 400 deviation) O 5 8 &
o 370 s R 3
L g 350 ( 7 3
o © (<0}
5 £ 300 6 5
L= 300 &l S
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5/0 6/3 36 0/9 5/0 6/3 3/6 0/9

Batch number / Coating structure ~ Batch number / Coating structure

Figure 8. The determined data for the investigated CDCs with various structure architectures.

3.2. Milling Performance of the Examined Diamond Coatings

Milling experiments were conducted to investigate the wear resistance of the examined
coating structures against the developed dynamics loads. The cutting temperature was
calculated to be approximately 300 °C during one milling revolution [8]. In the results
illustrated in Figure 9, the maximum temperature in the cutting-edge transient region was
estimated to be between 250 and 300 °C due to the interrupted cutting procedure. Herein,
it was assumed that the CDC coating, as well as the substrate properties, remain practically
constant in this temperature range [20]. The flank wear development versus the number of
cuts in all of the investigated CDC structure cases is shown in Figure 9. As expected, when
employing a micro-structured CDC as a bonding layer (1st, 2nd, and 3rd insert batches),
flank wear land development is less intensive in comparison to the coated inserts of the 4th
batch with a nanolayered CDC of 9 pm thickness. It must be pointed out that the coated
inserts of the 2nd batch with a micro-structured bonding layer of 6 um and a 3 pm nano
upper layered region represent an optimum coating architecture combining the advantages
of both low surface roughness and residual stresses associated with sufficient adhesion.
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Figure 9. Flank wear width VB over the number of cuts in milling for the investigated CDCs with
various structure architectures.

4. Discussion

To explain the wear behavior in the milling of diamond coatings with different struc-
tures, the following issues must be considered. The nanolayered coatings or even the
nanolayered ones with a comparably thin bonding micro-CDC (4th and 3rd insert batches,
respectively) possess high levels of residual stresses compared to the coated inserts with a
micro-CDC or additionally with a thinner upper nanolayer (1st and 2nd insert batches).
Residual stresses in CD films could enhance the coating adhesion since they contribute to
roughness’s locking in the coating—substrate interface. However, they may overstress the
substrate material and lead to micro-fractures in the interface region, thus deteriorating
the coating adhesion. Recent investigations revealed that low film adhesion is associated
with insufficient fatigue strength of the diamond coating—substrate interface, which leads
to rapid film delamination and substrate revelation in milling [1,8]. The interface fatigue
strength of diamond coatings is a prevailing factor for attaining a sufficient tool life in
milling. During milling, due to the interrupted material removal, the cutting edges are
subjected to repetitive impulsive loads. The effect of the milling process dynamic on the
wear evolution was extensively investigated [19,21]. In this way, the fatigue strength of
the coating—substrate interface significantly affects the diamond-coated tool life, whereas
dynamic loads are developed in the coating—substrate interface. The nanoindentation
curve of K05 inserts with a maximum load of 15 mN is shown in Figure 10a. This curve
represents the mean value of 50 measurements. Through the appropriate evaluation of the
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nanoindentation results using the “SSCUBONI" algorithm [10], the stress—strain curve of
the employed K05 inserts as well as characteristic mechanical properties, are shown. These
properties are kept constant up to a temperature of 400 °C [20]. Considering the results in
Figure 8 and the fact that during one milling revolution, the developed temperatures in the
coated tool cutting-edge fluctuate between 25 and 300 °C, the mean residual stresses exceed
the substrate rupture stress in the 4th insert batch, micro-fractures in the film-substrate
interface develop, and the critical delamination forces diminish (see Figure 10b). Thus,
the substrate material deforms without resistance. Consequently, on the one hand, in the
case of nanolayered or mainly nanolayered CDCs (4th and 3rd insert batch, respectively),
micro-fractures may appear in the coating interface, deteriorating the adhesion and po-
tentially the cutting performance. On the other hand, the existing lower stresses in the
micro-CDC (1st batch) as well as in the 2nd batch with a thin upper nanolayered CDC
facilitate the roughness locking in the coating interface region without material failures. In
this way, the coating adhesion is improved, and a better cutting performance, comparable
to insert batches 3 and 4, is expected. Finally, these milling results ascertain the practical
experience that micro-structured CDCs enhance the adhesion and, moreover, that the
layered film structures decelerate crack propagation and might improve the coated tool’s
cutting performance. Herein, the layered upper structure thickness must be restricted to
avoid micro-fractures in the coating interface due to high residual stresses.

Mean curve of

50 measurementsA/
/
Detail ®

- I
/ cone>‘§f@;§I thir_?b"l/

5 10 mN 15
Indentation load

3A
[0}
30

-
N
o

w o
o O

Indentation depth
(o]
o

o

Berkovich indenter, t./b = 2.2/72.4 nm

Material data up to 300°C A
HW-K05 | 3 Sea
E (elasticity modulus) | 640 3 s, rupture
S, (yield stress) | 4.4 | gPa g s, ; HW-K05
S, (rupture stress) | 6.5 s gyleld
>

HW-K05: 94% WC - 6% Co von Mises strain

c1/c2 : 5/0 [um/um] c1/c2 : 0/9 [um/pm] m

3.4-6.2GPa (300°C-25°C) 6.1-8.9GPa (300°C-25°C)

interface | |6.1- 8.9 GPa (300°C - 25°C)

3.4 - 6.2 GPa (300°C - 25°C)

SUbStats micro-fracture

Figure 10. (a) Substrate material mechanical properties; (b) coating interface failure due to exceed of
the substrate rupture stress caused by high residual stresses.
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5. Conclusions

In the paper, the effect of the adhesion, structure architecture, and residual stresses
of crystalline diamond coatings (CDCs) deposited on cemented carbide inserts on cutting
performance was investigated. In this context, cemented carbide inserts were coated
with diamond coatings possessing different architectures. According to the presented
investigations, the application of a bottom micro-structured CDC prior to the deposition of
an upper nanolayered one with inferior thickness improves the cutting performance of the
coated tools. An optimum coating architecture concerning the thickness between the micro-
structured bonding to the upper nanolayered CDCs could be a ratio of 2/1. Due to the
fact that the micro-CDC structure can more effectively absorb the residual stresses and the
layered one decelerates crack propagation, the optimization of the fine architecture of the
layered upper CDC consisting of individual nano sub-layers alternating with micro-ones
could be an issue of practical significance.
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