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Abstract Zr–C:H:Nx% coatings with nitrogen additions

ranging from 0 to 29 at.% are deposited on AISI M2 steel

substrates and micro-drills using a closed field unbalanced

magnetron (CFUBM) sputtering technique. The tribologi-

cal properties of the coatings are tested against AISI 52100

steel balls under loads of 10 and 100 N, respectively, using

an oscillating friction and wear tester. The drilling perfor-

mance of the coated micro-drills is evaluated by performing

high-speed through-hole drilling tests using printed circuit

boards as a test material. The wear testing results reveal

that the Zr–C:H:N8% coating has excellent tribological

properties, including a low wear depth, a low friction

coefficient, and an extended lifetime. Meanwhile, the dril-

ling tests reveal that the Zr–C:H:N8% coating increases the

tool life of the micro-drill by a factor of five compared to an

uncoated micro-drill when used for the high-speed through-

hole drilling of PCBs and yields a considerable improve-

ment in the machining quality of the drilled hole.

Introduction

Diamond-like carbon (DLC) coatings are characterized by

excellent mechanical and tribological properties, including

low friction coefficients and a high wear resistance [1–6]. As

a result, the literature contains many investigations into their

basic physical, mechanical, and tribological properties, and

their suitability for use in a range of practical applications

[1, 7–13]. Broadly speaking, DLC coatings can be classified

as either hydrogen-free (ta-C) or hydrogenated (a-C:H). In

coatings of the former type, the carbon content is provided

by a single graphite target during the deposition process,

while in those of the latter type, the carbon content is

obtained via the use of an appropriate reactive gas in the

coating process. Researchers have demonstrated that the

adhesion and tribological properties of a-C and a-C:H

coatings can be enhanced via the addition of suitable

amounts of metal dopants to produce so-called a-C:Me or

Me-C:H coatings, respectively [14–20]. However, the past

decade has witnessed a gradual trend away from the use of

DLC coatings toward carbon nitride films on account of

their favorable tribological [12, 21], electronic [22, 23],

optical [24], and electron-chemical [25] properties. As a

result, nitrogen-doped Me-C:H:N coatings have received

comparatively little attention in the literature.

Accordingly, the current study performs a systematic

investigation into the mechanical, adhesion, tribological

properties, and high-speed drilling application of Zr–C:

H:Nx% coatings with nitrogen additions ranging from 0 to

29 at.%. The coatings are deposited on AISI M2 steel

substrates and micro-drills using a closed field unbalanced

magnetron (CFUBM) sputtering process and the tribolog-

ical properties of the coatings are then tested against AISI

52100 steel balls using a commercial oscillating friction

and wear tester. The hardness of each coating is measured

using a nanoindentation tester, while the adhesion proper-

ties are examined by performing scratch tests using a dia-

mond stylus. Finally, the drilling performance of the coated

micro-drills is evaluated by performing high-speed

through-hole drilling tests using printed circuit boards

(PCB) as a test material. Based on the experimental results

and observations presented in this study, an assessment is

made of the optimal Zr–C:H:Nx% coating for high-speed

machining applications.
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Experimental details

Coating deposition

Figure 1 presents a schematic illustration of the basic

structure of the current Zr–C:H:Nx% coatings. The coatings

were deposited on AISI M2 steel disks and micro-drills

(MD020, Tera, Taiwan) using a CFUBM sputtering system

(UDP-450, Teer Coating, UK) with a single zirconium

target, three graphite targets, C2H2 and CH4 reaction gas.

Prior to the deposition process, the substrates were cleaned

for 10 min in Ar plasma using a DC voltage of 350 V with

a pulse frequency of 150 kHz. A Zr intermediate layer of

thickness 0.1 lm was then deposited on the substrates

using a chamber pressure of 3 9 10-3 Torr, a Zr target

current of 0.7 A, and a bias voltage of -100 V. Subse-

quently, a a-C:Zr layer was deposited on the Zr film using a

chamber pressure of 3 9 10-3 Torr, a Zr target current of

0.4 A, C target currents of 2 A, a frequency of 50 kHz and

a bias voltage of -40 V. Finally, a-C:H:Nx% topcoats with

nitrogen additions ranging from 0 to 29 at.% were depos-

ited on the a-C:Zr layer by specifying an appropriate value

of the N2 reaction gas flow rate (see Table 1) while

maintaining the remaining processing conditions as fol-

lows: a total chamber pressure of 3 9 10-3 Torr, a Zr

target current of 0.4 A, C target currents of 2 A, C2H2 and

CH4 reaction gas flow rates of 3 sccm, a frequency of

50 kHz, a bias voltage of -40 V, and a table rotation speed

of 3 rpm.

Wear test

The basic tribological properties of the coatings were

evaluated using the SRV (Schwingung Reibungund Vers-

chleiss) oscillation friction and wear tester (Optimol,

Germany) shown in Fig. 2. In the current wear experi-

ments, the lower specimen was the coated AISI M2 disk

with a hardness of 870 kgf/mm2 and an average surface

roughness of Ra = 0.008 lm, while the upper specimen

was an AISI 52100 steel ball with a diameter of 10 mm and

a hardness of 880 kgf/mm. Each wear test was performed

for a total of 24 min using a constant stroke length of

1 mm, an oscillation frequency of 50 Hz, and a normal

load of either 10 N or 100 N. In every case, the wear tests

were performed under room temperature and atmospheric

pressure conditions in an unlubricated condition. The rel-

ative humidity of the laboratory throughout the duration of

the tests varied in the range 45–55%. Following each wear

test, the maximum depth of the wear scar on the coated

disk was measured using a surface profilometer (Kosake

SE30H, Japan) with a precision of ±0.05 lm at a magni-

fication of 2 9 104. Each coating was tested twice, with

three separate depth measurements taken from each disk.

The six maximum wear depth measurements obtained for

each coating were then averaged to determine an overall

wear depth value for the coating.

Hardness and adhesion tests

The hardness of each coating was measured using a nano-

indentation tester (TriboScope, Hysitron Inc., Minneapolis,

MN, USA) with a force at final contact of 1 mN. The

adhesion properties of the coatings were examined by per-

forming scratch tests, in which a diamond stylus with a

diameter of 300 lm was driven across each coating under a

continuously increasing loading rate of 1 N s-1. The

nominal maximum load was specified as 100 N and the

critical load for each coating was defined as the value of

Fig. 1 Schematic illustration showing multi-layer structure of current

Zr–C:H:Nx% coatings

Table 1 Nitrogen flow rate,

coating thickness, elemental

composition, mechanical, and

adhesion properties of current

Zr–C:H:Nx% coatings

Coating Nitrogen flow

rate (sccm)

Coating

thickness

(lm)

Elemental composition (at.%) Mechanical

property

Adhesion

property

C Zr N H Hardness

(kgf/mm2)

Critical

load (N)

Zr–C:H:N0% 0 1.5 86 6.2 0 7.8 1463 63

Zr–C:H:N8% 1 1.8 85 2 8 5 1213 87

Zr–C:H:N12% 2 1.9 82 2 12 4 880 84

Zr–C:H:N20% 3 2.0 75 2 20.2 2.8 766 38

Zr–C:H:N23% 4 2.2 73 2 23.2 1.8 551 33

Zr–C:H:N29% 5 2.3 67 2 29.5 1.5 429 28
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the applied load at which the M2 disk first became visible at

the base of the scratch track.

High-speed drilling tests

To investigate the suitability of the current Zr–C:H:Nx%

coatings for industrial machining applications, the coated

micro-drills were used in a series of high-speed through-

hole drilling tests performed under dry conditions using

PCB substrates. The drilling operation was performed using

a commercial machining center (W1686-10, Schmol-

Mashinen, Germany) with a drilling speed of 160,000 rpm

(100.5 m/min) and a feed rate of 1.4 m/min (0.00875 mm/

rev). The micro-drills were fabricated of AISI M2 steel with

WC flute sections and had the following geometrical con-

figuration: a diameter of 0.2 mm; an overall length of

38.1 mm; a fluted section length of 3.5 mm; a helix angle of

40�; and a point angle of 120�. The PCB used in the drilling

tests measured 41 9 50 9 1.6 mm3 and comprised eight

copper layers embedded within FR-4; a fire-retardant resin

epoxy reinforced with a fiberglass mat. Each drilling test

was performed using two PCBs simply clamped together in

the workpiece mounting system in the drilling machine.

The micro-drilling performance of each coated drill was

evaluated by using an optical measurement system to

measure the corner wear of the cutting edge following the

drilling of 2,000 and 6,000 holes, respectively. Each coating

was evaluated by performing two sets of drilling tests using

a new micro-drill in each case. The wear value of each

coating was then established by averaging the correspond-

ing corner wear measurements obtained in the two tests.

Observation equipment

The coating surfaces, wear surfaces, and drilled holes

were observed using optical microscopy (OM), scanning

electron microscopy (SEM), and X-ray mapping (energy

dispersive spectrometer, EDS) techniques. Meanwhile, the

elemental composition of each coating was analyzed using

glow discharge optical emission spectroscopy (GDOES).

Finally, the cross-sectional thickness and wear morphology

of each coating were determined using a scanning electron

microscope (SEM).

Results

Composition, mechanical, and adhesion properties

Table 1 summarizes the nitrogen flow rates used to deposit

each of the current coatings and indicates the correspond-

ing coating thickness in every case. The table also shows

the elemental composition of each coating together with

the corresponding mechanical and adhesion strength

properties. In general, the results indicate that the coating

hardness reduces with an increasing nitrogen content. Thus,

the Zr–C:H:N0% coating has the highest hardness of

1463 Kgf/mm2, while the Zr–C:H:N29% coating has the

lowest hardness of 429 Kgf/mm2. Observing the results

presented in Table 1 for the adhesion properties of the

various coatings, it is clear that the critical load is highly

sensitive to the level of nitrogen addition. The original

coating has a relatively high critical load of 63 N. How-

ever, the addition of small amounts of nitrogen, i.e. 8 at.%

or 12 at.%, increases the critical load to 87 and 84 N,

respectively. In other words, nitrogen additions in the range

8–12 at.% yield a significant improvement in the adhesion

strength of the Zr–C:H:Nx% coating. However, it is

observed that for higher levels of nitrogen addition, i.e.

20–29 at.%, the critical load falls significantly to a value

approximately one-half that of the original coating.

Tribological properties and lifetimes

In the wear tests performed in this study, the friction

coefficients of the various point-contact wear pairs were

continuously recorded under normal loads of 10 or 100 N.

It was found that the friction coefficient curves associated

with the lower normal load generally exhibited a low and

stable value of the friction coefficient throughout the entire

duration of the wear test. However, the friction coefficient

curves recorded during the wear tests under a higher load

comprised two distinct regimes, namely an initial region

characterized by a low and stable value of the friction

coefficient with an average value of la and a second region

characterized by a high, fluctuating value of the friction

coefficient with an average value of lb. The lifetime (L) of

each coating was defined as the duration of the first region

in the friction coefficient curve, i.e., the elapsed time

Fig. 2 Schematic illustration of SRV wear testing machine
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between the start of the wear test and the moment at which

the friction coefficient suddenly increased and became

unstable. Table 2 summarizes the results obtained in the

current experiments for the friction coefficients, the wear

depths and the lifetimes of the current Zr–C:H:Nx% coat-

ings under loadings of 10 and 100 N, respectively, fol-

lowing 24 min of wear testing. Figure 3 plots the wear

depth and lifetime data presented in Table 2 for each of

the Zr–C:H:Nx% coatings. The results show that the

Zr–C:H:N0%, Zr–C:H:N8%, and Zr-C:H:N12% coatings all

have good tribological properties, i.e., a low wear depth

and a long lifetime. From an inspection of the results

presented in Table 2, it can be seen that the friction coef-

ficients of these coatings vary between 0.07 and 0.17 under

a low loading of 10 N and have lifetimes longer than

3126 s. At a higher loading of 100 N, the friction coeffi-

cients reduce (i.e., la = 0.04–0.13), and a long lifetime is

still achieved, i.e., 1093–1366 s. Regarding the wear

properties of the Zr–C:H:N0%, Zr–C:H:N8%, and Zr–C:

H:N12% coatings, Table 2 shows that the wear depths

range from 1.0 to 1.9 lm under a loading of 10 N and from

2.0 to 2.9 lm under a loading of 100 N. Referring to

Table 1, it is clear that the wear depth of the Zr–C:H:N8%

coating under a load of 10 N is less than the original

coating thickness, while the wear depths of the

Zr–C:H:N0% and Zr–C:H:N12% coatings are almost iden-

tical to the thickness of the original coating. Figure 3

shows that the coatings with a higher nitrogen content, i.e.,

Zr–C:H:N20%, Zr–C:H:N23%, and Zr–C:H:N29%, have an

increased wear depth, i.e., between 3.4 and 4.7 lm under a

loading of 10 N and between 10.5 and 41.5 lm under a

loading of 100 N. For these three coatings, the wear depths

are far greater than the original coating thickness, and

hence the wear scars on the coated disk penetrate deep into

the underlying substrate. Furthermore, it is apparent that

higher levels of nitrogen addition result in a significant

reduction in the coating lifetime, i.e., to \2675 s under a

loading of 10 N and to \646 s under a loading of 100 N.

The results presented in Table 2 and Fig. 3 clearly show

that of the current coatings, the Zr–C:H:N29% coating has

the poorest tribological properties under both values of the

normal load. For a normal load of 100 N, it is found that

the wear depth (41.5 lm) is more than 20 times that of the

Zr–C:H:N8% coating (2.0 lm). Furthermore, the lifetime is

just 19 s. In addition, it can be seen that the wear depths

of the coatings with lower levels of nitrogen addition,

Table 2 Wear testing results obtained for current Zr–C:H:Nx%

coatings following sliding against AISI 52100 steel ball for 24 min

under normal loads of 10 and 100 N, respectively

Coatings Ball-on-disk point contact wear mode

Friction coefficient Wear depth, D
(lm)

Lifetime, L
(s)

10 N 100 N 10 N 100 N 10 N 100 N

la lb la lb

Zr–C:H:N0% 0.17 – 0.13 0.46 1.6 2.6 3384 1093

Zr–C:H:N8% 0.07 – 0.04 0.43 1.0 2.0 3418 1366

Zr–C:H:N12% 0.14 – 0.06 0.26 1.9 2.9 3126 1127

Zr–C:H:N20% 0.13 – 0.05 0.47 3.4 10.5 2675 646

Zr–C:H:N23% 0.16 – 0.08 0.52 3.6 19.5 2356 68

Zr–C:H:N29% 0.21 0.78 0.22 0.61 4.7 41.5 286 19

Uncoated – 0.75 – 0.56 9.68 100.1 – –

Note that la denotes the average value of the low friction coefficient

in the stable region of the friction coefficient curve, lb denotes the

average value of the high friction coefficient in the fluctuating region

of the friction coefficient curve, D denotes the depth of the wear scar

on the coating following 24 min, and L denotes the lifetime of the

coating, i.e. the duration from the start of testing until the time at

which the friction coefficient suddenly increases and starts to fluctuate

Fig. 3 Wear depth after 24 min

testing, and lifetime of current

Zr–C:H:Nx% coatings as

evaluated in sliding against

AISI 52100 steel ball under

loadings of 10 and 100 N,

respectively
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i.e., Zr–C:H:N0%, Zr–C:H:N8%, and Zr–C:H:N12%, yield

lower wear depths under a loading of 100 N than the

Zr–C:H:N20%, Zr–C:H:N23%, and Zr–C:H:N29% coatings

under a lower loading of 10 N. Overall, the results show

that of all the coatings considered in this study, the Zr–C:

H:N8% coating possesses the lowest wear depth: i.e., 1.0

and 2.0 lm under loadings of 10 and 100 N, respectively;

the lowest friction coefficient: i.e., la = 0.07 and

la = 0.04 under loadings of 10 and 100 N, respectively;

and the longest lifetime: i.e., 3418 and 1366 s under

loadings of 10 and 100 N, respectively.

High-speed drilling performance

To assess the suitability of the current coatings for indus-

trial applications, a series of drilling tests were performed

using coated micro-drills and PCB substrates. Figure 4

indicates the corner wear measurements of the various

coated drills following the drilling of 2,000 and 6,000

holes, respectively. Note that the corner wear of an

uncoated drill is also shown for comparison purposes. It is

observed that the Zr–C:H:N8% coating yields the lowest

corner wear of all the drills. Significantly, the corner wear

of this particular micro-drill after the drilling of 6,000 holes

is lower than that of the uncoated micro-drill after the

drilling of 2,000 holes. Conversely, the corner wear of the

Zr–C:H:N29%-coated micro-drill is the highest of the cur-

rent drills and is virtually identical to that of the uncoated

drill, even at a lower number of drilled holes. The poor

wear resistance of this particular coating is a result of its

low hardness and adhesion strength properties (see

Table 1). Defining the tool life as a corner wear of 34.4 lm

(equivalent to the corner wear of an uncoated drill after

drilling 2,000 holes), an experiment was performed to

determine the maximum number of drilled holes attainable

using a micro-drill coated with Zr–C:H:N8% and an

uncoated drill, respectively. The corresponding results are

presented in Fig. 5 and indicate that the Zr–C:H:N8%-

coated micro-drill is capable of drilling more than 10,000

holes before exceeding the maximum corner wear criterion

of 34.4 lm. In other words, the Zr–C:H:N8% coating

increases the tool life of the micro-drill by a factor of five

compared to an uncoated micro-drill.

Discussion

Tribological properties

During continuous wear testing under a load of 100 N, it

was observed that all of the steel ball/coated disk wear

pairs exhibited two principal wear behaviors. Figure 6

Fig. 4 Corner wear of current

Zr–C:H:Nx% coatings following

drilling of 2000 and 6000 holes,

respectively

Fig. 5 Corner wear of

Zr–C:H:N8% coated micro-drill

and uncoated drill following

drilling of 2,000, 6,000 and

10,000 holes, respectively
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presents a typical friction coefficient curve corresponding

to the steel ball/Zr–C:H:N12%-coated disk wear pair. As

shown, the friction coefficient has a low, relatively stable

value for the first 1127 s of the wear test, but then increases

and becomes highly unstable as the wear test continues.

The stable region of the friction coefficient curve indicates

the presence of favorable tribological characteristics at the

contact interface between the coated disk and the AISI

52100 steel ball, giving rise to a low friction coefficient and

an improved wear resistance. Previous studies have

reported that the formation of a thin transfer layer on the

surface of the sliding counterbody reduces wear and fric-

tion effects in DLC/counterbody wear pairs [8, 26]. To

examine the effect of the transfer layer on the tribological

properties of the current steel ball/Zr–C:H:N12%-coated

disk wear pair, the wear scars formed on the AISI 52100

steel ball counterbody were observed at various stages of

the sliding test. The SEM micrographs presented in Fig. 6a

and b show the surface morphologies of the steel ball wear

scars after testing for 600 and 1440 s, respectively. The

EDS analysis results obtained for the wear scar shown in

Fig. 6a indicated an elemental composition of 38% carbon

(atomic), 31% oxygen, 0.9% zirconium, and 30.1% Fe. The

high carbon content of the wear scar indicates that a

protective layer has been transferred from the Zr–C:

H:N12%-coated disk to the AISI 52100 steel ball counter-

body. The transfer layer improves the tribological proper-

ties of the wear pair by providing a solid lubricant effect,

thereby protecting both the AISI 52100 steel ball and the

Zr-C:H:N12% coating from serious wear damage. For test-

ing times greater than the coating lifetime (i.e., 1127 s in

the current wear pair), Fig. 6 shows that the friction coef-

ficient has a high fluctuating value, indicating a severe

wear of both the AISI 52100 counterbody and the coated

disk. An EDS analysis of the wear scar shown in the SEM

micrograph presented in Fig. 6b reveals that the carbon

content is reduced to 14.7 at.% while the oxygen content is

increased to 50 at.%. In other words, the results demon-

strate that the transfer layer formed on the AISI 52100

counterbody is completed eroded, resulting in a serious

oxidative wear of the steel ball.

As shown in Table 2, under a lower loading of 10 N, all

of the steel ball/coated disk wear pairs other than that

comprising the disk with the Zr–C:H:N29% coating exhibit

a low friction coefficient throughout the entire duration of

the wear test. Therefore, the coatings have a low wear

depth and an extended life. The excellent tribological

behavior of these coatings is attributed to the formation of a

Fig. 6 SEM micrographs of

wear scar on steel ball following

sliding against Zr–C:H:N12%-

coated disk for a 600 s and

b 24 min under loading of

100 N
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transfer layer on the steel ball, as described in the para-

graph above. Figure 7a and b presents SEM micrographs of

the wear scars formed on the Zr–C:H:N8% coating and the

steel ball, respectively, following 24 min of wear testing. It

is observed that the scar on the coating has a smooth

appearance and has an accumulation of wear debris in its

center. An EDS analysis of this wear debris shows that the

carbon content is around 92.7 at.%. Thus, it is speculated

that this debris represents an accumulation of the original

coating in the central region of the wear scar as a result of

the oscillatory nature of the wear process. Figure 7b clearly

shows the formation of a transfer layer (indicated by the

black regions and dots in the image) on the surface of the

steel ball counterbody. The transfer layer is found to have a

high carbon content of 68.7 at.% and therefore provides a

solid lubricant effect which protects the Zr–C:H:N8%

coating from severe abrasive, oxidative, and adhesive

damage, and therefore improves the tribological properties

of the AISI 52100 steel ball/ Zr–C:H:N8%-coated disk wear

pair. Of the current wear pairs, only the steel ball/Zr–C:

H:N29%-coated disk exhibits a two-stage wear response

under a load of 10 N. In performing wear testing using this

particular coating, it was observed that a transfer layer was

formed on the steel ball immediately that a reciprocating

sliding motion was established between the steel ball and

the coated disk. Consequently, the friction coefficient

exhibited a stable and low characteristic (i.e., an average

value of 0.21, see Table 2), and thus only a mild wear

effect was observed at the contact surfaces of the wear pair.

However, after 286 s, the value of the friction coefficient

suddenly increased and became unstable, indicating the

complete removal of the protective transfer layer on

the steel ball and the coating on the disk, respectively. The

erosion of the transfer layer eliminates the lubrication

effect between the steel ball and the coated disk, and thus

the friction coefficient increases significantly (to an aver-

age value of 0.78) prompting severe damage to the coating.

Figure 7c and d presents SEM micrographs of the wear

scars formed on the Zr–C:H:N29% coating and the steel ball

following 24 min of wear testing. It is apparent that both

wear surfaces have a rough characteristic, indicating the

occurrence of significant adhesive wear at the contact

surfaces. The EDS analysis results reveal that the wear scar

on the Zr–C:H:N29% coating has a composition of 20.2%

carbon (atomic), 0.8% Zr, 75.7% Fe, and 3.7% Cr, while

that of the scar on the AISI 52100 steel ball has a com-

position of 31.9% carbon, 41.8% oxygen, and 26.3% Fe.

The lower carbon content of the wear scar compared to that

Fig. 7 Typical wear scars on

steel ball/Zr–C:H:Nx%-coated

disk wear pairs following

testing for 24 min under loading

of 10 N: a Zr–C:H:N8%-coated

disk and b steel ball; c Zr–C:

H:N29%-coated disk, and

d steel ball
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observed in the wear scar shown in Fig. 7b confirms that

the transfer layer is more readily removed during the

sliding wear test when the coating has a high nitrogen

content of 29 at.%. From Table 2, it can be seen that the

wear depth of the Zr–C:H:N29% coating is the highest of all

the current coatings under a load of 10 N and has a value

around 4.7 times higher than that of the Zr–C:H:N8%

coating. It can therefore be inferred that a high nitrogen

content yields a poor tribological behavior in the current

wear pairs, and results in a high friction coefficient, a high

wear depth, and a reduced coating lifetime.

Drilling performance

Figures 8a–c presents SEM micrographs showing the worn

cutting edges of an uncoated drill, a Zr–C:H:N8%-coated

micro-drill and a Zr–C:H:N29%-coated micro-drill, respec-

tively, following the drilling of 2,000 holes. In the drilling

operation, the uncoated micro-drill adheres to the copper

and epoxy resin within the PCB, and therefore tends to

attract and retain chips as the drilling depth increases. This

leads to an accumulation of chips on the cutting edge,

causing the edge to become dull and rough (see Fig. 8a).

However, the images presented in Fig. 8b and c reveal that

the Zr–C:H:Nx% coatings improve the lubrication effect

between the micro-drill and the workpiece, and therefore

suppress the accumulation of chips on the cutting edge.

The results presented in Table 1 show that the Zr–C:H:N8%

coating is characterized by a high hardness (1213 Kgf/

mm2) and a high adhesion strength (87 N). Furthermore,

this coating has excellent tribological properties (as indi-

cated in Table 2). Therefore, the SEM image presented in

Fig. 8b shows the presence of a low corner wear following

the drilling of 2,000 holes. Furthermore, it is apparent that

a significant amount of coating (i.e., the black region in the

image) remains on the micro-drill immediately below

the cutting edge. Conversely, the Zr–C:H:N29% coating has

the lowest hardness and adhesion strength of the current

coatings and exhibits poor tribological properties. As a

result, the SEM micrograph shown in Fig. 8c shows evi-

dence of significant corner wear and reveals the complete

removal of the coating from both the cutting edge and the

region of the micro-drill below the cutting edge.

Machining quality of drilled holes

Figure 9a–d shows the machining quality of the 2000th and

6000th holes drilled using an uncoated micro-drill (Figs. 9a

and b) and a Zr–C:H:N8%-coated micro-drill (Fig. 9c and

d), respectively. Figure 9a shows that the 2000th hole

machined using the uncoated drill has a significant burred

effect, while Fig. 9b shows that the 6000th drilled hole is

severely distorted with blurring in evidence in and around

the hole. By contrast, Fig. 9c and d shows that the use of a

Zr–C:H:N8% coating yields a significant improvement in

the machining quality of both the 2000th hole and the

6000th hole. Significantly, it is noted that the quality of the

6000th hole is superior to that of the 2000th hole machined

using the uncoated micro-drill. Therefore, it can be inferred

that the Zr–C:H:N8% coating not only increases the life of

Fig. 8 Wear morphologies of

various micro-drills following

drilling of 2,000 holes:

a uncoated drill, b Zr–C:H:

N8%-coated drill, and

c Zr–C:H:N29%-coated drill
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the micro-drill, but also improves the machining quality

when applied to the high-speed through-hole drilling of

PCBs under dry conditions.

Conclusions

The experimental results presented in this study support the

following major conclusions:

1. The hardness of the Zr–C:H:Nx% coatings decreases as

the nitrogen content increases. Thus, the Zr–C:H:N0%

coating has the highest hardness (1463 kgf/mm2),

while the Zr-C:H:N29% coating has the lowest hardness

(429 kgf/mm2).

2. The adhesion strength of the Zr–C:H:Nx% coatings is

highly sensitive to the level of nitrogen addition. The

optimal coating adhesion strength is obtained with

nitrogen additions of 8 at.% or 12 at.%, respectively.

3. The Zr–C:H:N8% coating is found to be the optimal

coating for sliding against an AISI 52100 steel ball due to

the transfer of a solid lubricant layer from the coating to

the surface of the steel ball. The transfer layer reduces the

friction coefficient, improves the wear resistance proper-

ties of the wear pair, and extends the coating lifetime.

4. The Zr–C:H:N8% coating increases the lifetime of the

micro-drill by a factor of five times compared to an

uncoated drill and yields a significant improvement in

the quality of the drilled hole.
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