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Wear mechanisms of PVD ZrN coated tools in machining
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Abstract

Medium-frequency magnetron sputtered PVD ZrN coatings (ZrN, ZrN/Zr) were deposited on YT15 (WC + 15%TiC + 6%Co)
cemented carbide. Microstructural and fundamental properties of these ZrN coatings were examined. Dry machining tests on hardened
steel were carried out with these coated tools. The wear surface features were examined by scanning electron microscopy. Results showed
that deposition of the PVD ZrN coatings onto the YT15 cemented carbide causes great increase in surface hardness. The ZC-1 coated
tool (ZrN/YT15 without interlayer) has the highest surface hardness; while the ZC-2 (ZrN/Zr/YT15 with a Zr interlayer) shows the high-
est adhesion load for the coatings to the substrate. The ZrN coated tools exhibit improved rake and flank wear resistance to that of the
YT15 tool. The coated tools with a Zr interlayer (ZC-2) have higher wear resistance over the one without Zr interlayer (ZC-1). The rake
wear of the ZrN coated tools at low cutting speed was mainly abrasive wear; while the mechanism responsible for the rake wear at high
cutting speed was determined to be adhesion. Extensive abrasive wear accompanied by small adhesive wear were found to be the pre-
dominant flank wear mechanisms for the ZrN coated tools.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Surface coating is an effective method to improve the
durability of the materials used in the aggressive environ-
ments. By selecting proper coating methods and coating
materials, we may prolong the service life of the substrate
material and increase the commercial value of the products.
New coating deposition techniques developed over the last
two decades offer a wide variety of possibilities to tailor
surfaces with many different materials and structures. In
particular, chemical vapour deposition (CVD) and physical
vapour deposition (PVD) techniques have made it possible
to deposit thin coatings a few micrometer thick in a tem-
perature range from high temperatures down to room tem-
perature. Ceramic hard coatings are of interest in a number
of technological fields due to their physical, chemical and
mechanical properties. Coating materials such as TiN,
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TiC, Al2O3 and more recently diamond, diamond-like car-
bon (DLC) and MoS2 and their combinations as multilay-
ers have been used with great success [1–4]. Especially, hard
nitride coatings are extensively used in many types of cut-
ting operations, where they enhance tool life, improve sur-
face finish and increase productivity [5,6].

The first generation PVD coated tools featured TiN as
the hard coating and were applied in interrupted cutting
such as milling of steels. The superior performance of
PVD TiN coated tools prompted their use in other machin-
ing applications, such as turning, as well as in industries as
a wear-resistant or protective layer on the dies [7–9]. The
continued success of PVD coated tools led to the commer-
cial development of second and third generation PVD coat-
ings (TiCN and TiAlN) which offer even higher machining
productivity [10–12].

Recently, zirconium nitride (ZrN) films have attracted
increasing interests for various applications, such as diffu-
sion barrier, cryogenic thermometers, decorative coating,
hard coatings, because of their high mechanical properties,
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better corrosion and wear resistance, and exhibiting war-
mer golden color than the corresponding properties of
TiN films [13–18]. ZrN-coated tools have shown significant
performance advantages over TiN coated tools during dril-
ling tests [19].

In the present study, medium-frequency magnetron
sputtered PVD ZrN coatings were deposited on YT15
(WC + 15%TiC + 6%Co) cemented carbide inserts. Micro-
structural and fundamental properties of the ZrN coatings
were examined. Dry machining tests on hardened steel were
carried out with these coated tools. The wear surface fea-
tures of were examined by scanning electron microscopy,
and the wear mechanisms were investigated.
2. Experimental procedures

2.1. Preparation of PVD ZrN coated tools

The substrate material employed for this study was
YT15 (WC + 15 wt.% TiC + 6 wt.% Co) cemented carbide.
Test pieces of 3 · 4 · 36 (mm) were prepared from the
YT15 cemented carbide by cutting and grinding using a
diamond wheel and were offered for measurement of flex-
ural strength, Vickers hardness and fracture toughness.
Three point bending mode was used to measure the flexural
strength over a 30 mm span at a crosshead speed of
0.5 mm/min. Fracture toughness measurement was per-
formed using indentation method in a hardness tester
(ZWICK3212) using the formula proposed by Cook and
Lawn [20]. On the same apparatus the Vickers hardness
was measured on polished surface with a load of 98 N.
Data for hardness, flexural strength, and fracture tough-
ness of the YT15 cemented carbide were gathered on five
specimens and are listed in Table 1.

The geometry of the substrate to be coated was of ISO
SNMG 150412 style inserts of the YT15 cemented carbide.
Before deposition the specimens were mirror-polished
(1 lm diamonds) and ultrasonically cleaned in acetone
and alcohol progressively, each for 5 min, and dried for
approximately 20 min in a pre-vacuum dryer. A medium-
frequency magnetron sputtering process was employed to
deposit the PVD ZrN coatings. The specimens were depos-
Table 1
Properties of the YT15 cemented carbide

Composition
(wt.%)

Density
(g/cm3)

Hardness
(GPa)

Flexural strength
(MPa)

Frac
(MP

WC + 15%
TiC + 6% Co

11.5 15.5 1130.0 12.0

Table 2
The PVD coating conditions

Coating
temperature (�C)

Total gas
pressure (Pa)

N2 pressure
(Pa)

Bias voltage
(V)

Ca
cu

250 0.5 0.09 �250 90
ited at 250 �C. A negative bias of �250 V was applied to
the substrate during deposition. Ar and N2 flow were inde-
pendently controlled using a mass-flow controller. The
total gas pressure was kept at 0.5 Pa. The durations for
ZrN depositing were 60 min. All the PVD coating condi-
tions are listed in Table 2. The ZrN coating without inter-
layer is named ZC-1; the ZrN coating with a Zr interlayer
is named ZC-2.

Adhesion evaluation of the coatings was made using the
scratch test on the MFT-3000 device, by moving the dia-
mond penetrator along the examined specimen’s surface
with the gradually increasing load. The tests were made
with the following parameters: radius of Rockwell dia-
mond stylus 200 lm, load range 0–100 N, load increase
rate 100 N/min, penetrator’s travel speed 10 mm/min.

The hardness tests of coatings were made on the MH-6
hardness tester. Measurements were made at 0.2 N loads,
eliminating influence of the substrate on the measurement
results. The film thickness was measured by a surface pro-
filometer. In addition, to verify the obtained results, mea-
surements of the coatings were made also on the cross-
sectional view with scanning electron microscope.
2.2. Cutting tests

Cutting tests were carried out on a CA6140 lathe. The
cutting tools used were ZrN coated tools (ZC-1 and ZC-
2) and uncoated YT15 tools having the following geome-
try: rake angle co = 5�, clearance angle ao = 5�, inclination
angle ks = 5�, side cutting edge angle Kr = 75�. Fig. 1 shows
the photos of the ZC-1 and ZC-2 coated tools. For the pur-
pose of comparison, TiN coated tools produced by the
authors were also used and the properties of these tools
were listed in Table 3 [21].

The workpiece material used was 45# hardened steel
(carbon steel, Chinese standard GB699-88) with a hardness
of HRC 38-45 in the form of round bar. Its main compo-
sition is C 0.42–0.5%, Si 0.17–0.37%, Mn 0.5–0.8%,
Ni 6 0.25%, Cr 6 0.25%, Cu 6 0.25%, P 6 0.035%,
S 6 0.035%. No cutting fluid was used in the machining
processes. All tests were carried out with the following
ture toughness
a m1/2)

Thermal conductivity
(W/(m K))

Thermal expansion
Coefficient (10�6/K)

33.47 6.51

thode
rrent (A)

Coating time
(min)

Source to substrate
distance (mm)

Power
(KW)

60 120 2.5



Fig. 1. Photos of the ZC-1 and ZC-2 ZrN coated tools.

Table 3
Properties of the TiN coatings

Substrate Coating Hardness
(GPa)

Critical
load (N)

Coating
thickness (lm)

YT15 cemented
carbide

TiN 25.5 64.0 4.2
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parameters: depth of cut ap = 0.2 mm, feed rate
f = 0.1 mm/r, cutting speed v = 60–360 m/min.

Tool flank wear was measured using a ·20 optional
microscope system linked via transducers to a digital read
out. The worn rake and flank regions on the tools were
examined using scanning electron microscopy.
3. Results and discussion

3.1. ZrN coating microstructures and adhesion evaluation

Hardness, critical load, and coating thickness of the
investigated ZrN coatings are presented in Table 4. It
was revealed that the uncoated YT15 cemented carbide
has a hardness of 15.5 GPa (see Table 1). Deposition of
the PVD coatings onto the specimens causes the surface
layer hardness increase. The hardness of ZC-1 (without
interlayer) reaches 28.0 GPa, that is up to 80.0% more
compared to that of YT15 substrate; while the hardness
of ZC-2 (with a Zr interlayer) shows a little decrease
(26.8 GPa) compared with that one without interlayer.

The critical load characterizing the adherence of the
coating to the substrate was determined as the one corre-
sponding to the acoustic emission (AE) increase signalling
beginning of spalling of the coating in scratch test (Fig. 2).
Table 4
Properties of the ZrN coatings

Code
name

Substrate Coating Hardness
(GPa)

Critical
load (N)

Coating
thickness (lm)

ZC-1 YT15 ZrN 28.0 65.0 4.0
ZC-2 YT15 ZrN + Zr 26.8 72.5 5.4
It was found that the critical load of ZC-2 is about 72.5 N;
while the critical load of ZC-1 shows a little decrease
(65.0 N) compared with that of ZC-2 (see Table 4), which
reveals that Zr interlayer between ZrN and YT15 substrate
can improve interface adhesion. The effect of Ti interlayer
on the residual stress inside ZrN coated tools was analyzed
[21]. It is indicated that the Ti interlayer can decrease the
residual stress at interface of the coated tools. Therefore,
the improvement of interface adhesion of ZC-2 with a Zr
interlayer may be attributed to the decrease of residual
stress.

Fig. 3 shows the SEM micrograph of the cross-sectional
image of the ZrN coating (ZC-1). It shows a dense and fine
grained coating structure, the coating thickness is about
4.0 lm. Fig. 4 illustrates the X-ray diffraction analysis of
the ZrN coating. It is noted that ZrN existed in the coated
surface.
3.2. Cutting performance of the ZrN coated tools

Fig. 5 shows the flank wear of ZC-1 and ZC-2 ZrN
coated tools, TiN coated tool, and YT15 uncoated tool
Fig. 2. The friction forces and acoustic emission signals of ZC-2 sample in
scratch test.



Fig. 3. SEM micrograph of the cross-sectional image of ZrN coating (ZC-1).

Fig. 5. Flank wear of ZrN coated tools, TiN coated tools, and YT15
uncoated tool in dry machining of 45# hardened steel (v = 150 m/min,
ap = 0.2 mm, f = 0.1 mm/r).
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in dry machining of 45# hardened steel at conditions of
v = 150 m/min, ap = 0.2 mm, f = 0.1 mm/r. It is indicated
that the ZrN coated tools showed more flank wear resis-
tance compared with that of TiN coated tool and YT15
tool under the same test conditions. The ZrN coated tool
with a Zr interlayer (ZC-2) exhibited the lowest flank wear;
while the uncoated YT15 tool showed the highest flank
wear.

Fig. 6 illustrates the resultant force Fz, radial thrust
force Fy, and axial thrust force Fx as a function of cutting
speeds in dry cutting of 45# hardened steel. From this fig-
ure, it was found that the Fz, Fy, and Fx of ZrN coated
tools are smaller than that of the YT15 tool under the same
cutting conditions.

As can be seen from Tables 1, 3, and 4, the ZrN coated
tools have high hardness than that of the uncoated YT15
and TiN coated tool. In addition, the ZC-2 (with a Ti inter-
Fig. 4. X-ray diffraction ana
layer) shows improved interface adhesion and great coating
thickness compared with that of ZC-1 and TiN coated tool.
Therefore, the higher flank wear resistance of the ZC-2
coated tool may correspond to its higher hardness,
improved interface adhesion and great film thickness.
3.3. Rake wear of the ZrN coated tools

Fig. 7a and b shows the SEM micrographs of the worn
rake surface of YT15 tool in machining of 45# hardened
steel at cutting speed of 100 m/min and 200 m/min respec-
tively. It reveals quite a number of cracks on the worn rake
face when at cutting speed of 100 m/min (Fig. 7a). When
lysis of the ZrN coating.



Fig. 6. Effect of cutting speed on the cutting forces for ZrN coated tools and YT15 tool in dry cutting of 45# hardened steel, (a) resultant force Fz, (b)
radial thrust force Fy, and (c) axial thrust force Fx.

Fig. 7. SEM micrographs of the worn rake surface of YT15 tool in machining of 45# hardened steel at cutting speed of (a) 100 m/min and (b) 200 m/min
after 8 min operation.
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these cracks spread, chipping of a large area on the tool
rake face may be occurred. At high cutting speed (200 m/
min), the whole tool tip was broken down completely
(Fig. 7b).

Fig. 8a illustrates the SEM micrograph of the worn rake
face of ZC-1 coated tool in machining of 45# hardened
Fig. 8. SEM micrographs of the worn rake surface of ZC-1 coated tool in m
operation.
steel at a cutting speed of 100 m/min. The coating near
the cutting edge at the tool rake face is severely worn.
The SEM micrograph of the rake wear track at higher
magnification is illustrated in Fig. 8b. From this figure,
groove and ridge marks are clearly evident on the worn
rake face for ZC-1 coated tools.
achining of 45# hardened steel at cutting speed of 100 m/min after 8 min
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Typical tool wear on the rake face of ZC-2 coated tool
in machining of 45# hardened steel at a cutting speed of
100 m/min is shown in Fig. 9, which reveals small chipping
at the cutting edges. Compared with YT15 and ZC-1 (see
Figs. 7 and 8), the ZC-2 coated tools exhibited relatively
small wear on the rake face.

Typical tool wear on the rake face of ZC-1 coated tool at
high cutting speed (200 m/min) is shown in Fig. 10. The wear
track near the cutting edge shows clearly of adhering materi-
Fig. 9. SEM micrographs of the worn rake surface of ZC-2 coated tool in m
operation.

Fig. 10. SEM micrographs of the worn rake surface of ZC-1 coa
als smeared on the rake face (Fig. 10b and c). These adhered
materials were identified by EDX analysis, and the results are
shown in Fig. 10d. It is indicated that the adhered materials
contain mainly Fe elements.

Fig. 11a illustrates the SEM micrograph of the worn
rake surface of ZC-2 coated tool at high cutting speed
(200 m/min). The SEM micrograph of the rake wear track
at higher magnification is shown in Fig. 11b, which reveals
the existence of a thin film on the worn rake face, and this
achining of 45# hardened steel at cutting speed of 100 m/min after 8 min

ted tool at cutting speed of 200 m/min after 8 min operation.



Fig. 11. SEM micrographs of the worn rake surface of ZC-2 coated tool at cutting speed of 200 m/min after 8 min operation.
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film was broken in some areas. EDX map of the distribu-
tion of Zr and Fe elements on the wear track is shown in
Fig. 11c and d, respectively. The results indicated that the
thin film contains mainly Fe elements; while Zr elements
of the ZC-2 coatings were identified in the broken areas.
Thus, the workpiece materials have been smeared on the
rake face under high speed cutting conditions.

3.4. Flank wear of the ZrN coated tools

Fig. 12a shows the typical flank wear track of the YT15
tool in machining of 45# hardened steel at a cutting speed
Fig. 12. SEM micrographs of the flank wear surface of YT15 tool in machinin
of 200 m/min. It is noted that the tool tip and the cutting
edge were fractured. Closer examination at higher magnifi-
cation of the flank wear of YT15 tool is shown in Fig. 12b.
Cracks are clearly evident on the flank wear surfaces. The
probability of finding such features on the flank wear sur-
face is significantly greater.

Typical flank wear track of ZC-1 tool in machining of
45# hardened steel at a cutting speed of 200 m/min is
shown in Fig. 13. It is noted that the wear land is not
of uniform width, ridges and mechanical plowing grooves
are clearly evident on the flank wear surfaces, and it is
indicative of typical abrasive wear. It is also revealed
g 45# hardened steel at cutting speed of 200 m/min after 8 min operation.



Fig. 13. SEM micrographs of the flank wear surface of ZC-1 coated tool in machining 45# hardened steel at cutting speed of 200 m/min after 8 min
operation.
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that some adhering materials were smeared on the flank
face. EDX identification shows that these adhered mate-
rials contain mainly Fe elements. Similar features were
also found for ZC-2 tool. Compared with YT15 tool,
the ZrN coated tool exhibited small flank wear under
the same test conditions. Therefore, extensive abrasive
wear accompanied by small adhesive wear were found
to be the predominant flank wear mechanisms for the
ZrN coated tools.

3.5. Discussion

Different modes of tool failure including abrasive wear,
adhesive wear, and coating breakage were observed when
machining of hardened steel with ZrN coated tools.
Among these tool wear patterns, abrasive wear was found
to be the main mode of flank wear, while adhesive wear
were the main rake face wear types. It is common that sev-
eral tool wear patterns may appear simultaneously at the
same time and have an effect on each other.

The uncoated YT15 tools exhibit less rake wear resis-
tance to that of the ZrN coated tools in machining of hard-
ened steel, and the rake face of the uncoated YT15 tools
was cracked or fractured both at low and high cutting
speed (see Fig. 7). As can be seen from Tables 1 and 4,
the uncoated YT15 tools have lower hardness than that
of the ZrN coated tools. Also the cutting forces of the
YT15 tools are higher than that of the ZrN coated tools
under the same cutting conditions (see Fig. 6). At high cut-
ting speed conditions, there is high cutting temperature at
the vicinity of the tool tip. The hardness of the YT15 tool
materials may decrease at high cutting temperatures, which
aggravates the abrasive wear on tool rake face. High cut-
ting temperature also resulted in diffusion, adhesion, plastic
deformation, etc. The tool–chip contact length is shorter in
high cutting speed than at conventional cutting speed,
which causes the cutting force to be concentrated adjacent
to the tool tip. Therefore, the less rake wear resistance of
uncoated YT15 tools may correspond to its low hardness
and great cutting forces.
Abrasive wear is usually a dominant wear mechanism
on the flank face, it is also observed on the rake face of
ZrN coated tools (see Fig. 8). Abrasion is characterized
by development of grooves and ridges in the direction of
tool sliding against a newly machined surface of the work
piece or chip sliding against the rake face. In many cases,
the abrasive action may also be attributed to special fea-
tures of the flowing chip, which is characterized by a ser-
rated profile along its edges. This type of serrated chips
abrades the tool rake face and creates scars in the rake
wear surface. High stresses generated at the tool–chip inter-
face during machining may also cause plastically deformed
grooves and ridges on rake faces.

The rake wear of the ZrN coated tool is different from
crater wear in conventional cutting. In the conventional
cutting, the tool wear on the rake face occurred in the form
of a crater, which was formed at some distance from the
cutting edge, while the rake wear of the ZrN coated tool
on rake face was adjacent to the cutting edge. Actually,
the maximum wear on the rake face occurred on the main
cutting edge (see Figs. 8–11). As ZrN has high hardness,
good chemical inertness, and better corrosion. The ZrN
coatings at the tool rake face acted as wear resistance layer,
and resulted in a decrease in crater wear.

The rake wear of the ZrN coated tools at low cutting
speed was mainly abrasive wear; while at high speed cutting
conditions, the workpiece materials have been smeared on
the rake face of ZrN coated tools (see Figs. 10 and 11). The
repeated adhering of the workpiece material to the tool and
breaking away from the tool after adhesion, initiate the loss
of the coating from the rake face. Adhesive wear of the
ZrN coated tool also involves the mechanism in which
coatings or their small aggregates are pulled out of the tool
surface and are carried away at the underside of the chip or
torn away by the adherent work piece.

4. Conclusions

Medium-frequency magnetron sputtered PVD ZrN
coatings were deposited on YT15 cemented carbide. Dry
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machining tests on hardened steel were carried out with
these coated tools. The main conclusions obtained can be
summarised as follows:

1. Deposition of the PVD ZrN coatings onto the YT15
cemented carbide causes great increase in surface
hardness. The ZC-1 coated tool (ZrN/YT15 without
interlayer) has the highest surface hardness; while
the ZC-2 (ZrN/Zr/YT15 with a Zr interlayer) shows
the highest adhesion load for the coatings to the
substrate.

2. The ZrN coated tools exhibit improved rake and flank
wear resistance to that of the YT15 tool. The coated
tools with a Zr interlayer (ZC-2) have higher wear resis-
tance over the one without Zr interlayer (ZC-1).

3. The rake wear of the ZrN coated tools at low cutting
speed was mainly abrasive wear; while the mechanism
responsible for the rake wear at high cutting speed was
determined to be adhesion.

4. Extensive abrasive wear accompanied by small adhesive
wear were found to be the predominant flank wear
mechanisms for the ZrN coated tools.
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