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The wear properties of uncoated, chromium aluminum nitride (CrAlN) and titanium aluminum nitride (TiAlN)
coated AISI D2 steel were investigated and compared using ball-on-disc method at 0.3 m/s sliding speed and under
the loads of 2.5 N, 5 N, and 10 N against Si3N4 ball as a counter material. Steel samples were nitrided at 575 ◦C for
8 h in the �rst step of the coating process, and then titanium aluminum nitride coating and chromium aluminum
nitride were performed by thermoreactive deposition (TRD) process at 1000 ◦C for 2 h. Coated samples were
characterized by X-ray di�raction analysis, scanning electron microscopy, microhardness, and ball on disk wear
tests. The results of friction coe�cient and wear rate of the tested materials showed that the TiAlN coating
presents the lowest results.
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1. Introduction

Wear is de�ned as damage to a solid surface, gener-
ally involving progressive loss of material, due to relative
motion between contacting surfaces [1, 2]. Over the last
two decades the market for wear reducing and friction
lowering coatings has grown tremendously. The devel-
opment of wear reducing coatings has started with tool
coating [3]. Nitride based hard compound coatings found
increasing applications for nearly every demand. High
hardness, excellent wear and corrosion resistance enable
them to improve tool life greatly. Among them, TiN
and CrN are respectively the �rst and the second most
frequently employed coatings [4]. The ternary coating
system of titanium�aluminium-based nitride is attractive
due to its signi�cant enhancement of oxidation resistance
and mechanical properties with respect to TiN [5]. TiAlN
made tool coating popular because of their excellent per-
formance.
Chromium based coatings are a promising choice for

components. These coatings combine good wear prop-
erties and a high corrosion resistance. The ternary sys-
tem chromium aluminum nitride is of high interest for
tool and component applications [3, 4, 6�8]. Titanium
aluminium nitride coatings have been applied to tools,
dies, and many mechanical parts to increase their life-
time and performance owing to their attractive properties
such as high hardness, good thermal stability and oxida-
tion resistance, good wear and chemical stability [9, 10].
CrAlN and TiAlN coatings have been deposited by di�er-
ent physical vapour deposition (PVD) techniques: mag-
netron sputtering, arc ion plating, cathodic arc evapora-
tion and pulsed laser deposition [11, 12].
TRD process is a method of coating steels with a

hard, wear resistant layer of carbides, nitrides, or car-
bonitrides. In the TRD process, the carbon and nitro-
gen in the steel substrate di�use into a deposited layer

with a carbide forming or nitride forming element such
as vanadium, niobium, tantalum, chromium, molybde-
num, or tungsten. The di�usion carbon or nitrogen re-
acts with carbides and nitride forming elements in the
deposited coating so as to form dense and metallurgi-
cally bonded carbide or nitride coating at the substrate
surface [9]. The purpose of the present study is to investi-
gate the tribological properties of untreated and thermo-
-chemically coated TiAlN and CrAlN surfaces by ball-on-
-disc method.

2. Experimental procedure

In the experimental studies, the AISI D2 steel is used,
of which composition is 1.54% C, 0.28% Si, 0.29% Mn,
0.023% P, 0.005% S, 11.3% Cr, 0.74% Mo, 0.77% Ni,
0.74% V, and iron (balance). Test pieces of AISI D2
steel were sectioned the dimensions of 20 mm in diameter
and 5 mm in thickness and prepared metallographically.
The pre-nitriding treatment was carried out in a nitro-
gen and ammonia atmosphere at 575 ◦C for 8 h. Then
chromium aluminium nitride (CrAlN) and titanium alu-
minium nitride (TiAlN) coatings were performed on the
pre-nitrided steel samples by the thermoreactive deposi-
tion technique in a powder mixture consisting of ferro-
-chromium (for CrAlN), ferro-titanium (for TiAlN), alu-
minum (by 5 wt% for CrAlN and 7 wt% for TiAlN),
ammonium chloride and alumina at 1000 ◦C for 2 h. The
morphological details and layer thickness measurements
of samples were carried out using optical microscopy and
scanning electron microscopy. X-ray di�raction (XRD)
analysis was performed on the coated sample surfaces.
The hardness of uncoated steel, CrAlN and TiAlN coat-
ing layers were measured with 5 g load.

Ball-on-disk arrangement was used for the friction and
wear tests. The silicon nitride (Si3N4) ball, 10 mm in di-
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ameter, was used as a counter material during the wear
test. The wear test parameters are given in Table I. Wear
rate was measured primarily by volumetric (volume loss)
means. Worn volume (v) of the disk materials was cal-
culated using pro�lemeter and the equation of the wear
rate is given in Eq. (1) [13]:

WR = v/S, (1)

where v (πDA) is the volumetric loss (mm3) of wear
track, D is the diameter of the wear track (mm), A is
the area (mm2) of the cross-section of the wear track
which is calculated using pro�lemeter and S is the slid-
ing distance (m). Speci�c wear rate (k) was calculated
using Eq. (2) [14], where P is the applied load (N). Worn
tracks of counter disks and wear scars of worn balls were
examined by optical microscope and measured with op-
tical micrometer

k = (v/S)P. (2)

TABLE IWear tests parameters.

Test parameters Value

wear samples
uncoated, CrAlN and
TiAlN coated steel

applied load [N] 2.5, 5, 10
sliding speed [m s−1] 0.3

environment air
humidity [%] 65± 5

temperature [◦C] 21± 3
sliding distance [m] 200

test ball Si3N4

test ball diameter [mm] 9, 5

3. Results and discussion

Figure 1 shows the cross-sectional optical and SEM
micrographs of the CrAlN and TiAlN coated AISI D2
tool steels. CrAlN coating layer was dense and exhibits
laminar microstructure with a well-de�ned coating/sub-
strate interface. TiAlN coating layer was of compact,
smooth and porosity-free morphology and homogeneous
the entire surface of steel samples. The thickness of the
CrAlN and TiAlN layers is examined 11.8± 1.3 µm and
7.89±0.34 µm, respectively. The CrAlN and TiAlN coat-
ings exhibit higher hardness [15] of 2067 ± 160 HV0.005

and 2251 ± 255 HV0.005 than that of uncoated steel
(550±14 HV), respectively. XRD patterns of the CrAlN
and TiAlN coated AISI D2 steels of which phases are
Cr2N, (Cr,Fe)2N1−x, AlN, Fe2N and TiN, AlTi3N and
Ti3Al2N2, respectively.
The values of the friction coe�cient and wear rate

of CrAlN, TiAlN and uncoated steels against the sili-
con nitride ball are given in Table II. Figure 2a presents
the variation of friction coe�cients of the uncoated and
CrAlN and TiAlN coated steels tested under the loads
of 5 N, and Fig. 2b presents the speci�c wear rate for un-
coated, CrAlN and TiAlN coated steels. It is clear from
Fig. 2a that the friction coe�cient of tested materials in-
creases with sliding distance up to 20 m, approximately
and so gets the steady state behavior. Over this distance,
there is no any signi�cant change in coe�cient of fric-
tion values. As shown from Table II, the uncoated AISI

Fig. 1. The optical and SEM micrographs of (a) ni-
trided, (b) CrAlN coated, and (c) TiAlN coated AISI
D2 steels.

D2 steel presents the highest friction coe�cient, while
the TiAlN presents the lowest friction coe�cient. Av-
erage coe�cient of friction values of uncoated, CrAlN
and TiAlN coated steels are 0.883± 0.032, 0.301± 0.154
and 0.158 ± 0.021, respectively. According to the un-
coated AISI D2 steel, friction coe�cient of the CrAlN and
TiAlN coating are 65.9% and 82.1% decreased. In gen-
eral, friction coe�cient of the uncoated steel and CrAlN
and TiAlN coatings are not changed e�ectively with ap-
plied load. The results showed that the TiAlN has the
lowest friction coe�cient value among the tested materi-
als [4, 10, 16�18].

TABLE IIThe values of the friction coe�cient and wear
rate of CrAlN, TiAlN and uncoated steels.

Sample
Sliding
speed
[m/s]

Load

[N]

Coe�cient
of friction

Wear rate
×10−5

[mm3/m]

Speci�c
wear rate
×10−5

[mm3/Nm]

uncoated 0.3

2.5 0.862 21.3

30.55 0.920 47.2
10 0.867 240.2

CrAlN
coated

0.3

2.5 0.211 9.0

11.65 0.214 83.5
10 0.479 108.5

TiAlN
coated

0.3

2.5 0.135 13.1

2.05 0.175 24.1
10 0.163 29.5

As shown from Table II, wear rate of the un-
coated, CrAlN and TiAlN coated steels are changing
between 2.13 × 10−4 mm3/m�2.4 × 10 × 10−3 mm3/m,
9.0× 10−5 mm3/m�1.08 × 10 × 10−3 mm3/m and
1.31× 10−4 mm3/m�2.95 × 10 × 10−4 mm3/m, respec-
tively. In general, increase in load value caused the in-
crease of wear rate of all the tested materials [9]. It
is clear from the results that the 10 N load caused se-
vere wear for uncoated and CrAlN coated steels, whereas
TiAlN was to withstand to severe conditions of 10 N wear
load. Speci�c wear rates of the CrAlN and TiAlN coated
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steels are 62% and 93.4% lower than that of the uncoated
steel. The results of friction coe�cient and wear rate
of the tested materials showed that the TiAlN coating
presents the lowest results.
Figure 3 shows the worn tracks formed on uncoated

CrAlN and TiAlN coated AISI D2 steels tested under
the loads of 0.3 m/s. Microstructures of worn tracks
against silicon nitride ball showed that the worn parts of
the coated steels surfaces are shown as white zone, while
the worn zone are grayish on the wear track. As shown
from the �gure, the wear track formed on the coated
steels are formed on the top surface of the coating layer,
whereas TiAlN coated steel against the balls has a good
wear resistance. Wear tracks formed on the uncoated
disk materials exhibit abrasive wear. Wear tracks formed
on the CrAlN and TiAlN coated include adhesive spots.
Similarly, dimensions of worn scars formed on the ball
materials are getting larger with increase in load. W is
realized deeper on the uncoated steel. In addition to this,
wear track formed on the TiAlN coated steel has the low-
est dimension. It was shown that the wear mechanisms
formed on the coated steels are adhesive wear.

Fig. 2. (a) The friction coe�cient, (b) speci�c wear
rate of uncoated, CrAlN and TiAlN coated AISI D2
steels against the silicon nitride ball.

Fig. 3. Optical micrographs of wear track of (a) un-
coated, (b) CrAlN coated, and (c) TiAlN coated AISI
D2 steels.

4. Conclusions
The results of this work demonstrate that well adhered

(di�usion controlled) TiAlN coating can have very ben-
e�cial e�ect on the tribological behavior compared to

CrAlN coated and uncoated steel surfaces. It is con-
cluded that:
� TiAlN layer coated on the steel substrate are com-
pact, smooth, porosity-free and homogeneous. CrAlN
and coating layer was dense and exhibits laminar mi-
crostructure with a well-de�ned coating/substrate inter-
face.
� The CrAlN and TiAlN coatings exhibit higher hard-
ness of 2067± 160 HV0.005 and 2251± 255 HV0.005 than
that of uncoated steel (550± 14 HV), respectively.
� The phases formed in the TiAlN and CrAlN
coated layers are TiN, AlTi3N, Ti3Al2N2, and Cr2N,
(Cr,Fe)2N1−x, AlN, Fe2N, respectively.
� The results of friction coe�cient and wear rate of the
tested materials showed that the TiAlN coating presents
the lowest results.
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