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Improvement of die life under hot forging of brass alloys is considered vital from both economical and
technical points of view. One of the best methods for improving die life is duplex coatings. In this research,
the influence of temperature on the tribological behavior of duplex-coated die steel rubbing against forging
brass was investigated. The wear tests were performed on a pin-on-disk machine from room temperature to
700 �C; the pins were made in H13 hot work tool steel treated by plasma nitriding and by PVD coatings of
TiN-TiAlN-CrAlN. The disks were machined from a two-phase brass alloy too. The results revealed that the
friction coefficient of this tribosystem went through a maximum at 550 �C and decreased largely at 700 �C.
Furthermore, the formation of Cr2O3 caused the reduction of friction coefficient at 700 �C. PVD coatings
proved their wear resistance up to 550 �C, well above the working temperature of the brass forging dies.
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1. Introduction

Brass alloys and H13 hot work tool steel are conventionally
used in hot forging materials for workpiece and for tool
material, respectively. They are also employed for the produc-
tion of such parts as gas valves (Ref 1, 2). The tribological
properties of H13 steel and CuZn39Pb3 brass alloy at room
temperature after oxidation at 600 �C indicated that a loose
oxide film wholly covered the surface of the steel (Ref 3).

In the last two decades, much research has been done to
improve the die life in the field of hot forging steel alloys by
surface engineering methods (Ref 4). However, in the case of
hot forging copper-based alloys, there are few studies regarding
the die life improvement.

In 1998, in the area of forging copper alloys, Sato et al. (Ref 5)
studied wear and tribological properties of PVD coatings rubbed
against copper at ambient temperature. The wear rate of CrN
rubbed against copper was at a very low level, but the wear rate of
TiCN, TiN, andTiC, as tested under the same conditions, andwas
higher than that rubbed against hardened high speed tool steel
substrate at room temperature. In the case of forging steel alloys,
the best die life was observed when duplex coating and ternery
thin layers (TiAlN or CrAlN) were used (Ref 6-12). There has
been no research in the field of duplex coating and ternery thin
layers dies for forging of brass alloys, but a recent study

conducted by the authors showed that applied duplex-coated dies
improved the die life in the forging of two-phase brass. The
results showed that duplex-TiN-TiAlN and duplex-TiN-TiAlN-
CrAlN coatings had more stability at 700 �C compared to H13
steel and plasma nitrided H13 steel in contact with two-phase
brass (Ref 13), but the stability andwear behavior of these duplex
coatings at a temperature from room to 700 �C (the forging
temperature of two-phase brass) were not determined.

The main idea in the present study was to consider the TiN-
TiAlN-CrAlN-coated steel die and two-phase brass alloy as two
components of a tribosystem in order to study the influence of
working temperature on the failure mechanism of the coated
die. A criterion for the failure of coated pins was removing the
coating from the surface of the pins. The focus was on
tribological properties of the new generation of duplex and
multilayer PVD coatings slid against a two-phase brass alloy by
pin-on-disk tests. The PVD coating included TiN-TiAlN-
CrAlN deposited by a cathodic arc process and wear tests
were carried out at a temperatures range varying from room
temperature to 700 �C.

2. Experimental Procedure

2.1 Test Materials

The materials used in this study were AISI H13 hot work tool
steel (0.4%C, 1.03%Si, 0.38%Mn, 4%Cr, 1.23%Mo, 0.2%Ni,
0.14%Cu, 0.92%V and balanced Fe in wt.%) and CuZn38Pb2
hot-extruded alloy (38.9%Zn, 1.87%Pb, 0.31%Fe, 0.13%Al,
0.08%Sn and balanced Cu in wt.%), known as forging brass with
a wide variety of applications in industry (Ref 14). Pins were
prepared from H13 steel ([ 0.5 mm9 50 mm and the radius
curvature of 3.5 mm) austenitized at 980 �C, oil quenched and
tempered at 590 �C, plasma nitrided and PVDcoated. Diskswere
made of CuZn38Pb2 alloy ([3.6 mm9 5 mm).
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2.2 Preparation of Duplex Coatings

A duplex process was carried out on the pins in two steps;
plasma nitriding followed by a PVD coating of TiN-TiAlN-
CrAlN. DC-pulsed plasma nitriding was performed using the
following parameters; gas composition N2:H2 10:90 (vol.%),
pressure 300 Pa, process temperature 480 �C, and treatment
time 8 h. After plasma nitriding, the pins were ground on a
series of emery papers of 800, 1200, and 2500 grit and, finally,
polished with 1 lm diamond paste.

Details related to the deposition parameters of multilayer
coatings are listed in Table 1. The chamber was evacuated to
10�3 Pa before sputter cleaning. After the samples were
cleaned by argon sputtering, high-purity nitrogen gas was
added as the reactive gas. TiN monolayer was deposited as an
interlayer followed by formation of TiAlN coating and then
CrAlN was deposited. The overall thickness of the PVD
coating was 4.7 lm.

2.3 Evaluation of Duplex Coatings

ANano instrument (CSMNHTX) equippedwith a Berkovich
diamond tip was used for measurement of mechanical properties
of surface-treated specimens.Amethod formulated byOliver and
Pharr (Ref 15) was used to extract values of hardness and elastic
modulus from the load-displacement data. The Poisson�s ratio of
the coating was assumed to be 0.25 (Ref 16).

Field-emission scanning electron microscope (MIRA\\TE-
SCAN-IROST) equipped with energy dispersive x-ray detector
was used to examine the surface of the coating before and after
pin-on-disk tests as well as the concentrations of the elements
in the coating. Structural analysis of the surface of the disk at
different temperatures in the contact region and around that was
determined by XRD measurements (Philips Xpert) with Cu Ka
radiation at 50 kV, 100 mA, and step size of 0.05�.

Pin-on-disk tests were carried out at 25, 250, 350, 450,
550, and 700 �C at a sliding speed of 0.03 m/s, under 5 N
load for 500 m. The Selection of these parameters was
according to the real condition of forging operation of brass
alloy. In the forging of brass valve (Ref 13), about 2 cm
movements of die and 0.75 s time for forging operation, the
velocity in the real condition is about 0.02666� 0.03 m/s.
We have two criteria for the selection of stress value. The
stress condition near the real production condition and stress
at the surface of the brass disk should be more than yield
stress of brass alloy at each temperature. The pin and disk
were installed inside wear test machine, and the temperature
of the chamber was raised to the desired value before the test
was started.

3. Results and Discussion

3.1 Structure and Analysis of PVD Coatings

Figure 1(a) shows SEM micrograph of the fractured surface
of a duplex-treated specimen and Fig. 1(b) illustrates a typical
microstructure of the TiN-TiAlN-CrAlN multilayer coating
surface, where it has many distinct ‘‘droplets’’ can be seen. The
droplets (EDX identified mainly Cr and Al) were formed due to
the evaporation of the metal macroparticles that could not react
with nitrogen adequately during the coating deposition (Ref 17).

XRD patterns of H13 hot work tool steel substrate and
duplex-TiN-TiAlN-CrAlN coating are shown in Fig. 2. Com-
parison between Fe peaks in the XRD patterns of the two
samples indicated peak shifting and broadening in the latter.
Nitriding process caused the peaks of a-Fe to be shifted to
lower Bragg�s angles and broadened. In terms of plasma
nitriding on hot work tool steel, the results of XRD investi-
gation suggested that nitrogen atoms did not react with iron;
instead, it acted as an interstitial atom in the ferrite lattice and
was completely dissolved as a diffusion layer; this process is
known as bright nitriding (Ref 18).

From the XRD analysis of duplex-treated steel, it was found
that (Ti, Al) N was crystallized into a single-phase of TiAlN
like NaCl structure. The detachment of the diffracted peaks of
TiAlN and CrAlN phases in the range of 2h = 30�-40� had a
better resolution with a step size of 0.02�. The results suggested
that CrAlN phase was formed. Broadening of TiAlN peaks
between 2h = 35�-45� and CrAlN peaks also revealed the
nano-size grains, structural defects (point-, line-, and area-
defects) or distortion-broadening contributions of microstruc-
ture (Ref 19). Additionally, the displacement of TiN, TiAlN,
and CrAlN peaks positions, in comparison with standard
values, showed the existence of macrostrain and macrostress,
where the lattice parameter became smaller, resulting in a shift
of peaks to larger diffraction angles.

Figure 3 shows typical load vs. displacement curve for the
nanoindentation test of TiN-TiAlN- CrAlN coating at 30 mN
load. The maximum indentation depth for TiN-TiAlN- CrAlN
coating was approximately 0.21 lm, which was less than 1/10th
of the coating thickness. Oliver and Pharr (Ref 15) used the
extract values of hardness and elastic modulus from the load-
displacement data (Fig. 3). The surface roughness (Ra), Young�s
modulus and hardness of the duplex coatings were
(0.43± 0.2) lm, (395± 36) GPa and (2650± 70) HV, respec-
tively. About thirty measurements were made to obtain the
standard deviation on hardness, roughness, and young�s modu-
lus. Applied surface treatments changed surface roughness and

Table 1 Parameters for the deposition of PVD coatings

Step Process Parameter

1 Workpiece cleaning preheating temperature of 200 �C, chamber pressure of 1 Pa
2 TiN interlayer Ar + bombardment, bias voltage of 2 kV, and cleaning time of 20 min
3 TiAlN interlayer target composition of 100%Ti, cathode current of 150 A, chamber pressure

of 0.1 Pa, and coating time of 20 min
4 CrAlN top layer target composition of 40%Ti-60%Al wt.%, cathode current of 110 A,

chamber pressure of 0.1 Pa, and coating time of 80 min
5 Cooling down and venting target composition of 30%Cr-70%Al wt.%, cathode current of 110 A,

chamber pressure of 0.1 Pa, coating time of 40 min
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the mechanical properties of the pins. The presence of a large
number of droplets on the surface of duplex coating (Fig. 1b)
caused an increase in the surface roughness.

3.2 The Effect of Temperature on the Friction Coefficient

The friction traces of the TiN-TiAlN-CrAlN-coated pins slid on
the two-phase brass disk from room temperature to 700 �C, as
obtained during wear tests, are presented in Fig. 4 as friction
coefficient versus the sliding distance. The friction coefficients of
this tribosystem went through a maximum at 550 �C and
decreased largely at 700 �C. From 25 to 350 �C, the fluctuations
in friction coefficient showed a stick-slip phenomenon resulting
from a series of adhesions and breakings at the contact points
between the opposing surfaces, but at higher temperatures, these
fluctuations were not observed. The fluctuations in the friction
were due to particle interaction, surface roughness or stick-slip
behavior. The tribosystem investigated we composed of hard pins
and soft disk (Hardness of the pin and disk is about 2650 and
101 HV, respectively). The effects of surface roughness on the
fluctuations in the friction were observed in run-in periods (Ref
20). The Fluctuations in the friction caused by particle interaction
was due to the existence of hard wear debris in the contact zone.
According to the investigation, in this tribosystem, brass alloy
from disk was adhered on the surface of hard pins and the hard
particleswere not observed in the contact zone (Ref 13).Therefore,
the only cause of these fluctuations in friction coefficients was the
stick-slip phenomenon. This phenomenon has also been observed
in similar hard-soft tribosystem (Ref 21, 22).

The plot of friction coefficient versus sliding time at 550 �C
is also shown in Fig. 4(e), where two obvious regions could be
identified; a ‘‘break-in period,’’ starting with high (1) and then
low (2) friction coefficient and a ‘‘secondary region,’’ where (3)
friction had an intermediate and steady state value.

3.3 Oxidation and Wear Traces of the Disks

XRD patterns of the two-phase brass disks in wear track
area and out of it at different temperatures are shown in Fig. 5
and 6, respectively. With the increase of temperature, the
percentage of a and b phases in the wear track area was
increased and on the disk surface, it was decreased. High vapor
pressure of zinc and higher diffusivity of Zn, compared with Cu

Fig. 1 Typical SEM micrographs of (a) fractured surface, (b) coating surface of TiN-TiAlN-CrAlN

Fig. 2 XRD patterns of (a) H13 hot work tool steel substrate,
(b) duplex nitriding-PVD coating

Fig. 3 Schematic representations of load vs. displacement curves
for duplex-TiN-TiAlN-CrAlN at 30 mN load
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(2-5 times higher), caused dezincification on the brass surface.
This phenomenon caused a decrease in the zinc content of the
surface of the disks and as a result, a phase increased.
According to Fig. 5, the surface of brass alloy was covered by a
ZnO film. Zinc oxide has stronger peaks, compared to copper
oxide, due to thermodynamic considerations regarding the
stability of ZnO. The peaks of these oxides appeared at
temperatures higher than 350 �C (in both wear track and disk
surface). At 700 �C, in the wear track, Fe2Cr2O4, Fe2O3, and
Cr2O3 were observed. Other investigations conducted on the
oxidation and wear behavior of H13 hot work tool steel have
reported Fe2CrO4 and Fe2O3 (Ref 20, 23). These indicate the
possible loss of the coating at temperatures above 550 �C. The
formation of solid lubricant Cr2O3 on the surface of wear track
could be a reason for reducing the coefficient of friction at
700 �C (Fig. 4f).

3.4 Worn Surfaces of Pins and Disks

SEM micrographs of the worn surface of the duplex-treated
pins after wear tests at 25 to 700 �C are shown in Fig. 7.
According to Fig. 7(a, b and c), a transfer layer of brass alloy

Fig. 4 Plot of friction coefficient vs. sliding distance for duplex-TiN-TiAlN-CrAlN coating sliding against brass disk, (a) 25 �C,
(b) 250 �C, (c) 350 �C, (d) 450 �C, (e) 550 �C, (f) 700 �C

Fig. 5 XRD patterns of the wear track area after wear testing at
different temperatures
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was formed on the surface of the pins at 25, 250, and 350 �C.
At 450 �C, adhesion of brass on the surface of the pin occurred
too, and the roughness of the pin was reduced (Fig. 7d).

The pin was worn out in the contact zone at 550 and 700 �C.
EDS analysis of the worn surface of the PVD-coated pin
showed that the coating was removed from the surface of the
pin (Fig. 7f). Destruction of the coating at high temperature and
the contact between H13 steel and brass surface were also
confirmed by XRD patterns obtained from the contact zone
(Fig. 5). Weight changes of the pins before and after pin-on-
disk tests are shown in Fig. 8. The changes in the positive
direction of the vertical axis indicated the pin weight loss and
the changes in the negative direction of the vertical axis
indicated the pin weight gain after the pin-on-disk tests. Weight
measurement of the pins, before and after pin-on-disk tests,
indicated that from room temperature to 450 �C, the weight of
the pins increased and at 550 and 700 �C, it was decreased. The
weight gain after wear tests revealed that disk material was
adhered on the surface of the pins as a result of adhesive wear

(Fig. 7a-d). The results of weight loss were consistent with the
SEM micrographs (Fig. 7).

The shape of friction coefficient at 550 �C, as can be seen in
Fig. 4(e), was due to the fact that initially, the roughness of the
surface produced a momentary rise in friction until surface
conformity and smoothing occurred, thereby reducing the
friction (Ref 20). The drop, after the initial rise, could be due to
removal of the coating on the surface of the pin, leading to
contact of H13 hot work tool steel with the disk surface
(Fig. 7e).

Typical SEM micrographs of the wear tracks of the disk
surfaces on the brass substrate at 25 to 700 �C are shown in
Fig. 9. Up to 450 �C, oxide films were not formed on the
surface of the disk and the PVD-coated pins were in direct
contact with the brass alloy. The incensement in friction
coefficient with enlargement of temperature from 25 to 350 �C
(Fig. 4a-c) was due to the more tendency for the adhesion of
the alloy brass to the surface of the coated pins. Although the
XRD results of the area out of the wear track (Fig. 6) proved

Fig. 6 XRD patterns of the disk surface after wear testing at
different temperatures

Fig. 7 SEM micrographs of the tips of duplex-treated pins after wear tests at 25 to 700 �C

Fig. 8 Changes in weights (=initial weights-final weights) of the
pins after pin-on-disk tests at 25 to 700 �C
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the existence of ZnO peaks at 350 �C, no oxide was detected
within the wear track (Fig. 9c). This condition indicated that a
low-wear resistance oxide was formed on the surface of the
disk removed during wear test from the contact zone.

At 550 �C, the separation of the wear debris from PVD
coating, that was free in the contact zone and hard, suggested
that the preponderant mechanism in the wear of the pin was
abrasion (Ref 2), the coefficient of the friction was high
(Fig. 4e) and the wear debris shrank (Fig. 9e). At 700 �C, high
temperature activated the sintering phenomenon of wear debris
and compacted them at contact zone (Fig. 9f).

4. Conclusions

The following conclusions are summarized from the results
of pin-on-disk analysis of duplex, plasma nitriding and PVD
(TiN-TiAlN-CrAlN), treated steel pins sliding against a two-
phase brass between room temperature to 700 �C.

1. The friction coefficient was increased from room
temperature to 350 �C. At this temperature range, the
duplex-treated pins were in contact with the brass disk.
A transfer layer of brass alloy was detected on the tips of
the pins. At 450 to 700 �C, permanent oxide layer
formed on the wear track areas and TiN-TiAlN-CrAlN
coating was in contact with this oxide layer.

2. At 550 �C, the initial roughness of the surface produces
a momentary rise in friction until surface conformity and
smoothing occurs, reducing the friction, and then removal
of the coating leads to rise in the friction coefficient.

3. At 700 �C, the coating is removed from the surface of
the pin, but the formation of Cr2O3 as a solid lubricant
reduces the friction coefficient.
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