UNIVERSITY OF FUKUI
REPOSITORY

EVALUATION OF EROSIVE WEAR RESISTANCE
OF TiN COATINGS BY A SLURRY JET IMPACT
TEST

E5&: English

HhRE

~EH:2007-11-14

F—7— K (Ja):

*—7— K (En):

EBE: IWAL 'Y, MIYAJIMA, T, HONDA, T, MATSUBARA,
T, KANDA, K, HOGMARK, S

X=ILT7 KL AR:

FiT/:

http://hdl.handle.net/10098/1163




EVALUATION OF EROSIVE WEAR RESISTANCE OF TiN
COATINGS BY ASLURRY JET IMPACT TEST

Y. lwai, T. Miyajima, T. Honda, Department of Mechanical Engineering, University of
Fukui, Bunkyo 3-9-1, Fukui, 910-8507, Japan, iwai@mech.fukui-u.ac.jp

T. Matsubara, Macoho Co. Ltd., Niigata, Japan

K. Kanda, Nachi-Fujikoshi Co. Ltd., Toyama, Japan

S. Hogmark, Uppsala University, Uppsala, Sweden

ABSTRACT

In this paper, it is proposed to use a new type of solid particle impact test (slurry jet) to
swiftly evaluate wear properties of thin, single layered or multilayered coatings. By the
slurry jet, 1.2 um alumina particles were impacted at high velocity perpendicular to thin
PVD coatings of TiN deposited on high speed steel substrate materials under various
substrate temperatures.

Since the coatings have a much higher wear resistance than the substrate material, the
wear rate increases significantly to the higher level of the HSS material when the
coatings are penetrated. This is utilized in the quantification of the assessment of
coating wear. A ranking of wear resistance and correlations to the coating surface
hardness measured by nano-indentation tests, and coating morphology and structures
are given and discussed.

It is concluded that the slurry jet test is fast, easy to accomplish, and generates
reproducible results. It is also very sensitive to variations in coating quality. Thus, it can
be recommended as a screening test when evaluating coatings and coated materials. For
the coatings included in this study, the TiN deposited under the highest substrate
temperature proved to have the highest wear resistance although it had a relatively low
hardness. The wear rate of the TiN coatings varies with the orientation of grains, that is,
the {111} orientation that dominates for the high temperature deposition shows a
higher wear resistance than the {100} orientation, which corresponds with the
cleavage fracture behavior. The fact that the higher temperature generates more defect
free TiN coatings will also contribute to a better erosive wear resistance for these
coatings.

1 INTRODUCTION

A continuing development of versatile and reliable techniques for evaluation of coated
components is important for the development of new coating composites and their
applications. There exist many studies on evaluation techniques for tribological
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assessment of thin hard coatings [1-4]. In many situations, the wear of materials coated
with thin coatings is due to a combination of the properties of the coating material,
substrate material and interface. Thus, a general evaluation should distinguish between
the properties of the coating and substrate material.

Hutchings [5] has reviewed the application of solid particle erosion testing to coated
samples. Erosion testing has proven to be a suitable tool for studies of crack initiation
and propagation in thin hard coatings [6]. However, by conventional particle erosion
tests such as centrifugal and slurry erosion tests, the failure of thin hard coatings often
occurs unevenly and after a short test duration due to a high ratio of particle diameter to
coating thickness [7-9]. Therefore, if particle erosion is to be used to evaluate coating
properties, impact of very small particles is needed, to be able to detach the coating in a
form of small fragments. They should also be focused to a small area of the target.

With this background, a new type of solid particle impact test, the slurry jet impact test,
was proposed. It has previously been used to quickly evaluate the wear properties of
physical vapour deposited (PVD) coatings [10], and applied to the evaluation of the
wear resistance of commercially coated tools [11]. It was concluded that the slurry jet
impact test is considerably useful as a screening test for thin hard coatings.In this study,
the possibility of the slurry jet impact test has been used to evaluate TiN coatings
deposited under slightly different conditions. A ranking of wear resistance and
correlations to the coating surface hardness and surface morphology are given and
discussed. From the results, it is concluded that the slurry jet impact test can be used as
a screening test when evaluating coated materials.

2 EXPERIMENTAL

2.1 Test apparatus and procedure Nozzle

| Pressure switch |

[

Table—]
Figure 1 shows a schematic view of the

test apparatus. The details are described  Specimen—

elsewhere [10]. The flowing stream of _— Regl'l tor
water containing solid particles sucked Solenoid valve
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air in the nozzle, and eventually a slurry Suction hole 1

jet is ejected at high velocity. The cross- Mixer 1 @l
section of the nozzle is a square 3 x 3 Jot Airin

mm?. The jet velocity is regulated by the -

pressure of the compressed air, but could, O Test liquid in

unfortunately, not be measured. For the Fig.1 Schematic view of the slurry jet tester.

pressure of 0.5 MPa used in this study, The insert shows detail of the nozzle.
the maximum velocity was estimated to



around 100 m/s at the exit of the nozzle. The impingement angle of the jet relative to the
test surface was set to = 90 degrees. The specimen was mounted at 10 mm distance
from the end of the nozzle. The test liquid was pure water containing angular alumina
particles with an average diameter of 1.2 um, as erodent. The hardness of the alumina
particles ranged from HV= 1800 to 2000 [12]. The concentration of the alumina
particles was c= 3 mass % in the tank, and the slurry was kept at room temperature.

The wear loss of the coatings after the tests was too small to be resolved by weighing.
Instead, the geometry of the erosion crater was measured with a stylus profilometer at
three positions along the centerline of the square wear scar.

2.2 Test materials

Substrate material was high-speed steel (HSS) named SKHS57 by Japanese Industrial
Standards, with the chemical composition (wt. %) of 1.17-1.15C, 3.0-5.25Mo, 9.0-
11.0W, 3.0-3.8V, and 9.0-11.0Co. The hardness of HSS was HV= 950. All substrates
were polished to mirror finish. Uncoated HSS was included as a reference material.

TiN was deposited by magnetron sputtering. The substrate voltage was fixed to 100 V.
Process gases of Ar and N, were supplied at 1.5 and 1.35 m’/h, respectively, and the
pressure of the chamber was about 0.4 Pa.

The coating materials and their properties are listed in Table 1. Three substrate
temperatures was used; 330, 390 and 470 °C, and the corresponding coated specimens
are designated TiN-A, B and C, respectively. The TiN coatings had a monolayer
structure and their thickness was in the range of 1.8 to 2.1 pum, as estimated from
fractured cross-sections. The specimen size was 6 x 6 x 30 mm.

Table 1 Coating materials and their properties

Specimen Substrate temperature, ‘C Coating thickness, pm
TiN-A 330 2.1
TiN-B 390 1.8
TiN-C 470 1.8

2.3 Measurements of surface properties

The coated surfaces were observed by scanning electron microscopy (SEM) and atomic
force microscopy (AFM), and analyzed with X-ray diffraction (XRD). The
measurement conditions of the XRD were: copper target, accelerating voltage of 40 kV,
beam current of 50 mA and scanning speed of 4°mm’".



In order to investigate the mechanical Ppay [-------------—== - - oo mmm e
properties of the coatings, the nano-
scale hardness was measured by a

nano-indenter. The indenter was a L
Berkovich pyramid. Electro-magnetic 3 Loading curve
actuation was wused and the 9

displacement was measured by a

capacitance gauge. The load was

applied in the range of 11.8 to 98.0

mN. Figure 2 shows the penetration 0 1: hi h Nmax
: : I 2 1
depth - load curve. The hardness was ! ) L
. . ! Plastic i Elastic i
calculated by the following equation. : deformation  deformation

7€ A

H :3‘717“0_4% [GPa] Penetration depth h

h1? Fig.2 Penetration depth - load curve.

3 RESULTS AND DISCUSSION
3.1 Morphology and hardness of TiN coatings
Figure 3 shows SEM micro-

photographs of the original
surfaces and fractured cross-

sections of the TiN coatings.
columnar structures can be
clearly observed. The grain size
increased ~ with  increasing
substrate temperature. The size

of 50 grains was measured at

random on the SEM - Cross-section

photographs of each specimen. (@) TiN-A (b) TiN-B (©TiN-C

The average size was 0.13, 0.18

Fig.3 SEM microphotographs of the original
surfaces and fractured cross-section of
the TiN coatings.

and 0.24 um for the substrate
temperatures 330, 390 and
470 °C, respectively.

Figure 4 exhibits XRD profiles of the TiN coatings. TiN was found to have a (200)
preferred orientation at the substrate temperature of 330 ‘C while it displayed a (111)
preferred orientation at 390 and 470 “C. In addition, the half-value width of the (111)
peak narrowed when the substrate temperature increased. Therefore, XRD analysis
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shows that the grains grow with high preferred orientation and good crystallinity at the
highest substrate temperature.

Figure 5 shows the nano-indentation hardness of TiN coated specimen as a function of
substrate temperature. A load of 19.6 mN was adopted since it gives a penetration depth
smaller than one-fifth to one-tenth of the coating thickness, thus generating values
representative of the intrinsic coating properties. The nano-indentation hardness is
influenced by the instrument and measuring system, and usually gives relatively high
values compared to conventional hardness values of TiN. The nano-indentaion hardness
of the TiN coatings decreased with increasing substrate temperature. This result is
probably due to the corresponding increase in larger grain with the temperature.

3.2 Wear properties

Figure 6 illustrates the depth profiles of wear craters in the TiN coating, as measured
after various test durations. During the first 7.5 min the wear of the coating was gradual
and slow, generating a smooth surface, where after the coating was penetrated and
severe damage of the substrate commenced. At each test interval the distance between
the original and the worn surface at the deepest position was measured and designated
as the wear depth.



Slurry jet

‘ original

The wear depth variation with the test
duration is shown in Fig.7. For the HSS

substrate material, the wear depth
increased linearly from the beginning of
the test. On the other hand, for TiN
coatings, the wear depth increased linearly
at a moderate slope until the coating was

penetrated after 7.5 to 10 min when it )
Fig.6 Surface profiles along the center-

line of the square erosion scar of
TiN-A coating after various test
point that completely agrees with the duration.

coating thickness. This means that our test

increased significantly. The lines of the
coating and of the substrate intersect at a

is able to determine the wear properties of 40 S

- |Substrate
the thin hard coatings independent of the 35- tenperature
properties of the substrate. The average 30+ :23828
slope of the initial part of the wear curve o5 |_© HSS

was calculated by means of the least-
squares method, and defined to be the

=
6]
—

coating wear rate.

Wear depth, ym
N
o

=
o
T

1.2 um A|203

Figure 8 shows the wear rates of TiN i particles
coatings as a function of substrate 5_ c=3 mass%
5 o=
i n L | L | L |

temperat%lrf:.' In order to confirm the 0 5 10 15 20 25
reproducibility of the wear rate of each Test time, min
TiN Coating, additional two tests were F1g7 Maximum crater depth of the
carried out and their wear rates are also substrate (HSS) and the TiN coating
plotted in Fig.8. The standard deviation of as a function of test duration.
the three times tests were 0.0097 to 0.0124
pm/min ~ for each  TiN  coating. 0.5 S A0 o
Consequently, our test was found to be < - particles temperature
highly reproducible. The wear rate g 0.4-C73 Mass% 538828
decreased with an increase in substrate 3 aroc
temperature. G 0.3r
Comparing Fig.8 with Fig.5, the wear rate < 0.2
of TiN deposited at high substrate s
temperature decreased though its surface = 0.1k
hardness became low. This behavior is
contrary to the general tendency that 0 | . | . |

300 400 500

abrasive and erosive wear decrease with

. . . Substrate temperature, °C
increasing hardness [12]. Dobrzanski et al. P

Fig.8 Wear rates of the TiN coatings as a

[13] showed that the erosion resistance of function of substrate temperature.

TiN deposited on several types of high
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The micro topography of the worn surfaces was quantified by AFM, see Fig.10. The
original surface of TiN had a regular variation in roughness with agglomeration
produced during the coating process. On the other hand, all the worn surfaces of both
coatings became very uniform and smooth.

The R.M.S deviation of the assessed topographic surface (Sq) of the original and worn
surfaces of the coatings were calculated by 3-D analysis tool [15], see Fig. 11. These
results suggest that the size of the detached debris is remarkably smaller than the grain
size, which were estimated to several ten nano-meters.

3.4 Relation between surface morphology and wear rate

The ranking of wear resistance of TiN is 05

. . . . ’ 1.2 pmALO; | sypstrate

investigated from the point of view of < | particles temperature

surface morphology and  structure.  E 0.4-c=3 mass% 2 3% TNe)
. . . . = a= © H

Figure 12 shows the variation in wear € W 470°C (TiN-C)

. ] . ] S @ Other sample
rate of TiN as a function of intensity

o

w
T
>

Weatr rate,
¢ o
N
T T
K
Q)

¢
;

ratio of (111) to (200) obtained by XRD,
see Fig. 4. In the figure, other TiN
coatings that were deposited on various
HSS or carbon steel at various
conditions with different PVD methods

are also shown. The wear rates can be 8.1 ' ZIL ' 1'0 ' 160 -

plotted on a line and decrease with XRD intensity ratio of (111) to (200)
increasing the ratio regardless of coating

f—
-

conditions. This means that the wear .
Detail of other samples

rates of the TiN coatings varies with the

. . ¢ . h ) h No Deposition|  Coating Nano-indentation
orientation of grams, that 1s, the "| technique | thickness, pm [hardness(49mN), GPal
{111} orientation shows higher wear 1| MS 24 458
resistance than the {100} . 2| REB 2.8 23.6
{ } 3 MS 3.9 44.0
It is well known that TiN coating L4l HCD 2.0 40.4

. . MS: Magnetron sputtering
consists of a NaCl type phase with FCC  pgp. Reactive electron beam evaporation

structure. For this structure, cleavage  HCD: Hollow cathode dischage

fracture tends to occurs on the {100}
plane and the surface energy (7 ) on Fig.12 Relationship between XRD intensity

each plane is approximately calculated ratio of (111) to (200) and wear rate.

as follows [16].
Yoo} * Yo} - Yy :11\/51\/5

Cleavage fracture on {100} plane occurs easier than the {111} in inverse
proportion to the surface energy. Here, when comparing the wear rates between the TiN



coatings which show the largest and the smallest ratio of (111) to (200) in Fig. 12, the
ratio of the wear rate (No. 4 to No. A, see Fig.12) is 0.37, which is similar value to the
reciprocal of the ratio of surface energy of {111} to {100} , i.e. 0.58. From this
discussion, the wear is likely to occur by tiny cleavage fractures in each grain.

Generally, it is shown that the slurry jet erosion technique can assess the quality of TiN
coatings in terms of wear resistance, ductility and fracture resistance. The detailed
mechanisms of material removal during this slurry jet erosion are not fully revealed.
However, the damage scale is not even resolvable in AFM. It is possible that the
damage scale is so small that the TiN wear is dominated by removal of the oxide scale,
but a combination of such an oxidative wear with mechanical particle erosion of TiN is
the most probable. Further analytical studies are needed to clarify this.

4 CONCLUSIONS

—

The slurry jet test is fast, easy to accomplish, and generates reproducible results. It
is also very sensitive to variations in coating quality.

2. Since it produces very tiny wear craters, it is close to being non-destructive, and can
easily be used on e.g. metal cutting inserts without affecting their performance.

3. For the coatings included in this study, the TiN deposited under the highest
substrate temperature proved to have the highest wear resistance although it had a
relatively low hardness, probably because of a corresponding improvement in
ductility.

4. Another observation was that the wear rate varies with the TiN grain orientation, i.e.
the {111} orientation shows higher wear resistance than the {100} , which
correlates to a correspondingly higher cleavage fracture resistance within each
grains.

5. Our proposed slurry jet erosion proved to be very useful and sensitive as a
screening test when evaluating the properties of coatings including morphology
and wear resistance.
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