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ABSTRACT 
In this study, the performance against erosive wear of PVD TiN (titanium nitride) coating was evaluated using 
an erosion test rig similar to that described in the standard ASTM G76-95. This coating normally has various 
industrial applications such as tapping, drilling, dry machining and punching. Angular silicon carbide (SiC) was 
used as an abrasive particle with a grain size of 350 - 450 µm. Erosion tests were carried out using different inci-
dent angles, 30˚, 45˚, 60˚ and 90˚ with a particle velocity of 24 ± 2 m/s, an abrasive flow rate of 0.7 ± 0.5 g/min, 
and the test temperature was between 35˚C and 40˚C. The particle velocity and the abrasive flow rate were low 
in all of the tests to reduce the interaction between the incident and the rebounding particles in the system. The 
surfaces were examined with a scanning electron microscope (SEM) to characterize the erosive damage. The 
wear mechanisms identified were brittle fracture characterized by radial cracks on the surface by multiple im-
pact and a few pits at 30˚, while a few cracks and the formation of craters in random positions were observed at 
angles near or at 90˚. Elliptical scars were observed at 30˚ and 45˚, which are a characteristic feature when the 
specimens are impacted at low-incident angles (α ≤ 45˚) whereas a roughly circular scar was seen at 60˚ and 90˚. 
In addition, roughness variations were analyzed using atomic force microscopy (AFM), before and after the ero-
sion tests, and the results exhibited an increase in the roughness as the TiN samples were impacted at angles near 
or at 90˚. 
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1. Introduction 
Solid Particle Erosion (SPE) is the progressive loss of 
material that results from the repeated impact of small, 
solid particles or liquid on a surface [1]. Depending on 
the kind of equipment, erosion phenomena may appear in 
various forms. Though harmful as a rule, erosion some- 
times can be used as a method of processing but it is a 
serious problem in many engineering systems, including 
streams, jet turbines, pipelines and valves carrying parti- 
culate matter and water turbines. 

Surface coating is an effective method to improve the 
durability of the materials used in different environments. 
New coating deposition techniques developed over the 
last two decades offer a wide variety of possibilities to 
tailor surfaces with many different materials and struc- 
tures. In particular, physical vapour deposition (PVD) 
techniques have made it possible to deposit thin coatings 
a few micrometers thick in a temperature ranging from 
high temperature down to room temperature. Nitride 
based hard compound coatings prepared by various 
physical vapour deposition processes are finding in-
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creasing applications for nearly every demand. High 
hardness, excellent wear and corrosion resistance enable 
them to significantly improve tool life. 

In relation to research on solid particle erosion on 
PVD nitride coatings, several researchers have conducted 
experimental works. For instance, Deng Jianxin, et al. [2] 
conducted a study on erosion wear of different PVD ni- 
tride coatings such as CrN, TiN, CrAlN and TiAlN. 
These were deposited on YT15 cemented carbide by ca- 
thode arc-evaporation technique. Silicon carbide powder 
with a grain size between 40 - 100 µm was used as abra- 
sive particle. Erosion tests showed that among all the 
coatings tested, the TiAlN coating exhibited the smallest 
wear depth under the same test conditions; while the CrN 
coating showed the highest wear depth. The time of the 
coating penetration for CrN sample was about 40, since 
the wear depth reached 1.8 µm after 40 s erosion opera- 
tion (the coating thickness of CrN was 1.8 µm), while for 
the TiAlN coating, the wear depth reached only 1.5 µm 
after 380 s erosion operation, which was far less than its 
coating thickness (2.64 µm). Therefore, the TiAlN coat-
ing was proved to have the highest erosion resistance 
over the other coatings. On the other hand, analysis of 
the eroded surfaces demonstrated that TiN and CrN coat- 
ings showed a typical brittle fracture induced removal 
process which experienced erosive wear damage in- 
volving delamination and brittle fracture, while TiAlN 
and CrAlN experienced significantly less erosion damage 
than CrN and TiN coatings, and exhibited microcutting 
and cycle fatigue fracture of material removal mode. 

B. Jonsson, et al. [3] conducted a research evaluating a 
TiN layer coating on high speed steel with 1 µm thick- 
ness deposited by reactive magnetron sputtering tech- 
nique using various erosion parameters. The impact an- 
gle was 90˚ and angular quartz particles were used as the 
abrasive particles. Wear mechanisms such as different 
size craters, brittle fracture and pitting action, were nor- 
mally observed on the surface. A theoretical model was 
developed to describe the erosion process in terms of 
particle dose and two characteristic film parameters. 
There were the mean area affected by a single impact and 
the mean number of consecutive impacts in one site ne- 
cessary to make the coating spall. It was an attempt to 
correlate the time-coating loss with the practical levels of 
adhesion as revealed by single-pass scratch test. It was 
concluded that erosion testing could be a more sensitive 
means to asses “practical adhesion” than scratch testing. 

P. J. Burnett and D. S. Rickerby [4] carried out a re- 
search related to the erosion behavior of thick and thin 
PVD titanium nitride coatings on two different steel sub- 
strates (20-carbon steel and 18-9-1 stainless steel) sub- 
jected to sharp and blunt erodent particles. Some of the 
parameters used in this experimentation were particle 
velocities between 14 and 35 m/s (determined using the 

double disc method), a mass flow rate of 1 g/sec and two 
impact angles (45˚ and 90˚). The erodent particles were 
glass beads (blunt shape) and alumina (grit shape). 

In this particular work, the possibility to use solid par- 
ticle erosion tests to assess the coating adherence as in 
the standard and well accepted scratch testing was men- 
tioned. A correlation about the morphology of the coat- 
ing loss between the scratch tests with erosion behavior 
was highlighted; for instance, as the abrasive particle for 
the tests was angular alumina, the predominant coating 
failure mechanism for the coated 20-carbon steel sub- 
strate was elastic/plastic chipping in both the scratch and 
erosion tests. In contrast, the TiN coating on the stainless 
steel substrate showed a tendency to spall under both 
erosion and scratch testing. It was also interesting to note 
that mass of erodent for coating loss under erosion in- 
creased with coating thickness, and this was correlated 
with an increase in the critical load (LC), due to a higher 
thickness of the coating in the scratch tests. 

Telling & Field [5] carried out a study of the degrada- 
tion of three nominally brittle materials (diamond, sap- 
phire and zinc sulphide) when impacted with small, fast- 
moving particles of quartz. In this work, it was observed 
that zinc sulphide showed a central deformation and cone, 
radial and lateral cracking (top left), where a large area of 
material was removed. The other two materials although 
exhibiting similar damage, with partial cones and lateral 
cracks, were less damaged. In addition, the fragmentation 
of the quartz particles was examined and it was con- 
cluded that the particle takes a long time to fragment 
after contact with the surface. “Assuming that fracture is 
not initiated at the point of contact, but at a distance of 
the order of the particle radius away from the contact, 
then the load could potentially rise above the particle’s 
static strength. Therefore, being severe and causing the 
damage on the surface…” Shipway and Hutchings [6] 
carried out a study of solid particle erosion on different 
coatings. In this particular study, a method was described 
for analyzing the results of erosion tests on coatings. The 
behavior of the coating was characterized in terms of a 
single quantity: the dose (mass per unit area) of erodent 
particles of a particular type and velocity needed to re- 
move the coating. This method had been applied to a 
diverse range of coatings: paint coatings, anodized films 
on aluminium, PVD titanium nitride on steel and DLC 
carbon films on steel. 

In this study, an analysis of the erosion behavior of 
PVD titanium nitride deposited on AISI 4140 steel by 
magnetron sputtering technique was performed. The aim 
of the experimentation was to provide information about 
the behavior of this coating against solid particle erosion 
subjected to the impact of silicon carbide particles at dif- 
ferent incident angles. The impact angle was a parameter 
that determined the erosion resistance of this coating. 
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2. Experimental Details 
2.1. Sample Preparation 
The substrate material was AISI 4140 steel in a soft an- 
nealed condition. The steel was heated to temperatures 
between 830˚C - 850˚C in a furnace and it was slowly let 
to cool at a temperature no higher than 65˚C per hour. 
The hardness of the material used was 280 HV. Mechan- 
ical applications such as conveyor parts, gears, spindles 
and pump shafts are common in the soft annealed condi- 
tion [7]. The specimens were ground flat with 180-grit 
silicon carbide paper and polished using 0.3 µm alumina 
particles over a polished-disc shaped cloth. The rough- 
ness average value was 3.5 nm (Ra) with a standard dev- 
iation of 0.30. The chemical composition is presented in 
Table 1. 

The coating used for these tests was titanium nitride 
(TiN) with a thickness of 4 µm. It was deposited using 
cathodic erosion equipment; Intercovamex V-3, with the 
DC power source, MCX 500, with a capacity of 500 W 
(DC Magnetron Sputtering). The substrates mounted on 
the disc of the vacuum chamber, and the equipment was 
prepared to reach the required vacuum pressure to make 
the deposit, which was approximately 1.0 × 10−5 mbar. In 
addition, the substrates were biased 50 V negative with 
respect to earth to induce ion bombardment of the coat- 
ing during deposition and thereby promote the formation 
of a dense, fine-grained coating. The separation was 5 cm 
between Ti target and the substrate (AISI 4140 steel). 
The deposition of TiN was done in the Ar and N2 partial 
pressures environment of 9.9 × 10−3 mbar and 1.8 × 10−3 

mbar for 90 minutes. The titanium nitride coating was 
deposited at a temperature of 400˚C throughout the 
process. The parameters of TiN deposition are presented 
in Table 2. 

Figure 1 shows the SEM micrograph of the morphol- 
ogy of the coating before the erosion tests. An EDS 
 

Table 1. Chemical composition AISI 4140. 

Element Wt. (%) 

Carbon (C) 0.40 

Silicon (Si) 0.25 

Manganese (Mn) 0.85 

Chromium (Cr) 1.00 

Molybdenum (Mo) 0.25 

 
Table 2. Equipment conditions. 

Coating PAr/PN2 (mbar) TS (˚C) E (volt) T (hour) P (Watt) 

TiN 9.9 × 10−3/1.8 × 10−3 400 −50 1.5 200 

PAr = Argon gas pressure during deposition, PN2 = Nitrogen gas pressure 
during deposition, Ts = Substrate temperature during deposition, E = Poten-
tial difference, T = Deposition time, P = Power of the DC Magnetron Sput-
tering. The fusion temperature of the deposited coating was (CrN = 1050˚C). 

 
Figure 1. SEM photograph of TiN coating. 

 
Analysis was performed to obtain the chemical composi- 
tion of the coating (see Table 3 and Figure 2). In addi- 
tion, roughness values of TiN coating before and after 
erosion testing were obtained by using an AFM (Micro- 
scope diMultimode V, Vecco, Controller diNanoscope 
V). The surface’s roughness before the tests was 149 nm 
(Ra) with a standard deviation of 27.3 (five measure- 
ments in different zones) and the projected surface area 
was 5 × 5 µm2. Figure 3 shows a 3D profile of the initial 
roughness. 

On the other hand, hardness tests were carried out and 
the average value was 1283 HV with a standard deviation 
of 273.1 (15 measurements). The applied load was 100 
mN. These results obtained using a Nanoindentation 
Tester (TTX-NHT, CSM Instruments). In addition, the 
Young’s Modulus of the TiN coating was calculated and 
the average result was 282.7 GPa with a standard devia- 
tion of 50.18 (after 15 measurements) Figure 4 shows a 
Vickers indentation on TiN coating surface. 

The samples had a rectangular shape with dimensions 
of 50 × 25 mm2 and 3 mm in thickness. The abrasive 
particles used were silicon carbide (SiC) with an angular 
shape as shown in Figure 5. The chemical composition 
of silicon carbide is shown in Table 4. Silicon carbide 
was used to accelerate the erosive wear process and to 
evaluate the performance of this coating under severe 
erosive conditions. Particle size distribution was obtained 
using Analysette 28 image sizer. The selected measuring 
range for SiC particles, was between 26 µm and 2.6 mm. 
The particle size grain between 350 - 450 µm was the 
most consistent. Most particles were found in this partic-
ular range. The average particle size was 342 µm with a 
standard deviation of 127 for the first measurement 
(19285 particles) shown in grey color in the graph in 
Figure 6. On the other hand, a second measurement 
(14507 particles) carried out and the average particle size  
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Table 3. Chemical composition of TiN coating. 

Element Wt. (%) 

Nitrogen (N) 78.97 

Titanium (Ti) 21.03 

 

 
Figure 2. EDS analysis of TiN coating. 

 

 
Figure 3. 3D roughness profile of TiN before test. 

 

 
Figure 4. Vickers indentation on TiN coating. 

 
Figure 5. Silicon carbide particles (SiC). 

 
Table 4. Silicon carbide composition. 

Element Wt. (%) 

Carbon (C) 63.39 

Silicon (Si) 36.61 

 

 
Figure 6. Particle size distribution. 

 
was 353 µm with a standard deviation of 136 (green col- 
or). Both measurements were close.  

2.2. Test Procedure 
Erosion tests were performed by using an apparatus 
based on that shown in ASTM G76-95 test standard [8]. 
Figure 7 shows a schematic diagram of the erosion rig 
[9]. In this device, abrasive particles propelled onto the 
specimen surfaces through a stainless steel nozzle, are 
driven by air pressure generated by an air compressor. 

Two tests were performed for each impact angle, 30˚, 
45˚, 60˚ and 90˚. These angles were selected to evaluate 
the coating material at low and high incident angles and 
to determine their behaviour under different testing con- 
ditions. The coating was eroded for 240 sec, although it 
was removed every 60 sec to determine the amount of 
mass loss. A particle velocity of 24 ± 2 m/s and an abra- 

Vickers indentation
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Figure 7. Erosion rig. 

 
sive flow rate of 0.7 ± 0.5 g/min were used to reduce the 
effects of interaction between incident and rebounding 
particles. The reduction of this effect was reached at low 
impact angles such as 30˚ and 45˚, where the abrasive 
particles impacted the material, slid along the surface and 
then fell away. However, a higher level of interaction 
between particles was observed at 90˚. In all of the tests, 
the specimens were located at 10 mm distance from the 
end of the stainless steel nozzle. The nozzle had the fol-
lowing dimensions: 4.7 mm internal diameter, 6.3 mm 
external diameter and a length of 260 mm. The room 
temperature was between 35 and 40˚ C. The specimens 
were weighed using an analytical balance (accuracy of ± 
0.0001 g) before each test and every 1 min were removed 
and cleaned with acetone and then weighed to determine 
the amount of mass loss. Micrographs of the eroded sur- 
faces were obtained using a scanning electron micro- 
scope (SEM) Quanta 3D FEG (FEI) to analyse and to 
identify the possible wear mechanisms. 

3. Results and Discussion 
3.1. Erosion Damage 
SEM images of the erosion damage on TiN coating are 
presented in Figures 8(a) and (b). The wear mechanism 
identified was brittle fracture, characterized by radial 
cracks on the surface by multiple impacts; and a few pits. 
The radial cracks [3-5] could have their origin in the for- 
mation of median and lateral cracks formed under the 
coating surface due to the direct impact of the abrasives 
particles. The sliding component at lower impact angles, 
was significant due to the higher wear damage caused at 
this particular incident angle, of course, the hardness of 
the abrasive particle could lead to a higher fragmentation  

during the impact, which inflicted that more particles 
acted on the surface leading to the generation of greater 
erosion damage on the coating surface. AFM image 
shows the asperities of the surface damaged at 30˚; the 
red colour described the deepest zones of the wear scar, 
while the yellow one exhibits the higher peak regions. 
The average roughness values for 30˚ and 90˚ were 232 
nm with a standard deviation of 60.6 and 319 nm with a 
standard deviation of 81.5, respectively. 

In respect to the wear damage at 90˚, a few cracks 
were observed on the surface in the upper and bottom 
part of the SEM micrograph, it was also exhibited pitting 
action and the formation of craters in random positions as 
shown in Figure 9 and in previous erosion studies [3-5]. 
In this particular case, the abrasive particle just displaced 
the coating. It was assumed because the erosion rate was 
low at 60˚ and 90˚. 

3.2. Erosion Behavior of TiN Coating 
Figures 10(a) and (b) presents the results of the mass loss 
of the tested materials after 4 min at all incident angles 
(30˚, 45˚, 60˚ and 90˚). In this particular case, the wear 
damage is proportional to the elapsed time. It has been 
observed commonly in other erosion studies [10-12]. PVD 
Titanium nitride (TiN), deposited on AISI 4140 steel, 
exhibited higher wear damage at 30˚ than at 90˚. 

Figure 11 shows a plot of the erosion rate versus the 
impact angle for all the tested coatings. Here, it is possible 
to conclude that TiN coating exhibited a ductile type be- 
havior, reaching their maximum erosion rate at 30˚ and 
45˚, respectively. The wear damage was considerable 
reduced as the impact angle increased (see Figure 11). 

Figure 12 shows a plot of the erosion rate versus the 
impact angle for the tested coating. The total erosion rate  
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(a) 

 
(b) 

Figure 8. (a) Erosion damage on TiN coating at 30˚; (b) 3D 
roughness profile at 30˚. 
 
was determined dividing the mass loss (g) by the total 
mass of abrasive particles (g) that stroke the coating sur- 
face after 240 sec, for each impact angle. Here, it is 
possible to conclude that the TiN coating exhibited a 
ductile type behaviour, reaching its maximum erosion 
rate at 30˚, reducing considerably as the incident angle 
reduced up to 90˚. It was assumed that the sliding com- 
ponent of the angular abrasive particle at 30˚, led to 
cause high cutting action on the coating surface, it be- 
cause of the high hardness and capacity of the abrasive 
particles to act on the surface, it inflicted that the wear 
damage were increased. In addition, the first impact of 
the abrasive particles on the surface and a possible re- 
impact led to accelerate the wear rate at this impact an- 
gle. 

 
(a) 

 
(b) 

Figure 9. (a) Erosion damage on TiN coating at 90˚; (b) 3D 
roughness profile at 90˚. 

4. Conclusions 
The results presented in the discussion section allow 
some conclusions to be drawn in relation to the erosion 
behavior of PVD titanium nitride coating deposited on 
AISI 4140 steel. 

Titanium nitride coating showed its maximum erosion 
rate at 30˚. This coating exhibited a ductile type behavior 
in relation to the graph shown in the erosion literature in 
Figure 11, where it is possible to observe that ductile ma-
terials reach their maximum erosion rate at low impact 
angles (α ≥ 45˚). Here, the sliding component, the first 
impact and re-impact of the angular abrasive particles on 
the coating surface, increased the wear damage at low 
incident angles. Conversely, the wear rate reduced con- 
siderably at angles near or at normal impact, 60˚ and 90˚. 
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Figure 10. Mass loss vs time graph. 

 

 
Figure 11. Erosive wear behavior for ductile and brittle 
materials against impact angle [13]. 
 

 
Figure 12. Comparison of the wear rates at different impact 
angles. 

SEM images were used to identify the wear mechan-
isms characterized by brittle fracture due to high hard-
ness of the coating, radial cracks caused by median/lat- 
eral/cone cracks under the coating surface formed. Of 
course, pits and craters with different sizes were also 
observed. 

AFM examination was conducted in this work, and the 
results showed that the roughness increased at 90˚, being 
considerably reduced at 30˚; even the wear damage was 
much higher at this latter angle. Although, the wear 
damage at 90˚ was not high, in fact, it was very low, the 
surface suffered higher deformation, which led to a high-
er roughness variation. 
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