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Ti6Al4V is one of the most commonly used materials for turbine blades and improving its water erosion resis-
tance, a typical reason for the blades' failure, is of great interest. In this work gas nitriding was applied on
Ti6Al4V and its influence on water droplet erosion performance was investigated. Nitriding was carried out at
1173 and 1323 K temperatures using two different nitriding atmospheres, N, and N,-4%H, for 5 and 10 h. The
microstructure of specimens was investigated using optical microscope (OM) and scanning electron microscope
(SEM). The phases formed after nitriding treatments were analysed using X-ray Diffraction (XRD). Vickers in-

Keywords:
Wﬁzr droplet erosion denter was used to carry out the surface and profile microhardness measurements. The erosion tests were per-
Ti6AI4V formed using 464 um droplets impacting the samples at 300 and 350 m/s speeds. The nitrided specimens at

Gas nitriding 1173 K, which is below B-transus temperature of Ti6AI4V, displayed the best erosion resistance measured by
SEM their corresponding cumulative material loss, about two times higher than non-treated Ti6Al4V. The long expo-
Vickers hardness sure to nitriding was not beneficial for the erosion performance. The specimen nitrided in the N,-4%H, atmo-
sphere showed slightly higher resistance to erosion than those nitrided in N, atmosphere. The latter is due to
the formation of a hard and dense compound layer that was deposited due, in part, to the presence of the reduc-

ing environment.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction and literature review

Titanium alloys and mostly Ti6Al4V, which has high specific in par-
ticular strength and toughness, display superior mechanical properties
and corrosion resistance. They are extensively being used in aerospace,
aviation, and marine industries [1,2]. However, they suffer from some
mechanical degradations in service conditions such as water droplet
erosion, observed on the leading edges of turbine blades [3]. When
inlet air cooling system for the gas turbine is in use, the compressors’
blades are slowly eroded by the water droplet impingements [3,4].
Few studies have been performed to explore the WDE mechanisms of
Ti6Al4V, and surface and sub-surface cracking were highlighted as the
main contributors for the erosion damage [5-7]. WDE initiation is most-
ly associated with the grain boundaries damage [5], whilst in the later
stages the erosion damage is predominantly governed by transgranular
cracking [6,7].

Water droplet erosion is a progressive mechanical damage and a
combination of several phenomena. It is caused by successive high
speed impacts of small water droplets on a solid surface [3,8]. The
water hammering, stress wave generation, radial outflow jetting and
hydraulic (water) penetration were usually described as the most de-
structive phenomena during the water droplet erosion [3,9]. Increasing

E-mail address: mmedraj@encs.concordia.ca (M. Medraj).

http://dx.doi.org/10.1016/j.surfcoat.2016.03.032
0257-8972/© 2016 Elsevier B.V. All rights reserved.

the hardness, while keeping the homogeneous microstructure on the
surface, was found to be a promising approach to combat these destruc-
tive phenomena and improve erosion performances [3,8,10-13]. High
tendency of titanium for chemical reactions at high temperatures pro-
vides large possibility of diffusion-based treatments to increase surface
hardness [10,14]. Nitriding treatments (gas, plasma, and laser based)
have been applied to increase the surface hardness and their influence
was studied on wear, fatigue and cavitation erosion behaviors of titani-
um alloys [12,15-20]. However, it has rarely been investigated for water
droplet erosion [12].

Gas nitriding is a practical and applicable technique to strengthen
the surface of titanium alloys. The high solubility of nitrogen in -
titanium and its diffusion into this metal (activated by high tempera-
ture) results in hardening of the surface [21-23]. It is a cost-effective
technique that is not sensitive to the specimen's geometry [10,21].
However, the high temperature required for gas nitriding (more than
1023 K) can be a major drawback, since it may influence the microstruc-
ture and properties of the core material [14,22,24]. Nevertheless, if this
process is applied using heating techniques that generate localized
heating at the surface, the impact on bulk microstructures can be mini-
mized. Cross sectional microstructure of nitrided Ti6Al4V shows surface
compound and diffusion layers. The compound layer comprising of TiN,
Ti,N, TizAl and TiALLN phases is hard and brittle. The mechanical stabil-
ity of this surface layer which is influenced by its porosity, cracks, and
adhesion strength plays a key role in its performance [14,22,23]. Despite
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using nitrogen with high purity for gas nitriding, the formation of oxide
and oxynitride phases was found to be inevitable in high temperature
nitriding [11,17,21]. Beneath the compound layer there is a homoge-
neous and relatively hard diffusion layer, which is caused by solid solu-
tion hardening. This layer is composed of mainly nitrogen enriched o
grains, a-Ti(N), which play a key role in postponing the mechanical
degradations such as wear and cavitation erosion [14,17,22,25]. Howev-
er, Mitchell and Brotherton [26] reported that the fatigue limit of
Ti6Al4V was reduced by gas nitriding. Bell et al. [23] attributed this re-
duction to variation of the core metal microstructure and formation of
brittle o case on the surface. Very high concentration of interstitial ele-
ments such as oxygen and nitrogen in o case led to detrimental brittle-
ness of this layer for the low cycle fatigue performance. This high
concentration was considered as a defect in some cases and called
High Interstitial Defect (HID) [1].

Ti6AI4V subjected to the solution-based and overaged treatments
with bimodal microstructure is typically used for engine blade and
disk applications [1,27]. The bimodal morphology is a combination of
equiaxed and lamellar morphologies, two possible phase arrangements
for /P titanium alloys [1,2]. B-annealing followed by slow cooling re-
sults in a lamellar or basket-wave microstructure; whereas, equiaxial
microstructure is formed by recrystallization [2]. Strength and ductility
of a- titanium alloys considerably depend on the ratio of e to 3 phases
and their morphology. However, lamellar microstructure is generally
known for its higher fracture toughness [1,2]. There is an ongoing de-
bate about the fatigue behaviour of these titanium alloys [1,2,27]; in-
deed, the lamellar microstructure is more resistant to crack
propagation, yet the equiaxial microstructure is more resistant to
crack initiation. Typical duplex microstructure, which benefits from
the advantages of both morphologies, is more common in aerospace in-
dustries. Although there is a debate in the literature regarding consider-
ing water droplet erosion as a fatigue problem [8,28], both involve cyclic
loading conditions and are associated with surface cracking. Indeed,
WDE was reported as having fatigue-like mechanism [3,8]. Hence, ni-
triding at temperatures above -transus may be beneficial for the ero-
sion application since it results in a lamellar microstructure of the
substrate, which may decelerate crack growth. In this work, the influ-
ence of surface-nitrided layers and the variation of core material micro-
structure are considered to understand the resulting WDE performance.
In addition, the effects of nitriding conditions including temperature, at-
mosphere and time are investigated on the erosion behaviour of nitrid-
ed samples.

2. Material and experimental procedures
2.1. Material

Ti6AI4V sheet with a thickness of 3 mm was received from Titanium
industries Inc. It is an annealed Ti6Al4V (Grade 5) and its microstructure
is composed of equiaxed a grains, retained (3 and small portion of the
transformed {3 to co-orientated « plates. The o grains are significantly
dominant constituent in this equiaxed microstructure, as shown in
Fig. 1, and their mean size is 11 pm, which would be affected during
the nitiding process.

These sheets were cut in the dimensions required for the water
droplet erosion experiment which is 23 mm x 8 mm x 3 mm. Then,
they were grinded using SiC papers to achieve a relatively smooth sur-
face (average roughness of 0.06 um). All specimens were cleaned
using acetone and then rinsed in distilled water before the nitriding
treatment.

2.2. Gas nitriding treatment

Gas nitriding was performed using a furnace with controlled atmo-
sphere. The prepared specimens were mounted inside the reaction

Fig. 1. SEM micrographs of as-received Ti6Al4V.

chamber and it was pumped down to 2 x 10~ Pa.Different steps of
the nitriding process are illustrated in Fig. 2.

The coupons nitrided with the above mentioned conditions are
listed in Table 1. Further in the text, they will be referred to by their
names that give clear indications of the different experimental condi-
tions. In addition, as received Ti6AI4V and annealed Ti6Al4V at 1173 K
and 1323 K for 5 h were considered as the reference coupons for erosion
investigations. It is noteworthy that both nitriding and annealing were
performed at temperatures higher (1323 K) and lower (1173 K) than
the B transus temperature of Ti6Al4V, which is around 1273 K [29], in
order to elucidate the effect of this transition on the nitriding process
and the subsequent water droplet erosion performance.

2.3. Characterization of nitrided specimens

After the surface treatments, the phase constituents were investigat-
ed via X-ray diffraction (XRD) analysis. It was carried out using Cu-Kot
radiation in a PANAnalytical X-ray diffractometer and to analyze XRD
patterns, X'Pert HighScore Plus Rietveld analysis software [30] was
used. In addition, Pearson's Crystal Database (PCD) [31] was used to
identify the detected phases. The surface and cross section of nitrided
specimens, prepared by standard metallographic techniques, were ex-
plored using optical microscope (OM), and scanning electron micro-
scope (SEM, Hitachi S-3400 N). In order to reveal the microstructural
features, cross section of nitrded coupons were etched using Kroll's Re-
agent etchant. Surface microhardness and microhardness profile of the
specimens were measured using Vickers indenter at a load of 0.05 kgf
(0.5N) and 15 s dwell. The measurements were carried out on cross sec-
tions taken from the surface to the middle of the specimens. At each
depth, at least five measurements were performed and their average
was recorded.
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Fig. 2. Different steps of nitriding process.
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Table 1

Nitriding conditions of TiGAI4V.
Coupon Nitriding Nitriding Nitriding Coupon
number temperature (K) atmosphere time (h) name
1 1173 100%N; 5 1173 K-5h
2 1173 100%N, 10 1173 K-10h
3 1323 100%N> 5 1323K-5h
4 1323 100%N; 10 1323K-10h
5 1173 96%N; + 4%H, 5 H-1173K-5h

2.4. Water droplet erosion test

Water droplet erosion experiments were carried out using a rotating
disk rig which was designed according to the ASTM G73 standard [32].
Details of this rig can be found in our previous publications [33,34]. In
this study, droplet size of 464 um (average) and impact speeds of 300
and 350 m/s were used for the erosion experiments. The chosen speeds
are in the range of typical impact speeds for WDE of Ti6Al4V, which is
1.5 to 3 times of its damage threshold velocity [35]. They were per-
formed in pre-set time intervals to construct erosion graphs. After
each interval, the eroded samples were studied including microscopic
examinations and weight loss measurements. This routine allows to de-
tect the damage level of various layers by examining the erosion fea-
tures over the damaged area using an optical microscope. By
measuring the weight loss after each interval and knowing the density
of target, the cumulative volume loss curves are plotted versus the cu-
mulative erosion exposure. The incubation period (Hy) and maximum
erosion rate (ER,q), the typical erosion indicators, could be obtained
from these graphs according to ASTM G73 standard [32]. The vertical
axis of the erosion graphs is the volume loss and the horizontal axis is
the volume of impacting water and both are normalized by the area ex-
posed to water droplets. Hence, a dimensionless maximum erosion rate
could be reported. The area exposed to water droplets was measured
from the optical micrographs of the eroded specimen recorded at the
beginning of the maximum erosion rate stage.

The instantaneous erosion rate graphs, which were derived from the
slope between two consecutive points on the volume loss curves, are
also presented. Since the mechanical properties and microstructure of
several layers in depth of Ti6Al4V were influenced by nitriding, the in-
stantaneous erosion rate graphs are beneficial to track and associate
the erosion behaviour and the damage mechanisms to the different
layers.

In order to detect small changes in water erosion behaviour, it is im-
portant to always use an untreated Ti6Al4V sample as a reference cou-
pon. This sample will counter balance the nitrided sample and will be
used to gauge any improvement in water erosion performance. There-
by, the superiority graphs are presented minimize experimental errors,
as detailed in our previous work [33]. During the erosion experiment
the superiority of the nitrided coupon at each interval is defined accord-
ing to Eq. (1). Then they are used for the superiority graphs. In these
graphs positive value for the superiority means that the nitrided
Ti6Al4V lost less material than the as-received one and vice versa. It is
notable that the aforementioned superiority equation is invalid within
the incubation of reference Ti6Al4V when its volume loss is zero.

Superiority of nitrided Ti6AIAV (%)
_ Volume loss of Ti64 — Volume loss of nitrided Ti64 )
n Volume loss of Ti64

To consider the total erosion performance of specimens, their cumu-
lative erosion resistance as the reciprocal of cumulative material loss
rate [36] will also be reported according to the following equation:

CER — 1 Cumulative volume of impacted water 2)
" ERy Cumulative volume loss

where ERy is the cumulative material loss (erosion) rate at the end of
erosion tests, which is slope of the line connecting the origin to the
last point of erosion graph. The experiments were stopped when the
last stage of erosion, terminal steady state stage, was reached. In cases
of 350 and 300 m/s impact speeds, the erosion tests were stopped
after 15 and 60 min erosion, respectively. These time intervals corre-
spond to 65 and 220 ml of water which impinged the specimens.

3. Results and discussion
3.1. Microstructural investigation

After nitriding, different colours were observed on the nitrided spec-
imens. The coupons nitrided at 1173 K were mainly golden or purple/
golden which indicates the formation of titanium nitride phases, as
shown in Fig. 3. However, the samples nitrided at 1323 K for 5 and
10 h became dark grey/black and light grey, respectively. It indicates
the formation of other phases in addition to titanium nitrides, which
were explored using the X-ray diffraction technique. The XRD patterns
of as-received Ti6Al4V and nitrided specimens are presented in Fig. 4.
Strong o-Ti and weak B-Ti diffraction peaks were detected for the as-
received Ti6AIl4V. In the cases of nitrided specimens, a-Ti, TiN, TiNO,
TisN, Ti3AlOg 15 and TiO, peaks were revealed and there was no 3-Ti
peak. Ti6Al4V has considerable amount of aluminium and formation
of relatively Al-rich phases such as Ti,AIN and Ti;Al was reported [22].
However, they were not detected in this work. Comparing the XRD
spectrums of 1173 K-5 h and H-1173 K-5 h reveal that adding 4% hydro-
gen to the nitriding environment led to formation of more TiN com-
pound on the surface, which have golden colour. In addition, o-Ti
phase peaks display greater intensities for the coupons nitrided at
higher temperatures. It is due to the higher diffusion of nitrogen in
such specimens, stabilizing the «-Ti phase in the layers close to the sur-
face. Despite the high purity of the nitrogen gas used for nitriding treat-
ments, the oxide phases were observed for 1173 K-10 h, 1323 K-5 h, and
1323 K-10 h coupons. In case of the sample nitrided at 1173 K for 10 h,
the main peaks belong to titanium nitride phases. However, the rutile
and titanium oxynitride phases are also detected. Relatively higher
level of oxide phases can be seen in the specimens nitrided at 1323 K.
It seems that there was a higher chance for oxidation when nitriding
was carried out at higher temperature, especially for longer time. This
was also reported by others [11,17,21]. Titanium is very sensitive to ox-
ygen particularly at temperature above 1073 K [29]; however, oxides
formation is usually suppressed by low partial pressure of oxygen in ni-
triding treatment. Using higher temperature for nitriding results in the
partial displacement of nitrogen by oxygen and the formation of titani-
um oxides within the surface layers. Rutile is an undesired phase for the
applied treatment and would be detrimental for the mechanical proper-
ties and erosion performance. This may not be the case for titanium
oxynitride phase, since Pohrelyuk et al. [37] highlighted its superior mi-
crohardness compared to that of titanium nitride. Generation of rutile

Fig. 3. Appearance of as-received Ti6AI4V and nitrided Ti6Al4V coupons.
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Fig. 4. XRD patterns of as-received Ti6Al4V and nitrided coupons.

and titanium oxynitride phases for the coupons nitrided at 1323 K influ-
ences their surface microhardness, as will be discussed in Section 3.2.
Fig. 5 shows the surface morphology of Ti6AI4V nitrided at 1173 and
1323 K temperatures for 5 h. These morphologies are affected by nitrid-
ing temperature, formed phases, and the growth type of outermost
layer. At 1173 K, TiN compound with relatively fine and dense micro-
structure, composed of rounded agglomerates, were generated. Howev-
er, TiO, compound with faceted structure predominantly form the
outermost layer of nitrided Ti6Al4V at 1323 K. Titanium oxide is porous
and relatively rough which is detrimental for erosion application.
Influence of nitriding temperature on the morphology and micro-
structure of nitrided layers are studied through the cross sectional
micrographs using OM at low magnification and SEM at high magnifica-
tion. Fig. 6 shows these micrographs for the coupon nitrided at 1173 K
for 5 h. Four different areas, A, B, C, and D can be observed in the OM mi-
crograph. Area A depicts the compounds layers, TiN and Ti,N, and their
microstructure at higher magnification can be seen in SEM micrograph,
shown in Fig. 6-b. Relatively dense and thin TiN layer, 4 um thickness,
with crack-free interface is the outermost layer of the 1173 K-5 h

coupon. Within 5 to 15 pm from the surface an intermediate layer com-
posed of two phases, Ti;N and a-Ti(N), can be seen. Beneath the com-
pound layers, nitrogen diffusion areas are shown. Detecting nitrogen
with EDS detector was not possible because it is a very light element
and its peaks overlap with titanium. Therefore, diffusion areas were de-
termined by considering the microstructure variation. Nitrogen is an o
stabilizer element and its diffusion pushes down (3 phase. Hence, diffu-
sion layers are roughly identified based on the amount of o phase,
which was measured using Image] software [38]. Region B has more
than 90% o phase. Here, there are nitrogen enriched o grains and
some retained (> phase in their boundaries. Below this area, region C
can be seen which is composed of more than 70% primary globular o
grains and less than 30% lamellar colonies. Going further in depth, re-
gion D having less than 70% globular o grains can be seen. The amount
of globular o grains in the core material, which was not influenced by
diffusion of nitrogen, were found 65 4 5%. Hence, region D is assumed
as the part of coupon which was not influenced by nitrogen diffusion.
However, the applied high temperature treatment changed the micro-
structure of this region where the average size of globular o grains
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Fig. 5. SEM micrographs of the surface of nitrided Ti6AI4V: (a) 1173 K-5 h, (b) 1323 K-5 h.



82 M.S. Mahdipoor et al. / Surface & Coatings Technology 292 (2016) 78-89

Fig. 6. (a) OM and (b,c) SEM cross sectional micrographs of Ti6Al4V nitrided at 1173 K for
5h.

slightly increased. During the dwell time some o grains transformed to
{3 phase and they became small colonies with basket-weave microstruc-
ture during the cooling. These colonies have lamellar configuration
which is composed of co-oriented o lamellae separated by ribs of
retained 3, shown in Fig. 6-c. These lamellar colonies in the observed
duplex microstructure may affect the cracking behaviour of nitrided
coupons and subsequently their erosion performance.

Fig. 7 presents the cross sectional micrographs of Ti6Al4V nitrided at
1323 K for 5 h. In this micrograph also four distinct regions, A, B, C,and D
are distinguished. Region A indicates the compounds layers, which are
also displayed in the magnified SEM micrograph. Unlike nitriding at
1173 K, a relatively thick and porous TiO2 layer formed at 1323 K at
the top surface having large number of pores and cracks at its interface.
This porous layer is not mechanically stable and is significantly vulner-
able. Beneath this layer, a thin and dense film can be seen which might
be a mixture of TiINO and Ti,N phases. The last part of A region is a mix-
ture of Ti3AlOg 15 compound and saturated o phase. In the case of sam-
ple 1323 K-5 h, there is a notable difference for the morphology of areas
affected by nitrogen diffusion. A [3-free layer consisting of large o grains
is highlighted as B region. The formation of this relatively thick and
highly saturated layer with nitrogen and oxygen is explained by the
fact that 1323 K is above B-transus temperature. Heating up to this tem-
perature leads to the transformation of o to 3 phase. Nitrogen diffuses
faster in bcc 3 phase due to its lower packing density compared to hcp
« phase [2,10]. Its diffusion caused phase transformation from {3 to o
in the dwelling stage of nitriding treatment [23]. In the cooling stage,
the remained saturated (3 phase completely transforms to o phase at
the area close to the surface and generates B-free region B. Below region
B, a duplex microstructure including large and irregular « needles and
large lamellar colonies can be seen as region C. Last region in this micro-
graph, D, is the part which was not affected by nitrogen diffusion. How-
ever, its microstructure was completely affected by the high
temperature of applied treatment. Generation of such coarse and

Fig. 7. (a) OM and (b) SEM cross sectional micrographs of Ti6Al4V nitrided at 1323 K for
5h.

lamellar microstructure is due to the temperature of nitriding (above
3-transus) followed by furnace cooling. At this temperature, the initial
equiaxed o grains were dissolved and transformed to (3 phase. Then
subsequent slow cooling from this temperature caused recrystallization
and the generation of very large lamellar colonies consisting of co-
oriented o plates separated by retained p. It is noteworthy that the
large and irregular o needles observed in the closer areas to the surface,
region C, are basically o plates which are enlarged in their preferred ori-
entation due to the nitrogen diffusion.

The mechanism and kinetic of nitrogen diffusion at these two tem-
peratures are different which lead to different phases, morphology
and thickness of the surface layers. In the case of compounds layers,
competition between the formation of nitrirde and oxide phases
needs to be highlighted. Nitriding at high temperature caused the for-
mation of porous titanium oxide layer which plays a key role in erosion
damage initiation, as will be explained in Section 3.3.2. In the case of ni-
trogen diffusion areas not only their morphology, but also their me-
chanical properties (microhardness) were influenced by nitriding
temperature. The nitrogen diffusion increases the hardness and plotting
the microhardness profile over the cross section of nitrided coupons
was conventionally used to reveal the thickness of diffusion layers.
However, determining the depth of diffusion layers through the micro-
structure only is tricky because some of the observed differences can be
results of particles segregation or phase transformations during the
cooling. Hence, the microhardness profile measurements are explained
in the following section.

3.2. Microhardness of nitrided specimens

Microhardness profiles in depth of the coupons nitrided at 1173 K
are presented in Fig. 8. The first point in these graphs was measured
on the surface and corresponds to hardness of layer A (compound
layer). The second to fifth points in the hardness profile of sample
1173 K-5 h correspond to layer B (diffusion layer). In this layer notable
increase in hardness compared to region D can be seen. Also, it is up to
675HV, o5 which is two times the hardness of as-received Ti6Al4V. In
the deeper parts which correspond to layer C no increase in hardness
is observed. The higher amount of o phase in layer C compared to
layer D was attributed to the nitrogen diffusion as described in
Section 3.1. Indeed, there is a slight diffusion which varies microstruc-
ture, but does not increase the hardness. Here, the highest surface hard-
ness is observed for the sample nitrided at low temperature in the
presences of hydrogen, H-1173 K-5 h. It is due to formation of a dense
compound layer consisting of titanium nitride compounds in this condi-
tion. Lower surface hardness for the sample nitrided for the longer time
can be seen in this figure. It is attributed to the formation of some oxide
phases within the compound layer of 1173 K-10 h coupon. Nitriding
time and the presence of H, do not affect the hardness of diffusion
layer in the areas close to the surface (second point on the graphs);
however, going deeper some variation can be seen. Thicker diffusion
layer is detected for the sample nitrided for longer time, 1173 K-10 h.
While hardness profile of 1173 K-5 h coupon reaches the hardness of
core material at 90 pm distance from the surface, it reaches base hard-
ness at 200 pm for 1173 K-10 h coupon. Furthermore, the presence of
hydrogen in the nitriding environment does not influence the hardness
of diffusion layer considerably. In spite of some fluctuations, similar
trend can be seen for the hardness profile of 1173 K-5 h and H-
1173 K-5 h coupons.

Fig. 9 shows the microhardness profiles over cross section of the cou-
pons nitrided at 1323 K for 5 and 10 h. The different layers (A, B, C, and
D) observed in the micrographs of the sample nitrided at 1323 K for 5 h
and discussed in Section 3.1 are shown on this figure. Hardness of layer
A or the compound layer is 988HV, o5 which was measured on the sur-
face. The hardness within layer B was measured over the B-free layer,
shown in Fig. 7. Its gradient indicates the change in the concentration
of nitrogen in diffusion layer. Unlike 1173 K-5 h coupon, layers C and
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Fig. 8. Microhardness profiles of nitrided Ti6Al4V at: (a) 1173 K, (b) 1323 K.

D of sample nitrided at 1323 K is harder than as-received TiGAI4V. In layer
C, it is due to the formation of large o needles which was attributed to the
slight diffusion of nitrogen at this temperature. It is noteworthy that the
hardness of these layers is similar to the hardness of annealed Ti6Al4V
at 1323 K for 5 h. Hence, the higher hardness cannot be easily correlated
to nitrogen diffusion. Indeed, the lamellar-based morphology of these
layers also contributes to the hardness increase. Furthermore, surface
hardness of sample nitrided for 5 h is slightly higher than that of sample
nitrided for 10 h. Similar hardness can be seen in depth of 1323 K-5 h
and 1323 K-10 h samples (their diffusion layers). It seems that nitriding
time does not notably affect the concentration of diffused nitrogen in
layers B and C. This can be explained by the formation of thick compounds
layers in high temperature nitriding which may impede further nitrogen
diffusion at long nitriding treatments.

Comparing the hardness profiles in Figs. 8 and 9 show the significant
influence of nitriding temperature on the hardness of nitrided coupons.
Surface hardness of sample nitrided at 1173 K for 5 h is 1134HVq o5
which is higher than that of sample nitrided at 1323 K for 5 h,
988HVy os. It is attributed to the nitrided compounds in the surface
layer of 1173 K-5 h coupon which are harder than porous oxide com-
pounds layer of 1323 K-5 h coupon. Nitridng temperature also affects
the hardness of diffusion layers. Diffusion layer of sample nitrided at
1323 K (layer B) is approximately 100 HV harder than that of sample ni-
trided at 1173 K. It is explained by higher concentration of nitrogen and
oxygen in the interstitial sites of titanium as a result of higher diffusion
coefficient at this temperature. It is noteworthy that higher diffusion of
nitrogen at 1323 K is mitigated notably by the formation of thick
compound layer in the later stages of long nitriding treatments. Another
difference between samples nitrided above and below PB-transus tem-
perature is the hardness of their core material. The hardness of
1173 K-5 h sample at 300 um distance from the surface is 305HV gs,
which is slightly higher (is considered within the error bars) than that
of as-received Ti6AI4V (292HV o5). However, it is 364 for the 1323 K-
5 h coupon, which is 74 HV higher than that of as-received Ti6AI4V.

3.3. Water droplet erosion

3.3.1. Water droplet erosion performance

Erosion behaviour of as-received, annealed and nitrided Ti6Al4V is
presented in Fig. 9. Multi-layered nature of nitrided Ti6Al4V results in
a non-uniform response to droplet impacts, unlike the non-treated
Ti6AI4V. In our previous works erosion behaviour was found to be a
function of the surface history, mechanical properties and local micro-
structure [6,33,34,39,40]. Figs. 6 and 7 display that local microstructures
vary with depth for the nitrided specimens. Thereby, erosion damage at
different layers is investigated using the instantaneous erosion rate
graphs. All nitrided samples showed either negligible or a shorter incu-
bation period compared to the as-received Ti6Al4V. The first two points

in the erosion graphs correspond mainly to the compounds layer perfor-
mance and the next four mainly to the diffusion layers performance. No-
table differences between the samples' erosion resistance are detected.
These differences gradually decrease and eventually disappear and sim-
ilar behaviour can be seen for all samples in the advanced stages of ero-
sion, as shown in erosion rate graphs of Fig. 9.

3.3.1.1. Water droplet erosion performance at impact speeds of 350 m/s and
300 m/s. Fig. 9-a and b present the material loss and erosion rate graphs
of the samples treated at 1173 K using impact speed of 350 m/s. Nitrided
samples at this temperature for 5 and 10 h show more resistance com-
pared to as-received Ti6Al4V. They demonstrate superior performance
within the first six intervals. Their lower erosion rates in initial stages
are attributed to the hard and dense nitrided layers which combat ero-
sion damage. However, the compounds layer is relatively vulnerable
and was partially damaged even in the first interval. The influence of ni-
trided layers particularly the diffusion layers to combat erosion damage
can be verified by the lower erosion rates of the sample nitrided at
1173 K for 5 h compared to those of the Ti6Al4V annealed at the same
condition. Although longer nitriding slightly increases the depth of dif-
fusion layer, sample 1173 K-10 h shows more material loss compared
to the sample nitrided for 5 h. It is attributed to its oxide compound
layer which is mechanically unstable. Such layer is removed from larger
area on the surface and leaves a cracked surface subjected to the next
droplet impacts. This is detrimental for the performance of diffusion
layers and is discussed further in Section 3.3.2. After six intervals all ni-
trided layers were removed and water droplets impacted the samples at
depths that were not influenced by nitrogen diffusion, region D shown
in Fig. 6. Therein, the difference of erosion behaviour is attributed to
the different local microstructure. It seems that duplex microstructure,
displayed in region D, is more resistant to erosion compared to the
equiaxial microstructure of the as-received Ti6AI4V. This can be verified
by lower erosion rates of annealed Ti6Al4V, which has duplex
microstructure.

Fig. 9-c and d demonstrate the material loss and erosion rate graphs
of the samples treated at 1323 K using impact speed of 350 m/s. There is
no improvement in erosion resistance of Ti6Al4V nitrided at 1323 K.
They show no incubation period, which is associated with complete de-
tachment of the compounds layers in the first two intervals. These
layers were removed from large area on the surface, which are demon-
strated in Section 3.3.2. Despite the higher hardness of diffusion layer of
nitrided samples at 1323 K, they do not show notable resistance to
water droplet impacts. This can be realized from the high erosion
rates of nitrided samples at initial intervals. Poor resistance of nitrided
coupons at 1323 K can be explained by the early detachment of their po-
rous compounds layers. Their detachment leaves a relatively rough sur-
face, which is full of initiated cracks. These cracks can easily propagate
with the induced stresses by further impacts and cause more material
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The instantaneous erosion rate at different intervals.

loss. This mechanism was documented and is explained in Section 3.3.2.
Nitriding samples for longer time was not beneficial for erosion perfor-
mance which can be attributed to the formation of thicker vulnerable
compounds layers. In addition to the compound layer issues, very high
concentration of interstitial elements (oxygen and nitrogen) in diffusion
layer may lead to detrimental brittleness (HID defect) and contribute to
the poor erosion resistance. Such defect in a case was highlighted as a
potential reason for the lower fatigue limit of gas nitrided Ti6AI4V
[23]. Superior erosion resistance of the annealed Ti6AI4V at 1323 K for

5 h compared to the nitrided sample at the same conditions indicates
the detrimental role of porous and brittle nitrided layers to combat ero-
sion damage. It is noteworthy that the sample annealed at 1323 K for
5 h, shows superior erosion resistance compared to the as-received
Ti6AI4V. In water droplet erosion, the damage and material removal
are governed by cracking. Hence, the crack growth rate which is func-
tion of local microstructure plays a key role to control material loss.
The higher erosion resistance of -annealed Ti6Al4V is attributed to
the lower crack growth rate of its lamellar microstructure [2,27].
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Fig. 9-e and f present the material loss and erosion rate graphs for
the samples treated at 1173 K using impact speed of 300 m/s. The cou-
pons nitrided at 1173 K for 5 and 10 h show considerably less erosion
damage compared to the as-received and annealed Ti6Al4V. Nitrided
layers in the initial stages, within the first six intervals, combat erosion
damage and decelerate the material loss. In addition, the duplex micro-
structure of base material in nitrided coupons is slightly more erosion
resistant compared to the equixial microstructure of the as-received
Ti6AI4V. It can be verified by the lower erosion rates of annealed
Ti6Al4V at 1173 K for 5 h, which is attributed to the cracking behaviour
influenced by local microstructure. The longer nitriding treatment at
this temperature is not beneficial for the erosion resistance and results
in a slight increase in the erosion rate during the advanced stages. This
could be attributed to the larger globular o grains observed in the sam-
ple nitrided for 10 h; these larger grains may facilitate the detachment
of large fragments and increase the erosion rate.

Fig. 9-g and h present the material loss and erosion rate graphs for
the samples treated at 1323 K using impact speed of 300 m/s. At this
speed, nitrided Ti6Al4V show more erosion resistance compared to
the as-received Ti6Al4V than the high speed experiments. The influence
of impact speed on the erosion performance of sample nitrided at high
temperature can be attributed to the different levels of stresses induced
to the target, 1392 and 1148 MPa, by one droplet impact at 350 and
300 m/s speeds [33]. It seems that at higher speed there is sufficiently
high exerted stresses to damage the micro-cracked surface left after
the detachment of the compound layer. However, the imposed stresses
and stress intensities at impact speed of 300 m/s would not be sufficient
to propagate the cracks remained after the detachment of compounds
layer. Hence, diffusion layer of the samples nitrided at 1323 K could
combat droplet impacts and demonstrate lower erosion rates than as-
received Ti6Al4V, as shown in Fig. 9-h.

3.3.1.2. Influence of nitriding atmosphere on the erosion performance. The
influence of adding 4% H, to the nitriding environment on the erosion
behaviour of the samples nitrided at 1173 K for 5 h was studied. Because
the nitrided coupon at 1173 K for 5 h with pure nitrogen showed the
best erosion resistance. Fig. 10-a shows the erosion results of 1173 K-
5 h coupon, nitrided with N,, and H-1173 K-5 h coupon, nitrided with
N,-4%H,. There are small differences between the erosion graphs of
these coupons, but the appearance of their eroded surface (within the
first three intervals) showed notable difference. Hence, the superiority
graphs are presented to study the performances of nitrided coupons
with respect to their reference Ti6Al4V pair and detect small differences.
Coupon H-1173 K-5 h displays more superiority than coupon 1173 K-
5 h in the first two points, as shown in Fig. 10-b, where the compound
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layer plays the most important role. This is due to the dense and crack
free-compound layer consisting of titanium nitride compounds. These
erosion results are consistent with the highest observed surface hard-
ness for coupon H-1173 K-5 h, shown in Fig. 8-a. The erosion superiority
of these samples at later stages of erosion are close. This is expected be-
cause of their similar microhardness and microstructures underneath
the nitrided layers for both coupons.

3.3.1.3. Accumulated erosion resistance. Accumulated erosion resistances
of the samples, derived using Eq. (2), are presented in Table 2. These
numbers represent the influence of both nitrided layers and the local
microstructure of core material on the erosion behaviour. In addition,
the microhardness values of surface and diffusion layers (50 um from
the surface) are listed in Table 2. It is clear that nitriding at 1173 K for
5 h provides the best erosion performances. Coupons 1173 K-5 h and
H-1173 K-5 h show the highest erosion resistance at 350 and 300 m/s
impact speeds, respectively. For these coupons, the mechanical support
of hard diffusion layer from the hard and dense compound layers results
in their highest overall erosion resistance. Such mechanical support in-
fluences the failure mechanism of thin and hard compound layer. Lee
et al. [41] highlighted that during the water droplet erosion of 12Cr
steel coated by TiN films, the local depressions of ductile substrate is
the main cause of hard film failure which leads to the circumferential
cracking and fractures. In this case, a relatively hard diffusion layer be-
neath such hard and thin films diminish substrate deformations. Indeed,
the diffusion layer may act as an intermediate layer and remove the
large hardness mismatch within the interface between the hard film
and ductile substrate. The beneficial role of diffusion layer to support
top hard film, which leads to higher scratch or wear resistances, was re-
ported in the literature [25,42,43]. In case of specimens 1323 K-5 h and
1323 K-10 h the impact speed considerably influences their erosion per-
formances. For the aggressive erosion, carried out at higher impact
speed, specimen 1323 K-5 h demonstrates similar erosion resistance
to the as-received Ti6Al4V; however, it shows 44% higher erosion resis-
tance at impact speed of 300 m/s. The influence of impact speed is more
obvious in the case of specimen 1323 K-10 h. It showed 9% less erosion
resistance than Ti6Al4V at impact speed of 350 m/s. However, reducing
the impact speed to 300 m/s leads to a 31% higher resistance.

It is worthy to note that the annealed Ti6Al4V samples at both 1173
and 1323 K temperatures show higher cumulative erosion resistance
compared to as-received Ti6Al4V. It is due to the different local micro-
structure of these samples. The slower crack propagation of lamellar
colonies [27] is the main reason of such differences. It seems that lamel-
lar microstructure is more resistant to erosion than duplex microstruc-
ture, and duplex microstructure is more resistant than equiaxial
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Fig. 10. Water droplet erosion results of nitrided Ti6AI4V at N, and N,-4%H, environments using impact speed of 300 m/s: (a) Erosion graph, (b) Material loss superiority of nitrided
Ti6Al4V compared to Ti6Al4V during the WDE test.



86 M.S. Mahdipoor et al. / Surface & Coatings Technology 292 (2016) 78-89

Table 2
Microhardness and erosion performance of as-received, annealed and nitrided Ti6Al4V.

Coupons Surface Microhardness of diffusion Erosion resistance” at 350 m/s, Erosion resistance” at 300 m/s,
microhardness layer (50 um from the surface) CER/CER Tigalav CER/CER Ttigalav

1173 K-5h 1134 510 1.83 2.24

1173 K-10h 1060 570 1.69 1.87

1323 K-5h 1035 641 1.07 1.44

1323 K-10h 939 653 0.91 1.31

H1173 K-5h 1243 551 1.74 2.34

As-received Ti6AI4V 292 292 1 1

Annealed Ti6AI4V at 1173 K 308 308 13 1.24

Annealed Ti6AI4V at 1323 K 348 348 1.59 1.49

* Calculated based on Eq. (2).

microstructure. This characteristic played a role mainly at the interme-
diate stages of erosion and ceased to have an influence at the advanced
stages. Since the influence of nitrided or annealed Ti6AI4V microstruc-
ture on water droplet erosion performance is not the focus of this
study, a future comprehensive study in this regard is recommended.

3.3.2. Characterization of erosion damage

Fig. 11 shows the plan-view of progressive damage during the ero-
sion experiments. It is clear that the damage initiation is different for
the samples nitrided for 5 h and as-received Ti6Al4V. These images indi-
cate the high mechanical stability of compound layers and their resis-
tance to droplet impacts for 1173 K-5 h and H-1173 K-5 h coupons,
which were nitrided at low temperature. After 8 min, which corre-
sponds to the second interval in Fig. 9-e and g, relatively large and
scattered pits appeared on the surface of Ti6Al4V and led to detectable
material loss. In this stage, 1173 K-5 h coupon lost its compound layer
over the area impacted by water droplets. Also, a few small pits can be
seen which indicate the local damage of diffusion layer. Further droplets
caused the enlargement of these pits and their coalescence which led to
the removal of diffusion layer. The erosion surfaces of 1173 K-5 h cou-
pon and the as-received Ti6Al4V, Fig. 11-a and d, indicate that the dam-
age level observed after 12 min for as-received Ti6Al4V is similar to the
one observed after 50 min for 1173 K-5 h coupon.

The sample nitrided at 1323 K for 5 h was seen very vulnerable to the
initial droplet impacts and its compounds layer was removed from a
larger area on the surface, shown in Fig. 11-b. This detachment results
in a notable peak at the beginning of the erosion rate graph, shown in
Fig. 9-h. The erosion damage surfaces in the later intervals indicate the
beneficial role of diffusion layer of 1323 K-5 h coupon to combat
water droplet erosion. This layer decelerated pitting and formation of
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deep craters for this sample compared to as-received Ti6Al4V, shown
in Fig. 11-b and d.

Losing the compound layer was also seen for the coupon nitrided at
1173 and in the presence of hydrogen. However, it is from smaller sur-
face area compared to the other nitrided samples, shown in Fig. 11.Itin-
dicates the higher mechanical stability of the compounds layer formed
in the reducing environment and confirms the superior performance
of H-1173 K-5 h coupon compared to 1173 K-5 h coupon in the initial
intervals, which was presented in Fig. 10-b.

Fig. 12 indicates the surface SEM micrographs of the sample nitrided
at 1173 K for 5 h after it was eroded at the impact speed of 350 m/s.
Deep erosion craters at the advanced stage can be seen in Fig. 12-a. It
is clear that the erosion crater depth and width are not uniform along
the area exposed to the droplet impacts. Severe damage and scattered
deep pits can be seen over this area; however, some regions are not
damaged significantly. The erosion damage initiation and its micro-
structural evolution can be seen in Fig. 12-b to e. The initial impacts
cause the formation of crack networks and localized brittle fractures
on the compound layer, shown in Fig. 12-b. The detachment of com-
pounds layers results in the formation of relatively rough surface with
a large number of nucleated cracks. These faceted cracks with a cleavage
appearance are highlighted by arrows in Fig. 12-b,c, and d. Such cracked
surface, which is basically the diffusion layer beneath the compounds
layer, is prone to erosion upon further droplet impacts. According to
the erosion results, diffusion layer plays an important role to combat
water droplet erosion. This layer is supposed to impede cracking; how-
ever, numerous cracks which nucleated upon the compounds layer de-
tachment, shown in Fig. 12-d, influence its performance. Indeed, the
resistance of this layer to crack propagation controls its failure. Further
impacts damage the diffusion layer by imposing local stresses leading
to crack development, shown in Fig. 12-d. Water hammering and stress

" As

received

Erosion time (min)

Fig. 11. Optical micrographs of erosion craters at different time intervals of the erosion experiments carried out at 300 m/s impact speed: (a) 1173 K-5 h, (b) 1323 K-5 h, (c) H-1173 K-5 h,

(d) As-received Ti6AI4V.
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Fig. 12. Surface SEM micrographs of nitrided Ti6Al4V (1173 K-5 h) after erosion test:
(a) erosion crater and deep pitting, (b) damage initiation on the compound layer,
(c) top layers detachment at the edge of erosion crater, (d) erosion damage on diffusion
layer, (e) eroded surface inside the erosion crater.

waves propagation caused by repetitive droplet impacts are the main
reasons for further cracking. The formation of striation marks on the
eroded surface mainly over the facet of several grains, shown by white
arrows in Fig. 12-d, indicates the cyclic growth of the cracks during ero-
sion. It is worthy to note that the lateral jetting upon droplet impacts
damages the surface asperities and initiates more cracks. More droplet
impacts remove the nitrogen enriched « grains and the core material
would be subjected to the droplet impacts. Once the nitrided layers
are gone, the large and deep pits can be formed along the erosion crater.
The scattering of these deep pits along the erosion line, shown in Fig. 12-
a, could be attributed to the notable role of diffusion layer to combat
erosion. When the diffusion layer was removed from a certain area, ero-
sion damage quickly progressed in that area and deep pits were formed.
Inhomogeneous loading inside the deep craters results in local damage
and different types of cracking and fractures. The intergranular and
transgranular cracks are highlighted by white and black arrows,
respectively, in Fig. 12-e. Such cracks and fractures can be seen in the
cross sectional micrographs discussed later in the text.

The mechanical stability of compounds layer has been considered as
an influencing parameter on the erosion performance of diffusion layer.
Surface intergranular crack, shown by black arrows in Fig. 12-c, indi-
cates how the response of the compound layer affects the cracking be-
haviour of the diffusion layer. Here, a micro-crack initiated on the
surface of brittle compound layer and the further droplet impacts
made it to propagate into the diffusion layer. Hence, the hard diffusion
layer cannot endure droplet impacts and would fracture faster leading
to more material loss. In the case of sample nitriding at 1323 K, propa-
gation of surface cracks into the diffusion layer and deteriorating the
erosion resistance of this relatively brittle layer is the main reason for
the poor erosion performance. The coupons eroded at 350 m/s suffered
more from this type of cracking, since higher local stresses were induced
at this speed. Fig. 13-a shows the slightly eroded surface of coupon
1323 K-5 h at this impact speed. Detachment of compound layer left nu-
merous cracks on the surface of diffusion layer. Diffusion layer is hard
and relatively brittle and nucleated cracks make it vulnerable upon fur-
ther impacts. These cracks can be seen mainly along the boundaries of
the large and enriched o grains, as shown by arrows in Fig. 13-a.
These grains with similar sizes are demonstrated within o case of
1323 K-5 h coupon, as shown in Fig. 13-b. Such intergranular cracking
into diffusion layer leads to its fast removal.

Fig. 14 presents the cross sections of eroded samples nitrided for 5 h
at 1173 and 1323 K. Fig. 14-a shows the cross section of coupon 1173 K-
5 h at the initial erosion stage. Several surface cracks, which are mainly
developed due to water hammering, are highlighted by arrows. These
cracks nucleate from either the compounds layer or the remaining sur-
face after the detachment of the compound layer. Then, they propagate
into the diffusion layer. No sub-surface crack, which is a known erosion
damage feature in the early stages [40], could be detected over the cross
section of eroded coupon 1173 K-5 h. It is due to the homogeneous mi-
crostructure of diffusion layer. A similar behaviour is observed for the
sample nitrided at 1323 K, shown in Fig. 14-d, although it eroded faster
than the sample nitrided at 1173 K. Here, the localized intergranular
and transgranular cracks are indicated by black and white arrows in
Fig. 14-a and d, which are consistent with the observed cracks on the
surface.

Cross section of eroded coupons in the advanced stages are also pre-
sented. The depth of erosion crater is around 310 um for coupon 1173 K-
5 h, shown in Fig. 14-b, and 390 um for coupon 1323 K-5 h, shown in
Fig. 14-e. It is noteworthy that this depth varies along the erosion line,
which was initially shown in Fig. 12-a. For both specimens, the material
affected by nitrogen diffusion was removed completely. Here, the local
microstructure of core material controls the progress of the damage.
Coupon 1173 K-5 h, which was nitrided at 1173 K below p-transus tem-
perature, shows the duplex microstructure of equiaxed o grains and
small lamellar colonies. However, the Ti6Al4V nitrided at high temper-
ature was treated above 3-transus temperature, and during the cooling
large colonies with co-oriented o lamellae within prior (3 grains were
formed. This fully lamellar microstructure shows higher crack growth
resistance compared to the equiaxal microstructure. It is due to the

Fig. 13. (a) Surface SEM micrograph of slightly eroded 1323 K-5 h sample, (b) cross section of 1323 K-5 h sample (non-eroded) showing diffusion layer.
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Fig. 14. Cross sectional SEM micrographs of eroded (a,b,c) 1173 K-5 h coupon and (d,e,f) 1323 K-5 h coupon which show: (a and d) Erosion damage of nitrided layers, (b and e) Main

erosion crater at low magnifications, (c and f) Cracks propagation and water penetration.

larger degree of cracks deflection, bifurcation and secondary cracks for-
mation, which were reported as the toughening mechanism in lamellar
microstructures [2,27,44]. The slower crack growth of lamellar micro-
structures leads to the superior erosion performance of annealed
Ti6Al4V compared to the as-received one.

In addition to the water hammering and propagating stress waves
into the target, water penetration (caused by hydrodynamic pressures)
is an important reason for crack growth and fracture. Water hammering
and initial fractures firstly cause the formations of relatively small cavi-
ties. Further droplets and subsequent water penetration dig the bottom
of the small cavities and generate either deep and elliptical or narrow
and undercutting pits. Fig. 14-c shows the formation of deep and ellip-
tical pits at the bottom of erosion crater within duplex microstructure.
Fig. 14-f demonstrates the narrow and undercutting pits within the
lamellar microstructure. The observed erosion features along with the
instantaneous erosion rate graphs reveal two different erosion mecha-
nisms for these microstructures. Indeed, the small grain size of duplex
microstructure results in the acceleration of cracks coalescence and sub-
sequent material loss. Hence, fast and frequent detachment of small
fragments is the dominant mechanism for the erosion of bimodal micro-
structure. In contrast, the cracks deflection and bifurcation decelerate
the cracks propagation within the lamellar microstructure. Thereby,
slow and infrequent detachment of relatively large portions could be
mentioned as the dominant material loss mechanism for this
microstructure.

3.4. Conclusions

Water droplet erosion performance of nitrided Ti6AI4V at different
conditions were studied. Different erosion indicators were considered
to track the erosion damage during the whole test. In addition, the mi-
crostructural investigation on the surface and cross section of eroded
coupons revealed the erosion mechanisms. The following conclusions
can be drawn:

1. Gas nitriding generated a very hard and brittle compounds layer and
arelatively hard and homogeneous diffusion layer in Ti6AI4V. Nitrid-
ing conditions particularly the temperature altered the resulting
layers as well as the core material microstructure which influenced
the cracking behaviour and subsequently the erosion performance.

2. The Ti6Al4V nitrided at 1173 K showed the best erosion resistance,
which is measured by their corresponding cumulative material loss
and is 70% to 125% higher than the as-received Ti6Al4V and 40% to
80% higher than annealed Ti6AI4V at 1173 K. Hard and dense com-
pounds layer which is mechanically supported by the homogeneous
diffusion layer led to the superior erosion performance of these

nitrided coupons. For WDE applications, temperatures below B
transus (e.g. 1173 K) and 5 h would be the best nitriding conditions.
Also, to avoid undesired microstructure variations and make nitrid-
ing more practical treatment to combat WDE of turbine blades, local-
ized heating source could be used.

3. Erosion performance of Ti6Al4V nitrided at 1323 K was notably sen-
sitive to the impact velocity. At 350 m/s, the nitrided coupon showed
either a worse or similar performance to the as-received Ti6Al4V.
However, they displayed up to 44% higher resistance than the as-
received Ti6Al4V when the impact speed was decreased to 300 m/
s. This superior performance was attributed to the relatively hard dif-
fusion layer and the lamellar microstructure of core material.

4. Nitriding in the presence of hydrogen enhanced the hardness of com-
pounds layer and led to its higher mechanical stability. Ti6Al4V
nitrided in the presence of hydrogen displayed slightly higher resis-
tance during the initial stages of water droplet erosion.
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