Microstructure, hardness and cavitation
erosion behaviour of Ti–6Al–4V laser nitrided
under different gas atmospheres
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The present paper reports on a comparative study of the microstructure, hardness and cavitation
erosion behaviour of Ti–6Al–4V laser nitrided under different gas atmospheres with nitrogen
concentrations of 0–25%. By varying the nitrogen content of the gas atmosphere, the structure
and hence the hardness and cavitation erosion behaviour of the laser nitrided layers can be
controlled in a wide range. With increasing nitrogen content of the gas atmosphere, the structure
within the laser nitrided layers characteristically changed from martensitic a9-Ti to a fine mixture of
a- and b-Ti grains, finally leading to the formation of different titanium nitrides. The study revealed
that the increase of hardness and cavitation erosion resistance can be mainly attributed to solid
solution hardening of the nitrogen. It is shown that optimum cavitation erosion resistance is only
achieved if crack free layers containing no brittle titanium nitrides are produced.
Keywords: Laser nitriding, Ti–6Al–4V, Cavitation erosion resistance, Microstructure

Introduction
Because of its high specific strength, excellent corrosion
resistance and exceptional biocompatibility, titanium
alloy Ti–6Al–4V has found various applications in
aerospace, chemical industry, offshore, biomedicine,
power generation, performance sports and automotive
industry. Ti–6Al–4V, like other titanium alloys, is
generally characterised by poor tribological properties
so that the use of this alloy has been mainly restricted to
non-tribological applications. To improve the tribological properties of Ti–6Al–4V, especially its low wear
resistance, different surface engineering techniques have
been applied with more or less success.1–3
Among others, laser nitriding has proven to be one
promising way to overcome the poor tribological
behaviour of Ti–6Al–4V (Refs. 4–6). Laser nitriding
involves the melting of metal surface in a nitrogen
containing atmosphere. Owing to the strong affinity of
the molten titanium to nitrogen, nitrogen is very rapidly
picked up and distributed within the melt by convection
and diffusion in the liquid state, leading to the formation
of titanium nitrides during solidification. It has been
shown in literature that deep wear resistant layers of up
to 1.5 mm thickness, exhibiting hardnesses in the range
of 500–1500 HV, could be achieved by laser nitriding of
Ti–6Al–4V (Refs. 4–19). Depending on the processing
parameters applied (nitrogen content of the gas atmosphere, gas flow, laser power, spot diameter, traverse
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speed, track overlap, beam mode), complex microstructures are developed in the melt pool.5,6,12,20–27 From this
work, it can be assumed that the laser nitrided layers
consist of face centred cubic (fcc) titanium nitride
(TiNX, 0.7>X(0.85), tetragonal (tet) titanium nitride
(Ti2N), hexagonal closed packed (hcp) titanium
nitride (TiN0.3), hcp a titanium (a-Ti) and body centred
cubic (bcc) b titanium (b-Ti). In previous work, the
authors found that the nitrogen content of the gas
atmosphere was a key processing parameter to influence
the structure and the hardness of the laser nitrided
layers.26,27 Laser remelting under a pure argon atmosphere and laser nitriding under a gas atmosphere
containing 20% nitrogen led to microstructures which
were predominantly martensitic a9-Ti and hcp a-Ti and
respectively, containing only a few or no titanium
nitrides. In contrast, laser nitriding under a gas atmosphere containing 40 and 80% nitrogen produced
microstructures mainly consisting of plate-like shaped
TiN0.3 and dendritic TiNX respectively.
Damage due to cavitation and water droplet erosion
often occurs in titanium components such as pumps,
impellers, high speed mixers, sonotrodes and steam
turbine blades. The ability of laser nitriding to improve
cavitation and water droplet erosion of Ti–6Al–4V has
been shown in a few publications.10–12,18,19,28,29 By this
work, it became clear that a surface hardness in the
range from 400 to y800 HV was suitable to significantly enhance the erosion resistance of Ti–6Al–4V. This
is in contrast to abrasive and sliding wear protection,
where very high surface hardnesses are required.10,17,18
To achieve such moderate hardnesses, the laser nitriding
can be conducted under diluted gas atmospheres
containing nitrogen less than y50%. However, up to
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now no systematic information exists about the correlation of microstructure, hardness and erosion behaviour
for such processing conditions. Hence, in the present
work, samples of Ti–6Al–4V were laser nitrided using a
CO2 laser and mixtures with nitrogen/argon ratio below
1 : 3. The hardness and microstructure of the laser
nitrided layers were investigated by metallographic and
electron microscopic methods. In addition, the cavitation erosion behaviour of the samples in deionised water
was studied before and after the laser nitriding.

Experimental techniques
Specimens and laser treatment
In the present work, the (azb) titanium alloy Ti–6Al–
4V with the following composition was used: Ti–6.4Al–
4.1V–0.19Fe–0.156O–0.007C–0.007N (wt-%). Specimens
60640 mm with 6 mm thickness were laser nitrided,
utilising a 6 kW cw CO2 laser. Sets of 45 overlapping
tracks were laser processed, using mixtures with nitrogen/argon ratio in the range from 0 : 100 to 25 : 75. To
ensure a fine adjustment as well as oxygen free gas
atmosphere, a bell shaped inert gas device was used,
which had been developed previously.17,30 The laser
nitriding was conducted, using 3.1 kW laser power,
3.5 mm spot diameter, 9 mm s21 traverse speed,
2.75 mm track overlap and a constant gas flow of
100 L min21.

Characterisation methods
The microstructural changes which occur during laser
nitriding of Ti–6Al–4V were examined by different
methods. First, the specimen surface was examined by
scanning electron microscopy (SEM). Then cross-sections
of the layers were prepared by grinding and polishing.
The polished specimens were chemically etched in a
solution of 2 mL HF, 2 mL HNO3 and 96 mL H2O for a
period of y20 s. A Leica MeF4 optical microscope was
used for standard metallographic characterisation.
Further information about the structure and the spatial
distribution of the phases formed was obtained by SEM
using secondary and backscattered electrons as well as
energy dispersive X-ray spectroscopy (EDS). Moreover,
the hardnesses of the nitrided layers were measured at
cross-sections by means of a Vickers microhardness tester
using a 100 g load.
An ultrasonic induced cavitation device was used to
carry out the cavitation erosion tests in deionised water at
25uC (ASTM G32-92). The specimen was set opposite to
a vibrating tip of Ti–6Al–4V. Cavitation was induced by
longitudinal oscillation at 20 kHz at an amplitude of
40 mm and a distance of 0.50 mm between tip and sample.
Before testing, the samples were cut and surface ground.
The mass loss was determined at specific intervals during
a total testing of 20 h exposure to cavitation with an
accuracy of 0.1 mg. To convert the mass loss into volume
loss, it was divided by the density of Ti–6Al–4V. After
testing, the surface and cross-sections of the eroded
samples were examined by SEM in order to identify the
predominate erosion mechanisms.

Results
Microstructure and hardness
Laser nitriding under gas atmospheres containing 0–
25% nitrogen led to the formation of macrocrack free
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layers of y0.5 mm thickness. Figures 1 and 2 demonstrate how the nitrogen content of the gas atmosphere
affected the structural evolution in the laser nitrided
areas. Remelting under a pure argon atmosphere
completely destroyed the fine grained globular structure
of the as delivered state, resulting in a solidification
structure which consisted of large b-Ti grains with sizes
ranging from 200 to 500 mm. During rapid cooling, the
bcc crystal structure was completely switched to the hcp
a9 structure by a diffusionless martensitic transformation. As a consequence, acicular martensite is formed,
the needles of which often extend all through the former
b-Ti grains (Figs. 1a and 2a).
The microstructure within the laser processed layers is
already noticeably changed if the gas atmosphere
contained only a little nitrogen. Up to a nitrogen
content of the gas atmosphere of y5%, the predominant
structure which was found within the transformed b
grains was still martensitic a9-Ti. However, the length of
the martensite needles significantly decreased with
increasing nitrogen content of the gas atmosphere until
the martensitic transformation was completely suppressed. Accordingly, the transformation structure
formed owing to laser processing under gas atmospheres
containing 5–25% nitrogen mainly consisted of small aTi grains (Fig. 2b–d). It could be verified by EDS
analysis that the small a-Ti grains were surrounded by
vanadium rich areas. In accordance with previous work,
these vanadium rich areas can be regarded as b-Ti
(Ref. 27). It is noteworthy that a-Ti grains which formed
along the grain boundaries of the former b-Ti grains
were considerably larger and more elongated than those
in the grain interior (Fig. 2b and c).
The solidification of separate nitrogen rich phases
commenced at a nitrogen content of the gas atmosphere
of y11%. These titanium nitrides exhibit globular and
plate-like shapes respectively (Figs. 1c, d, 2c and d). A
considerable amount of plate-like titanium nitrides were
found in samples that had been laser nitrided under gas
atmospheres containing 25% nitrogen. From results
reported in literature22–24 and TEM observations in
previous studies by the authors,26,27 it can be concluded
that the globular and plate shaped phases are hcp
TiN0.3. In contrast, dendritic crystallisation of fcc TiN is
characteristic of laser nitriding under gas atmospheres
mainly containing nitrogen.26,27 Therefore, TiN dendrites were only sparsely found in samples laser nitrided
under a gas atmosphere containing 25% nitrogen.
It should be mentioned that a thin, continuous layer
of titanium nitrides was found on the surface of all laser
nitrided samples (Fig. 2). With increasing nitrogen
content of the gas atmosphere, the thickness of this
layer increased from several hundreds of nanometres to
a few micrometres. It is important to note that this layer
contains numerous microcracks.26 It will be shown
elsewhere by detailed TEM analysis that this layer
consists of both fcc TiN and hcp TiN0.3 (Ref. 31).
Figure 3 shows the measured mean microhardness of
the laser nitrided layers and its dependence on the
nitrogen content of the gas atmosphere. It is evident that
the hardness strongly depends on the composition of the
gas atmosphere, especially in the low nitrogen concentration range. While the remelting under pure argon
atmosphere increased the hardness by y50 HV0.1 with
respect to the as delivered state, there was a considerable
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a laser remelted; b laser nitrided: N2/Ar 5 : 95; c laser nitrided: N2/Ar 13 : 87; d laser nitrided: N2/Ar 25 : 75
1 Optical micrographs of cross-sections through specimens that were laser processed under different gas atmospheres: note changes in microstructure occurring with increasing nitrogen content of gas atmosphere and furthermore that in a, boundary between melt pool and heat affected zone (HAZ) is not visible

increase in hardness by laser nitriding under the gas
atmosphere with nitrogen content in the range of 2–19%.
Clearly, the hardness achieves a plateau at y560 HV0.1.
It should be furthermore mentioned that the hardness
distribution through the laser nitrided layers was quite
uniform independent of the composition of the gas
atmosphere.

Cavitation erosion behaviour
In order to remove the thin, continuous layer of
titanium nitrides on the surface of the laser treated
samples and to provide similar surface conditions, all
samples were mechanically surface ground before
cavitation erosion testing. It should be pointed out that
as a result of the grinding operation, occasional and
frequent cracking was induced in samples laser nitrided
under gas atmospheres containing 19 and 25% respectively. These cracks extended all through the laser
nitrided layers and were not stopped until the boundary
to the heat affected zone. The cracking due to the
grinding operation demonstrates that the mechanical
resistance and ductility of the samples was noticeably
reduced if the laser nitriding was conducted under gas
atmospheres containing .13% nitrogen. It will be
proved elsewhere by acoustic emission analysis that the

existence of brittle phases like TiN0.3 and TiNx are
responsible for the enhanced crack sensitivity of laser
nitrided samples.31
The cumulative volume loss during cavitation erosion
of Ti–6Al–4V in the as delivered and different laser
processed states over a total time of 20 h is plotted in
Fig. 4. For all conditions, there exist an incubation
period without any measurable volume loss, a transition
period, where the rate of erosion increased towards a
maximum, and a steady state period, where the erosion
commences with constant erosion rate. It was found that
the duration of the incubation period depended on the
structural state of Ti–6Al–4V (Table 1). Samples in the
as delivered state and samples laser nitrided under gas
atmospheres containing 25% nitrogen only showed a
negligible incubation period. In contrast, the incubation
time of the other laser processed samples was in the
range of 1–2 h, slightly increasing with increasing
nitrogen content of the gas atmosphere. The transition
region during cavitation erosion was independent of the
composition of the gas atmosphere in the range of 3–4 h,
leading to a start of the steady state period after 4–6 h of
testing.
Figure 4 and Table 1 demonstrate that owing to the
laser processing under gas atmospheres containing
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a laser remelted; b laser nitrided: N2/Ar 5 : 95; c laser nitrided: N2/Ar 13 : 87; d laser nitrided: N2/Ar 25 : 75
2 Scanning electron microscopy images of cross-sections through specimens that were laser processed under different
gas atmospheres: note changes in microstructure occurring with increasing nitrogen content of gas atmosphere
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mixtures of different nitrogen/argon ratios, the cavitation erosion resistance of Ti–6Al–4 was considerably
improved with respect to the as delivered state. Initially,
the cumulative volume loss as well as the steady state
erosion rate was distinctively reduced with increasing
nitrogen content of the gas atmosphere but passed
through a plateau in gas atmospheres containing .9%
nitrogen. As a consequence, laser nitriding with gas
atmospheres containing 9–25% nitrogen reduced both

the cumulative volume loss and the steady state erosion
rate to about one-third with respect to the as delivered
state.
The dominant features of the erosion behaviour were
rationalised by SEM observations of the surface and
etched cross-sections of the eroded samples after 20 h of
erosion (Figs. 5 and 6). Samples in the as delivered state
exhibited a quite uniform eroded surface without
preferential erosion pits and crater formation (Figs. 5a

3 Mean microhardness of laser nitrided layers in dependence on nitrogen content of gas atmosphere: for the
sake of completeness, hardness of as delivered state
(A) is included

4 Cumulative volume loss during cavitation erosion test
measured on samples in as delivered state and on
samples in different laser processed states
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a as delivered; b laser nitrided: N2/Ar 2 : 98; c laser nitrided: N2/Ar 13 : 87; d laser nitrided: N2/Ar 25 : 75
5 Scanning electron microscopy images of surface of eroded samples: note changes in surface morphology indicating
transition from ductile fracture to brittle fracture failure

and 6a). Moreover, it should be noted that the surface
revealed distinct signs of plastic deformation and ductile
fracture over the whole eroded surface. The morphology
of the eroded surface did not evidently change in the
case of laser remelted samples. Similarly, the material
loss of samples laser nitrided under gas atmospheres
only containing 2% nitrogen was dominated by evenly
distributed ductile fracture (Fig. 5b). With increasing
nitrogen content of the gas atmosphere, the erosion
induced surface pits and grooves at first became slightly
smoother, indicating the transition from ductile fracture
to brittle fracture failure (Fig. 5c). On the other hand,
selective erosion attack on a microscopic scale was
already observed on samples laser nitrided under gas
atmospheres containing 5% nitrogen. In some regions of
these samples, the erosion proceeded notably faster

along the boundaries of the martensite needles (Fig. 6b).
The selective erosion attack even became more pronounced if the nitrogen content of the gas atmosphere
increased. Figure 6c clearly shows that material inbetween the small a-Ti grains, which in accordance with
microstructural investigation mainly was b-Ti, was more
rapidly eroded than the a-Ti grains themselves. It is also
important to note that the erosion attack became
macroscopically heterogeneous if the samples were laser
nitrided under gas atmospheres containing 19 and 25%
nitrogen. On one hand, an accelerated erosion was
found in the vicinity of cracks (Fig. 6d). On the other
hand, extended areas of the eroded surface exhibited a
rather smooth appearance, indicating that the material
removal of these areas was governed by brittle fracture
and spallation (Fig. 5d).

Table 1 Compilation of cavitation erosion data measured on as delivered as well as laser remelted and laser nitrided
(LN) samples of Ti–6Al–4V

Incubation period, h
Transition period, h
Cumulative erosion loss
after 20 h, mm3
Erosion rate in the steady
state period, mm3 h21

As delivered

Remelted
100%Ar

LN 2%N2

LN 5%N2

LN 9%N2

LN 13%N2

LN 19%N2

LN 25%N2

,1
0–4
8.10

1
1–5
6.93

1
1–5
5.13

2
2–5
3.97

2
2–6
3.03

2
2–6
2.72

2
2–6
3.03

,1
0–4
2.73

0.447

0.388

0.298

0.234

0.188

0.154

0.180

0.158
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a as delivered; b laser nitrided: N2/Ar 5 : 95; c laser nitrided: N2/Ar 19 : 81; d laser nitrided: N2/Ar 25 : 75
6 Scanning electron microscopy images of cross-sections of eroded samples

Discussion
The results of the present study reveal that laser
remelting and laser nitriding of Ti–6Al–4V under gas
atmospheres containing 2–25% nitrogen produces complex microstructures in the solidified melt zone. Thereby,
the nitrogen content of the gas atmosphere strongly
determines the nature, volume fraction, morphology and
distribution of the phases formed during solidification
and solid state transition reactions. Up to now, it has
been generally assumed that laser nitrided layers of Ti–
6Al–4V consist of different titanium nitrides (hcp
TiN0.3, tet Ti2N, fcc TiNX) and a metallic matrix
composed of martensitic a9-Ti (Refs. 5, 6, 12, 20–25).
However, earlier work has already revealed that the
metallic matrix can also be built up of a-Ti grains and a
fine dispersion of a- and b-Ti in-between the a-Ti grains
respectively.26,27 In the present study, it has been
established that up to a nitrogen content of 11% in the
gas atmosphere, the melt merely solidifies in the bcc b-Ti
structure. During cooling, the b-Ti transformed to a9-Ti
by a diffusionless martensitic transformation if the
nitrogen content of the gas atmosphere was below 5%.
Under a gas atmosphere containing .5% nitrogen, the
martensitic transformation did not occur and the b-Ti
decomposed into mixture of a- and b-Ti grains. It is
known from literature that in Ti–6Al–4V, the martensite
start temperature Ms is y200uC below the beta transus
temperature TbRa 996uC (Ref. 32). It is furthermore
known from the binary system of Ti–N that nitrogen as
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well as raising the solidification temperature also
strongly increases TbRa (Ref. 33). If it is assumed that
the presence of nitrogen in the titanium lattice reduces
Ms, the difference between TbRa and Ms rapidly
increases with increasing the amount of nitrogen
dissolved in the lattice. Consequently, there is sufficient
time for the progression of the b-Ti to a-Ti transformation before the start of the martensitic reaction is
reached. Hence if the nitrogen concentration dissolved
in the lattice reaches a critical level, owing to increasing
the nitrogen content of the gas atmosphere during laser
nitriding, the martensitic transformation is suppressed in
accordance with the authors’ observations.
The increase in hardness observed in samples laser
processed under gas atmospheres containing mixtures of
different argon/nitrogen ratios can be correlated with
the structures formed within the laser nitrided layers. It
is assumed that the increase in hardness of the laser remelted layers with respect to the as delivered state can be
ascribed to an increase in dislocation density which is
introduced by the martensitic transformation. In contrast, the increase of hardness in the laser nitrided layers
is manly attributed to solid solution hardening of
nitrogen interstitially dissolved in the a-Ti lattice since
titanium nitrides are only sparsely formed during laser
nitriding under gas atmospheres containing ,25%
nitrogen.
Laser remelting and laser nitriding have proven to be
a promising way to improve the cavitation erosion
resistance of Ti–6Al–4V (Refs. 10, 19 and 28). However,

Kaspar et al.

7 Correlation of erosion rate in steady state period of
cavitation erosion test with average microhardness
of as delivered state and different laser processed
samples

up to now, only Robinson et al.10 has clearly shown that
the composition of the gas atmosphere during laser
processing influences the cavitation erosion behaviour.
They found that the cavitation erosion resistance of laser
nitrided Ti–6Al–4V was slightly better if the gas atmosphere contained 10% instead of 20% nitrogen. They
concluded that the augmented formation of cracks was
responsible for this slightly surprising result. To the best
of the authors’ knowledge, in the present work, the first
systematic study on the influence of the composition of
gas atmosphere on the cavitation erosion behaviour of
Ti–6Al–4V was undertaken. The results show that with
increasing nitrogen content in the gas atmosphere, the
volume loss and the steady state erosion rate of the laser
nitrided samples continuously reduce to about one-third
with respect to the as delivered state and saturate at a
nitrogen content above 13% in the gas atmosphere. In
Fig. 7, the steady state erosion rate is plotted against
microhardness. It is remarkable that the erosion rate
continuously decreases with hardness if the as delivered,
laser remelted and laser nitrided states of up to 13%
nitrogen content of the gas atmosphere are considered.
However, the inversely proportional relationship
between erosion rate and hardness no longer applies if
samples laser nitrided under gas atmospheres containing
19 and 25% nitrogen are considered. The erosion rate of
these samples does not further reduce even though their
hardness still increases so that the erosion rate slightly
deviates to higher values with respect to hardness.
Generally in metals, all metallurgical measures causing an enhancement of strength should also lead to an
improvement of the cavitation erosion resistance unless
the metal is too brittle to deform plastically.34,35
According to Rieger,34 the enhancement of both
strength and cavitation erosion resistance is achieved
by introducing obstacles to dislocation motion which
improve the glide resistance of the dislocations within
the crystal. However, in order to attain an optimal
improvement of cavitation erosion resistance, these
obstacles should be uniformly dispersed. In other words,
the microstructure has to be as fine and homogenous as
possible to achieve optimal cavitation erosion resistance.
Also in the present work, the increase of erosion
resistance in the laser processed samples can be ascribed
to an enhancement of strength caused mainly by solid

Ti–6Al– 4 V laser nitrided under different gas atmospheres

solution hardening by nitrogen. However, beginning at a
nitrogen content of 5% in the gas atmosphere, there
develop structural in-homogeneities that prevent a
further improvement of the cavitation erosion resistance
with strength and hardness. First, differences in strength
between, on the one hand b-Ti and on the other hand aTi and TiN0.3, lead to a selective erosion attack which
may accelerate the erosion process. These differences in
strength develop with increasing nitrogen content
dissolved in the lattice, owing to the solid solution
hardening effect of the nitrogen, which occurs in a-Ti as
well as in TiN0.3 but not in b-Ti. As a consequence, the
removal of the embedded harder phases a-Ti and TiN0.3
is governed by the initial erosion of the softer b-Ti inbetween and beside a-Ti and TiN0.3. Second, the
existence of cracks is obviously detrimental to the
erosion resistance since the erosion propagates faster
along the cracks than on the remaining surface areas.
Finally, brittle fracture of phases like TiN0.3 and TiNX
also promotes material loss during cavitation erosion. In
this regard, it should be pointed out that the existence of
cracks and titanium nitrides like TiN0.3 and TiNX are
not only detrimental to cavitation erosion behaviour but
can also be accounted for the degradation of fatigue
strength and ductility of the laser nitrided samples as
will be shown in a further publication.31

Conclusions
In the present work, the influence of the nitrogen
content of the gas atmosphere in the range of 0–25% on
the microstructure, hardness and cavitation erosion
behaviour of laser nitrided Ti–6Al–4V has been thoroughly investigated. Based on the results of the present
study, the following conclusions are drawn.
1. The nature, volume fraction and distribution of the
phase formed during laser nitriding are strongly
determined by the nitrogen content of the gas atmosphere. If the nitrogen content of the gas atmosphere is
below 5%, the predominant microstructural feature is
martensitic a9-Ti whereas laser nitriding under gas
atmospheres containing .5% nitrogen mainly produces
microstructures which consist of a fine mixture of a- and
b-Ti grains. Increasing the nitrogen content of the gas
atmosphere above 11% leads to the formation of
globular and plate-like shaped TiN0.3.
2. The increase of hardness in the laser nitrided layers
is mainly attributed to solid solution hardening of the
nitrogen.
3. The cavitation erosion resistance of the laser
nitrided layers improves in a characteristic manner with
the nitrogen content of the gas atmosphere. In order to
achieve good erosion protection, uniform microstructures are essential. As long as the structure and the
properties of the constituents are microscopically
homogeneous, the improvement in erosion resistance
can be ascribed to an overall increase in hardness and
strength. In contrast, selective erosion attack induced by
cracks or local strength differences limits the cavitation
erosion resistance of the laser nitrided layers.
4. The optimum cavitation erosion resistance is
readily achieved by laser nitriding under gas atmospheres containing comparatively small amounts of
nitrogen. Under such gas atmospheres, crack free layers
without any brittle titanium nitrides may be produced.
These layers have the potential to endure high static
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and cyclic stresses occurring during many technical
applications.
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