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Abstract – Pre�irradiation of Ti�6Al�4V titanium alloy with
a low�energy, high�current electron beam of microsecond
duration allowing surface melting was shown is an efficient
way for enhancement the following plasma nitriding. Materi�
als investigation revealed the larger fraction of TiN and Ti2N
phases as well as the concentration of nitrogen in the surface
layer for the pre�irradiated sample than those for the non�ir�
radiated one. This combined electron beam irradiation fol�
lowed by plasma nitriding treatment appears to be a promi�
sing tool for the surface modification of titanium alloys.

1. Introduction

It is well known that titanium alloys have some at�
tractive properties enabling them to be used in many
industries such as aerospace, marine, and medicine,
while their poor tribological properties often are an
obstacle in mechanical engineering applications [1].
The latter properties can be improved by applying va�
rious surface treatments, for instance, nitriding, ion
implantation, electron�beam, and ion�beam irradia�
tion. One of the most appealing of them is a nitriding
allowing occurrence on the sample surface the TiN
phase desirable due to its high wear resistance proper�
ties. Conventionally nitriding is conducted at high
temperatures. The higher is the surface temperature
of a sample the more efficient is the process of titani�
um nitriding and consequently the TiN phase forma�
tion. However the surface temperature during nitri�
ding appeared to play a key role for the future proper�
ties of a processing material and in some cases can not
be increased up to high values. The matter is, that a
high�temperature plasma nitriding reduces the fati�
gue strength of titanium alloys. That is why over the
last years techniques allowing nitriding at relatively
low temperatures have been developed. One of them
referred to as intensified plasma�assisted processing
(IPAP) enables surface treatment at a relatively low
temperature of 673–773 K [2].

Another reasonable way, excepting a modifica�
tion of the nitriding process, of enhancement of tita�
nium alloy nitriding at low�temperatures is a change
of titanium alloy properties in the thin surface layer
before nitriding. The latter maybe realized for in�
stance with an irradiation by a low�energy, high�cur�
rent electron beam (LEHCEB) of microsecond du�
ration. It has been established earlier that martensi�
tic phases referred to as α' and α'' occurred in the
thin surface layer of (Ti�6Al�4V) alloy as a result of
LEHCEB irradiation [3]. Moreover, it was revealed
the grain refinement takes place in the surface layer
of irradiated sample, resulting in existence of high�
value residual stresses as well. All these factors may
appear to be beneficial from the point of view of sa�
turation of titanium alloy with nitrogen.

Aim of the research was to investigate the effect of
electron�beam pre�irradiation on the process of tita�
nium alloy (Ti�6Al�4V) low�temperature nitriding.

For this, two series of the titanium alloy speci�
mens were used. One of them was pre�irradiated by
e�beam and then both series were subjected to pla�
sma cleaning by Ar and nitriding in Ar+N environ�
ment. The detailed experimental procedure and the
results obtained are described below.

2. Experimantal

Samples were disks 4 mm thick and 18 mm in di�
ameter. They were cut from the same rod ingot of
commercial Ti�6Al�4V alloy and subjected to a con�
ventional mechanical polishing up to a surface
roughness of 0.04 μm.

One series of the samples was irradiated by a
LEHCEB in Ar plasma environment at a pressure of
0.03 Pa. The electron�beam parameters were:
2.5–3.5 μs pulse duration, 30 keV maximum elec�
tron energy, 2.5 J/cm2 beam energy density, and
0.1 Hz pulse repetition rate. Number of irradiation
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pulses was equal to 40. This electron beam allowed
surface melting of the sample being irradiated. The
detailed description of electron�beam source arran�
gement and fundamentals of electron beam genera�
tion and operation are presented elsewhere [4].

Fig. 1. The schematic diagram of nitriding installa�
tion: (1) holder, (2) hollow cathode, (3, 4) windows,
(5) samples, (6) plasma source, (7) power supply of
voltage bias, (8) gas input, (9) thermocouple

Further two series of the samples, namely, irradi�
ated and non�irradiated were subjected to a sputtered
cleaning with Ar ions and nitriding in Ar+N plasma
environment at a pressure of 1 Pa and a specimen
temperature of 783 K. Nitriding was conducted in
the hollow�cathode glow discharge as shown in Fig.
1 and described in details elsewhere [5]. The plasma
was generated in a plasma source (6) and then sup�
plied into the vacuum chamber. Samples (5) were
placed into hollow cathode (2) with the windows
(3, 4). A voltage bias (0.75–1 kV) was applied betwe�
en the cathode and the wall of vacuum chamber. In
such a way both positive charged ions and neutral
atoms of argon and nitrogen bombarded the inner
surface of the hollow cathode including the surfaces
of the samples.

Step�by�step processing procedure is shown in
Tab. 1 in more detail.

Table 1. Step�by�step processing procedure

Different test techniques such as scanning elec�
tron microscopy (SEM), X�ray diffraction (XRD)
analysis, and Auger electron spectroscopy (AES were
applied for investigation of the processed materials.

XRD analysis in Bragg�Brentano and grazing in�
cident geometry were carried out in a Siemens dif�
fractometer D8 and D5000, respectively with mo�

nochromated CuKα radiation. All XRD patterns we�
re obtained with the scan step 2Δθ= 0.1° and coun�
ting time equals to 30 s.

AES conducted using a Microlab 310 F system
(FISONS) including sputter etching with 3 keV Ar
ion beam of 1–2  A/mm2 current density which hit
the surface at an incidence angle of 42°.

3. Results and discussion

A. Temperature calculation

To analyze the experimental results one should
clearly realize the difference between irradiated and
non�irradiated sample. It is well known that pre�irra�
diation with an electron beam leads to the heating
and melting of a thin surface layer. Consequent high�
rate cooling of the layer allows the occurrence of new
phases and changes the material morphology. Data
of the most practical interest is the thicknesses of the
melted layer and the heat�affected zone (HAZ). The
former is a region where the most critical changes in
material properties takes place and the latter one is a
layer where any modification has been seen. To cal�
culate these thicknesses it is necessary to solve a he�
ating problem which in this case reduces to a nume�
rical solution of the one�dimensional heat equation
as it was described elsewhere [6].

Fig. 2. Melting thickness vs time for Ti�6Al�4V alloy
irradiated at 2.5 (1) and 3.25 (2) J/cm2, respectively.
Here   is pulse duration

In Fig. 2 the calculated state diagram of Ti�6Al�
4V alloy target when being irradiated is presented.
Each point of a curve is the position of the melt�so�
lid boundary at a certain point of time. So the space
below a curve accords to a melt�state and that above
one accords to a solid�state. The irradiation was car�
ried out at an average energy density of Es=2.5 J/cm2

(curve 1). Nevertheless, one should take into consi�
deration that in a case of multishot irradiation there
is a dispersion in energy density from one shot to
another and thereby a maximum energy density in a
series of pulses will be larger than its average value. In
our case, a maximum energy density is appeared to
be 3.25 J/cm2 (curve 2) which is 1.3 times that of the
average value. As it can be seen from Fig. 1 for an

Processing
Number of shots/ processing

time
T, K P, Pa

1. E�beam pre�irradiation 40/– 300 0.03

2. Plasma cleaning (Ar) –/10 min 370 0.5

3. Plasma nitriding 

(40 %Ar+60 %N)
–/250 min 773 1

4. Cooling –/60 min



electron beam with an energy density of 3.25 J/cm2

the maximum thickness of the melted layer equals to
about 1.5 μm. It is in this region that grain refine�
ment and hardening of material from the melt take
place.

Fig. 3. Maximum temperature reached vs depth for
Ti�6Al�4V alloy irradiated at 3.25 J/cm2

From the predicted temperature�depth depen�
dence shown in Fig. 3 a thicknesses of HAZ was es�
timated which appeared to be 30 microns. The tem�
perature increment of material underneath HAZ was
less than 200 K and thereby such a heating doesn't le�
ad to phase transformation or critical change of the
material morphology.

B. XRD and SEM investigations of irradiated sample

As it was revealed earlier and reported elsewhere
[3] the irradiation of titanium alloy Ti�6Al�4V belon�
ging to α+β type leads to the phase transitions and
occurrence in the thin surface layer of specimen the
martansitic α' and α'' phases. As it follows from the
calculations the phase transition takes place in the
thin surface layer of a thickness of 5–6 microns.

Fig. 4 provides a SEM image of the multishot ir�
radiated surface. It confirms the data of XRD analy�
sis revealing the existence of martensitic α' phase
which is seeing inside the grains as parallel needle�li�
ke crystals.

Fig. 4. SEM image of the irradiated surface

Appearance of these metastable phases results in
high residual stress values in the irradiated target. In
such a way the subsequent nitrogen diffusion in the
irradiated specimens will take place in the fine�grain
structure and in the field of intrinsic mechanical
stresses.

C. AES investigation of nitrided sample

In Fig. 5 the depth distribution of nitrogen and
carbon obtained by AES is shown. One can see that
the depth of penetration of nitrogen into the speci�
men bulk for the pre�irradiated specimen is notice�
ably larger than that for the non�irradiated one (110
and 170 nm, respectively). Moreover, the overall
quantity of nitrogen absorbed by the pre�irradiated
specimen during nitriding is two times as much as in
the non�irradiated one. It is interesting to note, that
along with an increase in depth of penetration for ni�
trogen, a decrease of that for carbon takes place. The
latter reduces from 60 nm for non�irradiated sample
to 15 nm for the irradiated one. The overall quantity
of carbon in the pre�irradiated samples is lowered by
a factor equals to 1.2. So, pre�irradiation of the tita�
nium alloy leads to cleaning the material surface
from impurities and simultaneously stimulates its sa�
turation with nitrogen. 

Fig. 5. AES element distribution profiles

D. XRD investigation of nitrided sample

From XRD data it follows that in the original sta�
te the Ti�6Al�4V alloy consists of two α and β phas�
es. Approximate estimate gives that the fraction of
the   phase in the non�processed sample is about 8 %.

After nitriding the phase composition of both
pre�irradiated and non�irradiated titanium alloy
samples has changed and the TiN and Ti2N phases
have appeared. The occurrence of these phases as a
result of nitriding is predictable because it is well
known that a modified zone after nitriding consists
of three regions a layer of compound TiN followed by
an Ti2N layer and a diffusion layer underneath, which
is an interstitial solution of nitrogen in the hcp α�ti�
tanium [1]. The formation of the TiN phase in the
surface layer of the material is highly desirable due to
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its appealing wear resistance properties. It should be
noted however from the XRD data that the peaks of
this phase are higher for pre�irradiated sample than
those for non�irradiated one. It is known also that
the height of a peak is proportional to the phase frac�
tion. Consequently, it can be concluded from X�ray
diffraction patterns that a fraction of these new appe�
ared phases is much larger for the pre�irradiated be�
fore nitriding specimen than that for non�irradiated.

E. Discussion and conclusions

The data on XRD and AES are agreed with each
other. Indeed the larger quantity of nitrogen absor�
bed when nitriding by the pre�irradiated sample le�
ads to the higher fraction of TiN phase in its surface.
The issue is in reasoning why the pre�irradiated sam�
ple is more prone to nitriding than the non�irradia�
ted one. There are two major causes in favour of that. 

The first one is a refinement of grains as a result
of electron�beam melting and consequent fast coo�
ling. It is well known that diffusion along the grain
boundaries is carrying out more efficiently than that
in the body of grains due to existence of a large num�
ber of various defects which reduce the activation en�
ergy for diffusion. Grain refinement when irradiating
leads to the increasing of grain boundaries extension
and results in enhancement of nitrogen diffusion. 

Another important reason for enhancement of
nitrogen diffusion in the surface layer is the appea�
rance of residual stresses in the surface layers of the
irradiated targets. It is well known and described el�
sewhere [7] that residual stresses occurring in the
surface layer are the tensile stresses and from one
hand they are deleterious because could course a

cracking of the surface but from the other hand these
stresses favour the interstitial diffusion of atoms.

Thus, the combined treatment, involving pulsed
e�beam pre�irradiation, subsequent cleaning and ni�
triding is promising and leads to increase in the ab�
sorption of nitrogen, the fractions of TiN and Ti2N
phases and the surface microhardness in processed
titanium alloy.
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