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A microstructural study of the phases developed during the laser nitriding of a Ti-6Al-4V
alloy by, using a CL5 continuous CO2 laser with a spinning beam and concentration of
80% nitrogen, was undertaken. The vertical sections, perpendicular to the melt track were
examined by optical microscopy and scanning electron microscopy (SEM), while
specimens for X-ray diffractometry (XRD), X-ray photospectroscopy (XPS) and
transmission electron microscopy/selected area electron diffraction (TEM/SAED), were
taken parallel to the melt track. In this way the variation in microstructure as a function of
depth from the laser treated surface, was studied. This supplemented XRD and XPS
investigations undertaken previously. Two zones were identified. Zone 1, within 50 µm of
the surface, contained well defined dendrites of fcc TiN0.8, plus hcp TiN0.3 and hcp α′Ti.
Zone 2, below 50 µm, consisted of needles of hcp α′Ti. From a consideration of the
hardness profiles in Zone 2, it is suggested that at the top of the zone, the α′ phase is, in
fact, a solid solution containing 3–4% N, which decreased to <1% N at the bottom of the
zone. The TEM/SAED study permitted the three phases fcc TiN0.8, hcp TiN0.3 and hcp α′Ti to
be identified through a combination of morphology and SAED patterns. This also showed
that the fccTiN0.8 contained fringes, which were considered to be stacking fault fringes and
allowed this phase to be readily recognized in the TEM. The presence of stacking faults may
be associated with the high nitrogen concentration of 80% used for the laser nitriding in
this work. C© 2000 Kluwer Academic Publishers

1. Introduction
Although several surface nitriding treatments based on
titanium nitride, such as plasma nitriding or PVD coat-
ing, are commercially available for titanium alloys, all
these processes are carried out in the solid state and the
depth of coating and therefore hardening is restricted
by the low rate of nitrogen diffusivity. The diffusion co-
efficient of nitrogen in titanium is more than a thousand
times lower than that in steels [1]. In order to achieve
the depth of hardening required to produce protection
against erosion or abrasive wear, which is normally re-
garded as 0.5–1.0 mm, it is necessary to alloy the tita-
nium surface in the molten state. This depth of surface
hardening can readily be achieved by laser melting the
surface in the presence of nitrogen. Laser nitriding ti-
tanium alloys results in non-equilibrium structures in
the melt zone and it is to be expected that the high tem-
perature phases indicated on the equilibrium diagram,
will be quenched-in, due to the very high cooling rates.
Therefore nitrogen may well be retained in solid solu-
tion during solidification and cooling to room tempera-
ture [2]. Laser nitriding of titanium alloys has been the
subject of investigation for over 15 years [3–9]. The aim
has been to produce a nitrided surface giving improved
tribological properties. Few detailed studies of the mi-
crostructure have been undertaken, since complex mi-

crostructures are developed in the solidified melt zone
and ion milling techniques are necessary to produce
high quality foils for TEM examination. The properties
of the surface layer depend to an extent on the size and
morphology of the hard fcc TiNx, its chemical nature
and volume fraction. The amount of TiNx formed is de-
pendent on the surface to volume ratio of the melt pool,
on the interaction time and the nitrogen concentration
in the environment [8, 9].

Recent work [11,12] using XRD and XPS techniques
has shown that in a laser nitrided Ti-6Al-4V specimen
processed using 2.8 kW laser power, 0.25 mm radius
beam, 10 mm s−1 traverse velocity, 80% nitrogen con-
centration and a spinning beam, the large dendritic fea-
tures which formed about 50µm below the surface,
[Zone 1] had a composition of TiN0.8 in the top sur-
face and TiN0.85 at a depth of 35µm. Also in this layer,
TiN0.3 andα′-Ti phases (probably with nitrogen in solid
solution) were identified. The needle structure below
50µm depth [Zone 2], was alsoα′-Ti, probably with
nitrogen in solid solution.

Few studies using the TEM technique have been re-
ported [e.g. 13–15], and most of the structural infor-
mation in the literature has been obtained from X-ray
measurements and SEM studies. However, almost all
the results presented in these are papers concerned with
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films deposited by PVD and CVD methods. To date, we
are not aware of any detailed studies using TEM to de-
scribe the microstructure produced by the laser nitriding
process. Although our previous work [11, 12] provided
a tentative understanding of phases by using XRD and
XPS techniques, the microstructures of the phases are
not well established.

The specific objective of present work was to use
the TEM technique to identify the different phases as a
function of depth in the melt zone and to relate the
results to those obtained by XRD and XPS studies.
It was considered that by this approach, the optimi-
sation of laser conditions to achieve improved wear
resistance could be undertaken through knowledge of
the microstructure.

2. Experimental procedure
Laser nitriding of single tracks was carried out at AEA
Culham Laboratory, Abingdon, UK, using a 5 kWcon-
tinuous (CL5) CO2 laser with a spinning beam facil-
ity. A Ti-6Al-4V alloy was used as the base mate-
rial in this investigation. The specimens were in the
form of sheet 80× 40× 3 mm. The operating param-
eters were 2.8 kW laser power, 0.25 mm radius beam,
10 mm s−1 traverse velocity, a spinning beam, and an
80% nitrogen+ 20% argon gas mixture introduced at a
flow rate of 50 l/min. The beam was spun to a diameter
of 4 mm at 1500 rpm.

Thin foils were prepared by cutting slices (1 mm
thick) from several different depths in the solidified
melt zone parallel to the laser track, using a slitting
wheel. The slices were ground mechanically to 250µm
from the side close to the heat-affected zone (HAZ) and
without any grinding on the side close to the surface.
Discs of 3 mm diameter were obtained from the slice
by spark erosion. The grinding was then repeated, but
only from the side close to the HAZ, to about 120µm
depth, and then to 220µm and 440µm, using SiC 1200
grade paper under a stream of cold water. The thin discs
of the laser nitrided titanium alloys were dimpled from
the side close to heat affected zone by means of a Gatan
Model 656 Dimple Grinder. This was set at a load of
20 g. The polishing wheel used 2–4µm diamond paste
and was followed by a polishing cloth with 0.05µm
alumina. The dimpling side of the thin disc was first
polished for about 5 minutes to clean the scratches left
by the dimpling procedure. Only one side of the thin
disc was ground to give a final thickness of 20µm.
Finally, the thin foils were prepared from the discs us-
ing the Gatan Model 691 Precision lon Polishing Sys-
tem (PIPSTM). This was set at a voltage of 5 keV, with
a 4 degree angle of both guns at the start of milling
and reduced to an angle of 2 degrees, when the spec-
imen became transparent, as seen from the view win-
dow. Electron microscopy of thin foils was performed
in a Philips EM 400T transmission electron microscope
(TEM) at 120 kV.

3. Results
3.1. Optical and SEM microstructures
Our previous work [8, 11, 12, 16] has described the mi-
crostructures of laser nitrided titanium alloys processed

using different laser conditions. Here, Fig. 1 shows op-
tical and SEM micrographs of laser nitrided Ti-6Al-
4V alloy processed with the conditions described in
Section 2. It was found that the large dendritic layer
formed at the surface (Zone 1), was about 50µm in
thickness. Below this layer, an intermediate layer about
350 µm in thickness, (Zone 2), comprised needle-
like structures. The HAZ was then reached in these
specimens.

3.2. XRD studies
In the present work, which is an extension of that pub-
lished previously [11, 12], detailed XRD spectra of the
laser nitrided Ti-6Al-4V specimen, from the top sur-
face and at depths below the surface of 120, 220µm
(both in the melt zone) and 490µm (in the HAZ), are
shown in Figs 2 to 5. The points¥, ¨ and• show the
expected positions of the peaks for fcc TiNx, TiN0.3
andα-Ti respectively. It was found that a strong TiNx

peak appeared in the spectrum obtained from the top
surface, Fig. 2. A very small TiNx peak can be observed
at a depth of 120µm, Fig. 3, while it disappeared at the
depths of 220 and 490µm, Figs 4 and 5. The intensity
of the TiN0.3 peak is much weaker than that of theα′-
Ti, peak, Fig. 2b. The above results indicate that TiNx

with someα′-Ti and very little TiN0.3, were formed in
Zone 1. The TiN0.3 peak is not observed below 120µm,
and only theα′-Ti peak appeared, Figs 3–5. It is in-
teresting to note that at a depth of 120µm, theα′-Ti
peak shifted to a smaller 2θ value than expected, Figs
2 and 3, and to a larger 2θ value than expected at a
depth of 490µm, Figs 4 and 5. This indicates that the
lattice parameter data ofα′-Ti is influenced by resid-
ual stresses, produced by the rapid cooling in the laser
processing, and the nitrogen concentration in the melt
zone.

The X-ray diffraction data, obtained from different
depths, was treated by the least mean squares calcula-
tion to obtain the lattice parameters of TiNx, TiN0.3 and
α′-Ti. The fcc TiNx phase, which has an NaCl (f.c.c.)
structure, has, at the stoichiometric composition, a lat-
tice parameter of 4.240 A [17]. The previous XPS re-
sults [12] confirmed that the titanium nitride formed
at the top surface had a composition of TiN0.8, while
the present results show that the lattice parameter of
TiN0.8 on the top surface is 4.225 A. Theα′-Ti phase
was formed throughout the melt zone, but had differ-
ent lattice parameters. On the top surface,a= 2.937
A, c= 4.709 A, but these decreased toa= 2.936 A,
c= 4.702 A, at a depth of 220µm. Lengauer [18]
has reported that a TiN0.3 phase was formed near the
nitrogen-rich phase boundary in the TiN/Ti mixture af-
ter arc melting, with lattice parameters ofa= 2.974
A, c= 4.792 A. The XRD results in the present work
show that the TiN0.3 phase is formed only at the top
surface layer (within the first 50µm), that the quan-
tity of TiN0.3 is very small and just produces a (011)
peak, but which was not of sufficient intensity to be
used to calculate the lattice parameter. This phase is
a non-equilibrium phase developed by the rapid so-
lidification occurring during cooling following laser
processing.
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Figure 1 Optical and SEM micrographs of a vertical section of a laser nitrided specimen showing Zones 1 and 2.

3.3. Transmission electron microscopy
While SAED associated with TEM has an accuracy
of only ±1%, and therefore cannot approach the ac-
curacy of X-ray diffractometry, the ability to identify
locally, small amounts of phases, is a key feature of the
technique. Unfortunately this was not possible in an
on-line mode in our system. Therefore it was essential
to combine SAED patterns with bright/dark field im-
ages to use the morphology of the three main phases,
fcc TiN0.8, hcp TiN0.3 and hcpα′, identified earlier by
XRD and XPS techniques, in the TEM identification of
these phases. The fcc TiN identified using XRD, was
always hypostoichiometric relative to nitrogen. TEM
bright (BF) and dark (DF) field images of this phase,
when tilted to the correct positions, invariably displayed
fringe contrast. These are seen in Fig. 6. The large den-
drites in this top surface BF image are compactly ar-

ranged, some exhibiting fringes, and the SAED pattern
taken from positionx, in Fig. 6a, and given in Fig. 6c,
was indexed as fcc, with a [114] zone axis. The DF
image was obtained using the 220 reflection.

An example of the identification of two phases from
the same field of view is seen in Fig. 7. The BF image
of the grain with the fringes, A in Fig. 7a, matches the
centre of the DF (331 reflection) image in Fig. 7b, with
the corresponding SAED from A in Fig. 7c. This was
indexed as a [001] zone axis. When the aluminium ring
pattern, seen in Fig. 7c A, was used for calibration,
the SAED pattern was indexed as an fcc structure with
a lattice parameter of 4.24 A, corresponding to TiN.
The other two SAED patterns in Fig. 7c which were
obtained following separate tilting experiments, were
from positions C, a quasi spherical grain which showed
no fringes, and B, the interface between A and C. These
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Figure 2 (a) X-Ray Diffraction Spectra from the top surface of a laser
nitrided Ti alloy. (b) Details of (011) peaks of TiN0.3 andα′Ti phases.

Figure 3 (a) X-Ray Diffraction Spectra at a depth of 120µm of a laser
nitrided Ti alloy. (b) Details of (011) peaks of TiN0.3 andα′Ti phases.

Figure 4 (a) X-Ray Diffraction Spectra at a depth of 220µm of a laser
nitrided Ti alloy. (b) Details of (011) peaks of TiN0.3 andα′Ti phases.

Figure 5 (a) X-Ray Diffraction Spectra at a depth of 490µm of a laser
nitrided Ti alloy. (b) Details of (011) peaks of TiN0.3 andα′Ti phases.
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(a) (b)

(c) (d)

Figure 6 TEM micrographs from the top surface of laser nitrided Ti alloy showing fringe contrast: (a) Bright field, (b) dark field, (c) SAED pattern,
(d) indexed as [114] ZA of fcc TiNx .

were indexed respectively, using a three index system,
as hcp [021] and a combination of fcc [116] and hcp
[452]. It is considered that the grain with no fringes,
which was indexed as an hcp structure, corresponded
to TiN0.3.

Fig. 8 shows transmission electron micrographs from
the slices taken from a depth of 50µm. The BF in
Fig. 8a shows a laminated microstructure. DF images
from the two phases are shown in Fig. 8b and c and the
corresponding SAED was obtained with the aperture
over both phases. This was indexed as two hcp patterns,
[113] and [151]. The DF was imaged using respectively,
the diffracted spots A and B, seen in the SAED pattern.
As both spots are part of cross-grating patterns of hcp
structures, it is suggested that one is fromα′ Ti and
the other from TiN0.3. This is supported by the more
detailed BF micrograph in Fig. 9 taken from a similar
area to that of Fig. 8c, but at a depth of 195µm. Here the
needle arrangement is clear and the SAED in Fig. 9b is
indexed as hcp with d values corresponding toα′Ti. No
evidence of any needles was seen in areas such as that
in Fig. 7c, which were commonly imaged in the foils
taken from the surface and at depths of 50µm.

4. Discussion
The different microstructures developed by the laser
nitriding producing nonequilibrium phases are consid-
ered to be due to the effects of solidification rate, cool-
ing rate of the solid, and diffusion of nitrogen. The pre-
vious results [11] showed that when a low laser energy
input and a high nitrogen environment were used, a high
cooling rate in the solidification stage of the material
and a high concentration of nitrogen on the liquid sur-
face, would be expected. Although the temperature at
the surface was the highest in the melt, the liquid at the
surface could have the highest undercooling, because
of the high concentration of nitrogen in the surface liq-
uid whenever the surface temperature was below the
melting point of TiN (2930◦C) [19].

A spinning laser beam produced a wider melt
zone than that produced under corresponding laser
processing conditions using a stationary beam [8].
However, a consequence of spinning, which may give a
similar result to an oscillating beam, is that the energy
density is considerably lower than that obtained from
a stationary laser beam [8]. So, a higher cooling rate in
the specimen processed with a spinning beam provided
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a finer dendritic structure than that observed with a sta-
tionary beam, and also did not allow sufficient nitrogen
to diffuse into the whole melt zone to form dendritic fcc
TiNx. In the specimen processed with a spinning beam,
this results in a division of the microstructure into
two Zones: Zone 1 (mainly TiNx) and Zone 2 (mainly
α′-Ti).

Fcc TiN is a hard phase and its formation is most im-
portant during laser nitriding. It affects significantly the
hardness and abrasive wear of the laser nitrided speci-
mens. TiN has a face centred cubic structure with a lat-
tice parameter value of 4.242 A when the ratio of Ti/N
is equal to 1 [20]. However,the XRD results [11,12],
show that this phase was hypostoichiometric and var-
ied between TiN0.8 and TiN0.85. Here, for simplicity,
it is described as TiN0.8. Also in the XRD work, the
intensity change of the TiN0.8 peaks revealed that the
quantity of precipitates on the top surface increases with
increasing nitrogen concentration, in agreement with
previous work [21, 22]. The spectra obtained from dif-
ferent depths in the melt zone revealed that the quantity
of TiN0.8 precipitates decreased with depth in Zone 1,
and only a small amount of TiN0.8 remained in the top
region of Zone 2, which cannot be detected by XRD in
the rest of Zone 2. This indicates that the faster cooling
rate resulted from the lower power input of the spin-
ning laser beam, allowed a significant nitrogen concen-
tration to diffuse only throughout Zone 1, but in most
of Zone 2, the TiN0.8 concentration is below the de-
tectable limits of XRD. Furthermore, it is noted that the
presence of the dendritic structures, observed by optical
microscopy and SEM and shown in Fig. 1, are depen-
dent on the formation of the TiN0.8 phase. This strongly
suggests that the dendritic structures invariably noted
in the laser nitriding literature, is the fcc TiNx phase,x,
may vary with both the nitrogen concentration and the
processing conditions.

The present XRD results confirmed the presence of
a phase with a lower nitrogen content than TiN0.8 as
TiN0.3 [11, 12, 16]. This phase has been identified pre-
viously in thin films made by PVD and CVD methods
[17, 18]. Recent work investigating nitriding of CP Ti
and a Ti-Al-V alloy, used quantitative microanalysis
from EDX in a TEM, to tentatively establish the iden-
tity of a similar phase asα-TiN0.25 [9]. In the present
work, the (TiN0.3/TiNx) intensity ratio change showed
that the quantity of TiN0.3 precipitates on the top sur-
face increased with increasing nitrogen concentration
[11, 12]. The spectra obtained from different depths in
the melt zone showed that TiN0.3 precipitates formed in
Zone 1 and not in Zone 2, or the concentration in Zone 2
was lower than the XRD detection limit. These obser-
vations are similar to those discussed above for TiN0.8
formation during laser nitriding. They suggest that the
existence of TiN0.3 phase is very dependent on the dif-
fusion of nitrogen in the melt zone, again in agreement
with the previous work on TiN thin films produced by
CVD processing [17, 18].

The intensity ratio (α′-Ti/TiN0.8) change revealed
that the quantity ofα′-Ti on the top surface decreased
with increasing nitrogen concentration [11, 12]. The
spectra obtained from different depths in the melt zone

showed thatα′-Ti was the only phase formed in the
majority of regions of Zone 2. This observation sug-
gests that the needle-like structure in Zone 2, observed
by optical microscope and SEM, and shown in Fig. 1,
is α′-Ti phase. This has also been noted in the laser
nitriding literature [for example, 3, 4, 24]. During the
laser nitriding process, the lattice parameters ofα′-Ti
phase are affected by both the rapid cooling rate and
the nitrogen concentration.

The three phases observed by TEM from three dis-
tinct morphologies, that is grains/dendrites exhibiting
fringes, grains/laths with no fringes, and needles, were
very difficult to photograph in a contrast which imaged
these three phases in the same area. All three morpholo-
gies were very common. The grains containing fringes,
and corresponding to fcc TiN, are considered to match
the TiN0.8-TiN0.85 phase identified by X-ray diffrac-
tometry. The fringes are considered to be stacking fault
fringes. None of the fcc SAED patterns contained spots
which fitted a twin pattern.

(a)

(b)

Figure 7 TEM micrographs from the top surface of laser nitrided Ti
alloy showing a grain A with fringe contrast, grain C with no fringe
contrast, and B the interface between A and B. (a) Bright field, (b) dark
field, (c) SAED patterns from areas A, B, and C and indexed SAED
patterns.
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(c)

Figure 7 (Continued.)

A recent paper by Yakubtsovet al.[25] reviewed the
literature on the influence of nitrogen on the stacking
fault energy of fcc iron base alloys. They udertook a
theoretical study of this effect and related calculated
data to that obtained by experiment. They found that
the probability of stacking faults occurring initially de-
creased with an increase in nitrogen concentration, but
then rapidly increased. Thus a variation in stacking fault
energy in fcc structures, as a function of nitrogen con-
centration is known.

The observation of stacking fault fringes in the
present work, where a concentration of 80% N was
used, differs from that in a parallel study by Soib [26],
on the laser nitriding of Ti-6Al-4V alloy under simi-
lar processing conditions, but using 20% N. Here no
fringes were seen on grains which had fcc SAED pat-
terns giving a lattice parameter of 4.24 A. This prelimi-
nary result suggests that increasing nitrogen from 20 to
80 atomic percent, decreases the stacking fault energy
of Ti-6Al-4V alloy. The faulting may also be related to
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(a) (b)

(c)

(d)

Figure 8 TEM micrographs from a depth of 50µm, Zone1, from a laser nitrided Ti alloy showing a lath structure. (a) Bright field, (b) dark field using
spot A, (c) dark field using spot B with SAED patterns indexed as TiN0.3 andα′Ti phases.

the stresses induced by the rapid solidification of the
high nitrogen concentration laser nitrided specimens.

The TiN0.3 phase, identified in the X-ray patterns and
the XPS spectra, frequently within 50µm of the sur-
face, had similar morphologies when observed in the
TEM to the TiN0.8 phase, that is laths with rounded

ends which are often referred to as dendrites, laths with
more angular ends, and quasi-spherical sections. None
of these features, which produced hcp SAED patterns
with lattice parameters similar toα′Ti, was ever im-
aged with a set of fringes. The absence of this contrast
was used as an indication on the TEM screen, that the
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Figure 9 TEM micrograph from a depth of 190µm, Zone 2, from a
laser nitrided Ti alloy. (a) Bright field of a needle structure, (b) SAED
pattern indentified as theα′Ti phase.

phase was likely to be the TiN0.3 phase. The matrix
phase with the needle morphology, was designated as
the martensiticα′Ti phase. This needle phase increased
in volume from the surface to a depth of 195µm, in
agreement with the X-ray results.

The question of the concentration of nitrogen in solid
solution has been examined by Barset al. [27]. Using
their data, (summarized in Fig. 22 of their paper [27]),
and making an allowance of 200 Hv for the difference
of the hardness of CPTi and Ti-6Al-4V, both without
nitrogen, in the present work it is estimated that theα′Ti
phase at the top of Zone 2 contains∼4% N in solid
solution, while at the bottom of Zone 2, at the melt
zone/HAZ interface, there is<1% N in solid solution.
This estimate does not take into account any influence
on hardness of residual stress.

5. Conclusions
1. A microstructural study of the phases developed dur-
ing the laser nitriding of a Ti-6Al-4V alloy, using a CL5
continuous CO2 laser with a spinning beam and con-
centration of 80% nitrogen, was undertaken.

2. The vertical sections perpendicular to the melt
track were examined by optical microscopy and SEM,
while specimens for XRD, XPS and TEM, were taken
parallel to the melt track. In this way, the variation in
microstructure as a function of depth from the laser
treated surface, was studied.

3. Two zones were identified. Zone 1, within 50µm
of the surface, contained well defined dendrites of fcc
TiN0.8, plus hcp TiN0.3 and hcpα′. Zone 2 consisted of
needles of hcpα′. From a consideration of the hardness
profiles in Zone 2, it is suggested that at the top of the
zone, theα′ phase is, in fact, a solid solution containing
3–4% N, which decreased to<1% N at the bottom of
the zone.

4. The TEM/SAED study showed that the fccTiN0.8
contained fringes, which were considered to be stacking
fault fringes. These may be associated with the high
nitrogen concentration used for the laser nitriding in
this work.
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