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Surface nitriding of commercially pure (CP) titanium was carried out using high power CQ laser at pure
nitrogen and dilute nitrogen (N, + Ar) environment. The hardness, microstructure, and melt pool con-
figuration of the laser melted titanium in helium and argon atmosphere was compared with laser melting
at pure and dilute nitrogen environment. The hardness of the nitrided layer was of the order of 1000 to
1600 HV. The hardness of the laser melted titanium in the argon and helium atmosphere was 500 to 1000
HV. Using x-ray analysis the formation of TiN and TN phase was identified in the laser nitrided tita-
nium. The presence of nitrogen in the nitrided zone was confirmed using secondary ion mass spectros-
copy (SIMS) analysis. The microstructures revealed densely populated dendrites in the sample nitrided
at 100% N, environment and thinly populated dendrites in dilute environment. The crack intensity was
large in the nitrided sample at pure nitrogen, and few cracks were observed in the 50%N 50% Ar en-

vironment.
Keywords dendritic microstructure, laser gas alloying, laser rently available to coat TiN in the surface of titanium, which in-
nitriding, laser surface modification, titanium nitridg clude, for instance, plasma vapor deposition (Ref 11), chemical

vapor deposition (Ref 12), reactive direct current (dc) magne-
tron sputtering (Ref 13), ion implantation (Ref 14), plasma ni-
triding (Ref 9, 15, 16, 17), and plasma spraying technique
. . . . (Ref 18). Except plasma spraying process, all of the pre-
f The tec.tgjnllque of de\éeloplng T'.N .C(;atlng on_IEEe _:Pﬁtal sur- viously mentioned techniques produce a very thin TiN layer of
ace Is awidely accepted process in industries. The TiN coatingy,ness 2 to 5@m. In addition to this fact, these techniques

has unique p_ropertles such as low densné)/ (5.43g)egood require high vacuum for the depaosition of TiN layer. This limi-

electrical resistancep(= 21.7uQ cm at 20 °C), thermal, me- 4401 can be overcome by the newly developed technique, the

chanical, chemical properties, high hardness, good friction c0-|55er syrface modification process, which can give a hard layer

efficient, abrasive resistance, low Young's modulus, and gold ¢ thickness 0.5 to 1.0 mm, and vacuum is not required for pro-

colorization (Ref 1). Due to these excellent properties, TiN can 4,cing the TiN layer. It can be produced by laser melting the ti-

be used as wear resistance coating in aircraft landing gear (Refanjym alloys in gaseous or liquid nitrogen atmosphere (Ref 19,

2) and as an anticorrosive coating in aeroengine turbine blade$) The effect of laser nitriding under pure nitrogen atmos-

in aircraft industries (Ref 3). TiN coating can also improve the phere was discussed by Kloosterman and De Hossen (Ref 21)

corrosion and erosion resistance of steel material (Ref 4 to 8)3nd Bell et al (Ref 22).

and tribological properties of titanium and titanium alloys. In this paper, the authors have discussed the effect of nitrid-
Titanium and titanium alloys are extensively used in aero- ing in pure and dilute nitrogen &N- Ar) environment, and the

space industries due to their outstanding properties, such as lowesult was compared with laser melted titanium in pure helium

density, good strength to weight ratio, fracture toughness, cor-and argon environment. The nitrided layer was characterized

rosion resistance, and bio compatibility. In many applications using optical microscopy, x-ray diffraction (XRD), hardness,

because of poor wear performance, the use of these alloys in sexnd secondary ion mass spectrometry (SIMS) analysis.

vere frictional condition is restricted (Ref 9). To increase wear

resistance, the surface property has to be improved. Surface

coatings such as anodizing, electroless nickel plating, hard2. Experimental Detail

chrome plating, and plasma spraying are useful in improving

the tribological property of titanium alloys (Ref 10). In addition ]

to these coatings, the creation of TiN on the surface of titanium 2.1 Laser Processing

can improve the wear resistance. Various processes are cur-

1. Introduction

Laser melting experiments were carried out using 5 kW CO
laser (indigenously designed at the Center for Advanced Tech-
University, Chennai 600 025, India;K. Nath, Centre for Advanced \\ith 1'mm beam diameter was made to irradiate the workpiece

Technology, Indore, Madya Pradesh, IndlaK. Gogia, DMRL, .
Kanchanbagh, Hyderabad, India; . Balamurugan andS. Ra- surface at a traverse speed of 0.5 nTfifhe specimen was la-

jagopal, Materials Science Division, Indira Gandhi Centre for Atomic S€r processed in pure argon, helium, nitrogen, and dilute nitro-
Research, Kalpakkam-603 102, Tamil Nadu, India. gen environment. The dilution of nitrogen with argon gas was
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arranged by controlling the partial pressure of the respectivewas roughened with 220 and 320 grit paper and then degreased
gases. The raw beam of diameter 25 mm was finely focusedn a solution containing HF, HNQand HO.

into a circular beamof diameter 1 mm on the metal surface by

using a 2.5 in. zinc-selenide lens. The shielding gas was fed L

through coaxial nozzle. In addition to this, there was also a side2-3 Characterization

flow through a nozzle fitted at an angle of 457 to the workpiece The laser melted sample sectioned to its melt direction was

surface. polished using standard metallographic procedure. To reveal
the microstructure the polished surface was etched in Keller's

2.2 Material reagent (5 mL HF + 10 mL HNGr 85 mL H,0). The surface
appearance, cracking, melt pool configuration, and micro-
Commercial pure titanium of size 100 by 50 by 4 $was structure were examined using an Olympus optical micro-

used for laser processing. Before laser processing, the surfacgcope. With the Schimadzu microhardness tester, the hardness
across the depth of the laser melted zone was determined. The
phases present in the nitrided specimen were identified by
XRD analysis. The extent of nitrogen diffusion within the laser
nitrided zone was investigated using SIMS (CAMECA ims 4f,
CAMECA Instruments, Inc., Trumbull, CT) line profile analy-

sis and mass spectrum.

3. Results and Discussion

3.1 Ripple Formation and Cracks in the Nitrided Layer

The appearance of white color was noticed in the laser ni-
trided surface layer. No golden color was observed. The white
surface observed in the nitrided layer was due to the impurity
oxygen present in the shielding gas. The surface rippling in the
nitrided layer was observed under optical microscopic exami-
nation. The rippling waves were formed in a semicircular pat-
tern (Fig. 1a). The surface rippling was attributed to the surface
tension gradient and temperature gradient in the laser nitrided
layer. Because of the Gaussian profile of laser beam, the tem-
perature formed at the center of the beam surface was higher
than at its periphery. This produces surface temperature gradi-
enton the alloyed track. Atthe edge of the track, the surface ten-
sion force was larger, and near the center of the beam surface, it
decreased to a lower value. The largest surface tension force at
the edge of the track pulls the liquid from the central area in a
rapid speed. Hence the flow of molten liquid was toward the
edge. As the beam moved away, the rapid solidification re-
sulted, and so the frozen area appeared in the form of rippling
waves. From Fig. 1(a), it was also identified that the flow pat-
tern was toward its alloying direction.

Besides the surface ripples, microcracks appeared across
the nitrided track (Fig. 1b). The visual examination did not
show any cracking on the surface and was viewed by optical
microscope under 50 The crack intensity in pure nitrogen and
dilute nitrogen atmosphere was very high. This was also ob-
served in an argon and helium atmosphere. Because the proc-
essing was carried out in lower scan speed, the cracking was
observed in all the cases (Table 1). The cracking can be elimi-
nated if the processing is carried out at larger scan speed and
also by preheating the substrate. Except in a pure nitrogen envi-
ronment, the cracking was observed only at the surface. But,
the crack propagated inside the alloyed layer was observed in a

Fig. 1 (a) Surface ripple waves. (b) Surface crack across the pure nitrogen atmosphere (Fig. 1c). This behavior was imputed
laser nitrided track. (c) Appearance of parallel crack inside the to the brittle behavior of intense TiN dendrites formed near the
nitrided surface in 100% N\environment surface region.
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Table 1 The surface crack detail, alloying depth, and width of laser melted commercially pure titanium at pure helium,
argon, N,, and dilute nitrogen environment

Crack Alloying depth, Alloying width,
Environment intensity Surface conditions mm mm
Helium 0.02 Smooth and bright white surface 0.28 1.0
Argon 0.3 Smooth and bright white surface 0.3 1.2
Nitrogen, 100% 1.0 Bugh and bright white surface 15 1.4
Nitrogen, 87.5% + Argon, 12.5% 1.0 Rough and bright white surface 0.35 1.2
Nitrogen, 75% + Argon, 25% 1.0 Rough and bright white surface 0.33 1.1
Nitrogen, 50% + Argon, 50% 0.6 Smooth and bright white surface 0.35 1.1
Nitrogen, 25% + Argon, 75% 0.08 Smooth and bright white surface 0.45 1.3

Laser power, 1.5 kW: beam diameter, 1 mm; scan speed, 0.5 m/min; power density(°PV@/cn?; laser energy density, 22.8 kJ&m

Fig. 2 Transverse cross section profile of laser melted titanium in (a) 100% Ar, (b) 100% He, (c) 20@)718% N + 25% Ar,
(e) 50% N + 50% Ar, and (f) 25% M+ 75% Ar environment. (Scale: 1 cm = 25)
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3.2 Alloying Depth and Width melted titanium at a pure helium and argon environment was
due to its nonreactive nature with titanium. The higher heat
The melt depth and width of the laser processed titanium transfer ability and the reactive nature of nitrogen gas with tita-
largely depend on the cover gas environment. Table 1 showsium increase the alloying depth and width (Ref 23, 24). This
that the alloying depth and width at pure and dilute nitrogen en-can be further explained in the following way. The diatomic ni-
vironment was larger than that obtained in an argon or heliumtrogen gas rapidly dissociates and ionizes at high temperature
atmosphere. The shallow depth and width obtained in laserdue to the plasma formation at the workpiece surface during the

Fig. 3 The microstructures observed in the laser melted CP titanium at (a) 100% Ar, (b) 100% He, (cp100)%3¢% N + 25% Ar, and
(e) 50% N + 50% Ar atmosphere. (Largely populated dendrites are seen in 1890% N
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laser interaction. It recombines at the work piece surface andthe chemical reaction between the nitrogen molecule and mol-
increases the heat transfer ability (Ref 25), which favors the ten titanium was very high due to the higher nitrogen concen-
large alloying depth. The monoatomic helium and argon gastration. So the dendrite population level was large near the
will not dissociate chemically, so the heat transfer efficiency surface. The larger diffusion of nitrogen caused the fine den-
becomes less, which decreases the depth of melt track. Thelrites. The less populated dendrites were observed near the
deeper alloying depth at pure nitrogen atmosphere and shallowtiransition region. The TiN formed near the surface minimize
depth in argon, helium, and dilute nitrogen (Ar 3) ldtmos- the diffusion of nitrogen inside the molten layer and decreased
phere may be attributed to the downward flow of the liquid met- the reaction of nitrogen with titanium. Near the transition re-
al and the radially outward flow of the melt pool respectively gion, few nitrogen atoms were participated in the chemical re-

(Ref 26). action with molten titanium. Hence, the dendrite population
near the transition region was decreased.
3.3 Melt Pool Configuration Further, the decrease in dendrite population was noticed

. hen nitrogen was diluted with argon. This effect was clearly
The shape of the laser melted area depends upon the shiel joticed from microstructures obtained in 100% R6% N, +

ing gas. The transverse cross section of Fig. 2(a) to (f) show525% Ar, and 50% i+ 50% Ar atmospheres (Fig. 3c, d, e). In

tNhe pr%fl(ljglotf th?t laser meltgd t|tan|tm; In pl:;? argofq, h'(tellum, dilute atmosphere, the presence of monoatomic argon gas mini-
2 and driute nitrogen environment. =rom this prolilé, 1 was ., o.q e nitrogen diffusion and its reaction with titanium melt,

pbserved that Fhe melt configuration was regular_ and uniform so the thickness of dendrite population was decreased to a large
in argon, helium, and 25% N 75% Ar environment. extent

Whereas, at pure and partially diluted nitrogen atmosphere, the o . .
In the case of nitriding in a pure nitrogen environment, the

shape of the melt pool was irregular and poor. The interface was | ted during | it i ith th Kpi
severely affected at pure nitrogen atmosphere. The distortiond?'25Ma generatead curing laser intéraction with the workpiece

near the interface and irregular shape of the melt pool can be atr_apidly dissociated the nitrogen molecule and increased the dif-

tributed to several factors. The flatness and the irregularities ofiusion of nitrogen in the molten titanium.

the melt pool were not due to the laser processing parameters
but depend on the following properties:
3.5 Microhardness Determination

e The chemical reaction of nitrogen with molten titanium. In
thIS case, the T|N Iayer fOI‘med instantaneously on the sur- The hardness measurements were made on Samp'es |aser
face during nitridation, restrict or slowed the nitrogen diffu-  melted in argon, helium, pure nitrogen, and dilute nitrogen en-
sion inside the melt pool. This increase of TiN at the surface yironments using a Vickers microhardness tester at 200 g load.
layer enhances its viscosity, which can also influence the fi- Figure 4 (a) to (c) shows the hardness profile taken at these con-
nal surface morphology. ditions. The hardness of laser melted CP titanium at argon and

¢ Thermal gradient during the solidification process heljum environmentwas in the range of 500 to 700 HV and 600
(Rayleigh convection). Secondly, due to the instabilities in to 900 HV, respectively. The high hardness of 900 HV at the la-

the convective flow, the thermal gradient on the melt pool ser melted surface in helium atmosphere can be attributed to the
imposed the internal stress, which may also result in the ir- hard dendrite microstructure (Fig. 3b).

regular shape nitrided layer. , , At 100% N, condition, a high hardness of 1400 to 1500 HV

*  The surface tension inhomogeneity (Marangoni convec- 54700 to 1200 HV was observed near the surface and the bot-
tion). Finally, the surface tension gradient originated either ., layer of the laser nitrided zone, respectively. The very low
from the thermal gradient at the surface or local perturba- hordness of 500 HV obtained at the surface at 109%oNdi-

tions in the concentration of the alloyed layer may have (o \as due to the brittle behavior of thickly populated TiN
caused the protrusions near the transition region. The ir-yangrites.

regularities in the surface tension directly depend upon the
Marangoni number (Ref 27). If the Marangoni number is
positive, the melt pool is uniform and will flatten the iso-
therm. If the sign is negative, the convection effect is oppo-
site and the isotherm curvature is reinforced.

In the dilute nitrogen environment (Fig. 4b), the large vari-
ation in hardness was observed, and it can be attributed to the
inhomogeneous concentration of TiN dendrites. The hardness
of 800 to 1600 HV was observed when a larger amount of nitro-
gen was diluted with argon (82.5% M 27.5% Ar, 75% N+
. . . o 25% Ar, and 50% Bl+ 50% Ar), but it decreased to 500 to 950
3.4 Optical Microscopic Examination HV at 25% N, + 75% Ar environment.

The microstructures observed in the laser melted zone atthe ar- The high hardness of 1400 to 1600 HV and 800 to 1400 HV
gon, helium, 100% B 75% N, + 25% Ar, and 50% b+ 50% Ar observed in the laser nitrided zone was attributed to the pres-
atmospheres were shown in Fig. 3(a) to (e), respectively. Theence of TiN and TN ceramic phases, respectively. The den-
martensite and dendrite microstructure were observed in the ardrite precipitates in tha-titanium may also have caused the
gon and helium atmosphere. The dendrite structure observedormation of high hardness. The low hardness, 500 to 600 HV,
near the surface at the helium atmosphere was attributed to higbbtained in the heat affected zone was due to the presence of
cooling rate. In this condition, the possibility of forming a hard needle-shaped martensitic structure. The hardness of CP tita-
ceramic layer will not occur. nium was approximately 165 HV. The high hardened nitrided

When nitriding at pure nitrogen atmosphere (Fig. 3c), the zone with hard TiN ceramic phase can improve the wear resis-
formation of a thick dendrite layer was observed. In this case,tance and load carrying capability.
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Fig. 4 (a) Comparison of microhardness profile of laser melted

CP titanium in pure 100% Ar, 100% He, and 100%eNviron-
ment. (b) Microhardness profile of laser melted CP titanium in
100% N, 82.5% N + 27.5 Ar, and 75% pl+ 25% Ar environ-
ment. (¢c) Microhardness profile of laser melted CP titanium in
50% N + 50% Ar, and 25% B+ 75% Ar environment
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3.6 X-Ray Analysis

Using XRD study, the TiN and JW phases present in the la-
ser nitrided zone (100%JNwas identified (Fig. 5). The large
intensity peak in Fig. 5 can be related to the high content TiN
formed at the surface. The high hardness obtained in the ni-
trided area was imputed to the formation of TiN dendrites,
which was confirmed from XRD and microhardness study.

3.7 Secondary lon Mass Spectroscopy Analysis

The diffusion of nitrogen in the nitrided area cannot be pre-
cisely determined using energy dispersive analysis because of
its low yield. In addition, the energy peaks on nitrogen and tita-
nium (L peak) do overlap due to its bad resolving power. Hence
the authors have carried out SIMS analysis to identify the nitro-
gen diffusion in the laser nitrided zone. The analysis was made
with cesium (Cs) primary ion beam operated at 10 keV. The
secondary ions emitted from the laser nitrided zone analyzed
by a double focusing (energy sector followed by a magnetic
mass analyzer) spectrometer and collected by the electron mul-
tiplier was used to determine the nitrogen content. Figure 6(a)
and (b), respectively, show SIMS line profile analysis carried
out through the depth and parallel to the width |(&® below
the surface) of the laser nitrided area. The line profile shows the
presence of nitrogen in the laser-alloyed zone, whereas the un-
melted titanium did not show any nitrogen content. Thus it can
be confirmed that, during laser alloying nitrogen gas environ-
ment, the dissociated nitrogen molecule in the laser plasma was
diffused into the molten pool and formed a chemical reaction
with titanium melt. The small variation of nitrogen peak in the
laser alloyed zone can be attributed to the compositional vari-
ation of nitrogen in the dendrite and inter-dendrite region. The
sharp rise and fall of nitrogen intensity in the line profile was
due to the dense dendrites and inter-dendrite region, respec-
tively. Also, the SIMS mass spectrum was taken by sputtering
the nitrided zone in a sampling area of0with Cs primary
ion beam. From the SIMS mass spectrum, itis possible to iden-
tify the compound formed within the alloyed layer. The SIMS
mass spectrum (Fig. 7) shows intenseafid Cs Ti peak. The

TiN (200}

Intensity,
TiyN (004)

Ti0, (110)
Ti(Oo1)

Ti 1002 1 (502)

TigN {200}
N¢Io1)

Ti (002)
Tiy

TiyN G101
TigN (213)

20 30 40 50 60
Diffraction angle (28 )

Fig. 5 X-ray diffraction (XRD) profile of laser nitrided CP
titanium at 100% N atmosphere.
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peak at mass number 14 related to the nitrogen, which was difimass numbers 62, 110, and 195, respectively. The singly and
fused during the nitriding process. The hard ceramic compounddoubly ionized titanium (Ti | and Ti Il) was related to the tita-
phase TiN, TN, and Cs TiN complex was identified at atomic nium peaks at mass number 48 and 24, respectively.
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3.8 Surface Temperature Estimation

The temperature evolved at the workpiece surface during la-
ser irradiation can be roughly estimated using the simple rela-
tion (Ref 28):

L]

T, = (Pn/r\) [0.147 — 0.054 Inv{/4a)] (Eql)

whereP is laser poweny is absorptivity] is coefficient of ther-
mal conductivitya is thermal diffusivityy is travel speed, and
r is beam radius. The temperature estimation during the laser
nitriding process can be useful to predict the diffusion of nitro-
gen and the resulting TiN formation.

Ursu et al. (Ref 19, 20) have studied the absorption behavior

the laser nitriding technique can improve the wear resis-
tance and load carrying capability.

The microstructures in the laser nitrided zone were com-
prised of dendrites. The degree of dendrite formation de-
pended upon the partial pressure and concentration of the
nitrogen gas. The dendrite population in pure nitrogen en-
vironment was higher than in the dilute environment.

The laser nitrided zone consists of a hard ceramic TiN
phase.

The diffusion of nitrogen in the laser nitrided layer was
verified using SIMS line profile analysis. The TiN angNi
phases present in the nitrided area were identified using
SIMS mass spectrum.

of titanium and zirconium in technical nitrogen using micro- References

second pulsed (transversely excited atmosphere pressure,
TEA) CO, laser irradiation. The absorptivity of TiN at 1(ué
radiation was in the range 9 to 14%. Whereas, the absorptivity
of titanium in nitrogen environment at one atmospheric pres- 2.
sure was approximately 15% during the interaction of first few
laser pulses. Therefore in this study, the authors have estimated
the surface temperature by assuming the absorptivity of tita-
nium metal as 15%.

The estimated surface temperature in this laser processing
condition (laser power 1.5 kW, beam radius 0.5 mm, and speed
0.5 m mirr}) was approximately 5000 °C. So, at this high tem-
perature of 5000 °C, plasma generated at the workpiece surface -
during laser irradiation dissociates the diatomic nitrogen, and
instantaneously the dissociated nitrogen atoms diffused into
the molten titanium. All this process occurred in a solidification ¢
time of 0.12 s (solidification time = beam diameter/travel
speed). Within this short duration the diffusion nitrogen
chemically reacted with molten titanium; on rapid solidifi-
cation, TiN can be formed within the melting range of ap-
proximately 3000 °C. 7.

4. Conclusions

The laser melting of commercially pure titanium was car-
ried out in pure helium, argon, nitrogen, and dilute nitrogen en-
vironments using the high power G@ser. The results were
summarized as follows:

10.

* The laser nitrided titanium surface shows cracks. Cracks 4
appeared at the laser nitrided surface, but the intensity of
cracks was minimum when nitriding at 50% N50% Ar 12
environment. The cracks at a depth ofils®were observed
parallel to the width of the nitride track in the 100% nitro-
gen atmosphere. Crack formation can be prevented by ther3.
preheating technique or by nitriding at higher traverse
speed.

e The laser melting in argon and helium environment pro-
duced a hardness of 600 to 950 HV. Avery high hardness oft4
1200 to 1600 HV was obtained in pure nitrogen and dilute
(82.5% N, + 27.5% Ar, 75% N+ 25% Ar, and 50% hi+
50% Ar) nitrogen atmospheres. Itis significant to note that
the nitrided layer produced a hardness of 6.0 to 9.6 times
more than the base metal. The high hardness obtained by
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