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A Study into Effects of CO, Laser
Melting of Nitrided Ti-6Al-4V Alloy

M.A. Mohammed, M.S.J. Hashmi, and B.S. Yilbas

Multiple treatment of engineering surfaces can provide improved surface properties that cannot be ob-
tained by a single surface treatment. Consequently, this study investigates the effects of laser melting on
the microstructures of plasma nitrided Ti-6A1-4V alloy. The study consists of two parts. In the first part,
governing equations pertinent to the laser melting process are developed, and temperature variation
across the melted zone is predicted. In the second, an experiment is conducted to nitride the surface of the
alloy through plasma nitriding process and to melt the plasma nitrided and the untreated alloy surfaces
with a CO; laser beam. The resulting metallurgical changes are examined using x-ray diffraction (XRD),
energy-dispersive spectrometry (EDS), and scanning electron microscopy (SEM) techniques. It is shown
that three distinct nitride layers are formed in the vicinity of the alloy surface prior to the laser melting
process, and that after the melting process nitrided species are depleted while cellular and dendritic
structures are formed. In addition, the structure consisting of transformed B containing coarse and fine
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acicular o is observed in the melted regions.

lKeywords plasma nitriding, laser melting, titanium alloy ]

introduction

Alloy Ti-6Al-4V is used widely in industry because of its
low density and high toughness/mass ratio. Due to low wear
properties at the surface, several techniques have been consid-
ered to improve tribological properties of the alloy. These in-
clude: plasma nitriding, coating, and carbonizing (Ref 1-3).
The basic concept in using plasma nitriding to improve the sur-
face properties of a titanium material is the possibility of form-
ing nitride species at and below the surface. Titanium nitrides
are hard materials that can increase the wear resistance of the
alloy. It is documented that when nitrogen forms a solid solu-
tion as a consequence of plasma nitriding in titanium alloys, it
results in hardening through a dislocation pinning mechanism
(Ref 4). The main advantages of the plasma nitriding include:
thick layer of nitride formation in the vicinity of the surface and
high reproducibility.

On the other hand, because of the brittleness of the resulting
compound layer formed at substance surface, a secondary sur-
face treatment becomes fruitful for plasma nitrided materials.
Increasing demand is evident in laser processing to improve the
wear resistance of the substance (Ref 5). In surface processing
with a laser beam, a surface area of the substance is scanned
through a moving laser source. Because of the high power ab-
sorbed by the substance surface, melting of the surface takes
place. Moreover, solidification occurs during the cooling cy-
cle, which in turn results in metallurgical changes in the re-
solidified region that differs from the original surface. This
process may provide improved mechanical and wear properties
(Ref 6). Moreover, duplex surface treatment of 1 to 5% Cr steel
was carried out by Zenker (Ref 7). Initially, steel was nitrocar-
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burized before laser treatment. It was shown that considerable
increase in effective case depth was obtained. Q-switched laser
alloying carbon into copper alloys for enhanced corrosion
properties was carried out by Sawchyn and Draper (Ref 8).
They showed that the corrosion properties increased consider-
ably after the laser alloying process. Consequently, investiga-
tion into secondary treatment of engineering surfaces becomes
fruitful, since multiple treatment of a surface can introduce
properties of a surface that are unobtainable through any single
surface treatment process.

In this study, the heating model appropriate to laser heating
process was introduced theoretically while laser melting of Ti-
6Al1-4V workpieces subject to plasma nitriding was carried out
experimentally. A plasma nitriding unit was used to nitride the
workpiece surfaces up to a depth of 40 um and CO, laser deliv-
ering 1.2 kW nominal output was used to irradiate the work-
piece surfaces. X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy-dispersive x-ray spectrometry
(EDS) were carried out to examine the laser-induced metallur-

Nomenclature

Specific heat capacity, J/kg - K
Power intensity of laser beam, W/m?
Thermal conductivity, @/m - K
Boltzmann’s constant

Enthalpy of evaporation, ki/kg
Atomic weight, kg

Time, s

Temperature, K

Surface temperature, K
Instantaneous velocity of evaporating front,
m/s

Distance from the surface, m
Thermal diffusivity, m?/s
Absorption depth, 1/m

Density, kg/m3

- omQ ™
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gical changes for both laser-treated and untreated workpieces.
Moreover, the predictions obtained from the heating model
were then related to experimental findings.

Heat Transfer Model

Laser heating can be modeled analytically when introduc-
ing the following assumptions:

¢  Thermionic emission is neglected.

e  Surface temperature should be kept below (~4000 K);
therefore, no plasma is formed by irradiation from target
surface.

Absorption process is governed by Lambert’s law.
Thermal properties are kept constant.

The Fourier equation governing the laser heating process can
be written as (Ref 9):

2
k[?) Z]+p ?) + Iy exp (—0x) = (8 ]pc T (Eq 1)

where:
(Eq2)

v kgT, & L
= €X
2nm p( kBTsJ

Itis evident that the problem is nonlinear, since the evaporating
front velocity Vis changing with time. Consequently, complete
solution of the heat transfer equation is extremely difficult, but
quasi-steady solution is feasible. The set of boundary condi-
tions relevant to Eq 1 and 2 is:

dr , _ _
k<1, o =pVLand T(=,) = 0and T(x,0)=0  (Eq3)

The solution of Eq 1 and 2 with the appropriate boundary con-
ditions can be obtained using a Laplace transformation. The
mathematical arrangements of the Laplace transformation are
given in the Appendix to this article. The solution of the heat
transfer equation yields:

Table 1 Plasma nitriding conditions

Temperature, °C 450-520
Time, ks 54-72

Voltage (dc), V 400-700
Total pressure, kPa 0.46-0.51

Table2 Laser and assisting gas parameters

Laser output power, kW Helium-assisting gas pressure, kPa
12 125
1.6 185
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Setting x = 0 in Eq 4 results in the surface temperature, that is:
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Equations4andSarethecompletequasi-steadysolutionofthe
governingequationandcanbeusedtoformthebasisforamore
accuratesolution,whichcanbeobtainedbyaniterativeproce-
dure.Itisexpected thatthissolution would beobtainedbyde-
veloping the solution from time ¢ = 0. In the initial stages, the
evaporation rates are small and thus the solution is for the pure
conduction process. As the surface temperature rises, so does
the evaporation rate. The values for the velocity and surface
temperature can be obtained by stepping forward in time using
time steps that are small enough that the change in the surface
velocity between steps is small and therefore the velocity de-
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rived in the previous step can be used directly in Eq 5. With this
new value of the surface temperature, an improved estimate of
the surface velocity (V) can be obtained, and the iteration re-
peated to give a convergent solution. A computer program was
developed to obtain the temperature profiles at the surface and
inside the substance.

Experimental

Plasma nitriding was achieved with a =700 Vdc bias volt-
age. The nitriding conditions are given in Table 1. Prior to the
nitriding process, workpieces were polished and ultrasonically
cleaned; moreover, the sputtering technique was used to clean
the surfaces in argon and hydrogen (3/1) plasma for 45 min.

A CO, laser with nominal output power of 1.2 kW was used
to irradiate the nitrided and untreated workpiece surfaces. Dur-
ing melting process, helium was used as a shielding gas. In or-
der to achieve low and high melting regions, the laser output
power intensity was varied. It should be noted that high melting
corresponds to the melting occurring at a temperature between
the melting and the evaporation temperatures, while low melt-
ing corresponds to the melting occurring at the melting tem-
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perature. The laser output power and shielding gas pressure in
relation to the melting process are given in Table 2.

X-ray diffraction was carried out to analyze the nitride spe-
cies in the melted and untreated regions, while EDS was con-
ducted to obtain the elemental distribution in those regions.
Scanning electron microphotography was carried out to exam-
ine the metallurgical changes in the melted regions.

Results and Discussion

The variation of surface temperature with time is shown in
Fig. 1. After the start of melting, surface temperature rapidly in-
creases to reach the evaporation temperature. This may be due
to heat transfer taking place inside the material, that is, elec-
trons close to the surface absorbing the incident laser radiation
and transferring their excess energy to the substance through
increased rate of conduction. In this case, internal energy of the
substrate increases due to increased rate of absorbed energy,
which in turn gives rise to high surface temperature. Once the
evaporation temperature is reached, almost equal energy distri-
bution among the heat conduction, convection, and melting
processes occurs in the vicinity of the surface; that is, energy
balance occurs among the energy gain from the laser beam and
heat losses caused by convection and evaporation processes,
which in turn results in constant temperature.
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Figure 2 shows the temperature profile inside the substance.
Initially, the temperature profile is considerably flat, but as the
heating progresses, the profile changes with maximum tem-
perature occurring at the surface. At the onset of melting, the
point of the maximum temperature extends inside the material.
This is because the convection effect is dominant at the surface,
resulting in an almost constant temperature gradient developed
at the surface. However, once the evaporation initiates at the
surface, then the negative temperature gradient develops at the
surface. This indicates that the temperature below the surface
reaches the maximum and further increase in heating causes
liquid metal to reach a higher temperature in this region than
that corresponding to the surface. In this case, superheating
dominates the heat conduction, resulting in a nonequilibrium
transient process underneath the surface. Consequently, the
melting occurring in this region is called a high melting region,
while melting occurring at the melting temperature is called the
low melting region. The low and high melting regions are also
evident from SEM micrographs (Fig. 7).

The variation of temperature gradient (d7/dr) with time is
shown in Fig. 3. The slope of the curve changes considerably
with heating time. As the heating progresses toward the end of
the laser pulse, the energy losses due to conduction and convec-
tion are dominant and energy gains from a laser source are less
significant compared to the energy losses. In this region, cool-
ing cycle is initiated and a cooling rate of almost 106 K/s is evi-
dent. The variation of temperature gradient (d7/dx) with

Table3 Elemental distribution in laser melted regions

distance is shown in Fig. 4. Two regions are visible. In the first
region (closer to the surface), rapid variation in dT/dx occurs: in
this case, high melting region results. However, in the second
region , dT/dx shows smaller variation as compared to the first
region; in this case, low melting region results.

Scanning electron microscopy results for plasma nitrided
samples are shown in Fig. 5. Three distinct zones are evident
from the photographs. These include compound layer, inner
layer, and outer layer. The thickness of these layers extends to
about 8 um for compound layer, 12 um for inner layer, and 20
pum for outer layer. The XRD results for plasma nitrided sam-
ples are shown in Fig. 6. The nitrided samples exhibit diffrac-
tion lines of 8TiN and €Ti,N phases. The weight fraction of
these phases varies within the nitrided layer and indicate that
the concentration of the 3 phase decreases with the depth, while
oTi concentration increases. In the compound layer eTi,N +
OTiN phases occur. In the inner layer a(TiN) with or without €
phase occurs. In the outer layer, nitride precipitates are domi-
nant.

X-ray diffraction results for the plasma/laser melted work-
pieces are shown in Fig. 6, while SEM results for the ni-
trided/laser melted workpieces are shownin Fig. 7. It is evident
that nitride compounds almost disappear because of the heating
effectin the case of high melting region. Because the melting is
carried out under shielding gas, the effect of oxygen is minimal
and no oxygen compound is evident from XRD results. Itis evi-
dent from SEM micrographs (Fig. 7) that the rapid solidifica-

Distribution, wt %
Al \ Cu Cr Fe o Ti
No treatment 6 4 0.03 0.01 0.32 0.2 bal
Laser melted low-melt region 5 4 0.03 0.01 0.32 Unknown bal
Laser melted high-melt region 3 4.5 0.03 0.01 03 Unknown bal
bal, balance

o
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Fig. 5 Microphotograph of plasma nitrided workpiece cross section
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tion caused by a high cooling rate produces acicular o, whichis
finer than the platelike o, and a prior B grain boundary is also
seen. Moreover, for relatively low cooling rate, the structure
consists of transformed P containing acicular o: o at prior B
grain boundaries can be observed. In addition, the structure
consists of transformed [ containing coarse and fine acicular o
is evident. The heat-affected zone in the treated workpieces
possesses primarily o’ martensite. However, o + 8 micro-
structure is found in the unaffected region. In general, laser-
treated surfaces consist of cellular and dendritic structures, that
is, at high cooling rates cellular structures are evident and are
obscured by o martensite (Ref 11). It is evident from XRD
tests that the dendritic region of the nitrided workpiece consists
of TiN.

Figure 8 shows EDS spectrum, while Table 3 gives the ele-
mental distribution in laser melted and untreated regions. It can
be seen that aluminum depletes in the high melting region.
Moreover, titanium depletion in both high and low melting re-
gions is small. The depletion in aluminum can be attributed to
its low melting and evaporation temperatures. In this case, itis
expected that aluminum may be ejected because of the melt
pressure developed in the high melting region.

Conclusions

Plasma nitriding results in three distinct nitride zones in the
vicinity of the surface. These include compound layer (eTi,N +
OTiN phase occurs), inner layer (aTiN with or without e-phase
develops), and outer layer where precipitates are dominant.
However, after laser heating process, nitride species almost
disappears, which is especially true for high-melting regions.
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Fig.6 XRD results for plasma nitrided workpiece
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Fig.7 Microphotographs of laser melted regions
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The oxide compound is not seen, because the laser melting
process was carried out at shielding ambient.

The rapid solidification caused by a high cooling rate pro-
duces acicular o.. However, in the case of low-melting regions,
the structure consists of transformed B containing acicular a: o
at prior P grain boundaries can be observed. The heat-affected
zone possesses primarily o” martensite. As itis expected, o +
structure is evident in the unaffected region. Cellular and den-
dritic structures occur in the laser melted regions.

Depletion in aluminum occurs in the laser melted regions.
Moreover, depletion in titanium in the high-melting region is
evident. However, this occurs rarely in a small rate. Aluminum
depletion may be explained in terms of its low melting and
evaporation temperatures,
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Appendix

The solution of Eq 1 and 2 with the appropriate boundary
conditions can be obtained using a Laplace transformation with
respect to time ¢, as follows.

The governing equation is:

9*T(x,p) ¥ 9Txp)

L 1xp) = k8 &x) (Eq6
axz a ax '_a (st)-' kp CXp( q )

The inversion of boundary conditions gives:
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_ dT(x.,p) pVL
T(x,O)—OandT|x=0=‘k—p— (Eq7)
and
gkx,p)=0 (Eq8)

where p is the Laplace transform variable.
The solution to Eq 6 gives the result:

T(x,p) = A exp [——\/%- (Ib - m))

kp | c2— (b2 +p)
(Eq9)

+ B exp [—% b+ m)]_ Iydo l: exp (-8x) ]
[0

where b = V/2Ver, ¢ = b - 8Va, and A and B are constants of in-
tegration. Using the boundary condition in Eq 3, it yields:

A=0

Furthermore, substitution of boundary condition in Eq 3 gives:

. Vo ;8% _pVL
b+\b2+p k- b2 -p) kp

Therefore, the complete solution to the transformed equation
is:

T(x,p) = Vo [P _RVE
P T bV 4p |kpicP-bE-p)  kp
1,80 -8
exp{—%(b+\l(b2+p):|——°5—[c%%ﬂ
(Eq 10)

In inversion of the transformed solution, the difficulty arises
because of the first term, which is a rather complicated function
of the subsidiary variable p. The more elegant method is to
make use of the observation that the first term can be written as
the indefinite integral, that is:

fxp) = _OJ‘ kp(Cz Y p) - kp

exp [- % (b+Vb? +p)de

Y [ 1082(1 p VL]

x

frp)=—]  glep)dx
1}
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The inverse transformation of this function may be carried out
in the following manner:

L 'fixp)=-L"! f; g(x,p)dx = —J: L Tg(x,p)dx

where L1 is the inverse Laplace transformation. The function
g(x,p)is easier to invert than the function f{ix,p), but involves in-
definite integration after the inversion process. The result of this
procedure for inverting the solution is the same as that obtained in
the following method of expansion into partial fractions.

Using the relationship:

LHe(P + a)l = e L7 [¢(p)]

Ityields:
L! Vo fo¥'e ex X (b+\b? + ) =
b+ b2 +p kp(c*—b%-p) P \/-(_1_( d

—ex x| b2 || L1 18 exp (-gx)
P H«/E ]] k(p ~ bA)(p - cA)(g + bNw)

where g2 = b/, b = V20, and ¢ = b - Vo

This expression can be expanded into partial fractions using the
residual theorem:

bx oNa exp (—cx)
——_ == b2 L—-l
ko P [ [\IE ¥ 'ﬂ [21;(1,2 - (g + bNa)?

_ 02(562 — c2) exp (~qx) o2 exp (-gx)
42(b2 - AU g + o) 4b2(b? - ) (g - bN Q)
~ o2 exp (—gx) o2 exp (-gx)
2c(b + c)(b? - (g - cNa)  2c(b - c)(b? - ) (g + cNaw )}

which gives on inversion and after many algebraic manipula-
tions:

X 32 +¢2
+oVt |4 ————
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2bx
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IV .
___ZpC (o5 V){4\/t— ierfc

The second part of the term in the transformed solution can be
inverted in a similar manner:
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which after transformation gives:
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(Eq 13)

where b — ¢ = Vo,
Substitution of all these terms (Eq 11, 12, and 13) into Eq 10
gives the complete solution of Eq 1 yields:
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