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ABSTRACT Pure titanium was irradiated by pulsed Nd:YAG
laser irradiation in nitrogen atmosphere. As a result, nitrogen
uptake and diffusion occurred and a TiN layer was synthe-
sized at the titanium surface. These TiN coatings were analyzed
by X-ray diffraction and the diffraction patterns were investi-
gated in detail, in order to obtain more information about the
physical processes during the coating formation. The diffrac-
tion peaks were fitted by Pearson VII profiles and the grain
size and the microstrain were determined by the analysis of
line broadening and peak shifts, using the Williamson—Hall and
the Warren—Averbach formalisms. Additional single-line ana-
lyses were performed by means of the method of Langford and
Keijser to obtain information about the preferred grain orienta-
tion and the texture development. The maximum grain size was
about 100 nm and a corresponding average lattice strain of 0.002
was found. A relation between the treatment parameters and the
coating properties, such as grain size and microstrain, can be
shown. Thus, it was possible to determine optimal scan param-
eters for material processing and to establish the physical limits
of the coating properties.

PACS 81.65.Lp; 81.15.Fg; 61.10.Nz; 68.55.Jk

1 Introduction

Nitriding and carburizing of metals are well known
techniques to improve the tribological properties like hard-
ness and wear resistance of technical surfaces [1]. As an ex-
ample, plasma- and gas nitriding are established methods for
surface treatment [2, 3]. Alternatively, it is possible to treat
the surface with laser radiation and to directly synthesize hard
coatings [4—8]. Previous works have shown the successful
synthesis of titanium nitride with laser irradiation [9-11].
Here, a Q-switched Nd: YAG laser was used for the nitriding
treatment. The main advantages of this method are a reduc-
tion of the processing time and the negligible heat load for the
workpiece. Stress, microstrain and inhomogeneity remain the
main problems. Also the texture of cubic titanium nitride is
adecisive factor for the technical quality of the coatings, as the
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texture influences strain development and finally crack for-
mation and propagation. Some investigations on texture and
strain development in relation to the process parameters have
been reported in the literature [12—14].

This work resolves the resulting grain size and strain de-
velopment and relates them to laser treatment parameters like
scan parameters. In this way, one can try to predict optimum
treatment parameters for optimum coating properties, i.e. find
parameters that minimize the lattice strain in order to reduce
crack formation and propagation.

2 Experiments
2.1 Sample treatment

Conventional o-titanium (purity > 99.98%) was
used for the treatments. Titanium sheets of 1 mm thickness
were cut into pieces of 15x 15 mm? and used in the as-
received state without any further treatment.

For laser nitriding, the samples were placed in a chamber
which was first evacuated and then filled with nitrogen (pu-
rity 99.999%) to a pressure of 3 x 10° Pa. The Nd: YAG laser
irradiations were performed at the University of Applied Sci-
ences in Amberg-Weiden, employing a Q-switched Nd: YAG
laser in the first harmonic, i.e. the radiation had a wavelength
of 532 nm. At a repetition rate of 100 Hz, the 6 ns (FWHM)
pulses had a mean pulse energy of 40 mJ. An optical scan-
ner moved the laser beam across the whole sample surface in
ameandering fashion over the samples, as shown in Fig. 1.

The quantitative parameter X' as defined in (1) is a dimen-
sionless value for a parametric description of the process; it
gives the total number of pulses hitting each surface area of the
sample, and n is the number of (identical) surface treatments
for a given sample. The velocity v of the lateral movement was
varied between 10 and 50 mm/s. The energy density reach-
ing the sample surface was changed by varying the spot size
dp (0.70 to 1.15 mm). The lateral shift § between subsequent
laser scan lines was varied from 0.05 to 0.20 mm.

2

3 = p oo (1)
vd

The intense laser irradiation heats and melts the titanium

surface and a plasma forms on top of the surface, resulting in
the dissociation of nitrogen and its in-diffusion into the melt.
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FIGURE 1 The meandering of the titanium samples is described by the lat-
eral shift 8, the scan velocity v and the spot diameter dy,. Together with the
pulse frequency fpuise and the geometric parameters, the irradiation of each
surface element is described quantitatively

FIGURE 2 Photographs of the laser nitrided titanium samples. The scan
parameters are given in Table 1

No. n dyp, [mm] § [mm)] v [mm/s] P
1 2 1.00 0.10 30 66.7
2 1 1.00 0.10 30 333
3 1 1.00 0.05 30 66.7
4 1 1.00 0.20 30 16.7
5 1 1.00 0.15 30 22.3
6 1 1.00 0.10 10 100.0
7 1 1.00 0.10 20 50.0
8 1 1.00 0.10 40 25.0
9 1 1.00 0.10 50 20.0
10 1 0.70 0.10 30 16.3
11 1 0.85 0.10 30 24.1
12 1 1.15 0.10 30 44.1
TABLE 1 Scan parameters of the laser nitrided samples. For all the sam-

ples f =100Hz and p =3 bar. The number of repeated (identical) treat-
ments (scans) n, the spot diameter dy, lateral shift § and overlap parameter
X are given

After laser irradiation, solidification begins and different TiN
coatings develop. Some examples for the produced coatings
are shown in Fig. 2; the treatment parameters are summarized
in Table 1.

2.2 Sample analysis

The samples were analyzed by a range of meth-
ods [11], while the focus here will be on the results from X-ray
diffraction (XRD). XRD was performed on a Bruker AXS
D8 Advance diffractometer equipped with a Cu K, long-fine-
focus tube. The beam is collimated and compressed by a Go-
bel mirror and a 0.6 mm slit to a collimated beam of low
divergence with dimensions of about 0.6 mm by 11 mm. The
sample is located at a distance of about 40 cm. The exit beam
was conditioned with a Soller slit assembly and a monochro-
mator with 0.1 mm detector silt. All XRD patterns shown here
were scanned in Bragg—Brentano geometry with a 2@ range
from 30° to 100° and a step size of 0.025°.

3 Theory
3.1 The Ti-N system

The equilibrium Ti-N phase diagram, the proper-
ties of titanium nitride and the solubility of nitrogen in tita-

nium are well known [15]. The thermodynamic relationships
and the effects on the melting behavior have also been de-
scribed [16]. The composition dependent liquidus tempera-
ture, the solubility of 23 at. % nitrogen in titanium without any
formation of a stable phase and the variation of the lattice pa-
rameter as a function of the nitrogen content in 3-TiN, are
important factors for the present investigations. According to
Vegard’s law [17], the latter relation is given by (2), based on
the experimental data [18] for cubic TiN.

a=4.1925A+x0.0467 A )

3.2 XRD peak analysis

The measured XRD reflections fpeak (x) are a sum
of physical and instrumental influences, which can be treated
as a convolution given in (3). Line broadening in XRD arises
mainly due to three factors: the machine influence, the strain
broadening and the effects based on finite grains (size effect).

fpeak(x) = Zinsr(X) ® hphys (%) + bbg(x) s
hphys (%) = Rstrain (X) ® gize (X) . 3)

Instrumental effects gins(x) include imperfect focusing,
finite beam width and the K,,, K,, problem. These effects
can be removed by the Stokes correction [19], which is based
on a Fourier analysis. In addition, a single MgO crystal was
measured to resolve the instrument properties. For this pur-
pose, the crystal was assumed to be perfect and the pure
instrumental broadening was measured. The sample broaden-
ing arises due to lattice strain and finite grain size /phys(x) or
it may result from variations in the lattice constant or grain
boundary effects.

The diffraction spectra were evaluated using the program
WinFit [20]. All the peaks were fitted by the split Pearson VII
function as mentioned in [21]. This is a combination of Gaus-
sian and Lorentzian (Cauchy) type peak profiles. For the peak
width B,k of the peak broadening after instrumental correc-
tion, the following equation (4) is valid:

Bpeak, Cc= Bstrain, c+ Bsize, C (CauChy PrOﬁle) 5
Bgeak’ G= Bsztram, G+ Bszize’ G (Gaussian profile) . 4)

As a result of the peak fitting, the ratios of Gaussian
and Lorentzian broadening can be determined and used
for the calculation of strain and grain size. Two common
methods of X-ray diffraction line broadening analysis are the
Williamson—Hall plot (WHP), based on the work of Scherrer
and Wilson and the Warren—Averbach analysis (WA). There
are further methods such as single [22] or double Voigt [23]
analysis, where the single line analysis is used to measure the
strain in the lattice planes. Here, an asymmetric Voigt function
was fitted to the diffraction reflexes by means of the program
Fityk [24]. The resulting Gaussian ratio can be used for the
strain investigations.

3.2.1 Williamson—Hall plot (WHP). Scherrer [25] developed
a first relation, as given in (5), to determine the grain size
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Dp from X-ray diffraction peak profiles. This equation is still
widely used as a first approximation for calculations.

K
B~ Bcos®

&)

K is the Scherrer factor (usually close to unity), A is the
wavelength of the radiation, B is the peak width (FWHM)
and O is the Bragg angle of the reflection of the correspond-
ing (hkl) plane. Later, Wilson [26] replaced B by 8, a volume
weighted quantity. The integral width § is defined as the ratio
of the peak area A and the peak intensity 7 of the (hkl) reflec-
tion: B = Apw/ Inw- B is only attributed to the finite grain size.
For a broadening originating solely from strain effects, Wil-
son [27] gave a relationship between an apparent strain n and
the integral width .

a—a

N =Ppucot® =4 =4 s (6)
ap

where ¢ is the maximum strain in the lattice parallel to the
reflection planes. Furthermore, the lattice constant a can be
determined and the nitrogen content can be verified by means
of Vegard’s law.

In order to separate the effects of strain and grain size,
Williamson and Hall [28] developed a method known as the
Williamson—Hall plot (WHP):

K

ﬂ—{DﬂCOS@}+4stan(). @)

Plotting @ versus results in a linear fit and the
slope 1 and the intercept K/D(B) can be determined. Actu-
ally, this method is only valid for pure Cauchy peaks, but as
a first approximation the accuracy can be assumed sufficient
for our purpose. As a clear disadvantage, only the maximum
strain can be resolved.

sin &

3.2.2 Warren and Averbach (WA). A more accurate method
was developed by Warren and Averbach [29]. They proposed
that the peak broadening is a product of the Fourier coeffi-
cients of the size function Agj,.(L, s) and the strain function
Astrain(La S)I

A(L, s) = Agize(L) - Asrain(L, 5) , ®)

where s is the diffraction vector and Ag;, is independent of the
reflection order (i.e. independent of s). L as given by (9)), is
a distance normal to the (hkl) reflection plane with the inter-
planar spacing dwa and n being an integer:

- ni
T 2(sin ©®, —sin ©))

= ndWA . (9)

©®1 5 limits the range where every peak is measured. Fur-
ther, it was shown in [30, 31] that the following equation (10)
is valid:
InA(L, s) =In Agize (L) — 275> L* (62 (L)) . (10)
This function is independent of the reflection order. The
mean square strain (¢?(L)) will be determined in the s di-
rection. Thus, information about the strain not parallel to the

sample surface is resolvable. By means of the diffraction vec-
tor s, In A(L, s) can be plotted against s>a® for several values
of L. The intercept of this plot gives In Aj,.(L) (grain size
influence) and the slope gives the mean square strain (s2(L)).

Finally, Warren and Averbach [29] have shown that the
intercept of the initial slope of the plot gives the average L
range and with (11) the surface weighted grain size distribu-
tion fais(L).

( dAsize(L)) . 1
dL L—0 Dsize ’

In the work of Wagner et al. [31-33], investigations of sev-
eral materials like tungsten and aluminium are reported and
the comparison of the different methods yielded similar re-
sults.

(11)

d2Asize (L)

fas(L) o« =5

12)

The method described here is implemented in the Winfit
program [20]. An accurate description of this analysis is given
in [29, 30, 34].

3.2.3 Single line analysis and preferred orientation. In order
to determine the strain in the (hkl) planes, Langford [23] pro-
posed to use the Voigt function for peak fitting. Based on
this work, Keijser [22] supposed that the Gaussian compon-
ent of the line broadening only arises from the strain and the
Lorentzian part only from the grain size. By means of (13) and
the measured Gaussian integral width Sg, it is easy to obtain
the lattice strain.

Nhki (Bc)ni ap — ao
Sl = —— = = .

4 = 4 tan Oy a aop

13)

The actual orientation of the grains mainly depends on the
Gibbs free energy of the phase planes. Theoretical studies by
McKenzie et al. [35] showed that the preferred orientation
depends on the minimum value of the overall energy in the
planes. This energy is the sum of the surface energy Sy and
the energy in the stress field Uyy. Sy depends on the sub-
limation energy and the number of broken atom bonds [13].
However, the stress energy becomes important if it becomes
larger than the surface energy.

4 Results

4.1 Grain size and strain

Figure 3 presents an example of a ®-26 scan of
laser nitrided titanium. TiN, is cubic (Fm3m, 225) and has
alattice constant of a = 4.24 A [36] for x = 1. The virgin tita-
nium is hexagonal (P63 /mmc, 194) and has lattice constants
of a=2.950 A and ¢ = 4.682 A [37]. o-Ti is still observed in
the coatings. This is an indication that the coating is not homo-
geneous and that under-stoichiometric titanium nitride may
be present. Due to diffusion and convection effects during the
laser nitriding process, the nitrogen and phase distribution is
not homogeneous throughout the coating.

Further, a texture parameter 7, is defined as the ratio of the
(111) to (200) peak intensities, i.e. n, = I(111) /1(200). n, =0
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FIGURE 3  Full XRD spectrum in Bragg—Brentano geometry for sample 2
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FIGURE 4 Detail of Fig. 3 in the range 34-45°, showing the Pearson VII

peak fits
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gives a perfect (200) texture, whereas 1, = 0.72 is obtained for
a perfect polycrystal without any texture [9].

The results of the multipeak fits of this spectrum are pre-
sented in Figs. 4 and 5, and the fit results are summarized
in Table 2 for all observable (hkl) reflexions of TiN.

Based on the fit result given in Table 2, the strain and grain
size have been derived by the WHP and WA formalisms as de-
scribed before. Due to the used step size of 0.025°, the fitting
error of B was up to 5% and by error propagation the follow-
ing results are subject to error limits of about 20%. The step
size limit of the machine is 0.001°. As a result, the error could
be reduced to approximately 5% for the grain size values, but
with a drastic increase in measuring time.

Peak 20 [deg.] B [deg.] B ldeg.] B [deg.]
111 36.893 0.331 0.362 0.054
200 42.824 0.396 0.477 0.038
220 62.164 0.564 0.770 0.064
311 74.495 0.711 1.155 >0.1
TABLE 2 Results of the peak fits shown in Figs. 4 and 5 for all (hkl)

reflexes of TiN
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FIGURE 5 Detail of Fig. 3 in the range 60-80°, showing the Pearson VII
fits

4.1.1 Influence of scan velocity. As an example, in Fig. 6
a WHP plot for different scan velocities is shown. The linear
fitting used for the analysis is also depicted there. The results
are summarized in Table 3.

Itis observed that 1, increases with the scan velocity which
means that the texture changes from (200) to (111) preference.
As expected, the coating thickness r — measured by cross sec-
tion SEM [11] — decreases with increasing scan velocity.

The scan velocity is one of the most important parameters
for the process. For high scan velocities, the strain increases
and the grain size decreases. This is due to the shorter in-
teraction time for higher velocities and also to the fact that
the time and energy become too small for deep melting. In
addition, less energy lowers the temperature so that no evap-
oration plasma occurs and, consequently, there is no plasma
activation for an efficient nitrogen inward diffusion.

On the contrary, for low velocities other effects determine
the coating properties. The high energy input leads to remelt-
ing effects and strong vaporization occurs. This causes more
strain, lattice deformations and cracks.

B 'cos © [rad/nm]

-0.15 - T - T - T

T T T
0 1 2 3 4 5

2'sine [1/nm]
FIGURE 6 WHP plot for different scan velocities (given in mm/s). De-

tailed scan parameters are given in Table 1 (samples 2, 6-9)
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v e ) ewnp  Dwrap  ewa Dwa !
[mm/s] [%] [nm] [%] [nm] [pm]
10 0.424  100.0  0.650 629 0.221 27.6 1.44
20 0.707 500 0615 1183 0.181 35.1 1.27
30 0.732 333 0535 1264 0201 53.8 1.21
40 0.753 25.0 1.122 184 0.219 44.9 1.03
50 0.754 20.0 1.842 9.0 0323 29.5 0.80
TABLE 3  Results of the XRD analyses: texture parameter 7, overlap X,

strain & and grain size D as obtained by the WHP and WA formalisms, and
film thickness ¢ for different scan velocities v (dp = 1.00 mm, § = 0.1 mm,
f =100Hz)

There is an optimum scan velocity of 20 to 30 mm/s as
seen in Fig. 7. The local energy input is high enough for
deep melting and nitrogen dissociation, but the convection
and plasma effects do not create cracks. Furthermore, the
average grain size (WA analysis) increases to a maximum of
about 50 nm and the strain ¢ is reduced to a minimum of about
2 x 1073, The nitrogen content x ranges between 0.72 and
0.88, calculated from the lattice constant and (2).

4.1.2 Influence of the spot diameter. The next parameter that
was varied is the spot diameter. By changing the spot size, the
energy density was varied. Table 4 shows the coating proper-
ties for different spot diameters dy,. Similar effects with similar
origins for crack development, strain distribution, and coat-
ing thickness are observed as for the case of the velocity
change.

Optimal coating properties were found for a spot diameter
of 1 mm, where a nitrogen content of x = 0.84 was derived.
The WHP plot given in Fig. 8 shows a strong dependence

20 S S W— 140
] L 120
164 —&— WHP '100ﬁ
=T —v— W-A -100°g
%12_ —O— WHP | RS
c ] —A— W-A 80 O
© I
- (/2]
S 8 %0 ¢
o — = I ©
s z\. L40 O
4 A-- A
L 20
V———v———v-"o A
0 T T T T T T T T T T T 0
0 10 20 30 40 50 60

Scan velocity [mm/s]

FIGURE 7 Derived strain and grain size as a function of the scan velocity

dy e X ewnp  Dwap  ewa Dwa t
[mm] [%] [nm] [%] [nm]  [pm]
0.70 0.615 16.3 0.690 822 0224 35.3 1.36
0.85 0.695 24.1 0.740 77.1  0.244 40.8 1.29
1.00 0.732 333 0.535 1264  0.201 53.8 1.21
1.15 0.841 44.1 1.015 36.3  0.248 30.6 1.18
TABLE 4 Results of the XRD analyses: texture parameter 7, overlap X,

strain € and grain size D as obtained by WHP and WA, and film thickness ¢
for different spot sizes dp (Vsecan = 30 mm/s, § = 0.1 mm, f = 100 Hz)

0.10 1

o o
o o
S a
1 1

\ B\

gA"'cos @ [rad/nm]

<)
=
)

T T T T T
2 3 4 5
2'sin @ [1/nm]

o
-

FIGURE 8 WHP plot for different spot diameters. The scan parameters are
shown in Table 1
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FIGURE 9 Microstrain and grain size as a function of the spot diameter

of the strain and the grain size on the spot diameter. Drastic
changes occur between a spot diameter of 0.85 and 1 mm as
seen in Fig. 9. This might be caused by a threshold in the laser
intensity for evaporation and nitrogen activation and phase
formation dynamics.

Furthermore, the spot size mainly influences the surface
roughness. Due to the recoil pressure and the convection ef-
fects, the surface quality decreased and melting droplets and
cracks resulted. For small spot diameters the evaporation time
per pulse increased, so that a stock removal occurred. This
should be avoided in order to obtain thick coatings.

4.1.3 Influence of the lateral shift and scan repetition. Dur-
ing meandering of the samples, the lateral shift § also in-
fluences the processing time and the coating properties. For
small shifts, the surface quality decreases as a result of strong
energy entry and the remelting effects. Because of convection,
the layers become inhomogeneous. Table 5 shows that there is
only one optimal value for successful processing. In this case
this is 0.1 mm, which is 12% of the spot size.

The comparison of the results shows that at § = 0.1 mm an
optimal ratio between remelting and diffusion exists. It could
be assumed that in this case every surface element reaches the
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é Mt X ewnp  Dwap  ewa Dwa t n U b)) ewnp  Dwnp  ewa Dwa t
[mm] [%] [nm] [%] [nm]  [pm] [%] [nm] [%] [nm]  [pm]
0.20 0.952 16.7 1.760 9.8 0523 10.4 0.50 1 0.732 333 0.535 1264  0.201 53.8 1.21
0.15 0.763 222 1.145 17.7  0.298 25.2 1.16 2 0.755 66.7 0478 227.0 0.185 55.1 1.67
0.10 0.732 333 0.535 1264  0.201 53.8 1.21
0.05 0.662 66.7 0.675 56.5 0.224 33.6 1.29 TABLE 6 Results of the XRD analyses: texture parameter 7, overlap X,
strain € and grain size D as obtained by WHP and WA, and film thickness ¢
TABLE 5 Results of the XRD analyses: texture parameter 7, overlap X,  for different scan repetitions n (vVscan = 30 mm/s, dp = 1.00 mm, § = 0.1 mm,

strain € and grain size D as obtained by WHP and WA, and film thickness ¢
for different lateral shifts § (vscan = 30 mm/s, dp = 1.00 mm, f = 100 Hz)

030 " 1 " 1 " 1 " 1

? o |

0.45.] T 015 [
0.10 4 0.05 [

] 0.1
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B2 'cos © [rad/nm]
o
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FIGURE 10 WHP plot for different lateral shifts. The scan parameter are

shown in Table 1
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FIGURE 11 Derived microstrain and grain size as a function of the lateral
shift

evaporation point. Additionally, all melting droplets and melt
remains will be destroyed.

For higher values of the lateral shift, the surface quality de-
creases rapidly. Due to the larger distance between the scan
lines, no complete surface modification could be observed.
The remelting effects amplify each other. As a result, the ni-
trogen distribution on the surface is not homogeneous and
ripples develop. As shown in Figs. 10 and 11, this influence is
quite strong.

With respect to the proceeding, it is very important to
choose the right ratio between the spot size and the shift. To
obtain more accurate information, it is necessary to vary the
shift in smaller steps, which was not done. Lastly, the scans

f =100 Hz)

0.09 S S S
0.08 4 i
0.07- o B
0.06 - X
0.051 X
0.04 _
0.031 X

g "'cos © [rad/nm]

A
o
o
¥

1
T

0.014 _
0.00 4 L
0.0 -
)/ v T v T T T T T
0 1 2 3 4 5
2'sin @ [1/nm]

FIGURE 12 WHP plot for one and two scans n. The scan parameters are
given in Table 1

were repeated. In Table 6 the coating properties are shown for
repeating the scan one time.

There are no significant changes in the coating quality
when looking at Fig. 12. Only the grain size increases slightly,
because in the second scan, titanium nitride will be irradi-
ated and not titanium as in the first one. A comparison of the
physical properties like melting and evaporation point explain
the weak variations. Additionally, the solubility of nitrogen in
the phases is delimited. The melting and evaporation tempera-
tures are much higher than that for pure titanium. In addition,
the diffusion coefficient of nitrogen in titanium nitride is much
lower than that of titanium.

Therefore, repeated scans do not improve the quality but
only increase the processing time.

4.1.4 Correlations. Figures 13 and 14 show the correlation
between the grain size and the microstrain. There seems to be
alower limit for the average lattice strain of nearly 1% and for
the maximum lattice strain of about 5%.

Moreover, the grain size is limited to values below 250 nm
(WHP) and 60 nm (WA).

The limiting physical factors are the inhomogeneous en-
ergy distribution during the melting and the different nitrogen
content in the depth ranges. It could be assumed that only in
regions of about 50 nm similar conditions exist. This seems to
be a limit for such materials processing.

Because of the different procedures and assumptions, the
results of the two analyses varied. The WHP analysis only
gives the values for the maximum strain. Similar results were
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FIGURE 13 Relation between the grain size and the maximum lattice strain
(WHP analysis)
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FIGURE 14 Relation between the grain size and the average lattice strain
(WA analysis)

10+

observed in the work of Savaloni [34], where the most accu-
rate values were determined by the WA analysis.

A comparison of the XRD analysis results with those of
the TEM micrograph in Fig. 15 shows that the results of the
WHP plots, for the maximal grain size, are in the same order
of magnitude. Also the development of a (200) fiber texture
could be observed. The micrograph confirms the results of the
XRD analysis.

4.2 The overlap parameter

The overlap parameter X' was used to simplify the
various parameters of the nitriding process. Figures 16 and 17
show that there is an optimal value at about X' = 30 for the
grain size. Large grains improve the macroscopic properties
such as hardness.

Due to the short interaction time of the laser beam and
the titanium at low overlap values, the crystal growth cannot
be supported significantly. None of the important effects like
plasma formation and deep melting could be observed. The
quality of these coatings is rather poor.

FIGURE 15 TEM-micrograph of sample 2. The preferred orientation and
the grain size can be observed
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FIGURE 16 Grain size distribution for all the samples and the dependence
on the overlap parameter (WA analysis)

However, for high energy input, i.e. high overlap values,
the quality also decreases. This is attributed to remelting and
convection effects. Figures 18 and 19 show a minimum of
lattice strain in the same overlap range. For small overlap pa-
rameters up to a value of X' = 30, the microstrain decreases
rapidly to a value of nearly 1073, In this range, the strain in the
(100) direction is dominant.

After increasing the overlap value above X = 30, the
strain grows again. There, the (111) strain energy becomes
important. During the nitriding, the energy input is so high
that the crack development is reduced.

In the case of nitriding with an Nd:YAG laser, an over-
lap parameter X~ between 30 and 35 seems optimal. In
this range, the best possible coatings were synthesized.
The strain becomes minimal as a result of the equilib-
rium of the strain energies of the (100) and (111) lat-
tice planes. Under these conditions, the crystallite size
increases, resulting in an acceptable quality of the tita-
nium nitride coatings. Furthermore, the nitrogen content
in the coatings increases as a result of optimal diffusion
conditions.
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FIGURE 17 Grain size distribution for all the samples and the dependence
on the overlap parameter (WHP analysis)
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FIGURE 18 Maximal lattice strain for all the samples and the dependence
on the overlap parameter (WHP analysis)

4.3 Preferred lattice orientation and texture

development

The preferred crystallite orientation occurring in
direct laser synthesis can be predicted by means of the over-
lap parameter, too. This also relies on the fact that the Gibbs
free energy is minimized. For the theoretical description of
the strain development, the model of Zhao [13] was used. The
orientation is determined by the competition between the sur-
face energy Spu, the strain energy Usurface(riiy fOr every plane
and the energy Epy induced by external forces (negligible
here). The sum of these three terms is called the overall energy
Wi . The orientation of a grain will develop in such a way that
this overall energy is minimized.

Wikt = Shit + Usurface(nkt) + Enia
2
Unit = epenu (1 — vpig)

Usurtace(nity = Uniat . (14)

In relation to the coatings presented here, the term Ejy
can be neglected because the induced strain is dominant.

FIGURE 19 Average lattice strain for all the samples and the dependence on
the overlap parameter (WA analysis)

1000: 1 1 1 1 1 1 1 1 1 1
1 A NN
] A o |
g 1003 A &Aé o
i g © z
> 1 O
>
Py o Sgd s
5 O O
o 1—E ] 111 E o ¢
] O U200
1 A 220
01 T T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Texture parameter n,

FIGURE 20 Strain energy Uy for the (200), (111) and (220) lattice planes
(Voigt analysis) as a function of the texture parameter

The surface energy for every lattice plane was calculated
in the work of Zhao [13]. In the case of cubic titanium ni-
tride, the values are Sygp = 4.94 J/cm?, Sy = 6.99 J/cm? and
Si11 = 8.53J/cm?. The ratio of the different lattice planes is
1:1.41:1.73 so that in the case of less strain, the (200) direc-
tion will be preferred.

The strain energy for every lattice plane is shown in
Fig. 20. Uy was calculated by (14)). For this, the lattice strain
enr Was measured by the single line Voigt method. Young’s
moduli e were taken from the work of Meng [38], who pro-
posed values for the (200) and the (111) lattice planes. They
are identified as e;g9p = 476.5 GPa and e¢;;; = 396.4 GPa. Fur-
ther, the values of the Poisson ratio are given as vypp = 0.159
and vi;; = 0.216. Because there are no data available for
the (220) plane, they were calculated by the ratios of the
Young’s moduli shown in the work of Zhao [13], i.e. a value of
438 GPa. The Poisson ratio vy39 = 0.2 was taken as an average
value. This value was used in the publications of Valvoda [39]
and Pelleg [14]. Figure 20 shows that Uy is much higher than
the other one, thus only (111) and (200) orientations could be
observed.
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FIGURE 21 Overall energy Wy, for the (200) and (111) lattice planes (Voigt
analysis). The orientation of the samples is shown

Finally, the decisive factor for the orientation is the com-
petition of the overall energy Wpy. Figure 21 represents the
calculated values for the nitrided samples. The strain en-
ergy of every plane Usyrface(niy Was calculated with (14) by
means of the layer thicknesses shown in Tables 3—6. The-
oretically, the equilibrium of the lattice strain is at a tex-
ture parameter n; of 0.72. By relating to the experiments,
similar results could be observed. The large fluctuations
were determined by the statistical errors and the experimen-
tal and theoretical drawbacks (errors) of the Voigt analysis
model.

The dependence of the orientation as a function of the
overlap parameter is shown in Fig. 22. For a value of ¥ = 30—
35 the orientation changes. The strain energy is the most im-
portant factor. For example, in the case of sample 1 the value
of Usurface(111) 1S about 40 /em?. This is five times higher
than the surface energy. On the basis of the overlap con-
cept, the orientation of the lattice during laser nitriding can be
controlled.
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FIGURE 22 Overall energy Wy, for the (200) and (111) lattice planes (Voigt
analysis) in relation to the overlap parameter. The orientation of the samples
is shown

5 Conclusions

TiN, coatings with thicknesses in the micron range
were synthesized by direct laser nitriding of titanium. A de-
tailed analysis by X-ray diffraction could resolve strain, grain
size, and texture in the resulting TiN coatings. The results
can be correlated to the processing parameters and the coat-
ing properties. For optimal parameters, the strain could be
reduced down to a value of 0.001 and the maximum achiev-
able grain size is around 100 nm. The grain size is limited
by convection, diffusion, and heat transfer. The optimal coat-
ing properties were achieved with an overlap parameter of
X =333.

The preferred orientation in the coatings could be related
to the strain distribution and thus to the processing parame-
ters. Finally, it seems possible to predict strain, grain size, and
preferred orientation for Nd: YAG laser nitriding of titanium
by means of the overlap parameter.
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