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Laser Beam Welding of Titanium Nitride Coated Titanium Using Pulse-Shaping
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A new welding method which allows the assembly of two titanium nitride coated titanium parts is proposed.
The welding procedure utilizes the possibility for pulse-shaping in order to change the energy distribution
profile during the laser pulse. The pulse-shaping is composed of three elements: a) a short high power pulse for
partial ablation at the surface; b) a long pulse for thermal penetration; and c) a quenching slope for enhanced
weldability. The combination of these three elements produces crack-free welds. The weld microstructure is
changed in comparison to normal welding, i.e. with a rectangular pulse, as the nitrogen and the microhardness
are more homogenously distributed in the weld under pulse-shaping conditions. This laser pulse dissolves the TiN
layer and allows nitrogen to diffuse into the melt pool, also contributing to an enhanced weldability by providing

suitable thermal conditions.
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1. Introduction

Titanium and its alloys have been used in a number of applica-
tions, for example in parts for aerospace use replacing steel and
aluminum. Titanium possesses an excellent strength to weight ratio,
good corrosion resistance and relatively high operational temperature.
Some titanium alloys have replaced aluminum when the operation
temperature is above 130 °C', which is the maximum temperature for
aluminum in engineering applications. Examples of titanium use are
the external shells of turbines, the power units for avionics and the gear
landing structural components in Boeings 747 and 757 2. Even though
the first choice for this last application was the 7000-class aluminum
alloy (Al-Zn-Mg), which has lower density and lower production costs
than titanium, a Ti-Al-V alloy was applied. For the same application,
the dimensions of aluminum bars should be too large for the wings
envelope and the steel bars will greater increase the total weight of
the landing gear. The use of titanium in military aircrafts has also
increased in the last years. As an example, some wing components
of the F-15 (McDonnell Douglas) and structural parts of the F-22
(Lockheed Martin and Boeing) are made of titanium®.

However, major obstacles to a broad utilization of titanium as a
structural material are linked to its low wear resistance. This prob-
lem has been overcome by applying a thin hard ceramic coating on
the surface. The application of nitride or carbonitride coatings can
promote effective resistance to abrasion and friction without chang-
ing the interesting bulk properties of titanium alloys®. Nitridation of
metallic components is already an established industrial practice’,
however some problems still remain concerning the assembly of
coated parts.

The joining or repairing of previously coated parts is very difficult.
Most nitrides present melting temperature above 3000 °C and thus
behave as inclusions during normal welding service. These inclusions
can induce crack initiation and parts failure as long as internal ten-
sions are present. Therefore, the most common method consists of
coating removal, repair and re-deposition. These steps are carried out
in separate processes generating operational costs and low product
lifetime. On the other hand, when the entire ensemble is welded, i.e.
base titanium plus coating, metallurgical problems are encountered.
Especially the welding of titanium nitride (TiN) coated titanium
presents cracking due to the low toughness of nitride phase®.
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Laser beam welding has been used to weld titanium structures
in aerospace industry because of easy automation and low distortion
due to very precise control of the heat input’. The precise heat input
can also be employed to control the thermal transfer to the weld pool
which, under specific process parameters, can eliminate cracking
after welding.

Michaud et al.® have proposed that temporal pulse shaping can
reduce cracking in sensible high-strength aluminum alloys. The pulse
shaping consists of changing the energy distribution of the laser pulse
during its duration.

Here, it is proposed a pulse shaping aiming increase the weld-
ability of TiN-coated Ti in respect to the cracking problem. The
objective of the present work is to develop a process where titanium
can be welded without the removal of the nitride coating.

2. Experimental

2.1. Materials

In this work, two commercial purity (99,8%) titanium sheets with
dimensions 30 X 20 X 2 mm were welded. One face of each sheet was
coated with TiN using PDV (Physical Vapor Deposition) generating a
hard coating of 2 pum thickness. The TiN coating showed an elevated
microhardness value (~ 2300 HV) and the titanium substrate showed
a quite low value (~ 180 HV).

2.2. Welding

Spot welding of sheets was carried out in the butt-joint configura-
tion with the TiN layer face to the laser beam. Here, only separate
one-shot pulses were analyzed therefore any laser track was realized.
Figure 1 presents a schematic representation of the process.

The laser was a Rofin-Sinar RSY-1000P model with maximum
average power of 1.2 kW and wavelength of 1.06 um. Beam delivery
was assured by a 10 m long optical fiber (600 pm diameter) attached
to a focusing head with a focal length of 120 mm. This laser allows
change the temporal distribution of energy during the pulse through
an optional parameter called pulse shaping. Conventional lasers
produce pulses which are approximately rectangular, meaning that
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the amount of energy is constant during the pulse duration. Here,
the pulse shaping can be engineered to produce special heating and
cooling regimes in order to control the weld thermal cycle. Figure 2
presents a schematic picture of the temporal evolution of laser pulse
in a given pulse shaping and in normal conditions.

The conditions for welding at normal conditions, rectangular
pulse, were determined in order to produce a weld bead of about 1 mm
depth. After, the original rectangular pulse is changed to reproduce
a pulse with high-peak energy at starting and a controlled quench-
ing slope at the end, similarly to the picture presented in Figure 2.
The average peak power (P) is maintained approximately constant
for both cases, rectangular and pulse-shapped energy distribution.
It is worthwhile to say that no further attempts were made in order
to produce some process optimization. The welding conditions are
presented in Table 1.

Another series of experiments were carried out by defocusing
the laser beam by 6 mm inside the material.

Laser

Laser
Weld

Transversal
Cut

Figure 1. Schematic drawing of the spot welding with a pulsed laser.

Table 1. Experimental conditions.
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2.3. Characterization

The metallographic analyses were carried out using optical and
scanning electron microscopy with attached EDS (Energy-dispersive
X-ray Spectrometry) for punctual chemical analyses. Using a sample
of stoichiometric TiN (50%mol N) as standard, these chemical analy-
ses were utilized to determine the nitrogen content in the weld. The
average nitrogen amount was evaluated within an area of 100 pm?>.

The standard was necessary because the lines of N are near the
beginning of the scanning spectrum and also due to possible overlap
between N and Ti lines. A specific algorithm had been used to process
the spectra taking atomic absorption into account.

Optical and scanning electron micrographs were obtained after
transversal cuts (Figure 1) followed by chemical etching with Kroll’s
reagent (92 ml distilled water, 6 ml nitric acid, 2 ml fluoridric acid).
Vicker’s microhardness tests were carried out in different positions
of the weld bead, which will be further discussed here. For these tests
the weight was 100 g and the dwell time was 8 s. Each microhard-
ness result was an average of four consecutive tests in the nearest
regions.

(a)

t(ms)

(b)

t(ms)
0 10

Figure 2. Schematic laser energy profiles during a pulse under a) pulse shap-
ing; and b) normal conditions.

Type Pulse Characteristics
E
E=401J tp =10 ms d=1.5mm P=23x10° W.cm?
0 10
t(ms)
Normal
P1
E P2
- Pl P2 P3
0 12
t(ms) E=5Jtp=0.3ms E=32Jtp=8ms E=8Jtp=4ms
Pulse-shaping
Total:
E=45] tp=12.3 ms d=1.5mm P=2.07 x 10° W.cm™

Legend: E = energy per pulse; tp = pulse length; d = laser spot diameter; P = peak power.
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3. Results

3.1. Engineering of the laser pulse

First, the laser spot-welding under normal conditions, i.e. rectan-
gular pulse format Figure 2b, was realized. As presented in Table 1,
the total energy per pulse was 40 J during 10 ms. The laser beam was
defocused 3 mm into the part thus producing a 1.5 mm spot diameter
at surface (measured using thermal paper). Therefore, the rectangular
pulse had a intensity of 2.3 X 10 W.cm™. Figure 3a presents a trans-
versal cut of a typical weld under these normal conditions. The weld
depth is about 1 mm and the heat-affected zone extends to 1.3 mm.
The dark region on the top presents a crack approximately at the
joining line. This crack is verified in most transversal cuts under this
condition, after ten consecutive tests.

In the pulse shaping (PS) case, the total energy was 45 J and the
pulse length was 12 ms, as already presented in Table 1. The pulse en-
ergy was distributed in three consecutive steps: 1) a short (0.3 ms) and
high-energy (5 J) pulse with intensity 9.4 X 10° W.cm?, 2) a thermal
penetration regime similar to the normal pulse but with 32 J energy
and 8 ms pulse duration, giving an intensity of 2.2 x 10° W.cm?, and
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3) a quenching profile until the end of the pulse with 4 ms pulse
duration and 8 J energy. As stated before, these PS conditions were
not optimized however the absence of cracks was the quality factor,
since no cracks can be found in ten consecutive welds. Figure 3b
shows a transversal cut in this PS condition. The weld is crack-free
and with similar penetration of the normal welds.

3.2. Microstructure

Looking to the Figure 3a, it could be seen that the dark region
is more concentrated at the top of the weld for normal weld condi-
tions, and more homogeneously distributed in the case of a PS weld
(Figure 3b). Figure 4 shows details in the dark region for both condi-
tions, where nitrides (marked A) and martensite (o.-phase, marked B)
are visible. These phases were also visible at the middle of the weld
and seemed to be better distributed in the pulse-shaping (PS) weld-
ing conditions.

In the middle regions, marked 2 in Figure 3, different microstruc-
tures were also verified between normal and PS conditions. Martensite
plates and nitride particles were more refined in the PS weld, as can
be seen by scanning electron microscopy, Figure 5.

(b)

Figure 3. a) Transversal cut of the welding under a) normal; and b) optimized conditions. The numbers refer to the composition and microhardness tests.

(b)
Figure 4. Details of the region near top: a) normal welding; and b) optimized welding. The zones marked A are rich in TiN and those marked B are mainly
composed by titanium martensite.
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(b)

Figure 5. Micrographs at same scale from SEM showing central regions in
welds obtained in a) normal; and b) optimized conditions.

Chemical analyses of the welded regions on the top and bottom,
marked 1 and 3 in Figure 3, were obtained by EDS. The average
nitrogen amounts are presented in Table 2. The difference between
top and bottom nitrogen composition was 6.2 and 0.9% for normal
and PS welds, respectively.

3.3. Microhardness

Vicker’s microhardness tests were realized in different regions
marked by numbers 1 to 4 in Figures 3a and 3b. Table 3 presents the
average measured values for a 100 g weight. The differences between
top and bottom region hardnesses were 172 and 100 HV for normal
and PS conditions, respectively.

3.4. Change of welding conditions

In order to understand the mass transfer from the nitride coating
to the weld pool, a experience was made where the laser beam was
defocused 6 mm inside the material, i.e. the spot radius was increased,
and the energy levels were kept constant. The pulse was under nor-
mal, rectangular shape, conditions. Figure 6 shows a transversal cut
where the convection flux’ is evident. The nitrides at the weld top
are dragged inside the weld first traveling to the weld pool boarder
and then moving down. The numbers in Figure 6 are the average
Vicker’s microhardness.
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Table 2. Nitrogen content analyses in welds (molar percentage).

Region Normal Optimized
(1) Top 42.7 38.6
(2) Center 36.5 37.5

refer to the average microhardness values.

The decrease of nitride phase content in the PS welds can be
easily visualized when the weld pool is smaller. Two welds, under
normal and PS conditions, when the total power is reduced by 30%
are presented in Figure 7. It is observed that the dark phase is present
everywhere in the normal weld. On the other hand, the dark phase is
only observed at the boarders of the PS welding.

4. Discussion

The results indicate the effectiveness of the method of changing
the pulse time format for enhanced weldability of TiN-coated titanium
weldments. Here, the term weldability denotes the effectiveness to
produce crack-free joins. It had been shown that the microstructure
and the microhardness changes in the weld under pulse-shaping (PS)
conditions. The PS method improves the transfer of nitrogen to the
volume of the weld. Also the martensite plates are finer and better
distributed using this method.

Under normal conditions, i.e. rectangular pulse, the laser heat-
ing is not sufficient to dissolve the TiN coating which is presented
as a fine dispersion, inoculating the liquid with solid particles and
creating the dark region visible in Figures 3a and 7a. The convection
flux stirred the nitride particles near to surface. As TiN solid has a
slightly lower density than the liquid titanium, the nitride phase was
concentrated at the surface.

In the new welding conditions, here called PS, the pulse promotes
three processes: the dissolution of TiN coating by a short high-energy
pulse, the penetration with a long pulse and the thermal gradient
reduction through a quenching slope. These three processes can be
separated for clearness.

First, the short (0.3 ms) pulse was sufficiently intense
(9.4 x 10° W.cm™) to melt the Ti/TiN surface. In order to support this
assumption, an experiment using only the part 1 (P1) in Table 1 was
carried out. Figure 8, which is a scanning electron micrograph, shows
a thin remelted layer near the sample surface. Then the nitrogen is
dissociated from the TiN particles and absorbed by liquid titanium.
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b)
Figure 7. a) Transversal cut of the welding under a) normal; and b) optimized
conditions. The energy is decreased by 30% in comparison with the conditions
used to produce the Figure 3.

20 wm
- f iH
Figure 8. Detail of TiN dendrites near to the materials surface.

This can be seen as the TiN phase, which were presented dark in the
micrographs, were reduced in the PS compared to the normal condi-
tions. This is better seen in Figure 7, where the melt pool volume
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Table 3. Vicker’s microhardness values (HV100 g).

Region Normal Optimized
(1) Top 455 433
(2) Center 296 412
(3) Root 283 333
(4) Titanium base 176 188

is reduced. The nitrogen and microhardness distributions, Tables 1
and 2, also indicate that the nitrogen is better distributed with the
pulse shaping.

After this short pulse, a long pulse of 8 ms was imposed to the
surface. This pulse is principally similar to the long pulse of 10 ms
which is produced under normal conditions and is responsible for the
penetration. This period is characterized by the presence of a keyhole
and the transfer of TiN dissociated nitrogen to regions further away
from the top.

Finally, a quenching slope was imposed by decreasing the en-
ergy at the end of the pulse, generating a lower thermal gradient and
finally leading to reduced residual stresses. The quenching slope had
4 ms length and contributes to increase the pulse length by 20%, also
contributing to an improved nitrogen distribution into the weld.

Figure 6 shows that the solute transfer is mainly controlled by a
convection flux that runs from the center of the weld to the boarders,
thus dropping and raising again in the center of melt pool. The liquid
is propelled from hot central regions where surface tension is low to
colder regions where surface tension is high. Under normal condi-
tions, these currents are confined to the surface, Figure 3a, which leads
to a high concentration of nitride phase and ultimately to cracking.
Both nitrogen concentration and hardness values seem to confirm this
hypothesis. These same factors indicate that PS effectively promotes
better distribution of nitrogen and enhanced weldability.

It was verified that the zones which receive more nitrogen also
presents high amounts of fine martensite. This effect is associated
to the stabilization of o-phase (HCP). When the B-phase (BCC) of
high-temperature is rapidly quenched, it transforms to the o-phase
though a martensitic reaction'’. High nitrogen concentration increases
the Ms value (martensite start temperature), and consequently more
martensite is transformed.

The elevated hardness observed in both normal pulse welding
condition and pulse-shaping condition indicates poor mechanical
properties of the joint. Even though this aspect is of importance for
weld performance, the mechanical behavior of the welding, such as
ductility and fracture strength, is not evaluated here. The sequence of
this work will focus on these particular factors, including the effect
of pulse shaping on the ductility and on the stress-strain response of
the welds. Additionally, any further study must consider weld tracks
composed by overlapped pulses.

5. Conclusions

An improved weldability of titanium nitride coated titanium
was obtained by a pulse-shaping mediated laser process. The energy
distribution of the laser beam was divided in three consecutive steps:
a high power short pulse where the titanium nitride was dissociated,
a long pulse which allowed thermal penetration and a quenching
slope to decrease the residual stresses. The pulse-shaping process
has shown effectively transfer of nitrogen to the melt pool and de-
creased cracking on the top part of the seam. Further work concerning
the mechanics properties of the join, such as ductility and fracture
strength, is under way.
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