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Ceramic Coating of Titanium by Pulsed YAG Laser¥

Muryel WEHR *, Seiji KATAYAMA ** and Akira MATSUNAWA *%%

Abstract

With the object of improving erosion and wear resistance of titanium (Tij, a feasibility of the
formation of hard ceramics such as carbides, borides and nitrides on its surface was investigated by
irradiating powder-predeposited Ti sheet with a pulsed YAG laser under argon (Ar) or nitrogen (N, )
atmosphere. As a result, a flat surface of laser-melted zone was formed depending on a proper
amount of powders under appropriate laser irradiation conditions, and the fusion zone generally
exhibited a dendritic microstructure (with some inclusions in the case of boron or boride powders).
The analyses of X-ray diffractometer results confirmed that carbides, borides and nitrides were
formed in addition to alpha-Ti phase in the vicinity of the surface, and probably constituted the
dendrites in the fusion zone. Vickers surface hardnesses of fusion zones measured under 100 g load
were increased and varied in the range of about 500 to 1200 kg/mm? in Ar atmosphere and about
1000 to 1700 kg/mm? in N, environment, although Ti sheet had a hardness of about 200 to 250 kgl
mm?. Hence, the utilization of N, atmosphere instead of Ar during laser irradiation increased the
surface hardness of about 500 kg/mm? for powder compositions such as C, TiC, WC, SiC, B and
TiB,. Some inclusions in boride coatings indicated hardness values of more than 2000 kg/mm?.
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1. Introduction

Titanium (Ti) and its alloys are being considered as
particularly effective in aerospace applications') and other
high performance structures as a result of their high
strength to weight ratio and good corrosion resistance?).
In order to improve the erosion and wear resistance of Ti,
ceramics>*® were generally chosen as a coating, due to
their high hardness and stability at higher operating
temperatures. The high hardness of carbides®»”),
nitrides®) and borides?® is well suited to erosion and wear
resistance.

Ceramics coating of titanium is performed by laser
surface alloying. This material processing method
utilizes the high power density available from focused
laser sources to melt coatings and a portion of the
underlying substrate®). Laser surface alloying may be
realized by several methods such as powder deposition.
Powder deposition methods may be broadly classified as
predeposition (put down on the substrate in a separate
step before the laser treatments)) and codeposition
(injected into the melt at the time of laser treatment® or
into the laser beam over the working piece!?).

This paper describes the process of these ceramic coat-
ings on pure Ti by pulsed YAG laser, using a predeposi-
tion method, and results concerning morphology, coatings
composition and hardness.

2. Experimental Procedure

2.1 Process

The base material was commercially pure Ti sheet (3
X 15% X 15'mm). Powder compositions used were C, TiC,
SiC, WC, B, TiB,, WB and mixed B + C, and their size
characteristics are given in Table 1.

After polishing the Ti substrate with 400 Emery paper
and cleaning with acetone, powders were put down with
an acrylic liquid. Samples were then irradiated by a pulsed
YAG laser, under Ar or N, atmosphere, as shown in
Fig. 1.

The pulsed YAG laser (Control Laser, Model 428;
maximum average power: 200 W) beam was focused with
a 120 mm focal length lens and oriented perpendicularly
to the sample surface. The main laser irradiation condi-
tions used are also indicated in Fig. 1.

2.2 Samples characterization

Microstructure of coating layer was observed by optical
microscope and scanning electron microscope (SEM).
Phases formed were analyzed by energy dispersive X-ray
spectrometer (EDX) and determined by X-ray dif-
fractometry (Cu-K,), and hardness was measured with a
Vickers diamond under 100 g load (Hv).
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Table 1 Powders sizes (um)

Powder | C TiC | SiC | WC |C+B| B |TiB, | WB

Size 0.5 | 0.5 (15;85| 0.8 | <10 | 10 | 1.5 2

Pulsed YAG Laser:15-20J/pulse
2 pulses/s
3.6 ms

cee-we f: 120mm 4 :5-20mm

140 mm /mn
21/mn

_Tahle speed:
_.‘AI' 5 Nz

[-_‘Puwder : _SiGC ,WC,TiC ;C

Ti - WB,TiBy;B,B+C
(-3.15.15mm)

Fig. 1 Experimental conditions.

3. Results and Discussion

3.1 Geometry of laser fusion zone

In the case of this powder-predeposited method, it was
difficult to melt only ceramic powders, and therefore
ceramic coatings were produced by fusing both powders
and Ti substrate together. The geometry of laser-irradiated
part depended largely upon operating conditions such as
laser power density (energy and defocused distance) and
powder size, deposition thickness and composition. When
the power density was not sufficient, powder melting did
not occur, but on the contrary, if it was too high, a hole
appeared in the substrate. Namely, it was necessary to
find out optimum laser irradiation conditions for the
formation of a fusion zone having a flat surface.

Figure 2 shows the surface appearance of fusion zone
produced by pulsed YAG laser shots in Ar atmosphere, in
the case of titanium sheet with TiC powder predeposited.
Flat surfaces of fusion spots with an overlapping ratio of
about 40% are seen.

Figure 3 shows cross section of SiC powder-predeposit- -

ed Ti sheet after laser treatment. The melted zone was
about 150um in depth. Fusion zone depths were less than
350um for any powder under the laser irradiation condi-
tions for flat surface formation.

3.2 Microstructure of laser fusion zone

Figure 4 (a) to (f) exhibit cross-sectional microstruc-
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Fusion zone surface TiC powder/Ti/Ar

Surface appearance of fusion zone produced by
pulsed YAG laser shots, in argon atmosphere, on TiC
powder (<lum size) predeposited titanium.

Fig. 2

Fusion zone cross section SiC powder/Ti/Ar

Fig. 3 Fusion zone cross-section of SiC-predeposited Ti,
irradiated by YAG laser in Ar atmosphere (SiC/
Ti/ Ar).

tures of laser-melted Ti sheets with TiC, WC and B
powders predeposited in Ar and N, atmosphere. Laser-
melted zones, i.e. coatings, show mainly a dendritic micro-
structure. Fig. 4 (a), (b) and (c) present typical dendrites
morphologies named “skeleton”, “flake” and “rod”
shape. The microstructures observed in Ar atmosphere are
summarized for different powders in Table 2. It appears
that dendrites characteristics depend on powder com-
positions: “skeleton” and “flake” shapes in the case of
carbides and mainly “rod” form in the case of borides.
Dendrites length reached values as high as 40 and 70um
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Surface

Surface

Surface

TiC powder/Ti/Ar
(a)

Surface

TiC powder/Ti/N,
(d)

Surface

WC powder/Ti/Ar

(b)

iy

WC powder/Ti/N

(e)

- Surface,

(c)

B powder/Ti/N,

()

B powder/Ti/Ar

Fig. 4 Fusion zone cross-section of TiC (a, d), WC (b, e) and B (c, f) powder-predeposited Ti,
irradiated by YAG laser in Ar atmosphere (a—c) and in N, atmosphere (e—f).

Table 2 Description of dendrites shape in the laser fusion
zone for different powder compositions.

for carbides and borides, respectively. Rod shape
dendrites were in the range of approximately 1 to 2um in

thickness. As shown in Fig. 4 (d) to (f), the surface ap- . .

. ) ] Powd Laser fusion zone Powd Laser fusion zone
pearance was modified by laser irradiation in N, flow; owader microstructure owader microstructure
dendrites appeared to grow perpendicularly to the surface, Granula

. ranular

and the thickness of such a layer was about 20 to 50um. C microstructure B Rod shape

Some coatings produced from borides (WB, TiB,, B ~
and B + C) powders occasionally contained large inclu- TiC Skeleton shape TiB, Rod shape
sions, which were mainly observed in the middle and at
the bottom of the melted zone, as shown in Fig. 5 (a) and wC P;a;‘et andh WB I;‘;d and flake
(b) for B and TiB, powders. In the case of SiC powders, skeleton shape shape
no inclusions were found at all. These inclusions seem to SiC Flake and p+c | Rodand feather
be brittle and may present some cracks. Figure 6 is a skeleton shape shape

photo of cross section after laser treatment of WB
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B powdér/Ti/Ar |
(a) (d)

Fig. 5 Fusion zone cross-section of B (a) and TiB, (b) powder-predeposited

Ti, irradiated in Ar atmosphere showing large inclusions.
powder-predeposited Ti in Ar flow, showing a typical
crack in fusion zone. Cracks were observed on coatings
surface, except for C and WC predeposited Ti.

3.3 Identification of constituents in laser fusion zone

Figures 7 and 8 show SEM microstructures and EDX
results of laser-treated zones of WC and WB powder-
predeposited Ti in Ar flow. W and Ti elements were
detected in the fusion zone, which confirms that coating
was produced by melting powders and Ti substrate. In the
case of WC and WB predeposited Ti, inclusions were en-
riched in W but depleted in Ti in comparison with dendri-
tic zones. Especially in the surface surroundings of WB
powder-predeposited Ti, the W concentration was highly
increased and Ti content was accordingly decreased. Other
EDX resuilts showed that dendrites and inclusions have

WC powder/Ti/Ar

a

Fig. 7 Fusion zone cross section (a) of WC powder-pre-
deposited Ti, irradiated in Ar atmosphere, and cor-
responding EDX analysis in the vicinity of the

surface (b) and the bottom (c).
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Crack in the fusion zone of
WB powder-predeposited Ti,
irradiated by YAG laser in Ar
atmosphere.

Fig. 6

almost the same composition in the case of elements
(B, C, B + C) and Ti-based powders.

Surfaceg
b Dendrites

= % C Dendrites
WB powder/Ti/Ar
d
d Inclusion
Fig. 8 Fusion zone cross-section (a) of WB-predeposited Ti,

irradiated -in Ar atmosphere, and corresponding EDX
analysis near the surface (b), in a dendritic zone at
about 50um from the surface (¢) and in an inclusion
in the middle part of the fusion zone (d).
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Subsequently, phases near the surface of laser-treated
specimens were identified by X-ray diffractometer. Figure
9 indicated the analytical results for B powder, showing
the formation of TiB and TiB, in Ar atmosphere (a) and
furthermore TiN in N, flow (b). These X-ray diffraction
results in Ar were summarized in Table 3. In the case of
WC, SiC and WB, for example, TiC and-TiB were detected
in addition to compounds containing the same composi-
tion as initial powders. This observation suggests that
powder may be decomposed in its elements which then
react with the titanium substrate.

Fig. 9 X-ray diffraction analysis of B powder-predeposited
Ti, irradiated in Ar (a) and in N, (b) atmosphere.

Table 3 X-ray diffraction analysis of ceramic coatings, after
irradiation of powder-predeposited titanium substrate,
by pulsed YAG laser, under argon atmosphere.

Powder Constituents Powder Constituents
C a-Ti, (TiC) B TiB,, TiB, o-Ti
TiC TiC, o-Ti TiB, TiB,, TiB, o-Ti
we | pernane |y [ evew
s | semems, [yl
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3.4 Hardness of laser fusion zone

The fusion zone profile hardness shows that the micro-
hardness values generally decrease from the surface to the
bottom of the melted zone, as indicated in Fig. 10. In the
case of laser irradiation in Ar atmosphere, this hardness
decrease may be correlated to a decrease in dendrites
density from the surface to the bottom. Mean hardness
values measured on the surface and dendritic zone in the
middle part of the fusion zone are summarized for dif-
ferent powder compositions in Fig. 11. Most surface hard-
nesses reached values higher than Hv = 700 (Ti hardness:
Hv = 200). However, in the case of C, TiC and WC of
small powder size, the surface hardnesses were about
Hv = 350—500. Figure 12 shows a comparison between
dendritic zone and inclusion hardnesses obtained with B
powder in Ar flow. By comparison, hardnesses measured
in inclusions reached values higher than Hv > 2000.

When samples were irradiated in N, atmosphere, an
increase in surface hardness was observed, as indicated in
Fig. 13 and Fig. 14 in comparison with Fig. 10 and 12.

""Ill} SIC powder .~ Ti ./ Ar atm.
2000~ -

Surlle(

Hardness
LI

Dendrites

M. Bl

0 100 200 300 pm
Distance from the surface

3

Fig. 10 Microhardness profile and associated schematic
representation of laser fusion zonme, (from its
surface to the bottom), of SiC powder-predeposit-

ed Ti irradiated in Ar atmosphere.

[ Ar atm.

1

Hv on
& surtace|

<

m fusion

= .
'g’ | zone 0 | )
LI <.> -
: 1000 [ - O ]
il . :
2 A i
5o b HEH .
o I P i
Powder SiC | {WC i iC+B 8 Tig,i WB -
Fig. 11  Microhardness of dendritic zone on the surface and

the middle of the fusion zone, depending on the
initial powder composition.
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100

B powder.” Ti./ Ar atm.

Fig. 12
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Hardness

1000

L L
100 200 300
Distance from the surface

®m

Microhardness profile and associated schematic
representation” of laser fusion zone of B powder-
predeposited Ti, irradiated in Ar atmosphere,
showing the existence of hard inclusions at the
bottom of the fusion zones.

g0

SiC powder .~ Ti ~ Npatm.

- [

*
H

:
Dendrites
J

1

Martensite
[«1 o

21,

A

113

*

mne

*

0 100

Fig. 13

200 300 pm

Distance from the surface

Microhardness profile and associated schematic
representation of laser fusion zone, (from its sur-
face to the bottom), of SiC powder-predeposited
Ti irradiated in N, atmosphere.
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Fig. 14 Microhardness profile and associated schematic

representation of laser fusion zone of B powder-
predeposited Ti, irradiated in N, atmosphere,
showing the existence of hard inclusions at the
bottom of the fusion zones.

However, hardness (and microstructure) of the bottom of
the melted zone did not seem to be influenced by using
N, atmosphere. Figure 15 shows a comparison of average
surface hardnesses between Ar and N, atmosphere. In N,
flow, the increase of about Hv = 500 in surface hardness
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was obtained for the different powder compositions,
except in the case of WB powder. This reason is attributed
to the formation of a surface layer rich in TiN (as de-
scribed in Section 3.3). In case of WB-predeposited Ti, the
fact, that no increase in surface hardness was observed in
N, atmosphere, may be attributed to the excess of W in
the surface, i.e. the low Ti concentration which might be
able to react and give TiN, as already shown by X-ray
analysis and confirmed by EDX analysis in Fig. 8
(compare with WC case in Fig. 7).

[*4
(@]
o

Qo
Qo
o

Surface migrohardness <Hygp  (in Ny atm)

500

0 . 100 1500
Surface mlcrgargnessmvm'(m Ar atm)
Fig. 15 Influence of using N, instead of Ar atmosphere

during laser irradiation on the surface micro-
hardness.

4. Conclusion

In order to improve the erosion and wear resistance of
titanium, ceramics coatings were performed by pulsed
YAG laser irradiation onto carbides or borides powders
predeposited titanium under argon (Ar) or nitrogen (N,)
atmosphere. Coatings microstructure was mainly dendritic
with some inclusions. Depending on the powder composi-
tions, the surface microhardnesses were increased from
500 to 1200 kg/mm? in Ar atmosphere because of the
formation of ceramic dendrites. Furthermore the hard-
nesses were enhanced from 1000 to 1700 kg/mm? in N,
atmosphere due to the additional formation of TiN;
nevertheless, inclusions hardness reached value higher than
2000 kg/mm?.
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