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In this work, one- and two-step laser dispersing of Ti6Al4V surfaces by use of elemental boron (B) as well as
TiB2, ZrB2, and CrB2 was carried out with CO2 and Nd:YAG lasers using an adapted apparatus to provide
inert conditions. Depending on the laser system, melt pool depths between 200 µm and more than 1000 µm
were achieved, and the boride precipitates allowed an increase of the surface hardness from 350 HV0.05 in the
initial state to more than 600 HV0.05. The modified surface areas were characterized by means of optical
microscopy, scanning electron microscopy, and EDXS. Oscillating and cavitation erosion wear tests were
carried out. For reinforcement of component surfaces with complex shape, a two-step laser deposition pro-
cess and a technology for predeposition of diboride layers with defined thickness is required. The applica-
bility of vacuum plasma spraying for predeposition is discussed.

Keywords boride, laser treatment, Ti-6Al-4V, TiB2, wear protec-
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1. Introduction

Despite their high price, titanium (Ti) alloys are widely used
in industries owing to their outstanding high specific strength
and excellent corrosion resistance, but the low wear resistance
reduces their applicability. Therefore, substantial research has
been carried out on the wear protection potential of different
surface modification and coating processes. Physical vapor de-
position (PVD) and chemical vapor deposition (CVD) processes
can produce extremely hard coatings, but due to their low hard-
ness, titanium alloys cannot provide good support, which results
in coating spallation or cracking when high local load is applied
on a component surface in use. For example, electron beam-
physical vapor deposition (EB-PVD) TiN coatings provide ex-
cellent tribological properties at moderate load, but fail if a
thickness depending load threshold is exceeded (Ref 1, 2). The
demanded high process temperatures and long processing times
for CVD diamond coating deposition result in strong adhesion
due to the formation of a TiC layer at the interface, but also provoke
intolerable microstructure changes of the Ti alloy (Ref 3-5). The
concomitant of embrittlement by hydrogen absorption can be over-
come by a subsequent heat treatment in vacuum (Ref 6, 7).

Conventional thermally sprayed wear protective coatings do

not exhibit the outstanding corrosion properties of Ti alloys.
However, reactive plasma spraying, both in controlled atmo-
sphere and by use of a nozzle extension, in which inert shielding
gases are fed along with the reactive gases, flanged to the nozzle
of a plasma torch operating at ambient conditions, permits the
production of Ti coatings with high hard phase content (Ref
8-10). Nitriding has been proven to be more effective than car-
burizing, permitting nearly full conversion of the titanium form-
ing Ti2N, which results in hardness values up to 900 HV0.3. The
hardness increase is not only due to the formation of hard nitride
phases but also to a solid nitrogen solution in Ti lattice (Ref 11).
The wear resistance increases significantly. Investigations con-
cerning the corrosion resistance and lifetime of coated Ti alloy
components under dynamic load have not yet been carried out. It
is likely that the decreased ductility of the coatings results in
eased crack initiation and growth.

Besides coating processes, surface modification processes
have been applied to improve the wear protective properties of
titanium alloy surfaces. By a thermochemical treatment in nitro-
gen-rich atmosphere, a few-micrometers-thin hard TiNx bound-
ary layer is formed. Underneath a diffusion zone of about 100
µm thickness is generated and provides support to the TiNx

layer. The zone contributes in significantly improved wear re-
sistance even at high load. However, the long heat treatment
(>10 h) at temperatures ranging between 650 and 800 °C also
results in microstructure changes of the treated components core
(Ref 12, 13). Additionally, the embrittlement in the diffusion
zone due to dissolution of nitrogen eases crack initiation and
therefore decreases the lifetime of a component under cyclic
load.

Laser gas nitriding permits obtaining greater thicknesses
(∼500 µm) of the hardened surface area and local processing
(Ref 14, 15). For high nitrogen concentrations in the melt pool,
the evolution of a dendritic TiNx phase is observed. High content
of this phase results in hardness values of 1000 HV0.1 and sig-
nificantly improved wear resistance. However, the dendritic
type of TiNx phase also decreases the component lifetime under
cyclic load.
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Considering the individual drawbacks of each presently ap-
plied coating or surface modification technology, there is need
for a process that improves the wear resistance of Ti alloy sur-
faces without negative influence on the corrosion resistance or
lifetime under cyclic load. This can be achieved by embedding
of corrosion-resistant hard phases in Ti alloy matrices without
decreasing the matrix ductility. Embedding of TiB2 or ZrB2 in Ti
alloy matrices seems to be capable of reaching this goal due to
the negligible solubility of boron (B), in Ti in solid state (Fig. 1).
Therefore, even if parts of the diborides are molten and/or dis-
solved in the Ti alloy melt during processing, precipitation dur-
ing solidification of the melt will result in formation of hard bo-
ride phases again and the metallic Ti alloy matrix will remain
ductile (Ref 16).

This concept can be used for thermal spray applications by
use of composite feedstock with Ti alloy matrix and diboride
reinforcement. Generally, vacuum plasma spraying is favorable,
as the inert environment prohibits decreased ductility of the Ti
matrix due to reactions with oxygen or nitrogen. Previous inves-
tigations proved the applicability of vacuum plasma spraying
even for production of pure diboride coatings (Ref 18, 19). In
contrast, atmospheric plasma spraying with and without appli-
cation of inert gas shrouds generally results in high oxide con-
tents (Ref 20). Thermal spray coatings show the drawback of
limited adhesion strength. This drawback can be overcome by
laser dispersing. One-step and two-step laser deposition pro-
cesses can be applied. The latter is less cost efficient, as a further
process step needs to be carried out, but the demands to achieve
inert conditions in the processed area are easier to fulfill. Both
processes were used for reinforcement of Ti alloy surfaces.

2. Experimental

Ti6Al4V was chosen as an exemplary alloy, as it is the most
popular among the Ti alloys. This alloy has a close-packed hex-
agonal �-phase and a �-phase with body-centered-cubic crystal
structure. Investigations were carried out with Ti6Al4V sheets
with the dimension 100 × 100 × 10 mm3 and 150 × 100 × 10 mm3.

The preparation of the surface is important for a high-quality
laser treatment. After roughening up the surface by corundum
blasting and a subsequent ultrasonically assisted cleaning pro-
cess applying acetone, an etching process using an aqueous so-
lution of a mixture of HNO3 and HF (pickling paste SARTOX)
was carried out. The roughened surface allows good absorption
of the laser energy.

Laser treatment was carried out with a 1.7 kW CO2 laser
(Rofin Sinar 1700 RF), a 3.5 kW CO2 slap laser (Rofin Sinar DC
035), and a 4.4 kW Nd:YAG laser (Rofin Sinar DY 044) (Ham-
burg, Germany). The process parameters are shown in Table 1
and a sketch of laser processing is given in Fig. 2.

For laser alloying by addition of elemental B, the pastes with
ethanol as fast vaporizing binder were applied to achieve a ho-
mogeneous covering of the prepared Ti6Al4V surfaces prior to
laser treatment. The B powder improved laser energy absorp-
tion, which resulted in deeper remelting depth in comparison to
that achieved by clean surfaces.

For laser dispersion by one-step laser deposition, powders
were fed in an inert carrier gas stream by a conventional thermal
spray powder feeder. The evolving dust of the powders partially
absorbed the laser beam and contaminated the optical mirrors.
Both caused a decreased remelting depth. To protect the re-

Fig. 1 TiB phase diagram (Ref 17)
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melted zone against oxidation, a shield gas protection using ar-
gon was installed. However, due to the complex interaction of
shield gas, carrier gas and environment air entrainment by tur-
bulences cannot be prohibited completely. Therefore a special
setup protecting the molten zone down to a temperature of
300 °C by an inert shield gas (Ar, He, or Ar/He mixtures) was
designed (Ref 21). Additionally, the optical mirrors and the very
sensitive zinc-selenide window were protected by a coaxial inert
gas flow inside the setup.

In addition to the conventional laser dispersion by one-step
laser deposition, the applicability of pastes with different bind-
ers for two-step laser deposition was tested. Besides ethanol,
vaseline, polyvinyl alcohol (PVA), and polyethylene glycol
(PEG) were applied. Prior to laser treatment the binder was re-
moved by thermal treatment. The degree of laser track overlap-
ping was optimized. Amorphous elemental B powder and water-
washed TiB2, ZrB2, and CrB2 powders with different powder
size fractions were applied (Table 2). The powders were sup-
plied by Wacker Ceramics GmbH, Kempten, Germany.

The microstructure of the laser treated surfaces was charac-
terized using optical microscopy, scanning electron microscopy
(SEM) (LEO 1455VP, Cambridge, UK) and energy-dispersive
x-ray microanalysis (EDXS) (EDISON, GETAC GmbH,
Maine, Germany). For detection of B in the formed phases, the
accelerating voltage of the electron beam was reduced to 5 keV.
Additionally, the local microhardness was determined.

The wear resistance was investigated by means of an oscil-
lating and a cavitation erosion wear test. Schemes of the tests are
given in Fig. 3. Specimens were subject to the oscillating wear
test in polished surface state (Rz � 1 µm) using counterbodies of
hardened steel 100Cr6 and alumina balls of 10 and 9 mm diam-

eter, respectively. The oscillating frequency was 20 Hz and the
amplitude equal to 1 mm. Load levels of 5 and 20 N were ap-
plied, and the testing was carried out for durations of 15 and 60
min. Cavitation erosion tests (ASTM G 32-92) were carried out
in indirect mode using distilled water as environment. The fre-
quency of the sonotrode working at a power of 2 kW and ampli-
tude of 50 µm was 20 kHz. The water temperature was kept con-
stant at 25 °C, and the specimens were mounted at a distance of
0.5 to 0.7 mm to the sontrode surface.

The influence of the surface modification by laser dispersion
of diborides on the electrochemical corrosion behavior was
characterized by potentiodynamic polarization measurements
according to the German standard DIN 50,918. Both 0.6 mol
NaCl and 0.5 mol H2SO4 solutions were applied.

First experiments concerning the manufacturing of diboride
coatings on Ti6Al4V substrates by vacuum plasma spraying
were carried out.

3. Results

For the applied process parameters, a maximum melt depth
of about 400 µm was achieved with the CO2 lasers and about
1000 µm with the Nd:YAG laser. The heat-affected zone was

Table 1 Applied laser process parameters

Parameter 1700 RF DC 035 DY 044

Laser power, kW 1.3-1.7 2.5-2.8 3.3
Focus distance, mm 5-50 5-45 5-45
Traverse speed, m/s 12-36 60-96 60-120
Track distance, mm <1.2 <1.5 <3.5
Overlap, % 15-50 15-30 15-30
Shield gas flow (Ar)

Radially, sLpm <10 <10 <10
Coaxially, sLpm <8 <8 <8

Additive B
TiB2, TiB2, TiB2,
ZrB2, ZrB2, ZrB2,
CrB2 CrB2 CrB2

Carrier gas flow, sLpm <3 Only Only
Feed rate, g/min <5 Pastes Pastes

Table 2 Applied powder size fractions

Material Size fraction, µm

Boron <40
TiB2 <40; <63; <90; <125; <200; >40, <90; >90, <125
ZrB2, CrB2 <40; <90; <125; >40, <90

Fig. 2 Sketch of laser processing (1) one-step laser deposition process
and (2) two-step laser deposition process Fig. 3 Schemes of (a) oscillating and (b) cavitation erosion wear tests
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400 to 600 µm thick. To ensure a relatively constant thickness of
the melt depth during treatment of extended surface areas, a 20
to 35% degree of overlapping of single laser tracks was neces-
sary. Trapping of approximately 50 µm diam gas bubbles in the
molten zone near the melt bottom was observed in several cases.
Focus distances between +20 and +50 mm are suitable for all
applied laser systems to achieve a lens-shaped melt pool cross
section. For shorter focus distances, pronounced deep melting
on the jet axis occurred, and for longer distances, the remelting
depth dropped significantly while the expansion of the heat-
affected zone increased. Depending on the applied laser power
and traverse speed, the optimum focus distance for maximum
molten volume varied between +20 and +35 mm.

In the heat-affected zone, a mixture of a Widmannstätten-like
and a martensitic microstructure can be observed (Fig. 4). This
can be attributed to a heat treatment at temperatures exceeding
the �-phase transition temperature of the alloy (∼995 °C) and a
subsequent rapid cooling.

Oxygen entrainment, which cannot be prohibited completely
without application of the gas protection setup, results in a
mainly dendritic microstructure of Ti, especially near the sur-
face, and was accompanied by oxide-scale formation (Fig. 5).
Both for the use of pastes and the injection of powders by a
carrier gas, the gas protection setup proved to be suitable to pro-
vide an inert atmosphere. The highest content of borides in the
laser-treated titanium alloys was achieved by applying pastes.
This was because the efficiency of the powder injection into the
melt pool by a carrier gas stream is relatively poor.

The microstructure of the metallic matrix in the reinforced
surface zone differs scarcely from the heat-affected zone. The
state of borides in the laser-treated surface strongly depends on
the size of the applied powders. The application of powders of a
maximum size of 40 µm resulted in complete dissolution and
precipitation of extremely small plates as well as needle-shaped
borides. By the use of coarse diboride powders, a particle core
can be retained in the initial state. However, diffusion processes
lead to a change of the chemical composition and to phase trans-
formation inside the particles. The solution process and the pre-
cipitation behavior during solidification were comparable for
boron and the diboride powders.

The molten zone has a �-Ti/TiBx eutectic phase mixture and
a very fine lamellar and martensitic �/�-Ti matrix phase mix-
ture, which is formed by transformation from the �-Ti phase.
The TiBx crystals thickness is about 10 nm, and their length usu-
ally does not exceed 1 µm (Fig. 6). Their size is too small to
permit identification of the boride type either by energy disper-
sive x-ray spectroscopy (EDXS) or by x-ray diffraction analysis.
However, the Ti-B phase diagram (Fig. 1) suggests the forma-
tion of TiB for Ti rich regimes.

There is a homogeneous distribution of the eutectic �-Ti/TiB
phase mixture inside the molten zone. For relatively low B con-
tents—that is, under eutectic B content—the eutectic phase mix-
ture is arranged like cell walls (Fig. 7). With increasing content
of the eutectic phase component, the homogeneity of the molten
zones microstructure is improved. At a B concentration of ap-
proximately 8 at.% in the molten zone, the microstructure is
fully eutectic (Fig. 8). In this case, a microhardness exceeding
610 HV0.05 is achieved, which is significantly higher than that of
Ti6Al4V in the initial state (350 HV0.05).

By application of coarse diboride powders, the solution pro-
cess can be restricted to a degree that permits embedding of com-
pact particle residues. Despite the diffusion and phase transfor-
mation, the embedded particles microhardness exceeds 2000
HV0.05. The content of compact particle residues is low, and the
distribution is very heterogeneous. Therefore, there is also a
strong deviation of the local hardness.

The binder’s choice influences the laser dispersing process
significantly. The use of Vaseline and PVA resulted in severe
crack formation during cooling of the laser-dispersed surfaces
(Fig. 9). In the molten zone, a dendritic carbide phase is detected,
which can be attributed to binder residues. Pastes with ethanol or
PEG permitted production of crack-free boride reinforced sur-
faces with homogeneous microstructure (Fig. 10). For the appli-
cation of the PEG binder, a preheating to temperatures of
∼230 °C was necessary to achieve well adherent boride particles
on top of the Ti6Al4V and complete removal of the binder. The
direct laser processing of preheated sheets also proved to be suit-
able for significant reduction of substrate distortion.

Fig. 4 SEM image of the microstructure of the heat-affected zone

Fig. 5 SEM image of the microstructure of a laser-dispersed Ti6Al4V
surface with oxygen admission during the laser treatment
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The influence of the microstructure on the microhardness is
given in Table 3. Martensitic shares in both the pure remelted
Ti6Al4V and the heat-affected zone resulted in only slightly in-
creased hardness in comparison to the untreated alloy. Boride
precipitation from the alloyed melt permitted an increase of the
microhardness up to 610 HV0.05 for a fully eutectic composition.
Only the embedding of compact boride particles resulted in a
significantly enhanced mixed hardness of the boride reinforced
Ti6Al4V surfaces.

Though laser dispersing with diborides increases the hard-
ness of Ti6Al4V surfaces significantly and there is a fine micro-
structure with the TiB hard phase embedded in the ductile me-
tallic matrix, even more severe wear in comparison to untreated
surfaces was observed in oscillating wear tests, if there were no
diboride particle residues embedded (Table 4). SEM investiga-
tions on the worn surfaces proved that the increased wear rate
could be attributed to the tribologically induced formation of
titanium oxide, which acts as abrasive debris. The extremely fine
TiB needles do not resist the exposure to these wear conditions,

but form further abrasive debris. However, with rising density of
diboride particle residues present at the tested surface, the wear
resistance increased significantly. Wear track depth reduction
by 40% in comparison to untreated Ti6Al4V is possible. Within
the applied condition limits, the described coherences depend
neither on the counterbody material nor on the applied load.

In cavitation erosion wear tests, generally a significantly im-
proved wear resistance of the surface layers modified by laser
dispersion with diborides was observed (Fig. 11). In contrast to
the oscillating wear test, the best performance was achieved for
completely dissolved diboride particles. In comparison to the
untreated TiAl6V4, the mass loss is decreased by 70%. Modified
surface layers with inclusion of diboride particle residues are
somewhat inferior in performance, yet the mass loss is 65%
lower compared with untreated TiAl6V4.

The excellent corrosion behavior of TiAl6V4 is not affected
significantly by laser dispersion of borides either for fully dis-
solved diborides or for surface layers containing diboride par-

Fig. 7 SEM image of the cell wall arrangement of the eutectic �-Ti/
TiB phase mixture in a TiB2 laser-dispersed Ti6Al4V surface

Fig. 9 Crack formation in a modified surface layer after laser re-
melting with a paste with polyvinyl alcohol binder

Fig. 6 SEM image of platelike boride precipitates in the �-Ti/TiB eu-
tectic phase

Fig. 8 SEM image of a fully eutectic �-Ti/TiB surface area produced
by TiB2 laser dispersion of Ti6Al4V
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ticle residues (Ref 22). For dispersion of diborides, generally a
shift of about 100 mV toward more noble standard potentials is
observed, which indicates a decreased tendency to corrosion.
While modified Ti6Al4V surfaces containing ZrB2 show almost
identical current densities to Ti6Al4V in the initial state in the
anodic part of the curve, dispersion of TiB2 results in increased
current densities (Fig. 12). However, the increase is rather small.
The worst performing specimens, which have been dispersed
with very coarse TiB2, show an increase of current density by
roughly one order of magnitude.

The protective gas setup used is suitable only for one-step
laser dispersing of flat surfaces and by use of an additional ap-
paratus, cylindrical components can be reinforced. Dispersing of
component surfaces with complex dimensions is possible only
by two-step laser deposition, as entrainment of atmospheric
gases due to turbulences of carrier and protective gas streams

cannot be avoided securely. To achieve a homogeneous micro-
structure of modified Ti alloy surfaces by two-step laser depo-
sition, a defined amount of hard phases needs to be deposited
with homogeneous distribution. The use of pastes does not fulfill
these demands for complex-shaped components. Vacuum
plasma spraying was carried out to prove the applicability for
deposition of thin diboride coatings with homogeneous thick-
ness distribution on Ti6Al4V components. First TiB2 coatings,
which have been manufactured by vacuum plasma spraying,
show very high porosity. Optimization of process parameters is
necessary.

4. Conclusions

Ti6Al4V surfaces have successfully been reinforced by di-
borides using one-step and two-step laser deposition processes.
For reliable processing, the use of a protective gas setup with
inert atmosphere protecting the treated surface zones is required.
B and diborides rapidly dissolve in the Ti6Al4V melt, which
results in precipitation of extremely fine TiB during cool-

Table 3 Microhardness depending on the microstructure

Microstructure
Microhardness,

HV0.05

Initial Ti6Al4V 350-360
Remelted Ti6Al4V 390
Heat-affected Ti6Al4V 390
Fully eutectic Ti-TiB phase 610
Compact boride particle residues 2000-3000

Table 4 Oscillating wear test results

Microstructure
Wear track
depth, µm

Wear track
width, µm

Initial Ti6Al4V (bimodal) 85 2130
Ti6Al4V remelted 60 1795
TiB reinforced Ti6Al4V 88-97 1875-1980
TiB reinforced Ti6Al4V + low density TiB2 77 1775
TiB reinforced Ti6Al4V + high density TiB2 50 1640

Note: counterbody: Al2O3 ball, 9 mm diameter; load: 5 N; 18,000 wear
cycles

Fig. 10 Crack-free TiB2 laser-dispersed Ti6Al4V surface with a paste
with PEG binder applied

Fig. 11 Influence of TiB2 laser dispersion on the cavitation erosion
wear behavior of Ti6Al4V

Fig. 12 Influence of TiB2 laser dispersion on the corrosion behavior of
Ti6Al4V
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ing. The use of coarse diboride particles permits the embedding
of partially undissolved particles. The microhardness of the eu-
tectic �-Ti/TiB phase mixture exceeds 600 HV0.05. Locally, sig-
nificantly higher values are achieved by the embedding of com-
pact boride residues. The application of pastes is advantageous
with regard to the efficiency of feedstock incorporation. Differ-
ent paste binders were tested. Ethanol and polyethylene glycol
proved to be suitable to produce crack-free boride reinforced
TiAl6V4 surfaces with a homogeneous microstructure.

Only for embedding of diboride particle residues, which is
achieved for application of powders with diameters exceeding
45 µm, is the oscillating wear resistance improved in comparison
to untreated TiAl6V4. For optimized resistance, the amount and
the distribution homogeneity of the diboride particle residues
need to be improved. In contrast, for cavitation erosion wear
conditions, complete dissolution of the diboride feedstock re-
sults in the lowest wear. The mass loss can be reduced by 70%.

Further investigations will be carried out on the optimization
of the content and homogeneity of the distribution of undis-
solved diboride particle cores in the remelted zone to optimize
the microstructure of the modified surface layers especially for
oscillating wear conditions. Local preheating by use of beam
splitters will be applied to minimize residual stresses.
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