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The Effect of the Remelting and Laser Surface Alloying of
Titanium Grade 5 (Ti6-Al-4V) on Erosive Wear Resistance

Abstract: The article presents the effect of the remelting and alloying of tita-
nium grade 5 (Ti6-Al-4V) on erosive wear resistance (in accordance with the
ASTM G76-04 standard). The study involved tests concerning the effect of graph-
ite on the in-situ synthesis of titanium carbide during alloying performed us-
ing a Trudisk 3302 disk laser. The study also involved hardness measurements
of individual beads as well as macro and microscopic tests. The tests involving
the use of a Phenom World pro scanning electron microscope provided with
an EDs analyser as well as the X-ray phase analysis revealed the possible syn-
thesis of titanium carbide during the laser alloying of the titanium surface with
graphite. The erosive wear resistance of beads reinforced with composite parti-
cles was higher than that of the material in the as-received state, yet lower than

that of the material remelted without the use of the alloying material.
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Introduction

Because of their extremely high mechanical
properties, resistance to the effect of various
chemical environments and high strength-
weight ratio, titanium alloys are widely ap-
plied in the aviation or automotive industries.
Owing to the combination of light weight, re-
sistance to temperature and a relatively insignif-
icant decrease in mechanical properties along
with an increase in temperature, the titanium
alloy grade discussed in the article is used in the
manufacturing of state-of-the-art aero-engine
turbines exposed to the effect of sand and dust
[1-5]. The process where solid particles cycli-
cally strike the surface of a given material, lead-
ing to its removal, is referred to as erosion. The

aforesaid effect is highly important and desira-
ble during sandblasting or waterjet cutting, yet
in most cases the faster wear of materials as well
as the degradation of their surface combined
with increased surface roughness are unwant-
ed phenomena. Because of potential failures of
machinery elements, the issue of erosion con-
tinues to “enjoy” high popularity among re-
searchers. S. Fidan [6], when investigating the
effect of various conditions accompanying the
heat treatment of alloy Ti6Al4V, discovered
that ageing negatively affected erosion resist-
ance. In turn, A. Lisiecki and A. Klimpel [7],
using different shielding gases during laser re-
melting, increased the erosive wear resistance
of various materials. Their solution involved

mgr inz. Tomasz Poloczek, dr hab. inz. Waldemar Kwasny, dr inz. Artur Czuprynski - Silesian University of

Technology, Faculty of Mechanical Engineering; Department of Welding

No. 2/2022

BULLETIN OF THE INSTITUTE OF WELDING

23



http://creativecommons.org/licenses/by-nc/3.0/
http://bulletin.is.gliwice.pl/

[@)ov-ne |

the protection of the base material with argon
and nitrogen-based gas shielding. T. Grogler
[8], using chemical vapour diamond deposition
on the titanium matrix, significantly increased
erosive wear resistance (whereas physical gas
phase-based deposition methods failed to pro-
vide desirable results). J. Zhou and S.Bahadur
[9], when testing alloy Ti-6Al-4V within the
temperature range of 200°C to 800°C, demon-
strated that an increase in the material erosion
rate grew along with an increase in temperature.
The researchers also revealed the significant ox-
idation of the surface within the temperature
range of 650°C to 800°C, thus proving the ex-
istence of the correlation between the titani-
um alloy erosion rate and surface corrosion
resulting from the operational exposure of the
material to higher temperature. Laser surface
processing aimed to improve the erosive wear
resistance of alloy Ti-6Al-4V continuous to
be the subject of research, where Mo-WC [10],
graphite-Si [11], SiC [12], NiCrBSi [13], NiCrBSi-
TiC [14], Ti-Cr3C2 [15], NiCoCrAlY [16] and
NiAl-ZrOz2 [17] are used as reinforcing phas-
es. Surface processing plays an important role
in technologies aimed to improve the opera-
tional properties of materials, enables the ob-
tainment of significant savings resulting from
the limited use of expensive materials as well as
helps design elements characterised by appro-
priate surface properties and adapted for oper-
ation under specific environmental conditions.
Laser surface alloying, being one of more pop-
ular surface processing methods, consists in
the enrichment of the surface layer with alloy-
ing elements and/or the transformation of the
material structure. Laser surface alloying tech-
niques are the following [18]:
— single-stage process characterised by the con-
tinuous supply of the alloying material (in the
form of powder) fed directly to the weld pool,

— dual-stage process, where the alloying mate-
rial (in the form of paste — electrolytic coat-
ing) is applied on the substrate.

One of the popular variants of the alloying
process used in relation to titanium alloys in-
volves the use of the atmosphere of active gas
where laser processing takes place (e.g. laser
gas nitriding) [7].

The analysis of reference publications led
to the conclusion that the graphite-based al-
loying of the titanium surface (aimed at the
in situ formation of TiC-type carbide phases)
could improve the erosive wear resistance of
the above-named group of alloys.

Test materials and methods

The tests discussed in the article aimed to iden-
tify the effect of laser surface alloying and re-
melting on the erosive wear resistance of one
of the most popular titanium alloy grades on
the market, i.e. Ti-6Al-4V (Grade 5). Before the
tests, the specimens made of titanium grade
5 Ti-6Al-4V (having dimensions of 8 mm X
50 mm X 100 mm) were subjected to grinding
followed by degreasing with ethanol. The pur-
pose of the above-named procedures was to
obtain the pure metallic surface as well as to
improve the radiation absorptivity of the ma-
terial subjected to alloying. In accordance with
the manufacturer’s (WOLFTEN) documentation,
the material was made using the vacuum arc
remelting process and, next, was subjected to
hot rolling. The chemical composition of the
base material and its mechanical properties
are presented in Tables 1 and 2. The alloying
process was performed using graphite powder
(dispergated in ethanol) applied onto the sur-
face subjected to laser processing before the
commencement of the alloying process. The
thickness of the layer applied amounted to ap-
proximately 200 pum.

Table 1. Chemical composition (% by weight) of the alloyed material (in the form of a plate made of Ti-6Al-4V) [24]

Al

v

Fe

O

C

N

Y

Ti

6.30

4.03

0.17

0.18

0.02

0.01

<0.0005

bal.
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Table 2. Mechanical properties of the alloyed material
(in the form of a plate made of Ti-6Al-4V) [24]

Hardness | Tensile strength | Yield point | Elonga-
[HB] R, [MPa] R, [MPa] | tion [%]
335 1012 948 20

The structure of the base material used in
the alloying tests is presented in Figure 1. The
material represented the group of dual-phase
titanium alloys, where the stabiliser of phase a
is aluminium and that of phase { is vanadium.

Fig. 1. Structure of the test material in the as-received
state; etchant: Kroll’s reagent

The laser alloying process was performed us-
ing a station equipped with a Trudisk 3302 disk
laser (TRuMPF; Table 3) integrated with a nu-
merically controlled system positioning the la-
ser head in relation to the material subjected to
processing. Based on initial remelting tests, to
prevent the excessive penetration of the laser
beam in the material and an increase in the sur-
face area affected by the heat source, the laser
beam focus (having a diameter of 200 um) was
located 35 mm above the surface of the materi-
al. The alloying process was shielded by Argon
5.0, fed through a cylindrical nozzle inclined
at an angle of 30° in relation to the laser head.

[@)ev-ne |

Table 3. TRumPF TruDisk 3302 laser parameters

Parameter Value
Wavelength [pum] 1.03
Maximum beam power [W] 3300
Beam quality at the optical

output [mm-rad] <8.0
Optical fibre diameter [pm] 200
Focal length [mm)] 200
Beam focus diameter [pm] 200
Optical fibre length [m] 20

The flow rate of the shielding gas amounted to
25 1/min. The performance of the initial tests
enabled the development of optimum process
parameters, i.e. a laser power of 1500 W, an al-
loying rate of 100 mm/min and a linear ener-
gy of 937 J/mm (Table 4).

The assessment of the quality of the coatings
required the performance of macro and mi-
croscopic tests, conducted in accordance with
the PN-EN ISO 17639 standard [21]. The mac-
ro and microscopic tests were performed us-
ing an Olympus SZX9 stereoscopic microscope
and a Phenom World PRO scanning electron
microscope provided with an EDS analys-
er. The specimens were etched (through im-
mersion) in Kroll's reagent for 20 seconds. The
XRD tests were performed using a PANalyti-
cal X’Pert PRO diffractometer equipped with
a cobalt anode. Diffraction line profiles were
obtained within the range of 20 (between 25°
and 130°), using the continuous scanning mode
and a step of 0.1444°. The functional proper-
ties of the penetrations were assessed on the ba-
sis of results obtained in Vickers hardness tests
(performed using a Wilson 401MVD Vickers
hardness tester) as well as results obtained in
erosive wear resistance tests. Microhardness
tests (performed using a load of 200 g and an
indenter penetration time of 12 seconds) were

Table 4. Alloying process parameters

Specimen no Graphite layer Laser power | Remelting/alloying | Linear energy of the alloying
P "| thickness [pm] (W] rate [mm/min] process [J/mm]
1 - 1500 100 937
2 200 1500 100 937
No. 2/2022 BULLETIN OF THE INSTITUTE OF WELDING 25
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carried out along three measurement lines, on
the cross-section of each penetration (Fig. 2) (in
accordance with the PN-EN ISO 6507 stand-
ard) [22]. Erosive wear resistance tests were per-
formed in accordance with the ASTM G76-04
standard [25], using the Al,O; erosive powder
having an average grain size of 50 um. The ero-
sive particles were transported in the jet of dry
air; the outlet velocity of the particles amounted
to 70 m/s, whereas the flow rate of the erodent
amounted to 2 g/min. The time, during which
the erodent affected the specimen amounted to
10 minutes. The test was performed three times
in relation to each specimen. The erodent an-
gle of incidence amounted to 90° and 30°. The
erosive loss mass (necessary to identify a relat-
ed coeflicient) was measured using a laborato-
ry balance, with an accuracy of up to 0.0001 g.

measurement line

Fig. 2. Schematic diagram of the Vickers hardness test

Results

Photographs presenting the macrostructure of
the laser alloyed beads are presented in Figure
3. Apart from a single pore located near the
fusion line of specimen no. 2, the remaining
specimens did not contain any welding imper-
fections, which indicated the proper adjustment
of the process parameters. In terms of speci-
men no. 1, remelted without the use of the filler
material, it was possible to observe significant-
ly deeper penetration by the laser beam than
that observed in specimen no. 2. The foregoing
resulted from the use of the alloying material,
which absorbed some energy and affected the
intensity of convective movements in the liquid
metal pool. It should be noted that the in situ
reaction of TiC formation was the exothermic
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reaction taking place between Ti and C in the
liquid metal pool and, as such, generated ad-
ditional energy. Calculations performed by D.
Janicki [19] revealed that the amount of heat
resulting from reactions occurring between Ti
and C (in relation to the 15% content of TiC
in the liquid metal pool) was relatively small
(amounting between 10 J/mm and 20 J/mm).
In comparison with the energy generated by
the laser radiation source (i.e. 937 J/mm), the
aforesaid energy was not significant and did
not substantially affect the volume of the re-
melted material.

The microstructure of the bead remelt-
ed without the use of the alloying material
contained acicular martensite o' and differed
significantly from the material in the as-re-
ceived state (containing the dual-phase a+f

HAZ

BM

Specimen no. 1

HAZ

BM

Specimen no. 2

Fig. 3. Macrostructure of the material subjected to re-
melting (specimen no. 1) and to graphite-based alloying
(specimen no. 2); etchant: Kroll's reagent
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Fig. 4. Macrostructure of specimen no. 1 subjected to laser Fig. 5. Microstructure of specimen no. 2 subjected to
graphite-based alloying; etchant —-Kroll’s reagent

remelting; etchant: Kroll’s reagent
structure). The foregoing resulted from high of the binary Ti-C phase system [20] it could
cooling rates accompanying the process of la- be stated that, because of higher thermal sta-
ser remelting (impeding diffusion between at- bility than that of the alloy matrix, the titani-
oms) [23]. The martensite aciculae nucleated um carbide solidified as the primary phase.
along the previous boundaries of grains p and The remaining carbide precipitates constituted
were characterised by a high length-width ra- the “strip” of the crystallisation of the grains
tio (Fig. 4). of phase o' and, by preventing its growth, led
The microstructure of specimen no. 2 con- to the formation of the fine-grained struc-
tained easily visible precipitates of eutectic ture of the alloy. Figure 6 presents the eutec-
carbides (solidifying along grain boundaries) tic structure of carbides, composed of small
and the significantly smaller amount of pri- single TiC-type precipitates (also observed in
mary carbides (Fig. 5). Based on the diagram the EDS microanalysis).

Chemical Chemical
element % by atoms % by weight
element name
symbol
Ti titanium 56.30 83.70
C carbon 43.70 16.30

Fig. 6. Microstructure: a) morphology of the eutectic precipitates in specimen no. 2 and b) local EDS microanalysis

No. 2/2022

BULLETIN OF THE INSTITUTE OF WELDING

of a precipitate in the structure of specimen no. 2
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Radiographic analysis

The analysis of peaks obtained
in the X-ray diffraction as
well as the observations per-
formed using the scanning
electron microscope revealed
in situ reactions taking place
between graphite and titani-
um (during the laser surface
alloying process). The dif-
fraction indications revealed
in the tests corresponded
to the phases of a-Ti/ o’-Ti
(HCP), B-Ti (BCC), TiC and
C (Fig. 7). The material in the
as-received state was charac-
terised by reflections corre-
sponding both to phase a-Ti
and phase B-Ti. Specimen no.
1, subjected to argon-shield-
ed remelting, was not char-
acterised by the reflection
observed in relation to a val-
ue of 20 (amounting to 83°)
(B-Ti). In turn, the remaining
reflections, corresponding to
phase B-Ti, overlapped with
a-Ti/ o’-Ti, which, along with
the results of the microstruc-
tural analysis, implied that
the martensitic transforma-
tion of o’-Ti had taken place
within the entire penetration.
The carbon-related reflec-
tions observed in specimen
no. 2 indicated that the alloy-
ing material (graphite) had
not been entirely remelted in
the liquid metal pOOl (carbon Fig. 7. Results of the XRD analysis: a) material in the as-received state,
melting point being 3500°C), b) specimen no. 1 and c) specimen no. 2
which, in turn, directly resulted from dynam-
ic heating and cooling following the laser sur-
face alloying process.
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Hardness measurements

The analysis of the cross-sectional hardness dis-
tribution made it possible to distinguish the
three primary zones of the joint, i.e. the area of
penetration, the heat affected zone and the base
material (whose average hardness amounted
to 340 HV,). The bead alloyed using graphite
(specimen no. 2) was characterised by a signifi-
cant increase in hardness (the average hardness
value amounted to 410 HV ). The significant
value of standard deviation in relation to spec-
imen no. 2 resulted from the non-homogene-
ity of its structure and the resultant difference
between carbides and their matrix composed
of titanium. The hardness measurements re-
vealed that the parameters applied in the al-
loying process triggered the

martensitic transformation in

the fusion zone (having a hard-

ness of approximately 380 HV

(specimen no. 1) and, partly, in

the heat affected zone (having

a hardness of approximately

370 HV,, (Fig. 8)).

Erosive wear resistance tests

Figure 9 contains a diagram
presenting the erosion-trig-
gered material loss (identified
in accordance with the pro-
cedure specified in the ASTM
G76-04 standard [25]). The
analysis involved the materi-
al in the as-received state as
well as the remelted and al-
loyed beads subjected to laser
processing. The tests revealed
that mass losses (in each case)
were greater in relation to an
erodent angle of incidence of
30°. The most favourable ero-
sive wear resistance was ob-
served in relation to specimen
no. 1, subjected to remelting
without the use of the alloying
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material. The mass loss concerning the above-
named specimen was nearly by twice low-
er than that of the material in the as-received
state. The foregoing resulted from the laser re-
melting-triggered martensitic transformation
of the structure, enabling the crystallisation
of phase o’ (characterised by high hardness).
The erosive wear mechanism observed in rela-
tion to the martensitic structure of the titani-
um alloy was typical of plastic materials, where
the erosion-triggered loss of material resulted
from the micro-cutting of the plastic matrix
(which was demonstrated in the SEM photo-
graphs of the beads subjected to the erosive
wear tests (Fig. 10)). In terms of specimen no.
2, containing reinforcing phases in the form of

Fig. 8. Hardness measurement results

Fig. 9. Value of the erosion-triggered loss of mass in the test materials
in relation to the erodent angle of incidence
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titanium carbides (TiC), the losses of mass were
greater than those observed in specimen no. 1.
The aforesaid losses were the consequence of
the erosive wear mechanism. As regards spec-
imen no. 2, the making of which involved the
use of graphite (used to obtain hard TiC-based
reinforcing phases), the material affected by
erodent particles revealed the simultaneous
occurrence of two erosive wear mechanisms.
The first mechanism, typical of plastic materials,
was responsible for the loss of the matrix mate-
rial, whereas the second one led to the crack-
ing and, next, the chipping of the hard particles
of the TiC-based reinforcing phase. It was also
observed that the contribution of each of the
above-named mechanisms to the erosive wear
process was independent of the erodent angle
of incidence (which was demonstrated in the
diagram presented in Fig. 9).

Specimen no. 1

Specimen no. 2

Fig. 10. Photographs (SEM) of craters observed after the
erosive wear tests
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Conclusions

The above-presented tests and their results
justified the formulation of the following
conclusions:

— The laser surface alloying process involved the
reaction between graphite and the base ma-
terial (Ti6Al4V), enabling the in situ synthe-
sis of titanium carbide.

— The results of the microscopic tests revealed
the possibility of obtaining structures char-
acterised by the highly uniform distribution
of the reinforcing phase (TiC) in the metal-
lic matrix of the alloy.

— The processing of the surface performed us-
ing the disk laser was characterised by high
cooling rates, thus triggering (during cool-
ing) the transformation of phase -Ti into
acicular martensite o’ (characterised by a
hardness of up to 380 HVo.3). The average
micro-hardness of the composite TiC-rein-
forced composite beads was by approximate-
ly 20% higher (410 HVo0.2) than that of the
material in the as-received state.

— The erosive wear resistance of the compos-
ite beads reinforced with composite parti-
cles was by approximately 20% higher than
that of the material in the as-received state,
yet by approximately 39% lower than that of
the material remelted without the use of the
alloying material.

— The TiC-based reinforcing phase affected the
nature of the erosive wear mechanism, which
combined the typical wear of the matrix trig-
gered by micro-cutting and ridging processes
as well as the crumbling and the chipping of
the hard TiC particles off the eroded surface.

— The laser remelting of the surface of alloy
Ti6Al4V led to the obtainment of the high-
est erosive wear properties, resulting from the
homogenous structure composed of acicular
lamellas (characterised by a relatively high
hardness of 380 HVo0.3).
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