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Abstract The effect of heat treatments (HT) on wear and
corrosion of direct metal laser-sintered Ti—-6A1-4V specimens
have been studied. Rectangular parts were built in vertical
(VB) and horizontal (HB) directions and heat treated above
[3 transus and below {3 transus with different cooling rate.
Rotary wear tests have been carried out under varying loads
of 5N, 15 N and 25 N at 25 m/s. Corrosion behaviour were
analysed in 1 M H,SO4 1 M HCI and 3.5% NaCl solutions.
Wear volume loss of both HB and VB are less in specimens
subjected to HT 2 than in HT1 which is attributed to more
grain refinement. Presence of compact oxide debris on the
surface of HT 2-VB specimen could have contributed to the
low wear volume. A sharp positive difference could be ob-
served in OCP immersed in 1 M H,SOgsolution from —0.6 V
(as-sintered) to 0.069 V (HT 1-HB) and 0.089 V (HT 2-HB).
Icorr value in 1 M H,SO, improved after both the heat treat-
ments from 17.450 pA/ecm?® to 1.470 and 0.152 11 pA/em?,
respectively. Generally, heat-treated specimens (both horizon-
tal and vertical) show better corrosion resistance than the as-
sintered specimens in all the three media.
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1 Introduction

Additive manufacturing (AM) is used to develop quick proto-
types using digital means and hence it shortens the
manufacturing period of end product [1]. Application of Ti—
6A1-4V lies in aircraft sector and in biomedical implants due
to its high specific strength, corrosion resistance and biocom-
patibility. In recent period, it has also extended into automo-
bile sector to satisfy the requirements like fuel efficiency
through weight reduction, greenhouse gases and absorption
of energy during crash [2].

Ti-6Al-4V alloy in as-sintered condition develops 3 grains
in columnar form that grow epitaxially from the base. The &
phase in the grain boundaries of {3 is the typical microstructure
and subsequent heat treatment coarsens the « phase thus re-
ducing plasticity. Solution treated (4 h at 1223 K, air cooled
and aged for 2 h at 873 K followed by air cooling) Ti-6A1-4V
specimens failed due to shear upon quasi static compression
but improves yield and compressive strength, sacrificing plas-
ticity [3]. Ti-6Al-4V rolled alloy annealed in o + 3 phase
region give in higher super plastic elongation [4].

Process parameters like powder flow rate, layer thickness,
scan speed, laser intensity and spot size determines the surface
roughness of the material to a larger extent. They also claim
that sloping angle have some influence of the surface rough-
ness. Surface roughness of less than 9 um can be attained by
tilting the parts between 10 and 20 degrees relative to the sub-
strate [5]. Alcisto et al. report a relatively inferior surface finish
in the as-sintered Ti-6Al-4V alloy [6] and even post heat treat-
ment studies do not improve it [7]. In general, focused research
is needed to fix the appropriate process parameters for specific
components based on its profile and functionality.

Corrosion behaviour of Ti-6Al-4V alloy have been studied
by various researchers in different solutions based on its field
of application.
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Ti—6Al-4V alloy was tested for its corrosion resistance in
NaCl and HCl solutions. It is found to behave inferior in NaCl
solution and better in its XY-plane of HCI solution. Lesser o'
and more {3-Tiwere the recommended microstructure [8, 9].
Heat treated (1066 °C with furnace-cooling) alloy analysed for
corrosion in a 0.5-M H,SO,4 and 1-M HCI solution mix reports
selective dissolution of « phase with increase in step height
between o and {3 as a result of increased timing. Both o and 3
phases get coarsened without change in its volume fraction
[10]. Ti-6Al-4YV alloy, tested for corrosion rate in Ringer’s
solution (simulated body fluid) displayed an I, of
2.28 pA/em?® and Ec,,, of —72.5 mV that reduces to an Ic,,,
value of 1.50 pA/cm? and E,,, value of —248 mV after coat-
ing with hydroxyl apatite and 10% SiO, [11]. A comparative
study on corrosion of o’ Ti-6Al-4V and o + 3 Ti-6Al-4V in
Ringer’s solution favours o' Ti-6Al-4V due to formation of
better oxide protection layer. It has also out performed in its
wear resistance due to its microstructure and hardness [12].
Ti—-6Al-4V alloy coated with nitride at 36 °C Ringer’s solu-
tion temperature increase the corrosion resistance with in-
crease in TiN phase content [13]. A fretting corrosion study
carried out on Ti—-6Al-4V alloy in artificial saliva shows that
the fretted locations wear volume increase from
3.26 x 10" nm® to 9.87 x 10'? nm® with190ppm of fluoride
ions [14].

Dry and wet tribology studies have been attempted in this
alloy by various researchers in as-sintered and in heat-treated
conditions. Enhancement in wear has been tried through var-
ious means like heat treatment, surface treatment, coatings,
machining etc. and their wear mechanisms were reported.

SLM produced and heat treated (720-740 °C: furnace
cooling) Ti—6A1-4V specimens undergoes grain refinement
and hence hardness reduces witnessing lowest wear rate due
to protective tribo-oxide formation [15]. In the dry sliding
wear tests conducted between 20 and 400 °C, adhesive and
abrasive wear occurred till 200 °C and the least wear rate is
recorded at 400 °C which is attributed to the protection of
tribo-oxides [16]. Above (3 transus treated and water
quenched specimen offered lowest wear loss in Ringer’s so-
lution due to the formation of hard martensite in its micro-
structure. It is also found that material loss increases as the
sliding speed and load increases. Wear mechanism in above 3
transus treated is abrasion and in below [3 transus treated, its
transfer layer formation, abrasion and cracking [17]. Lower
wear rate is recorded for water quenched specimens from
950 °C than the air cooled and furnace cooled due to its acic-
ular martensitic microstructure and formation of oxide layer
[18]. Laser (250 W) surface melting of Ti-6Al-4V alloy alters
the microstructure during solidification with more acicular «
in (3 matrix increasing hardness. This improves the wear rate
from 6.82 x 10~ mm?/Nm to 3.38 x 10°* mm?/Nm along
with improvement in corrosion resistance due to the formation
of passive oxide layers [19]. The dry wear analysis of Til8
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alloy which is similar toTi-6A1-4V has less effect on increase
in coefficient of friction (COF) with increase in load from 1 to
3 N. Abrasive wear with ploughs were reported as the main
wear mechanism [20]. Lubricated wear analysis carried out
with increase in sliding speed decrease the wear rate up to a
load of 30 N and ineffectiveness of lubricants may lead to
adhesion rather than abrasion [21]. The predominant wear
mechanism of ZrO, and HA sandblasted Ti-6Al-4V was re-
ported to be delamination [22]. Solid particle erosion wear in
Ti—6Al-4V is mainly due to impact velocity rather than its
angle, microstructure and erodent size. Still, lamellar micro-
structure sustains best erosion resistance than the equiaxed
and bimodal one. Ploughing is found to be the main mecha-
nism of erosion loss [23]. Micro-abrasive wear tests have been
conducted on Ti-6Al4V dental implant in contact with hy-
drated silica particles. Wear loss were found to increase line-
arly up to 0.011mm?, with increase in the concentration of
hydrated silica (4 wt%). With increase in load in the range
of 0.4, 0.8 and 1.2 N, the surface roughness value increase
from 0.40 to 1.30 um [24]. Ti-6A—14V material studied for its
wear behaviour in artificial sea water show unfair results due
to the ejection of TiO, particles [25]. Higher COF (0.36) was
recorded on Ti—6Al-4V tested in artificial saliva at 37 °C [26].
Oxidation treatment carried out in Ti-6Al-4V implant at
700 °C for 1 h forms hard oxide layer which is of high elec-
trochemical stability and friction challenging while subjecting
to fretting corrosion tests [27]. Salehikahrizsangi et al. have
reported abrasive/adhesive wear mechanism in commercial
and nanostructured Ti—6A1-4V, but delamination in nanocom-
posite with Ti-B [28]. Passive current density under phos-
phate buffered saline solution is reported to be doubled in
Ti—6A1-4V after anodization due to oxidation [29].

It is found that previous research works has not focused
much on the effect of built direction in direct metal laser
sintered (DMLS) Ti—6Al-4V alloy with respect to wear and
corrosion. Hence, this research work is dedicated to report the
findings of dry rotary wear and corrosion behaviour of hori-
zontal built and vertical built DMLS Ti—6A1-4V specimens.

2 Materials and method

Gas atomized Ti—6Al1-4V alloy spherical powder (TLS
Technik GmbH & Co. Germany) with an average particle size
of 45 um was used to produce rectangular parts of size
100 x 30 x 15 mm in vertical and horizontal directions as
shown in Fig. 1 at Centre for Rapid Prototyping and
Manufacturing, Bloemfontein using DMLS technology in
EOSINT M270 machine. The set process parameters are
170 W laser power, scanning speed 1400 mm/s, layer thick-
ness 30 um, laser spot size 140 pm and high purity argon
build atmosphere acting as a shield to avoid oxidation of Ti.
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Fig. 1 Rectangular parts produced in horizontal and vertical directions
2.1 Heat treatment

Using horizontal carbolite tube furnace, heat treatments were
done by purging argon gas with the following procedures.

1. Heating to 1100 °C (HT-1) at the rate of 5 °C/min, 1 h
holding and the cooling rate was 0.09 °C per second.

2. Heating to 900 °C (HT-2) at the rate of 5 °C/min, 1 h
holding, cooled at a rate of 0.09 °C per second followed
by heating to 650 °C, 3 h holding and then air cool.

2.2 Tribological studies

Tribological studies were carried out for as-sintered and heat
treated specimens by conducting dry sliding rotary wear tests

Fig. 2 Microstructures of a as-
sintered VB, b HT 1-VB and ¢
HT 2-VB

using a tribometer CETR UMT-2 with ball-on-disk configu-
ration under varying loads of 5, 15 and 25 N at a speed of
25 mm/s. The wear volume was calculated using the equation
in ref. [30].

2.3 Corrosion test

Open circuit potential and potentiodynamic polarization tests
were carried out using Autolab PGSTAT 302 supplied by
Metrohm, South Africa. The system is equipped with general
purpose electrochemical system (GPES) software used for the
Tafel extrapolation. Counter electrode material was chosen as
graphite rod, reference electrode as saturated silver/silver
chloride (Ag/AgCl) and working electrodes as samples.
Scan rate of 2 mV s 'was chosen to carry out polarization
tests from —0.3 to 0.7 V. Three different media; 1 M H,SOy4,
1 M HCl and 3.5% NaCl, were used to carry out the tests at a
temperature of 20 + 2 °C.

3 Results and discussions

3.1 Microstructure and microhardness of as-sintered
and heat-treated Ti—6A14YV alloy

The microstructures of as-sintered VB, HT 1-VB and HT 2-
VB are shown in Fig. 2.
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In the as-sintered microstructure, the presence of martensite
(«') is observed with fine needles of acicular & phase in the 3
phase matrix. The average grain width in the as-sintered mi-
crostructure was about 4 pm. Grain growth from 4.03 to
9.42 um is noticed after HT 1, since the specimen temperature
were elevated above 3 transus and slow cooled. In HT 2,
where the specimens were heated below [3 transus and air
cooled, grain refinement were observed with an average width
ranging from 2.03 to 3.89 um. This observation is not in
agreement with the findings of Jin Yao et al., 2016 [3].
Grain refinement is also cross verified by increase in width
of XRD peaks of Fig. 4 as per Debye-Scherrer equation [15].
It is also worth mentioning that none of the heat-treated spec-
imen reveals the presence of & martensite.

Figure 3 shows the microhardness of as-sintered and heat-
treated specimens. The microhardness of as-sintered speci-
mens are at higher level due to the presence of d-martensite
and heat treatment reduces the hardness as a whole, probably
due to oxide formation as observed in XRD peaks of Fig. 4.
Among both the heat treatments, HT 2 specimens show rela-
tively higher hardness due to the observed grain refinement.

3.2 Wear studies

Figure 5 shows the wear performance as a function of wear
volume of as-sintered and heat-treated specimens of HB and
VB at5N, 15N and 25 N applied loads. It can be noticed that
wear volume loss is high in both horizontal and vertical built
as-sintered specimens compared to the heat-treated specimens
in all the loads applied. This observation is in agreement with
the higher microhardness values measured for as-sintered
specimens than both the selected heat treatment cycles as no-
ticed in Fig. 3. Generally, the wear volume loss of both HB
and VB are less in specimens subjected to HT 2 than in HT1
which is attributed to more grain refinement as evidenced in

400

Fig. 2. More specifically, HT 2-VB recorded the least wear
volume. An increase in volume loss was also observed as the
load increases from 5 N to 25 N which suggest a gradual
transformation from mild wear to severe wear. Similar obser-
vation has been reported by Cui et al., 2012 [16].

Figure 6 shows the wear scar of as-sintered and heat-treated
specimens under an applied load of 25 N. Parallel ploughs and
continuous grooves in the rotary direction can be noticed in all
the specimens typical of abrasive wear and adhesive wear
mechanism. These images are similar to the reported work
of Qiulin Niu et al., 2014 [20] and Obadele et al., 2015 [31].
The presence of compact oxide debris on the surface of HT 2-
VB as confirmed from the EDS analysis in Fig. 7 could have
contributed to the low wear volume. Compact oxide debris
has a lubricating effect on the worn surface and as such could
reduce the wear of the material.

3.3 Corrosion studies

The open circuit potential (OCP) curves vs. time of immersion
in 1 M H,SO4 1 M HCI and 3.5% NaCl solutions for as-
sintered HB, HT 1-HB, HT 2-HB, as-sintered VB, HT 1-VB
and HT 2-VB are presented in Figs. 8 and 9.

At the end of immersion of HT 1-HB (see Fig. 8b) for 2 h,
the OCP in all the three media were about 0.069, —0.089 and
—0.28 'V, respectively. Generally, a rapid increase in potential
was recorded upon immersion in all the three media. It could
be observed that on immersion in 1 M H,SO,, the OCP in-
creases sharply in the first 600 s and thereafter to more steady
noble values without any fluctuations suggesting a passive
film formation on the surface of HT 1-HB which is of a quite
stable nature. On the other hand, some fluctuations were ob-
served while immersion in both 1 M HCI and 3.5% NaCl
solutions. For immersion in 1 M HCI, the OCP increases
abruptly in the first 350 s and slight fluctuations were recorded

Fig. 3 Microhardness of as- ]
sintered and heat-treated 390
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Fig. 4 XRD analysis of as- a
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Fig. 6 SEM images of a as-
sintered HB, b as-sintered VB, ¢
HT 1-HB, d HT 1-VB, e HT 2-
HB and f HT 2-VB worn regions
for the applied load of 25 N

Fig. 7 SEM and EDS of a as-
sintered VB and b HT 2-VB
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Fig. 10 Polarization curves for OCP curves for a as-sintered HB, b HT 1-HB and ¢ HT 2-HB

the gradual increase in resistance against chemical reactivity.
In comparison with as-sintered and HT 1-HB, there is no
much improvement in OCP in1 M HCI and 3.5% NaCl solu-
tions whereas a sharp positive difference could be observed
from —0.6 V (as-sintered) to 0.069 V (HT 1-HB) in case of
1 M H,SOysolution. This shows an improvement of about
seven order of magnitude which is due to the existence of high
energy acicular é martensite in as-sintered specimen and its
subsequent transformation to 3 phase after both the heat treat-
ments. Nianwei Dai et al., have also reported similar finding in
their work [8, 9].

HT 2-HB sample (see Fig. 8c) upon immersion for 2 h, the
OCP in all the three media were about 0.089, —0.19 and
—0.15 V, respectively. Upon immersion in 1 M H,SOy, the
OCP increases to more noble values without much fluctuation
and a steady curve was recorded after 400 s. This indicates the
formation of an early stable passive film on its surface. Just
like in HT 1-HB samples, no substantial improvement in po-
tential could be witnessed after HT-2, but remarkable hike in
potential is recorded with 1 M H,SOufrom —0.6 V (as-
sintered) to 0.089 V (HT 2-HB).

After 2 h of immersion of HT 1-VB (see Fig. 9b), OCP in
all the three media were about —0.14, —0.09 and —0.15 V,
respectively. Potential of HT 2-VB (see Fig. 9¢) after immer-
sion for 2 h in all the three media were about —0.154, —0.13
and —0.153 V, respectively. Upon immersion of both

@ Springer

specimens (HT 1-VB and HT 2-VB) in 1 M H,SO,, the
OCP slopes down which indicate that passive film formation
did not occur throughout immersion in the solutions. There are
lot of oscillations conveying very weak formation of stable
oxidic layer on its surface, although, a small increase in po-
tential is noticed in both specimens immersed in 1 M HCl and
3.5% NaCl.

Table 1  Current density values for as-sintered HB, HB-HT'1 and HB-
HT?2 in three different solutions

Solutions Ecorr (V) Low (WA/cm?) Corrosion rate
(mm/year)

As-sintered HB

3.5% NaCl —0.374 0.022 197 x 10°*
1 M HCI —0.444 1.938 1.70 x 1072

1 M H,SO,4 -0.613 17.450 1.53 x 10"

HB-HT1

3.5% NaCl -0.26 0.108 34 x 107
1 M HC1 -0.19 4.110 131 x 1072

1 M H,SO0, —-0.04 1.470 467 x 1072

HB-HT2

3.5% NaCl -0.27 0.105 5.90 x 10
1 M HCI -0.32 0.714 15 %1072

1 M H,S0, -0.14 0.152 8.51 x 107*
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Fig. 11 Polarization curves forOCP curves for a as-sintered VB, b HT 1-VB and ¢ HT 2-VB

Figure 10 clearly displays the polarization curves for as-
sintered HB, HT 1-HB and HT 2-HB where the scan rate was
set at 2 mV/s in aerated 1 M H,SO,4, 1 M HCl and 3.5% NaCl
solutions. It is clearly observed from Fig. 10b (HT 1-HB sam-
ple) that sample immersed in 1 M H,SO, displayed the no-
blest Ecorr (—0.04 V) followed by 1 M HCl and 3.5% NaCl.
An active-passive region was also recorded in both acidic
media. In 1 M H,SOy, the active-passive region was recorded
at higher potential (0.4 V) and high current density
(0.0017 pA/cm?) followed by a stable passivation region,
while that of 1 M HCI was recorded at lower potential
(0.07 V) and lower current density (0.0015 pA/cm?) with
lower passivation region. The least pitting potential, Epit,
was observed in sample immersed in 3.5% NaCl, however,
no sign of Epit in 1 M H,SO,. From Table 1 using the Tafel
extrapolation method, the corrosion current density, Icorr, for
the samples in the selected media were 1.470, 4.110 and
0.108 pA/cm?, respectively. This indicates that although, sam-
ple immersed in 3.5% NaCl solution had the least Ecorr, it
displays the least Icorr and corrosion rate. This has shown that
Ti—6Al-4V has better corrosion resistance in alkaline media
when compared to acidic media John A. Mountford [32] re-
ported that titanium does not corrode in almost all-marine
applications.

From Fig. 10c (HT 2-HB), it is however observed that
sample immersed in 1 M HCI showed no active-passive

region with short passivation region and a conspicuous Epit.
Furthermore, from Table 1, the Icorr recorded was the highest
(0.714 pA/em?) with high corrosion rate (1.5 x 102 mm/
year). Generally, there is a marginal improvement in the
Icorr of the heat-treated specimens when compared to as-
sintered. From Table 1, the Icorr for as-sintered sample in
1 M H,SO, is 17.450 pLA/cm2 while heat-treated specimens
are 1.470 and 0.152 11 pA/em?, respectively.

Table 2 Current density values for as-sintered VB, VB-HT1 and VB-
HT2 in three different solutions

As-sintered VB

3.5% NaCl —-0.369 0.050 446 x 1074
1 M HCI -0.420 1.676 1.47 x 1072

1 M H,SO,4 -0.615 17.090 1.50 x 107"

VB-HTI

3.5% NaCl -0.20 0.266 149 x 1073
1 M HCI -0.16 2360 132 x 1072

1 M H,SO,4 -0.34 0.240 135 %1073

VB-HT2

3.5% NaCl -0.18 0.081 456 x 1074
1 M HCI -0.20 2.020 1.13 x 1072

1 M H,S0, —0.37 0.789 442 %107
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Fig. 12 SEM morphologies of
the corroded specimens a as-
sintered and b HT 2-VB in 1 M
H,SO, media

The potentiodynamic polarization curves for as-sintered
VB, HT 1-VB and HT 2-VB immersed in 1 M H,SO4, 1 M
HCI and 3.5% NaCl solutions are shown in Fig. 11. From
Fig. 11b, it is observed that specimen immersed in 1 M
H,SO, displayed the least Ecorr (—0.34 V) and least Icorr
(0.240 pA/cm?) followed by 3.5% NaCl and 1 M HCL. All
the specimens displayed an active-passive region with a
steady passive region in 1 M H,SO, and fluctuating passive
regions in 1 M HCI and 3.5% NaCl. There are no pitting
potential, Epit, recorded throughout the experimental test in
specimens immersed in any of the solutions. Similar observa-
tions were recorded in Fig. 11c (HT 2-VB). When compared
with as-sintered specimen, there is an improvement in Icorr of
specimen immersed in 1 M H,SO, as shown in Table 2.

In all, heat-treated specimens (both horizontal and vertical)
perform better than the as-sintered specimens in all the three
media, more specifically in 1 M H,SO,4 which is more aggres-
sive than HCI and NaCl environment. Figure 12 clearly dis-
plays the SEM morphology of as-sintered VB and HT 2 VB
specimen after the corrosion test in 1 M H,SO, with corrosion
products present on the specimen surfaces; however, no
microcracks were detected. More corrosion products could
be observed in the form of cluster on the surface of as-
sintered specimen whereas, it is not so in any of the heat-
treated specimens.

4 Conclusion

1. Heat treatment has got more influence than build direction
in determining wear and corrosion resistance property.

2. Wear volume loss is less in specimens subjected to HT 2
than in HT 1 due to grain refinement.

3. Compact oxide debris on the surface of HT 2-VB backed
lowest wear volume.

4. lIcorr in 1 M H,SO, improved after both the heat treat-
ments from 17.450 pA/cm® to 1.470 and 0.152 11 pA/
ey, respectively.

5. Sharp positive difference could be observed from —0.6 V
(as-sintered) to 0.069 V (HT 1-HB) and 0.089 V (HT 2-
HB), while immersed in 1 M H,SO, solution.

@ Springer

6. Ti—6Al-4V has better corrosion resistance in alkaline me-
dia when compared to acidic media
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