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Ti-6Al-4V is suitable for powder bed fusion additive manufacturing processes; however, until now, limited
studies are conducted to investigate the high temperature tribological performance of Ti-6Al-4V samples
made by selective laser melting (SLM) and electron beam melting (EBM) techniques. This paper investi-
gated dry sliding wear resistance of Ti-6Al-4V alloy manufactured by SLM, EBM and conventional pro-
cesses at elevated temperatures up to 600 °C in contact with WC-Co. Linear reciprocating sliding wear tests
were carried out under different applied loads and temperatures, and different wear mechanisms were
identified and related to the manufacturing technique. Deviations of wear track width measurements
indicated shape irregularly, which has been presented and discussed by SEM images of the wear tracks.
Energy-dispersive x-ray analysis of surface layer showed how increasing temperature affects the surface
oxide layer and debris. The results showed that for all three types of samples, the oxygen richer oxide debris
layer at higher temperatures provided a protective layer with higher wear resistance, although strength and
hardness of Ti-6Al-4V are lower at a higher temperatures. So, the combination of these two effects results in

no significant effect of temperature on wear rate.

Keywords electron beam melting, high temperature wear,
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1. Introduction

Ti-6Al-4V is the most used titanium grade because of its
high strength to weight ratio, excellent corrosion resistance,
biocompatibility, good mechanical properties at elevated tem-
peratures and a high melting point (Ref 1, 2). Due to these
characteristics, Ti-6Al-4V alloy is widely used in industries
such as aerospace, biomedical, automotive, marine, and power
generation (Ref 3-5). Ti-6Al-4V is suitable for both selective
laser melting (SLM) and electron beam melting (EBM)
processes, which are powder bed additive manufacturing
techniques (Ref 6). These techniques are increasingly used
for rapid prototyping and low volume manufacturing of
metallic parts (Ref 7). Although products manufactured by
SLM and EBM processes are extensively studied in various
engineering sectors, there are still some characteristic problems
such as poor wear resistance that affects the quality of these
components (Ref 8, 9).

o/ phase in the SLM parts can significantly improve the
hardness and strength of the part and at around 600 °C, hard o’
martensite starts to transfer to « + f§ phase, while fine grain size
in EBM parts make them show better mechanical properties,
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like higher shear strength and crack resistance (Ref 10). These
enhanced properties in SLM and EBM parts are treated as the
important factors that influence their wear performance (Ref 11,
12). However, it is not clear if SLM and EBM Ti-6Al-4V
always have better wear resistance than cast Ti-6Al-4V,
especially at elevated temperatures. Although some studies
have already been conducted to evaluate the sliding wear
performance of Ti-6Al1-4V samples (Ref 13-17), there is no
systematic approach reported in the literature to investigate the
effect of temperature on their tribological performance and
wear mechanisms.

Cui et al. (Ref 18) and Mao et al. (Ref 19) conducted dry
sliding Ti-6Al-4V pin on GCr15 steel disk wear tests under 50-
250 N applied loads and measured the mass loss of the pins.
Their results show that, except at low load of 50 N, wear loss
for tests at 200, 400 or 500 °C is lower than that of room
temperature (7ry). At 400 and 500 °C and in the mid-range of
loading, (100-200 N), the average wear rate (WR) is only up to
~ 5 x 107® mm*/mm, while at Tg., average WR is signifi-
cantly higher and is up to 13 x 10~® mm?/mm. Also, at these
temperatures, their data showed less WR with applied loads of
100-200 N than the WR at 50 N, which is different from the
usual trend of increasing WR with increasing load.

Zhang et al. (Ref 20) conducted dry sliding Ti-6.5A1-3.5Mo-
1.5Zr-0.3Si pin on AISI52100 steel disk wear tests and
measured the mass loss of the pins. They showed an increase
in WR from 15 x 107°® mm*/mm to 65 x 107® mm*/mm,
when load increases from 50 to 250 N for tests conducted at
Trm. For tests conducted at 600 °C, WR is close to zero for the
whole range of loading (50-250 N). Furthermore, they con-
ducted tests where the sliding wear test was first conducted at
600 °C and then the sample was tested at Tg,,. Their data
showed that the results of the double sliding tests for the whole
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loading range are similar to the single sliding tests at 600 °C,
with WR values close to zero. These results suggest that
exposure to the temperature of 600 °C prior to or during testing
could basically prevented wear to occur. Kumar et al. (Ref 21)
conducted dry sliding Ti-6Al-4V pin on SS316L stainless steel
disk wear tests in vacuum to filter out the effect of oxidation
due to increasing temperature and measured the mass loss of
the pins. Their test data also show a rapid decrease in WR as T
increases from Ty, to 200 and at 400 °C WR is negligible.

Liang et al. (Ref 22) conducted pin-on-disk testing with
WC-6Co as pin and Ti-6Al1-4V as the disk at temperatures up to
900 °C and traced the 3D wear tracks to convert to volume
WR. They showed that an increase in temperature from Ty, to
320 °C increases slightly the WR from ~ 5 x 10 *mm?/m to
~ 7 x 107? mm*/m. By increasing the temperature to 600 °C,
WR increases considerably to ~ 17 x 10 ~ * mm®/m. Further
increase to 900 °C significantly increases the WR to
~ 42 x 10~* mm*/m. Thus, the effect of increasing temper-
ature on increasing WR by Liang et al. (Ref 22) is strong when
T > 320 °C and is completely opposite to the observations by
Cui et al. (Ref 18), Mao et al. (Ref 19), Zhang et al. (Ref 20)
and Kumar et al. (Ref 21). In Liang et al.’s study (Ref 22), it
was the wear volume rather than the mass loss of the pin that
was measured directly.

More recently, Alvi et al. (Ref 23) conducted ball-on-disk
experiments with EBM Ti-6Al-4V as disk and steel or alumina
as ball materials at temperatures up to 500 °C. Their specific
wear rates were determined based on the sliding track wear
volume, taking the product of average depth and area of track.
Their data showed that specific wear rate at room temperature
to be (7.0 +6.5) x 107 mm’/Nm and (8.3 + 6.8) x
10~* mm*/Nm for steel and alumina balls, respectively. The
standard deviation values are very high. At 200 and 400 °C,
deviation values are lower and average specific wear rate values
are within (0.4-0.9) x 10~* mm?/Nm. At 500 °C, the average
values are (3.5-4.5) x 10™* mm*/Nm with a medium level of
standard deviation at ~ 4 x 10~* mm*/Nm for the case of
alumina ball experiments. They conducted two tests for each
condition, and it is thus unclear how standard deviation values
were obtained. With this uncertainty and very large standard
deviation values for some tests, the effect of temperature on
specific wear rate from Alvi et al.’s study (Ref 23) may be
difficult to ascertain.

Based on the above short literature review, the current
understanding on the effect of temperature on wear rate of Ti-
6Al-4V alloy made by different powder bed additive manufac-
turing techniques may be viewed contradictory from different
studies. A few studies based on measuring weight loss of the
Ti-6Al-4V pin from pin-on-disk experiments have shown that
wear rate generally decreases as temperature increases,
although it depends also on the level of load applied. The
change of the weight of a pin to represent wear rate may need to
be questioned. On the other hand, a study based on directly
measuring the wear volume of the wear track in the disk clearly
shows the wear rate is directly proportional to the test
temperature. Therefore, in this paper, we investigated the effect
of temperature on sliding wear behavior of Ti-6Al-4V samples
manufactured by SLM and EBM powder bed fusion techniques
and compared the results with the samples made by conven-
tional manufacturing process. Detailed scanning electron
microscopy (SEM) and energy-dispersive x-ray spectroscopy
(EDS) analyses were conducted to study the wear mechanisms
at elevated temperatures. With increased use of Ti-6Al-4V alloy
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in load carrying applications and at elevated temperature
working condition, the results presented in this paper shed light
on the high temperature sliding wear resistance of the alloy
manufactured by different additive manufacturing techniques.
The systematic approach adapted in this study established the
relationship between oxidation of wear track surface, strength,
and hardness of the material in high temperature load bearing
applications.

2. Materials and Methods

Two powder bed fusion techniques were used to manufac-
ture Ti-6Al1-4V samples, using a laser powder bed fusion
machine (AM400, built by Renishaw, UK) and an electron
beam powder bed fusion machine (Q20, built by ARCAM,
Sweden). The Ti-6Al-4V specimens were processed using
optimum machine parameters to achieve nearly fully dense
samples. The machine parameters for SLM and EBM processes
are listed in Table 1. Conventionally processed (CP) samples
were ordered as annealed titanium grade 5 plates (ASTM B265
standard) from a supplier (Baoji Really Metals and Alloys Co.,
China) and then cut to 40 x 40 mm pieces to fit the tribometer.
The samples processed by SLM had martensite o acicular
structure microstructure, while the EBM parts showed o + 8
lamellar structure. The microstructure of CP samples was
“short fibrous™ f§ in o matrix. Microhardness tests were carried
out by a Leco LM-800AT machine under 1 kgf load on
polished specimens. The measured hardness values were
428 + 17 Hv for SLM specimens, 359 4+ 16 Hv for EBM
specimens and 324 4+ 8 Hv for CP specimens. These values
were determined by 10 microhardness measurements for each
type of specimens.

Due to high tensile and fatigue strength to density ratios of
Ti-6Al-4V alloy at elevated temperatures, some reciprocating
components of commercial or military gas turbine engines are
made from this alloy, where the working temperature reaches
up to 600 °C (Ref 24). Therefore, sliding wear tests were
conducted using a linear reciprocating tribometer (Ducom TR-
282, USA) with ball on plate configuration, under a range of
temperatures up to 600 °C. A 10 mm WC-Co (WC: 92%, Co:
8%, 90-92 HRC) ball was used as the counter material because
of its high hardness, so lower ball wear could happen, and the
study could focus on Ti-6Al-4V wear performance. All tests
were conducted under dry conditions at different temperatures
(25, 200, 400, 600 °C) and different loads (2, 6, 10 N) with a

Table 1 Process parameters for powder bed fusion
techniques

Parameters Value
SLM machine

Laser beam radius 35 um

Layer thickness 60 um

Hatch distance
Laser powers
Scan speeds

120 ym
300, 400, 500 W (at 800 mm/s)
1000, 800, 660 mnvs (at 400 W)

EBM machine
Number of contours 3
Outer contour offset 0.27 mm
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Fig. 1 (a), (b) Measured wear rates as a function of test temperature and applied load; (c) average coefficients of friction at different loads and
temperatures; (d) average shear layer thickness for samples tested at 6 N and different temperatures; (¢) Wear rate data with standard error values
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frequency of 5 Hz and sliding stroke of 10 mm for a total
sliding distance of 500 m. Duplicate tests were conducted for
each condition and all coefficients of friction (COF) were
automatically recorded by the tribometer. Before each test,
samples were grinded using SiC grinding papers until grit-2400
to reach an average surface roughness (Ra) of ~ 0.05 um. The
surface roughness was measured by a Taylor Hobson Talysurf
profilometer.

Wear volume (V,,) was measured after each sliding wear test
by scanning 15 cross-sectional profiles along each wear track
and converting them to cross-sectional areas by Imagel]
software. The wear volume of the track was then calculated
by multiplying the track length by average cross-sectional area.
Wear rate (WR) was then defined by dividing the calculated
wear volume by the overall sliding distance of the tests
(500 m).

After determining the wear volumes for each sliding wear
test condition, wear tracks were observed under a Hitachi SU-
70 field emission scanning electron microscope (FE-SEM).
For microstructural and wear mechanisms analyses, the tested
specimens were sectioned along the center line of the wear
track in longitudinal direction. The sectioned specimens were
then resin mounted using a Struers LoboPress and grinded
manually with 180, 500 and 1200 grit SiC papers. The
grinded samples were then polished by a Struers TegraPol 21
automatic polisher down to 0.03 um using colloidal silica
suspension (OP-S). At the final step, mounted and polished

specimens were etched by Kroll solution (2%HF, 5%H2NO3,
93%H20).

3. Results and Discussion

In this section, the results obtained from the study of the
effect of increasing test temperature (7) on wear rate (WR),
coefficient of friction (COF), and shear layer thickness are
reported. WR data for various tests at a wide range of
temperatures will first be presented to identify the trend of WR
change as T increases. Following this, how the trend differs
from those reported in literature will be described. Deviations
of track width (wy;) measurement indicating shape irregularity
of track will also be presented and discussed. The shape
irregularity will then be evidenced by presenting SEM images
of wear tracks and the reasons for this irregularity will be
further discussed. Analysis of the surface layer to show how
increasing T may affect the surface oxide layer and debris will
follow. Based on these analyses, the reasons for the observed
effect of increasing 7 on WR will be discussed.

WR values affected by F ranging from 2 to 10 N and
affected by T from Tk, to 600 °C are plotted in Fig. 1(a) and
(b). The trend of increasing WR when F increases is similar
for tests conducted at different temperatures, as is clearly shown
in Fig. 1(a). Thus, the clear effect of increasing Fn on

6N

Fig. 2 SEM images of shear layers of samples tested at 6 N and different temperatures
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Fig. 3 Measured (a) track depth and (b) track width plotted as a function of test temperature

increasing WR has not been affected by 7 in the range from
Trm to 600 °C. Each range of WR values at a Fy level in
Fig. 1(a) is not very different, which is an indication of either a
slight effect by test T or a large scatter at higher 7. Also, the lack
of a clear difference in WR among the three different material
states (SLM, EBM and CP) can be observed for tests at all
temperatures.

The effect of Ton WR is better examined in Fig. 1(b). For
2 N testing, in general, it could be suggested that there is a
weak effect and increasing 7 slightly reduces the WR. There is
an observable effect of 7'when Fy increases from 2 to 6 N that
WR is higher at 200 °C, but the increase is not remarkable. At
10 N, the peak WR at 200 °C is clear, although the increase in
WR is only about 20% compared to the average WR at other
temperatures. For Fiy= 2 N, the ratio of the highest WR over
the lowest WR is < 2. This ratio decreases as F increases. It
may be suggested that 7 affects the SLM samples slightly
differently than it affects EBM and CP samples, but the effect
in all samples can be viewed as weak.

The finding of the insignificant effect of 7 on WR in the
present study is not consistent with the results presented in the
literature on wear studies of Ti-6A1-4V alloy, although testing
conditions differ. As has been described in Sect. 1, the effect of
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T on WR presented in a few studies in the literature also differs
from one study to another. Cui et al. (Ref 18) and Mao (Ref 19)
conducted dry sliding Ti-6Al-4V pin on GCrl5 steel disk wear
tests under 50-250 N load range and measured the mass loss of
the pins. Their results show that, except at low load of 50 N,
wear loss for tests at 200, 400 or 500 °C is lower than wear loss
at Try. At 400 and 500 °C and in the mid-range of loading
(100-200 N), the average WR is only upto ~ 5 x 10~¢ mm’/
mm, while at Tg,, average WR is higher and is up to
13 x 107° mm’*/mm. Also, at these temperatures, their data
show less WR with the applied loads of 100-200 N than the
WR at 50 N, which is very different from our clear trend of
increasing WR with increasing Fy affected little by 7, as shown
in Fig. 1.

Similar to the finding on the lack of influence of temperature
on wear rate, average COF values for the three different
samples tested at different temperatures have been found to
differ insignificantly with 7 as can be seen in Fig. 1(c). The
difference in COF is higher at elevated temperature of 600 °C
and especially the CP samples tested under 2 N load show
lower COF compared to SLM and EBM samples. It can be seen
in Fig. 1(c) that under the same test condition, the three

Journal of Materials Engineering and Performance
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marked in the SEM image (of area “4”)
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different types of samples behave the same as far as COF may
suggest.

Measurements of average shear layer thickness have also
been carried out for specimens tested under various loads and
temperatures. For each specimen, 20 points along the wear
track length were measured under SEM. Figure 1(d) shows the
average shear layer thickness measurements as a function of Fy
and 7. In general, average shear layer thickness of the SLM
specimens is lower compared to EBM and CP specimens. The
figure also shows that shear layer thickness values for EBM
specimens for each test condition is largely comparable to the
CP samples with the same testing condition. Also, an increase
in either Fy or T increases the shear layer thickness.

As can be seen from Fig. 1, compared to the effect of load
on WR, the effect of temperature on WR is not significant. It
can also be observed from Fig. 1(b) that samples with different
manufacturing routes show similar wear performance at
different temperatures. So, for each load, the Ti-6Al-4V
samples from different routes largely are in the same group,
meaning that temperate affects WR in a similar way for each
kind (route) of Ti64 sample. This is mainly because the
temperature affects the surface oxide layer, no matter what
route the Ti-6Al-4V is from. Having all six Ti-6Al-4V samples
(two for SLM, two for EBM and two for CP) in one group for
each test condition, we could plot the mean value and standard
error (standard deviation divided by square root of 6) of WR as
a function of load and temperature in Fig. 1(e). Given the
standard error values are generally low comparing to the mean
values, it confirms the repeatability of the tests. Using Fig. 1(e),
the effect of temperature can be better described. For 2 N, WR
is seen to decrease slightly as temperature increases but WR
values are all low. For 6 N, WR values at high temperature
range (400-600) °C are only slightly lower than the WR value
at room temperature, but at 200 °C, WR is significantly higher.
For 10 N, WR values at high temperature range (400-600) °C
differ little to WR value at room temperature, but at 200 °C,
WR is clearly and significantly higher. The higher wear rate at
200 °C is because at this temperature, the protective oxide layer
has not been properly formed yet, so at higher loads, wear rates
are higher compared to the tests conducted at room tempera-
ture. The oxide content on wear tracks at different temperatures
will be discussed in detail in the following paragraphs.

Selected cross-sectional images of the wear tracks are
presented in Fig. 2, for samples tested under 6 N normal load.
These images clearly show that the thickness of the debris
pressed to the wear track is discontinuous and uneven. In these
images, wear debris can be observed to have been smeared on
the surface of the wear tracks and the local layers of shear
deformation underneath these debris can be observed for each
sample. By carefully observing how the shape of the micro-
constituents have changed under SEM, the thickness of the
shear layer can be estimated.

As mentioned above, in our study, which is based on linear
reciprocating wear tests, an insignificant effect of 7on WR has
been detected, differing totally from the conflicted observations
in literature based on pin-on-disk tests of different pin and disk
combinations. In the following, an attempt is made to examine
the shape features of the wear tracks, to analyze the wear debris
affected by increasing 7 and to examine how the deformations
leading to fracture/wear of the region under the debris and/or
oxidized tribolayer may affect WR. These examinations are for
identifying the reason for the observed insignificant effect of 7
on WR determined in our experiments. This is also for making
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an attempt to explain the disagreement of the present finding to
others in the literature.

Measured values of track depth (d,) and track width (wry)
are plotted against 7, as shown in Fig. 3(a) and (b), respectively.
Standard deviation values are provided in the plots of Fig. 3(b)
for w, to be referred to when observation on track surface is
made using SEM images. Not only the trends of dr. as T
increases in Fig. 3(b) follow closely those for WR in Fig. 1(b),
the shape of each curve in Fig. 3(b) follows closely the shape of
each corresponding curve in Fig. 1(b). The trend of wr, and the
shape of each curve plotting wr, against 7 in Fig. 3(b) are not
the same as those in Fig. 1(b), but the trends and shapes of the
curves for each pair (one in Fig. 1(b) for WR and the
corresponding one in Fig. 3(b) for wy,) are still similar. In
Fig. 3(b), many of the deviation values of wr, are close to
0.5 mm, which should be considered high, as max wr, is
~ 2.5 mm. This suggests a high irregularity of track shapes.

The high irregularity in track shape can be directly shown by
SEM images of a tracks. An example is given in Fig. 4 for the
SLM sample tested at 400 °C and at 6 N, showing wz to have
varied significantly along the track. There are four ‘necks,” each
with reduced wy crossing the track, dividing the track into five
sections. There appear bands of debris darker in appearance
crossing the track transversely. A small area marked “A” in
Fig. 4(a) is further magnified and shown in the image in
Fig. 4(b), for which two surface features can be described: one
being the smeared debris covering the most of this “A4” area,
and the other being the freshly worn leaving the worn grooves
that are not covered by debris.

Two debris smeared points (point 1 and point 3) and one
freshly cut (worn) location (point 2) have been EDS analyzed
and their EDS spectra are also given in Fig. 4(b). A clear
difference of point 2 to either point 1 or point 3 is the lack of an
O peak. The use of the 20 kV accelerating voltage resulted in
light element peaks to be weak, but the O peak in spectra 1 and
3 is clear. Semi-quantitative analysis has indicated a high
oxygen content ~ 50 at.% in the debris smeared area, as listed
in Table 2. Thus, the debris smeared is primarily oxide and the
freshly cut location is the Ti-6Al-4V workpiece material.

The example given in Fig. 5(a) is for the EBM sample tested
at 400 °C and at 6 N, showing also wy to have varied
significantly along the track also with four ‘necks’ dividing the
track into five sections and with bands of debris darker in
appearance crossing the track transversely. A longitudinal cross
section is also given to show the corresponding depth
irregularity along the track. The deepest location is
~ 140 ym, and the smallest depth corresponding to the
narrowest neck is ~ 40 um. This is consistent with the average
depth value of ~ 90 um measured and plotted in Fig. 3(a) for
this sample tested at 400 °C and at 6 N.

The example given in Fig. 5(b) is for the CP sample tested at
400 °C and at 6 N, similar to SLM sample shown in Fig. 4 and

Table 2 Compositions (at.%) from semi-quantitative
analysis of the three points in the SEM image and based
on the EDS spectra in Fig. 4(b)

(0] Al Ti \% w
Point 1 51.70 4.55 41.90 1.85 0.00
Point 2 0.00 10.82 85.42 3.76 0.00
Point 3 47.78 7.08 43.15 1.97 0.02
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Fig. 5 Whole wear track SEM images of (a) EBM sample tested at 400 °C and 6 N observed from top (top image) and mid cross section
(bottom image); (b) CP sample tested at 400 °C and 6 N, observed from top; (c) EBM sample tested at 200 °C and 10 N, observed from top;
(d) SLM sample tested at 600 °C and 2 N, observed from top
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Fig. 6 SEM cross-sectional images and EDS spectra from analysis of points (1, 2, and 3) marked in the SEM image of SLM tested samples
tested at (a) 200 °C, (b) 400 °C and (c) 600 °C, and under the test load of 6 N
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Fig. 6 continued

EBM sample in Fig. 5(a), showing also a four ‘necks’ track with
bands of debris also apparent. The average width of SLM,
EBM and CP track measured and plotted in Fig. 3 of ~ 2 mm
or slightly less with the variations in 4-5 mm is consistent with
the tracks observed in Fig. 4 and 5. Thus, as has already been
explained, the differences in Ti-6Al-4V processing, SLM, EBM
or CP, affected little wear track appearance and size. The track
shape irregularity has basically been observed in all the tracks
at tested temperatures of 200, 400 and 600 °C under all loads.

Two further whole track images are presented, one in
Fig. 5(c) for the widest track and in Fig. 5(d) for the smallest
track, respectively. Clearly, despite the size difference, shape
irregularity and debris bands, some clear and some less clear, in
the wider track (Fig. 5c) or smaller track (Fig. 5d) are the same
as those tracks with mid width values (Fig. 4, 5a and b). The
difference in size, comparing the track in Fig. 5(c) to the track
in Fig. 5(d), is due to the test load, not due significantly to the
test temperature, as is proved by all the measured values shown
in Fig. 3(b). Test load significantly and test temperature do not
significantly affect the width, depth, and thus, the WR and the
effect is the same for SLM, EBM and CP samples.

EDS spectra shown in Fig. 4 have indicated the debris in
wear tracks tested at a high temperature (400 °C) to be high in
oxygen content and to be oxide (Table 2). More reliable EDS
analysis on debris using cross-sectional samples has been
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conducted and data are presented in Fig. 6, 7 and 8 for SLM,
EBM and CP samples tested at various high temperatures,
respectively. The analytical results are however semi-quantita-
tive as no oxide standard samples are available and standard
calibration for quantitative analysis could not be thoroughly
conducted. The spectra in Fig. 6, 7 and 8 for analyses on the
debris in cross sections are similar to the spectra shown for
point 1 and point 3 in Fig. 4 for analyses on the debris from the
surface, all showing a definite intensity peak of oxygen.

The oxygen peaks Fig. 6, 7 and 8 have indicated an increase
in oxygen peak intensity as text temperature increases, for
SLM, EBM and CP samples. The increase in oxygen peak
intensity may not be linear and there seems significantly
stronger peaks at 600 °C. The compositions of the EDS points
based on the semi-quantitative analysis are listed in Table 3 and
the data of oxygen content as a function of test temperature are
plotted in Fig. 9. Clearly, the increase in oxygen content in the
debris is in a faster rate as temperature increases from 400 to
600 °C than the increase at lower temperatures.

Although the exact forms/structures of the wear debris at
different temperatures have not been further analyzed, data in
Table 3 and Fig. 9 may have suggested a change of the
structure(s) as test temperature increased. The significant richer
in oxygen in debris at 600 °C is clear. Thus, it could be
probable that at 600 °C, the oxygen richer oxide debris may be
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Fig. 7 SEM cross-sectional images and EDS spectra from analysis of points (1, 2, and 3) marked in the SEM image of EBM tested samples
tested at (a) 200 °C, (b) 400 °C and (c) 600 °C, and under the test load of 6 N
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Fig. 7 continued

harder than the oxide formed at lower temperatures and thus
provides a high wear resistance, although the strength and
hardness of the Ti-6Al-4V underneath decrease at higher
temperatures.

4. Conclusions

The present series of experiments and analysis have shown
that, in the temperature range from room temperature to
600 °C, temperature has not significantly affected the WR,
regardless of what Ti-6Al-4V test sample (SLM, EBM or CP)
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was used. WR decreased from ~ 0.0017 to 0.0009 mm®/m at
2 N, varied from ~ 0.0035 to ~ 0.0022 mm>/m at 6 N and
varied from ~ 0.0055 to 0.0040 mm*/m at 10 N over the
temperature range from room temperature to 600 °C. At higher
testing temperature, increasing Fy increases WR, regardless of
what samples (SLM, EBM or CP samples) are used. Wear track
characterization and measurements have shown that the wear
track appearance and irregularity have not changed when test
temperature has changed. It is clear, however, that oxygen is
richer in the titanium oxide debris as test temperature increases
and the increase in oxygen content is larger from 400 to 600 °C
than from 200 to 400 °C. It is probable that the oxygen richer
oxide debris layer at higher temperature may provide a stronger
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Fig. 8 SEM cross-sectional images and EDS spectra from analysis of points (1, 2, and 3) marked in the SEM image of CP tested samples
tested at (a) 200 °C, (b) 400 °C and (c) 600 °C, and under the test load of 6 N
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Fig. 8 continued
Table 3 Compositions (at.%) from semi-quantitative

analysis of the points in the SEM images and based on
the EDS spectra in Fig. 6, 7 and 8

Test cond. & point o Al Ti \% w

SLM 200 °C Point 1 Fig. 6(a) 43.1 7.3 475 2.1 00
SLM 200 °C Point 2 Fig. 6(a) 432 78 468 22 0.0
SLM 200 °C Point 3 Fig. 6(a) 469 6.6 429 18 1.9
SLM 400 °C Point 1 Fig. 6(b)  56.7 53 363 17 0.0
SLM 400 °C Point 2 Fig. 6(b) 550 59 373 17 00
SLM 600 °C Point 1 Fig. 6(c)  68.5 44 258 12 0.1
SLM 600 °C Point 2 Fig. 6(c) 683 45 259 13 00
EBM 200 °C Point 1 Fig. 7(a) 437 6.6 473 23 0.0
EBM 200 °C Point 2 Fig. 7(a) 434 74 471 22 0.0
EBM 400 °C Point 1 Fig. 7(b)  50.1 5.6 424 1.9 0.0
EBM 400 °C Point 2 Fig. 7(b) 579 47 358 1.6 0.0
EBM 600 °C Point 1 Fig. 7(¢) 759 3.6 195 1.0 0.0
EBM 600 °C Point 2 Fig. 7(c)  75.1 3.6 202 1.1 00
EBM 600 °C Point 3 Fig. 7(¢) 768 3.5 187 1.0 0.0
CP 200 °C Point 1 Fig. 8(a) 404 62 512 22 00
CP 200 °C Point 2 Fig. 8(a) 343 65 567 26 00
CP 400 °C Point 1 Fig. 8(b) 504 59 417 20 0.0
CP 400 °C Point 2 Fig. 8(b) 519 51 412 19 00
CP 600 °C Point 1 Fig. 8(c) 69.5 39 253 12 0.0
CP 600 °C Point 2 Fig. 8(c) 673 42 272 13 00
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Fig. 9 Oxide content determined by EDS-ZAF analysis on wear
debris in cross-sectional samples plotted vs. tested temperature
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wear resistance, although strength and hardness of Ti-6Al1-4V
are lower. Thus, overall and on balance, temperature does not
have a significant effect on WR.
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