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Abstract: To improve the friction and wear performance at room and elevated temperatures, Ti48 AI2Nb2Cr (at.%)
alloy was anodically fluorinated in an NH4F-containing electrolyte. The effects of anodic fluorination on the friction
coefficient, wear rate, wear track morphology, and adhesion strength between the oxide scale and substrate were
investigated. Results showed that the in-situ formation of Al,Os-enriched oxide scale was promoted due to fluorine
effect, by which the surface hardness and wear resistance were both enhanced. After the friction and wear test, no
noticeable changes were found on the fluorinated Ti48AI2Nb2Cr, whilst severe abrasion was evident on the GCrl5
counterpart. This indicates that anodic fluorination could effectively enhance the friction and wear performance of
Ti48 A12Nb2Cr alloy. At elevated temperatures, the dominant wear mechanism of the fluorinated Ti48AI2Nb2Cr/GCrl15

pair was oxidation wear and adhesive wear.
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1 Introduction

TiAl alloys are promising candidates for
compressor and low-pressure turbine blades, owing
to their low density, high specific strength, and high
temperature creep resistance [1-5]. The poor
oxidation resistance and wear resistance, however,
impede their further application. During the past
several decades, most research efforts have been
devoted to enhancing the oxidation resistance of
TiAl alloys by alloying design [6—8], surface
modification [9—12], and applying protective
coating [13—16].

In the meantime, the research regarding the
wear resistance of TiAl alloys has also gained
considerable attention [17—22]. For instance, in a
study on the wear behavior of Ti48AI2Nb2Cr
(at.%) with nickel base superalloy at different
temperatures from 296 to 823 K, MIYOSHI et al [17]
reported a strong correlation between the wear

performance and the service temperatures.
MENGIS et al [19] found that the TiAl alloy
exhibited the worst wear resistance at 400 °C due to
the oxidation of Ti and Al. Recently, WU et al [23]
have found that as the applied load increased,
the friction coefficient and wear-scar volume of
Ti48A12Cr2Nb alloy decreased due to the combined
effect of adhesive wear and oxidation wear.

Apart from the more fundamental studies on
the wear behavior of TiAl alloys, a significant
amount of efforts were dedicated to improving the
wear resistance through various approaches. In this
line of research, surface treatment is the most
extensively studied, including thermal oxidation [24]
or nitridation [25], plasma carburization [26], laser
cladding [27], micro-arc oxidation [28], and
application of coating [29]. LI et al [27] found that
the laser-cladding TizAl/TiAl + TiC ceramic layer
could reduce the wear rate of TC4 alloy by two
times. However, the large thermal stress generated
during the laser cladding process made the TizAl/
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TiAl + TiC ceramic coating easy to peel off from
the substrate. WU et al [28] found that the
introduction of sodium citrate, graphite, and sodium
tungstate into the micro-arc electrolyte solution was
able to improve the wear resistance of TiAl alloy
due to the generation of WO;, Ti,Os3, and AlO;.
LI et al [29] prepared Mo—Si—Ti coating with
composition and structure gradients to improve the
wear resistance of y-TiAl.

Recently, we have proposed to regulate the
surface structure and composition of TiAl alloy
by anodization in fluorine-containing electrolytes
[10,11,30]. During thermal exposure to air, a
protective Al,O; layer will be in-situ generated on
the fluorinated TiAl alloy due to the fluorine effect.
Results showed that the oxidation resistance [10,11]
and hot corrosion resistance [30] of the fluorinated
TiAl alloy were efficiently improved. Moreover,
owing to this Al;Os-enriched oxide layer, the
friction and wear resistance of the fluorinated
Ti45A18.5Nb alloy was significantly enhanced at
1000 °C [22]. Although the close relationship
between the tribological properties and service
temperature has been identified in many studies, a
fundamental understanding of how the service
temperature affects friction and wear performance
is still lacking. This requires the characterization of
the friction and wear behavior not only on the
pristine fluorinated TiAl alloys but also on the
fluorinated samples at the service temperature
in-situ.

In this vein of thought, the present work aimed
to systematically study the friction and wear
behavior of the fluorinated Ti48AI2Nb2Cr alloy
both at room temperature and at high service
temperature in-situ. The wear profiles of the
specimens were characterized by 3D wide-field
microscope. The micro-morphology of the wear
profiles and debris was assessed by a scanning
electron microscope (SEM) coupled with energy
dispersive spectroscopy (EDS). The evolution of
hardness was recorded. The adhesion of the oxide
scale was evaluated by an automatic scratch
instrument.

2 Experimental
2.1 Anodic fluorination

TiAl alloy with a nominal composition of
Ti48AI2Cr2Nb (at.%) was cast by a vacuum

furnace. Samples with the size of 15 mm % 15 mm X
1 mm were ground with sandpaper with the grit
of 60" to remove the natural oxide scale, then
ultrasonically cleaned in acetone and ethanol for
5 min sequentially, and finally rinsed with deionized
water and anhydrous ethanol. The specimens were
dried in warm air before the testing.

Using ethylene glycol containing 0.15 mol/L
NH4F as electrolyte, anodic fluorination was
conducted at 5V for 1 h [30]. Two graphite plates
with an exposure area of 100 mm % 40 mm were
used as the cathodes, and Ti48AI2Nb2Cr alloy was
used as the anode. Ti48AI2Nb2Cr alloy was
hung between two graphite plates with a distance
of ~5cm. The electrolyte was magnetically
stirred during anodic fluorination. After anodic
fluorination, the specimens were taken out from
the electrolyte, ultrasonically cleaned in deionized
water, and dried by warm air.

2.2 Measurements of tribological properties of

specimens

The tribological properties of the fluorinated
Ti48AI2NDb2Cr alloy were evaluated on an MDW—
02G tribometer (Jinan Yihua, China) with a GCr15
steel ball (diameter d =6 mm) as the counterpart
ball. The tribological test was carried out in
reciprocating sliding mode under dry conditions.
Before the tribological test, the GCrl5 steel balls
were cleaned ultrasonically in ethanol for 10 min to
remove the surface contamination. With a frequency
of 1 Hz and a displacement amplitude of 12 mm, a
normal load of 5 N was applied for 10 min. After
the test, the specimen was ultrasonically cleaned
in deionized water for 5 min and dried by warm
air. The tribological property of the fluorinated
Ti48AI2AI2ND at room temperature was evaluated
after the specimens were oxidized in a chamber
furnace at 1000 °C for different durations (KSL—
1200X, Hefei Kejing Co., Ltd., China). The wear
loss of the specimens was calculated using the
equation below:

w=VI(F-L)

where o is the wear rate (mm3/(N-m)), V is the
wear volume (mm?®), F is the applied normal load
(N), and L is the sliding distance (m).

2.3 Characterization of specimens
The phase composition of the specimen was
analyzed by X-ray diffraction (Panalytical X’Pert
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PRO, Cu Ky (4=0.154056 nm, 40 kV, and 40 mA).
The morphology and profile of the wear track were
characterized by scanning electron microscope
(SEM, Gemini500) and 3D wide-field microscope
(DVM6M, Leica, Germany). The adhesion strength
was tested by a scratch tester (WS—2005). A
diamond indenter with a radius of 200 um was
employed to make a scratch on the coating at a
continuously growing load in a range of 0—20 N.
The micro Vickers hardness of the specimen was
tested by an HMV-G21S (Shimadzu) instrument.
The load was 9.8 N, and the holding time was 10 s.
Three parallel tests were conducted under each
condition.

3 Results and discussion

3.1 Tribological properties of fluorinated

Ti48AI2Nb2Cr at room temperature

Figure 1 reveals the XRD patterns of the
fluorinated Ti48AI2Nb2Cr after oxidation at
1000 °C for different time. TiAl and TizAl come
from the alloy substrate, while TiO, and Al,Os are
derived from the oxide scales. Notably, after
thermal exposure to air, TiO, with strong diffraction
intensity is observed on the untreated Ti48AI2Nb2Cr
alloy [30], whilst the diffraction intensity is reduced
on these fluorinated specimens (Fig.1). This is
due to the fluorine effect which promotes the
formation of Al,O3; whilst restrains the formation of
TiO> [10,11,31].
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Fig. 1 XRD patterns of fluorinated Ti48AI2Nb2Cr after
oxidation at 1000 °C for different time

The tribological properties of the fluorinated
Ti48AI2Nb2Cr at room temperature were studied.
As shown in Fig.2, a relatively high friction

coefficient (up to 0.7) is observed on the untreated
Ti48AI2Nb2Cr alloy, consistent with that of
GCrl15/TiAINb [32]. Interestingly, the friction
coefficient was dramatically reduced after the
anodic fluorination. For all fluorinated specimens,
relatively low friction coefficients (~0.3) are
found in comparison to the untreated alloy (up to
0.7), suggesting that the alumina and fluorine-
enriched anodic film could induce a low friction
regime, in line with the observations from WANG
et al [33] and LEE et al [34]. They attributed this to
the formation of an aluminum hydroxide layer with
a crystallographic structure as a result of the tribo-
chemical reaction between the anodic film and
GCrl5. LEE et al [34] suggested that this aluminum
hydroxide layer could play a role as a lubricating
layer. Moreover, it is found that the friction
coefficient increases with the increase of the
oxidation time. This observation can be ascribed to
two factors. For one thing, lengthening the thermal
exposure time to air prompts the generation of an
oxide scale with enhanced surface roughness [11].
This would increase the real contact area between
the specimen and the friction pair, therefore leading
to a high friction coefficient. For another, the
contact between the GCrl5 counterpart and the
fluorinated Ti48AI2Nb2Cr alloy results in serious
adhesive wear because the AlOs-enriched oxide
scale on the fluorinated Ti48 AI2Nb2Cr alloy has a
high hardness feature and can destroy the GCrl5
counterpart. The derived wear debris from the
GCrl5 counterpart would lead to abrasive wear,
therefore increasing the friction coefficient.
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The 2D morphology and 3D topography
images of the wear tracks for untreated and
fluorinated Ti48AI2Nb2Cr were collected after the
room temperature tribological test (Fig.3). The
deep wear scratches and distributed debris on the
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wear tracks demonstrate that both untreated
(Figs. 3(ai, a2)) and fluorinated Ti48AI2Nb2Cr
(Figs. 3(bi—f1, by—1>)) suffer from severe wear. The
obvious plow grooves in the wear tracks suggest
that the abrasive wear occurs on the two specimens.

z/um

Fig. 3 2D (a;—f)) and 3D (a»—f>) topography images of wear tracks for untreated (ai, a;) and fluorinated (b,—fi, b>—f2)

Ti48 AI2NDb2Cr after oxidation at 1000 °C for different time
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After oxidation at 1000 °C (Figs. 3(ci—fi, c2—12)),
although obvious wear tracks are still observed on
the fluorinated Ti48AI2Nb2Cr, the oxide scales are
not worn out. In addition, red-brown products from
the adhesion wear of GCrl5 counterparts are
found. These suggest that the contact between
the Al,O3-dominated oxide scale and the GCrl5
counterpart leads to severe abrasion for the latter.
The formation of an Al>Os-enriched oxide scale on
the fluorinated specimen is induced as a result of
the fluorine effect [10,11,31]. The top surface
morphology (Figs. 3(ai—f1)) and 3D topography
images (Figs. 3(a,—f2)) also reveal that the width of
the wear tracks increases with the increase of the
thermal oxidation duration, suggesting an enhanced
wear resistance owing to the Al,O3; dominant oxide
scale.

Figure 4 shows the top-surface SEM images
and corresponding EDS mappings of the wear
tracks of untreated and fluorinated Ti48AI2Nb2Cr
after oxidation at 1000 °C. Clear boundaries and
deep grooves, the typical characteristics of abrasive
wear, are observed on both untreated (Fig. 4(a)) and
fluorinated (Fig. 4(c)) Ti48AI2Nb2Cr. EDS analysis
indicates that the wear tracks for both specimens
have similar compositions with the alloy matrix
(Points 2 and 4, Tablel and Fig.4). For the
fluorinated specimens oxidized for different
durations, all wear tracks are discontinuous and no
clear track boundaries can be found (Figs. 4(e—1)).
Furthermore, EDS analysis indicates that Fe
element, the main component of the GCrl5
counterpart, dominates these wear tracks (Table 1
and Figs. 4(f, h,j,1). The Al:Os-enriched oxide
scale has a higher hardness than that of the GCrl5
counterpart, resulting in the abrasion of the
GCrl5 counterpart. The wear mechanism of these
specimens is assigned to adhesion wear and
oxidation wear. In addition, it is found that the Al
content of the oxide scale increases with the
prolonging of oxidation time and reaches 32.2 at.%
after 100 h oxidation (Point 11, Fig.4(k) and
Table 1). Meanwhile, this specimen exhibits
excellent wear resistance.

To further study the influence of anodic
fluorination on the friction and wear properties of
Ti48 AI12Nb2Cr, the wear rate of the specimens was
calculated. The results show that the wear rate of
the fluorinated Ti48AI2Nb2Cr is much lower
than that of the untreated Ti48AI2Nb2Cr (Fig. 5),

consistent with the evolution rule of friction
coefficients as shown in Fig. 2. This may be
attributed to the lubrication effect caused by the
product generated due to the tribo-chemical reaction
between the anodic film and the GCr15 counterpart
[34]. In addition, the wear rate decreases with the
prolonging of thermal exposure time, and negative
values are obtained when the oxidation time
exceeds 10 h. This indicates that the specimens are
not abrased but rather the abrasive particles
transferred from the GCr15 counterpart accumulate
on the alloy due to the adhesive wear. The wear rate
results presented in Fig. 5 indicate that the wear
resistance is gradually improved with the
lengthening of thermal exposure time.

3.2 Tribological properties of fluorinated
Ti48AI2NDb2Cr at elevated temperatures

The friction and wear properties of the
fluorinated Ti48AI2Nb2Cr serviced at elevated
temperatures are investigated. Figure 6 shows the
evolution of the friction coefficients of fluorinated
Ti48AI2Nb2Cr when exposed at 200, 400, and
600 °C. The data of the untreated Ti48AI2Nb2Cr
were also collected as the control. The friction
coefficient of untreated Ti48AI2Nb2Cr remains
almost the same (around 0.3) when serviced at 200
and 400 °C. With further increasing the service
temperature to 600 °C, the friction coefficient
increases to 0.6. For the fluorinated Ti48 AI2Nb2Cr,
the friction coefficients at 200 and 400 °C fluctuate
around 0.4 and 0.9, respectively. This may be due
to the uneven surface caused by the adhesive
wear. At 600 °C, the friction coefficient reduces to
0.6, similar to that of the untreated specimen.

The topography images of untreated and
fluorinated Ti48AI2NDb2Cr at elevated temperatures
were collected in Fig. 7. When tested at 200 °C
(Figs. 7(ai, a2)) and 400 °C (Figs. 7(b1, b2)), obvious
and deep wear tracks can be found on untreated
Ti48AI2Nb2Cr, suggesting the severe wear regime.
As displayed in Figs. 7(ci, c2), when the service
temperature increases to 600 °C, the depth of the
wear track becomes shallow but the width of the
wear track increases. Additionally, obvious reddish
brown component can be found in the wear track
(Fig. 7(c1)), likely caused by the wear and oxidation
of the GGrl5 counterpart at elevated temperatures.
When tested at elevated temperatures, the main
wear mechanism of the untreated Ti48AI2Nb2Cr is
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Fig. 4 Top-surface SEM images (a, c, e, g, i, k) and corresponding EDS mappings (b, d, f, h, j, 1) of untreated
Ti48 A12Nb2Cr (a, b) and fluorinated Ti48AI12Nb2Cr after oxidation at 1000 °C for different time (c—1)
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Table 1 EDS results of positions marked in Fig. 4
Content/at.%

Point -

Ti Al Nb Cr Fe 0] F
1 595 373 13 19 - - -
2 50.1 459 21 19 - - -
3 482 455 19 2.0 - - 2.4
4 505 454 20 2.1 - - -
5 125 202 - 0.7 - 666 —
6 1.2 03 - 0.6 304 566 -
7 13.3 235 - 0.7 - 625 -
8 1.2 04 - 0.1 30.1 533 -
9 114 246 - 0.4 - 636 -
10 25 1.5 - 045 293 662 -
11 1.1 322 - 0.3 - 664 -
12 02 1.7 - 0.7 373 60.1 -

Wear rate/(10°° mm?-N~'em™)

Condition
of untreated and fluorinated

Ti48 AI2NDb2Cr after oxidation at 1000 °C for different
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Fig. 6 Evolution of friction coefficients of untreated and
fluorinated Ti48 AI2Nb2Cr at different temperatures

abrasive wear in the early stage, while adhesive
wear and oxidation wear become the main wear
mechanism in the following stages.

For the fluorinated Ti48AI2Nb2Cr, the wear
tracks generated at different temperatures have
similar morphologies (Figs. 7(di—fi, d>—f2). Moreover,
the 3D topography images indicate that no
significant difference can be found on the wear
track and unworn region (Figs. 7(d, e, f2)).
Notably, obvious reddish-brown components can be
found in all wear tracks. With a high hardness
feature, the Al,Os-enriched oxide scale cannot be
worn out by the GCrl5 counterpart [22]. Combined
with the EDS results (Fig. 8), it can be concluded
that this reddish-brown component mainly consists
of iron oxide derived from the adhesive wear of the
GCrl5 counterpart. The key difference among these
specimens is the width of the wear tracks. In detail,
the width of the wear track increases from 930 to
1310 um when the service temperature increases
from 200 to 600 °C (Figs. 7(di—fi, d>—f3), implying
that the wear resistance of the fluorinated
Ti48AI2Nb2Cr is enhanced and wear of the GCrl15
counterpart is aggravated at higher temperatures.
Similarly, other studies also revealed that the
tribological property of TiAl alloy was closely
related to the service temperature [19,32,35,36].

For untreated Ti48AI12Nb2Cr, the wear tracks
dispersed with some abrasive debris at 200 °C
(Fig. 8(a)) and 400 °C (Fig. 8(c)) are relatively
smooth. This indicates the abrasion of the untreated
Ti48AI2Nb2Cr by the GCr15 counterpart. The EDS
results (Points 3 and 6 in Fig. 8 and Table 2) show
that the abrasive debris is mainly composed of the
mixed oxides of titanium and aluminum, indicating
abrasive wear and oxidation wear are the main wear
regimes. When the tribological test is carried out at
600 °C (Fig. 8(e)), a wear track with a groove
boundary can be found on untreated Ti48AI2Nb2Cr,
suggesting the occurrence of abrasive wear.
Additionally, a considerable amount of irregular
wear debris emerges in the middle of the wear track.
Interestingly, the EDS analysis (Point 9 in Fig. 8(e)
and Table 2, and Fig. 8(f)) demonstrates that the
wear track is rich in Fe and O, indicating the
adhesive wear between the Ti48AI2Nb2Cr and
GCrl5 pairs. Moreover, it is found that the O content
in the unworn region in untreated Ti48AI2Nb2Cr
increases with the increase of the service
temperature (Fig. 8 and Table 2). For the untreated
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Fig. 7 2D (a;—f1) and 3D (a,—f,) images of untreated (ai—ci, ar—c») and fluorinated (d;—f;, d,—f,) Ti48AI2Nb2Cr at

different service temperatures

Ti48A12Nb2Cr undergoing the tribological test at
600 °C, the O content on the surface reaches up to
57.2 at.% (Point 7 in Fig. 8(e) and Table 2). Owing
to the thermal oxidation and friction-induced

heating effect at high service temperatures, a
mixture oxide scale consisting of TiO, and AlOs
aggravates the abrasive wear between the GCrl5
and Ti48 A12Nb2Cr pairs.



1830 Ji-jian GUO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1822-1836

.
o

o

.
] o

D o ] &

3 .

.
i Al
.
‘

Fig. 8 Top-surface SEM images (a, c, ¢, g, i, k) and corresponding EDS mappings (b, d, f, h, j, 1) of untreated (a—f) and
fluorinated (g—1) Ti48 AI12Nb2Cr at different service temperatures
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Table 2 EDS results of positions marked in Fig. 8

Content/at.%

Point

Ti Al Nb Cr Fe (¢
1 48.1 482 2.0 1.7 - -
2 53.0 425 20 2.5 - -
3 259 26.1 1.0 1.1 - 45.9
4 42.1 365 1.6 1.7 - 18.1
5 492 468 23 1.7 - -
6 17.9 21.00 0.7 0.7 - 59.7
7 21,6 194 09 0.9 - 57.2
8 427 352 1.7 2.0 - 18.4
9 2.2 1.5 - 04 321 6338
10 12.7 229 - 0.5 - 63.9
11 4.2 6.0 - 04 233 66.1
12 129 249 - 0.6 - 61.6
13 5.2 8.4 - 0.5 19.7  66.2
14 11.8 219 0.1 0.7 - 65.5
15 4.5 7.0 - 0.6 252 62.7

For the fluorinated Ti48AI2Nb2Cr, obvious
different phenomena can be found (Figs. 8(g—1)).
For one thing, even though the tribological tests
are conducted at 200 °C (Fig. 8(g)) and 400 °C
(Fig. 8(i)), Fe element can be detected in the wear
tracks (Figs. 8(h,j)). As mentioned above, for
untreated Ti48AI2Nb2Cr obvious Fe element can
be identified in the wear track only when the
friction and wear test is conducted at 600 °C
(Fig. 8(f)). For another, the scratches derived from
the sand ground process are still observed in all
wear tracks (Figs. 8(g, 1, k)), indicating that the
oxide scale on the fluorinated Ti48 AI2Nb2Cr is not
damaged by the GCrl5 counterpart. In addition, the
grooves observed on the untreated Ti48AI2Nb2Cr
(Figs. 8(a, ¢, €)) disappear on the fluorinated Ti48Al-
2Nb2Cr (Figs. 8(g, 1, k)). This can be ascribed
to the priorly generated oxides on the fluorinated
Ti48AI2Nb2Cr.

The wear rate results indicate that elevated
temperatures lead to severe abrasion for untreated
Ti48AI2Nb2Cr (Fig.9), evidenced by the nearly
doubled wear rate at 400 °C compared with that
at 200 °C, followed by a decrease in wear rate
when further increasing the temperature to 600 °C.
Increasing the service temperature not only
promotes the generation of alumina and titania

mixture on Ti48AI2Nb2Cr but also causes severe
oxidation for the GCrl5 counterpart to form
iron-based oxide. This leads to severe wear of the
GCr15 counterpart. The tribo-film derived from the
GCrl5 counterpart transfers to the surface of
Ti48 AI2Nb2Cr and fills in the wear track, resulting
in the reduced apparent wear rate. For the
fluorinated Ti48 AI2Nb2Cr, the wear tracks are even
protruding compared to those on the unworn
regions independent of the tested temperature
(Figs. 8(g, 1, k)). This is because the wear debris
from the GCr15 counterpart is adherent to the alloy
surface during the tribological test. Consequently,
the calculated wear rates on these specimens
have negative values, indicating excellent wear
performance of fluorinated Ti48AI2Nb2Cr at
elevated temperatures. Moreover, insignificant
difference can be found in the wear rates for the
specimens tested at 200 and 400 °C. Whereas,
increasing the temperature to 600 °C results in a
dramatic difference in the wear rate, suggesting the
aggravated deterioration of the GCrl5 counterpart
and the enhanced stability for the fluorinated
Ti48 AI2Nb2Cr during the tribological test.
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Fig.9 Wear rates of untreated and fluorinated
Ti48AI2Nb2Cr after tribological test at different
temperatures

Figure 10 shows the optical images of the
wear scars on the GCrl5 counterparts after the
tribological test with the untreated and fluorinated
Ti48AI2Nb2Cr at 25 and 600 °C. Wear scars with
similar structures are found regardless of the type of
specimens or the service temperatures. Nevertheless,
the diameters of the wear scars formed at 25 °C are
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Fig. 10 Wear scars of GCrl5 counterpart balls after
friction and wear test with untreated (a,c) and
fluorinated (b, d) Ti48AI2Nb2Cr at 25°C (a,b) and
600 °C (c, d)

much smaller than those formed at 600 °C, likely
due to the enhanced oxidative wear and adhesive
wear for the specimens tested at 600 °C.

After the tribological test at 600 °C, the
microstructure and composition of the wear debris
were collected and characterized. Both untreated
and fluorinated specimens show similar irregular
and strip wear debris (Fig. 11). EDS analysis results
illustrate that all wear debris are mainly composed
of Fe-based oxide (Points 1-3 in Fig. 11 and
Table 3), and no Ti, Al, and Nb from the
Ti48AI2Nb2Cr matrix can be detected. This
indicates that the wear debris originates from the
GCrl5 counterpart due to adhesion wear and
oxidation wear.

3.3 Mechanical properties of fluorinated
Ti48AI2Nb2Cr

Consensus has been established that the wear
resistance of alloy is in proportion to its surface
hardness [37]. Specimens with higher hardness
generally exhibit better wear resistance. Figure 12
displays the surface hardness of untreated and
fluorinated Ti48 AI2Nb2Cr serviced at 1000 °C for
different time. The fluorinated Ti48AI2Nb2Cr has
slightly higher surface hardness than the untreated
Ti48 AI12Nb2Cr, which is caused by the formation of

Fig. 11 Top-surface SEM images of wear debris collected from untreated (a, b) and fluorinated (c, d) Ti48AI2Nb2Cr

after undergoing tribological test at 600 °C
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Table 3 EDS results of positions marked in Fig. 11

) Content/at.%
Point
Cr Fe Mn O
1 0.7 57.9 0.2 41.2
2 0.9 65.6 0.2 333
3 0.7 35.5 0.1 63.7
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Fig. 12 Vickers hardness of untreated and fluorinated
Ti48AI2NDb2Cr after oxidation at 1000 °C for different
durations

Al,Os-enriched anodic film [11]. When exposed in
air at 1000 °C, the aluminum fluorine component in
the anodic film converts to Al,O; based oxide scale
as a result of the fluorine effect [31]. Moreover, it is
found that the AlO; content in the oxide scale
increases with the increase of exposure time
(Table 1). Therefore, the hardness of the fluorinated
Ti48AI2Nb2Cr shows an upward trend with
the prolonging of oxidation time. After oxidation
for 100h, the hardness of the fluorinated
Ti48AI2Nb2Cr is more than twice that of the
pristine fluorinated Ti48 A12Nb2Cr. This is reflected
in the wear resistance of the fluorinated
Ti48 A12Nb2Cr which also gradually increases with
the increase of exposure time, also confirmed by the
morphology of the wear track (Figs. 3 and 4) and
wear rate (Fig. 5).

In the present work, a scratch test was
performed to evaluate the adhesion between the
oxide scale and substrate. During the test, a scratch
tip with a conical shape is drawn across the surface
of the specimen under the increased load until a
certain failure occurs at a certain load, defined as

“critical load” [38]. For the fluorinated
Ti48AI2NDb2Cr after 10 h oxidization (Fig. 13(a)),
a sharp decline of voltage appears at 5.4 N,
corresponding to the initial failure of the oxide
scale. Prolonging the oxidization time to 20 and 50
h, the critical load values slightly increase to 7.4
and 7.6 N, respectively. This is because the oxide
scales on these specimens have similar compositions
and are both composed of a mixture of aluminum-
and titanium-based oxides (Points 5, 7 and 9 in
Fig. 4 and Table 1). Further increasing the load
results in a fluctuation in voltage values, indicating
the appearance of cracks on the oxide scale.
Figure 13(a) also reveals that with prolonging the
thermal exposure time, the critical load is gradually
postponed, suggesting an improved adhesion
between the oxide scale and substrate. It is also
worth noting that the specimen with 100 h thermal
exposure shows the highest critical load of 13.9 N
(Fig. 13(b)), a clear sign of excellent mechanical

strength.
6
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Fig. 13 Voltage—load curves (a) and critical loads (b)
of fluorinated Ti48AI2Nb2Cr from scratch test under
different conditions
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The morphologies of the scratches were
characterized by SEM (Fig. 14). As shown in
Figs. 14(a) and (b), the oxide scale is damaged by
the diamond indenter and results in the edge
spalling. Moreover, with increasing the load,
gradually widened grooves can be found on the
scratches. With lengthening the thermal exposure
time to 50 and 100 h, slight edge spalling is found
(Figs. 14(c) and (d)). Moreover, the oxide scales
remain intact even when the test load reaches 10 N,
indicating good adhesion with the substrate and
stability against external force.

(2)

5V, 1000°C, 10 h

5V, 1000°C, 20

5V, 1000 °C, 100 h

Fig. 14 SEM images of scratches derived from
fluorinated Ti48 AI2Nb2Cr after oxidation at 1000 °C for
10 h (a), 20 h (b), 50 h (c), and 100 h (d)

4 Conclusions

(I) Anodic fluorination has a marginal
influence on the friction coefficient, as well as
the friction and wear properties of Ti48AI2Nb2Cr
at 25°C. Both untreated and fluorinated
Ti48AI2Nb2Cr specimens exhibit poor
resistance. The wear process is dominated by
abrasive wear and oxidation wear.

(2) The friction and wear properties of the
untreated Ti48AI2Nb2Cr decrease with increasing
service temperature. Abrasive wear is the main wear
mechanism in the early stage, while adhesive wear
and oxidation wear become the main wear
mechanism in the following stages.

(3) Exposure in air at high temperatures
promotes the formation of Al,Os-enriched oxide
scale on the fluorinated Ti48AI2Nb2Cr owing to the
fluorine effect, significantly improves the adhesion
strength between the oxide scale and alloy substrate,
as well as enhances surface hardness and wear
resistance. Oxidation wear and adhesion wear are

wear

the dominant wear mechanisms for the fluorinated
Ti48 A12Nb2Cr alloy.
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