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The abrasion resistance of the Ti-5A1-4Zr-4Mo-2Cr-2Sn-1Fe alloy was investigated using multi-pass dual-indenter (MPDI)
scratch tests with different loading conditions under a repetitive local sliding contact. Various microstructures were obtained
with different heat treatments. The effect of the phase morphology on the scratch resistance and corresponding failure mecha-
nisms were revealed. Results show that the phase morphology has a great influence on the scratch resistance and that the effect
is contact-load dependent. The scratch behaviour is linked to the initial surface hardness at low loading conditions, while the
work-hardening ability is more relevant at high loading conditions.
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Avtorji so z uporabo kombiniranega testerja razenja in indentacije (MPDI, angl.: Multi-pass-dual-indenter) ugotavljali
abrazijsko odpornost zlitine Ti-5A1-4Zr-4Mo-2Cr-2Sn-1Fe pri razlicnih obremenitvah in ponavljajocem drsnem kontaktu. Z
razli¢nimi toplotnimi obdelavami izbrane zlitine so dobili razli¢ne mikrostrukture. Ugotavljali so vpliv morfologije faz na
odpornost zlitine na razenje in odgovarjajo¢e mehanizme porusitve. Rezultati raziskave so pokazali, da ima velik vpliv na
odpornost zlitine proti razenju njena morfologija faz, ta pa je odvisna od obremenitve kontakta. ObnaSanje zlitine med razenjem
je povezano z zacetno trdoto zlitine pri manjSih obremenitvah, medtem ko so za mehansko utrjevanje zlitine bolj pomembni
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pogoji pri visjih obremenitvah.

Keywords: zlitina na osnovi titana, odpornost proti abraziji, test razenja, mikrostruktura

1 INTRODUCTION

Combining high mechanical properties, low density
and excellent corrosion resistance in the past decades, ti-
tanium alloys have been not only adopted as the standard
materials for pipes, fittings, valves and similar equip-
ment in the chemical-process industry, but are also
widely used in aeronautical and biomedical applica
tions.!* Pieces of equipment made from titanium alloys
do their job well from the mechanical and corrosion
standpoints, but occasionally the alloys must be used in
parts of equipment that involve sliding the titanium
against other materials, creating a titanium tribosystem.
However, titanium alloys, being extremely reactive met-
als, are known for their poor tribological properties, pos-
ing a major problem for their use in industrial machin
ery.*

Abrasion is a common wear mechanism, often ob-
served in various industrial applications. The response of
materials in a tribological system is complex. To meet
the commercial demands for a combination of a high

*Corresponding author's e-mail:
liconghntu@126.com (Cong Li)
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abrasion resistance and low price, the abrasive wear be-
haviour of a large variety of titanium alloy grades has
been studied in industry and at academic centres in order
to deepen our understanding and tune the alloy grade to
the targets set. Many investigations on this issue were
carried out. H. Schmidt et al.’ studied the compound for-
mation and abrasion resistance of ion-implanted
Ti-6Al1-4V and found that ion implantation of carbon or
nitrogen into Ti-6Al-4V leads to a pronounced reduction
in the oxide-particle abrasion. The maximum abrasion
resistance is achieved by combining a high microhard-
ness of the implanted layer and a low oxide-film thick-
ness on the surface. T. Sawase et al.® demonstrated that a
TiN surface coating can improve the abrasion resistance
of pure titanium. Y. Zhu et al.” confirmed that the deposi-
tion of a TiC film on titanium with ion-enhance triode
plasma CVD and a carbide layer formed on the surface
of Ti due to heating in a hydrocarbon atmosphere can re-
sult in a high abrasion resistance. The mild-to-severe
wear transition of two titanium alloys, Ti-10V-2Fe-3Al
and Ti-6Al-4V, was investigated and the correlation be-
tween the microstructure and wear micromechanisms
was also studied; it was revealed that the subsurface
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work-hardening layer plays a very important role in de-
termining the abrasion-wear resistance.®

Scratch testing involves the sliding of a rigid indenter
with a fixed shape along a smooth surface under con-
trolled load and speed, simulating the wear process and
evaluating the wear resistance of various materials. How-
ever, the traditional scratch test starts at a new un-
deformed surface, which may be very different from the
surface formed in a wear process, so it cannot really re-
flect the wear-resistance response of materials.>!® In the
actual abrasion process, using the conventional scratch
test to predict the wear mechanism, will lead to serious
errors and mislead people’s understanding of the wear
resistance.!! However, in all the experimental scratch
studies on titanium alloys, an original surface and a sin-
gle indenter were used.'>!3

In the current work, a new multi-pass dual-indenter
scratch-test methodology developed by X. Xu et al.'* 15
was employed to approach the real abrasion condition by
carrying out scratch tests using a large indenter to gener-
ate a wide pre-scratch with stable saturated work harden-
ing and a small indenter to evaluate the wear behaviour.
This test method not only detects the damage formation
during the actual scratching process but also probes its
interaction with the damage in the deformed surface
layer caused by prior local plastic deformations. A com-
mercial metastable § titanium alloy, Ti-5Al-4Zr-4Mo-
2Cr-2Sn-1Fe, (abbreviated as -Cez) invented by the
Cezus Company from France was selected for this re-
search. In this alloy, the nominal S-transus temperature
of the alloy is about (870 + 5) °C. The abrasion resis-
tance of different microstructures was studied with the
new scratch test under different pre-scratch conditions.
The development of the worn scar and subsurface layer
was studied. The damage mechanism under different test
conditions was analysed.

2 EXPERIMENTAL PART

The chemical-composition analysis results of the tar-
get alloys are listed in Table 1. The initial microstructure
of the alloy is shown in Figure 1. It can be seen that the
matrix of the alloy is mainly composed of fine equiaxed
a (a grain size of 7 um), short rod-like a phase and 3
phase. This is a typical bi-modal structure. Rectangular
samples of 10 mm in length, 6 mm in width and a thick-
ness of 4 mm were machined from a thick as-received
slab using electrical discharge machining (EDM). Prior
to further experiments, the thin oxide layer was removed
with careful mechanical polishing. The samples were
heat-treated in a NABERTHERM furnace, filled with ar-
gon at different temperatures, and then quenched to room
temperature with water. Table 2 lists the details of
heat-treatment conditions. For further experiments, the
samples were installed in a cold setting resin and pol-
ished according to the standard metallographic prepara-
tion. Different phases of the two alloys were unravelled
with the standard Kroll reagent (3 mL HF + 6 mL HNO;
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+ 100 mL H,0). The microstructure was determined
with a Leica LF7M38 optical microscope.

A linear reciprocating ball-on-block wear test was
performed using a tribometer (UTM-3, USA) with a
¢3 mm hardened chrome steel ball (100 Cr6,
58-63 HRC) as the counterpart. The top surfaces of the
specimens were ground using a series of SiC grinding
papers with various sizes up to 2000 grit. The specimens
were then polished on a velvet cloth using a series of
AL O; powder (up to 1 um) suspended in distilled water.
Just before testing, all the specimens were ultrasonically
cleaned in an alcohol bath for 15 min. All the tests were
performed with a 5-N constant load, 10-mm linear oscil-
latory motion, 240-mm-min~' speed and 40-min loading
duration. The characteristic morphologies of the worn
surfaces were analysed with a three-dimensional
super-depth-of-field microscope (VHX1000, Japan).

Table 1: Composition analysis of the target alloy (w/%)

Alloy | Al Zr Mo Cr Sn Fe Ti
B-Cez| 5.02 | 425|390 | 1.9 2.1 | 0.91 |Balance

Table 2: Performed heat treatments of §-Cez alloy

800 °C / 30 min
950 °C / 15 min
950 °C / 15 min +
750 °C / 15 min
950 °C / 15 min + Q +
550 °C / 15 min

a + f3 solution treatments
B solution treatments

B + (a + ) solution treatments

f solution + aging

Scratch tests were performed using a CSM mi-
cro-scratch tester. Two spherical diamond Rockwell in-
denters with different tip radius and cone angles were
employed in the current study: a large indenter (J-191)
with a tip radius of 100 um and a cone angle of 120° and
a small indenter (SM-A15) with a tip radius of 5 um and
a cone angle of 60°. Two testing modes were employed
in the conditions specified in Table 3.

equiaxeda-phase
4

. rod s‘hqpef\a phase |

e N4 ' p phase

S

—T

e
ag WD mode —— 10 pum
0x|10.9 mm| SE

Figure 1: As-received microstructure of the alloy

Materiali in tehnologije / Materials and technology 55 (2021) 3, 435-442



H. XIAO et al.: REVEALING THE ABRASION RESISTANCE OF META-STABLE TITANIUM ALLOYS ...

Table 3: Test conditions of different scratch modes

Test conditions of the|Test conditions of the
large indenter small indenter
NA Single pass with con-
stant load of 0.3 N

Single pass with con-
stant load of 0.3 N

Scratch modes

Mode 1

Multi-pass with
(5,10, 15, 20, 25) N

Mode 2

For the Mode 1 testing, the small indenter slides di-
rectly on the initial (polished) surface. For the Mode 2
(MPDI) testing, the small indenter slides over the centre
of a 2 mm long pre-scratch, produced by sliding the large
indenter 10 times (always in the same direction) over the
surface under different loads. The sliding speeds of the
large and small indenter were 0.2 mm/s and 0.05 mm/s,
respectively. All the sliding tests were conducted in the
same direction. Each test was repeated three times to
make sure that reproducible behaviour was observed and
reported. Figure 2 shows a schematic drawing of the ob-
servations of the scratch track. The area enclosed by a
blue dashed line refers to the pre-scratch track produced
by the large indenter. The scratch track created by the
small indenter is at the middle bottom of the big
pre-scratch track corresponding to the zone marked by
the red dashed line. The scratch depth to be plotted in

SED 20.0kVWD11mm

SED 10.0kVWDSmm

SED 10.0kV WD9mm

Figure 2: The schematic drawing of scratch tracks

this paper refers to the penetration depth of the small-in-
denter scratching with respect to the bottom of the wear
track produced by the large indenter. After the scratch
tests, the worn surface was observed with a high-resolu-
tion JEOL scanning electron microscope operating at
5 kV. Microhardness measurements on the pristine sam-
ples were carried out using a Vickers indenter and a load
of 2 N, and making 10 independent measurements.

SED 20.0kVWD11mm

x1,000 10pum

Figure 3: Different microstructure of Ti alloy with different heat treatment: a) 850 °C/30 min, b) 950 °C/15 min, ¢) 950 °C/15 min + 750 °C/

15 min, d) 950 °C/15 min + Q + 550 °C/15 min
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Figure 4: The scratch depth as a function of applied load on the large
indenter

After heat treatments, cylindrical samples with a di-
ameter of 4 mm and length of 7 mm were compressed at
room temperature by a Gleeble 1500 machine. The strain
rate was 10~ s7!. To ensure the accuracy and repeatabil-
ity of the experimental results, each compression test
was repeated three times.

3 RESULTS AND DISCUSSION

Different heat treatments result in different micro-
structures. Some samples were heat treated directly at
800 °C for 30 min, which was lower than the tempera-
ture of S-transus. The optical micrograph after the solu-
tion treatment is shown in Figure 3a. It can be seen that
the microstructure of the sample is very similar to that of
the initial state. The grain size of the a-phase is about
5-10 pm, which appears in different morphologies, such
as globular shape and lath shape, embedded in the § ma-
trix. Some of the samples were heat treated directly at
950 °C for 15 min, which was higher than the S-transus
temperature. The microstructure is shown in Figure 3b.
Specimens exhibit coarse 8 grains with a grain size of
200400 pm. The microstructure of the alloy is homoge-
neous without any other visible transformations. This in-
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dicates that the 3 phase of this alloy is stable enough to
keep the high-temperature 3 phase at room temperature.
The B + (o + ) treatment involves a  homogenization
followed by cooling to the & + 3 field before quenching
to room temperature. After this heat treatment, the sam-
ples exhibit different features (Figure 3c). Intermediate
annealing in the ¢ + f phase field results in a bulkier
microstructure. Predominantly large retained prior 8
grains with a grain size of about 200—400 um along with
a thick a phase with different morphologies (laths and
Widmanstitten) are obtained. The a-Widmanstétten mor-
phology is observed at the prior 3-grain boundaries. The
metallographic structure of the 3-Cez alloy with anneal-
ing at a high temperature and aging at 550 °C for 15 min
is shown in Figure 3d. It consists of large $-grains and
very fine needle-like precipitates.

Figure 4 shows the scratch depth due to the sliding
with a sharp indenter as a function of the load applied on
the large indenter. The microhardness values of each
condition are also indicated. The scratch depth at the
normal load 0 N corresponds to the penetration depth
scratching on the original polished surface (Mode 1 test).
For all the samples, there is a good consistency between
the static hardness and the scratch depth of a 0 N data
point. The scratch depth of the original surface is rela-
tively high (the data points plotted as O N loads). For the
alloy grades used for the solution treatment, the scratch
depth first decreases with the increase in the loading of
the large indenter. The decrease of the scratch depth re-
flects the surface hardening effect due to the pre-scratch.
The trend of decreasing scratch depth with the increasing
load on the large indenter continues up to the critical
load, at which the scratch depth of the small indenter be-
comes unchanged. This scratch depth reflects the abra-
sive-material removal and interaction between the defor-
mation field of the small indenter and the internal
damage of the wear track. On the other hand, for aging
samples, the depth of most scratches increases with the
preload, indicating a decreasing abrasion resistance.

In order to clarify the relationship between the abra-
sion resistance and conventional mechanical properties,
the heat-treated specimens were evaluated with compres-
sion tests and the conventional friction test. The stress-

Figure 5: a) True stress-strain curves of different heat treated samples, b) the existence of SIM transformation, ¢) Dark field image and electronic

diffraction of w phase
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Figure 6: The weight loss as a function of hardness for four samples

strain curves are shown in Figure 5a. This figure shows
that the solution-treated samples exhibit a slight differ-
ence in the mechanical properties, but the aging speci-
men presents a totally different curve. It is generally be-
lieved that the red curve with an obvious double yield
point means that the stress-induced martensitic transfor-
mation occurs during deformation, and this kind of trans-
formation can improve the balance of strength and plas-
ticity, though also inevitably introducing a lower yield
stress. The samples showing the SIM effect present a rel-
atively high work-hardening rate, which is proved by the
difference between the yield strength and ultimate com-
pressive strength; the corresponding microstructure is
shown in Figure 5b, as confirmed in our previous work.2
It is worth noting that the scratch depth of the specimen
with the stress-induced martensite (SIM) transformation
effect decreases continuously with the increase of
preloading. Unlike all the solution-treated samples
shown previously, the quenched and aged samples did
not show any macroscopic yield in any case. The exis-
tence of a very fine w phase (Figure Sc¢) with the ability

~ 10pm

to resist dislocation movement is the main reason for the
relatively high strength and low plasticity observed.

The average weight losses of the same samples in the
wear tests plotted against the as-received initial hardness
are shown in Figure 6. It is very interesting to note that
regardless of the considerable differences in the initial
hardness, the four grade alloys show a relatively small
variation in the weight loss and there is no monotonous
relation between the wear resistance and the initial hard-
ness. Furthermore, as can be seen in this figure, the
quenched and aged samples, which possess the highest
initial hardness, display a wear resistance comparable to
the other, much softer alloys. The order of abrasion resis-
tance of the four alloys agrees with the order produced
using the MPDI scratch test under the low pre-load con-
ditions (especially for 5 N and 10 N).

Figure 7 displays typical scratch grooves made by
the small indenter on the pre-scratch track via the large
indenter for the alloy heat treated at 950 °C / 15 min
(SIM) and 900 °C / 15 min + Q + 550 °C / 15 min (NO
SIM). Typical scratch grooves of the samples with a SIM
effect are shown in Figure 7a. Due to a good combina-
tion of plasticity, strain hardening and strength, the
scratch track is smooth without any delamination or
crack. The scratch track of the aged sample shows that
the failure mechanism is mainly ploughing, but there is
some debris formation on the edge of the scratch because
of the brittle nature and low work-hardening capability
of the sample.

Figure 8 shows the surface state of the samples after
the traditional friction test. It can be seen from the figure
that after different heat treatments, the worn surfaces of
the materials after exposure to the friction test show a
high degree of similarity and evidence of the same
ploughing mechanism. It may be that the experimental
load or time is not sufficient, so the anti-wear perfor-
mance of various products is not fully reflected. Some
small grooves produced during the experiments can be
seen. A significant wear loss in the real process is a re-
sult of repeated interactions of multiple asperities, i.e.,
the sum of wear losses produced by different particles.

Figure 7: Typical scratch grooves made by the small indenter: a) 950 °C/15 min, b) 950 °C/15 min + Q + 550 °C/15 min

Materiali in tehnologije / Materials and technology 55 (2021) 3, 435-442
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This result is in good agreement with the weight-loss
curve from Figure 6. It should be noted that the
quenched and aged sample has the highest hardness, but
from the results for the worn surface, it is not signifi-
cantly different from the other three samples. This con-
firms the experimental results for the MPDI under the

M T ony,
Lens Z500:X500 | e

o —— —

5-N and 10-N loads. It also shows that the MPDI test can
reflect the wear resistance of an alloy under different
loads.

In order to clarify the response of the material,
microstructures of the cross-sections perpendicular to the
scratch track were investigated with SEM. Typical re-

100.00pm

== e

Lens Z500:X500

.

X500

Figure 8: Different worn surface of Ti alloy with different heat treatment: a) 850 °C/30 min, b) 950 °C/15 min, c¢) 950 °C/15 min + 750 °C/

15 min, d) 950 °C/15 min + Q + 550 °C/15 min
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Figure 9: Microstructures of the cross-sections perpendicular to the scratch track: a) 950 °C/15 min + 750 °C/15 min, b) 950 °C/15 min + Q +

550 °C/15 min
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sults are shown in Figure 9. The scratch created by the
small indenter is indicated with a yellow-arrow line,
while the boundaries of the work-hardening layer gener-
ated by the large indenter is marked with red dashed
lines. It can be clearly seen that the samples after a solu-
tion treatment present an evident work-hardening layer.
The microstructure of the subsurface is strongly changed
by the pre-scratch, and shear deformation is inevitably
introduced into the material, while the samples after an
aging treatment barely show any hardening structure.
According to our previous studies,’> a large number of
isothermal w phases are formed in the samples upon ag-
ing and this kind of phase is very hard and brittle. The
figure also shows that the scratch of the small indenter is
right in the area of the pre-scratch track, indicating that
the scratch depth produced by the small indenter truly re-
flects the behaviour of the work-hardening layer.

During a real-life abrasion, abrasive particles contin-
uously move along the surface, being strain hardened
and abraded under local contact conditions. When a ma-
terial undergoes abrasion, the top surface deforms se-
verely and may result in different local failure modes,
depending on the working condition, while the sub-
surface layer also responds to the external strain/stress
and can be strain hardened to different degrees, depend-
ing on the microstructure and its strain-hardening capa-
bility. A severe deformation leads to a significant sub-
surface refinement and the thickness of such a layer also
varies. As a consequence, the state of the abraded
(subsurface) microstructures is quite different from the
original state.

The scratch test, using a single rigid indenter of a
controlled shape under a controlled load and speed
against a smooth surface, mimicking the abrasion pro-
cess, was shown to be a useful tool for evaluating the
abrasion resistance of various microstructures. However,
the conventional scratch tests are mostly done on the ini-
tial surface, which can be very different from those that
form during an abrasion process, e.g., irregularity, con-
tinuous development of subsurface deformation and
work hardening, etc.; hence, they do not automatically
truly reflect the material abrasion-resistance response.
Single-pass scratching of a pristine surface is an over-
simplification of the actual situation, wherein new parti-
cles scratch the worn surface that underwent previous
processes. To better simulate a real process, methodolo-
gies of multiple parallel scratching were proposed to in-
clude the interactions between scratches. Compared to a
single-pass scratch on a pristine initial surface, all multi-
ple-scratching methods provide more insight into the
wear mechanisms, interactions of scratches and effects
of work hardening.

Nevertheless, in all experimental set-ups reported to
date, only one indenter was utilized and the new scratch
was fully or partially superimposed on the previous
scratch, which inevitably combined the effects of surface
work hardening and contact geometry. Moreover, even
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for the work hardening itself, after only one pre-scratch,
the surface and subsurface layer may not reach a stable
condition with saturated work hardening, which is most
likely the case in a real continuous wear process. In order
to mimic a real-life abrasion process and exclude the
contact geometry effect, in this study, a new multi-pass
dual-indenter scratch-test methodology is employed to
create a real abrasion condition by carrying out scratch
tests using a large indenter to generate a wide pre-scratch
track (wear track) with stable, saturated work hardening,
representing the subsurface layer formed during the
real-life abrasion, and a small indenter sliding over the
pre-scratched surface to evaluate the wear resistance and
record the failure mechanism. Given that the purpose of
the MPDI scratch test is to reveal the material response
and associated failure mechanisms, without producing a
wear loss in a continuous process, the MPDI scratch
methodology only applies one extra scratch but under
different preloading conditions.

Generally, the current method reflects the scratches
on the work-hardening surface layer, which is more simi-
lar to the wear surface formed in a continuous wear pro-
cess. By studying the effect of the load applied in the
process of pre-scratching, the abrasion resistance under
mild and heavy loads can be predicted. The results of the
scratch test and microstructure study show that the
scratch / wear resistance of the material depends not only
on the initial hardness and microstructure of the material,
but also on its deformation and work-hardening behav-
iour so that the failure mechanism of the material
changes from one to another.

Several distinct microstructures were created with
different heat-treatment processes: a near-spherical «
phase was produced with the solid-solution treatment in
the two-phase region, metastable § grains were obtained
when the annealing was done at a temperature well
within the B-phase field, a flake « phase or Widman-
stéitten « phase was produced with the 8 + (a + f3) solid-
solution treatment, a fine acicular o phase and a high
density of the w-nanophase formed when a high-temper-
ature aging treatment was applied. For the solu-
tion-treated specimens, with the increasing load on the
large indenter used to create a controlled wear track, the
work hardening of the sub-surface led to a decrease in
the scratch depth. However, if the  phase present is
metastable, the stress-induced martensitic transformation
of the samples with a low initial surface hardness leads
to an enhancement of the surface hardening effect and a
more obvious decrement of the scratch depth, i.e., a
better abrasion resistance. Due to the ageing of the al-
loys, the formation of hard but brittle w-nanophase pre-
cipitates provides for an excellent wear resistance at low
pre-loads, but with an increase in the load, its perfor-
mance deteriorates. Because of the low work-hardening
capacity, the improvement in the scratch resistance due
to strain hardening is very limited or even absent. This
phenomenon is well reflected in the MPDI test.
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4 CONCLUSIONS

In the current paper, a novel multi-pass dual-indenter
scratch-test technology, originally developed to measure
the abrasion resistance of steels, is applied here to study
the abrasion resistance of the 3-Cez alloy with different
microstructures. It shows that the scratch behaviour is
linked to the work-hardening ability, especially at high
loading conditions, and that the initial surface hardness
is more relevant at low loading conditions. The solu-
tion-treatment results including globular «, flake a or
ductile metastable § can be better options for improving
the abrasion resistance, instead of pursuing a micro-
structure with the highest static hardness via an ageing
treatment. In this titanium alloy, the stress-induced
martensite formation of the metastable 8 can signifi-
cantly improve the abrasion resistance under high loads.
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