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ABSTRACT

Ti6Al4V fabricated by selective laser melting (SLM) is commonly used as an artificial hip
joint. However, the inferior tribological properties fall far short of the requirements for
biomedical engineering and is harmful to the patients. In this study, cryogenic treatment
(CT) was proposed to solve this problem. CT at —196 °C with a soaking time of both 2 h and
72 h were conducted, and their tribological properties were investigated by microstructure
observation, Vickers hardness, and wear tests. The results showed that the microstructure
of the as-fabricated and cryogenic treated (CTed) for 2 h are mainly composed of acicular
martensite (o« phase). However, the microstructure is transformed into alpha and beta
phases after CT for 72 h. Vickers hardness of the specimens as-fabricated, CTed for 2 h and
72 h are 390.79 HV, 388.03 HV, and 371.34 HV, respectively. CT induces a significant
improvement in tribological properties, which is correlated with the microstructure evo-
lution. A similar wear mechanism can be observed for the specimens as-fabricated and
CTed for 2 h, which is the co-action of severe abrasive wear, adhesive wear, and fatigue
wear. While the specimen CTed for 72 h is slight abrasive wear mechanism.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

loosening of the replacement joint, joint inflammation and
pain, and even joint replacement failure [4,7]. Besides, the
abrasive debris may go to blood, tissue, lymph nodes, and

At present, the osteoarthritis and femoral head necrosis are
very common diseases, which severely affect people’s lives
[1—-3]. Total hip arthroplasty (THA) offers an excellent solution
against continuous necrosis of the bone [4—6]. However, the
artificial hip joint contacted with the hard natural bones of the
human body is susceptible to wear, resulting in the late
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bone marrow, which also are harmful to the human body [8].

Ti6Al4V is one of the most common biomaterials due to its
excellent biocompatibility, low Young’s modulus, high spe-
cific strength, and corrosion resistance [9,10]. However, its
large-scale application is restricted by two factors. Firstly,
Ti6Al4V is difficult to process and the processing cost is high.
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Fig. 1 — Ti6Al4V powder: (a) SEM morphology; (b) particle size distribution.

The emergence of additive manufacturing (AM) technologies
provides the possibility to solve this problem. Among these
technologies, selective laser melting (SLM) is one of the most
widely used, which can directly produce three-dimensional
(3D) parts by a laser beam to selectively melt the powder ac-
cording to the designed model [11-13]. Secondly, Ti6Al4V has
a weak tribological property. Atar et al. [14] showed that the
wear resistance using the Al,O3 grinding pair of the 316 L and
CoCrMo alloy was almost 2 and 24 times of the Ti6Al4V. A
post-treatment method that can improve the tribological
property of Ti6Al4V is urgently needed.

Cryogenic treatment (CT) is a mature post-treatment pro-
cess, which is often used to improve the tribological and
mechanical properties of Ti6Al4V. Gu et al. [15] pointed out
that a small coefficient of friction (COF) and a high Vickers
hardness can be obtained by adjusting the CT temperature
and the soaking time. Li et al. [16] found that the cryogenic
treated (CTed) Ti6Al4V exhibited low COF and wear rate under
both dry and wet wear conditions. Singla et al. [17] indicated
that CT at —196 °C for 24 h could improve the tribological
behavior of Ti6Al4V ELL. However, many studies above focus
on the forged and casted Ti6Al4V. Bartolomeu et al. [18]
pointed out that the tribological behavior of Ti6Al4V fabri-
cated by SLM is significantly different from those fabricated by
hot pressing and casting. During SLM, the microstructure of
Ti6Al4V is composed of a plenty of unstable acicular
martensite (¢’ phase) due to the high cooling rate. To the best
of the authors’ knowledge, few studies were carried out to
investigate the effect of CT on the tribological behavior for
Ti6Al4V fabricated using SLM. In consequence, this study aims
to investigate the effect of CT on the tribological characteris-
tics of Ti6Al4V fabricated by SLM. Scanning electron micro-
scopy (SEM) and X-ray Diffraction (XRD) was used to observe
the microstructure and phase composition. Vickers hardness
and wear tests were carried out to characterize the hardness
and tribological properties. COF, wear surface morphology
and wear rates were analyzed to determine the wear

mechanism. Based on these methods, the feasibility of CT
applied to Ti6Al4V fabricated by SLM is discussed in detail.

2. Experimental details
2.1.  Materials and preparation

The pre-alloyed Ti6Al4V powder produced by gas atomization
is used as the preparation materials, which is nearly spherical,
as shown in Fig. 1 (a). The particle size is in the range of
12—118 um, with an average size of 39.55 pm (See in Fig. 1(b)).
The specific chemical composition is listed in Table 1.

The sample was fabricated using the SLM machine of EOS
M280 under an Argon gas atmosphere with a Yb fiber laser of
200 W, a scanning speed of 1200 mm/s, a spot size of 100 um, a
layer thickness of 30 pm, and a hatch spacing of 140 um. The
scanning strategy is “stripe” rotated by 67°. SLM schematic
diagram is shown inFig. 2 (a). The sample with a dimension of
10 x 10 x 15 mm?® was built on a substrate, as shown in Fig. 2
(b). Then it was cut from substrate using wire Electrical
Discharge Machining (wire-EDM) and was divided into three
specimens. The first one was kept intact for comparison,
numbered as UNCT. The second and third ones were CTed at
—196 °C for 2 h and 72 h, respectively, numbered as CT02 and
CT72 (See in Fig. 2 (c)).

SLX-80 cryogenic system (see Fig. 3 (a)) provided by the
Technical Institute of Physics and Chemistry, Chinese Acad-
emy of Sciences (CAS) was used for CT. And the specific pro-
cess parameter is showed in Fig. 3 (b). Among them, the
cooling rate was 1 °C/min. The temperature can be controlled
by adjusting the amount of liquid nitrogen diffused into the
workbox and monitored by a temperature sensor. According
to Refs [15,19], the soaking time range of CT is generally
selected to be 2 h—72 h. Only the shortest and longest soaking
time to be studied is to explore whether CT within a short
soaking period can affect the tribological behavior of Ti6Al4V

Table 1 — The specific chemical composition of Ti6Al4V powder (wt%).
Element Ti Al v

wt% Balance 5.5-6.75 3.5-4.5

<0.10 <0.30 <0.05 <0.015
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Fig. 2 — SLM process: (a) schematic diagram, (b) the sample built on the substrate and (c) divided into three specimens.

fabricated by SLM, and what is the reasons. After CT, the
specimens were warmed to room temperature in the air.

2.2.  Microstructure observation

Microstructure evolution and phase composition were per-
formed using SEM (ZEISS GeminiSEM 500) and XRD (Bruker D8
Advance). The UNCT, CT02, and CT72 were ground with SiC
papers down to 2000 mesh size, mechanically polished with
diamond paste (1 um), and etched with Kroll’s reagent (5 ml
HNOs, 5 ml HF and 90 ml distilled water).

2.3. Vickers hardness test

Vickers hardness was measured using 423D Vickers Hardness

Tester with an error range of +2%, a loading force of 200 gf, and
a duration time of 10 s. The hardness was measured at five
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points on each specimen and the average hardness value was
obtained as the final result.

2.4. Wear test

The wear test was conducted in Phosphate Buffered Saline
(PBS) fluid at 37 °C using an MS-T3000 type ball-on-disc rota-
tion tribometer with a load of 5 N, a rotation radius of 3 mm, a
rotation speed of 200 rpm, and a total wear duration of 60 min
Al,O; was selected as the grinding balls due to its property
closest to the natural human bone [20]. During wear test, the
actual wear condition of artificial hip joint in human body was
simulated by controlling the wear environment, pressure and
grinding ball material. Before the wear test, the UNCT, CT02,
and CT72 were ground with SiC papers down to 2000 mesh
size to obtain fine and uniform surface roughness (Ra, around
0.02 pm). The schematic diagram is shown in Fig. 4. According
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Fig. 3 — CT process: (a) schematic diagram and (b) process parameters.
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Fig. 4 — Schematic diagram of the wear test.

to the Hertzian theory calculation, the initial contact pressure
is 0.93 GPa [21,22]. Furthermore, all the specimens were ul-
trasonically cleaned in alcohol for 20 min to remove the re-
sidual solution and wear debris before and after the wear test.
SEM with X-Max" Energy Dispersive X-Ray Spectroscopy (EDS)
and ZYGO Nexview™ Scanning White-light Interferometry
Profilometer were used to analyze the wear surface and
element content. The wear test is carried out on the surface,
which is perpendicular to the building direction. In order to
avoid the experiment error caused by the uneven grains of
different specimens, three repeated wear tests at least were
carried out and the test results are recorded.

3. Results and discussion
3.1. Microstructure

Fig. 5 shows the microstructure evolution of the specimens for
UNCT, CT02, and CT72. Many pores can be observed. The
microstructure of UNCT mainly consists of o’ phase, as shown
in Fig. 5 (a, b). Although, SLM process was carried out above
the transition temperature of beta () phase (B 995 + 14 °C)
[23] for all specimens. The B phase was transformed into o’
phase directly under a high cooling rate during SLM [24,25].

Being a super-saturated solid solution, o’ phase is meta-
stable and tends to decompose into stable alpha («) and B
phases. The microstructure of CT02 is similar to the UNCT,
which is mainly composed of &’ phase and a small amount of
nanoscale white B phase distributed at the boundary of o
phase, as shown in Fig. 5 (c, d). It can be deduced that the 2 h
soaking time is not enough to provide the condition for o
phase decomposition. As for the microstructure of CT72 (See
Fig. 5 (e, f)), the o’ phase is decreased, and massive lath-like o
phase appears with a nanoscale white p phase formed at the
boundary of o' phase. It can be known that o’ phase decom-
position of &’ — o + B occurs during CT for 72 h.

Fig. 6 shows the XRD result. No detectable peaks corre-
spond to the p phase in UNCT. The peak position and strength
of UNCT is consistent with Refs. [24—27]. The CT02 has a
similar peak position and strength to UNCT. However, it has a
slight fluctuation at the peak of (110) B and (220) B. This is
consistent with the results of SEM. As for CT72, the a phase
and o ' phase have similar lattice structure (close-packed

hexagonal, HCP), so the peak corresponding to o does not
change significantly. Ref. [28] presented a similar result. The
peak corresponding to (100) & (002) o, and (101) « are increased,
and the peaks corresponding to (110) B (211) B, and (220) B were
detected. It can be concluded that o and B phases are formed
when soaking time is extended to 72 h, and the CT72 experi-
ences the decomposition of «’ phase [17].

Some researchers considered that the change of vanadium
concentration in «’ phase is the cause of martensite decom-
position [29,30]. The metallurgical difference between o and o’
phases is the amount of solute element in the atomic struc-
ture, which o phase is super-saturated in vanadium [31].
During CT, the low temperature reduces the solubility of va-
nadium in the o’ phase. Vanadium is a g phase stable element,
which promotes the transformation of the metastable hex-
agonal close-packed structure (o' phase structure) into a stable
body-centered cubic structure (p phase structure). Therefore, B
phase absorbs vanadium and nucleates along the boundary of
the o phase [24,32]. Subsequently, the remaining o' phase
with insufficient vanadium is transformed into « phase
gradually.

3.2 Vickers hardness

Vickers hardness of UNCT, CT02, and CT72 are 390.79 HV,
388.03 HV, and 371.34 HV, respectively, as shown in Fig. 7. The
hardness of UNCT is higher than that in other studies (~320
HV) [16,33], resulting from a plenty of «’ phase existed in the
specimens fabricated by SLM [16]. CT02 has a similar hardness
value to UNCT, indicating that the short soaking time has little
effect on the hardness of specimens. While, compared with
UNCT, Vickers hardness of CT72 is reduced by 5.24%, which
can be attributed to the microstructure evolution. The hard-
ness of o’ phase is higher than that of o« and B phases [31].

3.3. Wear test

Fig. 8 shows the result of COF. It can be seen that the COF of
these specimens reaches a stable state after a quick climbing.
While, a severe fluctuation exists in the stable state for the
UNCT and CTO2 (see Fig. 8 (a) and (b)). When the soaking time
is increased to 72 h, the fluctuation is levelled off gradually, as
shown in Fig. 8 (c). The average value of COF is 0.5497, 0.5201,
and 0.4729, respectively (see in Fig. 8 (d)). The results of UNCT
and CTO02 are consistent with Ref. [18]. For the CT72, no
evident fluctuation in the stable state and a small COF average
value indicated that few abrasive particles and spalling pits
exist on the wear surface [18,34].

Typical 3D profiler images of wear surface for these spec-
imens are shown in Fig. 9. The UNCT has a severe wear
damage with the maximum wear depth of 58.974 um (see Fig. 9
(2)). The CT02 shows a similar wear damage to UNCT, with the
maximum wear depth of 66.456 pm, as shown in Fig. 9 (b).
However, for the CT72, the wear surface tends to flat and
narrow, and the maximum depth of wear marks is 58.974 um
(see Fig. 9 ().

The wear rate of UNCT, CT02, and CT72 are 1.07 x 1012
mm?>/Nm, 1.06 x 1072 mm>3*/Nm, and 0.82 x 1072 mm?3/Nm,
respectively, as shown in Fig. 10. The results show that the
UNCT and CT02 have a similar volume loss, which are the
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Fig. 5 — The microstructures of specimens (a, b) UNCT (c, d) CT02 (e, f) CT72.

To determine the wear mechanism of these specimens, the
middle area morphologies of the wear surface were observed
using SEM, as shown in Fig. 11. For the UNCT and CT02, the

most serious. It can be noted that the wear rate of CT72 de-
creases by 21.64% compared with UNCT.
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Fig. 6 — XRD diagram of specimens with and without CT. Fig. 7 — Results of Vickers hardness on specimens.
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Fig. 8 — COF curve of (a) UNCT, (b) CT02, (c) CT72 and (d) average COF of the three specimens.

wear surface is composed of the deep and width ploughing
grooves along the sliding direction as shown in Fig. 11 (a) and
(c). The ploughing is caused by the coupling effect of abrasive
particles. Except that, spalling, wear debris, the tongue-
shaped wedges and microcracks can be observed in the
enlarged views (see Fig. 11 (b) and (d)). The spalling and wear
debris are caused by the UNCT adhered Al,05; counter ball on
under cyclic loading. Some wear debris may be adhered to
Al,O; counter ball and makes the ploughing severe. The
presence of tongue-shaped wedges indicates that occurred
during wear test. The severe plastic deformation and cycling
load will cause stress concentration. Above all, the wear
mechanism of UNCT and CT02 is the co-action of serious

(a) UNCT (b) CT02

31,858 pm

abrasive wear, adhesive wear, and fatigue wear. However, the
wear surface of CT72 exhibits shallow ploughing grooves and
a small amount of wear debris without evident the tongue-
shaped wedges and microcracks (see Fig. 11 (e) and (f)) indi-
cating a slight abrasive wear, as shown in.

The wear scar of Al,O3 counter ball was analyzed by SEM
and EDS, as shown in Fig. 12. The counter balls of UNCT and
CT72 are characterized by pits and island-like plateaus (see
Fig. 12 (a) and (b)), where the pits are caused by wear. To
analyze the island region, the distribution of titanium on the
surface of the Al,O5; counter ball was observed, as shown in
Fig. 12(c)—(d). The purple existed in each surface represents
titanium and corresponds to the island-like plateaus. It can be

92 469 pm
| (c)CT72

88 -

-12

-15
-18
21
-24
27

28,001 pm

28

26,013 ym

Fig. 9 — Typical 3D profiler images of wear surface: (a) UNCT, (b) CT02 and (c) CT72.
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inferred that wear debris of Ti6Al4V adheres to the surface of
the Al,O3 counter ball causing the formation of island-like
plateaus. Moreover, the titanium distributed on the surface

«.Ploughivg’along slid

, f oigug?shag?ggcdg§s

of the CT72 counter ball Fig. 12 (d)) is less than that of UNCT
(Fig. 12 (c)). Therefore, adhesive wear is no longer the domi-
nant wear mechanism.

According to Archard’s linear law [35], the tribological
behavior is usually proportional to the hardness value of the
specimen. In this study, although the hardness of CT72 is
reduced, the tribological behavior is improved. It may because
the o« phase decomposition dominates the improvement of
tribological behavior, while, the hardness effect is weaker.

The decrease in wear rate is related to the change of wear
mechanism caused by CT. For UNCT and CTO02, the massive
microcracks, spalling pits, and wear debris result in severe
wear and make the wear rate increase. For CT72, the o' phase
decomposition makes the wear mechanism transform to
slight abrasive wear. It offers a fine wear condition to decrease
the wear rate.

The COF is sensitive to the roughness of the contact surface
between specimens and counter ball. A large amount of
spalling pits and wear debris existed in the wear surface of
UNCT and CTO2 increase the contact surface roughness
resulting in high COF with severe fluctuation (see Fig. 8 (a) and
(b)). For CT72, the o' phase decomposition prevents the for-
mation of microcracks and decreases the spalling pits as well

Tongue-shaped wedges:
i i:..;_,—%'«:-l B

<

oq—a— Oranuldr wear debris

P

Fig. 11 — The microstructure of wear surface of specimens (a, b) UNCT (c, d) CT02 and (e, f) CT72.
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Fig. 12 — Microstructure and Ti distribution of wear scar of Al,03; counter ball (a, c) UNCT and (b, d) CT72.

as wear debris. Therefore, CT72 has a relatively low average
COF with smooth fluctuation (Fig. 8 (c)).

4, Conclusion

In this paper, the effect of CT on the tribological behavior of
the Ti6Al4V fabricated by SLM were studied. The microstruc-
ture, phase analysis, Vickers hardness, and wear tests were
conducted to characterize the tribological properties. The SEM
results show that the microstructure of UNCT and CTO02 is
mainly o' phase. While the CT72 is composed of « and B phase.
The XRD analysis confirms that CT for 72 h induces o’ phase
decomposition (&’ — a + B). Vickers hardness of the specimens
as-fabricated, CT for 2h and 72 h are 390.79 HV, 388.03 HV, and
371.34 HV, the average coefficient of friction are 0.5497, 0.5201,
and 0.4729, as well as the wear rate of three specimens are
1.07 x 1072 mm>/Nm, 1.06 x 10~ mm?>/Nm, and 0.82 x 102
mm?®/Nm, respectively. The UNCT and CT02 have a similar
wear mechanism, which is the co-action of severe abrasive
wear, adhesive wear, and fatigue wear, in contrast, the CT72 is
slightly abrasive wear.
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