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Abstract

The cobalt-chromium-molybdenum alloys are characterized by a high resistance to wear and
corrosion, as well as good mechanical properties, allowing their use in the substitution of hip and
knee joints.

Five alloys were used as substrates for a coating deposition by a thermal treatment in molten
salts, as reported elsewhere, in order to form a tantalum rich coating on the sample surface, able to
improve the biocompatibility and wear resistance of the materials. However, the temperature
(970°C), reached during this process, is considered critical for the phase transformation of the Co-
based alloys.

The aim of this work is the evaluation of the temperature effects on the structure,
microstructure, mechanical and tribological properties of the considered substrates, after the
removal of the coating by polishing. The substrates are characterized through X-ray diffraction
(XRD), scanning electron microscopy with energy dispersion spectrometry (SEM-EDS) and
profilometry. The mechanical behaviour is evaluated by the macro- and micro-hardness and
bending tests, whereas the tribological properties are analyzed through a ball on disc test. A
comparison between the as-received alloys and thermal treated substrates is reported. The
biocompatibility feature is not reported in this work.

The substrate crystalline structure changed during the heat treatment, inducing the formation
of the hexagonal cobalt phase and the decrement of the cubic one. This crystallographic
modification does not seem to influence the tribological behaviour of the substrates. On the

contrary, it affects the strength and ductility of the substrates.
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1. Introduction

The cobalt-chromium-molybdenum (CoCrMo) alloys can be used in the artificial replacements
of human hip and knee joints because of their good wear and corrosion resistance, as well as their
mechanical strength [1, 2]. The CoCrMo component of a prosthesis usually articulates on the same
alloy, on ultra high molecular weight polyethylene (UHMWPE) or on alumina, forming a metal on
metal (MoM), metal on polyethylene (MoP) or metal on ceramic (MoC) joint, respectively [3,4].
The knee joints, instead, are typically substituted with a MoP system [3].

The wear and corrosion of the bearing surfaces remain the principal causes of the early failure
of the implants, despite of the wide use of these materials and the improvements in the technique
and design of the implants, as well as in the surgical methods [4, 5]. The UHMWPE element is the
most critical in the wear feature because of the formation of debris, contributing to osteolysis [5-7].
Alternatively, the MoM and MoC couplings are considered suitable for younger and more active
patients because the wear of articulating surfaces is significantly reduced [8, 9]. However, the
CoCrMo alloys can be affected by the synergic action of both corrosive human body fluids and
friction [5, 10, 11]. In fact, metallic ions and particles are formed in a smaller size, but in a higher
number than the polyethylene debris [12-15]. Wear debris and ions could remain in the implant site
or be disseminated into the other organs and lymph nodes [16, 17], increasing the risk of
hypersensitivity or inducing a cascade of inflammatory events [7, 12, 18-21].

The tribological and mechanical properties of the Co-based alloys strongly depend on their
microstructure [22-24]. In the CoCrMo alloys, the face-centered cubic (FCC) and the hexagonal
closed packed (HCP) crystalline structures co-exist. Typically, the FCC phase is predominant at
room temperature, but the FCC—HCP transformation could be isothermally or strain- induced [23,
25, 26]. The other main feature of the Co-based alloys is the presence of carbon forming carbides
whose distribution and size is influenced by the manufacturing process [27, 28]. The main factors

that affect the wear resistance of CoCrMo alloys are the carbon amount, the homogeneity of the
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carbides distribution and the presence of the HCP crystal structure [10, 13, 29]. However, some
contrasting studies are reported in literature on this last topic. It was verified that a tribological
system with an almost fully complete HCP structure on both the sliding components exhibits a
lower wear loss comparing to the FCC structure [24]. On the contrary, Varano and co-workers [22]
stated that the alloys with a higher amount of the FCC phase, stabilized by the carbon content,
which inhibits the martensitic transformation, exhibit lower wear, because the HCP crystalline
structure is more brittle and detrimental to wear. The carbides influence the wear by means the
hardness and the good coherency with the surrounding matrix, acting as a protective barrier against
the matrix delamination [22]. However, the high hardness of the carbides could cause abrasive wear
damage, when they are pulled-out and fractured from the matrix, decreasing the resistance to the
surface fatigue [23].

This work is focused on the influence evaluation of a thermal treatment in molten salts on the
mechanical and wear properties of several implant CoCrMo alloys, different in carbon content and
manufacturing processes. The thermal treatment in molten salts was performed at a temperature
(970°C) recognized as critical for the CoCrMo alloys, promoting the FCC—HCP martensitic
transformation [26, 41, 42]. This temperature was set because it allows the formation of a peculiar
coating on the alloy surface, as reported in the previous works of the authors [30-33]. The coating
was composed of a multilayer structure of tantalum carbides, and it is able to improve the
biocompatibility as well as the wear and corrosion resistance of the alloys. The well-known
biocompatible behaviour [34-37], excellent mechanical and tribological properties, as well as
corrosion resistance [38-40] of tantalum (Ta) and its compounds are shown on the coating. In
addition, it was observed by the authors that the mechanism of coating formation was the diffusion
of the tantalum from the salts to the alloy surface and the reaction of the tantalum with the carbon
contained in the Co-based substrate. It must be underlined that the substrate below the coating can
be affected by the employed temperature and the chemical surface reaction occurred during the

coating formation.



The aim of this work is to investigate if the different CoCrMo substrates are affected by any
micro-structural or mechanical changes. The carbides, present in the substrate, could be subjected to
a modification in the dimension, quantity and distribution, during the thermal treatment. The treated
alloys were evaluated after the complete removal of the coating and a comparison with the as-
received materials is reported in the paper. The metal ions release relative to the as-received alloys

and the coated samples was controlled in a previous work [30].

2. Materials and Methods
2.1 The substrates

Five CoCrMo alloys, different in the composition, carbon content and manufacturing process,
were considered. Three of them were characterized by a high carbon content (HC) and they were
produced by wrought processing (W), powder metallurgy (PM) or casting (C). The other two
contained a low carbon amount (LC) and they were manufactured by means of a wrought
processing or casting. All the alloys were supplied by Smith & Nephew Inc. in a disk-shape, with a
diameter of 30 mm and thickness of 3 mm, with a mirror polished surface. The carbon content was
evaluated by optical spectrometry (Spectro - Spectrolab 5) while the other alloying elements were
quantified through energy dispersion spectrometry (SEM-FEI, Quanta Inspect 200, EDS - EDAX
PV 9900), at a voltage of 15kV.

The as-received CoCrMo alloys were thermal treated in a mixture of Ta-rich salts using a
patented method [33], well described in previous works [30-32]. The thermal process was carried
out at 970°C for 45 minutes, in a tubular furnace, under a controlled Ar atmosphere. The sample
was completely dipped into the salts mixture, composed predominantly of K,TaF; and 2wt.% of Ta,
during the whole treatment. A Ta-based coating was formed on the sample surface and then it was
completely removed by a careful polishing procedure with SiC papers from 600 to 4000 grit, until
obtaining a mirror-polished surface, in order to analyse the substrates. The treated substrates, so

obtained, will be named by adding the employed isothermal temperature and the suffix “sub” to the
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name of alloy (such as HC-C970sub). The weight loss and thickness of the removed material layer,
with polishing, were measured about 2-3 g and 0.45-0.49 mm, respectively. The LC-C970sub
sample was an exception, because of the lower thickness of its coating (the removed material was

1.2 g and 0.08 mm).

2.2 Sample characterization

The roughness of all the samples was measured by means of a contact profilometer (Tencor P-
11), acquiring three typical parameters, the arithmetical mean roughness (Ra), root mean square
value (Rq) and ten-point mean roughness Rz. Three measurements were performed for each sample
in order to obtain statistical data.

The X-ray diffraction measurements (XRD, X’Pert Philips diffractometer) were performed on
the as-received alloys and treated substrates, with the Bragg—Brentano camera geometry, the Cu Ka
incident radiation, at 40kV of voltage and 30mA of current, in a 2Theta range among 30 and 90
degrees. The X’Pert High Score software and PCPDF data bank were used to accomplish the

pattern analysis of crystalline phases. The relative amounts of FCC and HCP phases were estimated

by measuring the integrated intensities of the principal peaks of this two phases, 1,5, and 17 . The

volume fraction of the HCP phase was calculated using the expression developed by Sage and

Gillaud [43] and typically employed by Saldivar also [26]:
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Another method, used in order to calculate the percentage volume fraction of a phase ( f ""**Y(%)),

was the following ratio:
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where A is the considered phase, ZI is the sum of the intensities of all the peaks belonged to

peaksA

the considered phase, Z I is the sum of the intensities of all the peaks in the diffractogram.

peaksTot
A further investigation, for determining the phase amount and the crystal size, was performed by
using a program of Material Analysis Using Diffraction, called MAUD and developed at the
University of Trento. It is a general diffraction/reflectivity analysis program mainly based on the
Rietveld method.

The microstructure of the as-received alloys and treated substrates was analyzed. First, the
metallic carbides were observed by means of a scanning electron microscopy and energy dispersion
spectrometry (SEM-EDS, Philips 525M) at the voltage of 15 kV and by an optical microscope.
Afterwards, an etching procedure was performed, dipping all the samples for 5-10 seconds in an
acid solution of HCI and H,0, (20:1) [44]. The optical microscope was used for the observation of
the grains.

The disk hardness was estimated by means of micro- and macro-indentation using a Vickers
indenter in both cases (Leitz Microvickers Penetrator and Dia Testor 2 RC- Wolpert). The applied
loads were 100g and 500 g for micro-indentation test and 40 kg for macro-indentation. Five
measurements for each samples were performed in order to obtain statistical data. The mechanical
resistance of the as-received alloys and the treated substrates was determined by means of a 3-point
bending test (MTS QTest/10). The samples were cut from the disks, obtaining rectangular cross-
sectioned bars with dimensions in accordance to 1ISO 3327-1982 standard [45]. The maximum
applied load was equal to 10 kN, reached with a load rate of 1 mm/min. The transverse rupture
strength ¢ (MPa), the maximum bending deformation & and the flexural elastic modulus E (GPa)

were calculated trough :

~ 3xPxL
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where P (N) is the failure load, L (mm) is the distance between the supports, representing the useful
sample length, and it varied between 16.5 and 18.5 mm, b and d (mm) are the width and height of
the rectangular cross-sectioned samples, respectively, D (mm) is the deflection at the failure load of
the center of the tested sample and m (N/mm) is the gradient of the initial straight-line part of the
load-deflection curve. The dimensions of the sample cross-sections are reported in Table 1. A single
sample was tested for each kind of alloy.

Finally, the ball on disc test was performed in order to investigate the wear behaviour of the as
received alloys and treated substrates, using a CSEM high temperature tribometer. An alumina ball
covered 25000 laps under an applied load of 7 N and with a linear speed of 10 cm/s. The radius of
the circumference was fixed, during the whole test, at 7 mm. The test was carried out at the human
body temperature (37°C) in a wet environment, using dilute bovine serum as lubricant. The
lubricant was prepared as a solution of 25% vol. of calf bovine serum and 75%vol. of distilled water
with the addition of sodium azide (NasN) as antibacterial agent in the ratio of 1gl™. The sodium
azide allows the stock for longer time of the bovine serum solution, avoiding the bacterial
contamination. The wear track profiles were evaluated through a profilometer and the morphology

of the wear tracks were observed by SEM.

3. Results and Discussions
3.1 The as-received alloys and the preparation of the treated substrates
The as-received CoCrMo alloys differ in composition, carbon content and in the manufacturing

technology (powder metallurgy, plastic deformation or casting). Data relative to the acronymous,



manufacturing technique and composition of the as-received materials are summarized in Table 2.
The carbon present in the HC alloys exceeds 0.1 wt.%, while the content in the LC samples is 0.07
wt.% in the casting alloy and less than 0.01 wt.% in the wrought alloy. The alloying elements are
similar in composition in all the materials, except for nickel that was only detected in a very low
quantity in the HC-W, HC-C and LC-W alloys. The carbon amount of the different alloys mainly
influences the formation and precipitation of carbides in the matrix [27], whereas the manufacturing
procedure typically affects the distribution and shape of the carbides [22].

The alloys were used as substrates in a thermal treatment in molten salts, performed at 970°C
for 45 min, in order to induce the formation of a tantalum-rich coating on the alloy surface, able to
improve the mechanical, wear and biocompatible behavior. The authors observed, in previous
works [31, 32], that the process under these precise conditions formed a peculiar coating, composed
of a multilayer structure of tantalum carbides. However, two relevant aspects arose concerning the
CoCrMo substrates. First of all, the treatment was performed at a temperature known as critical for
the martensitic transformation of the cobalt crystalline structure. Secondly, the mechanism of the
coating formation is diffusion-type and the tantalum, belonged to the salts, reacts with the carbon of
the CoCrMo substrate, to form the tantalum carbides phase, present in the coating. These features
could induce some changes also into the structure, microstructure and correlative properties of the
substrates.

The coated samples were polished in order to completely remove the coating and well-polished
surfaces were obtained. They have a roughness comparable to the as-received samples, according to

the standard for the prostheses [46] (Table 3).

3.2 The crystalline structure and microstructure
Fig. 1 shows the SEM images relative to the as-received alloys (on the left) and the substrates
(on the right), reporting also the EDS analysis on several areas. Both the HC-W (Fig.1a) and HC-

PM (Fig.1c) alloys show homogeneously distributed carbides inside the matrix. The samples,
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obtained by powder metallurgy, contain, as usually, finer carbides than the wrought ones,
maintaining their dimension in the range of few micrometers. In the case of the cast alloys (Fig.1 e
and f, respectively), the carbides shape, dimension and distribution completely differ from the other
two alloy types. In fact, the carbides are less in number and they appear as agglomerates and blocks
into the matrix. Two kinds of carbides are noticed. The EDS analysis, reported in Fig. 1, suggests
that the light grey-white carbides contain a large amount of Mo (I), whereas the black-dark grey
carbides mainly contain Cr (i). In the cast alloys, the Mo carbides are larger (higher than 5 um) and
with an irregular shape. On the contrary, the Cr carbides are smaller, presenting a circular and
regular shape. The carbides precipitated in the LC-C alloy are similar in distribution to the HC-C
sample, but fewer and larger. No photos about the LC-W alloy are reported because no carbides
were detected in this sample by SEM-EDS. The thermal treatment, performed in molten salts at
970°C, did not change the dimension, shape and distribution of the carbides, as it can be observed
by the comparison among the alloys before and after the process (Fig.3 b, d, f, h).

These results are congruent with those reported in literature [25, 28]. In fact, it is well known that
the carbide dissolution may happen only for a solution treatment performed at a temperature above
1150°C. It can be concluded that the tantalum carbides which formed the coating did not affect the
Mo and Cr carbides of the substrate.

Fig. 2 and 3 reported the XRD diffractograms with a comparison before and after the thermal
treatment for each alloy. It can be seen that the temperature reached in the thermal process, induced
a martensitic transfomation of FCC phase into HCP phase, confirming the studies conducted by
Saldivar — Garcia and co workers. It is reported that FCC phase easily transforms into HCP phase
during a thermal treatment of ageing at temperatures between 800-950°C [24-26, 41, 42]. The
CoCrMo alloys are typically characterized by the presence of two cobalt crystalline structures, the
cubic (FCC Co, PCPDF reference code 01-089-4307) and hexagonal (HCP Co, PCPDF reference
code 01-089-4308). As it could be observed, the three peaks of the FCC Co are noticed for all the

as-received alloys even if the LC-C alloys (Fig.3 b) presents a weak peak of FCC around 44°. In
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addition, the relative intensity of the FCC peaks, in the cast alloys (Fig. 2c and 3b), is different with
respect to the other substrates, due to a preferential orientation caused by the manufacturing
process. An increment in the HCP amount is verified after the thermal treatment in all the
diffractrograms, confirming the data from literature. In fact, the HC-W970sub (Fig. 2a) and the LC-
W970sub (Fig.3a) samples show not only higher intensity of the two peaks at 41° and 47°, already
detected in the untreated alloys, but also the appearance of two other peaks around 62° and 84°
which were absent before the treatment. The thermal treatment induced a further re-distribution
between FCC peaks in the cast materials (HC-C970sub, LC-C970sub) where a preferential
orientation is observed. Table 4 summarizes the volume fraction of the amount of the HCP and FCC
crystalline structures inside the alloys, estimated through (1), (2) and MAUD program. The data
obtained for the as-received wrought and powder metallurgy alloys are very similar comparing all
the methods of calculations. However, the values concerning the cast materials and all the treated
substrates are different and some contrasting results are obtained, comparing the different analyses.
Estimations from both the Sage and Guillaud’s formula and Rietveld-MAUD method has to be
considered not significant and precise for these samples. The preferential orientation of both the
FCC and HCP phases in the cast materials made invalid the measurements performed by these two
methods, which consider only the HCP peak with 100% of relative intensity in the PCPDF pattern
and the FCC peak with 40% of relative intensity in the PCPDF pattern. On the other hand, the
formula (2) considers all the peaks in the diffractogram so it is less sensitive to preferential
orientations. In conclusion, the high carbon alloys approached to a similar percentage volume
fraction of the HCP phase, after the thermal treatment, while a larger disparity was noticed in the
low carbon samples, in particular in the LC-C alloy where the HCP phase was significantly more
increased.

Fig. 4 reports some optical images of the microstructures relative to the as-received alloys and
treated substrates, after etching. The arrows and the circles indicated some grain boundaries and

carbides, respectively. The manufacturing technique deeply influences the alloy microstructure. In
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fact, the HC-W alloy (Fig.4a) consists of a fine structure with an average grain size around 10 pum
and with a relevant presence of carbides. The grains in the HC-PM sample (Fig.4c) are larger than
in the wrought alloy, reaching dimensions between 10 and 20 pm, but with a finer carbides
distribution at the grain boundaries. Finally, the cast alloys (Fig.4e and g) show a similar coarse
microstructure with very large grains (above 100 pum for the HC-C alloy and above 200 pm for the
LC-C alloy) and a significant amount of the dark HCP phase, nucleated at the grain boundaries. The
thermal treatment, performed at 970°C for 45 min, relevantly affected the sample microstructure
and grain dimensions and the progressive formation of the HCP structure occurred in all the
analyzed samples. The HCP phase is morphologically identified as a dark phase inside the light
grey FCC matrix. The thermal treatment seems to refine the grain size in the HC-Wsub970 (Fig.4b)
and HC-PMsub970 (Fig.4d), in contrast with the cast alloys where the grains result further
increased. In particular, the grains in the LC-C970sub (Fig.4h) result very large and only part of a
grain boundary (indicated by arrows) but not the complete grain can be observed at this
magnification in the reported figure. In addition, some white carbides are noticed (dark circle).
Considering the cast alloys, the thermal treatment was able to promote the development of the
elongated HCP plates along the FCC dendrites or a high density of short plates close to the carbides
[24, 41]. The formation of the HCP phase as very fine interdendritic striations starts to nucleate
close to the precipitated carbides in the HC-C970 alloy (Fig.5a) or only at the grain boundaries in

the LC-C970 alloy (Fig.5b) [41].

3.3 Mechanical properties

Table 5 reports the values of the micro- and macro-hardness obtained from the tests with a
Vickers indentator under different loads. The thermal treatment, generally, decreased the hardness
of the substrates, especially those containing a high carbon content. On the contrary, the LC-

C970sub sample shows a slight increment.
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The flexural resistance and ductility was tested through a bending test. A decrement of the
ductility was detected after the thermal treatment. The displacement-load curves and data are
reported in Fig. 6 and Table 6. The maximum deflection (D) and the failure load (P) were directly
obtained from the curves, whereas the transverse rupture strength (o), the maximum bending
deformation (¢) and the flexural elastic modulus (E) were calculated by using the formulas (3), (4)
and (5). The Young’s modulus increased after the treatment, showing a rigid behavior of the
substrates. The treated substrates support higher rupture strengths, but lower deformations. An
image of the surface fracture of the HC-W970sub sample is reported as an example in Figure 7. It
shows the presence of many fragile fractured Cr carbides in a moderate ductile matrix, where some
dimples are noticed. A shear lip is also observed on the fracture surface.

The formation of a large amount of hard HCP phase induced an increment in brittleness and it
significantly lowered the strength of the substrates. Considering the XRD analysis (Fig.2 and 3) and
the percentage quantities of the phases reported in the Table 4, the starting amount of HCP phase in
HC-W and HC-PM samples was low and this was in agreement with the highest values of the
registered maximum stress (about 7200N and 7800 N, respectively). In addition, the increment of
HCP resulted more relevant for the LC-C970sub sample, followed by the HC-W970sub, HC-
PM970sub and HC-C970sub samples, explaining the difference of strength and ductility between

the as-received alloys and treated substrates.

3.4 Tribological behavior

The profiles of the wear track sections of the as-received alloys and treated substrates are
reported in Fig. 8. The HC-C sample demonstrated the best wear behavior among the untreated
alloys, with a track volume (0.02 mm?®) and wear rate (3 x 10° mm®Nm) one order of magnitude
lower than the HC-W (0.2 mm?® and 2x10° mm®Nm) and the HC-PM (0.1 mm® and 1x107°
mm®Nm). Also the track section is only 3 um deep (Fig.8 c), in contrast with 8 or 9 um values

relative to the HC-W (Fig.8a) and HC-PM (Fig.8b) alloys. This could be ascribable to the peculiar
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microstructure and carbide distribution of the cast alloys. The comparison with the literature [22,
23] is difficult, because a different counterpart, as well as applied load and sliding distance were
used. The track profile relative to the treated substrates (Fig.8) results almost overlapped to the as-
received alloys, except for the LC-C sample. In this case, the LC-C970sub sample (Fig.8d) exhibits
a narrower, but higher track section than the as-received sample. Even if the amount of the HCP
phase inside the bulk, induced by the thermal treatment, may enhance the tribological properties of
the material, no relevant differences were noticed in term of wear resistance in the alloys before and
after the thermal treatment. This could be explained with the fact that the HCP phase was formed
also in the untreated material by a strain-induced martensitic transformation during the wear test,
caused by the applied load [23]. Hence, the tribological results, obtained for the as-received alloys,
referred to a material containing on the surface an HCP amount higher than that evaluated through
XRD analysis. The two peaks visible at the edge of the tracks relative to the HC-W, HC-PM and
LC-C as received and treated alloys were correlated to displaced and piled up material, removed
with the ball passage.

The predominant wear mechanism consists in abrasion with the contribution of third-body
damage both before and after the thermal treatment. In fact, the typical features of the abrasion
wear, as scratches and grooves, are noticed inside the tracks of the high carbon cast alloys as
reported in Fig. 9. The sample surface was principally abraded by the passage of the hard alumina
ball which created deep scratches along its direction. In addition, it is well known that the mean
size, volume fraction and distribution of the carbides contribute to the final wear resistance. Hence
the Cr and Mo carbides, embedded into the alloys matrix, affected also the wear behavior of the as
received alloys, especially in the case of the high carbon content samples. Hard carbides could
crack, fracture and pull-out during wear in contact with another hard phase causing third body
damage. Moreover their high hardness is considered a relevant cause of abrasive damage. In any
case, if they have good coherency with the surrounding matrix might act as a barrier to the matrix

delamination [22]. Hence the improved wear performance of the HC-C alloy could be also
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attributed to the presence of agglomerates and less numerous carbides inside the matrix, in
comparison with the larger number of them in the HC-W and HC-PM alloys. The Mo carbides
(light circle) are well visible in the wear track of the HC-C alloy (Fig.9) and a hole left by a Cr
carbide (dark circle), pulled out from the surface, is observed in the microphotograph at higher
magnification, on the right in Fig. 9. Cr and Co ions were found into the serum bovine, analyzed in
the previous authors’ work [30], after the wear tests comparing the solution used for the test
between alumina ball and as-received alloys and the test between alumina ball and Ta-coated
samples. In the first case, the metal ions amount was significantly higher than in the second case,
demonstrating that the tantalum coating deposited through thermal treatment in molten salt was able
to reduce the release of potential toxic metal ions. The thermal treatment should not influence the
ions release of the CoCrMo substrates, however other analysis will be performed in order to control

this aspect and the possible cytotoxic behavior.

4. Conclusions

In conclusion, the properties of the CoCrMo alloys are affected by the tested thermal treatment
in molten salts. The aim of the treatment was the formation of a Ta-rich coating, but its effects on
the substrates cannot be omitted.

Firstly, the temperature induced an increment in the amount of the HCP phase inside the
substrates, then it changed the grain size of the matrix. It did not influence the dimension,
distribution and size of the carbides. In addition, all the treated substrates were characterized by a
preferential orientations of the FCC phase. As a consequence, a decrement in the hardness,
especially for the HC alloys, and in the bending ductility was noticed after the thermal treatment.
An increment in the flexural strength was also observed after the thermal treatment. In contrast, no
significant differences in the tribological properties were obtained, comparing the as-received alloys

and treated substrates. The HCP phase was probably induced also onto the as-received alloys during

15



the wear tests, through a strain-induced mechanism of phase transformation, due to the applied
load. The tribological behavior is more strictly related to the carbide presence than to the
crystallographic structure. Further work will be needed in order to verify the eventual cytotoxicity

of the metal ions released during wear test.
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Figures

Fig.1. Comparison of the carbides distribution, size and dimensions before (on the left) and after (on

the right) the thermal treatment: (a,b) HC-W, (c,d) HC-PM, (e,f) HC-C, (g, h) LC-C. EDS analysis

referred to (i) Cr-carbide, (I) Mo-Carbide, (m) alloy area

(@) Cr-carbide

Mo-carbide

Cr

“(m) Area
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Fig.2. XRD analysis of high carbon alloys comparing the diffractograms before and after the

thermal treatment, (a) HC-W and HC-W970sub, (b) HC-PM and HC-PM970sub, (c) HC-C and HC-

C970sub
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Fig.3. XRD analysis of low carbon alloys, comparing the diffractograms before and after the

thermal treatment, (a) LC-W and LC-W970sub, (b) LC-C and LC-C970sub
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Fig.4. Photographs of the microstructure of the alloys, before (on the left) and after (on the right)
thermal treatment: (a and b) HC-W, (c and d) HC-PM, (e and f) HC-C, (g and h) LC-C. Circle and

arrows indicate carbides and grain boundaries
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Fig.5. SEM micrographs ofdark HCP phase nucleated close to carbides (circles) or at grain

boundaries (arrows) on (a) HC-C970sub and (b) LC-C970sub

Fig.6. Load-displacement curves relative to the 3-point bending test
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Fig.7. SEM images relative to surface fracture of HC-W970sub after bending test. The circles

indicate fractured Cr-carbides
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Fig.8. Wear track profiles of the as-received alloys and treated substrates after the ball on disc test :

(2) HC-W, (b) HC-PM, (c) HC-C, (d) LC-C
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Fig.9. SEM micrographs at different magnifications relative to the wear track produced by an
alumina ball on the HC-C surface evidencing molybdenum carbides (light circle) and the hole left

by the pulling-out of the chromium carbides (dark circle)

26



Tables

Table 1

Dimensions of samples analyzed at 3-points bending test

Sample b (mm) d(mm)
HC-W 6.5 3.5
HC-W970sub 6.5 3.0
HC-PM 6.5 3.5
HC-PM970sub 6.5 3.0
HC-C 6.5 3.3
HC-C970sub 6.5 2.8
LC-C 6.5 2.9
LC-C970sub 6.5 2.5
Table2
Composition of the as-received CoCrMo alloys
EDS analysis Quantometer analysis
Alloy  Manufacturing process — opwt.  %wt  %wt %Wt Yowt
Co Cr Mo Ni C
HC-W Wrought 625 306 64 0.5 0.25
HC-PM Powder Metallurgy 66.2 28.1 6 - 0.14
HC-C Casting 66.2 298 39 0.1 0.20
LC-W Wrought 65.0 290 58 0.2 <0.01
LC-C Casting 64.1 335 2.4 - 0.07
Table 3

Roughness data relative to as received alloys and the substrates after the coating removal

Sample Ra (nm) Rq (nm) Rz (nm)
HC-W 2+0.5 3+1 19+5
HC-W970sub 2+0.5 3+l 1543
HC-PM 1+0.2 2+1 1042
HC-PM970sub  3+0.3 4+1 19+4
HC-C 611 9+1 6016
HC-C970sub 311 442 22 10
LC-W 6+1 6+1 2842
LC-W970sub 4+0.4 5+1 26+4
LC-C 342 442 25110
LC-C970sub 3+0.4 3+1 1745
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Table 4

The amount of the cubic and hexagonal phases in the as-received alloys and in the treated
substrates, calculated in terms of percentage volume fraction with the three methods.

VVolume fraction (%)

Sample (1) (2) MAUD
FCC HCP FCC HCP FCC HCP
HC-W 99 1 99 1 97+4 3%0.3
HC-W970sub 57 43 75 25 55+1 45+ 1
HC-PM 81 19 87 13 70+2 30+1
HC-PM970sub 58 42 75 25 58+ 1 42+1
HC-C 74 26 68 32 44 + 2 55+3
HC-C970sub 10 90 70 30 3716 63+9
LC-W 98 2 99 1 - -
LC-W970sub 85 15 87 13 54 +2 46 + 2
LC-C 74 26 71 29 - -
LC-C970sub 15 85 39 61 15+2 85+38
Table 5

Micro-hardness values evaluated under loads of 100g and 500g and macro-hardness values

obtained under a load of 40kg.

Sample HV 100g HV 500g HV 40 kg
HC-W 594 +23 588+27 450+13
HC-W970sub  509+39 469+3 441+16
HC-PM 587 +13 574+14 520+12
HC-PM970sub 538 +27 492+10 474+13
HC-C 398+26 382+10 315+15
HC-C970sub 396+ 10 378+20 347%6
LC-W 509+5 445+38 -
LC-W970sub  439+10 499+11 409+ 18
LC-C 384+5 3207 267+25
LC-C970sub  429+12 429+38 287+5

Table 6

Data obtained from the 3-point bending test

Sample D(mm) P(N) o(MPa) ¢ E (GPa)

HC-W 23 7412 2304 018 3265
HC-W970sub 26 4919 2346  0.14 46.64
HC-PM 30 7692 2391 0.23  30.09
HC-PM970sub 2.3 5201 2480 0.12 46.14
HC-C 21 2814 984 015 1873
HC-C970sub 22 2531 1386 0.11 34.14
LC-C 14 2624 828 0.8 10.76
LC-C970sub 20 1294 893  0.09 39.25
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