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a b s t r a c t

The influence of milling time on the tribological behavior of a CoeCreMo alloy designed for

biomedical applications, synthesized via mechanical alloying is investigated. Elemental Co,

Cr and Mo powders are milled using different milling times (2, 6, 12 and 18 h) in a high-

energy ball mill. The resulting powders were subjected to cold uniaxial and hot isostatic

pressing respectively, followed by sintering to obtain cylindrical samples, which were

evaluated for their structural, mechanical and the wear behavior. Results showed that the

grain and crystallite sizes of the powders decreased with increasing milling time, reaching

low values of <10 mm and 32 mm respectively, at higher milling times. Furthermore, the

wear rates and the coefficients of friction were lower, at higher milling times due to high

densities (96%), and higher elasto-plastic resistance, as presented by the H/E and H3/E2

values of 0.026 and 0.0021 GPa, respectively. Increased milling time enables the refinement

of grains and reduction in porosity in the CoeCreMo alloy, which in turn increases the

alloy's elasto-plastic resistance and enhances its wear resistance.

© 2023 The Author(s). 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/).
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Table 1 e Characteristics of as-received elementary Co,
Cr, Mo powders.

Element Co Cr Mo

Average size (mm) <150 <150 <150
Purity (%) 99.8 99.5 99.9

Shape Irregular Irregular Irregular

Melting point (�C) 1493 1857 2617
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1. Introduction

Hip prosthesis is an internal joint device [1], the purpose of

which is to replace the hip joint and restore it to near-normal

function. Thus, the properties of the implant material are

critical [2]. The chemical, mechanical, and structural qualities

of implants should therefore be optimised and novel bio-

materials are to be developed to fulfill these requirements

[3,4].

Biomaterials are used in several surgical procedures, such

as, hip, knee, dental implants, replacement of arterial seg-

ments, skin grafting, etc., and are classified, according to their

function and nature, into four different types mainly identi-

fied as polymers, ceramics, natural materials, metals and

metallic alloys.

In the realm of biomaterials, metallicmaterials are without

a doubt the oldest and most versatile, with the usage of pure

materials (gold, silver, platinum) since the early days [5,6].

However, stainless steels that have good corrosion resistance

coupled with excellent mechanical properties (stiffness, fa-

tigue strength, and fracture toughness) have lately found their

way in biomedical applications [7].

Furthermore, with the advent of technology, a variety of

metallic alloys, such as, titanium and titanium alloys, cobalt-

chromium alloys, stainless steel, cobalt-chromium-

molybdenum alloys, and tantalum have been developed and

are being used extensively for metal-based implants. How-

ever, among the mentioned metallic alloys, the cobalt-based

alloys seem to be a subject of extensive research [8].

These alloys have a wide range of applications in medical

devices due to their excellent corrosion resistance (superior to

316L stainless steel), their resistance to allergic reactions

when in contact with human tissue (biocompatibility) and

appropriate mechanical properties for human activities [9].

The first use of CoeCreMo alloys in themedical fieldwas in

dentistry, as removable frames [10]. Over time, the applica-

tions of these alloys got diversified, and currently they are

widely used in total hip and knee replacements, and for the

supports of heart valves [11]. Studies have shown the prefer-

ence of cobalt-based to titanium-based alloys for joint, metal-

to-metal contact applications [12] as their tribological prop-

erties are superior to those of titanium alloys. For the

CoeCreMo alloy, the chromium provides excellent corrosion

resistance by spontaneously forming a thin layer of surface

oxide (usually 2e10 nm) in contact with water, which greatly

slows the corrosion rate. In order to refine the crystal grains

and increase tensile strength, molybdenum is added [13]. The

structural and tribological characteristics of the biomaterial

are greatly influenced by the manufacturing process.

Thus, casting used for the production of CoeCr-based alloy

molding implants is not a preferred technique, because so-

lidification during casting results in large dendritic grains that

decreases the yield strength of the alloy, and cause defects,

such as inclusions and micropores that raise internal stresses

[14]. Since the last few decades the F75 molded CoeCreMo

alloy has been used in orthopedic implants [14,15]. However,

in order to ensure adequate homogeneity, reduce the castings'
porosity, and enable further mechanical machining, hot

isostatic compaction and heat treatments were required [16].
Moreover, the machining of titanium and cobalt alloys is very

difficult [17] because of the set of properties that they have in

common, in particular, a complex surface integrity [18].

The cast Coe28Cre6Mo alloy ASTM F75 has excellent me-

chanical properties and high wear resistance compared to Ti

alloys, in addition to their high corrosion resistance compared

to the stainless steel 316L especially in human body.

Recently, there has been a great deal of interest in powder

metallurgy techniques based on solid-state atomic diffusion

[19], which can avoid problems associated with casting, such

as the segregation or extensive growth of grains [20,21] and

has additional benefits like convenient realization of parts

with complex shapes and alloy composition control [22].

However, various factors such as, the formation of homoge-

neous alloy powders with appropriate particle sizes play an

important role in determining the final properties of the

developed alloys. Studies have shown that refining alloy par-

ticles by high-energy ball milling is beneficial for the sintering

process [23].

The current research, is one of the first attempts to inves-

tigate the influence of milling time on the structural param-

eters, mechanical properties and the tribological behavior of a

CoeCreMo alloy, by evaluating density, Young modulus,

micro-hardness, microstructure, friction and wear resistance.
2. Materials and methods

2.1. Material synthesis

Elemental Co, Cr and Mo powders purchased from Sigma

Aldrich Chemicals P Ltd were used for the synthesis of the

CoeCreMo alloy. Table 1 below shows the characteristics of

the elemental powders.

Amixture of the above elemental powders was prepared in

the desired composition (Coe28Cr- 6 Mo), and subjected to a

milling process in a high energy ball mill (Fritsch P7) under a

protected argon atmosphere for durations of 2, 6, 12 and 18 h

respectively. The milling medium consisted mainly of 10 mm

diameter alumina balls in an 80ml vial, using a ball-to-powder

ratio of 15:1. Milling was done in 28-min cycles with a 9-min

rest period in between. After each milling operation, the

vials were opened after a 30e35 min cooling period to avoid

excessive heating of the powders by repeated collisions.

The milled powders were cold pressed uniaxially with a

hydraulic press and a pressure of 150 MPa to obtain the

desired cylindrical shape with a diameter of 13 mm, followed

by Hot Isostatic Pressing (HIPed), at a temperature of 1000 �C,
under a load of 400 MPa in an argon atmosphere for 45 min.

The HIPed samples were finally sintered at a temperature of
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Fig. 1 e The sintering Heat Treatment Cycle of compacted CoeCreMo Alloys.
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1250 �C in an inert gas atmosphere, with a heating and cooling

rate of 15 �C/min and 20 �C/min, respectively, and a holding

time of 3 h. The sintering heat treatment cycle is summarized

in Fig. 1.

Fig. 2 summarizes the synthesis and characterization

procedure.

2.2. Material characterizations

2.2.1. Structural and mechanical characterization
Structural characterization was mainly performed using

Scanning ElectronMicroscopy (SEM type Hitachi S-520) and X-

Ray Diffraction Analysis (XRD type INTEL CPS 120/Brucker

AXS). SEM was used to study the powder morphology, and to

analyze the wear mechanisms after the wear tests. XRD was

used for structural characterization.

The SEM analyses were carried out with an accelerating

high voltage (HV) of 25 KV. XRD analysis was performed with

voltage and current values of 40 KV and 20 mA, respectively,

and Cu-Ka radiation (l ¼ 1.5406 �A), in a scan range of 20e110�

and a sweep speed of 0.005�/s.
The crystallite size (D) was determined using the Scherrer

formula [24]:

b¼ kl
D cos q

(1)

The Williamson Hall equation was used to determine the

microstrain e [25];

b cos W¼ 4 e sin Wþ Kl

D
(2)

Mechanical characteristics such as density, hardness,

porosity, elastic modulus and roughness were also evaluated.

The density was measured according to the Archimedean

principle in accordance to ASTMD792 standard [26], while the

microhardness and Young's modulus were determined with

the Vickers's microindenter type ZwickRoell ZHV10 in accor-

dance to ASTM E384 standard. The roughness Ra of the
sintered Cre28Coe6Mo samples was measured with an opti-

cal profilometer type VEECO-Wyko q300.

2.2.2. Tribological characterization
After Hot Isostatic Pressing and sintering friction tests were

carried out using a ball-on-disc Tribotester fromTRIBOtechnic

as illustrated in Fig. 3, according to ISO 7148, ASTM G- 99,

ASTM G181-11, ASTM G119.

All wear tests were performed in a simulated body fluid

medium (composition see Table 2).
3. Results and discussion

3.1. Structural and mechanical characterization

3.1.1. Particles size and morphology analysis
The SEMmicrographs of the as received elemental powders of

Co, Cr, Mo are shown in Fig. 4. The SEM images confirm the

irregular, coarse shape of the elemental powders mentioned

in Table 1. From the comparison of the images, it can be seen

that the elemental Co powder particles are finer than those of

Mo and Cr and have more of a granular shape.

Fig. 5 shows the evolution of the morphology and particle

size of the milled CoeCreMo powders. At lower milling times

(2 h) as seen in Fig. 5(a), the powder was uniformly distributed

over the entire surface. It can be clearly seen that the powder

grains are relatively large, with an estimated size of

40e120 mm. With increasing milling time the percentage of

fine particles increased, as can be clearly seen in Fig. 5(b) and

(c). The size of particles in these cases is about 10e100 mm at a

milling time of 6 h and 10e80 mm at a milling time of 12 h,

respectively. At a milling time of 12 h, it can clearly be noticed

that fine, uniformly dispersed and granular shaped particles

dominate.

The same results were documented by F. Sa�nchez-De Jesu�s

et al. in mechanically alloyed Coe28Cre6Mo using a 1:10 ball-
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Fig. 2 e Schematic presentation of the synthesis and the characterization procedure.
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to-powder weight ratio, by regular milling and pre-alloying,

the latter method resulting in homogenous, round particles

[28], Furthermore, Habibe et al. reported that at a weight ratio

of 6:1, the particle of the CoeCre MoeW powder decreases by

50% and the particles tend to spheroidize.

On the other hand, very fine particles (<10 mm) and strong

agglomerates were found in the powder sample milled for
Fig. 3 e Scheme of the tribome
18 h, as shown in Fig. 5(d). The occurrence of agglomerates has

been mentioned in several studies, e.g., agglomeration in ti-

tanium Ti-based alloys synthesized by high-energy ball mill-

ing. Likewise, agglomerates were found in powders of Tie6Al-

X alloy synthesized by high duration milling [26,29].

Phenomena like micro-forging, fracturing, agglomeration,

and de-agglomeration occur during the high energy ball
ter test (type ball on disc).

https://doi.org/10.1016/j.jmrt.2023.06.031
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Table 2 e Composition of Hank's solution [27].

Elements NaCl KCl CaCl2, 2H2O NaHCO3 MgSO4 7H2O MgCl2 Na2HPO4, 2H2O NaH2PO4, H2O Glucose Ph

Concentration (g/L) 8.0 0.4 0.19 0.35 0.06 0.19 0.06 0.25 1.0 6.9
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milling procedure due to ball-to-powder-to-wall collisions;

consequently, micro-forging and fracturing at lower milling

times result in irregularly shaped particles, while at high

milling times, such as the samplemilled for 18 h repeated cold

welding occurs, resulting in agglomerates.

The results obtained by EDS analysis of CoeCreMo pow-

ders are shown in Fig. 6. The concentrations of Cr, Co, Mo, Mn

and C after a milling time of 18 h were 36.55, 31.57, 12.54 and

19.20 at. %, respectively.

3.1.2. X-Ray diffraction analysis
The samples were characterized using a Bruker AXS diffrac-

tometer, with angles ranging from 20 to 90�, a step width of

0.02� and Cu K a radiation (l ¼ 1.541 A).

The XRD patterns of the alloyed powders are shown in

Fig. 7(a). After 2 h of milling, the corresponding XRD pattern

shows the presence of e-Co and a-Co phases, besides some

peaks of Cr and Mo.

The e-Co phase is represented by the peaks of the (111) (211)

and (022) planes at 2Ө ¼ 43�, 45� and 67�, respectively. For the
a-Co phase the peaks of the (212) (220) and (201) planes appear

at 2Ө¼ 49.5�, 75.4 and 87�. The presence of Cr andMo is due to

the fact, that these two elements do not dissolve in the сobalt

matrix after 2 h of milling. The Cr peak disappears after 6 h of
Fig. 4 e SEM images of the as received elem
milling, whereas the Mo peak no longer appears after 18 h of

milling, which can be explained by the size of these two

atoms. Cr has an atomic radius of 1.85 �A andMo of 2.01 �A. The

incorporation of Mo into the Co matrix therefore requires a

higher energy than that of Cr, which is why Mo only disap-

pears after 18 h of milling.

The complete disappearance of all peaks except the two

peaks of the e-phase at 2Ө ¼ 44� and 45� proves the effec-

tiveness of ball milling in the mechanical alloying of Co, Cr

and Mo powders. After 18 h of milling, only the e-hcp peak is

dominant, which is due to the complete dissolution of the a-

cubic phase and the incorporation of all alloying elements into

the cobalt matrix.

In a similar study, Sa�nchez-De Jesu�s et al. reported that pre-

mixing of all elemental powders did not lead to a complete

alloying and that the Mo peak did not disappear even after 9 h

of milling but always emerged from the solid solution. A com-

plete disappearance ofMowas observed here onlywith the pre-

doping method when Mo was added in the final stage [28].

Another observation that emerges from Fig. 7(b) is that as

the milling time increases, the width of the peak profile

increased, which is a result of particle size refinement and

milling induced plastic deformation. Simultaneously, a peak

shift toward lower angles can be observed. This is due to the
ental powders (a)-Co, (b)-Cr and (c)-Mo.

https://doi.org/10.1016/j.jmrt.2023.06.031
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Fig. 5 e SEM images of Coe28Cre6Mo powders milled for (a) 2h, (b) 6h, (c) 12h and (d) 18h.

Fig. 6 e EDS spectra of Coe28Cre6Mo powders milled for (a) 2h, (b) 6h, (c) 12h and (d) 18h.
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Fig. 7 e (a) XRD patterns of Coe28Cre6Mo powders milled for 2, 6, 12 and 18 h, (b) Amplification of the XRD patterns showing

the shift of the peaks to lower 2Ө angles.

Fig. 8 e UVeVis Absorption Spectra of Coe28Cre6Mo

powders milled for 2, 6, 12 and 18 h.
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distortion of the crystal structure as a consequence of lattice

strain and a variation in the cobalt lattice parameters caused

by the incorporation of chromium and molybdenum into the

cobalt matrix, especially after 12 and 18 h of milling [28,29].

3.1.3. Absorbance spectra
The absorbancewas examined for the Coe28Cre6Mo powders

milled for 2, 6, 12 and 18 h within the wavelength range of

198e890 nm. The plot of the absorption ratio as a function of

wavelength (Fig. 8) shows, that all doped powders exhibit an

increase in absorption with increasing wavelength. It starts

with very low values in the ultraviolet wavelengths region of

the spectrum between 200 and 400 nm and gradually in-

creases with an increase in wavelength in the visible range

between 400 and 700 nm. After that, their values in the

infrared region are almost stable. After 2 h of milling,

Coe28Cre6Mo has low absorption, but this increases rapidly

with milling time as the absorption of visible light energy in-

creases. Concentrations of Mo and Cr are found in the energy

separator, which leads to an increase in absorption and thus a

decrease in transmittance.

The increase in milling time of Coe28Cre6Mo remarkably

improves the absorption. Co has an absorption at 235 nm [30],

peaks at around 367 and 408 nm correspond to Cr and at

335 nm to Mo [31].
3.1.4. Grain size distributions
The particle size distribution is an important parameter to

consider for the development of the pore size distribution [32].

The particles should be of different sizes, as in this way it is

possible to fill the voids in the larger particle gaps with small

particles to increase the fill factor and thus the density of the

https://doi.org/10.1016/j.jmrt.2023.06.031
https://doi.org/10.1016/j.jmrt.2023.06.031


Fig. 9 e Particle-size distribution of milled CoeCreMo alloys at different milling time.

Fig. 10 e The evolution of microstrain <e> and crystallites

size <D> with milling time.
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material [33,34]. The pore size decreases with increasing

milling time and the density increases accordingly. Before

milling (0 h) the majority of the pores were larger than 95 mm.

A milling time of 6 h is sufficient to reduce the pore size to

50 nm. Fig. 8 shows that the sample with the highest milling

time of 18 h has small, regular pores and a very high density,

and the pore size decreases to 15 nm.

Fig. 9 show that the PSD allowed for high packing of the

cluster. Moreover, secondary gains associatedwith this higher

density are greatermachinability in prosthetic fabrication and

potential for orthopedic applications, as well as reduced wear

of milling cutters during machining [35].

3.1.5. Crystallites size and microstrain analysis
Fig. 10 shows the crystallites size (D), <nm> variation of the

CreCoeMo milled powders, as a function of the milling time.

It can be clearly seen that the size gradually decreases with

increasing milling time, staring from 62 nm for 2 h of milling

and reaching a value of 32 nm after 18 h of milling. This

evolution is attributed to the fracture caused by increasing

milling time, which decreases the particle size and hence

resulting in a reduction in the crystallites size [36]. It is also

worth noting that despite the agglomerations encountered

after 18 h of milling, a decrease in crystallites size is observed,

which confirms the effectiveness of milling in reducing grain

size and preserving it even with the excessive milling periods.

Fig. 10 also shows the evolution of microstrain <e> as a

function of milling time. As clearly seen, it rapidly increases,

from 2 to 12 h with values of 0.001e0.0072% respectively. This

can be attributed to the stacking defects and the dislocations

density caused by the plastic deformations sustained by the

powder particles [16,21], grain surface relaxation and most
importantly to lattice distortion caused by phase trans-

formation [36].

After 18 h of milling, microstrain increased gradually, un-

like the 2, 6 and 12 h of milling cases, reaching the value of

0.0075% after 18 h of milling. This seems to be explained as

follows: the energy transferred to small particles is not suffi-

cient to generate more microstrain, hence, further milling

won't have a significant influence.

Furthermore, the transformation has entered the stabili-

zation phase and further phase transformation is not possible,

since the CoeCreMo alloy is completely formed. The alloying

elements Cr andMowere completely inserted in the Comatrix

forming the final hcp phase. So, further milling, induces

https://doi.org/10.1016/j.jmrt.2023.06.031
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Fig. 11 e Evolution of: (a) of mean pore size (mm), (b) relative porosity (%) and relative density<r> (%) of sintered samples

with milling time.
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further energy that causes lattice distortion which causes the

formation of amorphous structures, as reported byAbada et al.

[37].

3.1.6. Density and porosity
The evolution of mean pore size is shown in Fig. 11 (a), in

which it can be clearly seen that pore size decreases with

increasingmilling time. Firstly, from 2 to 12 h, a rapid decrease

is observed, however, from 12 to 18 h of milling a gradual

decrease is noted. Moreover, it is worth noting that pore size is

in the nanometric scale, which confirms the nanostructure of

the synthesizedmaterial, and the effective choice of synthesis

parameters, including pressing loads and sintering tempera-

ture and time.
The decrease in pore size is attributed to powder refine-

ment caused bymilling; increasingmilling time, decreases the

particles size of the powders, hence, when compacting, a

closed porosity with small pores is obtained.

Similarly, the variation of porosity and density of the alloys

synthesized with milled powders is shown in Fig. 11(b), which

reveals the proportionality between milling time and density

and an inversed proportionality with porosity.

After 2 h of milling, the CreCoeMo density is low with a

value of 86% and after 18 h ofmilling the density is maximum,

with a value of 96%, however, porosity is maximum for 2 h of

milling with a value of 17% and reaches its minimumvalue for

18 h of milling. The reason for this evolution is longer milling

time which affects the packing of the particles and their

https://doi.org/10.1016/j.jmrt.2023.06.031
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distribution inside the sample during compacting, leading to

reduced porosity and high density.

From size consideration, small size particles mean less

space between them during compacting, and considering

morphology, granular shaped particles caused by highmilling

time also ensures closed packing during shaping, hence,

significantly improving the density [38].

3.1.7. Young's modulus and hardness
The Young's modulus of samples is shown in Fig. 12. As pre-

sented, A highest value of 200 GPa was obtained for 18 h of

milling, and the lowest value of 120 GPa was obtained for 2 h.

This can be attributed to the effect of milling time on the

cohesion of the material; small particles' size means closed

packing and enhanced density, hence cohesion between

atoms, consequently, increased stiffness [39].

The Vickers HV0.05 micro hardness test formilledmaterials

is also shown in Fig. 11.

As shown in Fig. 12, the hardness increaseswith increasing

milling time. A highest value of 535 HV0.05 was obtained for

18h of milling and the lowest value of 335 HVwas obtained for

2 h of milling time. This can be accredited to the grain

refinement strengthening, caused by decreasing crystallites

size and increasing grain boundaries [40].

Takaichi et al. reported a Young'smodulus value of 170 GPa

and a hardness value of 320 HV for a Coe29Cre6Mo alloys

synthesized by SLP for dental applications [41,42]. These

values are closely comparable to values obtained in the pre-

sent study.Moreover, the Vickersmicrohardness values of Co-

based orthopedic alloys studied by Patel et al. a selective

plasma sintering alloy (SPS) were 400, 350 and 850 HV

respectively [43]. The synthesized Coe28Cre6Mo alloy hard-

ness is practically equal to that of ASTM F1537 alloy, which is

designed for total joint replacement.

Comparing the mechanical properties of the synthesized

Coe28Cre6Mo alloy with other bio-alloys, it was found that

Ti-based alloys: Tie6Ale4Fe, TieAle7Nb, Tie15Mo and

Tie15Nb have the following Young's modulus and micro-

hardness values: 110 GPa-350 HV0.05 [26], 105 GPa-300 HV0.05

[29], 75 GPa-275 HV0.05 [27] and 70 GPa-210 HV0.05 [24],
Fig. 12 e Evolution of Young's modulus <E> (GPa) and

microhardness HV0.05 of CoeCreMo synthesized alloys

with milling time.
respectively. This alloy has a high hardness and high Young's
modulus, however, to ensure osseointegration, the Young's
modulus must be significantly lower, for which additional

processing can be performed.

In addition to modulus and hardness other mechanical

characteristics such as H/E and H3/E2 ratios were also

calculated. The variation of H/E and H3/E2 ratios as a function

of milling time is shown in Fig. 13, which shows that the

sample synthesized at 18-h milling has the highest H/E and

H3/E2 values, indicating its high resistance to plastic defor-

mation [29], which thus increases the wear resistance of the

samples. This behavior with respect to elastic and plastic

deformation is explained by the increased density and

hardening due to grain refinement, respectively, induced by

the reduction of the powder particle size as a result of the

increased milling period.

3.1.8. Roughness
According to Rosa et al. For femoral elements of total hip

prostheses, spherical bio-implantablemetallicmaterialsmust

have a smooth surface roughness of less than or equal to

0.06 mm. Indeed, the materials used in this study reach Ra

values less than 0.5 mm [44,].

Fig. 14 shows the evolution of roughness with milling time

of Coe28Cre6Mo alloy. A significant decrease in Ra values is

clearly observed, starting with a value of 8.4 nm for 2 h of

milling and reaching 7.2 nm for 18 h milling. This can be

attributed to the effect of particles refinement and

morphology, fine powders with granular shapes give smooth

textures, however, large particles with sharp ends and irreg-

ular shapes give smeared textures and high roughness.

Biomedical alloys such as CoeCreMo require certain sur-

face texture to insure its bio-functionality, and osteointegra-

tion. Roughness valuesmeasured for our alloy are close to that

of CoeCreMo generated bone/implant interfacial area by

Melentieva et al. who enhanced the surface roughness of a

biomedical cobalt based alloy using micro-blasting with

aluminum oxide particles [45], yet, the Coe28Cre6Mo alloy

synthesized in the present research doesn't demand addi-

tional treatments for improving its surface roughness.
Fig. 13 e Elasto-plastic parameters H3/E2 and H/E as a

function of milling time.
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Fig. 14 e The evolution of surface roughness <Ra> (nm) of

compacted sintered CoeCreMo alloys as function of

milling time.
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3.2. Tribological characterization

3.2.1. Mean friction coefficient
As seen in Fig. 15, the mean coefficient of friction values

varied between (0.5 and 0.31) (0.57 and 0.35) and (0.76 and

0.49) for a load of 2, 10 and 20N respectively. It is also clearly

observed that the average coefficient of friction values

decrease with increasing milling time, which is attributed to

the enhanced mechanical proprieties, specifically high

hardness, caused by grain refinement, which imposes high

loads in order to cause damage by friction. Hence, high

milling time results in important resistance to sliding loads.

Similar performance was reported by Rezzag et al. for

Coe28Cre6Mo alloy synthesized with different sintering

temperatures [46].

It is also worth mentioning that the low coefficient of

friction value of the sample synthesized with 18 h of milling

confirm the estimation of the elasto-plastic ratios previously

presented in Fig. 13, confirming that the elasto-plastic resis-

tance resulted in an enhanced resistance to friction loads.
Fig. 15 e The variation of the mean coefficient of friction

with milling time.
In similar studies, the coefficient of friction of a

Coe28Cre6Mo alloy synthesized via Metal Injection Moulding

(MIM) was found to be 0.52 for 5N load, meanwhile, almost the

same value is generated for 10N load (2 h) and 2 N load (12 h) in

the present study, the same comparison can be conducted

with cast CoCr alloys with a value of 0.55 [47].

3.2.2. Wear volume and rate
Wear rate and wear volume were also evaluated after each

tribometric test, by measuring the volume of wear traces

caused by friction sliding loads.

As shown in Figs. 16 and 17, thewear rate andwear volume

decrease with increasing milling time, and increase with

increasing loads which reflects and confirms the previously

presented mean friction coefficient variation. This can be

attributed to the enhanced mechanical proprieties due to

grain refinement resulting in improved wear resistance.

The elasto-plastic resistance is the key contributor in

reducing wear rate and wear volume, since the surface is

resistant to both elastic and plastic deformations caused by

sliding loads. In addition tothat, it has been reported that

effectively synthesizing CoeCreMo alloys from powders, in-

creases its strength due to grain refinement [48].

Regarding sliding loads, it can be noted that the wear rate

for highmilling time (18 h and 12 h) is almost the same, which

means, increasing load did not have a significant impact on

the wear rate due to the reduced roughness, coupled with the

accumulation, compaction and probably welding of the wear

debris on the surface of the sample may have formed a sort of

protective layer causing resistance to wear [46].

The same behavior was reported for various materials

synthesized via mechanical alloying, such as in aþb titanium

alloys [29] which have superior wear rate and volume values

compared to our alloy. In another study, theMo addition effect

on wear was investigated [49], and it was reported that 4 wt%.

was preferred for high wear resistance. However, in the pre-

sent study 6 wt%. was forum to be beneficial for higher wear

resistance.

Wear volumes of 12, 39 and 3 (*106 mm3) were reported in

literature for biomedical cobalt-based alloys; ASTM F75, ASTM
Fig. 16 e The evolution of wear volume (mm3) according to

Milling time and the sliding applied load.
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Fig. 17 e The variation of Wear rate (mm3N¡1 mm¡1)

according to milling time and the applied sliding load.
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F1537 and SPS alloy respectively [43] for a load of 5N. Hence,

the SPS alloy is nearly equivalent to the 18 h sample under 2N

load, meanwhile the ASTM F1537 can be equated to the 2 and

6 hmilling samples, for 20 N load, for more details see [50e52].

3.2.3. Wear morphology
Fig. 18 shows SEM images of the worn surfaces of the

Coe28Cre6Mo alloy synthesized from powders milled for

different periods of time. The wear traces are noticeable on
Fig. 18 e SEM images of the worn surfaces of samples with d
the sample with 2 h of milling (Fig. 18(a)). The wear damage is

important, because of the pointed roughness of this sample.

However, increasing the milling time affected the wear mor-

phologies, in which a reduction of the smeared wear surface

can be noticed. In contrast to the sample with 2 h of milling,

the finest wear traces are observed in Fig. 16 (d) for the sample

synthesized with the highest milling time (18 h), which can be

attributed to its high wear resistance caused by the enhanced

mechanical proprieties.

The SEM images confirm the previously mentioned hy-

pothesis of increasing wear resistance with the accumulated

wear debris. The SEM images clearly show an external layer

near the wear traces, in addition to that, the wear volume

presented by the size of the wear strips decreases with

increasingmilling time, which confirms the results previously

presented in Figs. 15e17.

As shown in Fig. 18 (a) and (b), wear bands are large so as

the size of the grooves, which is attributed to abrasive wear.

However, for the sample synthesized from powder milled for

18h, the size of the wear strips decreased, debris are finer and

a significant decrease in grooves size is noticed, with a

remarkable presence of adhesion, signifying of adhesivewear.

Abrasive wear is caused by the severe damage and

detachment of the surface asperities, which are intense in the

2 h milling sample, in contrast to the samples obtained by

milling for 18h, that reveals lower surface roughness. In

addition, the smooth surface of the worn surfaces corre-

sponds to a low coefficient of friction.
ifferent milling time: (a) 2 h, (b) 6 h, (c) 12 h and (d) 18 h.
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4. Conclusion

A Coe28Cre6Mo alloy was successfully synthesized utilizing

high energy ball milling with different milling times, followed

by pressing and sintering. Structural, mechanical and tribo-

logical characterizations, of the obtained samples were eval-

uated and the following conclusions can be drawn.

� The structural characterization showed the ability of high-

energy ball milling not only in alloying elemental powders

but also in downsizing the alloyed mixture and preserving

its uniformal dispersion.

� High-energy ball milling is effective for mechanical alloy-

ing of powders resulting in a significant reduction in the

particle size reaching the value of 15 nm at 18 h milling

� Grain and crystallite sizes of the powders decreased with

increasing milling time, reaching low values of <10 nm

and 32 nm respectively, at higher milling times,

respectively

� Due to grain refinement, atomic cohesion and closed

packing, the milled powders exhibited improved mechan-

ical proprieties; higher densities (96%), lower porosities

(15 nm), higher hardness (535 HV0.05) and stiffness with

increasing milling time.

� The absorbance is quickly increases with the milling

time, due to the presence of an increase in the absorption

of visible light energy to attend the value of 400 and

700 nm

� The enhanced hardness had a significant contribution on

improving the tribological performance of the resulting

material with the sample prepared with powders after

18 h of milling showed the highest value of hardness 535

HV0.05 leading to a significant improvement in wear

resistance.

� Wear rates and coefficients of friction decrease with

increasing milling times due to high densities (96%), and

high elasto-plastic resistance, as can be seen from the H/E

and H3/E2 values of 0.026 and 0.0021 GPa, respectively

� Abrasive and adhesive wear mechanisms were observed

on the worn surfaces depending on the surface texture of

the sample.

� Finally, it could be concluded that, improving surface me-

chanical proprieties and roughness, is the key factor of

improving the wear resistance of the material.
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