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ABSTRACT

New techniques for manufacturing of biomaterials using additive/substrate manufacturing such as melting
laser sintering (SLM) or CAD/CAM milling use micrometric metal powders to build custom parts. CoCrMo
alloys are commonly used as biomaterials due to biocompatibility, high corrosion resistance and good me-
chanical properties. In this work, Cr-Co-based powder was obtained by mechanical alloying of Cr-Co-Mo-W
alloy, using different Ball/Powder-Ratios (BPR) and thermal treatments. The powders were deagglomerated
and characterized by X-ray diffraction (XRD) and Scanning electron microscopy (SEM). Based on SEM mi-
crographs, the particle size analysis was used to compare the particles spheroidizing degree, using Feret’s
diameter. The XRD patterns shown Cosig-solution) @S Crystalline phase. The results of particles size indicates a
decrease of Feret’s diameter in BPR (Ball/Powder-Ratio) from 4:1 to 6:1 understanding that from this ratio
there is no significant decrease of this relation but there is an average size increase with losses in morpholog-
ical aspect. The comparison between atomized powders and powder developed in this work indicates that
atomized products present relation close to one which indicates there is uniformity in the particles spherical
shape. Comparing ground powders from 6:1 ratio (before and after thermal treatment) there is a considerable
decrease of Feret’s diameter being it decreased from 1.75 to 1.4, an increase of about 46% in particles sphe-
roidizing.
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1. INTRODUCTION

A revolution in the field of prostheses and implants development is occurring with the use of manufacturing
processes for fast-prototyping systems using digital image [1-3]. Among fast prototyping systems the most
popular is CAD/CAM, Computer-Aided Design/Computer-Aided Manufacturing, in which a model is
scanned through 3D scanning, and the software simulates the forms, and reports to a grinding system, which
then performs the machining of components [2, 3].

CoCrMo alloys are commonly used for orthopedical implants or dental restorations due to its high
corrosion resistance, good mechanical properties and biocompatibility. Dental components have been pro-
duced from these alloys by prototyping techniques, classified in two groups: additive manufacturing, such as
Selective Laser Melting (SLM) technique and subtractive manufacturing, such as the milling of pre-
manufactured materials assisted by CAD/CAM (Computer Aided Design/Computer-Aided Manufacturing)
[4-7].

Selective laser Melting (SLM) [8-11] is a sintering technique, where the components developed in the
3D software are manufactured by depositing thin layers of powders with simultaneous in situ sintering, al-
lowing the fabrication of any format with an accurate micrometer-scale. The construction time is similar with
the manufacturing route for CAD/CAM but its main advantages are: dimensional accuracy, the possibility of
several geometries, no use of machining tools and especially the elimination of losses in raw materials, as the
raw material is fully converted into the final product [2]. In both processes, it is necessary the use of raw ma-
terials as powder. Thus, viable technical and economic manufacturing processes are necessary in order to
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obtain powders which allow the achievement of sintered or pre-sintered workpieces.

The High-Energy Ball Milling [11-12], also called mechanical alloying, is a complex process that in-
volves the optimization of a relevant number of milling-parameters to obtain phases and/or a designed micro-
structure in final product. Some of the very relevant parameters, considering the final configuration of pow-
der are: material shape, grinding configuration, grinding speed and time, kind, size and particle size distribu-
tion in grinding means, mass ratio regarding powder and balls, space available considering spheres and pow-
der, grinding atmosphere and temperature.

The obtaining of Co-Cr-Mo system powders through mechanical alloying process has been studied by
several authors [13-15] and all affirm that the mentioned metallic system possesses fragile characteristics that
are likely to comminute in nanometric fragmentation scales, however the heterogeneous morphological char-
acteristic of this powder limits its use in accuracy process as powder metallurgy for CAD/CAM milling or
Solid State Sintering. The aim of this work was to study the effect of grinding ball load behavior on grinding
of Co-Cr-Mo-W alloy system, and subsequently, heat treatments aiming the obtaining of spherical particles.

2. MATERIALS AND METHODS

2.1 Alloy obtaining

The raw material used in this work was a Co-Cr-Mo-W metallic alloy, whose chemical composition is shown
in Table 1. For comparative analysis, the Co-Cr-Mo-W commercial powder (EOS-SP2™ Germany) was used.
The metallic alloy was obtained through conventional vacuum casting. The metallic ingots (100 mm diameter
and 500 mm length) were cleaned for eliminating superficial foulness. This material was machined by turn-
ing, using lathe ROMI™-ID20, resulting in chips which were chemically etched, removing cutting fluids or
any other impurity generated in machining process.

Table 1: Composition of Co-Cr-Mo-W alloys used in this work.

CONTENTS (wt. %)

MATERIAL Co Cr Mo w Si Mn Fe Others Balance
DEVELOPED ALLOY 65.1 22.1 5.6 5.8 0.6 0.1 0.3 0.3 100
EOS™ SP2 61.6 25.6 6.2 5.5 0.5 0.1 0.2 0.3 100

2.2 High-energy milling process

The Co-Cr-Mo-W chips were grounded in high-energy ball mill model Spex™ 8000D, with two milling
bowls using the following process parameters: 2 tungsten-carbide/cobalt bowls, WC-Co, with 225 ml and
WC-Co balls, with 10 mm diameter; Spinning speed of 200 rpm; Grinding time of 60 min; ball to powder
mass ratios of 4:1, 6:1, 8:1 and 10:1.

WC-Co grinding bowls and balls were used due to their high hardness and wear resistance. These
properties reduce the possibility of powder contamination, which could alter the desired properties for the
final products. The use of different ball to powder mass ratios (BPR) had as an aim the study of this ratio in
grinding process efficiency.

The chips from different mass ratios were put in grinding bowl and properly handled in a glove box in
argon environment. For this work it was used the procedure of short stops of 2 min to each 15 min of grind-
ing, and subsequently reversal rotation. This procedure aims a better sample homogenization, making diffi-
cult the possibility of “routes” for the balls, which would concentrate the hits in some specific regions of the
material.

2.3 Thermal Treatment

Thermal treatment process used powders with BPR of 6:1 ground for 60min being treated in tubular oven
Maitec™-F1150C. In this procedure the samples were vacuum encapsulated in silica tubes and thermally
treated to final temperatures of 900 °C or 1000 °C with isothermal holding time of 120 min, using controlled
heating and cooling rates of 10 °C / min and 15 °C / min respectively, so from spherical diffusion they could
reach suitable spheroidizing levels. After thermal treatments the particles were deagglomerated in agate mor-
tar and afterwards separated by particle size by sieve shaking.

2.4, Characterizations
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The crystalline phases present in the powders studied, were identified by X-ray diffraction (XRD), (Shimad-
zZu™XRD6100) using Cu-Ka radiation with scanning range between 10° and 80°, step of 0.02° and speed of
5s/counting point. The peaks were identified by comparison with JCPDS files [16]. Scanning electron mi-
croscopy (SEM) analyses of powders were performed by Hitachi™TM3000 microscope. Particles were de-
posited, as received, on carbon tape and analyzed by SEM under different magnifications to evaluate mor-
phological aspects.

2.5 Morphology and particles quantification

The analyses of particle size quantification were realized according to ASTM E1382 [17, 18]. The counting
of particle size of ground powders was realized using software Image J with a minimum population of 1000
particles. Based on SEM images the particle size analysis was used to compare the particles spheroidizing
degree. For this process it was used Feret’s diameter considering variables “FeretX” and “FeretY” which are
coordinates for the first point in the line that represents maximum Feret (or as called in Image J, Feret). A
consistent parameter to point a particle spheroidizing can be implied by Feret’s diameter which is obtained
by the relation between Feret and minimum Feret found in image analysis.

3. RESULTS AND DISCUSSION

3.1 Characterization of raw materials

Fig.1 presents XRD pattern of chips from the machined alloy obtained from casting. The XRD patterns pre-
sented indicate metallic cobalt as the only crystalline phase. The low intensity of crystalline peaks diffraction
indicates a disorder level in its original structure which tends to be organized in further thermal treatments.
The presence of only metallic cobalt phase indicates that the components form a solid solution with this met-
al. Based on chemical analyses presented in Table 1, cobalt, Co, is found in bigger content, superior to 60%
in weight. Considering phase diagrams of this composition and the characteristics of each metal present in
these alloys, it is expected that the metals atomic organization prioritizes the formation of a cobalt solid solu-
tion (Coss). In fact, the solubility analysis applying the solubility rules for all metals they present atomic sim-
ilarity with atomic radius of 0.125 nm, 0.140 nm, 0.136 nm and 0.137 nm for Co, Cr, Mo and W, respectively.
Moreover, all the solutes present body-centered cubic (BCC) crystal structure so this similarity also contrib-
utes for Co high solubility with these solutes.
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Figure 1: XRD patterns of chips from Co-Cr-Mo-W alloy.

The Co-Cr-Mo-W alloy interplanal distance of (111) plan of face-centered cubic (FCC) crystal struc-
ture is 2.06 A whereas the theoretical interplanal distance is 2.046 A, which means that the Co-Cr-Mo-W
alloy obtained an interplanal distance increase and this difference also refers to the incorporation of Cr and
Mo atoms in Co crystalline lattice. Based on XRD patterns presented in Fig.1, it can be seen that the alloy
presents mostly phase yCo of FCC crystal structure [19, 20].

Cobalt presents allotropic transformation where close-packed hexagonal (CPH) crystal structure is
stable at room temperature until 450 °C. From this temperature the stable structure becomes FCC crystal
structure. The transformation from CPH (called €) to FCC (called y) represented by CPH > FCCaag oc - heating)
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is relatively simple during the metal heating process whereas the transformation FCC - CPH 449 “c - cooling)
which occurs during cooling is usually incomplete due to the structures transformation energy to be very
close.

The allotropic transformation nucleation in Co system is based on the concept which says a failure in
the matrix a piling can be considered an embryo of ¢ phase (and vice-versa). The stacking fault is literally a
failure on the sequence of close-packed plans stacking of crystalline structure. For example, in the FCC crys-
tal structure the stacking sequence is ABC/ABC/ABC. In CPH crystal structure there is a stacking sequence
AB/AB/AB/AB. The probability of an stacking fault in a crystal is inversely related to the stacking fault en-
ergy (SFE) for a particular metal so pure cobalt presents an SFE of about 2 x 102 J/m? which is very low
when compared to other metals. For example the SFE for aluminum is about 250 x 10 J/m? so this means
the probability of stacking fault in pure cobalt is high [21].

The cobalt allotropic transformation is slow, forming a metastable FCC crystal structure with low SFE
acting as an obstacle difficult the movement of discordances. This way, a higher shock resistance, thermal
fatigue and creep are obtained. Besides the low SFE the FCC crystal structure, especially of cobalt alloys,
presents a high recrystallization temperature improving wear resistance at high temperatures. According to
VARANA et al [22] the slow allotropic transformation can be explained by low Gibbs free energy (AG) from
y to € (approximately 12 J/mol). In steel for example the martensitic transformation AG from a FCC crystal
structure to tetragonal body-centered tetragonal (BCT) crystal structure is approximately -1213 J/mol which
means the steel AG is approximately 100 times higher than the cobalt one.

The addition of alloy elements in cobalt matrix can change the allotropic transformation temperature
for it can cause stabilization in CPH crystal structure present at low temperatures or in FCC crystal structure
present at high temperatures. CPH crystal structure is stabilized by chromium, molybdenum and tungsten and
FCC crystal structure is stabilized by iron and nickel. This could explain the yCo (FCC crystal structure).

Fig.2 presents SEM images focusing morphological aspects of chips after turning. It is known [23, 24]
that shearing bands are observed in machined Co-Cr-Mo chips. The visual aspect indicates that besides the
shearing bands observed the material under impact deformations is less ductile than other metals as low car-
bon steel or aluminum. As a typical example of material/alloy similar to the one proposed in this work it is
presented a some data of EOS™SP2 material specifications [25, 26] which indicate rupture strength of 800
MPa, yield strength of 600 MPa, 10% elongation at rupture (minimum) and typical range of 14 + 2%, Young
modulus of 170 GPa and hardness of 320 HV (typical 360 + 20HV). Comparing to steel and aluminum which
present elongation of around 20 to 30 and 35% respectively, this material presents bigger limitations to plas-
tic deformation which tends to be easier for grinding process.

200pm CoCrMo Mag= 30X Signal A = SE1 WD= 11mm 200pm CoCrMo Mag= 30X Signal A = SE1 WD = 11mm
“ EHT = 20.00kV | ME-DEMAR-EEL-USP — 29 EHT = 20.00KV | ME-DEMAR-EEL.USP

Figure 2: Co-Cr-Mo-W chips morphology machined by turning.

Fig. 3 presents the XRD pattern of commercial powder. It is also observed that only yCorcc phase was
detected, indicating that the components form a solid solution with metallic cobalt.
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Figure 3: XRD pattern of commercial powder from Co-Cr-Mo-W alloy.

3.2 Characterization of milling

Fig.4 presents representative SEM images of ground powders in different BPR with grinding time fixed of 60
min. Fig. 4(a) which indicates ball to powder mass ratio of 4:1, shows there is a very big variation in particle
size and morphology. It can be seen that there is a presence of particles 6 to 8 times bigger than the popula-
tion of smaller particles. Moreover, powders of heterogeneous morphology are found with low powder sphe-
roidizing. In grinding realized with BPR of 6:1, Fig. 4(b), the powders present better size and shape uniformi-
ty. This condition of grinding reaches efficient levels of particles homogeneity when compared to BPR of 4:1
however with low spheroidizing.

The raising of BPR of 8:1 and 10:1 leads to a sharp raise of particles sizes, Fig.4(c) and 4(d). This
behavior, usual in ductile materials, is called cold welding and it happens according to high levels of impact
to which the metal is under during grinding in planetary mill. Co-Cr-Mo-W alloy presents low ductility
which facilitates the material to suffer decrease of particle size in primary levels of deformation. Observation
of the results indicates that an acceptable limit of WC-Co balls to be used in this grinding system would be in
the ratio of 6:1.

Fig. 5 presents XRD pattern of ground powders in different BPR. Compared to XRD patterns of chips,
it is observed a decrease of peak intensity of ¢Co according to the increase of BPR of 4:1 and 6:1. Powder
XRD patterns of 8:1 and 10:1 ratios present peaks with higher intensity related to ground powder of 6:1 ratio,
which can be related to the increase of particles average size and to re-welding process referred to the materi-
al [12, 27].

3.3 Characterization after thermal treatments

Based on grinding process results, it was used Co-Cr-Mo-W ground powder with ratio of 6:1 which presents
morphological characteristics promising for posterior thermal treatments to those the powder will be submit-
ted. Results of morphological characterization performed in thermally treated Co-Cr-Mo-W ground powders
(BPR 6:1), and different BPR (4:1, 8:1 and 10:1) are presented in Fig. 6. The results indicate a tendency to
particle spheroidizing. Comparison results among different grinding conditions are presented in Fig. 7.
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Figure 4: SEM images of ground particles with BPR of a) 4:1, b) 6:1, c) 8:1 and d) 10:1, for 60min (magnification: 100x
(left), 500x center and 1000x (right).
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Figure 5: XRD patterns of powders ground for 60min in different BPR .
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Figure 6: SEM images of Co-Cr-Mo-W powders with: a) BPR of 6:1 submitted to thermal treatment a) at 900 °C and b)
at 1000 °C - 120 min; b) 4:1- 60 min, ¢)8:1- 60 min., d)10:1 - 60 min;
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Figure 7: Feret’s diameter according to grinding parameters.

According to SEM images presented in Fig. 4 the results indicate a decrease of Feret’s diameter in BPR from
4:1 to 6:1 understanding that from this ratio there is no significant decrease of this relation, but there is an
average size increase with losses in morphological aspect.

Fig.8 shows a comparative among 6:1 ratio powders before and after heat treatment and atomized
commercial powders (EOS™) used in SLS. The comparison between atomized powders EOS™ and powder
developed in this work indicates that atomized products present relation close to one which indicates there is
uniformity in the particles spherical shape according to SEM images presented in Fig.6.
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Figure 8: (a) Feret’s diameter and (b) particles size distribution for commercial particles and ground powders for 120
min before and after thermal treatment.

Feret's diameter
Frequence (%)

Comparing ground powders from 6:1 ratio before and after thermal treatment, there is a considerable
decrease of Feret’s diameter being it decreased from 1.75 to 1.4, an increase of about 46 % in particles sphe-
roidizing. The use of thermal treatment parameters proposed in this work (1000 °C-120 min) allows Co-Cr-
Mo-W powders to experiment a considerable superficial diffusivity, which allows the particles spheroidizing
to satisfactory levels according to MICULESCU et al. [21]. Co-Cr (according ASTM F75) diffusivity at 800
°C is approximately 0.052 cm?/s and considering laser sintering process data which leads to complete densi-
fication of this composition at 1320 °C the temperature of the thermal treatment was responsible for the in-
crease of particles spheroidizing.

4. CONCLUSIONS

The results indicate decrease of powders size ground in high energy of about 50 % when submitted to grind-
ing for 120 min using ball to powder mass ratio of 6:1. High Energy Ball Milling was efficient for Co-Cr-
Mo-W alloy. It is important to highlight that there is also a tendency to spheroidizing according to grinding
time. Grinding process allows semi-spheroidizing agglomeration of particles with average size decrease un-
derstanding that the ideal size condition must be investigated according to the laser beam intensity to be used
in sintering and the use of thermal treatment presented at first a tendency to spheroidizing when heated at
1000 °C and thermal holding time of 120 min.
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