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Laser powder bed fusion (LPBF) requires application of powders with specific characteristics. These are near-spherical shape of
particles, uniform elemental composition, typical particle size of 5-70 pm, etc. Such powders are produced by spheroidization
methods. They have such disadvantages as high cost and sale only in large quantities. There are publications describing
application in LPBF powders, produced by the methods, alternative to spheroidization. In the current study, powders of
pure raw Co, Cr and Mo were used for the production of Co-Cr-Mo powder mixture. Samples of Co-28 wt.% Cr-6 wt.% Mo
alloy were produced by LPBF from this powder mixture. Due to the difference between melting temperatures of Co, Cr and
Mo, inclusions of Cr and Mo were formed within the bulk of samples. Studies of phase and elemental composition, structure
and microhardness of the as-produced samples and after post-treatment with varied duration are represented. As-produced
samples have non-uniform elemental composition and are represented by the main Co-based phase. Increasing the annealing
duration leads to the sequential dissolution of un-melted Cr and Mo inclusions. Complete dissolution of Cr particles was
observed at 10 hours of treatment and complete dissolution of Mo particles was not observed after 20 hours of annealing.
Microhardness non-linearly changes with the increasing duration of annealing. This is due to the phase transformations and
diffusion processes occurring at such type of post-treatment. Complete dissolution of Mo-particles could be achieved by
further increasing the annealing time or by varying the mode of laser powder bed fusion.

Keywords: laser powder bed fusion, raw elemental powders, Co-Cr-Mo alloys, thermal treatment, structure, phase composition.
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CenexruBHoe nasepHoe civiapneHne (CJIC) TpebyeT mIpyMeHeHMs MOPOIIKOB C OCOOBIMU XapaKTepUCTUKaMMU. JTHMU
XapaKTepUCTUKaMU ABJIAIOTCA GopMa dacTull, 6/m3Kas K chepriecKoli, OFHOPOISHDIN 9/IeMEHTHBII COCTaB, TUIMYHBIN
pasMep vactny 5-70 MKM 1 T.I. Takye IOpOLIKY IONy4aloT MeTofaMy chepoupmsanyi. Y HUX eCTb TaKue HeJOCTATKY,
KaK BBICOKas CTOMMOCTD U IIPOJja’ka TOJIBKO B OOJIBIINMX KOMNYeCTBaX. VIMEIOTCs IyOIMKaly, ONUChIBAIOIIe IIPYMeHEHe
npu CJIC HOpOLIKOB, INOTYyYeHHBIX METOfaMM, albTepPHATUBHBIMU cdepoupusanyu. B HacTosmem uccmesoBaHMn
WIS IPOV3BOACTBA OpouKoBoit cMecy Co-Cr-Mo ncnonb3oBanuch Mopoumkn yucroro ucxopHoro Co, Cr u Mo. O6pasiist
cwraBa Co-28Mac.% Cr-6 Mac.% Mo 6Opum usrorosiensl MerofioM CJIC u3 9TOJI HMOPOIIKOBOM cMecy. VI3-3a pa3HUIIBI
temneparyp 1masnenna Co, Cr u Mo B o6beMe 06pasiioB obpasopamich rmodernsa Cr u Mo. IIpeacTaBiens! MccmenoBaHy
($a3oBoOro 1 37IEMEHTHOTO COCTaBa, CTPYKTYPhI ¥ MUKPOTBEPHOCTH 0OPa3IIOB B MICXOFHOM COCTOSHMY ¥ TIOCTIE TIOCTOOPabOTKM
Pas/IMYHON IPORO/DKUTENBHOCTU. [lonmydeHHble 00pa3Lbl MMEIOT HEOJHOPONHBI 97eMeHTHBINI COCTaB U IpefCcTaB/IeHbl

43


mailto:khimich@ispms.tsc.ru

Khimich et al. / Letters on Materials 12 (1), 2022 pp. #fsp#-48

OCHOBHOI1 pa3oit Ha ocHoBe Co. YBenmueHne Mpogo/KUTeTbHOCTH OT>KUTA IIPUBOAUT K IIOC/IEN0BATeIbHOMY PacTBOPEHUIO
HepaciuiapneHHbIX BkmodeHnit Cr u Mo. TTomHoe pactBopenue wactun Cr Habmiomamoch depes 10 dacoB o6paboTku,
a TIOJTHOE pacTBOpeHue yactuil Mo depes 20 4acoB OT>KUTa He HabMOfanoch. MUKPOTBEpAOCTh U3MEHACTCS HEMMHETHO
C YBeIMYEHVEM TIPOJODKUTEIBHOCTI OTXKUTa. DTO CBA3aHO ¢ (a3oBBIMMU NpeBpalleHMAMI U IUQPPY3MOHHBIMU IPOLeC-
camMM, IPOMCXOAAIIMMY IIPU TaKOM Bufie MOCT-06paboTku. ITomHoe pacTBOpeHMe Mo-4acTHI MOXET ObITh JOCTUTHYTO
IpH elle 6OMbIIEM YBeTNYEHUN TPOO/DKUTETBHOCTI OT)KITA WIIY TIpY M3MeHeHVn pexknma JIHIL

KnroueBble clI0Ba: CeIEKTUBHOE JIA3€pHOE CIIAB/IEHNE, VICXOAHDBIC 3/IEMEHTHDbIEC ITIOPOLIKM, CII/IABbI Co-Cr-Mo, TepMUIEeCKaAa o6pa60T1<a,

CTPYKTYpa, ha3oBblil COCTAB.

1. Introduction

Laser powder bed fusion (LPBF) is a method of additive
manufacturing (AM), which allows the formation of products
with a unique structure, composition and properties. LPBF
requires special powder as the initial material. Commercial
LPBF-installations use mainly certain pre-alloyed powders
with particles 10-70 pm in size, having a near-spherical
shape and pre-set phase and chemical composition [1]. These
powders could be produced by such methods as centrifugal
gas atomization, plasma spraying [2, 3], etc. Due to the rapid
crystallization, methods of spheroidization provide flowable
powders with near-spherical particles of the required size,
phase and elemental composition. However, spheroidization
methods have such disadvantages as high cost and the need
for special equipment.

In the technology of gas atomization, there is a problem
of oxide inclusions and impurity particles [4-6]. As
described in [7], “the differences in solidification time give
the opportunity for the particles to stick together”. The
plasma rotating electrode process has low efficiency, a yield
of fine powders and a high cost [8,9]. The same is true for
plasma atomization and spheroidization methods. Both have
the problem of material evaporation, which significantly
increases the cost of the final powder, i. e. the cost of the LPBF
product also increases.

Another problem of these methods is the amount of
powder. All these methods allow forming a near-spherical
powder, but they require amounts of initial material estimated
in kilograms and provide kilograms of final powder. But for
scientific purposes it is not required to acquire that much.

Therefore, there are studies devoted to methods alternative
to spheroidization. These methods provide the results of less
quality, but the powder itself is significantly cheaper, could be
produced in comparatively small amounts and could be used
in custom-made installations, which is very important for
researchers developing new modes and parameters of LPBE.

Mechanical alloying allows the formation of powders
that meet most of the LPBF requirements [10,11]. Also, there
were attempts to use powder mixtures, produced by sieving
or ultrasonic treatment [12].

The use of powders produced by mechanical alloying or
sieving prompts the formation of non-uniform elemental
distribution throughout the bulk of the product and can lead
to the formation of non-desirable properties [12,13]. Such a
result is possible in the case of powders having rather different
melting temperatures [14]. In [14], the authors describe the
formation of Ti-Al-Nb alloys of different compositions by
selective laser melting (SLM). I. Polozov et al. observed the
formation of not completely melted Nb particles. The authors
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propose to apply thermal treatment [14,15], which is typical
for AM. Annealing allows reducing the level of residual
stresses and eliminating the inhomogeneity of the elemental
composition. It was shown that annealing of Ti-Al-Nb
SLM-samples at 1200°C leads to complete dissolution of Nb
particles into the Ti-Al matrix [16].

An increase in the duration of post-treatment leads to an
acceleration of the dissolution process [17]. The interdiffusion
coeflicients depend on the temperature and concentrations
of the compounds [18]. In case of LPBE the concentration
is constant throughout the bulk of the sample, but with
the onset of interdiffusion, it will be gradually changed in
local regions of the sample. The temperature in this case is
a variable parameter and should be chosen according to the
experimental and published data.

The authors of [19] studied the influence of complex
heat-treatment (up to 1200°C) on the microstructure in
SLM-samples of the Co-29 wt.% Cr-6 wt.% Mo alloy. In [20],
the samples were annealed during 2 hours at 1200°C with
the aim of relaxation of the residual stresses. Annealing at
1150°C allowed forming a single-phase fcc-solid solution in
Co-Cr-Mo samples produced by sintering of a near-spherical
powder [21]. Other methods of thermal-post-treatment
of Co-Cr-Mo alloys produced by AM are described in
[22-26]. However, there are no data describing LPBF-
samples of Co-Cr-Mo alloys produced from the raw Co, Cr
and Mo powders and the influence of thermal treatment on
characteristics of those samples. We propose a new way of
formation of LPBF-samples starting from the preparation
of the initial powder. Our method of mechanical mixing of
raw-powders of Co, Cr and Mo by multiple sieving allows
reducing the cost of the applied powder material and of the
entire process. However, the use of this powder leads to non-
homogeneity of the elemental composition in the produced
samples. The aim of work was to estimate the influence of
the duration of post-treatment on the structure, elemental
and phase composition of Co-Cr-Mo alloy samples formed
by LPBE.

2. Methodology

Powders of commercially pure Co, Cr and Mo were used
as the initial raw powder material. The Co powder was
represented by single-phased conglomerates of irregular
shape and within the size range of 10-150 pm [27]. The
size of single-phased irregular-shaped Cr particles did not
exceed 250 pum, and the single-phased Mo powder consisted
of irregular-shaped conglomerates within the size range
of 10-150 um [27]. They were used for the production of
a powder mixture containing 66 wt.% Co, 28 wt.% Cr and
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6 wt.% Mo. The mixture was produced by long-term multiple
sieving. Sieving was carried out on automatic mesh sieve. The
obtained powder mixture was LPBF-treated on a custom-
made “VARISKAF-100MVS” installation [13]. The applied
LPBF mode was following: the laser beam power — 100 W,
the modulation frequency in the pulse-periodic mode —
5 kHz, the scanning velocity — 350 mm/s, the thickness of
the powder layer — 30 pum, the hatch space — 100 pm. The
samples were formed in the shape of parallelepipeds with a
square at the base with a side of 10 mm. The height of the
samples was 5.0 £0.1 mm. The bulk porosity of the obtained
samples was 12 +3%.

All the samples were washed in an ultrasonic bath
in distilled water, grinded, polished and washed again in
distilled water and ethyl alcohol. Etching was carried out in
an HCI:H,O, solution with a components ratio of 5:1 [28],
respectively and in a solution of HNO,: HCI with a ratio of
1:3 [19]. After etching, the samples were washed. Annealing
post-treatment was carried out in high vacuum at 1050°C.
Heating was carried out at a rate of 500°C/h. The duration of
annealing was 4, 6, 8, 10, 12, 14 and 20 hours. Then furnace
cooling was applied.

The phase composition was characterized by X-ray
diffraction analysis (XRD) on a DRON-7 X-ray diffratometer
(Bourevestnik, St. Petersburg, Russia) in CoK -radiation. 20
angle range was 30-100° with a scanning step of 0.05° and
acquisition time of 5 s. The microstructure and elemental
composition were studied on Zeiss Leo Evo 50 (Zeiss,
Miinchen, Germany) and Quanta 200 3D (FEI Company,
Hillsboro, USA) scanning electron microscopes, equipped
with an energy dispersive spectroscopy accessory (EDS) and
detectors of secondary electrons (SE) and back-scattered
electrons (BSE). Microhardness was measured using
Duramin-5 (Struers, Ballerup, Denmark). The measurements
were performed according to the Vickers method with a load
of 100 g. The distance between the indentations was 500 pm.
All the studies were carried out at “Nanotech” Common Use
Center and Tomsk Material Science Common Use Center.

3. Results and Discussion

As described in [29], the microstructure of the as-produced
samples was represented by dendrites with a space between
them less than 2 um (Fig. 1a). This is due to the rapid cooling.
Such a structure could lead to anisotropy of the mechanical
properties of products [30]. Inclusions of un-melted Cr
and Mo particles were observed in the bulk of the samples

(Fig. 1b). The presence of inclusions is connected with a
large difference between the melting temperatures of Co,
Cr and Mo. Energy input during LPBF was insufficient for
complete dissolution of Cr and Mo. The phase composition
was represented by 87 vol.% of the main e-phase and 13 vol.%
of the y-phase. The lattice parameters of both phases did
not correspond to the etalon. This was due to the formation
of solid solutions on the basis of two possible Co lattices,
corresponding to high- and low-temperature e- and y-phases
[29,31]. It should be noted, that here and further ¢, y, 0 and
p symbols are used to define the type of lattice, which are
hep, fec, tetragonal and rhombohedral, respectively. Each
symbol is not attached to a certain chemical composition
and could describe more than one phase [32 - 34]; therefore,
the compositions of the described phases are explained after
each mention.

Annealing at 1050°C for 4 hours led to the onset of
diffusion. The boundaries of Cr and Mo inclusions became
blurred. EDS showed a change in the concentration of Co,
Cr and Mo within the areas corresponding to the inclusions.
The Cr concentration reached 96 wt.% in the center of dark
inclusions and about 9 wt.% at the blurred boundaries,
and Mo concentration was 98 wt.% in the center of light
inclusions and about 2 wt.% at the blurred boundaries. The
phase composition corresponded to 61 vol.% of the o-phase,
18 vol.% of Co,,Cr ., and 21 vol.% of Co, Mo, ,. It should
be noted that the o-phase is the substitutional solid solution,
where inside the Co-matrix could be dissolved Cr [35] or Mo
[18]. In the case of Cr, the o-phase is represented by Co_,Cr, .
and in the case of Mo it is represented by Co,Mo,. In our case,
according to the calculated lattice parameters, the o-phase
was represented by Co ,Cr, .

An increase in the annealing time up to 6 hours led to
a greater broadening of the diffusion areas of the inclusions
and blurring of the boundaries of the diffusion areas. Areas
with Mo concentration below 43 wt.% and Cr concentration
below 44 wt.% were observed, i.e. increasing the annealing
time leads to gradual dissolution of Cr and Mo particles
within the Co-matrix. It should be noted that the number
of dark areas in BSE-images after 6 hours was significantly
lower than that after 4 hours of treatment. In the case of light
areas corresponding to Mo inclusions, such phenomenon
was not observed. This is due to the fact that Cr has the
melting temperature lower than Mo, which are 1907°C [36]
and 2623°C [37], respectively, i.e. the complete dissolution
of Cr particles requires less time of post-treatment. Phase
composition after 6 hours of annealing was represented by

30 40 50 60 70 80 90 100
26, deg.

C

0

Fig. 1. SE (a) and BSE (b) SEM-images and XRD-pattern (c) of the as-produced LPBF sample after etching.
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27 vol.% of the o-phase (Co, ,Cr, ), 52 vol.% of Co, . Cr, ., and
21 vol.% of Co, Mo, .. Such a decrease in the volume fraction
of the o-phase was due to the ongoing process of diffusion
and phase transformation, which in turn, was a sequence of
redistribution of Co, Cr and Mo over the bulk of the samples.
An 8-hours annealing reduced the number of Cr
inclusions more significantly than a 6-hours one. EDS in
local areas showed dark inclusions with a Cr concentration
not exceeding 46 wt.% and light inclusions with a Mo
concentration not exceeding 35 wt.%. The boundaries of the
diffusion areas became more blurred and the size of these
areas increased significantly. The phase composition was
represented by 58 vol.% of e- and 42 vol.% of p-phases. In
this case, the e-phase was represented by Co, Cr, .. and the
u-phase — by intermetallic Co,Mo,. It is obvious that the
amountof Co, ,Cr, . isincreased with increasing the duration
of annealing. At the same time, other phases observed after
4 and 6 hours of annealing, have not been identified, which
proves that the process of phase transformation continues.
Post-treatment for 10 hoursled to the complete dissolution
of Cr-inclusions. EDS showed a uniform distribution of Cr
over the bulk of the samples and its concentration did not
exceed 30 wt.%. Mo-inclusions were still observed (Fig. 2a).
Some of the Mo particles dissolved (Fig. 2a), which led to the
formation of large areas with an increased Mo concentration
(up to 20 wt.%). Annealing for 10 hours led to increasing the
size of diffusion areas over Mo-inclusions. Some of those areas
were consolidated (Fig. 2a). The concentration of Mo did not
exceed 30 wt.% in the inclusions. The phase composition was
represented by 50 vol.% of CoCr, ., 17 vol.% of p-phase
(Co,Mo,) and 33 vol.% of o-phase (Co, Cr, ). It should be
noted, that after 8 hours of annealing, the o-phase was not

observed. It is known that thermal treatment leads to the
e—>¢e+0 phase transformation [35]. The formation of the
p-phase is connected with the decay of the e-phase and
transformations of o- and e-phases [38]. Thus, a 10-hours
annealing at 1050°C leads to partial e>e+u+0 and p—>o
transformations, which agrees with the data in [25,39].

The number of Mo-inclusions decreased even more after
12 hours of annealing. The Mo concentration did not exceed
30 wt.%. All the boundaries between Mo diffusion areas were
broadened, blurred and consolidated, but there were diffusion
areas detached from others. The concentration of Cr did not
exceed 29 wt.%. The phase composition was represented by
the same phases as after 10 hours of annealing. The volume
fraction of the e-phase was 28%, the pu-phase — 38% and the
o-phase — 34%.

Annealing for 14 hours led to the consolidation of all Mo
diffusion areas. The Mo-concentration at local points did not
exceed 25 wt.%. The minimum concentration of Mo in some
areas was 6 wt.%. Post-treatment for 14 hours led to a phase
transformation. The phase composition was represented by
67 vol.% of e-phase (Co,Cr ,) and 33 vol.% of o-phase
(Co, Cr, ). A 14-hours annealing led to the total decay of the
intermetallic p-phase [40].

A 20-hours annealing did not lead to complete
dissolution of Mo inclusions (Fig. 3a). Mo diffusion areas
were distributed over the entire bulk of the samples; however,
the Mo concentration varied in local regions of the samples.
In local areas, the concentration of Co was 64 wt.%, of Cr —
29 wt.% and of Mo — 6 wt.%. An increase in the annealing
time led to an increase in the volume fraction of the e-phase
up to 85% and a decrease in the volume fraction of the
o-phase to 15%. Since Mo-inclusions were not completely
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Fig. 3. BSE (a) SEM-image and XRD-pattern (b) of the etched LPBF sample after 20 hours of annealing.
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Fig. 4. Microhardness of Co-Cr-Mo LPBF-samples according to the
duration of annealing.

dissolved after 20 hours of annealing, we concluded, that this
result could be achieved by varying the LPBF mode at the
stage of production of the samples. For example, the power
of laser beam could be increased, additional re-melting of
the formed layer could be introduced into the process or a
scanning strategy of overlapping the hatch spaces could be
applied.

The microhardness of all the samples was measured. The
measurements results are represented in Fig. 4. It should be
noted that the size of each Vickers indentation was about
500 pum, therefore the results of microhardness measurements
arean integral characteristic of the studied bulk of each sample
rather than each certain phase. The as-produced samples were
characterized by alower value of microhardnessin comparison
to the post-treated samples. The highest value was achieved
in the samples annealed for 4 hours. This is due to the onset
of diffusion and phase transformations. The volume fraction
of the o-phase in the samples annealed for 4 hours was 61%,
which is the highest value among all the studied samples.
Annealing for 6 hours led to a decrease in the microhardness
to the same value as in the as-produced samples. This could
be caused by decreasing the amount of the o-phase. 8 and 10
hours of annealing lead to an increase in the microhardness
value, which could be due to the appearance and subsequent
increase in the amount of o- and p-phases. The subsequent
decrease in microhardness at 12 and 14 hours of annealing is
due to the decay of the pu-phase and the sequential decrease in
the amount of the o-phase. 20 hours of annealing led to the
formation of a double-phased state with the main e-phase,
however the microhardness in this case was significantly
higher, than in the as-produced samples. This could be due
to the non-uniform distribution of Cr and Mo inclusions and
due to the fact, that in the as-produced samples the e-phase is
represented by pure Co and after 20 hours of annealing this
phase is the solid solution on the basis of Co, containing Cr
and Mo.

4. Conclusions

Samples of Co-28wt.% Cr-6wt.% Mo alloy were produced
from powders of pure Co, Cr and Mo by LPBE. Due to the
difference between melting temperatures of Co, Cr and Mo,
inclusions of Cr and Mo were formed within the bulk of
the samples. The as-produced samples had a non-uniform
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elemental composition and were represented by the main
phase on the basis of pure Co. Increasing the annealing
time led to sequential dissolution of un-melted Cr and Mo
inclusions. Complete dissolution of Cr particles occurred
after 10 hours of treatment, while complete dissolution
of Mo particles did not occur after 20 hours of annealing.
The microhardness changed non-linearly with increasing
annealing time. This is caused by the phase transformations
and diffusion processes occurring at such post-treatment.
Complete dissolution of the Mo-particles could be achieved
by increasing the annealing time or by varying the mode of
LPBE
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