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Microstructural evolution induced by
heat treatment in the Co28Cré6Mo alloy
produced by Selective Laser Melting

L. Tonelli, I. Boromei, E. Liverani, L. Ceschini

Co28Cré6Mo alloy is one of the most widespread biomaterials used for the fabrication of permanent implants that nowa-
days can be processed by Additive Manufacturing (AM) techniques. In fact, the biomedical field takes great advantages
from additive technologies, specifically Selective Laser Melting (SLM), due to the possibility of realizing tailored devi-
ces, based on the actual patience needs. Conventional processing routes of this alloy are complex and often require a
heat treatment aimed at improving, for example, wear resistance. However, by considering the very fine and peculiar
SLM microstructure, heat treatment parameters should be specifically optimized. The present work focused on the
investigation of the effects induced by aging treatments in the microstructure of SLM Co28Cré6Mo alloy. The analyses
allowed to delineate the evolution occurred in the microstructure as a consequence of thermal exposure and to iden-

tify the conditions which determine the complete modification of the as-built microstructure.
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INTRODUCTION

Nowadays, it is possible to fabricate innovative and pa-
tient-specific medical devices by means of Additive Ma-
nufacturing (AM) processes [1,2]. In fact, because of the
layer-wise manufacturing method that characterizes AM
processes like Selective Laser Melting (SLM), three-dimen-
sional parts can be realized without requiring the fabrication
of molds or die, as for casting and forging conventional pro-

cesses, making customization and tailoring of the device

economically affordable. By referring to permanent ortho- Lavinia Tonelli, luri Boromei, Erica Liverani,
Lorella Ceschini
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prostheses, they are usually made of the Co28CréMo alloys Bologna, Italia

[3,4] that can assure the high mechanical strength, wear and

pedicimplants for joint replacement such as knee and ankle

corrosion resistance required by these specific applications
[5]. In case of complex geometries like the femoral or the
talar component of knee and ankle prostheses, respecti-
vely, the conventional manufacturing is usually carried out
by a dedicated investment casting technique followed by
a heat treatment, consisting of three main stages: solution
treatment (1200-1255°C for 1-3h), followed by water quen-
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ching and artificial aging (890-900°C) [6]. The purposes of
this conventional heat treatment can be synthetized as: i)
homogenizing the as-cast microstructure and reducing se-
gregation, i) promoting the martensitic transformation and
inducing precipitation of fine carbide particles [7]. In case of
SLM, it should be evidenced that the resulting microstructu-
re diverges substantially from the conventional as-cast one,
thus suggesting the need for a specific heat treatment op-
timization. SLM, in fact, is based on the localized melting
of small portions of fine metallic powders that solidify very
rapidly and in conditions far from the equilibrium, as a con-
sequence a very fine and metastable supersaturated micro-
structure is formed in the as-built alloy [8,9]. Therefore, heat
treatment should be designed by taking into consideration
these specific microstructural features and, possibly, avoi-
ding coarsening of this very fine microstructure. At present,
literature works on heat-treated Co28Cr6Mo SLM alloy have
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been focused on the high-temperature (1150-1220°C) so-
lution treatment with and without a subsequent aging tre-
atment (750-900°C) [10-13], and on long-time annealing
(750-1150°C) [14]. Due to the lack of data on short-time heat
treatment, able to avoid excessive coarsening of the SLM
microstructure, in the present work the high-temperature
solution treatment was eliminated and only direct aging was
performed, by exploiting the potential of the supersaturated
solid solution resulting from SLM. Experimental analyses
were focused on the microstructural modifications indu-
ced by low temperature (600-900°C) and short-time (30-180
min) aging treatment applied to the Co28Cré6Mo SLM alloy.
The modifications occurring in the microstructure as a con-
sequence of thermal exposure have been traced and the ef-
fect on the main microstructural features has been outlined
by means of microstructural analyses.

Samples in form of blocks (6x20x30 mm?) were produced by SLM with a vertical building direction in a nitrogen atmosphere
starting from Co28Cré6Mo spherical powder whose composition complied with the ASTM F75 [3]. A SLM Sisma MySynt 100
machine was used adopting process parameters disclosed in Table 1. Parameters were determined in order to obtain values
of Laser Energy Density (LED) closed to the optimized one, as discussed in a previous work [15]. LED is obtained as a com-
bination of laser power (P), scanning velocity (v), hatch distance (h), layer thickness (d) from the formula LED =P (vx h x d).

Tab.1 -Process parameters used for the fabrication of SLM Co28Cr6Mo samples

Laser Power Scanning velocity  Layer Thickness Hatching Space LED
[w] [mm s-1] [mm] [mm] [} mm-3]
90-130-150 900-500-1100 0.02 0.04-0.06-0.08 120-125-163-70

Direct aging treatments of the as-built samples were performed in the range 600-900 °C with a soaking time from 30 to 180
min in a muffle furnace operating at ambient atmosphere. Aging treatments were firstly carried out on samples obtained
with the lower values of LED (120 and 125 ) mm3), and then they were repeated also for samples with the higher LED (163
and 170 ) mm-3), with the aim to verify repeatability. Microstructural characterization was performed via optical (OM) and
scanning electron (SEM) microscopy equipped with Energy Dispersive X-ray Spectroscope (EDS) on sections parallel to
the building direction. Prior to microstructural investigation, sections were embedded in a phenolic resin and subjected to
a standard metallographic preparation followed by electrochemical etching in a water-based solution of hydrochloric acid
and ferric chloride, as described in [16].
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RESULTS AND DISCUSSION

As shown in Figure 1, additive processes like SLM result in a hierarchical microstructure composed by: i) a layered structure
made by successive melt pools representing the localized fusion zones; ii) columnar grains crossing-over layers formed
by epitaxy, iii) a very fine solidification substructure inside melt pools, cellular in case of Co28CréMo alloy [8,15,17]. Such
microstructural features can be observed by using different metallographic analyses: i) melt pools, whose size is usually
in the order of hundreds of micrometers, can be clearly observed by bright field optical microscopy; ii) epitaxial grains,
whose width is in the order of tens of micrometers, are highlighted by polarized light microscopy; iii) the very fine cellu-
lar sub-structure, whose cells have a sub-micrometer size, that can be resolved only by electron microscopy. The cellu-
lar sub-structure is comprised of Co-based cells surrounded by a fine network formed by segregation of alloy elements,
mainly Mo, whose formation phenomena were described by [9].

Fig.1 - Micrographs showing the different features forming the hierarchical microstructure of SLM Co28Cré6Mo as-built
alloy / Micrografie ottiche della lega Co28Cr6Mo processata con SLM allo stato non trattato: evidenza dei diversi elementi

che costituiscono la microstruttura gerarchica.

MELT POOLS EVOLUTION

A first assessment of the microstructural evolution due to
the exposure at high temperatures is represented by opti-
cal analyses at low magnification reported in Figure 2, whe-
re solidified melt pools can be analyzed. The lowest aging
temperature (600°C) did not significantly affect the as-built
microstructure, even at the longest soaking time of 180 min.
In fact, melt pools are clearly visible in the micrographs.
Melt pools were unaffected also by aging treatment perfor-
med at 700°C up to 90 min, while after 180 min at this tem-
perature a new feature in the microstructure was revealed,
showing vertical lines crossing-over layers, while solidified
melt pools could be still distinguished in the background.
As also showed in Figure 3, it appeared that such lines cor-
responded to borders of epitaxial grains crossing over layer
that were presumably affected by the applied aging treat-
ment (700°C for 180 min). Aging treatment at 800°C indu-
ced modifications in the microstructure even after a short
treatment time (30 min) and, similarly to aging at 700°C for

180 min, borders of epitaxial grains were slightly evidenced.
Additionally, the presence of new linear featuresinclined by
approx. +45° inside melt pools was noticed, evidenced by
white arrows in Figure 2. The area occupied by these linear
features increased by increasing soaking time and after the
180 min treatment at 800°C they became the predominant
element in the microstructure. Analogous considerations
can be also discussed for the 900°C aging treatment, with
the main difference that linear elements progressively de-
creased with an increase of the aging time, and vanished
after the 180 min treatment. It should be noticed that, with
the only exception of the 900°C for 180 min treatment, so-
lidified melt pools were always clearly recognizable in the
microstructure. It is therefore presumable that no com-
plete recrystallization of the microstructure occurred. The
occurrence of recrystallization and homogenization was in
fact evidenced by other authors in case of high temperatu-
res treatments (1150-1220°C) [10,11,13,18].
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Fig.2 - Optical micrographs of SLM Co28CCr6Mo samples subjected to direct aging treatments in the range 600-900°C
for 30-180 min / Micrografie ottiche della lega Co28Cr6Mo processata con SLM e sottoposta a trattamenti di invecchia-
mento diretto nell'intervallo 600-900°C per tempi da 30 a 180 min.
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EPITAXIAL GRAINS EVOLUTION

The evolution of epitaxial grains, observed by polarized li-
ght microscopy, is shown in Figure 3 for some represen-
tative heat treatment conditions. The 700°C for 180 min
treatment still preserved grains and, from a direct compa-
rison with the bright field micrograph obtained in the same
conditions and reported in Figure 2, it is possible to con-
firm that vertical lines crossing-over layer corresponded to
epitaxial grains borders. Then, by increasing aging tempe-
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rature and time, epitaxial grains were progressively less de-
fined and, after holding at 900°C for 180 min, were no lon-
ger clearly identifiable. In addition, from the observation of
the microstructure obtained after aging treatment at 800°C
for 90 min, it can be noticed that the aforementioned linear
features oriented at approx. 450, that appeared after aging
treatments performed at 800°C, laid inside epitaxial grains,
as indicated by arrows in Figure 3.

Fig.3 - Polarized light micrographs comparing of representative heat-treated SLM samples in which epitaxial grains cros-

sing-over layer are highlighted / Micrografie ottiche in luce polarizzata in cui si evidenziano i grani epitassiali che attraver-

sano i layer, confronto tra diverse condizioni di trattamento termico rappresentative

CELLULAR SUB-STRUCTURE EVOLUTION

High magnification SEM microscopy is needed in order
to reveal the aforementioned extremely fine cellular sub-
structure inside the solidified melt pools (Figure 4). As pre-
viously discussed, major microstructural modifications, as
appreciable by optical analyses, occurred at temperatures
above 700°C, thus in Figure 4 only the 700, 800 and 900°C
treatments are compared. Up to the 800°C for 90 min treat-
ment, cellular sub-structure could be identified in the mi-
crographs, the same disappeared for treatments performed
at higher temperatures and for longer soaking time. From
the 700°C for 180 min treatment, it appeared that the cellular

sub-structure progressively developed in the formation of
globular particles, starting from epitaxial grains boundaries
and then involving the whole cellular sub-structure. The
transformation occurring in the cellular substructure can
explain the formation of linear features evidenced inside
epitaxial grains by the optical analyses. In case of 800°C for
180 min treatment, sub-micrometric particles were finely
and homogeneously distributed in the matrix. In addition,
in case of 900°C treatment the density of globular particles
decreased, thus suggesting the development of dissolution
phenomena.
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Fig.4 - SEM micrographs of SLM Co28Cré6Mo samples subjected to direct aging treatments in the range 700-900°C for

30-180 min / Micrografie SEM della lega Co28Cr6Mo processata con SLM e sottoposta a trattamenti di invecchiamento
nell'intervallo 700-900°C per tempi da 30 a 180 min.

Semi-quantitative compositional analyses on the sub-mi-
crometric globular particles (Figure 5) were performed via
SEM-EDS. In correspondence of such particles (Spectra 1
and 2), an enrichment of some of the alloy elements (Si, C
and Mo) was found with respect to the matrix (Spectra 3),
that complied with the requirement given by the ASTM F75
Standard [3]. As already mentioned, literature reports Mo
and C segregation along cellular boundaries of the as-built
microstructure [12,19] and this aspect was also evidenced
in the present work by SEM-EDS analyses on as-built alloy
in Figure 5. Hence, SEM-EDS results confirmed that glo-
bular particles originated from cellular sub-structure and,
more specifically, from the network constituted by cell bor-
ders that presumably broke up as a consequence of ther-

mal exposure, similarly to what happens in case of others
SLM processed alloys like the Al-Si ones [20,21]. Finally, as
a confirmation of the repeatability of effects of aging treat-
ments, it is worth mentioning that the above discussed mi-
crostructural modifications occurred in the samples obtai-
ned with both considered LED ranges (approx. 120 and 170
J mm?3).
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Elements (wt.%)
Spectrum
C Si Cr Mo Mn Co
1 3.54 1.80 27.16 9.90 0.74 56.86
2 4,28 1.70 27.28 9.31 0.94 56.49
3 3.29 0.83 27.48 6.09 0.91 61.40
he]
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Elements (wt.%)
Spectrum
C Si Cr Mo Mn Co
1 4.21 1.56 32.70 8.16 0.89 52.48
2 4.09 1.54 30.70 8.21 1.10 54.36
3 2.49 0.77 27.92 6.38 1.09 61.35
Elements (wt.%)
- Spectrum
=~ c Si Cr Mo Mn Co
3
‘? 1 3.25 0.71 28.22 5.99 0.94 60.90
[
< 2 5.65 0.89 27.65 7.38 0.76 57.67
3 - 0.94 29.00 5.70 0.95 63.40

Fig.5 - SEM-EDS analyses conducted on globular particles (Spectra 1 and 2) formed after aging treatment of the SLM

Co28Cr6Mo alloy, compared to the matrix (Spectrum 3) / Analisi SEM-EDS delle particelle globulari (Spettri 1 and 2)

formatesi a sequito del trattamento di invecchiamento della lega Co28CréMo processata con SLM, confrontate con la

matrice (Spettro 3).

CONCLUSIONS

The present work focused on the investigation of the mi-
crostructural evolution occurred during direct aging treat-
ment of the Co28Cré6Mo alloy produced by Selective Laser
Melting (SLM). Aging treatments were performed in the
range 600-900°C for a holding time between 30 and 180
min. The microstructural investigation by means of opti-
cal and scanning electron microscopy led to the following
conclusions:

- For a given time-temperature combination, aging tre-

atments affected one or more microstructural features
characterizing the typical hierarchical SLM microstructu-
re (comprised of successive melt pools, epitaxial grains
crossing-over layers, a very fine solidification cellular sub-
structure), starting from 700 °C aging treatment.

- Trace of the solidified melt pools were preserved for all
treatments up to 900°C x 90 min; only after aging treatment
at 900°C for 180 min they disappeared.

- Epitaxial grains crossing-over layers were the first micro-
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structural feature affected by the heat treatment; starting
from a permanence of 180 min at 700°C and for all treat-
ment time at higher temperatures, grains boundaries were
involved in the formation of fine globular particles.

- From aging treatment at 700°C for 180 min, cellular
sub-structure progressively disappeared and after 90 min
permanence at 800°C, and for any soaking time at 900°C, it

La Metallurgia Italiana
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- As a consequence of the thermal exposure, the as-built
sub-structure, consisting of very fine cells surrounded by
a network of segregated alloys elements, evolved in the
formation of fine globular particles dispersed in the matrix,
starting from epitaxial grains borders and then involving
the entire microstructure. In correspondence of such par-
ticles, enrichment of alloy elements was evidenced.

was no longer observable in the microstructure.
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