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Carbide precipitation plays a key role in determiningmechanical properties of Co-Cr-Mo alloy. Precipitation char-
acteristics of carbides in selective electron beam melting (SEBM)-fabricated Co-Cr-Mo parts have been investi-
gated by atom probe tomography and transmission electron microscopy. We observe co-existence of two
types of carbides, i.e. M23C6 and M6C, which are formed into continuous carbide thin films along columnar
grain boundaries. The carbide thin film is found to precipitate coherentlywith oneγ\\Co grainwhile incoherent-
ly with another adjacent one. Moreover, columnar carbide chains or clusters consisting of nanometer-sized, cu-
boidal particles are precipitated coherently with surrounding γ\\Co phase within interdendritic regions.
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Co-Cr-Mo alloy is a class of important high-performance structural
engineering materials as it is one of a very few metallic materials that
can be used for biomedical, corrosion and high-temperature applica-
tions. It offers a combination of many advantageous properties such as
high strength and hardness, excellent wear, corrosion and heat resis-
tance, and good biocompatibility [1,2]. Thereinto, the remarkable me-
chanical properties were gained mainly owing to a large quantity of
carbide precipitation in microstructure, while usually leading to poor
formability andmachinability in turn [3]. Thanks to the rapid technolog-
ical advance in metal additive manufacturing (AM) (also known as
metal three-dimensional (3D) printing) technologies in recent years,
high added value but hard-to-machine materials like Ti-6Al-4 V and
Co-Cr-Mo can be manufactured into near-net-shape complex parts
with relative ease [4–10].

Selective electron beammelting (SEBM) is a disruptive powder-bed
fusion AM technology for metals and alloys, which utilizes a high-ener-
gy density electron beam to selectively melt over metallic powder bed
layer by layer, creating near-net-shape 3D objects in an automated, dig-
ital manner [11,12]. The microstructure of SEBM-built Co-Cr-Mo parts
was comprised of columnar face-centred cubic (fcc) γ\\Co grains with
a large amount of M23C6-type carbides aligned along build direction
within grains and at grain boundaries [13–16]. Gaytan et al. [13,14]
sketched a 3D architecture for the carbides precipitated within
interdendritic regions, but the precipitation of grain boundary carbides

was paid insufficient attention in their study. The columnar γ\\Co
grains were preferentially oriented with 〈001〉 direction under as-
built conditions for short builds. However, Sun et al. [15,16] reported
that these anisotropic columnar γ\\Co grains would transform into
more stable, equiaxed hexagonal closed-packed (hcp) ε\\Co grains
with an Shoji-Nishiyama orientation relationship after aging treatments
or long-term SEBM thermal processes. There are two intrinsic strength-
eningmechanisms for the Co-Cr-Mo alloy itself: solid solution strength-
ening by Cr and Mo additions and secondary phase strengthening
resulted from various types of carbides such as M6C, M23C6 and M7C3,
and the latter is the dominant strengthening mechanism [2]. It is
noted that many different types of carbides may form in Co-Cr-Mo al-
loys depending on carbon contents as well as heat treatments [17]. It
was reported that as-SEBM-built Co-Cr-Mo sampleswere brittle and ex-
hibited obvious anisotropic properties, but they showed better tensile
properties after post heat treatments as compared to its wrought or
as-cast forms [13,18]. Furthermore, our preliminary investigation also
demonstrated that there existed strong anisotropic behavior for
SEBM-built Co-Cr-Mo parts on both tensile and compressive properties,
i.e. it was significantlyweaker when testing directionwas normal to the
columnar grain boundaries [19]. It can be hypothesized that the anisot-
ropy in mechanical properties must be attributed to the precipitation of
carbides. Nevertheless, there are still very limited studies conducted on
detailed precipitation behavior of carbides in SEBMprocessing of Co-Cr-
Mo alloy, particularly for the grain boundary carbides. This work was
initiated into investigation of carbide precipitation at atomic scale and
aims to figure out their precipitation characteristics for Co-Cr-Mo alloy
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during SEBM process. It will help to elucidate the origin of anisotropy in
mechanical properties and provide useful guidance to achieve better
mechanical performance for SEBM-built Co-Cr-Mo parts.

Co-Cr-Mo block parts with a build length of 100 mm, a build thick-
ness of 10 mm and a build height of 30 mm were fabricated on a start
plate of 210 × 210 × 10 mm3 via an A2XX EBM system (Arcam EBM,
Möndal, Sweden) using the ASTM F75 CoCr powder supplied by the
same company. A schematic of the A2XX EBM system is shown in Fig.
1a. Its build envelop is Φ420 × 380 mm3. A standard build theme pro-
vided by Arcam EBM was adopted. SEBM build temperature was ~
800–850 °C. The chemical compositions of ArcamASTMF75 pre-alloyed
Co-Cr-Mo powder are as follows: 28.50Cr-6.00Mo-0.25Ni-0.20Fe-
0.22C-0.70Si-0.50Mn-0.15 N–Bal. Co (in wt%). The powder size ranges
from 45 to 106 μm as shown in Fig. 1b. The detailed SEBM process can
be found elsewhere [20].

Both image analysis andArchimedesmethodswere adopted tomea-
sure the relative density of SEBM-built parts. Optical microscopy (OM;
ZEISS Axioskop 2 MAT), X-ray diffraction (XRD; PANalytical Empyrean;
Cu Kα; step size of 0.013°), scanning electron microscopy (SEM; JEOL
JMS-6700F; 20 kV) and transmission electron microscopy (TEM; JEOL-
2010; 200 kV) were used to examine the microstructure of as-built
Co-Cr-Mo parts that were sliced into cubes of 10 × 10 × 10 mm3 and
then were hot mounted. Metallographic samples were prepared by fol-
lowing the Struer's standard grinding and polishing procedures.
Electro-etching was performed at room temperature using a 5% HCl so-
lution under 2 V for ~10 s after polishing.

In order to examine the carbide precipitation behavior occurring
close to as-built conditions, specimens for microstructural observation
were taken at themiddle section of ~5mmaway from the top build sur-
face of the SEBM-built Co-Cr-Mo block part. Thin longitudinal specimen
sections were ground to ~100 μm and thenmanually ground to ~50 μm
with 1000# sand papers. StandardΦ3mmTEMdiscs were punched out
from the thin foils. The disc was then dimpled on both sides and then
ion milled at 4–8°. Ion milling voltage was varied between 3.5 and
4.5 V. The compositions of grains and carbides were measured by ener-
gy-dispersive X-ray spectroscopy (EDS) equipped in the TEM. In addi-
tion, we employed atom probe tomography (APT) to identify the
carbides from the view of chemical at atomic scale. APT specimens
were prepared by focused ion beam (FIB) on a FEI Helios dual-beam
via the lift-out technique and the micro-tips were prepared using the
annular milling method to obtain an end radius of ~50 nm. APT speci-
mens were analyzed at 40 K and a gauge pressure b 2e-11 Torr. Pulses
of green laser light (532 nmwavelength)were applied at a 200 kHz rep-
etition rate with an energy of 0.9 nJ pulse−1, yielding an evaporation
rate of 1.2%. We analyzed APT data using IVAS® 3.6.6 software and

obtained compositional information employing the one-dimensional
(1D) concentration profiles.

Fig. 1c shows that some spherical pores with an average size of ~10–
20 μm were present randomly in the as-built Co-Cr-Mo samples. There
is no obvious difference on porosity among XY, XZ or YZ planes. These
pores could be resulted from the small bubbles that originally existed
inside the Co-Cr-Mo powders through gas atomisation [5]. The image
analysismethod records a relatively smaller porosity of ~0.5% compared
to the Archimedesmethod of ~0.8%. The real porosity value should drop
within this range. Fig. 1d shows the cross-section (XY plane) micro-
structure of as-built Co-Cr-Mo sample. Grains at a scale of tens of
micrometres in diameter are enclosed by “bold lines” which are car-
bides. Moreover, the “dark dots” dispersed regularly in a square form
are carbide particles within the interdendritic regions of grains.

Due to the high thermal gradients and the rapid solidification rates
involved in metal AM processes, columnar or cellular microstructure
would appear in most of themetals and alloys [4]. For SEBM processing
of Co-Cr-Mo alloy, fine columnar γ\\Co grains consisting of cellular
dendrites were formed due to the dendritic micro-segregation of Cr
and Mo. Moreover, carbides were precipitated because of the segrega-
tion of carbon into interdendritic regions and grain boundaries. Fig. 2a
shows the columnar grains along the build direction from XZ plane.
Each columnar grain consists of cellular dendritic structures with
constrained secondary arms. Carbides are found to be formed both at
columnar grain boundaries and interdendritic regions. In terms of the
microstructural observation at different planes, we found that the
carbides had formed continuous carbide thin films with a thickness of
~100–200 nm at grain boundaries, separating the adjacent columnar
grains. While the carbides formed at interdendritic regions tend to be-
come long chains or clusters in morphology along the primary den-
drites. It is worth noting that these carbides could hardly be detected
by conventional X-ray analysis using bulk samples, indicating a low
quantity of below ~5% in volume fraction. Fig. 2b shows an representa-
tive APT tip specimen thatwas cut from the grain boundary carbide thin
film. Accordingly, we obtained the APT reconstructed volume as shown
in Fig. 2c. For simplicity, only the four main elements were indicated.
Here, 50 at.% Co and 40 at.% Cr isoconcentration surfaces (isosurfaces)
were utilized to delineate the different phases. There are two different
types of carbides which were labelled as MxCy(I) and MxCy(II) respec-
tively, where M stands for metals and MxCy denotes the carbides. It is
noted that MxCy(I) is rich in Mo and MxCy(II) is enriched in Cr.

In order to examine the species of carbides from chemistry, three re-
gion of interest (ROI) cylinders (i.e. ROI-1, ROI-2 and ROI-3)were creat-
ed normal to the MxCy(I)/MxCy(II) and MxCy(II)/γ interfaces as
illustrated in Fig. 3a. From the 1D concentration profiles in Fig. 3b, c

Fig. 1. (a) Schematic of an EBM A2XX system. (b) SEM image of Co-Cr-Mo powder. (c) OM image showing spherical pores in the SEBM-built Co-Cr-Mo sample. (d) OM image showing
cross-section microstructure of the SEBM-built Co-Cr-Mo sample. Carbides at grain boundary (GB) and interdendritic (ID) regions were indicated.
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