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Abstract

Additive Manufacturing (AM) has emerged as a promising technology for pro-
ducing customized and complex design parts across various industries, in-
cluding medical, automotive, aerospace, defense, tooling, jewelry, and fashion.
By alloying cobalt with refractory elements, satisfactory oxidation resistance,
and good hot corrosion resistance can be achieved. In this study, the mechan-
ical properties of a Co-Cr-Mo alloy were investigated using stress-strain tests
conducted at room temperature and elevated temperatures of 600°C, 700°C,
800°C, 900°C, and 1000°C. The results revealed a systematic decrease in ulti-
mate tensile strength (UTS) and a non-monotonic trend in yield stress, char-
acterized by a notable increase at 800°C. This increase in yield stress, accom-
panied by a decrease in elongation, represents anomalous behavior requiring
further physical metallurgical explanation. It is hypothesized that the defor-
mation mechanism changes at 800°C due to alterations in the alloy’s metal-
lurgical structure. The fajlure mechanisms and deformation modes of AM-
printed samples of this specific Co-Cr-Mo alloy were also analyzed at high
temperatures. Post-mechanical testing, sections of each sample were cut near
the neck region to examine their cross-sections. These sections were prepared
for optical metallography and SEM-EDS inspection along the tensile axis to
observe flow deformation patterns and near-neck characteristics. The ductil-
ity, dimples, and partial twins observed at lower temperatures (between room
temperature and 700°C) are attributed to the y-FCC phase formed during heat
treatment. The recovery of the e-HCP phase, stable during tensile testing at
800°C, is assumed to contribute to the decrease in ductility. At higher temper-
atures, between 900°C and 1000°C, the increase in total deformation is at-
tributed to the reformation of the )~FCC phase at these elevated temperatures.
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Materials, Brittle Transformation

1. Introduction

Cobalt-based alloys have been in use for several decades in the manufacturing of
various components in a relatively short time for backbone materials for the aer-
ospace, energy, chemical industry, and even medicine and implantations [1] [2].
In the turbine engines for the aerospace industry, cobalt alloys are used in parts
such as vanes or combustion chambers in gas turbines submitted to high temper-
atures and aggressive environments. The strength attributed to the solid-solution-
and carbide-strengthening mechanisms dominates cobalt alloys as candidates im-
plemented as wrought or as precision-cast parts. By alloying the cobalt with re-
fractory elements, it is possible to achieve satisfactory oxidation resistance and
good hot corrosion resistance [3]. Machining of cobalt alloys presents many chal-
lenges and complications, mainly caused by their high strength, toughness, high
wear resistance, and poor thermal conductivity, and more studies need to be con-
ducted [4]. On the other hand, additive manufacturing has become a promising
technology for producing customized and complex design parts for medical, au-
tomotive, aerospace, defense, tooling, jewelry, and fashion designing [5]-[7]. Con-
trolled microstructural architecture altered by electron beam parameters and
scanning variations were reported [7]. The basic Co-26Cr-6Mo-0.2C powder has
a Co00.8Cr0.2 (HCP) crystal structure monoliths FCC CoCr matrix with Cr-Mo
phase and unique Cr;Cs FCC orthogonal carbide arrays. Correspondingly, an equi-
axed FCC CoCr grain containing annealing twins with a high density of intrinsic
stacking faults on {111} planes in addition to Cr,Cs carbides [7]. The research
highlights significant opportunities in the engineering of Co alloy metals through
modifications to their metallurgical and crystal phases, as well as enhancing the
coherency between these phases, aiming to enhance their mechanical properties.In
recent studies, the microstructures, mechanical properties, and fatigue life of a
Selected Laser Melting in Co-Cr-Mo were evaluated after heat treatment at 1150
C under different cooling conditions. By increasing the cooling rate, the ductility
and fatigue life were improved, but the tensile strength and the hardness were
unaffected significantly [8]. Smaller grains and precipitates obtained by high cool-
ing rates improved the ductility and fatigue life of the alloy. In a sintered Co-Cr-
Mo alloy at 1150°C that was rapidly cooled and then aged at 800°C for hours,
equiaxial grains were developed, dendritic structure was eliminated, and carbide
precipitation was concomitant with grain growth, with appreciable grain bound-
aries precipitation. Rapid cooling from 1150°C achieves 64 vol pct hcp-martensite
through the FCC/HCP (e) martensite transformation, while the aging at 800°C led
to 100 pct HCP (e) martensite [9]. The deformation of Co-Cr-W-Ni alloy at high
temperatures depends on the bimodal grain structure [2]. The main deformation,
at 900°C, occurs by dynamic recrystallisation on the fine grain grains by disloca-

tions in the structure, while the coarse grain’s structure deforms by dynamic
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recovery by twinning. Those mechanisms have higher strength and ductility [2].
Split Hopkinson Pressure Bar experiments performed on Co-12A1-10W and Co-
12-Al-10W-2Ti-2Ta %at. alloys at a strain rate of 2500 per sec showed an increase
of at least twice the flow stress values compared with quasi-static tests at high tem-
peratures when the yield strength was barely affected by the strain rate, with a
good, simulated prediction [10]. The strength between 600°C and 800°C is related
to the presence of the phase of the gamma’ phase. At room temperatures, anisot-
ropy was found in the mechanical properties of AM-printed samples of stainless
steel, which were attributed to changes in the microstructure formed during the
building layer of the metal and failed modes found in tested samples [11].

This report presents the failure mechanism and the deformation modes of a
specific Co-Cr-Mo alloy under stress-strain conditions at high temperatures be-
tween 25°C - 1000°C on the AM-printed samples. Stress-strain experiments were
followed by spot zones metallography near the failure neck, and the fracture was
characterized by optical metallography and SEM-EDS.

2. Experimental

A powerful 400-watt Yb-fiber laser with high beam spot quality, good resolution,
and good precision was used in the present work. The CoCr F75 spherical-shaped
powder with a generic particle size of 20 - 65 um and analyzed chemical compo-

sition shown in Table 1 was used.

Table 1. Chemical composition of CoCr F75 used in the presented work.

Co Si C
Elements Mo Mn (max.) Fe (max.) Ni Traces
(bal.) (max.) (max.)
P, W <0.02,
Standard (wt./0) 60-65 26-30 5-7 1 1 0.75 0.16 0.10 ALS,Ti<0.01
B < 0.001
, 0.012
This work (wt./o) 63.5+2 28+1 65+02 0.75+0.2 0.3x0.2 0.5%+0.2 0.14 £ 0.2 imit Not detected
imi

Samples were printed in two different directions: X (0° perpendicular to the
printer beam and in the print direction of the feed layer) and Z (90" perpendicular
to the feed layer/parallel to the printer beam). The samples, after high-temperature
stress relieved at 1150°C for 6 hours under an inert argon atmosphere and cooling
rate higher than 100°C/min., were machined to standard screw dog-bone mechan-
ical property samples with the following dimensions: 1/2-13 UNC-2A screw, 6.5
mm diameter, 37 mm gauge length, and a total length of 76 mm, and the mechanical
properties were carried out in a stress-strain mode at room temperature, 600°C,
700°C, 800°C, 900°C and 1000°C. After the mechanical tests were carried out, one
side of each remaining sample was cut close to the neck to examine the cross-section
and prepared for optical metallography and SEM-EDS inspection along the tensile
axis to observe the flow deformation and the near-neck characteristics. The other
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remaining sides of the samples were used for SEM/EDS fractography investigation

at high magnification to observe the fracture characteristics in the failure surface.

3. Results

The stress-strain test values at different temperatures are summarized in Table 2
and graphically presented in Figure 1 and Figure 2 for samples oriented in the X
direction (perpendicular to the laser beam) and the Z direction (parallel to the
laser beam), respectively. The plots in Figure 1 and Figure 2 highlight the maxi-
mum and minimum values listed in Table 2. Tests were conducted on at least
three samples for each orientation and temperature, demonstrating good con-
sistency. A systematic decrease in UTS values with increasing temperature is ob-

served, although a slight increase in yield stress at 800°C is noted.

Table 2. Yield stress, UTS, and elongation values were obtained by high-temperature stress-strain test at different temperatures and

AM orientation in relation to the beam printer.

Mechanical Properties Orientation RT 600°C 700°C 800°C 900°C 1000°C
586 319 315 380 240 123
Yield Stress
. Y - 327 - - 243

MPa (min.)
Z 494 353 332 436 225 119
X 648 347 325 442 291 150

Yield Stress
Y - 327 - - 243

MPa (max.)
Z 591 379 361 456 241 136
X 1021 965 796 605 340 163

UTS
. Y - - - - -

MPa (min.)
Z 998 914 785 612 352 159
X 1083 977 809 636 421 197

UTS

Y

MPa (max.)
Z 1038 944 792 652 358 164
X 26% 28.2 23 2.2 2.7 6.1

Elongation v

% (min.)

Z 23% 23.7 23.7 0.5 3.2 4.6
X 34% 29.7 25.2 2.7 6.1 6.7

Elongation v

% (min.)

Z 30% 27.9 27.9 1.5 4.2 6.6

The most significant reduction in plastic deformation occurs at 800°C, exhibit-
ing anomalous behavior. Optical metallography of the equiaxed grains in samples
subjected to high-temperature stress relief at 1150°C for 6 hours under an inert
argon atmosphere, with a cooling rate exceeding 100°C/min, reveals intergranular
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deformation. This deformation is observed in Figure 3 following stress-strain test-
ing at various temperatures. However, no clear explanation is provided for the
increased yield stress and reduced deformation at 800°C compared to 700°C, de-
spite the development of some thermal twins at the latter temperature. The aniso-
tropic behavior of mechanical properties, often attributed to the inherent anisot-
ropy in additive manufacturing (AM), is not discussed in this study. Nonetheless,
the observed anomaly in yield stress and deformation at 800°C is highlighted [11].
Fractographic analysis was conducted by SEM, shown in Figures 4-9 for compar-
ison. Figure 4 shows the fractography of the surface failure after stress-strain test-
ing at room temperature. At high magnification (left), large dimples approximately
3 microns in size are observed, along with nearby twins or slip bands. At lower
magnification (right), intergranular cracks formed during failure are visible. Fig-
ure 5 illustrates similar behavior and failure modes at 600°C, though with smaller
dimples with twins or slip bands aside. In Figure 6, representing the fractography
of samples tested at 700°C, no twins or slip fracture grains are observed. Instead,
oriented dimples with very homogeneous sizes are evident. Figure 7, correspond-
ing to the samples tested at 800°C that exhibited yield stresses increase and lower
deformation (as shown in Figure 1 and Figure 2), reveals very small faceted sub-
grains with terraced cleavage deformation in sporadic zones in the fractographic
scanning. This terraced cleavage deformation was not observed in the other tem-
peratures and is attributed to the kinetic phase transformation FCC-HCP during
the mechanical test. Additional research is needed to characterize the phases.
Quantitative analysis and volume fraction of the different phases at the posttest
samples were complicated to carry out on exposed fracture surfaces to the elevated
temperatures and oxidation. Notably, no dimples are present at this temperature.
Fractographies at higher temperatures, 900°C, and 1000°C, show renewal creation
of partial large dimples and different sizes of dimples, respectively presented in
Figure 8 and Figure 9.

1400
1200

=
o
o
o

800
600
400
200

Strees [MPa]
Elongation [%]

0 200 400 600 800 1000
Temprature [C]

—eo—min_yield —e—max_yield —*—min_UTS —e—max_UTS -e-min_%E -e-max_%E

Figure 1. Minimum and maximum values of yield stress, UTS, and elongation at different
temperatures were obtained in the X axes, representing the 0°, perpendicular to the printer
beam.
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Figure 2. Minimum and maximum values of yield stress, UTS, and elongation at different temperatures were obtained in the Z axes,
representing the 90°, perpendicular to the feed layer or parallel to the printer beam.

600C 700C

Figure 3. Optical cross-section metallography of the samples after stress-strain test at different temperatures. No major changes can
be observed at 700°C, and some thermal twins have been developed.

Figure 4. Fractography of the surface failure at room temperature: large dimples (3 microns), thermal twins, and intergranular

combined failure.
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twins.

Figure 7. Fractography comparison of the surface failure at 800°C—terraced cleavage deformation. No dimples or thermal twins

were observed.

Figure 8 shows the fractography of the surface failure at 900°C, and the spread
size of dimples can be observed when the characteristic intergranular combined
failure mode and deformation increase, as shown in Figure 1 and Figure 2. Sim-

ilar behavior is observed at 1000°C in Figure 9, but an increase in the intergranular
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Figure 10. Conglomerate of non-connected particles M2;Cs carbide, defined as a blocky-dense phase observed (circle) and starlike phase

(square) in the SEM fractography of the 800°C tensile test failure surface (see chemical analysis in Table 3).

cracks and small cleavage particles inside the grains. Emphasizes characterization
of the failure mechanism of the metal at 800°C was carried out. Figure 10 presents
conglomerate of non-connected particles, suggested to be M,;Cs carbides and
defined elsewhere [13] as a blocky-dense phase and starlike phases obtained in

the 800°C tensile test failure surface fractography. Table 3 presents the chemical
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Figure 11. The metallographic cross-section near the failure surface of the 800°C tensile test sample in Figure 10 shows intergranular

discontinuities and small particles (arrows) assumed as starlike phases attributed to the chemical analysis summarized in Table 3.

Table 3. SEM-EDS Atomic percent analysis of the blocky danse and starlike phases on the fractography surface failure and in the
near neck metallographic cross-section of the stress-strain sample at 800°C (average in 15 points on the surface for each phase). A
lower standard deviation of the values was obtained, which was attributed to the metallographic flat cross-section compared to the
fractography oxidized surface.

Source Location Co Cr Mo (0) C
Fractography Blocky Danse 567918 9.84%6.7 0.456+0.61 18.30 £20.2 17.50 £ 17.7
(see Figure 10) Starlike 15.06 £ 6.4 32.63+14.5 0.5+£0.59 3494+19.3 16.85+6.9
Metallurgical Cross-Section Grains 433 +£5.85 21.85+3.17 3.17£0.40 4.34+2.49 27.33% 151

(see Figure 11) Particles in Grain Boundaries 35.32 £8.8 21.62+6.32 3.13+0.85 7.88+5.83 32.05+5.38

analysis of a large number of spots on the fractography surface for the blocky-
danse phase and the starlike phase. The large amount of oxygen is attributed to
the post-test oxidation of the surface at 800°C, caused by the open-air conditions
of the tensile test and the exposed fracture surface after failure. Chemical analysis
performed on the cross-section of the metallographic sample near the failure sur-
face, shown in Figure 11, reveals lower oxygen and intergranular discontinuities
linked to the pre-failure mechanism under load at 800°C. The particles observed
on the fractography surface in Figure 10 are also visible in the grain boundaries
of the metallographic cross-section of the 800°C post-loaded sample in Figure 11.
Chemical analysis was conducted to compare the particles in Figure 10. This com-
parison indicates a high Co concentration within the grains and in the defined
blocky-dense particles. The particles found in the grain boundaries in Figure 11
show a higher Cr concentration and are believed to be small remnants of starlike

particles, while the blocky-dense particles remain attached to the grains.

4. Discussion

The mechanical properties of the CoCr F75 alloy at different temperatures, as
summarized in Figure 1 for the X print orientation and Figure 2 for the Z print

orientation, show a systematic decrease in ultimate tensile strength (UTS) and a
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non-monotonic decrease in yield stress, with a notable increase observed at 800°C.
This specific increase in yield stress, coupled with a decrease in elongation at
800°C, represents anomalous behavior that warrants a metallurgical explanation.
We hypothesize that the deformation mechanism changes at this temperature.
Since ductility typically increases with temperature, this alteration in the defor-
mation mode at 800°C requires further investigation. The microstructure of the
Co-Cr-Mo alloy consists of a metastable FCC matrix, attributed to the sluggish
formation of the e-phase, and the M»;Cs carbide type, which primarily precipitates
at the grain boundaries, enhancing the alloy’s mechanical properties [12]. The de-
formation behavior at room temperature is characterized by ductile deformation,
marked by dimple formation, and coupled slip or twin deformation in specific
grains, as shown in the fractographic failure surface in Figure 4. The M,;Cs car-
bide, described in other studies as a blocky-dense phase or starlike precipitate due
to its morphology [13], was observed to partially appear at temperatures above
800°C, as shown in the fractographies in Figures 7-9. Although previous studies
reported a Si weight percentage concentration of 1%, this study found it to be
0.75% =+ 0.2%; nonetheless, these phases were observed [13]. The blocky phase
observed at 800°C formed and developed across much of the fractography surface,
appearing as a conglomerate of discrete, non-connected particles, as shown in
Figure 10. SEM observation of the failure surface of the 800°C sample did not
reveal dimples; instead, faceted grains, which can be described as conglomerated

blocky particles, were observed.

1.500 | I 1 | 1 L
1400 - Liquid
1300 5
e
= 12004 :
b 11004 | +M,,C, !
= M,N+0o
3 1000 - * L
i
% 900 - 3
& 800 - s
700 - +M,,Cq i
600 - +M,;N+ 0o I
500 T T
20 40 45 50

Cr content, x (wt.%)

Figure 12. Co-rich phase diagram of the Co-xCr-6Mo-0.23C-0.17N calculated using Thermo-
Calc software by Sun et al The blue dashed line represents the 28% concentration of Cr in
CoCr F75 alloy.

The Co-rich phase diagram of the Co-xCr-6Mo0-0.23C-0.17N system, calcu-
lated using Thermo-Calc software, was published and is shown in Figure 12 [14].
In the mentioned phase diagram, below 500°C, the 28 wt% Cr in the Co-Cr F75
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alloy is not described. However, at higher temperatures in the range of 500°C -
900°C, the stable phases are e-HCP + M»;Cs + M2N + 0. In the carbides (M»Cs),
M represents Cr, Fe, W, or Mo (with no W in the Co-Cr F75 alloy). The nitride
(M,N) represents Cr,N (no nitrides were detected in this work), and the o-phase
corresponds to Co-Cr intermetallic. The e-HCP and p-FCC phases are identified
as the pure Co matrix. The main carbide is M,;Cs, present in a very small concen-
tration; however, XRD profiles of the sample aged at 800°C for 24 hours show the
initial formation of the -FCC phase [14]. The phase diagram in Figure 12 does
not show phases below 500°C, but based on the heat treatment at 1150°C for 6
hours under an inert argon atmosphere and a cooling rate higher than 100°C/min,
we assume the formation of a partial y-FCC phase along with partial carbides. The
volume fraction of -FCC in the matrix increases with higher heat treatment tem-
peratures and longer durations, with the volume fraction of the y-FCC phase reach-
ing 76% in the alloy heat-treated at 1260°C for 15 hours [15]. We assume a lower
volume fraction of -FCC phase in our case, but still sufficient to achieve ductility.
The ductility, dimples, and partial twins observed at lower temperature fracture
surfaces (Figures 4-6) are attributed to the partial y-FCC phase formed during
the heat treatment. In contrast, Figure 7, which presents the 800°C tensile test
fracture surface, shows no dimples or twins but rather lower total deformation.
The recovery of the stable & HCP phase and the reduction of the partial -FCC
phase, as indicated by the phase diagram in Figure 12, is assumed to cause the
decrease in ductility. The kinetics of the phase transformation are not fully under-
stood and could be a subject for further research. As mentioned, according to Sub
et al. [14], XRD profiles of samples aged at 800°C for 24 hours show the initial for-
mation of the y~FCC phase. The increase in total deformation observed at 900°C
and 1000°C is attributed to the enhancement of the y-FCC phase formed at these
temperatures. In addition to the phase changes, voids were initiated around the
carbide precipitates, and their growth and coalescence along grain boundaries, as
observed in Figure 11, ultimately led to cracks and failure. The significant amount
of carbon found in the grain boundary particles, as summarized in Table 3, sup-

ports this assumption.

5. Conclusions

The stress-strain mechanical properties of a CoCr F75 alloy were investigated at
room temperature and elevated temperatures of 600°C, 700°C, 800°C, 900°C, and
1000°C. A systematic decrease in ultimate tensile strength (UTS) and a non-mon-
otonic trend in yield stress were observed, accompanied by a notable increase and
subsequent decrease in elongation at 800°C. This anomalous behavior was exam-
ined in detail. It was hypothesized that the deformation mechanism changes at
800°C due to alterations in the alloy’s metallurgical structure.

The findings are summarized in the following conclusions:

1) The ductility, dimples, and partial twins observed at lower temperatures (be-

tween room temperature and 700°C) are attributed to the partial y-FCC phase
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formed during heat treatment, which remains stable during the short duration of
tensile testing. However, prolonged exposure at 600°C and 700°C can alter the
matrix phase, leading to different results.

2) During tensile testing at 800°C, higher diffusion rates and the recovery of the
e-HCP phase in its stable state are believed to contribute to the observed decrease
in ductility.

3) At higher temperatures (900°C to 1000°C), the increase in total deformation
is attributed to the reformation of the y-FCC phase at these elevated temperatures,
consistent with the phase diagram.

4) In addition to the phase changes, intergranular failure was also observed,
attributed to voids initiated around the carbide precipitates, which grew and coa-
lesced along the grain boundaries.
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