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ABSTRACT KEYWORDS
The volume mass of the refractory metallic alloys used in transportations, As-cast cobalt alloys;
aeronautical and others, or for the hottest rotating tools in energy Density;
production or industrial processes, is frequently of importance due to the Chromium carbides;
impact on energy economy and requirements in mechanical resistance. Tantalum carbides;
This is particularly true for superalloys, which are already rather dense Hafnium carbides;

and the density of which may beincreased by the presence of strengthening
heavy elements in solid solution or as dispersed particles of second phase.
In this work several cast alloys belonging to the cobalt-based superalloys’
family were subjected to the measurement of their densities. The obtained
values were thereafter analysed by considering the base chemical
composition and aswell asthe natures and fractions of the primary carbides
(CrXCy, TaC, HfC). The results show that the density variations between
cobalt alloys, though rather limited, may be significant enough to have in
some cases an importance in practice.
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Chromium content.

INTRODUCTION bides for achieving high mechanical resistance at

high temperature (resisting creep deformation for

Chromium-rich cobalt-based alloys can be met
in many applications, from cryogenic to ambient or
body temperatures, as in prosthetic dentistry?, up to
very hightemperatures (e.g. turbine blades?, hot parts
in industria machines®), where one demands good
COorrosion resistance in corrosive agueous solutions
or against oxidation and corrosion by hot gases or
molten saltsCMAS deposits’. Many of them con-
tain carbon too, for alowing the development of car-

example)®. Some versions particularly rich in car-
bon and highly alloyed with carbides-former ele-
ments can be considered to exploit theintrinsic high
hardness of cobalt and the very high hardness of car-
bides, for applications such as cutting tools® (e.g.
cobalt matrix hardened with high fractions of dis-
persed tungsten carbides), or for Co-W,C coatings’
for preventing too fast wear of too soft metallic a-
loys. High densities of carbides may be met in al-
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loys elaborated by foundry, as the very great frac-
tions of chromium carbides earlier obtained in ter-
nary chromiume-rich cobalt-based alloys®.

Thus, notably the ones devoted to high tempera-
ture applications, many cast aloys may be consid-
ered as in situ composites materials combining a
ductile and high toughness-presenting metallic ma-
trix and significant amounts of hard strengthening
carbides, the nature and volume fractions of which
can be very variable alloy after alloy. These two
main phasesare generaly of different volumemasses
which governs the global density of the whole al-
loys. Sincethis parameter isof importancefor trans-
portation uses (e.g. disksand turbine bladesin aero-
engines: for fuel economy) as well as in industrial
processes (rotating tools: for lowering centrifugal
mechanical stress), it isimportant to know the pos-
sible consequences of the strengthening metallurgi-
cal mean choice (type of carbide, its volume frac-
tion, solid solution strengthening of matrix with
heavy elements...) on the final density.

To start such analysis, here exclusively in the
case of various chromium-rich cast cobalt-based
alloys, oneused, inthiswork, several geometrically
well-defined samples, before future creep tests to
what they were devoted. These ones were issued
from the same ingots as other samples (for as-cast
microstructure examinations, oxidationtests...) pre-
vioudly tested and characterized: { chromium car-
bides} - containing®, {tantalum carbides} -richl*9,
{ hafnium carbides} — containing® 2 and {Co-
10Ni-30Cr} -based carbide-less or carbides-con-
taining!***° aloys. Their densitiesweresimply cal-
culated from the volumes and masses of these
samples, and the obtai ned results commented by re-
gards to the chemical compositions and the micro-
structures.

EXPERIMENTAL

Initially, all the alloys considered in the present
work were earlier elaborated by foundry. This was
done by melting together parts of pure e ements (for
most of them: Alfa Aesar, purity > 99.9wt.%)
weighed with amicrobalance (precision 0.1 mg) to
target about 40g for thefinal ingot. The elaboration
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apparatus was a CELES high frequency induction
furnace (max. power: 50kW) operating with thefol-
lowing parameters. about 4kV and 110kHz. Heat-
ing, melting, stage in the liquid stage (duration 5
minutes) and cooling were done in a water-cooled
copper crucible present in a chamber isolated from
the laboratory air with a silica tube in which were
300mbars of pure argon prior to heating.

After cooling to room temperature the ingots
were sawed with a Buelher Abrasimet Delta metal -
lography cutter for parts destined to metallographic
characterization, and either with a Buelher Isomet
5000 linear precision saw or a Struers Secotom-50
for obtaining elongated parallelepipeds (about
15mm-long, 2mm-width and Imm-thick. The first
ones were embedded in cold resin mixture (82%in
mass of Aralditeresin (CY 230) and 18% in mass of
hardener (HY 256), ESCIL, France). Thereafter they
were ground with SIC papersfrom 250 —grit to 1200
grit under water as lubricant and cooling fluid, un-
derwent ultrasonic cleaning, then polishing with tex-
tile disk sprayed by 1um-alumina particles. Micro-
structure examinations were realized with a JEOL
JSM 6010 LA Scanning Electron Microscope
(SEM), with an acceleration voltage of 20kV, mainly
in Back Scattered Electrons Composition mode
(BEC).

The second ones were carefully polished (1200
SiC-paper and 1um-textile) until obtaining almost
perfect parallelepipeds, with wideness and thick-
nessvarying of only 0.01mm asmaximum aong them.
Their dimensionswere measured using an el ectronic
calliper (precision 0.01mm). Their masses were
measured using a precision balance (+0.1mg). The
density of each paralelepiped, more precisaly its
volume mass p, was then deduced by dividing the
mass m by thevolumeV =L x1xe:

p=m/(L x1xe).
RESULTSAND DISCUSSION

As-cast microstructuresand aver agedensity val-
ues

One or severa (up to 4) parallelepipeds (ex-
ample in Figure 1) were thus obtained for each of
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Figure 1 : Example of parallelepiped for density determination (scanned on all its four main faces using a Canon

LiDE 210 office scanner)

= C0-25Cr-0.25C
- 1 10.29g/cm?

- (average for 2 samples)

B Co-25Cr-1C

" 8.02g/cm?

5 | (average for 3 samples)

Figure 2 : As-cast microstructures (SEM/BEC micrograph

alloys

the eleven different cobalt alloys under study.

The first aloys subjected to the density deter-
mination aretwo ternary ones, Co(ba.)-25Cr-0.25C
and Co(bal.)-25Cr-1.00C (contents in weight per-
cent). Both of them present adendritic cobalt matrix
of solid solution in which some of the chromium
and carbon atoms are dissolved, and interdendritic
chromium carbides (grey particles darker than ma-
trix, probably of the Cr_C, type) in low quantity in
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s) and average densities of the two ternary Co-25Cr-xC

thefirst aloy and in much higher quantity inthe sec-
ond one (Figure 2). The average volume masses,
respectively of about 10.3 and 8.0 g/cm?®, suggest
that the carbide-richer alloy is significantly less
densethan the other alloy.

Thethird alloy of this study is aquaternary one
based on Co-25Cr and particularly rich in carbon
(Awt.% C) and tantalum (15wt.% Ta). These unusu-
aly highTaand C contentsaswell asthe Ta/C atomic
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Co-25Cr-1C-15Ta

8.52 g/cm?3

(1 sample)

Figure 3 : As-cast microstructures (SEM/BEC micrographs) and average density of the TaC-rich quaternary Co-

25Cr-1C-15Ta alloy

| Co-25Cr-0.25C-3.72Hf

| 8.07 g/cm3

! (1 sample)

Co-25Cr-0.50C-3.72Hf

™ 8.53 g/cm?3

f (1 sample)

| C0-25Cr-0.50C-7.44Hf

i 8.46 g/cm?

= (1 sample)

Figure 4 : As-cast microstructures (SEM/BEC micrographs) and average densities of several HfC-containing qua-

ternary Co-25Cr-xC-yHf alloys

ratio rated to 1 led to TaC exclusively (white par-
ticles), withaparticularly high volumefraction (Fig-
ure 3). The obtained volume mass, about 8.5 g/cm?,
isintermediate between the two former ones.

The three following aloys, which contain half
the previous carbon content (e.i. 0.5 wt.%C against
1.0) and hafnium instead tantalum, are rich in HfC
carbides (Figure 4). These hafnium carbides (white
particles) are of two types, pre-eutectic ones (angu-

lar blocky compact) and eutectic ones (script-like,
mixed with matrix in the interdendritic spaces).
There are ways very present in the 0.25C-3.72Hf
alloy and inthe 0.50C-3.72Hf one (which also con-
tainsdark chromium carbides), their surface/volume
fraction is particularly highin the 0.50C-7.44Hf al-
loy. Thisisthanksto the Hf/C atomic ratio of 1 that
the first and third alloys only contain HfC and no
chromium carbideis present. The densities of these
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i Co-32.5Cr-0.25C-3.72Hf

8.30 g/cm3

(average for 4 samples)

' (average for 4 samples)

Figure 5 : As-cast microstructures (SEM/BEC micrographs) and average densities of two Cr-enriched HfC-con-
taining quaternary Co-25Cr-xC-yHf alloys

Co-10Ni-30Cr

~ 7.96 g/cm3

~ (average for 3 samples)

Co-10Ni-30Cr-0.5C

™ 8.14 g/cm3

| (average for 3 samples)

£ B 2 (average for 3 samples)

Figure 6 : As-cast microstructures (SEM/BEC micrographs) and average densities of three carbides-less or car-
bides-containing alloys based on Co-10Ni-30Cr

three alloys are respectively of about 8.1, 8.5 and displayed in Figure 5, are chromium-enriched ver-
8.5again. sionsof thefirst and third aloys presented just above,
Thetwo aloys, themicrostructuresof whichare  sincethey contain 32.5wt.%Cr instead only 25wt.%,
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for the same C and Hf contents. Thisenrichment in
chromium seems having had consequences on the
as-cast microstructuresof these alloyssincethe HfC
interdendritic eutectic network of the first aloy is
obviously denser than the one of the initial aloy,
while it seems being the contrary for the second al-
loy. The volume mass of the first 32.5Cr alloy is
now of about 8.3 g/cm® and the one of the second
Cr-enriched aloy is of about 8.2g cm?®.
Thethreelast aloysare based on Co(bal.)-10Ni-
30Cr, as many of the real cobalt-based superalloys
for which the presence of 10wt.%Ni stabilizes the
austenitic FCC crystallographic network of the co-
balt-based matrix and 30wr.%Cr brings a really
chromia-forming behaviour for the high temperature
corrosion resistance. The first aloy seems single-
phased (probably FCC solid cobalt with all the Ni
and the Cr in solid solution) while chromium car-
bides (second alloy) and carbides mainly of the TaC
type with the presence of some chromium carbides
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(third aloy) are additionally present in thetwo other
aloys(Figure6). Thedensty increaseswith the pres-
ence of carbides, especially when these ones are
TaC carbides.

Comparisons of the volume masses between al-
loyswith chemical composition and microstruc-
tureconsider ations

As graphically shown in Figure 7 (chromium
carbides) and in Figure 8 (tantalum carbides) the
presence of Cr,C carbides seems inducing a sig-
nificant decrease In density while the inverse effect
isobtained with tantalum carbides. The effect of the
presence of HfC carbides seemsintermediateto the
previous ones since a significant decrease in vol-
ume mass seems resulting from the addition of al-
most 3.7wt.%Hf ina0.25C-containing Co-25Cr a-
loy while no great effect is noted for an increase
from3.7to

7.4wt.%Hf in a 0.50C-containing Co-25Cr al-

Effect of chromium carbides
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Figure 7 : Qualitative influence of the fraction in chromium carbides on the density of {Co-25Cr}-based alloys

Effect of tantalum and/or TaC
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Figure 8 : Qualitative influence of the fraction in tantalum carbides on the density of {Co-25Cr-1C}-based alloys
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Effect of hafnium and/or HfC
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Figure 9 : Qualitative influence of the fraction in hafnium carbides on the density of {Co-25Cr}-based alloys

Effect of chromium in HfC-containing alloys
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Figure 10 : Qualitative influence of the chromium weight content on the density of {Co-25Cr}-based alloys con-

taining HfC carbides

Effect of carbides for {Co-10Ni-30Cr}-based alloys
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Figure 11 : Qualitative influence of the chromium weight content on the density of {Co-10Ni-30Cr}-based alloys

without or with carbides

loy (Figure9). Furthermore achromium enrichment
of such alloysdid not changetheir volume mass (Fig-
ure 10). Concerning the Co-10Ni-30Cr aloys with
or without carbides, the volume mass did not vary
significantly with the presence or absence of car-
bides, whatever their nature (Figure 11).

General commentaries

The elements present in the chemical composi-
tions of all these cobalt-based aloysare Co, Ni, Cr,
C, Taand Hf, the room temperature densities (and
structures) of which*®, when they are pure and crys-
tallized, are 8.9 (Co, complex hexagonal close
packed), 8.9 (Ni, cubic close packed), 7.1 (Cr, body-
centered cubic), 2.2 (C, graphite; 3.51 if diamond),
16.6 (Ta, body-centered cubic) 13.09 (Hf, close
packed hexagonal). The densities of the carbides

Wotzrioly Science —mmm—

sometimes met in the microstructures of these alloys
are' 6.92 or 6.97 (Cr.C, or Cr,,C) for the chro-
mium carbides, 14.3 for the TaC carbides and be-
tween 11.8 and 12.6 for the HfC carbides.
Sincethedensities of the chromium carbides (7)
are lower than the matrix one (about 8 for the car-
bide-free ternary Co-10Ni-30Cr alloy), the aloys
containing chromium carbides ought to belessdense
than acarbide-freealloy, whichisnot really the case
for the Co-25Cr-1C while the aloy while the Co-
25Cr-0.25C one is, on the contrary, denser (10.3).
Thefirst observation (whichisthe samefor the Co-
10Ni-30Cr 0 or 0.5C aloys) may be explained by
thefact that, even for 1wt.%C, the formed carbides
are not numerous and their fraction islow. The sec-
ond one cannot be explained, at least easily, and con-

An Judian Jouwrual



MSAIJ,13(9) 2015

Patrice Berthod and Thierry Schweitzer

307

firmation isneeded with future additional results. In
contrast, the high density of the TaC carbidesclearly
induces an increase (+0.5) in density for aCo-25Cr
base (but with rather high C and Ta contents: 1wt.%
and 15wt.% respectively) and, alittle more limited
(+0.4, due to only 0.5wt.%C and 7.5wt.%Ta, asis
to say half the previous contents), for the Co-10Ni-
30Cr base. The sametendency was seenfor the HfC
carbides (+0.4) for a Co-25Cr base. In the case of a
C0-32.5Cr base two opposite results were obtained,
and this is may be due to differences in HfC frac-
tionsdueto theincrease in chromium content (seem-
ingly more HfCin the Co-25Cr-0.25C-3.72Hf dloy
than in the 25Cr-containing initial version).

CONCLUSIONS

Thus, except the curiously high volume mass
obtained with the Co-25Cr-0.25C alloy, the densi-
ties of the studied alloys remained closeto 8-8.5 ¢/
cm?®. Thismay havelimitedinfluence (lessthan +10%
for the highest densitiesby comparison with thelow-
est ones) on the mass of the concerned component
aswell ason thevauesof thecentrifugal stressesto
which they may be submitted. But, in rare critical
contexts, this may become important. Future work
will focus of the understanding of these values, no-
tably for the one of Co-25Cr-0.25C alloy, for ex-
ample by performing X-ray diffraction to better
specify thereal single or double crystalline network
of these as-cast samples which are not necessarily
at thermodynamic equilibrium because the fast so-
lidification and the high solid state cooling rate they
knew. The presence of elements such as Ta and Hf
in solid solution and the consequences on the den-
sity of the matrix also remainsto beinvestigated.
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