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ABSTRACT

As seen before with nickel aloys and cobalt alloys in the two first parts of
this work, it was found again here that high carbides fractions can be also
achieved iniron-based alloysif they contain sufficient quantities of carbon.
With the simple ternary Fe-30Cr based alloys studied here, as predicted by
thermodynamic calculations, awide range of fractions of chromium carbides
was really observed since more than 50% of carbides, in mass or volume
fraction, were observed in the 5wt.%C-containing all oy, which was till free
of any precipitated graphite. If carbideswereonly in theinterdendritic eutectic
formfor the low carbon alloys, additional pro-eutectic carbides are present
in alloys containing more than 3wt.%C. Very high values of hardness can be
then also expected with such carbon-rich iron(+chromium) alloys, asfor the
cobalt-based alloys, by comparison with the nickel-based ones in which
graphite was present for carbon contents higher than 3.5wt.%.
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INTRODUCTION

Carbon-containingiron-based aloysaregenerdly
knownto possibly offer great volumefractionsof hard
phaseswhich allow leading to high hardnessva ues, as
cementite, pearliteor martensite. Such hard phasesor
compounds can be easily obtained by a fast
solidification’*? (eventualy facilitated by the presence
of carbide-former elementsin the alloy’s chemical
composition), by afast cooling from the austenite
domain® (similarly helped by the presence of pearlite-
stabilizer elementsif necessary) and water quenching
fromtheaustenitic domain, respectively. If chromium

isadded to their chemical compositionthe hardness of
bulk® or of hardfacing coating® iron-based alloyscan
reach high levels, for example by the formation of
numerousinterdendritic chromium carbides.
Inthiswork, whichisthethird and final part of a
study the two first parts of which dealt with nickel-
30wt.% chromium— 0 to S5wt.% carbon!” and cobalt-
30wt.% chromium — 0 to 5wt.% carbon® systems,
thirteen binary/ternary iron-based dloys, containing the
same chromium and carbon amounts asthe previous
alloys, were considered. Similarly as what it was
previoudy donefor theNi-30Cr-0to 5C and Co-30Cr-
0 to 5C alloys, the solidification sequences and the
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possible solid transformations during cooling were
studied with preliminary thermodynamic ca culations.
Thereal dloyswerethereafter effectively elaborated
by foundry and their microstructures characterized by
metalography.

EXPERIMENTAL

Initial thermodynamic calculations

The microstructures of the alloys were firstly
anticipated by thermodynamic ca culations, prior toredl
elaborations. This exploration of the theoretic
microstructureswascarried out by usngtheN-version
of the Thermo-Calc software® and a database
containing the descriptions of the Fe-Cr-C systemand
its sub-systemd’®16, The stable state microstructures
weredetermined for dl temperatures between 1500°C
and 0°C, step 100°C, here too taking in mind that only
the onescal culated for temperatures high enough can
bereally encounteredfor red dloys.

Elabor ation and metallographic characterization
of thealloys

Asfor thenicke aloysandfor thecobalt alloys of
thefirst and second partsof thiswork, the carbon con-
tents of thethirteen Fe-30wt.%Cr-xC alloys consid-
ered here are equal to O (aloy named “Fe00”), 0.2
(Fe02), 0.4 (Fe04), 0.8 (Fe08), 1.2 (Fe12),1.6 (Fe
16), 2.0 (Fe 20), 2.5 (Fe 25), 3.0 (Fe 30), 3.5 (Fe
35), 4.0 (Fe40), 4.5 (Fe 45) and 5.0 wt.%C (Fe 50).
They wereelaborated by foundry from pure elements
(ironand chromium: AlfaAesar, purity higher than 99.9
wt.%; carbon: graphite). These elementsweremelted
together under an inert atmosphere of 300mbars of
Argon U to prevent any loss of element because of
oxidation, and a30g-ingot of each aloy was obtai ned.
Fusion and solidification wereachieved inthewater—
cooled copper crucibleof aCELEShigh frequency in-
duction furnace. The obtained ingotswere cut, embed-
dedinacold resin mixtureand polished with SIC paper
from 240to 1200 grit and finished using atextiledisk
enrichedin 1um diamond particles.

A Scanning Electron Microscope (SEM: Philips,
model XL 30) was used for the metall ographic charac-
terization, mainly inthe Back Scattered Electronsmode
(BSE, 20kV). Several micrographs were taken at
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magnification X500 or x1000, to illustrate the obtained
microstructuresaswell asto estimatethe surfacefrac-
tionsof the different phases by image analysi s (soft-
wareAdobe Photoshop CS).

RESULTSAND DISCUSSION

Thermodynamiccalculations

Fgure 1 presentsthecurvesdescribingtheevolution
of themassfractionsof theca culated stablestatesof the
nearly eutectic Fe30 dl oy when temperature decreases
from 1500°C to 1400°C, then 1300°C etc..., as
determined by Thermo-Cdccaculations. Thisalloy was
preferred instead the binary Fe00 (dready fully solid at
1500°C) to show that such graph can be used, at least
qualitatively, to approximately know the microstructure
development of thedloy during solidificationand thesolid
datecooling (for temperaturesnot too low). Inthe present
casesolidification obvioudy occursnear about 1300°C,
with theappearance, a most s multaneoudy, of aFCC
ironmatrix containing apart of chromiumand of Cr,C,
chromium carbides. Thistypeof microstructureremains
until temperature decreases to about 1000°C,
temperature at which avery smal quantity of M_.C,
carbides may appear (before disappearing again about
two hundredsdegrees|ower), just beforethedlotropic
changeof theaustenitic FCC matrix intoaferritic BCC
one. At low temperature (near 300°C), the Cr,C,
carbides may appear if kinetics of diffusion and/or
transformationratescould bedtill sufficient.

solid state cooling
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Figure 1: Sable metallurgical states of the Fe30 alloy as
calculated by Thermo-Calc; qualitativeillustration of the
microgtr uctur edevelopment during solidification and cooling
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The phase transformations during the post-
solidification cooling of the binary Fe0O0 aloy (its
solidification occurred at temperatures higher than
1500°C) and during both solidification and solid state
cooling of thelow carbon hypoeutectic ternary alloys
(Fe02 to Fe08) can be described by the graphs of the
samekind presentedinfigure 2. Thesolidification of all
these alloysbeginsby the crystallization of the BCC
matrix at a high temperature (near 1500°C), which
finishes by the appearance of eutectic M, ,C, carbides
inaddition. Thelatter arelogically more present when
the carbon content of thealoy ishigher. They remain
with these massfractions during the cooling down to
low temperatures (from 3.5% for Fe02 to 14% for
Fe08, inmass) whileapart of matrix, inthesametime,
changestwo times: thefirst oneinto aFeCr phase (near
800°C for Fe02, temperature decreasing to near 600°C
for Fe08) and the second one near 400°C where the
sigmaphasedisappearswhile an amost pure Cr HCP
phase appears.

Thissolidification of matrix followed by eutectic
M,,C, occurs also for the Fel2 and Fel6 dloys, as
displayedin Figure 2, whilethe appearance of asigma
phaseat |ow temperature has becomediscrete (Fel2)
or even does not occur any more (Fel6); however
these two alloys are possibly still affected by the
appearance of the Cr-rich HCP at very low
temperature. CarbidesareawaysM.,.C, (inmass: 21%
for Fel2 and 28% for Fel6). The high temperature
transformation of the BCC matrix into FCC matrix
which partly occurs for Fel6 just after the BCC
solidification, istotally replaced by the solidification of
matrix directly with the FCC form for the Fe25 alloy
whichisthe C-richest dloy of thisstudy todisplay a
hypoeutectic character. For the Fe20 and Fe25 alloys
the low temperature sigma phase and pure Cr HCP
phase never precipitate whiletheamountsof carbides
areaready high (between 30 and 40% in mass). The
M.,.C, typeisprogressively partly replaced by the C-
richer Cr_C, sort during the cooling from amedium
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Figure2: Sablemetallurgical statesof thelow carbon hypo-eutectic Fe02to Fe08 alloysascalculated by Ther mo-Calc;
qualitativeillustration of the microstructuresdevelopment during solidification and cooling
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temperature which increaseswhen the carbon content
inthealloy increases (from about 500°C for Fe20 to
near 900°C for Fe25). One can notice that it is the
Cr.C, type which tends to appear at the end of
solidification in the case of the Fe25 alloy, for which
they seemingly disappear for formingM.,C, carbides
(morethan 40% in mass) before appearing again near

900°C. For the Fe25 alloy, half of the carbides

populationis Cr.C, at medium temperatures, which

100 |
90 ‘
= g0 E————— [y T [1s
2 70 i o o
2 BCC Fe
S 60
E 50 + M23CB
£ 40 .
§ 30 -=-Sigma
% 20 & & & & & & & & & - = HCP Cr

10 4—=—=—p |
0 —n ; : i
0 500 1000 1500 2000
Fe12 temperature (°C)

100 |
90 -
R g0 liquid
g 70
2 P BCC Fe
S 60 T
“é 50 -e-FCC Fe
g 40 — ‘.

@ e + M23C6
g 30 3= : il
F?—j 20 ‘ —+-M7C3
10 e : : |
0 500 1000 1500 2000

Fe20 temperature ("C)

phases mass fractions (%)

= Fyl] Peper

inducesadecreasein total carbidefraction because of
the carbon content greater in Cr,C, thaninM_,C.. The
eutectic solidification may be obviously observed for
about 3wt.%C, as displayed in the graph presented
abovefor theFe30dloy (Figure1). Solidificationand
solid state phase transformations of this alloy were
commented above. One canjust noticethat the carbide
type present over the whol e considered temperature

rangeisCr,C,, withamassfraction near 33.5%.
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Figure3: Sablemetallurgical statesof the high carbon hypo-eutectic Fel2to Fe25 alloysascalculated by Ther mo-Calc;
qualitativeillustration of the microstructuresdevelopment during solidification and cooling

For thehighest carbon contents, solidification starts
withthecrysalization of carbidesingtead matrix. Indeed
the Cr.C, carbides are thefirst solid phase to appear,
followed by the eutectic containing both Cr.C, and the
FCC matrix. During the solid state cooling two main
transformations occur: first the replacement of the
austenitic FCC form by theferritic BCC form over a
short temperaturerange gpproximately centred on about
700°C and decreasing when the carbon content increases,
and thereplacement of apart of the Cr.C, carbides (or
al of them for Fe50) by the richer Cr,C, ones when

temperature hasdecreased to about 500°C. As the lower
C dloys (Fe20 and Fe25) when the M,,C, carbides
were replaced by the Cr.C, ones, this replacement of
the Cr.C, by the Cr,C, ones induces a decrease in
carbides massfraction. However the massfractions of
carbides are very high for this high carbon contents;
notably, for the Fe50 the Cr.C, at high temperatureare
more present thanthematrix itself (57% in massat 600-
700°C) but they are totally transformed into 35% in mass
of Cr,C, under 600°C while a very small quantity of

graphite appearsfor the sametemperature.
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Figure4: Sablemetallurgical statesof the hyper-eutectic Fe35to Fe50 alloysascalculated by Ther mo-Calc; qualitative
illustration of themicrostr uctur esdevelopment during solidification and cooling

As-cast microstructuresof theelabor ated alloys

Figure5, figure6 and figure 7 display the as-cast
microstructuresrespectively of the Fe02to Fel2 dloys
(low carbon contentsand hypo-eutectic compaositions),
of the Fel6 to Fe30 (high carbon contents and hypo-
eutectic compositionsaswell asthe eutectic one) and
of the hyper-eutectic aloys Fe35 to Fe50. With the
presenceof dendrites (better sseninthedloyscontaining
0.4wt.C and more) the Fe02 to Fe25 alloys have
microstructures effectively resulting of ahypo-eutectic
solidification. Theeutectic vaueof carbon content seems
close to 3wt.% since rare dendrites and rare coarse
carbides can be seen here and there in the Fe30
microstructure while the mgjor part of thisalloy is
obviously constituted of arather fine eutectic-type
compound inwhich matrix and finecarbidesaremixed
together. For higher carbon contents, coarse carbides
become more important and numerous, with
consequently apparent greater carbides fractions.
Concerning the population of carbides (appearing darker

than matrix when observations arerealized using the
SEM in BSE mode), it is evident that their surface
fractionincreaseswhentheincreasein carbon.

Thesemetalographic observationsarequditatively
ingrest accordancewith thethermodynamic caculations
earlier presented, concerning thefollowing points:
= theBCC (low carbon) or FCC (high carbon) iron

dendritesarethefirst solid phaseto appear at the

beginning of solidification for thelowest carbon
contentsin the studied range (which changesfor
carbon contents higher than 3wt.%),

= thechangeinfirst phasetocrystalisefrom 2.5wt.%

(matrix) to 3.5wt.% (Cr.C, carbide), with aeutectic

vaue of carbon content near 3wt.%,
= thecarbidefraction logically increaseswith the

carbon content.

There is nevertheless a point of qualitative
disagreement between calcul ationsand real obtained
dloys: thepresenceof graphitewhen the carbon content
isespecidly high. Indeed, appearance of avery small
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Figure5: As-cast microstructuresof thelow carbon hypo-eutectic alloys(Fe02to Fel2)
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Figure6: As-cast microstructuresof thehigh carbon hypo-eutectic alloys(Fel6to Fe30)
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quantity of graphitewaspredicted by cd culations(solid
state transformation in the Fe50 alloy at low
temperature) whileno graphitewasobservedinthered
Fe50alloy.
Theagreamentisgenerdly good betweenthecarbides
mass fractionsissued from cal culations and the ones
deduced from the surfacefractionsof carbidesobserved
inthe centresof theingotsdetermined by imageandysis.
Thelatter were performed, with Photoshop, generaly
for picturestaken at x500 or x1000, and the surface
fractions, assumed to be closeto thevolumefractions,
were converted in massfractions using 6.86 g/cm?for
carbides (average of the densities of all types of
carbides'™: 6.97 (M,,C)), 6.92(M.C), 6.68 (M.C),
8.07 (cementite Co,C) g/cm®, 7.29 g/em? for matrix.
Thiscan beevidenced by thefollowing comparisons
between the as-cast phase fractions of carbides and
the predicted ones:
= Fe02 aloy: 4.08 surf.% of carbides, asisto say
3.85 mass.% (to compare to 1.5 — 3.6 mass.%
ca culated depending on temperature),

» Fe04adloy: 6.14 surf.% of carbides, i.e. 5.80 mass.%
(to compareto 5.0* — 7.1** mass.% calculated),

T
\

pro-eutectic

Fe08dloy: 15.7 surf.% of carbides, i.e. 14.9 mass%
(to compareto 12.3— 14.2 mass.% calculated),
Fel2dloy: 19.8 surf.%of carbides, i.e. 18.8 mass.%
(to compareto 19.5—21.4 mass.% calculated),
Fel6dloy: 25.0 surf.%of carbides, i.e. 23.9 mass %
(to compareto 25.0—28.6 mass.% calculated),
Fe20adloy: 23.4 surf.%of carbides, i.e. 22.3mass.%
(to compareto 28.9—35.9 mass.% calculated),
Fe25dloy: 25.2 surf.%of carbides, i.e. 24.1 mass.%
(to compareto 22.9—43.3 mass.% calculated),
Fe30aloy: 28.8 surf.%of carbides, i.e. 27.5 mass.%
(to compareto 28.3—33.6 mass.% calculated),
Fe354dloy: 30.4 surf.%of carbides, i.e. 29.1 mass. %
(to compareto 33.6 —39.4 mass.% calculated),
Fed0dloy: 37.9 surf.%of carbides, i.e. 36.4 mass. %
(to compareto 39.0—45.2 mass.% calculated),
Fed54dloy: 47.9 surf.%of carbides, i.e. 46.4 mass. %
(to compareto 44.5—51.1 mass.% calculated),
Fe50dloy: 54.8 surf.% of carbides(and no graphite),
i.e. 53.3 mass. % (to compareto 50.3— 57.0 mass.%
and max 0.4 mass.% calcul ated).

(fordl dloys. * just after thesolidification’s end, **
maximal vaueover thetotd temperaturerange)

carbides
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Figure7: As-cast microstructuresof thevery high carbon eutectic and hyper-eutectic alloys (Fe35 to Fe50)
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General commentaries

As for the ternary nickel alloys” and cobalt
alloyd® containing 30wt.%Cr and the same carbon
guantities ashere, awiderange of carbidesfractions
was shown by theseiron alloys. These ones can be
hereto eutectic carbides (hypo-eutectic alloys) and/
or coarse pro-eutectic carbides (hypereutectic alloys)
and their fractions can exceed 50%; the major part
of the concerned alloy (Fe50) isthen carbides and
not more the metallic matrix. The limit in carbon
content separati ng the hypo-eutectic and the hyper-
eutectic alloys seems close to the one already
determined for the cobalt alloys (near 3wt.%), and
then higher than for the nickel alloys (between 1.6
and 2.0wt.%C). Asfor the cobalt alloys previously
studied this hel ped to avoid too high quantities of
coarse primary carbides, and then to prevent the
seriousproblems of severe heterogeneity encountered
in the case of the nickel alloys. The microstructure
homogeneity was here much better than for the nickel
alloys, and even better than for the cobalt alloyssince
no real outer part of special structurewasreally seen
for theiron C-richest alloys.

It can beinteresting to compare the mass carbides
fractionsobtained inthereal alloysfor thethree sys-
tems: iron base, cobalt base and nickel base alloys,
by considering the curves plotting these massfrac-
tions versus the targeted carbon content which are
displayedinfigure 8. Onecan seethat, for thelowest
carbon contents, that the carbides fraction increases
faster for theiron alloy than for the cobalt and nickel
alloys. Sincethiscorrespondsto the solidification of
the BCCiron matrix (Fe02 to Fel6) while, for higher
carbon contents, the Fe-base matrix solidifiesinthe
FCC form (asfor the Co-base and Ni-base matrixes),
these higher carbidesfractionsfor theiron alloys ap-
pear to be possibly attributed to this solidification of
matrix with the BCC form. Indeed, for carbon con-
tentsfor which the matrix solidifiesinthe FCC form,
the carbidesfractionsare quite similar for the three
types of alloy (Fe-, Co- and Ni-based) for a same
carbon content (2.0 to 3.5wt.%), except for the Co20
alloy for which the carbidesfractioniscurioudy very
low for such acarbon content. For higher carbon con-
tents, thecurves becomedifferent again: carbidesfrac-
tions of the nickel aloyssignificantly lower thanfor

—== Pyl Paper

thecobdt dloysandtheiron dloys(3.5t0 5.0wt.%C),
and for the Co50 alloy by comparison for the Fe50
one. Thisisdueto the precipitation of graphiteinthe
Ni35 to Ni50 alloys and maybe also for the Co50
aloy despitegraphitewasnot clearly evidenced. Such
graphite appearance evidently leads to much more
carbon availableto form carbides.
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Figure8: Comparison between thecarbidesmassfractions
really obtained in the studied alloys for the three base
elements: iron, cobalt!® and nickell”

CONCLUSIONS

Inthisthird family of { 30wt.%Cr + carbon} con-
taining aloystoo, very high carbidesfractions can be
obtai ned by adding sufficiently carbon. Itisinthisiron-
based aloysfamily that the maxima volume or mass
fractionswere met, as high asmorethan 50% inthe
Fe-30Cr-5.0C alloy, without detectabl e precipitation
of graphite. Thislet think that very highlevelsof hard-
ness can be expected. Thus, thethree systems stud-
ied aong thethreearticles of this seriescan offer nu-
merous candidates of more or lessexpensive alloys
(depending onthe base element), al of them easily to
elaborate by foundry, for applications needing very
high valuesof hardness.
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