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Abstract.

Vickers macro—indentation was performed on sevest and aged {Fe, 30wt.%Cr}-based
alloys with carbon contents varying from 0 to 2.0%: The measured hardness was studied
versus the carbon content and the aging temperéQf®, 1100 and 1200°C). The hardness
increases with the carbon content, firstly slowiyt imuch faster when the carbides fraction
reaches 30 vol.%. A hardness of 600 Hv or more tben be achieved. For low carbon
contents, the hardness increases slower than aflawnxture of the volume fractions and of
the hardness of carbides and matrix. This is dubdagreat difference of hardness between
the two phases responsible, which leads to thermbefiton of the matrix only. Beyond the
critical value of 30 vol.% of carbides, i.e. whdretcarbon content approaches 2 wt.%C,
hardness drastically increases since the maininolesistance against indentation is then
played by the hard carbides skeleton which hasrheamntinuous enough.

Keywords:. Iron alloy, Chromium carbides, Aging treatment, kdcs indentation, Macro and

microhardness

Introduction



The hardness of carbon-containing iron-based alisygenerally of a great interest. It can
considerably vary since very hard phases or comyeras pearlite, cementite or martensite
can be present in the microstructures of Fe-C slldjhese phases or compounds are
favoured by a fast cooling after solidification (fsom the austenitic domain) or by the
presence of carbide-stabilizer or carbide-formemants in the chemical composition.
Hardness measurement is usually used as a conéanh wf microstructure of cast irgrbut
hardness can be also taken in consideration far ¢yipes of synthesis, e.g. rapidly solidified
or even quenched Fe-based alfoy&hen chromium is additionally present the hardnefs
bulk Fe-based alloysor of hardfacing deposits alloysan be significantly enhanced, for
example by the formation of interdendritic chromiaarbides in high quantities.

In this work, which follows two previous studiesncerning the nickel-chromium-
carborf and cobalt-chromium-carbbsystems, several carbon-containing Fe-based akdlys
containing a high content of chromium (favouralneatgood resistance against corrosion but
also which is an important carbide-former elemewgre considered. They were elaborated
by foundry and their Vickers hardness was measanedstudied as a function of the carbon
or carbide quantity, with also an attention giverthte possible influence of the temperature at
which the microstructure was stabilized during agjing@ treatment after casting. The
knowledge of their room temperature hardness ismatly interesting to predict their wear
resistance and the machining difficulty of suchoysl that can be, for some of them,
candidates as rigid structural materials, or alloygh reduced thermal expansion

coefficient$,

Experimental

Elaboration of the alloys and preparation of the sa  mples

Seven alloys, all containing 30wt.% of chromium,revelaborated by foundry from pure
elements (iron and chromium Alfa Aesar, purity l@ghhan 99.9wt.% and graphite). Their
names were defined from the targeted carbon cantéeD0 (Fe-30Cr without C), Fe02 (Fe-
30Cr-0.2C), Fe04 (Fe-30Cr-0.4C), and so on: FeB82FFel6 and Fe20 (with 2.0 wt.%C).
Each charge (all of about 100g) was melted usi@EBES high frequency induction
furnace under an inert atmosphere (Argon U, 0.3.bawnsion and solidification were
achieved in the same water—cooled copper cruciblthe furnace. For each alloy, three

parallelepiped parts (typically 10 mm10 mmx 3 mm) were cut using a Buehler Isomet-



5000 precision saw. Polishing was done using paper 240 to 1200 grit. The three parts
were then exposed at 1000°C, 1100°C or 1200°Ctuhb@ar furnace for 50 hours in air, with
finally a cooling at 10 K mifi down to room temperature. Thereafter each partouasnd

embedded in a resin + hardener mixture (Escil CY2830v956). The mounted samples were

then polished with paper from 240 to 1200 grit einghed with 1um alumina paste.

Metallographic observations

Each sample was etched using a Groesbeck solyiepgred with 4 g of KMn©and 4 g of
NaOH in 100mL of distilled water). Etching was doat room temperature during one
minute. An Olympus optical microscope (model AH2asvused for the metallographic
observation on etched samples, while micrographee i@ken using an Olympus digital
Camera (model DP11). Carbides were identified bgirticolour after etching, with
confirmation by pinpoint Electron Probe Micro Ansily (EPMA) measurements using a
Cameca SX100 microprobe.

Metallographic observations were completed by agcaphs taken with a Scanning
Electrons Microscope (SEM) used in Back ScatteBElegtrons (BSE) in order to get numeric
micrographs more suitable for image analysis thdaoks better contrast between matrix and
carbides. Image analysis was performed on three/BEN micrographs for each alloy and
each exposure temperature, by using the Adobe BfappoCS software.

In order to better know what microstructures edstluring the exposures at high
temperature during the aging treatment, the The@alo-software (Version N) was used for
performing thermodynamic calculations, by explgten database in which the descriptions of
the Fe-C, Fe-Cr, C-Cr and Fe-Cr-C systéfisre present.

Hardness measurements

The hardness of all alloys after each aging treatm&as measured, with two levels of load.
Three 30kg-Vickers indentations were performed achemounted sample, using a Testwell
Wolpert apparatus. Five 8g-Vickers micro-hardnesdemtations were performed in the
matrix of each sample, using a Reichert model Of#aeatus. In each case the average value

and the standard deviation (uncertainty) were ¢aied.



Results

Description and quantification of the microstructur es

At room temperature, after cooling from the higmperature of aging treatments, the alloys
are essentially composed of a dendritic matrix ahdarbides, primary (interdendritic) and

secondary in some cases (medium and high carbaysalnainly for 1000°C). Thermo-Calc

calculations show that carbides wergs;®% at high temperature while matrix is BCC for the
five low carbon alloys (from Fe0O to Fel2), BCC+F@Qether for Fel6 and only FCC for

Fe20. Thermo-Calc indicates that FCC would disappea lower temperatures (e.g. the

matrix of Fe20 is BCC for 800°C, according to tlhermodynamic equilibrium) and then

tends to disappear during cooling, while the;84 stays until room temperature. Calculations
also predict a possible appearance of the FeCraspirase.

After Groesbeck etching, the MCs carbides appear with a blue colour, with a more
pale/white coloration (generally after exposurel200°C, or on the contrary a little darker
(after exposure at 1000°C), this depending on #rban content and on the aging treatment.
More precisely, when the temperature of the agiegtinent was high enough to favour a
coarsening of the carbides, the obtained blockbidas were blue and clear. It is in these
cases that the carbides size allowed EPMA analyih clearly showed the MCs
stoichiometry. On the contrary, after aging treattreg 1000°C the carbides are too elongated
to clearly display the blue colour and then thegesgy darker, even for Fe20. In addition they
are also more difficult to analyze by EPMA. Thesdcrostructures are illustrated by
examples given in Fig. 1 for three carbon conteotgering the studied range [0 to 2wt.%]
and for the two extreme temperatures of aging.

Because of the varying clearness of the carbidies atching, it was preferred to
measure the surface fractions on SEM micrograpBSia mode, on which all carbides (gray)
are clearly distinguished from matrix (white). Tiesults for all the alloys and for the three
aging temperatures are plotted in Fig. 2 as a fomaif the carbon content. The increase in
carbide surface fraction with the carbon contervislent for the three aging treatments, and
it can be underlined that very high carbides fratdican be achieved (30 vol.% or more) with
only 2wt.% C. It can be noted that, for all alloyise fraction of carbides slightly decreases
when the temperature of aging treatment increa3es. can also notice that the Fe02 alloy
also contains a small fraction of carbides but #swioo difficult to measure them with a

sufficient precision.



Vickers micro— and macro—indentation

Micro—indentation measurements, with a load of \Bgre performed in the matrix of each

sample. It appears that the micro—hardness of @te>aclearly depends neither on the alloy,

nor on the aging temperature. The variations maieigain in the 150-180 range, without

systematic relationship with the carbon conterdliay and the aging temperature. However,
some values measured in the small domains of msixetimes reached high values (about
500 Hv8g in Fel6 and Fe20) but this was probably uthe neighbourhood of the dense
carbides skeleton.

On the contrary, the macro-hardness of alloysaftwad of 30kg clearly depends on
the carbon content in the alloy, as it can be sedfig. 3. From the binary Fe0O0 alloy up to
the Fel6 alloy, the hardness continuously increasts the carbon content. Thereafter it
suddenly increases to reach more than 600 Hv30kly the Fe20 alloy. The slow, and
seemingly almost linear (Fe@8 Fel2/Fel6) increase in hardness, followed by ekqiiel6
— Fe20) jump, can also be observed when the plbbne versus the surface carbide fraction
measured by image analysis (Fig. 4). The hardriessdapends a little on the aging treatment
since the hardness slightly decreases when the agmperature increases, for some of the
alloys.

Since the hardness increases almost linearly théhsurface fraction (supposed to be
also the volume fraction) of carbides before reagHi.6 wt.% C, it can be thought that the
hardness of the alloy may be a linear combinatibthe volume fractions of matrix and
carbides, each multiplied by its specific hardneBsus, for each temperature of aging
treatment, Fig. 5 displays together, firstly theveuof variation of the average hardness of the
alloy versus the carbon content (“meas.”), and éigo a theoretic curve (“theo.”)

representing, versus the carbon content too, fle@ximg quantity:

Hv (all) = (1 - fvol(carb)) x Hv(mat) + fvol(carb) Hv (carb)

where:

* Hv (all) is the average Vickers hardness Hv30kghe whole alloy,

* fvol(carb) is the average value of measuredagffraction of carbides

* Hv(carb) = 1650, hardness of the,g3 carbide®

* Hv(mat) is the average value of the Hv30kg hasinobtained on the binary alloy
Fe00 (Fe-30wt.%Cr, 174 Hv30kg).



The slope of the theoretic curve is significantighter than the one of the experimental curve
between Fe00 and Fel6, and, for the first halhefdarbon content range, the fit is good only
for the alloy with the lowest carbon contents. Reedium carbon contents, the mismatch is

very high, and it decreases for a new good corredgrace for Fe20 only.

Discussion

The microstructures of these Fe-30Cr-xC alloys stbthat the [0 ; 2 wt.%] range of carbon
content obviously led to an especially wide randevalume fractions of carbides. This
consequently led here to the possibility of obtagnihigh values of hardness at room
temperature. When a {Fe—30%wt.Cr}—based alloy bexsomore and more rich in carbon, its
hardness increases from its initial low value (a0 Hv), with an average slope which is,
between Owt.%C and 1.6wt.%C (1.2wt.%C for 1,200%E)about 107 Hv30kg %wt Efor

an aging done at 1000°C, 60 Hv30kg %Wwt.or 1100°C and 38 Hv30kg %wtCfor
1200°C. These rates are significantly lower thandhes which can be calculated by the law
of mixture (respectively 320, 308 and 271 Hv30kgvt96™ for the same carbon ranges). The
ratios (theo. / meas.) between the toox@dor 1000°Cx5 for 1100°C anc7 for 1200°C.

This mismatch, which can also be encountered ddsides—containing nickel alloys
is probably due to the great difference of hardrestsveen the matrix and the chromium
carbides, which involves a plastic deformation lod tnatrix only. However, there is a little
participation of the carbides to the hardness, iteegipeir low volume fraction for these low-
carbon alloys, since one can note a slow but exgjsticrease in hardness when the carbon
content increases. This is more significant foraging treatment performed at 1000°C than
for an aging done at 1200°C, because of the matiific of the carbides network occurring at
1200°C. Indeed this led to blockier and less imBnected carbides which then less
participate to the resistance against plastic dedtion, and let matrix exposed to the whole
plastic deformation.

In the case of the Fe20 alloy, the volume fractidrcarbides is high enough (more
than 30 vol.%), and then interconnected enoughltovahe carbide network taking a real
part in the resistance against the penetratiorh@findentor, with consequently the strong
increase in alloy hardness occurring with Fe20sMalue of 30 vol.% appears characterizing
the continuity of the carbides network, not onlypabsimple geometric interconnection but

also in the point of view of efficiency of the resince against indentation. This value of



carbide fraction can be considered as critical esificmarks a transition from a plastic

deformation concerning essentially the matrix, nother type of deformation, plastic again
(but less severe) for matrix and simultaneouslstela(with partly ruptures) for carbides.

From this critical carbide fraction, the hardnesssignificantly increased. For 2wt.%C

hardness seems join again the hardness given bgvthaf mixture but this is probably a pure

coincidence: one can think that, for a carbon auniecreasing beyond 2wt.%C, the real
hardness should go on increasing faster than theofamixture since the carbide network

should be then the new principal acting phase,omtrast to the case of the lowest carbon
contents for which it was the matrix which was pijprally concerned by deformation. This

must be verified later by a new study concernirfgyal with carbon contents higher than
2wt.%.

It can be also interesting to graphically compidwe alloys of this study with nickel-
based and cobalt-basédsimilar alloys with the same chromium and carbontents, for
example by plotting hardness versus either theotadontent, or carbides fraction, for the
three families together (Fig. 6). One can find agdiat the hardness of the cobalt alloys
(which well follows its law of mixtur® is always higher than the hardness of the nickel
alloys for the same carbon contents or carbidestifra thanks to the higher intrinsic
hardness of the cobalt matrix. The iron alloys,pitestheir carbide fraction which increases
more rapidly with carbon than in the nickel allaysd the cobalt alloys, globally follows the
same increase in hardness as the nickel alloyspiyt until the famous sudden jump in
hardness near 2wt.%C which allows the iron allsgsoning harder than the cobalt ones.

To finish, some comments can be done also abeypdksible use of such iron alloys
for applications at high temperature (i.e. 10009@ anore). First, on the one hand, with
30wt.%Cr these alloys are able to resist hot caymsand on the other hand, one can
remember that it was previously observed that {Be#3%Cr}-based alloy€ are nearly as
refractory as the corresponding Ni-based alfbyand Co-based alloy with solidus
temperatures at least of about 1300°C even for hagbon contents. Second, it has been
observed here that the chromium carbides obtaimedhe Fe-30wt.%Cr base can be
significantly more numerous and/or coarse thaménsimilar Ni-based or Co-based alloys for
the same contents in carbon. This leads to sudaeelume fractions that are very high, for
example almost 10 vol.% more for Fe20 than for é80Lr-2.0C and a Co-30Cr-2.0C alloy
after the same aging treatment, with probably ahaerced mechanical strength at high
temperature which comes completing the set of ptigse required for uses at high

temperature.



Conclusion

The hardness of corrosion—resistant {Fe-30Cr}-badleys can be enhanced by the presence
and the increasing density of chromium carbidesth(winversely a more difficult
machinability). These Fe-based alloys can reachenigolume fractions of carbides than
other types of alloys for the same carbon contbas€d on Ni or Co). The increase in
hardness with carbon is neither totally linear, nonform to a law of mixture, because of
both the great difference of intrinsic hardnessvieen matrix and carbides (i.e. as already met
with nickel alloy$), and an inversion of the roles of the two phaglksn the carbon content
is become high enough. Near 2wt.%C, i.e. 30vol.%arbides, the carbides are seemingly
sufficiently interconnected to allow the rigid sé&in that they compose, taking the main part
of the resistance against indentation. Hardness pnalgably go on increasing for carbon
contents higher again, this permitting to thinkttthas ternary system is able to offer alloys
which are simultaneously corrosion-resistant, \eayd and even refractory, despite they can
be easily synthesized (by foundry).
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Fig. 1 Microstructures of selected Fe-base carbon-cantaalloys after aging at 1,000°C

and 1,200 °C for 50 hours (after 1 minute of etghmGroesbeck solution)
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