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ABSTRACT

Easiness of machining isof great importance, especially for cast superalloys
for which strength at high temperature is sometimes obtained by carbides
which may induce an increase in hardness. Knowing how hardness varies
versus microstructure is then interesting to predict machinability. Micro-
and macro-Vickersindentati on was performed on nine{ 30 wt.%Cr} -contain-
ing aloys, based on Fe, both Fe and Ni, or Ni, and containing various frac-
tions of chromium carbides and tantalum carbides. For similar carbon and
tantalum contents, the natures and volume fractions of carbides vary with
the nature of the base element. The hardnessisafunction of both the matrix
nature and the carbide volume fraction. Hardness increases when the base
element ischanged from { Fe=Ni} to Fe, thenfrom Feto Ni. It also increases
when the volume fraction of carbides increases, e.g. when the carbon con-
tentishigher (0.4 wt.%instead 0.2), or if tantalumisalso present inthe alloy
(between 2.5 and 6 wt.%). The hardness can belowered after an exposure of
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50 hours at high temperature.

INTRODUCTION

The hardness of carbon-containing Fe-based al-
loysisgenerdly of agreat interest. For themast impor-
tant of them, there are steel and cast iron, the hardness
of which isgoverned by the carbon content (among
other important parameters), sinceit can considerably
vary withthe quantity of carbides (cementiteFe,Cin
most cases) present in pearliteor ledeburitefor example.
Inthisway hardnessmeasurementsallow controlling or
characterizing themicrostructureof conventionaly cast
piecesy, rapidly solidified alloys? or even quenched
aloys®. When chromiumisadditionally presentin Fe-
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based structural aloys“ or in hardfacing coatings Fe-
based alloys®, high val ues of hardness can be obtained,
because of the existence of interdendritic chromium
carbidesin high quantities, for example. The hardness
of nickel-containing Fe-based alloys (e.g. austenitic
steels) and of Ni-based dloys(e.g. superaloysfor ser-
viceat high temperature), isalso oftento betakenin
consideration, notably to predict their easinessof ma
chining. However, it seemsthat there are not numerous
works concerning the hardness of thesetypesof aloy
when used asstructurd materids. Suchstudiesarepre-
dominantly focused on coatings, asNi-WCor Ni-Cr.C,
deposited by different techniques, with aspecid atten-


mailto:patrice.berthod@lcsm.uhp-nancy.fr

MSAIJ, 4(4) July 2008

Patrice Berthod et al.

285

tion to wear resistance!®!.

Inadditiontoiron, chromium or tungsten, other €-
ementscan act ascarbide-formers, with sgnificant con-
sequences on the hardness of the concerned aloys.
Among them thereistantalum, whichisoftenusedin
refractory metdlicaloysdesigned for usesat hightem-
peratures(1,000°C and more). It allows improving their
mechanica resistance, notably against creep deforma:
tion?, Indeed it acts as strengthener element both by
hardening matrix in solid solution and by forming pri-
mary and secondary TaC carbides which are highly
stable up to very high temperatures*¥. Sincetantalum
isastrong carbide-former element, it tendsto favor
high carbidesfractionsin most cases, which can cause
ahighleve of hardness. Thiscan beuseful for resstance
against abrasion and wear, while, onthe contrary, this
can a so cause somedifficultiesfor machining.

Tantalumisprincipaly metin cobat-basedloysor
superaloyd'>%¥, but onecanalsofinditiniron-based,
iron and nickel-based and nickel-based dloysand su-
perdloys. Inthat ones, it caninduce, during solidifica-
tion, the development of an interdendritic network of
TaC carbideswhich can bring them good mechanical
propertiesat hightemperaure, inadditiontoahighleve
of refractorinesswhichismoreover higher for the Fe-
based alloyd¥ than for alloys based on both Fe and
Ni*, In Ni-based aloys, tantalum tendsto be shared
between carbidesand matrix!*¥, thelatter being hard-
ened by thisheavy element present in solid solution.
Sincethe presenceof tantalumin aloysmay modify the
hardnessof aloysbased oniron, onnicke, or onthese
two e ementstogether, theindentation-behavior of car-
bides-strengthened chromium-contai ning{ iron and/or
nickel} -based cast dloys, isstudied herefor twolevels
of both carbon content and tantal um content.

EXPERIMENTAL

Three { Fe-30wt.%Cr} -based alloys called Fet
(low carbon, low tantalum), Fe? (high carbon, low tan-
talum) and Fe* (high carbon, high tantalum), three
{ FexNi, 30wt.%Cr} -based dloys (anad ogoudly cdlled
FeNil, FeNi2and FeNi3), and three{ Ni, 30 wt.%Cr} -
based dloys(Ni1, Ni2 and Ni3) wereinduction melted
and cast under 0.3 bar of argon, from pure elements
(Fe, Ni, Cr, Ta: AlfaAesar, purity >99.9wt.% and C:
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graphite). Three (10mmx10mmx3mm) sampleswere
cut fromthe obtained 100g-ingots, polished upto 1,200
grit paper, and then exposed to 1,000°C, 1,100°C and
1,200°C during 50 hours in air, before cooling down to
room temperature at about 10 K min'., After cutting,
embedding and polishing (up toamirror-like surface
state), mounted sampleswere available for metallo-
graphic examination. They weredirectly characterized
by e ectronicinstruments, sincetwo typesof carbides
were expected:

Scanning eectron microscope (SEM) in back scat-
tering electrons (BSE) modefor thegenera examina-
tion of microstructure, globa chemica analysisby us-
ingitsenergy dispersion spectrometry (EDS) device,
and micrographsfor image analysis; SEM apparatus
type: PhilipsXL30;

Electron probemicro-analysis(EPMA) inwave-
length dispersion spectrometry (WDS) for carbideiden-
tification; microprobetype: CamecaSX 100.

Before hardness measurements, thesesampleswere
etched during 1 minutewith aGroesbeck solution (4g
KMnQO, and 4gNaOH in 100mL of distilled water) in
order toreved theinterdendritic carbides. Vickersmi-
cro-indentation was performed in matrix with aload of
8 g (fivemeasurementswith calculation of theaverage
va ueand thestandard deviation) whileVickersmacro-
indentation wasredized, with aload of 30kg, inthree
locationsinthemiddle of the bulk (also followed by
calculation of the average value and the standard de-
vidion).

In order to better know the microstructure changes
during cooling and then the phases present at room tem-
perature, thermodynamic caculationswererunwiththe
N-version of the Thermo-Cal ¢ softwareand the SSOL
database compl eted with the descriptions of systems
involving Td*.

RESULTSAND DISCUSSION

Obtained chemical compositionsand microstruc-
turesof thealloys

Thechemica compositionsof theobtained aloys
arelistedin TABLE 1. They arethe average values of
EDS measurements performed with the SEM onthree
locationsrandomly choseninthemiddleof thesamples’
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Fe-based alloys

bulk. Thestandard deviationisof thesameleve asthe
precision of theEDSanalysis, i.e. 1wt.%for Ni, Cr
and Ta. The carbon contents were not measured be-
causeof thetoo small atcomicweight of thiselement and
itstoo low targeted content. But Sinceit wasprevioudy
verified that thistype of elaboration of carbon-contain-
ingsmilar dloys(withtheselevelsof C content) usualy
led to carbon contentsequal to thetargeted values (de-
termination doneby spark spectrometry andysis), itwas
supposed herethat it is also the casefor the present
aloys. Thisisqualitatively confirmed by the carbide
fractionswhichwereobtained here. Thus, dl chromium
contentsare closeto 30 wt.%Cr, and the “low” tanta-
lum contents are closeto 2.5 wt.% while the “high”
tantalum contentsare closeto 6 wt.%Ta.
Themicrostructures(figure 1) areall composed of
matrix, of theBCC typefor the Fe-based aloysand of
the FCC type for the {Fe,Ni}-based and Ni-based
alloys, which contains more or less great parts of Cr
and of Tain solid solution. The samplesalso contain
carbides, interdendritic primary ones, and sometimes
(mostly after aging at 1,000°C) dsofine secondary car-
bides dispersed mainly dong theinterdendritic spaces.
Carbidesaretanta um carbidesand chromium carbides.
Thefirst ones are more present in the Fe-based and

Woteriolsy Scicnce  mmm—

FeNil
(Fe ,Ni)-based alloys
Figurel: Microstructures, after aging at 1,100°C for 50 hours, of all the (Ta,Cr)-containing Fe, (Fe,Ni) and Ni-based
alloys(SEM micrographstaken in BSE mode)

Nil
Ni-based alloys

TABLE 1: Chemical composition of thealloysanalyzed by
electron disper sion spectrometry (in wt.%)

Alloys Fe Ni Cr Ta C
Fe3 Bal. 29.2 6.2 =04
Fe2 Bal. 29.7 24 =04
Fel Bal. 29.8 21 =0.2

FeNi3 Bal.(31.2) 325 295 6.4 =04

FeNi2 Ba.(32.8) 34.0 30.0 28 =04

FeNil1 Bal.(33.1) 342 29.6 29 =0.2
Ni3 Bal. 30.6 54 =04
Ni2 Bal. 31.9 2.7 =04
Nil Bal. 30.9 20 =0.2

(Fe,Ni)-based dloys, especially for the highest values
of the {wt.%Ta/wt.%C} ratio (i.e. Fel, Fe3, FeNil
and FeNi3), and sometimes the sole type of carbide
present. In compensation, the chromium carbidesare
predominantly present in the Ni-based alloys, and the
sole carbides present in some cases. When it was pos-
sibleto perform EPMA on carbides (when these ones
had asufficient size), EPM A measurements confirmed
that tantalum carbides are TaC, while chromium car-
bidesareessentially M,,.C, inthe Fe-based and { Fe,
Ni}-based aloys. In the Ni-based alloys chromium
carbidesareM_C_ for 1,200°C (i.e. after cooling from
1,200°C), M,,.C, for 1,000°C and a mix of the two
typesfor 1,100°C.

Following the temperature of the aging trestment,
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Figure2: Surfacefractionsof tantalum car bides(“TaC”),
of chromium car bides(“CrC”) and sum of the two (“Tot”)
(imageanalysis, aver ageof 3values + standard deviation)
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Figure3: Micro-hardness(load 8 g) of theninealloysfor

thethreeaging temper atur es(aver agevalueand standar d
deviation from 5 measurements)

themorphol ogiesof carbides can bedifferent. Indeed,
aready at 1,100°C, but particularly at 1,200°C, chro-
mium carbides obviously became coarser or blockier,
whiletantalum carbidesbecamefractioned. Theacicu-
lar or eongated shape of primary carbidesisthen more
or lesslost while secondary carbideshavedisagppeared,
for thesetemperatures.

Deter mination of thecar bidefractionsin thealloys
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Figure4: Macro-hardness(load 30kg) of theninealloys

for thethreeagingtemper atur es(aver agevalueand stan-
dar d deviation from 3 measur ements)

Generadly severa typesof carbidesarepresentin
thestudied samples, and etching leads, for the different
carbides, to colored results which are not different
enough to alow good conditionsfor quantification by
imageanaysis. Then, it was preferred to andyze SEM
micrographstakenin BSE mode, sincethey led to suf-
ficiently good differences of gray level between tanta-
lum carbides (white), chromium carbides (dark) and
matrix (gray but clearer than chromium carbides). The
resultsaregraphically presented infigure 2 for thenine
aloysandthethree aging temperatures, for chromium
carbides, tantalum carbides and for thetwo carbides
together.

Thefractionsof TaC and of chromium carbidesare
not the same after aging at two different temperatures,
and generdly thetotal carbidefraction, whichwill be
later on consideration for the anayze of the hardness
results, tendsto decrease when the aging temperature
increases. Thecarbidefractionsarelogicaly thehigh-
est for thehighest carbon contents, and they a so tend
to dightly increasewhen thetantalum content becomes
higher. For similar C and Tacontents, thetota carbide
fractionsare higher for the Fe-based alloys (in which
they aremainly TaC) and for theNi-based dloys(which
mainly contain Cr-carbides), thanfor the{ Fe,Ni} -based
dloys(mainly TaC).

Har dnessmeasur ements

Micro-indentation with aload of 8 gwasfirst per-
formedinthematrixesof dl samples(five measuresper
sample). Theresults, graphicaly presented infigure 3,
show asignificant genera dependence of theaverage
hardnessonthetypeof matrix. Moreprecisdy, thehard-
nessof theaustenitic{ Fe, Ni} matrix isobvioudy lower
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than the hardnessof theferritic Fematrix, and also than
the one of theaustenitic Ni matrix, whilethe Ni matrix
isdlightly harder than the Fe one. However, agreat
dispersion of theresults obtained in the same sample
exigts, as shown by theranges of uncertainty. Itisthe
reason why no rel ationship between matrix chemical
composition and micro-hardnesswas studied.

Fortunately theresultsof Vickers macro-indenta-
tionwith aload of 30 kgwerenot so dispersed (figure
4) and they showed moreclearly therole of themicro-
structureof thewholealloy (thismicrostructure result-
ing from bothitsgloba chemical composition and the
temperatureat which it wasaged). Thesamehierarchy
as seen abovefor themicro-hardnessvaues obvioudy
existstoo for macro-hardness. Indeed, the{ Fe, Ni} -
based dloysarelesshard than the Fe-based ones, while
the highest hardnessvalues aregenerally reached with
the Ni-based aloys (especialy for alloys with 0.4
wt.%6C). It can be better seen that anincreasein car-
bon content and a so in tantalum enhancesthehardness
of thealloy while, onthe contrary, anincreaseintem-
perature of the aging treetment inducesasoftening, es-
pecialy for 1,200°C.

General commentaries

Depending onthe base e ement (whichimposesthe
crystallographi c nature of matrix), the carbon and tan-
talum contents (which act on both the nature and the
density of carbides) and thetemperature of theaging
trestment (whichinfluencesmainly themorphol ogiesof
carbides), theVickersmacro-hardnesscan vary over a
rangeof  most onehundred hardnesspoints. Thehard-
nessof the Fe-based alloysareadll higher thanthe one
of abinary Fe-30 wt.%Cr aloy elaborated by the same

way (about 175 vaokg), whilethe ones of theNi-based

aloysareall higher than the hardness of abinary Ni-30

wt.%Cr alloy (bout 120 Hv,, ). Then, withtheir high

Vickershardness va ues, which belong to the] 1,330;

1,650] range*®, the presence of carbidesis respon-

sibleof theincreased hardness of thesedlloys.

In other studiesit wasfound that ternary { Fe-30
wt.%Cr} -based alloys display, after a50h-exposure
to 1,000°C, 1,100°C and 1,200°C, average values
comprised between 155 and 180 HV 3 for 0.2 wt.%,
and between 190 and 205 HVY 35 for 0.4 wt.%. Then,
the hardness of, on the one hand the Fel alloy (200 to
204 vaokg) and of the other hand Fe* (210 to 230
Hv30kg), areincreased by the presence of TaC carbides
instead Cr,,C,, although thetwo carbidesdisplay al-
most the sameVickershardness. Thisisduetothevol-
umefractionsof carbidesthat aresignificantly higherin
theFet and Fe?alloys:

- Fromabout 11 vol.% for 1,000°C downto 3vol.%
for 1,200°Cin Fel, against amost 0 vol.%in aFe-
30Cr-0.2C dloy,

- Betweenabout 9 and 11 vol % intheFe* dloy, against
3-5vol.%inaFe-30Cr-0.4C dloy.

- Inthesameway ternary { Ni-30 wt.%Cr} -based al -
loysdisplay, after a50h-exposureto 1,000°C, 1,200°C
and 1,200°C, an average hardness belonging to the
[150; 200 vaokg] range for 0.2wt.%, and to [ 180;
225 vaokg] for 0.4wt.%. The hardness of, on the
onehand Nilalloy (170to 210 Hv30kg), and of the
other hand Ni3 (210to 260 Hv30kg), arehigher than
for theternary aloyswith the same carbon contents.
Heretoo thisisdueto the volumefractions of car-
bidesthat aresignificantly higher intheNi1and Ni3
aloys: - between 2.5 and 3.8 vol.%intheNilaloy,
against almost 1-2 vol .% for aNi-30Cr-0.2C aloy,

- Between about 6.5 and 10 vol.% in the Ni3 aloy,
against 3-6 vol.%for aNi-30Cr-0.4C alloy.

Thehardnessof al thedloysof thepresent study is
plotted versusthetotal carbidefractioninfigure5, for
thethree aging temperaturestogether.

The points corresponding to the highest hardness
for each all oy, which often correspond to an aging done
at 1,000°C only, can be considered as varying linearly
withthevolumecarbidefraction (morefor the Fe-based
and the Ni-based aloys than for the { Fe,Ni} -based
aloys). Thedopesof thesestraight lines, i.e. therates
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of increasein hardnessversusthe carbidefraction, are
about 6 Hv,,, voI % for the Fe-based and { Fe,Ni} -
based dloys and maybealittle higher for the Ni-based
aloys: 6.7 HV 35 vol.%. Almost all the other spots,
which correspond to the aging at thetwo highest tem-
peratures, areunder thesestraight lines; thisreveal sthe
softening effect of the coarsening and fragmentation
phenomena. Theseones probably act by adecreasein
thedegree of continuity of theinterdendritic carbides,
then areduction of the resistance of these carbides
againgt stressesdueto indentation (then amatrix more
exposed to these solicitations).

CONCLUSIONS

Thepresence of carbidesin cast alloysand super-
aloysalow themtoresist mechanica stressesat high
temperatureandit dsoinducesanincreaseinther hard-
nessat room temperature, which can complicatetheir
machining. Evenforiron, iron-nickel and nickd dloys,
which are less hard than cobalt-based alloys for ex-
ample*¥, carbidescan |lead to hardnesswhich can ap-
proach 250 HV, Fortunately, these ones can loose
severa tensof Vickersunitsby applying asufficiently
long treatment at atemperature high enough.

In addition, to predict the average level of hard-
ness, it ismore the obtained volume fraction of car-
bides than the carbon content that must be takenin
consideration, because of the difference of carbide-
forming power of elements, here Cr and Ta, and the
ability of amatrix to favor or not high fractionsof car-
bides, notably during solidification.
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