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ABSTRACT

KEYWORDS

After having tested the metallurgical effect of the addition of hafniumin
nickel-based and cobalt-based alloysin presence of carbon in the two first
parts of this work, the same procedure was followed in this third and final
part to complete the study by considering the case of iron-based alloys.
Three Hf-added iron alloys, with the same contentsin Cr, C and Hf asthe
previous Ni-based and Co-based alloys, were elaborated and
metallographically characterized. Here too hafnium carbidestended forming
instead chromium carbides, with mainly a script-like shape for the eutectic
carbides and also some blocky carbides unfortunately tending to migrate
outwards during solidification under the electromagnetic stirring. The
hardening due to the presence of hafnium carbides previoudly seen for the
nickel-based and cobalt-based alloys was not found for iron aloys by
comparison with ternary alloys especially elaborated containing only
chromium carbides, probably because of the loss of carbides in the ingot
coredueto thelater phenomenon. Hafnium appeared thus asamore constant
{MC carbide}-former element than tantalum, with maybe a better high
temperature stability as earlier observed in cobalt-based alloys but which
remainsto be verified for the two other nickel and iron bases.
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INTRODUCTION

After thenickel-based dloys and the cobal t-based
ones, alloys based oniron (eventually together with
nickd) andrichin chromiumareathirdimportant fam-
ily of metallic materialsableto resist both mechanical
stressesa high temperaturé® and hot corrosion’?. Such
alloyscan besuccessfully reinforced by M C carbides,
as TaC tantalum carbides®*4. Hf C carbides, which ap-
pear asespecidly stableat hightemperature (asearlier

seen in cobalt-based alloys®), have recently proved
that they also can form in nickel-based’® and cobalt-
based s mpleternary alloys”. However, despiteitses-
pecidly strong carbide-forming behaviour, hafnium car-
bideiscuriousy much lessfrequently considered than
tantalum carbidesfor exampleto reinforcerefractory
alloys, notably iron-based alloysfor which only rare
scientific articlescan befound. Indeed, iron-based d-
loys about which haf nium carbides can be cited — the
most often among numerous other carbides (and even
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nitrides...) —are evocated essentially in the large com-
positionsof dloysprotected by patents: concerning bulk
alloys® or coatings*?*¥, for example.

Inthisthird and final part of thisstudy dedlingwith
hafnium carbidesin themorecommon metallic bases of
alloysused for hightemperature applicationsonewill
examinethemetallurgical response of chromium-rich
carbon-containing iron-based dloysto theintroduction
of significant amounts of hafnium. Asfor the nickel-
based and cobalt-based alloys previously under con-
Sderationinthetwo first partsof thiswork, three{ Fe-
25wWt%Cr} -based dloyswered aborated by equiaxed
foundry under inert atmosphere, for three (wt.%C ;
wit.%Hf) combinations, smilar to theonesa ready con-
sidered inthetwo first parts. Metall ographic charac-
terization and hardnessmeasurementswill beredlized,
with comparison withthealoysof thetwo first HfC-
containingdloysfamilies.

EXPERIMENTAL DETAILS

Thethree Fe-25wt.%Cr aloys containing carbon
and hafniumfor achieving theformation of hafnium car-
bidesinthemicrostructureswere el aborated by target-
ing the following compositions. Fe-25Cr-0.25C-
3.72Hf, Fe-25Cr-0.50C-3.72Hf and Fe-25Cr-0.50C-
5.58Hf. Heretoo, four other alloyswere additionally
elaborated: abinary one (Fe-25Cr) and threeternary
ones (Fe-25Cr-0.25C, Fe-25Cr-0.5C and Fe-25Cr-
1.0C). Thiswas done again for obtaining alloys con-
taining chromium carbidesfor the same Fe-25Cr base
witharather largevolumefractionrangeto dlow com-
parisons of microstructure and hardness between the
two typesof carbides.

All these seven alloyswere synthesized from pure
elements (at least 99.9wt.% of purity) to obtainingots
of about 40g. Elaborations were achieved using here
too the CELES High Frequency induction furnace, in
whichfusion, melting and solidification all occurredin
the same water-cooled copper crucible under pure
Argon (300 millibars).

Eachingot wascut using ametallographic saw. The
obtai ned pieces (volume of about 0.5 cm?) were em-
bedded inacold resin mixture, then grinded / polished
with SiC papers(grit from 120to 1200). After having
been ultrasonically cleaned, the mounted sampleswere
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finely polished using atextiledisk enriched with 1um
duminaparticles.

Themicrostructure examinationswere doneusing
a Scanning Electron Microscope (SEM, JEOL JSM-
6010LA) mainly in Back Scattered Electrons mode
(BSE) whilethegenerd composition of thedloys(ex-
cept carbon) was controlled with the same SEM by
Energy Dispersion Spectrometry. Matrix and carbides
were subjected to pinpoint measurementswiththe same
apparatus.

Indentations were performed with a Testwell
Wolpert apparatusin order to specify theVickershard-
ness of theseven alloys (load: 30kg). Threeva uesof
hardnesswereobta ned per dloy, dlowingthecacula
tion of theaverageva ueand of the standard deviation.

RESULTSAND DISCUSSION

SEM examination of theobtained microstructures

Themicrostructuresof thebinary alloy and of the
threeternary onesareillustrated in Figure 1. If thefirst
aloy (Fe-25Cr) isfreeof carbideswhilethethreeother
aloyscontain carbideswith asurfacefractionlogically
increasing when thetargeted carbon content increases,
onecan a so seethat the matrix may be double-phased.
This is particularly evident in the 0.25wt.%C and
0.50wt.%C-containing alloysinwhich thereareareas
alittle brighter than the rest of the matrix. Additional
ED S pinpoint measurementsshowed that the chromiuny
iron bal ancetendsto bedifferent between thetwo types
of matrix. Thisisprobably dueto the co-existence of
the high temperature austenitic FCC form and of the
low temperatureferritic BCC form. Further X-Ray Dif-
fractioninvestigationswill be of agood help to better
characterizethese microstructures.

For thethreedloys containing carbon, the carbides
having gppeared during solidification areobvioudy chro-
mium carbides. They seem forming aeutectic compound
with the matrix, athough the two phases may beless
mixed (or much finer) thaninthe corresponding nickel-
based and cobalt-based aloys of thetwofirst parts of
thiswork. Thesecarbidesaredl interdendritic.

Themicrostructures of thethree hafnium-contain-
ing iron-based alloys are presented in Figure 2. The
Back Scattered Electronsmodeadlowed evidencing the
HfC carbidesin these SEM micrographs (white par-
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ticlesindl dloys) aswel asthechromium carbidesin
the two aloys in which there are present: the two
0.50wt.%C-containing dloys. Inthethreealloys, asin
the Hf-containing cobalt alloys studied in the second

I re-25cr

x1,000 A0pm

Fe-25Cr-0.50C

BEC 20KV WD10mm $570
Fe-25Cr-0,50C

x1,000  10um

. 2
BEC 20kV WD10mmSS70
Fe-25Cr-0,50C-3,72Hf

x1,000 10pum  —
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part of thiswork, thehafnium carbidesobvioudy formed
with two shapes: ablocky one (maybethefirst solid to
appear beforethe dendritic matrix) and aeutectic one
(script-like).

Fe-25Cr-0.25C

x1,000  10pm

| Fe-25Cr-1.00C

BEC 20kV WD10mm 5370
Fa-25Cr-1,00C

. Rt J
BEC 20kV WD10mmSS70 X1,000  10pm —

Fe-25Cr-0,50C-5,58Hf

Figure2: Microstructuresof thethreeFe-Cr-C-Hf alloys(SEM, Back Scatter ed Electronsmode)

SEM/EDS measur ements of theglobal and local
chemical compositionsof thealloys

Thegenera and matrix chemical compositions of
thealoysmeasured by EDSaredisplayedin TABLE 1
for theFe-Cr (-C) aloysandin TABLE 2 for the Fe-
Cr-C-Hf dloys.

Thetargeted contentsin chromiumwererather re-
gpectedinthebinary and ternary aloys, evenif themea-
sured Cr contents are dightly higher than the targeted
25wt.%Cr. The chromium content in the matrix logi-
cally decreaseswhen the carbon content in the alloy

increases, sinceagreater part of chromiumisthenin-
volved intheformation of thecarbides.

In the Hf-containing aloystoo thechromium con-
tent wasrather well respected. Thisisasotruefor the
hafnium contentsonthetwo low-Hf dloysaswell asin
the high-Hf one. Thechromium content inthematrix of
the{ chromium carbides} —free 0.25wt.%C-containing
alloy israther high by comparison with theone of the
two other aloyswhich present chromium carbidesin
addition to the hafnium carbides. Concerning hafnium,
accordingly withwhat was observed in the matrixes of
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TABLE 1: General and matrix chemical compositionsof the
Fe-25Cr(-C) alloys

TABLE 2: General and matrix chemical compositionsof the
Fe-25Cr-C-Hf alloys

Alloy Chromium Carbon*
Fe-25Cr 26.04 o*
Fe-25Cr-0.25C 26.16 0.25*
Fe-25Cr-0.50C 26.24 0.50*
Fe-25Cr-1.00C 26.28 1.00*

Matrix of the alloy Chromium
Fe-25Cr (26.04)
Fe-25Cr-0.25C 25.47 +0.45
Fe-25Cr-0.50C 24.52 +0.95
Fe-25Cr-1.00C 22.61 +0.68

(EDS, wt.%, normalized at 100%; *: not measured and sup-
posed to be respected)

the Hf-containing ni ckel-based dloys and cobat-based
aloys, thiselement seemsheretoototaly absentinthe
matrixesof theseiron-based dloys.

By examining theouter part of theingots (Figure 3)
it appearsthat, asfor the Hf-containing cobal t-based
alloysstudied inthe second part of thiswork, arather
sgnificant part of HfC carbideshavemigrated towards
the surface of theliquid domain duringitsearly solidifi-
cation. Thismay reved that apart of the HfC carbides
effectively precipitated very early during thesolidifica-
tion, beforethat the dendritic matrix network has ap-

Alloy Chromium Hafnium
Fe-25Cr-0.25C-3.72Hf 2571 3.87
Fe-25Cr-0.50C-3.72Hf 25.59 3.46
Fe-25Cr-0.50C-5.58Hf 27.23 4.85

Matrix of the alloy Chromium Hafnium
Fe-25Cr-0.25C-3.72Hf 26.74 +0.09 0+0
Fe-25Cr-0.50C-3.72Hf 25.74 +0.87 0+0
Fe-25Cr-0.50C-5.58Hf 25.67+1.44  0.10+0.17

(EDS, wt.%, normalized at 100%; carbon: not measured and
supposed to be respected)

peared or at least was sufficiently devel oped to ob-
struct such migration. Such phenomenon can berespon-
sibleto the dlight decrease in hafnium content inthe
aloy core. Thiscan bethereason of the curious appar-
ent lower surfacefraction of HfC carbidesin the mi-
crostructures of thetwo carbon-richest alloysby com-
parison with the Fe-25Cr-0.25C-3.72Hf aloy, the
interdendritic{ HfC + matrix} eutectic compound of
whichisparadoxically much more present. Inthe case
of thislater dloy it ispossiblethat the dendritic struc-
ture early devel oped and efficiently inhibited the ten-
dency of outward migration of theearly HfC carbides.

Point 00& {matrix): 26.74Cr;

HI: mot detectable [+ specirum|
Point 009 (matrik): 26.83Cr; HE: not detectable
Point 010 {matrix): 26.66Cr; HE: not detectable
Paint 002 (carbide): 7.31C, 14.74Cr and 41,1641
Point 005 leulectic carbice); 5.04C, 23.41Cr and
6.23Hf

{all contents in wi.%]

Figure4: Fe-25Cr-0.25C-3.72Hf alloy: locationsof the pinpoint EDS measur ementsand ther esultsobtained (Fe: rest)
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Figure 4 (respectively Figure 5 and Figure 6) pre-
sentssomeexamplesof pinpoint EDS measurementsin
the Fe-25Cr-0.25C-3.72Hf (resp. Fe-25Cr-0.50C-

= Fyl] Paper

tionsof measurement and the corresponding va ues. Hf
iseffectively often not detectablein matrix whilethe
bright carbidesand the dark onesarerespectively rich

3.72Hf and Fe-25Cr-0.50C-5.58Hf) alloy, theloca-  inhafniumandinchromium (anddl of themincarbon).

B i LT 2 1.8

Point D08 [matrik): 26.52Cr, Hf: not detectable
{+ spectrum)

Peint 009 [matrix): 25.91Cr, Hf: not detectable

Point 010 [matrix): 24.80Cr, Hi: not detectable

Point D02 [carbide]: 6.91C, 1.33Cr and 88.65HF

M Foint 003 [carbide): 5.20C. 13.60Cr and 41.13Hf

Point 004 [carbide): 5.50C, 12.53Cr and 45.72Hf

Point 005 [carbide): T.60C 39.00Cr; HE: not detectable

{all contents in wi.%)

Figure5: Fe-25Cr-0.50C-3.72Hf alloy: locationsof the pinpoint EDS measur ementsand ther esultsobtained (Fe: rest)

Point D08 (matrix]: 25 BBCr, Hf: not detectable

[+ spectrum)]
Point 009 (matrix]: 24.14Cr and 0, 29HF
Point 010 (matrix): 27.73Cr, Hf: not detectable
Foint 005 (carbide): 4,72C, 23,03Cr and 8,7 1Hf

{2ll contents in wt.%)

Figure6: Fe-25Cr-0.50C-5.58Hf alloy: locationsof the pinpoint EDS measur ementsand ther esultsobtained (Fe: rest)

General commentaries

Thus, the {MC carbides}-former property of
hafnium was herefound again in a{ Fe-25wt.%Cr} -
baseand theiron dloyswith the same(or similar) con-
tentsin Cr, C and Hf asthenickel aloysand the cobalt
dloys, subjectsof thefirst and second partsof thisstudy,
present microstructures with hafnium carbides (and
chromium carbidesin somecases) whicharesimilar to
the ones previoudy encountered for thetwofirst aloys
families. Despite somedifferencesabout fractionsand/
or morphologies of the carbides, there are here much

more common points between thethreefamilies, con-
trarily towhat wasearlier observed for the TaC carbides
between { Co-30wt.%Cr} -based*™, { Ni-30wt.%Cr} -
based!*® and { Fe-30wt.%Cr} -based® alloyswith the
same carbon and tantalum contents (TaC dightly more
numerousin the Fe-based dloysthan in the Co-based
dloys, but much morethanintheNi-based alloys).
Concerning the mechanica propertiesit waspre-
liminarily seeninthiswhole study that the hardness at
room temperaturewas generally increased by the ad-
dition of hafnium and the resulting substitution of chro-

TABLE 3: Hardnessvaluesobtained for theseven alloys (aver ageand thethreedifferent values)

Alloy OWt.%C 0.25Wt.%C 0.50Wt.% 1.00Wt.%
e 199 209 219 356
(200-202-194) (210-207-211) (223-223-211) (357-360-351)
169 173
Fe-25Cr-xC-3.72Hf (169-172-165) (172-169-177)
185

Fe-25Cr-xC-5.58Hf

(185-184-187)
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mium carbides by hafnium carbideswhich areknown
tobeharder®, If thiswashererather the contrary which
was observed (for theiron aloys, Figure 7) consecu-
tively to asevere Hf carbides migration outside, this
wasin contrast truefor the nickel alloys® (Figure8)
andforthecobdt dloyd” (Figure9). Thislet think that
themechanical capabilitiesof such aloysare probably
interesting at high temperature, field towhich such al-
loysmay bepotentially considered.
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CONCLUSIONS

Withthisfind part of thisstudy of the hafnium car-
bidesin alloysbel onging to thethree main families of
metallic aloysfor high temperature, one knowsthat
hafnium carbidestend to easily appear in Cr-rich al-
loys, athough that chromiumisalso acarbide-former
element. The HfC carbidesare mainly script-like eu-
tectic carbidesmixed with matrix intheinterdendritic
spaces, although some of them are blocky and tend to
segregate outsidethe molten ingot beforethat solidifi-
cation finishes. Known as much more stablethan tan-
talum carbidesin some cobat-based alloys®, it would
beinterestingtotest their stability at high temperature
in nickel-based and iron-based all oys, in order to see
whether their potentid strengthening effect canbemain-
tained at ahighleve over longtimes.
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