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ABSTRACT KEYWORDS
Some piecesmade of carbon steel may be easily modified about their surface Carbon steel bar;
and sub-surface microstructure by carbon enrichment and inwards diffusion Cementation;
at high temperature, for example by applying the cementation technique. Ferrite/pearlite;
After this operation and cooling from the austenitic domain down to room Image analysis;
temperature these pi eces are usually characterized by an outer microstructure Mechanical properties.

containing hard phases and compound (pro-eutectoid cementite and pearlite)
whilethebulk’s microstructure has become the initial one (ferritic or ferritic-
pearlitic) since not reached by the added carbon atoms. Thustheimproved
wear resistance of the outer part of the piece is not accompanied by any
loss of ductility, impact toughness or resistance against cracks propagation.
For amore complete knowledge of the evolution of the overall mechanical
behaviour from surface to the piece’s centre it is possible to use Nital
etching (colouring pearlite in grey and letting bright both free cementite
and ferrite) and image analysis to quantify the microstructure evolution
and then the new carbon distribution. That iswhat was undertaken here for
a cemented carbon steel bar, with in parallel a study of the evolution of
mechanical properties of several carbon steels in order to get laws of
variation, on the carbon content, of hardness, ultimate tensile strength and
rupture strain. The combination of the two works led to specify the local
values of the three above properties and then their evolution through the
cemented bar under study, mechanical datawhich can be of importance for
further mechanical modelization calculations.
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INTRODUCTION binary system offersavery broad variety of microstruc-

tures. Fromferritic steelsto pearlitic steelsand even

Thankstotheexistenceof twophasediagrams, one  hyper-eutectoid steels, from whiteto grey cast irons
stable (austenite-graphite) and onemetastable (austen-  with variousferritic/pearlitic matrixesand graphitemor-
ite-cementite), aswell asto agreat number of different  phol ogiesand finenesswith charactersvarying between
possible phases(of equilibrium or not) theiron-carbon  hypo-eutectic and hyper-eutectic, with eventually not
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stable phases possible to obtain by specia hesat treat-
ments (bainite, martensite...), theseextremdy diversi-
fied microstructuresareableto bringasoavery large
spectrum of properties, notably inthemechanicd fied.

Among the mechanical properties often desired
thereisfor exampleahighleve of hardness, which can
be achieved by the appearance of hard phasesduring
fast solidification (ledeburiteformation during eutectic
solidification of white cast irons, precipitation of pro-
eutectic cementitein hyper-eutectic cast iron)*2, fast
cooling insolid state from theausteniticdomain (e.g.
pearliteformation in spheroid graphite cast iron)©, or
extremely fast cooling fromthe austeniticdomain (e.g.
water-quenching of stedls).

If ahigh hardnessisgenerally intended for pieces’
surface and sub-surfaceto resi st wear for example, this
isunfortunately often accompanied by asignificant loss
of ductility andimpact toughnessfor thepiece’s bulk if
thewholepiecedther presentsan homogeneous chemi-
cal compositionand similar cooling ratesbetweenits
outer part and itsinner part. To personalize the me-
chanical propertiesdifferently for these outer and inner
partsafirst possibility isto quickly heat up to 900 or
1000°C for example the surface of the piece (e.g. by
rapid high frequency induction heating) and avoiding
suchincreaseintemperaturefor thebulk, then quickly
cool thissurfacefor exampleby water aerosol quench-
ing, in order to obtain outer martensite and keep the
initid ferritic-pearliticstructureinthebulk. Besdessuch
surface hardening at constant chemical composition it
isaso possibleto enrichin carbon thesurface and sub-
surface of the piece when heated at atemperature high
enough to beaustenitic, with asresult apearlitic exter-
na part and aninternal part transformed againin fer-
ritic-pearliticasinitialy. Carbon cementation, technique
known fromalot of decades ago>®, isprecisely apos-
siblerouteto obtain such result. Cementation of car-
bonisstill used today for achieving such gradients of
mechanica propertiesfor stee 978 but cementation of
other e ements(chromium for exampl€?) isalso com-
monly used for achieving specia mechanica properties
for surfacesaswell asother typesof propertiessuchas
res stance againgt oxidation at hightemperatureand hot
corrosion by condensed or molten aggressive sub-
stanceg/'%2,

The heterogeneity of mechanical propertiesresult-
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ing from carbon cementation may beknown in some
cases, for examplefor correctly moddizing themechani-
cal behaviour of the surface-hardened piecewhenitis
subjected to stresses. For such calculationsitisoften
required to know thelocal tensile strength or ductility
for example, propertiesvarying continuoudy fromthe
surfaceto thebulk. Thisisexactly what wasintended
in the present work, about a bar made of aferritic-
pearlitic steel hardened on surface and in sub-surface
by carbon cementation. For that the dependence of sev-
eral mechanica propertiesof steel onthecarbon con-
tent wasprdiminarily studied, before using the obtained
relationstointerpret interms of mechanical behaviour
the gradients of ferrite and pearlite surface fractions
measured by imageandysis.

EXPERIMENTAL DETAILS

Thecemented steel bar of interest

The steel bar enriched in carbon by cementation
when it was stabilized initsaustenitic state (i.e. near
1000°C) had a diameter of about 10mm. It is repre-
sented in Fgure 1 by aschemeand amacrograph taken
after the confection of amounted sample (cutting, em-
beddinginacold resnmixture, polishingwith grinding
paperswith gradesfrom 120to 1200, ultrasonic clean-
ing, fina polishing withtextileenriched with 1um hard
particles, 10 secondsetching in Nital4: 96vol .% etha-
nol +4vol.% HNO,). Thegrey outer part of thebar is
duetoamicrogructurewhichisamos wholly of lamellar
pearlite (and intheextreme surface even pearlite + pro-
eutectoid cementiteformed during post-cementation
coolingintheold grain boundaries of the austenite ex-
isting at high temperature), whilethe centra main part
of thebar issignificantly brighter, thisshowing that the
initia ferrite-pearlitewasrecovered after returnto room
temperature. Thefact that the microstructuregradually
variesfrom an hyper-eutectoid formin extremesurface
to aferritic-pearliticform several millimeters deeper
meansthat theloca mechanica propertiesthemselves
eva uate over the samedistance.

Quantification of themicrostructure{extremesur-
face— bar center }and of thecarbon distribution

Successive micrographsweretaken using the nu-
meric cameraequi pping an optical microscopeonthe
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etched samplefrom theexterna surfaceandat anin-
creasing depth along aline perpendicular to the edge
(step: every 250um). These micrographs were analyzed
by using the surface fraction quantification tool of the
Photoshop CS software to assess at each depth the
surfacefraction of pro-eutectic cementite, of pearlite
and of ferrite. Assuming thereafter that these surface
fractions can be considered as volumefractions, and
furthermoreasmassfractionssincethevolumemassor
density issensibly the samefor ferrite and cementite
and thus of pearlitewhich isacompound mixing the
two later phases, i.e. about 7.8g cm, it appears pos-
sibleto determinethelocal carbon content by: %C ~
{ pro-eutectoid cementite fraction} x 6.67wt.%C +
{ pearlitefraction} x 0.77wt.%C + {ferrite fraction} x
Owt.%C. It becomesthereafter thusposs bleto deduce
from theimage analysisresultstherepartition of mass
content in carbon perpendicularly to the extreme sur-
face.

Zone enriched
in carbon:
almost pearlitic

Zone enriched
in carbon:

almost ferritic
Figure 1 : Scheme of the cemented steel bar and local
macr ogr aph showingthesructur egradient fromtheexter nal
surface (after Nital4 etching).

Mechanical tests performed on several varieties
of carbon steels

Six different carbon sted swere salected in another
Study to cover themicrogtructurerangeobserved through
the bar described above. These steelswereaferritic
one, threeferrite-pearliteoneswith anincreasing { pearl-
ite/ ferrite} -ratio, apearlitic one(fully eutectoid) and a
hyper-eutectoid one, within all cases (except thefer-
ritic steel) alamellar finenessof pearlitesimilar tothe
pearlite observed inthe cemented bar. Vickersinden-
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tationswere performed on each of them (hardness) as
well astensiletestsin order to specify their ultimate
tenslestrength (resistanceintraction) and rupture el on-
gation (ductility).

By plotting thefour mechanica propertiesversus
the stedl carbon content it becomes possibleto deduce
laws of dependence of these propertieson the carbon
content, before using them to trand ate the carbon con-
tent evol ution across the cemented bar in properties’
evolutions.

RESULTSAND DISCUSSION

| nward microstructureevolution from thesurface
of thecemented bar

Theinward microstructureevolutionisillustrated
by themicrographstaken every 250um from surface in
Figure 2 thenin Figure 3. One can seethat the micro-
gructurein extreme surfaceisof the hypereutectic type
since pro-eutectic cementiteis present together with
pearlitewhichisthe main compound. Thisrevealsa
local carbon content dightly higher thanthe 0.77wt.%
of pearlite. A little deeper (depth > 0.75mm) thisfree
cementite disappears and pearlite becomesthesingle
compound present, before ferrite begins to appear
(depth > 1mm). When the observation depth goeson

—

f

Figure 2 : Microstructure evolution over the two first
millimeter sfrom the bar surface.
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increasing ferritebecomes moreand more present, with
theinverseevolution for pearlite. Finaly, in areasdeep
enough, ferrite becomes again the main phase present
inthe bar, asit was the case before the cementation
treatment.

Figure3: Microstructureevolution over thefollowing two
millimeter sfrom the bar surface.

By applyingimage anays sto thesesuccessvemi-
crographsand thereafter theformulagiven above one
obtainsfirst the graph displayed in Figure 4 showing
quantitatively theevolution of the surfacefractions of
pro-eutectic cementite (called “free cementite” by op-
positiontothelamellar cementitemixed withferritein
thepearlite), of pearliteand of ferrite, and second the
graph presented in Figure 5 plotting theevol ution of the
carbon mass content with the depth.

Accordingtotheimage anays sresultsthe surface
fractionsof free cementite decreasesfrom 1.5% onthe
extremesurfacedownto Oat 750pm and deeper. Pearl-
ite beginsto slightly increase from 98.5% on the ex-
treme surface up to 100% at 750pum — thanks to the
previoudy described decreasein free cementite— then
starts decreasing because of the appearance of ferrite.
Thusthe pearlite fraction decreasesfrom 100% at a
depth of 750pum down to around 10% (the dispersion
of theimage analysisresultsdoesnot allow to bemore
accurate) whileat the sametimeferritewhich appears
at 750um increases in surface fraction upto about 90%

at adepth of about 3mm and deeper. The correspond-
ing carbon content, estimated according to theformula
presented above, isat itsmaximum on extremesurface
—0.86% as is to say a composition slightly hyper-eu-
tectoid conform to the hyper-eutectoid type of thelo-
ca microstructure—and it decreases more or less regu-
larly down to 0.05-0.06wt.%, value at which it be-
comesstabilized.

Microstructure evolution with the depth
from the external surface
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Figure4: Reaultsof imageanalysisof pro-eutectic cementite,
pear liteand ferriteplotted ver susthedepth counted fromthe
extremesurface.

Local carbon content versus the depth
from the external surface

2000 3000 4000
depth (um)

Figure5: Thedistribution of carbon (contentsissued from

theimageanalysisresults) plotted ver susthe depth counted

fromtheextremesurface.

0 1000

Establishment of the variation lawsfollowed by
themechanical propertiesver susthecarbon con-
tent

K nowing now the quantitative evol utions of both
the microstructure and the carbon content it appears
possibleto deducethe evolution of the different me-
chanical propertiesevocated above. Beforethat, itis
necessary to exploit the corresponding test resultsob-
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tained for thesix carbon sted swith various microstruc-
tures between the pureferritic one and the hyper-eu-
tectoid one. Theevolution of the hardnessversusthe
carbon content is plotted in Figure 6, the one of the
ultimatetensile strengthin Figure 7 and the one of the
strain at rupturein Figure 8.

From theferritic steel (Owt.%C) to the hyper-eu-
tectoid one (1.2wt.%C) the Vickershardnessincreases
from 80 to 220, while at the same time the ultimate
tenslestrength d soincreasesfrom 280M Pato 750M Pa
and therupture strain decreasesfrom 50 down to 10%.
These three evolutions arerather regular and it was
possiblefor each of thesethree graphsto determinea
polynomid law moddizing thedependenceof thesethree
mechanical properties on the carbon content of the
geds Thesethreepolynomid functionsaredirectly given
inthe corresponding graphs.

Vickers hardness versus the carbon
content
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Figure 6 : Evolution of the hardness of the carbon steels

versustheir carbon weight contents.

Ultimate tensile strength versus the
carbon content
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Figure7: Evolution of theultimatetensile strength of the
carbon steelsversustheir carbon weight contents.
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Rupture strain versus the carbon
content
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Figure8: Evolution of thestrain at ruptureof thecarbon
steelsver sustheir carbon weight contents.
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Evolution of thelocal mechanical propertieswith
depth acr ossthe cemented sub-surface of thebar

Thethreepolynomia lawswerethereafter used to
deduce, from the new carbon content distributioninthe
sub-surface of the cemented bar, theevolutionsof the
hardness, the ultimate tensile strength and therupture
strain from the extreme surface of the bar to the zone
not enriched in carbon during cementation. The cal cu-
lated Vickers hardness (Figure 9) decreasesfrom 201
down to about 90 from the extreme surface (of the
hyper-eutectoid type) to theferritic-pearlitic bar core
with unchanged microstructure (by comparison with
before cementation). The calculated ultimatetensile
strength (Figure 10) and therupturestrain (Figure 11)
asovary fromthe outer part of the bar toitsinner part:
the UTS decreases from 670 to 317MPawhile the
ductility increasesfrom 10.5% at 46%.

General commentaries

Carbon enrichment of steel sby cementation, one
of the oldest chemica vapor deposition (CVD) tech-
nigues allowing such surface and sub-surface micro-
structuremodification by chemica compostion change,
promotestheformation of hard phasesinthe outer part
of piecesfor improving their wear resistance for ex-
ample, without threatening the ductility and impact
toughnessof thebulk. Inthe present study image analy-
sisalowed quantifyingfirst the surfacefractions (then
volume and even massthanksto the common value of
dengity for the three phases and compound present) of
pro-eutectoid cementite, pearliteand ferrite, and sec-
ond the distribution of carbon in the carbon-enriched
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outer zone. Evenif thedispersion of theimageanadysis
resultsdid not |ead to regular evol ution with depth the
evolution of carbon content from theextreme surfaceis
rather representative of theinwards high temperature
diffusion through the austenitic bar of carbon atoms
deposited on surface by the vector gas decomposition
during the cementation process. Thanksto theparallel
expl oitation of the dependence of several mechanical
properties on the carbon content of severa carbon
gted s, whichled to gpproximate polynomid laws, it has
been possibleto trand ate the carbon on evol ution ver-
susdepthinto evolution of hardness, UTSand rupture
gtrain (e.g. ductility). Thisallowed hereto better know
thelocal values of these properties and to value the
thicknesses of the hard zones, themore stress-res stant
zones, aswdll asthe proportioninthebar’s bulk of the
part remained still ductile and tough enough to resist
eventua cracks propagation.

Vickers hardness versus the depth from
the external surface
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Figure9: Evolution of thelocal hardnessin thebar versus
thedepth fromtheextremesurface.

Ultimate tensile strength versus the
depth from the external surface
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Figure10: Evolution of thelocal ultimatetensilestrengthiin

thebar ver susthedepth fromtheextreme surface.
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Rupture strain versus the depth from the
external surface
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Figure1l: Evolution of thelocal rupturestrainin thebar
versusthedepth from the extreme surface.

CONCLUSIONS

Thanksto the simple dependence of the pearlite/
ferriteratioonthelocal carbon content, imageanaysis
associated to the results of Nital etching on carbon
dedls, dlowsretrieving thecarbon evolutiontrough the
depth of acemented piece, and deducing thelocd val-
ues of somemechanical properties. Such datamay be
useful for any mechanical or thermomechanical
modedlization caculaions(inacylindrica symmetryin
the case of the studied bar), but the method {image
anaysis— carbon content evolution — propertiesevo-
lution} may be applied to much more complex pieces
made of carbon steel also enriched in carbon by ce-
mentation.

REFERENCES

[1] GLesoult; Solidification: Cristallisation et micro-

structures, Techniques de I’Ingénieur, M58, Paris,

(1986).

W.Kurz, D.J.Fisher; Fundamental s of solidification,

Trans.Tech.Publ., Switzerland, (1989).

M.Durand-Charre; Microstructure of steels & cast

irons (Engineering materials & processes), Springer,

(2004).

A.Litwinchick, F.X.Kayser, H.H.Baker, A.Henkin;

J.Mater.Sci., 11, 1200 (1976).

[5] F.Giolitti; The cementation of iron and steel,
MacGraw-Hill Book Company, London, (1915).

[6] E.G.Mahin, R.C.Spencer, C.R.Hayner;
Proc.Ind.Acad.Sci., 34, 1924 (1925).

[7] M.Erdogan, S.Tekeli; Materials Characterization,

[2]
(3]

[4]

Watariosy Stience  mm—.
A VMW



MSAIJ, 9(10) 2013 Patrice Berthod 401

—== Pyl Paper

49, 445 (2003). 3708 (2011).
[8] L.S.Malinov, V.A.Kharhashkin; Metal Science & [11] G.Michel, P.Berthod, M.Vilasi, S.Mathieu,
Heat Treatment, 3(2), 58 (2011). P.Steinmetz; Surface and Coatings Technology, 205,
[9] J.W.Lee, J.GDuh; Surface and Coatings Technol- 5241 (2011).
ogy, 177-178, 525 (2004). [12] G.Michel, P.Berthod, S.Mathieu, M.Vilasi,
[10] G.Michel, P.Berthod, M.Vilasi, S.Mathieu, P.Steinmetz; The Open Corrosion Journal, 4, 27
P.Steinmetz; Surface and Coatings Technology, 205, (2011).

— Pt icly Science
ﬂaVMnW



