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In tro ducti on

Ferrito-pearl it ic steels are ones of the mostly pro duced ma -
te ri als for com mon in dus trial and con struc tion pur poses.
The prop er ties of the steel do not de pend only on its chem i -
cal com po si tion, but on the prep a ra tion, i.e. the thermo-me -
chan i cal his tory, lead ing to a dif fer ent microstructure. The
steel is eas ily-formable at higher tem per a tures (above
911 °C), when the struc ture of the steel is fcc cu bic (aus ten -
ite), the recrystallization and re cov ery takes place and the
deformability is prac ti cally un lim ited. At lower tem per a -
tures, pri mary fer rite (bcc cu bic) phase starts to nu cle ate at
grain bound aries, ex pel ling the ex ces sive car bon into the
aus ten ite. The amount of pri mary fer rite de pends on the
amount of car bon, on the time for which the ma te rial is held 
above the eutectoid tem per a ture (727 °C) and on the grain
bound ary sur face too (cross-sec tion for the dif fu sion pro -
cess). The rest aus ten ite de com poses be low eutectoid tem -
per a ture into a mix ture of two sta ble phases – fer rite and
cementite (orthorhombic Fe3C). The trans for ma tion is of
displacive na ture (martensitic) but em ploy ing a dif fu sion
of ex ces sive car bon away from the newly self-form ing fer -
rite phase. De pend ing on the undercooling, the trans for ma -
tion oc curs dur ing a lim ited time span, which lim its an
ef fec tive dis tance the dif fu sion can af fect. The re sult ing
microstructure thus dif fers from den dritic struc ture or nee -
dle-shaped bainite (for faster cool ing) to a lamellar struc -
ture called pearlite (slower cool ing). The thick ness of the
lamellas is in versely pro por tional to the undercooling [1].

Me cha ni cal pro per ties

The me chan i cal prop er ties of the re sult ing pearlite can be
roughly de scribed as fol lows: The yield stress of pearlite is
in versely pro por tional to a cer tain power of its
interlamellar spac ing S:
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The equa tion is re ferred to as Hall-Petch re la tion ship and
orig i nally de scribes an en hance ment of the yield stress with 
the re fine ment of the grains (mh = 1/2). The ex trap o la tion to 

an in fi nitely thick lamellas s0 yields neg a tive val ues for
mh = 1/2, thus mh = 1 is usu ally con sid ered. Al ter na tively an 
ex pres sion based on the dis lo ca tion mo tion in within

lamellas was de rived [2], where s ~ S–1ln(SVa/b), b is the

Bur gers vec tor and Va a vol ume por tion of fer rite in
pearlite. This ex pres sion is equiv a lent to (1) and mh = 1 for
large S and de vi ates to wards mh = 1/2 for thin ner lamellas.
The past stud ies of fully pearl it ic eutectoid and

hypereutectoid (car bon con tent ³ 0.73 wt.%) steels [3, 4]

with ex per i men tal val ues of S typ i cally rang ing from 150 to 
250 nm did not al low to de ter mine prop erly the na ture of
the de pend ence. 

The be hav iour of the hypoeutectoid (car bon con tent
< 0.73 wt.%) steel is even more com plex, as it is a com pos -
ite formed from pri mar ily crys tal lized fer rite grains with a
size at the or der of mi crons and the pearl it ic col o nies of
sim i lar size (sev eral mi crons). The com bi na tion of mi cro-
and nano-scale orig i nated ef fects su per im pose and the
early in ves ti ga tions of yield stress [3] were not much suc -
cess ful in de scrip tion of the com pos ite be hav iour. Re -
cently, self-con sis tent sim u la tion pro ce dures were
in tro duced [5], which al low mod el ing of the stress-strain
curves at higher stages of de for ma tion at least.

Ex pe ri men tal

The sam ples were hot-rolled un der dif fer ent tem per a tures
in an in dus trial type of roll ing stage with one to 14 passes
through the rolls. Af ter the roll ing, the re sult ing cir cu lar or
el lip ti cal pro file was cooled down ei ther on the air, in the
wa ter, in a mol ten lead bath or their com bi na tion (e.g. first
rest on the air, then lead bath). The aim was to pro duce a
va ri ety of micro struc tures with dif fer ent me chan i cal prop -
er ties. Spec i men of the re sult ing ma te ri als were cut (both
nor mally and lat er ally), em bed ded into a resin ma trix,
ground, pol ished and etched. The re sult ing sur face (orig i -
nally in side the pro file) was in ves ti gated by means X-ray
dif frac tion on a Bragg-Brentano goniometer and also
metallographically in ves ti gated in an op ti cal mi cros copy
and scan ning elec tron mi cros copy (SEM). SEM al lowed to
de ter mine ba sic microstructural pa ram e ters (vol ume por -
tion of pearlite and mean pearlite interlamellar spac ing) di -
rectly. The choice of sam ples for de tailed metallographic
in ves ti ga tion was made upon the re sults ob tained from
X-ray dif frac tion.

X-Ray diffracti on re sults

The dif frac tion re vealed a pres ence of re sid ual stress in the
steel, which is ex pressed as an anisotropic shift of the dif -
frac tion lines [6]. The rea son could be the par tial co her ence 
of cer tain crys tal lo graphic planes of fer rite and cementite
in the pearlite aris ing from the displacive na ture of the
eutectoid trans for ma tion. Furher on, an anisotropic dis lo -
ca tion-orig i nated broad en ing was ob served (Fig. 1). The
mag ni tude and ani so tropy of the in te gral breadth was eval -
u ated ac cord ing to 
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Here l is the ra di a tion wave length, binst in stru men tal

broad en ing, bsize broad en ing due to a fi nite co her ent do -

main size (neg li gi ble) and edisl a root-mean-square micro -

strain in á100ñ di rec tion, the ani so tropy the microstrain is
de scribed by pa ram e ter q [7]. The re sult ing val ues of q ×

e2
disl are plot ted ver sus  e2

disl in Fig ure 2, the q pa ram e ter
cor re sponds well with the ex pected pres ence of edge dis lo -

ca tions with Bur gers vec tor b = a/2 × á111ñ. The mag ni tude 
of squared dis lo ca tion microstrain dif fers by al most one or -
der for dif fer ent pearl it ic sam ples, so dif fers also the den -
sity of the dis lo ca tions.

Microsco py

Fig ure 3 shows a mi cro scopic view on the ferrito-pearl it ic
steel in three dif fer ent mag ni fi ca tions. Op ti cal mi cros copy
(Fig. 3a) can be ex ploited to de ter mine the pearlite vol ume
frac tion, since pri mary fer rite is dis played as light ar eas.
SEM al lows to gain a mean interlamellar spac ing in pearlite 
by means of sta tis ti cal meth ods [8]. The trans mis sion elec -
tron mi cros copy (TEM) was uti lised to re veal the de tails of
microstructure. As ob vi ous in Fig ure 3c, there are de for ma -
tion fields pres ent on the fer rite-cementite in ter face in
pearlite. The or i gin of these can be found in the pres ence of
mis fit dis lo ca tions ac com mo dat ing the dif fer ence in lat tice
spac ing of the orig i nally con tin u ous lat tice planes (be fore
the trans for ma tion). The dis lo ca tions are al most equally
spaced in a par tic u lar pearl it ic col ony and their mu tual dis -

tance ranges from 20 to 30 nano metres. The pri mary fer rite
grains as well as the in ner vol ume of the fer rit ic lamellas in
pearlite are prac ti cally free of any dis lo ca tion.

Re sults

The as sump tion was made that the mis fit dis lo ca tions are
re spon si ble for the X-ray dif frac tion line broad en ing. An -
other as sump tion was made that the den sity of the dis lo ca -
tions is pro por tional to the den sity of the lamellas.
To gether, the dis lo ca tion squared mag ni tude of the dis lo ca -
tion line broad en ing (or the squared dis lo ca tion orig i nated
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(a)     (b)     (c) 

Fig ure 3. Op ti cal mi cros copy (a) and scan ning elec tron mi cros copy (b) im age of ferrito-pearl it ic steel and a de tailed trans mis sion 
elec tron mi cros copy (c) im age of fer rite and cementite lamellas in the pearlite.

Fig ure 1. Typ i cal Wil liam son-Hall plot of the fer rite dif frac tion 
lines broad en ing. Bro ken line cor re sponds to in stru men tal
broad en ing, cranky line con nects the fit ted the o ret i cal val ues.

Fig ure 2. Squared dis lo ca tion microstrain and its ani so tropy ob -
served in dif frac tion line broad en ing.

Fig ure 4. Cor re la tion of lamellar den sity and dis lo ca tion orig i -
nated squared microstrain



microstrain) should be pro por tional to the den sity of the
lamellas (Fig. 4). Ul ti mate ten sile stress (UTS) is roughly
pro por tional to the weighted av er age of the pearlite and fer -
rite strength. The strength of the pearlite is in versely pro -
por tional to its interlamellar spac ing (1), thus even UTS
should be pro por tional to the den sity of lamellas, more over
to the squared dis lo ca tion microstrain (Fig. 5).
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Úvod

Nanomateriály jsou v souèasné dobì støedem zájmu pro
svoje specifické chemické a fyzikální vlastnosti, které se
díky jejich velikosti liší od vlastností ekvivalentních fází ve 
velkém objemu. V mikroelektronice jsou velice žádané
nano objekty vyrobené z polovodièù, køemíku a germania,
pøípadnì jejich kombinací ve napø. ve formì struktu -
rovaných nanovláken èi slitiny SiGe. Pøítomnost germania
umožòuje rychlejší pøenos informace v integro vaných
obvodech vzhledem k jeho vyšší elekronové mobiltì ve
srovnání s køemíkem (Ge - 3900 cm2/V.s; Si - 1500
cm2/V.s).

Metoda CVD (Chem i cal Vapour De po si tion) je bìžná
technika pro pøípravu nanoobjektù (nanovláken, nano -
trubièek, nanodestièek atd.). Využívá prekurzory, jejichž
páry jsou vedeny do vyhøívaného reaktoru, kde jsou
pyrolyticky dekomponovány za vzniku pevných produktù.

Me to dy

Vzorky byly pøipraveny pyrolýzou prekurzorù za použití
techniky LPCVD (Low Pres sure Chem i cal Vapour De po -
si tion). Byly použity dva rozdílné prekurzory a jim odpo -
vídající nastavení aparatury. Vzorky pøipravené pyrolýzou
tris(trimethylsilyl)germanu (Si(CH3)3)3GeH byly depono -
vány na tantalovou podložku pøi teplotì 365 °C po dobu 90
minut. Pyrolitická aparatura pracovala v prùtoèném módu
pøi tlaku 90 – 100 Pa. Vzorky pøipra vené pyrolýzou
hexamethyldigermanu Ge2(CH3)6 spoleè nì s ethylsilanem
(C2H5)SiH3 byly deponovány na mìdì nou podložku pøi
teplotì 500 °C po dobu 70 minut. Pyrolitická aparatura
pracovala v prùtoèném módu pøi celkovém tlaku 180 Pa,
z èehož bylo 110 Pa Ge2(CH3)6 a 70 Pa (C2H5)SiH3.

Vzorky byly studovány elektronovou mikroskopií
(SEM, TEM, HRTEM) a elektronovou difrakcí (SAED,
PED).
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Fig ure 5. Cor re la tion of ul ti mate ten sile stress and dis lo ca tion
orig i nated squared microstrain.


