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ABSTRACT

Relaxation as defined in thermodynamics is a spontaneous process initiated in the system
under consideration by setting-up external conditions. So, e.g., loading a construction element
by an external force starts its relaxation, i.e. it starts a process in which the originally
reversible elastic strain brought about by the external force gradually changes into a plastic,
nonreversible strain. But the relaxation may be caused also by a change of the atomic
configuration of a solid on its surface as a consequence of the removing of atoms from the
half-space marked off by this surface as an external vicinity of the solid. The driving force of
the relaxation is the difference of the values of the corresponding thermodynamic potential of
the system under consideration in its actual state and in the equilibrium state to which the
system converges by way of the relaxation process. Technically (commercially) interesting
states of the material (e.g. work-hardened states or states hardened by heat-treatment) are
frequently non-equilibrium states, far distant from the equilibrium state. Which is exactly
why the properties of the material are desirable. As a rule, the more distant is the actual state
of the material from its equilibrium state, the more noteworthy are its properties, and, at the
same time, the more endangered is its stability and the greater is the driving force of the
relaxation processes, which try to lead the material out from this actual state. One of the most
useful know-how of the materials engineering consists in knowing how to prevent the
relaxation. One of the most useful know-how of the NDT consists in knowing how to monitor
the relaxation. The relaxation process depends on a number of factors and its mechanism is
peculiar to the materials structure. It depends also on temperature. But the dependence on
temperature is in no way simple. According to the van't Hoff’s law, the relaxation would
increase its speed two or three times whenever the temperature raises by ten centigrade
degrees. But this holds only in case that the relaxation mechanism does not change. However,
the mechanism of the relaxation may change with temperature which in its turn can alter the
temperature dependence of the relaxation. So, e.g., at low temperature the vacancies arrange
into chains along which the diffusion — and therefore also the relaxation which is brought
about by diffusion, i.e. by moving atoms — proceeds by several degrees of magnitude faster
than through the matrix. But, at higher temperature the channels of anomalously quick
diffusion formed by the strings of vacancies become unacceptable from the point of view of
their low configurational entropy and the relaxation proceeds by the lattice diffusion, i.e. by

DEFEKTOSKOPIE2007 61



diffusion through matrix. Direct measurement of the low-temperature relaxation is difficult,
as it is slow. Therefore, the relaxation is usually measured at high temperature and its room-
temperature velocity is determined by extrapolation from high-temperature data.
Unfortunately, for reasons discussed above, such an extrapolation may produce incorrect,
namely too low estimates of the room-temperature relaxation velocity. But it is especially the
knowledge of the real value of this quantity which would be very useful for mechanical
engineers, as the majority of the machine components and structures operate just at the room
temperature. That is why we decided to examine the relaxation for a very long time period in
order to be clearly measurable although it ran at the room temperature. We investigated the
relaxation that proceeds in iron hundreds and thousands of years. For that purpose, we made
use of the fact that people did not succeed in melting-down iron till the 16" century, and
therefore, they manufactured iron by direct reduction of the iron ore in solid state. The spongy
iron made in this way had to be afterwards consolidated and cleaned of the remnants of the
unreacted ore and charcoal by intense forging. As a consequence of such a treatment, the iron
produced in this way had to be very fine-grained. But our investigation of archeological
findings of iron objects hundreds and thousands years old by x-ray diffraction proves that
their structure is very coarse-grained. It means that iron relaxes even at room-temperature,
which may significantly influence the degradation of steel components and constructions as
well as their service life at room temperature.

Keywords : recrystallization, x-ray diffraction, diffusion

1. Uvop

Jiz v 70.letech minulého stoleti bylo opakované zjistovano, Ze ocelové dilce, zpevnéné
plastickou deformaci za studena, odpeviuji (relaxuji) za pokojové teploty béhem nékolika
malo let. Dodnes se vSak toto zjisténi piijima srozpaky, protoze difuse, jiz relaxace
(rekrystalisace [1]) musi prob&hnout, je za pokojové teploty (soudé z extrapolace vysledku
meéteni difuse za vysokych teplot) tak pomald, ze by k nizkoteplotni relaxaci oceli nemélo
dojit ani za celou dobu existence lidstva na této planeté. To je ovSem zdvazné, protoze
nizkoteplotni relaxace oceli - pokud k ni dojde - se miZe stat (a opravdu se leckdy stava)
pti¢inou necekanych poruch a havarii soucasti a konstrukénich celk.

Ve skutecnosti miize probihat za pokojové teploty difuse o n€kolik dekadickych fadi
rychleji nez vychazi z extrapolace vysokoteplotnich dat. Je tomu tak tehdy, kdyZ material
obsahuje hodné¢ dislokaci, podél nichz atomy difunduji mnohem rychleji nez matrici
(,,mfizkou®) [2]. Difusivita ovS§em obecné roste exponencielné s teplotou a proto je jeji meteni
pti pokojové teploté obtizné. Hodnoty koeficientu difuse za nizkych teplot se proto urcuji
extrapolaci z vysokoteplotnich meéfeni. To se vSak muze stat zdrojem zavaznych
nedorozuméni. Kandly anomalné rychlé difuse, fungujici za nizkych teplot, se totiz za
vysokych teplot rozpadaji, protoze jsou entropicky neunosné (jsou spojeny s nizkou
konfigura¢ni entropii usporadané dislokacni sité ve strukture). Existuji-li tedy za pokojové
teploty v materidlu takové kanaly, za vysokych teplot zmizi a difuse pak probiha matrici, tedy
mnohem pomaleji nez kdyby probihala skrze jadra dislokaci.

V prvni ¢asti predkladaného piispévku dokazujeme vypocétem, ze rychlad nizkoteplotni
relaxace je dobfe teoreticky mozna, totiz kompatibilni se zndmymi idaji o aktivacni energii
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Obr.1. Difraktogram velkomoravské utocné sekery

Obr.2. Difraktogram srpu, Velka Morava, 10.stoleti
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Obr.3. Difraktogram srpu, Velka Morava, 10.stoleti
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Obr.4. Difraktogram srpu, Velka Morava, 10.stoleti
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Obr.5. Difraktogram srpu, Velka Morava, 10.stoleti

Obr.6.Difraktogram noziku, Opava, 15.stoleti
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Obr.7.Difraktogram nalezu z lokality Muslov-Burgstall, fimského piivodu, 3.stoleti
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Obr.8.Difraktogram koiiské podkovy vyrobené pted n€kolika malo lety (O.André)
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difuse a jeji zavislosti na realné struktufe materidlu. V druhé ¢asti ptispévku pak dokladame
vysledky vlastnich méfeni jak rychla miize byt difuse za nizkych teplot na zakladé zmén, ke
kterym ve struktufe materidlu dojde (difusi!) v pribéhu staleti. Tedy za dobu, kterd je
dostatecné dlouha na to, aby se difuse, jeZ se za pokojové teploty kratkodobym experimentem
tézko urcuje, zcela zieteln€ projevila.

2. TEORIE

Realisti¢nost myslenky, Ze intensivni plastickou deformaci za studena lze podstatné zrychlit
nizkoteplotni relaxaci pnuti, do materialu plastickou deformaci vnesenych, je mozno ovéfit
vypoctem zmény aktivacni energie difuse, kterou by takova plasticka deformace vyvolala.
Vyjdeme z ptedpokladu, Ze velikost mosaikovych blokii oceli po konvenénim kovani neni
mensi nez 100 nm. Aby relaxaci doslo ke zvétSeni mosaikovych blokd na velikost 50 pm,
kterou nalézame v archeologickych nalezech ze svarkového zeleza (tedy zeleza starSiho nez
500 let, které pii své vyrobé prodélalo intensivni plastickou deformaci kovanim), musela by
se nalezitd zvysit difusivita (difusni koeficient) D. Reseni rovnice difuse je funkci argumentu
z="%.x.(D.t)”, kde x je poloha a t je ¢as. Tak naptiklad distribuce

¢(x,0) =2 pro x<0 ; ¢(x,0) = 0 pro x>0
se za Cas t zméni difusi na distribuci

o(x,t) = erfe(Vo.x.[D.A]T) = erfe(z).
Me¢l-li by tedy relaxaci zdeformované struktury mosaikovy blok vyrtst za uréitou dobu t
nikoli na velikost x; = 100 nm, ale na velikost x, = 50 um, musilo by byt
X2/X1 = 50 um/100 nm = 500 = (D/Dy)”,
jinymi slovy, koeficient difuse by se musil zvétsit 250 000-krat. Difusni koeficient je
exponencialni funkci aktivacni energie difuse E :
D = Dy.exp(-E/RT),
kde T je teplota, R je plynova konstanta a Dy pfedexponencialni faktor. Zména aktivacni
energie AE je tedy
AE[kJ/mol] = 2,5.[ln(D2/D1) — 1Il(D20/D10)] .

V nasem piipad¢

AE[kJ/mol] =2,5.[12,4 — In(D2¢/D10)]-
Hodnota predexponencialniho faktoru Dy koeficientu anomalné rychlé difuse jadry dislokaci
je mensi nez hodnota Dy pro mtizkovou difusi o faktor, ktery se zhruba rovna podilu pficného
prifezu strukturou, jenz zaujimaji jadra dislokaci. V piipadé extrémni hustoty dislokaci
10"m™ to predstavuje 1%o aZ 1%. Konservativnim odhadem hodnoty D,y/Dyy je tedy 0,001.
Celkem tudiz dostavame

AE[kJ/mol] =2,5.[12,4 + 6,9] = 50 kJ/mol.

Takovato hodnota rozdilu aktivacni energie difuse mtizkou Zeleza a jadry dislokaci je
realisticka (pro aktivacni energii mtizkové difuse v Fe-a pii teplotach nad 700°C se uvadi
hodnota 250 kJ/mol).

3. EXPERIMENT

Abychom se o tom presvédcili, uréovali jsme velikost mosaikovych blokii svarkového zeleza
vyrobeného pted mnoha staletimi. Takové Zelezo bylo pti vyrobé (vykovavanim ze Zelezné
houby) intensivné tvafeno, takze by mélo byt jemnozrnngj$i nez zelezo v ocelovych
konstruké¢nich dilcich, které se dnes vyrabéji z taveniny, jejimz ztuhnutim vzniknou zpravidla
mnohem vétsi krystalky. Velikost mosaikovych blokil jsme urovali analysou azimutalniho
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profilu difrakénich linii [3,4]. Tato metoda je mnohem spolehlivéjsi nez svételna mikroskopie,
nebot’ nezalezi na vnégj$im vzhledu krystalkd, ale jenom na jejich vnitini struktute, totiz na jeji
koherenci vii¢i pouzitému rentgenovému zéfeni, jehoz vinové délka je kolem 1 A. Azimutélni
profil rtg difrakénich linii je tvofen superposici difrakénich stop jednotlivych mosaikovych
bloka. Jsou-li tyto bloky malé, je jich v difraktujicim objemu mnoho, jejich reflexe (difrakéni
stopy) se prekryvaji a difrak¢ni linie je spojita. Jsou-li vS§ak mosaikové bloky vétsi nez asi 10
um, je jich v difraktujicim objemu tak malo, ze se jejich difrakce neptekryvaji a tvofi
oddélené reflexe.

Z presentovanych difraktogramtii na obr.1-7 (nespojitd difrakéni cara uprostied
difraktogramu jest difrakéni linie (110) Zeleza alfa; dalsi difrakéni Cary, nalézajici se na
nékterych difraktogramech, jsou spojité a pochazeji od oxidi zeleza; difraktogramy byly
pofizeny zafenim CoK, pomoci plynového proporcionalniho plosného posiéné citlivého
detektoru GADDS v konfiguraci difraktometru D8 firmy AXS Bruker) je patrné, Ze svarkové
Zelezo je mnohem hrubozrnnéjsi (ma mnohem vétsi mosaikové bloky) nez soucasné ocelové
vyrobky (viz difraktogram nedavno vyrobené konské podkovy, laskavé poskytnuté panem
Otakarem André, na obr.8). To dokazuje, ze velka deformacni energie, vnesend do struktury
zeleza pii jeho vykovavani ze Zelezné houby, odrelaxovala pii ,,pokojové® teploté. Protoze
mechanismem relaxace je difuse, znamena to, ze plastickd deformace vytvotila pro relaxacni
proces nejen nezbytné termodynamické predpoklady (tim, Ze do struktury vnesla velkou
energii), ale také nezbytné predpoklady kinetické (tim, ze ve struktufe vytvofila pro difusi
disloka¢ni kanaly a tim snizila aktiva¢ni energii difuse). Nutnym piedpokladem je ovSem
zachovani ,,nizké* pokojové teploty, pfi niz je nizkoentropicka konfigurace difusnich kanala
tvofenych disloka¢nim sitovim jesté stabilni.

4. ZAVER

Anomalni (anomalné rychld) difuse nizkodimensionalnimi kanaly muze zpusobit rychlou
relaxaci a nasledny lom pfetizenim takto degradovaného materidlu ocelovych dilct
zpevnénych pii vyrobé deformaci za studena. Popsand rentgenograficka technika je Gc¢innou
metodou nedestruktivni diagnostiky takovychto meznich stavii materidlu a prognostiky jeho
zbytkové zivotnosti.
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