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Abstrakt

Hranice zrn znéné ovlivilji vlastnosti polykrystalickych matertapouzivanych pro
technické aplikace. Tento vliv jeisledkem rozdilné energie hranic zrn a objemu aedasl
disledkem interakce hranic zrn s ostatnimi poruchkmstalové struktury, ndp bodovymi
poruchamic¢i dislokacemi, vedouci k podstatnému snizeni calk@ibbsovy volné energie
systému. Zejména jeden typ takové interakce — akt@r hranic zrn s atomyfimési
(nanosegregace na hranicich zrn) — je velice vymyamebd® diky Gzkému vztahu
nanosegregace a interkrystalické koheze vyramdiviiuji mechanické chovani matefialPro
zlepSeni mechanickych vlastnosti technicky vyuzpednmateridl navrhl Tadao Watanabe
v osmdesatych letech minulého stoleti koncépzényrstvi hranic zrnkterd spoiva v produkci
polykrystalickych materidl s optimalnimi vlastnostmiizenim charakteru a distribuce hranic
zrn. Pro tuto moderni koncepci je vSak nezbyintna znalost co nejtéiho rozsahu vlastnosti
Sirokého spektra hranic zrn. Jednou z dlg#itjSich vlastnosti, které ovliwji chovani
polykrystalickych materidél a kterd tak nuthmusi byt brana v Gvahu v koncepci InZzenyrstvi
hranic zrn, je nanosegregaagéngEsi na hranicich zrn. Chemické slozeni jednotliviicanic zrn
muze byt uteno bu’ experimentaléh pomoci nejizréjSich technik analyzy povréh(nag.
AES, ESCA, SIMS) nebo simulovano metodami teorétick modelovani, jako jsou Monte
Carlo nebo molekularni dynamika. Oba tytdspipy vSak maji vazna omezeni, ktera nedovoluji
ziskani patbnych (daj pro rozsahlé spektrumiimési i hranic zrn. Proto je jakakoli
predpovd takovych dat velice perspektivni a zadouci. Detaélnalyza vlivu rozpustnosti
pfimési v pevném stavu na Gibbsovu volnou energii segregiimési na hranicich zrn vedla
k formulaci dvou vztath Prvnim je tzvdiagram segregaceimesi na hranicich zrn

AHO(®, X[) = AH Y@, X = 1) + VAT In X (T
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vztahujici standardni molarni entalpii segregatiextsi na hranicich zrnAH,°, k ddajim o
rozpustnosti fmési v pevném stavul %InX,{T"), a odréZejici anisotropii segregadéngsi na
hranicich zrn AH,{®, X,"=1). Druh& zavislost, tzkompenzani jev mezi entalpii a entropii
ukazuje Gzky vztah mezi standardni molarni entalgii®, a standardni molarni entrophiS°,
segregaceifmési na hranicich zrn,

:AHIO+U' .

AO
S ==,

Na zéklad téchto dvou vztah Ize predpowdét segregaci libovolné fmési na
libovolné hranici zrn \o-Zeleze. Tato i@dpod, kterd poskytuje podstatné razsii databaze o
segregaci fimési na hranicich zrn, je testovana porovnanim vslekperimentalniho gieni
segregace na hranicich zrn v polykrystalickych nig@ch binarnich, pseudobinarnich a
mnohosloZzkovych systédim Jeji perspektiva je roe¢d ukazana na ifkladu pedpowdi
chemického slozeni hranic zrn ve dvou technicky Zpanych materialech: nizkolegované
feritické oceli a feritické fazi litiny s kutkovym grafitem. Diky zcela obecnému odvozeni vySe
uvedenych vztahmize byt naSe metoda predikce snadno Femai naiizné zakladni materialy
a rizna rozhrani, nd@pvolné povrchyi fazovéa rozhrani.

Abstract

Grain boundaries strongly influence the propermiepolycrystalline materials, which
are used for practical applications. This effeagiontes from the energy difference between the
internal interfaces and the crystal volume, andsegnently, from an interaction of the grain
boundaries with other lattice defects such as pdefiects and dislocations, resulting in
substantial reduction of the total Gibbs free eperfjthe system. One representative of such
interaction — the interaction with the solute atqmsnosegregation at the grain boundaries) — is
of high importance because it predominantly affettte intergranular cohesion and, in
consequence, the mechanical behavior of the mkstefia improve the mechanical properties of
the technically used materials, the concepGodin Boundary Engineeringvas proposed in
1980s by Tadao Watanabe to produce the polycrystiéifisoptimum properties by controlling
the grain boundary character distribution. For thigpose, the knowledge of the broad spectrum
of properties of the broad spectrum of grain bouiedais needed. One of the most important
properties which affects the behavior of polycriista materials and which has thus be
considered in the Grain Boundary Engineering condefhe nanosegregation of the solutes at
the grain boundaries. The chemical compositionnaividual grain boundaries can be either
measured experimentally using various techniquesudgace analysis (for example AES, ESCA
and SIMS), or simulated by the methods of theaaéticodeling (for example Monte Carlo and
molecular dynamics). Both these approaches, howéwee serious limitations, which do not
allow providing us with the data for a broad spectrof the solutes and for a broad spectrum of
the grain boundaries. Therefore, any predictioswth data seems to be very prospective and
desirable. A detail analysis of the effect of tldids solubility on variations of the Gibbs free
energy of interfacial segregation resulted in fdatian of two simple expressions. One of them
is the so-callegrain boundary segregation diagram

BHO@, X{) = 8H (@, X} =) +vRT'In X (T

relating the standard molar enthalpy of solute esgaion,AH,’, to the solid solubility data,
TxInX,{(T", and reflecting anisotropy of grain boundary seation,AH,{(®, X,"=1). The other
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expression, so-called thenthalpy-entropy compensation effestiows a close relationship
between the standard molar enthalpyy,’, and the standard molar entro@yS° of grain
boundary segregation,
0
ASO :ﬂ +0—p .

c

Based on the above two relationships the segmgatf any solute at any grain
boundary ofo-iron can be predicted. This prediction, which offa substantial extension of the
database on grain boundary segregation is testedolmparing with the literature data on
experimental measurement of grain boundary sedoggat polycrystalline materials of binary,
pseudobinary or multicomponent systems. In additiba potency of the prediction method is
shown to display chemical composition of the gréoundaries in two technically used
materials, the low-alloy ferrite steel and the iferphase of the nodular cast iron. Due to the
generality of the derivation of the above relatlups, the proposed prediction method can be
simply extended to different matrices and typestioé interfaces (free surfaces, phase
interfaces).

Keywords: segregation, grain boundaries, prediction, thegmanics, ferrite alloys

Introduction

Structural defects influence the properties of emals. For example, interaction
between dislocations and fine precipitates durorgnfng and thermomechanical treatment give
rise to strengthening of metals and alloys. On#hefmost important classes of defects affecting
the microstructure of polycrystals are internaleifdaces and especiall\grain boundaries
separating adjacent grains. The bonds betweeniduwdiv atoms in the grain boundary are
altered as compared to the bulk crystal [1]. Glaaundaries thus possess higher energy and
consequently, different properties than the crystéérior. Since the grain boundaries in
polycrystals create a three-dimensional “web” sprimoughout the material and thus represent
a self-standing link in material structure with fdient mechanical, electric and magnetic
properties, they substantially contribute to theaweour of the material. Let us emphasise that
the properties of grain boundaries are usually wdigan those of the crystal interior. It
significantly limits possibilities for practical gpications of polycrystalline materials. Moreover,
the grain boundaries show the tendency to reduedatial energy of the system by interaction
with other lattice defects, such as solute atomsedults in accumulatiorségregatioh of the
solute atoms at the grain boundaries to such extantthe interfaces — compared to the bulk —
may become qualitatively different in chemical matuChemical changes at the grain
boundaries may induce degradation processes @lthes, e.g. intergranular embrittlement [2].

Grain boundary segregation is a very importantnphgenon, which affects the
behaviour of polycrystals to a large extent. Thieqromenon covers all concentration changes at
a grain boundary supposing the character of a solidgtion is preserved [2]. It is worth noting
that the limit of solubility of a solute in a basitaterial (matrix) may differ at grain boundaries
and in bulk crystal [3]. If particles of anothergste appear at the grain boundaries one must call
it grain boundary precipitation. Grain boundaryggpéation is continuation of grain boundary
segregation, indeed, because new particles graweainterface due to supersaturation of the
solid solution at the grain boundary [4].
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Fig.1 Schematic depiction of individual classes of seatieq. X,/ and X,? represent the concentrations of individual
compared regiond, represents the length scale of the effect. Maand-microsegregation are connected with the
liquation effects while nanosegregation represtr@grain boundary segregation

Let us mention that the tersegregationis used in metallurgy to describe a wide
range of phenomena. We can meet this term ofteelation to solidification processes. During
solidification of a molten alloy, concentration fdifences occur in the cast due to the liquation.
The liquation effects can embrace areas of “metedle in the cast and of “micrometer” scales
between dendrites and interdendrite space. Thecfoefifiect is referred to asacrosegregation
the latter effect to asicrosegregatiorf5]. In contrast the grain boundary segregationceons
one or several atomic layers and is controlled gingboundary energy. Thus, it may be
ultimately limited to “ nanometer” scale. On thehet hand, it can exhibit much larger
concentration differences than macro- or microsgagiens (Fig. 1). From the point of view of
the above scale-based classification, the grainndaty segregation can be called
nanosegregation

Thermodynamics of equilibrium grain boundary segre@tion

As mentioned above, the grain boundary segregatmnthermodynamically
favourable process, which leads to accumulatiosohfte atoms at the grain boundary. The term
equilibrium grain boundary segregatias used to denote the very local redistributiosafites
at grain boundaries caused bynimisation of the total Gibbs free energy of tystem|t is
supposed that chemical potentigls of all species involved in solid solution are dams
throughout the system. At equilibrium there is jiarning which results in grain boundary
enrichment by surface-active species. The levethef enrichment is defined by the system
parameters at equilibrium only and not by the allostory, and can be reproduced by re-
establishing the identical physicochemical condgio

A detail thermodynamic analysis [6,7] shows tlnat grain boundary segregation can
be described as exchange of solused matrixM elements between grain bounddryand bulk
B,

IB+M® = 1®°+MB (1)

The basic condition for equilibrium between thaigroundary and bulk is
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i+ iy = I+ (2
for each component(i = I, M). Accepting the general expression for chemicaépidals, /£ =
1#° + RTIn a, whereg, is the activity of the elemenin a solid solution [8], we can write

@ e f ac ®)

ay  ap RT

In eq. (3), thestandardmolar Gibbs free energy of segregation,
AGY = (P = %) = (uii® - ") = AHP - TAS (4)

is defined as combination of the standard chenpiotdntials of the pure elemertandM at the
grain boundary and in the bulk’® and °®, respectively, at the temperature and pressure of
the systemAH,° andAS® are the standard molar enthalpy and entropy aksgegion of soluté

at the grain boundary in matr. The chemical potentials referring to the graintmtary,z°®,
intrinsically involve the contribution of the gralmundary energy;® [6,7],

'uio,m — <(io,aa _o.mA (5)

whereA is the partial molar area of specieat the grain boundary, adf"® is the partial molar
Helmholz free energy of speciem the interface in the standard state.

Since generallyg; = y X;, wherey is the activity coefficient of element[8], we can
rewrite eq. (3) using,, :1_22”:‘11XJ as

XP X f AGY+AGE (6)
-3 xP 1-)X RT
iZM =M
In eq. (6),
o B
AGE =RTIn /L u (7
Yuh

is the excessmolar Gibbs free energy of segregation. Eq. (&)resents thegeneral
thermodynamic form of the segregation isothe®imce the values of the activity coefficients in
eq. (7) are not knowmAGF is presently correlated according to models, wtich based on
semiempirical approaches. The simplest approacposimg ideal behaviour of all components
in the system (i.eAGF = 0) is calledLangmuir—-McLean segregation isothefj. It can be
expressed for a binary system as

XU o X o AG (8)
1-x°  1-X, RT

Regular solid solution model resultshowler isotherm(in case of a binary system)
and inGuttmann isothernfor multicomponent systems) [2,4,7,9].
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Effect of interfacial energy on grain boundary segegation

There are many examples of experimental as wehearetical evidence of the effect
of various thermodynamic and structural variablpgegsure, magnetic field, grain boundary
structure, character of both solute and matrix elets) on grain boundary segregation [9]. It is
apparent from egs. (4) and (6) that the influenténdividual parameters on grain boundary
segregation is primarily involved in variations the values ofAG° and consequently, of the
values ofAH,° andAS°. Additionally, temperature affects the valuestaf £xponential term in
eg. (6). The effect of bulk concentration on gragundary segregation is also evident from eq.
(6). All above-mentioned effects as well as grabuitidary composition contribute to variations
of the values of\GF in real systems. Let us now discuss one of thésets, the effect of the
grain boundary energy.

The variations of the standard molar Gibbs freergy of segregatiomG,°, can be
expressed by its total differential,

0 0
(2] woy(BP] ©
T.Q TP.Q,

Q i J

0
e :[GAG, ]

aT

In eq. (9),Q; are the intensive variables of the system suchammetic field and grain
boundary energy [10]. It is apparent thanG%P)rq = AV (AV\° is the standard molar
segregation volume of solutg and AG%0T)pq = -AS° [8]. In agreement with eq. (4), the

total differentials of the standard molar enthagmd entropy of segregation can be expressed
analogously,

o_~[0nH? cand o \[ 088 _ (10)
dAH,—Z[ o ]TPQ dQ, dAs, _Z,:[ ]TPQ dQ,

7 i 0Q;

The changes in the grain boundary enemwaffect the values of the chemical
potentials of the solute and matrix element at ghein boundary (cf. eq. (5)) and thus, the
standard molar Gibbs free energy of segregatioe. dftanges of the grain boundary enemy
may be of different nature but principallg changes due to (iyrain boundary structure
(anisotropy of grain boundary segregation), arjch@iure of segregating and matrix elements

Structural dependence of grain boundary segregatian be displayed as an
orientation dependence AH,° [11]. An example of the anisotropy of solute segt®n at grain
boundaries ofa-iron is shown in Fig. 2. On the other hand, theeatelence of the grain
boundary segregation on the nature of the solutebearepresented by the dependencaHf
on the solubility of the solute in solid matriX, (T) [12], as shown in Fig. 3. In fact, this
representation is similar to that between the gtmunndary enrichment ratio and the solid
solubility revealed earlier by Hondros and Sealj.[13

Chemical potentialy”, of the solutd in saturated bulk solid solution is

=1 +RTIna’ (11)

wherea,” is the activity of the soluté in the systemM—I at the solubility limitX,"(T) [14].
Providing the saturated bulk solid solutionldf M is considered as another standard state, the
segregation free energy of the solytAG,”, can be expressed as
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AGY = (U0 = 1P®) - (u® - 3®) = BGP - RTna/ 12)

It can be simply shown that

2= - R{Jﬂ_a]] (13)

As the product on the right-hand side of eq. (T3ha = AG /R, was proved to be
nearly independent of temperature for various systf3,14], the term in brackets of eq. (13) is
negligible. Consequently, both entropy terms in(&8) are equal. Eq. (12) can be then rewritten
as

AHO = AH +RTIna" (14)

The plot of numerous pairs of the values of atiési and corresponding
concentrations at the solid solubility level in ieais systems found in [15] revealed a simple
power relationship between these two values fdeifit systems and temperatures [14],

2= (X" (15)

where the parametar depends on matrix elemeM albeit not on the nature of the solute
element [14]. A combination of egs. (14) and (15) providsswith [14]

AHO(®, X?) = AHY(®, X =1) +VRT'In X(T")] (16)

Eqg. (16) represents a very important relationfigippveen the standard molar enthalpy
of segregation of a solute element with solid sitilybX,” (at a temperatur&) and the product
of logarithm of solid solubility and correspondirigmperature. Let us emphasise that the
productT'InX,"(T") = const and thereforeAH? (®,X,") is independent of temperature. As was
discussed abové\H,° depends on the grain boundary structure. This e is included in
AH; (P) representing the standard molar enthalpy of sggi@n of a solute with unlimited solid
solubility, X;” = 1. It is apparent that the “structural” tezhi (®) is independenbf solid
solubility and the “solubility” termvRT'InX,"(T")] does not dependn grain boundary energy
[14]. This conclusion can be well seen from thet pibAH® vs. misorientation anglé and vs.
[T'InX,"(T")] so-calledgrain boundary segregation diagrajh4,16] (Fig. 4): the lines joining the
segregation enthalpy of individual solute elemeatscorresponding grain boundaries are
parallel.

Eqg. (16) and the grain boundary segregation dragmepresent an extension of the
model of Hondros and Se#h3] by considering segregation anisotropy(° = f(®)) and non-
ideal behaviour of the solid solutions at solupilitmit (v# 1) [14].

In sense of eq. (10), we can write

wo-(B9) o () g @
T PO %0 TPO %0

ao® do,
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Fig.2 Dependence of enthalpy of segregation otailj phosphorus and carbon on misorientation anflgl00]
symmetrical grain boundaries [11]
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Fig.3 Dependence of enthalpy of segregation ofouarisolutes at general grain boundaries on solit#ity data ofa-

iron. Full line depicts the prediction (cf. eq. [L&the scatter o5 kJ/mol from the prediction is marked by the
dashed lines [12]

whered® andg; reflect the changes of the grain boundary eneagged by changes in structure
and nature of the solute, respectively. The toiffiéreéntial of the segregation entropy can be
expressed analogously. Evidently, ranges of theesalof ® and g must exist, for that a
constant temperatufi is defined a$17)

(aAHPj do® J{aAHPJ do
(o)
T = dAH,O — oo T,P,Q#0® 60’I T,P,Q %0, (18)
¢ das’  (anS? NS’
(a; ] do® +( a: ] do,
TP.Q %0 I /T POz

ie.,
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T.dAS? =dAH? (19)
3
&
2
:I\
<
0°[100]
Fig.4 Grain boundary segregation diagram for [100] symitettilt grain boundaries in-iron [14]
It follows from eqgs. (4), (18) and (19) that
0 0
dAG/(T,) = [M% ] do® +[0AG'] do, =0 (20)
do © d0,
P.Q 20 P.Q %0,
Integration of eq. (19) providésH,° = T(AS® + AS) and thus,
_OH? _AG(T,) (21)

A 0
S T, T,

Cc

Therefore AG%(T,) = T,AS which is constant according to eq. (20), i.e.ejmehdent
of any change of the grain boundary energy.ateq. (18) represents tlwmpensation effect
suggesting that the change of the standard mothaalkay of segregation,XH,°, caused by the
change of the grain boundary energy,campensatedy the corresponding change of the
standard molar entropy of segregatioASd in a linear way despite of the nature of the cleang
of the grain boundary energy, is the compensation temperat{it§]. AS = AG(T)/T. is the
negative configuration entropy dt [18] and is independent either of the grain boundary
structure or the nature of the segregated soligeus mention that the compensation effect is
completely general and holds for all consideredatdesQ; in sense of egs. (9) and (Ja)]. It
is also worth noting that condition (20) does regiresent an equilibrium condition and thus, no
transformation can generally occurTat

The compensation effect for grain boundary sedr@gan a-iron is shown in Fig. 5.
It is seen that there exist two branches of theedelqanceAS0 vs. AH. It is because the
compensation effect may exist for the process ahly,nature and mechanism of which remain
the same when a variable changes. However, thegatipn occurs either on substitution or at
interstitial positions, representing different mastsms. In Fig. 5, the upper and lower lines
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correspond to segregation at interstitial and $witisin positions, respectively, but possess the
same slope. It means that the compensation tenperiatindependent of the mechanism of the
segregationT, = 930 K). Therefore, we may well accept thigis a characteristic parameter of

the matrix elemeniAS is different for both branches, indefed].

AS" (J(mol.K))

60 40
AH/“ (kJ/mol)

Fig.5 Compensation effect for segregatioroiiron. Full symbols — data for segregation of cariquares), phosphorus
(triangles) and silicon (circles) at individual grdoundarie§11]. Empty symbols — data from literature measured

for solute segregation in polycrystallineiron [12]

Let us notice that the above-demonstrated thermatbic derivation of the
compensation effect was performed generally ancbeaapplied to any thermodynamic process
or equilibrium state that is characterised by cleangf the Gibbs free energy despite of its
meaning as characteristic equilibrium change oivatibn energy. This is documented by
observing the compensation effect not only in uaimterfacial processes and states (e.g. grain
boundary diffusion, migration, segregation) butoala many fields of physics, chemistry,

biology, medicine etd.17].

Prediction of grain boundary segregation

Thermodynamic considerations resulting in eqs) @&l (21) were already used for
prediction of grain boundary segregat{d®,19. For this prediction, few parameters are needed
only: AH,"(®), v, T, and AS. The value ofAS reflects the mechanism of grain boundary
segregation (at substitution and interstitial 3iteé®r grain boundary segregationasiron, these
parameters are listed in Table 1. A knowledge efdblubility of the soluté in the M-I solid
solution, X, (T'), is only necessary to determine the values Abf°(®) and AS(®).
Consequently, the values Af3,°(®) and grain boundary concentrations (accordinggto(&))
for any element agny grain boundary anytemperature foany bulk concentration (supposing
the conditions necessary for derivation of eq.a(@) fulfilled) can be determined. The predicted
values ofAH,° andAS? for selected elements are given in Table 2. Theeagent between the
predicted values ofiH,® andAS°® for Al, Cr, Ni, P, Sb and Sn segregationcisiron and those
found in literature is surprisingly good as carodle seen from Fig. 5. In addition, the predicted
concentrations of boron (5.4at.%B at 673 K) anghtsut (8.6at.%S at 823 K) at general grain
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boundaries in respective binary systems wititon are also in excellent agreement with the
experimental data found for polycrystalline alloj#at.%B and 6at.%S at corresponding
temperatured)12,19.

Table 1 Parameters needed for prediction of grain boundagyegation (egs. (16) and (21)) in a-iron [12,19. The
parameters were determined from the measurementsiliobn, phosphorus and carbon segregation at
individual grain boundaries im-iron [9,11]

AHY (@) v (J/(remil.K)) (LC)
Generalgrain boundaries -8 to 4 0.77
Vicinal grain boundaries -2 to +2 0.77
Specialgrain boundaries +5 to +8 0.77
Substitutionsegregation +5 930
Interstitial segregation +56 930

Table 2 Selection of predicte@lues of the enthalpy and entropy of segregatfovadous solutes at individual grain
boundaries ina-iron (S — substitution, | — interstitia[12,19. The data on solid solubility of the solute
elements irm-iron were taken froni20]

solubility [20] AHP (kd/mol) /AS® (J/(mol.K))
solute site {013 (001)/(034) 457104,
X7 T (K) (special) (vicinal) (general)
AH"= +6 kJ/mol AH"= +2 kJ/mol AH"= -6 kJ/mol

Al 0.2 718 s —1/+4 5/-1 -13/-9
As 0.095 1173 | -12 / +43 -16/ +39 —24/ +31
B 0.00005 1185 | -69 /-20 -73/-24 -81/-33
C 0.001013| 1000 | -38/+15 —42 [ +11 —50/ +2

Co 0.75 1008 s 0/+5 0/+5 -8/-4

Cr 0.37 1073 s —1/+4 -5/0 -13/-9
Cu 0.018 1130 s -23/-20 -271-24 -35/-33
H 0.0001 995 | -53 /-1 -57 /-5 -65 /-14
Mg 0.0004 1185 s -53 /-53 -57 /-57 -65 /-65
Mn 0.03 873 s -14/-10 -18/-14 -26/-23
Mo 0.055 1173 s -16/-12 -20/-16 -28/-25
N 0.004 864 | -25/ +30 -29/ +25 -37/+17
Nb 0.007 1234 s -33/-31 -37/-35 -45 |-44
Ni 0.058 748 s -8/-4 -12/-8 -20/-16
o) 0.000008 | 1185 | -83/-33 -87 /-38 -95 /-46
P 0.033 1173 | -20/+35 -24/ +31 -32/+22
s 0.00033 1200 I -56 /4 -60/-8 -68/-17
Sb 0.0419 1173 | -18/+37 -22/ +33 -30/+24
Si 0.305 1313 s -4/+1 -8 /-4 -16 /-12
Sn 0.095 1183 [ -12 / +43 -16/ +39 -24 1 +30
Ti 0.0308 1173 s -20/-17 -24/-21 -32/-29
v 0.25 1178 s -4/0 -8/-4 -16/-13
w 0.02 1173 s —23/-20 —27/-24 -35/-33




Acta Metallurgica Slovaca, 13, 2007, 1 (117 - 130) 128

Let us now apply this prediction to complexiron based systems such as low-alloy
ferrite steel and ferrite phase of nodular cash,inwhere intergranular decohesion may also
occur (Fig. 6). Although the nominal compositiont these systems is well known, it is
necessary to find thesal concentrations of individual solutelissolvedin ferrite matrix of
particular material at a chosen temperature. We#l known that a part of the solute atoms is
usually bound in precipitates and thus, they dopwticipate in segregation equilibrium. An
estimate of the ferrite composition in particuldoygs may be calculated, for example, using the
THERMO-CALC program[21,23. In Tables 3 and 4 related to the chosen steelnaxidlar
cast iron, respectively, the bulk content of sokitements are compared to their concentrations
in ferrite.

In case of the steel (Table 3), we compared predivalues of grain boundary
concentration, ,®) with the experimental value§X®) measured after equilibrium annealing
at 853 K. The data in brackets are too low to bteated by Auger electron spectroscopy on
intergranular fracture surfaces (AES). Carbon was aonsidered in determination of grain
boundary composition (N) because its segregatetiopois hardly distinguishable from that
present in carbides as well as from that contamdhaat the fracture surface during
measurements.

The value of X:® is in excellent agreement with the value’®® but the predicted
and experimental data for chromium differ substdiyti This difference may origin in the
estimate of chromium concentration in bulk solitlution and/or in the quantification procedure
of AES. The predicted concentrations of molybdenamd vanadium are low, and
correspondingly they were not detected by AES. @dwcentrations of silicon and manganese
are principally measurable by AES, however, thekped both elements are very close to those
of iron and therefore, it is complicated to distirgh them for such low concentrations. Grain
boundary concentration of carbon is under the dietetimit of AES that justifies neglecting the
measured peaks of carbon that originated mainlynfitbe precipitates and contamination
effects. In any case, it is remarkable that thehogtpredicts (qualitatively at least) segregation
of all solutes that was also measured experimgntditvertheless, for complete prediction it is
necessary to take into account mutual interactietwéen solute elements as to correlate the
value ofAGF (eq. (6)). Until now, however, there is no avaitaivay to predict these values.

Table 3 Comparison of predicted and experimental data fdovealloy steel.W...nominal bulk concentrations;
X ...calculated solute concentrations in ferrite at 8§3%X®,...experimental values of grain boundary
concentrations in polycrystals at 853 &%°...solute concentrations at a general grain boundags3 K
predicted for ideal multicomponent Hesystem. The data in bold may be compdfed

steel Cr Mo \% Si P C Mn S Ref.
W, (mass.%) 2.48 0.03 0.01 0.32] 0.011 0.12 068 0.908 [23]
X (at.%) 1.63 0.016 0.0035 0.63 0.02 0.00065 068
EX,? (at.%) 15 - - - 19 N - - [12,23
PX,? (at.%) 2.7 (0.03) (0.006) 11 19 0.7) 1.3 -

Table 4 Comparison of experimental data for nodular cast iD1248 with the predicted ones for 1073 K. Foameg
of symbols see Table 3

cast iron D1248 C Mn Si P S Cr Mg Ref.
W, (mass.%) 3.73 0.30 2.80 0.069 0.01§ 0.02 0.042 [24]
X (at.%) 0.074 0.230 6.034 0.12Q 0 0.0022 0.094
EX/® (at.%) 8 - 4 14 - - - [24]
PX,® (at.%) 14 0.1) 4.5 32 - (0.02) (0.1)
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Grain boundary composition of ferrite phase inulad cast iron D1248 was treated
similarly (Table 4). As in case of the steel, sulpls supposed to be completely precipitated in
MnS and not participating in segregation. In caosttta the steel, the amount of carbon dissolved
in ferrite is high enough to take its segregatioio iaccount. Additionally, the data BX-® in
Table 4 were measured at grain boundaries of dsloveled material that was not tempered for
segregation. It means that the segregation statbeaboundary was not developed during
changed temperatures and therefore, these datatdammscribed to a specific temperature. As
it is seen from Table 4, the values®§® and=X,* are in good qualitative agreement: Grain
boundary segregation at 1073 K was predicted faradlites the segregation of which was found
experimentally, i.e., for phosphorus, silicon amadbon. The predicted interfacial concentrations
of manganese, chromium and magnesium are low, amdspondingly they were not detected
by AES. One can expect that in equilibrium, theceoriration of carbon and phosphorus should
be higher and that of silicon lower than the meadwalues ofX,®. Due to dominant repulsive
Si—P interaction, the content of silicon should &gbstantially suppressed. Nevertheless,
elements as silicon, carbon and phosphorus willeapmt grain boundaries in equilibrium
whereas the other solutes present in the caswilbnot reach measurable concentrations at the
grain boundarief9].

Fig.6 SEM micrograph taken in vicinity of a globlar ghdte partile showing intergranular decohesion érrife
fractured prevailingly by cleavage. The arrow iradés the intergranular facet

Conclusions
Thermodynamic analysis of the effect of interfhogmergy on grain boundary

segregation revealed novel relationships betweemtbdynamic parameters of grain boundary
segregation. The dependence of the standard mathalpy of segregation on both the solute
solid solubility and the grain boundary structuesulted in construction of the grain boundary
segregation diagram and in refinement of the ganliedel of Hondros and Seah. It was also
shown that all thermodynamic parameters of graimndary segregation change with changing
the interfacial energy evoked by changes of bo¢hgifain boundary structure and the nature of
segregated element. The dependence of enthalpgrarmpy of grain boundary segregation on
interfacial energy can be represented by the cosgtem effect. Both relationships — the grain
boundary segregation diagram and the compensafiiect e were successfully used to predict
grain boundary segregation of any element at amyngooundary in binary systems and in
complex systems such as steels and cast ironglhs w
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