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Abstract. This feature article summarizes the present art and science of grain boundary segregation from the 
viewpoint of the authors activities in this field. In the part on equilibrium segregation, fundamental effects on grain 
boundary segregation are discussed such as the nature of the solute/matrix binary system, presence of additional 
elements, temperature, grain boundary orientation and type of interface. In addition, the predictive capabilities of 
grain boundary segregation diagrams are outlined. The present models of segregation kinetics are reviewed and 
discussed in connection with recent experiment. The last part of the paper is focussed on the most important 
c3nsequences of grain boundary segregation, i.e., grain boundary cohesion and fracture. 
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1. Introduction 

Practical experience of many centuries has led to 
she common knowledge that low additions of spe- 
cific impurities to a material substantially change its 
mechanical properties such as strength and ductility. 
The existence of grain boundaries in solids has been 
known for more than a hundred years. However, only 
several decades ago the first experiments appeared 
which indicated indirectly that this change in mechan- 
ical behavior is closely related to solute segregation at 
grain boundaries, thus showing these interfaces to be a 
weak link of the materials structure. An intensive study 
of grain boundary segregation and its role in changing 
many mechanical and physical properties started in the 
1970s and was enhanced by the development of sur- 
face analysis techniques, in particular Auger electron 
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spectroscopy. Since that time, considerable progress 
has been achieved in understanding the phenomenon 
of grain boundary segregation. It is now well recog- 
nized that solute or impurity segregation substantially 
affects the basic physicochemical properties of grain 
boundaries, e.g., their energetics, kinetics, cohesion, 
mobility and electrochemical behavior, and through 
them many related materials properties such as stress 
relief cracking, creep embrittlement, recrystallization, 
diffusion creep, temper brittlenes, hydrogen and liq- 
uid metal embrittlement, intergranular corrosion, stress 
corrosion cracking, and sintering [1]. 

The boom of experimental studies in the 1970s led 
to related theoretical studies. During that time, so- 
lute segregation was measured mainly in polycrys- 
tals of various engineering materials as well as in 
model alloys. These measurements provided good es- 
timates of segregation behavior and, in many cases, 
values of the thermodynamic parameters. Since the 
results obtained from measurements in polycrystals 
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represent the composition averaged over a number of 
unknown grain boundaries, the corresponding values 
of segregation enthalpy and entropy are of rather lim- 
ited physical meaning. The improved sensitivity of 
surface analysis techniques and particularly the pos- 
sibility to study individual, crystallographically well- 
characterized grain boundaries in oriented bicrystals 
in the 1980s represent the first step how to overcome 
this drawback. Later, other techniques such as atom- 
probe field ion microscopy and more recently high- 
resolution transmission electron microscopy led to con- 
siderable progress in understanding the mechanisms of 
solute segregation at individual sites at selected grain 
boundaries. Simultaneously with this experimental re- 
search on solute segregation, large effort has been spent 
since the 1980s in theoretical studies of chemical com- 
position of grain boundaries by means of computer 
simulations. Studies combining observation of segre- 
gated grain boundaries by high-resolution and analyt- 
ical electron microscopy and its computer simulation 
are expected to be a highly promising approach in the 
future [2]. 

Different phenomena may be understood by the term 
grain boundary segregation: 

1) equilibrium distribution of solutes between bound- 
ary and bulk governed by the minimum of the total 
free energy of the whole system at a given temper- 
ature, 

2) the kinetics of the process to attain the equilibrium 
solute distribution at a grain boundary, and 

3) non-equilibrium solute distribution induced by 
some external effects, e.g., quenching, stressing, 
radiation, grain boundary movement, and growth 
of precipitates. 

A huge number of papers concerning various aspects 
of grain boundary segregation were published in the 
past decades, including many review papers and books. 
Papers [3-23] as well as our very recent surveys [1, 
2] can serve as fundamental examples. Our research 
during the last two decades was focussed mainly on the 
former two items, i.e., on the equilibrium segregation 
and on the kinetics of this process. In addition, we 
often studied solute segregation at free surfaces for a 
comparison to the beahavior of grain boundaries. Inthe 
present feature article we summarize the results of this 
research in context with the current art and science of 
grain boundary segregation, and critically review some 
of the recent advances. 

2. Equilibrium Segregation 

In general, solute segregation can be considered as the 
result of an interaction between a "chemical" defect 
(foreign atom in an otherwise homogeneous bulk) and 
a structural defect I of a material. The driving force for 
this process is usually defined as the difference of the 
free energy between two states (i) a foreign atom in a 
configuration with a structural defect, and (ii) the same 
atom dissolved in the bulk [15]. Due to the general sim- 
ilarity of the above mentioned interaction for different 
kinds of structural defects, particular types of solute 
segregation can be described in the same phenomeno- 
logical manner irrespective of some necessary refine- 
ment in individual cases. For example, the theories of 
gas adsorption at liquid or solid surfaces could success- 
fully be used and adapted to describe grain boundary 
segregation [24]. 

A general theory of interfacial segregation was de- 
veloped by Guttmann in the 1970s on the basis of 
thermodynamic description of distribution of different 
types of species between two phases, i.e., bulk and in- 
terface [7]. Considering interactions between all possi- 
ble combinations of atoms and asuming that all species 
occupy the same area in the boundary, the Guttmann 
theory can be expressed in a generalized form for a 
multicomponent system by 

x o ,  _ 

Xt { AGI"~ 

1 - x ,  

(1) 

where Xff and X t are the mole fractions of element I 
at the interface ~b and in the bulk, respectively, and X ~ 
is the total ratio of all sites available at the interface for 
segregation. The free energy of segregation, AG t, is 

AG,  = A H  ~  T A S  ~  2otMt(X ~ -- Xt) 

M-1 

~' [ X ~ + Z.., H t J - X  J/ 
Jv~l 

(2) 

1 Structural defects can be classified according to their space dimen- 

sions as dimensionless (point) defects: vacancy, interstitial, quadru- 

ple grain boundary intersection junction; one-dimensional (line) de- 

fects: dislocation, disclination, triple grain boundary intersection 

line; two-dimensional (planar) defects: heterophase interface (liq- 

uid/gas, liquid/liquid, liquid/solid, solid/solid), homophase interface 

(grain boundary, stacking fault); three-dimensional (volume) defects: 

precipitates. 
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Table 1. The effect of individual variables on individual terms of 

Eq. (2). 

Variable &H~' TAS~ ) Umt(X ~ -- X,) a~j (X~-  X,) 

System M - I + + + - 

Additional solutes - - + + 

Temperature - + + + 

Type of interface + + + + 

Orientation + + + + 

where AH ~ and AS ~ are the standard molar enthalpy 
and entropy of segregation in a dilute binary M - I sys- 
tem in which no interaction exists, and UMI and u~j are 
the parameters for binary interaction between atoms I 
in matrix M, and for ternary interaction between atoms 
I and J in the same matrix, respectively [7]. 

The complexity of equilibrium segregation to grain 
boundaries is displayed in Eq. (2). As shown in Table 1, 
the specific parameters of Eq. (2) depend on so- 
lute/matrix elements pairs, on the presence of addi- 
tional solutes in the system and on their mutual inter- 
action, on the temperature at which the segregation is 
equilibriated, on the type of the interface and on its crys- 
tallography [25]. Let us first briefly outline the effects 
of individual variables on equilibrium segregation. 

2.1. Binary Solute~Matrix Systems 

2.1.1. Langmuir-McLean Isotherm. An assumption 
of a binary M - I system without interaction simpli- 
fies Eqs. (1) and (2) to the well-known form of the 
Langmuir-McLean segregation equation rewritten by 
Hondros and Seah [24] as 

x, x, [ 
x - xf - I -  x----7 expT-kT -) (3) 

with 

A G ,  = A o_ T A S  o (4) 

This equation represents an analogy to the Langmuir 
gas adsorption isotherm and was originally derived by 
McLean [3] who used the statistical mechanics con- 
cept of the partition of solute atoms between two states 
of different free energy (bulk and interface). Equa- 
tion (3) with condition (4) is the most frequently used 
segregation equation for binary systems. Because it 
ignores any interaction of solute atoms in the given 
matrix, the free energy of segregation, AG t, is con- 
stant over the grain boundary and independent of the 
interface coverage below one monolayer. Therefore, 
it is only an approximation for real cases but it can 
be exactly veryfied for dilute systems with low grain 
boundary enrichment. Experimental verification of the 
validity of Eqs. (3) and (4) requires a precise quantita- 
tive measurement of the chemical composition of grain 
boundaries in the atomic monolayer region. There- 
fore, almost all data are obtained using surface analyti- 
cal methods, in particular Auger electron spectroscopy 
(AES). In order to transform a grain boundary into a 
surface, in situ intergranular brittle fracture has to be 
carried out. All data referred to in this paper were 
obtained in this way. 

The above mentioned conditions are attained in 
many systems, for example for S and In segregation 
in Ni, and for Si segregation in ot-Fe. The values de- 
termined for the thermodynamic parameters AH ~ and 
AS ~ are listed in Table 2. In the Ni-S system, the av- 
erage value A / t  ~ = --70 4- 10 kJ/mol was found to 
fit best the temperature dependence of sulfur concen- 
tration at random grain boundaries of polycrystalline 
nickel [26]. On the other hand, segregation in both the 
other systems, Ni-In and Fe-Si, was measured at well- 
characterized interfaces. Indium segregation at {115} 
and { 1 1 10} symmetrical tilt grain boundaries in a Ni- 
l.4 at.%In alloy can be correlated by approximately the 
same values of the segregation enthalpy, and the seg- 
regation entropy approaches zero at both boundaries 
[27, 28] (Fig. 1). A two times higher value of AH ~ 

Table 2. Thermodynamic parameters of segregation in dilute binary systems which exhibit 
Langmuir-McLean behavior (Eqs. (3) and (4)). 

Matrix Segregant Boundary (kJ/mol) (J/(mol.K)) Ref. 

Ni S Polycrystal - 7 0  [26] 

Ni-l .4at.%In In 150.6~ -38  0 [27, 28] 

163.5~ 1 10} -39  0 [27,28] 

a-Fe-12.9 at.%Si Si 70.5~ - 4  - 4  [29] 

36.9~ -8.1 -6 .7  [29] 
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Figure 1. Arrhenius plot of the equilibrium segregation of In in Ni. Assuming X ~ = 1, X~n was determined by Auger electron spectroscopy 
(AES) at two fracture surfaces of bicrystals with [110], {115} (o) and {1 1 10} (A) symmetrical tilt grain boundaries. (After Muschik [27].) 

was found for silicon segregation in an Fe-12.9 at.% Si 
alloy at the {013} as compared to the { 112} symmetrical 
tilt grain boundary [29]. 

2.1.2. Prediction of Segregation in Binary Systems. 
Irrespective of the segregation measurement at ran- 
dom interfaces in polycrystals or at crystallographically 
well-characterized grain boundaries in bicrystals, pro- 
nounced differences in the values of A H ~ are apparent 
from Table 2 for individual systems. These differences 
can be well explained by the different solubility of indi- 
vidual solutes in the above mentioned matrix elements. 
Assuming a dilute alloy (X I << 1) and introducing a 
bulk solid solubility limit X~ into Eq. (3), the expres- 
sion 

x,* x, / AG;  
X ~ - Xf -- X; e x p k - ~  ) (5) 

is obtained with 

AG' 1 = AG t - AG~ ~ (6) 

Here, A G~~ is the free energy of solution of I in matrix 
M at the solid solubility limit (X~ = exp(AGSpl/RT)). 
Equation (5) is the so called truncated BET isotherm 

derived from the original BET (Brunauer-Emmett- 
Teller) multilayer gas adsorption equation by Hondros 
and Seah [24]. AG~ is the difference of free energies 
of segregation and precipitation, and was empirically 
found to possess the value -10  4- 6 kJ/mol for all con- 
sidered systems M - I [30]. This allows to rewrite 
Eq. (5) into the form 

X___~t ~ _ g (7) 
~I ~ XIMaXI X7 

where fit is the grain boundary enrichment ratio and 
K = exp(-AG'I /RT) .  Equation (7)represents adirect 
relationship between the grain boundary enrichment 
ratio and the solid solubility of a solute I in matrix M. 
Since 

AH~ (x R T I n X  7 (8) 

follows from combination of Eqs. (3), (4) and (7) for a 
dilute binary alloy assuming a negligible entropy term, 
the values of AH ~ as presented in Table 2 can directly 
be related to the logarithmic values of the correspond- 
ing bulk solid solubility: The value - 7 0  kJ/mol was 
found for S segregation in Ni, in which the solubility 
of sulfur is a few ppm. With increasing solubility of 
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a solute in the matrix (e.g., 14 at% In in Ni or 30.5 
at% Si in a-Fe), higher values of AH ~ were found 
(i.e., - 3 8  or - 3 9  kJ/mol for In in Ni, and - 4  kJ/mol 
and -8 .1  kJ/mol for Si in ot-Fe). Recently, a detailed 
thermodynamic analysis [31] resulted in a more pre- 
cise expression between the segregation enthalpy and 
bulk solid solubility, as discussed in more detail later in 
Section 2.6. Despite these refinements, Eq. (7) repre- 
sents a direct relationship between the grain boundary 
enrichment ratio and the bulk solid solubility of a so- 
lute I in matrix M. Thus, Eq. (8) enables to predict the 
segregation tendencies in particular systems through 
knowledge of the bulk solid solubility. 

2.1.3. Fowler Isotherm. In some systems, a strong 
interaction exists between solute atoms in a binary sys- 
tem M - I so that the binary interaction term in Eq. (1) 
cannot be neglected~ In this case, simplification of the 
general Eqs. (1) and (2) for a binary system leads to 
Eq. (3) with 

AG,  = AG ~  2~M,(X ~ -- X,) (9) 

where AG O = AH ~ - T A S  ~ Assuming S I ~ X~l 
and tzut = -Z1o~/X ~ where Z 1 is the lateral coordi- 
nation number in the two-dimensional (2-D) segrega- 
tion layer, and a~ is the pair binding energy of segre- 
gant atoms I, the usual form of the Fowler segregation 
isotherm [32] is obtained. Of course, if no interaction 
exists, i.e., if otul = 0, the ideal Langmuir-McLean 
segregation Eq. (3) with condition (4) is obtained. The 
case t~Mt > 0, i.e., ~o < 0 means attractive interaction 
and increases the apparent free energy of segregation 
with the segregation level X~ according to Eq. (9). The 
Fowler behavior was observed for Te and Se segrega- 
tion in a-Fe [33] and for Bi segregation in Cu [34]. 
For strong interactions, e.g., for otutX ~ = 6RT, a 
condensation of a 2-D phase can be expected. Such a 
2-D structure was found for Nb segregation at stacking 
faults in a Co-0.96 at.% Nb alloy [35]. 

2.2. Presence of Additional Solutes: 
Multicomponent Systems 

Segregation in multicomponent systems with two or 
more solutes often results in a rather complex segre- 
gation behavior depending on the type and magnitude 
of solute interaction. In general, segregation in a mul- 
ticomponent system can be described by Eq. (1) with 
condition (2). However, as shown by Guttmann and 

McLean [7] and discussed by Militzer and Wieting 
[36], some modifications of these equations can arise 
for cases in which segregation of different solutes 
occurs at different grain boundary sites, e.g., if sub- 
stitutional and interstitial sites are distinguished, and 
with or without considering site competition of solute 
atoms at the boundary. 

2.2.1. Site Competition. Even in the case when no 
interaction occurs in a multicomponent alloy, site 
competition can affect the segregation behavior of in- 
dividual solutes. This site competition is involved in 
the denominator of the ratio at the left-hand side of 
Eq. (1) and shows how the solutes compete for the to- 
tally available sites X~ Segregation of a solute I is 
reduced by those of other solutes and vice versa. As a re- 
sult, a strong segregant can completely expel a Weaker 
segregating solute (lower I AGt  l) from the interface es- 
pecially at low temperatures. Site competition at grain 
boundaries was observed e.g., for C and P, and O and 
P in W containing additions of Fe and Ni (Fig. 2) [37]. 

2.2.2. Mutual Interaction. In contrast to site com- 
petition influencing segregation levels through the 
changes of interfacial concentration of additional so- 
lutes, mutual interactions of solute atoms affect grain 
boundary segregation through changes of the apparent 
segregation free energy according to Eq. (2). These 
interactions can be either attractive as characterized 
by negative values of corresponding ot~j, or repulsive 
with t~j  > 0. Attractive interactions lower the appar- 
ent (negative) free energy of segregation of both inter- 
acting solutes and thus lead to synergetic cosegregation 
of these solutes. Strong interaction with a low value 

I of ot H can result in the formation of 2-D interfacial 
compounds of the interacting elements [7]. On the 
other hand, repulsive interaction increases the value of 
AG t and, therefore, suppresses the segregation of the 
two solutes. The final result of repulsive interactions 
is similar to that of site competition and sometimes it 
is difficult to distinguish between them. However, the 
basic mechanisms are different as described above. 

There are many systems in which solute interac- 
tions play a substantial role in segregation behavior as 
pointed out by Guttmann and McLean [7]. Hofmann 
and Hofmann [37] observed attractive interaction be- 
tween Ni and P atoms, and between Fe and P atoms 
in a tungsten matrix (Fig. 2) and Otterbein [38] found 
attractive interaction between Ni and B atoms in Ni- 
rich Ni3A1 intermetallics (t~i B = - 3 4  kJ/mol). On the 
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Figure 2. Correlation between the grain boundary concentration of P (X gb) and that of Ni, Fe (cosegregation) and C, O (site competition) at 
intergranular fracture surfaces of a W base alloy studied by Auger electron spectroscopy. (After Hofmann and Hofmann [37].) 

other hand, Lej~ek and Hofmann [39] observed strong 
repulsive interaction between Si and P atoms in a P- 
doped Fe-Si alloy (ot~i P = 92 kJ/mol). 

2.2.3. Activi ty Approach.  Starting with the discus- 
sion of cosegregation of Ni and Sb in Fe base alloys 
described by Gas et al. [40], Briant [41] gave rise to 
doubts about the concept of atomic interaction in mul- 
ticomponent alloys and later proposed to explain the 
changes of segregation behavior caused by the pres- 
ence of additional solutes in a system beside site 
competition--by changes in bulk activities of individ- 
ual solutes and by mutual changes of their solubilities 
[42]. Then, the concept of chemical equilibrium ther- 
modynamics can be adapted for description of interfa- 
cial segregation 

aOla] a~al  = K r (10) 

where a i is the activity of a solute i (i = I, J )  in a 
ternary M - I - J system at an interface 4~ and in bulk. 
K r = e x p ( - A G r / R T )  is a constant of a "reaction" 

I + j r  ~_ i ~ + j (11) 

and A G  r is the standard molar free energy of reaction 
(11). The reaction constant K r is only temperature 
dependent. 

This concept does not seem to be more useful than 
the original Guttmann theory. First, the value of A G  r 

is related to segregation of a given pair of solutes ac- 
cording to Eqs. (10) and (11), and does not characterize 
the segregation tendency of a single solute in a given 
matrix (in fact, AG r is the difference of A G  i for indi- 
vidual segregants I and J). Second, the handling with 
activities in Eq. (10) is more complicated than with 
concentrations in Eq. (1). Strictly speaking, the effect 
of changed activities by addition of the additional el- 
ement [42] can be approached more transparently by 
considering the interaction approximation [7]. Despite 
of the formal differences in the description of individ- 
ual models [7, 42], a recent observation of segregated 
surfaces of a P-doped Fe-Si alloy by scanning tunelling 
microscopy revealed the existence of islands of segre- 
gated phosphorus at the surface, the vicinity of which 
was completely free of silicon [43]. This demonstrates 
that a rather repulsive interaction exists between P and 
Si atoms (at least at the surface) instead of only a simple 
site competition. 
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2.2.4. Segregation Enthalpy. The Guttmann model 
was successfully applied to explain our measure- 
ments in several multicomponent systems. Besides 
for the polycrystalline Fe- and Ni-doped W base alloy 
[37] already mentioned above, Eqs. (1) and (2) have 
been used to correlate the temperature dependences 
of grain boundary composition of well-characterized 
grain boundaries in an Fe-3.55 at.% Si alloy [39, 44- 
47], and in a Ni-rich Ni3AI(B) [38]. The respective 
values of segregation enthalpies AH ~ and entropies 
AS ~ determined in these studies at individual grain 
boundaries are compiled in Table 3. 

Let us now compare the values of A H ~ determined 
for the {112} and {013} grain boundaries in different 
Fe-Si alloys. While the values for a binary Fe- 12.9 at.% 
Si alloy were determined according to the Langmuir- 
McLean model (Table 2), the values for a multicom- 
ponent Fe-3.55 at.% Si alloy were obtained from the 
correlation to the Guttmann model (Table 3). It is seen 
that the corresponding values of A H~ are very sim- 
ilar. In addition, excellent agreement was found be- 
tween the values of AH~ and AH ~ determined ex- 
perimentally for the {013} grain boundary (Table 3) 

K, seg with the values of the segregation energy, ~si = -9 .8  
kJ/mol, and pseg up = -14 .6  kJ/mol calculated for the 
same boundary by Masuda-Jindo [48]. All these find- 
ings support the assumption that the quantity AH ~ is 
independent of the alloy composition and thus, it is 
representative for the segregation of solute I in the 
pure matrix M. 

2.2.5. Segregation Entropy. A similar conclusion 
cannot be drawn for the quantity AS ~ Although the 
differences between AS~ determined for the Fe base 
alloys containing 12.9 at.% Si (Table 2) and 3.55 at.% 
Si (Table 3) are not large, very high values of AS ~ 
were found for phosphorus segregation, mainly at low- 
index grain boundaries in the latter alloy. An anal- 
ysis of Seah and Lea [49] disclosed that AS ~ gener- 
ally consists of three terms which are associated with 
changes in the vibrational, anharmonic and site mul- 
tiplicity contributions. An estimate of these contribu- 
tions suggests that the absolute value of the entropy of 
grain boundary segregation should be lower than 3.3 R, 
i.e., 27.4 J/(mol.K). In addition to our values listed in 
Table 3, however, the values of the segregation en- 
tropy exceeding this limit were found experimentally 
in ot-Fe base alloys in other studies (AS~ ~ 5.4R 
for T < 1184 K and AS~ --~ 6.4R for T >_ 1184 K 
[49] or AS ~ .-~ 5.2R [50]). This disagreement of the 

experimental data with the prediction is not completely 
clear till now. We can well assume that the mutual in- 
teraction of segregants in a multicomponent alloy not 
only affects the segregation enthalpy but also the seg- 
regation entropy and thus, AS ~ does not characterize 
solute segregation of a solute I in a pure matrix M as 
does AH ~ 

2.2.6. Thermodynamics of Segregation in Polyerys. 
tals. It is apparent from Table 3 (and will be thor- 
oughly discussed in Section 2.4.) that individual grain 
boundaries in a given matrix often possess very dif- 
ferent values of AH ~ and AS ~ However, segregation 
is frequently measured at numerous crystallographi- 
cally non-specified grain boundaries in polycrystals. 
In this case the mean values of A/~ ~ and AS ~ are usu- 
ally evaluated according to an appropriate segregation 
isotherm from the temperature dependence of arith- 
metical averages of chemical composition for individ- 
ual polycrystalline specimens (e.g., [51]). The use of 
maximum values of grain boundary segregation at in- 
dividual temperatures (that seem to correspond to the 
same type of grain boundaries) was proposed as an- 
other alternative for evaluation of the thermodynamic 
parameters [52]. Thus, the question arises about the 
physical meaning of the quantities A / t  ~ and AS ~ de- 
termined in this way. In order to find a relationship 
between A/~ ~ and AS ~ and the corresponding values 
of segregation enthalpies and entropies, respectively, 
for individual grain boundaries, Lej~ek [53] modeled 
polycrystalline fracture surfaces from the boundaries 
of known segregation behavior and found that this re- 
lationship is very complex. Only if the arithmetic 
average of the boundary concentration is equal (or 
close) to the geometric average, the values of AH ~ 
and AS ~ represent the arithmetic averages of AHt ~ 
and AS ~ of individual grain boundaries. The value 
A/tp ~ = - 3 3  kJ/mol determined from these model 
calculations is in very good agreement with the value 
-34.3  kJ/mol found by Erhart and Grabke [51] for 
phosphorus segregation in polycrystaUine u-Fe. The 
use of maximum values of grain boundary segregation 
for determination of "more realistic" values of param- 
eters AH ~ and AS ~ was found to be very sensitive to 
the random presence of a single grain boundary ex- 
hibiting large segregation effects at the fracture surface 
[53]. Another reasonable description of grain bound- 
ary segregation in polycrystals seems to be the use 
of a spectrum of grain boundary free energies [54- 
56]. 
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Table 3. Thermodynamic parameters of segregation in ternary systems calculated according to 
the Guttmann segregation isotherms (Eqs. (1) and (2)). 

Matrix Segregant Boundary (kJ/mol) (J/(mol.K)) Ref. 

ot-Fe-3.55at.% Si Si 70.5~ {112} - 3  -3.8 [39] 

P -7 .9  +42.7 [39] 

Si 18.9~ {016} -16  -15  [47] 

P -31 +17 [47] 

C -49  +1 [47] 

Si - 12  - 9  [46] 

P -16  +38 [46] 

C -43  +7 [46] 

Si - 14  - 9  [46] 

P -35  +19 [46] 

C -50  +2 [46] 

Si -8.5 - 3  [44] 

P -13.3 +45.2 [44] 

C - 4 0  +12 [44] 

Si - 1 0  - 8  [45] 

P -32  +19 [45] 

C - 5 0  +3 [45] 

Si - 9  - 3  [45] 

P -25  +29 [45] 

C - 4 4  +6 [45] 

Si -6.1 -2 .2  [45] 

p - 14.5 +39.3 [45] 

C -36  +14 [45] 

Si l I - 5  [45] 

p - 32  +21 [45] 

c -48  +3 [45] 

Si -17  -13  [46] 

p - 37  +18 [46] 

C -51 +6 [46] 

Si - 1 2  - 3  [46] 

p -31 +25 [46] 

C -45  +6 [46] 

Si -4.1 +0.2 [44] 

p -10.9 +42.5 [44] 

C - 35 + 12 [441 

Si - 12  - 5  [461 

p -34  +20 [461 

C -48  +4 [461 

Si - 16  -11 [46] 

p - 37 + 16 [46] 

C -53  - 1 [46] 

Ni -39  -25  [38] Ni-nch Ni3M 

22.6~ {015} 

28.t~ 

36.9~ 

36.9~ (018)/(04~) 

36.9~ 

36.9~ (0T7)/(01T) 

36.9~ 3 11)/(097) 

45.2~ {0 5 12} 

50.0o[100], {0 7 15j 

53.1o[100],1012} 

58.1o[100], {059} 

64.0o[1001,{058} 

50.5o[110], [113} 



Solute Segregation at Grain Boundaries 249 

The above discussion about the character of segre- 
gation entropy and Briant's proposals of an alternative 
description of grain boundary segregation suggest that 
the present phenomenological theories--although well 
elaborated--are based on a number of simplifications 
which may not be fulfilled in reality [57]. In addi- 
tion, the total number of available segregation sites may 
change due to segregation or due to transformation of 
the grain boundary structure resulting from the segre- 
gation similarly to those described recently by Paidar 
et al. [58]. Phenomenological theories, indeed, do not 
provide numerical values for segregation and for inter- 
action parameters. A detailed description of a segre- 
gation system including prediction of these parameters 
should be based on atomistic aspects of bonding in- 
cluding structural factors [2]. 

2.3. Segregation Temperature 

As predicted theoretically and observed experimen- 
tally, solute segregation at an interface decreases with 
increasing temperature in a binary alloy [4, 10]. This 
is also apparent from Fig. 1. However, in a multicom- 
ponent system, segregation behavior can be modified 
due to site competition and mutual interaction of in- 
dividual pairs of solutes. This can be documented for 
an example of phosphorus, silicon and carbon segre- 
gation at grain boundaries of iron (Fig. 3). Since inter- 
action between carbon and both other solutes is prac- 
tically negligible [44] and the total amount of segrega- 
tion is low, no site competition occurs, and thus car- 
bon segregates independently of the presence of other 
solutes. On the other hand, there is a very large repul- 
sive interaction between phosphorus and silicon (92 
kJ/mol) [39]. Due to this repulsion, more surface ac- 
tive phosphorus segregates at grain boundaries in the 
temperature range 773 K-1173 K and repels silicon 
to such an extent that its depletion occurs. With in- 
creasing temperature the amount of segregating phos- 
phorus decreases and silicon is allowed to segregate 
in larger extent. Therefore, apparently reversed tem- 
perature dependence of silicon segregation occurs as 
a result of this interaction. Nevertheless, considering 
mutual interaction, negative values of segregation en- 
thalpies are obtained also for silicon segregation (cf. 
Table 3). 

A detailed analysis of temperature dependence of 
grain boundary segregation at individual grain bound- 
aries in a multicomponent system containing a trace 
impurity characterized by high tendency to segregation 

(high lAB~ and a solute with a low tendency to seg- 
regation (low I A H~ in concentrations of the order of 
units of atomic percent was made in paper [59]. This 
analysis shows a basic property of this system: At low 
temperatures the impurity segregates strongly so that 
its concentration at the boundary reaches almost satu- 
ration whereas the solute is not present at the bound- 
ary. With increasing temperature the grain boundary 
concentration of the impurity decreases slowly and 
allows the solute to segregate. This course is char- 
acteristic for segregation behavior of multicomponent 
systems with site competition of segregants. If in ad- 
dition repulsive interaction exists, the segregation of 
the solute with low J A H~ is more suppressed and the 
transition region (i.e., decrease of impurity segregation 
and increase of solute segregation) is shifted to higher 
temperatures. Similarly, the lines of temperature de- 
pendence of solute segregation are shifted for grain 
boundaries possessing different values of segregation 
enthalpy (and entropy) for elements involved. Because 
the temperature dependence of grain boundary segre- 
gation of a solute with low I/xa~ is S-shaped with 
X~ ~ 0 for low temperatures, a temperature region 
must always exist in which a depletion of grain bound- 
aries by atoms of this solute is observed. It is clear from 
the above discussion that a temperature will exist for 
different sets of AH ~ and AS ~ at which the solute 
will enrich one boundary while its depletion will be 
observed at another one. This "qualitative" difference 
was observed for silicon segregation at the {112} and 
{013 } symmetrical tilt grain boundaries in an Fe-Si-P-C 
multicomponent system [39, 44]. 

2.4. Grain Boundary Orientation: Anisotropy 
of Segregation 

A grain boundary in a solid possesses the atomic struc- 
ture resulting from a particular combination of five 
main variables (degrees of freedom), i.e., rotation axis, 
misorientation angle and grain boundary plane normal. 
The fact that it is controlled by five parameters sug- 
gests that there is a huge number of grain boundaries 
which may differ in their properties. In principle, how- 
ever, we can distinguish between two main groups of 
interfaces which fundamentally differ in their struc- 
tures and thus in their segregation behavior: a few 
special grain boundaries with the structure formed by 
single structural units, and a majority of general grain 
boundaries, which are composed of combinations of 
structural units of the special ones [60]. Although the 
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Figure 3. Temperature dependence of C, P and Si segregation at the {013} symmetrical grain boundary studied by Auger electron spectroscopy. 
(After Lej~ek and Hofmann [44].) 
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number of the fundamental structural units is limited, 
the transition between these two groups of grain bound- 
aries is still not clear, and further special boundaries 
are experimentally identified. Current effort is there- 
fore focussed on searching for these interfaces and for 
a simple (geometric) criterion for special grain bound- 
aries [2]. 

2.4.1. Orientation Dependence of Grain Boundary 
Concentration. It is obvious that grain boundary seg- 
regation increases with increasing misorientation angle 
of the two adjoining grains from 0 = 0 (no bound- 
ary, single crystal) to 0 = 10 . . .  15 ~ [61-65]. This in- 
crease is closely connected with densifying array of 
dislocations forming their structures. In some cases 
such as Si segregation in Fe [66], no apparent seg- 
regation of a weak segregant is observed. After the 
change of the grain boundary structure from the dislo- 
cation one to that formed by structural units, an abrupt 
change of the orientation dependence of grain bound- 
ary segregation can be observed [61 ]. Generally, these 
changes are more pronounced for tilt than for twist 
grain boundaries due to the different ability of edge 
and screw dislocations to accomodate foreign atoms 
[67]. 

Measurements of solute segregation at high an- 
gle grain boundaries (0 > 15 ~ have been performed 
more frequently than at low angle ones. The results 
sometimes appear to be contradictory, thus revealing 
the complexity of the structural dependence of grain 
boundary segregation. If grain boundary concentra- 
tions or its representative (e.g., relative Auger peak-to- 
peak heights) are plotted against the total misorienta- 
tion angle without keeping the other degrees of freedom 
constant, largely scattered data are usually obtained 
and permit to conclude only qualitatively that solute 
segregation monotonously increases with increasing 0 
[52, 62, 65, 66]. However, the character of a plot of 
the data corresponding to a single rotation axis and to 
symmetrical tilt grain boundaries can be markedly dif- 
ferent: Low segregation is usually detected at certain 
(special) grain boundaries as compared to very sim- 
ilar high levels of segregation at the other (general) 
ones [63, 64]. In some cases, other types of such non- 
monotonous orientation dependences were reported, 
as e.g., a broad minimum of Bi segregation at [100] 
grain boundaries in Cu over a range of orientations 
[68] or maxima of grain boundary segregation for Si in 
a 17Cr-13Ni stainless steel at grain boundaries which 
are considered as special [69]. In the case of twist grain 

boundaries, the orientation dependence is expected to 
be less pronounced as at the tilt ones, but even in this 
case, a pronounced cusp was found for Re segrega- 
tion at the 70.5~ twist grain boundary in tung- 
sten while the general tendency of Re segregation is to 
increase with increasing rotation angle [70, 71]. Sur- 
prisingly, higher Si segregation was recently detected 
at the twist grain boundaries in iron as compared to 
tilt interfaces by Krakauer and Seidman [72]. In the 
case of asymmetrical grain boundaries the grain bound- 
ary plane orientation strongly affects segregation lev- 
els. Suzuki et al. [73] found large phosphorus segre- 
gation at grain boundary planes characterized by high 
values of Miller indices whereas low segregation was 
observed at low-index grain boundary planes despite of 
the orientation of the other boundary plane. Similarly, 
no sulfur segregation was detected at coherent twin 
boundaries and at symmetrical {113} grain boundary 
in nickel whereas a sulfur enrichment was observed at 
many asymmetrical grain boundaries possessing rela- 
tively high Miller indices [74, 75]. 

Grain boundary concentration of an element in a 
given matrix depends on both the temperature and on 
presence of other solutes or impurities there. Therefore, 
an orientation dependence of chemical composition of 
a grain boundary can well represent the anisotropy of 
grain boundary segregation only in the case of dilute bi- 
nary systems equilibriated at the same temperature. In 
a multicomponent system, however, such a plot can 
be misleading. This is apparent, for example, from 
the measurements of grain boundary segregation in an 
Fe-3.55 at.% Si alloy containing traces of phosphorus 
and carbon [46]. As it is seen from Fig. 4, the ori- 
entation dependence of carbon concentration at grain 
boundaries exhibits minima for the 53.1~ {012}, 
36.9~ {013} and 22.6~ {015} grain bound- 
aries. In the case of phosphorus and silicon, the orien- 
tation dependences are less clear. Minima of phospho- 
rus segregation can be recognized at {012} and {015} 
grain boundaries at 773 K. However, we can find three 
maxima at {012}, {013} and {015} grain boundaries at 
1173 K. The orientation dependence of silicon seg- 
regation is much more complicated. A depletion of 
Si occurs at particular grain boundaries at low tem- 
peratures and a non-monotonous increase of its grain 
boundary concentration occurs with increasing temper- 
ature. This complex segregation behavior of individual 
grain boundaries is a consequence of the important role 
of site competition and mutual interaction in a multi- 
component system [59] as was already discussed in 
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Figure 4. Orientation dependence of (a) carbon, (b) phosphorus, and (c) silicon segregation at symmetrical tilt grain boundaries of an Fe-Si-P-C 
system at 1173 K (o), 1073 K (A), 973 K (n), 873 K (e) and 773 K (II). (After Hofmann et al. [46].) 
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Part 2.3. The character of the orientation dependence of 
phosphorus segregation (Fig. 4) is qualitatively similar 
to that of silicon segregation in a Cr-Ni stainless steel 
[69]. This comparison suggests that the reported grain 
boundary segregation of silicon in this stainless steel 
[69] should be affected by the interaction of silicon with 
an additionally present alloying or impurity element. 

2.4.2. Orientation Dependence of Segregation 
Enthalpy. As proposed above, an independent ther- 
modynamic state quantity such as a standard molar seg- 
regation enthalpy AH ~ of a particular binary system 
can be used to represent the segregation tendency of an 
element in such systems (cf., Eq. (2) and Table 1). As 
it is apparent from Table 3, we determined this quan- 
tity for many well-characterized grain boundaries in 
bicrystals of several alloys that enables us to compare 
the segregation tendencies of individual grain bound- 
aries for various binary systems. Relatively low values 
of AH~ = --38 and - 3 9  kJ/mol for In segregation 
at {115} and {1 1 10} grain boundaries of Ni together 
with a negligible segregation entropy of both these in- 

kJ/mol found for polycrystals suggests a rather low seg- 
regation tendency of these [110] grain boundaries [27, 
28]. An estimate of segregation free energies of boron 
and nickel in Ni-rich NiaA1 suggests very low ten- 
dency of both elements to segregate at the E = 3, { 111 } 
and E = 11, { 113} symmetrical tilt grain boundaries 
as compared to the other symmetrical grain bound- 
aries corresponding to the same values of E, {112} 
and {233}, respectively [38]. 

The orientation dependences of A H  ~ for the Si, P 
and C segregation at various [100] tilt grain bound- 
aries of e-Fe are shown in Figs. 5 and 6. In contrast 
to grain boundary composition (Fig. 4), the ori- 
entation dependences of - A H  ~ for all three ele- 
ments are qualitatively similar and exhibit pronounced 
cusps at the 22.6~ {015}, 36.9~ {013} and 
53.1~ {012} tilt grain boundaries [46, 47]. Qual- 
itatively similar dependences of segregation enthalpies 
for the same elements were found for 36.9 ~ [ 100] asym- 
metrical tilt grain boundaries. In this case, the cusps 
are located not only at the two symmetrical tilt grain 
boundaries characterized by the deviations ~/ = 0 ~ 

terfaces result in the value - 3 4  kJ/mol for the free en- and ~ = 45 ~ from the symmetrical {013} grain 
ergy of segregation of these boundaries at 970 K. This boundary, but also at the ~ = 18.4 ~ (001)/(033) and 
value, which is substantially higher than AGO = - 5 0  ~ = 26.6 ~ (0T7)/(01T) asymmetrical ones [45]. The 

p \  ] 

�9 Si  \ /1  

g,' " " V , \'1 
r I i i i 

0 15 30 1,5 60 75 90 

0~ 
Figure 5. Dependence of segregation enthalpies A H ~ (I = C, P, Si) on the misorientation angle 0 of both adjacent grains in [100] symmetrical 
tilt bicrystals of an Fe-3.55at.%Si alloy. (After Hofmann et al. [46]3 
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values of segregation enthalpies of particular elements 
at individual grain boundaries were correlated to some 
geometrical factors, for example to the reciprocal den- 
sity of the coincidence site lattice, E, and to the effec- 
tive interplanar spacing, den~a, related to the lattice pa- 
rameter a, as introduced by Wolf [76]. This correlation 
clearly showed that the parameter deff/a is very useful 
for characterization of special tilt grain boundaries [2, 
77, 78]. This is because the interplanar spacing is in a 
close relationship to the hierarchy of geometric classi- 
fication of tilt grain boundaries based on the creation 

of their structural units [79, 80]. The parameter I2 can 
be well correlated with the behavior of symmetrical 
grain boundaries (i.e., special boundaries possess low 
values of ~), however, it fails if asymmetrical grain 
boundaries are considered which belong to the same 
E but which can differ in their behavior [2]. In ad- 
dition, some asymmetrical grain boundaries such as 
45~ (001)/(011) having incommensurate struc- 
tures with ~ ~ oo, were found to be special. For il- 
lustration, the dependence of --AHt ~ on the effective 
interplanar spacing is shown in Fig. 7 [2]. 
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2.5�9 Type of the Interface: Grain Boundary 
vs. Surface Segregation 

As discussed at the beginning of Chapter 2, the na- 
ture of solute segregation is the same for all struc- 
tural defects and, in principle, can be described by the 
same type of the segregation equation as e.g., Eqs. (1) 
and (2). Since the average free energy of general grain 
boundaries in metals is about 1/3 - 1/2 of that of free 
surfaces, the free energy of grain boundary segrega- 
tion will generally be lower than that of free surfaces 
[15]. Therefore, technically easier experiments on sur- 
face segregation have often been used to estimate the 
character and amount of interfacial segregation, for ex- 
ample [81-83]. This qualitative estimate can be well 
made, however, only in binary alloys whereas it can fail 
in complex multicomponent systems since the presence 
of an additional element can induce significant differ- 
ences between segregation behaviors of grain bound- 
aries and free surfaces as a result of changing effect of 
mutual interaction of individual solutes and their site 
competition [84]. 

Different segregation behavior in ternary or mul- 
ticomponent systems can be well documented by 

simultaneous study of grain boundary and free surface 
segregation in the same sample. A novel technique to 
measure the temperature dependences of surface and 
grain boundary segregation was developed by Muschik 
et al. [85] for oriented bicrystals prepared by diffusion 
bonding. In this technique two single crystals were mu- 
tually suitable oriented and bonded to obtain a bicrystal 
with the boundary of desired orientation. Before this 
procedure, however, the surface of one of these crys- 
tals was etched in a periodic pattern of circular cavities 
having diameter of 100/zm and depth of several/zm. 
Thus, both the grain boundary and the free surface were 
present in the same sample and were thermally treated 
in the same way. After fracture in situ in the AES 
analysis chamber, both the artificial cavities, i.e., the 
free surface, and the fractured grain boundary could 
be analyzed�9 The study of solute segregation at both 
the grain boundaries and the free surfaces in a Ni-In 
alloy revealed that In segregation dominates at grain 
boundaries accompanied by weak segregation of sul- 
fur, whereas extensive segregation of sulfur suppresses 
In segregation at free surfaces of the same crystallogra- 
phy [86] (Fig. 8). Similarly, an extensive S segregation 
and only slight enrichments of B and Ni were observed 
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at free surfaces of a Ni-rich NiaA1 alloy. On the other 
hand, both B and Ni segregate at the grain boundaries 
where the enrichment of sulfur was negligible [38, 87]. 

Qualitative differences in the segregation behavior of 
surfaces and grain boundaries can occur in systems with 
strong attractive interaction of two segregants resulting 
in the formation of 2-D surface compounds. This type 
of the behavior was observed in an Fe-Si base alloy. 
As described in Section 2.3, an enrichment of carbon 
and phosphorgs and a depletion of silicon characterize 
the segregation behavior at the {013} symmetrical tilt 
grain boundary at 873 K while nitrogen is practically 
not detected there [44, 88]. Annealing of the sputtered 
fracture surface from this boundary, i.e., now a (013) 
free surface, at the same temperature, however, leads 
to formation of stable SixNy 2-D surface compounds 
at this surface thus preventing segregation of other el- 
ements. In denitridized and decarburized samples, on 
the other hand, enrichment of phosphorus and deple- 
tion of silicon were found again at the grain boundary 
whereas pronounced sulfur segregation dominates at 
the free surface and is accompanied by a weaker phos- 
phorus and silicon segregation [88, 89]. Model cal- 
culation of the segregation behavior in an Fe-Si (P, S) 

alloy demonstrated that the differences in the behavior 
of both crystallographic interfaces are controlled by the 
free energy of segregation of individual components. 
This calculations disclosed that sulfur does not segre- 
gate at grain boundaries in a detectable amount even 
at very low bulk concentrations of phosphorus. On the 
other hand, sulfur segregation dominates at the (013) 
surface and starts to be replaced by phosphorus seg- 
regation only at relatively high bulk amounts of phos- 
phorus (Xp > 10Xs) (Fig. 9). From the phenomeno- 
logical point of view these qualitative differences may 
be considered as a generalized anisotropy ofinterfacial 
segregation [88, 89]. 

2.6. Predictive Capabilities: Grain Boundary 
Segregation Diagrams 

As mentioned in Section 2.1.2., Seah and Hondros [30] 
suggested a method for an order-of-magnitude predic- 
tion of grain boundary composition from the knowl- 
edge of the bulk solid solubility of a solute in a given 
matrix. The qualitative similarity of orientation depen- 
dences of grain boundary segregation in Fe-Si and Fe- 
Sn systems allowed Watanabe et al. [62] to extend 



Solute Segregation at Grain Boundaries 257 

v 
m 
(9-- 
X 

40 

30 

20 

10 

0 
101 

I I 

. . . . . . . . . . .  B (Si) 

v I 

10 2 10 3 

a.) 

Xp (at.ppm) 

Ol 

60 
It__ 
X 

40 

30 

20 

10 

0 
10 ~ 

] I 

B (si) 

10 2 10 3 

b.) 

Xp (at.ppm) 

Figure 9. Dependence of the segregation to (a) the {013} grain boundary and (b) the (013) free surface on the bulk content of phosphorus. 
B(Si) represents the bulk concentration of silicon (6 at.%). The parameters used: X s = 17 at.ppm, AG~i,G B = --5.5 kJ/mol, AG~.Ga = -52 

= ~ = ~ = A ~ = m ' = kJ/mol, AG~.GB --40 kJ/mol, AGsi,F S --40 kJ/mol, AGp,GB --45 kJtmol, GS,Ga --75 kJ/ ol, aSi P 92 kJ/mol, ct~i s = 38 
kJ/mol, a~s = 0 kJ/mol at 873 K. (After Lej~ek et al. [88, 89].) 

empirical ly this method by considering the orientation 
dependence of  grain boundary segregation. On the ba- 
sis of  such three-dimensional grain boundary segre- 
gation diagrams relating grain boundary composition 
to the bulk solid solubility and to the grain boundary 
orientation, it should be possible to predict the 

composition of  individual grain boundaries in a given 
one-matrix base binary system. In contrast to the orig- 
inal method of  Seah and Hondros, however, no exper- 
imental grain boundary segregation diagram has been 
constructed since its suggestion in the 1980s. This was 
probably due to the lack of  reliable data resulting from 
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difficult preparation of oriented bicrystals of various 
alloys containing well-characterized grain boundaries. 
Only recently, the set of data obtained by studies on 
anisotropy of grain boundary segregation of Si, P and 
C in an u-Fe-Si alloy led to the construction of such di- 
agrams showing the dependences of AH/~ on both the 
logarithm of bulk solid solubility and the grain bound- 
ary orientation characterized by the deviation angle of 
the grain boundary plane from the symmetrical posi- 
tion [45, 77] or by the misorientation angle for the 
symmetrical grain boundaries [46]. 

A recent thermodynamic analysis of the dependence 
of segregation enthalpy on bulk solid solubility per- 
formed by Lej~ek and Hofmann [31] allows to express 
the enthalpy of grain boundary segregation as a func- 
tion of bulk solid solubility and grain boundary struc- 
ture by 

AH~ XT) = AH*(~) + vR[T InX~] (12) 

According to Eq. (12) the segregation enthalpy, which 
is a complex function of the interracial structure and 
the nature of both matrix and solute, can be expressed 
as a sum of two independent terms. The first is the seg- 
regation enthalpy of a solute with unlimited solubility 
in a given matrix for a given interface *,  AH*(*),  
which reflects the structural dependence of interfacial 
segregation. The other is the product vR[T In XT] con- 
taining both the matrix parameter v relating bulk solute 
activity a~ with atomic ratio X~ at the solid solubility 
limit according to a~' = (X~) o, and the term [T In XT] 
which characterizes the bulk system M -  I and which is 
independent of temperature. In fact, Eq. (12) represents 
an extension of the model of Seah and Hondros [30] by 
taking additionally into account (i) the structural de- 
pendence of interfacial segregation (i.e., AH*(~) 
const), and (ii) the non-ideal behavior of the system 
M - I (i.e., v ~ 1). As an example, the grain bound- 
ary segregation diagram for the [100] symmetrical tilt 
grain boundaries is shown in Fig. 10. 

Grain boundary segregation diagrams can be used 
to predict the enthalpy of grain boundary segregation 
for any dement in a given matrix (in our case c~-Fe) 
at individual grain boundaries only on the basis of its 
solid solubility data. The limitation to a one-matrix 
systems as compared to the general plot of enrichment 
ratios against solute solubility of Seah and Hondros fol- 
lows from different values of the parameter v for differ- 
ent matrices, and from the orientation dependence of 
A H* (~) which is not necessarily the same for all possi- 
ble systems (it is changed e.g., with the crystallography 

of the matrix). On the other hand, the thermodynamic 
analysis was made without limitation to a specific inter- 
face and therefore, similar segregation diagrams could 
be constructed for surface or phase boundary segrega- 
tion with the same value of the parameter v [31]. 

3. Approach to Equilibrium: 
Segregation Kinetics 

Equilibrium segregation represents the chemical com- 
position of an interface characterized by the minimum 
free energy of the system. The approach to this equi- 
librium state is generally called segregation kinetics. 
Segregation kinetics depends on many factors such as 
temperature and bulk chemical composition. Because 
of the same approach to equilibrium, i.e., by diffusion 
from the bulk, the segregation kinetics are similar for 
both the grain boundaries and the free surfaces. The 
main differences are that no surface evaporation can 
occur at internal interfaces and that the supply of seg- 
regants comes from two sides of a grain boundary and 
therefore is twice the value obtained for surface seg- 
regation. In contrast to grain boundary segregation, 
surface segregation kinetics can be studied in situ. 

3.1. McLean's Approach 

The kinetics of grain boundary segregation was first 
described by McLean [3] by application of Fick's 
laws for diffusion from two semi-infinite half crys- 
tals taking into account a constant enrichment factor 
t~ = Xb (OO) / X c, with the bulk solute concentration X c 
andtheboundaryconcentrationXb(OO) attimet ~ cx~. 
With X b (0) at t = 0, this model gives for the time de- 
pendence of Xb(t) 

Xb(t  ) -- Xb(O ) 

Xb((X) ) -- Xb(O ) 
f 4Dt "~ [ ( 4Dt l I/2l 

= 1 - e x p ~ - - - ~ )  1 - e r f \ o t 2 d 2 ]  j (13) 

where D is the bulk diffusivity and d is the boundary 
layer thickness. 

In general, the approach to equilibrium after the 
McLean model (Eq. (13)) is too slow because of the 
oversimplified assumption ot = Xb(~X~)/X c = const, 
which impedes experimental fits of measured surface 
segregation data [90, 91]. The reason is that the ther- 
modynamically correct enrichment factor fl, as given 
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Figure 10. Grain boundary segregation diagram for the [100] symmetrical tilt grain boundaries in a-Fe. (After Lej~ek and Hofmann [31].) 

by Eq. (7), depends on the segregation free energy and 
usually is higher than or. Consequently, Lea and Seah 
[91] could only fit their data on surface segregation 
of Sn in Fe to Eq. (13) by introducing an t~ varying 
with Xh(t), for which a detailed analysis was given by 
Rowlands and Woodruff [92]. 

3.2. Ideal Sink Approach 

In order to explain their results of surface segregation 
of Sn on Cu, Hofmann and Erlewein [90, 93] used 
an atomic jump model taking into account the segre- 
gation free energy A G  s, which considerably reduces 
the atomic jump probability from the segregation layer 
back to the bulk and therefore works in favor of non- 
restricted out-diffusion from a semi-infinite bulk. For 

sufficiently high AG s, the solution is given by 

Xb(t  ) -- Xb(O ) 

Xb((X) ) -- Xb(O ) 
= X c 1 + ~  (14) 

Figure 11 shows the calculated time development for 
Xb(t) and the adjacent bulk concentration which per- 
fectly fitted the data for Sn on Cu [90, 93]. Only for 
short times, it can be shown that Eq. (13) also represents 
a square root dependence of Xb(t) with time, because 
for any ot > 1 the first atom transport only stems from 
the bulk, i.e., the "ideal sink" solution of Eq. (14) ap- 
plies. With decreasing absolute values of A G  s, devia- 
tions from Eq. (14) occur as shown in Fig. 1 l(b). There 
are many examples of successful application of Eq. (14) 
in the literature [94-99]. Extensions to ternary systems 
were given by Tyson [100] incorporating Guttmann's 



2 6 0  Hofmann and Lej~ek 

I1.1. 

-~~176 : 

~ 2 120 
Depth [atom laxem3 

a.) 

q~ 

0,3 

x ~ 0,2 

0,1 

. A Hs= 67kJ/gat - AHs= i,6kJ/gat 

- ,,Hs= 34 kJ/gat 

kJIgat 

- AHs= I, kJIgat 
I I I I 

0 10 20 

b.) 

t 1/2 [ sec t/2 ] 

Figure 11. Time dependence of (a) the surface enrichment and subsurface composition distribution of Sn on Cu (0.5 at.% Sn), calculated with 
1/2 the atomic jump model, and (b) the surface concentration showing the onset of deviations from a t low for different segregation free energies 

AG.~.. (After Hofmann and Erlewein [93].) 



Solute Segregation at Grain Boundaries 261 

theory of solute segregation, and by Militzer et al. 
[ 101-103] considering another diffusion paths such as 
dislocation pipes. Attainment of true equilibrium con- 
ditions is experimentally limited for high temperatures 
by the quenching rate and for low temperatures by rea- 
sonable annealing times. 

An estimate of the annealing time t e needed to ap- 
proach equilibrium segregation from Eq. (14) gives 

t e = - D \  2X c ] 
(15) 

Equation (15) is important for sample preparation in ex- 
perimental studies of equilibrium grain boundary seg- 
regation, yielding a time limit for the lower tempera- 
ture. On the other hand, there is also a limit for the 
highest possible temperature which is given by the at- 
tainable quenching rate r = AT~At  and temperature 
Tq with respect to diffusivity D and bulk content of the 
segregant. Approximately, a relation between r and 
Tq can be derived following a suggestion of McLean 

to neglect the transport after D = D o e x p ( - Q / R T )  is 
diminished by a factor 2, giving 

A T  -- T2 -- r a t  (16) 

(rq + R~ln2) 
with 

it follows that 

( A X b d )  2 7r 
At \ / -d (17) 

( 2Xe )20o ; Q 
r - -  Rln2) (Tq +_9- -  \ A X b d  ] - - ~ - e x p ~ - - ~ )  (18) 

Equations (16)-(18) represent a rough estimate and 
may be modified if e.g., vacancy drag to the bound- 
ary is additionally considered [28]. A test of the at- 
tainment of equilibrium temperature can be made by 
careful comparison and quantitative evaluation of AES 
sputter depth profiles at the fracture surface, as shown 
in Fig. 12 for In segregation at a Ni {115} symmetrical 
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Figure 13. Comparison of measured surface segregation kinetics for P ( 0 )  and S (m) in Cu at 943 K and comparison with theoretical calculations 
(solid lines). (After Militzer and Hofmann [105].) 

tilt grain boundary. Evaluation of the in-depth distri- 
bution of In disclosed a high amount of In in the region 
below the first monolayer for a quenching temperature 
T, = 13 1 1 K which indicates quench-induced non- 
equilibrium segregation [86]. 

3.3. Kinetics of Segregation 
in Multicomponent Systems 

Similary to equilibrium segregation, grain boundary 
segregation kinetics is also technically more diffi- 
cult to measure than surface segregation kinetics (cf., 
Section 2.5). Therefore, the amount of reliable data 
is still limited. Directly accessible is the time depen- 
dence of surface segregation. Diffusion analysis of 
observations of the competitive sulfur and phosphorus 

segregation at a Cu (01 1) surface was recently eluci- 
dated by Militzer and Hofmann [104, 1051 as shown 
in Fig. 13 for T = 943 K. Phosphorus with a one 
order-of-magnitude higher effective diffusivity segre- 
gates first to the surface but is replaced by sulfur with 
the higher segregation enthalpy as soon as it arrives at 
the surface. In the later stage, the transport of S to the 
surface is lowered by transition from a c (2 x 2) to a 
p ( l  x 1) surface structure which, in combination with 
the bulk diffusion of P, results in a vanishing flux from 
the dislocation pipes. A qualitatively similar behavior 
is expected at grain boundaries, but a direct compari- 
son is impeded by the different segregation enthalpies 
for the respective elements for this case (cf. Fig. 9). 

LejEek et al. [88, 891 made an attempt to measure 
kinetics of solute segregation to the {013} symmetrical 
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tilt grain boundary in bicrystal of an Fe-6 at.% Si alloy 
at 900 Kin comparison to the surface segregation kinet- 
ics. The starting rapid segregation of silicon was gradu- 
ally reduced by segregating phosphorus (and carbon in 
samples containing interstitials) resulting in silicon de- 
pletion in equilibrium. This behavior was found quali- 
tatively different from that of a (013) free surface where 
sulfur segregation was observed to be dominating with 
increasing time in interstitial-free samples, whereas a 
strong cosegregation of nitrogen and silicon in samples 
containing interstitials resulted in formation of a Si,Ny 
2-D surface compound (as clearly indicated by a time 
evolution of the shift of the Si LVV Auger peak) and 
suppressed the segregation of other elements. This was 
already mentioned in Section 2.5. Some indication of 
non-equilibrium segregation at grain boundaries can 
be determined e.g., by depth profiling at fracture sur- 
faces 1281 which in that case show profiles similar to 
those in Fig. 1 1 (a) before saturation. A combination 
of Eqs. (I), (2) and (14) has been shown to predict 
the temperature-time behavior of temper brittleness as 
shown for phosphorus in steel by Seah [106]. 

4. Consequences of Grain Boundary Segregation: 
Grain Boundary Cohesion and Fracture 

Any kind of properties which involve grain boundary 
energetics and kinetics are influenced by solute seg- 
regation. Typical examples are intergranular cohesion 
and fracture. Recently, appreciable progress has been 
made in understanding the physical principles and the 
atomistic mechanisms which are responsible for the 
observed macroscopic phenomena. 

4.1. Grain Boundary Cohesion 

The fracture strength of polycrystalline material is 
mainly governed by the grain boundary cohesion en- 
ergy. A measure of its decrease by segregation of impu- 
rities such as P, As, Sn and Sb which weaken interfacial 
bond strengths [107], is the shift of the ductile-brittle 
transition temperature (DBTT) in low alloy steels [loo, 
1061. Using a simple pair-bonding model, the influ- 
ence of segregants on the fracture strength of a bound- 
ary has been described by Seah [I081 in terms of the 
broken bond energy of the elements at the boundary, 
given by the molar sublimation enthalpy HSUb per unit 
area. In the ideal solution approximation, the change 
in boundary cohesion energy AFE by a segregant A is 

then roughly determined by the difference of its sub- 
limation enthalpy to that of the matrix B, and propor- 
tional to its amount Xb at the grain boundary 

where No is the Avogadro's number, Zh and Z are the 
coordination numbers in the boundary and the bulk, 
and a~ and a~ are the atomic diameters of solute A 
and matrix B elements, respectively. Depending on 
the relative values of A H T ~  and A H F ~ ,  AFE may be 
positive or negative, i.e., weaking or strengthening of 
the boundary may occur. Of course, several solutes can 
be taken into account in Eq. (19). 

Although Eq. (19) does not include thermochemical 
details of grain boundary bonding and only gives an up- 
per limit for AFE if fracture occurs in a completely adi- 
abatic way, excluding relaxation of solute atoms during 
fracture, it provides a reasonable correlation with mea- 
sured fracture energies in W(Ni, Fe) sintered samples 
[I091 shown inFig. 14. Of the segregated elements, Ni, 
Fe, 0 ,  C, determined at the fracture surface by Auger 
electron spectroscopy (AES), according to Seah [I081 
only carbon has a strengthening effect. Increasing its 
amount relative to the other segregants by annealing in 
CH4, AFE is increased. According to Rice and Wang 
[110], AFE is generaly lowered by an amount of energy 
released by the relaxation of segregated atoms during 
fracture. This term, however, in general is small as 
compared to the main term which is 

where Fb is the number of solute atoms per bound- 
ary area, and AG, and AGh are the surface and grain 
boundary free segregation enthalpies, respectively. 
Equation (20) gives again an upper limit and is in close 
analogy to Eq. (19) (1081. In this way, AFE can be 
obtained from the measured values of AG, and AGh. 

Using a technique developed by Muschik et al. 
[85] to simultaneous measuring the temperature de- 
pendence of surface and grain boundary segregation 
which was described in Section 2.5, Otterbein et al. 
[38, 871 determined AG, and AGb for B and S in 
Ni3Al bicrystals. The results show, in accordance 
with the prediction after Eq. (19) [I081 a decrease of 
the cohesion energy for S and an increase for B seg- 
regation, respectively. The absolute values of AFE 
were found considerably lower than those predicted 
in [108]. However, in this system the attainment of 
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segregation equilibrium was difficult and therefore 
the accuracy of the segregation free enthalpies which 
is decisive in Eq. (20) was rather limited. As ex- 
pected, the cohesion energy change correlates with 
the grain boundary segregation free energy of B and 
is lower for the Z = 3, { 111 } symmetrical tilt grain 
boundary (AGb = - 2 5  kJ/mol, AFE = 36 mJ/m2), 
higher for the ~ = 11, {113} one (AGb = - 3 4  
kJ/mol, AFE = 106 mJ/m 2) and maximum for the 
E = 3, {112}, E = 11, {233} and random bound- 
aries (AGh _< - 4 2  kJ/mol, AFE > 240 mJ/m2). 

4.2. Grain Boundary Fracture 

As was suggested above, segregating atoms produce 
new bonding relations at grain boundaries. It was 
found theoretically that strong electronegative metal- 
loids such as phosphorus and sulfur draw charge from 
the surrounding metallic atoms (e.g., Fe and Ni) at 

the boundary thus weakening the adjacent metal-metal 
bonds [107, 111, 112]. As a result, bonding parallel 
to the boundary is stronger than that perpendicular to 
the interface. This results in a reduction of cohesion 
across the boundary and thus, in grain boundary em- 
brittlement. Fracture passes through a metallic mate- 
rial by breaking these weakened metal-metal bonds in 
the neighborhood of the strong metal-metalloid bonds 
[113]. In this way the fracture path zigzags along the 
boundary, and the segregants are distributed between 
the two newly created fracture surfaces. It is gener- 
ally supposed that this distribution is homogeneous, 
i.e., that always one half of the segregated species 
remains on each fracture surface. This assumption 
was shown to be correct by several measurements of 
grain boundary composition on both matching frac- 
ture surfaces. For example, Hofmann and Hofmann 
[ 109] observed a reasonable agreement between phos- 
phorus concentration on corresponding facets of both 
matching fracture surfaces of polycrystalline tungsten, 
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whereas significant differences in its content at differ- 
ent interfaces were observed. 

More recent observations performed on grain bound- 
ary fracture surfaces of bicrystals showed, however, 
that the above assumption about homogeneous dis- 
tribution of segregants between the two fracture sur- 
faces cannot be generally accepted. A detailed study 
of chemical composition of the two sides of a sepa- 
rated symmetrical {013} grain boundary in an Fe-Si al- 
loy performed by Menyhard et al. [114, 115] revealed 
markedly different concentrations of phosphorus not 
only on both matching parts of the broken boundary 
but even at different areas of a single fracture surface. 
These differences were explained by the existence of 
two energetically equivalent fracture paths at both sides 
of the grain boundary core: After meeting a defect of 
the grain boundary such as deformation twin [ 116-118] 
created at the boundary immediately before cracking 
at low temperature, the fracture can jump onto the cor- 
responding path on the other side of this symmetrical 
{013} grain boundary [114, 115]. However, the sam- 
ples in this study were not equilibriated and therefore, 
the region of increased phosphorus concentration was 
relatively wide. Systematic studies of equilibrium seg- 
regation characterized by a narrow (one-monolayer- 
thick) segregation zone in the same system showed 
that the distribution of segregants is equal in the case 
of symmetrical grain boundaries [47]. On the other 
hand, composition of the two fracture surfaces differs 
systematically in the case of asymmetrical grain bound- 
aries. It is probably due to the asymmetrical distribu- 
tion of segregated atoms--and thus weakened metal- 
metal bonds--at an asymmetrical grain boundary [47, 
119]. The question of uneven distribution of segregants 
between the two fracture surfaces of an asymmetrical 
grain boundary is very important e.g., for quantification 
of the AES results [ 120]. 

5. Conclusions 

During the past three decades, a reliable framework of 
the principles of grain boundary segregation in metal- 
lic materials has been developed. Thermodynamics 
of equilibrium segregation including solute-solute in- 
teraction as well as the kinetics of segregation are 
fairly well understood, and predictions based on ther- 
mochemical properties of the respective bulk systems 
are possible with reasonable precision. Consequently, 
the influence of segregation on many materials proper- 
ties can be derived at least semi-quantitatively. Recent 

progress in experimental studies of the anisotropy of 
grain boundary segregation in oriented bicrystals re- 
suited in a correlation between thermodynamic and 
structural aspects through grain boundary segregation 
diagrams. In the course of these decades we tried to 
contribute to the basic knowledge of the subject mainly 
in this field as it is summarized in the present feature 
article. 

Nevertheless, many questions remain open concern- 
ing the atomistic aspects of the relationship between 
grain boundary segregation and structure, and its ef- 
fect on materials properties. Such questions are, for 
example, the distribution of energetically different seg- 
regation sites in structurally different boundaries of all 
types, including asymmetrical and mixed ones, the seg- 
regation dependent structural changes and faceting, the 
chemical bonding states of segregants and a full three- 
dimensional description of grain boundary structure 
with segregants. Extensions to more complicated cases 
of heterophase boundaries in thin film structures are not 
yet fully explored. Recent rapid advance of computa- 
tional methods evoked extended theoretical modeling 
of solute atom behavior in a given boundary structure. 
This effort requires, however, detailed experimental 
verification. We expect that this verification will be fa- 
cilitated by further progress in methods with high spa- 
tial resolution such as atom-probe field ion microscopy 
or high-resolution transmission electron microscopy in 
combination with electron energy loss spectroscopy, 
favorably applied in combination with the methods of 
surface analysis (scanning Auger microprobe) and sur- 
face probe techniques such as scanning tunneling mi- 
croscopy and atom force microscopy. 
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