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ABSTRACT

Trace elements and impurities often segregate strongly to grain

boundaries in metals and alloys. Concentrations of these elements at grain

boundaries are often 103 to 105 times as great as their overall concentration

in the alloy. Because of such segregation, certain trace elements can exert

a disproportionate influence on material properties. One frequently observed

consequence of trace element segregation to grain boundaries is the occurrence

of grain boundary failure and low ductility. Less well known are incidences

of improved ductility and inhibition of grain boundary fracture resulting

from trace element segregation to grain boundaries in certain systems.

An overview of trace element segregation and intergranular failure

in a variety of alloy systems as-well as preliminary-results-from-studies.

o'VfAl—3% -Li-will be presented.
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INTRODUCTION

Trace elements and impurities can sometimes concentrate at grain boundaries

and other interfaces in polycrystalline alloys. Such solute enriched regions

(often only 2-3iatom layers thick) may be 10
3 to 105 times richer in solute than

the Test-of—the-grain&. The existence of such solute rich regions, forming a

continuous network throughout the alloy, can have profound effects on its metal-
p > • i , •

lurgical 'properties.

One frequently observed result of segregation* is the occurrance of brittle,

intergranular failure! Significant losses in strength as-wel-l-as-ductiM-ity-are^.
:' \

-often-associated-with-segregation. Because these effects result from extremely

low overall concentrations of impurities (often less than 100 ppm), the identity

of the segregating and embrittling species often escapes detection by conventional

trace element analysis. The recent availability of several powerful analytical

techniques has permitted direct identification of segregating elements in many

cases. Information of this kind is, in turn, contributing to a fundamental under-
\ '>.Vr"Ci'-s•"'<*•» '-I. *•- '.s -*• '.'

standing of how segregation induced'fracture occurs.

The purpose of this paper is to reviev; the current understanding of seqre-

gationf'and its role in intergranular failure. An overview of the existina*For the sake of brevity, the term "segregation" will be understood to mean
"solute segregation to grain boundaries."



experimental observations, as well as theoretical models, will be oresentid.

In several instances, conflicting models and interpretation have received attention,

and so far as possible, the significance of these differences will he discussed.

For the sake of simplicity and brevity, only the effects of equilibrium segrega-

tion in single phase binary alloys will be addressed. Experimental observations

on multiphase and multicomponent systems will be referenced,'"'•However', if the

precipitatioh-and extra components are not considered to strongly influence

the observation.



Grain Boundary Fracture

Grain boundary fracture involves the nucleation and propagation of nearly

brittle cracks along grain boundaries. These cracks are described as "nearly

brittle" because while they are often free from any signs of ductile tearing

or dimpling, significant bulk deformation can occur prior to failure, and

evidence of slip processes can often be observed on fracture surfaces (see

Figs. 1 and 2).

Grain boundary fracture is most often associated with trace element

segregation to grain boundaries. Table I lists a representative,

although not exhaustive, 1ist of alloy-trace element combinations where

segregation and einbrittlement are known to occur. One striking feature of

this table is the consistency with which metalloid elements (P, S, Se, Sn,

Sb, Te, Bi, and Pb) segregate to, and embrittle, grain boundaries. The

tendency of these elements to segregate strongly to surfaces in molten

alloys is well known, and in most cases, this general class of elements

also appears to segregate strongly to free surfaces and interphase boundaries

in polycrystalline alloys.



In spite of the overwhelming empirical correlation between trace

impurity segregation and intergranular fracture, there has never been a

satisfactory explanation of why these metalloid impurities have such a

propensity for inducing intergranular fracture. Indeed the more fundamental

question of why all polycrystal1ine metals, even those that are very pure,

do not fail intergranularly has never been fully explained. It seems that

the disruption of atorove- structure associated with the grain boundary would

provide a preferred path for fracture, especially in metals that cleave

transgranularly (and whose bulk deformation properties are therefore

capable of allowing a sharp crack to propagate without extensive blunting).

Because of the long historical connection between grain boundary fracture

and trace impurity spgregation, it had been assumed until recently that: (1) all

grain boundary fracture is the result of trace impurity segregation (i.e.,

clean grain boundaries will not fail) and (2) any trace element segregation

to grain boundaries is detrimental. These assumptions seemed to be supported by the

general observation that most metals, if sufficiently pure, do not fail

intergranularly, and that surface analysis of intergranular fracture surfaces

nearly always revealed segregated impurities.



Both of the above "rules" have recently been confronted with exceptions.

Indium (51), Pt + 302 Rh + 8Z W (52), and Fe + 12% Mn (53) have all been

shown to fail intergranularly, apparently without being embrittled by

trace impurities.* Conversely the ductility of these alloys can be

significantly improved by ppm level additions of thorium (for iridium)

or boron (for Pt + 30;i Rh + 8" W and Fe + 12% Mn). In all three cases,

the trace element addition responsible for ductilizing the alloy segregates

strongly to the grain boundaries.

Given the many years that segregation-induced embrittlement has

endured without a truly satisfactory explanation, it is not surprising

that the kind of ductilizing effects noted above have not been explained

either. Noting that the ductilizing effects of segregation have only

been observed in alloys that have intrinsically weak boundaries to begin

with, one might be tempted to suggest that, in these particular alloys,

any segregation might result in some improvement. This argument is belied

by the fact that other segregating and embrittling impurities are known

for both Ir + 0.3 W [embrittled by phosphorus (50)] and Pt + 30'7, Rh + 8Z W

*Unless otherwise stated, all compositions reported in this paper

are percent, or parts per million (ppm) by weight.



[embrittled by Se (48)]. While there is no evidence to support the contention,

it seems likely that one or more of the metalloids will segregate in, and

embrittle, Fe + 12 Hn.

Given the fact that segregation of trace impurities to grain boundaries

occurs and is often associated with dramatic changes (either increases or

decreases) in ductility, the central question is "by what mechanism do

these effects occur?" What makes one element beneficial and another

detrimental? The following sections of this paper address the major

considerations associated with grain boundary fracture,* however, a detailed ••-•<:v

mechanistic understanding has yet to be achieved.

Grain Boundary Segregation

Figure 3 is a schematic representation of a 38° 100 tilt boundary in

an.fcc crystal having an equilibrium spacing, s»», between solute atoms in

the perfect lattice. Two segments of this repeating structure are shown,

with ten different "grain boundary atoms" identified. Some of the grain

boundary atoms do not lie on lattice sites of either adjacent crystal, but

have been relaxed to take up intermediate positions. This relaxation



process, which minimizes the energy of the boundary subject to the constraints

of the adjacent latti^as, results in stretching (e.g., S,g > 6..) or compres-

sion (645 < 6AA) of interatomic bonds at the boundary. This, in turn,

results in net attractions and repulsions between various pairs of atoms

according to the sign of their displacement from equilibrium. Obviously,

mechanical equilibrium requires that the net force across any macroscopic
f

region of boundary to be zero.

The energetics of solute segregation can be visualized by considering the

hypothetical interatomic potentials between solvent (A) and solute (B) atoms

shown in Fig. 4 along with the structure indicated in Fig. 3. Curve "a"

in Fig. 4 shows the interaction between two A atoms. Their equilibrium

spacing is 6nA and the energy required to separate them to infinite distance
AM

is eflfl. Curve "b" shows the interaction between neighboring A and B
AM

atoms, where e A B is their equilibrium binding energy, and 6^, their

equilibrium spacing.*

When a B atom resides in the bulk lattice, it is constrained by the

surrounding lattice of A atoms to maintain an interatomic spacing nearly

*fror sake of simplicity, solute-solute 'B-B) interactions will be

neglected.



equal to 5flfl. This results in an effective binding energy e;R, which is
MA nD

smaller in magnitude than £,,„• If a B atom could find a location where

neighboring A atoms are more nearly a distance 6.B away, then its contribution

to the energy of the system would be decreased. Likewise, an A atom at a

grain boundary (e.g., at site #1 in Fig. 3) can be displaced from its

equilibrium lattice site on either adjacent grain, resulting in a lower

binding energy, zt., than for A atoms in the perfect lattice. Clearly,

an appropriate exchange between B atoms in the lattice and A atoms in the

boundary can result in a significant decrease i;i the overall energy inventory

of the system.

A rigid exchange between a B atom in a lattice site, and an A atom at

site #1 in Fig. 4, would constitute such an appropriate exchange. The net

energy change^-?or ••'->£*M.» '«~ -' _, which we will call A c ^ is equal tQ

(eAB ~~ EAB^ + ^CAA ~ CAA^* Because there are other stretched bonds around

site irl, the total energy change associated with this rigid exchange may be

significantly larger than the value of As:-.q. Finally, if the grain boundary structu

is allowed to relax following the rigid exchange, the energy of the system

will be lowered even further. Such relaxations are necessary in order to



assure that the net force on a given atom or group of atoms is zero. The

total energy change, Aeo-i . associated with a fully relaxed (equilibrium)

transfer of a B atom to site #1 will be called the "interaction

energy" between a B atom and site #1.

A statistical thermodynamic treatment of segregation based on solid-state

analog of Langmuir adsorption in gas-metal systems (1) was developed by

McLean (54). This treatment assumes that all grain boundary sites have

either a single valued interaction energy, Ae, with a particular solute,

or they have no interaction at all. These assumptions permit an expression

to be developed relating the fraction of these energetically attractive

b
grain boundary sites that are occupied by solute atoms, Xg, the

fraction of solute atoms in the lattice, X^, and the absolute tempera-

ture at which equilibration takes place, T, [see Eq. (1)].*

b XB )y = ii !!!__ /1 \

1 - XB + XB exp(Fr)

McLean suggested that approximately one third of the "grain boundary" sites

might have an attractive interaction with solute atoms. If the boundary is then

assumed to be on the order of three atom layers thick, the areal density of

energetically favorable sites is one mono'iayer.t Equation (1) predicts that Xn

*Throuqhout this paper subscripts A and B will denote solvent and solute
species, respectively. Lower case subscripts, or superscripts (e.g., b, i, s)
will denote the microstructural feature .(e.g., boundary, lattice, surface) to
which a variable pertains.

tThe average areal density of atoms (i.e., an average nonolayer) in nickel
is approximately 2 < 10 1 9 aton/rr".
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b %will decrease as T is increased, and have a roughly linear dependence of XR on XR

for small values of XR. These qualitative predictions are in general agreement

with experimental observation, however, some discrepancies in detail do exist.

Several studies of segregation over a range of temperatures indicate that the

temperature dependence of Xp is not as strong as is predicted by Eq. (1) (47,55).

This behavior can be explained by lifting the assumption that all segregating atoms

have the same interaction energy, Ac.sSeah and Hondros (55) have modified a gas-

solid adsorption model first suggested by Branauer, et al. (63,64) and White

4 1 » ' . ' • tn

and Stein (47) have suggested a "spectrum of binding energies" approach,-both,

zof which allow.;the effective interaction energy between segregating solute atoms

and grain boundary sites to vary according to fraction of sites already occupied. ••'

An alternate approach to segregition, based on the classical interfacial

thermodynamics of Gibbs (56,57,53) addresses the relationship between

segregation and interfacial energetics. In the.Gibbs1 approach, the extent

of segregation is defined by the solute "adsorption," rR, of component B at

an interface. Figure 5-a shows concentration profiles across a grain

boundary in a hypothetical binary (A-B) system. The grain boundary solute

adsorption, r,,, equals the shaded area under the Cp versus z curve in

Fig. 5-a. For binary systems, it is convenient to define "n/AN, the



n

"relative adsorption of B with respect to A" (61) as in Eq. {? ).

rb = rb - ( X B ) rb I? )
]B(A) rB [] - XB

J ]A {l ]

where

X D = atom fraction of B in the bulk lattice,
b

For systems where segregation of B is large,-and Xn is small, rB/«v = Tg.

The Gibbs adsorption equation for a grain boundary in a binary system

relates equilibrium changes in grain boundary energy to changes in chemical

potential and temperature:

dvD = 5bdT " rB(A) S ( 3 }

where y -is the specific grain boundary energy, s, is the specific grain

boundary entropy,* and ;,„ is the chemical potential of component B.

*In general, s, will reflect contributions fron both vibrational

effects (e.g., stretched and broken bonds), and configurational effects.
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For an isothermal system, where the component B has segregated to the grain

boundary (i.e., ?„/,! > 0 ) , an infinitesimal increase in un will produce an

infinitesimal decrease in v, . The physical basis for this effect involves

the relaxation of distorted interatomic bonds as discussed at the beginning

of this section.

Similar equations can be written to describe solute adsorption at

free surfaces. In general, specific interfacial energies are expected to

decrease as a result of equilibrium segregation. This effect will be dis-

cussed further with regard to the energetics of brittle crack propagation.

Up to this point we have largely ignored the chemical nature of

segregating solutes. The body of available experimental information suggests

several general characteristics of solvent-solute systems where significant

segregation occurs. McLean has noted that misfitting solute atoms (over-

or under-size) might find energetically more favorable sites at grain boundaries

than in the bulk lattice (54). The concept of size misfit was extended by
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White and Coghlan (59) to include modulus interactions. Such interactions

can occur in the absence of any size misfit, so long as there is distortion

associated with the grain boundary structure. Similar effects have been

reported by Machlin and Levi (67) in lattice modeling studies of segregation,

using empirical interatomic potentials. Seah and Hondros (55) noted an inverse

relationship between grain boundary enrichment of a solute, and its solubility

in the solvent lattice. All of the above factors (size, modulus, solubility)

reflect the chemical interaction of solute and solvent species.

One class of solute-solvent pairs which seems to exhibit consistently exten-

sive segregation are metalloid elements (S, P, Sb, As, Sn) in transition metals

(Fe, Ni) (33). The surface activity of metalloid elements in molten transition

metals is well known (35), and their tendency to segregate strongly and reduce

interfacial tensions in the solid state is also becoming well established (36).

While these are not the only solute-solvent pairs known to exhibit segregation,

they do seem to be associated consistently with grain boundary fracture.
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Effects of Segregation on Grain Boundary Fracture

Discussions of segregation induced intergranular fracture have, to a

very large extent, centered around the effects of segregation on the cohesive

energy, <j> , and the cohesive stress, c , of the grain boundary. Recently,

the effects of segregation on the nature of interatomic bonding and crack

t ip p las t ic i ty have also been addressed. These factors are discussed in this

section.

Cohesive Energy: The cohesive energy of a grain boundary, q> , is defined

as the energy required to separate reversibly the two adjacent grains to form

free surfaces. Because this process involves destruction of grain boundary

area,""and creation of free surface area, a can be expressed in terms of

the specific grain boundary and surface energies (2-5):

• c = 2 Y s - Y b (4)

I t is through the dependence of •> and y^ on ?Q/<\\ and Tnijy\ (the surface

and grain boundary adsorption of impurities) indicated by Eq. (3) that solute

segregation can affect $ .
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Hondros (1) has measured Y and y, f o r Fe-P a l loys at 1450 C (see F ig . 6-a) .

As expected fo r a solute that is known to segregate to both grain boundaries (37 )

and free surfaces ( 36 ) , phosphorus is observed to lower y and y,. Given the

data in F ig. 6-a, and assuming Henrian behavior (65) of phosphorus in Fe, Hondros

rearranged Eq. (3) to express r as:

'P " 2.303 RT \o log1QXpy (5)

He then p lo t ted the resu l t i ng values of rp and rp as a funct ion of x£, as shown in

F ig . 6-b.

Several authors (2-5 ) have noted that dur ing b r i t t l e in te rgranu la r f rac tu re

at low temperatures, crack propagation general ly occurs so rap id l y tha t the

newly created free surfaces w i l l not be in equ i l i b r ium wi th the bulk composition of

the adjacent gra ins. These newly created surfaces w i l l " i n h e r i t " one-hal f of

as shown in F ig . 5-b
the excess solute segregated to the grain boundary/. Except f o r the special case

where the equ i l i b r ium value o f r | f Av = 1/2 r R m , the spec i f i c f ree energy o f t h i s

rap id ly created free surface, y*, w i l l not equal the equ i l i b r ium value, y .

This considerat ion resu l ts in a modified form of Eq. ( 4 ) , " t o describe the energy, ^*

required to revers ib ly separate adjacent grains subject to the cons t ra in t that

rB(A) for e a c h r e s u ] t - ^ g surface equals T^

>c = d>s - \ (5)
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Evaluation of y*, and subsequently -p*, from data such as that in F i g . 6,

has been the subject of several recent theoret ica l s tud ies . Seah (3) lias argued

s • h

t h a t Y * should depend p r i m a r i l y on r p ( A \ , and not on bu lk c o n c e n t r a t i o n , Xn. He

(see F ig . 5-d)
considered that the surface energy, Y S , of a hypo the t i ca l /a l l oy having an impur i ty

concentrat ion, CR, such that the corresponding equ i l i b r i um surface adsorpt ion ^r,ih\

equals r B / A \ / 2 . Seah argued that y approximately equals y* since both surfaces have

the same level of adsorot ion.

For a bulk phosphorus concentrat ion of 0.0316 a t % in i ron ( log Xp = - 1 . 5 ) ,

Hondros1 data in Fig. 6.b (dot ted l i ne ) indicates rp - 2.2 x 10~10 mole/cm2,

y i e l d i n g rp5 = 1.1 x 10 ' 1 0 mole/cm2, and x j « 0.00615 a t % ( log 1 Q Xj = -2.211 (see

l_j

dashed l i n e in Fig. 6 -b ) ) . The surface energy of t h i s hypothet ical a l l o y y , then

is 2060 erg/cm2 (dashed l i ne in F ig. 6 -a ) , y i e l d i n g cj>* = [2Yg - yb] = [2(2060)-760]

erg/cm2. S im i l a r l y ca lculated values f o r Xp = 0.100 and 0.316 a t . % are given

and p lo t ted in F ig . 7.
in Table 11/. C lear ly , to the extent that Seah's argument is co r rec t , the e f f ec t

of Xp on <i>* in i ron at 1450 C is smal l . Based on a de ta i led study o f adsorpt ion

isotherms fo r trace element segregation to both surfaces and grain boundaries, Seah

concluded that solute segregation w i l l general ly have l i t t l e e f f e c t on •>*.

Seah's approach to est imat ing <;>* has been c r i t i c i s e d by a number o f i n v e s t i -

gators (24,4 ,5) . H i r th (4) and H i r t h and Rice (5) have examined Seah's assumption
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<j>* = 2 y - Yh>
 a n d concluded that i t neglects a term they ca l l the "work of

c
adsorpt ion. " They derive an expression equivalent to Eq. (6) to describe

*c = 2 Ys " Yb " rB(A) { pB " UB > ( 6 )

where:

Un = the chemical potent ia l of component B in a l l oy

u

yr> = The chemical potential of component B in the
hypothetical al loy.

For solute-solvent systems where segregation occurs more strongly to free surfaces

than to grain boundaries, uR w i l l be less than pr>, and the correction term,

k U

MB " MB-1' w 1^ ^e P 0 S l ti v e- The data in Figs. 6-a and 6-b indicate that this

is the case for P in Fe at 1450 C, and values of <j>* calculated according to

Eq. (6) are reported in Table II. These values are also plotted as a function of

Xp in Fig. 7 and are in good agreement with similar, but more extensive, calculations

by Asaro (2).

The correction term, rg(n)(C)iR - P J ) ? introduced by Hirth and Rice accounts

for the change in chemical potential of the adsorbed grain boundary atoms as they

are transferred from a grain boundary environment (p,-.) to a free surface environ-

Ll

ment (p R). This correction assumes the free surface is independent of the bulk,

and free to relax locally, but not to exchange atoms with the bulk in a diffusive

manner.
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Unfortunately, there are/few solute-solvent systems for which the type

of data in Fig. 6 are available. I t seems l i k e l y , however, that effects

of segregating metalloid solutes on <;>*, of the magnitude shown in Fig. 7

according to the Hirth-Rice formula
( i . e . , 10—20fi decreases^ are a fa i r l y general phenomenon.

Cohesive Stress: The cohesive stress, a , of a grain bounuary is the

maximum force per unit area required to uniformly separate two adjacent

grains along thei r common boundary. Figure 8-a shows a hypothetical plot

of energy (<$>) versus separation (&) for a uniformly separating, planar

grain boundary. Figure 8-b shows the correspondinq plot of stress (a)

versus separation, where o{s) = d<p/d&. Grain boundaries are not observed to separate-

uniformly, however, so a cannot be d i rect ly measured Orowan (15)

obtained a rough estimate of o for cleavage planes by assuming a sinusoidal

shape for the attract ive portion of the o versus 5 curve. The analogous

approximation for a grain boundary is i l lus t ra ted in Fig. 8-c.
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where the t e n s i l e s t i f f n e s s o f the g r a i n boundary bonding i s u s u a l l y assumed

to equal the bu l k va lue o f Young's modulus , E. These approx imat ions y i e l d

Eq. ( 7 ) .

It should be emphasized that Eq. (7) provides only a rough estimate

of a , particularly if effects of segregation are to be considered. For

example, Eq. (7) implies that a decrease in 4>* (perhaps as a result of

segregation) will result in a decrease in o . If the nature (e.g.,

stiffness or length of interaction) of interatomic bonding changes, however,

it is possible that a decrease in <j>* could be associated with an increase

in o . Comparison of Figs. 8-a and -b with Figs. 8-d and -e shows how such

an effect might occur. Changes of this type in ij> versus 5, and a versus 5

curves as a result of segregation might be expected if the nature of the

bonding at the grain boundary changes from metallic to covalent, for example.

Unfortunately, theory of interatomic bonding at structurally and chemically

disturbed'defects (e.g., segregated grain boundaries) is only just beginning

to receive attention (31).
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Interatomic Bonding: Much of the previous discussion has made use of

<j> versus 5, or a versus 5 curves, with the implicit assumption that the same

curves are appropriate for pairs of atoms (e.g., A-A or A-B pairs) both on — ;'̂

the bulk and at a grain boundary. This assumption sneaks in the back door

along with the empirical observation that most pure polycrystal1ine metals

do not fail intergranularly, hence the metallic bonding of the perfect

crystal is assumed not to be seriously affected by the structural disorder

associated with grain boundaries. It is not at all clear that such an

assumption is valid for a grain boundary containing a significant concen-

tration of solute.however.

Losch (31) has recently suggested that the disruption in crystal periodicity

and composition associated with a segregated grain boundary may significantly

alter the nature of interatomic bonding in that region. Theoretical studies

of sulfur bonding to nickel atom clusters are cited (32), which indicate that

the Ni-S bond on a free surface is predominately S(3p)-Ni(4s), as opposed to

Ni(4s)-Ni(4s) metallic bonding in the remainder of the crystal. The Ni-S

bonds are localized and directional, implying covalent character. Losch

also states that formation of these covalent bonds will disrupt neighboring

Ni-Ni bonds.
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Arguing that interatomic bonding at grain boundaries and free surfaces

will be similar, Losch suggests that similar effects can be expected when

sulfur (or some other metalloid element) segregates to grain boundaries in

metallically bonded materials. No detailed mechanism for grain boundary

crack propagation is discussed, however/ the combination of strong directional

covalent bonds and weakened ne.ghboring Ni-Ni bonds is suggested to play a

major role in segregation induced embrittlement. .C.....-•—-'

Considerations such as these cast doubt on the assumption that any

effects of segregation on $* will produce only a proportionate change in

0 (12). Indeed the stiffness and directionality associated with covalent

bonding might well give rise to significant changes in the shape of the

o versus 6 curves of Fig. 8. Unfortunately there is neither sufficient

experimental data nor theoretical analysis to indicate whether there is

any predictive capacity in this new approach.

Machlin (66) has suggested an alternate explanation for segregation

induced embrittlement that also involves a change in the nature of inter-

atomic bonding at segregated grain boundaries. He argued that segregated

metalloid elements form a two dimensional grain boundary phase, having at
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least one elastic constant nearly equal to zero. The existence of such a

phase could then result in a large elastic stress concentration at the

boundary, resulting in brittle grain boundary fracture at low applied

stresses.
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Perfectly B r i t t l e Grain Boundary Cracks: The "Gr i f f i t h Cri ter ion" is a

necessary condition for b r i t t l e crack propagation. In i t s most general sense,

the Gr i f f i t h cr i ter ion simply states that unstable crack propagation must be

associated with a net decrease in the potential energy of the stressed body (20).

Gr i f f i t h or ig ina l ly considered an isotropic, homogeneous, l inear ly elast ic

half
continuum having a sharp e l l i p t i c a l crack of/length, a, and a uniform applied

stress, a», normal to the crack plane and applied at boundaries far removed from

the region of the crack (see Fig. 9 ). The appropriate fornfof the Gr i f f i t h

such
cr i ter ion for/a grain boundary crack is given in Eq. (8) (60).

*
JAG (1 - v-)

1/2
(8)

where, v is Poissons ratio and a*- is the critical value of the applied stress,

o», according to the Griffith criterion. For a. > at^, the crack will propagate,

and for an < oir the crack will tend to heal in order to reduce surface energy.

*Equation (8) assumes that plane strain conditions are satisfied. This

condition will be assumed throughout this paper.
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The Griffith criterion, Eq. (8), can be rearranged to yield an expression for

(a *)27

c

For perfectly brittle crack propagation, this equation allows ** to be calculated

from the experimentally observed fracture stress, o^G, crack length and elastic

constants. A few studies of both cleavage and grain boundary crack propagation

appear to have been carried out under conditions where the amount of crack tip

plasticity was small. These studies yielded values for $£ that

approximately equal values obtained from theoretical models or thermodynamic

measurements of the surface and grain bofdary energies (46,6,7,13,61,62).

Being essentially an energy balance, the Griffith criterion is a necessary,

but not sufficient, condition for brittle crack propagation. It takes no explicit
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account of the interatomic separations occjring at the crack tip. In order to

separate atoms at the crack tip, the local stress must be greater than ar.

Inglis (25) estimated the local tensile stress, o ( p), at the tip of an

elliptical crack having a crack tip radius, p, (see Fig. 10) as:

°yy(p) = °A(? ( ]°)

The c r i t i ca l appl ied s t ress , otr, a t which o,...(p) = cr i s given by Eq. (11)
ML yy c

"AC "(f) V °c

Subs t i tu t ing the 0rowan expression, Eq. ( 7 ) , fo r o y ie lds Eq. (12)

:AC ~
V

26

1/2
(12)

Comparison of Eq. (12) w i th Eq. (8) indicates that aJG ~ n* when p = <5O, i . e .

the G r i f f i t h and Orowan approaches y i e l d approximately the same values fo r ths

c r i t i c a l appl ied stress when the crack is a tomica l ly sharp. For cracks w i th p

s i g n i f i c a n t l y greater than 5O, the c r i t e r i o n expressed in Eqs. (11 ) and (12 ) w i l l 1

crack propagation, and a j c > air

The development of Eqs. ( 8 ) , (10) and (12) i s based on the assumption that

the material surrounding a b r i t t l e gra in boundary crack is l i n e a r l y e l a s t i c .

Consideration of Fig . 8, on the other hand, ind ica tes that the behavior

w i l l be highly non- l inear a t stresses on the order o f o . Barenblat t (21) has
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addressed the question of nonlinear interatomic forces in the crack tip region,

and concluded that a crack of the shape shown in Fig. 10 provides a more

realistic view of brittle cracking than does the elliptical crack in Fig. 9.

This view is reinforced by conceptual difficulties associated with the require-

ment that a crack tip radius, p, for brittle crack propagation be on the order

of atomic dimensions.

Barenbiatt divided the crack plane into three regions as indicated in Fig. 10;

(a) the linearly elastic region away from the crack tip; (b) the "cohesive" region

~j ;,.vv,'i

where interatomic forces are large, but nonlinear; and (c) the free surface

region where the crack surfaces are separated su f f i c ien t ly to be considered noninter-

acting free surfaces. For the case where the extent of the cohesive region is

small compared to the total crack length, Barenblatt concluded that the shape of

the crack t ip region depends only on the form of the interatomic potent ials, and

not upon external stresses and crack lergth. This, in turn, allowed him to develop

an expression for the c r i t i ca l applied stress for crack propagation, which is

identical to the Gr i f f i t h c r i t e r ion , Eq. (3). Thus, to the extent that Barenblatt's

analysis is va l id , the nonlinearity of interatomic interactions at the crack t ip

does not seriously affect the val id i ty of the Gr i f f i t h cr i ter ion for atomically

sharp cracks.
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While much of the forgoing discussion has rel ied on the conceptual use of

interatomic force laws of the type shown in Fig- 8, the analyses leading

to Eqs. (8) through (12) have imp l ic i t l y assumed that interatomic forces are

uniformly distr ibuted over the separating atomic planes, perhaps making "interplaner"

forces a more accurate description of the manner in which they have been used.*

Thomson and coworkers (18,19), using a truncated l inear spring model of inter-

atomic forces, have shown that the existence of discrete interatomic bonds across

the crack plane results in a la t t i ce trapping effect that cannot be predicted by

continuum approaches. They

predict a range of applied st1 esses, at < cu < at+, where the crack is trapped,

and cannot increase or decrease in length. For o» > at+ the crack propagates, and

for aA < at the crack spontanoously heals. The Gr i f f i t h stress, a*~, fa l l s

between at and at+, and for the example given by Hsieh and Thomson (19), is closer

to at_ then to a*, . Using a Gr i f f i t h type equation to calculate effect ive cohesive

energies (.;>* and $* ) from at and a* , they obtain $* - 1.2$* = 0.2 $* , where " •;

4>* is the thermodynamic value of cohesive energy defined as in Eq. (6). ' ^ f
C ' . A

*This distinction would be important if numerical calculations were being "'?
performed on the basis of these force laws. Because "interplanar" and "interatomic"
force laws derive from the same physical phenomena, it is assumed that any *
differences in shape will be small,; and beyond the scope of this paper. < ^
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Hsieh and Thomson note that the degree to which lattice trapping is important

increases strongly as the width of the cohesive region at the crack tip decreases.

Their truncated linear spring model results in a cohesive region containing a

single atomic bond, and hence represents an upper limit for lattice trapping

effects. Their major conclusion, however, is that a*-, as expressed in Eq. (8), may

be significantly less than the actual applied stress, a£ +, required to propagate

a brittle crack in a discrete lattice.

The effects of segregation on brittle crack propagation can manifest themselves

in at least three ways. The effect of segregation on <p* [Eq. (6)]will clearly

influence a*- according to Eq. (8). The results in Table II and Fig. 7 indicate

that grain boundaries in pure iron have <i>* of about 3.4 J/m2. For a Griffith

type crack about 10 i.m long, Eq. (8) predicts a?~ - 158 MPa for pure iron. As

the bulk phosphorus content of the iron increases, i|>* approached a value of about

3.1 J/m2, and for the same 10 ym Griffith crack, a* - 150 MPa. The modest changes

in fracture stress indicated by these values do not appear to explain the rather

dramatic decreases in strength and ductility normally associated with segregation

induced embrittlement of grain boundaries. While the decrease in $* may contri-

bute to embrittlement, it alone does not appear to explain it.
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To the extent that Orowan expression for a 1's accurate, changes in

a resulting from solute segregation w i l l affect otr- to approximately the same

extent that i t affects atg. As pointed out in the foregoing discussion, however,

changes in the nature of interatomic bonding at grain boundaries as a result of

solute segregation may invalidate some of the assumptions used in obtaining

Eq. (7) and hence Eq. (12 ). Equation (11 ) indicates that ofa is d i rect ly pro- J5>

portional to, and hence mora strongly dependent upon, a than <}>?« is upon <\>*.

Final ly, the la t t i ce trapping effect discussed by Thomson and coworkers (18,19)

w i l l be strongly dependent upon the shape of the interatomic force separation

curve, and the extent to which bonding is localized between individual atoms

(as in covalent bonding), or distr ibuted uniformly (as in the free electron gas

model of metall ic cohesion). ' *,

Nearly B r i t t l e Grain Boundary Cracks: -^ ,

Grain boundary fracture in metals, at temperatures s ign i f icant ly above abso-

lute zero, nearly always involves at least some plastic deformation. Figures 1

and 2 show evidence of s igni f icant plastic deformation associated with grain

boundary crack propagation. The extent of plastic deformation varies with tem-

perature, strain rate, and material, often result ing in elongations of several

percent.
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Unfortunately, there have been few detailed studies of plastic deformation

associated with grain boundary fracture, so our view of the mechanistic

details must largely be inferred from macroscopic mechanical test results.

General yielding (often in the microstrain range) of unnotched

polycrystalline materials is expected to play a major role in the nucleation

of grain boundary cracks. Local stresses, significantly greater than the

nominal applied stress, can be generated by various mechanisms involving

inhomogeneous plastic deformation. It seems likely that the previously

outlined effects of segregation on <*>* and o will affect the local stress

intensity required for nucleation of a grain boundary crack. Except for

this observation, nucleation (as opposed to growth) of grain boundary

cracks will not be explicitly considered in this paper. For an overview

of crack nucleation in nearly brittle materials, the reader is referred

to the work of Lawn and Wilshaw (27).

General yielding is not expected to play a major role in grain boundary

crack propagation, except in that work hardening will permit applied stresses

greater than the yield stress to be achieved. In the following discussion,

only plastic deformation in the immediate vicinity of the crack tip is
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considered. The principle aspects of crack tip plasticity are illustrated

schematically in Fig. 11.

Crack tip plasticity plays at least four major roles in crack propagation.

First, plastic deformation requires mechanical work to be performed, which

expends a portion of the stored elastic strain energy that would otherwise

be available for breaking interatomic bonds at the crack tip. Secondly,

plastic deformation will tend
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to relieve the stress intensity at the crack t i p , result ing in higher values

of a» to achieve a crack t i p stress equal to the cohesive stress. A related

effect is associated with crack blunting in which dislocations created at the

highly stressed crack t ip increase the crack t i p radius, p. Thirdly, plast ic

deformation, being an inherently irreversable phenomenon, v i r tua l l y eliminates the

poss ib i l i ty of spontaneous crack healing of the type expected for perfectly

b r i t t l e cracks.* Final ly, plastic deformation may be responsible for creating

a region of high uniaxial tension ahead of the crack. These four roles w i l l

be discussed in the following paragraphs, and where possible, effects of solute

segregation w i l l be included in the discussion.

necessarily
*Crack t ip p las t ic i ty does not/preclude healing of cracks by thermally

activated processes, e.g. s inter ing.
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Orowan (15,22) and Irwin (38) extended the Gr i f f i t h approach to the

case of nearly b r i t t l e crack propagation. They postulated a characterist ic

fracture energy, <t>f, that is related to the fracture stress, oJQ, by an

equation analogous to Eq. (7).

* fE 1/2

The fracture energy, <*>^, is generally assumed to be the sum of <b* and A

(plastic v/ork per unit area). This approach assumes that $~ can be treated

as a material property, allowing Eq. (13) to be rearranged to yield an

expression for <j>f analogous to Eq. (9 ).

a * ? TT a ( l - v 2 )

Equation ( 14 ) allows ^ to be calculated from experimentally observable

quantities and is essentially equivalent to the c r i t i c a l strain energy

release rate, G j r , of l inear elastic fracture mechanics.

Thompson and co-workers (6,7) have studied the fracture of notched

Fe + 3!J Si b icrystals, doped with various levels of phosphorus. Figure 12

shows a plot of >\>r versus absolute temperature, T, for bicrystals containinq

0.12 wt " phosphorus. Perhaps f o r t u i t o u s l y , as T approaches zero,
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<j>r. approaches a value in the range 2.5-3.0 J/m2, surprisingly close to

the values of 41* plotted in Fig. 7 (calculated using Hondros ' data). These

same authors also reported values of <$f plotted versus phosphorus concen-

tration at the grain boundaries, for bicrystals fractured at 77 K, as shown in

Fig. 13. Qualitatively similar effects of segregation on Gj~ have been

reported by Mulford for 3340 steel embrittled by antimony and phosphorus

segregation.*

Comparison of the effect of segregation on $* (Fig. 7 ) , with its

effect on <j>- (Fig. 13) indicates that segregation is affecting $~ through

other mechanisms than the effect on $* indicated in Fig. 7. To the extent

that <j>r - i>* + <b » the experimental data in Figs. 12 and 13 indicate that '' ;
r c p • •-"•

,the energy'expended by plastic deformat
segregation is having a direct effect upon <.y. McLean (28) has suggested

that .•>* acts as a kind of "valve" directly controlling the amount of plastic

deformation associated with nearly brittle crack propagation, and hence the
i..

value of .;> . Through such a mechanism, segregation could exert a major

v
e f ^ e e t on ^ as a r e s u]t of its relatively modest effects on $* already

mentioned. McMahon and Vitek (12) have expanded on this idea, noting that

*Mul f o r d ' s r e s u l t s (13) are c i t e d by Mcfiahon and V i t e k ( 1 2 ) .
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the plastic strain rate in iron is strongly dependent upon stress. They argue

that small changes in $* (due to segregation) will result in correspondingly

small changes in a ff (the "effective" tensile stress in the region of a

small propagating crack*). The strong dependence of plastic strain rate

on a ff, coupled with a high crack velocity combined to explain how small

changes in a -~ result in large changes in <j> . A similar approach to crack

tip plasticity in cleavage fracture (minus the segregation effect) is

described by Tetelman and McEvily (14). The treatment of McMahon and Vitek ' y

recognizes what seems to be an important factor in the relationship between

segregation and .j> . Their analysis neglects several other factors, however,

that could also affect that relationship, especially in materials for which

the stress dependence of plastic strain rate is not so strong as in iron.

McMahon and Vitek's model (12) explicitly assumes that the plastic zone

thickness (R in Fig. 11) is approximately constant.

Because *> is directly proportional to R , any dependence on segregation

*Because McHahon and Vitek were considering the transition from

nucleation to growth, n ..,. is larger than the nominal applied stress,
Stress

o«. Mechanisms for/intensification include inhomogeneous plastic

deformation and plastic constraint at macroscopic notches.
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could be significant. If we assume that R is the distance from the crack

tip at which some critical stress level, a , can be maintained, then R

can be approximated* as:

(15)

where F(^) is a function of i> (see Fig. 9 ) whose exact form depends upon

the component of stress referred to by a (e.g., tensile or shear).

The {aja ) 2 dependence of R is in agreement with a dislocation model (30)

A p P

and with slip line field models (ref. 14, pp. 293-6) of plastic deformation

at stationary cracks or notches.

Crack tip plasticity will occur in such a way as to relieve stresses

at the crack tip. This in turn will require larger .ipplied stresses to

achieve a given crack tip stress intensity. One mechanism by which this

can happen is via dislocation emission or adsorption at or near the crack

tip. This will result in an increase in the effective crack tip radius,

"This approximation assumes the stress field, a(r,>;,) for an elliptical

crack in a linear elastic continuum (ref. 14, p. 49). The solution is

applicable for p << R <' a.
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and a decrease in the crack tip stress intensification [see Eq. 0 0 ] .

Recall that for p >> S , at- » a£~ and the crack tip cohesive stress

becomes the factor limiting crack propagation. For a propagating crack

1/2where a, = at^. = (p/a) o [Eq. (11 )] Eq. (15) can be rev;ritten:

P °
Rp - - ^ _ . (16)

According to McMahon and Vitek, <j is proportional to R , hence <j> is

proportional to p, o 2 and a"2.

1/2

If the weak, (j>* dependence of a indicated in Eq. ( 7 ) is assumed,

then * is proportional to ̂ *; a significr.nt, but not overwhelming effect

in light of the previously discussed dependence of $* on segregation. As

previously noted, however, Eq. (7) provides only a rough estimate of a , and

the .t»*1/2

dependence of o is based on the assumption that the shape of the a versus

112.

(5 curve (Fig. 8-a) remains constant as A * is changed (e.g., via segre-

gation) .
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The above discussion centers prinarily on the effect of segregation on

the crack tip s ress field as the driving force for crack tip plasticity.

The questions of how the dislocations necessary for this plastic deformation

are created, and how segregation might affect their creation, are not

addressed. Thei^ re at least two possible sources for dislocations near

a crack tip. First, dislocations can be generated at sources within the

adjacent grains, lying close enough to the boundary to be activated as the

crack tip passes. Because of the extreme thinness of the segregated region

at tie boundary, it seems unlikely that grain boundary segregation will have

any direct effect on these internal sources.*

*The same solute species that segregate strongly to grain boundaries

are also likely to segregate to internal crystal defects that act as dis-

location sources. To this extent, internal sources could be affected by

the presence of a segregating solute species. Any effect of these solutes

on crack tip plasticity, however, would be similar for both transgranular

and intergranular cracks.
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A second mechanism for generating the dislocations involved in crack

tip plasticity is nucleation at the crack tip. Mason (69) has applied a

model for crack tip dislocation nucleation, originally developed by Rice

and Thomson (68), to the case of grain boundary cracks in copper embrittled

by bismuth. This model considers the competing processes of Griffith type

crack propagation, and punching of dislocations from the crack tip. Mason

considered two effects of segregation, the first being the lowering of <i>

and the other the lowering of Y s t e D (the energy of the step or ledge left

behind at the crack tip after nucleation of the dislocation loop.*) The

results of her analysis indicate that dislocations can be nucleated on

significantly fewer slip systems in the segregated boundaries than for

boundaries in pure copper.

*Mason noted that <|J* is really the appropriate cohesive energy, but

used equilibrium values of <j> and y in her analysis of the Cu-Bi system.
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S u m m a r y •-• .Vj,.-. .-•: .* '.<.;; ";_-.-.

Attempts to veiw intergranular fracture as Griffith type crack propa-

gation, with the effects of segregation entering only through its influence

on $* is clearly unable to explain the vast majority of experimental obser-

vations. The thermodynamic analyses of Hirth and Rice (5) show that for

solute species which segregate more strongly to free seufaces than to grain

boundaries, the cohesive energy of the boundary is lowered. The experimental

data of Hondros (1) suggests taht the decrease in $* associated with phosphorus

segregation in iron at 1450°C is on the order of 10?. (2). Changes in $* of

similar magnitude might reasonably be expected for other solute-solvent

systems where strong segregation is known to occur.

The recent observations of enhanced ductility associated with segregation

complicate the connection between segregation, <j>*, and intergranular

fracture (51,52,53). Unfortunately, the kind of surface and grain boundary

energy measurements that are available for the Fe-P system, are not available

for any of these systems. This ignorance of fundamental physical properties

makes it difficult to determine whether ->* increases or decreases as a result
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of beneficial segregation. Such information would be of obvious value in

testing the correlation between *f* and intergranular fracture.

The limited experimental data on intergranular fracture energies seems

to indicate that (except possibly in very special cases) segregation effects

on $>* are only a small part of the story. The data of Thompson et al. (6,7),

and similar data by Mulford (13), indicates that while segregation changes

<J>* by -vlO'u (a few tenths of a J/m 2), $,. may change by 1-2 orders of magnitude.

Clearly, in addition to performing the reversible work associated with the

separation of grain boundary atoms at the crack tip, the crack tip stress

field is performing relatively large amounts of plastic work in the region

near the crack tip. It is also clear that in order to explain segregation

induced intergranular fracture, segregation of embrittling solutes must be

significantly reducing crack tip plasticity. It is the mechanism by which

segregation affects crack tip plasticity that is unresolved at the present

t i me.

Crack tip plasticity occurs under the influence of the crack tip stress

field, as the crack propagates along the boundary. To the extent that the

crack tip stress field must also separate atoms, its intensity will reflect
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the cohesive strength of the grain boundary. Equation (6) suggests a rather

weak dependence of a* on $*, and hence a weak dependence on segregation.

McMahon and Vitek (12) have suggested (in the case of iron base alloys at

least) that this weak dependence of o on segregation may be significantly

enhanced by the strong dependence of plastic strain rate on stress. Similar

explanations may hold for other metals, however in copper the Dislocation

velocity is reported to be only weakly dependent on stress (70) suggesting

that segregation induced embrittlement in the Cu-Bi system, for instance,

might not be similarly explained. Mason (69), on the other hand, suggests

that crack tip plasticity in the Cu-Bi system may be controlled through

the effect of segregation on dislocation nucl'Bation at the crack tip.

The dependence of <*>* on segregation, as indicated in Eq. (5), is firmly

based in equilibrium thermodynamics, and contains a minimum set of arbritrary

assumptions. The dependence of o on segregation, however, cannot be easily

estimated from equilibrium therrnodynamic quantities. While £* 3nd o c;re

generally assumed (12) to vary in a similar way with segregation [as implied

by E'q. (6)], the considerations illustrated in Fig. 8 suggest that this

assumption might not always be valid. The attempt by Losch (31), and to
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some extent by Hachlin (66), to explain segregation induced embrittlement

by considering the details of interatomic bonding between specific solute

and solvent species is clearly an important contribution to the overall

picture of segregation induced embrittlement. It would be useful , for

instance, if a beneficial segregant, and a harmful one, could be studied

for the same base metal. There is some eivdence that boron might be such

a beneficial segregant in iron (33), to complement the fairly extensive study

of phosphorus in iron as a harmful segregant. If confirmed experimentally,

it would be most interesting to see if cluster model calculations, elastic

moduli of bulk Fe-P and Fe-B compounds, and thermodynamic estimates of <j>*

could predict (even qualitatively) the beneficial versus harmful effects of

the two solutes.
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Table I. Alloy-Trace Impurity Combinations Resulting in
Segregation and Embrittlement

Alloy Impurity Ref.

P, S, Te
P

P, Sb, Sn

S

Bi, Sb, Te, S

0

P

P

S

s
Se

Pb

34, 37

6, 7

39

40

26, 41, 42, 43

46

44

50

47

45

48

49



Table II. Calculated Values of Cohesive Energy for Three Levels of
Phosphorus in 6Fe at 1450°C*

log V

Xp ( a t . %)

yS (§£*)

Y I —i—Jt 1

S D
© ** L Y "~~ Y

s ,g«atorru
rP(Fe) l " cni2 ;

rP(Fe) ( }

rsH _ 2 .,bJ p i / L • p

x H

sH
Y

sll

c b
- Y

* * (H-T )

-1 .5

0.032

1960

.760

3160

6.5 x 10-10

2.2 < 10-10

1 .1

.00615

2060

3360

3308

- 1 . 0

0.100

1750

.673

2827

18.5 x 10-10

8.3 x 1 0 - ] 0

4.15

0.02186

2000

3327

3146

- 0 . 5

0.320

1420

.500

2340

21.4 x 10-10

10.7 x 10-10

5.35

.0265

1930

3460

3080

*From the data of Hondros, ref. 1.
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Figuro Cantions

1. Scanning electron micrograph of Ir + 0.3vW fractured interrjranular y at room
temperature. Note slip lines intersecting the intergranular fracture
surface.

2. Scanning electron micrograph of Cu + 3" Al + 1"" Si fractured intergranularly
at room temperature. Note the transition from smooth interqranular fracture,
to slip lines and superficial tearing.

Fig. 3. Schematic representation of a 38J •-100> tilt boundary in a simple cubic
crystal.

Fig. 4. Hypothetical interatomic potentials for A-A and A-B bonds.

Fig. 5. Composition, C-, versus distance, Z, profiles across; (a) a grain boundary,
(b) a free surface created by rapid fracture of the grain boundary in (a),
(c) a free surface created by equilibrium separation of the grain boundary
in (a), and (d) a free surface created in equilibrium with a bulk concentration
Cg, such that r " = (1/2) r°.

Fig. 6. (a) Experimental values of y and -iK for Fe-P alloys at 1450 C (after Hondros,
r e f l ) . . b

 s b

(b) Values of r and r for the Fe-P alloys in (a), (after Hondros, ref.l)

Fig. 7. Plots of * <j> according to Seah, and t* according to Hirth and Rice,
versus X Tor re. Calculations using the experimental data of Hondros (1).

Fig. 8. Hypothetical <j versus <5 and a versus 5 curves. Comparison of (a) and (b)
with (d) and (e) shows a possible effect of segregation, where i* •-- .;•*'
yet a' > c . Comparison of (c) and (f) illustrates the respective Orowan
approximatTons to the a versus iS curves.

Fig. 9. Schematic of an elliptica1, "Griffith type" crack.

Fig. 10. Schematic of a Barenblatt type crack.

Fig. 11. Schematic of the plastic deformation associated with a propagating grain
boundary crack.

Fig. 12. A plot of if versus T for embrittles Fe + 3" Si + 0.12"'P bicrystals (after
Thompson, ref. 7).

Fig. 13. A plot of i>f versus grain boundary phosphorus concentration for embrittled
Fe + 3:i Si I 0.12 Z? bicrystals at 77 K.
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