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Abstract

A model for'interfaéial‘cbhesion‘is deyelopeq'whichAdescfibes tﬁe-IOSS in
the strength of an intérface due to the segregation‘and adsorption of impurities
on it. Distinctions are médé between interface separations that7occur too
répidly‘for aﬁy significant redistribution of'adsgrbing’mattef'to take place,
whichfére sﬁggested conform to many actual fracture processes, and separations

that are slow enough to allow full adsorption equilibrium. Expressions for

“the total work of complete decohesion are presented for both cases. The results

are applied to well-known model adsorption isotherms and some‘experimental data
for grain boundary adsorptipn of phosphorus in iron is analyzed with respect to

the losses in intergranular cohesion.
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1. Introduction

The fecent and past literaturé'has provided many examples of eﬁviroqmentally
induced or assisted fracturés in the form of "hydrogen embfittlement", "temper"
or solute embrittlement, and a variety of forms of stress éorrosion cracking.
Although inlsome cases'the\environmént serves mainly to accelerate the 'mormal
process of fracture, it happens, and especially in higher étrength ﬁaterials,
that a change in fracture mode from a ductile hole initiation, growth and
Céalesehce sequence to more brittle—iike pro¢esses such as transgranﬁlaf or
intergranulaf.cleavage is induced. Since the beginning stgges of most ffacture
précesseé'inAﬁetals, whéther they be ductile or brittie, in&olve sebafations
(or decohesion) along interfaces of one sort or another it is of immediate
imporfance fé understand to what extent an environmeﬁf might facilitate such
evénts. Iﬁdéed, once having begun a relatively sharp craék, for instance with
a temper or hydrogen embrittled condition at an iﬁterfacg between a second phase
and a ductile matrix or a grain boundary, there femains the important question
of whether or not the crack_st;ys sharp in growth along the interface or through
the gréin matrix leading to a brittle fpacture, or blunts to a void. The pa-
rameters of impOrtancé in analyzing the fracture initiation process and which
also enter into the ductile-brittle decision for cfack_gfowth'are'the cohesive

properties y, the work to separate the interface, and.dc, the maximum force

"required to fully separate a unit area of interface l. This report is concerned

with an analysis of interfacial cohesibn with specific attention paid to the

effects of the environment in altering these cohesive'properties. In what fol-

lows we will examine cohesion losses caused by interfacial adsorption of the

- constituents of the environment.



The plen of this report is fo further deyelep a thermddyhamic deseription
for separatiné interfacee begen by Rice 2. This‘approach is particularly at-
tractive for applications in adsorption induced brittle fracture since it
explicitly_ackhowledges the fact that interfacial cohesion is affected (usually
lowered) by the segregation of solute'impurities-fo interfaces and that the
degree of segregation is determined in large part by the<kinetics of traﬁspoft.
Explicitly Qe may note that changes -in ipterfacial chemistry may occur either
before or during the fracture process. If the segregant is hydrogen, for
exaﬁple, it may derive from an external environment such as a gas phase or from
an aqueous corrosive mediaf On the other hand, hydrogen may be aiready present
in the lattice due to pre-exposure to a gas or through cathodic'changing; in
the case of solute or temper embrittlement, the segregating impurities
are already dissolved in the matrix and adsorb (not necesserily in an equilibrium
fashion5 on the interfaces befere fracture. In'addifion, since most inter-
stitial impurities such as those involved‘in the temper embrittlement process
and hydrogen embrittlement have positive parfial volumes, there is the tendency
for solute migration to regions of high triaxial tension, e.g. out ahead of
notches or partially opened cracks. Thus, in describing eﬁvironmental influeneee
on cohesion through adsorption, there -must be a way to distinguish between those
cases with rapid kinetics where during the actuel loading and separation pfo—
cess further adsorption (or desorption) takes place and the cases of the other
extreme where slow kinetics preclude any siénificant redistribution of matter.
Rice's model naturally accounts for these diverse poseibilities and as we will
demonStrate,vit leads to rather different results fbr the work of separation
in the extremes ef slow (equilibrium) and rapid,(limited.mass redistribution)

fractures.

)
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In the next sectton we treat the - thermodynamlcs of a separatlng inter-
face 1nclud1ng the effects of multlcomponent adsorptlon This leads (Sec-
tlon 2.5) to expressions for\the work of separation under conditions whlch
correspond to slow, i.e. equilibrium conditions, Equations (25) and (30), and
to fast separation which oorresponds to a fracture process which takes plaoe
at essentiailytfixed interfacial composition, Equations (33) and (34); }The
work for slow separatlon is shown to be naturally less than that for fast
separation and in Section 3 the results are given expllc1t form for some.
common and.usefu; model_adsorptlon isotherms. Finally, some experimental data
for polycrystalline iron with dilute.conceﬂtrations of phosphorous is analyzed
in Section 3.2 with respect to the adsorption induced ioss in intergranular.
cohesion; The next several suosections outline the approach and provide pre-

liminary derivations and definitions.



2, Thermbdynamics,bf the Separating Interface

2.1. Cohesion and interfacial strength

We begin with a general interface, which is undergoing a process of de-
cohesion caused by the aﬁplied stress; 0, as shown in'Figure l.. The interface
is taken to be pléne to ignore the effects of its curvaturé and infinitely
extended, bﬁt is othérwise quite arbitrary in that it may separate two identical
gfains as a grain or subgrain.boundary, or a second phase and a grain matrix.
These boundaries are, of course, very complex in structure; théy may be heavily
dislocated, and are quite inhomogeneous in composition because of adsorption.
‘Now presumably for such a.general interface there exists a force-displacement
'rélationShip,'depeﬁdent on its compositioﬁ and sfrﬁcture, that describes its
Astrength during separation such as shown in Figure 2. This relationship, “how-
ever, is uniquely determlned only. when a deflnlte prescrlptlon is given for
allow1ng the progress of the various relaxation processes that w1ll ‘occur during
separation. For example, it is necessary to determine the degree to which mass,
of all species present in the interface aﬁd its immediate ;ﬁrroundings, can
redistribute within the interfacial region or between this region and outlying
sites in the bulk matrix or exﬁernal phases.. In addition, it is necessary to
keep track of any phase transitions that may occur with adsorption since the
interface'properties_depend:on‘structure as well as on fhg amount of impurity
present. Aiternativel& speaking, it is necessary to first determine what variables
-the o véﬁsus § relafionship depends on. For the present purpoées we will

develop the simplifying model for which ¢ depends only upon the composition of

the interface and the interface displacement; §. Then if Fi is the composition

th

of the i specie in the interface and & the interface displacement, where both
quantities .are to be described more precisely in the following subsectioné,

then



o =o(s,r) @
A constit@tive_law of the'above'type implies ét the very iéast local relaxations
.of fhe étoms in the interface such that the amount of eéch component fully
determines the interface propertieé. This is aﬁ important conétraint‘which
will be fe—emphasized in Section 2.5. However, it is certain that (1) will

not be completely representafive of a large number of acfual'fracture situations

since when an internal interface separates, even with no substantial change in its

composifion, the impurities require time to relax locally from their initial
positions within the'interfacé to theif new;equilibrigm_configufation in thé
free surfaces. As will be madé clear in Section 2.5, (1) also implies that the
interface is in intérﬁal-equilibrium even when équilibriumfwith the

outlying bulk phases is nét esfablished. Thus we will require that the chemical
potential of an adsorbed séecie on each of two newly formea free surfaces formed
upon interface separation be equal.

Finally, we note from tbe figure th;t oc.is‘the theoretical cohesive stress
of the interface, or the maximum force per unit area required to pull the two
homogenéous phéses apart. cg belongs to the "cleagﬁ interface and 9 to the
segregated. Evidently the area beneath the curves %sby, the total isothermal
work to form the two free éurfaces from the initial interface, and that this
work is less for the segrggéted interface than fqr the clean. Our primary gbal‘
now is to calculate vy and relate its value to'thevdegree of intérface and sur-

face adsorption.

2.2. Gibbs relations for the interface and bulk phases
For the interface we write in accordance with Gibbs' 3 approach to capillary

for thebchange in surface internal energy



: n ,
du = Tds + od§ + ) n.dl.’ : _ (2)
~ B :

In (2) wé have specialized to a unit.area'of planar interfgce'so that the
"superficial quantitieé of entropy 4, of compositions Fi of the n constituents
comprising the interface, and of interﬁal energy u are defined by a choice of
a dividing surfaée‘called.D. The surface tensioh Y, that is the reversible work
requiretho isothefmélly éépérate such an interface,_is given.by the-net work
done by o0, or in differential form by; |
: . .n . :
dy = 0d§ = d(u-Ts) - J u.dr, - - (3)
- ‘ :
The Gibbs érocédure has well kﬁown limitations some of which will becoﬁe evident
in the next subsectiéns.‘ iﬁ pafticular,‘it is clear that all the excess quantities
depend upon the arbitrary choice fér D, yet as we will show the finai expréssion
for vy, at least under equilibrium conditions, does not have any such arbitrary
dependehce.
For ﬁhe bulk phases éonsider next a channel of homogeneous-phase a (or 8%
located on one side of the interface (i.e. D)'aslshpwn in Figure 1. Let its

a(B) a(B)

cross sectional area be unity and call its entropy S s its.énergy U , and

the number of atoms (or molecules ef;moles) of the ith constituent within it,

Na(B) a(B)

. Then if § marks out the-displacement of an arbitrary point out in

the homogeneous phase, then for the change in Ug‘ﬁp to 6% we have =

av®

, u n .
1as® + o%ds® + J uSan?
=1t ?

and in Uf o | ' | (4)

‘av® = rasP + oPas® + | wlan®
‘ R = N

(8)

If we now.intégrate fhese‘equations and divide through by'Ga we find that
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"are defined by the equations,

S
o = u®* - s -] p%ef
, . 171
o i=1 — :
- and . .
| o (5)
06 = us - TAB - z u?c? .
. i1
i=1

The relations‘(u) and (5) are a set of Gibbs relations for the bnlk phases which

will be used shortly.

2.3. Excess thermodynamlc quantltles

As is’ known from the orlglnal formulatlon of the model by Gibbs, the excess
thermodynamlc quantities depend upon the particular choice of the d1v1d1ng sur-
face, D. On the other hand vy, at least for surfaces at equlllbrlum, does not
have such a-dependence.' In thls sectlon.the»excess_qnantltles are deflned more

precisely and the lack of a dependence of y on D is explored.

2.3.1. excess entropy, enepgy, and free energy
If we define 4%(4%) ana da(ug) as the specific entropies and energies of

the bulk phases on either side of the ‘interface and S and U as the actual'ent;opy
o . , . A n

and energy of a channel of unit cross section cutting through the interface,

extending into each bulk phase a distance §” (and GB), then the excess quantities

5 - 8%% - BB

. O
1l

u=10- Gdua. - GBLgB

Once having chosen D.the-two'henpgeneons phases are'presumed:teibe:uniformly
extended up to the dividing snrfece q;th the excess in'eacn:quantity ascribed
wholl& to theAintenface. The surface ffee energy is then'defined in terms ef
these excesses as

§f=u-"Ts S D)



2.3.2. excess surface comp031tions

Again we assume that the two bulk phases are. uniformly. extended up to the
dividing plane D. Their.compositions’are-respectively ci and c?. If the actual
quantity of component i in the channel is Ni’ then the excess in i is

r. =N, - 6% - sPeb o . (8)
i i i i _

2.3.3. excess surface displacement

s, the excess’displacement, also depends upon the choice of D. Consider
the displacement of two points P* and PB, each located far enough from the inter-

face as measured from D to be con81dered in a region of homogeneous phase.' When :
the stress o is applied, the relative change inftheir sepdration 1sv6a where |
R R T
The surface excess § is now defined by the difference _between’da and. the disé
placement, Gh’ that would result if_the two homogeneous.phases were uniform up
to D and were acted on by o, i.e.‘ A . o :
§=68_ -6 - ' L | (10)5'
It‘is also possible to‘prescribe-other:choices for G'by.redefiningréh as:the
net displacement from Pa.and PB to arbitrary points located on either side of
the 1nterface. For example, it is p0351ble to describe the separation of two‘
adjacent atomlc planes by locating these arbitrary p01nts one on each of the
planes. This latter scheme would_be useful in carrying out a process of
separation of a perfect lattice to form two free surfaces——in thiS‘case 5, if
defined as an'excess, would identically vanish.

In terms of the homogeneous strains in the two bulk phases,-dh,is given

by



. -9 -
5, = P%% + pPef (11)
and since
§ = Ga - Gh | s
§ also clearly depends on the choice for D.
2.3.4, dependence of Yy on D
The surface tension y is defined for a particular choice for D as
n : . '
vy=4§-1T.m : (12)
i=1 : :

as can be seen by an integration of (3). TFor a dividing plane located a distance

A toward the a phase u, 4, §, and Fi receive‘the increments
Py, ey, ar®-d® - 1®sByy
and A [co.l—c@_] . |
i1

Thus, by this relocation of D, vy in (12) receives the increment

o B o B n a B . .
Au-u®) - TA(87-8%) - A ] u.[c.—c.] ‘ (13) |
: ) Rl N R S § ]
. i=1
Now, if we express u, as ”2(8) + [Ei—ua(si] the change in y. becomes by using (5)
n ‘ o
A {(oa-a,B) + 3 (A?c".‘ - ABCB]} ' (1)
Lo 1T i7i :
i=1 .
where - | - Ay = 7(“if“i ]4 I (15)
2 Mechanical equilibrium requires that ® = OB and so (lu)»beCOmes
. o B
. [A?c?-A?c?] . - (16) "
gl iiritd - . )

If full equilibrium between the bulk phases and the interface is established, -

My =My = u?, Az = A? = 0 and vy is independent of D. Accérding to our model
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though, if a and B are identical phaseé cz-= c? and if o and B were initially in
equilibrium A? = A? ——onée again y is independent of D. Of course in this iafter
case, all the excess quantities-are themselves also indepéndent of the choice
for dividing surface. For other situations we must conclude that y cannot.be
made independent of D and so it is prudeht to febhasé the expression for it as

follows in Section 2.5.

S 2.4, Soméjuseful thermodynamié relations’
The Hemholtz free energy § and the surface tension y have already been
defined as
4 =u-Ts (17)
and - . ' n |

'Y=,6 --Z p.T. e (18)

To complete our derivations it is now useful to introduce the Legendre trans-
form on the conjugate variables ¢,§ as :
g=¢-08=u-"Ts - ob . ' (19)

Differential forms of these quantities follow as

n
df = -4dT + od§ +.2 w.dr, : (20)
o i=l .
n
dy = -4dT + od§ - ) T.du, ‘ - (21)
. 1 1
i=1
and
n . .
.dg = -4dT - &do - ) u.drl, , (22)
' 3 R -

From (20) —.(22) we obtain the useful reciprocal relations,

A s (a) (23)
' i]é 96 I‘i
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. |38 Adu., A
- (1] = i : (b)
‘[ari}o [EE*Jri |
and | | (23)
' '22_] = |93 : : (c)
e auiJ(S 55—.ui

2.5. Interfacial Cohesion
2.5.1. '"slow" or equilibrium separation
~ The interfacia; cohesion can be computed from Equation (3). We Qill con~
sider first the process Qhereby the interface is separated slowly enoﬁgh that
equilibrium is established at each stage of the process between the interfacial
region and the Bulk phases. Since equilibrium demands equélity of the chemical
' potentials of each.coﬁponent in the bulk phasés'ahd the interface, we may
designate this brocéss; as did Rice, '"separation at‘consfanf u". . The equation
of state for the interface Cah now be expressed in the forﬁ,
g =0 (8,u)

where Eléo(uj,u).:'o defines the unstressed displacement of the interface,

60(u). From (3), the total work of separation is given'as

T =,[ 5(5,u)d8 - | ()
§(H)

which when integrated yields

— - n : ' '

YO = g0 - foG0 - §owlr (0-r G0l - (25)
: i=1 T

In (25) it must be remembered that Z; is the Hemholtz free energy of the two

newly formed surfaces and similarly, Ti°° are the adsorption excesses for these

two free surfaces. y can be re-wrlitten in the form

- n | n
—_ [, () y [z ' |
7= {60 D) 1[0 @] - {f - Dy} (26)
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or

YD ey ® oy e

where the superscripts 1 and 2 denote each of the two new surfaces. . When the

two bulk bhases are identical, (27) may be written as

7 = 2-Ym - YO . (28)
Equation, (28) is the usually employed definition of cohesion which the forgoing
derivation has shown represents the work of separation only under these equi-
librium conditioﬁs. The adsorption isotherm can be formed by differentiating

(24) as follows

. F (ﬁ] s (29)
SRS - |

Equation (29) can be integrated by substituting (23c) féfAtheAintegrand to yield

_al_ = _[I‘. -T
. 1

I o @y

As is typically done, (30) may be used to estimate the chapges'in Y with vary-

ing u under equilibrium conditions. For this purpose, we note that there are
two Gibbs-Duhem type relations that hold in the bulk phases, namely,

n
ao® + s%dT + ¥ oSy,
. 1 1
: i=1

1
[}

- (31).

8 . n 8- .

+ 47dT + Z ¢.dy. =
LLoTiThi
i=1 :

ch

|
o .

and that these may be used to.eliminate one of the dui so that those remaining-
are truly independent. This procedure is standard = and for brevity is not.

carried through here.
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2.5.2.. "fast" or non-equilibrium separations
‘Now although (28) has often been used to estimate cohesion for actual frac-
ture processes, it must be realized that the implied conditions of équilibrium

are rarely met in practice. For example, the kinetics of adsorption may be

diffusion limited and since solid state diffusivities are, at temperatures near

-to 25°C, in the range 1079 - 1071* cm?/sec very limited if any matter redistribu-

tion will occur except perhaps in the immediate vicinity of the fracture site.
In terms of an actual size scale, if we take quasi-static separation times as
being on the order of 10~3 seconds, then the word "immediate" can be interpreted
as several atomic spacings; Thus dufing a typically rapid fracture process we
expect only local relaxation involving atomic movements so that'theginterfacial
region has the same concentrations before and after separatios. This is analo-
gous to what Rice had calléd "separation at constant compésition". Here we recall,
however, éur constitutive assumption that although-thé interface separates at
fixed composition, the atoms within it relax to theif equilibrium states.

To calculate the work of éepafation at constant éomposition, we mustAfirst
identify the dividing plane such as shown in Figure 1. Having chosen D, all
the .excess quantities are defined. We may now write

n .
0dé = d(u-T4) - ) u.dr, : (32)
521 11 '

where'ui are the Chémical'potentials'for the interface. In writiﬁg (32),ZWe
have assumed that the interface is always self equilibrating so that the potentials
are constant within it although they are not generally equal to those of bulk

phases. Then since dFj = 0, the separation work is

Y = 4,(T) = §,(T) . L (33)
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6m and 6O(P) are thé Hemholtz free energies of fhe two newly formed surfaces|
and the initial interface respectively; both quantities depend upon the choice
of dividing surface. After separation, though it seems only reasonable to‘dé—
fine the dividing surface for each free surface as the original plane of separa-
tion.

An adsorption isotherm follows by differentiating (3) with respect to Fi

to yield
4 . [0 (29 )4 - _ - |
dri f [ari]dG uim(r) uiO(F) (34)
GO(Fi)

Here uim(F) is the,éhemidalvpotential of each newly formed free surface and

uio(r) is the chemical potential of the initial interface. We note again that

a single uiw(F) is sufficient to describe the free surfaces implying that these

two surfaces equilibrate each other.

i
2.5.3. difference between'"slow" and "fast" separation B
We will follow for the moment the procedure used by'Rice to determine'tbe~

difference between ;(F) and ;(u). Consider an initially unstressed interface

which has come to equilibrium with the bulk phases. In this case we can equate

the interfacial Hemholtz free energy, éo(u) with the quantity 6O(F); also the

0

;sother@ r, =3Fi0(u)‘app11es. Then

. . n : o
Fr) = Y = £,(0) = 6,00 + L uilr, (u) - 1,01 . (35)

i=1

" and since (1) = 6mffw(ui)J, we may write that

17734 (1) n |
[ © ~dr, t_Zui[Fi&(u)A— I.od . (36)
T dFi i=1 )

<,



But u, () = 3§ (T)/or,

and so‘
n Fiw(“) ‘ 0
Y(P) - Y(u)‘= —‘Zl f ui;(.r)dri +izgi[rim + FiO]

i=l ¢ .
i0

n- Piw(u)

.=.Zi J (ui - uim)dr‘i | ' . (37)

. I‘.

10

A somewhat heuristic procedure can be used to arrive at essentially the same
result. We define cohesion by the quantity y where yAis given by
- Y, i | (38)
Y, is work required to create a unit area of two free surfaces whereas yo~is’

similarly defined for the initial internal interface.A Now Yo differs from ;;

‘because of the non—equilibriﬁm state of adsorptioﬁ and we can detérminé the dif-
ference in Yoo 7; by computing the work required to‘reversibly alter the adsprption
e#ceés frém'its eqﬁilibriuﬁ extent to the actual level. If we envision that Fhis
hypothetical desorption takes place from the surfaces to the bulk phases (whi%h

are at the potentials ui) then this work is given as

joo

n .
§W = -) [uy - wy(To)1dr, 5 (39)
i=1 - : '

‘Fim§u)
this being so since the amount of mass traﬁsported, Ni,‘is given by

Ni = Piw(u) - Fiw ’ , (40)
and hence

n .
AW ) = -F [y - ug, (T )1dr, . . (41)
i=1 . |
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For the initial interface we may calculate the difference between Y, and Yb

similarly and obtain

n T.
§W_ = _z ‘f i0
0 ;a1
Fio(u)

Then according to our definition (37)

Y-Y=6W - 6w
. 0

When the initial interface is at equilibrium, i.e. My

and- (37) are identical.

[ug - w;o(Ty)ddry,

|

t

(42)

(43)

z 0, (}3)

The main results of our derivations are embodied in the relations (25)

and (30) for the work of slow or equilibrium sepafétion>and in (33) and (34)

for fast separation. In the next section we apply these formulae to some

specific model cases.



p
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3. Some Specific Applications !
A : i

Considerable progress can be made in applying the results of Section 2.5

by assuming that adsorption is adequately described by simple and well-known

isotherms: We treat in detail one of these below where for simplicity only

a single adsorbing specie is considered.

3.1. Ideal localized Langmuir adsorption
The chemical potential for a~locally adsorbing'specie.haé the general from,

us(I‘) = kTﬁn{ﬁ} ("“4)

'Here the excess T is simply defined as the amount.of material adsorbed per unit

area of surface into sites whose areal density is B; ¢ is the single site par-
tition function and k is Boltzmann's constant. With I'(u) again referring to an

equilibrium coverage, (44) can be re-written as

| _ f(r r(p) -1\
1,02 =+ ot g1 [55) ) e

. with the one proviso that if applied to the two free surfaces;F and T'(u) muét be

replaced by 1/2T_ and 1/2F_(u). Hence, we find that

,2qooBoo qOBO -Ieu/kT

1+g eu/kT = Tta eu/kfl < (us)
® 0

F;(u) - Fo(u) =

and if the initial interface is at equilibrium

S o : I r_(u)- 1-1 e
U (T ) = uy(r) = kTﬂn{[Bw_l/zr°° ][B®—1/2Pw(u)J ‘} . (u7)

6W 1is then found to be
-]
r_(w)
: r

r_(u) o ©
8W,, =-KkT|&n B-1/2r_(m)| JA n E:?175?;'drm 8
, . r (1) '
0
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or after integration, ‘ . o 5

§W_ = -kT [23;£n(8&—1/2rm(u)) - 2(8_- 1/2F0(u))£n(8m-l/2ro(u))

T (W)
+ Fo(p)lnfgriy - To(u)ﬂn(Bm—l/2Fm(u))] . | (49)

. An interesting limit of (49) is the case where Io(w) = 0. Then if 6_(Z1/2T /8 )

is thebfractional coverage on a free surface, we find that 8W_ is given by,
SW (T (u) = 0) = 2kTB_Ln(B_-1/2T (w)) - 28 £nB,

= -2kT8_£n(1-6) (50)

The right hand side of (50) is exactly twice the negative of the reduction in

.free energy for Langmuir adsorption onto a unit area substrate as should be ex-

pected from the definition of SW_. That is, wa is “in this case " just ‘the work
required to reversibly undo an equilibrium amount of adsorption.

The adsorption isotherm, (44), can be re-written as ' ' l

r = QBe:/:: (51))

1+ge

and upon integrating.(SO) we find that
Y - Yo =-2kT$m£n{l+qmeu/kT} + kTBoﬂn{l+qoeu/kT}v . (52)

If adsorption is from a relatively dilute solid solution where the bulk chemical

.. potentials have the form p = p° + kTZnx, then (52).becdmes

— . [+
Y- v = -2kTBm£n{1+qwe” /ka}

) ' . .
+ kTsozn{1+qoe“ /ka} ~ . - (53)
Furthérmore, upon integrating (34) we obtain for the reduction in the work of

"fast" fracture,
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B

. _ °0 i
Y- ° kT{rogn(qo/qm) + Boﬂn ———BO_I.O o : :
28_ By-To
- 2800/@_}126—_1., + I EWW} | (54)
o 0 0
e s . o
with T being given by qosoeu /ka .
Ty = 1+q0e“°/ka . (55)

3.2. The system Fe(§) -P
- The data collected by Hondros_5 and summarized by Hondros-and McLean 6
and by Hondros and Seah 7 for the adsorption of P, from a dilute solid solution,

onto the free surfaces and grain boundaries of iron suggest that the Langmuir

‘model may be applicable. Actually, the data have been previously analyzed using

McLean's isotherm s, which has the same form as (44) or (51), i.e. McLean's
isotherm has the form, _
er/RT

8 = l+xeQ/RT ' . (56)f

where 6 is the fractional coverage (the: surface concentration) and Q is the

heat of adsorption. What is then required are values for the quantities

[o] ‘ o ) ' :
qmeu /kT, qoeu /kT, B> BO, and the ratio qO/q°° that appear  in (53) and (54).

'From Hondros' data for free surfaces Q = 24.2 k cal/mole for the average

M (kT.ls then found to be approxlmately

u/

1204. From the suggestlon of Hondros and Seah qo "is found to be 750 -

although we must note that a lower value is deduced from Hondros's estimate

of Q * 16 k cal/mole for average grain boundaries. qo/q°° is then 0.625. Finally,

B, and B, are estimated from Hondros' reported saturation eoVerages as 1.4 x 1013

0

sites/cm? and 6.5 x 10!"% sites/cm? respectively. If y is expressed in units of

ergs/cm?, Y is given by



(V-YO)/240 = -2.8n{1+1204x} + 0.651&&;{1+750x} ' (57)

with é simiiarly foilowing set -of eqoations for y. In (57) x,ifhe lattice atom
ffaction of P, is taken as ‘a variable instead of M. The reductions in y are

shown in Figure (3) along with a curve'constructed'directly from Hondros' ex-
perimentélly measured surface tensions 5. The rough agreement between the com-
pﬁted oufve for Yy (Equation 57) and the experimental curve provides'some confidence
for using these modei isotherms. In fact, we may note that if we had accepted

the value of Q = 16 k cél/mole for grain boundary adsorpfion, we would find that
qoeu°/kT}= 109 and that the computed curve for y is esséntially coincident with
Hondros' experimental dafa. However, for now we will take the more recent sug-
gestion of Hondros ano Seah mentioned above. The relation between ; ond x is
also shown in the figure and it is seen that the reduction in cohesion is much
less than when equilibrium conditions prevail. Nevertheless, the reduction ‘is
significant and when we realize that the concentrations shown in the figure %re
representative of those involved in phosphorous temper embrittlement of ste_eklsg
we are lead to suspect that the,;oss in cohesion of the grain boundaries in’ﬁron
need not be very large to cause brittle behavior--at least if simple adsorption
induced cohesion losses are responsible for the boundary's brittle response. 'Of

. o]
course, if we were to except the value of 109 for qoeu /KT

, the reduction in y
~would be éightly greater than is shown in Figure 3. Evidently, the experimental

data require a more careful scrutinity.
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4, Discussion and Conclgsigns A._ n
A thermodynamic analysis for adsorption ihduced éoheéion loss has been '
presented and applied. The derivations follow closely tﬁe original procedure
adopfed by Rice 2 in that the interface displacement, 8, definéd in Section 2.3.3,
and,its'conjUg;fe force, o, Have been included as independént variables in the
- expression for the interface energy. Specifically, in (1) for the differential
du the work term odé was includéd. Oup model explicitly accounts for the work
of separation (decohesion) ﬁndér equilibrium conditions where.adsorptions are
allowed to proceed to completion (Equations (25) - (36))and under conditions
-where the'separétihg interface is not equilibrated with fhe bulk environment
with respect to adsorption (Equations (33) and (34)). The model is accurate
only with the‘aésumption that the I''s, theAinterface compositions, are the only
variables which influence the ¢ versus § relation. 'In applying the results of
Section 2.5 in Section 3, we have already presumed that the chemical potenti?ls
vio and My, are those which‘are derived from eQﬁélibrium stafistical'thermo?
dynamic models and, of course, the numerical valués of the important quantit%es
' were estimated from what is meant to be equilibrium adsofption data. Clearly
there will be mahy cases where this will not be an adequate idealization espe;
cially‘when the adsorbates havé-severely limited mobility. It is possible, in
principle, to extend the heuristic procedurgs of Segtion 2.5.3 to include for
example the work tb shift a giveﬁ quantity of édso;bété from its equiliﬁrium
state on a free surface to non;equilibfium sites in.which it may have been
"trapped" during a "fast" separation. Such calculations would undoubtedly
require very accurate atomic models for this sort of adsorption‘énd would be
difficult to do with confidence. For many cases, however,. and in particulér
for the case of mobile adsorbates like hydrogen;'the present modéllshould be.

quite useful for eétimating(cohesion losses.




The present model should be extended to includé other model isotherms %nd

include.the possibiiity of lateral interactions which lead to phése tfansiti%ns.
In addition the problem'of non-equilibrium separations, so important to inter-
preting actual brittie fractures;‘certainly requires further study. For exahplé,A
it would be of considerable interesf to find ways to estimate cohesion and
adsorption induced lossgé in cohesion without employing'the‘éonéfitﬁtive as-
sumptions phrased in Equation (1). ~
.Finally, we note that the frequentiy’adoptéd procedure 9f using the relation
(28) with its implied assumption of equilibrium to estimate boundary cohesion
. can lead to serious error. The example ongrain boundary adsorption of phosphof-'
ous in iron presented in Section 3.2 (see also Figure 3) makes this clear since
in an actual temper induced intergranular fracture process in iron containing
phosphorous, at least at lower temperatures, phosphorous diffusion is expectgd
to be extremely élow. This means that the actual work of seéaration shoﬁld;
correspond better with that eyéluated at "constant composition" réther thahiwith

the work computed at "constant u'". As the calculations have shown, the difﬁerence'

between these two estimates of cohesion can be substantial.
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Captions

1. A planar interface, located along the- dividing surfdce D, which éeparateé
‘two homogeneous bulk phases a and B, & is the dlsplacement across the 1nter—

face caused by the uniform normal stress, o.

2. Stress—displacement,relationship for a separating interface. The upper
curve is for a "pure" or 'clean" surface and the lower for a segregated one.

"0 is the cohesive stress and y, the work of separation, is equal to the area

béneath the ¢ versus § curve. 60 is the normal displacement corresponding to
g = 0. - ' '

3. Adsorption induced loss in 1ntergranular cohe51on in iron with dilute con-
centrations of phosphorous. =x is atom fraction of P in the Fe matrix.
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