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Effect of Mo and Pd on the grain-boundary cohesion of Fe
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The effects of Mo and Pd segregation on the cohesion of t3&11) grain boundary are investigated by
using the first-principles full-potential linearized augmented-plane-wave total-energy—atomic-force method
with the generalized gradient approximation. Based on the Rice-Wang model, our total energy calculations
show that Mo has a significant beneficial effect on the Fe grain-boundary cohesion, while Pd behaves as a weak
embrittler. An analysis of the geometry optimization indicates that Mo has a moderate atomic size to fit well
in the grain-boundary hole, whereas Pd introduces a larger perturbation on the atomic structure near the grain
boundary. The elastic energy associated with the Mo and Pd segregation is estimated with a rigid environment
approximation. It is found that both Mo and Pd introduce a beneficial volume effect. Studies of the electronic
structures show that its strong bonding capability makes Mo a cohesion enhan@e0(V) for the Fe
3,3(111) grain-boundary. By comparison, its weak bonding capability leads Pd to be a weak embirittler
(+0.08 eV). Our first-principles quantum-mechanical results support the main idea of the atomistic theories in
that the elemental cohesive energy difference between the substitutional element and the host element plays an
important role in determining its effect on the grain-boundary cohesion. However, the numerical results for Pd,
which has a similar elemental cohesive energy to that of Fe, point to the importance of the role played by the
volume effect. It is expected that in a lower-angle Fe grain boundary which has a larger grain-boundary volume
expansion, Pd can possibly become a cohesion enhancer.

[. INTRODUCTION potency of a segregation impurity in reducing the “Griffith
work” of a brittle boundary separation is a linear function of

Intergranular embrittlement is often the controlling factor the difference in binding energies for that impurity at the GB
limiting the ductility of high-strength metallic alloyslt has  and the free surface. Based on the Rice-Wang model, first-
been known for decades that impurities and alloying addiprinciples investigations have given correct predictions of
tions segregated to the grain bound&@BB) can have a sig- the effects of several impurities on GB intergranular
nificant effect on the GB cohesion of alloy steéfsAlloy  embrittlement~1°
designers, on the one hand, have built various atomistic theo- While extensive experimental resedt¢hhas been per-
ries, such as thermodynarfii€ and semiempirical pair formed on the strengthening effect of Mo on the Fe GB
bondind models, to understand and predict the influence otohesion, the microscopic cause of the role played by the Mo
the segregants on the mechanical properties of the GB. Eleadditions has not been well understood. It is known that the
tronic structure theorists, on the other hand, have employeldonding character and atomic size are the key factors in de-
both empiricdt® and first-principles quantum-mechanical termining the cohesion behavior of the alloying additions.
methods in their calculatior’§-*°While the atomistic treat- However, a highly precise quantitative understanding of the
ments, which contact directly with our chemical intuition, beneficial effect of Mo on the Fe GB is still not available.
have traditionally served as the starting point for materialsvery recently, Sageret all* calculated the elctronic effects
design, the quantum-mechanical first-principles investigaef Mo and Pd on the chemical embrittlement of the Fe GB
tions, which are physically better founded and numericallyby the embedded molecular cluster variational method within
more accurate, become more demanding in the theoreticéthe local density approximatioi.DA). Mo was found to be
explorations of advanced materials. The dialogue betweea strong GB cohesion enhancer, in agreement with experi-
these two sides is in rapid progress, mainly attributed to rement. Pd, for which there is no experimental information,
cent advances in computational physics and the enormowgas also found to be a GB cohesion enhancer. However,
increase in the power of computers and their easy availabilsince boundary effects in the embedded-cluster variational
ity. In spite of the complexity of the mechanical behavior method are not negligible, the numerical results obtained,
and GB atomic structures, general trends in certain mechaniherefore, need to be verified. Also, the lack of full geometry
cal properties can be correlated with specific features of elemptimization further weakens the conclusion drawn from
tronic structuré®® One good example for addressing such athese results.
relationship is the Rice-Wang theatywhich shows that the In the present study, we apply the full-potential linearized
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augmented-plane-wau@&LAPW) method® with the gener-
alized gradient approximatiéh(GGA) to investigate the in-
fluence of Mo and Pd on the F&£3(111) GB cohesion. Full O

relaxation for both free sufacdS and GB systems is de- O

termined from the calculated atomic forces. Based on the Q

Vacuum

Rice-Wang model, our total energy calculations show that

Mo has a significant beneficial effect on Fe GB cohesion, in O
qualitative agreement with both experim@lit and the Q
embedded-cluster variational methtiddowever, for Pd, the
present FLAPW calculations predict it to be a weak embrit-

tler, and so different from that given by the embedded- @
cluster variational methotf. An analysis of the atomic struc-

ture indicates that Mo has an appropriate atomic size to fit @ @
into the GB hole, while the Pd has to displace the surround-

ing Fe atoms slightly further apart across the GB. A rigid
environment approximation is used to evaluate the elastic

. . . Fe(1)/A Fe(1)/A
energy associated with Mo and Pd segregation. In the sense
of volume matching only, both Mo and Pd are more favor-

able than Fe in the FE3(111) GB. By examination of the

electronic structures, we find that it is mainly its bonding
capability, compared with Fe, that makes Mo a cohesion
enhancer for the FE3(111) GB, whereas its weak bonding
capability leads Pd to be an embirittler.

Our first-principles quantum-mechanical results support
the idea of the atomistic’ approach in that the elemental
cohesive energy difference between the alloying element and
the host element plays an important role in determining the Q O
effect of this alloying element on the host GB cohesion. O
However, our calculations on Pd point to the importance of
the role played by the volume effect. Thus, the atomic struc-
ture of the GB has to be determined with high accuracy in @  Vacuum
order to predict the behavior of the segregants near the GB, Vacuum
especially for those which have elemental cohesive energies
similar to that of the host element. The rest of the paper is
organized as follows. In Sec. Il, we present the model and
computational details. Size mismatch is discussed in Sec. lll.
In Sec. IV, we interpret the chemical interactions. The
mechanism for the cohesive properties of Mo and Pd at the
Fe>3(111) GB is discussed in Sec. V, and in Sec. VI, we
give a short summary.

II. COMPUTATIONAL DETAILS
As sketched in Fig. 1, both the FS and GB were simulated
by a slab modet! which minimizes the impurity-impurity

interactions inherent in the use of superlattice cells. For the

FS systems, the FEl1) substrate was simulated by an 11- @

layer slab, and the Mo or Pd adatoms were placed pseudo- )
morphically on the next Fe sites on both sides of this slab.

For the GB system, a 23-layer slab was adopted to simulate (®)
the clean Fe&3(111) GB, and the Mo or Pd adatoms re-

placed the Fd) site in the GB core. With 11 layers of Fe FIG. 1. Model and notation for the s_tructure of Fe and Mo/Pd
atoms in between, the remaining FS-FS and FS-GB interaggdregants &) the FeX3(111)[001] grain boundary andb) the
tions were expected to be sufficiently reduced. As we did irf @112 free surface.

a previous LDA study on the effect of carbon as an impurity

on the Fe grain-bounday cohesitthe two-dimensional lat- In the FLAPW method, no shape approximations are
tice constant was chosen to be that of the experimental bulinade to the charge densities, potentials, and matrix elements.
value for bce Fe, 5.42 a.u., and the unrelaketl) interlayer ~ For both iron and impurity atoms, the core states are treated
distance is therefore 1.564 a.u. The lattice constant for bctully relativistically and the valence states are treated semi-
Fe reproduced by our GGA calculation is 5.38 a.u., i.e.relativistically (i.e., without spin-orbit coupling The GGA
about 1% smaller than the experimental value. formulas for the exchange-correlation potential are from Per-

Vacuum
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TABLE |. Calculated interlayer distances.u) near the Fe(111) FS. da, in column 2 denotes the
interlayer distance betweeX(= Mo, Pd), which replaces F&) during segregation, and &.

dlZ(dAZ) d23 d34 d45 d56 d67 d78 d89 d9710

Clean(GGA) 1.47 1.25 1.65 1.56 1.44 1.56
Clean(Expt?) 1.30 1.41 1.62 1.52 1.56 1.56
Clean(LDAP) 1.40 1.22 1.60 151 1.40 1.52
Mo/Fe 1.48 1.42 1.57 1.61 1.48 1.56
Pd/Fe 1.80 1.45 1.60 1.56 1.49 1.56
Clean(GGA") 1.49 1.24 1.69 1.56 1.52 1.56 1.57 1.54 1.56

8Reference 23.
bReference 22.
€19-layer slab.

dewet al?® An energy cutoff of 13 Ry was employed for the  Ill. ATOMIC STRUCTURE AND VOLUME EFFECT
augmented plane-wave basis to describe the wave functions The equilibrium atomic structure of the GB in metallic
in the interstitial region, and a 140 Ry cutoff was used forthematerialsqis of areat imoortance for understanding manv of
star functions depicting the charge density and potentialfh i phvsical gd hp ical ties. Theref g many i
Muffin-tin radii for Fe, Mo, and Pd atoms were chosen as 1€ pnysical and mechanical properties. {herefore, in a pre
2.1, 2.5, and 2.5 a.u., respectively. Within the muffin-tin '>€ first-principles treatment, one_has to fully f?'ax the_ at-
spheres, lattice harmonics with angular momentuwmp to 8 oms near .th.e- GB' As the segregation of an alloying addm(_)n
were adopted. to a GB will mewtably relocate the atoms nearby, the atomic

Convergence was assumed when the average root-mea%t.-rucwre of the GB with segregants should also be calculated
square differences between the input and output charge ar\{Hth _th_e same accuracy and under the same set of parameters
spin densities are less tharx20 “e/(a.u.¥. The equilib- {0 minimize numerical errors.

rium atomic positions in the vertical direction of both the FS As illustrated in the Rice-Wang mod€lthe influence of

and GB s sFt)ems and their corresponding clean referenca segregant on the GB resistance to brittle fracture correlates
Yy ! ; esp 9 its behavior on the GB system with that on the corresponding

systems, were determined according to the calculated atomlgS system. However, the issue of volume mismatch only

forces. In order to simulate a bulklike environment for theOCCurS in the GB environment. since on the ES the adatom
GB case, we fixed the interlayer distances of the three ourh ’

ermost Ee lavers and adiusted them as a whole alona with t has more freedom to adjust its position in the vacuum region.
y J e 9 hFhe calculated interlayer distances near the clean and Mo/

others around the GB core. Equilibrium-relaxed structureﬁgd_Se regated FE11) FS and33(111) GB are listed in

were assumed when the atomic forces on each dtorthe greg

. Tables | and Il, respectively.
average on the outermost three layers in the GB)chse . ; .
came less than 0.002 Ry/a.u. Also listed in Table | are the experimerftaand LDA

A . . - (Ref. 22 values for the clean surface. The oscillatory feature
The binding energy difference of an impurity in the FS of the interlayer distances given by the GGA is quite similar

and GB environments is very small. Hence, to obtain reliabl . -
’ that given by the LDA. GGA values are, in general, 2—-3 %
values, the FS and GB systems must be treated on an eqLeiglrger than those of the LDA, mainly due to the fact that the

footing and the atomic structures of the FS and GB shoul . .
also be optimized for the cases with and without impurity c?vﬁe\)/lglzs a (;)ulk ;:E(;K(:je C;;ztﬁgitnleﬂgs r :Eznetgi La?:"
atoms. Bearing this in mind, we used the same set of numerf2° S 12y 23 56 v i

cal parameters in the FLAPW calculations for both the GBIY/® different from experimental observation, suggesting

and FS; the calculated atomic and electronic structures atﬁ%ﬁ;;?:a}g’%?é’iirjﬁsrénﬁT:];(gelb]? Iigc$oetr:a()sl:gt’r:]etgx?é\:wet a
given for the fully relaxed systems. ’

To predict whether an impurity is an embrittler or a co- Of. this reliability, we also simullated_the clean (Eél) FS
hesion enhancer to a hosting grain boundary, the total energﬁz'.th a 19-ayer s]ab. The optimized mterl.ayer distances for
of five systems must be determined with high precision, Is system are listed as the bottom row in Table 1. Clearly,
These five systems, as mentioned above, (dFethe fully the interlayer distances deep in the slab recover well the bulk
relaxedA (A=Mo P(’]) segregated GH2) the: fully relaxed values, indicating that the 19-layer slab is surely thick
clean GB,(3) the fully relaxedA adsorbed FS4) the fully ) )
relaxed clean FS, antb) a monolayer ofA and Fe at the TABLE Il. Calculated interlayer distancdsa.u) near the clean
appropriate lattice spacing. Test calculations done before irfi”d_MO/IPd'Segregatedb%s(lllzI\CA; B'ggz mhc_oLumnlz denolies
dicate that the numerical error of the binding difference jsthe Interlayer 't.Stancedetwem_ 0,Pd), which replaces F2)
less than 0.02 eV. As mentioned above, a force of less tha%urlng segregation, and £.

0.002 Ry/a.u. is viewed as zero, which may result in an over-

or underestimation of 0.01-0.02 a.u. for the atomic posi- didpo)  Dos s das  ds  de

tions. These errors in atomic structure affect the total energglean 211 1.25 160 163 150 1.59
by only 0.02 eV. Thus, taking all of the above into account,mo/Fe 2.17 133 146 166 150 156
the numerical accuracy of the segregant-GB binding energpd/Fe 221 1.25 1.56 1.64 1.48 1.56

is within 0.05 eV.
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enough to simulate the FEL]) FS. It is interesting to note 3 08 e —
that from the 13-layer slab to the 19-layer sldb; andd»s s 06LC PO E
undergo a change of only 0.01-0.02 a.u., but are still quite g F ]
different from the experimental valué$With the increase 3 040 q
of the slab thicknessisg is largely restored to the bulk value. 2 02 - 3
While the 13-layer slab gives reliabth,—d,s, it is not thick Z'EE 0.0 Fa P \ R L]
enough to give a reliablesg. To clarify the effect of the 5 Y e Y ]
error indgg on the energetics of the FS system, we calculated % -0.2 5 .
the surface energy with these two slabs. To obtain the sur- 5 04l 1 T w101
face energyES for.Fe(ll]), we assume that any layers be- 6 -4 La;ir awgyfmszB 4 6
yond 11 inserted into the center of the slab may be consid-
ered as additional bulk-like layers. Thus, for rdtayer slab, FIG. 2. The calculated relative deviation of the interlayer dis-
wheren>11, Eg is given by tances normal to the GB plane. Solid circles, solid triangles, and
open squares represent the clean GB, the Pd-segregated GB, and the
1 11 Mo-segregated GB, respectively.
Es=— > Eu— n——ll(E“_ SEUE 1)

plane,Ad, as a function of the number of layers away from

whereE;,, the total energy of the 11-layer slab, was deter-the boundary plane. For the clean GBolid circleg, the
mined by separate full FLAPW calculations. We find for  oscillation of Ad is already negligible at the seventh atomic
=13, Eg=2.83 eV, and fon=19, E=2.80 eV. The dis- layer away from the boundary plane. A very local measure
crepancy of 0.03 eV is of the same order of magnitude as th&éor the GB expansion is the relative normal displacement
numerical accuracy of the segregant-GB binding enésgg (2% d;,) of the two nearest atomic planes across the bound-
Sec. I). These rigorous tests show that the FS-FS interactioary plane. This gauge was adopted, e.g., byetw@l!® in
across the 13-layer slab is negligible and therefore justifiedisAl %5(210) and by Cheet al?8in their pure Ni and Al
the employment of such a slab in an investigation concerning.5(210) studies. A nonlocal measure for the GB expansion
energetics. should be based on the fact that for atomic planes far away

From Table I, it is seen that both Mo and Pd pushfrom the GB plane, the local lattice constants must be re-
Fe()-Fe() pairs (=2, 3, and 4 farther apart across the stored to the perfect bulk values. Therefore, the GB volume
GB plane. This is in agreement with the experimental factexpansion can be determined by a volume comparision be-
that both Mo and Pd have a larger bulk nearest-neighbotween a slab containing a GB and a slab containing the same
distance than Fe. According to our first-principles calcula-number of atomic layers without a GB. This slab should be
tions, the presence of Mo pusheqBeFe(2) farther apart by  thick enough to screen the region where layer-layer distances
0.12 a.u. €E2Ad,,), Fe3)-Fe3) by 0.28 a.u., and Fd)-  show apparent*£0.05 a.u) oscillations.
Fe(4) by 0.00 a.u., while for Pd, they are 0.20, 0.20, and 0.12 In the present work, however, our interest is in the local
a.u., respectively. A simple comparison of theFe(4) (A  environment surrounding the GB. The GB local environment
=Mo, Pd bond length suggests that Pd is larger than Mo inis determined by R@) together with FE) and Fe&4). The
the Fe33(111) GB environment. However, according to volume of the GB holey®®, can therefore be taken as the
experiment, Pd has a smaller atomic volume than Mo does ifisplacements of Fé). The calculatedV®® for the Fe
bulk. 33(111) GB is 27.4a.8.0nly a very small perturbation on

To address the problem of volume mismatch, the atomi¢he atomic structure of the GB is found for Mof. Fig. 2),
size of the segregant and also the size of the GB hole shoultieaning that it can fit quite well into the GB when replacing
be well defined. Unfortunately, the geometric size of an atonthe Fél) atom. A slightly larger perturbation occurs when
has no absolute meaning and its definition depends on thed replaces K&), in agreement with the FS case, where our
physical, chemical, or mechanical problems undefirst-principles calculations indicate that Pd is much larger
consideratiort* The problem of defining the size of an atom than Mo.
in metallic solid solutions has been discussed in detail by It should be pointed out that not all the expanded volume
King® in the study of substitutional solid solutions and by denear the GB isavailable for the GB core atom. As shown
Boeret al?®in the study of energy effects in transition metal below in Sec. V(see Fig. 6, the GB core atom R&) can
alloys. A widely used definition states that the size of anform bonds only with F&) and F&2), but not with F¢3).
atomB in a BC alloy is the atomic volume oB in its pure ~ This means that only about two-thirds of the GB hfilee
elemental form, and it provides a reliable criterion for apply-left part in Fig. 1a)] is available for Fél). Therefore, the
ing the Hume-Rothery 15% rufé. The atomic size of Fe, total volume available for the GB core atom is 2/3\6f®
Mo, and Pd under this definition is 1.GBe is scaled to)l  plus V. Now, the volume mismatchV” between a seg-
1.32, and 1.24, respectively. regant and the F&3(111) GB can be defined as

Volume expansion is an important property in the atomic
structure of the GB. Its contribution to the space available for
the substitutional element has a significant influence on the AVA=VA—
physical and mechanical behavior of this element. Figure 2
shows the relative deviation, obtained from our first-
principles calculations on the clean and Mo/Pd-segregated RehereA= Fe or any substitutional atom. The calculated”
33(111) GB, of the interlayer spacing normal to the GBfor Fe, Mo, and Pd is-18.3, + 7.4, and+ 1.5, respectively.

2
Fey Z\/GB
\% 3V

, @
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TABLE llI. Calculated chemical energigs eV, defined in the (@ b) (c)
text) of Mo, Fe, and Pd in the Fe GB and FS environments.
Mo Fe Pd
S 5.56 4.73 4.11
EShem 9.17 7.18 6.66
Sy 1.65 1.52 1.62

To quantify the volume effect of a substitutional addition,
one should compare the elastic energy of the clean and seg-
regated GB. This elastic energy is associated with the vol- FIG. 3. The calculated total valence charge density(&rthe
ume mismatch between the GB core atom and the GB hold/0-adsorbed F€111) FS, (b) the clean FS, an¢t) the Pd-adsorbed
Since the crystal lattice near the GB is not perfect even withE'S- Lines start from 1.2610°° and increase successively by a
out the volume mismatch between the GB core atom and thi&ctor of 2.
GB hole, the bulk modulus and shear modulus of Fe near the
GB no longer retain the perfect bulk values and are not weltours show different features for the adsorbed Mo, Pd FS and
defined. As a crude approximation, we neglect the relaxatiothe clean FS. The charge density is higher in the case of Mo
of the GB during segregation and take the effect of the volthan the clean surface, and is even lower in the Pd case. This
ume mismatch between the GB core atom and the GB hol in keeping with the fact that among these three bulk met-
as only the compression or expansion of the segregant in @s, Mo has the highest interstitial charge density and Pd has
rigid environment. The elastic energy associated with thehe lowest. As a high interstitial charge density generally

volume mismatch can, therefore, be estimated as means strong bonding between atoms, Fig. 3 suggests that
Mo has a larger, while Pd has a smaller, binding energy than
A Ka(AVA? Fe has at the F&L11) FS.
Ev:Tv ) Figure 4 demonstrates that in these three GB systems,

Fe(6) has a very similar electronic charge density environ-
where AVA is the volume mismatch between the GB corement to F€7), indicating that the effect of the GB is limited
atom and the GB holeA=Fe corresponds to the clean GB to Wwithin six atomic layers away from the GB plan@he
case. When R@) is replaced byA, the change of the elastic calculated density of states, not shown, also supports this

energy near the GB cordE{, is conclusion) The charge density around the (Eeatom is
apparently lower than in the bulk region, pointing to an en-
AES=ES-EL®°, (4)  ergy loss due to the formation of the GB. When(Beis

replaced by Mo, the charge density in the GB core is signifi-
which can be viewed as the volume effect of a substitutionatantly increased, to a level even higher than the bulk value of
addition A. The calculated AEC for Mo and Pd is Fe. This suggests a stronger Mo-GB interaction than does
—0.26 eV and-0.32 eV, respectively. In the sense of vol- Fe-GB, i.e., comparable to the FS situation. Nonetheless, the
ume matching only, Mo and Pd are better matches than Fe igharge density around the Pd atom shows a different charac-

the FeX3(111) GB. ter in the GB environment than in the FS. In the GB core, the
segregation of Pd also increases the interstitial charge den-

IV. ELECTRONIC STRUCTURE sity, making it close to the bulk Fe value. Since Pd has a

AND BONDING CHARACTERS larger atomic corgtaken as the region surrounded by the

outermost closed charge density contour centered at the Pd

The other factor, even more important in general, in denucleus, the volume of the interstitial region in the GB core
termining the behavior of a segregant in the GB is its bond-
ing character in both the GB and FS environments. The cal-
culated chemical energies of the direct interaction betweer
the segregant and the host atoms, defined as the work need
to remove the segregant monolayer to infinity while not per-
mitting the Fe atoms to relax, are listed in Table IIl. It is
clearly seen that Mo has a stronger bonding capability thar
Fe in both FS and GB situations while Pd is just the opposite,
and that all segregants have a stronger chemical interactio
in the GB than on the FS.

In real space, the interatomic chemical interaction can be
analyzed and understood from the total electronic charge
density distribution and the charge transfer between them: — l”*‘\ ]
Figures 3 and 4 display contour plots of the total charge FiG. 4. The calculated total valence charge density(&the
density in the(110) plane near the Fe FS a3 GB, re-  Mo-segregated F&3(111) GB,(b) the clean GB, andc) the Pd-
spectively. Figure 1 shows that in the region betweef@fe segregated GB. Lines start from 200" % and increase succes-
Fe3), FE2), and the surface atom, the charge density consively by a factor of 2.
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(a) (b) (©) TABLE IV. Calculated binding energy differencém eV) be-
tween Fe and Mo, Fe and Pd in the Fe GB and FS environrhefits
Egs.(3) and(4)].

SAEL SAED AER
Mo -0.95 -1.85 -0.90
Pd 0.65 0.73 0.08

) that for these three elements, the charge accumulation in the
o GB region is apparently stronger than that in the FS case, as

FIG. 5. The calculated valence charge density transfeiadhe the coordination number doubles from the FS to gggoGB.

Mo-adsorbed Fé111) FS,(b) the clean FS, anft) the Pd-adsorbed This c_an be explained_ semiempirically by tdz theory.
FS. Contours start from %10 3e/a.u? and increase successively 1€ Simplest expression of band character is in the second-

by a factor of 2. Dashed lines denote spin depletion; solid line§Noment approximation to the tight-binding model, in which
denote spin accumulation. the cohesive energy per atamuith fixed bond lengthvaries
as+Z, whereZ is the atomic coordination which can range

is therefore diminished with Pd segregation. With a higheffom 1 (diatomic moleculgto 12 (fcc crysta). For the seg-

charge density in a shrunken bonding space, it is not easy #§gant in the F&3(111) GB,Z=8, and for that on the Fe

compare the bonding strength of Pd-GB with Fe-GB. (111 FS,Z=4. So by applying the/Z rule one will get
Charge transfer contour plots represent another powerful chem chem

tool to analyze the interatomic chemical bonding. They con- Eace= J2x Ears-

tain information because the formation, dissolution, strength- chem/Eg‘rngnfor Fe, Mo, and Pd is 1.65, 1.52,

. . . The calculatede
ening, and weakening of chemical bonds are always accom- AGB

panied and characterized by charge accumulation ana_‘nd 1.62, respectivelisee Table Iil. We should point out

chem chem
depletion. This tool is more quantitative because the amoun

at theE, cg andE, 5 are those from the relaxed systems

of the interatomic charge transfer during chemical bonding isanfj have different pond lengths; - therefore they_ are not
a small quantity compared with the number of total valence>tfiCtly comparable vg:]tgmthez\/%%/alue. However, the similar-
electrons involved. Therefore, from charge transfer, thd® Of the values ofE, cg/E,rs does imply that the contri-
strengths of different bonds become easier to compare. 1Rution of chemical bonding to the strengthening-embrittiing
Figs. 5 and 6, the calculated charge transfer, obtained b ffect oquegregant is roughly proportional to the difference
subtracting the superimposed charge density of a fee Detween its cohesive energy and that of Fe.

monolayer A=Mo, Fe, or Pdl and the clean Fe reference

slab from the charge density of the correspondiige sys- V. COMBINED EFFECT AND CONCLUSION

tem are presented fak/Fe FS andA/Fe GBs, respectively. . .
In both situations, significant charge accumulations aref As stated atbpve, (ljn the ?Lce"y(\??f%;heahktp € fp Otf)n'(t:t)ll
found in the region between Mmr Fg1) and Pd and its ot a segregant In regucing the - Lrittith work™ ot a brittie

. . X boundary separation is a linear function of the difference in
nearest-neighbor F2) and F¢4) atoms, demonstrating sig- binding ):enefgies KEg) for that segregant at the grain

nificant hybridization between their electronic states. Fronboundary AE,) and the free surface\E.). If this segregant
b s/

Fig. 6, a more significant charge accumulation in the GBoccu ies a substitutional position, i.e., replaces a host atom
core region is found for Fe compared with Pd, indicating that P P , 1-€., Tep

the bonding strength of Pd-GB is smaller than that of Fe-GB'" the_GB core[Fe(l} in this Worl<], Its embrlttlgmgnt po-
A detailed comparison between Figs. 5 and 6 points ou{ency is then determined by the difference in binding energy

differences

@) (h) © AEg= SAE,— SAE, ()

where
SAE,=AEp—AEL®, SAE,=AEL—AE[S,

A=Mo, Pd. (6)

The calculatedSAEg, SAE,, andAEg for Mo and Pd are
are listed in Table IV. Mo has an embrittlement potency of
—0.90 eV. This means that when segregated to the Fe
23(111) GB, Mo acts as a strong cohesion enhancer. By
FIG. 6. The calculated valence charge density differencédior contrast, for PdAEg is +0.08 eV, and hence it is a weak

the Mo-segregated FE3(111) GB,(b) the clean GB, andc) the ~ embrittler. _ _
Pd-segregated GB. Contours start fronx B0 3e/a.u® and in- Note that the cohesive energy for bulk Mo, Fe, and Pd is

crease successively by a factor of 2. Dashed lines denote spin deple-6.82 eV, —4.29 eV, and—3.94 eV, respectively® At
tion; solid lines denote spin accumulation. this point, our first-principles calculations support the idea of

9&\
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the atomistic theoryy’ in that the elemental cohesive energy strong cohesion enhancer (.90 eV) and Pd behaves as a
difference between the substitutional element and the hosteak embrittler ¢-0.08 eV). An atomic structure analysis
element plays an important role in determining the behavioghows no significant size mismatch between these segregants
of this substitutional element on the host grain-boundary coand the GB hole. The examination of the total valence charge
hesion. This is because, in general, the chemical bondingensity and charge transfer indicates that its strong bonding
character plays the dominant role in the determination of thgapability, compared with Fe, makes Mo a cohesion en-
mechanical behavior of a segregant near the GB and thgancer. By comparison, its weak bonding capability leads Pd
chemical bonding energies of a segregant near the FS ang be an embrittler. Our first-principles results support the
GB are approximately proportional to its coordination nUm-main idea of the atomistic theoty in that the elemental
ber. We argue, however, that the significance of the firstcohesive energy difference between the substitutional ele-
principles electronic structure treatment lies not only in thement and the host element plays an important role in deter-
fact that it is more accurate than the atomistic theory in demining the effect of this substitutional element on the host
scribing the local chemical interactions near the FS and GBgrain boundary cohesion. Nevertheless, the numerical results
but more importantly, also in the fact that it can automati-for Pd point to the importance of the role played by the
cally, through atomic relaxation, take the GB volume expan-volume mismatch, suggesting that in a lower-angle Fe GB
sion into account with high precision. The importance of thewhich has a larger volume available for the GB core atom,

first-principles electronic structure treatment becomes criticapd can possibly turn into a GB cohesion enhancer.
when the segregaritike Pd has a similar elemental cohe-

sive energy to that of Fe, and hence the volume effect must

be taken into account with high accuracy. ACKNOWLEDGMENTS
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