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Influence of alloying additions on grain boundary cohesion of transition metals: First-principles
determination and its phenomenological extension
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The toughness and ductility of ultrahigh-strength alloys is often limited by intergranular embrittiement,
particularly under conditions of unfavorable environmental interactions such as hydrogen embrittlement and
stress corrosion cracking. Here we investigated the mechanism by which the segregated substitutional additions
cause intergranular embrittlement. An electronic level phenomenological theory is proposed to predict unam-
biguously the effect of a substitutional alloying addition on grain boundary cohesion of metallic alloys, based
on first-principles full-potential linearized augmented plane-wave meilfadAPW) calculations on the
strengthening and embrittling effects of the metals Mo and Pd on the Fe grain boundary cohesion. With the
bulk properties of substitutional alloying additidnand the matrix elemeri¥l as inputs, the strengthening or
embrittling effect of A at the grain boundary oM can be predicted without carrying out first-principles
calculations once the atomic structure of the corresponding clean grain boundary is determined. Predictions of
the embrittlement potency of a large number of metals, including the48, and & transition metals, are
presented for the FE3 (111) and the NiX5 (210 grain boundaries. Rigorous FLAPW calculations on the
effect of Co, Ru, W, and Re on the B& (111) grain boundary and Ca on the ®i5 (210 grain boundary
cohesion confirm the predictions of our model. This model is expected to be applicable to other high-angle
boundaries in general and instructive in the quantum design of ultrahigh-strength alloys with resistance to
intergranular fracture.
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[. INTRODUCTION GB atomic structures, general trends in certain mechanical
properties can be correlated with specific features of the elec-
Grain boundary cohesion is often the controlling factortronic structuré>*® First-principles computation has proved
limiting the ductility of high-strength metallic alloysThus,  to be an accurate and powerful tool in attacking the problem
understanding the influence of transition metal alloying ad-of the mechanical properties of real materials such as GBE.
ditions is of great importance in predicting and controlling An inherent advantage of the first-principles electronic
grain boundary embrittlemeGBE) since the complexity of  theory is that it is independent of any adjustable parameters,
GBE behavior is often associated with the presence ofng so, numerical results provide a solid basis or starting

substitutional alloying elements. Attempts at qualitativelypoim for phenomenological theories. Without such a theory

explainzing GBE on the electron-atom level go back 10 thegarting from first-principles, one has always to repeat the
1960’s®  Although predictions based on simple

full procedure of calculations to predict quantitatively the
thermodynamit™ and pair bonding modéi$ have been P N uat predict quantitatively

. ) ffect of any substitutional element even on the same
proposed, the role of alloying elements on the cohesion ofg 1517, this sense, the exact mechanism by which segre-
grain boundaries in alloys remains controversial. A thermo-___. . .
dynamic theory by Rice and Wahgdemonstrated that previ- gation elements ‘;ause embrittiement remains unc!ea_r.
ous thermodynamic models are incorrect and identified the very r_ecently% the effe_ct of Mo and Pd substitutional
key surface-thermodynamic energy difference governing théegregat'on on the cohesmn O_f the E8 (111)_ GB was
quantitative role of a boundary segregant. In addition to thdnvestigated using the first-principles full-potential I_meanzed
simple pair-bonding approach&,which, like thermody- ~augmented plane wa&(FLAPW) total energy/atomic force
namic theories, employ energetics to describe the effect dhethod with  the generalized gradient approximation
segregants, electronic structure theorists have applied botGA).*° Based on the Rice-Wang modetur total energy
empiricaP'® and first-principles  quantum-mechanical calculations show that Mo has a significant beneficial effect
method$!?in attempts to directly deduce the effect of seg-on the Fe GB cohesion, while Pd behaves as a weak embrit-
regants on grain boundaB) fracture resistance. In con- tler. An analysis of the geometry optimization indicates that
trast to these studies, our recent line of resédréhhas  both Mo and Pd have a moderate atomic size to fit well in the
applied rigorous first-principles methods to evaluate theGB substitutional site. The elastic energy associated with the
surface-thermodynamic energy difference identified by RiceMo and Pd segregation was estimated with a rigid environ-
and Wang as directly connected to the ideal work of GBment approximation. It was found that both Mo and Pd in-
fracture. troduce a beneficial volume effect. Studies of the electronic

In spite of the complexity of the mechanical behavior andstructures show that the strong bonding capability associated
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with its half-filled d bands makes Mo a cohesion enhancerview, the substitutional alloying additions segregated to the
(—0.90 eV) for the F&3 (111) GB. By comparison, the GB core can be taken as a special kind of solid solution.
weak bonding capability associated with its filleddbands  Thus, in the current paper, we also employ this definition.
leads Pd to be a weak embrittlet-0.08 eV). These first- Volume expansion(or “free volume”) is an important
principles quantum-mechanical results support, in generaproperty in the atomic structure of the GB. Its contribution to
the main idea of the simple pair-bonding modélm that the  the space available for the substitutional element has a sig-
elemental cohesive energy difference between the alloyingificant influence on the physical and mechanical behavior of
element and the host element plays an important role in dehis element/ The existence of GB volume expansion
termining the effect of this alloying element on the host GBmakes the problem of the volume effect in the GB different
cohesion. They differ, however, quite significantly: For ex-from those in the alloys and solid solutions, where the oth-
ample, for Mo and Pd in the Fe GB, the embrittlement po-erwise undisturbed atomic structure is perfect. The FLAPW
tency given by Seah’s pair-bonding motés —1.5 and method employed in our investigatiorte.g., Refs. 13 and
+0.9 eV, respectively. This significant difference with the 15—-17 is well known for both its high precision and compu-
values of—0.90 and+0.08 eV from our rigorous calcula- tational effort. To simulate an FE3 (111 or Ni %5 (210
tions indicates that a quantum-mechanical treatment is ne€sB, more than 20 atoms need to be included in a calcula-
essary in an accurate study of the GBE. Also, the numericdional unit cell. And the transition metals, especially those
results for Pd, which has a similar elemental cohesive energyith magnetism such as Fe and Ni, are known to have a poor
to that of Fe, point to the importance of the role played byconvergence in solving the Kohn-Sham equation self-
the GB free volume, which can be determined with highconsistently. Therefore, we relaxed the atomic positions only
accuracy only by quantum-mechanical calculation. in the direction normal to the GB plane and kept the lateral
Based on the physical insight obtained from the results osymmetry and also the mirror symmetry in the normal direc-
our rigorous calculations, here we develop a phenomenologtion, which is thought to be a reasonable approximation as
cal model by which the embrittlement potency of a substituwe achieved fairly good agreement with the experiment on
tional atom in a given GB can be predicted without carryingthe mechanical behavior of the impurits® and
out full first-principles calculations. To be accurate and reli-additions™>’ Therefore, our measure for the GB expansion
able, such a theory must use first-principles results, rathénvolves only the relative normal displacements. A local
than adjustable parameters, as inputs. To be capable of prareasure for the GB expansion is the relative normal dis-
diction without solving the quantum-mechanical Salinger  placement of the two nearest ator(2) across the bound-
equation, such a theory must also make use of atomic, ary plane as represented in Figgéa)land Za). This defini-
bulk quantities as inputs. This means that this model shoultion, however, is not appropriate for the investigation of the
have an electronic, rather than an atomistic or thermodyvolume mismatch between the substitutional element and the
namic basis, in order to yield a quantum description of theGB site, as the relocation of the atoms near the GB involves
mechanical behavior of a substitutional element at the GBM(4), which, along withM(2) andM(3), determines the
The rest of the paper is organized as follows. In Sec. Il, thdocal environment of the GB core. The volume of the GB
development of a phenomenological model starting fronsite, VB, can be taken as the displacementdvif4). The
first-principles is presented. Confirmation of the model withcalculatedv®® for the Fe3 3 (111) GB is 27.4 a.i (34.5%
rigorous FLAPW calculations is discussed in Sec. Ill, and inof the bulk valué* 79.4 a.i?); for the Ni 35 (210), it is

Sec. IV, we give a short summary. 18.6 a.lf (25.2% of the bulk valué? 73.8 a.l?).
In a very recent work, Ochet al?>?% studied the atomic
1. PHENOMENOLOGICAL MODEL structures for thE‘ES(SlO) GB in bcc Nb, MO, Ta, and W
with the first-principles pseudopotential method. For Nb,
A. Volume effect Mo, and W, their calculations indicate noticeable lateral dis-

Since a segregant can introduce a significant relocation d}lacements of the grains. Based on their first-principles re-
the atoms near the GB, the volume effect of a segregant is sults, we might suppose that lateral atomic displacements in
of great importance for understanding many of its physicacases of &8 transition metals such as Fe and Ni can also
and mechanical properties at the GB. In a h|gh|y precis@OSSibly lower the total energy of the GB. If this is the case,
first-principles treatment, one has to fully relax the atomsd more precise measure of the GB expansion in Fe and Ni
near the GB. should also consider the lateral displacements of the GB at-

To address the problem of volume mismatch, the atomi®ms as well.
size of the segregant and also the size of the GB site should AS We have pointed out previouslynot all the expanded
be well defined. Unfortunately, the geometric size of an aton¥olume near the GB iavailablefor the GB core atom. The
has no absolute meaning and its definition depends on tHeB core atomA/M(1) can form bonds only witiM(2) and
physical, chemical, or mechanical problem under considerM(4), but notwith M(3). This means that only two-thirds
ation. The problem of defining the size of an atom in metallicof the GB free volume per site is available f&¢/M(1).
solid solutions was discussed in detail by K3 the study ~ Thus, the volume mismatchV* between a segregant and
of substitutional solid solutions. One of these definitions use#he GB can be defined as
the atomic volume in the structure of the elemental crystals
and was adopted by de Boet al?® in the study of energy
effects in transition metal alloys and solid solutions. In our AVAEVA—(VM+ %VGB). (1)
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FIG. 2. Model and notation for the structure ¢d) the Ni
35 (210)[001] grain boundary, anéb) the Ni(210) free surface.

volume mismatch betwee®’' M (1) and the GB site, the bulk
modulus and shear modulgsf M) near the GB no longer
retain the perfect bulk values and are not well-defined. As an

FIG. 1. Model and notation for the structure (d the Fe  approximation, these deviations are neglected in the present
>3 (111) [001] grain boundary, an(b) the Fe(ll]) free surface. model. In our previous Workz we emp|0yed a rough ap-

proximation to estimate the elastic energy associated with

To address the volume effect of a substitutional additiorthe volume mismatch betweé&iM (1) and the GB site. We
A, one should compare the elastic energy of the clean andeglected the relaxation of the GB during segregation and
segregated GB. This elastic energy is associated with theok the effect of the volume mismatch between the GB core
volume mismatch betweeA/M (1) and the GB site. Since atom and the GB hole as only the compression or expansion
the crystal lattice near the GB is not perfect even without theof the segregant in a rigid environment. As an improvement,
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we now calculate the elastic energy in the framework of a—0.11 eV, respectively. If the GB hole gets to be, say 10%
classical elasticity theory with thephere and holenodel  smaller due to the lateral relaxation, these volume effects
developed by Friedel and Eshelbyin this model, a spheri- would be—0.06 and—0.09 eV, about 20-30 % smaller. In

cal hole with volumeV" (atomic cell of metalM) in the  Seah’s pair-bonding mod@lyolume expansion of the GB is
matrix is partly filled by a sphere of metalwith volumeV# not considered.

(dissolved atomic cell The remaining volume,\M—V*4),
is accommodated by elastic deformationhdfand A. If this
is a state of purely internal stress, the total volume is unaf- ) . )
fected. BothA and hole are then subjected to a uniform hy- '€ other factor, even more important in general, in de-
drostatic pressure. The stress #nis related to its bulk ~(€rmining the behavior of a segregant in the GB is its bond-
modulusk ,, while that on the matrix is related to an effec- INd character in both the GB and free surfdé&) environ-
tive modulus equal to 4/3 times the shear modulus of thdnents. At the electronic level, a quantitative description of

B. Bonding character

matrix?’ Gy, . the chemical bonding will generally. employ the concept.s of
The elastic energy yields charge transfer, or electroneggnv_lty. However,_ neither
charge transfer nor electronegativity is well-defined in a non-

KA(AVA)Z  2G,(AVM)2 ele_r_nental crystal and therefort_a is not .useful to build into a

EC: —+ v , (2 unified theory. The macroscopic quantity that can be a mea-

2V 3V sure of the bonding capability of an element, as adopted in

whereAVA andAVM are the volume changes of sphere and€ Simple thermodynantior pair-bonding theofjof GBE,
hole due to the internal stress. The pressures are adjust&thne elemental cohesive energy. It is also employed in the

such that they are continuous across the interface betwedfeSent model. _ .
matrix and “inclusion,” which leads to an expression for the _According to the Rice-Wang thermodynamic theory, the

elastic energy per mole of the solute metal potency of a.segregation impurity .in rgduc_ing the “G_riffith
work” of a brittle boundary separation is a linear function of
2K 5Gy (VM — VA)2 the difference irbinding energiegor that impurity at the GB
C: . 3 and the FS. For a substitutional addition, the abbiveling
3KAVM+4Gy, VA energiesshould be binding energy differences between the

In the GB environment, the hole cut from the matrix has asegregant and the hosBB corg atom. As discovered in our

volume VM + 2/3vCB rather tharvM. Therefore, to describe previous work(cf. Table Ill in Ref. 17, the first-principles FS

and GB (Fe £3) chemical energies, defined as the work
the GB case, Eq3) should take the form, needed to remove the segregant while not permitting the host
PKAG (VA—VM— 2 VGB)2 (Fe) atoms to relax, have a simple relation
AVPM 3
VT KM 4G, VA @ Fs 2 e
A M EchenfA) = 3 EchenfA). )

A=M corresponds to the clean GB case,
Thus, the difference ibinding energiesor A at the GB and

v BKaAGu(VCE)? - the FS,E&;em iS then
V27KV 436Gy VA 1
; : Eéhem2 _Egr?em(A)- (8
WhenM (1) is replaced byA, the change of the elastic en- 3

A .
ergy near the GB coré\Ey, is From Table Il in Ref. 17, it is also fourtdthat

A_ A M

AEV_ Ev-EBv. ©) Egﬁen{A)_Egﬁen\(M)zEéoh_ E'\Cﬂoh' 9
which is the volume elastic effect of a substitutional additioncompining Egs(7) and(9), we have
A'in the GB core site.

We calculated\ E{) for a large number of metals, includ- A A m L1 4 M

ing the A, 4d, and 5 transition metals on the FB3 (111) AEChen=Echem™ Echen™ 3 (Econ~Econ)- (10
and the Nix.5 (210 GB. The calculated\EC value for each
alloying addition is listed in column 8, Tables | and Il. A This means that the embrittlement potency of a substitu-
positive value represents an increase of the elastic enerdional atom in the GB of Fe is about 1/3 of the cohesive
near the GB, and so, this segregant is not favored energetnergy difference between that element and the host Fe atom
cally. It is seen that for both the F&3 (111) and the NiX5 if the volume effect is not significant. We note that in Seah’s
(210 GB, simple metalgexcept for Li and A) introduce pair-bonding model, this factor is 1/2. This difference indi-
harmful volume effects, due to their large atomic size. Mostcates that a quantum mechanical treatment is necessary in an
transition metals have a moderately larger atomic size comaccurate study of the GBE. The factor 1/3 can be understood
pared to Fe and Ni and introduce a beneficial volume effecby the \'Z theory?®?° The simplest expression of band char-
to the GB cohesion. For instance, the volume effects ofcter is in the second-moment approximation to the tight-
Mo and Pd in the FeXx3 (111) GB are —0.09 and binding model, in which the cohesive energy per atom varies
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TABLE I. Model calculatedcf. Eq. 19 embrittling effectA EQ (eV) for all of the transition elements on
the Fe. 3 grain boundary cohesion. Also listed are elemental cohesive enE@;gandAEéoh (eV), heat
of formation of solid solutionAFeAE},,,,, atomic volumes/”, and volume mismatcAV* (a.u®), bulk
moduli K (10'* N/m?), volume mismatch correctiofAE,,, and also the work needed to change the ground
fce (hep is approximated by f¢structure to bece structure for an element. The shear modulus @ fze,is
(Ref. 31) 0.816x 10** N/m?.

Atom —E&n  AEZ.,  AEfea  AEsuy VA Ka SAEG AEg
Li 1.63 2.66 0.94 0.00 14358  0.116 —0.04 1.16
Be 3.32 097  —0.20 0.03 55.77  1.003 0.44 0.71
Na 111 3.18 2.75 0.00 254.46  0.068 0.18 2.16
Mg 151 2.78 0.67 0.01 156.93 0.354 0.19 1.34
Al 3.39 0.90 —-0.91 0.12 112.09 0.722 —0.07 —0.03
K 0.93 3.36 4.80 0.00 481.33 0.032 0.33 3.05
Ca 1.84 2.45 1.28 0.01 29340  0.152 0.76 2.01
Sc 3.93 0.36 —0.52 0.04 158.04 0.435 0.26 0.22
Ti 4.86 -057  —0.74 0.02 119.22 1051 -001  —0.44
Y 5.30 -1.01  -0.29 0.00 9346 1619 -011 —054
Cr 4.10 019  —0.06 0.00 81.01  1.901 -0.02 0.02
Mn 2.98 131 0.01 * 8249 0596 —0.07 0.37
Fe 4.29 0.00 0.00 0.00 79.39 1.683 0.00 0.00
Co 4.39 —0.10 —0.02 0.20 75.23 1.914 0.07 0.10
Ni 4.44 —0.15 —0.06 0.06 73.83 1.86 0.09 0.04
Cu 3.50 0.79 0.50 0.01 79.86 1.37 -0.01 0.42
Zn 1.35 2.94 —0.14 0.07 103.02 0.598 -0.11 0.85
Rb 0.85 3.44 4.75 0.00 587.83  0.031 0.47 3.20
Sr 1.72 2.57 1.90 0.00 379.12  0.116 0.97 2.46
Y 4.39 -0.10  —0.06 0.09 22345  0.366 0.92 0.90
Zr 6.32 —2.03 —-1.17 0.01 157.30 0.833 0.47 —0.59
Nb 7.47 —3.18 —0.70 0.00 121.37 1.702 0.05 —-1.24
Mo 6.81 —2.52 —0.09 0.00 105.11 2725 -0.09 —0.96
Tc 6.85 —2.56 —0.13 0.19 95.85 2.97 —0.11 —0.94
Ru 6.62 —2.33 —0.20 0.53 91.68 3.208 —0.10 —-0.77
Rh 5.75 —1.46 —0.23 0.36 92.95 2704 -0.10 —0.54
Pd 3.94 035 —0.19 0.08 99.24  1.808 -0.11 -0.03
Ag 2.96 1.33 1.23 0.00 11535  1.007 —0.04 0.81
cd 1.16 3.13 0.42 0.04 14543  0.467 0.15 1.35
Cs 0.83 3.46 5.21 0.00 745.67 0.020 0.40 3.29
Ba 1.86 2.43 2.12 0.00 421.77 0.103 1.04 2.56
La 4.49 —0.20 0.25 0.11 249.93 0.243 0.84 0.89
Hf 6.35 —2.06 —0.98 0.10 149.29 1.09 043 -0.55
Ta 8.09 —3.80 —0.67 0.00 148.31 2.00 0.61 -0.88
w 8.66 ~4.37 0.00 0.00 107.11 3232 -008 —154
Re 810  -381  —0.01 0.27 99.24 372 -011 -129
Os 810  -381  —0.17 0.85 9451 418 -011 -115
Ir 6.93 -2.64  -038 0.64 9558 355 -011  -0091
Pt 5.85 —1.56 —0.59 0.16 101.93 2783 -0.11 —-0.77
Au 3.78 0.51 0.37 0.00 114.37 1.732 —-0.03 0.26
Hg 0.69 3.60 0.69 * 158.41  0.382 0.22 1.65
Tl 1.87 2.42 1.06 0.00 192.80  0.359 0.55 171
Pb 2.04 2.25 0.95 0.00 204.49 0.430 0.81 1.88
as \Z, whereZ is the atomic coordination that can range Enens=0.293<ESE, (A). (11

from 1 (diatomic moleculgto 12 (fcc crysta). For the seg-
regant in the F& 3 (111) GB, Z=8, and for that on the Fe The relation is treated as approximate rather than exact be-
(111 FS,Z=4. Hence, by applying theZ rule, one willget  cause in both FS and GB systems, the bond lengths of
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TABLE II. Model calculated cf. Eq. 15 embrittling effectA EQ (eV) for all of the transition elements on

the NiX5 grain boundary cohesion. Also listed are elemental cohesive enE@gﬁandAEéoh (eV), heat

of formation, heat of solid solutioANi AEf},,,, atomic volumes/A, and volume mismatch VA (a.u?),
bulk moduliK (10 N/m?), volume mismatch correctioAAE,,, and also the work needed to change the
ground bcc structure to fahcp is approximated by f¢etructure for an element. The shear modulus of Ni,

Gyi, is (Ref. 31) 0.839x 10 N/m?,

Atom —Egon  AEZsn  AEfea  AEsyy VA Ka SAE§ AEg
Li 1.63 2.81 0.03 0.02 14358  0.006 —0.04 0.99
Be 3.32 112 -0.22 0.00 55.77  1.003 0.27 0.57
Na 1.11 3.33 1.40 0.01 254.46  0.068 0.27 1.85
Mg 1.51 293  -0.25 0.00 156.93  0.354 0.36 1.25
Al 3.39 1.05  —-1.39 0.00 112.09  0.722 0.06 —0.05
K 0.93 3.51 2.35 0.00 481.33  0.032 0.40 2.35
Ca 1.84 260 -037 0.00 29340  0.152 0.91 1.65
Sc 3.93 051 —1.79 0.00 158.04  0.435 0.46 0.03
Ti 4.86 -042  -154 0.00 119.22  1.051 0.18 —0.47
\% 5.30 -0.86  —0.75 0.17 9346 1619 -0.05 —0.53
Cr 4.10 034  -027 0.39 81.01 1901 —0.05 0.10
Mn 2.98 146  —0.33 0.00 8249 0596 —0.06 0.32
Fe 4.29 015  —0.06 0.20 79.39 1683 —0.05 0.05
Co 4.39 0.05 —0.01 0.00 7523 1914 -0.01 0.00
Ni 4.44 0.00 0.00 0.00 7383  1.86 0.00 0.00
Cu 3.50 0.94 0.14 0.00 79.86 137 —0.05 0.31
Zn 1.35 3.09 —0.63 0.00 103.02  0.598 —0.02 0.80
Rb 0.85 3.59 2.59 0.01 587.83  0.031 0.54 2.60
Sr 1.72 272 —0.06 0.00 379.12  0.116 1.10 1.99
Y 4.39 005  —162 0.00 22345  0.366 1.17 0.65
Zr 6.32 -1.88  -1.37 0.00 157.30  0.833 0.78 —0.30
Nb 7.47 -3.03 -136 0.36 121.37 1702 029 —1.05
Mo 6.81 -237  -032 0.40 10511  2.725 0.06 —0.70
Tc 6.85 -2.41 0.03 0.00 9585 297 —0.04 -083
Ru 6.62 -2.18 0.02 0.00 91.68 3208 —-0.06 —0.78
Rh 5.75 -1.31  -0.04 0.00 92.95 2704 -0.05 —0.50
Pd 3.94 0.50 0.00 0.00 99.24  1.808 —0.02 0.15
Ag 2.96 1.48 0.68 0.00 11535  1.007 0.12 0.84
cd 1.16 328 —0.24 0.00 14543  0.467 0.33 1.34
Cs 0.83 3.61 2.84 0.01 74567  0.020 0.46 2.61
Ba 1.86 2.58 0.01 0.00 42177  0.103 1.16 2.02
La 4.49 —-0.05  —1.46 0.00 249.93  0.243 1.03 0.53
Hf 6.35 -1.91  -2.04 0.00 149.29  1.09 0.76 —0.56
Ta 8.09 -365  —133 0.19 148.31  2.00 1.07 —0.53
w 8.66 -422  -014 0.52 107.11  3.232 010 -1.18
Re 8.10 —3.66 0.10 0.00 99.24  3.72 0.00 —1.19
Os 8.10 —3.66 0.06 0.00 9451 418 -0.04 -124
Ir 6.93 -249  -0.07 0.00 9558 355 —0.04 —0.89
Pt 5.85 -141  -022 0.00 101.93  2.783 0.02 -0.52
Au 3.78 0.66 0.33 0.00 114.37 1732 0.17 0.50
Hg 0.69 3.75 0.04 0.00 158.41  0.382 0.41 1.67
Tl 1.87 2.57 0.14 0.00 192.80  0.359 0.77 1.67
Pb 2.04 2.40 0.08 0.00 204.49  0.430 1.08 1.91

M(1)—M(n) (n=2,3,4) differ from the bulk values. Tak-

(12

1
! AT AES=§(Eé0h— E'\Cth)+AE©'
ing the contributions from the volume effdéq. (6)] and the
bonding charactdiEqg. (10)] together, the embrittling effect,

Although the relation in Eq(8) is drawn from only a few
AEg, of an alloying additionA is now

cases, it can be expected to hold in general for other alloying
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additions in this high-angle boundary system. The difference___ 3-5-_
between 1/3, obtained from our first-principles case studiesg 3-0-_
and 0.293, given by the’Z theory, is only 0.04. If we take § 251 \ o
this difference as the error of the relation in E8), the 2 20 Nae CaA b T e
relative error in the factor 1/3 is only about 12%. S 15 Mg. 3;4
5 1.0 - Ag Zn
C. Heat of formation for solid solutions: Macroscopic £ 0_5_ n
atom model E oo se SN I Vg 4
. . B e ] Yot ,n/ i
Since the unit cell we employed for computation is peri- 3, 051 K 4
odic and the lattice type of the matrix is kept as its bulk § -1.0 \‘ MV°—'°/ /‘/
crystal, the systems under our investigation, strictly speak-$ 151 MY N O
ing, are solid solutions. The heat of formation for solid so- T
|Uti0ns can be VieWed as a Chemical Shlft Of the bonding 1A IA 1A VA VA VIA VIIA VIIIA VIIIA VIIA 1B 1IIB 1llIB VB
capability of the solute atoms. One difference between solid Alloying Additions in Fe Sigma 3

solutions and alloys is that in the former system, atoms with
different sizes have to occupy equivalent lattice positions
This gives rise to an additional positive contribution, in the
form of elastic energy, to the alloying enthalpy, due to thef
lattice deformation(or “atomic size mismatch). This elas-
tic energy is discussed in Sec. Il A. Since our interest is no
limited to a few specific additionsin Fe or Ni, we need
comprehensive thermodynamic data for the heat of formation
of all the A elements inM (M =Fe and Nj alloys. The ex-
isting experimental data is far from complete and the first-
principles determination of these quantities is beyond th
computational effort we can afford in the present paper. A
an alternative, we employ thmacroscopic atonmodef® to
estimate the heat of an alloy with a specific concentration (ECOh EM +AEA +AEA,)+AES. (15
that is determined by our slab model.

In the macroscopic atonpicture, the heat of formation of
an alloyA in M with a concentratiorc, is

FIG. 3. Embrittlement potency of substitutional additions on the
Fe33(111) GB.

ounded on the same basis, we prefer not to cite the above
DA results but to carry out full GGA calculations for all the
lements under consideration. In doing so, we approximate
the hcp by the fcc structure in order to save computatmnal
Rffort. This approximation will introduce an error &E%,,,,
which is about 10%.

Taking the above two corrections into account, Etp)
ecomes

For Mo and Pd in the F&3 (111) GB, the model calculated
values forA EQ are —0.96 and—0.03 eV, respectively. As
AES,=(1—Cp)[1+8C2X (1—Ca)?]XAER,(0), mentioned above, our first-principles results ar8.90 and
(13) +0.08 eV, respectively. Note that for Mo and Pd in the Fe
GB, the embrittlement potency given by Seah'’s pair-bonding

whereC, is modef is —1.5 and+0.9 eV, respectively, which are sig-
A 2/3 nificantly greater than our results.
Ca= AV (14) The model predicted embrittlement potencies of all the

simple and transition metal elements as substitutional alloy-
A _ . o ing additions to the F&3 (111) and Ni%5 (210 GB are

and AEg,(0) is the heat of an alloy oA in M in infinite  jisted in column 9, in Tables | and II. To be more illustrative
dilution.® In our first-principles calculatiorg, is 1/23 forA  and more readily compared, these values are plotted in Fig. 3

CA(VA) 7P+ (1= cp) X (V)P

in Fe, and 1/21 foA in Ni. (for Fe) and Fig. 4(for Ni), respectively.
Another difference between solid solutions and alloys is
that in the former case there is a structure-dependent en- IIl. CONEIRMATION OF THE MODEL

thalpy related the preference for metallic elements to crystal-

ize in one of the main crystallographic structures, namely, In order to verify our theory, we carried out first-
bcc, fce, and hep, depending on the number of their valencprinciples calculations on the effects ofl 3ransition metal
electrons® We useAEétru to denote the total energy differ- (Co), 4d transition metalRu), and 5 transition metalgW
ence of elemental crystal between its ground-state structure and R¢ segregation on the cohesion of the¥8 (111) GB

and that of the host. Skrivé¥ studied systematically the and a simple metalCa) on the Ni%5 (210) GB by using
crystal structure of all the transition metals by the first-the same FLAPW method. As sketched in Fig. 1 for the Fe
principles linear muffin-tin orbital method in the local- =3 (111) GB case and Fig. 2 for the N6 (210) GB case,
density approximation, and showed that with the experimenboth the FS and GB were simulated by a slab métidlo

tal atomic volume, the energy difference between bcc and fcobtain reliable values, the FS and GB systems were treated
is one order of magnitude larger than that between fcc andn an equal footing with high accuracy and the atomic struc-
hcp. To our knowledge, there are no systematic firsttures of the FS and GB were also optimized in the normal
principles investigations with GGA, so far. To make @k, direction for the cases with and without segregated atoms.
as many as possibjecontributions in our model to be Bearing this in mind, we used the same set of numerical

165415-7
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357 +1.65 eV and the first-principles results show an embrittle-
8.0 ment potency oft- 1.4(=0.2) eV. In general, the agreement
between our phenomenological model and first-principles is

Pb I
o p e quite good.

wCd

2.5
2.0—-
151
IV. SUMMARY

1.0
Zn

051 Starting from first principles, we formulated and devel-
oped an electronic level phenomenological theory to quanti-
tatively predict the mechanical behavior of a substitutional
metallic element in the grain boundary without carrying out
full first-principles calculations, once the atomic structure of
— 17— the clean grain boundary is determined. From our results,
AUA A VA VAVIA VIR VIA VIA VIIA 1B I 1B IV it is concluded that the strongest cohesion enhancer in the
Alloying Additions in Ni Sigma 5 Fe>3 (111) GB is W, followed by Re, Nb, and Os. The
strongest cohesion enhancer in theX\d (210) GB is Os,
followed by Re, W, and Nb. This model was tested and
verified by detailed rigorous first-principles calculations on
arameters K points, plane-wave cutoff, muffin-tin radius Fe and Ni based alloys. Although we have focused on two
parar P P . ’ ' specific GB types, i.e., bcc F&3 (111) and fcc Ni
etc) in the FLAPW calculations for both the FS and GB. .
9 - 35 (210), we expect our theory to be applicable to other
In the FLAPW method?® no shape approximations are .. o . S
o . . high boundaries in general and instructive in the quantum
made to the charge densities, potentials, and matrix element&.esi n of ultrahiah-strenath allovs throuah selection of alloy-
For both host and alloying additions, the core states are 9 9 9 y 9 y

L ing elements for GB cohesion enhancement. Further calcula-
treated fully relativistically and the valence states are treate lons and modelinas of the seqredation enerav from crystal-
semirelativistically (i.e., without spin-orbit coupling The 9 greg gy y

. . line solution to GB are underway to next control the
GGA formulas for the exchange-correlation potential are . .

20 segregation of desired components to the boundary.
from Perdewet al:

For Co, Ru, W, and Re on the F&3 GB, our first-
principles results are +0.05, —0.65, —1.31, and
—1.31 eV, respectively. The values calculated with the Work supported by the Office of Naval Reseaf@rant
model are+0.10, —0.77, —1.54, and—1.29 eV, respec- No. N00014-94-1-0188and a grant of Cray-T90 computer
tively. The largest discrepancy between the first-principlegime at the NSF-supported San Diego Supercomputing Cen-
and the model results is about 0.2 eV in the case of Wter and Cray-J90 computer time at the Arctic Region Super-
whereas for Ca in the NE5 (210) GB, our model gives computing Center, supported by the DOD.

0.0

-0.5 4
1.0

Potency of Embriitlement (eV/atom)

-1.54

2.0

FIG. 4. Embrittlement potency of substitutional additions on the
Ni 35 (210) GB.
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