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ABSTRACT 

Amethod for identifying additive components for polycrys 
talline metals and materials that enhance grain boundary 
cohesion and compositions of such materials comprises 

calculation of an empirical value AEBAWhich is dependent 
upon a summation of various energy values associated With 
the matrix and additives and identifying the additives having 
a negative value. Formulations of alloys having improved 
physical properties and their processing steps are also dis 
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METHOD FOR ENHANCEMENT OF GRAIN 
BOUNDARY COHESION IN CRYSTALLINE 

MATERIALS AND COMPOSITIONS OF MATTER 
THEREFOR 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a continuation in part utility application 
based upon pending utility application Ser. No. 09/755,821 
?led Jan. 5, 2001 Which is based upon provisional applica 
tion Ser. No. 60/174,454, ?led Jan. 5, 2000, entitled, 
“Method for Enhancement of Grain Boundary Cohesion in 
Crystalline Materials and Compositions of Matter There 
for”, and is also based upon pending provisional application 
Ser. No. 60/367,293 ?led Mar. 25, 2002 entitled “Ultra High 
Strength Steels With Enhanced Grain Boundary Cohesion”, 
all of Which are incorporated hereWith by reference. 

[0002] This development Was supported by the Office of 
Naval Research (Grant No. N00014-94-1-0188) and a grant 
of Cray-T90 computer time at San Diego Supercomputing 
Center and Cray-J90 computer time at the Artic Region 
Supercomputing Center. 

BACKGROUND OF THE INVENTION 

[0003] Grain boundary cohesion is often the controlling 
factor in limiting the ductility of high strength metallic 
alloys. Understanding the in?uence of the transition metal 
alloying additions is of great importance in predicting and 
controlling grain boundary embrittlement (GBE) in metallic 
alloys since the complexity of GBE behavior is often 
correlated With the presence of substitutional alloying ele 
ments. Attempts to qualitatively explain GBE on the elec 
tron-atom level go back to the 1960’s. Quantitatively, alloy 
designers, on the one hand, have built various atomistic 
theories such as thermodynamic and semi-empirical pair 
bonding models to understand and predict the in?uence of 
segregants on the mechanical properties of the grain bound 
ary (GB). Electronic structure theorists, on the other hand, 
have employed both empirical and ?rst-principles quantum 
mechanical methods in their calculations to predict the 
in?uence of segregants. While the atomistic treatments have 
traditionally served as the starting point for materials design, 
the electronic level explorations, Which are numerically 
more accurate, are more demanding in their complexity to 
predict precise effects in advanced materials. 

[0004] In spite of the complexity of the mechanical behav 
ior and GB atomic structures, general trends in certain 
mechanical properties can be correlated With speci?c fea 
tures of the electronic structure. First-principles computation 
have proved to be an accurate and poWerful tool in attacking 
the problem of the mechanical properties of real materials 
such as GBE. An inherent advantage of the ?rst-principles 
electronic theory is that it is independent of any adjustable 
perimeters. Therefore, the numerical results of ?rst-prin 
ciples calculations formed a basis or starting point for more 
advanced theories. Without such theories, one has to repeat 
the full procedure of calculations to predict quantitatively 
the effect of any substitutional element even on the same 
GB. In this case, the exact mechanism by Which segregation 
elements cause embrittlement remains unclear, and in any 
event the desirability of any expedient Way to predict the 
qualitative impact of segregants is deemed especially desir 
able for the custom design of alloys having desired proper 
ties such as Workability. 
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[0005] This Work involves a neW ultra-high strength, 
tough steel With enhanced stress corrosion cracking resis 
tance using a systems approach to materials design. Special 
emphasis is given, in this design, to the integration of 
quantum mechanical principles for the enhancement of grain 
boundary cohesion. 

[0006] More speci?cally, tWo ultra-high strength steels are 
disclosed having enhanced grain boundary cohesion. 
Requirements for a transformation toughened alloy Were 
found to be contrary to those for grain boundary cohesion 
enhancement. Therefore, transformation toughening Was not 
incorporated in the disclosed steels and processing. One 
alloy, Fe-15Co-6Ni-3Cr-1.7Mo-2W-0.25C designated alloy 
QSW, is considered a commercially viable alloy. The second 
alloy, Fe-15Co-5Ni-3Cr-2.7Re-1.2W-0.18C designated 
alloy QSRe involves the effect of rhenium and tungsten, 
reducing site competition by eliminating molybdenum from 
the design. Both alloys are fully martensitic, M2C carbide 
strengthened Without any precipitated austenite. 

SUMMARY OF THE INVENTION 

[0007] Starting from ?rst-principles quantum mechanical 
calculations on the strengthening and embrittling effects of 
alloying metals on the grain boundary cohesion of a crys 
talline matrix metal, there has been developed a method to 
predict quantitatively the effect of a substitutional alloying 
addition on grain boundary cohesion of the matrix metal or 
material. Thus, With the practice of the invention, using the 
bulk properties of the alloying material and the matrix 
material or metal utiliZed as input information, the mechani 
cal behavior of a substitutional metallic element (A) near the 
grain boundary can be predicted Without conduct of the 
?rst-principles calculations once the atomic structure of the 
corresponding clean grain boundary is determined. This 
model differs from the thermodynamic and atomistic theo 
ries in that it is not only based on ?rst-principles and 
therefore displays an electronic level understanding of the 
grain boundary embrittlement, but also in that it takes the 
grain boundary volume expansion into account and hence 
yields a more precise treatment and result. Examples include 
the effect of Ru, W, and Re alloying metals on the Fe grain 
boundary and Ca alloying metal on the Ni grain boundary. 
Cohesion effects predicted by the method are con?rmed by 
rigorous ?rst-principles quantum-mechanical calculations. 

[0008] Thus, there has been developed a method and 
compositions of matter Wherein grain boundary cohesion is 
predicted as directly enhanced for iron (Fe) and nickel (Ni) 
alloys by the addition of speci?c additive materials includ 
ing tungsten, rhenium, osmium, niobium, iridium, techne 
tium, molybdenum, ruthenium, platinum, tantalum, Zirco 
nium, hafnium, vanadium, and titanium in amounts Which 
segregate to the grain boundaries as a result of alloy pro 
cessing. Such additive materials have a cohesive effect 
regardless of other additive materials Which, for example, 
may foster or may inhibit cohesion. Such cohesive enhanc 
ing materials may thus be used alone or in combination. 
Favored cohesion enhancing additives for iron (Fe) include 
tungsten, rhenium, niobium, and osmium. Speci?c iron (Fe) 
based examples are disclosed. Favored cohesion enhancing 
elements for nickel include molybdenum, rhenium and 
ruthenium. 

[0009] The method of the invention provides a means by 
Which the embrittlement or cohesion potency of a substitu 
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tional atom in a grain boundary can be predicted Without 
carrying ?rst-principles calculations. The method is capable 
of prediction Without solving the quantum-mechanical 
Schrodinger equation and makes use of atomic, or bulk 
quantities as inputs. This method has an electronic, rather 
than an atomistic or thermodynamic basis, in order to yield 
a quantum description of the mechanical behavior of a 
substitutional element near the grain boundary. 

[0010] Additionally, the method is considered applicable 
to any crystalline system including those comprised of 
metals and/or ceramics, Wherein alloying elements or other 
substitute components are added to the matrix or base 
crystalline material in the polycrystalline matrix. Thus, the 
described method and the resulting compositions of matter 
and processing methods, though described in the context of 
certain speci?c metals and alloying elements, i.e., iron (Fe), 
nickel (Ni) and transition metal alloying elements as set 
forth in Tables 1 and 2, contemplates applicability in any 
crystalline material or composition. 

[0011] In general, therefore, as one feature of the inven 
tion, a methodology is disclosed Which comprises a formula 
or protocol for ef?ciently predicting the desirable alloying 
elements (and their quantitative effect) for enhancement of 
grain boundary cohesion in crystalline materials, including 
metals and ceramics for structural and electronic applica 
tions. A ?rst step undertaken in the development of the 
method is a rigorous quantum-mechanical (e.g. FLAPW) 
(full potential lineariZed augmented plane Wave (FLAPW) 
method calculation of a high free volume (to be represen 
tative of Weakest boundaries) and high symmetry (for cal 
culational speed) grain boundary to de?ne fundamental 
boundary parameters such as free volume. This is then 
applied in an approximate general model of the mechanical 
and chemical contributions to the effect of all alloying 
elements on boundary cohesion based on knoWn properties 
of pure elements. The quantitative effect of predicted cohe 
sion enhancers is then determined or veri?ed by a pair of 
rigorous quantum-mechanical (e.g., FLAPW) calculations 
comparing the energy of segregation from crystal to bound 
ary determining the ef?ciency With Which the element can be 
speci?ed for cohesion enhancement. 

[0012] The alloying element in the compositions proposed 
is thus substituted in the crystalline matrix at the grain 
boundaries. The method of the invention, as generally 
described above and for Which various examples are pro 
vided hereinafter, determines the identity of alloying or 
additive materials Which Will enhance grain boundary cohe 
sion. Various techniques may be utiliZed to deliver the 
alloying component to the grain boundaries or, in other 
Words, cause the alloy or additive component to segregate to 
the grain boundaries. For example, loW temperature heat 
treatment for various metals is a useful technique to effect 
such segregation and thereby enhance cohesion. The meth 
odology used for delivery and the quantities of additive to be 
delivered to the grain boundaries may be Within the scope of 
general materials knoWledge or can be determined for 
speci?c conditions by limited testing or experimentation. 
HoWever, the identity of such components is a result of the 
method of the invention, and the practice of the invention 
contemplates the identity and processing materials that 
result from the practice of the method. 

[0013] It is noted that the examples herein are directed to 
binary systems. HoWever, the methodology is considered 

Mar. 11, 2004 

applicable to more complex systems and to systems Wherein 
the additive material is counteracted by other additives, e. g., 

a cohesion enhancer is counteracted by hydrogen embrittlement. Additionally, the amount of additive compo 

nent or the range of the amount of additive component may 
be derived using techniques disclosed. 

[0014] The reference citations set forth in this application 
are incorporated by reference. 

BRIEF DESCRIPTION OF THE DRAWING 

[0015] In the description, reference Will be made to the 
draWing comprised of the folloWing ?gures: 

[0016] FIG. 1 (FS) is a schematic representation of the 
atomistic array of a crystalline matrix material Wherein the 
free surface energy is to be de?ned for iron; 

[0017] FIG. 1 (GB) is a schematic vieW representation of 
the atomistic array of an alloy material at a grain boundary 
in a matrix material for iron; 

[0018] FIG. 2 (FS) is analogous to FIG. 1 (FS) but is 
representative of nickel; 

[0019] FIG. 2 (GB) is analogous to FIG. 1 (GB) but is 
representative of nickel; 

[0020] FIG. 3 is a graph of the empirical calculation 
results using the method of the invention for iron and various 
additives; and 

[0021] FIG. 4 is a graph of the empirical calculation 
results using the method of the invention for nickel and 
various additives. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0022] Grain Boundary Cohesion Considerations 

[0023] A. Atomic Structure and Volume Effect 

[0024] As is the case of alloys and solid solutions, the 
volume effect of a segregant is of great importance for 
understanding many of its physical and mechanical proper 
ties near the GB. As a ?rst-principles treatment, one has to 
fully relax the atoms near the GB. 

[0025] To address the problem of volume mismatch, the 
atomic siZe of the segregant and also the siZe of the GB hole 
should be Well de?ned. Unfortunately, the geometric siZe of 
an atom has no absolute meaning and its de?nition depends 
on the physical, chemical, or mechanical problem under 
consideration. The problem of de?ning the siZe of an atom 
in metallic solid solutions has been discussed in detail by 
King, “AIME Symposium of the Alloying Behavior and 
effects in Concentrated Solid Solutions” (Gordon and Brach, 
NeW York 1965) in the study of substititional solid solutions, 
and by de Boer et al. “Cohesion in Metals” (North Holland, 
NY. 1988) in the study of energy effects in transition metal 
alloys. One of these de?nitions uses the atomic volume in 
the structure of the elemental crystals. In the case of metallic 
solid solutions, this de?nition is applicable When Vegard’s 
laW (i.e., the unit-cell volume equals the sum of elemental 
atomic-cell volumes) is observed. HoWever, in the problem 
of GB segregation, there is no requirement to keep the bulk 
lattice symmetry. Therefore, such a de?nition of the atomic 
siZe is free from the limitation of Vegard’s laW. The atomic 
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volume (VA) of each selected element in its elemental 
crystal is listed in Column 6, Tables 1 and 2. 

TABLE 1 

Model calculated embrittling effect AEBA (eV) for all of the transition 
elements on the Fe 213 grain boundary cohesion. Also listed are elemental 

cohesive energies Each and AEéoMeV), 

formation heat of alloy AFC A A 
Heat’ 

atomic 

volumes VA (a.u.3), bulk moduli KA (x1011 N/mz), volume mismatch 
correction 6A Ev and also the Work needed to change the ground fcc 
(hop is approximated by fee) structure to bee structure for an element. 

GFe = 0.816 X 1011 N/m2. 

At 

Om 4580b AEéoh AEgeat AEAStm VA KA AEV ABBA 

Li 1.63 2.66 0.94 0.00 143.58 0.116 —0.04 1.16 

Be 3.32 0.97 —0.20 0.03 55.77 1.003 0.44 0.71 

Na 1.11 3.18 2.75 0.00 254.46 0.068 0.18 2.16 

Mg 1.51 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 0.01 293.40 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 —0.57 —0.74 0.02 119.22 1.051 —0.01 —0.44 

V 5.30 —1.01 —0.29 0.00 93.46 1.619 —0.11 —0.54 

Cr 4.10 0.19 —0.06 0.00 81.01 1.901 —0.02 0.02 

Mn 2.98 1.31 0.01 * 82.49 0.596 —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 0.09 223.45 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 2.725 —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 2.704 —0.10 —0.54 

Pd 3.94 0.35 —0.19 0.08 99.24 1.808 —0.11 —0.03 

Ag 2.96 1.33 1.23 0.00 115.35 1.007 —0.04 0.81 

Cd 1.16 3.13 0.42 0.04 145.43 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 0.43 —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 3.232 —0.08 —1.54 

Re 8.10 —3.81 —0.01 0.27 99.24 3.72 —0.11 —1.29 

Os 8.10 —3.81 —0.17 0.85 94.51 4.18 —0.11 —1.15 

Ir 6.93 —2.64 —0.38 0.64 95.58 3.55 —0.11 —0.91 

Pt 5.85 —1.56 —0.59 0.16 101.93 2.783 —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 1.71 

Pb 2.04 2.25 0.95 0.00 204.49 0.430 0.81 1.88 

[0026] 

TABLE 2 
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Model calculated embrittling effect AEBA (eV) for all of the transition 
elements on the NiE5 grain boundary cohesion. Also listed are elemental 

cohesive energies Eéoh and AEéoMeV), 

formation heat of alloy 

atomic volumes VA (a.u.3), bulk moduli KA (x1011 N/mz), 
volume mismatch correction 6A Ev and also the Work needed to change 

the ground bcc structure to fee structure for an element. 

GM- = 0.839 x 1011 N/m2. 

At 

Om _Eéoh AEéoh AEl-Aleat AEASHH VA KA AEV AEBA 

Li 1.63 2.81 0.03 0.02 143.58 0.006 —0.04 0.99 
Be 3.32 1.12 —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 2.93 —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 2.60 —0.37 0.00 293.40 0.152 0.91 1.65 
Sc 3.93 0.51 —1.79 0.00 158.04 0.435 0.46 0.03 
Ti 4.86 —0.42 —1.54 0.00 119.22 1.051 0.18 —0.47 
V 5.30 —0.86 —0.75 0.17 93.46 1.619 —0.05 —0.53 
Cr 4.10 0.34 —0.27 0.39 81.01 1.901 —0.05 0.10 
Mn 2.98 1.46 —0.33 0.00 82.49 0.596 —0.06 0.32 
Fe 4.29 0.15 —0.06 0.20 79.39 1.683 —0.05 0.05 
Co 4.39 0.05 —0.01 0.00 75.23 1.914 —0.01 0.00 
Ni 4.44 0.00 0.00 0.00 73.83 1.86 0.00 0.00 
Cu 3.50 0.94 0.14 0.00 79.86 1.37 —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 2.72 —0.06 0.00 379.12 0.116 1.10 1.99 
Y 4.39 0.05 —1.62 0.00 223.45 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 —1.36 0.36 121.37 1.702 0.29 —1.05 
Mo 6.81 —2.37 —0.32 0.40 105.11 2.725 0.06 —0.70 
Tc 6.85 —2.41 0.03 0.00 95.85 2.97 —0.04 —0.83 
Ru 6.62 —2.18 0.02 0.00 91.68 3.208 —0.06 —0.78 
Rh 5.75 —1.31 —0.04 0.00 92.95 2.704 —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 0.00 115.35 1.007 0.12 0.84 
Cd 1.16 3.28 —0.24 0.00 145.43 0.467 0.33 1.34 
Cs 0.83 3.61 2.84 0.01 745.67 0 020 0.46 2.61 
Ba 1.86 2.58 0.01 0.00 421.77 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 —3.65 —1.33 0.19 148.31 2.00 1.07 —0.53 
W 8.66 —4.22 —0.14 0.52 107.11 3.232 0.10 —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 94.51 4.18 —0.04 —1.24 
Ir 6.93 —2.49 —0.07 0.00 95.58 3.55 —0.04 —0.89 
Pt 5.85 —1.41 —0.22 0.00 101.93 2.783 0.02 —0.52 
Au 3.78 0.66 0.33 0.00 114.37 1.732 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 

[0027] 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 signi?cant 
in?uence on the physical and mechanical behavior of this 
element. The existence of GB volume expansion makes the 
problem of the volume effect in the GB different from those 
in alloys and solid solutions, Where the otherWise undis 
turbed atomic structure is perfect. A local measure for the 
GB expansion is the relative normal displacement of the tWo 
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nearest atomic planes (M(2)) across the boundary plane. 
This gauge Was adopted, e.g., by Lu et al. Phys. Rev. B59, 
891 (1999), in Ni3AlZ5 (210), and by Chen et al. J. Mater 
Reg. 5,955 (1990) in pure Ni and Al 5 (210 studies). 

[0028] This de?nition, hoWever, is not appropriate for the 
investigation of the volume mismatch betWeen the substi 
tutional element and the GB hole, as the GB local environ 
ment is determined by not only M(2) but also by M(3) and 
M(4). The volume of the GB hole, VGB, can be taken as the 
summation of the displacements of M(2), M(3), and M(4). 
The calculated VGB, for the Fe 23 (111) GB is 27.4 a.u., for 
the Ni 25 (210), it is 18.6 a.u. 

[0029] As pointed out by Geng et al., Phys. Ref. B62, 6208 
(2000), not all the expanded volume near the GB is of the 
standard type available for the GB core atom. The GB core 

atom A/M (1) can form bonds only With M (2) and M (4), 
but not With M This means that, near Fe 23 GB only 
tWo-thirds of the GB hole is available for A/M (1) and near 
the Ni 25 GB only 70% is available. 

[0030] NoW the volume mismatch AVA betWeen a seg 
regant and the GB can be de?ned, 

[0031] Where (X is 67% for Fe 23 and 70% for Ni 25. 

[0032] To address the volume effect of a substitutional 
addition A, one should compare the elastic energy of the 
clean and segregated GB. This elastic energy is associated 
With the volume mismatch betWeen A/M (1) and the GB 
hole. Since the crystal lattice near the GB is not perfect even 
Without the volume mismatch betWeen A/M (1) and the GB 
hole, the bulk modulus and shear modulus (of M) near the 
GB no longer retain the perfect bulk values and are not Well 
de?ned. As an approximation, these deviations are therefore 
neglected in the method. The elastic energy is then calcu 
lated in the frameWork of elasticity theory With the sphere 
and hole model developed by Eshelby and Friedel. In this 
model, a spherical hole With volume VM (atomic cell of 
metal M) in the matrix is partly ?lled by a sphere of another 
metal With volume VA, (dissolved atomic cell). The remain 
ing volume, (VM—VA), Will disappear by elastic deformation 
of matrix and inclusion. If this is a state of purely internal 
stress, the total volume is unaffected. Both inclusion and 
hole are then subjected to a uniform hydrostatic pressure. 
The pressure on the inclusion is related to its bulk modulus 
KA, While that on the hole is related to an effective bulk 
modulus equal to 4/3 times the shear modulus of the matrix, 
GM. 

[0033] The elastic energy yields 

[0034] Where AVA and AVM are the volume changes of 
sphere and hole due to the internal stress. The pressures are 
adjusted such that they are continuous across the interface 
betWeen matrix and inclusion, Which leads to an expression 
for the elastic energy per mole of solute metal: 
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ZKAGMWM - VA)2 

[0035] In the GB environment, the hole cut from the 
matrix has a volume VM+VGB rather than VM. Therefore, to 
describe the GB case EVA should take the form 

[0036] The volume effect of a substantial addition A, is 
therefore 

[0037] The calculated 

A 
AE— 

v 

[0038] values for each alloying addition are listed in 
Column 8, Tables 1 and 2. 

[0039] B. Electronic Structure and Bonding Characters 

[0040] The other factor even more important in general, in 
determining the behavior of a segregant in the GB is its 
bonding character in both the GB and free surface (FS) 
environments. At the electronic level, a quantitative descrip 
tion of the chemical bonding Will generally employ the 
concepts of change transfer, or electronegativity. Neverthe 
less, neither charge transfer nor electronegativity is Well 
de?ned in a non-elemental crystal and therefore is not 
considered appropriate to be built into a uni?ed theory. The 
macroscopic quantity that can be a measure of the bonding 
capacility of an element, as adopted in the thermodynamic 
or atomistic theory of GBE, is the elemental cohesive 
energy. It is also employed in the present method. 

[0041] According to the Rice-Wang thermodynamic 
theory (Mat. Sci. & Eng. A107 p. 23 (1989), the potency of 
a segregation impurity in reducing the ‘Grif?th Work’ of a 
brittle boundary separation is a linear function of the dif 
ference in binding energies for that impurity at the GB and 
the FS. For a substitutional addition, the above binding 
energies should be binding energy differences betWeen the 
segregant and the host (GB core) atom. The ?rst-principles 
FS and GB (Fe 23) chemical energies, de?ned as the Work 
needed to remove the segregant While not permitting the 
hose (Fe) atoms to relax, have a relation: 
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[0042] The difference in binding energies for A at the GB 
and the FS, 

A 
EChem ’ 

[0043] is 

Also : 

E€EEM<A> — Eg?mw) i Eéoh — 1% 

[0044] Combining equations: 

A A M . 1 A M 
AEChem E EChem — EChem = §(Ecoh — Emil) 

[0045] This means that the embrittlement potency of a 
substantial atom in the GB of FE is about 1/3 of the cohesive 
energy difference betWeen that element and the host Fe atom 
if the volume effect is not signi?cant. The factor 1/3 can be 
understood by the V7 theory. The simplest expression of 
band character is in the second-moment approximation to 
the tight-binding model, in Which the cohesive energy per 
atom varies as “2, Where Z is the atomic coordination Which 
can range from one (diatomic molecule) to 12 (fcc crystal). 
For the segregant in the Fe 23 (111) GB, Zi8, and for that 
on the Fe (111) FS, Zé4. Hence, by applying the “2 rule one 
Will get 

[0046] “i”, rather than “=”, is used because in both FS and 
GB systems the bond lengths of M(1)—M(n) (n=2, 3, 4) 
differ from the bulk values. Taking the contributions from 
the volume effect and the bonding characters together, the 
embrittling effect, AEBA, of an alloying addition A is 

[0047] The heat of formation of metallic binary alloys 
must also be considered. The heat of formation for alloys can 
be vieWed as a chemical shift of the bonding capability of 
the solute atoms. Comprehensive thermodynamic data for 
the heat of formation of all the A (A=Mo, Ru, Pd, and Re) 
in M (M=Fe and Ni) alloys is desired. The existing experi 
mental data is far less than complete and the computational 
effort required for ?rst-principles determination of these 
quantities is signi?cant. Thus, as an alternative, the macro 
scopic atom model is employed, de Boer et al. “Cohesion in 
Metals”, (North Holland, NY, 1988) to estimate the heat of 
formation of alloys With a speci?c concentration Which is 
determined by our slab model. 
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[0048] In the macroscopic atom picture, the heat of for 
mation of an ordered alloy A in M With a concentration c A 
is 

AEQW, =<1— con + 80%. Xu - cm XAHZMM 

Where CA is 

[0049] and FI°A i n M is the heat of formation ofA in M in 
in?nite dilution. In our ?rst-principles calculation, C A is 1/23 
for A in Fe, and 1/21 for A in Ni. The calculated values of 

[0050] Within the macroscopic atom model are listed in 
Column 4, Tables 1 and 2. 

[0051] The last term that should appear in the above 
equation is the one re?ecting the preference for metallic 
elements to crystalliZe in one of the main crystallographic 
structures, namely bcc, fcc and hcp, depending on the 
number of their valence electrons. We use 

[0052] to denote the total energy difference of elemental 
crystal A betWeen its ground state structure and that of the 
host. To make all (or, as many as possible,) contributions in 
our model to be found from the same basis, We carried out 
full GGA (generaliZed gradient approximation) calculations 
for all the elements under consideration. In doing so, We 
approximate the hcp by the fcc structure in order to save 
computational effort. This approximation Will introduce an 
error to 

[0053] yielded by FLAPW-GGA are listed in Column 5, 
Tables 1 and 2. 

[0054] Taking the above tWo corrections into account, 
AEBA becomes 

[0055] The embrittlement potency of each substitutional 
addition calculated from this model is listed in Column 9, 
Tables 1 and 2. For Mo and Pd in Fe, the model calculated 
values for AEBA are —0.96 and —0.03 eV, respectively. The 
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?rst-principles results are —0.90 and +0.08 eV, respectively, 
(Geng et al. Phys. Ref. B 62, 6208 (2000)). 

[0056] C. Con?rmation of the Model 

[0057] In order to verify the model, ?rst-principles calcu 
lations Were performed on the effects of Ru, W and Re 
segregation on the cohesion of the Fe 23 (111) GB and Ca 
on the Ni 23 (210) GB by using the same (FLAPW) method. 
As sketched in FIG. 1 for the Fe 23 GB case and FIG. 2 for 
the Ni 25 GB case, both the FS and GB Were simulated by 
a slab model, Which minimiZes the impurity-impurity inter 
actions inherent in the use of superlattice cells. 

[0058] In the FLAPW method, no shape approximations 
are made to the change densities, potentials, and matrix 
elements. For both host and alloying additions, the core 
states are treated fully relativistically and the valence states 
are treated semi-relativistically (i.e., Without spin-orbit cou 
pling). The GCA formulas for the exchange-correlation 
potential are from PerdeW et al., Phys. Ref. Lett, 77, 3865 

(1996). 

[0059] For Ru, W, and Re on the Fe 23 GB, ?rst-principles 
results are —0.65, —1.31 and —1.31 eV, respectively. The 
values calculated With the model of the invention are —0.77, 
—1.54 and —1.29 eV, respectively. The largest discrepancy 
betWeen the ?rst-principles and the model invention results 
in about 0.2 eV in the case of W, Whereas for Ca in the Ni 
25 (210) GB, the model gives +1.65 eV and the ?rst 
principles results shoW an embrittlement potency of +1.4 
(10.2) eV. In general, the agreement betWeen the semi 
empirical invention method and ?rst-principles is quite 
good. 

[0060] In revieW, starting from ?rst-principles, a semi 
empirical theory quantitatively predicts the mechanical 
behavior of a substitutional metallic element in the grain 
boundary Without carrying out full ?rst-principles calcula 
tions, once the atomic structure of the clean grain boundary 
is determined. This model displays an electronic level of 
understanding of the grain boundary embrittlement. Also, it 
takes the grain boundary expansion into account and hence 
yields a more precise treatment. 

[0061] From the results, it is concluded that the strongest 
cohesion enhancer in the Fe 23 (111) GB is W, folloWed by 
Re, Nb, and Os. The strongest cohesion enhancer in the Ni 
25 (210) GB is Os, folloWed by Re, W, and Nb. For both Fe 
based and Ni based alloys (and therefore expected for most 
alloys based on transition metals) the effective grain bound 
ary cohesion enhancing alloying elements are W. Re, Os, 
Nb, Ir, Tc, Mo, Ru, Pt, Ta, Zr, Hf, V and Ti as suggested by 
FIGS. 3 and 4. Referring to FIGS. 3 and 4, those seg 
regants having negative and positive AEBA are plotted as 
determined by the invention method. Negative value seg 
regants are direct cohesion enhancers. Positive value seg 
regants tend to cause embrittlement. 

[0062] Table 3 summariZes the rigorous FLAPW calcula 
tions for both AEGB—AEFS and the crystal/grain boundary 
segregation energy AEGB for the alloying elements Pd, Mo, 
Ru, Re and W in Fe, validating the model predictions and 
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shoWing signi?cant negative AEGB values promoting 
enhanced segregation to grain boundaries. 

TABLE 3 

FLAPW Calculations of AEGB — AEFS and AEGB Alloying 
Elements in Fe based Alloys 

X AEGB — AEFS (eV/atom) AEGB (eV/atom) 

Pd +0.08 —0.90 
MO —0.90 —0.76 
Ru —0.65 —0.51 
Re —1.31 —0.49 
W —1.31 —0.68 

[0063] To summariZe the calculated FLAPW value AEGB— 
AEFS must preferably be a negative number if the additive is 
to be effective as a cohesive material, and the FLAPW value 

AEGB must also be negative since it represents the case With 
Which the additive becomes transported to the grain bound 
ary. When both numbers are negative in a system, then 
enhanced cohesion results. If one or both numbers are 

positive, then there is a tendency toWard embrittlement. 

[0064] The method of the invention provides that a single 
number or value (AEBA), if negative for an additive, repre 
sents a direct cohesion enhancer. The method employs 
approximations or inputs of various energy states of the 
additive (alloying element) and the matrix material includ 
ing an energy value based upon the volume effect of the 
additive. 

[0065] The methodology is effective for any polycrystal 
line material and calculations for iron (Fe) and nickel (Ni) 
are born out by alternative (?rst-principles) calculations. 
The method is not limited to Fe and Ni alloys, hoWever. 
Also, the method of the invention can be vieWed as a process 
for identi?cation of direct cohesion additives in general, 
folloWed by utiliZation of FLAPW calculations (See Table 3) 
to identify the separate AEGB and AEGB—AEFS calculations 
Which further identify subsets of additives that are especially 
effective as cohesion enhancers and Will be easily employed 
as enhancers because they are identi?ed as more easily 

diffused (e.g., tungsten). 

EXAMPLES AND EXPERIMENTAT ION 

[0066] A. Alloy Design—General Background 

[0067] Alloys consisting of a Fe—Co—Ni martensitic 
matrix strengthened by a ?ne carbide dispersion Were stud 
ied. These alloys are secondary hardening because the 
carbide dispersion can be changed from a coarse, soft 
cementite to a ?ne, hard carbide upon tempering at a proper 
temperature for a suf?cient time. These alloys are generally 
used in applications that require high strength and tough 
ness. Due to the environment that these alloys are typically 
used, resistance to hydrogen embrittlement is also needed. A 
How block diagram describing the interplay betWeen pro 
cessing-structure-properties of this class of steel is shoWn in 
the folloWing diagram: 
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Figure 2.1 — Flow-block diagram of Co-NiUHS steel. 
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[0068] As shown in FIG. 2.1 the Fe—Co—Ni lath mar 
tensitic matrix is controlled by the solution treatment and 
tempering of the material. Nickel additions are made to 
enhance cleavage resistance. Cobalt is necessary to maintain 
a dislocation netWork by hindering short-range order recov 
ery. The dislocation forest is necessary to promote hetero 
geneous nucleation of MZC carbides. Strength is determined 
by the MZC carbide dispersion that is controlled by the 
tempering process. In addition, the MZC carbides act as 
hydrogen traps Which sloW hydrogen from degrading grain 
boundary cohesion. Coarse carbide dispersions must be 
avoided because of their detrimental effect on toughness and 
to optimiZe hardness. 

[0069] Tempering can also alloW an austenite dispersion to 
form. This dispersion Will soften the alloy due to the inherent 
softness of face-centered cubic materials compared to mar 
tensite. HoWever, such dispersions may be desirable because 
of their bene?cial effects on toughness. Austenite disper 
sions can enhance toughness if the dispersion is present in 
sufficient quantity, has the proper stability, and has a large 
dilatation upon transformation from FCC to BCC. 

[0070] Solidi?cation processing, hot Working, and solu 
tion treatment Will affect grain siZe. To prevent excessive 
grain groWth during solution treatment, a grain re?ning 
dispersion is designed in the materials. A desirable grain 
re?ning dispersion is stable during solution treatment and is 
completely in solution before melting. Such dispersions Will 
avoid coarse primary carbides While maintaining a ?ne 
dispersion to pin grain boundaries during solution treatment. 
In addition, the grain re?ning dispersion should have a high 
cohesive energy With the matriX to inhibit micro-void nucle 
ation at the interface. 

[0071] Re?ning and deoXidation are processing steps to 
ensure grain boundary chemistry. Clean start material and 
clean processing Will reduce tramp element impurities. In 
addition, small additions are added to getter any impurities 
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[0074] Ghosh and Olson have developed a model to 
predict the compositional dependence of MS temperature in 
steel. Ghosh and Olson have described the martensitic 
nucleus interface as a combination of coherency and anti 
coherency dislocations that provide transformation strain 
and reduce the strain energy of the system, respectively. 
GroWth of the nucleus is governed by the propagation of 
dislocations into the parent austenite. The motion of dislo 
cations into the parent austenite is hindered by microstruc 
tural elements in the austenite. Microstructural obstacles can 
interact With the long-range stress ?eld and the interfacial 
core of the martensite nucleus to hinder nucleus groWth. The 
interactions With the martensite nucleus must be overcome 
by thermal activation and are, thus, highly temperature 
dependent. Conversely, the interactions With the long-range 
stress ?eld are not temperature dependent. Therefore, the 
interfacial frictional Work term can be described as the 
summation of tWo terms: a thermal term relating to inter 
actions With the interfacial core and an athermal term 

relating to interactions With the long range stress ?eld. 

[0075] The nucleation criterion for martensitic transfor 
mation can be described as the condition Where the thermo 
dynamic driving force of the transformation (FCC—>BCC) is 
equal to a constant plus the interfacial frictional Work term, 
as shoWn in the folloWing equation: 

[0076] —AGcrit is equal to the chemical driving force for 
diffusionless transformation at a constant temperature. K1 is 
a constant that accounts for strain, interfacial energy, and 
nucleating defect siZe. Wu is the athermal interfacial fric 
tional Work term. The thermal term of the interfacial fric 
tional Work term is negligible for MS temperatures greater 
than 450 K, those typically found in UHS steels. The 
composition dependence of Wu is given by the folloWing 
equation: 

found in the material. Grain boundary cohesion enhancers 
are added to the alloy to counteract hydrogen embrittlement. 
These elements segregate to the grain boundaries during 
solution and tempering treatments to enhance grain bound 
ary cohesion. 

[0072] B. Martensitic Formation 

[0073] The lath martensitic microstructure has the most 
desirable combination of strength and toughness of any steel 
microstructure. Therefore, it is necessary to maintain a 
sufficiently high martensite start (MS) temperature to ensure 
a lath martensitic structure and avoid retained austenite. The 
martensite transformation occurs When high temperature 
austenite (FCC) transforms to martensite (BCC). Minimum 
values for the MS that ensure complete martensitic transfor 
mation upon quenching are approximately 200° C. As a 
general rule, alloying elements act to reduce the MS tem 
perature. Large amounts of alloying elements are needed to 
achieve the desired properties of ultra-high strength steels. 

2.2 

[0077] The K,u terms represent values of the solid solution 
strengthening coefficient Where i=C and N; j=Cr, Mn, Mo, 
Nb, Si, Ti, and V; k=Al, Cu, Ni, Re, and W. The values are 
separated by their relative strengths. Cobalt is treated sepa 
rately because it loWers the interfacial frictional Work term. 

[0078] Alloying elements Will affect the MS temperature in 
tWo Ways. First, alloying additions Will change the interfa 
cial frictional Work term as demonstrated above in 2.2 
Secondly, alloying elements Will change the chemical driv 
ing force for nucleation, as shoWn above in equation 2.1. 

[0079] C. Carbide Strengthening Dispersion 

[0080] The carbide dispersion in UHS steels dominates the 
strength of the alloy. The carbide dispersion controls plastic 
?oW via OroWan dislocation bypass. The strength of the 
material is inversely proportional to the mean distance 
betWeen strengthening particles. For a given particle volume 
fraction, ?ner particles Will yield a smaller spacing betWeen 
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strengthening particles. However, if the particles are too 
small, dislocations Will shear the particles instead of looping 
them. Therefore, the most desirable particle siZe is at the 
transition betWeen particle shearing and OroWan looping. 

[0081] Jack and Jack provide a revieW of carbides in steel. 
There are four stages of it ternpering in UHS steels. First 
stage ternpering results in the formation of iron based 
epsilon carbides during quenching or ternpering up to 200° 
C. Second stage ternpering describes the decomposition of 
retained austenite. Cernentite (Fe3C) forrns during third 
stage ternpering betWeen 250° C. and 450° C. The fourth 
stage of tempering, betWeen 450 and 700° C., results in the 
formation of alloy carbides (MZC, M23C6, MGC, and M7C3 
Where M=Cr, Mo, V, and The type of carbide found after 
stage four ternpering depends on the kinetic and therrnody 
narnic stability of the various carbides. 

[0082] The thermal and mechanical history of a UHS steel 
determines the nature of the carbide dispersion. The solution 
treatment and quench produces a super-saturated lath rnar 
tensite structure. Prior to the fourth stage ternpering; the 
carbide that forms is para-equilibriurn cernentite The corn 
position of metal sites in para-equilibriurn cernentite is equal 
to the overall alloy composition because its formation occurs 
before rnetal diffusion can occur. Although this carbide is not 
the most thermodynamically stable, it is kinetically favor 
able because it only requires the diffusion of carbon. After 
sufficient time, para-equilibriurn cernentite dissolves due to 
formation of more energetically favorable carbides as car 
bide forrning elements have time to diffuse. In an optimal 
case, all para-equilibriurn cernentite is dissolved at the point 
Where peak carbide distribution is achieved. In practice, 
hoWever, alloys need to be tempered beyond peak hardness 
to dissolve all para-equilibriurn cernentite. Dissolution of 
para-equilibriurn cernentite is necessary because of its det 
rirnental effects on toughness. 

[0083] Of the carbides that form during stage 4 ternpering, 
the MZC is most desirable. MZC carbides are rnetastable With 
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respect to other carbides such as M6C and M23C6. MZC 
nucleates heterogeneously on dislocations, grain boundaries, 
lath boundaries, and rnartensite/cernentite interfaces. This 
class of steel must maintain a large density of dislocations 
during ternpering to ensure a ?ne dispersion of coherent 
carbides. 

[0084] Langer and SchWartZ rnodeled precipitation at high 
supersaturation. They shoWed that the average particle siZe 
is alWays close to the critical particle siZe for groWth or 
dissolution at high supersaturation. Further, they de?ned 
high supersaturation by the condition: 

[0085] Where 6W* is the Work of formation of a critical 
nucleus and kT is the Boltzmann factor. At high supersatu 
ration, the nucleation rate is very high causing the super 
saturation to drop rapidly. Since the critical particle siZe is 
inversely proportional to the degree of supersaturation, the 
critical particle siZe increases greatly during precipitation. 
The decrease in supersaturation can cause smaller particles 
to dissolve because they are no longer larger than the critical 
nucleus siZe. The competition betWeen nucleating particles 
and critical nucleus siZe inhibits groWth of the particle 
distribution. The average particle siZe is initially governed 
by the nucleation process and smoothly transitions to a 
regime governed by coarsening. The groWth stage is 
bypassed because all the supersaturation is consumed during 
nucleation and coarsening. This analysis shoWs the critical 
particle siZe and coarsening rate as the parameters that 
control particle siZe and, thus, strength. The critical particle 
siZe varies directly With particle/rnatriX interfacial energy 
and inversely With therrnodynarnic driving force. 

[0086] Montgomery, Olson and coWorkers have corn 
pleted a comprehensive study of MZC carbide precipitation 
in AF 1410, a commercially available Co—Ni UHS steel. 
The alloy Was austeniZed at 830° C. for one hour and 
tempered at 510° C. The folloWing graphs (2.2) present the 
results from the AF 1410 studies. 
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[0087] The top graph shows the MZC carbide particle size 
represented as the diameter of a sphere of equal volume to 
the rod-shaped carbides. The second plot shoWs that the 
aspect ratio of the carbides increase from 2 to 4 as the 
carbides evolve from nucleation to coarsening. The third 
plot shoWs the evolution of particle number density and 
volume fraction. The plot shoWs a smooth transition from 
nucleation to limited groWth to coarsening. The number 
density remains constant from approximately 0.5 to 1.0 hr 
shoWing that nucleation has been completed and the par 
ticles are groWing. From 1.0 hr to 2.0, the number density 
increases corresponding to re-nucleation. After re-nucle 
ation, the carbide siZe increases due to coarsening. Volume 
fraction data shoW that precipitation is nearly complete after 
10 hours. The fourth plot shoWs measured lattice parameters 
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of the carbides. Coherency of the MZC particles is main 
tained during early stages of tempering by carbide compo 
sition shifts to reduce the lattice parameter. The particles are 
coherent With the matrix up to about 10 hours and incoherent 
after 100 hours. The ?nal plot shoWs the evolution of 
hardness. The material is hardest after 0.5 hours, corre 
sponding to an equivalent particle siZe of approximately 3 
nm. 

[0088] Similar studies have been conducted on Aer 
Met100. Aermet100 is a commercially available Co—Ni 
UHS steel Which has superior properties to AF 1410. Yoo, et 
al. have shoWn the aspect ratio of MZC carbides to be nearly 
constant at 3:1 during tempering in AerMet100, as seen in 
the folloWing graph 2.3. 
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[0089] Results from a SANS study of the AerMetlOO 
carbide dispersion, conducted by Jernian are shown in the 
following graphs 2.4. 
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