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perties of (infinite) periodic crystals. However a sur-
face (both free and internal, such as grain boundary or a
stacking fault) can also be treated by this method. 1In

order to do so one constructs a supercell containing elements
of structure simulating the surface of interest. In the case
of a free surface, one can include layers of empty spheres
simulating the vacuum. Fig. 1 schematically illustrates

such a cell.

Bulk

Surface
Vacuum

Surface

Atoms L
- Bulk

Surface

s%wgrtgs = Vacuum

-'—'l', Bulk
Atoms SO

Surface
Vacuum

Surface

(b)

5 Surface
C —
(a) 2 f M 2

Figure 1. Simulation of surfaces in supercell approach
a) Supercell; b) The corresponding infinite
array of slabs.

The supercell should be as symmetric as possible in
order to reduce the size of irreducible wedge of the corres-
ponding Brillouin zone. The infinite crystal, built of the
thus constructed supercells consists of slabs of atoms
separated by "cushions" of vacuum (Fig. 1.) To simulate the
(100) surface of BCC iron, we have constiucted 3 tetragonal
supercells, each containing 16 atoms. These are shown in
Eiiglon 2
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) pure Fe; b) layer of

Figure 2. 16 atom supercells; a

) Layer of Ni atoms

below the surface; S-"surfaces", C-central

Ni atoms on the surface; ¢

layers; d) The reference 6-atom supercell.
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The pure iron surface is represented by supercell (a).
It contains 11 Fe-atoms and 5 empty spheres. If translated
along the X, Yy, and 2z axis, an infinite system is generated
consisting of infinitely wide (in -z and -y directions) slabs
of 11 layers of Fe-atoms, separated by vacuum (5 layers of
empty spheres). The size of the supercell has been chosen so
that the central layer of Fe-atoms (C) would be far enough
from the two surfaces (S) in order to be almost "bulk"-like.
On the 6ther hand, the thickness of the vacuum cushions
should be sufficient for the two adjacent surfaces not to
significantly interact.

In supercell (b) the surface layers of Fe atoms are
replaced by Ni-atoms; both the dimensions and the overall
number of spheres of supercell (a) are preserved. In super-
cell (c) we substitute the layer of Fe right below the sur-
face with Ni.

According to thermodynamic definition, the surface
energy y can be expressed as:

£ supercell _g reference
LE (1)
20

where E reference js the energy of the same atoms in the
bulk environment; o is the surface area per atom and

the factor 2 in the denominator appears because the super
cell contains two surfaces.

In the case of the pure iron surface (a), the
reference system is simply eleven iron atoms in bcc
coordination, i.e.

reference
E = 11gFe,BCC

In cases (b) and (c) the reference system has to contain
two isolated layers of Ni atoms in bulk of iron. In order to
simulate such a system, we constructed a reference 6 atom
supercell consisting of one Ni and 5 Fe atoms (Fig. 2(d)).
Then Ereference in "Eq.(1) can be approximated as:

fleference FecNit = Fe,bec
E =2k =1
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The results of our calculations are presented in the
next section.

4. RESULTS

Bond-Counting Model

Before discussing the results of the supercell calculations
it is worthwhile to mention a simple empirical method of esti-
mating the surface energy (see, e.g. [31]) The method is based
on counting the number of broken bonds when an atom is removed
from the bulk onto the surface, using the regular solution
model. In the case of a pure component A, the surface energy,

Yp is simply:

7V €/-\A

Yyt —— (2)
2 20

where ZV is the number of vertical bonds made by the atom to
each of the adjacent atom layers, and ¢AA is the A-A inter-
action energy. In Eq. (2) only the nearest neighbors are
taken into account.

Making use of the same supercells (a)-(d) and the defini-
tion of the surface energy, Eq. (1), more general expressions
allowing for interatomic interactions within two shells of
neighbors can be written:

Zv AA sz AA
+
e, Ll 2 (3a)
20
v AA v AB v AA
SRt e (3b)

20

()e. L1 81 * 1y e (3¢)
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A AA AA
AHgyb =-% (Zy e1 + I3 e ) el

Here Zlv and sz are the numbers of vertical bonds (and Z;

Z, are the total number of bonds) of first and second neighbors,
respectively, e;,PA and e1,AB are the interaction energies

for the first and second neighbors of pairs A-A and A-B. A
corresponds to Fe while B represents Ni. Eq. (3d) expresses
the heat of sublimation in terms of the interaction energies.

In a simplest estimate which neglects the second neighbor
interactions, the interaction energies ;A and e;AB can be
easily found from the heats of sublimation and mixing (321,
giving the values:

Fe-he
€1 =- 103.48 kd/mole
Fe-Ni
€1 =- 107.22 kJ/mole

Estimates of the surfaces energies according to Egs. (3a-c)
are given in Table 1.

TABLE 1

(a) Free iron surface| vy =
(b) Ni on surface yb = 4,439.4
(c) Ni below surface yC = .

The bond-breaking method is known [31] to overestimate

the surface energies by a factor of 2; The exgerimenta]

high temperature value of yFe is 3,100 m J/m" [33]. The
above simple estimate does predict that Ni atoms on the sur-
face result in an increase of the surface energy. With only
nearest neighbor interaction included, the Ni atoms below
the surface, of course do not affect the surface energy
(case (c) above).
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LMTO-ASA Calculations

The scalar relativistic calculations were done on a
uniform mesh of 50 points in the irreducible wedge of the
tetragonal lattice for all supercells of Fig. 2.

As we mentioned earlier, LMTO-ASA-Stoner technique
enabled us to calculate separately the nonmagnetic and
magnetic contributions to the surface energies. The table
below summarizes the corresponding results for supercells

(a)-(c):

Table 2
SURFACE ENERGIES

Y ,Mm J/m2

Total Magnetic
contribution

y(a) 4,896 -666
v (b) 5,298 -148
y(c) 54,562 -678
y(b)-y(a) 402 518

As one can see, the ferromagnetic contributions to
the surface energies are negative. Ni on the surface, case
(b), makes the surface energy rise; this enhancement, is al
entirely due to decrease in the magnetic contribution.
The Tayer of Ni atoms below the surface, (c), results in
even stronger effect, though the magnetic contribution in
this case is virtually the same as in the pure iron surface

(a).

The calculated magnetic moments of each atom presented
in Table 3 provide further insight into the effect of Ni.
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TABLE 3
MAGNETIC MOMENTS

Magnetic Moments ug/atom
Layers
Supercell c S-4 S-3 S-2 S-1 S
(a) 2.20 2.11 2.24 2.27 1.91 2.95
Ni
¥
(b) 2.23 2.15 2.26 2.29 2.31 0.7¢6
Ni
¥
(c) 2.22 2.23 2.19 2.60 0.0 2.79
c Ni C
¥
(d) 2.26 2.08 2.52 0.0 2.52 2.08 2.26

First, in the pure ironsurface., the magnetic moment of the
surface atoms is almost 40% higher than that in the bulk.
This effect was reported earlier [8,9] and is believed to be
due to the emergence of a band of electronic surface states
around the Fermi level. The oscillations of the magnetic
moment we observe here had been also reported earlier [8,9],
though very recent calculations by the FLAPW method do not
confirm this result [35].

The drop in the maynetic contribution to the surface
energy upon placing Ni on the surface results from the fact
that the surface Ni atoms have a magnetic moment 4 times
weaker than that of the Fe-atoms.

Ni in the bulk is only weakly ferromagnetic, as com-
pared to Fe. In the stable FCC phase of Ni, m=0.56 uB/atom
[36], while in the metastable BCC, m=0. 18 uB/atom [37].
The iron environment about the Ni-surface strongly enhances
the magnetic moment. The obtained value of 0.76 uB/atom
agrees very well with the recent result found from a spin-
polarized calculation by FLAPW [38]. This enhancement how-
ever, should also be attributed to the electronic surface
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states: unexpectedly, the iron environment in the bulk
leaves Ni atoms nonmagnetic.

The two Tlast lines of Table 3 show the distribution of
magnetic moment in the Tayers for supercell (c) with Ni
below the surface, and the reference supercell (d), where
the layer of Ni-atoms is placed into the "bulk" environment
of Fe. In both cases Ni is nonmagnetic ("C" in case (d)
denotes the central Fe-layer - see Fig. 2).

From this table one can also see that substituting Fe for
Ni on the surface strongly perturbs only the magnetic moment
of the nearest Fe-layer, leaving those of the other layers
virtually unchanged. The perturbation caused by the Ni Tlayer
below the surface is stronger. Note that the magnetic moments
of the central layers ("C") of the four supercells: (a)-(d)
are virtually equal to that of the Fe-atoms in the bulk BCC
(2.2 uB/atom), which indicates that the dimensions of the
supercells are adequate.

The obtained information on the surface energies can be
used for estimating effective interatomic interaction ener-
gies. If only two shells of neighbors interact, then Egs.
(3a—dg are sufficient for calculating By (In Eq. (3d) A
Hsub "®=-413.798 KJ/mole [32]). Table 4 summarizes these
results.

TABLE 4
INTERACTION ENERGIES FOR TWO SHELL NEIGHBOR MODEL

Energy KdMole

Fe-Fe Fe-Ni
€ (=
€1 -160.25 -164.02
€9 +75.7 +42 .4

These results indicate that interatomic interaction
potentials in Fe and Ni have oscillating character. The
nearest neighbors attract each other, while the second
neighbors undergo repulsive interaction. Interaction of the
third neighbors is probably not negligible; however, the
corresponding potentials canpot be calculated from the data
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available, unless a hypothesis is adopted regarding the
ratio e3/es.

The surface energies we calculated from the LMTO-ASA
method agree in general with those found from the simple
near neighbor bond-breaking arguments. Like the latter, they
are some factor of 1.5 greater than the experimental values.
The discrepancy of the bond breaking values is most probably
due to the fact that the total energy (or the heat of
sublimation) is not, in fact, just the sum of interaction
energies. A constant, volume-dependent term should be
added. On the other hand, the main source of overestimate
of the LMTO-ASA surface energies is probably in poor approx-
imation of vacuum by empty spheres and neglecting lattice
relaxation effects. The deyree of overestimation is not
certain, however, as the actual low temperature surface
energy (and Griffith fracture work) may be much higher than
indicated by high energy experiments due to the absence of
the entropy contributions important at elevated temeperatures.

CONCLUSIONS

In applying our results to the problem of cleavage on
the (100) plane in BCC iron, one may conclude that ferroma-
gnetism is a major factor in resistance to decohesion on
this plane. The surface energy has a strong negative mag -
netic component. Atoms of Ni on the iron surface are much
less ferromagnetic, and thus appreciably increase the sur-
face energy and (Griffith fracture work) due to lowering the
magnetic contribution. The surface energy increases even
more strongly if Ni is present below the surface. This
effect, however, is purely chemical: the overall magnetic
contribution to the surface energy is virtually the same as
in the case of the pure iron surface. The Ni-atoms below the
surface are nonmagnetic. Although actual surface energy
predictions are not yet in good agreement with experiment
the predicted trends with Ni atom positions offer valuable
insight into the electronic basis of a technologically
important alloying effect on fracture toughess.

Further calculations using these methods are now beiny
directed at the mechanism of phosphorus embrittlement of Fe
grain boundaries. Supercells have now been constructed for this
problem (39) and initial calculations indicate large magnetic
contributions to the grain boundary energy in Fe. From an
understanding of the electronic basis of P embrittlement,
further calculations could guide the design of multicomponent
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grain boundary compositions to exploit ternary electronic
interactions enhancing boundary resistance to embrittlement by
impurities including hydrogen. Design at this level offers the
greatest potential for major property advances..
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ABSTRACT

The mechanism of cleavage in bee Fe has been investigated with electronic struc-
ture calculations and compared to similar calculations modeling cleavage in other bec
materials (Li, Nb, Mo). It has been found in the bce materials we have studied that
those known to undergo (100) cleavage show enhancement of the density of states
(DOS) on the virtual surface layer as the material is strained to failure. Using total
energy calculations it is shown that there is a point of inflection (corresponding to
the point of maximum force versus displacement) in the total energy at nearly the
same point as the maximum enhancement in the DOS. We conjecture that this point
represents the transition state for the fracture process. Extending these ideas, the
electronic structure near a Fe(111) grain boundary has been calculated both with
and without segregated P. We find clear evidence for the formation of a P band of
states, suggesting the existence of P-P interactions within the segregated layer. A
chemical model of strain-induced bond failure is suggested in which bonds parallel to
the fracture surface compete with the cohesive Fe-Fe bonds normal to the surface.

INTRODUCTION

Our approach to the study of mechanical behavior of metallic materials, and to
the study of fracture in particular, has been to use first principles quantum mechanical
calculations to study the electronic structure of a host of materials which exhibit a
variety of mechanical responses. Then correlations between the known mechanical
properties and features observed in the calculated electronic properties are used to
provide a microscopic understanding. This is an extension of the method by which
the structure property relationships of metallurgy were established and represents an
extension from the recovery of relationships between crystal structure and properties.

Until recently, a first principles study of fracture has been complicated by an
inability to model the fracture process. Therefore, the correlations which have been
established are between features of the intrinsic mechanical behavior and the electronic
structure of the starting (unfractured) material (1). By far the more interesting and
technologically rewarding area of investigation is the electronic evolution
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associated with the fracture process. It is, after all, the competition between the
evolution of a crack and the emission of a dislocation which represents the deformation
process. Therefore an initial understanding of the changes in the electronic structure
accompanying cracking is an area which must be studied before a complete electronic
understanding of deformation can be obtained.

In this paper we use the layer Korringa-Kohn-Rostoker (LKKR) electronic struc-
ture technique (2,3,4) to study the evolution of the (100) cleavage process in bcc Fe
and the properties of an ideal Fe(111) grain boundary and the electronic influence of
segregated P impurities at this boundary. The LKKR approach provides an accurate
and elegant solution to the Schrodinger equation, within the self-consistent field and
local spin density approximations, for an infinite solid and only assumes translational
symmetry in two directions. The method models an isolated defect by embedding a
slab containing the defect in two semi-inifinite bulk regions and since Fe is magnetic,
allows spin-polarization of both bulk and interface regions. The mathematical details
and physical approximations involved in LKKR interface calculations are discussed in
detail inRafs. (2,3,4), and rather than reproduce the details here, we refer the reader
to these papers. The technique is thus ideally suited for studying interfaces in bulk
materials such as the (111) grain boundary as well as the cleavage process.

RESULTS
e (100) cleavage of Fe
The initial studies of cleavage on the (100) planes of Fe were undertaken by

modelling a simple interface in which only two interplanar spacings were expanded
from the bulk. This geometry is shown schematically in Fig. 1.

layer 2 3 4 5

bulk bulk

}

dilated region
Figure 1: Interface chosen to model (100) cleavage



Fig. 2a: Fe cleavage 10% expansion
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Fig. 2¢c: Fe cleavage 42% expansion
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Fig. 2d: Fe cleavage 50% expansion
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Four calculations have been performed corresponding to expansions between layers 4
and 5 of 10%, 30%, 42% and 50% over the bulk interplanar spacing. The DOS for
each of the layers as a function of separation for both majority and minority spins
is shown in Fig. 2. Beginning with the initial dilation of 10% (Fig 2a) the DOS
near the Fermi energy on the center layer (layer 5) is enhanced relative to the bulk,
this is particularly apparent on the spin down band. This enhancement is maximum
somewhere between 30% and 42%. (Figs. 2b and 2¢) The 42% expanded layer spacing
(Fig. 2d) produces a central three layer region where the structure is rigorously fec.
We have postulated in a previous work (5), using ideas suggested by Bader et al. (6)
for identifying bonds from structures in the total charge density, that by symmetry
fce crystals only have first neighbor bonds though bce crystal have both first and
second neighbor bonds. Thus the 42% expansion corresponds to the breaking of the
second neighbor (100) bonds, present in all bee materials, at the interfacial layer and
should correspond to the maximum in the force versus displacement curve. To confirm
this, the total energy for the four layer separations has been computed and is shown
graphically in Fig. 3. We expect the maximum in the force versus displacement
curve to correspond to a point of inflection in the total energy versus separation curve
of Fig. 3. As is clearly seen such an inflection point exists between the 30% and 42%
dilations. Further confirmations is provided in Fig. 4, where the electronic pressure,
which corresponds to an average pressure, Is plotted. A maximum in the electronic
pressure is seen at approximately the same expansion as the inflection point in the
total energy.

We take all of this information as a strong indication that the maximum in the
force versus displacement curve occurs near an interlayer spacing where the coordina-
tion is locally fce and thus the second neighbor bonds that exist, by symmetry within
the bee structure are being broken. At this interlayer spacing, we postulate, that the
second neighbor bonds parallel to the virtual fracture surface are competing with the
second neighbor bonds across the fracture surface. At greater interlayer spacing the
formation of bounds parallel to the surface are energetically more favorable than those
across the interface and serve to lower surface energy. Hence the point of maximum
strain during (100) cleavage is the point where bonds normal to the fracture surface
are exactly compensated by bonds parallel to the fracture surface. This conjecture
is consistent with the enhancement of the DOS near the Fermi energy (Er) on the
forming surface layer. An enhancement of the DOS near Ep is a feature we associate
with the changes in bonding from perpendicular to parallel to the interface resulting
from the lifting of degeneracy along (100) directions by the strain. In an alternative
picture, the DOS near Ef is a measure of the susceptibility of a system to respond
to some external perturbation. In our case the external perturbation is a stress and
the response is a strain. The enhancement of the DOS near Er on the central layer
suggests that the atomistic mechanism for cleavage is strain localization to the atomic
bonds across cleavage plain. In the limit of infinite separation, two free surfaces are
formed in which atomic relaxations at these surfaces will be small compared to that
between the surfaces. Thus the strain can be thought of as fully localized between
these two surfaces.
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e Electronic Structure near a (111) grain boundary in Fe

If all fracture, including environmentally induced embrittlement, is to occur by
similar atomistic mechanisms then we may expect that fracture in general is the result
of a competition between bonds normal and parallel to a virtual fracture surface.
Further, the point of maximum bond strain should be characterized by states crossing
Ep, signified by some enhancement in the DOS near Ep, as in the cleavage example
discussed above. Extending these ideas, a Fe (111) grain boundary with and without
segregated P has been investigated with the LKKR approach. The unrelaxed ¥ 3
grain boundary structure which we have examined is formed by joining a stack of
(111) planes with its mirror image. The P atoms are placed in the centre of the
trigonal capped prisms formed at the grain boundary. This site gives a hard sphere
radius to be almost identical to that of the P covalent radius, thus we expect this to
be the likely segregation site at this boundary.

In accordance with our conjecture we expect that if P embrittles this (111) bound-
ary then we would find some enhancement of the DOS near Ep on the boundary layer.
Accordingly, Fig. 5 shows the DOS for this grain boundary with (Fig. 5b) and with-
out (Fig. 5a) segregated P. There is significant contraction of the d-bands at the
boundary which is a direct result of the reduced coordination at the boundary. As
a consequence, the magnetic moment is enhanced from the bulk value of 2.2uB to
3.6uB at the boundary layer. Fig, 5a shows a small enhancement of the DOS near Er
on the boundary layer in the minority band only. The influence of P on the Fe(111)
boundary is shown in (Fig. 5b). The DOS for the interface layer is broken down into
P and Fe contributions. On summing these two contributions we find an enhancement
in the minority DOS near Er on the boundary layer (layer 4). There is also significant
P-P and Fe-P interactions as evidenced by both the peak at -10eV in the P DOS and
the broad band features between 0 and -6eV of Ep. As expected, the influence of the
P atoms on the magnetic properties of this boundary is to dramatically reduce the
moment to 2.6uB by forming Fe-P bonds. The effect of the P impurities is to form
P-P and Fe-P bonds which will be predominantly parallel to the interface, suggesting
a weakening of the interface. The overall features of this boundary are similar to
those seen in both LKKR, and cluster calculations on Ni(210) boundaries both with
and without segregated S (7). The analogy with the (100) cleavage of Fe would be the
formation of P-P and P-Fe bonds parallel to the boundary that compete with Fe-Fe
bonds normal to the boundary. This places a strong constraint on the geometry at a
brittle boundary. If we assume that P will occupy the interstices of trigonal capped
prisms then a condition for a brittle boundary would be that these trigonal prisms
shared edges within the boundary. Thus strain normal to the boundary will create
a condition in which the formation of P-P bonds parallel to the boundary complete
with the strained Fe-Fe bonds normal to the boundary. Note the formation of the
P-P bonds parallel to the boundary will also act to lower the surface energy, thus
promoting the tendency for P to embrittle Fe.
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CONCLUSIONS

The electronic structure of simple geometries representing an Fe(111) grain bound-
ary and Fe(100) cleavage has been calculated with the spin polarized LKKR tech-
nique. In the cleavage calculations we find that the point of inflection in the energy as
a function of separartion is close to the point where, by symmetry, the second neigh-
bor bee bonds at the interface are broken. A signature for this is an enhancement of
the electronic DOS near EFp. Calculations are currently under way to test whether a
significantly different DOS near Ep can be generated by packing polyhedra contain-
ing segregated impurities which either are noninteracting or share corners, edges, or
faces. In the grain boundary calculations, we find clear evidence for the formation of
both P-P and P-Fe interactions, suggesting the weakening of the interface by pref-
erential bonding in the plane of the interface. A chemical model of strain-induced
bond failure is suggested in which impurity-impurity bonds parallel to the fracture
surface compete for the cohesive Fe-Fe bonds normal to the surface. Such a situation
is conjectured to produce the enhancement of the DOS near EF consistent with the
changes thought to be a prerequisite for brittle failure.
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INTRODUCTION

Ultrahigh-strength martensitic steels tempered
to a high hardness (stage one) are extremely
sensitive to environmental effects. Catastrophic
failures of structural components by intergranular
stress-corrosion cracking have resulted in loss of
1ife and extensive property damage. The mechanism
of failure is believed to be hydrogen embrittlement
from cathodic charging of the crack tip (1), and
grain-boundary segregation of certain tramp elements
and alloying elements are known to promote this
condition. The solution to this problem is a new
class of high-strength steels relatively insensitive
to environmental effects.

Bandyopadhyay et al.(2) have shown the effect
of reducing concentrations of certain elements on
the threshold stress intensity for hydrogen stress-
corrosion. Below a total of about 0.2 wt.% of Mn,
Si, and P, a significant improvement in the
threshold is achieved in a 4340-type steel with a
yield strength of 1450 MPa. Banerji et al. (3)
further showed that a small improvement is realized
in high-purity 4340 (low P and S), and a very
impressive fivefold improvement by eliminating Mn
and Si. The effect of chromium on intergranular
stress-corrosion cracking has not been clearly
established, but there is evidence through
thermodynamic calculations by Lee et al.(4) and Seah
(5) that the presence of chromium will increase
grain-boundary embrittlement.

Rare earth additions have been successful in
improving the resistance of many steels to temper
embrittlement by effectively gettering tramp
elements (6,7,8,9). Other research (4,10,11,12)
demonstrates that reducing chromium, manganese, and
silicon which are believed to interact with tramp
elements, phosphorus in particular, also improves
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resistance to temper embrittlement. The resistance
to intergranular stress-corrosion is likewise
improved by a reduction of these elements
(2,3,13,14,15), but the gettering of phosphorus is
more difficult because the concentration of P which
promotes stress-corrosion cracking in stage-one
tempered martensitic steels is 1 to 2 orders of
magnitude lower than the level causing temper
embrittlement. It is therefore necessary to produce
a phosphorus compound with the lowest solubility
product (highest thermodynamic stability) to
effectively getter low concentrations. Highly
reactive gettering agents are necessary to form
these compounds, but during conventional
solidification the principal products tend to be
relatively coarse oxide and oxysulfide particles;
however, via rapid solidification processing (RSP)
the gettering agent reacts to form a fine dispersion
of oxysulfide and metastable phosphorus compounds.

Recent research (16) on RSP of certain steels
reported a remarkable resistance to high-temperature
grain growth compared with the same alloy processed
conventionally. This stability was attributed to
grain-boundary pinning by a fine dispersion of
sulfide particles refined by RSP. It was then
Proposed (16) to take advantage of this rhenomenon
to improve sharp-crack fracture toughness of
ultrahigh-strength steels by high-temperature
austenitizing (900°C-1200°C). The result would be
the dissolution of void-initiating carbides without
the loss of blunt-notch toughness and tensile
ductility normally associated with grain coarsening.
Furthermore, in line with the fine grain sSize a
reduction of the ductile-brittle transition
temperature was observed in RSP steels (17). A
subsequent study (18) suggested that optimum grain-
coarsening resistance is afforded when the second-
phase dispersion has the lowest solubility in the
matrix. A thorough study of dispersed rhases in
conventional and RSP matrix steels by Hsu (19)
emphasized the potential of RSP to produce fine
dispersions of classical phases as well as creating
new metastable compounds resistant to dissolution at
high processing temperatures.

The present research (20) is a synthesis of
previous and on-going work in processing/structure/
property relationships to improve the resistance to
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intergranular stress-corrosion cracking in stage-one.
tempered martensitic steel. Combining the benefits
of RSP, late additions of highly reactive gettering
elements, and careful alloy selection, a novel
ultrahigh-strength RSP Ni-Mo-La steel has been
designed, processed, and evaluated. An extensive
review of available thermochemical data has been
conducted and simple thermodynamic and kinetic
models were used to select a gettering element and
to predict the likely products of sulfur and
phosphorus. These fine dispersions of highly stable
compounds then provide grain-coarsening resistance
during high consolidation and austenitizing
temperatures to maximize both mechanical properties
and stress-corrosion cracking resistance. The
results of this work are capable of providing a new
class of high-strength martensitic RSP steels.

Ni-Mo-La STEEL ALLOY DESIGN

Choice of Gettering Agent

A detailed review of the thermochemical
literature (21-27) was carried out and changes in
standard state were made to the 1 wt.% reference
infinitely dilute solution in liquid iron at 1600°C.
Table 1 lists selected compounds of phosphorus and
sul fur which are considered promising candidates.

TABLE 1

Selected Phosphorus and Sulfur Compounds

Phosphide Phosphate Sulfide Oxysulfide
LaP LaPOs Las La202S
CeP CePOs4 CeS Ce 2028
ThP ThPO4 ThS ThOS
YP YPO 4 YS Y2028

USs UuoSs
ZrO0S

From this group La and Ce were chosen as the best
gettering elements based on available data. The
free energy of formation for the phosphates is
approximated by comparison of the relationship



708

between A1P, Al1:03, and Al1PO,; which have known free
energies of formation in liquid iron. LaP, CeP,
La203, and Ce:03; free energies are also known, and
the phosphate is estimated by assuming LaPOs and
CePO,; have a relative stability between the
phosphide and oxide as in the Al-P system. A secon
method of approximation described in reference (22)
gave good agreement. These data are summarized in
Figure 1 where the rare earth phosphates are given
as dashed lines to indicate their uncertainty.

i i T I | | 1

50r |Based on 1 wt.X i.d. Selution] AIP\
. in Fe at 1600 °C
S| Metal(D, 000,50, P - 5
— e

-100

AG kcals/nol netal

-150

%EEV 1000 1100 1200 1300 1400 1500 1600 1708
Temperature, °C

Figure 1. Free energy of formation vs. temperature
on a mole metal basis for the metal, O, S, and P in
solution at 1600°C.

It is important to emphasize that the free energy i
extrapolated from the liquid iron (1500°C-1700°C) t
the austenitizing temperature range (900°C-1200°C)
for relative comparison of compounds where large
differences in free energy exist. It is expected
that there may be significant differences in the
solid-state solution thermodynamics which would mak
comparison at small differences in free energy
erroneous. The primary concern in this analysis is
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to assess the likely compounds that may form in
liquid iron from a superheat of 1650°C to a
supercooled liquid, and at low concentrations of
phosphorus and sulfur.

The relative stability of each compound is
dependent upon the Henrian activity of the species
present. Only certain compounds were chosen which
reflect the likely conditions in the melt at low
concentrations of phosphorus and sulfur. For
example, there are three known compounds of sulfur
in the binary cerium system, CeS, Ce3Ss, and Ce:2Ss.
It is not expected that CesSs and Ce2S3 will
precipitate under experimental conditions at low
concentrations of sulfur. A further analysis also
suggests that except at very high sulfur
concentrations and very low oxygen concentrations,
Ce;02:S is more stable than CeS. Therefore, two rare
earth (RE) systems have been chosen, Fe-RE-0-S and
Fe-RE-0-P, with the appropriate phases of RES,
RE.02S, RE:03, REP, and REPO;. The RE element La
was selected based on results presented in Figure 1
which indicates its greater gettering strength over
Ce. It is not possible to predict phase
precipitation from thermodynamics alone. In the

discussion section, nucleation kinetics will also be
considered.

Alloy Composition

The composition specifications are intended to
produce a novel ultrahigh-strength martensitic
structural steel with high hardenability and
resistance to stress-corrosion cracking. Table 2
compares the new alloy composition and 4340 steel;
the latter represents the strength and hardenability
desired, but lacks resistance to stress-corrosion at
high hardness. The carbon concentration was held
constant at 0.40% to provide the strength and
hardness in the stage-one tempered condition.

Nickel was increased to 2.00%, representing the high
side of the 4340 range, for cleavage resistance.

The grain-boundary Ni-P interaction is believed to
be weak and of little consequence when compared with
the benefit of Ni to fracture toughness. Molybdenum
was increased to 1.5% to offset the loss in
hardenability by the reduction of Mn, Si, and Cr
which are believed to promote segregation or co-
segregation with P and S. Based on simple
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thermodynamic models (4,5), molybdenum is expected
to enhance intergranular cohesion. The high

TABLE 2

Ni-Mo-La Steel Alloy Composition

Element, wt% Ni-Mo-La Steel 4340 Steel
C 0.40 0.38-0.43
Ni 2.00 1.65-2.00
Mo 1.50 0.20-0.30
Mn <0.01 0.60-0.80
Si <0.01 0.15-0.30
Cr <0.01 0.70-0.90
P 0.005 0.035 max
S 0.005 0.040 max

molybdenum concentration is not expected to result
in a segregation problem because, through rapid
solidification, the fine micro-segregation that does
occur will be readily homogenized during hot
consolidation due to the short diffusion distances.
The grain-coarsening resistance of RSP steels should
allow use of the higher solution treatment
temperatures required to dissolve molybdenum
carbides in this composition.

Phosphorus and sulfur were kept low deliberately
in the steelmaking and their concentrations in
solution were then further reduced by the gettering
effect of lanthanum. The lanthanum additions were
based on the concentrations of phosphorus and sulfur
together with the anticipated loss due to melt
crucible and atmosphere interaction. The following
mass balance modified to account for processing
losses represents the total lanthanum addition:

%Laapp=[8.7(%S)+4.5(%P)]1[1+%Loss/100] (1)

where 8.7 is the stoichiometric factor for La:0:S

and 4.5 corresponds to LaP or LaPO;. The %Loss in
the processing factor is assumed to be \50% and will
be discussed further in the next section. The

lanthanum addition was made as LaNis. This compound
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has a low melting temperature and excellent solution
characteristics in liquid iron.

Process Design

The highly reactive nature of lanthanum as a
gettering agent requires careful attention during
the process to prevent excessive melt/crucible and
melt/atmosphere interactions. The %Loss for
lanthanum additions represented in equation 1 is
reported to range between 20% and 80%, depending
upon processing. The atmosphere, crucible material,
holding time after the late addition, and surface
area to volume ratio of the melt are major
considerations. In this work, the %Loss, based on
an alumina crucible under the processing described
was expected to be about 50% and the reaction
products should include Al:0s;, LaAlOs and La:03.

EXPERIMENTAL PROCEDURE

Processing

The Ni-Mo-La steel alloy was processed at Pratt
and Whitney’s centrifugal atomization facility in
West Palm Beach, Florida. Two ingots, produced by
Republic/LTV Steel, were remelted and centrifugally
atomized in the 15 kg (33 1lb.) capacity unit. The
processing procedure included remelting of the
ingots, superheating to 1650°C, making the LaNis
addition, holding for 2 minutes, then atomizing in
helium. Powder consolidation was accomplished by
hot extrusion at 1100°C with a 20:1 reduction in
area. A small quantity of powder was HIP’ed at
1100°C for 2 hours at 30 000 psi for preliminary
study of hardness response to heat treatment, grain-
coarsening resistance, and STEM analysis of second-
phase particles.

The HIP’ed bar was austenitized at 900°C,
1100°C, and 1300°C for 1 hour, oil quenched, and
tempered 1 hour at 200°C. Extruded samples for
hardness evaluation were austenitized at 900°C,
1000°C, 1100°C, and 1200°C for 1 hour, oil quenched,
and tempered 1 hour at 125°C, 150°C, 175°C, and
200°C. Tensile specimens were austenitized at
1100°C for 1 hour, oil quenched, and tempered 1 hour
at 150°C, 175°C, and 200°C. Kic and Kiscc test
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. specimens were austenitized at 1100°C for 1 hour,
y 0il quenched, and tempered 1 hour at 200°C.

Mechanical Testing

Hardness measurements were made on the HIP'ed
samples using a Vickers micro-hardness machine
(diamond pyramid hardness) where multiple readings

were taken across the diameter. Rockwell C hardness
was taken on all extruded test samples and
mechanical test specimens. The tensile bars were

first machined into blanks, heat treated, then final
ground to ASTM specifications. The Kic and Krscec
specimens were of the half-size Charpy design.
Blanks were machined, heat treated, then finish
ground and V-notched. Fatigue pre-cracking was
performed on an Instron Hydraulic Servo Fatigue
machine according to the ASTM standard E399. Tensile
tests were conducted using an Instron testing
machine with a crosshead speed of 0.02"/min. and a
20 000 1b. load cell. Yield strengths were measured
at 0.2% offset according to ASTM standards. Kic
specimens were tested on the same machine in a 3-
point bend configuration at a crosshead speed of
0.01"/min., and the measured values taken at a 5%
secant line according to ASTM standards.

Rising-load Kiscc tests were conducted in the
3-point bend configuration with a small corrosion
cell attached to the V-notch containing a 3.5%
aqueous solution of sodium chloride. The crosshead
speed of 0.0002"/min. gave a stress-intensity rate
increase of approximately 0.9 ksi(in)!/2/min., which
is within the recommended limit given by ASTM-

STP 610 (28) (there are no ASTM standards for this
test). The exposure was prolonged further by an
initial incubation period of 1 hour at a stress
intensity of 5 ksi(in)!/2, followed by alternate
rising load and 1 hour holding at increments of

5 ksi(in)!/2 during which time the solution was
replaced. The 1 hour holding period was introduced
to increase the severity of the test. Constant-load
long-time Kiscc specimens were tested in a
cantilever beam fixture in contact with a 3.5%
sodium chloride aqueous solution which was changed
daily. This test was carried out to establish a
true minimum Kiscc value. The constant-load tests
were performed at the Army Materials Technology
Laboratory, Watertown, MA.
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Microscopy

The general martensitic microstructure was
clearly revealed using a nital or picral etch.
Etching for grain-size measurements was accomplished
with a solution of 10 g picric acid and 4 g sodium
tridecylbenzene sulfonate in 200 ml water. The
solution was heated to 60°C and continuously
stirred. Samples were swabbed for several minutes
until the desired structure was achieved, often
requiring repolishing. The ASTM E112 linear
intercept technique was used for grain-size
measurements.

Thin foils of the HIP’ed bar were prepared for
STEM analysis by the following procedure: samples
0.8 mm thick were sliced from a 1 cm diameter bar
using a diamond saw and ground by hand to
approximately 0.13 mm; 3 mm diameter discs were
punched and grinding was continued by hand with 600
grit SiC paper until the specimens were
approximately 0.09 mm thick. The discs were then
chemically thinned by jet polishing using a
solution of 10% perchloric acid (40 ml) and 90%
high-purity methanol (360 ml) at a bath temperature
of less than -35°C. Particles were analyzed on a VG
HB5 STEM by the x-ray energy dispersive analyzer
equiped with a windowless detector allowing light-
element analysis. AMR 1000 scanning electron
microscope fractographs were taken of the tensile,
Kic, and Kiscc fracture surfaces, and conventional
EDAX was used for chemical analysis.

RESULTS AND DISCUSSION

Processing

The experiments conducted at Pratt and Whitney
originally were to consist of two 15 kg (33 1b.)
heats, the first with a 0.15% addition of lanthanum
as LaNis, and the second with a 0.05% addition.
During the processing of both heats, the nozzles
froze off prematurely preventing complete
atomization of the melt. The metal remaining in the
crucible of heat 1 was then reprocessed with no
additional lanthanum added. The powder from these
three heats was poor in quality with irregular
shaped particles, some of which obviously were not
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rapidly solidified. The size distribution used for
consolidation was 2% -325 mesh (45.5 um), 10% -270
mesh (54.8 um), and 88% -80 mesh (185 um) including
the irregular particles. Chemical analysis and
examination of the microstructure revealed cross
contamination by Fe-Ni powder particles and high-
phosphorus steel particles from previous runs. For
the most part, the cross contamination remained
undissolved in the matrix, resulting in isolated
regions of contamination. The combination of
particulate and chemical contamination was most
severe in RSP heat 1 (0.06% La) and the general
cleanliness improved in heats 2 (0.025% La) and 3
(0.01% La). Although the lanthanum recoveries were
consistent with prediction, the excessive phosphorus
concentration was not anticipated and as a result,
there was insufficient lanthanum to getter all the
phosphorus. Fortunately, the high-phosphorus steel
powder did not completely dissolve and regions of
high phosphorus are believed to be localized.

Structure

Grain-coarsening behavior is summarized in
Figure 2 for both the HIP’ed and extruded material,

100 T T T T

80

EXTRUDED.
o 0.060% La
© 0.025% La
+0.010% La

HIP ed
® 0.060% La
e 0.0257 La

60 -
grain Size
o

40

20

| | | S |
900 1000 1100 1200 1300
fRustenitizirq Temperature, °C

Figure 2. Ni-Mo-La steel grain-coarsening
resistance; grain size vs. austenitizing temperature
(1 hour) for extruded and HIP’ed samples.
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where grain diameter in pm is plotted vs.
austenitizing temperature from 900°C to 1300°C.
Trends with lanthanum concentration reflect the
variation in second-phase volume fraction. The
0.06% lanthanum heats exhibit excellent coarsening
resistance, even at 1300°C. The low-lanthanum heat
also provides good resistance to coarsening up to
1200°C. This behavior attests to the very high
stability of the second-phase particles which are
pinning the grain boundaries.

STEM analysis of precipitates in the
consolidated material revealed three types of
particles smaller than 0.1 ym in diameter. The
smallest group consists of particles thought to
originate from melt/crucible reactions and are La-
Al1-0 (LaAlOj3) and Al-O (A1203). The second group

shown in Figure 3 represents examples of the desired

sulfur-containing precipitates and a corresponding
X-ray spectrograph. The cluster of oxysulfide

(st

e

A e P

Figure 3. STEM micrograph of La-0-8 (La2028))
precipitates and a typical X-ray spectrograph.

precipitates is not typical, but ijllustrates the
size distribution obtained which ranges from
100 A to 800 A. The third group, and most

significant, are the La-O-P precipitates believed to
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be LaPO,;. Figure 4 shows a typical particle with
corresponding X-ray spectrograph.

(T
—

Figure 4. STEM micrograph of La-O-P (LaPO,)
precipitate and corresponding X-ray spectrograph.

This phase has never before been reported in steel.
Particles are <0.1 pm in diameter and are uniformly
dispersed in the matrix. Just as significant as the
creation of this new phase is the fact that
phosphorus and sulfur were not observed in the same
particle. This means that the LaPO4; and La.0:S
precipitation events were completely independent,
and not sequential as previously reported (8,9,24),
in conventional steel processing where phosphorus
nucleates as Fe3;P on oxysulfide particles, or not at
all. Furthermore, the low thermodynamic stability
of Fe3P allows phosphorus to dissolve during
austenitizing and this does not occur with LaPO,.

Thermodynamic and Kinetic Models

The selection of a gettering agent was based
primarily on the solution thermodynamic properties
of compounds in the Fe-La-0-P and Fe-La-0-8 systems.
The two phases selected as the most stable compounds
of phosphorus and sulfur were LaPO,; and La:0:S. The
experimental results indicate that these phases, or
at least phases of very similar composition, have in
fact been produced for the first time by late
additions of lanthanum and RSP. To further
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understand the role that these precipitates play in
phosphorus and sulfur gettering, phase stability and
classical nucleation models have been developed and
are presented in the following section. All the
phase stability calculations are based on Henrian
activity given by:

hi = (wt.%i){(f;) (2)

where wt.%i is the composition of species i in
weight % under the given conditions, and f; is the
Henrian activity coefficient of i.

Construction of the Fe-La-0-S phase stability
diagrams are based on the following equations:

2La(%)+30(%)=La203(s) (3a)
ho=(hya2Ksz)-1/3 (3b)
La(%)+S(%)=LaS(s) (4a)
th(hLaK4)'1 (4b)
2La(%)+20(%)+S(%)=La:025(s) (5a)
hs=(hra?ho2Ks) -1 (5b)
LaS(s)+La(%)+30(%)=La203(s)+S(%) (6a)
hs=hiaho3Ks (6b)
Lazozs(s)+9(%)=Lazoa(S)+§(%) (7a)
hs=hoK7 (7b)
LaS(s)+La(%)+20(%)=La202S(s) (8a)
ho=(hraKsg)-1/2 (8b)
where
Kizexp(-AGi/(RT)) (9)

Elements expressed as i(%) are in solution and (s)
represents the bulk solid compound. Equations 3, 4,
and 5 represent the equilibria between the bulk
compound and the elements in solution in liquid
iron. Equations 6, 7, and 8 are the equilibria
between the two bulk phases and the corresponding
elements in solution in liquid iron, and are the sum
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of equations 3+(-4), 3+(-5), and 5+(-4),
respectively. Figure 5 is a schematic
representation of the combined solubility surface
for equations 3(La:035), 4(LaS), and 5(La:0:S). The
intersections of these surfaces are defined by
equations 6, 7, and 8.

|

La,0,5

Figure 5. Schematic representation of the
solubility surface in the Fe-La-0-S system at a
given temperature in the range of interest.

Construction of the Fe-La-0-P phase stability
diagrams are based on the following equations:

La(%)+P(%)=LaP(s) (10a)
hp=(hraKio) -1 (10b)
La(%)+P(%)+40(%)=LaPO4(s) (11

hep=(hyaho4K;1) -1 (11

LaP(s)+La(%)+30(%)=P(%)+La203(s) (12a)
hp=hiraho3K; 2 (12b)
LaPOs(s)+La(%)=P(%)+0(%)+La:03(s) (13a)

hp=zhiaKis/ho (13b)
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LaP(s)+40(%)=LaPOa(s) (14a)
ho=Ki4-1/1% (14b)

Equations 3, 10, and 11 represent the equilibrium
between the bulk compound and the elements in
solution in liquid iron. Equations 12, 13, and 14
are the equilibria between the two bulk phases and
the corresponding elements in solution in liquid
iron, and are the sum of equations 3+{-10), 3+(-11),
and 114(-10), respectively. Figure 6 is a schematic
representation (6a for T>1475°C and 6b for T<1475°C)
of the combined solubility surfaces for equations
3(La:03), 10(LaP <1475°C), and 11(LaPOa4). The
intersections of these surfaces are defined by
equations 12, 13, and 14.

3 Fe-La-0-P
¢1475°

Fe-La-0-P
>1475°C

Figure 6. Schematic representation of the
solubility surface in the Fe-La-0-P system; a)
>1475°C, b) < 1475°C.

Table 3 (21-27) lists the free energy of
formation from liquid iron used in equation 9 to
calculate the chemical equilibrium constant Ki for
reaction equations 3-14. Figures 5 and 6 represent
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the phase stability surfaces at constant temperature
that are of interest in this study. A composition
(activity) that lies below this surface has all

TABLE 3

Free Energy of Formation from Liquid Iron
for the Fe-La-0-S and Fe-La-0O-P Systems

Equation No. Compound Free Energy, cal/mol
3 La 203 -344 865 + 80.5 T
4 Las - 91 750 + 25.5 T
5 La20:8 -320 340 + 71.9 T
6 3+(-4) -253 115 + 55.0 T
7 3+(=-5) - 24 525 + 8.6 T
8 5+(-4) -228 590 + 46.4 T
10 LaP - 55 580 + 31.8 T
11 LaPO4 -327 282 +105.0 T
12 3+(-10) -289 285 + 48.7 T
13 3+(-11) - 17 583 - 24.5 T
14 11+(-10) -271 702 + 73.2 T

elements in solution. If one or more of the

components are increased and/or the temperature is
decreased, the bulk composition moves beyond this
surface and the liquid iron becomes supersaturated.
When this occurs it is thermodynamically possible
for the appropriate phase to exist, but without
knowledge of kinetic factors, precipitation cannot
be predicted.

In the following discussion, a hypothetical
composition in Henrian activity of 0.1, 0.001,
0.005, and 0.005 for La, O, S, and P, respectively,
is used for illustrative purposes. This composition
is believed to be reasonably close to the processing
conditions. However, since the interaction
coefficient for lanthanum is uncertain, only a rough
approximation of wt.% can be made for La, P and S.
Therefore, all calculations are performed in terms
of Henrian activity.

A calculated Fe-La-0-S phase stability diagram
is plotted in Figure 7 as hs vs. ho at constant hya
(0.1) and decreasing temperature from 1650°C. The
composition at point A is just inside the La;0,
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phase field where La:02S is metastable. With
decreasing temperature, the equilibrium line between
La203; and La:0:S shifts to lower oxygen and higher
sulfur activity favoring the oxide phase. This
diagram indicates that at 1650°C La203 is stable in
the melt, but with a small degree of deoxidation,
La20:S becomes stable, and this condition will
prevail with a decrease in melt temperature.
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=7 -6 -3 =4 <3 =0 =1 ] 1 2 3 4 3 6 7 8
=10 eI 30t 810 8 B 011 tm (a0 ) WS 111 TSI WE UV | WS 831 NS IV EBRS I ERSSTH S8 EDELI EBE SN
3 1350° 3 E
» E Fe 0°cC Las 3
3 leem e o 1450°C E
-8 ¢ Q‘ 3
| 1550°¢ 1

-7

is&§ - 5 1650°C

h-Oxugen

-5
La 0.8
-4
-3

-2 La203

s mme LLAREE - LREE L LIEREE LR RS LIS KRN LR
Q
n° g

&
LLLL WL WL

-1 gt o lme ot ium g fliuae (UemShN e Ll i Ll JETTIT, SREEIT, WEET  EREnn- |

Figure 7. Phase stability diagram of 8 vs. O, in
Henrian activities, at constant La and decreasing
temperature.

A calculated Fe-La-0-P phase stability diagram
is plotted in Figure 8 as hep vs. ho at constant hra
(0.1) and decreasing temperature from 1650°C.
Metastable phases are shown in parenthesis and the
dotted line denotes the metastable equilibrium
between liquid iron and LaPOs. The stable phase is
La;03 at point A which is just above the metastable
phase field of LaPO4 at 1650°C. With decreasing
temperature, a significant movement of the
metastable LaPO; phase field is indicated. The LaP
phase field can be seen appearing at 1450°C in this
diagram. Analysis of the Fe-La-0-P system at 1850°C
indicates that La:03; is the only solid phase that
can exist until the temperature is lowered to
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approximately 1600°C at which point the metastable
LaPO4s phase is possible.

A summary of the possible phases that might
exist in the melt at 1650°C at the hypothetical
composition includes the stable phase La.03; and the

metastable phase La,0,S. With decreasing
temperature, the additional metastable phase LaPO,
is possible. This thermodynamic analysis indicates

what phases might be present under metastable
conditions, but does not predict their nucleation.

1250 1638 °C h-la  1,00-0L h-Phospharus
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Figure 8. Phase stability diagram of P vs. O, in
Henrian activities, at constant La and decreasing
temperature.

The following discussion is concerned with
supersaturation in liquid iron before solidification
begins and does not include solute rejection during
solidification. Under slow cooling,
supersaturations gradually build up in the liquid
until sufficient driving force is reached for
nucleation. Following this scenario, the first
phase to reach this critical supersaturation is
presumed to precipitate, followed sequentially by
the other phases provided they are thermodynamically
stable and the first phase does not deplete the
concentration to prevent critical supersaturation.
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During rapid solidification processing, when the
liquid is rapidly supercooled, but before
solidification begins, critical supersaturation
levels for oxygen are likely to occur for oxysulfide
and phosphate compounds simultaneously. The
supersaturation of oxygen with respect to the oxide
and oxysulfide compounds based on the hypothetical
composition of La and S is shown in Figure 7.

Points B and C represent the equilibrium oxygen
composition at 1650°C for La2:03 and La20:8,
respectively. The difference A-B and A-C represents
the relative amount of supersaturation. Assuming
all other conditions are equal between the two
phases, La2:0:8 has the greatest driving force to
nucleate, although the equilibrium diagram indicates
La203 as the stable phase. Furthermore, the driving
force increases significantly with decreasing
temperature.

A modified version of the classical nucleation
model by Turpin and Elliott (29) was adapted to
calculate the oxygen supersaturation ratio, minimum
critical interfacial energy required for nucleation,
and nucleation temperature. The parameters that are
specified include melt temperature, equilibrium
oxygen, melt oxygen, and for the compound, molar
volume, enthalpy, and interfacial energy, if known.
From this analysis, a rough idea of the kinetics of
the melt can be determined after late additions of
lanthanum. Data from the hypothetical composition
and melt temperature of 1650°C were used for La:03,
La.0:S, and LaPOi with the respective equilibrium
oxygen values from the phase stability diagram of
2.8x10-7, 6.0x10-°, and 1.7x10-3. The estimated
interfacial energy for all three compounds was taken
as 1.5 J/m2 which represents the midpoint of a range
of reported values. Assuming the same interfacial
energy, and a nucleation rate of 1/cm3/s, La 203,
La202S, and LaPOas have homogeneous nucleation
temperatures of 1842°C, 2059°C, and 1171°C,
respectively, indicating that the oxide and
oxysulfide should spontaneously nucleate in the
melt, and that the phosphate will require
significant supercooling to nucleate. The minimum
critical interfacial energy required for nucleation
at the melt temperature was calculated for the oxide
and oxysulfide. The interfacial energy for Laz203
must be less than 1.79 J/m? for homogeneous
nucleation to occur at 1650°C; likewise, the
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interfacial energy for La:0:S must be less than 2.33
J/m2, Although the actual interfacial energy values
are unknown for these compounds, it is not
unreasonable to predict that La:0:S has a greater
driving force for nucleation than La,03. The
results for LaPO,; indicate that if a high degree of
supercooling can be reached before nucleation of the
oxide and oxysulfide occurs, sufficient oxygen
supersaturation in the melt will exist to promote
nucleation of this phase.

The cooling rate of the liquid from the
superheat to the atomization temperature is equally
as important as rapid solidification. The
thermodynamic and kinetic models suggest that
through rapid cooling of the liquid and RSP, the
independent precipitation of LaPO,; and La20:S is
possible, whereas via conventional processing only
coarse La203 and La20:8 precipitates would form,
preventing the melt from reaching sufficient oxygen
' supersaturation to nucleate LaPOs. This explains
why the latter phase has not been observed before.
Future designs in atomizing and melt-spinning units
for application of this alloy/process system need to
address the cooling rate in the liquid before
solidification. Ideally, atomization should take
place at the superheat temperature.

The experimental results indicate a new La-0-P
(LaPO4) phase has been created and a known phase,
La-0-S (La:0:S) has been produced in a much finer
dispersion than previously reported. Both of these
rhases exhibit remarkable coarsening resistance.
After a total of three hours at 1100°C there was
essentially no measurable coarsening above 0.1 um.
This is consistent with the high thermodynamic
stability of these compounds. Comparing these
results with Hsu's (19) observations on RSP matrix
tool steels, the lanthanum phases have a smaller
particle diameter by nearly one order of magnitude
and exhibit greater coarsening resistance after
more severe thermal treatments.

Properties

Hardenability was not explicitly determined
because of the lack of material to produce Jominy
test specimens; however, examinations of small
sections cooled at known cooling rates compared with
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the continuous cooling transformation diagram of
4340 indicates that the hardenability was
comparable. Also, through hardness was achieved in
bars of 15 mm (0.591 in) diameter.

The hardness response to heat treatment is
summarized for the extruded material in Figure 9
comparing the three lanthanum levels for 1100°C
austenitizing. In each case, there is excellent
response to tempering temperature, and the 1100°C
austenitizing temperature provides the desired
hardness at a 200°C temper. Differences in the
three heats correspond to carbon variations.

59

58a Extruded at 1100 °C

L 20:1 RA
- nustenitlzgd 1 Hr
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Figure 9. Hardness response for RSP heats 1, 2, and
3. HRC vs. tempering temperature, austenitized
1 hour at 1100°C.

Results of the tensile tests for the 0.06% and
0.025% lanthanum heats are given in Figure 10.
Tensile specimens were not made for the 0.01% heat
due to a shortage of material. Excellent yield
strengths of 1718-1863 MPa (249-270 ksi) and
ultimate strengths of 2091-2456 MPa (303-356 ksi)
were achieved over the tempering temperature range.
The reduction in area suffered due to the cross
contamination present, particularly in the high-
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lanthanum heats.

The total elongation is given in

Figure 10 and, along with the uniform elongation

which was approximately 10% less, represents good
behavior at these strength levels.
specimen tempered at 175°C failed at the onset of
necking due to a large inclusion.

Ni-Mo-La Steel
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Figure 10. Combined tensile properties for Ni-Mo-La
steel, RSP heats 1 and 2. UTS, YS, %RA, and %Elong

vs. temperature.

The SEM fractograph of the tensile specimen
shown in Figure 11la is typical of all samples
tested. In all but one case, fracture initiated on
the surface at a large inclusion or Fe-Ni powder
particle. Figure 11b shows the remains of an
imbedded Fe-Ni particle at the initial point of
fracture. In the instance where failure did not
occur at the surface, it originated in a region of
gross contamination. Figure 12a illustrates an
undissolved Fe-Ni powder particle on the fractured
surface. The fracture mode was clearly dimple
rupture with void coalescence, as exhibited in
Figure 12b. The particles present in the dimples
were analyzed by EDAX to contain lanthanum, but no
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sulfur or phosphorus was detectable. Inspite of the
serious powder cross contamination present, the
tensile properties of this material are quite good.

Gl O 2BKY Xeee !5 EB Bi3
a b

Figure 11. SEM micrographs of Ni-Mo-La steel
fractured tensile bar; a) fractured surface, b) Fe-

Ni particle at fracture initiation point.

XS288 180 614

b

Figure 12. SEM micrographs of Ni-Mo-La steel

fractured tensile bar; a) Fe-Ni particle, b) typical
dimple ruptured fracture.
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The sharp-crack fracture toughness results
likewise suffered from the contamination, with low
readings for the dirtiest material and excellent
readings for the cleanest heat. The fracture
surface for RSP heat 1 is shown in Figure 13.

Figure 13. SEM micrograph of Ni-Mo-lLa steel
fractured Ki¢ specimen, RSP heat 1 at 5000X.

The corresponding stress-intensity values measured
for heats 1, 2, and 3 are 33-41 MPa(m)!‘/2 (30-

37 ksi(in)t/2), 44-51 MPa(m)!/2 (40-46 ksi(in)t/2),
and 59-67 MPa(m)1/2 (54-61 ksi(in)t/2),

respectively. The mode of fracture in the sharp-
crack specimens appears to be 100% ductile
discounting obvious areas of contamination. This

differs remarkably from 4340, which typically
exhibits partial quasi-cleavage at these strength
levels. At the center of Figure 13 a typical area
of contamination is visible, contributing to the low
toughness in heats 1 and 2.

Figure 14 compares a schematic cross section of

the four rising-load Kisce¢ test specimens. In the
case of the 0.06% and 0.025% lanthanum heats, the
extrusion can is contained in the sample. It was

necessary to use a heavy-walled container to make up
for an insufficient amount of powder for the
extrusion process in heats 1 and 2. Consequently, a
smaller diameter consolidated area was produced and
a portion of the can material had to be included in
the test specimen. The presence of the can material
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Figure 14. Schematic representation of corrosion
attack on Krscc specimens of Ni-Mo-La and 4340
steel.

has undoubtedly affected the stress at the crack
tip, resulting in premature mechanical failure and
not corrosion failure. The 0.01% lanthanum sample
was free of any can material and may be compared
directly with the 4340. On a qualitative basis,
looking at the four samples, there is a significant
decrease in the region of attack with increasing
lanthanum. Realizing that in the 0.06% and 0.025%
cases the stresses were probably higher, it appears
the lanthanum has been effective, particularly when
comparing the time of exposure. Assuming that the
loading was similar in intensity at the crack tip,
and comparing the first two specimens, the longer
exposure has significantly less attack with the
higher lanthanum.

Figure 15 compares RSP heat 3 with the VAR 4340
at the same hardness, and demonstrates a dramatic
difference in the mode of fracture, moving away from
pure intergranular fracture with increasing
lanthanum concentration. The stress-corrosion
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stress intensities for heat 3 and 4340 are

40.8 MPa(m)1/2 (37.1 ksi(in)!/2) and 11.2 MPa(m) /2
(10.2 ksi(in)!/2), respectively, indicating a
substantial improvement for the first time in the
resistance to stress-corrosion failure in ultrahigh-
strength steels.

Figure 15. SEM micrographs of Kisce¢ fractured
surfaces, a) RSP Ni-Mo-La steel heat 3, and b) 4340
steel.

A summary of the Kic¢ and the Kiscec results for
the Ni-Mo-La steels and VAR/ESR 4340 is given in
Figure 16. In the high-lanthanum heat, with good
gettering but poor fracture toughness, the Kiscec

approaches Kic. With improved cleanliness and less
effective gettering, the Kic improves with a
reduction of Kiscc. Due to the presence of the can

material in samples from heats 1 and 2, they cannot
be quantitatively compared with heat 3 and the 4340
samples. Heat 3 represents the cleanest case, and
at 0.01% La, has the least gettering effect while
the fracture toughness and resistance to stress-
corrosion is the highest. This implies that the
base material itself has good stress-corrosion
resistance. These values are compared with typical
VAR and ESR 4340 heats showing a significant
improvement for the same hardness. The solid lines
in the figure on the 4340 bars denote the range of
handbook data for this hardness level.
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Ni-Mo-La STEEL 4340
wigure 16. Comparison of Kic and Kiscc for Ni-Mo-La

steel (heats 1, 2, and 3) and VAR/ESR 4340 at HRC
54-55.

Long-time constant load Kiscec tests were
conducted on three samples, one at each level of
lanthanum, and these results are shown in Figure 17
compared with available ESR 4340 data (30). The high
and medium lanthanum samples (heats 1 and 2) failed
at 2 hours and 35 hours, respectively, and the low
lanthanum specimen (heat 3) survived the required
1000 ‘hours to establish an official Kiscc value.
All specimens were loaded to an initial 22 MPa(m)! 2
(20 ksi{in)?! 2} and, in spite of the significant
amounts of can material and severe contamination
near the can/sample interface, heats 1 and 2
displayed greater resistance to corrosion by
surviving longer than the 4340 at the same initial
load. The cleanest specimen from heat 3 at 0.01%
lanthanum survived 1000 hours at 20 ksi(in)t /2
representing at least a 100% improvement over 4340.
Examination of this specimen after 1000 hours
indicated that no measurable crack growth had
occurred. The extent to which the presence of the
extrusion can in the cross section of samples from
heats 1 and 2 has affected the stress-intensities
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Figure 17. Initial stress-intensity factor vs. time
to failure for ESR 4340 and Ni-Mo-La steel (30).

measurements is uncertain. The existence of a
region of relatively weak can material which was
included in the width dimension for stress-intensity
calculations is believed to have resulted in some
degree of higher loading on the crack tip.
Calculating a new stress-intensity value for heats 1
and 2 without taking into account the can material
results in a stress-intensity loading during the
constant load test of 34 MPa(m)1! 2 (31 ksi(in)1/2)
and 33 MPa(m)!/2 (30 ksi(in)t/2), respecfively.
These values are represented in Figure 17 as upper
limits to the corresponding data points for heats 1
and 2.

Summary

For the first time, highly stable fine
dispersions of LaPOs; and La:0,S have been produced
in a novel RSP steel by late additions of lanthanum
with the result of improved resistance to
intergranular stress-corrosion cracking. Excellent
vield and tensile strengths have been achieved with
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superior fracture toughness to 4340 at the same
hardness level. The fracture mode was 100% ductile
in contrast to partial qQuasi-cleavage typical in
4340. Rising-load and constant-load Kiscc¢ results
are superior to 4340 by a factor of 2-4,
representing an exceptional advancement in stressg-
corrosion resistance at HRC 55. A significant shift
away from the intergranular mode of stress-corrosion
fracture typical of 4340 occurs with increasing
lanthanum, as well as a reduction in the total area
of attack.

An analysis of simple thermodynamic and kinetic
models indicates that high supersaturations of
oxygen are required to produce LaPO4, and this
becomes possible through rapid cooling of the liquid
and RSP. Finally, Figure 18 presents a comparison
of three high-strength steels (31) and the Ni-Mo-La
steel in a plot of Kisce vs. ultimate tensile
strength emphasizing the potential engineering
importance of this novel Ni-Mo-La steel alloy.
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| | [ ’ 4
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10 f— 310
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Figure 18. Comparison of Kisce vs. UTS for 3 high
strength steels and the Ni-Mo-La steel (31).
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Based on this work, two 136 kg (300 1b.) RSP
heats of Ni-Mo-La steel have been produced at the
Carpenter Technology Corporation and are currently
under evaluation.

CONCLUSTIONS

1. Gettering of phosphorus and sulfur was
achieved for the first time by independent
precipitation of La-0O-P (LaPO;) and La-0-8 (La2028)
after controlled late addition of LaNis and rapid
solidification processing.

2. Rapid cooling of the melt as well as RSP is
essential to prevent early precipitation of La20:28
and La:03 as coarse primary inclusions which would
then deoxidize the melt below the critical level of
oxygen supersaturation needed for nucleation of
LaPOg.

3. The second-phase dispersion remains small
(<1000 A) and provides effective grain-boundary
pinning during consolidation at 1100°C and
austenitizing to 1300°C. The oxysulfides range from
100 to 800 A and the phosphates from 800 to 1000 A
after 3 hours at 1100°C, demonstrating remarkable
coarsening resistance.

4, Yield and ultimate tensile strengths of
1718-1863 MPa (249-271 ksi) and 2091-2456 MPa (303~
356 ksi), respectively, were achieved in spite of
poor powder cleanliness.

510 Fracture toughness of heats 1 and 2 was
seriously affected by cross contamination of Fe-Ni
powder particles and exogenous inclusions. Heat 3,

the lowest La and cleanest of the three heats, had a
Kic of 65 MPa(m)! 2 (59.2 ksi(in)!/2) at 55 HRC
which is superior to 4340 with the same hardness.
The fracture mode was 100% ductile showing a
significant improvement over the partial quasi-
cleavage fracture typical of 4340 at these strength
levels.

6. The stress-corrosion cracking resistance of
the Ni-Mo-La RSP alloy exhibited at least a 100%
improvement over 1340 with a constant-load Kiscc of
at least 22 MPa(m)?! 2 (20 ksi(in)?!’/2). Rising-load
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tests conducted on the same heat indicated a Kiscc
approaching 44 MPa(m)1/2 (40 ksi(in)1/2),
representing a four-fold increase over 4340.
Lanthanum additions produce a qualitative reduction
in the extent of stress-corrosion attack and a
significant shift away from the intergranular
stress-corrosion fracture typical of 4340.
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APPLICATION OF ARTIFICIAL INTELLIGENCE TO STEEL RESEARCH

RALPH J. HARRISON1 AND INGEMAR A. HULTHAGE2

1) U.S. Army Materials Technology Laboratory, Watertown,
MA 02172-0001; 2)The Robotics Institute, Carnegie-Mellon
University, Pittsburgh, PA 15213.

INTRODUCTION

Our discussion of the application of Artificial Intelli-
gence (AI) to steel research is not one which suggests that
materials research scientists can be replaced by computer
programs. We start from the premise that research is not
simply an application of known techniques and rules to a
problem, but it must also involve innovation and discovery.
These are not yet things that one can do well by computer.
But there are many research tools that are used to facilitate
research and in trying to establish the usefulness of AI as
one among many research tools we feel that we can define a
realistic goal(l). In the present paper we describe our pro-
gress in designing a knowledge-based system for materials
research. The technique used will be illustrated with regard
to its potential application to the steel research program
which has been described in other talks at this meeting.

In short, we have been trying to develop a system, a
Knowledge Based System for Materials Research (KBMR) that
will assist materials researchers in their pursuit of mat-
erials research and design goals. It differs from a tradi-
tional expert system which is designed to give a non-expert
the benefit of expert knowledge. Rather it is to create a
tool for the expert integrated with a knowledge medium for
storing and communicating knowledge relevant to materials
research. The KBMR will provide software tools to increase
the productivity of the researcher in ways such as evaluating
the status of the overall research plan: generating new
design suggestions and performing some reasoning and calcu-
lations automatically in response to new facts or high level
reasoning by the researcher. Through the utilization of Al
techniques as well as conventional software, it is possible
to go beyond algorithmic evaluation of data and assist the
researcher with problem solving. The materials researcher
engages in a mixed initiative dialog with the knowledge based
system during which the user can both develop a particular
design and add knowledge to the system for permanent storage.
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HIGH STRENGTH STEEL RESEARCH

The Steel Research Group under NSF-MTL sponsorship has
been applying a multi-prong approach to reach the goal of an
improved high strength steel. The program involves many
researchers specializing in experimental, theoretical, and
phenomenological techniques. The KBMR could provide a medium
for deposition and exchange of knowledge and data, including
qualitative and quantitative models of relevant metallurgical
mechanisms. It could also provide a tool for evaluating
experimental data, generating model predictions, preparing
and performing simulations and generating hypotheses.

There are features of the Steel Research which make it
seem especially well suited for application of the KBMR. The
chief of these is the fact that the research plan is well
defined and given in detail, containing both the logic and
the steps in the methodology. The initial plan formulated by
Greg Olson and Morris Cohen (2) was designed to be suitable
for a cooperative and coordinated effort in applied materials
research by an interdisciplinary team. The plan and organ-
ization of this research forms a paradigm for research con-
sistent with the structure of the KBMR system.

SPECIFICATIONS FOR THE KBMR SYSTEM

The first specification for the system is that it should
provide a means of representing, displaying, and interacting
with the current research plan. As we have just remarked, 1t
is important to have a detailed plan for the research
program. It must be representable as more than a textual
statement. It typically describes possible ways of reaching
the desired goal, what information must be acquired, and what
subgoals must be attained. It may specify sequences of steps
designed to move closer toward the target. It may incorpor-
ate decisions on the initial procedure as well as tentative
decisions on steps to be taken if certain anticipated diffi-
culties are found to block progress. The dynamical inter-
action of the KBMR with the research plan Ts especially
useful when the plan is complex, when it involves different
interrelating phases that may require coordination of work by
different researchers, and where the results obtained in one
phase will affect the tacit assumptions and even subgoals of
other phases.
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The KBMR must incorporate an adequate amount of mater-
ials knowledge. Materials research identifies understanding
of the microstructure as a powerful tool for reasoning about
materials properties, and calls for an adequate represent-
ation of microstructural features. In the ALADIN system
(3-6) features such as grains, grain boundaries, phase de-
scriptions, voids, cracks, etc. are classified and incor-
porated as schema in a frame representation. In ALADIN,
composition, processing, and macroscopic properties are
represented by "slots" in the schema. In addition to the
many useful features of ALADIN it is further necessary to
implement some major modifications of this methodology in
order to be able to generalize the representation of
processes and models to be most useful for research
applications.

Inference methods form an integral part of the KBMR.
They involve search through the database, pattern matching,
and invocation of models. A1l knowledge is represented as
schemata and there is no distinction between data and rules
and no other activity other than creating slots and values.
The top level control of the KBMR system is guided by pattern
matching. Research plans and procedures have a schema
representation. In an interactive session with the KBMR a
menu of actions is produced through a pattern matching of the
status of the current session and research procedures known
to KBMR. If a researcher selects the "NONE OF THE ABOVE"
option and enters a new alternative, the KBMR "learns" it and
will present it as a menu option at later runs. While the
KBMR does not represent experimental procedures or research
tools as such, the names of these procedures and tools form
pointers to the types of specific information that would be
ascertained by these procedures, so that when the results are
reported, the KBMR can cue the reporter for this information
as well as label the information according to the technique
utilized.

ARCHITECTURE OF THE KBMR SYSTEM

The following is a much abridged description of the KBMR
architecture, defining briefly the main terms used.

A schema is a named data structure with an arbitrary
number of attributes, also called slots, which may be given
one or more values. Certain attributes such as IS-A have
special significance, and are called relations. Relations
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define a network of links between schemata and they make
attributes available to related schemata by a mechanism
called inheritance. There are other terms such as procedural
attachment, which means that a piece of code rather than a
value is attached to an attribute. This code is executed
every time a value is sought and the result is returned as if
it were the value. The reasoning process involves inferring
values of attributes in existing or newly created "target"
schemata. Acceptable values are first sought through simple
retrieval, with or without inheritance. Otherwise, a search
is made for the best model. There is a procedure for defin-
ing "best". Inferences are themselves represented by
schemata, enabling the preservation of knowledge of how a
value was obtained as well as the storage of other inform-
ation used during the inference process. Models may be
simple schema or may be attached to pieces of code, also
called demons, which can generate values. Models may
represent phenomenology or may be deeper, representing
details in microstructural processes. Simulation techniques
are used to establish consequences of model performance under
specified conditions.

SUMMARY OF MAIN FEATURES OF KBMR

Represents research plans for achieving research goals.
Unifies qualitative and quantitative constraints.

Automatically and continuously checks constraints of the
design plan.

Has a mixed initiative design process.

Provide knowledge representation for materials
information and specifically, information relevant to
ultrahigh strength steels.

Represents models of materials, including models relevant to
ultrahigh strength steels.

Represents materials processes in terms of models.
Utilizes both qualitative and quantitative models.

Represents experimental results, recording tested variables
and models.
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Critically compares model predictions with experimental
observations.

Interfaces with libraries of numerical codes for performing
simulations.

Has tools for viewing and manipulating materials and models
databases.

Has tools for performing materials literature searches.
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C
Carbide
coarsening rate, 3, 127, 147,
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coherency loss, 147
coherency strains, 3, 209
coherent equilibrium, 179, 223
debonding strain, 331
dispersions, 263

dissolution, 239, 357

film, 239

formers, 3, 89, 407

grain boundary, 239, 263
incoherent, 407

interfacial energy, 147, 209
interfacial strength, 331, 425
microvoid nucleation sites, 407
network, 263

phase stability, 127
precipitation, 3, 179

primary, 67

rod-shaped, 127
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Carbide (continued)
strengthening, 3, 89, 467
undissolved, 263

Challenger Tank Gun Barrel, 467

Charpy Impact
gun barrel steel, 467
tests, 3, 239, 357, 407, 425

Coarsening
dispersed precipitate, 67
kinetics, 127
model, 3
resistance, 223
subgrain, 3

Composite Materials
ceramics, 499
micromechanics, 113
steel, 499

Compressive Loading, 3

Corrosion Resistance, 67

COSMAT Report, 67

Crack Tip
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dislocation interactions, 619
hydrogen effect, 597

Critical Flaw Size, 3

Critical Nucleus Size, 3

Cylindrical Void Pair Analysis, 315

D

Decarburization, 3
Decomposition Kinetics, 209
Defect Potency, 3

Density-functional Formalism, 677

Density of States (DOS), 3
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interstitial carbon, 89
substitutional element, 89
Dimples, 263
Discing, 287
Dislocation
density, 389
dissociation, 549
dynamics, 597
emission, 619

interaction with obstacles, 113
recovery, 3
substructure, 263
walls, 3
Dispersed Phase Toughening, 549
Dispersion Strengthening, 67
Double Linear Shear Test, 287
Dual Phase Steels, 113
Ductile Fracture, 3, 263
Dynamic
fracture, 499
torsional impact, 357
toughness, 357, 499
work hardening, 287

E

EAM Potential, 3, 651, 693
Elastic

anisotropy, 113

coherency effects, 3

limit, 263
Electronic State of Impurities, 3
Electronic Structure, 677, 693
Embedded Cluster Technique, 3,

677

Embrittlement

aluminum nitride, 263

hydrogen, 263

tempered martensite, 3, 263
Empirical Knowledge, 67
Energy Calculations

cohesion, 677

grain boundary, 677

magnetic, 677

surface, 677
Exchange Correlation Potential, 677
Exploding Cylinders, 287
Explosive Welding, 527

F
Fermi Energy, 3, 677, 693

First Principle Analysis, 677
FLAPW Calculations, 3
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Fracture
initiation, 407, 443
mechanics, 263
mechanism, 239, 357, 383, 443
morphology, 239
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elastic, 263
elastic-plastic, 263
RSP material, 705
Fracture Toughness, 263, 425, 705

G

Gettering in Steels, 3, 357, 383, 705
Gibbs-Duhen Equation, 3, 127
Gibbs-Thompson Equation, 209
Global Materials Cycle, 67
GP-zone Formers, 3
Grain Boundary
cohesion, 3
decohesion, 619, 677
embedded atom method, 651
hard sphere model, 651
migration velocity, 425
pinning, 3
prior austenite, 383
quantum mechanical
computation, 651, 693
relaxed atom positions, 651
sliding, 425
structural unit model, 651
surface energy, 651
Grain Coarsening, 3, 357, 425, 705
Grain Refining
dispersions, 425
RSP matrix tool steels, 3
VAR steels, 3
Griffith Work of Separation, 3, 619,
677
Gun Barrel Failures
crack growth rate, 467
fatigue, 467
toughness, 467
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Gun Barrel Steels
alternative steels, 467
impact properties, 467
sulphur gradient, 467

H

Hardenability, 223, 263, 467, 705
Heat Treatment

high temperature austenization,

425

multi-step, 357, 549

Heterogeneous Precipitation, 223,
527

Hydrocode

DYNA, 287

HEMP, 287

peak stress, 287

penetration simulation, 287
Hydrogen

activity, 597

assisted cracking, 3

impurity interaction, 597

induced cracking, 597
Hydrogen Embrittlement

cathodic charging, 3

mechanisms, 3, 597

stress corrosion cracking, 383

I

Impact Toughness, 239
Impurity Segregation, 239, 597
Incipient Flow Localization, 315
Inclusions

primary particles, 443

spacing, 443

volume fraction, 443
Incoherent Twin Boundary, 3
Intercritical

austenitize, 263

temper, 3
Interfacial

cracks, 619

cohesion, 3
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Interfacial (continued)
critical stress, 443
debonding, 425
decohesion, 331, 619
embrittlement, 619
energy, 209, 705

Intergranular
cohesion, 3, 597
decohesion, 239
embrittlement, 3
fracture, 597
temper embrittlement, 3

Intermetallic Compounds, 67

J
J-integral Toughness, 263

K

KBMR, 741
Kinetic Energy Penetrators, 499
Kinetics

coarsening, 209

growth, 209

phase separation, 209

L

Lanthanum Additions, 383
Lath Martensite Microstructure, 3
Lattice Invariant Deformation, 147
Layer Korringa-Kohn-Rostoker
(LKKR) Technique, 3, 693
Linear Shear Test, 3, 425
LMTO-ASA Method, 3, 677
Local Spin Density Approximation,
677
Localized Shear Bands, 287, 113,
357
Long Rod Penetrator
computer simulation, 287
erosion mechanisms, 287

M

Macromolecular Composite, 67
Magnetic Field
cryogenic treatments, 3, 549
moment, 3
Maraging Steels
dislocation strengthening, 113
hardening mechanism, 113
Marforming, 113
Martensite
hardening, 3
intralath film, 89
laths, 89, 263, 383
packet size, 263
temper embrittlement, 263
Materials
design, 3, 223, 677
intellectual focus, 67
Materials Science and Engineering
(MSE), 67
Matter, 67
Metallic Glass, 67
Microalloy Steels, 3
Microcrack, 597
Microstructures
coarse, 113
composite, 263
fine, 113
Microvoid
coalescence, 89, 239, 383, 443
growth, 239
nucleating particles, 407
nucleating stress, 425
nucleation, 3, 239, 263, 357,
407, 425, 549
softening, 3, 425
Microyielding, 3
Molecular Cluster Calculations, 677
Multicomponent Carbide
Precipitation, 179



N

Notch
ductility, 223
toughness, 549

Notch Impact Strength
laminate composite, 499
mild steel, 499
UHCS, 499

Notch Root Radius, 263

Nucleation
coherent interfaces, 223
martensitic theory, 3
rate, 3, 209
strain-induced, 549
stress-assisted, 549

0

Order Hardening, 407
Orowan
bypass mechanism, 3
strengthening, 3
Ostwald Ripening
alloy carbide, 89
coarsening, 127, 425

Overaging, 223, 239, 407, 467

P

Particle
coarsening, 3, 127
dispersion, 357
dissolution, 89, 263, 443
drag, 425
pair interaction, 315
rigidly bonded, 3
shearing, 3
strengthening, 223
void replacement, 3

Particle-void Interaction
shear, 347
softening, 347
tension, 347

Partitioning, 3

763

Penetration Mechanics, 287, 499
Penetrator

fragmentation, 499

liner, 499
Periodic Array, 499
Permanent Magnets, 67
Petrographic Microscope, 67
Pitsch-Schrader Orientation

Relationship, 147

Plugging Penetration Mode, 357
Polygonization, 3
Postaging Treatments, 407
Precipitate

coherent, 3

density, 383

dispersions, 3, 67

hardening, 113, 127, 223
Precipitation

heterogeneous, 527

kinematics, 147, 239
Primary Inclusions, 383, 443
Processing, 239, 407

Q

Quantum Mechanical Calculations,
693

Quasi-cleavage Fracture, 239

Quasi-static Testing, 357

R

Rapid Solidification Processing
(RSP)
aluminum alloys, 67
centrifugal atomization, 3, 67,
425, 705

coarsening resistance, 425
intermetallic phases, 67
lanthanum additions, 705
mechanical tests, 705
nitrogen gas atomization, 67
particle diameter, 383
porosity, 425
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Rare Earth Modified (REM) Steel,
357

Recovery Stages, 3

Recrystallization, 239

Red-hardness, 89

S

Second Phase Particles, 263, 357,
383, 425, 705
Secondary Hardening
martensitic steels, 389, 127,
147, 179, 443
overaged, 357
peak, 89, 223
short range order, 179
toughness, 357
underaged, 357
Secondary Particles
austenizing treatment, 443
auto-tempered carbides, 443
dispersion, 383, 443
Shear
bands, 357
dimples, 263
fracture initiation, 263
lips, 263
microband intersections, 3
transformed bands, 287
Shear Instability
mechanisms, 357, 383, 425
metastable austenite, 549
Shear Strain
instability, 3, 263, 383
localization, 3, 315, 357, 425,
499
modeling, 357
plane strain, 3
zig-zag localization, 3
Sheet Microvoid Failure, 383
Shock Waves, 287
Short Range Order Hardening, 407,
425
Shuffles, 147
Silicon Steels, 67

Solid Solution Strengthening, 223,
467, 499
Solidification
air melt, 383
segregation, 239
vacuum arc remelt, 383
Sorby, 67
Spherical Void Pair, 315
Splat Quenching, 67
Stainless Bearing Steel, 3
Stepped Projectile, 287
Strain Rate Sensitivity
hardening, 287
instability strain, 357
steel laminate composite, 499
Stress Corrosion Cracking
brittle intergranular mode, 383
threshold stress intensity, 383
ultrahigh-strength steel, 3, 383,
705

Stretch Formability, 3
Stringers of MnS, 383, 443
Substitutional

alloys, 113

elements, 89
Supercells, 3, 677
Superconductivity, 67
Supersaturated Alloys, 209
Surface Thermodynamics, 3
Superplasticity, 499
Supersaturated Ferrite, 3
Surface Energy Bond Counting

Model, 677

Systems

approach, 3

design, 3

engineering, 3

T

Tempering
multistep, 3
stages, 3

Tendon, 67



Test Specimen
double linear shear, 357
thin wall torsion, 3, 357, 549
Thermal Softening, 3, 287, 357
Thermo-mechanical Treatments,
425, 113, 383, 499, 527
THERMOCALC
computations, 3, 127, 147, 223,
239
thermochemical database, 3,
127, 179
Thermodynamic
database, 3
equilibrium, 209, 223
stability, 3
Torsional Hopkinson Bar, 287
Transformation
affine, 147
dilitation, 3
kinetics, 549
martensitic, 113
microyielding, 549
plasticity, 3, 527, 549
spontaneous, 549
strain induced, 3
strains, 147
strengthening, 549
stress-assisted, 3
toughening, 3, 549
toughening efficiency, 3
Transgranular Microvoid
Coalescence, 239
Transient Cementite, 3, 239
Transistor, 67
TRIP Steels, 527, 549
Triple Phase Steels, 3, 527
TTR Diagram, 113
TTT Diagram, 113

U
Ultrahigh Carbon Steel, 499

765

\%

Vacuum-Arc Remelting (VAR), 3
Virtual Work Surfaces, 693
Void
coalescence, 3, 263, 315
growth, 263, 357, 443
nucleation, 3, 315, 331, 443
pair interaction, 315
particle interaction, 3, 315
pre-existing, 443
sheet mechanism, 315, 443
softening, 347
Void Nucleation
constitutive relations, 331
model predictions, 425
Needleman model, 3, 331

W

White Etched Shear Bands, 357

Widmanstatten Distribution, 357

Wigner-Seitz Cells, 677

Wigner-Seitz Sphere Volume, 3,
677

Work Hardening, 287, 443

y4
Zener-Holloman, 287
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