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Brittle !.nt'ou:nnh: fracture occurs whea impurity elements segregate to
the jgrain boundaries of a material and lower their cohesive stremgth,
Although many embrittling elements bave been identified dy experimental stu~
dies, the resson why these elements cause embrittliement has remained elusive.
This paper presents results of fully quantum mechamical cluster calculations
whick address this question. It will be shown that strong embrittling ele-
ments drav charge from the neighboring metal atoms onto themselves. They thus
temove charge from the metal-metal bonds which hold the grain boundary
together and weaken them, Cohesive enhancers do not draw charge off the metal
atoms and thus do not weaken the metal-metal bond network. Im addition, they
form zather homopolar bonds with the metal atoms and thus provide an added
increment of bonding in the graia bdoundary,
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Brittle intergranular fracture has been observed in maay different
materials., Particularly well-documented experiments have been reported for
*:“(1-10) and ,t“h.(u—zs) (29-82) copper alloys.(”.“) and
(37-38) This mode of brittle fracture is slso oftem com-

aickel alloys,
refractory alloys.
curreat with a greatly reduced fracture toughness. Consequently, the possi-
biilty of its occurrence has limited the application of wmany slloys, and its
unexpected occurrence in practice has often caumsed catastrophes.

Although the details of brittle intergranular fracture depend om the
specific material and application, ome observation holds for all known cases.
Impurities which have a low solubility in the bulk segregate to the graia
boundaries and 1locally lower the oohesive strength of the metal. These
embrittling elements are termed impurities because their bdulk conceantratioans
are often below the level of control in commercial melting practices ( e.g..,
less thaz 200 ppm). However, when these elements are segregsted to the graia
boundaries, their comcentrations at these interfaces can be very high, possi~

bly five to tes atomic percest.

A problem such as this is very complex. The full process of intergramu~
lar fraoture undounbtedly involves dislocation motion sad pile ups, plastic
deformation, work hardening and bond bresking. In this paper we focus os the
chemical bonding aspect of this prodblem. If we can understand why the segre-
gated impurities weaken the bonding at the grain boundaries, then we will be
one step closer to a complete description of intergranular fracture,

There aéo a aumber of pieces of experimental evidence which show that the
segregated impurities wesken the bonds at the graia bdoundary. First, the
segregation causes a tramsition of the brittle fracture mode from corystallo-
graphic cleavage to intergrannlar fracture. Therefors, the grain boundaries
have become weak, relative to the cleavage plane, Secondly, the ductile—to-
lu-lttlo transition temperature inm body—ocentered-cubic metals increases with
increasing segregation and intergranular fracture, Therefore, as a resslt of
the deocreased bond streangth, a brittle orack can propagate at high tempers-
tures, Finally, the fracture energy decreases as the amount of segregation
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increases,

Several qualitative explanstions have been offered to suggest lhow this
weakening might occu.(n’u'”'“) First, it has been noted that the embrit-
tling elements are often from groups IV to VI of the periodic tgblo. Second,
it bas been shown that the embrittling power of the element increases as one
moves fzom group IV to VI in & given row of the periodic table. Therefore,
impurities which are more electronegative with respect to their tramsitiom
metal hosts are stronger embrittlers, Ome might expect that the greater the
difference in electronegativity, the more disruptive the impurity would be on
boads at the grain boundary. Also for a given electromegativity, a larger
atom is a more potent embrittler than a smaller ome. This effect presumably
results from strains produced by the hpuity.uz) Finally, it has been

]
observed that carbon in 1:011‘2’5'10’“) 1(2”

and bdoron in nicke reduce embrit-

tlement,

In order to understand the ochemical boandiag aspect of graim boundary

smbrittlement at its most fundameantal level, it is necessary to perform fully

[ qoantum mechkanical calculations which will describe the bonding at the grais
boundary, Because one is interested im the local chemistry at the boundary, s

molecular orbital cluster approsch is particularly advantageons. One can then

cslculate the chemical donding for clusters which have atomic arrangements
representative of those of the graim boundary and determine changes in the

bonding which occur whea an embrittling element is introduced. Receantly, we

(42) Ve used the X-a self-consisteant-

geported the first such calculatioas,
‘ field scattered—wave method of Slnto:(“) and Johnton“‘) and applied it to a
cluster model relevant to the embrittlement of nickel by sulfur, Im this
paper we eoxtend these calculations to other systems. We will show that the
strongly embrittling elements are indeed very eclectromegative with respect to
the host metal and draw charge from the metasl atom onto themselves. Thus the
metal-impurity bond is heteropolar. Ia contrast, a cohesive enhamcer such as
boron in nickel does not deplete the metal astoms of charge and the impurity—
-;ul bond is much more homopolar. Such an element will them provide addi-
tionsl bonding at the grais bdoundary while 2ot destroying the metal-metsl
- bonds. Ia contrast, we suggest that carzboa is a rather beaiga impurity but

not & cohesive enhancer, and that the deneficial effects of carbon additions




to irom result from its displacing a more poteat embrittler such as sulfur
from the boundary.

MEIHOD

The application of the molecular orbital cluster method to the problem of
grain boundary embrittliement involves the specification of a techmique for
calenlating the molecular orbitals together with a choice of the atomic
arrangement of atoms in the cluster which sisulate the locsl structure at the

grain boundary.

The determination of appropriate atomic arrangemeat in the cluster has
been greatly facilitated by recemt work which /chau that the structure of
grain boundaries can be described in terms of polyhedral units in which atoms
are placed at vo:tieos.‘“"" These polyhedra, which are gquite similar to
the Bernal deltshedra, can them be used as the clusters in the calculations,
In this paper we bhave used the simplest grain boundary polyhedron, the
tetrabedron, Figure 1., Ia thess calculations the impurity atom is placed at

[ the center of the tetrahedron and surrounded by the four metal atoms.

The technique we have used for calcnlating the molecular orbitals is the
self-consistent-field X~a scattered-wave theory. This cluster method has been
applied with great success to many problems where local bonding is of overrid-

(47,48) and amorphous notnls‘“” Three

ing importance such as chemisorption
: types of information obtained from such calculations have bdeen employed in
this study. They are the following: the orbital emergy level diagrams, the
one—electron molecular orbital wave functions, and the valence electronm charge
density of the atoms in the cluster. The latter two can be presented graphi-

L cally is equi-valued contour plots.

The results of calculations on five different clusters are reported in
this paper. In three of these clusters Fe is the host metal, snd in two Ni is
the host, Table 1. Ve have chosen these systems because they have been stu-
died ezperimentslly and zepreseat a range of embrittlement potemcy. Sulfur is
a strong embrittler of doth Fo(z-""’” and Nl.(”-’” P is a weak embrittler
of 1:0:.“’ and c""’ and '(29) have been zeported to countersct the sulfur
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induoced embrittlement in Feo and Ni, respectively.

The calculations perxformed on these clusters were fully spinm polarized so
that any maganetic effects would be acoounted for. As would be expected, the
iron clusters had & much greater magnetic moment than did the nickel clusters.
This result is & coasequence of the fact that the irom clusters have many more
unpaired spins than the mickel clusters which erises from the larger differ—
ence in energy of a given level between the spin up (the msjority spian) and
spin down compoments in the irom clusters as compared to the Ni clusters.

RESULTS

Figures 2-6 show the energy level diagrams for the five clusters. The
levels are designated by the irreducible representations of the tetrahedral
poiat group under which their corresponding orbital wave functions transform.
Particular attention should be paid in these diagrams to the 1:1 and ltz lev—
els., These two levels correspond to the wave functions which describe the
metal-impurity interaction. The 1.1 orbital contains the contribution from
the impurity valemce s electrons and the ltz orbital contains the coatribution
from the impurity p electrons, All other energy levels correspond to wave
functions which are located either completely or almost completely om the
metal atoms. We see that the 1:1 and Itz levels are the lowest two energy
levels in each cluster., Also there is a significant energy differemce between
sither of these levels and the closely spaced group of levels that lie above
them. This difference is greatest for the sulfur containing clusters, less so
for Fo‘l’ and FO4C. and least of sll Ni48. Ve might then expect that as this
differeace increases, the wave functions which correspond to these two levels

will be located more on the impurity atom and less on the metal atoms.

Theze is a very simple way in which one can understand the qualitative
effects which might be expected to ocour by comsidering the intersction of the
metal with the impurity series B, C, P, S. First coangider the 25 and 3s
valence orbital emergies of the impurities B, C and P, S8, respectively. These
orbital enezgies sre all below the mean of the orbital emergies of the metal.
As one goes through the series B, C, P, 8, the dlttor;nco betweea the orbital
snezgy of the impurity aad those of the metal continue to incresse. Thus
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3; - x: contiannes to imcreass in magnituds (recall however that orbital enes—
gies axre negative gquantities) for this series of impurities. The quantities
E: and E: refer to the orbital energies of the isolated impurity and metal
zespectively.

If ome then investigates the interaction of the metsl cluster and the
impurity by perturbatioa theory, s procedure which has validity in discussing
gualitative effects, but certainly mot quantitative aspects, one can write the
perturbed wave funotion of the impurity as

\

(]
L5 Sl £ S s

E -

This shows that the perturbstion, which canses an iatersction onergy V

o
L M Y

(vhich is attractive, and hemce negative) mixes the unperturbed wave function
of the impurity with those of the metal. Both the numerator and denominator
of the second term in Eq. (1) are mnegative, hence a bonding-1ike interactionm
occurs, If ome assumes that V is roughly constant for the series of impuri-
ties B,C, P and S, thea the denominator of the second term will coatrol the
mixing of the upmperturbed impurity snd metal wave functions. As mentiomed
above, the magnitude of the factor in the denominator imoreases for the series
of impurities and thus ome expects much less 0f a metal contributiom im Kq.
(1) for s sulfur impurity than for the case of the B impurity. One can make a
] similar azgument for the case of the impurity p-orbitals ianteracting with the

metal,

This ides is verified when we examine the contour plots which correspond
to these two orbitals. These plots aze shown in Figures 7-11; the cross sec-
tion is taken in the cross—hatched plane of Figure 1 so that it imoludes two
msetal-metal atoms and the impurity. The plots for Fe 4s and ru‘s are shown ia
Figures 7 and 8, respectively. For these two clusters the 1:1 orbitals have
practically mo metal contest for either the spin up or spin down case. The
lt-z orbitals also have 1ittle content om the metal atoms and are more concen—
trated on the impurity. One other fact should de noted from these plots.
Becsuse the mickel cluster has a smsll magnetic moment, the enargies of the

spin up lt; aad spin down lt; levels are guite similar and the orbitals which
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corzespond to these energies are similar. Rowever, in the irom cluster which
has & large magnetic moment, the spin up and spin down energy levels have dif-
ferent onergios and the corresponding wave functions are also different.

Thezefore, we see in Figure 7 that the lt; orbital has more metal atom content

than does its lt; counterpart.

Similar plots for Fo‘l’ are shown in Figure 9. Both the 1:1 and ltz orbi-
tals have more metal stom content and are less localized on the impurity atom
than for FO4S and N14S. The results for Fe‘c. Figure 10, appear quite similar
to the results for Fe P, Finally, the results for Ni.‘B are shown in Fignre

4
11. It is clear that the 1:1 and 1t., wave functions of this cluster have the

most metal conteat and are least lotnliud on the impurity atom., Therefore,
as we go from the stromg embrittler S in both Fe and Ni to the cohesive
enhancer of B in Ni, the wave functions which describe the impurity-metal
bonds go from teing highly localized on the impurity atom with little coanteat
on the metal atom to bdeing much more equally distributed between the impurity
and the metsl. The bonds which actually form should them vary from being
heteropolar in the case of the strong embrittlers with the negative charge
concentrated on the impurity, to being much more homopolar in the case of

cohesive enbhancers.

To observe this directly we have used the wave functions to calculate the
-)
valence charge density. The charge density p(r) is usually obtained by sum-

ming over the square of all the wave functions. That is,

- D |
p(:)-;ljﬁj(t)!J(:) (2)

where the ’j(?) are the molecular orbitals of the system and 3, is the occups-

tion number of the jth orbital., However, since only a limited number of these

orbitals (1:;' 1.;' lt;' lt;‘ at!’ 4t‘) contridbute to the impurity-metal bond,

2 2
-
we can define a special charge density pn(t) which includes oaly these orbi-

tals.

- D -
polz) = :Z-'-"-‘(“ #i(x) )
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The results of these caloulations are shown in Figure 12. Just as would
be expected from the wave function plots, the charge density is much grester
on the impurity atom than on the meta]l atoms for the Fc‘s and m‘s clusters.
As we move to Fe 4P and Fe 40. and then om to Ni‘B. the charge becomes much more
equally distributed between the impurity and the host metal atoms. This fact
is most clearly observed in these plots by examining the sixth contour, which
is darkened in the plots in Figure 12. In the sulfur containing clusters it
is brokea into two parts, ome around esch metal atom and one around the sul-
fur; in the other clusters it is continmous around the metal and impurity
atoms, As expocted, the strong embrittlers are very electromegative with
respect to their metsl host whereas the cobesive enhancers are not, and the
transition from a heteropolar bond to s homopolar bond as embrittling potency

decreases is clearly evident,

ISCUSSIO

The major xesult of the previous section was the following. When an
impurity atom is placed in a cluster of host metsl atoms, onme can distingunish
that different types of bonds are forming. For a strong embrittler soch as §
in Ni or Fe, the bonds which form are such that charge is concentrated very
heavily on the impurity atoms and very little on the metal atoms. The embrit-
tling element is electromegative with respect to the metal and the heteropolar
bond which forms could be approximately described as bdeing iomic. In con~-
trast, for a cohesive enhancer such as B in Ni, the charge is much more
equally shared between the host-metal and impurity. Therefore, this bond is
much more homopolar or covalent, P and C in Fe appear to be intomediatc

casos botween these two extremes.

These results can be easily used to describe the role that chemical bond~
ing must play in grain boundary embrittlement. If any embrittling impurity
atom such as solfur resides in a grain boundary interstice in irom or anickel,
it will draw charge off the irom or nickel atoms as it forms heteroploar bonds
with them. This depletion of charge on the host metal atoms means that less
charge will bde available to participate in the metal-metal bonds which hold
the grein boundary together, Therefore, thess elements will lead to grain
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boundary embrittlement. 1Im contrast, if an impurity vwhich is a cohesive
snhancer such as boron is in the interstices of s mickel grain boundary, the
chasrge depletion of the metal atoms will mot occur. Therefore, im additiom to
not decreasing the charge in the metal bdonds across the grain boundary, s
ocovalent—-like bond is formed between the host metal and the impurity. This
bonding will give additional cokhesiveness across the grain boundary.

Of course, in these small tetrahedral clusters oms cannot directly
observe the effect of the metal-impurity bonds on the metal-mstal bonds; such
an observation would require an sdditional shell of atoms. However, in our
previous study“z) of the Ni-S system precisely such am effect was observed.
The cluster used for that study contained eight atoms and is shown in Figure
13. Calculations were performed for this cluster with and without the sulfur
atom in the center; nickel atoms were placed at the eight vertices. As can be
seen in Figure 13, four of these nickel stoms (#1,2,3,4) were nesr the I~Y
plane of the cluster and four were farther away (#5,6,7,8). We found that
sulfur formed very stromg bonds with the four nickel atoms nearest to it.
This bond was again heteropolar in nature in that the charge was drawn off the
nickel atoms onto the sulfur atom. The charge density contours for these two
clusters are shown in Figure 14. This cross—section plot is in the X-Z plane
of the cluster shown in Figure 13; it includes two of the Ni atoms near the §
and two of those farther away. In the Nis cluster a definite bond is formed
between the nickel atoms nesr the center of the cluster and those farther
sway. Yhen sulfur is added to the cluster, charge is drawn from the Ni atoms
onto the sulfur and thus reduces the electron density available to form the
metal-metal bonds. They are therefore severely weakened. This fact can be
clearly seen by examining the darkened fourth contour in this figure. In ‘the
Nis cluoster (Figure 14a) this contour encompasses both the Ni atoms near the
X-Y plane and those farther away and contributes to a bond between the two
types of Ni atoms. In the N188 cluster this contour has been broken iato two
parts, Omne part is now localized on the two atoms farther away from the X~-Y
plane and one part is now forming the Ni~-S bond. However, the importaat point

is that the bonding between the two types of atoms is severely weakened.
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The model which we have descrided clearly shows that 8 should de a stromg
enbrittler in Fe and Ni and that B should de & cohesive enhancer in Ni, These
theoretical results are completely in agreemoent with experimental results,
However, our theoretical results also suggest that phosphorus aand carbon would
lie detweon these extremes and probably would be somewhat benign elements at
the grain boundary. Since this result is somevhat contrary to the perceived
zole of these two elements, we now sxamine the experimental documentation of
these effects. First let us consider the role of cazbon. The conclusion that
carbon can counteract embrittlement comes primarily from the work of Jolly, (2)
and Pichaxd, Risu, and Goux. (5 They found that embrittlemeat in the anomi-
nally high purity irenm that they were studying arose from sulfur (which had a
bulk composition of approximately 35 wppm) and that carbon sdditioms of 10-30
wppe decreased the embrittlement. However, they provided no Auger results to
complement their mechanical test dats. Therefore, one does not knov whether
carbon enhanced the cohesiveness of the boundary or whether it simply dis-
placed the sulfur at the boundary. Our theoretical results suggest that the
latter might be the case. It is clear from our calculations that even if car-
bon were a weak embrittler its displacement of sulfur at the grain boundary

would lead to a marked improvement,

Now let us consider the data for phosphorus. Although a number of stu-
dies have been made of phosphorus embrittlement of .t”l'(13.16.18.20.22) much
less work has been done on iron. Becauss of the additional segregstion of

1(19’2” one cannot assume that the embrittling

alloying elements in the stee
potency of this element will be the same in iron and steel. However, Ramasu—
bramanisn and Stoin“) did study embrittlement of irom by phosphorus sad pro-
vidoq Auger datas for this system. They found that if they doped irom with 500
to 2000 wppm of phosphorus they conld get iantergramular fracture and a ductile
to brittle transition temperaturs of 150 to 200°C. However, this transition
temperature did mot correlate directly with the amount of phosphorus on the
grain boundary and the Auger spectra from these bdoundaries showed the presence
of sulfur and nitrogen. Furthermore, when an alloy containing 500 wppa phos-
phorus and 30 wppm § was tested, the ductile to brittle transition temperature
went sbove 375°C sad 2 much lazger sulfur peak was seen om the graia boun-
daries. Therefore, one must conclude that phosphorus iz a muck wesker graia

boundaxry embrittler tham sulfur, and that the imtergranular fracture observed
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in these alloys could have at least partially arzisen from sulfur. Therefore,
our theozretical results are mot comtradictory to these experimental results.

Finally, we mote that all of the impurity elements which we have studied
are smasll compared to irom and mickel and should easily fit into grain boun-
dary utorsticu.(”) However, some embrittling elements are larger than the
host metal atoms—for ezample, Te im Fe. In these cases we would not oaly
expect the atom to sit on a substitutional site but slso that the local strain
produced by the misfit would sffect the bdonding. Suh(n) has noted that some
of the strongest embrittlers in irom are stoms considerably larger than irom.
Also, in addition to drawing charge out of the metal-metal bonds, the emdrit-
tling elements may change the metal-metal boand length. This result, too,
conld be important in embrittlement,

CONCLUSIONS

In this paper we have considered the effects of chemical boading on graia
boundary embrittlement. We have shown that a stromg embrittling element such
as S in Fe or Ni forms bonds with the host metal stoms around it. In doing so
it draws charge from the motal atoms onto itself as it is slectromegative with
rospect to the metal. Less charge is then available to participate in metal-
metal bonds which hold the grain boundary together and emdrittlemeat occurs.
In contrast, elements which increase cohesion at the boundary such as B ia Ni
do mot draw charge from the metal atoms but form rather covalent boads with
them. This sharing leads to inoreased bonding at the jgrain bdoundary,
Finally, we suggest that P and C in iron are either benign or weakly embdrit-
tling and wve show that existing experimental dats is not inconsistent with
this ides.

The suthors would like thank Dr. R.A. MNulford of the Gemeral Eleotric
Reseazch and Development Laboratory and for many discussions and for providiag
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Table 1

CLUSTER COMPOSITION FOR TETRAHEDRAL CLUSTERS

Host Metal Impurity

Fe S
Fe |
Fe C
Ni S
Ni B

Experimentally Determined
Effect of Impurities

Strong Embrittler

Moderate to
Weak Embrittier

Cohesive Enhancer

Strong Embrittler

Cohesive Enhancer

Reference for
Experimental Study

2-5, 8

2’5

29-32

29




4.
3.
6.
7.

8.
9.
10.

11.
12.
13.
14.
15.

16.
l7.

— e e

18.
19.
20.
2],
22.
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Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:
Figure 10:
Figure 11:
Figure 12;

Figure 13:
Figure 14:
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FIGURE CAPTIONS

The tetrahedron. The metal atoms (M) are placed at the vertices and the
impurity (I) in the center. The cross hatched plane is the one used for the
contour plots shown in this paper.

The energy level diagram for the Fe,S cluster.

The energy level diagram for the Ni aS cluster.

The energy level diagram for the Fe,‘P cluster.

The energy level diagram for the Fe,C cluster.

The energy level diagram for the Ni,B cluster.

The orbital contour plots of the la 1 and ltz orbitals in FeqS.

The orbital contour plots of the la 1 and ltz orbitals in Niqs.

The orbital contour plots of the lal and lt, orbitals in Fe,P.

The orbital contour plots of the la 1 and It, orbitals in FeuC.

The orbital contour plots of the la 1 and lt, orbitals in Ni,B.

The special charge density P.. .(r) for the tetrahedral clusters. These
charge densities include only tmse orbitals which contain a contribution
from the impurity atom.

The eight atom tetragonal dodecahedron,

Contour values of the total valence charge density in the X-Z plane of the
tetragonal dodecahedron shown in Figure 13. (a) is for Nig, and (b) is for

NigS. Contour four which differs most drastically for the two clusters is
drgwn more darkly.
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