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ABSTRACT

‘An analysis of plastic flow at the tip of a propagating crack during
brittle fracture has been developed in the course of this work. The plastic

flow analysis takes into account the anisotropy of slip by a mixed mode

'opening scheme. Values of the true fracture energy for different crack

systems are obtained; the effects 6f an embrittling agent can be taken into
account.

The fracture stresses of Cu-Bi alloys having varied grain sizes and Bi
concentrations were measurgd.' Dilute alloys exhibited a decreésing fracture
stress with decreasing grain size. Auger analysié indicated a large variation
of Bi segregated to boundaries in coarse grained material with‘smaller varia-

tions in fine grained material.

The grain boundary diffusion of nickel was studied in the Cu-Bi alloy

system by means of Auger spectroscopy. Bi retards boundary diffusion of Ni;

hdwever, the resuits are quife complex since the Ni presence alters the Bi
concentration at the boﬁndary. Tﬁe Bi concentration tends to decrease to a
vélue approximately equal to tﬁat of ﬁi.

Possible effects of éolute segregation in determining SCC susceptibility
of copper alloys in acid sulfate solution were examinéd with high purity binary
alloys. égain boundary .segregation of Sb and Bi in Cu promoted intergranular

SCC in sulfuric acid. Cracking was macroscopically brittle, but significant

dissolution occurred along the intergranular crack path. Electrochemical

measurements revealed an active path for SCC in segregated Cu-Sb and Cu-Bi

alloys. Grain boundary segregation has no effect on the bulk electrochemical

pproperties of unstressed Cu-Sb and CufBi.



"I. INTRODUCTION

The research program during the year 1977 has emphasized studies of

‘brittle fracture, stress corrosion, and grain boundary diffusion proces-

ses as affected by segregation of solutes and impurities. This report.
summarizes results of the following specific research subjects:

A, BAnalysis of Plasticity at the Crack Tip During
Intergranular Fracture '

B. Effect of Grain Boundary Structure on Segregation'

C. Effect of Grain Boundary Segregation on Grain Boundary
Diffusion

D. Stress Corrosion of Copper Alloys Containing Segregated
Solute Species

The experimental work has continued to have as a major thrust the direct

measurement of the chemical composition of microstructural areas.

II. RESEARCH PROGRESS

A. BAnalysis of Plasticity at the Crack Tip During Intergranular
Fracture . '

Tﬁe substantial reduction in the fracture resistance of a grain
boundary with impurity segregation is difficult to understand without con-
léidering the interrelation of true fracture stress and dislocation motion
at the crack tip. It is well recognized that even in relatively brittle

materials, the major portion of the energy of fracture is consumed by dis-

location motion at the crack tip. Figure 1 provides a model to consider

theﬁinterrelation between the true fracture stress and the dislocation

motion. O%* is defined as the stress necessary to part the atoms, Oy is

-the yield stress, and Onom is the applied stress. When the stress at the

crack tip exceeds the yield stress, plastic deformation occurs and when.

it exceeds the fracture stress, separation occurs. If one considers a

‘crack approaching a volume element dV, its stress and strain history can
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be described as shown in Figure 1. From dislocation measurements, 1t 1is

observed that the dislocation velocity .is a power function of stress rep-

resented by the empirical relation,

v = ATm ’ - (15
where v = dislocation velocity

A = constant |

T = shear stress

m = dislocation velocity exponent.

Since m is between 10-40 for most engineering materials, a small in-
creasé in stress fesults in a major increase in dislocation velocity
(plastic deformation). Therefore, a small decrease in the cohesive stress
will result in a large decrease in thé amount of plastic deformation.

Ayres and Stein (1) showed that the plastic deformatién is anisotrop-
ic with respect to the plane on whicﬁ fracture is éccurring. For .instance,
they showed that the (100) fracture plane in becc metals is preferrgd for
clea{age even though the (1i05 plane usually haé the lowest surface en-
ergy. This model has been extended by Hack and Stein to consider numer-
6us-planes and direction of fracture so that a‘close approximation to
~grain boundary fracture can be made. In the Hack and Stein model, the
grain boundary is considered to be a series of very:small cleavage planes.

Ayreé and Stein (1) used the stress field of a superdislocation of
‘Burger's vector Nb to fepresent that of a crack, after Friedel (2). A
1/r dependence of stress field derived from this model is bnly valid at
distances far from the crack tip, i.e., at distances that are large in
comparison to the dislocation spacing at the head of the pileup. A more

appropriate stress field developed from linear elastic fracture mechanics

for the region of the plastic zone exhibits a 7% dependence on position (3):
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Therefore, this stress field was chosen for the calculaﬁion that follows
and substituted into the calculation.procedures developed by Ayres and
Stein. |

Figure 2 shows the calculated isovelocity contour at the tip of a
craék fbr a tungstenlike material undergoing simple mode one crack open-
ing. Given the dislocation velocity distfibution ahead of the crack tip,
the strain energy can be calculated if the stress time history is known.

1. Assumptions |
The success of this médel is ultimately limited by the

abilily to accurately describé the stress field and plastic flow in the
plastic zohe of a propagating crack. It has been assumed that the linear
elastic solution for fhe stress field of a crack can be coﬁbined with Eq. 1,
for the dislocation velocity to calculate the contours of constant disloca-
tipn velocity, Figure 2. This can be justified by the fact that the frac-
ture mechanics stress fieldé(only describe.the stress state at the crack
tip. Plasticity, or thé aeformaFion response of thg material to the stress
state, is governed by the dislocation dynamics expression of Eq. 1. The
fesponse of the dislocations to the stress field is assumed to be linear
in the velocity ranges of 10_3cm/se¢ to lO5 cm/sec on a log-log plot of
dislocation velocity vs. stress. 105 cm/sec is approximately the shear
'wave.Qelocity in tﬁngsten. Johnston and Gilman (4) have shown that, at
‘dislocation velocities approaching the sheaf wave vélocity in LiF, the
velocity rises less sharply with the increasing streés than at low veloc-
ities. The dislocation velocity approaches the shear wave velocity
aéymptotically. Gilman (5) derived an exponential stress function that
accurately predicted dislocation response in LiF, but Sgein and Low (6)

" showed that the same type function did not work in Fe -3.25 Si. Since
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Ga satisfacfory function has not been found for tungsten, the ;inear re-
lationship will be assumed to hold.

Due to plastic relaxation of stresses at the crack tip, not all of
"the possible slip systems will actually be operative. To také this into
account, only the slip system with the highest value of strain energy as-
sociated with it in each crack system will be assumed to be active. 1In .-
addition, it will be assumed that ip order‘for.a volume element to yield,
it will haVé to be stressed to ét least the highest stress to which it
has previously been exposed. This is a first approximation'to account
for work hardening. This assumption means that once the element has
passed through thé line of maximum stress in the plastic zone, as shown
in Figure 2, yielding of the element stops. |

Another limiting assumption is that the model inherently assumes
that o* on all &rystallpgraphic planés is the same. Since the surface
enexgy varies‘from plane to plane (Table I), this is obviously not the
case. Until an accurate description of the dislocétion velocity-~stress
response is obtained for high velébities, this situation cannot be handled.
It should be fealized that these assumptions are not as potentially damag-
ing as they may seém. The real point of this work is to obtain relative
values of true fracture energy-(TFE) for different crack systems. The
 é¢rcentage differences between respective values of TFE will not be af-
fected as much by the assumptions as by the absolute numbefs.

2. Pure Mode I Opening Results
Two cases were considered: 1) a cfack system thch changes

plane and front but not direction, and 2) a crack system which changes
plane and direction but not crack front. Any other.crack deflection can

be described as a combination of these two cases. For both cases the
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i(001)[100].crack system was considered the initial state. This agrees
with the observations 6f Ayres (7). Calculations for Case 1 Qere made
for (001)[100], (Olé)[lOO], (012)[100], (023)[100}; and (011)[100] crack
systems. Case 2 caiculations were made for (001)[100}, (103)[301]}, (102)
[201], (203) [302], and (101){101] crack systems. The results of the cal-
culations are presented in Table Ii. ¢l and ¢2 were obtained by sélution
of simultaneous equations using data generated from an averaging of Jéhn—
son and Morse potential functions for tungsteﬁ. All the pertinent mate-
rial paraméters, constants, functions and.a copy of the computer program
used can be found in Reference 8.

It can be séen from the TFE results for pure Mode I opening in Table
II that the (001)[100] system has the lowest maximum value of strain en-
ergy by a‘large margin for Case 1 cracks. It should be noted that the
strain energy fields were always symmetric with respect to the crack
faces for the Case 1 cracks. It should also be noted that the strain en-
ergy fields of the crack systems which show lower strain energies than the
(601)[100] system are not symmetric with respect to the crack faces. 1In
addition, the strain energy values in the asymmetric systems deviate more
and more from expectations as the angle between the crack plane and the
‘001) plane approaches 45°. Aall the calculated TFE values are well within

-the pfoper order of magnitude to be considered brittle fracture.

The key to understanding the'discrepancy in the TFE values discussed
abqve lies in the way in which a material wquld react to the assumed stress
field. cCalculations for high index crack/systems show asymmetric slip re-
sponses with respect to-the top and bottom faces of the crack. This means
that different strain energies are associated with the opening of the top

and bottom faces of the crack. Physically, this is impossible for a Mode I




TABLE II. Calculated Energy Results

Pure -Mode I Results Mixed Mode Results
Crack System 2Ys (g-l-—gz—s) Yp (9—1325;-) TFE (gi’_gz_s_) Yp (gr_g_s_) TFE (e_r_gzi)
: cm max cm cm max cm cm
(60;)[100] 7,560 6,314 12,794 . 6,314 . 12,794
(013) [100] 8,034 13,008 19,962 26,308 33,266
' (012) [100] 7,980 f 15,396 22,296 28,508 35,408
(023) [100] 7,800 . 16,812 23,532 92,782 99,502
(011) [100] 7,270 17,910 . 24,100 536,006 542,196
(001) [100] 7,560 | . 6,314 12,794 ; 6,314 12,794
(103) [301] 8,034 é 5,228 12,182 17,070 124,024
(102) [201] 7,980 E 4,010 10,910 18,759 . 25,659
(203) [302] .7,800 é 2,051 8,771 27,913 34,633
(101) [101] 7,270 ; 9,918 . 16,108 59,215 65,405
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crack. Fracture of a material must provide two fresh surfaces. Given
this restriction, the éropagation of the high index crack sysfems cannot
physically occur so the cracks would have to deflect. If the crack can
deflect to any system under the influenée of internal pressure, it will
A deflect to the one which requires the least energy for propagation. In
this case, the crack will deflect to the (001)[100] system.

This argument can‘ﬁe carried further to cfackAsystems which have
symmetric stress fields but are not the(minimﬁm energy system. Even
though the stress field is symmetric, there exists a tendency for an in-
'tern#lly pressurized crack to move on the minimum energy system. The im-
portance of these observations liés in thé fact that if a crack is mathe-
matically forced to propagate on a high energy plane in a high energy di-
rection, so that the TFE of the crack system can be calculated, the open-
ing mechanism of the crack cannot be considered tp be pure Mode I as was
previoﬁsly thought. Pure Mode I opening can only occur on the minimum
energy system. If a crack tries to deflect from the minimum energy plane
ox airection, shear must occur at the créck tip'to force the crack open
equally on-the top and bottom suffaces. Shear at the crack tip induces
Mode II and/or Mode III opening.

An attempt will be made to generalize the stress field equations to
.include mixed mode crack opening. Since the (001) [100] crack éystem is
5eing considered the minimum energy system, it will always be in pure
Mode I loading iﬁ an internally pressurized sitﬁétion. Cracks on any
_other system must open in a mixed mode manner.

A mixed mode analysis requiresg the knowledge of the orientation of
fhe crack plane, direction and front with respect to the axis of maximum

normal stress. Since the (001)[100] system is assumed to be under the
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"influence of pure normal loading, the [001] direction will always be con-
sidered_to be the tensile axis. The labeling of angles for a'crack sys-
tem of general orientation is given in Figurev3a. 0. is the angle between
the crack front and the tensile axis, Biis the angle between the crack
~ propagation direction and the tenéile axis, and Yy is the angle between
the crack plane normal‘and £he tensile axis. For pure Mode I loading,’
o = B = 90°. 1In the angular scheme of Figure 3a, Case 1 cracks are rep-
_resented in Figure 3b as mixed Mode I-Mode III'cracks. Case 2 cracks are
shown in Figure 3c as mixed Mode I-Mode III cracks. Any crack system with
a high indices plane, propagation direction and front would open under
mixed Mode I-Mode II-Mode III conditions.

A general.stress field equation for mixed mode\opening is required
for the proper calculation of the gtrain energies associated with the high

energy systems. This can be derived from basic linear elastic fracture

mechanics theory. Equation 2 gives the general relationship for KIC (23):
Kic = Opi¥ma : A (2)

for a crack in an infinite body where: ’

KIC = critical stress intensity factor for Mode I

(o] fracture stress in Mode I

Fi

a = half crack length.

‘The area of the general crack plane shown in Figure 3a is given by:

A - . A ) : (3)

sinfsina

cos(g--‘B)cos(g-— a)

where A = area of a plane perpendicular to the tensile axis.
Combining Egs. 2 and 3 and remembering that stress is load divided

by area yields:
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KI = cosysinosinBo applied vTa
KII = cosBsinasinBG applied vTa (4)
KIII = cososingsinBo applied vTma .
By manipulétion»of Egs. 4, K and K can be expressed in terms

IIC IIIC

- of :
(o] KIC as

(cosB)

KIIC - cosy IC

(cosa) K . (5)

Kinc - ‘cosy’ “IC
Thus, the stress field equations can be exéressed in.terms of the easily
determined Mode I critical stress intensity factor. A combination of
Eqs. 5 ;and Snedéon's expressions for Mode I, Mode II and Mode III stress

fields (9) gives the stress equations for general mixed mode as:

K
. .. 1C . . O . .6 . 30 cosB . 0 032
oxx -?EE; [cosz(l SInESJle)*(cosY)Sln5(2+c°?5C°s 2)]
X1c 0 . 36, cosB, .0 6 30
Oyy = Tome [c095(1+51n5s1n750+(Egg§0SlDECOSECOSTT]
2VK
_ N IC 8 cosB, . 6
Ou2 ° v(cxx+cyy) = Vnr L°°%2 (cosY)Sln2]
T = KIC [singcosgcos§9-+ (EgEﬁdcoégil—singsinggd] @
xy  V2mr 27772 2 cosy 2 277 2
\ . K
: = I (cosa . 6
XZ 2Tr COSsY 2

- KIC (cosa)cosg
yz  /2mr cosY 2.°

If o, B, and -y are referred to the minimum energy crack plane, normal Egs.

T

6 give the general stress'field imposed by internal pressure con a crack
system in a material which exhibits asymmetric slip response.

-3. Mixed Mode Results
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The plastic strain energies and TFE values for the Case 1
and Case 2 cracks were recalculated using the generalized stress field of
Eq._6.\ These results are also given Table II. The results give generally

higher values of TFE than in the pure Mode I case. This would be expected

from the additional stress field components. In addition, the (001)[100]

crack system is now the minimum energy system in all cases. This, of

-

course, does not conclusively prove that the present interpretation is

correct, but it is extremely encouraging. The (011)[100] and (101)[101]

again show the maximum TFE values in their respective groups.

The data of Table II shows that the TFE of a {110} crack would have
to be reduced by about 80% in order for a crack to move off an {001} crack
system onto a {110} system. Therefore, a substantial amount of reduction

in plastic strain to fracture must occur for.a crack to leave the cleav-

age mode and follow a grain boundary in tungsten. This can be accomplished

by a relatiﬁely small decrease in 0*, the theoretical fracture stress,
which can. be brought éboutAﬁy segrégation of impurities to_the grain bqund-
ariés. Also, a decrease in temperature,4in$terstitial hardening by im-
purities or anything else which contributes to slip constraint will tend
to decrease the plastic strain to fracture.
4. Conclusions

1) The proposed model does not agree with experimental
observations if pure Mode I opening is assumed for an internally pres-
surized crack. If anisotropy of slip is taken into aécount by a mixed
mode opening scheme, the modél appears to predict TFEs in the propgf
ranges.

2) . The data generatgd in this study can noQ be used to

obtain percentage estimates of the effect of an embrittling agent on 0%
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in tungsten vs. composition. Phosphorous would be a particularly inter-
esting case due to its severe embrittling effect on tungsten.

3) The model can be generalized even further to include
externally applied stresses and anisotropic elasticity'so that other ap-

Plications and materials may be studied.

B. Effect of Gfain Boundary Structure on Segregation

Grain size has been known to have an effect on brittle fracture.
In general, the finer the grain size the more ductile the material. For
cleavage fracture, this is explained on the basis of freé slip -length
‘which will relate to the’maximum stress concentration to be developed ét
the intersection of a slip band with a grain boundary. For fhe case of
_grain boundary fracture, the explanation could be either that the fine
- grained material depletes the matrix of iﬁpurities becauge of the greater
_grain boundary surface (S) to total volume (V) ratio or because of the
stress concentration argument used for cléayage fracture. To separate
these two possibilities, alloys of Cu-Bi (Table III) of differing grain
size and Bi concentration were prepared, their fracture stress deter-
mined, and the grain boundary fractures analyzed by Auger electron spectros-
copy (AES). The relation between the_§/v'ratio and the fracturé stress are
sﬁown in figure 4.

The results are surprising. The dilute alloys show a decreasing
'fracfure stress with decreasing grain size (an increasing S/V ratio) and
‘the 180‘ppm Bi alloy shows only a small increase in fracture stress with
: décreasing grain size. The behavior is consistent with expectations and
previous work (Figure 5) with regard to the effect of bulk concentration
on fracture stress. However, AES analysis s%owed a wide variation (Fig-

ure 6) in Bi segregated to grain boundaries in the coarse grain materials,
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"Table III. Alloy Compositions Used in This Study

Alloy besignation

"~ Alloy Composition

Bi

0,

Cu

I1

ITI

40 wt. ppm

150 wt. ppm

5 wt. ppm
3 wt. ppm

3 wt. ppm

Balance

Balance

| Balance

180 wt. ppm

[Py —
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with a smaller variation in the fine'grained. The dilute alloy (40 ppm Bi)
showed 'a substantial iﬁcrease in Bi concentration at the graih boundaries
in the finé‘grain size condition. The higher concentration Bi alloys
showed certain grain facets in the coarse grain size that had substan-
tiall§ less Bi segregated than the fine grained materials. Since the
f;acfure'behgvior will be controlled by the least embrittled boundary
.that fractﬁres, it is.not surprising, once the chémical composition of
the grain boundary region is known, that the coarse grained materials had
a hiéher fracture stress.

The iﬁcreased segregation measured in the fiﬁe: grained materials
may be a consequence of the procedures used to prepare the materials.
Table IV gives the cold work and heat treat schedule and grain growth
annealing schedule as shown in Table V. The finep'grainAsize materials
will, on the average, have grain boundaries of higher energy since the
annealing has nqt proceeded as far.. If this is true, one would expect
greater segregation at theée grain bouﬁdaries sincg a major source of
'energy for graiﬁ.boundary segregation is grain boundary energy. This
would beiconsistent with the increased concentraéioﬁ of‘Bi‘méasured in
the fine grained materials. It was also observed that‘the variation in
Qi'concentrgtion is not as great in the fine grained materials. The ease
of.fracture is related Fo the availability of an easy-fracﬁure path.
While the small grain size results in a greater amount of surface area
cfeated upon fracture, it also permits a number of.alternative fracture
_paﬁhs for the material. As shown schématically in Figure 7, the fracture
péth in the large grain,size alloys is dictatéd by the few boundaries.
thch are orientated in the proper way to allow sufficient resolved normal

stress to cause boundary separation. The finer grained material, on the
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Table IV.  Specimen Cold Work and Heat Treatment Schedule

1. Vacuum cast
2. SoiutionAanhealz 800°C - 2 hrs., H20 quench
3. Cold work (by swaging): 55% R.A.
4. Solution anncal: 800°C - 2 hrs., Hy quéqph
5. Cold work: 44% R.A. |
. 6. Solution anneal: 800°C - 2 hrs., H20 quench
7. Cold work: 44% R.A. |
3. Sb]utién anneg]: 800°C - 2 hr%., H20 quench
9. Cold work: 75% R.A.
-10. Specimens machined at this time
11. Recrystallization and grain growth anneal: 800°C, HZO quench
12. Segregation anneal: 527°C - 2 hr§.,* H,0 quench
*  Some sampleS were segregated for longer times in order to ascertain

the proper equilibrium segregation time for the low Bi, small grain
size alloy.
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Table V. Grain Growth Annealing Schedule

_A]]oy Grain GrOWt(?niAnr',.n)ea] ing Time

2.0
1 3000
360.0

11 ' 15.

o ©

120.

o -

111 | 15
120.0
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Figure 7.

(A)

(©)

Schematic representation of grains and grain
boundary fracture paths for three grain sizes.
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other hand, will have many more paths available, many of which will be )

along the heavily segregated boundéries.

This stuay has shown that segregation to grain boundaries is highly
vapiable and therefore, grain boundary orientation probably does play an
impo;tént role in segregation. The effect was most pronounéed in the
coarse grained materials, but the smaller variation in the fine grained

; material is probably due to alternative fracture paths selecting the
most highly segregated boundaries.

fhe grain size effect on fracture stress was a surprise, bu£ after
the Bi concentfation was determined by AES, it was easily éxplaihable;
It is clear that the grain bbuhdary ffacture is‘primarily controlled by

~grain boundary chemical coﬁposition and not by the free slip length be-

tween grain boundaries. With equivalent segregation, the fine grained

materials were no stronger than the coarse grained materials.

C. Effect_of Grain Boundafy Segfegafion on Grain Boundary Diffusion
Diffusion along grain boundaries is an impo;tant’method of ma-
terial transport at low temperatures because the activation énergy for
~grain boundary diffusion is usually about 1/2 that for bulk diffusion.
In recent years, it has become important technologically because thin
film devices that carry high currents fail becauge of electrotransport
along grain boundaries. In aluminum thin film conductors, it was found
that trace amounts of copper had a very beneficial effect and thi; was
attribu£ed to the segregation of copper to the aluminum grain boundaries,
: filling the open spaces in the boundary and therefqre'raising the activa-
tion energy for grain boundary diffﬁsionf
The Cu-Bi system was chosén to study grain boundary diffusion of

nickel. The Cu-Bi could be made to fracture along grain boundaries and
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' the nickel Auger signal was easily detectable in the Cu-Bi matrix. It
. was expected that the Bi would retard the migration of Ni along the grain
boundaries, and it was hoped that information on the activation energy

for grain boundary diffusion of nickel with Bi segregation would provide

" a basis for understanding in a quantitative way the effect of segregation

on graih boundary diffusion. Qualitatively, one would expect that when

N .

'~ ‘the open sites (about 33% of the grain boundary volume) were filled, the

activation énergy for érain boundary diffusion of nickel would be about
fhe same as for bulk diffusion. It was found that Bi segregatioﬁ did re-
tard grain bouhdary diffusion of Ni, buf the results were much more com-
plicatéd than expectea. \
Figurés 8 and 9 show the measured conceﬁtration of Bi and Ni at é
copper fraCtu;e surface after various annéaling times; The nickel had
been pla£ed on the surféce.and fhe‘annealing tempefature was 530°c. It
. is observed that the Bi desegregafés from the grain boundary as Fhe Ni
Penetrates until about equal amounts ofANi and Bi are attained. Com-
pariéon of Figures 8 and 9 also shows that the greéter concentration of
Bi in the 18Q ppm Bi alioj has a significaﬁt éffect on the rate of pené—
tration of Ni. Eigures 10-12 show results on~a Cu-60 ppm Bi alloy with |
various amounts of iron (Fe additions reduce Bi'segregétion). The re-
éults'again show the Bi retarding'nickel pénetration and the reduction in
Bi éoncentration‘ét the grain boundaries until it réachéé an equal level
with the nickel. The following statements generalize the experimental'
résults:
1. The lower tﬁe effective Bi concentration in the alloy, the
~greater the Ni penetration for any givén diffusion time.

2. The longer the time for diffusjon, the greater the Ni penetration

in a given alloy.
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3. The longer the time for diffusion for a given alloy, the more
the plateau region extends into the bulk.

"4; Thé,Bi concentration and the nickel conpentration tend toward
a 50/50 ratid.

Item four indicates a pésitivg intéraction between Bi and Ni and,
upon ex%mination gf the Bi-Ni.phase diggram, it was found that the phases
.NiBis and NiBi aré formed. The heats of formation are not known, but us-

ing various thermodynamic arguments, one would estimate a value to be be-
‘tween_¥400 to -2000 cal/nole. If these estimate§ are good, one would ex-
pect the Ni and Bi to cosegregate to grain boundaries in copper, and they
may form a two-dimensional phase. This suggests that the grain boundary
diffusign can be retarded effectivély by segregating a gpecies that teﬁds
to form compounas with the diffusing sbecies. This would be Useful where
the only consideration is grain boundary diffusionlrate, but it probably
'woula render the material grain boﬁndary brittle. |
‘D. Stress Corrosion of Copper Alloys
In préviously repofted work the suscepti#ility of admiralty

‘bréss (Cu-282n-1Sn alloy) to transgranular stress corrosion cracking in
aciq copper éulfate,and copper nitrate environments was described. The
_dépendence of the cracking kinetics upon the soiution composition was
deterﬁined and it was found that crack initiation rates were dependent
upon ‘electrolyte composition but crack propagation rates were virtually
the same in all solutions causing stress corrosion cracking. It was
. also shown that the chemical environment within the propagating crack is
considerably different thaﬁ the bulk solution.

A thin tin-rich layer was found on the stress corrosion fracture

surface and the source of the tin was proven to be the alloy itself



’. = Cripmers e — e e g = e s wes e

31

-_—

* rather than the chemical environment. It was presumed that processes

of solute seg:égation served to develop a tin-rich path within the ad- .

miralty microstructure or else tin dissolved from the alloy was prefer-
entially re-deposited on the fracture surface.
We proposed to determine the role of .solute segﬁegation in generat-

ing a metallurgical structure susceptible to stress corrosion. For this

purpose high'purity binary alloysvbf_Cu—Sb, Cu-Bi and Cu-Sn were chosen.

Both Sb and Bi were known to segregate intergranularly in copper and both

‘were known to cause intergranular embrittlement. Electrochemical studies

of the bulk.alloys andbof the grain boundary regions were carried out in
conjuncfion with the susceptibi;ity measurements. Both éb and Bi are
more elecf?échemically active than copper.

1. Stress Corrosion 6f Cu with.Seg:egated Sb, Bi, or Sn

Dilute sulfuric acid was chosen as an environment for the

. stress corrosion studies. In order to establish a susceptibility base

line, pure Cu was tested. No cracking Qas observed during tensile test-
ing 6f the specimens. A noble shift of the ébrrosion potential was ob-
served. .TheAapplicatioﬁ of nei£her anodic nof cathodic potentials served
to‘induce cracking. The results indicate high purity copper has a grain
boundary structure and composition that fesists‘attack e§en when stressed
in acid solution. |
Cu-Sb alloys containing 0.06, 0.07, 0.24 and 0.31 atom percent (a/o)
Sb were prepared. The two most dilute alloys wére not embrittled by heat
tfeatments of 525°C and it was cpncluded that any Sb segregation in these
alloys was insufficient to cause intergranular4embritt1ement_in the ab-

sence of a corrosive environment. The more concentrated alloys were

~grain boundary brittle in rapid tensile straining following the'segrega~
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‘tion.heat treatment. ’Conversely,vgrain boundary embrittlement of these
alloys was removed by a solutionizing annéaling treatment aﬁ 850°C for’
two hours followed by a water quench.

The intergranular fracture surfaces of the two most concentrated
Cu-Sb alloys were charécterized with respéét to fractpgfaphy and chemical

Acomposi£ion. A number of small isolated seconq phase particles were ob-

_served on the fracture surface but not in the bulk alloy. It was con-
cluded that the second phase was a discontinuous grain boundary precipi-
'ﬁate. ‘Auger analysis of these fracture surfaces indicates the boundary
concentrations of Sb were both about 10 a/o. This common value suggested
a definite grain boundary solubility limit. To test this premise, segre-

~gation times for both alloys were varied between 3 and 10 ﬁours. For all
samples the values were near 10°a/o; all were within the range of 9-12 a/o.
To ensure the detected Sb was present mainiy as a thin layer of segregant,
scanning Auger microscopy was emplo&ed to‘determine the Sb distribution;
it was evident that Sb coverage of the intergranula; facets was continuous.

.Thus an apparent grain boundary solubiiity limit of 10 a/o existé at
525°c, the limit probably impésed by the‘formation of the small grain
boundafy precipitates. A large solute excess (about 90 a/o) éredicted
fér equilibrium grain boundary segregation of Sﬁ in Cu by the McLean ex-
pression is not attained at this temperature.

All alloys given the solutionizing heat treatment wére immune to
stress corrosion in dilute sulfuric acid during static three point bend- '

-_iﬂg tests. Following‘segregation heat treatment the alloy containing
0.24 a/o Sb was clearly susceptible to intergranular stress corrosion.
Thé more dilute alloys were immune to.attack while the 0.31 a/o Sb mate-

rial was attacked by grain boundary and general corrosion -- and not by




33

" stress corrosion cracking. The stress corrosion of the 0.24 é/o mate;ial
was studied in some detail. Nearly eéery grain boundary Qas attacked by
the environment, suggestive of grain boundary corrosion; but it was found
that in the absence of stress, little general attack and no grain bound-
ary cracking occurred. Stress corrosion crack walls were free‘of déposits
and chargcterized by b:ight intergranular facets, which persisted to the
_Acrack tip. n |

For the Cu-Bi studies an allo? containing 180 ppm of Bi was employed.
Ain a correlative stﬁdy, it was detefmined that boundary concentfations of
40-90 atom percent of Bi developed during segregation heat trgatments.
It is noted.these concentrations are consi&efably higher than those mea-
sured for Cu-Sb. In three point bending test in dilute sulfuric acid,
segregated samples (heat tfeated at 525?C) were susceptible to stress
corrosion. The attack was_simiiarAto that observed for the Cu-Sb alloys.
Apd, again, sqluﬁionizing annealing treatments rendered the matéfial im-
muﬁe £o stress corrosion. Unstressed bar specimens were similarly immune.

.A Cu—Sn‘alloy containing 0.54% of Sn was prepéred and subjected to
the three point bending stress corrosion test;- Stress corrosion was not.
obser&ed. Instead the material was attacked by pitting.

2. Eleétrochemical'Studies |
The corrosion potentials of the above a110y$ were measured

‘in 0.2M sulfuric acid. The experimental érrangement is shown in Figure
13. The corrosion pétential was not affected by segregation or solution-
' iéinq heat treatments; all alloys exhibited corrosion potentials charac-
teristic of the solvent element, copper.

The intergranular embrittlement induced by segregation afforded the

unusual opportunity of studying directly the electrochemical properties
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of the segregant—rich.grain boundary matérial. Corrosion potentigl nmea-
surements made on intergrapular fracture éurfaces gave reproducible values

‘that were active with.reSPect to those measured on the bulk alloy surfaces.
For the two most concentrated Sb alloys the fracture surface was about 25
mV active with respec£ to the bulk alloy and was more noble than the cor-
rosion éatential-of pure Sb. The magnitude of the fracture surface cor-
) résion potential is thus consisteqt with the Auger measurements, which
indicated ‘a definite concentration limit (approximately 10 a/o) for Sb-
'segregated grain boundaries in Cu. The boundary potential is taken to be
a mixed corrosion potential, controlled by the dissolution of both Cu and

4 . ,
Sb.

To confirm that the measured potentials were charactéfistic of the
segregéted grain boundary, corrosion potential measurements were made on
ductile fracture surfaces of pureACu-and solutionized Cu;Sb alloys. The
méasured potentials were the same ésAthose for the bulk alloy exterior
.surface. The fracture surface potential measurements accofdingly provide
direct evidence for the existence of an active electrochemical path at a
segregated boundary in these materials. This is taken to be a driving
force.for the stress corrosion process. AThelcréck morphology and mea;
gured crack velocities described above are also-consistept with anodic
dissolutioﬁ along the éegregated'boundaries piaying a major role in crack
propagation.

The time dependence of the fracture surface corrosion potential also
. réflected the nature of the segregated boundary iﬁ Cu-Sb. A noble shift
from the initial active potential occurred, as shown in Eigqre 14. The
final potential established on the fracture surface was the same as for

the bulk alloy. Results for both Cu-Sb alloys were the same and the
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potential time relation was very reproducible. This noble shift is con-

sidered to be the consequence of the removal of Sb segregant\from the frac-
ture surface as corrosion proceeded.

Corrosion potential measureménts on grain boundary fractures of the
segregated Cu-Bi alloy gave spmgwhat different results. The grain bound-
ary potential was essentailly thé same as the corrosion potenﬁial for
pure Bi; however, the results were not gs consistent as those for Cu-Sb.
Again, a nobie shift, more rapid in this case, occurred with continued
exposure to the corrosive environment, the final potential being charac-

teristic of the bulk alloy. A possible cause for the inconsistent po-

tential measurements is the known high degree of anisotropy for Bi segre-

~gation to grain boundaries in Cu (10). The noble shift, as before, is

bonsidered to result from the removal of the Bi solute by dissolgtion.

An estimate of the quantity of solute removed by dissolution from
intergranuiar fracture surfaces during the noble shift was made by means
of Faraday's Law. The calculated quantity of solute dissolved was equi-
valent to the.removal of about 60 atom layers for Cu-Bi and about 650
layers for Cu-Sb. These calculaﬁions confirm that the material affected
by the segregant is extremely thin. The values for the Bi rich 1§yer are
qompafable to sputter profiles measured by Joshi and Stein (11) (about

10 atom layers). The 650 atom layer result for Cu-Sb is considerably

_greater than that determined by ion sputtering (1¢~40 atom layers).

3. Conclusions
1) Grain boundary segfegétion of Sb and Bi in Cu induce
stress corrosion susceptibility in sulfuric acid.
2) Electrochemical measurements revealed an active path"

for stress corrosicn.
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3) Grain boundary segregation does not affect the bulk

electrochemical properties of the unstressed alloys.
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