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ABSTRACT

Studies of admiralty brass' stress.corrosion in copper sulfate and
coppér'nitrate have provided information on environmental contributions
to SCC in acid systems. SCC susceptibility is a function of bulk cor-
rosion .- rate, and is maximized when conditions favor localized attack.
At a given pH and stress, solution composition determines crack initiation
rates;'but the .crack crevice environment;isbnotbphafacteristic of the
Abulk'saltAsq}ution. ACrack.prop;gation appéarsftq be-strongly related -
.tb’anodic dissolution;_hqﬁéVer;‘cohtribut;ons.from thin film rupture
and hya;ogen'embrittlement must bé consiée#éd.thhg Srittle‘tarnish
4ruptur¢.mechahism is ‘not-operative duriﬁg thé st?esé'corfosion of-éhg
coppér‘alioys in any of a wide Qariety'of environmehnts.

fhéoretical models have been developed that are providing a basic -
understandiﬁg of segregation to grain boundaries. The statistical
thermodynamic approach using a distribution of energy sites at the g;ain
boundary has extended the McLeaﬁ model and the results are coﬁsistent
with:Suifur ;eg:egation in Ni3Al'and Ni3(Al,Ti)7 A model based on the
interatomic potentialg of Cu-Cu, Cu—Bi; and Bi-Bi shows fhe segregation
of Bi shpuld occur at grain boundaries and that the segregation should
be more extensive at asymmetrical grain boundaries. This is in agreement
with earlier measurements made in this program.

Grain boundary diffusion experiments conﬁinue. The Mo-S-Cr system
is still the most desirable one for this purpose but difficulty has been
encountered in controlling the sulfur additions and keeping the Cr plate
on the surface. - A new closed system has been designed that appears to
have solved the problem. Experiments using the Cu~Bi—Ni system have been
successful so it is clear that the general approach to studying grain

boundary diffusion and the effect of impurity segregation on this diffusion

will be successful.




I. INTRODUCTION

'This report summarizes the work performed under Contract E(11-1)-2166
for the year 1976. The program has been directed toward the utilization
of Auger Electron Spectroscopy (AES) té study segregation of impurities
to grain'boundaries fhat resﬁlt in a deterioration in the properties of
materials. Included in the properties of interest are grain boundary
fracture, stress corrosion cracking, ané grain boundary mobility during
annealing and sintering operations. The pasf year has seen a greater

effdrt'dn the development of theoretical approaches toidevelop a broader

. understanding of the mechanism of segregation and its relation to

embrittlement.
Several papers (see attached list) have been published or prepared

for publication in the past year.

II. RESEARCH PROGkESS (1976)
A. Stress‘Corrosion '
Weﬂpreviously reported that admiralty brass (lCu—ZSZn—lSnAalloy)
is suéceptible to stress corrosion in acidic sulfate environments. The
fracture surface is-transgrapular; characterized by cleavage facets and
by.a thin.Sn=rich.layer at the'leadipg edgerf the crack. The fact
that Sn is an effective poison for hydrogen recombination suggested that
hydrogen embrittlement may play a role.in the'stress: corrosion mechanism.
Further environmen£al studies on this system have been completed.
-l. Corrosion Rate and Stress Corrosion Kinetics
Intermediate corrosion rates tend tp maximize SCC suscep-
tibility by enhancing the tendency for sustained localized corrosion.
General exterior corrosion rates may not influence crack tip propagation
events, but they can play a major role in crack initiation. If the

corroding solution is highly oxidizing, gross surface dissolution will



occur. In weak solutions dissolved'coppef‘will pPrecipitate as a thick
protective Cu,0 layer, retarding-further attack. Solutions of inter-
mediate.concentration should provide the critical combination of disso-
lution rate and tarnish sdlubility.that may produce local surface
heterogeneities or allow preée#isting heterogeneities to function as
crack initiation sites. "~ This premise.was tésﬁed by exposing'admiralty
tube specimens to several concentrations of copper sulfate solution.
Séeéimen surface conditions and crack growth were monitored with timé.! .
Crack growth was measured with the nondestructive eddy current technique.
This method detects flaws in materials by ﬁeasuring current variations‘
resﬁlting from changes in the medium.conductivity. A defect of any --

' given-charactér must be standardized and current signals must be’qali{
brated in terms of the fphysical dimeﬁsions'of the flaw. 1In the admirélty
tubing.all stress corrosion cracks Were tight longitudinal fissures.
initiating on the outside diameter surface. Eddy current signais were
correléted with crack depths by metallographic examination in’preliﬁiﬁafy
tests. - For érackAgrowth'studies, samples were tested in the eddy current
jig and returned to éolution for additiénal exposure. Results for

admiralty in copper sulfate are shown in Figure 1. No SCC was observed...

in dilute solutions which produced a thick surface tarnish, or concentrated

solutions that roughened and dulled the specimen surface. SCC was produced

at intefmediéte solution concentrations. Speéimen surfaces exhibited a
semi-continuous or patchy tarnish product.
2. Specific Ion Effects
Specific ion effects of similar electrolytes were also
examined. It is unlikely that specific adsorption of ions from an agueous
solution would accelerate crack propagation rates in admiralty or any

single phase brass. For ductile materials the Griffith equation should
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be written to include the work associated with plastic deformation at

the crack tip:1

oF = [

E(Ys + Yp) ]1/2
: a o
where; _ g, = fractpre stress .
E = modulus of elasticity
Ly = surfacé.energy
Y. = Qgrk for élaétic strain

a = atom spacing

In a low flow stress-material such as copper, Yp would be expected to be
much greater than YS. Aﬁg'éffect adsorption may have on the surface energy
would produce negligible reductions in fracture stress. It has been.’

suggeéted that corrosive attack may lower»Yp,2

but this has not been‘
démonstrated. Spécific ions in the environment may affect SCC initiéfion
*in a number of'ways. Surface adsorétion may alﬁer anode or cathode reactioh
kinetics, orvlocalize corrosive attack by diréct surface coverage.or:cpm—
pound fo?mation. Reynolds and'Pem_ent3 have repérted trénsgrénular SéC

in admiralty exposed to aqueous cupric nitrate. ‘- This was confirmgd at
our laborétoryt It was also. found that 0.15 molar solutions of Cu SO4 -
5 HyO and Cu (NO3)2.-3 H,0 had values - of pH very close to 4. To examine
specific ion effects, admiralty tubes were exppséd to each environment.
Surface condition and crack growth were monitored with time. Figﬁre 2
shows the crack penetration as a function of time for both environments.
Crack propagation rates were nearly the same, but initiation time was
signifiéantly shorter in the nitrate environment. Specimens from both

environments had a reddish-brown exterior surface tarnish and nontarnished

SCC walls. X-ray diffraction of tarnish scraped from exterior surfaces
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identified Cuy0 in all samples'and PbSn03 in thejcbpper nitrate tarnish.
Auger analysis of stress corfosibn‘fracture surfaces revealed thin Sn
rich layers at the leading edge of sulfate cracks and Sn-Pb rich films on
nitrate fracturés. fhe presénce of Pb in theAnitrate crack crevices did
not appear to accelerate SCC propagation, but a Pb compound was present

in the exterior tarnish of the fastest cfacking system.

3; Anodic Dissolution -

The feasibility.of_scc propagatién ?ésul;ing‘from se}ecti?e
”éﬁodic dissoiﬁtiqp at the crack tip waé éxaminea.' Siﬁce éropagation‘
E rates.were‘constant and Aearly eqﬁal invthe coppér sulfate and éopperk“
nifrate solutions, a chemically controlled mechanism éppears_possible;
If one aésﬁmes that:crack extension is’ caused only by metal dissolution,
. the necessary anbdic current density‘required for such a process can be..’
calculated from Faraday's Law for any cr;ck growth rate. The craqk -
propagation rate of admiralty was about 4 x 1077 ém/sec. This corrésponds
to a.crack~tip”an§dic current density on the order of 10 ma/cm? .- A current
density of this magnitudezis reasonable for pfopagation by'crack tip
_ dissolution. The kinetic requirement, a measurable rate of local attack

that will not blunt the crack tip chemically, could be satisfied.
R .

4. Crack Wa}l Composition and Morphology
Since tﬁe crack walls in admiralty samples were non-tarnished
and the exterior éurfaces were tarnished, determinations of the nature of
the crack wall and the crevice environment were necéssary to characterize
" additional processes active in the SCC propagation. Fracture surfaces
produced in sulfate and nitrate environments appeared brittle and exhibited
cleavage-like features, Figure 3. BAuger analysis of these surfaces detected

enough oxygen for the Sn rich and Pb-Sn rich films to be oxidized, Figure 4.
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Inert gas ion sputtering revealed.the oxygen to be strongly bonded to the

crack walls. Sputtering the equivalent of 100 layers of pure copper on a
nitrate fracpure surface completely removea the:Pb and reduced Sn to its
gjik ;lloy level.

The origin of the high Sn and Pb concentratione on the
admiralty fracture surfaces was investigated. ' Pb was only observed on
cracks generated in copper nitfate solutionhﬁhich was concluded to be the
source of Pb. Reagent grade Cu nltrate contains significant quantltles
of Pb (lO 30 ppm), .while reagent grade copper sulfate contains very llttle
Pb, 51nce lead sulfate is qulte;lnsoluble. In addition, -inert gas ion
sputtering easily removed all Pb from the fracture surfaces. iSnAwas
detected en‘noth sulfate and nitrate fractures. To determine'the poss;¥
bility of an environmenfal source for the frecture surface.-Sn, copper
suifate.test solutions were analyzed .by atomic adsorption. No nin was"‘
found with an instrument detectablllty of 250 ppb. In addition, annealea
'admlralty samplee 1mmersed in a .PH 4 SnSO4 solution did not crack. durlng
a SQQ‘hour teSt,v'Exposure‘of.annealed cartridge brass at seresses below
the yield peint to-cepperfsulfatevand.copper nitrate solutions produced
no craEking:in 500 houre. 'These results indicate the alloy addition of
Sn in admiralty was the source of the high Sn concentrations on the fracture
surfaces.

Non—tarnished crack walls may result from the freshly created
fracture surface being tarnish resistant” or from local environmental
variations at the crack eip. To determine which effect controls crack wall
conditions  in admiralty a series of immersion studiee was performed. Tubes
that had been cracked in copper nitrate solution were radially compressed

to expose SCC walls. Coupons about 7 mm square were cut from the tube,

exposing the untarnished SCC fracture surfaces. These samples were washed
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and then immersed in 0.15M.Cu(NO3)2z3Héo, the same environment. that had
caused SCC. Thick, adherént reddish-brown tarnish layers completely
covered the SCC fracture Surfaées'éfter 40 hours eﬁposure - the surfaces
were clearly not tarnish-resistant in the bulk SCC environment.‘ To deter-
mine the stability of this tarnish on the fracture surfaces, severa; of'_‘
these coﬁpbns were exposed to solutions of cupric nitfate rangiﬁgAin pﬁ
from 1-5. Fractu;e surfacextarnish remained intact for all pﬁ values
during a 200 houf test.. This result thus indicates a stabie tarnish on
sceC walls‘in solutidns of cbpper nitrate below PH 5. Since thig does nbt
" .occur auring SCC(.fhe cré§ice environment near the SCC leading_edge,must'
notih?Ve the'saméhcharaéteristics as.the bulk copper nitréte soiution.
5. Summary | .
Studieslbf annealed admiralty tube in copper sulfate and

copper nitrate provided much information:on environmental contributions

to SCC in acid systems. SCC susceptibility is a function of bulk corrosion

e S PR
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_rate, and is maximized Wwhen conditions favorrlocalized attack. At ajgiven
PH and stress,.solution composition determines crack initiation rates, but
the crack crevice‘environment'is not characteristic of the bulk salt solu-
tion. Crack propagation appears to be strongly related to anodic dissolution;
however, contributions from thin film ruptufe and hydrogen embrittlement
must be considered.
B. Theoretical Study on the Effect of Bismuth on Grain Boundaries
in Copper - f
The objective of this portion of the program was to understand
theoretically the effect of bismuth on the grain boundary structure in
copper. Since interatomic potential functions are essential in describing

the structure of a grain boundary, effort was first focused on developing

iy
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the interatomic potential functions of.Cu=Cu; Bi-Bi and Cu-Bi. Howevef,
the difficulties in developing the interatomic potentiais of Cu-Bi and.
Bi-Bi arise from two facts;'theffirst is.that the structure of bismuth
is not highly symmetric (rhombohedral) and.the second is that the Cu-Bi
systeﬁAhaS'a very limited solid sdlubility and thus there are no\a&éilable
the?mbchemical and mechanical proper£y data thch can be used to develop
the Cu-Bi interatomic potential. .Thus, foliowing Girifalco and Weizeri
Morse potentials were developed for the Cu-Cu, Bi-Bi and.Qu;Bi interatomic
iﬁtergctiénsf‘as shown in Figure 5. A quasichemical approach and the‘
) Lorgﬁtz—Berthelot-combining rules were used toAdetermine the Cu-BiiMorsé'
xéq;enéial-parameters. |

With these'potentials,,equilibriﬁm conf;gurations gf pure copper
36° 52' [100] éymmetrical and asymmetrical tilﬁ grain béundaries were
obtained at absolute zero through the quasidynamiq method and are found'to
5e the” same as thosé given"by‘Hasson'gg_gl_.6 Bismuth atoms are tﬁen.dis—
tributed uniforml§‘in the grain boundary regions.- After a complete ranaom
mixing at a higﬁ temperature, the’equilibrium segregation configu;ation'of
thgipigﬂgth—doped.grain boundary regions weré siﬁulated thfqugﬂ’the Monte
Carlo method. Figure 6 shows the bismuth concentratign profile for three
different normalized temperatures (T* = T/2646°K) in the 36° 52' [100]
‘'symmetrical grain boundary region, while Figure 7 ‘presents the results for

the 36°-52' [100] asymmetrical grain boundary fegion. The layer "i"

indicates the i?b atomic plane from the central atomic plane which is
designated "o". The cross-hatched portion means a bulk-like region where
the bismuth concentration was kept constant (ll.ll%.in all the simulations)

during the entire Monte Carlo calculation.
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The results.for both'the symmetrical and the asymmetrical grain
boundaries show.: an increase in bismuth concentration with decrease in
temperature. However, while the concentration profile in thé symmetrical
~ grain boundary is symmetrical with respect to the central atomic plane
(layer fo"), the concentration préfile is no longér §ymmetrical in the
4 L ‘ .

asymmetricaL'grain boundary. . Due to the limited theoretical model which
Qas adopted in this étuay, i.e., a model in which'bnly about one thousand
atoms were simulated_(li34 for symmetrical and 1266 for agymmetrical)

and simple Morée pééentials were represented as afomié integactions, no
simulation.at a Qealistic temperatufe (i.e., T* < 1) was attempted.
Nevertheless, -these resulfs shqw the segregation behavior of bismuth

at pure.copper grain bouhdaries;-iong-predictéd by the Gibbéién thermo-

dyhamics_and experimentally observed through an Auger electron microscope.

It was'aiso foghd that the amount of 5ismuth seg;egafion'at tﬁe asymme;rical
~grain ﬁoundary was l#rgefhthah that of £he éyhmetrical grain boundary and
tﬁe'diffefence increaséaiwith'a decrease in temperéture.' This is consisteﬁt
wiﬁh thelrecent findings by quell and Woodruff,7 in thch‘an anisotropy
in the segregation of bismuth to the copper grain béuﬁdary fraéture.surféce
was observedL |

Finally, using McLean's 6ne—parameter equilibrium segreéatioﬂ
equation, the binding energies of bismuth atoms to the copper grain boun-
daries were ostainéq; 0.§8 eV for the symmetrical grain boundary and 1.19 eV
for the asymmetrical grain bbqndary; The -results-of this study are béing
analyzed-:and prepafed for publication. As a next step, a refined theoretical
model which can simulate a realistic temperature rénge is ‘being sought.

C. sStatistical Thermodynamic Treatment of Segregation
Collaboration has continued with Dr. C. L. White of the Oak Ridge

National Laboratory on a statistical thermodynamic approach to grain
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boundary segreation'and two .joint (White:and Stein) - papers were prepared
for publication. The first was desCribed‘in last'year‘s b;ogress report
and this paper, "Sulfur Segregation to Giain Boundaries in NijAl and
Ni3(A1,Ti) Allbys,f has been'Submitted'to Metéllurgical Transactions

for publication, The second paper, "On the Upper Limits.to'Equilibrium
Segregation at a Grain BoundarQ(" re-exaﬁines the requirements for the‘
validity of the upper limit of equilibrium segpégatién as formulated by
Cahn and Hilliard.? It is éhoWn that thefréQuirément of Henrian beﬁévior
forlﬁﬁe.sblute-solvgﬁt systemﬂédn be ;elaxéd.to include a class of
hegéﬁive Qeviation from Henryis taw; Hé@évét;.for.poéitive deviation

frpm_Henryfs Law it is clear that -the expression,

...... Y (0)
B a) (o < RT(L + 1noyy
) + 1
nxo)
‘ ' Xg .
where:  Tg(a)(Xp) = Tp -~ (=) Ta.
.PA PB = the excess quantity of compounds. A and B pef\uhit-

area of interface;.
Y(0) = grain boundary tension of the pure solvent, A;°

Xg = mole fraction of soldte; B, in the alloy;

X, = value of Xg at which'the upper 1imi£-is desired;
Xg = solubility limit of B in A.
is not the proper upper bound limiting the extent of segregation. It
appears that substantial -deviation-can occur and that segregationrcoula
be easi;y twice the level predicted and possibly_teh times.
D. Grain Boundéry Fragility

Grain boundaries are usually stronger than expected since one

would expect poor cohesion across this imperfectly packed interface, but

cleavage fracture is more common than grain boundary fracture.



This is Probably related to the interrelation between the maximum force
to produce separation and the amount of plastic deformation at the crack
tip. Figure 8 taken from .‘Hahn and Gilbert? provides ‘a basis for under-

standing‘the'interrelation.‘70¥'is defined as.the stress.necessary to part
the atoms, Oy is thé yield stress, ‘and Onom 1s the applied stressf When
the stress at the crack tip e%beeds the yield stress, plasfic deformation
occurs and whén it exceeds the fracture stress} separation oécurs."If‘

one considers a(érack approaching a volume elément_dv its stressAand strain
hi;tory c&n.be~aescribed as shoWn in Eigu;e 8. -From di91oéation measure-
ments:it is 6bsérved that:thé‘dislocatién velécity-is a powér funéfioﬁ bf
Astreﬁs~repiesented“bj‘the"empirical fundtiop; | | ”

v = ATm

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 ihcréase
. fesﬁlts'in a major increase in dislocation velocity (plgstic deférméfidn);
Théréfore a-small decrease in the ‘cohesive stress will result in a iérge
decrease in the amount of plastic deformation.

In addition, Ayres and Stein and Tysoﬁ, Ayres and Stein!?’!! have
shown that this plastic deformation will be aﬁisotropic with respect to
the plane on which ffacture is §ccurring. For insténce they showédvthat
the (100) fracture plane‘in BCC metals is favored for cleavage even though
the (110) plane usually has the lowest surface energy. This model is being
extended by considering a grain boundary to be a series of micro—cléavage

planes of all pos$ible orientations. The stress fields have been calculated
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- and related to dislocation motion and it was found that a variation of
more than 20% occurs in the éxtent'of.the'plastic'zohe Size; The model
is now béihg further developed to consider'the'Chahge in pléstic work
absorbed at the crack tip as a function of crack orientation and direction
and té consider the effect of changes in the true fracturiné stress.
E. Grain Boundary Diffusioﬁ and Segregation Effects

Prbgress continues to be made in tﬁé e%éeriméntal program to
meaSpre-grain diffusion and determinésnhow it ig éffécted by a segregated'
.stecies:ag the grain boundary. The Originéi syétem chosen for study was
the Mo-S-Cr tgrnary iﬁ which Sulfﬁ; was to be seg:egatéd to grain bound;ries
and-its-effect on ﬁﬁe‘diffusion of Cr measured. However, thé’flowiﬁg'§$§‘
system:fp; introducing the sulfur described in last Year's report has
Lﬁot‘wbrked‘Wel; and it has been necessary to redesign a cloéea systém to
try to solvé'the problems. The‘initial.e#periments appeaf to be‘workihg
.gnd therefore we arg'hopeful that we will achieve control of the MoQS—ér‘
Asystéﬁ~in thencomihg,feaf.

An alternate syste;, the Cu-Bi~Ni has béen studied in the past
year with success. This system was chosen sinée ﬁe have extensive gxperience
in preparing ailoys that~will'fracture‘alqngAgrain boundaries with -controlled
amounts of Bi segregation. Grain bqundary diffusion of Ni has been measured
in the Cu-Bi system and it ié clear that:a strong interaction between the
Ni an& Bi occurs. The Bi concentration at thé(grain boundary decreases
as the Ni concentration increases, but more data needs to be gathered before
the detailed analysis can be made. It is clear that the experimental program

to measure the dependency of grain boundary diffusion on segregation is a

viable experiment.
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Aqueous Copper Sulfate, T. R. Plnchback S. P. Clough
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Sulfur Segregation to Grain Boundaries in NijAl and
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Boundary, C..L. White and D. F. Stein, Scripta Met.

"1,

Invited -Presentations - -

Grain Boundary Segregation and Environmental
Interactions,. .. A. Heldt, Symposium on Fundamentals

of .Grain Boundary Segregation, TMS—AIME Nlagara Falls,

New York, Sept. 1976.

Stress Corrosion Cracking of Cartridge and Admiralty
Brasses, T. R. Pinchback and L. A. Heldt, .Symposium
on Stress Corrosion of Copper Alloys, TMS-AIME,
Niagara Falls, New York, Sept. 1976.

Segregation Induced Embrittlement of Metals, D. F. Stein,
Northwestern University, Feb. 1976, and University of
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New Surface Chemical Analysis Techniques for Metallurgical
Analysis, and Effects of Impurity, D. F. Stein, Lehigh
University, March, 1976.

How Metals Fail, D. F. Stein, West Virginia Tech., Nov. 1976.



