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ABSTRACT.

The.plastic deformatioﬁ and fracture characte;istics of two gold-
platihum alloys strengthénéd by spinodal decomposition have been ex-
periméntall&.investigated..'It Qasrfound that the fracture bafh in these
alloys is primari;y intergraﬁnﬁlar; this is'causedAby‘iﬁcoherent grain
boundary‘preéipitation ofvthé eguilibrium phaées{ Thevgrains themselves
are not embriﬁtléd by thé transformation. It was élso found thét the
initial work-hardening rate is higher thdh hormally 6bserved, and that
the proportional limit is appreciably:increa;ed by spinodal decomposition.
A new theory was advanced to accouﬁt for the work-hardening behavior,
and it is in good agreement with experimental results. It wasbalso showﬁ

that present theories cannot account for the large increase in propor-

tional limit,

.

. o '
Now at 'Oak Ridge Netional Laboratory, Osk Ridge, Tenn.
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TNTRODUCTTON
Non-ferfous precipitatidn-hardéning .a'iloys generally exhibit maximum
strength. durlng the ear;y stagos of the precipitation reaction, when in -
the -stage of_coherenu prepre01p1teulon. ‘The preprecipitates should not

be more than aboﬁtv lOO A apart, and should be as uﬂlformly distributed

(1)

through the vglume as p0551ble
Spinodal decomposition* is a meﬁhod of obtaining suéﬁ a structure.
ariy invest;gations.of this mechanism implied thaﬁ it is the closest
approach to homogeneoué nucleation in the solid7stafe.(2) 'Later ex-
perimental investigations of face-centered'cubié alloys of thisvt&pe
showed that structural changes occurring within the uﬁstéble solution
lattice consisted of clusters leading to précipitafes of the equilibrium'
. phases and were distributed periodically in the pafent léttice, the
periodicity,being along the cube axis directions.<3’u’5) Recent theoreti-
cal treatments of spinodal aeéomposition(6’7) 1ead to the same conclusion,
i.e., that the spatial distribution of "nuclei"rshould be periodic within
the parent lattice. In particular, Cahn's theoretical treatment for cuble
alloys includes the effect of elastic stréin energy in the criteria for
existence of spinodal decompoSition and subsequentvgrqwth éf the structure;

an important conclusion was that wave propagétion vectors'should be in the

cube axis directions for spinodal gold—nlatlnum alloys, produ01ng a uniform

preprecmpltate dlspersion.

Spinodal decomposition is thought to occur within the spinodal reglon
of a two-phase field, where the boundaly of the chemlcal sninoial region
is defined by the locus of éiﬁ—- O F= Giobs free enercy of"- ’cha un-

stable solutlon and X = atom fraction in a blnard alloy
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Tiedema, et al.(s).iﬁvestigated the‘spinodal reection in the gold-
"platinum_system by x-ray diffraction methods and found that the maximum
wavelength.(charaéterizing the periodic cluster diétfibution) aﬂtained‘
before loss éf cohergncy was about_ho &) where.ao is ﬁhe'la{tice constant
of the upstable solution. Meésuremeﬁts of micfﬁhardﬁess were made on
alloy speéimens atvvarious stages of isothermal agingj very high values
were attained (up to ~h5d vickefs) and occasioﬁally brittle-type fractures
bccurred, o) itvgppeared that spinodal decoﬁpdsiuion may have caused.
| marked changeé'in mechaniéal properties of-the'alloysf
The présent reSeafeh wasﬂpnaertaken‘tp invéstigate in detail the
deforﬁation'and‘frécture characteristicé of édld-platinum alloys isd—
thermally agea within the spinodal region'of the phase diagram. of
pérticular’intereét is the repofted brittle nature of these alloys, which
was attributédAtéAqueﬁching strains by earlier.inyestiéators. Preliminary
results of the present work indicated that the apparent brittle fracture

(8)

is caused by grain boundary precipitation.
EXPERIMENTAT, METHOD

Alloy specimens of nominal compositions 60% Au-40% Pt and 20% Au-80%

* _ ,
Pt were supplied in the form of 0.020 inch dlameter wire, fabricated

from induction melted Ingots in the manner previously described.(9)
Spectroscopic analysis for metallic impurities showed the major

contaminants to be Rh(<.04%), PA(<.0T%), Fe(<.0T%); all others less

than 0.01%. Particular attenﬁion was given to silicon concentration;

.. o : L ‘
welght percent, hereafter called L0-60 and 80-20, respectively.
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two separate determinations shewedbsiiicon concentration to be < 0.000E%.
Tﬁevwire tensile specimens were homogenized eytdirect resistance

" heating fo* 1 hour at ~225 5°C.followed by He gas quenching to roem

temperature. Isothermal aglnv at 510 lO C was done 1n elthe“ a Folten

salt bath followed by ice water quenching, or in the same manner'as homo-

genization. Both of tnese operatlons have been descrlbed in detell

(9)

earlier.

Because of lunlted ductlllt& found in aged sne01mens it was necessary
to devise a gripping. technlque that would not, deform the wires at the.
vp01nts of contact. The grips develqped are shown disassembled with the

alignment jig in Pig. la’and essembled iﬁ Fig. 1b. Tﬁe tensile specimens
were eéoxy resinvbonded in the small stain;ees steel grip tubes with snap
rings fitted on eaeh end. The largerrbrass_grips,Awith threaded ends for
attachment to the testing maehine, were drilled and broached to provide a
elip fit with the stainless steel tubes. The snaﬁ‘rings anchored the grip
tubes in the brass grips. vThe tensile speclmens Qere‘3.25:in..overa11 and
the gripped‘length was about 0.875 iﬁ. on each end. The free span between
b:ass grip; was about 1.5 in. The assembled tensile speeimep and grip
assenbly Waslplaced in the;aluminum alignment'jié, ae shown in Fig. 1D,
before the,resin was eured. -With the alignment jig fastened shut, so
thatkthe whole specimen-grip assembly was e rigid gnit, the resin was cured
at 60°C. 'The Jig was not removed until the speeimen wa.s inAehe teﬁsile
machine, ‘wit}.l a elight preload applied.

Tenslle teets were made in an Instren:cpnstant strain-rate testing
macﬁine. All tests were performed at a censtent,strain rate of 0.005 in.
per min. Specimen elongation was measured direcﬁly, using thercentrai |

‘ ihch of the specimen free span as a'guage,length,_by attachment of an



I

UCRL-17212

-

" electrical extansometer (Instron Model No. G-51-11, sensitivity

5 X 10—5 inch) directly on the wire; experimental results were dis@layed
directly as a‘lqad—straiﬁ cﬁrve; Calibration‘of the extensometerrwith

a micrbmeter head showed‘that_avdisplacement of 5 X lO_S'in.'ééuld be
reprcducibly mﬁasured The calibration of the load cell and extensometer

system was checked with music wire specimens; the average elastic modulus’
“was calculated to be 29.0 * 0.5 x 106 psi for five determinations.
EXPERIMENTAL, RESULTS
Characteristic stress-strain curves of 40-60 alloys in the homo-
genized and gquenched condition and after aging for various times are
shown in Figs. 2 through 5.‘ Mechanical propefties of these alloys

determined from the stress-strain curves are given in Table I.

TABLE T

Mechanical Properties for L40-60 Alloys Aged at 510°C

Age Time Youngs Modulus roportional Limit** Fracture Plastic Strain
Hours 10’6 X psi 107 psi ?tress
| 1079% psi X107
* 21.6 7h . 121 - 32.3
0.5 20.5 95 - 160 4.20
1 19.2 9% o 162 o kos
5. . 20,9 - 110 B 13 R 2.65
10 . . 21k | 110 - 169 2.98
20% | 211 110 169 3,02

97.5 . 21.6 109 o 166 2.98

- ' ‘
Duplicate speclmens.

X% ' :
ProportlonaT limit defined as stress corresponding to deyaruure from
llnearlty on stress-strain curve. :
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" The moét pronounced change accompanylng aging was the large'increaée
in work hardening rate and the abrupt decreaée in plastic strain to fraé—
ture evidegt from.the beginniﬁg of the precipitatidnvréaction. The ini-
Atial yiéld‘point increase; b&rabcut;25% durihg the'firstlone—halthour
of aging gnd approachés'a_constént VAlué about 5O%Ihigher than the
' homogenized.and quenched alloy after 5‘hours'aging at 510°C. Another
group of Specimens was‘éged at 410°C to inﬁestigate mechanical property
chaﬁges at eerlier stages of the reaction. The results'obtained are
given in Table T and éharacteristic stresg-strain curves for two of

the alloys are shown in Figs. 6 and T.

Table II

Mechanical Properties of 40-60 Alloys Aged at L410°C

. Aging Time  Youngs Modulus | Proportional ~ Fracture Plastic Strain
Hours - 6 - Limit _ Stress o Fracture
10 ~ psi 3 ' -3 3
1077 psi 10 7 psi x10
5 20.6 96 150 5.57
10 22,0 96 - 185 - .80
40 21.0 111 © 167 3.90
200 : 20.8° 102 160 3.0k

x , _
Duplicate spec¢imens

The stress—strain_curves forAalloys aged at L410°C show fhe same general
4characteristics as those for ailoys aged at 510°C, except that the increase |
in slope proceeds at a smaller rate. The average elastic modulus for all
hO-GO specimens tesfed was 21iix106 psi.

‘Thé wérk-h;rdening-rate, defined here as the slope of the stress-

strain curve at a specified plastic strain, was calculated graphically
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for all étress»strain cufves at a plaétic‘ strain of 2.5><10'5.. The
selection of this strain value is arbitrary;‘it was chosen because it
is the largest plastic strain allowing the.rate:calculation before frac-
ture‘for all the stress-strain curves, and fhe slope of the.cﬁrves become
increasingly.different at increésing strains. The reéults of these |
calculafions are gi?en in Table fII; they shéw a gradual inéreasé.in
work-hardening rate for the specimeﬁs aged at L410°C and a less well-defined
increase for those agédiat 5lO°C, The work-hardening rates at a plastic

3

- strain of 2.5x10 ° range from about 0.2E in the case of the homogenized

and quenched specimens’up to a constant value of about 0.85E.

TABLE III

Work-Hardening Rates of 40-60 Alloys Measured at Plastic

Strain = 2.5><lO_5 for Various Aging Times and Temperatures

Age Temperature - Age Time ‘ | do/de
Cc Hours : «107° pei
o | 0 L ~ b
k10 5 : 10.1
k10 T 10 - ' 12.0
410 . - ko | | 1k L
10" 200 . o 17.6
. 510 S 0.5 - - 16k
510 . | 1 S - 15.8
510 -5 - 19.0
* i ’ .
510 : » 10 . 183
* .
510 20 - - - 18.5
510" | 95 ATt

Avg. values for duplicate specimens
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A number of tensile tests were conducted on quenched specimens of
_the 80-20 alloy. This alloy elways fractured {-xhile Sti11 in the elastic
reéion of the stress-strain curve. Fraefﬁre stfengths were on the orderv
of 130,000 psi. Yo furfher mechéeieal property tesﬁsAwereAcarfied out |
-on this.alloy. .

Tensile specimen.fraeture surfaces were examined,eptically usingv
a'scanniné,electron microécope.{.?racture topelogy for epecimens aged
1 hr at 510°C indicetea that separation along grain bounaaries was tﬁe
primary failure mechanism.z An example of this behavior is sﬁown in
Fig. 8: TFor a small central area of the wire the fracture path was
transgfanulér, but most of the fracture was intergranular. This fracture
behax}ior- persisted in aged specimehs up Ato‘ the longest eging times in-
vestigated, as shown in Figs;vé and lO.f It has been shown earlier, by
optical metallograéhy, that ineoherent grein boundary precipitation
occurs‘in‘these alloys In small amounts during quenching_from the,Homo-
genization temperature, and continues during aglng (5,8) When the alloys
are in the homogenized and quenched condition grain boﬁndary precipitation
“in the 80-20 alloy is easily observed, partieﬁlarly at grain edge inter-
sections, but it Is almoet absentein_homogenized and quenched 40-60 alloys.
Precipitate was easily observable in the intervranulafbregion of frac-
tures in aged épecimens. A typical example is shown in Flg. 11, where
a graln boundary precipitate about 2u thick can be seen, as a vertlcal
layer,. deflnlng the plane of lnterbection of two grains at the fracture
surface. The amount of precipitate at grain boundaries is quite variable
from one position in a specimen to another, some boundarles not exhibiting

appréciable precipitate even after aging 100 hours at 510 °C. Even small

amounts of grain boundary preclipltate will,.however, ave a noticeable
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| effeét'bn the fracture sufface appearance; as shown in Fig. 12. -This

homogenized and quenched‘hO~6O specimen fractured with about 50% redvc-

tion in area,vbut 2 Tew large, flat areas fesultihg from tearing along.

- grain boundaries arc present. | "
The flat grain boundary facets‘on fracture surfaces wére examined for

the presence of river markings characteristic of cleavage fracture, but

.

none were fouﬁd. ‘The trgnsgrénular regions of the fractures, in the
central parts of the wirés; were also examiﬁed aﬁ'higher magnificétion
to determine the nature of the fracture there. Thesé‘parts of the'frac-
tures were found to be composéd of many.very small caviﬁies surrounded
by what appeared to be small shear lips;_ An example of this 1s shown in
Fig. 13. This is the charactefiétic appeafance‘of-a traﬁsgranuiér shear
frécture in the scanning electron microscope.

An optiéal examination to determine the presenée of slip within
grains was made on the surface.of several tenslle specimens which had
‘been electropolished before straining.  Slipitraces weré found on many
grains along egch#specimen.exémined; anjexample is given in Fig. 1k,

Slip trapes wére generally quite difficult to.oBserve optically. 'Usually
long, straight slip‘lines in a single direction (in a particular gfain)A
were observed. _In grains forming the fracture surface coarse sliﬁ bands
were observed, as shown in Fig. 15. Several specimené-were examined by
sectioning along the wire axis after tgnsile testing to determine.wﬁether
mxltiple cracking bf'grain boundaries had occurred during tensile testiné,

but no evidence of this fype of failure was found.

D

T4 has been shown by earlier microhardness measurements that the

grzin boundary precipitate 1s softer than the grains themselves, but it

POLOEV)

wi.: not possible to measure the difference quantitatively because of
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the small boundary thickness.(8) Some qualitative inveatigatiens of the
COmpﬁSLthH of the grain ooundary prec1pluate were made /lth a microprobe.
:These were neralry inconclusive untll relaulvely tnﬁck reglons were
formed. These regionsvappeared to be platinum rich relative to the grain
| interiors in 40.60 alloys. | | | |
bISCUSSIcN _

Fracture Characteristics -

The brittle appearing grain boundary fractures are unusual in an alloy
‘ of two elements normally considered oulte ductile whose phase dlavram ex-
hibits no ordered phaseslor 1ntermetalllc‘comcounds ( h) It was reported
earlier that the brittle grala'boundary fracture characteristlc appeared
to results from a precipitation in the grain boundaries of‘a fhin film

of “scft nearly equilibrium phase material Qeaker than the grains ‘them-
selves,(a)v The.precipitate Was.expected to be platinum—rich in Lo-60
alloys and gold-rich‘in 80-20 alloys. The present microprobebresults sub-
stanfiate this conclusion for hO—6Q alloys aged for long times at 510°C.
Microprobe results for bcth alloys aged for éhort.tiﬁes were inconclusive.
20-80 alloys were hot examined after long aging times.

The question of whethervor not'plastic straining in the grain boundaries
makes a siénificant contribution to tﬁe observed plastic‘sﬁrain during a
tensile test must be considered. In the homogenized and quenched 80-2
alioys metallographic observaticn ehowed graia-boundary precipitation to
be presencl but no measureable sﬁrainvwae:observed upon testing. In aged
- 10-60 ailoys the amount of_grain-bcundary precipi£atedincreased with aging
~time, but.the plastic strain to fracture decreased until maximum strength
was reached and remained nearly constant thereafter (Teble Ij, These

experimental observations make it unlikely that significant plastic strain
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could‘fesult‘frbm flow of precipitate;in thé graih boundaries. The ab-
sence of multiple grain-boundary érackihg'along tﬁe length of the specimen
noted above ?reclaaeé this phenomenon as a source of'apparent_plastic
strain.

It is concluded that fracture opcurred in thé grain boundaries be-
cause of the soft material present there and appeared to be brittle be-
cause the mﬁch stronger surrounding grains conétrained the softer phase

in the boundaries and prevented 1ts flow.

Work-Hardening Behaviour

The high work-hardening rate observed daring tensile testing.of aged
hO«éO alloys extended to strains lérger than 0.2%b intp the plastic reglion
of the stress-strain curve. The observed rate is too large to be accéunted
for bylexisting theories_of work-hardening, and the high rate persists over
laréer plastic strains than éhe usual extent of thé‘initial stéep‘part ofl
a stress-strain curve for a polycrystali(Stage II).' The sﬁréss—strain
curves. for soft copper, iron, aﬁd tantalum wires, determined in the same
way as for thé gold-platinum alloys, showed that the.Stage IIT work-
‘hardening rate was always well established after about 0.1% plastic strain;
the amount of plastic stfain'requifed to re-establish the Stage III work-
hardening rate was much léss than 0.1% when the specimens had been previously
strained into ﬁhe Stage III region. |

fﬁe high workfhardeniﬁg fates observed iﬁ the pfeseﬁt Work céuld be
acéounted for by a structural ﬁodel based on rééuits of earlier x-ray
diffraction and theoretical investiga£ions of the transformation mech-

(5,7,10)

anism.
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The structural changes‘oécurring in the supefsaturates solution
lattice of alloys undergoining spinodaludécompositioh cause a diffuse
'scattering phenomenon tefmedﬁ"sidebands”'td apééar on x-ray diffracfion
photographs taken during fhg_early.stageé of the reactidn. The theoretical
| treatments of sideband scattering noted above indicate that its origin is
e periodic modulation of the lattice-constant of the supersaturated lattice,
. in the cube axis diréctioné.(5’5) A "wavelength" characteristic of the
size 6f,the lattice parameter modulations can be calculated from the

Daniel-Lipsoh equation:

h tan é-

I o (1)
(h™ + x° + 1%)10
where
A = modulation wavelength, in lattice parameters of the quenched
metastable solution
h,k,1 = Miller indices of parent Bragg reflection
@ - = Bragg angle of parent reflection
A0 = angular displacement of sidebands from 0

for a Bragg line with indices of the form (hhh), (hh0) or (hOO).
An investigation of thé variation of wavelength with isétﬁermal
annealing time has been made for Several gold-platinum alloys; the re-
sults for the MO—§O glloy at 502°Cbshow the. wavelength to vary'logarith-
mic;lly with aging time (éee'fig; 16). The initial wavelength 1s about
l7ao and this increases to about 55&0 in 1200 min}<9) vIt is assﬁmed that
the lattice parameter is modulated along the three cube axes. Along one
axls the modulation is given by | |
g = §°+ %'simrﬁg-;'
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where
a = .lattice constant of the guenched selution
b= maximum difference in lattice constant between gold-rich and
and platinum-rich regions
A = wavelength of alloy in lattice constants of quenched solution.

The alloy lattice is considered to be a sequence of alﬁernating gold and
platinum-rich regioné along'(lOO) in space, with average spacing between
centers of-K/E. The .movement. of dislocatidns under an externally.applied
stress will cause lattice mismatch.shearingvstrainé, for example, by” |
shearing a platinum;rich region ovér 2} gold-rich'region. One slip system

of the form (111} (1Io) is assumed active per gfain, The maximum shear

Na,

strain possible is 5a The lattice shear strain caused by the passage of

n dislocations through the lattice can be répresented by the following

equation, when nb is small compared to A:

. . 2mmb - e
'y =. .’ymax Yy sin N - ) (3)

where y is a unit vector in the slip direction. If A\° = K/lbf and noting

that -y = aa_. then the lattice disregistry shear straln is
max . 2aqg - .
Nee . em ,
= vgao sin ):T_ : . (h)

The tensile stress, T, opposing the further propagation of dislocations

through the lattice (assﬁming Schmid.factor =1/2) is

. . . em | :
ST = !éaéé— G sin é?% . o (5)

o

and the total flow stress for the alloy in thé'plastic,region is
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' ' J2 pa .’ 21m 3 :
°r T °PL ’ BT g Sln'<_fzf,> (®)

~ﬁherelcPL is tne stress at the exoerlnentally observed propo“tlonal 1limit,
and G is the,snear modulns. G.is calculated to be 7 5 X lO osi from the
exberimental value E = 21 X 106 psi, assumlnc..v = O.u. The lattlce con-
stant a.s for the unstable solutlon is k. Ol5A, and the dﬂfference in
-cublc la tice constants of the equillbrlum phases is 0. lQ}A (¢ ), The
equllibrium value of Aa is however, not the correct value to use in Eq. (5),
it is too large for the coherent state.. An approx1mate calculation of
the coherent Aa, which is unavallable from x-ray diffraction or thermo-
dynamlc measurements on gold-platinum alloys,_can be made from x-ray
measuremente of spinodal deeomposition in other alloys; |

Guinier(ll) has pointed out that alloys enhibiting sidebands in the
early stages of precipitation'reactions may have intermediate stages in
the preoipitation reaction between the sideband_andquuilibrium stages;
the occurrence of such intermediates 1s related to thevdifferenoe in
lattice constants of the.cubic equilibrium ohaees. For exampie, iron-
V copper-nickel spinodal alloys exhibit an intermediate stdge of two
cr ex;stlng tetragonal phﬂses between the 31deband and equlllbrlum stages,<h)
btln this case the difference in equllibrlum cubic lettice constants is ~1%,
c. mpared to 3.&% for gold-platinum alloys. Gold—nickel alloys have ~10%
difference 1n equilibrium iattice oarameters, and 1t is very difficult
.to obtain even the initial sideband stage in the precipitation reaction.(le)
It is reasonable tovassume that tne_existence of the modulated structure
depends on the strain-energy’associated Witn it; the strain energy will

increase as Aa increases toward the equilibrium value and. the occurrence

of intermediate stages beyond sidebands depends on the difference of atomic
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diameters of the cocstitﬁent atoms.; if thi difference is too large, the
different c/a values of the coexisting tetragonal phases will prevent uhelr
formation and the cubic equilibrium phases appeer directly. The mgximum
conerent value:offthe cubic lattice constant~modﬁlation can be calculated
from the measured lattice constahﬁs of the ccexiSting tetv"gonal phases"
for.iron_copper-nickel alloys by assuming the volume of the tetragonal
cells is the'same as the modulated cubic cells that pfeceded tﬁem.
Hergreaves(%) measured‘thevlattice constants of tﬁe parfially.coherent
coexistiﬁg tetragonal phases in an iroh-copper-ﬁickel sbinodal alloy
\VuloFe7N1 ); the calculated maximum Aa for the cubic modulations 1s

C. O25A and the lat ice constant of the guenched solution is 3. 586A. The

coherent Aa for gold-platinum modulated structures 1s estimated to be:

a A . :
. ~ ' O, . R oL ) /o
Spupe ™ Mpoums (R2E ) -0l (D)

Ope-Cu-Ni

This calculation ceglects differences in.eiastic moduli between the two
systems, thever a recent estlmate shows they procab y do not differ by
more than ~15%, wh:cn is neg’iglble for the present purnoses (23)

If it is ‘assumed that active slip planes In this alloy are ~lp apart
and G 1s takeh to be 7.5 X lO6 psi as calculated above, a stress-strain
‘ curve can be_calculated. This‘has been done‘for an alloy.haying a wave-
length of LOb, corresbonding to an aging treatment of ~10 hours at 510°C.

The results are compared with the stress-strain curve in Fig. 17. Cal-

culated values agree quite closeiy with the experimental curve.
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Proportional Limit
' \

The exoerimehtal results show thaﬁ the propoftiqnal 1imit incfeases
Cwith aglpg time in the 40 60 alloys - It is‘lbterestinv to compare- the
present results with a tneoretlcal treatment of otrengthen ing by spwnodal
decomposition due to'Cahn.(*s) ﬁe assumes infinitesimel periodic com-
positioﬁ fluctuations elong cube axesfofvthe'form'

o C.oem :
C-—CO=VA_s.1n1—3\—- : S (8)

where

- o(x)

x = distance along cube axis

C, = average alloy composition
A = amplitude of fluctuation
N = fluctuation wavelength

\

The various contrlbutlons to the forces on a - statlonary dlslocatlon in
equilibrium_with its environment (i.e;, before application of external
stress) are COnsidered'and the tesselated stfess fieldvcaused by the
periodic variatien in latticereonstant (resulting from the composition
fluctuatlons) is found to be predominant. For a (111) [1I0] slip system
n a face—centered cublc alloy, a strlng model of a dislocatlon is allowed
“ 4o assume its equilibrium shape in the stress field. Two cases are
examined:

1) If the dislocetion is very flexible, 1t can Bend around enefgy‘
hills of the stress field-and‘loop between fhem. This behaviof
1s aﬁalogous to Orowan hardening

-+ 2) If the dislocation 1s stiff (or the stress field fluctuates
steeply on & smull scale) it must remain nearly straight and

 shear the composition fluctuations when moving under an applied

. stress.
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Case 2 above siaould hold if the inequality holds,
AnbE . - '
- <1 . o - (9).
2nGo : o

where A is as above in Eg. (8) and

b = Burgers vector

n = gégi » & = lattice constant, C = C(X)
E = Young's modulus
G = Shear modulus

Expression (9) .can be evaluated for the present case by'ﬁoting‘that

d/na -~ A 2, Aé”” :

the same lattice strain parameter used In the dlscussion of work-hardening

above. Now the criterion for shearing or non-shearing of the fluctuations

becomes

R

. o _ »
AaFA (.03)(21x10" ) (LOb) - 6.3 107° <1 (1L
S n(4.015) (1) (7.5¢10°) (6) - o

indicating that dislocations are nearly straight and shearing of the:
fluctuations should occur during plastic strain. This 1s consistent
with the model described above for work-hardening. Now the applied

stress necessary to cause yielding is given as

(a)°n I (12)
6m 6 Gv -

for screw dislocations and

k 2 o o :
o = (An)7E | o (13)
or /2 oo

. for edge dislocations.
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It is seen that screw dislocation shcgld moVe-most easily. The
experimenﬁal'results show that the proéortional limitlis ~lO5 psi for
a k0-60 alloy with A ® Lov (correspoﬁding to ebout’ 10 hrs..agicg at
51C°C). Putting the values obtained earliercin Eq.‘(lé);ye-calculate'
g ® 600 pei, considerably lessAthaﬁ the expefimental.value. For edge'
dislocations the calculated yield stress 1s ~ 2800 psi.

It may be objected that the value of Aa, °OBZ., esﬁimated above is
too low, causing an error ia the calculated yleld stress. However, |
assuming a yield stress of 10° psinand using Eq. (12), the value of la
required to give a yleld stress equal to that observed'can'be calculated.
This was done, and the required Aa = 0,552. This is unrealistically high,
since the difference iﬂ>equilibrium cubic lattice conetants is ~O.l§R.,
This yield stress theory is‘baéed on assumed infinitesimai composition
flucticns, and is the equivalent of Mott-Nabarrc herdening by long range
coherency stresses“in nucleation and growth age-hardening eystems. In
the.present experiments the composition fluetuations are much larger than
infinitesimal, and this may cause the disagreement. No further detalled

analysis of the increase in proportional limit has been undertaken in the

present work.
SUMMARY AND CONCLUSIONS

The changes in mechanical propefties of two gcid—platinum alloys due
to spinodal decomposition have‘been'determiced experimentaily. The pro-
portional limit and initial work-hardening rate of L0-60 a2lloys increased
upon ithhermal aging.withinLthe spinodal region; and the ffacture mode |
- changed from ductile shear-type in the homogenized and quenched alloys to
‘one of primarily.grain-bcundary character in the aged specimens. The

20-30 alloy exhibited the same fracture characteristics In the homogenized -
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and quenched condition; aged alloys of this composition.were not investi- .

The grain-boundary fractures observed are caused by incoherent grain

boundary precipitation of a second phese, different in composition from
the matrix. For the L0-60 alloys, this phase is platinum-rich; according : :
to the phase d iagram it is nearly pure platinum, and therefore much softer

"than the surrounding hard metrix grains. The grain boundary precipitate’ . ;

should be gold-rich in the 20-80 alloys, and the grain boundary fracture
oceurs for the same reason as‘in the MO-SO alloys. Metallographic results |
showed that the:grains themselves are not-embrittled'by the spinodal trans- ;
formation. . ’ | : ' ' . ;

The increase in work-hardening.rate at snall strains was analyzed |

using a model for the structural changes occurring during the early

stages of spinodal decomposition that is in_agreement with the results

of earlier x-ray: diffraction investigauions. The increasing rate is

attributed to raoidly increasing deformation induced internal strains,
resulting from shearing, by moving dislocations, of uniformly distributed :
composition fluctuations in the parent solution lattice. The slope of .

the stress-strain curve is determined by the trigonometric term of Ea. (6),

e~3 this is dependent on the small scale, periodic chafacteristics of the
szructural changes during spinodal decomposition, not on the magnitude of ' ]
Ha . The work-hardening model does not allow for the increase of Aa up to

its limiting value during aging. This increase will also raise the work- =~ 4
hardening rate. Theiincrease in proportional limit was examined in terms i
of an existing theoretical model for'yielding in a spinodally decomposed

siructure. The experimentally determined proportional limit is much .

higher than the *heoretically celculated value, and it is sugge ested that .
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the discrepancy results from the limiﬁation of the theoretical treatment

to infinitesimal compoéition flﬁdtuations. Some uﬁcertainty is' introduced
into thé.above calculations because the spegimens examined.werelpoly- |
crystalline. It is'feit however, that tﬁe present cbnclﬁsiéns are well
éubstantiéted by the gross differences between the théoreticél'and ob-
served proportional limits,.and the larée differencés between the work-

~ hardening raées observed hére and the ratés normaily'citéd for face-centered

cubic metals (or alloys containing coherent precipitates).
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FIGURE CAPTICNS -

Epoxy resin bonded tensile grips, shown disassembled with align-

ment Jjig.

fen;ile gripsvwith fréctu;evépeéimen mountéd in open alignment
Jig. |

Stress;strain curves for 40-60 alloys aged at 510°C.
Stress-stfain curve for L0-60 alloy aéed 1 hr.iat 5lQ°C.'
Stress-stfain'curvés for‘&o-6o alioys agedfib hrs. at 51060.
tress—strain curves'fof 40-60 alloys éfter aéing.QO hrs. at
510°C. _. | o
Stréss-strain curve for L0-60 éllqy aged 40 hrs. at L410°C.

Stress-strain curves for 40-60 alloys after agingVQOO hrs.

at 410°C.

Fracture surface of 40-60 allbyAteﬁsilé specimen aged 1 hr. ét
510°C.  80x |
40-60 alloy tensile specimen fracturevsurface. Aged 97.5 hrs.
at 510°C prior to test. 120x |

Fracture surface of £0—6O alloy'tensile specimen’aged 1 hr.

at 510°C. 170x

Grain—boundary’precipitaté at fracture surface 6f hd-60 alloy
tensile specimen, aged 97.5 hrs. at.BIOéC priorato fracture. 1500X
Small regions of graiﬁ-boundary fréctﬁré on tensilé specimen of ‘
homogénized and guenched 40-60 alloy. -145x

Appearanée of central tranégrannular'région of fracture in

40-60 alloy tensilé‘specimen,iaged 5Ahrs. gt 5lO§C prior tb

fracture. '18§OX
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Slip traces on grainS'in.a Lo-62 alloy tensile spécimen.- Tested
after éging ét.5lO C. Grooves =zt grain boundafies-are a result
of the electropolishing technique; 1000x |

Coarse slip bands in grains on the fracture sufface ofvé Lo-60
alloy 2ged at 510°C prior to test. 1000x

Variation in calculated structural modulation wavelength with
isothermal aging time for L0-60 alloys.

Comparison of experimental stress-strain curve with theoretical

points for 40-60 a2lloy aged 10 hrs. at 510°C.



-23- UCRIL~17212

O S b

Fig la

ZN-5786 '

Fig 1b



ol

UCRL- 17212
T T ] 1 1 ] T T 1 T 1 1 ! :
160 |- B - B A
140 _
— 120 A
w
Q.
v 100 . ]
'o ' |
x Curve A: homogenized
80 : —
A -——Yield point, and quenched
(3
= . curve A Curve B:homogenized,
? 60 quenched, and aged
2 I/2 hr at 510°C
w . .
s 40 -
},—
20 —
S N TN P U AN Y ESM TN SUN DU N T

o 4 8 12 16 20 _ 24 28 32
| Linear strain X 103

mMu.37141

Fig. 2



(psi)

Tensile 'stress x 10°3

160

140
120
100
80
60
40

20

25-

T

1

Aged | hr at 510 °C

I |

3
Linear

a4 5
strain

Fig. 3

X

6
103

@}

O

mu. 37153

UCRL-17212



26
UCRL-17212

160

( psi)
o ~m b
O O (o)
T T I

x 1073

00}
O
T

40

Tensile stress

201

Aged 10hr ot 510°C

1 i | ] 1

3 4 5 6 7 8 9
Linear strain x 10°

MU..37155



bty g s o e ot ¢

_27-

UCRL-17222

180 —————T—T————— 7
160F -
Y/
V.
A y
~ 140} 7 .
=z .
a .
120 Initial yield nys . 7]
L] —_—
1
o 100 .
x
© 80 -
8 i .
- - ) Two specimens aged 20 hr
o OO0 ' ot 510 °C; 7
‘v X denotes failure of No.
S ao0F )
s 12 ond end of curve failure
of No.13
20 .
%
0 I\ ' | i 1 1 ‘ 1 L ‘
0 ! 2 3 4 5 6 7 8 9
Linear strain x 103
MU.-37148

Fig. 5



28 |
UCRL-17212

160 : _ ]

140} v ., o .

T

120 - | 1

x 1073

100
80 o - ]

60 Aged 40 hr at 410 °C —

Tensile stress

a0 . ' -

,.

0] t ! 1' | . b 1
0 ! 2 3 4 5 6 7 8 9 10
Linear strain «x |03

Fig. 6



-29-
UCRL-17212

180 | R : T T | B T
160 : : ' .
0 _ ,
P .
. . y
. 4
140 7 N
. v I
Vs
Sy

T
\
1

120

100 - . .

Aged 200 hr ot 410°C - -

]
QO
I

Tensile stress x 107> ( psi)
w
o
T
{

H
o
T
J

n
&)
T
!

1 ] i | L ] ]

0 ! 2 3 4 5 6 7 8 9
Linear strain x 10°3 S .

o

MU.37146

Fig. T



-30- UCRIL-17212

XBH671 14



~31- UCRL-17212

XBH671 15

Fig. 9



—32- UCRL-17212

- XBH671 16

Fig.

10



=33 UCRI~17212

XBH671 17

Pig. 11



=3~ UCRL~-17212

XBH671 18

Fig. 12



-35- UCRL-17212

XBH671 19



-36~ UCRL~17212

ZN-5797



1 UCRL~-17212

ZN-5800



50

40

(a,)

30
25

20

| wavelength -

15
12
10

~Average

~38-

UCRL-17212

|

Aging temperatures:

I I 1 | ! | | ]

e 602 °C e
0552 °C
A 502 °C

. 60Au-4OPf alloys —

| - ] ! ! [ I ! ]

-

5 10 30 50 100 300 500 1000
Isothermal aging time. (min)

“mu.37144

Fig. 16



Tensile stress x 10° (psi)

180

160

I o O N IS
@ O @) O o O

N
@)

.I ] ] { 1 I I | | | f

- UCRL-17212

© Calculated from theory

Initial yield stress ——

T N R A UE N A N N A

Experimental stress-strain curve

-2 3 4 5 b6
Linear stress X 102

Fig. 17

MU -37140



©

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the -Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in

this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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