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The

SUMMARY .

work performed during the past fiscal year included:
The development and preliminary experimental yérification of
a second genération-deformation model based on state variables,

which more correctly represents transient deformation.

The establishment of experimental capabilities for investigating

grain boundary ahe]asticity and the-devé]opment of unified phen-
omenological models for grain bogndary anelasticity and grain
boundary sliding. |

The continued investigation of grain'bounda}y cav1tat1on pro-

cesses in the Zircaloys.

The thedretica]lmode1ing‘of{stress relaxation in thin films.
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INTRODUCTION

The work performed during theApast yéar is part of a continued effort at
Corne]] University to establish a state variable description of ﬁon-e]astic
deformation and related phenomena. in crysta]]fne solids and to develop applica-
tions to méchanica] design. J

In our previous progress report] we reviewed dur accdmp]ishments up to
that time and discussed areas Where future research was required. An 1mporfant
area of interesf is the description of deformation processes in the grain mafrix
by using the state variable approach. As a result of our past work, we are able
at present to use a phenomenological model proposed by Har‘t2 to describe a
variety of phenomena such as.creep,Atensi1e deformation, and load re]éxation
under conditions where p]asticAdeformation in the grain matrix is controlling.
'Hart's model has been shown however, to be_inadequaté for some phenomena

. aSsbciated with transient deformation résu]ting from a stress or strain rate
change. These phenomena include microplastic effects which océur during tensile
deformation at stresses below plastic yielding, and the Bauschinger effect,
which produces early yielding upoﬁ reverse loading. We have been concerned with
these problems without significant success during the past three years in our
re;earch sponsored by NSF. ‘The NSF pfoject was terminated last fall. We have
céntinued to work in this area under the DOE project.

In our previous progress report,]Awe also dichssed fhe required work re-
lated to deformation processes associated with grain sliding. Specifically, we
are interested in the characterization of grain boundary anelasticity as well
as plastic deformation produced by grain boundary's1iding. For grain boundary
ane]asticity; we}have adopted the concept introdu;ed by Zen_ér3 and his co-
workers. Grain boundary shear on a macroscopic scale is thought to belalways

accompanied by grain matrix deformation at grain boundary steps and corners
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which is required for accommodation.  4hen the extent of grain boundary shear is

limited and the time scale is short, the graih matrix deformation required for
accommodation will essentially be elastic and anelastic. Once the applied
stress 1§ removed, the stored elastic and anelastic strain will provfde a
drivihg force for reversed grain boundary shear as origina]]y proposed by Zener
et al. When the extent of grain boundary sheaklis large and the time scale is
1ohg, the graih matrix deformation required for accommodation will include plas-
tic deformation. Upon the removal of the applied stress the portion of the
grain boundary shear which is accommodated by grain matrix plastic.deformation
will not recover.

| The physical picture presented'above suggests, as discussed in our previous
‘progress report, the possibility of deve]Qping'a'unified description of grain -
boundaky ane]asficity and plastic deformation produced by grainAonndary sliding
such that they differ only in the way.in which they are accommodated. -Advances
in this area has been hindefed,bhowever, by a lack of experimental capabilities,
especially 1ﬁ the characterization of the flow properties of grain boundary
sliding. For example, grain boundary anelasticity is traditionally investi-
~gated by using the interné]_friction technique, which yields information only on
the magnitude of the relaxed modulus.

’We.have made significant progress during the past fiscal year in both of
the areas discussed above. We have proposed a sécond generation bhenomeno]ogi=
cal model for deformation processes in the grain matrix. .The new model reduces
to Hart's model when plastic deformation predominates. If hés been shown ex-
perimentally to be able to describe a variety of phenomena associated with trans-
ient deformation.' |

In the area of grain boundary sliding we have devé]oped the capébi]ity of
charactérizing grain boundary anelasticity by performing constant extension

rate tensile tests at elevated temperatures and at stresses below the yield




stress. This experiment allows the defermination of the magnitude of grain
boundary ane]asticity as well as the flow properties of fhe grain boundary at -
Tow stress 1evé]s. We can also perform load re]éxafiod experiments‘in both the
b]astic and aneltastic range which will provide the flow behavior of the grain
boundary at higher stresses.5 Based on preliminary experimental results, we
have pfoposed unified phenomenological models for grain boundary ane]asticity.A
and for plastic deformation produced by grain boundary sliding. Tﬁe materials
parameters and the flow equation required by these models can be detérmined by
the experiments described above. We are thefefore in an excellent position as
a result of the work.of the past.year.to make a significant-advance in char-
acterizing deformation produced by grain boundary s]idingd

In the following we shall report our progress on tfansient deformation and
on grain boundary sliding in two separate sections. We shall describe our work
on grain boundary cavitation processes in the Zircaloys in the third section

and in the fourth section we shall discuss stress relaxation in thin films.

Both of the last two topics are of current technological interest and represent

a part of our effort to produce information which will find practical applica-

‘tion in the near term.

During the past year we have also continued to contribute -expertise re-
sulting from our work to a variety of projedts in national laboratories and in
industry. " For example we haVe.partfcipated.in the work on thermal stress in
the first wall of a fusion reactor (Argonne), the tube burét prbb]em‘ré1ated’to
LMFBR safety and fuel element modeling (Argonne and Hanford), the characteriza-

tion of the Zircaloys (EPRI), the characterization of Cr-Mo steels for- steam

. turbines (G.E.), and the stress relaxation in lead thin films (IBM). Some of

the work described above is expected to generate reports in the open Tliterature.

The technical reports produced in the past year-are listed below.

1. "The Growth of Grain Boundary Cavities urider Applied Stress and In-
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ternal'Preséure,h.d. F. Maricubo and Che-Yu Li, Accepted for pub]f-»
cation in Metl. Trans. |

"Stress Re]axatibn and Hillock Growth ih.Thin Fi]msg" M. S. Jackson
and Che-Yu Li, submitted to Acta Met. : | |

"A Phenomeno]ogical Model for Transient Deformation Based on State

Variables," M. S. Jackson, C. W. Cho, P. Alexopoulos, H. Mughrabi

“and Che-Yu Li, submitted to Acta Met.




A PHENOMENOLOGICAL MODEL FOR
TRANSIENT DEFORMATION

In this secfion we shall first introduce the physical basis for the new

_ mdde] for deformation processes in the grain matrix. We shall use the new model
and the model proposed by Hart2 to simulate a variety of deformation phenomena
with materials parametérs of the same value and -examine their differences. We
sha]] report some of our pfe]iminary effort to determine the materials para-
meters and flow equations‘reduired by the new model and to verify its validity
experimentally. |

1. Physical Basis

The physical basis of the new model cah be introduced by fifst examin-
ing some of thé concepts based on wHich the deformation model 6rigina]1y pro-
posed by Hart was developed. In Figure la a schematic representation of Hart's.
model is showni] The threé elements a, a and ¢ of the model represent three o
mechaﬁisms of interest. The a-element is an anelastic spring. The magnitude of
the anelastic strafn a, heasures the stored strain resulting from dislocation
bowing and'pi]e-ub. The stress corresponding to this stored strain can cause
plastic deformation, which is represented by the a-element: The réte at whfchA
the dislocation pile-up is accumulated or recovered is governed by the e-element,
é glide friction element -which may also modify the rate of plastic fiow.

An'imp]icit assumption of Hart's model is the existence of barriersvto
dislocation motion of uniform strength. For a well annealed Specfmen disloca-
tion are randomly distributed between the barriers as shown in Figure 1b.
According to Hart's model, under an-app]ied streés dislocations will pile-up
against the barrier resulting 1nAane1astic.strain a and a force on the ]eadiné
“disTocation which depends on the anelastic stress o, If the value of o, is,

significantly less than the value of the hardness parameter o*, which is a mea-




~ sure of the barrier strengfh,] the rate of plastic deformation is controlled by

the a-element (dislocation climb). As the applied stress is increased and .

approaches o*, the resistance of the o-element approaches zero and plastic defor-
mation will be controlled by the é-element. The a-element and e-element, to-
gether with a state variable based work hardening funqtion, have been shown to
describe satisfactorily a variety of phenomena such as cfeep; tensile deforma-
tion and load relaxation under conditions where plastic deformation in the
grain matrix predominates.6
Hart's model throqgh the'a-e]ement2 will produce non-elastic transiént

deformation during é cénstant extension rate tensile test and the Bauschinger
effect upon reverse 1oading’(Figures 3, 4 and 5).' The magnitude of the pre-
dicted effects has been found however, in general to be significantly less than
that obséfved experimentally. Qualitatively the physica1‘picture of a djstri-
bution_of barriers of uniform strength represented by Figure 1b cannot. pro-
duce the microb]éstic phenomena which are often observed.7. It is reasonable,
hbwever, to expect that barriers to dislocation motion in a polycrystalline
solid will have a dﬁstribufidn of strength as represented by Figure 2b. For
example, the sfrqnger barriers can be identified as cg]]'wa]]s. Within them
a variety of dislocation tangles are weaken barriers. The physical picture
represented by Figure 2b is the basis on which the new deformation mode]‘is
developed. |

A schematic representation of the new deformation model- is shown in
Figure 2a. Since the picture of glide friction is unchanged the é—e]emenf in
Figures la and 2a are equivalent. Similarly, the &]—element of the new model is
the same in the &—e]eﬁent in Hart's model. The flow properties of‘the.&z-elemenf
are governed by a hardness parameter 07, which measurés the strength of the hard
barriers as o* does in Hart's theory.

The a-element in Figure Ta is considerably modified, however, since



the dislocation pile-up process is different in the presence of weak barriers.

As suggested by Figure 2b, anelastic strain can occur both by pile-up against
the sma]i barriers and by long-range pile-up restrained by the strong barriers.
Since the stress-strain relationship for these two processes are differént, the
anelastic elements are required. In addition, dislocation motion through two-
small barrieré will Tead to microplastic strain, and a flow element is needed |
td represent this process.

The‘arrangement of these elements is also dictated by physical consid-
erations. For example, leékage'of dislocations through the small barriers will
increase the 1ong-range‘pi]e-up. This caﬁ be arranged by putting the two ele-
ments in parallel. In‘addjtion, the net force for small barrier penetrétion
does not depend solely in thé‘stress associated With small pi]e-st, since the
stréss due to the long-range pile-up will resist such leakage.

These.considerétions are incorporated in Figure 2a. Here the ay-
element represents aneIasticity due to long-range pile-ups against the strong
barriers. AneTasticity due to pile-ups between weak barriers is represented by
the combinaton of the ay- and a2—e1ements. The net force on the microplastic
flow e1ement'&2-is then properly given by‘the a2—e1ement.

The opération of the new model can be described by using Figure 2b. For
‘a well annea]ed specimen dislocations are distributed randomly between'barriers
as shown. In a constant extension rate tensile test, as the applied stress is
increased dis]oéations will begin to pile-up against the barriers resulting in
anelastic strain-(Aa = bay = Aaz), with magnitude controlled by bdth_the ay- and
a,-elements and a rate governed by the é-e]ement. When the stress is increased
sﬁfficient]y to activate the &2-e1ement, dislocations will overcome the weak
barriers and produce micorplastic strain (az). As the applied sfress continues
to riée, eventually the &]—element will begfn to operate ahd plastic yielding

occurs. During plastic yie]ding~&] will be close to € which is the total non-
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elastic strain rate. At stress levels near plastic yie]ding, a major portion
of ‘the dislocations will have. overcome thejWeak barriers and piled up against -
" the stronger barriers. This will be represented‘by a large strain in the a,-
element. During unloading the -weak barriersAw111 trap most Qf'this strain in
the forward direction. Upon reverse 1oad1hg, the trapped strain a; can be re-
covered at the Tow étress levels necessary<to errcome the Weak barriers, .and
a Bauschinger.effect will result. |

The constrainf equatidns andAthe constitutive equations for Hart's
model are described in References 1 and 5 and in our previous progress report.

The equations for the new model are given below:

g =0 +0, =0+ Oa] + oa2 (1)

e =0y tay; =0y ta,tao (2)

For the4a]-e1ement, o Oa] =.M] a, (3)

For the a2-e1em§nt, | ' OaZ = M2 a2. | | (4)
: . : * R

For the o,-element, In(o,/0.) = (e;/ay) (5)

1 1" "a’ | B |
For the c-element, £ = é*(of/G)M ‘ » ~ (6)

We are at present not certain of the exact form of the flow equation

for the &2—e1ement; For the work described in this report, we have used:

| * * . Ag '
- In(o,/a. ). = (&,/a,) T (7)
For the a, e]gmeht, ‘ 5 a, o/ % |

, O ; Oy s O, a-, and a, are deffned as shown in Figure 2a,
ay a, 1 2> 71 2 :

. . *
M] and M2 are the moduli for the a]-e1ement and a2-e1ement respectively, o, and

. o X ok . ’ .
are hardness parameters, €, and ¢, are rate parameters which scaled with

where oc, 0., ©

*
92

o* and temperature,? A], A, are materials constants, G is shear modulus.

We require also a work-hardening function for the &]—element,




d]nd? .
G | (8)

3 | .
and an evolution Taw for 0, which represents the strength distribution of the

" weak barriers.

As-oa increases from zero, microplastic deformation will be resisted

. ' 2 A * 4 :
by the very weakest barriers. We represent their strength by 950 As these

barriers are overcome, further deformation will be resisted by increasfngly -
* _

strong barriers. Thus the evolution law for 9, will depend on Oy when'oa
2 2

is increasing.

When o_ is'decreasing, miérdp]astic deformation will continue to be
resisted by the gtrongest barriers "sampled" before fhe decrease began. Thus
we expect o; ﬁo be constant for this case. ‘Wth the .sign of 0a2 changes, how-
ever, the.small pi]e—dps will once again first be able to overcome the weak-
est barriers. |

Although the detqils of this process are not known a.priori, a repre-

. ] * . .
sentation of the evolution of 9, which may be sufficient for present purposes

is
¥
g, = 0 for |o_ | decreasing
.
*_ * *
0y = Op - for Ioa21 < Koy
: , loa | increasing  (9)

0y = Oaz/K for |oa2| > K ayy / .

where in gener61 K_may be a function of caz.

We note, for .completeness, that the constitutive relations for the a-
.element, the a-element and.the éfé1ement of Hart's-model (ngure la) are the
same as Equatins 4, 5, 6 and 8.

.'2. Simulation Calculations

The results of the cémputér calculation to be discussed are‘designed

to simulate the room temperature behavior of a well annealed po]ycrysta11ine'
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high purity (99.99+%) aluminum specimen with a moderate amount of prior plastic
deformqtion,and stored anelastic strain. A discussion of the computer program
is given in Reference 6. InAFigures 3, 4, 5, and 6 the results of the calcula-
tion shown are obtained by using the new model and Hart's mode1. For those
eiements which are equivé]ent in both méde1§, the same value of materials para-
~meters are used. The maferia1s parameters are given-in Table 1.
Figure 3 shdws fhe calculated sfress vs. non-elastic strain for a
- simulation of a constant}extension rate,tensi]e test. The test begins at stress’

zero and the specimen undergoes elastic deformation at low stresses with zero
non-elastic strain. As stress rises, anelastic defofmation'begjns; thé two
modeTs produce the same stress-—non—e]astfc strain curve in the anelastic range
because M] + M2 in the new model i; equal to M in Hart's mode].A At higher
stresses prior to yielding the stress-non-elastic strain curve based on Hart's
model shows continued anelastic deformation while the curve based on the new
model shows microp]éstic'behavior. After yielding the two curves again show
similar behavior because the &]-e]ement and the &-e]emeﬁt are the same'and the
same work hardening fuhcfion is used. We note in passing, that fhe difference
of the two curves‘in the microplastic region is related to some of. the contro-
versies in the current literature concerning thermal recovery. |

‘Figure 4 shows calculated stress-and non-é]astjc strain for a simula-
tion of repeated loading and unloading in a cohstant extension rate tensile
test with the maximum stress in the microplastic region but below plastic yield-
ing. The stress-non-elastic strain loop calculated using Hart's model involves
anelastic strain only, and therefore repeats 1tse1fjupon repeated loading-unload-
ing. The same loops based on the new model move forward in strain in agreement ' ‘
with experimehta] results and show also the expected -shape.

- Figure 5 shows calculated stress and non-elastic strain during simuia-

tion of a constant extension rate test for loading in compression of a specimen




which has been loaded previously into the plastic region in tension. It is

seen that the stress and non-elastic strain calculated from the new model show

the expected Bauschinger effect.

Figures 6a and 6b show the logarithm of stress and'non—e]astic strain

.rate calculated for load re]axation in a specimen which has been deformed into

~ the plastic reg1on but loaded to stress Tevels below p]ast1c y1e1d1ng pr1or to

1oad relaxation. The calculated stress- non-elastic strain rate based on the
new model, because of the uz-e1ement (microplastic), shqw the characteristics
of load relaxation obtained in the so-ca11§d-"transient" region feported by us
previously.8 The upper most curve in both-Figures 6é and 6b simulates load re-
laxation data in the plastic region (Equation 5).

The aouve examp]es are chosen to show that Hart S mode], in spite of
its tremendous success in descr1b1ng the plastic properties of polycrystalline
solids, is inadequate for some of the deformation phenomena associated with
stress or strafn rate changes. These examples serve also to illustrate the
capabilities of the new model to simulate a variety of transient ‘deformation
phenomena.

3. Experimental Verification

An imbortant feature of our research on deformation is the emphasis
which we have placed on experimental work. :A]] of the constitutive equations
and the required materials parameters of a proposed model have to be determined
uniduely by separate ekperiments. The mew model d%scussed here of course satis-
fies this requireﬁent. In the following, we shall describe brief]y how one can
determine thé flow equations and materials parameters of the new model. We shall
show that the required experimental technigues include only constant extension
rate tensiie tests and load relaxation tests, which are less time consumiﬁg thén

creep and'cfeep recovery tests. We shall show also that we can use the experi-

mentally determined 1nformation»and-thé,néw model to simulate tfansient defor-



mation phenomena to compare with experimental data.

| It is Qorth noting that the development of our new model would not
havé been possible withoﬁt the extensive transient deformatfon data which we
collected during the past .three years. These data, because of our capabj]ities
in making precise strain measurement; are reproducible and were obtained under
a wide range of experimental conditions. It is these data which provided the |
physical fnsight based on which the new mode] was developed.

Typica]‘experimenta1'data for well annea]éd polycrystalline high

purity (99.99+%) aluminum, based on which we determined the flow equations and'
materials parameters fqr the new modeis are shown iﬁ'Figures 7 and 8. Figure 7
shows stress vs. non-elastic strain data obtained in a constant'extension rate
tensile test at room temperature byA1oad1ng and unloading in the stress range
below plastic yielding. The slope of the data in the gne]astic region yielded

the value of M, + M, (Equations 3 and 4). The value bf‘M] can be estimated from

the Bauschinger effect since the amount of extra strain on reverse loading is
sensitive to this paraméter (Figure 5).

Figure 8 shows several sets of 1oad_re1axation data obtained at robm
temperature with the specimen loaded at stresses below p]astic'yie1ding. These
data validated the flow equation for the &2—e1ement and yielded values of 0;
and é; for various.points:on the loading curve. '

- The evolution Taw for OZ (Equation 9) was determined by using the
stress—nbn—e1astic strain data in the microplastic region (Figure 7) and the
1cad re]éxation results noted previously.

To determine the materials parameters for the &]-e1ement and the c-ele-

" ment we used the method developed for Hart's model by taking advantage of the

5,6

load relaxation and tensile data in the plastic range. The form of the con-

stitutive equations for these elements (Equations 5, 6 and 8) is well estab-
1,5,6 o

Tished.
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' With the materials parameters.and flow equations determined ‘as des-
cribed above for high purity a]uminﬁm, we have éttempted to use the new model l
to simulate the transient deformation behavior of the same material. Figures

9 and 10 show both the results of simulation ca]cuiation and experimental data.

The dots shown in the figures are experiment data which were obtained first by l
1oadihg af a constant extension rate (A + B in both'figures). At point B the’ ;
cfoss—head of the tensile machine was fixed resulting in load re]éxatipn (B ~ ‘
C'1n<both figures); “We note that between B and -C the stres§ decreased due td

load relaxation with the specimen continued to deform in the fbrward direc-

t'ion.8 We tHen unloaded the specimen at the same extension rate (C - D). The -
data_shown in Figure 10 were obtained by reloading the same specimen following

the sequence shown in'Figure 9. It should be noted the strain change measured

“in these experiments was extremely small. \

The solid curves in Figures 9 and 10 are results.of Simu]ationica]cu-
lations. It is seen that they agree well with experimental data. In the simu-
lation calculation we used a fixed value for a* (the rate parameter for dis]d-
cation g]ide). The simulation can be improved if we véry the value of a* as
a function stfeSs reflecting the effect of sd]ute-dis]ocation 1nteractiohs.

The material reported in this section covers only the highlights of

our progress in this area of research. We are in the process of preparing a

- series of technical reports which will describe in more detail our new develop-

ments. We are also continuing our experimental work to fully characterize the

constitutive equations of the new model and to test their applicability. We

feel that we are in a position at present to extend the state variable approach

to cover a significantly wider range of deformation phenomena.




GRAIN BOUNDARY SLIDING

In this section we sha]]Areport on progress made during the past year
toward a unjfiéd descriptibn of anelastic and plastic deformation produced by
gkain boundary sliding. We shall first discuss various a]ternatfves in phen~
oméno1ogica] modeling by using the physical concept discussed in the introduction
section.. We shall report our experimental effort designed to test the validity
of these mode}s. A part'of our accomp1ishménts during thelpast-year is the |
development of the experimental capabi]itfes for characterizing the magnitude
of grain boundary ane]asfjcity-as well as the f]ow.properties of the grain
boundary in the anelastic region.

1. Phenomenological Models

As discussed in the introduction section, grain boundary sliding and
- grdin matrix deformation4are coupled such that grain boundary sliding is always
accompanied by the grain matrix deformation at grain boundary steps and cornefs
which is required for accommodation. It is easy to visualize that both stress
- and strain concentration will exist at these sites.
For the purpose of developing a phenomenological descriptioh one
should prefer models which incofporate as many as possible the important physjcal
features of the phenomenon but are of a simple form. The parallel and series
models proposed‘by Hart for describing plastic deformation produced by grain
boundary sliding are examples of the phenomenological models of interest.9 :We
have extended the parallel model of Hart to include grain boundary ahe]asticity.
Figure 11a'shows.a possible model based on the parallel arrangemeht. |
This mode1‘c0nsists of two branches in parallel, the total stress is ré]atedAto
the stresses in the upper ahd Tower branches (o] and'oz) by |

o= Yq] +A(1-Y)o2 .' (1?)

where the parameter Y explicitly represents the stress concentration during

-14-
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grain boundary sliding.

In Figure 11 the E-elements represent elastic behavior (E = Young's
modulus for tensile deformation) and the M-elements represent the entire model
for non-elastic deformation in the grain matrix as shown in Figure 2a. ‘The
arrangement in F1gure 11a ‘is such that when no grain boundary s11d1ng occurs
(eg=o) the‘behav1or reduces to that of the matrix.

The remaining three e]ements in the 1owér branch of FigUre 11a repre-
sent gkain boundary behavior. The ég—element controls the s]iding rate and
representé the "viscosity" of the boundary.

As noted previously, sliding requireo hatrix accommodation. This is

incorporated through the upper branch. It is poésib]e, however, that additional

‘accommodation processes may be necessary. . These are represented by an additional

grain boundary anelastic spring (Mg) which at high stress may be relaxed by
grain boundary plastic flow (&g—e]ement). It is also possible that these ele-
ments can correct for any effect due to strain concentrations, which is not
otherwise incorporated.

Under condifions where only anelastic deformation is operating, the-

M-element can be represented by the Mm4e1ement in parallel with the é-e]ement‘

- (Figure 2a) with Mm = M] + M2.(Equations 3 and 4). The model given in Figure

11§ can therefore be simplified as shown in Figure'llb.

According to the mode] in Figure 11b, in a constant exfension rate
tens11e test, if the spec1men is loaded and unloaded in the ane]ast1c range,
the resulting stress-total strain data will form a c]osed Toop as those shown
in Figures 15-21. At low temperatures, the lower stress range of the loading
data will show elastic: behavior. As the stress is increased, the data at
higher stresses will reflect the contribution of elastic deformation and grdin
matrix ane]astio deformation. As the temperature is increased the elastic

range will be suppressed and at higher stresses, the data will exhibit the




effect of elastic deformatioh, grain matrix aﬁe]astic defofmation and grain

boundary anelastic deformat1on |
According to the model in Figure ]1b, in the stress range where a]]

thrée types of deformation .are operatjng, the measured slope based on stress- -

total strain data, Eeff will be

eff

E

. E!

—Y/(l+— - ',] ] (11)
" “mo .

Equation 11 does not allow the determination of the value of Y and Mg uniquely
-based on the measured value of Eéff.. Equation 11 shows however, the maximum
value of Y corresponds to Mg + 0. This is a very interesting limit. This

1imit suggests that the magnitude of grain boundary anelasticity as‘measured'by

Eéff can be characterized only by the parameter Y in addition to E and Mm'such
that
| C oyl |

Fere = V(g ) (12)

m

Equation 12 is the simplest representation of the physica1 picture discussed
preVious]y. It corresponds to the case where strain concentration is negligible
and the anelastic resistance to grain boundary sliding is entirely dué to matfix
behavior. For this case the &g—e1ement in Figure 11a is no 1onger'needed and
~ the model in Figure 11a can be simplified as shown in Figure 11c, where the ég—-
element governs grain boundary sliding both for anelastic and plastic deforma-
tion. | If the model 1n Figure 11c "is applicable, we shall have a very simple
and attract1ve phenomenological model. We require only the parémeter:Y and a
grain boundary sliding element, the eg-e]ement to characterize gra1n boundary
effects during non-elastic deformation.

The experimenta] work performed during the past year was designed to
.ver1fy the va11d1ty of the mode] in F1gure 11c and if necessary the one in
Figure 11a which contains more graxn boundary elements. It was designed also

to measure the magnitude of Y and the flow characteristics of the ég-e]ement.
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The strategy which we are taking involves the determination of the va]ue
| pf Y -by using Equation 12 and experimental data similar to those shown in
Figures 15-21 by using the strain»gauge qssémb]y shown ih Figure 12. We can
determine the‘va]ué ofiY also by using the model fn Figure 11c and load relaxa-
tion data in the plastic range. For example, the load relaxation data in the
plastic range, for Type 316 stainless steels at 600°C are shown in Figure.éZ.]
The high stress and low stress Timits of the data reflect grain matrix deforma-
tion. According to the model in Figure 1l1c, the difference in logrithmic stress
level of the- two grain matrixvcurves'measufes the value of Y. If the value of
Y determined by the two appfoaches is the same, we can use this result to sup-
port thebapp1icabi1ity of the simple model in Figure 11&. If not, we can.use
the value of Y from the load relaxation data to defermine the value of Mg in
-Equation 11. For the latter case, we shall have to use the more complicated
model in‘Figurg 11a to describe grain boundary‘s1idin§; |

| To characterize the flow properties of the grdin boundary sliding
: e]éments tHe ég-e]ement, we plan to perform constantlextension rate tensile
tests by loading and unloading the specimen in the anelastic range to obtain
‘the stress dependence of ég gnd to perfdrm load relaxation tests_in both the
anefastic and plastic range to collect additional flow data.

2. Exéeriments o

| For the expérimenta] plan described above,lwe réquire the capébi]ities"‘

of making precise strain measurements (in the 107° inch range) at elevated |
temperatures to produce data similar to those shown in Figures 15-21. The
accuracy and the ease of strain measurements at elevated temperatures have been
]fmited in the past by the requirements of some form of extension rods in order
that strain gauges or measu}ing devices can operate at room temperature. We
have developed an elaborate extension rod system (concentric quartz tubes) for

this purpose. This system provided adequate precision but was very cumbersome




to use.

During the past year we have deVe]oped an alternate strain measuring
system for all temperaturés. This system uses the capacitance,gaugeé manufac-
tured by Materials Technology Inc. and eliminates the need. for extension rods.
It is easier to use and is more écturate than the LVDT system which we have
used for room temperature measurementé. A schematic representation of the
~ way in which capacitance gauges were attached to the tensile specimen is shown

in Figure 12. The strainislneasgrgd by the change in gap distance betweenAthe
~capacitance brobe and the target plate. We are in the process of preparing a
technical report on thé development of this cépacitance gauge system.~ |

Typical data obtained by using'this new gauge system are showh,fn

Figures 13-21. For thesé experiments we used a well anneafed polycrystalline
Nickel 270'specimen with some prior plastic deformation. The data in Figures
15-21 are closed stresg—tota1 strain loops résu]fing,from loading and unloading
in the anelastic rahge in a‘constant extension rate tensile test. The experi-
mental sequence involved first 1oading and un]oading into the microplastic

range to produce an open loop (Figure 13).  We then successively decreased the
makimum'streés during loading after each loading-unloading sequence (Figure 14)
and eventually produced the closed loops in Figures 15-21. Once the satisfactory
sfress Tevel was found, several c]osedbloobs were produced. |

The data 1n.Figures 15-21 were analyzed by using the model in Figure

11c and Equation 12. The results of the data analysis are given in Table II.
For each temperéture severé]-]oops,were analyzed. The loading portion of the
data is characterized by three types of behavior as indicated approximately by
the three stress_ranges in Table II. In the elastic range, elastic deforma-
tion predominates. The slope df the data yielded elastic moduli in good agree;
ment‘with reported value. In the grain matrix anelastic range, both elastic

deformation and grain matrix anelastic deformation are important. The measured
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'slope can be used to calculate the value of'Mm = M] + M2 as given in Table II.
In the grain boundary anelastic range, elastic, grain matrix anelastic, and

grain boundary anelastic deformation contribute.

The measured slope Eéff.and Equation 12 yielded a value of Y close to .

0.9 as shown in Table II.

Qua]ifatjve]y‘ the data in Figures 15—21'exhibited the behavior ex-
pected of the models in Figures 11bAand‘]1c. At lower -temperatures only the
e1éstic and grain matrix anelastic deformation were séen (see also Table II).
At 400°C all three types of behavior were'dbserved, At 500°C and 600°C the
elastic range was suppressed. | |

We are in the process of pérforminé Toad relaxation tests to determine
if thelsame value of Y is applicable, as well as ofher experiments according_to
the research plan outline in the previous sub-section. We consider tﬁat the
- development of the experimental capabi]ities‘described above represents a major

milestone in our research on grain boundary sliding. We should be able to make

significant progress in this area of research .in the near future.




| temperature of the Zircaloys, and (2) asignificant portion of thelife of the

~ GRAIN BOUNDARY CAVITATION .

Under an applied tensile stress, the stress concentration at grain boundarye

. steps and corners produced by grain boundary sliding will lead to the nucle-

ation-of creep cavities. These cavities will grow as a function of time as a
result of stress-induced diffusion with grain boundaries being the sinks for .
atoms. The cavifqtion process is known to reduce ductility and specimen life
in-aecreep-fo—rupture test and to decrease fatigue life in a Tow cycle fatigue
test with long hold tjmesAin tenﬁion. We are interested in the kinetics of
nucleation and growth of creep'cavities and in fhefr descrjptien by using the
state variab]e approach. We'sha11 elaborate further the app]icationAef the state
variable approach. A part of our intefest in this area of research.is to de-
velop the capability of predicting more accurately the service life of a struc-
tural component at elevated temperatures.

As mentioned in our previous'progress report, our research is motivated in

part elso by our interest in identifying the important damage processes which

‘govern the life of the fuel element cladding of a Tight water reactor. Creep

damage in the form of grain boundary cavities has not received much attention
in the past,‘probab1y because (1) the operating tempefature of a light water

reactor is low on a homologous temperature scale based on the absolute melting

present fuel e]ement of a light water reactor is in.the so-called creep-down
region where the cladding is under compressive loading.

We began the search for cavitation damage in the Zircaloys because our
load relexation studies of these materials showed evidence of grain boundary-
sliding at light water reactor temperatures which is a pre-requisite ef grain
boundary cavitation and because of the existence of a phase tkansformation‘temp-.

erature at 860°C which can shift the homologous temperature scale downward .

-20-
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significént]y. Dyring the past two years we have observed grain boundary cévi-
ties both in Zircaloy-4 and Zircaloy-2 specimens which have.been crept at temp--
eratures and in a stress and strain rate range of interest to 1ight water re-
actor applications. A moderate amount of grain boundary cavitation such as

that reported in Reference iO has been showh to reduce significahtly the ductility
of the Zircaloys inAa tensile test. During the past year we have confihued our
research on the nucleation and growth‘of creep cavities in the Zircaloys.

It has been feported inthe 1iterature]0 that at an appropriate temperature,
the number density of creep cavities was found to be proporfioné] to the total
strain of the specimen. The same result was observed in our work on the Zircaloys -
(Zr-2); recent‘resu1ts at-two temperatures are shown in Figures 23-and 24. We
: have} however, found the temperature dependence of the cavity growth rate at a
gived‘stress to be less than that of the activation energy of gfain boundary -
diffusivity (Figure 25). These results are cdnsistent with the current con-
| cepts of grain.boundary caVitation. |

One can visualize.that cavity nucleation will océur first at sites'where‘
the stress concentration is sufficiently high with only a small amount of grain
boundary shear. _ As the grain boundary strain continues fo increase, the stress
concentration at other sites will increase eventually and'a]so lead to cavity |
nucleation. Thus at a given temperature and étresé‘the site of cavity nuclea-
tion is éxpected to depend on the rate of grain bbundary's1iding and thé'eXtent
and the history of accumulation of grain boundary strain. THe state variable
approach, through the uge of phenomenological models such as thosebfn Fjgure 11,
will generate the type of information described above on grain boundary sliding
and provide a basis for analyzing and correlating the nucleation data for
creep cavities.

. In our previous work we have reported that the rate of stress indUced

© cavity growth is not Tinearly dependent on applied stress as expected of simple
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groth theories.]z The observed stress dependence -is rationalized to be caused‘
by the redistribution of the stress'oomponént of the applied stress normal to
the grain boundary as a result of grain boundary siiding. The temperature de;
’pendehce of the cavity growth rate shown'io Figure 25 is consistent with this

._ possibility. This is because the extent of grain boundary sliding and the re-
sulting sfress redistribotion will vary with temperature'wifh an activation
energy different from that for grain boundary diffusion. The state variable
approach and the phenomeno]ogica] mode]s will also provide the information on |

‘vgra1n boundary s]1d1ng re]evant to cav1ty growth. )

We are continuing our work on the nucleation and growth of gra1n boundary
cavities.in the Zircaloys. We are at the same time using the'approach described ‘
in the provious section to'characterize graih boundary s]iding'in these materials.
It is expected that fhe experimental results obtained wj11 provide the neces-

sary.-basis for the development of kinetic équations based on state variables for.

grain boundary cavitation.




STRESS RELAXATION IN.THIN FILMS

Thin solid films for electronic device applications are usually grown.on

a substrate at a temperature such that the deposition process will produce an

essentially stress free film. ‘When the temperature is later changed, the dif-

.ferente in the coefficients of thermal expansion of the film and the substrate

can lead to large two-dimensional thermal stresses in the film.

These stresses can, of course, be relaxed to an extent by anelastic and

plastic deformation processes. In the case of a lead film where room temperature
“is close to half of the absolute melting temperature on a homologous temperature

scale, the relaxation at room temperature will involve grain boundary processes.

If the thermal stresses afe tensile in nature, voids are observed to
nucleate and grow in the grain boundaries{'41f the thermal stfesées are com-
pressive, under similar conditions, a phenoménon called hillock growth is known
to océur, in which macroscopic whiskers or humps are fbuhd. These hillocks
can lead, for.examp1e, to failure in multilayer devices due to shorting.

In ofder tb estimate. the rate of void or hillock grthh, the stress Tevel
énd its rate of'relaxation'fn the thin films as a function of thermal history

is a part of the required input information. It is difficult, however, to per-

form experiments on thin films directly to characterize their deformation proper-

ties. The application of the state variables approach will offer the advantage
that the functional form of their constitutive equations is not expected to

be influenced by the dimension of the specimen or by the way in which it is pre-
pared.- There are only a limited number of parameters, for example the hardness
parameter'o*, whichvwill have a different value from that for a bulk specimen.
1f one can estimate the value of these parameters, it will be possible to calcu-
late the rate of stress relaxation as a function of thermal history.

 The 1nvestigétors at IBM have reported some experimental information on
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the relaxation of fherma] st}ain aé_a function_pf tfme by using the X-ray téch—
niques. We have used4tHe reported data for one temperature to estimate the
value of the hardness parameter q*. We have been abTe to use this value and
our ;oﬁstitutive equations to calculate the rate of relaxation 6f thermai
strain (ob streés) at several othér temperatures. A detailed description of
this work has been 1nc1uded'1n a technical r'epor‘t.]3 It fepreseﬁts_a pakf'of

our continued interest in seeking applications of our research findings.

.
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FIGURE CAPTIONS

(a) A scHematic representation of Hart's model.

(b) A physical 1nterpretétion of Hart's model.

(a) A schematic representation of the new deformation model.
) - |

(b) - ‘A physical interpretation of the new model.

Computer simulation of a constant extension rate téns{1e test
inc]ﬁding plastic yie]diné, Hart's model: so1fd(1ines; the new
model: dashed Tines. |

Computer simulation of loading and unloading Toops below plastic

yielding in a'constant extension rate tensile test, Hart's model:

solid 1ines;;the new model: dashed lines.

Computer simulation of the Bauschinger effect. The ca]cu]atibns
shown are for loading 1in compression'at a constant extension rate
with a specimen which has been p1astica11y deformed in tension.
Hart's model: solid lines; the new model: dashed lines.
Computer simulation of load ré1axatioﬁ in the transient region.
The upper most curve is the so-called "X curve" (Equation 5) for
relaxation by plastic deformation. 'The remaining curves are cal-

culated for loading below plastic yielding prior to load relaxation.

‘Hart's model: Figure 6a; the new model: Figure 6b.

Experimentally determined ]oading-un]oading stress-non-elastic
strain loop for high purity aluminum at room temperature and an
extension rate of 0.02 inch/min.

Experimentally determined transient load relaxation data similar
to those shown in Figure 6 for a high purity aluminum at room

temperature. The top curve is obtained in the plastic range.

-26-




: Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

10:

11:

12:

13:

14:

15:

16:

17:

-27-

Compdrison of experimental data and computer simulation by using

the new deformation model; the parameters used are those in Table

I; the experimental data are discussed in the text.

Comparison of experimental data and computer simu]ation'by using
the'new deformation mode1§ the parameters used are those in.Table
I; the éxperimenta] data are discussed in the text;.

A schematic representation of possible phenomeﬁo]ogica],mode]s
for .grain boundary sliding. |

A schematic representation ofscapacitance géuge and tensile

specimen assembly.

* Room temperature, stress-total strain data obtained in a constant

“extension rate tensile test by ]pading-un]bading in the micro-

plasticity range (high purity aluminum and an extension rate of
0.02 inch/min.). |

Room temperature, stress-total strain data.obtained in a constant
extension rate tensile test by loading-unloading with less micro-l
plasticity compared to the data 1anigure 13 with the same experi-
mental condition. |

Room temperature, closed stress-total strain Toop obtained in a
constant extension rate tensile test by loading-unloading in the
anelastic range with the same experimenfa] conditions.as those fok
the data in Figure 13. |
100°C, closed stress-total strain 1oop obtained -in a constant ex-
tension rate tensile. test by loading-unloading in the anelastic
range with the same experimental conditions as those for the data

in Figure 13.

200°C, closed stress-total strain loop obtained in a constant ex-

tension rate tensile test by  Toading-unloading in the anelastic




Figure 18:

Figure 19:

Figdre 20:

Figuré 21:

Figure 22:

Figure 23:

Figure 24:

Figure 25:

range with the same experimenta]‘conditions as those for the daté
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range with the same éxperimenta] conditions as those for the data
in Figure 13.

300°C, closed stress-total strain }oqp obtained in a constant ex- -
tension rate tensf]e test by loading-unloading in the ane}astic
range with the same experimenta]bgonditions as those for the data
in Figure 13.. | |

400°C, closed stress-total strain loop obtained iﬁ a constant ex-
tension rate tensile test by loading-unloading in the anelastic
range wjth‘fhe same experimental tonditions as thdse for the data
in Figure 13.

500°C, closed stress-total strain loop obtained in a constant ex-

_ tension rate tensile test by 1oading7un1oading‘jn the anelastic

in Figure 13.

600°C, closed stress-total stkain loop obtained in a- constant ex-
tensibn rate tensile test by 1oad1ng-un10ading-1n the anelastic
range with the same experimental cqnditions és those for the data
in Figure 13. |
Load relaxation data of Type 316 stainless steel at 600°C in the
plastic range showing the effect of grain boundary sliding (S-
shaped-curve). The two dashed curves represent two limiting grain
matrix controlled fe]axation‘conditioﬁs. |
Measured number density of cfeep cavities in Zr-2 at 350°C in‘

the same plot with the creep stréin of the specimen.

Measured number density of creep cavities in Zr-2 at 375°C in the
same plot with the creep strain of the specimen.

Logrithmic cavity growth rate plotted vs. 1/T. The growth rate is

measured- based on the cross-sectional area of the cavity. Applied

. stress is 17.21 ksi..



TABLE IA
PARAMETERS FOR HART'S "MODEL

v

" YOUNG MODULUS: | - 8.5 x 10° PST
* MACHINE COMPLIANCE - 3.2032 x 10'5 (P17
INITIAL LENGTH . - =1.5356 inch
INITIAL ‘AREA v = 4.5338 x 10°% inch?
INITIAL SIGMA STAR = 8.7232 x 10° PSI
INITIAL EPSILON DOT STAR = 4.7976 x 10712 sec”!
ANELASTIC MODULUS (M) = 85.5 x 10° pSI
- Coax 12
DISLOCATION GLIDE CONST (= ( )M) = 5x 10
Y ~
CAPITAL M - - . =7.8%
SMALL M | ' = 4.8 *
LAMBDA - = 0.15 *
. o : 4 *
BETA . - -1.50 x 10 Ty o |
' _ ‘ } Work hardening parameters
DELTA IR - 2.80 * }

* As defined in Referehce 6. .
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TABLE IB

PARAMETERS FOR NEW MODEL -

* YOUNG MODULUS | = 8.5 x 10° ps1
* MACHINE COMPLIANCE (VARIABLE) AT MAX = 3.2232 x 107° (PSI”")
INITIAL LENGTH e - 1.5856 inch
INITIAL AREA o = 4.533 x 1072 inch®
a) PARAMETERS FOR MICROPLASTIC BRANCH -
 SIGMA STAR 2 ~ . = 60.0 PSI.
EPSILON DOT STAR 2 - - 3.1995°x 10723
SCRIPT M 2 | = 69.2 x 10° PSI ‘for scaling between o} and. &3
LAMBDA 20 015 '
SMALL M 2 D = 7.2598
INITIAL STGMA A2 = -1.725 x 10° PsI
| %a M

K = SIGMA A2/SIGMA STAR 2 exp(- =2 )
Evolution law for micro- : 1 172

plastic element.

b) PARAMETERS FOR MACROPLASTIC ELEMENT

3 pst

INITIAL SIGMA STAR'T . = 8.7232 x 10
INITIAL EPSILON DOT STAR = 4.7976 x 10710 sec”!
SCRIPT M1 - - 16.3 x 10° psI
LAMBDA 1 ' = 0.15 |
SMALL M 1 = 4.8 for scaling with o}°
INITIAL SIGMA A2 = 2.1957°x 10° PSI
. *
BETA =1 x10t ) -
- } Work hardening parameters
. = * |
DELTA | -8 | |
DISLOCATION GLIDE CONST - 5.0 x 10712

* As defined in Reference 6.‘
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Grain Matrix
Anelastic Range

Temp. ' Eégigéc E (S]opg - Eeff)
{°C) (ksi) ‘ (ksi)

24 0-9.25 29.48 ' 9.25-18.40
100 0-8.70 - 29.25 8.70-17.9
200 0-7.38 28.82 7.33-14.43
300 0-5.38 28.78 5.38-11.25
400 0-3.88  26.95 3.88-8.81

500 Non-ob-  25.05* 0-4.12
servable ‘
600 B 24.48%

" 0-2.53

* Literature value.

TABLE IT

- 28.
27.
26 .-
24.
22.
20.

20.

'RESULTS OF DATA ANALYSIS FOR FIGURES 15-21

Grain Boundary
Anelastic Range

m
'

My (Slope = fuel) Ege
_ (ksi) Y
611.3 NA NA NA
472 ‘ NA NA NA
380.3 T NA . NA
184 NA NA NA
121.98 £ 8.81-10.8. 2.7 .92
119.57 4.12-7.11 18.56 - .9 &
112.56 2.53-5.63 18.20 .89
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Figure 1: (a) A schematic representation of.Hart's model.
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Figure 1: (b) A physical interpretation of Hart's model.
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Figure. 2: (a) R schematic representation -of the new- deformation model.
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. Figure 2: (b) A physical interpretation of.the new model.
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cluding plastic yielding. Hart's model: solid Tines; new model:
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Figure 3: Computer simulation of a’constant extension rate tensile test in-

(ksi)
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Figure 4: Computer simulation of 1oadﬁng and unloading 106ps‘be1ow plastic
" yielding in a constant extension rate tensile test. Hart's model:
solid lines; -the new .model: dashed lines.
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Figure'é: Computer simulation of load relaxation in the transient region.

(a)  The upper most curve is the so-called "A curve” (Equation 5) for
re1axatiqh by'p1astic deformation. The remaiping(curves are cal- o
culated for loading below plastic yielding prior to load relaxation.
Hart's model: .Figure 6a; the new model: Figure 6b.
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Figure 6:  Computer simulation of load relaxation in thevtransient region.
(b)‘  ~ The Upper most curve is the so-called "X cUrveh (Equation 5) for
relaxation by plastic deformation. The remaining curves are cal-
culated for loading below plastic yielding prior to .load relaxation.
Hart's model: Figure 6a;.the'new model: Figure 6b.
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Figure 7: Experimentally determined loading-unloading stress-non- elastic strain ,
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~ - rate of 0. om inch/min.
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to those shown in Figure 6 for a high purity aluminum at room
temperature. The top curve is obtained in the plastic range.
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Figure 9: Comparison of experimental data and computer simulation by using the new deformation model; the
‘ parameters used are those in Table I; the experimental data are discussed in the text.
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Figure 11: A schematic-represehtation of possible phenomenological models
for grain boundary sliding.
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Figure 13: Room temperature, stress-total strain data obtained in a constant e>tens1on rate tensile test

by loading-unloading 1n the microplasticity range (h1gh purity a]um1num and an extens1on rate
of 0. 02 inch/min.).
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Figure 14: Room temperature, stress- total strain data obtained 1n a constant extens1on rate tensile test

by Toading-unloading with less microplasticity compared to the data in Figure 13 w1th the same
exper1menta1 condition.
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Room temperature, closed stress-total strain Toop obtained in a constant extension rate tensile

test by loading-unloading in the anelastic range with the same experimental conditions as those -
for the data in Figure 13.
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100°C, c]osed stress-total strain loop obtained in a constant extension rate tens11e test by

- loading- un]oad1ng in the anelastic range with the same experimental conditions as those for
the data in F1gure 13.
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200°C, closed: stress-total strain loop obtained in a constant extension rate tensile test by
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the data in Figure 13.
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Figure 18: 300°C, closed stress-total strain loop obtained in a constant extension rate tensile test by
‘ ‘ loading=unloading in the anelastic range with the same experimental conditions as those for
the data in Figure 13.- ' ' |
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Figure 19: 400°C, closed stress-total strain loop obtained in a constant extension rate tensile test by

loading-unloading in the anelastic range with the same experimental conditions as those for
the data in Figure 13.
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500°C‘ closed stkess total strain loop obtained in a constant extension rate tensi]e test by

loading-unloading in the anelastic range w1th the same experimental cond1t1ons as those for
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Figure 21:

600°C, closed stress-total strain loop obtained in a constant extens1on rate tens11e test by

" Toading-unloading in the anelastic range with the Same exper1menta1 cond1t1ons as those for
the data in Figure.13.
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Figure 22: Load relaxation data of Type 316 stainless steel at 600°C in the plastic range showing the

* effect of grain boundary sliding (S-shaped curve). The two dashed curves represent two

1imiting grain matrix controlled relaxation conditions.
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Figure 23:-'Measured number density of creep cavities in Zr-2 at 350°C

in the same -plot with
creep strain of the specimen. . ' S P the
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" Figure 24: Measured number dens1ty of creep cav1t1es in Zr-2 at 375°C in the same plot with the creep |
strain of the specimen.
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Figure 25: Logrithmic cavity growth rate plotted vs. 1/T. The growth rate is measured based on the cross- i
sectional area of the cavity. Applied stress is 17.21 ksi. : ' . [Cf‘\




