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Creation and annihilation of free volume during homogeneous flow
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Bulk samples of PgNi;;Cw,gP,o glass were tested at constant true stré23—636 MPa in
compression at 550, 555, and 565 K to study the transition from steady-state creep at low stress to
deformation-induced softening at high stress. In the high-stress regime strongly accelerating creep
was observed. All deformation was homogeneous. The activation volume was 310Eh&
isoconfigurational activation energy was 9.03+0.64 eV. The disordering rate is proportional to the
applied power densitystress< strain ratg. The disordering process is inefficient in energy and in

the production of free volume. @005 American Institute of PhysidDOI: 10.1063/1.1827344

. INTRODUCTION Heggen, Spaepen, and Feuerbathehave used compres-
sion creep testing at constant stress to study this regime in

Plastic deformation of metallic glasses has two mddes. Pd,;Ni;Cu,gP,o and observed accelerating strain rates. The
At low temperature and high stress, these glasses deforadvantage of studying disordering in the homogeneous flow
inhomogeneously.e., the deformation is confined to a small mode is that the process is sufficiently slow for its functional
number of very thin shear bands. Inside these bands, théependence on stress, strain rate, or strain to be established.
shear strain and shear strain rate are very large. At highdn this paper these dependences are analyzed on creep data
temperature and lower stress, the deformatiomasnoge- on Pd;Ni;oCbgPoo.
neous i.e., each volume element of the material undergoes
the same strain. The latter mode includes flow of the liquid.

Inhomogeneous flow is an instability due to pro-
gressive softening brought about by deformation-induced
disordering® The atomistic mechanism of the disordering Il. THE FREE VOLUME MODEL
process is still under investigation. For example, it has been
variously proposed that the disordering depends on the Plastic deformation of metallic glasses occurs by the su-
strain, the strain rate or the strés%? The functional depen- perposition of the shear of localized groups of atoms, often
dence of the disordering process on these quantities ieferred to as “flow defects” on “shear transformation
a fortiori unknown. It seems clear, though, that the process igones.” Subjected to an external stresssmall regions of
accompanied by shear-inducetilatation, > ¢ a phenom- Vvolume v, undergo a strair, at a rate that depends on the
enon that has been known for years in the deformation o$tress. If the concentration of these flow defect;isthe

soils that consist of randomly packed gratfd® macroscopic strain rate can be written as

One expects deformation-induced disordering to occur
during homogeneous deformation as well. Most of the ex-  de = 2.k, Z0Y0 ’_<80Vo<7) (1)
periments in this mode, however, have been performed at dt <" @ '\ 2kT )’

low stresses and strain rates, where the disordering rate is

small and is overwhelmed by the ordering process known agherek; is a temperature-dependent rate consténts the

structural relaxatior?****In the experiments that have been atomic volume,k is Boltzmann’s constant, and@ is the

carried out in the high-stress part of the homogeneous modésmperaturé. The producteqry is the activation volume of

a disordering process has indeed been identified. De Heyhe process. The stressesand strains in this analysis are

Siestma, and van den Beukel made such observations usitaken to be uniaxial quantities, as in the compression tests to

tensile tests at constant strain rate OQON%PZO.G The dis-  be performed. Since plastic deformation is a shear process,

ordering was most apparent from the dramatic drop in thaimilar equations in terms of shear stresses and shear strains

flow stress in many tests. Lu, Ravichandran, and Johnsoare often found in the literature.

made similar observations on the Zr-based Vitreloy-1 aqloy. The defects in amorphous metals are often described by
the free volume modéf in which they are density fluctua-
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- 1 ¥ . .
= ex%_ yv ) = exi— ;), (2) 1.0x107 b 550 K \‘/v
f
where vy is a geometrical overlap factor between 0.5 and 1, 8.0x10° - 14 wpa ]
and v is the average free volume per atom. The quantity -
=/ yv* is the reduced free volume. &2 80xio7r 119 MPa
The annihilation of defects during structural relaxation “ . \
takes place by &imolecularprocess, the rate of which can 4007 F 1 w soMPa
be described as R 30 MPa
2.0x107 | 2
de; |- N/WW 60 MPa
—| =-kc?, ) 0.0 - ' '
dt o} 100000 200000 300000
t/s

wherek; is a rate constant. The validity of this ansatz has

been verified by measurements of the viscosity, which at low!G. 1. Strain rates measured in a uniaxial compression creep test on a

siresses is inversely proportionaldp During structural re- sl neals gese 120w corsiont e stcosce 3060

laxation, the viscosity increaséigearly with time as implied

by Eq. (3).19'25 The bimolecular nature of the annihilation

process is easily understood in the case of amorphof% Si,  dy; _ KT yv* gorgde , de

for example, where annihilation occurs by the joining of two gt ~ s 3, Q dt &Y Gt (7)

dangling bonds. In metallic glasses, the physical basis of the ) ] .

bimolecular reaction is less obvious. One interpretation is! NiS Proportionality between defect creation rate and the

that the juxtaposition of two fairly equiaxed voiddensity ~ Strain rate has been used in the data analysis of de Hey,

fluctuations creates one with a larger aspect ratio that car>i€tSma, and van den Beul?eAF low stress, expansion of

collapse under the interatomic tractions on its surfaeeh  the sinh in Eq(1) and the cosh in Eq5) leaves a term that

as a vacancy disk in crystaland thereby displace the free 1S respectively, linear and quadratic in th_e stress. Cqmblna—

volume elastically to the sample boundafy. tion of the two results leads to the following expression for
Tsao and Spaepen, Volkert and Spaepen, and Duin&d- (9):

Sietsma, and van den Beukel have shown that during isother- ¢y, 10 yv* de , , de

mal annealing at temperatures close to the glass transition dt = éngaUE ayv EU- (8)

temperaturel the viscosity of amorphous metals reaches a

saturation valué®??8Since the viscosity is inversely pro- Here, the defect rate is proportional to the product of stress

portional to the defect concentratiop the defect concentra- and strain rate, i.e., the applied power denity.the analy-

tion then reaches a metastable equilibrium concentratign  sis of the data from the experiments described below, these

Duine, Sietsma, and van den Beukel found from the fitting oftwo limits will be considered.

viscosity and calorimetric data that the changeofowards

equilibrium can best be described by an appropriately

adapted bimolecular rate equatidn Il EXPERIMENTS
do =~k Cr(Cr — Ceg)- (4) Metallic glass samples of composition fAdi;CugP,g
dt and size 5 2x2 mn? were cut from the metallic glass

The deformation-driven creation of defects can be mod€asts. The faces were prepared by grinding and polishing.
eled through the free volume theory by considering the denThe surfacgs, in contact with the compression anvils, were
sity fluctuations with volumes just smaller than the critical c@refully aligned to be parallel and were ground on a glass
size v*. Under stress, a neighboring atom can be Squeezeglate with diamond paste to avoid concavity of the surface.
into this pocket, the expansion of which leads to the creation 1€ samples were preannealed at the testing tempera-
of free volume. The resulting expression for the creation ofuré for an extended period. Samples for experiments

free volume i at low stresses(Figs. 1, 2, and y were annealed
for 5.2x10°s (550 K), 2.3xX10°s(555K), and 8.0

dyy - 2k k_Ty_v*[C sl’( 080V0> _ 1} (5) % 10% s (565 K), respectively. Samples for experiments at
dt ™s Iz 2kT ' high stressegFigs. 3, 5, and $ were annealed for 1

X 10* s (550 and 555 K, and 8.0 10* s (565 K), respec-
whereSis a stiffness, obtained from Eshelby’s theory for the ( K’ ( ) P

. . . . ) tively.
dilatation of an isotropic continuuf} The plastic deformation tests were carried out in a Zwick
2 1+v Z050 uniaxial tester under compression. That tester had been
S= M1, (6) modified by a feedback loop that controlled the load. Creep

deformation was performed under constant true stress: the
whereu andv are, respectively, the shear modulus and Poistoad L was controlled to take into account the change of the
son ratio. At high stress, the hyperbolic functions in E§$. cross section upon straining. For homogeneous plastic defor-
and (5) approximate exponentials, and E§) reduces to mation at constant volume the true stress is
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FIG. 2. Experimenta(solid line) and calculateddashed ling strain rates
measured at 550 K and 255 MPa.

9)

L
Tiue= (1 —¢8),
Ao
where A, is the initial cross section and is the nominal
uniaxial strain. The duration of the individual creep tests was
much greater than the decay time of the anelastic respons
that followed the load changes. The strain was measured
directly at the sample by a linear mdUCt.Ive dlfferenﬂal tra'nS_FIG. 4. Images taken from the video observation the sample during the test
ducer at an accuracy of £10 nm. Strain vs time d?‘ta WETg Fig. 3. The times indicate that the images were taken from the test at the
taken at frequencies between 1 and 50 Hz, depending on thghest stress.
duration of the experiments. The data were smoothed by av-

eraging in bins of 100 points and differentiated. All data are , , )
presented as strain rate vs time. than exponential. Nevertheless, in all experiments, the defor-

mation remains fully homogeneous, as is demonstrated by
the sequence of images in Fig. 4, taken during the test at
IV. RESULTS 636 MPa. The sample is oriented with one edge toward the

Figure 1 shows the strain rate vs time in a sequence dfont, so that two side faces can be seen. The upper and
tests at 550 K, performed at successively higher true stresstver parts of the images are the compression anvils. During
of 30, 60, 90, 119, and 148 MPa. After the decay of thethe final seconds of the test the sample appears to buckle a
anelastic response following a stress change, the strain raliiile bit, but the deformation remains homogeneous. No
becomes constant, within the accuracy of the experimenghear band can be seen. The sample fractured at high speed
Such a constant strain rate is found in all tests belowat the end of this test along a plane inclined 45° to the com-
255 MPa at this temperature. Note that good data could bBression axis. The fracture morphology showed the river pat-
taken even at strain rates as low as¥1©1. tern typical of the instability that develops in the low-

Figures 2 and 3 show the results of subsequent tests ¥iscosity material of a shear bafdFailure occurred almost
higher stresses: 255—-636 MPa. An increasing strain rate i§stantaneously after the formation of the shear band. The

observed:; at the highest stress, the increase is even strongiicelerating strain rate observed in the experiments is, there-
fore, a bulk property of the material: it is the result of stress-

induced creation of flow defects. Figures 5 and 6 show that
the same phenomenon is observed at other temperafif®gs
and 565 K.

Figure 6 also illustrates that the disordering process is
reversible and reproducible. The solid line represents an ac-
celerating strain rate during a test at 445 MPa for 1700 s.
The sample was then tested for %.80* s at 14 MPa(not
shown), during which the strain rate decreased because de-
fect annihilation outstrips creation at low stresses. Subse-
guent testing at 445 MP@lashed ling again shows an ac-

_______________ celerating strain ratéthe steep initial drop is an anelastic
o . . ‘ ] transient irrelevant to this discussjorThat the solid and
2000 3000 4000 dashed lines can be made to coincide by shifting their origin

t/s shows that the defect concentration in the third test again
reaches its value in the first one, and subsequently evolves
with the same kinetics. It is therefore justified to describe the

10°F
550 K

537 MPa

397 MPa

FIG. 3. Experimental(solid line) and calculateddashed ling strain rates
measured in a creep test at 550 K and 397, 537, and 636 MPa.
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FIG. 5. Experimentalsolid line) and calculateddashed ling strain rates FG 7. E ) taifilled d calculat |
measured in a creep test at 565 K and 111, 250, 286, and 303 MPa. - 7. Experimentalfilled squares and caicual edopen squargsvalues
of the stress dependence of the strain rate for low stresses at 550, 555, and

565 K. Some of the open squares are obscured by perfect coincidence with

: : : the data. The arrows indicate that the strain rate increased from the initial
evolution of the defect concentration in terms of thstan- value of the filled square. The triangle marks the slope for the linear relation.

taneousstress, strain rate, and defect concentration. The solid line is the fit of all data at each temperature to Eg. Test

The black squares in Fig. 7 show the strain rates measumber 5 at 565 Knot shown was made at 6 MPa.
sured at the three temperatures for the lower stresses, at
which a steady-state value is reached. The numbers indicatgnihilation and creation. The kinetics of these phenomena
the order of the test. The arrows indicate the onset of accere analyzed in the following section, during which the
eration of the strain rate. At low stress, the linear dependencgnalysis of Fig. 7 will be revisited.
of strain rate on stress, i.e., Newtonian viscous flow, is im-
mediately apparent. N . I

y app B. Kinetics of creation and annihilation

1. Strain-rate-dependent defect creation

Based on the success of de Hey, Sietsma, and van den
V. ANALYSIS . . . .
_ Beukef with using strain-rate-dependent defect creation, as
A. Stress-dependence of the strain rate in Eg. (7), to model softening in tensile testing of

The solid lines in Fig. 7 are fits of Eql) to the data. PdyoNisgP2o ribbon_s, we used this mechani_sm first to model
Table I lists the fitting parameters: the activation volume®Ur data. A combination of Eq2) and(7) gives the defect
eovp and the prefactor ceqr,Q L. The activation volume ~Creation rate as

is independent of temperature. deg|* . 5

Note that the data points at lower strggsg., 1-4 at dat = acec(In ¢)”. (10)
550 K) lie generally slightly above the fit, whereas those in
the middle rangge.g., 5-7 at 550 Klie slightly below it. For simplicity, we concentrated on the data at 550 K,

This is caused by small changes in the defect concentratiogince the equilibrium defect concentration, according to de
c; over the course of the experiments as a result of defedtey, Sietsma, and van den Beuki sufficiently low at this
temperature that the simple bimolecular description, (By.
can be used for defect annihilation.

ss5K ' ' The data were fit by numerically integrating E8) and
445 MPa (10) for the evolution of the defect concentrationfor each
3.0x10° | S of the experimental conditions and by using the final value of
K c; in one test as the initial value for the next test. The fol-
_ : / lowing parameters were use=13.2 232 £y1,=126 A3
@ 20010° 1 [from a fit of Eq.(1) to just the first four data points at 550 K
@ : on Fig. 7, the initial value ofc; was taken as 1074 (from
oo de Hey, Sietsma, and van den Belkielr the preannealing
Ox N N
AEPRUSTORPE TABLE |. Parameters used for the fits of Ed) to the data in Fig. 7: the
00l . . . . activation volumesgy, and the prefactor Rc;eqveQ) ™2
3000 2000 -1000 O 1000 2000
t/s T(K) sovp (A%) 2kiCreqro ™t (87
FIG. 6. Strain rates as a function of time measured at 555 K. First experi- 550 141.6+3.2 4.9£0210°°
ment(solid line) at 445 MPa. Second experimenbt shown: 5.8x 10* s at 555 152.0+10.8 3.5+04 107
14 MPa. Third experimer(dashed lingat 445 MPa. The origins of the two 565 143.8+2.0 46+0%10°

plotted lines were shifted to show the match.
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FIG. 8. Dependence of the proportionality constant for strain-rate-inducer|G. 9. Calculated evolution of the defect concentration over the course of
free volume productiofiEq. (7)] on the stress. three test sequences, at 5%8quarey 555 (diamondy and 565 K
(triangles.

conditions of our samplgsandk;=2.3x 10° s7* [from the

prefactor of the fit of Eq(1) to the first four points The ¢, g40h test was taken as the input value for the next test.
remaining parameter anda, were determined by fiting rq it parameters for all the tests are listed in Table II. A

the d_at"_’l of Figs. 1__3' They could t?e varied only within NAsingle value of the activation volumgyy, was used; it was
row limits (20%). A fit of the data withk=9x 10" s™* gave found thats,ry=106 A3 gave the best results. That this value

paramgterg&x that depended strongly on the .stress, as '”l.JS"ls considerably smaller than that found in the fits of Sec. |
trated in Fig. 8. The dependence is clearly linear, which in-

) . . eflects the effect of the small changes in defect concentra-
dicates that a defect creation mechanism that depends on th

. ) ; . 6n in those data.
applied power densityEq. (8)] is more appropriate here. The open squares in Fig. 7 are the values calculated by

the model for the tests at low stress; the agreement is gener-

2. Power-dependent defect creation ally very good(the calculated and experimental values are
The defect creation rate, derived from E¢@) and (8) often indistinguishable The calculation also reproduces the
in this case is slight deviations of the data points from the overall(étg.,

. the first four points at 550 K being above the lin&his
do; = aloecy(In ¢)? (11) shows that these deviations are indeed the result of small
X f f) - . .
dt changes in defect concentration between the tests.

This equation was numerically integrated together with Eq. Figure 9 shows the calculated evolution of the defect

(4) for the defect annihilation rate. For fits at temperaturesconcentrat'on for the tests at low stress. The numbers of the

higher than 550 K, it is necessary to take into account thép_dividual tests correspond t_o those in Fig. 7. The points _in
approach of the defects to their equilibrium valaggwhich Fig. 9 correspond to the beginning of each test. At 550 K, in

were taken from the determination by de Hey, Sietsma, an st4 at 119 MPa, the defect- concentramlremgms nearly ,
van den Beukél(see Table Ii. The initial defect concentra- constant; at lower stresses, it decreases; at higher stresses it

tion of the as cast material was estimated;gt=5x 10714 increases. This is analyzed further in Fig. 10, which shows
, :

In all cases, the defect evolution during preannealing walwo plots(linear and log-log of dc;/dt as a function ot at
computed:; this made the initial concentration for the creep?®: 119, and 148 MPa, the stresses of tests 3, 4, and 5. At

14 \which i
tests insensitive to the precise estimate of the defect conceft:® MPa, the curve crosses zeracat 1.8X 10, which is
tration in the as cast condition. As above, the final valug of € Steady-state valuelgeen in Fig. 9. At 90 MPa, the steady-
state value is 4.310 > as a result, if creep test 3 were

TABLE Il. Parameters used to fit the creep data at 550, 555, and 565 Kgontmued’ the strain rate would decrease over a very long
govp, activation volumek;, jump frequency of the flow defects, rate time by about a factor of 5. At 148 MPa, the SteadY'State
constant for bimolecular annihilation of the defects; proportionality con- ~ value is 4.6X 10712 and under the conditions of the test the
stant in the production of free volume;;, flow defect concentration of defect creation rate even accelerates. The steady-state values
nonannealed samples; aog, equilibrium density of flow defects. of ¢ for all stresses are shown in Fig. 11; the steady-state
value at zero stress is, of course, the equilibrium concentra-

o500 o559 o510 tion. Figure 12 is a calculated creep test at 148 MPa. It
govo (A3) 106 106 106 shows that steady state is reached only afteix3l.0f s and
ke (57 2.45x10° 2.21x10° 3.82x10/ 1000% strain, which is unrealistic. Under ordinary laboratory
k(s 5.15x 10/ 2.67x10° 3.31x10° conditions only a continuously accelerating strain rate is seen
3 (Pa’) 5.05<107 - 361x10  1.88x10™ iy ayperiments at high stress.
Cini 5X1014 5x107 5x107% In the tests at 555 and 565 K, the tests were not per-
Ceq 2x 10715 8x10715  2.1x1074

formed in an ascending series of stresses; test 4 at 555 K and

(de Heyet al. 1998 -
test 5 at 565 K were at lower stresses. During these tests the
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1.5x10% | g 550 K
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FIG. 12. Strain rate as a function of time calculated for a long-term test
3 under the conditions of test 5 in Figs. 9 and (B30 K, 148 MP&

these transients, which can take substantial amounts of time,
the defect concentration may change considerably, but can-
3 not be calculated.

de/dt

107 119 MPa

VI. DISCUSSION

. - . The quantitative demonstration in this paper of pro-

(b) c nounced deformation-induced defect generation during ho-

f . . . . .

mogeneous flow has several interesting implications. For the
FIG. 10. Linear(a) and logarithmic(b) plots of the rate of change of the experimentalists, it brings out the importance of knowing the
defect concentration as a function of the defect concentration, calculategrye stressin a test, especially at high stresses, where the
using Eqs(4) and(11) for the conditions of the test sequence at 550 K on train rate can depend stronalv on the true stress. Creep ex-
Fig. 9; the vertical dashed line corresponds to the defect concentrationinte§t ) p ” gly 1 ) - p
4. periments at constambminalstress: for example, can give
erroneous results in this regime.

Our observations and measurements also unambiguously
show that the accelerating strain rate is an intrinsic feature of
homogeneous flow and not an artifact of the geometry. In
tensile creep experimerfts>? rapid increases in the strain
Late prior to failure have been attributed to void formation or

ecking, both of which are ruled out in our compression
ﬁeometry. In our experiments, shear band formation and fail-

. , ) re occurred during a small fraction of the very last second.
rate at the highest stre$636 MPa, Fig. 3 is reproduced.

. . . The activation volume for flow found in these experi-
The discrepancies between fits and data may be the result ments iseque=106 A2, which is of the same magnitude but

the transients corresponding to the stress changes. Dur'@naller that the valueguy=130 A2 measured in the work of
de Hey, Sietsma, and van den Bedkiel tensile testing of
Pd,oNi»P,o ribbons. Since the average atomic volume in our
alloy is 0=13.2 A3® the activation volume found corre-
sponds to eight atomic volumes. Since these experiments
only give the productgvy, the size of the flow defect can not
be determined accurately. It seems plausible, however, that it
consists of at least eight atoms, since local strains greater
than unity have not been seen in any model simulations.
Figure 13a) is an Arrhenius plot of the rate constant for
flow rearrangements;. The corresponding activation energy
is 9.03+0.64 eV. As Eq(1) shows, this corresponds to the
activation energy forisoconfigurational flowi.e., flow at
- ; ’ ’ ! ! . constant structure and hence constant defect concentcation
0O 20 40 60 80 100 120 140 160 Under these condition&; is the dominant temperature-
o/MPa dependent factor in Eql). Isoconfigurational flow has been
FIG. 11. The steady state defect concentration as a function of stress, cfichieved in creep experiments far below the glass transition
culated for the conditions of Fig. 10. temperature by rapidly cycling the testing temperature. In

defect concentration drops. As a result the strain réags
perimental and calculatg¢dn subsequent tests tend to lie
below the overall fit.

The test of Fig. 2550 K,255 MPg, which exhibits an
accelerating strain rate, is reproduced well by the mode
(dashed ling In other tests at high stregsigs. 3 and j the
agreement is less perfect. The strongly accelerating strai

T
107F 550K

10

eq
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FIG. 14. Temperature dependence of the proportionality constant in the
power-density-induced production of free voluifiteg. (8)].
= 20} . Q
S~ !
=—, 12)
£ ay 85w, (
Equation(2) gives the relation betweety anduv;. With
181 . the valueyr*=0.143), as determined by van den Beukel
and Sietsm&” and the observation that most of the defect

: concentrations are on the order@f2x 10714 (see Fig. 9,
0.00175 0'29.1/8,2' 000185 we estimate; ~0.004%). Since the modulu$ for Pd-based
alloys is 51 GP4,Eq. (12) givesa,=5.4x 107 Pa. That
FIG. 13. (3) Arrhenius plot of the temperature dependenceofthe rate  the experimental values are an order of magnitude smaller
constant for flon[Eq. (1)]; activation energy 9.03+0.64 eVb) Arrhenius _ means that onIy a small fraction of the volume produced in
plot of the temperature dependencekpfthe rate constant for defect anni- . . . . .
hilation [Eq. (4)]; activation energy 7.44+0.64 eV. the dilatation mechanism is retained as free volume.
The energy cost of free volume production has been es-
Pds,Siyg the activation energy for isoconfigurational flow timated by van den Beukel and Sietsma from calorimetric
was found to be 2.0 e The large discrepancy between studies of structural relaxatidi.The production of free vol-
these values has two implications. First, during theume requires energy according t4U);,=8 Ax. For amor-
temperature-cycling experiments some reversible structurgdhous Pé¢l, {CusSi;¢5a values=0.41 eV was estimated. The
changes must have occurrgelg., as a result of thermal ex- quantity 8’ =80/ yv* is the formation energy of one atomic
pansion that altered the defect concentration. Subsequentolume’s worth of free volumé® For yr*=0.1430, B’
work on isoconfiguration flow in Rg:CusSiig s already in-  =2.90 eV. Using the parametef from our fits, we can cal-
dicated that such changes could be occurtih§econd, the culate a proportionality factog,y between the mechanical
value of the activation energy found here is too high to bepower applied on the sample and the reduced free volume
attributable to a singly activated event: it far exceeds evemccording toAW=pgyAx, with Bj,=Bw/ yv*. The results
the cohesive energy. The shear of a flow defect, therefordor 550, 555, and 565 K are compiled in Table Ill. The factor
consists probably of a sequence of several activated eventg,, represents the mechanical work necessary to form one
which is plausible given that the defect consists of severahtomic volume’s worth of free volume. The resulting values
atoms. of By are distinctly higher than the thermal formation energy
Figure 13b) is an Arrhenius plot of the rate constant for g’. The ratiog,,/ 8’ is the mechanical efficiency of the for-
bimolecular defect annihilatioki. The corresponding activa- mation process 9%-24% of the applied energy is used to
tion energy is 7.44+0.64 eV. That this value is close to theform the vacancy, the rest is dissipated as heat. This ineffi-
activation energy fokk is consistent with earlier observa- ciency is hardly surprising: the same applies to the creation
tions that the activation energy for the rate of change of thef dislocations in the deformation of crystals.
viscosity » measured in earlier tensile creep work is quite It should be kept in mind, of course, that the disordering
small?*>on the order of —0.1 eV. A comparison of Eq§)  mechanism described in the introduction needs to be ad-
and (3) shows thatynxk/k;, so that its activation energy justed in view the current results. The temperature depen-
should be the difference between that of the two rate con-
S_tants' In th‘?se experiments, that difference haS. the rlgm&BLE IIl. Proportionality factor between mechanical energy and reduced
sign, and, using the outer values of tfsandard deviation free volumes,, and free volumeg,,, respectively, for 550, 555, and 565 K.
error bars, a plausible magnitude.
Figure 14 is a plot of the temperature dependencg, of (eV) 550 (K) 555 (K) 565 (K)
Its numerical values can be checked against the simplg 172 237 456
model described in the introduction, which leads to the def|-ﬁ\,N 120 16.6 319

nition of a, from Eq. (8),
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