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Time-Differential Length Change Measurements for Thermal Defect Investigations:
Intermetallic B2-FeAl and B2-NiAl Compounds, a Case Study
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Time-differential length change measurements after temperature changes were developed and applied
to the study of high-temperature atomic defect in the case of intermetallic alloys. The enthalpies
HI = 1.0 = 0.1 eV or HE = 1.5 = 0.2 eV derived forB2-Fe;sAl,5s from the temperature-dependent
amplitudes and time constants of the length change, respectively, coincide with the vacancy formation
and migration enthalpie&l; and H)Y from earlier positron studies. This demonstrates the feasibility
of the technique. By this technique, for the first time, the enthalpids = 1.8 = 0.1 eV and
Hy = 1.5 + 0.25 eV in B2-Niy;Als; were determined. [S0031-9007(98)08324-0]

PACS numbers: 61.72.Ji, 07.60.Ly, 61.66.Dk, 66.30.Fq

Atomic defects in thermal equilibrium at high tempera- The time dependence of the length chadgér, T;, T)
tures in metals or intermetallic compounds are involved irafter a temperature change (see Fig. 1) originates from the
a number of solid state processes such as structural ordéong-range migration of, e.g., thermally formed vacancies
disorder transition [1], self-diffusion [2], or mechanical generated at sources in order to equilibrate the thermal
creep [3]. For the investigation of thermal defects tech-equilibrium vacancy concentration @. Because of its
nigues are required which are specific for the detection oflelay this effect can be separated from the anharmonic
these defects, sensitive to low atomic concentrations, anidttice expansiom/’ which occurs simultaneously with
applicable at high temperatures. Positron lifetime studiethe temperature change.

(see [4]) and concomitaratb initio calculations [5] have In the simple case of a regular array of defect sources or
contributed substantial progress to the studies of thermalinks [11] the time dependence of the specimen length
defect formation and migration in intermetallic com- ,

pounds. Positron annihilation studies are, however, ! = lo + Al(t.Ti, Ty) = Io(T;) + Al' + Al(1,T:, Ty)
inappropriate for more complex systems with structural — ;4 AL(T;, Ty)[1 — exp(—t/te(Ty)] (1a)
vacancies or free volumes so that more versatile techniques

are desirable. Here, we demonstrate that time-differentiakith

length change measurements can be successfully employed 1 ) 1 ”

as a sensitive technique for defect formation and migration —=aDy=_—— exp(—Hy /kgT) (1b)
studies. This method will be, in addition, of general and E EQ

wide interest for sensitive studies of condensed matte®fter a fast temperature change is given by an exponential
Kinetics. with the time constantg [Eqg. (1a)]. This is determined

A time-dependent length chandé(z, T;, ) of a speci- by the va%ancy diffusivityDy or t_he vacancy migration
men is expected when the thermal defect concentratiorthalpyHy and the preexponential factgry. « charac-
equilibrate after a fast temperature change between tHgrizes the density of vacancy sources or sinks. The length
initial and final temperatureg and7 (Fig. 1). The tem- lo denotes the equilibrated state7at
perature variation of this behavior yields direct informa-
tion on defect formation and migration as well as on the
vacancy formation volum@V if the absolute values of
atomic defect concentrations are available [6,7]. This tech-
nique is furthermore specific to the thermal formation of
vacancies or interstitials which are expected to give rise to
either an expansion or a contraction [8], respectively.

The length change kinetics after temperature changes
were studied earlier [9] by a mechanical probe. For the
present thermal defect studies by high-precision time-
differential dilatometry [10] an incremental Michelson
laser intereferometer was employed which permits contact-
free length change measurements up to high temperatures t
without contamination. For the first time, defect formation FIG. 1. Schematics of the time-differential length charge

as well as migration in the vicinity of thermal equilibrium (7, 7;, 1) due to the equilibration process of the thermal defect
could be studied by means of this technique. concentration after a temperature change fno 7.
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From the temperature variation of the length changeributions with the higher (main) and smaller amplitudes,
amplitude respectively. From their temperature variations (Fig. 4)
. AL(TLT) AV the activation enthalpies and the preexponential factors

T[CV(TJ') — Ci(T4)] (2) HE =15+02eV, 155, =4x10°s"; (3a)

lo
E _ -1 _ —1
induced, e.g., by thermally formed vacancies the effective 2 = 0.6 = 0.1 eV, 1,0 = 08s (3b)
formation enthalpyH{; can be derived according ©, =  are derived in analogy to Eq. (1b). The time constapts

exp(St /kg) exp(—HY /kgT) if the vacancy concentration (see Fig. 4) are very similar to the values determined by
Cy at the lower temperature can be neglected. Hg&fe, positron lifetime spectroscopy (see Fig. 4) for long-range
is the vacancy formation entropy aftithe mean atomic vacancy migration from the equilibration process of the
volume. The defect induced length change may be moreacancy concentration [15]. In addition, the valuertf
complex than sketched here due to more complex sourcéd Eq. (3a) coincides within the experimental uncertainties
sink structures [12] or a contribution of vacancies andwith the vacancy migration enthalgyy’ = 1.7 eV in B2-
antisite atoms on the various sublattices of intermetallidceAl [15] as deduced from positron lifetime studies after
compounds [13]. temperature changes. This coincidence demonstrates that
The FgsAlss and NigAls; specimens for the present thermal vacancies iB2 intermetallics can be specifically
studies were prepared by comelting the high-purity metinvestigated by sensitive length change measurements.
als and zone melting [14]. From the ingots specimendhe rate constarrlg})l in Eq. (3a), which is much smaller
with a ring-shaped ledge (see Fig. 2) were spark cut. Théhan the Debye frequency relevant for a single jump, is at-
change in specimen length (20 mm) between the poltributed to a number of vacancy jumps-efi0’ during the
ished measuring planes (Fig. 2) could be measured by equilibration process [15] and corresponds to a reasonable
two-beam Michelson laser interferometer (SP120D, SIOSlensity of dislocations o2.2 X 10° m~? as sources or
Messtechnik, Germany) to an accuracy of about 20 nnsinks (see [16]).
corresponding to an atomic defect concentration of about

3 X 107%. The specimen temperature measured by two 0.0 . [
chromel-alumel thermocouples welded on the specimen (a) FessAlss
was stable within 0.1 K with a gradient less than 20 K
and a temperature setting time of 200 s after a temperature o
change which presently limits the time range of the equili- :'i{ % |- |
bration studies. The specifications of the present length - T,= 1015 K
change setup are suitable for studying systems with high %’ T;= 670K
ratios of H) /HY; > 1 as in B2 intermetallics but should
be extended for, e.g., pure metals Wit/ /H < 1 to & OB
shorter times. 1O o1k . |
In Fig. 3 the time-dependent isothermal contraction of 0 1 o
a FesAl,s specimen after cooling from high to slightly t [10° 5]
lower temperatures is shown with an acceleration of the
equilibration whenT, is raised (see Fig. 3a). A good fit T T
of the isotherms can be obtained by two superimposed ex- o I (b) FessAlgs |
ponentials with the time constants; andsg, for the con- Ti=937 K
T=773K
:20mm:: 40 mm .~ % 5 T,=990K ]
<4 Ti=690 K
—’i ( i T, =1015K
) @ ) b : | T;TB?O K
0 5 10
specimen t/ tgq
FIG. 3. Time dependence of the isothermal contracfidrof
laser- cooled a FesAlys specimen after fast cooling to the final temperature
interferometer specimen holder T;. Variation of (a) the equilibration rate witl¥; and

(b) the amplitude of the length change with the initial
FIG. 2. Sketch of the experimental setup. The length of theemperature7; where the time scale is normalized to the
specimen, which is suspended together with the furnace in eelaxation timerg,; of the process with the higher amplitude.
vacuum recipient, is measured by the two laser beams on thk denotes the length change amplitude. The gray lines denote
polished parallel planes on the specimen front and ledge. model fits to the experimental data (see text).
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FIG. 4. Temperature variations of the time constantg
(@) and tz, (V: after cooling; A: after heating) of the
isotherms in Fig. 3a together with the time constan) 6f the
vacancy equilibration isotherms measured by positron lifetim
experiments [15].
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FIG. 5. Temperature variations of the length change am-
plitudes Al /I, (®) and Aly,/l, (V: after cooling; A: af-

ter heating) of FgAl,s derived from two-exponential fits to
the time-differential length changes after temperature changes

106 '

1.0 1.6

E'(Fig. 3b) and of the concentratiaty, () of vacant lattice sites

determined from the positron trapping rate€y (T') in Fe;; Alsg
[15] ando = 1.3 X 10" s7! deduced in conjunction with dif-

The second process in the length change studies darential thermal expansion studies [7]; is the temperature

FessAl4s with the time constantg, (Fig. 4), which is also

from which the cooling in the time-differential length change
studies was started or at which the equilibrium studieg pf

found in high-statistics positron lifetime measurementsyere performed (for: 7, denotes the final temperature after
[17], exhibits an anomalously weak temperature depenheating).

dence and an extremely small preexponential fattor o,
[see Eq. (3b)]. Small preexponential factors reported fo
atomic diffusion processes in relaxed metallic glasses or i

i-AlPdMn quasicrystals have recently been ascribed to col

lective multiatom jump processes [18]. It should be note

incubationlike behavior, an even more complex descriptio
than discussed here as, e.g., characterized by a nucleat
and growth process [19].

The temperature variations of the amplitud&s,//y
and Aly, /I, derived by means of two-exponential fits to
the data in Fig. 3b are plotted in Fig. 5 together with

?}ermined according to Eq. (2) from the presently mea-

sured total length chand@&/,; + Al,,)/ly and the atomic
ncentration of vacancies in Fig. 5. A vacancy forma-

0
that the isotherms in Fig. 3a may need, due to their initizion volumeAV/V = 0.7 in this range was derived for

:IDZO] whereas the higher value &V /V = 1.42 found

& Al from the pressure variation of positron annihilation

onr B2-FeAl was attributed to the formation of divacan-

cies in this compound [21]. It should be mentioned that,

the concentration of vacant lattice sites as derived from 03 L A Nig7Al53 _
positron lifetime data [15]. The bending at high tempera-
tures (Fig. 5) can be explained with the vacancy migration
parameters of Eq. (3a) by defect losses during cooling. = 104 - .
From the 3Al,/ly data for FesAlys in Fig. 5 the —
activation enthalpies and the preexponential factors < 105 - 1
—
AV,
F _ F _ .
Hi =10 *0.1eV, In v + S| /kp = 4.3; 106 L |
(4a)
| | O
F AV, F
H;, =09 *=0.1eV, In Vv + 85 kg = 2.7 0.8 1.0 1.2 1.4
3, -1
(4b) 1T [10° K]

are derived. Both processes are attributed to vacancy foF/G. 6. Temperature variation of the equilibration raters
mation because the activation enthalpies are similar t§ B2-NisAls; determined from single exponential fits to the
the vacancy formation enthalpyF — 0.98 eV [15] de- equilibration isotherms after coolin@®) or heating (). An

. y fort e o v estimate of the rate constahtzr from positron lifetime spec-
termined by positron lifetime spectroscopy. The vacanCyroscopy on N,Alys in long-term low-temperature equilibra-
formation volumeAV/V = 0.53 can be additionally de- tion experiments({) [24] is also indicated.
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