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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
HF

1  1.0 6 0.1 eV or HE
1  1.5 6 0.2 eV derived forB2-Fe55Al 45 from the temperature-dependent

amplitudes and time constants of the length change, respectively, coincide with the vacancy formation
and migration enthalpiesHF

V and HM
V from earlier positron studies. This demonstrates the feasibility

of the technique. By this technique, for the first time, the enthalpiesHM
V  1.8 6 0.1 eV and

HF
V  1.5 6 0.25 eV in B2-Ni47Al 53 were determined. [S0031-9007(98)08324-0]

PACS numbers: 61.72.Ji, 07.60.Ly, 61.66.Dk, 66.30.Fq
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Atomic defects in thermal equilibrium at high tempera
tures in metals or intermetallic compounds are involved
a number of solid state processes such as structural ord
disorder transition [1], self-diffusion [2], or mechanica
creep [3]. For the investigation of thermal defects tec
niques are required which are specific for the detection
these defects, sensitive to low atomic concentrations, a
applicable at high temperatures. Positron lifetime studi
(see [4]) and concomitantab initio calculations [5] have
contributed substantial progress to the studies of therm
defect formation and migration in intermetallic com
pounds. Positron annihilation studies are, howeve
inappropriate for more complex systems with structur
vacancies or free volumes so that more versatile techniqu
are desirable. Here, we demonstrate that time-different
length change measurements can be successfully emplo
as a sensitive technique for defect formation and migrati
studies. This method will be, in addition, of general an
wide interest for sensitive studies of condensed mat
kinetics.

A time-dependent length changeDlst, Ti , Tfd of a speci-
men is expected when the thermal defect concentratio
equilibrate after a fast temperature change between
initial and final temperaturesTi andTf (Fig. 1). The tem-
perature variation of this behavior yields direct informa
tion on defect formation and migration as well as on th
vacancy formation volumeDV if the absolute values of
atomic defect concentrations are available [6,7]. This tec
nique is furthermore specific to the thermal formation o
vacancies or interstitials which are expected to give rise
either an expansion or a contraction [8], respectively.

The length change kinetics after temperature chang
were studied earlier [9] by a mechanical probe. For th
present thermal defect studies by high-precision tim
differential dilatometry [10] an incremental Michelson
laser intereferometer was employed which permits conta
free length change measurements up to high temperatu
without contamination. For the first time, defect formatio
as well as migration in the vicinity of thermal equilibrium
could be studied by means of this technique.
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The time dependence of the length changeDlst, Ti , Tfd
after a temperature change (see Fig. 1) originates from
long-range migration of, e.g., thermally formed vacanci
generated at sources in order to equilibrate the therm
equilibrium vacancy concentration atTf . Because of its
delay this effect can be separated from the anharmo
lattice expansionDl0 which occurs simultaneously with
the temperature change.

In the simple case of a regular array of defect sources
sinks [11] the time dependence of the specimen length

l  l0 1 Dlst, Ti , Tfd  l0sTid 1 Dl0 1 Dlst, Ti , Tfd

 l0 1 DlssTi , Tfd f1 2 exps2tytEsTfdg (1a)

with

1
tE

 a2DV 
1

tE,0
exps2HM

V ykBTd (1b)

after a fast temperature change is given by an exponen
with the time constanttE [Eq. (1a)]. This is determined
by the vacancy diffusivityDV or the vacancy migration
enthalpyHM

V and the preexponential factortE,0. a charac-
terizes the density of vacancy sources or sinks. The len
l0 denotes the equilibrated state atTi .

FIG. 1. Schematics of the time-differential length changeDl
(Ti , Tf , t) due to the equilibration process of the thermal defe
concentration after a temperature change fromTi to Tf .
© 1999 The American Physical Society
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From the temperature variation of the length chan
amplitude

3
DlssTi , Tfd

l0
.

DV
V

fCV sTfd 2 CisTidg (2)

induced, e.g., by thermally formed vacancies the effecti
formation enthalpyHF

V can be derived according toCV 
expsSF

V ykBd exps2HF
V ykBT d if the vacancy concentration

CV at the lower temperature can be neglected. Here,SF
V

is the vacancy formation entropy andV the mean atomic
volume. The defect induced length change may be mo
complex than sketched here due to more complex sour
sink structures [12] or a contribution of vacancies an
antisite atoms on the various sublattices of intermetal
compounds [13].

The Fe55Al 45 and Ni47Al 53 specimens for the presen
studies were prepared by comelting the high-purity me
als and zone melting [14]. From the ingots specime
with a ring-shaped ledge (see Fig. 2) were spark cut. T
change in specimen length (20 mm) between the p
ished measuring planes (Fig. 2) could be measured b
two-beam Michelson laser interferometer (SP120D, SIO
Messtechnik, Germany) to an accuracy of about 20 n
corresponding to an atomic defect concentration of abo
3 3 1026. The specimen temperature measured by tw
chromel-alumel thermocouples welded on the specim
was stable within 0.1 K with a gradient less than 20
and a temperature setting time of 200 s after a temperat
change which presently limits the time range of the equi
bration studies. The specifications of the present leng
change setup are suitable for studying systems with h
ratios ofHM

V yHF
V . 1 as inB2 intermetallics but should

be extended for, e.g., pure metals withHM
V yHF

V # 1 to
shorter times.

In Fig. 3 the time-dependent isothermal contraction
a Fe55Al 45 specimen after cooling from high to slightly
lower temperatures is shown with an acceleration of t
equilibration whenTf is raised (see Fig. 3a). A good fit
of the isotherms can be obtained by two superimposed
ponentials with the time constantstE1 andtE2 for the con-

FIG. 2. Sketch of the experimental setup. The length of t
specimen, which is suspended together with the furnace in
vacuum recipient, is measured by the two laser beams on
polished parallel planes on the specimen front and ledge.
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tributions with the higher (main) and smaller amplitude
respectively. From their temperature variations (Fig.
the activation enthalpies and the preexponential factors

HE
1  1.5 6 0.2 eV, t21

E,01  4 3 105 s21; (3a)

HE
2  0.6 6 0.1 eV, t21

E,02  0.8 s21 (3b)

are derived in analogy to Eq. (1b). The time constantstE1
(see Fig. 4) are very similar to the values determined
positron lifetime spectroscopy (see Fig. 4) for long-rang
vacancy migration from the equilibration process of th
vacancy concentration [15]. In addition, the value ofHE

1
in Eq. (3a) coincides within the experimental uncertainti
with the vacancy migration enthalpyHM

V  1.7 eV in B2-
FeAl [15] as deduced from positron lifetime studies afte
temperature changes. This coincidence demonstrates
thermal vacancies inB2 intermetallics can be specifically
investigated by sensitive length change measureme
The rate constantt21

E,01 in Eq. (3a), which is much smaller
than the Debye frequency relevant for a single jump, is
tributed to a number of vacancy jumps of,107 during the
equilibration process [15] and corresponds to a reasona
density of dislocations of2.2 3 109 m22 as sources or
sinks (see [16]).

FIG. 3. Time dependence of the isothermal contractionDl of
a Fe55Al 45 specimen after fast cooling to the final temperatu
Tf . Variation of (a) the equilibration rate withTf and
(b) the amplitude of the length change with the initia
temperatureTi where the time scale is normalized to th
relaxation timetE1 of the process with the higher amplitude
ls denotes the length change amplitude. The gray lines den
model fits to the experimental data (see text).
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FIG. 4. Temperature variations of the time constantstE,1
sdd and tE,2 (.: after cooling; m: after heating) of the
isotherms in Fig. 3a together with the time constant (h) of the
vacancy equilibration isotherms measured by positron lifetim
experiments [15].

The second process in the length change studies
Fe55Al 45 with the time constanttE2 (Fig. 4), which is also
found in high-statistics positron lifetime measuremen
[17], exhibits an anomalously weak temperature depe
dence and an extremely small preexponential factor1ytE,02
[see Eq. (3b)]. Small preexponential factors reported f
atomic diffusion processes in relaxed metallic glasses or
i-AlPdMn quasicrystals have recently been ascribed to c
lective multiatom jump processes [18]. It should be note
that the isotherms in Fig. 3a may need, due to their init
incubationlike behavior, an even more complex descripti
than discussed here as, e.g., characterized by a nuclea
and growth process [19].

The temperature variations of the amplitudesDls1yl0
and Dls2yl0 derived by means of two-exponential fits to
the data in Fig. 3b are plotted in Fig. 5 together wit
the concentration of vacant lattice sites as derived fro
positron lifetime data [15]. The bending at high temper
tures (Fig. 5) can be explained with the vacancy migrati
parameters of Eq. (3a) by defect losses during cooling.

From the 3Dlsyl0 data for Fe55Al 45 in Fig. 5 the
activation enthalpies and the preexponential factors

HF
1  1.0 6 0.1 eV, ln

DV1

V
1 SF

1 ykB  4.3 ;

(4a)

HF
2  0.9 6 0.1 eV, ln

DV2

V
1 SF

2 ykB  2.7

(4b)

are derived. Both processes are attributed to vacancy
mation because the activation enthalpies are similar
the vacancy formation enthalpyHF

V  0.98 eV [15] de-
termined by positron lifetime spectroscopy. The vacan
formation volumeDVyV  0.53 can be additionally de-
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FIG. 5. Temperature variations of the length change am
plitudes Dls1yl0 sdd and Dls2yl0 (.: after cooling; m: af-
ter heating) of Fe55Al 45 derived from two-exponential fits to
the time-differential length changes after temperature chang
(Fig. 3b) and of the concentrationCV (h) of vacant lattice sites
determined from the positron trapping ratessCV sT d in Fe61Al 39
[15] ands  1.3 3 1015 s21 deduced in conjunction with dif-
ferential thermal expansion studies [7].Ti is the temperature
from which the cooling in the time-differential length change
studies was started or at which the equilibrium studies ofCV
were performed (form: Ti denotes the final temperature after
heating).

termined according to Eq. (2) from the presently mea
sured total length changesDls1 1 Dls2dyl0 and the atomic
concentration of vacancies in Fig. 5. A vacancy forma
tion volumeDVyV  0.7 in this range was derived for
Fe3Al from the pressure variation of positron annihilation
[20] whereas the higher value ofDVyV  1.42 found
for B2-FeAl was attributed to the formation of divacan-
cies in this compound [21]. It should be mentioned tha

1/Tf  [10-3 K -1]

0.8 1.0 1.2

1/
 t E
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FIG. 6. Temperature variation of the equilibration rate1ytE
in B2-Ni47Al 53 determined from single exponential fits to the
equilibration isotherms after coolingsdd or heating (n). An
estimate of the rate constant1ytE from positron lifetime spec-
troscopy on Ni52Al 48 in long-term low-temperature equilibra-
tion experiments (h) [24] is also indicated.



VOLUME 82, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 1 FEBRUARY 1999

ni-

for

r

27

,

s.

d

d

v.

ter

-
n

i.

,

FIG. 7. Temperature variations of the length change amp
tude3Dlsyl0 sdd and of the concentration of vacant lattice site
CV shd [23] in Ni47Al 53 with Ti as defined in Fig. 5.

furthermore, high vacancy formation entropiesSF . 3kB

are derived withDVyV  0.53 from Eq. (4).
Time-differential length change measurements may

of particular interest in the case ofB2-NiAl where spe-
cific studies of thermal vacancies are scarce because t
detection by means of specific positron annihilation stu
ies is impeded due to positron saturation trapping at str
tural vacancies [4]. The results of first measurements
B2-Ni47Al 53 are shown in Figs. 6 and 7 with the equili
bration isotherms after cooling or heating fitted by a sing
exponential.

From the temperature dependence of1ytE (Fig. 6) for
the first time the high vacancy migration enthalpy and t
preexponential factor were deduced as

HM
V  1.8 6 0.1 eV and t21

E,0  6.7 3 105 s21.
(5)

The temperature variation of the length change amplitu
3Dlsyl0 (Fig. 7) yields the values

HF
V  1.5 6 0.25 eV, ln

DV
V

1 SF
V ykB  4.8 .

(6)

This HF
V value is higher than inB2-Fe61Al 39 [15]. In

addition, a high vacancy formation entropySF
V is observed

as in other intermetallics [4]. The observation that th
presentHF

V value for Ni47Al 53 is higher than predicted by
ab initio calculations (0.93 eV [22]) may raise the questio
as in how far antisite atom formation may contribute. Th
presentHF

V value is also higher than the value derive
from initial differential thermal expansion data [23]. Th
concentration of vacant lattice sitesCV there (see Fig. 7),
however, appears to be much too high because a va
DVyV derived from a comparison of3Dlsyl0 and CV is
far too small.
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