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a  b  s  t  r  a  c  t

This  paper  investigates  the  structural  transitions  associated  with  different  cooling  rates  from  a  high
temperature  disordered  state  and  the  effect  of  substitution  of  Ga  atoms  by  Al  atoms  in  Fe–Ga  binary
alloys  on  the  ordering  processes.  Two  iron-based  low  carbon  (about  0.04  at.%  C)  alloys  Fe–13  at.%  Ga  and
Fe–8  at.%  Al–3  at.%  Ga  are  studied.  Internal  friction,  dilatometric  and  calorimetric  tests  are  carried  out
to  check  ordering  in these  alloys  and  contribution  of structural  defects  to  relaxation  spectrum.  Several
thermally  activated  internal  friction  peaks  have  been  observed  and  their  activation  parameters  evaluated
by means  of  temperature  and  frequency  dependent  internal  friction  tests  using  forced  vibration.  For  most
of these  peaks  physical  mechanisms  are  proposed.  Apart  from  these  thermally  activated  relaxation  peaks,

◦

ilatometry
SC
efects: point defects
acancies
rain boundaries
rdering process

a structural,  frequency  independent  relaxation  takes  place  at 250–300 C. Dilatometric  and  DSC  curves
show  the  appearance  of  a contraction  effect  in  the  same  temperature  range.  This  effect  was  studied
in  alloys  cooled  down  with  different  cooling  rates.  We believe  that  the  frequency  independent  internal
friction  peak  (denoted  as  the  P3  peak  in  this  paper)  and  peaks  at dilatometric  and  DSC  curves are  controlled
by  the same  structural  mechanism  and therefore  the  activation  energy  for  this  anelastic  mechanism  is
derived  from  DSC  data.
. Introduction

The Fe–Ga alloys, ‘Galfenol’, have low ductility [1] caused by
rdering of Ga atoms in bcc iron (B2, D03, D019 and L12), where
he type of order depends on temperature and concentration of Ga
toms in iron [2,3]. Fe–Ga alloys with Ga < 20 at.% are also known
y their high damping capacity [4] due to high values of magne-
ostriction [5],  which are typical for soft-magnetic materials with
ositive anisotropy energy [6].  In contrast to other bcc alloys with
endency to ordering, very little information can be found in litera-
ure on amplitude independent mechanisms of internal friction in
e–Ga alloys [4,7,8].

Several internal friction effects caused by thermally activated
henomena have been discovered in paper [9]:  the Snoek-type
elaxation, composed of the P1 and P2 peaks due to carbon atom

umps in the Fe–C–Fe and Fe–C–Ga surrounding (total peak is
enoted as the P1/2 peak), the Zener relaxations due to reorientation
f Ga–Ga atom pairs denoted as the P4 peak, and the grain bound-
ry relaxation – the P5 peak. At the same time, authors [9] have
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925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.04.138
© 2011 Elsevier B.V. All rights reserved.

reported two anelastic effects denoted as the P3 and P4 peaks in
the temperature range from 150 to 300 ◦C the origin of which were
not well explained. These two anelastic effects were even not well
reproducible because their magnitude and temperature depend on
specimen heat treatment and test conditions. It was  suggested that
these effects might be caused by a structural transformation in the
Fe–13 at.% Ga alloy.

Both Fe–Al and Fe–Ga alloys exhibit high values of amplitude
dependent damping, which is higher in the Fe–Ga alloy due to
higher values of magnetostriction [4].  Unfortunately, in contrast
with cheap and ductile Fe–Al high damping alloys the Fe–Ga alloys
are expensive and rather brittle. Thus the idea to develop a ternary
high damping Fe–Al–Ga alloy looks very attractive. Our interest
in this ternary alloys is not limited by study of amplitude depen-
dent damping (to be reported elsewhere) but we also want to study
temperature dependent damping in ternary Fe–Al–Ga alloys the
chemical composition of which is based on the idea of substitut-
ing Al atoms by Ga atoms in well known high damping Fe–11 at.%
Al alloys [10]. The main purpose of this paper is the study of
structural mechanisms which lead to temperature and frequency

dependent internal friction effects. It will also contribute to bet-
ter understanding similar effects in Fe–Al [11], Fe–Ge [12] and
more complex alloyed systems like Fe–Si–Al [13] or Fe–Al–Cr [14].

dx.doi.org/10.1016/j.jallcom.2011.04.138
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:i.golovin@tu-bs.de
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Fig. 1. Temperature dependent internal friction, Q−1, and elastic modulus, E, in air
cooled Fe–13 Ga (upper) and Fe–8 Al–3 Ga (lower) figures. Heating rate 1 K/min,
cooling rate 3 K/min, frequencies used: 0.5, 1, 3, 10 Hz, maximal amplitude of defor-
mation ε0 = 5 × 10−5. Inset to Fig. 1a shows amplitude dependent internal friction at
1  Hz and 30 ◦C.

Fig. 2. Temperature dependent internal friction, Q−1, and elastic modulus, E, in air
cooled from 1000 ◦C and additionally water quenched from 800 ◦C Fe–13 Ga spec-
imen for measuring frequency 1 Hz, heating rate 1 K/min, and maximal amplitude
166 I.S. Golovin et al. / Journal of Alloys

.  Experimental methods

Fe–Ga and Fe–Al–Ga alloys of nominal compositions 13 at.% Ga and 8 at.%
l  + 3 at.% Ga were prepared by induction melting. High purity raw materials (Fe:
9.99%, Ga: 99.999%, Al: 99.999%, C: 99.9999%) have been used for the production.

 small amount of carbon (∼0.01 wt.%) was added to the alloy in order to check the
ppearance of the Snoek peak reported in paper [9]. The carbon powder was embed-
ed into Fe-foil to avoid fogging during melting. The actual concentration of Ga in
e–Ga alloy was  determined by electron-probe microanalysis to be 13.6 at.%. Speci-
ens were annealed at 1000 ◦C for 24 h in vacuum to homogenize the structure and

hen  cooled in air inside quartz ampoules.
The internal friction (IF), i.e. damping Q−1 (Q−1 ∼= tan ϕ, where ϕ is the phase

ag  between the applied cyclic stress and the resulting strain) was  measured as
 function of temperature at commercial dynamical mechanical analyser DMA
800 TA Instruments between −130 and 570 ◦C using forced bending vibrations
f  60 mm × 4 mm × 1 mm specimens in the range between 0.05 and 50 Hz with
0 = 5 × 10−5 and heating rate of 1 K/min.

The dilatometric analysis was carried out under argon using a DI24 Adamel
homargy dilatometer connected to a microcomputer with software (Logidil) to
nalyse obtained results. The DSC measurements were carried out under argon with

 Setaram DSC 131. Cylindrical samples of 5 mm in diameter and 2 mm long were
sed  for DSC analysis and cylindrical samples of 5 mm in diameter and 20 mm long
ere used for dilatometric analysis. The thermal cycle applied consisted of heating

rom room temperature to 800 ◦C for dilatometer and to 690 ◦C for DSC.

. Results and discussion

.1. Internal friction tests

The Fe–13 at.% Ga and Fe–8 at.% Al–3 at.% Ga alloys have rel-
tively high internal friction background at room and elevated
emperatures (Fig. 1(a) and (b)). The main source of background
amping is magneto-mechanical damping. This can be easily
roved by applying axial magnetic field which drastically, in order
f magnitude, decreases the damping level (data are not included in
his paper). Example of amplitude dependent internal friction curve
s given in inset to Fig. 1(a). The maximum of this curve corresponds
o maximum of magneto-mechanical damping at room tempera-
ure. Absolute values of Young’s modulus in our tests (Figs. 1 and 2)
re not precise because of the deviations of the specimen’s shape
rom a rectangular bar. Nevertheless, they are still in a reasonable
greement with values given in paper [15]. Modulus dependence in
e–13 at.% Ga alloy has clear inverse effect in the temperature range
rom 250 to 350 ◦C for air cooled specimen and from 200 to 270 ◦C
or water quenched specimen. Results for Fe–8 at.% Al–3 at.% Ga
lloy (Fig. 1(b)) are similar to Fe–13 at.% Ga: the same peaks can be
istinguished. The difference between two alloys is a smaller effect
f reverse modulus behaviour and lower high temperature back-
round, which results in better resolution of the high temperature
F peak in ternary alloy with lower content of alloying elements.

Fig. 1 shows the temperature dependent internal friction curves,
DIF, for both alloys as measured at forced bending vibrations using
MA Q800 setup; the samples have been cooled from homogenis-

ng temperature 1000 ◦C in air inside air-free quartz ampoule. The
ow-temperature PLT peak position, earlier observed in Fe–Ge and
e–Al alloys [9,11,16], depends on frequency. We  suppose that this
eak corresponds to Hasiguti-type relaxation [7] of dislocations
ith neighboring self lattice defects. Complex Snoek relaxation in

 ternary alloy (e.g., Fe–C–Me, where Me  is metal) system con-
ains several elementary relaxation processes. The P1/2 peak, also
bserved earlier in Fe–Al, Fe–Co, Fe–Ge and Fe–Si alloys [8],  is a
omplex Snoek-type peak: it appears due to carbon atom jumps in
cc solid solution near both Fe atoms (the P1 peak corresponds to
arbon jumps in positions Fe–C–Fe) and Ga atoms (the P2 peak
orresponds to carbon jumps in positions Fe–C–Ga or Fe–C–Al).
he P1 and P2 peak locations are relatively close to each other

nd they produce one not symmetrical peak denoted in this paper
s the P1/2 peak. The occurrence of the P2 peak, sometimes called
–s (interstitial–substitution) peak, is typical for several Fe–C–Me
lloys with substitutional not strong carbide forming Me  atoms and

of deformation ε0 = 5 × 10−5. Additional curves for air cooled specimen measured at
0.1 Hz and water quenched specimen measured at 0.05 Hz are added in the temper-
ature range from 20 to 300 ◦C and 20–400 ◦C correspondingly. Inset: TDIF curves in
the  vicinity of P4 and P5 peaks as measured at different frequencies at heating and
cooling.
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Table  1
Activation parameters of the peaks studied (see Fig. 1).

P1/2 peak P1 peak P4 peak P5 peak P3 peak

Complex Snoek peak Snoek peak Zener peak GB peak DSC  results

H, eV �0, s H, eV �0, s H, eV �0, s H, eV �0, s H,  eV

heating cooling heating

Fe–13 at.% Ga–C
1.1 2 × 10−16 0.88 8 × 10−15 2.2 10−17 2.7 10−18 0.93
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Fe–8  at.% Al–3 at.% Ga–C
1.07 4 × 10−16 0.8 5 × 10−14

or Nb–Ti–O alloys [17]. Taking the atomic (Goldschmidt) radii for
e, Ga and Al as 128, 135 and 143 pm,  correspondingly, the rela-
ive distortion of crystalline lattice around substitute atom (�r/rFe)
s Ga/Fe = 5.5% and Al/Fe = 11.2%. This elastic distortion around the
olute atom due to its size misfit plays a decisive role in the change
f activation energy of carbon atom jump and in the P2 peak for-
ation.
The P3 and P4 peaks are discussed below. At cooling from 570 ◦C

he P3 and P4 peaks practically disappear. The same happens to the
2 peak component of the complex Snoek-type peak, while the P1
omponent of the P1/2 peak is present in TDIF curves. The PLT peak
lso disappears from TDIF curves after specimen annealing (these
ata are not presented in Fig. 1).

The P4 peak appears in the TDIF spectra only in the case of
ater quenching of the Fe–13 Ga specimen (Fig. 2, curves are given

or 1 Hz only) at heating. At cooling the P4 peak disappears. Inset

o Fig. 2 shows clear temperature dependence of the P4 and P5
eaks position on measuring frequency. We  believe that the P4
eak appears due to Zener relaxation and is caused by reorientation
f substitute atom pairs (Ga–Ga) in substitutional solid disordered

ig. 3. Dilatometric curves and derivative heating curves of homogenised and water que
l–3  at.% Ga alloys (heating rate10 K/min).
udied 2.8 10−18 0.97

solution, and the P5 peak is the grain boundary peak. The P4 peak
is suppressed if structure is ordered, i.e. after annealing, but it is
well observed in the quenched state. We  have not observed the P4
peak in the Fe–8 at.% Al–3 at.% Ga alloy which may be the conse-
quence of lower amount of alloying elements in this alloy. The P3
peak observed in both alloys is frequency independent according
to our experiments in used frequency range of forced vibrations. In
the quenched-in state the peak is observed at lower temperatures
as compared to air cooled specimen.

In contrast with the P3 peak, the position of the PLT, P1/2, P4 and
P5 peaks depends on the measuring frequency. Thus, these peaks
are thermally activated peaks, and their temperature rises with the
measurement frequency according to the condition ω × � = 1 for a
frequency dependent Debye peak of internal friction represented
by:

ω�

Q−1 = �

(1 + (ω�)2)
, (1)

where � is the relaxation time and � is the relaxation strength. The
relaxation time is controlled by thermally activated atomic jumps,

nched (a and b), homogenised and air cooled (c and d) Fe–13 at.% Ga and Fe–8 at.%
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o that its temperature dependence is described by an Arrhenius
quation:

−1 = �−1
0 × exp

( −H

kBT

)
, (2)

here H is the activation energy, �0 is the pre-exponential factor
n the relaxation time and kB is the Boltzmann factor. Values of H
accuracy ±0.05 eV) and �0 for the P1/2, P4 and P5 peaks at heat-
ng and P1 peak at cooling are calculated by Arrhenius shift and
ollected in Table 1.

Activation parameters of the peaks included in the table are
ather similar for both alloys, at least within the accuracy of our
xperiments. In contrast to these peaks, the P3 peak tempera-
ure does not depend on the frequency used in experiments, see
igs. 1 and 2, and is accompanied by inverse modulus behaviour.
ts activation energy included in the table is evaluated from DSC
ests discussed below. The temperature of this inverse modulus
ehaviour decreases if we use the quenched specimen instead
f the annealed one. Such modulus behaviour may  take place
n case of recrystallisation (known as Köster effect, e.g. recently
eported in [18]), decrease in vacancy concentration or ordering,
nd ferro- to paramagnetic transition [7].  Similar inverse modu-
us effect at around 300 ◦C in Fe–17 at.% Ga alloy was  explained
y ferro- to paramagnetic transition in paper [4].  In Fe–13 at.%
a with the Curie point at around 720 ◦C, this second order tran-
ition cannot be the reason for the inverse modulus effect. The
3 peak takes place at the beginning of this modulus increase:
he P3 and P1/2 peaks are better separated if low frequencies are
sed (Fig. 2, curves for 0.1 and 0.05 Hz) and are merged at higher
requencies.

According to the existing diagrams, the temperature range of
nverse modulus behaviour corresponds to disorder–order (D03)
ransition. The D03 order was found in Fe–14 at.% Ga composition:
uenching suppresses D03 formation, whereas slow-cooling favors

t [19,20].  Thus, slow-cooling or heating may  stabilize the D03–A2
wo-phase field to Ga contents also in the range of x ≤ 14. Precipi-
ation of the D03 clusters constrained within the A2 matrix is well
nown in the compositionally similar Fe–Al alloys as the K-state [3],
nd is supposed to take place in Fe–Ga alloys [21]. Ordering leads
o decrease in magneto-mechanical damping. In case of heat treat-

ent at low temperatures, e.g. after heating to 400 ◦C, the Young’s
odulus plateau and the P3 peak vanish, making the total IF peak

etween 75 and 250 ◦C narrower.

.2. Dilatometric and DSC tests

Dilatometric and DSC tests were carried out to check if order-
ng in the studied alloys may  take place or not. Dilatometric
urve with heating rate 10 K/min of 2 h homogenised at 800 ◦C
nd water quenched Fe–13 at.% Ga alloy is presented in Fig. 3(a).
ndeed, the derivative of this dilatometric curve shows a contrac-
ion toward 280 ◦C (for heating rate 10 K/min) or 260 ◦C (for heating
ate 1 K/min) (Fig. 4(a)). The same effects are detected on the dilato-
etric curve of specimen homogenised for 2 h at 730 ◦C and then
ater quenched. This temperature is close to the temperature of

he P3 internal friction peak in a quenched state, if the difference
n heating rate is considered.

On the dilatometric and derivative heating curve of the 2 h
omogenised at 800 ◦C and then slowly cooled sample, the con-
raction disappears (Fig. 3(c)). The D03 ordered domains are formed
uring the slow cooling.

For the Fe–8 at.% Al–3 at.% Ga alloy the contraction is observed

t 300 ◦C and 230 ◦C with heating rate 10 K/min or 1 K/min, respec-
ively (Fig. 4(b)); it is explained by the same effect – formation of
03 ordered phase. One can observe a contraction toward 750 ◦C on
ilatometric curves of the Fe–8 at.% Al–3 at.% Ga alloy after water
Fig. 4. Derivative heating curves of homogenised and water quenched samples:
(a) Fe–13 at.% Ga alloy: (1) heating rate 10 K/min and (2) heating rate 1 K/min; (b)
Fe–8 at.% Al–3 at.% Ga alloy: (1) heating rate 10 K/min and (2) heating rate 1 K/min.

quenching Fig. 3(b) or air cooling Fig. 3(d) due to the magnetic
transition (Curie point).

The DSC obtained with heating rate 10 K/min curves for
homogenised 2 h at 800 C and water quenched samples (Fig. 5(a)
and (b)) show an exothermic effect toward 288 ◦C (for Fe–13 at.% Ga
alloy) and 304 ◦C (for Fe–8 at.% Al–3 at.% Ga alloy) which is caused
by the same effect – formation of the D03 ordered domains. The
same effect is obtained at heating rates of 15, 20 and 30 ◦C/min
with a shift of the peak toward a higher temperature.

The comparison of the IF, DSC and dilatometric curves confirms
the results obtained in [19]: quenching suppresses D03 forma-
tion, whereas slow-cooling favors it. Thus, at slow heating rate
(1 K/min) an internal friction peak takes place due to ordering. Very
slow cooling stabilizes the D03 domains for the concentration of
Ga even below 14%, which is shown on the obtained dilatometric
curves for furnace or air cooled specimen, by the disappearance of
the observed contraction on the dilatometric curve of the water
quenched specimen at 730 ◦C and 800 ◦C. The contraction observed
on the dilatometric curves for water quenched specimens both
at 730 ◦C and 800 ◦C, confirms the results obtained by internal
friction method by the shift of P3 peak to lower temperatures
and the Young’s modulus behaviour in the temperature range of

◦
225–300 C, which is linked to the ordering process.
To estimate the activation energy of the exothermic peak in this

range, i.e. the activation energy of formation of the ordered D03
phase in Fe–13 at.% Ga and Fe–8 at.% Al–3 at.% Ga alloys, Starink’s
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ig. 5. DSC curves in the range of D03 ordered phase formation in Fe–13 at.% Ga (a
ith  different rates.

22], Kissinger’s [23] and Ozawa’s [24] methods (see Eqs. (3)–(5),
orrespondingly) and results presented in Fig. 5 were used:

 ln
ˇ

T1.92
m

= −1.0008
Hact

RTm
+ C1 (3)

n
ˇ = − Hact + C (4)
T2
m RTm

2

n  ̌ = −1.0516
Hact

RTm
+ C3 (5)

Fig. 6. Starink’s plots to obtain the activation energy Hact of D03 ordere
Fe–8 at.% Al–3 at.% Ga (b) alloys heated 2 h at 800 ◦C, water quenched then heated

where ˇ, Tm and R represent the heating rate, the peak temperature
and the gas constant, respectively. The three methods give similar
values of the activation energy for each studied alloy. The activation
energy Hact deduced by Starink’s method from the right-hand side
ln(Tp

1.92/ˇ) as function of (1000/Tm) is represented in Fig. 6. The cal-
culated value of activation energy of D03 ordering process, which
controls the P3 internal friction peak according to obtained data,

equals to 0.93 eV for Fe–13 at.% Ga alloy and 0.97 eV for Fe–8 at.%
Al–3 at.% Ga alloy. Thus, activation energy of ordering in the binary
alloy is a little lower than that obtained for the ternary alloy, which
means that the ordering process in Fe–8 at.% Al–3 at.% Ga requires

d phase in Fe–13 at.% Ga (a) and Fe–8 at.% Al–3 at.% Ga (b) alloys.
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ore energy. We  suppose that it is the ordering process which con-
rols the P3 internal friction peak and values of activation energy
or ordering process derived from DSC data correspond also to the
3 peak (Table 1).

. Conclusion

The use of different experimental techniques (internal fric-
ion, dilatometry and DSC) to study phase transitions in Fe–13 at.%
a and Fe–8 at.% Al–3 at.% Ga alloys shows that the appearance
f an effect on the obtained curves in the temperature range of
50–300 ◦C is due to ordering processes in studied alloys. Several
hermally activated internal friction peaks were identified by their
ctivation parameters as the Snoek-type, Zener and grain boundary
elaxation.

cknowledgement

This study is partly supported by RFFI grant 11-08-01113.

eferences
[1] J. Li, X. Gao, J. Zhu, J. Li, M.  Zhang, JALCOM 484 (2009) 203–206.
[2]  O. Kubaschewski, Iron-Binary Phase Diagrams, Springer-Verlag, Berlin, 1982.
[3] T.B. Massalski, Binary Alloy Phase Diagrams, 2nd ed., ASM, OH, 1990, p. 1740.
[4] M. Ishimoto, H. Numakura, M.  Wuttig, Materials Science and Engineering A 442

(2006) 195–198.

[

[
[
[

ompounds 509 (2011) 8165– 8170

[5] M.  Huang, Y. Du, R.J. McQueeney, T.A. Lograsso, Journal of Applied Physics 107
(2010) 053520.

[6] C. Mudivarthi, S.-M. Na, R. Schaefer, M.  Laver, M.  Wttig, A.B. Flatau, Journal of
Magnetism and Magnetic Materials 322 (2010) 2023–2026.

[7]  M.S. Blanter, I.S. Golovin, H. Neuhäuser, H.-R. Sinning, Internal Friction in Metal-
lic  Materials: A Handbook, Springer, 2007.

[8] I.S. Golovin, in: Y.N. Berdovsky (Ed.), Intermetallics Research Trends, Nova Sci-
ence Publishers Inc., 2008, pp. 65–133.

[9] I.S. Golovin, A. Rivière, Intermetallics 19 (2011) 453–459.
10] V.A. Udovenko, S.I. Tishaev, I.B. Chudakov, Physics Doklady 38 (4) (1993)

168–170 (in English) (Dokladi akademii nauk 329 (5) (1993) 585–588 (in Rus-
sian)).
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