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show that the behaviour of the strength of the amplitude dependent damping as a function of temperature is a suitable tool for determining the
order changes as a function of temperature. A decrease in the order degree leads to an increase in the strength of the amplitude dependent
damping, due to the dislocation mobility increases. [doi:10.2320/matertrans.M2014397]
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1. Introduction

The degree of order and the defect configuration both
influence the mobility of dislocations and grain boundaries
in Fe25 at%(Al + Si), Fe15 at%(Al + Si),1) Fe-25 at%Al-
8 at%Cr, Fe-25 at%Al-25 at%Cr2) and in Fe10 at%Si.3) In
FeAlSi and Fe-Al-Cr alloys a decrease in the order degree
after heating up to 1200K and 1050K, respectively leads to
the appearance or enhancement of a damping peak at around
1000K during the subsequent cooling measurement. For Fe-
Al-Si alloys this peak is absent during the heating and it is
related to the aluminium and silicon solute grain boundary
relaxations.1) The temperature of this peak depends on the
order degree of the alloy. The lower is the D03 orderdisorder
transition temperature, the lower is the peak temperature.1)

On the other side, for Fe-Al-Cr alloys the intensity of the
peak recorded during the cooling is around three times larger
than the value measured during heating, this peak being
related to the solute grain boundary relaxation of the
aluminium and chromium.2)

In binary FeSi alloys a higher degree of order (B2)
accompanied by a grain boundary blocking leaded to a
smaller peak height of the grain boundary solvent peak
which appears at around 800K.3) The decrease of the order
degree by heating the sample above 1223K enhances the
dislocations and grain boundaries mobility making easier
the recovery of the as-quenched dislocations. This leads
to a rearrangement of grain boundary dislocations
revealed through the increase in the grain boundary peak
intensity.3)

In fact, in ordered alloys independently of the type of
order, D03 or B2, the mobility of dislocations and grain
boundaries is markedly reduced, which is shown through
small values of damping. In contrast, when the order
decreases or disappears after annealing, the dislocation and
grain boundary mobility increases which results in an
increase in damping as compared with the ordered state.2)

In alloys and lightly coldworked metals, the damping
measured at increasing amplitudes is at first a constant, then
increases sharply above amplitudes of around 10¹6.4,5) This
behaviour has been explained by Granato and Lücke as due
to the breaking away of dislocations loops from pinning
impurities.5,6) Under increasing applied stress, the lengths of
dislocations between pinning points bow out until the
dislocation escapes from pinning points. This mechanism
of break-away of dislocation from weak pinning points give
rise to the appearance of amplitude dependent damping
(ADD) being ¾c the transition strain value between the linear
and non-linear damping behaviour.48) The critical strain,
¾c can be related to the microyield stress.810) Contrary to
macroscopic flow stress measurements, in ADD measure-
ments the dislocations are only forced to overcome the weak
obstacles, solutes, and not the strong ones.49) A relation
between the macroscopic and microscopic yield stress can be
made under determined conditions,9,11,12) but it will be not
discussed in the current work. Nevertheless, ADD can be
also used for studying heavy plastically worked materials
by considering the average free length of dislocations.9,13)

Therefore, the order changes occurring in alloys as a function
of temperature should be described by means of ADD since
the decrease in the dislocation mobility in the ordered lattice.
It leads to smaller bow outs and then smaller amount of
breaking away processes due to the smaller swept areas by
the dislocation movement. Indeed, the aim of this work is to
show that ADD is a powerful tool for viewing the order
behaviour as a function of temperature. For this purpose,
ADD and neutron thermodiffraction studies have been
coupled.

2. Experimental

2.1 Samples
Samples of Fe-Al-Cr, Fe-Al-Si and Fe-Si were used in this

work. The following sample composition were used for
ternary alloys (at%), Fe25Al-8Cr, Fe-25Al-25Cr, Fe12Al
12Si and Fe-6Al-9Si.1,2) Binary Fe-Si samples were taken+Corresponding author, E-mail: olambri@fceia.unr.edu.ar
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from commercial Fe-10 at% Si alloys supplied by NKK
Corp.3) A summary of used samples is shown in Table 1. For
more details on used samples see Refs. 13). Samples were
homogenized at 1323K during 1 hour under high vacuum
(10¹5 Pa), followed by quenching into room temperature
water. Metallographical studies show that the grain size of
samples does not change with annealing up to 1273K, under
high vacuum. Mean grain size for ternary and binary alloys
was around 90100 µm and 23mm, respectively.

2.2 Measurements
Neutron diffraction (ND) studies were performed both at

D20 and D1B powder diffractometers in the Institute Laue
Langevin (ILL), Grenoble, France. Spectra were obtained
under vacuum (10¹2 Pa) in situ during heating from room
temperature up to around 1200K. The heating rate was
3K/min. The used samples were parallelepiped of about
2mm © 4mm © 20mm. For Fe-Al-Cr and Fe-Al-Si alloys,
measurements were performed at D1B using neutron wave-
lengths of  = 0.252 nm and 0.128 nm, respectively. For Fe-
Si alloys ND studies were performed at D20 with a neutron
wavelength of  = 0.13 nm.

Mechanical spectroscopy measurements (damping and
natural frequency as a function of temperature or strain)
were performed in an inverted torsion pendulum at
frequencies close to 1Hz under vacuum (about 10¹5 Pa).
The employed samples for ternary and binary alloys were
bars of rectangular section of around 1mm © 2.2mm ©
20mm and 0.3mm © 3mm © 30mm, respectively. The
maximum strain on the surface of the samples was
5 © 10¹5.7,10) Damping (Q¹1) and square frequency were
measured with an error less than 2%.

Amplitude dependent damping, ADD, i.e. damping as a
function of the maximum strain on the sample, ¾0, was
calculated from eq. (1),7,14,15)

Q�1ð¾0Þ ¼ � 1

³

dðlnðAnÞÞ
dn

ð1Þ

where An is the area of the nth decaying oscillation and n is
the period number. The decaying of the oscillations were

performed at constant temperature (T « 0.5K) from room
temperature up to different maximum temperatures above
1000K, depending of the alloy type, with a heating rate of
1K/min. Polynomials were fitted to the curve of the logarithm
of the decaying areas of the torsional vibrations as a function
of the period number by means of Chi-square fitting.
Subsequently the eq. (1) was applied. Polynomials of degree
higher than 1 indicate that Q¹1 is a function of ¾0, leading to
the appearance of ADD effects, as it can be inferred easily.
This procedure allows obtaining the damping as a function of
the maximum strain (¾0) from free decaying oscillations.7,14,15)

The degree of fitted polynomials was smaller than 3.
The strength of ADD effects is measured through S

parameter, such that7,14,15)

S ¼ �Q�1

�¾0
ð2Þ

¦Q¹1 being the damping change measured when the
amplitude changes ¦¾0. In fact, S is an average slope value
of Q¹1 against ¾0 curves, within whole the strain interval.

3. Results and Discussion

Neutron diffraction studies reveal that all as-quenched
samples have different order state at room temperature and

Table 1 Description of studied Ternary (T) and binary (B) samples.

Sample
denomination

Sample composition
Ordering transition

Temperature, T/K

TCr8 Fe25 at% Al8 at% Cr
D03 § B2 B2 § bcc

833 973

TCr25 Fe25 at% Al25 at% Cr
B2 § bcc

973

TSi12 Fe12 at% Al12 at% Si

D03

Always ordered. Order
decreases as temperature

increases.

TSi9 Fe6 at% Al9 at% Si
D03 § bcc

983

B10 Fe-10 at% Si
B2 § bcc

973

(a)

(b)

Fig. 1 “In situ” neutron thermo-diffraction patterns measured during
heating for as-quenched samples, (a) Fe25 at% Al8 at% Cr (TCr8
sample), (b) Fe25 at% Al25 at% Cr (TCr25 sample).
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different order evolution as a function of temperature.
Figures 1(a) and 1(b) show a three-dimensional picture
(intensity, 2ª and temperature) of the phase evolution
observed “in situ” at the diffractometer for samples TCr8
and TCr25, respectively. No changes in the full width at half
maximum of the diffraction peaks were found for all the
group of studied samples, which indicate that changes in the
grain size do not occur during heating; in agreement with the
metallurgical observations.

Figure 2 shows the neutron diffraction patterns for ternary
TCr8, TCr25, TSi12 and TSi9 and binary B10 samples both
for the as-quenched state and after an annealing in situ at the
diffractometer, where the order disappears or decreases;
depending of the sample type. The evolution of the order
degree as function of temperature for all the used samples in
this work is in agreement with previous works and phase
diagrams.1,2,16) Table 1 summarizes for each alloy type the
order behaviour as a function of temperature, determined
from ND studies.

As stated previously, ADD studies are very sensitive for
revealing information about the interaction processes of
dislocation with pinning points. Consequently, it will be
shown in the present work, that the effects of the change in
the mobility of dislocations due to the modification on the
order degree or order type can be finely determined from
ADD tests. Figure 3 shows some curves of the whole group
of the damping against maximum strain amplitude measured
at different (constant) temperatures, T, during heating up to
1050K for a TCr8 sample. The strength of amplitude
dependent damping curves, S, increases as temperature
increases, due to the increase in the dislocation mobility

with temperature. In fact, the increase in S clearly reveals that
the dislocation line sweeps larger areas during its bowing
giving rise to a larger amount of thermally assisted break
away processes.

It should be stressed, that the behaviour of the strength of
ADD as a function of temperature allows easily revealing the
temperatures where the order state is modified. Indeed, Fig. 4
shows the behaviour of S as a function of temperature for
a TCr8 sample, during the first heating from 600K up to
1050K. In addition, the evolution of the squared root of
the intensities for the (200) and (111) reflections, which is
proportional to the order parameter (©),17) is also shown in
Fig. 4. S exhibits a slope change at the temperatures where
the order state is modified. The first increase in S appears for
the transformation D03 ¼ B2 at 833K and the second one
appears for the transition B2 ¼ bcc at 973K. In fact,
dislocations should move in pairs in the ordered lattice,
which leads to a decrease in their mobility. A decrease in the
order degree enhances the mobility of the dislocation line,
allowing sweep larger areas by bowing. It leads to a larger
amount of weak pinning points inside the swept area, where

Fig. 2 Temperature dependence of the neutron diffraction patterns for
samples exhibiting order: TCr8, TCr25, TSi12, TSi9 and B10 samples.

Fig. 3 Damping as a function of the maximum amplitude strain, ¾0, on a
type TCr8 sample measured at several constant temperatures during the
heating. The temperatures and S are shown at the side.

Fig. 4 Strength of the amplitude dependent damping, S, as a function of
temperature (left axis) and square roots of intensities of the diffraction
peaks (right axis) for a type TCr8 sample. Vertical arrows indicate the
transitions temperatures.
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the dislocation could escape during its movement, giving rise
to the increase in S values. The sharp S increase above 973K
is promoted by the increase in the dislocation mobility in the
disordered phase, which is in agreement with the transition
B2 ¼ bcc. Besides, the peak-shaped in S at around 890K
can be related to the change in mobility for dislocations
between the transition D03 ¼ B2.18)

The behaviour of S for a TCr25 sample, which exhibits B2
order at room temperature, is shown in Fig. 5. S shows a
slope change at 973K which is well related to the transition
B2 ¼ bcc. Indeed, the evolution of the square root of the
intensities corresponding to the (200) reflection as a function
of temperature exhibits the disappearance of the ordered
state at around 973K, (see diamonds in Fig. 5). Again, an
excellent agreement between the change of slope in S and the
falling of intensities can be observed.

Figure 6 shows on the left axis the behaviour of S as a
function of temperature for a TSi12 sample. The behaviour of
the square root of intensities for (111) and (200) reflections
corresponding to a TSi12 sample is also shown in the figure
on the right axis. The (200) intensity shows an increase
below around 800K that can be attributed to an initial
increase of the B2 nearest neighbours order (inverted empty
triangles). The as-quenched sample recovers the B2 order
degree since the B2 ¼ A2 transition is well above the
measured temperature range. On the other side, the D03 order
evolves mainly near the equilibrium value of the D03 order
parameter since the D03 ¼ B2 transition is at a lower
temperature.1)

It is interesting to note that for the temperatures where the
refection (111) (full triangles) starts to decrease, over around
860K, S starts to increase (empty circles). As said before,
a decrease in the order degree leads to an increase in the
dislocation mobility allowing larger bowings of the dis-
location line which are able of interacting with a larger
amount of weak pinning points, leading to an increase in S
values. In a similar way, a TSi9 sample which is D03 ordered
at room temperature changes to bcc at around 983K and the S
curve (not shown in Fig. 6) starts to increase markedly with

temperature, in a comparable way to that found in previous
Figures.

Figure 7 shows the behaviour of S for B10 sample,
measured during two consecutive heating runs. The decrease
in S values up to around 900K during the first heating (full
triangles) could be related to the recovery of order after
the quenching process.3,19) In contrast, from around 973K
onwards, which corresponds to the temperature where the
sample transforms from B2 ¼ bcc, see Fig. 2 and Table 1, S
starts to increase markedly. This kind of behaviour is similar
to the previous shown for the ternary alloys.

For the second heating run (empty triangles), the S values
become higher on the whole temperature range since
recovery of as-quenched both dislocations and point defects
took place during the first heating plus cooling run,
enhancing the dislocation mobility.3,19)

It should be pointed out that the behaviour of S as a
function of temperature follows the changes in the order state

Fig. 5 Strength of the amplitude dependent damping, S, as a function of
temperature (left axis) and square root of intensities of the diffraction
peaks (right axis) for a type TCr25 sample. Vertical arrow indicates the
transition temperature.

Fig. 6 Strength of the amplitude dependent damping, S, as a function of
temperature (left axis, circles) and square roots of intensities of the
diffraction peaks (right axis, triangles) for a type TSi12 sample. Vertical
arrow indicates the transition temperature.

Fig. 7 Strength of the amplitude dependent damping, S, as a function of
temperature for a type B10 sample. Full triangles: first heating. Empty
triangles: second heating. Vertical arrow indicates the transition temper-
ature.
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during the warming of the sample, i.e. the modification of the
order state is viewed at the temperature where it occurs.
In contrast, usual damping measurements as a function of
temperature could reveal the appearance of order changes
after successive heating and cooling runs up to temperatures
over the order-disorder temperature transition. Consequently,
through the study of the S behaviour as a function of
temperature, the order changes and the dislocation arrange-
ment for a given annealing treatment; can be determined
simultaneously.

4. Conclusions

The usefulness of the strength of the amplitude dependent
damping as a tool for viewing the order changes as a function
of temperature was determined in several iron based alloys.
An excellent correlation between the order behaviour,
determined from neutron diffraction studies, and the strength
of the amplitude dependent damping was found. A decrease
in the order degree leads to an increase in the strength of
the amplitude dependent damping, due to the dislocation
mobility increases.

Acknowledgements

The authors thank the Institute Laue Langevin (ILL),
Grenoble, France for the allocated neutron beamtime (exp.
CRG-1121) and (Exp. 1-1-94) and Prof. I. S. Golovin for the
ternary samples used in this work. This work was partially
supported by the CONICET PIP 179CO, the PID UNR
ING453 and the Cooperation Agreement between the
Universidad Pública de Navarra and the Universidad
Nacional de Rosario.

REFERENCES

1) O. A. Lambri, J. I. Perez-Landazabal, G. J. Cuello, J. A. Cano, V.
Recarte, C. Siemers and I. S. Golovin: J. Alloy. Compd. 468 (2009) 96
102.

2) O. A. Lambri, J. I. Perez-Landazabal, V. Recarte, G. J. Cuello and I. S.
Golovin: J. Alloy. Compd. 537 (2012) 117122.

3) O. A. Lambri, J. I. Pérez-Landazábal, J. A. Cano and V. Recarte: Mater.
Sci. Eng. A 370 (2004) 459463.

4) A. S. Nowick and B. S. Berry: Anelastic Relaxation in Crystalline
Solids, (Academic Press, New York, 1972).

5) J. Friedel: Dislocations, (Addison-Wesley, Reading, 1967).
6) A. Granato and K. Lucke: J. Appl. Phys. 27 (1956) 583593.
7) O. A. Lambri: Materials Instabilities, ed. by J. Martinez-Mardones, D.

Walgraef and C. H. Wörner, (World Scientific, New Jersey, 2000).
8) E. A. Bisogni: Anelasticidad en Metales, Programa Multinacional de

Metalurgica, Programa Regional de Desarrollo Científico y Tecnoló-
gico, (OEA, Comisión Nacional de energía Atómica, Buenos Aires,
1973).

9) G. I. Zelada-Lambri, O. A. Lambri and G. H. Rubiolo: J. Nucl. Mater.
273 (1999) 248256.

10) B. J. Lazan: Damping of Materials and Members in Structural
Mechanics, (Pergamon, London, 1968).

11) A. B. Lebedev and S. B. Kustov: Phys. Status Solidi A 116 (1989) 645
656.

12) A. B. Lebedev and S. Pilecki: Scr. Metall. Mater. 32 (1995) 173178.
13) A. J. Bedford, P. G. Fuller and D. R. Miller: J. Nucl. Mater. 43 (1972)

164174.
14) B. J. Molinas, O. A. Lambri and M. Weller: J. Alloy. Compd. 211212

(1994) 181184.
15) G. I. Zelada-Lambri, O. A. Lambri and J. A. García: J. Nucl. Mater. 353

(2006) 127134.
16) T. Miyazaki, T. Kozakai and T. Tsuzuki: J. Mater. Sci. 21 (1986) 2557

2564.
17) R. W. Cahn and P. Haasen: Physical Metallurgy, (North-Holland,

Amsterdam, 1983).
18) M. Yamaguchi and Y. Umakoshi: The structure and properties of

crystals defects, Materials Science Monographs, 20, ed. by V. Paidar
and L. Lejcek, (Elsevier, Amsterdam, 1984).

19) O. A. Lambri, J. I. Pérez-Landazábal, G. J. Cuello, D. Gargicevich, V.
Recarte, F. G. Bonifacich, E. D. Giordano and V. Sánchez-Alarcos:
Neutron News 25 (2014) 2831.

O. A. Lambri et al.186

http://dx.doi.org/10.1016/j.jallcom.2007.12.071
http://dx.doi.org/10.1016/j.jallcom.2007.12.071
http://dx.doi.org/10.1016/j.jallcom.2012.04.119
http://dx.doi.org/10.1016/j.msea.2003.06.006
http://dx.doi.org/10.1016/j.msea.2003.06.006
http://dx.doi.org/10.1063/1.1722436
http://dx.doi.org/10.1016/S0022-3115(99)00070-7
http://dx.doi.org/10.1016/S0022-3115(99)00070-7
http://dx.doi.org/10.1002/pssa.2211160223
http://dx.doi.org/10.1002/pssa.2211160223
http://dx.doi.org/10.1016/S0956-716X(99)80032-6
http://dx.doi.org/10.1016/0022-3115(72)90150-X
http://dx.doi.org/10.1016/0022-3115(72)90150-X
http://dx.doi.org/10.1016/0925-8388(94)90477-4
http://dx.doi.org/10.1016/0925-8388(94)90477-4
http://dx.doi.org/10.1016/j.jnucmat.2006.02.086
http://dx.doi.org/10.1016/j.jnucmat.2006.02.086
http://dx.doi.org/10.1007/BF01114307
http://dx.doi.org/10.1007/BF01114307
http://dx.doi.org/10.1080/10448632.2014.955422

