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Abstract

The magnitude of the magnetic field dependence of Young’s modulus of FeCuNbSiB alloys was found to decrease after hydrogenation
but to nearly recover after 2–3 h. A large variation in the magnetic and the magnetoelastic properties of as-received sample was observed
after hydrogenation.DE andM–H results of samples annealed at 4508C showed that annealing could reduce hydrogen permeation into
the sample. Practically no variation in the magnetic and magnetoelastic properties of samples annealed at 5508C were observed before
and after hydrogenation.
 2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction ing on magnetic and magnetoelastic properties of Fe–Cu–
Nb–Si–B amorphous and nanocrystalline alloys.

Fe-based nanocrystalline alloys obtained by controlled
partial crystallisation of some Fe–Cu–Nb–Si–B amor-
phous alloys have been studied extensively because of
their excellent soft magnetic properties [1–3]. Since the 2 . Experimental
soft magnetic amorphous and nanocrystalline Fe–Cu–Si–
Nb–B alloys have gained acceptance for industrial applica- Fe Cu Nb Si B amorphous alloys were produced73.5 1 3 13.5 9

tions, investigation of their magnetic and magnetoelastic by a melt-spinning method. The samples were cut into
altering upon hydrogenation is not only practical but could sizes 4 cm long and 0.5 cm wide and with a thickness of
also be useful to further understand the amorphous struc- 2362 mm. The samples were annealed under an argon
ture. atmosphere for 1 h at temperatures ranging from 400 to

Previously, the effect of hydrogen charging on the 6508C. Hydrogen was charged cathodically for 30 min
22properties of amorphous alloys has been studied by many with the cathodic current density of 50 A m in all
21scientists [4–8]. It has been reported that hydrogen can samples using 0.5 M H SO solution with 0.1 g l As O2 4 2 3

lead to important modifications in the electronic structure, as a poison and the total area of the sample in the charging
2which consequently changes magnetic and mechanical process was kept at about 1.2 cm . The structure of

properties of the materials [9–14]. Up to now, no study samples was investigated using X-ray diffraction (Rigaku-
about the effect of hydrogen charging on the magneto- Radb) system and no change in the sample structure before
elastic properties of amorphous and nanocrystalline Fe– and after hydrogenation was detected. The magnetization
Cu–Si–Nb–B alloys has been reported. In this work, we (M–H ) curves were measured in ac mode (50 Hz).
therefore present a study of the effect of hydrogen charg- Magnetostriction measurements were performed using a

fibre-optic dilatometer system. The magnetic field depen-
dence of Young’s modulus (DE effect) was measured by*Corresponding author. Tel.:190-422-341-0010; fax:190-422-341-
the vibrating reed method. The third mode was excited0010.
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are normalised to the modulus value,E , at H 5 0 applied nealed at 4508C has a fully amorphous structure. Anneal-o

field or E , the modulus value at maximum applied field. ing between 525 and 6008C leads to the formation ofs

a-Fe(Si) crystallites in amorphous matrix. The average
grain size ofa-Fe(Si) crystallites is about 13–15 nm for
the sample annealed at 5508C. The sample annealed at3 . Results and discussion
6508C or at higher temperatures showed nearly full
crystallisation. In this samplea-Fe(Si), Fe Si, Fe B phases3 2Fig. 1 shows the variation of Young’s modulus of
were observed.as-received samples as a function of hydrogen desorption

It was observed that bothH and magnetostrictionctime atH 5 0. It can be seen that hydrogenation increases
values of the samples annealed between 450 and 5508Cthe value of Young’s modulus which recovers gradually
decrease due to the formation of thea-FeSi phase. Fig. 2with the evolving of hydrogen, but it could only return to
shows the field dependence of the normalised Young’sthe 235 GPa value after 24 h. The Young’s modulus of the
modulus (DE effect) for as-received and annealed samples.sample can be written as the following expression [15]:
This results are in agreement with the previously reported

4 DE results [16]. The magnitude ofDE effect increasespmL 2]]E 5 f (1)4 4 from as-received state (|6%) to a maximum of about 47%4a rn
at an annealing temperature of 4508C. Annealing at 5508C

wherem is the mass per unit length of the sample and the leads to a large decrease in the magnitude ofDE effect.
typical value form in our experiments is about 0.0037 For amorphous materials, the magnitude of theDE

21g cm , r is the thickness of the sample,L is the length of effect, expressed by theE /E ratio, is determined by themin s
2the sample,a is the vibration mode parameter andf is the dimensionless quantityb 5l E /K, whereK is the aniso-n s s

resonant frequency. It is well known that hydrogen charg- tropy constant [16]. It can be shown thatb 5 (E /E 21) /s

ing could change the length of the sample [10]. According F, where F is a function of easy axis distribution and
4to Eq. (1), E is proportional toL . It can therefore be applied field. For data considered in this study,F can be

assumed that the main contribution to the change in theE taken to be about 1. In this study we useE /E ratio tomin s

value with hydrogenation is due to variation in the sample follow the change inb and hence,K. For the amorphous
length. This partly irreversible process in the Young’s and the nanocrystalline materials, the basic anisotropy
modulus upon hydrogenation can also be partly related to contributions are:
two kinds of phenomena: plastic deformation induced by
the internal stresses produced by hydrogen and permanent 1. The magneto-elastic anisotropy,K 53/2 l s, wheress s

local damages produced by bubbles that appear by hydro- is the internal stress.
2gen accumulation in the sample defects. 2. Shape anisotropy,K 51/2Dm M , where D is theD 0 s

The crystallisation temperature of Fe–Cu–Si–Nb–B shape demagnetization factor.
sample was determined by DTA to be 5208C at a heating 3. The magneto-crystalline anisotropy,K , if there is any.c

21rate of 108C min . Therefore, the annealing temperatures
were chosen just below and above the crystallisation In as-received statedK is very small compared toK andD s

temperature. X-ray results indicated that the sample an- K 50. As-received samples have large internal stress,c

Fig. 1. The variation of Young’s modulus as a function of hydrogen Fig. 2. The field dependence of normalised Young’s modulus of as-
desorption time. received and annealed samples at various temperatures.
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which combines with magnetostriction to produce very
26high anisotropy,K (l is about 24310 for the as-s s

received sample). Therefore, theDE effect for the as-
received sample is very small andb is about 0.02.
Annealing up to 5008C relieves the internal stresses, thus
reducingK , hence increasing the magnitude ofDE effect.s

Annealing above 6008C causes an increase in the amount
of the Fe B phase, leading to a large increase inK , and2 c

hence to the totalK. This then leads to a sharp decrease in
the magnitude of theDE effect. For annealing temperatures
between 500 and 6008C, where nanocrystallisation occurs,
the mechanism is slightly different. It is also interesting
thatl decreases at this annealing temperature range due tos

formation of the negatively magnetostrictivea-FeSi phase.
It has been reported that with the formation of the
nanocrystallinea-FeSi phase in amorphous alloys, the

Fig. 4. Normalised Young’s modulus against applied field for annealed
average K value decreases by a large amount. For sample at 4508C while hydrogen is leaving the sample.
nanocrystalline Finemet alloy, a typicalK value can be as

23low as 1–4 J m [1,2]. For sample annealed at 5008C,
10 22 26 initial 1–3 h than it slows down. Also the measuredM–HtakingE 517310 N m ,l |10310 one can deduces s

2 curves support this behaviour (Figs. 5 and 6).from these equations:b 5l E /K, b 5 (E /E 2 1) /F, thats s s
23 It was found that the shapes of theE /E curves are veryK|17 J m . For the sample annealed at 5508C, the K s

23 similar to each other during hydrogen desorption.E wasvalue is found to be about 15 J m . This value ofK for min

observed in all theDE curves. According to the Squirethe sample annealed at 5508C is found to be slightly
model [17], the average easy axis angle of magnetization ishigher than previously reported values. For nanocrystalline
between 50 and 758 with respect to ribbon axis. But, largesamples,l is very small, therefore, the contribution ofKs s

variations in the magnitude of theDE effect were observedto K is nearly zero. The main contribution toK comes
with hydrogenation both in the as-received sample andfrom K .c

sample annealed at 4508C. As it has been stated, theFigs. 3 and 4 show theDE effect curves during
2magnitude ofDE is determined byb 5l E /K. It is alsohydrogen evolution for the as-received sample and the s s

well known that hydrogenation induces very large internalsample annealed at 4508C, respectively. TheDE effect
stresses, the coupling of the internal stress with magneto-results reveal that the hydrogen atoms charged into the
striction increases the magneto-elastic anisotropy constant,amorphous Fe–Cu–Si–Nb–B could change the magnitude
K , and thereforeK. So, the magnitude ofDE (or E /Eof the DE curves and put the sample in a very unstable s min s

ratio) becomes smaller after hydrogenation. During hydro-state. When the hydrogenated sample was left in air,
gen evolution,K becomes smaller and theDE curveshydrogen atoms leave the sample very quickly during the s

nearly regain their previous shape. But small variations in

Fig. 3. The variation of normalised Young’s modulus with applied field Fig. 5. Magnetization curves of hydrogenated as-received samples while
during hydrogen degassing time for as-received sample. hydrogen is leaving the sample.
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caused by mechanical stresses produced by plastic de-
formation and bubbles that appear due to hydrogen ac-
cumulation in defects. The coupling of the induced me-
chanical stresses with the magnetostriction of the samples
produces a large anisotropy and a magnetic hardening,
which decreases the magnitude of theDE effect. These
effects disappear after hydrogen is removed from the
sample and theDE and M–H curves show nearly revers-
ible behaviour. TheDE and M–H results of samples
annealed at 4508C showed that annealing could reduce
hydrogen permeation into the sample. No variation in the
magnetic and magnetoelastic properties of sample annealed
at 5508C were observed.
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the curves show the existence of some permanent plastic
deformation. It was also found that the magnitude ofDE or

R eferencesthe shape of theM–H curves in the as-received sample are
more effected than in the sample annealed at 4508C.
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