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ABSTRACT: This paper reports the influence of controlled heat treatment on the magnetic and magnetostrictive
behaviour of polycrystalline Terfenol-D alloy with 2 at.% boron addition. Samples were annealed at 1000 °C for 72 hours
with regulated heating, then cooled at a rate of 0.5 °C/min to room temperature. X-ray diffraction analysis confirmed no
major structural changes post-heat treatment; however, Rietveld refinement revealed a substantial reduction in the weight
fraction of the secondary (Tb,Dy)Fes phase—from 38.25% to 5.09%—accompanied by an increase in the primary
(Tb,Dy)Fe: phase. Despite this, a slight decrease in total magnetostriction was observed, from 1041 to 1016 microstrain
under an applied magnetic field of 12.2 KOe. Magnetisation measurements showed an increase in saturation
magnetisation and a marked reduction in coercivity, from 108.5 Oe to 24.2 Oe, after annealing. The magnetic hysteresis
loops of the annealed samples exhibited overlapping and twisted features, possibly arising from altered magnetic phase
responses due to the applied thermal treatment.
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L. INTRODUCTION

Rare-earth-based intermetallic compounds, particularly those crystallizing in the cubic Laves phase structure, have
attracted considerable interest due to their promising magnetostrictive properties. Among these, Terfenol-D
(Tbo.27Dyo.73Fe2) stands out as a leading giant magnetostrictive material, extensively studied for its potential applications
in actuators, sensors, and transducers. The magnetostriction (MS) in Terfenol-D primarily originates from the 4f-3d
exchange interaction between rare-earth and transition metal ions, resulting in substantial magnetostrictive strain under
moderate magnetic fields [1,2]. However, despite its high MS capability, the presence of secondary phases and
microstructural inhomogeneities adversely affects the magnetostrictive response.

Among various approaches to enhance its properties, partial substitution with boron has been reported to significantly
affect the magnetic and magnetostrictive behaviour of Terfenol-D alloys [4—7]. As a small interstitial element, boron can
alter phase stability and grain boundary characteristics, thereby influencing domain wall motion and overall magnetic
response.

In our previous work, we investigated the effect of boron addition (0—6 at.%) on the structural, magnetic, and
magnetostrictive properties of polycrystalline Terfenol-D [6]. The alloy with 2 at.% boron addition (labelled T2) showed
a notable reduction in the magnetically inactive RFes phase (R = Tb,Dy). However, this reduction was accompanied by
a decrease in magnetostriction compared to the as-cast parent sample. Further increase in boron content beyond 2 at.%
resulted in a substantial decrease in MS value. Consequently, the T2 composition was selected for further investigation,
with particular emphasis on the effect of thermal treatment.

The present study aims to explore the influence of slow cooling following high-temperature annealing on the structural,

magnetic, and magnetostrictive properties of the 2 at.% boron-added Terfenol-D alloy. A comparative analysis of room-
temperature magnetic and magnetostrictive behaviour between the as-cast and slow-cooled samples is presented.
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II. EXPERIMENTAL DETAILS

Polycrystalline boron-added (B = 2 at.%) Terfenol-D (Tbg27Dyo.73Fe2) alloy was synthesised as ingot by induction
melting. The as-cast alloy is labelled as T2. A portion of the T2 ingot was annealed at 1000 °C for 72 hours with
controlled heating and cooling rates. Heating was carried out at 5 °C/min up to 1000 °C, while cooling was regulated at
0.5 °C/min down to room temperature. This sample is referred to as T2 1000 _SC.

For X-ray diffraction (XRD) measurements, the samples were powdered and analysed using a PANalytical X'Pert PRO
diffractometer with Cu-Ka radiation. The lattice parameters and phase content were quantitatively evaluated by Rietveld
refinement using FullProf Suite.

For magnetostriction measurements, samples were cut into slices of 4 mm x 6 mm x 1 mm. An indigenously designed
and developed four-probe-based strain measurement system was used to measure room-temperature magnetostriction
[12]. Measurements were conducted in an applied magnetic field ranging from 0 to 12.2 KOe. Both longitudinal (A[l)
and perpendicular (A1) strains were recorded, and the total magnetostriction (As) was computed as (All —AL).

Magnetisation measurements were performed using a vibrating sample magnetometer (VSM) at room temperature for
both the samples.

III. RESULTS AND DISCUSSION
a) XRD Measurements

The X-ray diffraction (XRD) patterns of the as-cast (T2) and heat-treated (T2 _1000_SC) samples are shown in Figures
1(a) and 1(b), respectively. Both samples exhibit the presence of two major phases: the cubic Laves phase of MgCuz-
type structure, corresponding to the (Tb,Dy)Fe: phase, and a secondary (Tb,Dy)Fes phase. The observed peaks have been
indexed using standard crystallographic data from ICDD: 04-006-3176 for RFe. and ICDD: 04-001-0690 for RFes
(R =Tb, Dy). A minor fraction of an additional (Tb,Dy)-rich solid solution appearing in the samples is indicated as the
'other phase'. As seen from the XRD patterns, no significant structural change is observed in the alloy as a result of the
applied heat treatment.

20 30 40 50 60 70 80 90
Angle (20)

Figure 1(a): XRD of as-cast B-added (B =2 at.%)
Terfenol-D alloy.
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Figure 1(b): XRD of B-added ( B =2 at.%) Terfenol-D
alloy annealed at 1000°C and slow-cooled.
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Quantitative phase analysis of the samples was carried out using Rietveld refinement through the FullProf Suite. The
crystal structure of the (Tb,Dy)Fe. phase was refined using cubic symmetry, and that of the (Tb,Dy)Fes phase with
rhombohedral symmetry. The refinement plots for both the samples are shown in Figures 2(a) and 2(b). The observed
data (red), calculated data (black), difference plot (blue), and Bragg reflection positions (green ticks) are presented.
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Figure 2(a): Rietveld refinement plot of as-cast

B-added ( B =2at.%) Terfenol-D alloy.

The obtained refinement parameters, including lattice constants, phase fractions, and goodness-of-fit values, are
summarised in Table 1. The as-cast sample contains 61.75 wt.% of the primary (Tb,Dy)Fe: phase and 38.25 wt.% of the

and slow-cooled.

90

Figure 2(b): Rietveld refinement plot of B-added
( B =2at.%) Terfenol-D alloy annealed at 1000°C

RFes phase, while the heat-treated sample shows a significant decrease in the secondary phase content, with 94.91 wt.%

of (Tb,Dy)Fe: and 5.09 wt.% of (Tb,Dy)Fes phase.

Table 1: Lattice parameters of T2 alloy and weight percent of RFe, and RFes phase estimated from Rietveld

IJIRSET©2025 |

refinement.
Sample Lattice parameter of % Weight Fraction for | % Weight Fraction for Chi?
(Tb,Dy)Fe, phase (Tb,Dy)Fe, phase (Tb,Dy)Fe, phase value
T2 7.327A 61.75 (1.63) 38.25 (1.44) 2.28
T2 1000 SC 73324 94.91 (3.67) 5.09 (0.69) 242
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b) Magnetostriction Measurements
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Figure 3: Room temperature MS values of (a) T2 and (b) T2_1000_SC alloy in parallel and perpendicular directions.

Figure 3(a) shows the room-temperature longitudinal and transverse magnetostriction values of the T2 alloy measured in
microstrain. The longitudinal strain is observed to be positive, while the transverse strain is negative. The total MS strain
(As) reaches a value of 1041 microstrain in the available field of 12.2 KOe. The corresponding MS data for the heat-
treated sample (T2 1000 _SC) is shown in Figure 3(b). A small reduction in total strain is observed, with A, decreasing
to 1016 microstrain at the same applied field.

¢) Magnetisation Measurements
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Figure 4: Room temperature M-H curves of (a) T2 and (b) T2_1000_SC samples.
Magnetisation (M—H) measurements at room temperature are shown in Figures 4(a) and 4(b) for the T2 and T2_1000_SC

samples, respectively. Both samples exhibit soft ferromagnetic behaviour. The saturation magnetisation (Ms) of the as-
cast sample is 56.5 emu/g, while the heat-treated sample shows an increase to 72.3 emu/g. The coercive field (Hc) of the
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as-cast sample is 108.5 Oe. For the heat-treated sample, however, the hysteresis curve shows overlapping and twisting,
as shown in the inset of Figure 4(b), with a measured coercivity of 24.2 Oe. This behaviour is likely attributed to altered
magnetic domain dynamics due to coexisting and competing phases formed during annealing.

IV. CONCLUSIONS

Polycrystalline boron-added (B = 2 at.%) Terfenol-D (Tbg27Dyo.73Fez) alloy was annealed at 1000 °C for 72 hours,

followed by slow cooling to room temperature at 0.5 °C/min, to investigate the effect of heat treatment on their structural,

magnetostrictive, and magnetic properties. XRD analysis confirmed the retention of the primary cubic Laves phase (RFe:),
with a significant reduction in the secondary RFes phase from 38.25 wt.% in the as-cast alloy to 5.09 wt.% post-annealing.

A slight increase in the lattice parameter of the (Tb,Dy)Fe: phase was also observed.

Magnetostriction measurements showed a minor decrease in the total strain from 1041 microstrain (as-cast) to
1016 microstrain (annealed), despite the notable reduction in the RFes phase—commonly regarded as detrimental to
magnetostrictive behaviour. Magnetic characterisation revealed an enhancement in saturation magnetisation (from
56.5 emu/g to 72.3 emu/g) and a sharp drop in coercivity (from 108.5 Oe to 24.2 Oe), indicating improved magnetic
softness. The presence of overlapping hysteresis loops suggests a complex interaction between coexisting phases.

These findings indicate that heat treatment with slow cooling after annealing for polycrystalline boron-added (B =2 at.%)
Terfenol-D (Tby.27Dyo.73Fe>) alloy effectively alters the phase distribution and enhances magnetic performance. However,
it does not lead to a corresponding improvement in magnetostriction, possibly due to subtle changes in domain dynamics
or residual strain effects.

ACKNOWLEDGEMENTS

The authors sincerely thank Prof. Sang Ho Lim, Korea University, for the boron-added Terfenol-D samples and
Prof. A. K. Nigam, TIFR, Mumbai, for providing support and access to research facilities. The authors are thankful to
the authorities of Jai Hind College, Mumbeai, for their support in setting up the magnetostriction measurement system.

REFERENCES

[1] A.E. Clark, AIP Conference Proceedings, vol. 18, p. 1015, 1974.

[2] A.E. Clark, Handbook of Ferromagnetic Materials, vol. 1, pp. 531-589, 1980.

[3] D.T. Peterson, J. D. Verhoeven, O. D. McMasters, and W. A. Spitzig, J. Appl. Phys., vol. 65, no. 9, pp. 3712 —
3717, May 1989.

[4] L. Wu, W. Zhan, X. Chen, and X. Chen, J. Alloys Compd., vol. 216, pp. 85-87, Dec. 1994.

[5] L. Wu, W. Zhan, X. Chen, and X. Chen, J. Magn. Magn. Mater., vol. 139, pp. 335-338, Apr. 1995.

[6] S.Dange and S. Radha, Int. J. Innov. Res. Sci. Eng. Technol., vol. 14, no. 2, p. 1440, Feb. 2025. doi:
10.15680/IJIRSET.2025.1402062.

[7] J. A. Chelvane, M. Palit, S. Pandian, R. Balamuralikrishnan, A. K. Singh, V. Chandrasekharan,
S. N. Jammalamadaka, and G. Markandeyulu, J. Appl. Phys., vol. 101, no. 9, p. 09C512, 2007.

[8] T.Funayama, T. Kobayashi, I. Sakai, and M. Sahashi, Appl. Phys. Lett., vol. 61, no. 1, p. 114, Jul. 1992.

[9] C. V. Mohan, J. Alloys Compd., vol. 238, no. 1-2, p. 86, Apr. 1996.

[10] F. M. Chen, J. S. Fang, and T. S. Chin, IEEE Trans. Magn., vol. 32, no. 5, pp. 4776-4778, Sept. 1996.

[11] Y. Wang, W.J. Ren, Z. H. Wang, Y. Q. Zhang, J. Li, and Z. D. Zhang, J. Appl. Phys., vol. 111, no. 7, p. 07A901,
2012. doi: 10.1063/1.3679452.

[12] S.N. Dange and S. Radha, AIP Conf. Proc., vol. 1942, p. 060028, 2018.

[13] M. Palit, S. Pandian, R. Balamuralikrishnan, A. K. Singh, N. Das, V. Chandrasekharan, and G. Markandeyulu,
J. Appl. Phys., vol. 100, no. 7, p. 074913, 2006.

[14] R. Grossinger, R. S. Turtelli, and N. Mehmood, IOP Conf. Ser.: Mater. Sci. Eng., vol. 60, p. 012002, 2014.

[15] J. C. Shih, T. S. Chin, C. A. Chen, and J. S. Fang, J. Magn. Magn. Mater., vol. 191, pp. 101-106, Feb. 1999.

[16] F. Pourarian and W. E. Wallace, J. Appl. Phys., vol. 50, no. 11, p. 7707, 1979.

IJIRSET©2025 | AnISO 9001:2008 Certified Journal | 8890



http://www.ijirset.com/

INDIA

INTERNATIONAL JOURNAL
OF INNOVATIVE RESEARCH

IN SCIENCE | ENGINEERING | TECHNOLOGY

INTERNATIONAL '
‘ ‘ STANDARD INNO SPACE
SERIAL
' \ NUMBER SJIF Scentific Journal Impact Factoe

[ 3940572 462 [© 6381907 438 [ ijirset@gmail.com 5

WW.ijirset.com



