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Modulus Softening and Martensitic Transformation
in Large Magnetostrictive Fe-Ga Alloys

QTAO Ruihua, LIU Xiaolian, GOU Junming, MA Tianyu
(Frontier Institute of Science and Technology, Xi’an Jiao Tong University, Xi’an 710054, China)

Abstract: Fe-Ga alloys have important application prospects in high-tech fields, such as sensors, transducers and
actuators due to their large magnetostriction under low saturation magnetic field and good mechanical properties. Although the
microstructure mechanisms are still controversial for the extraordinary magnetostriction enhancement induced by nonmagnetic
Ga solution into body-centered-cubic Fe, considerable experiments have indicated that the large magnetostriction of Fe-Ga al-
loys is closely related to the modulus softening behavior. Considering that modulus softening is a common feature of martensit-
ic transformation in ferroelastics, researchers then suggested that Fe-Ga alloys may also have martensitic transformation phe-
nomena. In order to deepen the understanding of large magnetostriction in Fe-Ga alloys, here we present a brief review on the
modulus softening, martensitic transformation behavior as well as the correlation between martensitic transformation and mag-
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netostriction of Fe-Ga alloys with Ga content between 21at.% and 27at.%.

Key words : magnetostrictive materials; Fe-Ga alloys; modulus softening; martensitic transformation

T

1 B

LSS AR A A 2 R IR 3 9 77 A IR 2l 200N ) o 2
BREARL, TEMUZS IR | DRIEIRI K3 WL AN £7 3 T
R Z BRGNS LA Th-Dy-Fe 44
(Terfenol-D) AR 3R 1Y) 42 Jii 18] £k 7 ) B s 4 i 20 1o 4 A4
B2 FERIIROKFEILAERS . mRE R R P ) L ik
TFRIA AT AL SR i SR RE R L PR 7)1z
MY o UTARSR, e T AR AT PR A S, X A A b

KRB, 2019-12-20  {EEIAHE. 2020-05-12

ELWH.: HEARBFERETH (51622104, 51871174)

F—1EH. vEE, &, 1996 4, MRt

BIEE: DRT, B, 1978 464, #dz, 1L SIm,
Email; matianyu@ xjtu. edu. cn

DOI: 10.7502/j. issn. 1674-3962. 201912011

BHE TR A ZOR, AN CESR AR T = R R
RS, T HEOR AR SRR 3N | by . K OAT &S
Whih, BAT R RS R B . s U 46 bR
(14 125 R B R S RS A e P A G 2 LR SR, kgl &
TR HA AR R o 20 0 P R e 0 P ) o 0 R
AR, b AR Y Fe-Ga 5 4 AN RELE IR #E
Gy AR LA, T HEA SRR e LR i A
T JE P PR A S PR 70, B 2000 45 LA K % E0Ah 45 b ek
U IR, ST R H AR B [ A [ R
DXERBEA T RER AT MY 7, i w58 AR T
K, BT EEGE R

S Fe-Ga S CREBISE T 20 4F, SATH H BT AT
“HERENE Ga [BIE T a-Fe REREEUR 4G PERESR M 10 A5 LA L
AR DA A I R — R . F AT BRI E AR 3=
T 3 AT TR B A Fe-Ga 754 0O R REBUR BN . —



662

Hh AR

39 %

N FEERM T, 55— R R Ga I F 2158
PR ST J7 A2 AHI HE-FERE G ER, B A Ga 24
FREERETERE T IR MRS T I, KSR
R Fe-Ga &4 ALK MR, 78 A2 FHELK B oRHEL
I3 VU7 S5 R 9 K AH (Modified-DO, ), #7<001> 77 [l 1B
B Ga-Ga %6 A5 A5 7 94 5 JR Sl i 45 o) S, R & A2 3
PRI S, DT 2 A KRG SO d g > ' 2 =
S N ST T, WIFSE 2R LA RE S AR I B Fe-Ga
e YITERE ¢ =[ (e,,—c,) /2 F/IME, 1Y
U /NS il A A RN AR i e B, DR AR 4R
R R B 4 35 S R R R A

B Ga B[ A &5 3 AN[F], Fe-Ga A4l B LG
RO A2 1, AR B2 M5 DOME, B P
TS T LLAHECEHES J7 DO AHEE Z R 254, Fe-Ga &

900

S A AR AS A AR 2 A 22 5% 3 (P 1), PR e
S M REXT B4 FN AT s B o UK . R SO 4 B
B Ga A tEAn b, AR FRRAS A 2 i 2 1l ik
30%., IR R, WA Fe-Ga & &0 H7E Ga &
HREFESE, TE) R 19%H 27% W35 H 900 A 4 5%
TGRS (B 2) o S — AN BRAE Ga 2 19%
b, MEE—FIRISE — R A B T A TARM R R AR,
AVEE I BUAE Ga Frik 2 27% 4k, SRTH, LT W F245
(I 2 DO, 14 18 S0 46 R BUR T A2 A1, XL fig
BERESUR A PERERE Ga T RAVARL AL, Filr, A%
H FEUA IS 3 T A 0 6T 17 143 22 1) A9 45 4 o A9 U O 285
FRGAAR | (H H FT R A 56 58 b S 1 DU 7 R AR B4 B
SREER R, I, Fe-Ga &4 7 A% — AR EU
A0 VEAE P IR 25 R AR IR & — A TR R A I T

900

800
B2
1+~ A2(para)
O 700Te >
e Ty
- | - LF
% 600 - S
5 A2(ferro) -
3 DO, (paré)
& 500 - 8, DOx(pars
- L
400 :
300 A——f—————i—fo
10 15 20 25 30 35
at,% Ga

Bl 1 Fe-Ga &2 i (a) FINEFE (b) HH & )

Fig. 1 Equilibrium (a) and metastable (b) Fe-Ga phase diagrams
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Fig. 3 Phonon dispersion curves of Fe-Ga alloys'®!

|
—
7
/7 | 3% 5
7 514 — ‘2
’ |Vt S RS RS PR R il
L y =
7 /
4 z
/s - ,
mﬂm 7 Z
s 7

B4 AR FRUANE Fe-Ga A A OSSR = L7
Fig. 4 Schematic of magnetic domain structure and microstructure of
dispersive low-symmetry nanoparticles embedded within cubic
matrix ( The nanoparticles are shown by hatching; arrows
within nanoparticles indicate the direction of magnetic mo-
ments; arrows outside the nanoparticles indicate the direction
of magnetization of the magnetic domains in the bee parent
phase; and the blue and green lines designate possible 90°C

and 180°C domain walls of the bee matrix) ['7)

HINN Fe-Ga 4 1 RGN 45 J2 99 K 5 [UIRTE #E 3 15
FHF A8 (R P L) i 3

346, FIH Fe-Ga & 4 MMRHLME R4, i #Akb 3
S i AR 00K (RE) AT R AR fb L 2895 5 3 i =
AP AR AT 2D AR R A — A (R A B T
SWREBUP AR TERE . W LT R AEME Fe-Ga § &R EAT
R HEABWAEA Y, I HEZARIE R, o
% RE J5 T 2315 & Modified-DO, 44 U J5 4 ( L6, 4544 ) ,
I W E PR A R Biln, SR T
(4 FEL 5 A B B B 46 P B L Fe-Ga & & 5 %1,
(Feg Gayy) g0 o5 Thy, o5 HAAR FRL & BA R} (4 1 S0 45 M B AL 1L
Fey, Ga, 2 45 55 28% ( M 311ppm $255 ) 399ppm) ' 1
5 . BT 4f 7R 10 R4S ) = M AT Modified-
DO, FAK 1 RS X R | 48 58 P O ot 45 1 SR B T
PERREBUR A T RE . T B, R U 40 K AR il
SR A2 JEAAAE ™ AR DU 7 W AR (BB S A I B R
RGBT B N, ), DTN I SR R A 40 P B b DG
ME )™ BN, 5 DO, T Ga-Ga JiF
X < 110 > J7 [a] HE 31 AN [6], Modified-DO, P4 5 A1 P 1)
Ga-Ga JE XM <001> 4 [0 HES, FHALAETREE Ga Fil Fe R
T B (EFPHED Y, WA RS RRHE, 5
Gb, T A2 AHELAR R L1, AR ) B 2 R WA A% D
AREREE Ve A B S A A A A A2/ (A2'+L1,)
AF X 7 B4 B ST VR K A B, T A B b A A
FAZAH SR Ve E AR SRR e, (22 5 Feg, Ga B 42



664

Hh AR

39 %

RGBSR AE YERE BT 70ppm 427558 120ppm, IR 71. 4%
(Pl 7) P00 3ok o S BSOS A PO R L T R g ) 2 ek
(instable phase boundary, IPB)

FRFER L] Fe-Ga & 4 1Y KL i 45 15 45 4K

Magnetostriction (ppm)

Magnetic field (Oe)
&l 5

Fig. 5 Room-temperature magnetostrictive curves for Fe-Ga alloys single crystals without Th(a) and with 5% Tb (b)

measured under the compressive stress of 0, 30, 60 and 120 MPa, respectively
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Fig. 6

High-resolution XRD patterns for Feg; Ga,;(a) and Feg Ga,,Lag ,(b) "), Dark-field images of Feg; Ga;;(¢) and Feg;-

Gay; Lag ,(d) acquired in STEM mode showing dislocation lines, unit cells of cubic DO;(e) and tetragonal modified-DO5( f)

structures of Fe;Ga, where the Ga atoms occupy alternate planes, forming a tetrahedron. The underlying L6, tetragonal cell

with parameters (a,/+2 , ag/¥2, a,/2) is indicated by dashed blue lines (12)
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Fig. 7 Compressive stress-strain curves for Feg Ga,q samples after different heat-treatments (a) ; Magnetostriction curves for Feg Ga o alloy
subjected to different heat-treatments (b), (b1) and (b2) are selective area electron diffraction (SAED) patterns taken along[ 110 ]

zone axis [°%)
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Fig. 9 TEM images of the Fe,;Ga,, alloy aged at 700 “Cfor 24 h'*?); (a) BF image showing tetragonal L1,-like martensite and L1, structures,
(b) SAED pattern of tetragonal L1, -like martensite along zone axis| OII] Mm> (¢) DF image of g= [EOO] M » revealing twinned structure,

(d) SAED pattern along zone axis[TOOJ M//[III}AZ , (e) SAED pattern along zone axis[ 013 ] L, » and (f) DF image of g=[200] L,
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Fig. 10 Microstructure of stress-induced martensite with the 14M superstructure in Fe,q , Gay; ¢ single crystal solutioned at 1073 K and then

pulled to &,=5% at room temperature: (a) A bright-field TEM image, (b) a diffraction pattern of the 14M martensite taken from the

variant “M” in (a), (c) unit cell of the 14M martensite [*
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Fig. 11

TEM characterizations of Fe;,Ga,, foil sample; (a) SAED pattern and (b) bright field image taken with[ 110]-BCC zone axis from the

BCC phase region (type 1); (c¢~f) SAED patterns and bright field images taken from the martensitic phase region (type II): (c)

SAED pattern taken with[ 105] zone axis, (d) low magnification bright field image, (e) SAED pattern and (f) high resolution TEM

image taken with[ 210] zone axis!>!
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Fig. 12 TEM characterizations for the long-term aged Fe,, Ga,s sample after cryogenic treating: (a, d) diffraction patterns of the local martens-

ite with[ 210]  and[ 234 ],; zone axis, (b, e) the corresponding bright field image, (c, f) the corresponding high resolution TEM

images [57]
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Fig. 13 Ball-stick model for the transformation from D05 to 6M of Fe, Gal®]
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Fig. 14 Tableau showing the evolution of SAED patterns for Feg, Ga,q single crystal upon thermal and magnetic cycles ([210] -oriented

SAED patterns) (58]
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