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Abstract

Based on the FessMnzsGaze (FMGO) alloy, FesoMnzsGaze (FMG1) and FessMnzsGazo (FMG2) alloys were
prepared by introducing excess Fe, and the effects of Fe content on phase constitution, thermal expan-
sion behavior, and mechanical properties were investigated. XRD and SEM/EDS results indicate that
with increasing Fe content, the alloy evolves from a single BCC (B2) phase in FMGO to a BCC + FCC (y)
dual-phase structure in FMG1 and further to a single FCC phase in FMG2. Thermal expansion measure-
ments show that FMG1 still exhibits negative thermal expansion (NTE) over 200~300 K with a linear
thermal expansion coefficient of & = -77.9 ppm/K, whereas FMG2, as a stable single FCC phase, displays
positive thermal expansion (a = 14.5 ppm/K). Room-temperature compression tests reveal that in-
creasing the FCC phase fraction markedly improves the strength-ductility performance: FMG2 achieves
a compressive strength of 1013 MPa without obvious cracking, demonstrating excellent plastic de-
formability. DSC analysis further confirms that the NTE in FMG1 corresponds to a reversible phase
transformation, while no pronounced transformation peak is observed for the single-FCC FMG2. These
results suggest that Fe-content tuning can drive a performance transition in Fe-Mn-Ga alloys from
“NTE-functional” behavior toward “structure-function integration,” providing a basis for composition
design and performance synergy in this alloy system.
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1. 5]

MK (negative thermal expansion, NTE)AF RHEFHRITFE R I B AR s K B4, o] F R 254X
A EEEE L U R A5 SO FEAME R SR, 8IS S R R IR MR G S Bn K, T
T R G R e S IR AT SRR 1]-[3]. 540 NTE MHEHHLL, &8/ & &k RiEHE A E &1
WA TR TR DR T (4 ) 25 308 70, DRI R 2 B2 K [4]. Hd, Fe-Mn-Ga &
S RHFEE WA A S TR rT Y, Bl e — R B BT RS54 - DhRe sk A & [5].

Fe-Mn-Ga & &1EAF 5 #UE B %A R T 2RI 2 AR 5 HLURES, 8 e kg Z A
BCC(B2)Y FCC(y)HiZ. TAMTEM, BCC AL SRR X I 7 MEIRAT (B HE NTE) & n]
WAHAR S FRAFAEREE: SR, BCC AHTEZ IR Nl E MMEA L. YIMRE, SKRAMIERZ, MR 7
HITRR 6], BT, FCCHAAR NS R ES T B TERE /), 85 R I B 53
WIS N TIE N, 1A SR 2 M8 A2 IR AT 9 (U0 Invar 2505) 13 BH 45 J8 AH 2544 5 R I K g 97 %25
VIFHIK[7]: 1BAE Fe-Mn-Ga #& &, FCC AHAEAE S A) 52 30 FIE R AKAFAE . PRI, G fer 722 45 455 i
5 1 BRI Dy B 1) (RIS T 2 1t e, SEILFAIZ K Th Rk 5 S5 M 7K 8 Re /1 1k E], A2 Fe-Mn-Ga & &7t
() ISBE R 2 0] R 55 N A [8]

EEXF EIRPE, HEXUHA LSRN 2 — Pl AT RS54 - DhRe v [ SR — 7T, HAMAR 4
FEMKRRAE A TSR L TR ok A — T, BBVETE AP AR AT AR AR T RE AR R ) . Bl RS B
I, T SEEIPERE ELANOT. RN, & &/2 AL IS P AK f& Se i BRI AK 1) E 8B TR E, &R

ik
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FEAPR S N 5E NTE AH UL S22 K VT BC A R ER 7R S B IGIE[10] [11]. BhAh, BUHFLE. AL
PRA K BRI A2 1R N B 2t 0] RS A AR AR AT D 5 I i N, A5 S R I I iR e WRE A AT I R A
PEEE[12]. B, @ s i SeEl “BCC—BCC + FCC—FCC” WM L, I £ 401 0 Hoo Uik
5715 e sz A, TR R PR B B 13,

CAIETE H, FessMnasGay & & 7EREE UG HEEZS N A 3R BCC HAHH 2B KT N, (H
FLHE PR 29 1 S HET (6] (EHT R, BRAHARR NTE 4b, SR R IR 1) dn A%
PRENT NTE $HEN U ZrW,0s) S HAHSCHUERRF 7E[14] [15], PA A s iR s 032 S 1 ScFs M RHMA &
[16] [17], $E/FARFZIK AT A FBORHLE P2 A2 . FET I, A 9T LA FeasMnasGazo (108 FMGO) 9% B,
I BRI Fe o Bl FMGL 5 FMG2 Wifh &4, [lSe “peoriiss - A A - S )%
Wil .7 FR) PN E SR CTT J8 RGEWT 7T . A 454 XRD. SEM/EDS. #UAKINR . DSC M iR E46 5256, Hik
ANF Fe 28 N AL S L SURFAE AR AL, 387~ XUR 4L 400 S AR I I R S 5 L o s A, sk — 254
18 FCC MG AR & & YL IRTHEN . W9 B £ Fe-Mn-Ga &4t “IZIKThREAY” |n] “ 45#4
- Dhe— A 77 m s weort S Re b R R AL SE IRk 5 Bk 2%

2. SEI§

AR AR A (A > 99.9 wt%) ) Fe. Mn. Ga HUJFNJERL, A HOE IG 6] % 44 L A
FesoMnasGazg (FMG1)5 FessMnasGaze (FMG2)HI & S48 « IR FEE RS (AR SR N7, FidEid 4~5
R ISR B S 38 511 BE 5 R A W85 8 T 2RISR & S AN E A 4 mm R EAR R
o PR AR, R A R I ERIR G SFE S . AP EGE AR SN, MR G S
TAHEES, BT LI 1273 KIRE R 4 h 58K BEIRFR B MR G 4.

X & 15 B A SRR T RGRAE. 15, T X 3247 81X (X-ray diffraction, XRD, Bruker-AXS
D8 Advance) /T 3 d RS54, S A BESE TR E  20=20°~90°, 5K 0.01°, BB 2s, Lhife i
i [ R R G R AR e HLIR, SR 3% R 5 A 4 ¥ 2 7B (Scanning Electron Microscope, SEM, Talos
F200X)W & & RMIE, H45 4 61 2 T4 (Energy Dispersive Spectrometer, EDS) il 7G 2% 7341 I 41
AVE: G, A PZIKA(Linseis DIL L75 VS)MIHAFE fh P2k VERE : )5, R T RedtRHAZR L
(INSTRON 5969 Z)il{A4 1) 124 RE S H . U FMGO (FeasMnasGano) il 73 K 5 122 5085 51 2
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Figure 1. XRD patterns of Fe-Mn-Ga alloys with different Fe contents
& 1. I Fe &2 Fe-Mn-Ga & &#) XRD &
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B 1 AR A R G XRD 45 5. SCRRHRIE ) FeasMnasGago A LA BCC (B2)4514[6]; B Fe & &2
w1, FMG1 HI BCC 5 FCC (p) AT, RETEMAHAL; Y4 Fe & 252 55 at% (FMG2)HT,
ISR FCC AIATE I, A& &2 A FCC M. LiRGEREW, I8 Fe B3| N0 B2 £ FCC #
FaE .
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Figure 2. SEM morphology and EDS mapping results of FMG1
2. FMG1 89 SEM 2% 5 EDS EI4R

FMG1 i ff] SEM/EDS 45 53 B B ZH 23 2 ISR ILAERFIE « W1l 2(a) o, FEMTE XA N B
WAt FER NI — TR &L 2(d) A a] WL 31 55 Tl [ A Ak AN T3] B9 Jm 8 DX 38, 2 B ARE ot P S04 AE 1 (BAH )
I3IX . XPNFY) EDS REWG 5 EEEATIR WA 2(b)~(e): PISKIXIHIML 70 3449 FesoaMnass:Gags.or 5
Feus.0aMnag3aGazs 72 (at%), w/RPIAHTE Few Mn. Ga & L EF XM ESR, HA A Fe & &A%
B, AN E A Mn 5 Ga. B2, JUER NS5 R(E(0)~()5 SEM Aof £ X 4578 47 ] _EAH
BN, UESEANFS FE X B — B e R S R AR . 8 EPTIR, FMGT F ih PR A 5] (1 AR
M, TR A XA LA H 21

Kl 3 fzn o FMG2 E T BN 7N RO RS, & & MROA SIS 5) . 8%, 20l
B— HIS R KO . 35950 (A B 3 WA vk B AOK RUEE R AN AE 34 R 7 P A7 AE SR 22 7 38
AT . ERS, BRI W R R AL . RSEREAA E R E, X R IR A I E A
ISR L2l & T @SB E . RN EEENE, ARBE AR B AR L T OREE
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N T AR ROW RS E B0 TC R I 43 A ¥ SRR AR AL R, FRATTRH Rl — X 383 AT T EDS 4
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Fes2 sMnos 2Gaa3) 5 % USRI FAE — 8 25, W RE S M/ AM B FE e R FE R et sliim AT 5% %R
ZEARFEM AL XRD 5 SEM R ILH 1 FCC B AHRFE

Figure 3. SEM morphology and EDS mapping results of FMG2
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Figure 4. Thermal expansion curves of FMG1 and FMG2
[ 4. FMG1. FMG2 WO R Ricitheke

LRI IE FMGO (FessMnosGazo) 4 7E 209~290 K i FE VO N £ I A HJEIK(NTE)V T A, LR IEAK &
o N—-50.2 ppm/K [6]. K 4 XFEE T FMGI1 5 FMG2 B 5 HAEZAK N . FMG1 £E4) 200~300 K Y5 A
RIS B A BEIKAFAE, KR o N—77.9 ppm/K. HEET FMGO, FMGI1 H) 5t K IRt — 25 0
%, HloHoK, B IR RN AT R 5, 45 G aTiR 2GS R, RN 25 1 T B i I AR (A1 R /B
FIAS AR AR BE T Sk i =R S5k, AHELZ R, FMG2 FE S 7EIBRE IX Py 22 B0A 31 78 f) 1F i ik
1T, a 145 ppm/K, H M2 A W5 210 B GBI R, R LA KRR BN /T AR E
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Figure 5. DSC curves (heating/cooling) of FMG1 and FMG2
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Figure 6. Room temperature compressive stress-strain curves of FMG1 and FMG2
6. FMG1\ FMG2 EiRE4EN 17 - ML

K 6 R T A& NREANF - BAS L. SCERRIE, FMGO RS20 517 MPa, 1)
BRRAZZ) N 6.7%, FeIH B a2 1E[6]. M2 R, FMGI FIEZEREZ 2R 24 600 MPa, %
PR AR 2220 9.5%, A Bk, (EANFAE— e R I ERR . 2 —BHn Fe & &)5, FMG2 /&
AHm R E TR 1013 MPa (218 FMGO 119 2 i), HIEERZES R RSB SRS, RIBIR R
(B AR T RE ST -

FREE K, B Fe S EMMIN, FCC AT BT E FigM & £ FHuAr, W2 ERA T & 45
FESBPEULHD, A RCZEMR T BCC AH 3= SNk B s (0 Mg 2k il
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4. &g

(1) 7E FessMnasGaze (FMGO, BCC HAH)HEA I, J8id it AN Fe nl A R0M#%E Fe-Mn-Ga & 4 [FAHAL
Hi: FeaMnysGazy (FMG1) BCC + FCC XM, FessMnysGazg (FMG2)A FCC H#uAH .

(2) PIEIRAT BEAH 2540 R 4 B E Tk FMGO R K (209~290 K, o = —50.2 ppm/K); FMG1
BRI B 5 35 HLIE A 55 (200~300 K, o = —77.9 ppm/K): FMG2 N IEREEIK (o = 14.5 ppm/K).

(3) BE FCC AHELBI3E I, =i EgisR BV B8t FMG2 [E4658 215 1013 MPa, 1A TE G )8
ZALT FMGO (517 MPa, 6.7%), RILH BBZIKRRE S 77 % M R 2 (R IR % 2 R mT R 4a

(4) DSC 45 E 8, FMGI1 Ff K S AR % V)0 B FCC HAH FMG2 oK LB B AH AR U,
WA IR A7 R K R

i b, AWPRERYIEE Fe S EIFEMAR SHAATHN, AL Fe-Mn-Ga & & Tt — B IR R “ g
f— 15 PERE " A Tabr AR AR SR IR AR HE ST AT B A%, (B TRAE AT Yot 4L ¥5 5 RAR IR X T
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