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Abstract

Negative thermal expansion (NTE) exhibits unique advantages in the control and compensation of
positive thermal expansion (PTE), making it highly applicable in cryogenic engineering, aero-
space, and electronic packaging. However, current NTE materials primarily consist of heavy met-
als and rare earth elements, which are characterized by high density and cost, thereby restricting
their practical utility. AlFe;B; alloy, comprising abundant, non-toxic lightweight elements abun-
dant on Earth, exhibits excellent magnetocaloric properties with a Curie temperature proximate
to room temperature. The present work employed directional solidification techniques to fabri-
cate samples with a pronounced <001> texture in an orthorhombic AlFe;B; alloy. Through the
chemical substitution of Ge elements, the magnetic properties and negative thermal expansion
performance were further modulated. The microstructure, crystal structure, magnetic phase tran-
sition behavior, and negative thermal expansion performance of the samples were comprehen-
sively characterized using scanning electron microscopy, X-ray diffraction, and vibrating sample
magnetometry. The textured samples obtained in this study exhibited exceptional performance,
demonstrating a working window spanning from room temperature (120-323 K) and a substantial
temperature range (AT = 203 K). Consequently, this study introduces a new material family for the
utilization of innovative lightweight negative thermal expansion materials.
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1. 51§

IEREZIK (PTE) SR T I A AR B FE IR, R —Fhid WL BRI G . BARRA, (HH —p Kl
FKILH AR (NTE) H B T HIZIK (ZTE)HRE . T ZTE BRI EEE NTE 1 PTE AEH AL G W] BAR S
JSF AR LR P R AR A (R AROSE 7, IR TE RS TR A P (s R H 1 T 4 sk R o S 1) ZTE
FUNTE B G 7= A 75 BBt i i [ A T4 2 7= 2R I R, 3X — 261 o] ATE FL 7 e AN Al AR SR LY
SRR ARSI . B ST 5 ORI Invar 44 (FegsNiss), LT 1897 4E4 C.E. Guillaume [2] &
ORI Invar & & 75 BRI (FM) [ IBUEE (PM) ¥ 4% A8 1 72 o A1 B A | T 5 2000 B E - AR A& S 801 5t
s H AR AR R8N (R RE AR FR RN ), I M T AR AT 2l I K AT R B HH ZTE. %2 Invar &4 ZTE L
B R, Tk B —EMAARR S R R AT LRI ER ZTE M1 NTE #EL, @lai(Hf, Ta) Fe, [3],
La(Fe,Al)ys [4], RoFey [51%%.

AlFe,B, &4 Bk -4 & R o R A, FLBMA PR TE 280~304 K 2 [A1[6], s+ KoM
BICER, HT AN RIZIKA R AT H & B AR Lo s RL[3] [4] [5], MHELZ R AlFeB, BA
3 R B UA S S AR N TARRIL S o IR IT AlFe By HAAHAS I FE v, R B S ML v ¢ Sl 1)
T Jo8 LU FEE BT H IS AR BB [ 7] [8] AR Vil Ffh 7 vE R 1 AlFe,B, &4 1 & BLIRE, H¥ e
AR R X R A L R 7 5 =i, [ B RE A A A R R SO 5 R T e — B ) I ZRRA 2850, A RS =
5 2 0 B K AR (9 SR8 [9]
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WFFE 2RI AlFe B, FRE T RE 32 A2 ¢ B 5 71 (1) Fe-Fe $8:52ma [ 7] [8] [9] [10], JEid K74 Fe-Fe JFl T4
MHAER, "TLGESET R E BIRER/ER . B.T. Lejeune 5 AWF5E 7 Co. Ni F1 Mn JTERFE Fe fr#5>
HUARXT AlFe,B, BETEIFEM, RKILAER Niv Co HUR T LA & & B FE[10]; R. Barua XiEid Ga. Ge
JEEAT Al ACHUR, SRR F R TR RIRE[1L]. RS0 R A U % AlFe,B,
PERERIATAT Fii . B TR 4%, Sl A TR IE TR OU 25 7 1 15 72 T 8 6 s R IR AT A B8 3807 1
Chengyi Yu [12]5 i id B GRS — RV B A F4E U 1) MngFes,Si, 7585 1 [F PR AR Rzl 17—
YT o

E. M. Levin il id S256 & I 20%(105 & Al 763 A Bl T4 60, & s R et A% AR i) 88 AR [13]. A 5T
FESEIEA a5 m) B[ A £ Al oxGeFe B LM &4, RERME 7 HMMIEI . Safiasie . BiAREAT
NE SIS Ge BURE ML X R

2. SEER

DA 476 3 (> 99.9 Wtob) A K, 7EG/A N R BIUEHRIE G K T AlL,xGesFeB, (x =0, 0.05, 0.1,
0.15,0.2)[NZ f& 4. BHEERER 4 KUMRIE SN, REBHH S EAN 4 mm 8BRS, SRAAMA R
A BN B 4 SR AR AT BRI MR, A ER Y 150 pum/se A T B A RONE Tk R HR AR D
AlysFe, 1 FeB BRI EE —AHIFIRZIA, R FTA 5E a1 1 & JB MR 2 BE LA i, JFAE 1313 KIRET
1Bk 72 /NBF, SRS R ENUKOK A

SE A 8 [ 3R A5 1 SR JR AR b P AR 5 A R L X B 2R AT A (X-ray diffraction, XRD, Bruker-AXS
D8 Advance)i#47 40 #r, M 2 0 v 20°~90°, HKA 0.01°; %K S B B A% (Scanning
Electron Microscope, SEM, Talos F200X)iE AT IEINERAE, @it fe i /411X (Energy Dispersive Spec-
trometer, EDS)RLIIFE S o R oAt i, W& TAEHEA 200 kV; FIHIRSIFE & #E5E TH(Vibrating Sample
Magnetometer, VSM, Lake Shore 7404-S)ill &+ i #iME ST ERZ LR FR, WEIRIX 200~350 K, Fifid
2 3 Kimin, WIS 2 #3758 8 0.1 T {8 22 /"3 1 & #W% (Differential Scanning Calorimetry, DSC, 214
Polyma)illl &£ i AR 55 Ge BACERIZC AR, MR IX 150~450 K, FHEIHE A 5 K/min; | #ALIR
34X (Thermal Mechanical Analyzer, TMA, NETZSCH F3)ill &+ 5 (K 22 I ik 2 J0b6 iR FE ARt 5 &, I
iR X 120~400 K, FHEH 5 K/min, AP I#E A 10 mN.
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Figure 1. (a) XRD patterns of textured samples of Al; ,,Ge,Fe,B, (x =0, 0.05, 0.1, 0.15, 0.2); (b) XRD
patterns of textured and powder samples with x = 0.1, along with the AlFe,B, standard PDF card

1. (a) Aly2.,GegFe;B, (x =0, 0.05, 0.1, 0.15, 0.2) 4R #4£ S =8 XRD 1i75%; (b) x = 0.1 24, #KHE
fEY =B XRD 1 AlFe,B, #7:ft PDF £
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iR %

& 1(a) AlyGesFe B, (x = 0, 0.05, 0.1, 0.15, 0.2) 5% M %t [E #E i 11 XRD #74 EE, B RE i #E
S H{OOLMITHTIE, RIAA R B SARBURII S AL, Ge HUHRE M AT ST K A4 1
2 Fe, KRB AN Ge ([E13 fts S HE 5 S EE K. ARG H 405 R, Barua 1
SEGEE R, HAE T AlFeB, I i AT 2B Ge HUR 38 iy s A g In[11]. 1 1(b)y x =0.1 41
Fl ¥ ARFE A XRD A4 El1E 5h5dE PDF R AR ¥y K XRD B R BIELE IEZ Cmmm &Y AlFe,B,
FAH, PLK 20 = 27° I/ & FeB 25 —AH. FeB AT HIL T LLHE T Ge 71 AlFe,B, dht P A BR 11 #
FE, X AEASHBR ] L AL A R AR B . FeB A e s BRI EE KT 500 K sl Bk A [14], W RE2 R
Wi A i PRI P B o

35
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Figure 2. (a) Curves of magnetization intensity as a function of temperature for Al; ,,Ge,Fe,B, (x = 0, 0.05, 0.1, 0.15, 0.2);
(b) Curie temperatures defined by the differential relationship in (a)
2. (2) Alyo,GexFe;B, (x =0, 0.05, 0.1, 0.15, 0.2) i SR EFEIR EE AL AIBNZ:; (D)EH ()M D KR EXNEREE
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Figure 3. Latent heat during the phase transition process of
Al GesFeyB, (x =0, 0.05, 0.1, 0.15, 0.2)
3. All'z_xGexFEZBz (X =0, 0.05, 0.1, 0.15, 02)1‘H§ﬂ$§qﬂﬂ'\]5§?§¥

2 i 5T Ge BURST AlFe,B, & R AEM: 52, K x = 0, 0.05, 0.1, 0.15, 0.2 FESHTE 0.1 T #i3% 1 HIH

DOI: 10.12677/ms.2023.141010 73 PR R


https://doi.org/10.12677/ms.2023.141010

it

iy

farey
=¥

AR5 B (M)BEIELFE (T) AR 26 . A4 M-T hZR0R a3k Ge HUR & & & RIETE R FEma X 43
ANB: fE0<x<0.1FB, AlFe,B, FIREMEAR (NS Ge & B BONEUR, #5108 BLIE R RIREL 5% B #0 bE
Ge TURIIG NI, %M B Ge JTURXA RIEVERI R EEATF ST 7601 < x < 0.2 B, kY
JE B TP AR Ge BUR M b 3gn, (RIS R EESE x = 0.2 FES P B IURCE T, 53
TE i 350 KA R B K T WAL SR B A P J& . M-T 2R 0 533 A8 Ak e W B Ge 1159 T AlFe,B,
FIRETE, BIR T AlFe,B, AR 528k,

XFEGHATIE M-T AR R AR AT 2 i A U(DSC)MR, 45l 3 R, B SLRB A
S A PR 2 A i AR AR T R R U B ) SR, 5 KK I R L SRR AR, R R 1] 2(b)
5 H JE LR 1 AR A BBl . DSC SRAEHE— D e A b i IR E AR S Ge IUREIXR, FHALIE Ge
JCERTE AlFe B, FAHHAATE IV PR, 78 B H BRI R I N TR (1) J 5 A2 7%

7E XRD 5 G LT FeB 28 AR M-T B ZE AR (1A 40 06 REE R H Ge BURE AlFe,B,
WAV R R R MIEEK R AT 0 FE 5 R SR ot R At i, A it SEM
Xf x =0, 0.05, 0.1, 0.15, 0.2 £ SLARTE AT WM, ] 4 9 Al Ge,Fe,B, ¥ i A8 T (14 A0 FF 35 A0 7o 2K 1 40 A
5L . 255 EoR BT FE ST A SR B T 2 AL, SRR R ST LRI E e 2 . BT RE D
HFHERFRRRN Al TR ESE, ST x = 0 LK 0.05 fIRES, Ald&EFELXIEIRERNH, % SEM
Bl AlFe,B, EAHRIUCAIR K A, i Al &£ X RICNHE K G, EDS BoRiZ% s £ X IEA7A 75D &I Fe
TLE, RUINTHARTTAE A AlFe BULAY; T x=0.1. 0.15. 0.2 B &, WEEIFEE Al & 8Bk,
RITERR T 4RI HIAH, EDS omiZeF 4R A A S Fe JLER LA Ge i3k, HIT B u& M2
ANETEER, DRI DA 8 1250 M A AR s 6T RTE Ge HUARAE L, 76 SEM B H 4 0 4 B K SAR
) Ge XHUIR F4EIX, TR/ Ge JLRWIRH AT EAHF, B x M 0.05 3IN%E] 0.2, Ge HAEXI
FEINW G, KW Ge 7F AlFe,B, A IEAEBANIR . Wit bhis ik HARER AL SUESR A, AR R R
e L 20%i0d 5 A il 8% T 206 T 58 1) B BRE it AS B A DR RR I S PR 58 —AH 004 FH I 76 it [
REFE A AT H 2 1 AL AZ IR T SO AR AR A 11 7 AR A R AN 1

9, ER | S
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Figure 4. Microscopic morphology and element distribution of Al ,,GesFe,B,
(x=0.05,0.1,0.15,0.2)
& 4. Al 5,GegFe,B, (x =0, 0.05, 0.1, 0.15, 0.2) MM A ERFATT R 3 E

DOI: 10.12677/ms.2023.141010 74 PR R


https://doi.org/10.12677/ms.2023.141010

iR %

K5 JE/R T AlyyxGesFesB, (x =0, 0.05, 0.1, 0.15, 0.2) 5 [a1 %k [E FE it (I FBZAK 28 o FE S B H ) B i
MEM I BE S Ge &R If 0% R R I H S W BN B, 1205 i T DAZE S AR 24 IR B 23 DA B AR A R 7
x =0 FEfn T, AR K& X IRIPIR K AL BT HAH LR AL, ZIKEFRRE T AlFe,B, EAH I LKk v, %
PTE 120~295 K (AT = 175 K)ifi 5 X 1] A R I H IR BEIK RE0CH o = —15.7 ppm/K; 24 x = 0.05 1] Ge HUAR
Jei . MORMEEAR T SR R DR LR AR, IR RV E Ge BB ARNTH, Z2MERMLEEER TS
WEHEAR I 2K AR A (AL/L) R AR TN 24 x> 0.1, XKIUR Al B8 4R — M, Ge BUCRAE
0.1 fTIFaaMIAN, Rl x = 0.1 Al x = 0.15 7E 120~323 K (AT = 203 K B [X [8) & B Hi AH AL A S 2 ik AT
Ny AT x=02, EK Ge R T FAHMARE M, RILH A FAEZIRIER T . AlxGeFeB, (x =
0, 0.05, 0.1, 0.15, 0.2)Ff i FABZ K A% R i) BAAEUE W1 5% 1 B o
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Figure 5. Thermal expansion curves of Al ,.,GesFe,B, (x =0, 0.05, 0.1, 0.15, 0.2)
& 5. Al ,.GegFe,B, (x =0, 0.05, 0.1, 0.15, 0.2) B9 A& Bt 2%

Table 1. Specific data of thermal expansion properties of Al ,.,Ge,Fe,B, (x =0, 0.05, 0.1, 0.15, 0.2) samples

52 1. Al ,,GeFe B, (x = 0, 0.05, 0.1, 0.15, 0.2)4E T B B 14 BEHY B4 3538
Fdh SEI LRI R AL o (ppm/K) KRR T (K)
x=0 -15.7 120~295
x = 0.05 -14.1 120~305
x=0.1 -15.8 120~323
x=0.15 -15.6 120~324
x=0.2 -13.7 120~320
4. g5

AR E e BRI & B A {001 LA ) AlFe B, &4, JFilid Ge BUR A& 414
FHAZ DL R AR TR fE . IR ABTIE Ge HUREXTFE i AR GO A5« ALZUpkesr « WA A A2 K 1k i 1Y
. BETCRL, Ge HURTT LLR 325 AlFe,By & < K& HLIRLE AL 40 96 SRR FE [X 8] . AHIF TE4%
B FRLHUE 1 Al GeyFe B, 7 & A IR B S X A4S 1 A B8 — Mo AL s IR A IR .
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