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& Gd MK, R A T RN, AR TR AR AR S — i, BB Gd TR A, #EIAERES =
W JE RS T, WA RS (|ASDE|) AN I HE T (relative cooling power, RCP) X5 F1i5, Hoh GdyoHoy,
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MRS A PERE 22 5 Af T 5[ 1) £d 22N 20, BEE Af B RO BN AE @ & SR R A8 E B 25 3
. g5 BT, AR DAE B AR 1 o0 BB AT ik i@ At P 4f B T EGR R B A R Em PR E A T, 1T

A R R AR S R AR R

KA M LIEEIEIEGR S, PUIENERE, ARV, AR I RUEE TS

PACS: 71.23.Cq, 65.60.+a, 75.30.Sg, 81.05.Kf
CSTR: 32037.14.aps.73.20241132

VAR 2 A4 23 A A i TP T T S A A
@, PR BOAR J2 B AR IRGR SIS P Y IR
) 7 28 il v 77 (ELR AR v ORI T L IR R fiE
R, I ELH V50 M & S R R P R R
7R R ROV, 3 A BRI 1 A BE R T FE Y

DOI: 10.7498/aps.73.20241132

hn, PRTE EET A RI BOR U AR G il v%
Jrik b2 BAE 19 g R—20 ey, Bl o &
TEREVERD R A BRI BE 5 k37 1 OCHK B JF Btk Ay
TS ERAESE 0, K SRR R I v 2E
THIE AL, 1997 45, Gd-Si-Ge X — HA F Rk
BN A 4 9% Pecharsky fll Gschneidner Jrl®7 %
PR, AFAGRE R HAR PG AAH FF S 3 A KRR
. B8 A 4 (amorphous alloys), XHFRAE “4 @ B

* R QABEIES (MES: 52071078) AIZRFI R B w2 A KIUH (5 2242021R41158) ¥ B,

t BfE1E#. E-mail: yuanchenchenneu@hotmail.com
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

217101-1


http://doi.org/10.7498/aps.73.20241132
https://cstr.cn/32037.14.aps.73.20241132
mailto:yuanchenchenneu@hotmail.com
mailto:yuanchenchenneu@hotmail.com
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 21 (2024) 217101

" (metallic glasses, MGs), & H 4 J@IE A 7E 20
IR, R A B SR HE A 745
M, Z548 HAa A e, BT, i, 4k
Al 4 SOPR R R R A MR T T X R
FRIRIYEEHE, SRR S SN T EZ B E
YERT, 500 b R 30 R M R AR 2 (maximum
magnetic entropy change, |AS]'\°,}(| ), BAE—E iR
T NS AL, S A A Y MR R AR -
RPEA R 98 G A2 I 58 (full width at half
maximum, & Tpwm)® 2. BTG 41 |ASE| B IR
AL E 4, ABAEE S 8 Tpway HEHEAEKR
[ A5 X5 il ¥2 BE /T (relative cooling power, RCP),
A RERIVE AR B e 2 75 1324,

Ak b A BT AERERT o BN R 26 DI+
(rare earth, RE) JUER N FZAITTNM 5 AE M &
S GV MR L 8 4 R oo 3R O B Ty
P R BRSBTS ORL XTI 4w Ak
Al e G BARL, LA LL Fe/Co i Fooiyid
P IR AR A A B REH APRHBAS B T2 i F
G125 30 SRTXSER 2R Y |ASE | A1 RCP 4R HAE,
RKBRE T BN KR M2 T, # LRSS
SHTEARE NS AR (g (Fe) = 5.92
115, et (Co) = 1.8 pup, MM pregr (Gd) = 7.98 pu)BY,
1M 3 TR BN S 1Y W AR PR 11910475233 Zheng
42134 58 R IR, Lh Gd-Co-Al ML RE-Co-Al
TR ZRAEFTA s LR & 8 P LA S R il
Brim. Law 55 B G A A Fegy ,B1oCrgGd, (2 =
1,2,3,5,8, 10, 11) dEfd G aHE N Gd JLER AT LA
e P ENE. BEREGESEPIHIR T Gd &
X Fe-B-Nb-Gd JE & & G 0 PERE 1 52 i LA,
B Gd FEEE A 4 10 R 45 ] 31 32 B BR ]
VA SE AR T B e B 25 2 AT . ok AT &t/ 1 BELA:
T RE TR B T FLA A, DT E— 204 v & A kg
PERE. Fi AR AN G B WE PN 2T T
S SRR progr, MEET Gd(pte (Gd) = 7.98 pg),
Ho(ptegs (Ho) = 11.2 pug) Ml Er(piege (Er) = 9.59 pip) 4%
TR H AT S S A SR . BT R,
HITFE GdgsREosCogsAlys Fi - HEdE A 42 th 43 il
H Tb, Dy #1 Ho #4% Gd, AT LATS B A X 825 i
PO, HE|ASTE| T3k 9.78 J/(kg-K) H RCP 7]k
626 J/kg, [A]Mf #ASEPERT B T 8 E 52T BT st
Li %5 MR ke 9L, B & Ff H o0 R I 1 I B 4

M Gd B Tm JCR 55 EE KR & G 46
B8 BRI . N4 Gd-Co-Al # - HEAF S & 4 ik
FR A BRI RN A K T HABA R, Gd 27
JERf L IR B A R INoTER, X g A bE
RN SORA A7 S T IR B R, AT AR
HRITER TR G &R, 1 Gd TRBLH
i Ho 1 Er X + oo RZAEH AT INRA RSN
5%,

VT, PEREE E RO SR, A4
BUARE TV A BB . PR R R T —
FRINREAANERENE R 1= i & AR Wei 45 B
Bt T SmyGdogDyaCoggAly Fi H IR A4, 1E
5 TANG TEEIT 6.34 J/(kg-K) B |ASPK|, AHXTHI
fiEJ] (relative cooling power, RCP) f 422.09 J/kg;
Lu 45 Pl 3 B3 %114 45 1) GATbHoEr, GdTb
HoErLa #l GATbHoErLaY &4 4, 155 Tig4
S IkAE AR R R B R 1) RCP, 75 5 T M7
ik 924.28 J/kg. B B EEAEM A SR TS
TR A Y — SRR AR BEARE S AN SR RN | 1
P HRAAONE | 7 e R A S8 AR SR I AR T A2
B Z RN G, Huo 45 191 311 T REygHog,
ErygCogAlyy (RE = Gd, Dy, Tm) = dEM &4,
/E\:':F‘ TmQQHOQOErz(]COQ()AlQO %ﬁ*ﬁigjkﬁ/ﬁ\é’z\ﬂg
|ASEE| T 3% 15.0 J/(kg-K), GdagHogErsgCoggAly,
Tt IR A4 h RCP 1l 3k 627 J/kg. Xue %5 1431
%} )\t GdTbDyHoErTmCoAl 1 GdTbDyHo
ErTmCoNi #i 1 S 45 =E & & 4 iAo L3 2k 74
W ICER A E MO G BEAE AR, AT L
REZ M H: T, {H. Pang 45 M 3T HAG KRG
BN ) GdgsHoos Cogs Alys HRFl - B3 i & 43 BT
BT GdysCogsAlysHogs Y, (z = 1, 5, 10, 15)
A R A A, R B A TR
Y B 2 1T E Ho AR GdysHogsCogs Al
MG SR E AR, R KB, GdysCogpAly,
Hoy Y5 m kil 54k A& & 2307 G R AR IR
JEE 0 B 98 R R A2 i 2, Bk RCP 2l 547 J k.
SR, 1L BETR Y 223380 GdysHoysCogs Alys IE i
B A WREAERERRAR. E—B R0 H b R BE i
#11) Gdy;CogsAlysHoy Y5 IEfHE 4, #d Dy 1 Er
X PN AHAR Ho Y EE A o0 R X Ho AUEUY, BE1T
H GdysCogsAlys Y RE;, (RE = Dy, Ho, Er)il.
WFoE sl B, BT HooE &Rkl (281k
TR (P E ) /N F 15%), HEEREE AR F
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FICRE M T A EAE AL, i L IR X AR
BONE A RE MR AN B 25 XS T — A7 R Y )
A, BV e R U RIS RS 1Y Gd, Ho,
Er S5I0RK, TEMBUR = M IR & &b oY
T RN ZRERIVER, R ARG M RE S 7
T A MR 2 B R AR . PR #E - Gd TR 1Y
Af JZ AN TR, BA BRI BB LA,
I Gd FE3E 5 G 4 3 2R B0 P S 1 % B0
it |ASEY| w5 & HUEE (Curie temperature, T),)
A T IO 101, PRk, A AR R s S R L
MEANVEREOL 9 Gd B 4t Ho M Er, B it 4
Gdgg42,H0g Frgg ,CoxNiygAlyy (z = 0, 5, 10) R
H E kAR A 4. B T X Gd, Ho, Er #i +IocE
A 4R 5E R TR AN & X R A 4
AT A 1) | 87 2 Bl AR RE Y N ZE DR P B AR
FATIE Ay B 1 I AT 45 Hh e TR 5 RO, R A 1
S AR G AT RE LR A2 iV E .

2 SISk

R SO IY Gdag y2,Hogg Erag ,CogNijgAlyg
(z=0,5, 10) FokHE, ZER TSRS, @i
I MR AT R AR Y — RS G B (M
T4 A GdygHosgErygCoNiAl, GdsyHoysEr;;Co
NiAl #1 Gd,oHo,Er;,CoNiAl), Hr Rk} 2l i
T 99.9% (BUHEDED). 7l sl e rh, =0T
5 KB EE, AT DR BE5 8 5E n A2 o 12
IRJG LA 30 m /s LR EE WS 3] Jie e 4 e = i ol 4
A, Jorp B AR HL (A LS WK-IT) jE
IS 8—12 A, I PSR B4 12 ] o5
B, il 22 78 3 4 1 #L (differential scanning
calorimeter, DSC) FRAEFE i 1 B3 44 A8 F ATy 2

(a) Ribbons

GdyoHogEr;gCoNiAl

' GdjoHoy5Er;5;CoNiAl

GdagHogoErspCoNiAl

Intensity /arb. units

30 40 50 60 70
20/(%)

F10, INFAGHRBEE N 20 K /min. 43R Cu 4
K, X S5 (X-ray Diffraction, XRD) &
O3 B R GE B T 2 3% (high resolution trans-
mission electron microscopy, HRTEM, Talos
F200X) #EATHORE A 708, Horh XRD #1317
Floh 20 = 20°—80°, [A] Iy F ] #% 2 I & & 4t
(magnetic property measurement system, MPMS)
AT REPAERENI i, M0 E S 5—180 K.

3 #XR5it1m

K 1 J& Gdag.o,Hogy JFryy ,CoNiAl (z = 0, 5,
10) &4 40 MY XRD AF5EE. 8 1(a) th
AELZZ R 30°— 40°Z [A147 B 0 (AT 5 S8, T 78
A 20 35 Bl N A B LY L RBLI AR AR5
ORISR, X FRBHE AT PR 25 19 Gdgg o, Hog
Ery, ,CoNiAl (z = 0, 5, 10) &4 & 54k
A ASEEH. [ 1(b) Hh, 30°—40°Z IR FEAERAT 5 9 i
LA W S 1 A R AT S i, 3R T A 0 5 2 o £
) 2 mm AEHREW R 2IEMA . 5 GdyHoys
Er,;CoNiAl il GdHo,oEr;(CoNiAl #H ., GdygHoy,
Ery,CoNiAl ) XRD &3 H B T 0% Ak /g
T Gd TTR TSI BN T kAT R,

N T BB TR Gd MAERE SRR
A8 H By 52, fd ] HRTEM XF3% 3 Fh& 4 1 HHom
SRR AT, A 2 R, 1B 2(a)—(c) S Gdyg e,
Hoyy ,Ery ,CoNiAl (z = 0, 5, 10) i HRTEM [,
A A A P Ry X SAED . Bk FORE,
1£ 10 nm R HRTEM & Hr, JEAS xfE LA 22 5]
HH S 1) A A 2R BUEE R, 2R A XS R I R A A
TCFFEH; AER REX (1 SAED &, HEe%E 5

SRECAT ST B, IR AT B B A I PR E
(b) Rods
" GdyoHo10Er19CoNiAl, & =2 mm
,‘é
3
o)
5 dsoHor5Er;5CoNiAl, & = 2 mm
S~
oy
2
2
=
GdQ.UHOQOEI‘IQUCONiA.I, D= Q.mm

30 40 50 60 70
20/(%)

1 GdygyaHoy ,Eray ,CoNiAl (z = 0, 5, 10) AEH A &4 () FIEEH (b) B XRD &%

H
Fig. 1. XRD patterns of Gdy,9,Hosy Ers ;CoNiAl (z

0, 5, 10) ribbons (a) and rods (b).
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~
"/

5 nm~—1!

B 2 GdyyeHogy Eryy ,CoNiAl (z = 0, 5, 10)  f4 4 5545 HRTEM [ (a)—(c) Kk X — 4k [ AH AL B ()—(f), 7R Ak X

LT AT

Fig. 2. (a)—(c) HRTEM image of Gdyy,o,Hoy ,Erqey ,CoNiAl (z = 0, 5, 10) ribbons and (d)—(f) 2D auto-correlation processing im-
age of selected area. The inset shows the selected area electron diffraction pattern.

BT, x5 XRD M4 R —2, 2
TP 51 Gdygyo,Hogg JEra CoNiAl (z = 0,
5, 10) Z&i AR S . JE M S A 1R SR A TE
FEREAT Y OG5 AE), XA A P 5 AL T8 o LA K R
J A XAEAE, 78 XRD Bl ot LA
e, it — P E AR S TP R A Y & T,
TEE 2(a)—(c) Hr e £ X I i F — 4k (2D) H #H%
BRI T AT, IR 07 HE P X R A i i X
I 2D EAH I R A — B T oA AR EIR
AR, A B AHOC RO DATHIZ X3 5 4 X
SRR BE . SRR AR BB b A Y i
Sh L, 5 B X B S5 R AR X TR A
&, 207V T WA Wb RL A ER Y R P
W FIREIE DA 100 AT X, R XSRS 2
M 2 nmy, 3K R HEACHE T 8 A TR 45 R 1) /)
JESF B8R 100 AN XA T 2D A AH G pR Rt
FF43Hr, A AN 2(d)—(f) Fias. i T EFH¢
WAL PRI ) DX A A P2, TE R 18 oy
FEICT —A~ A B B XTFR 2800 X IAE Ry s
B J s LA DX 592 X AT LU, A5 A Y AR B

ET R TIE X, W FLIHERE ) bR Mo 4G
FIX; A5 P R AR T X, WA A 3R A
G PR 3l A AE I SR JC P X R, R AR e 45
H, GdygHoyyErygCoNiAl, GdgHoysEr;;CoNiAl Fl
GdHooEr;gCoNiAl 57 N EBAATE A FF X i L
SR 14%, 15% 1 10%, 7T LA MIX 3 f &4
AP RE 22 A K. AH 5 HAR P Fh & S A0, Gdyg
Ho,oEr (CoNiAl £ 1945 77 B AR, mlBeJ& ol
A EEF Ho M Er, Gd MR F 24288/, IMA Gd
TR I R R R RT 22, AT
FLA R B 1) — e A B ey A TP 454, X AR
LR o 1 SRy Az P 25 ¥ 7 R 13 A %) A i 19

4l 3(a) A Gdygyp,Hogg [Ergy CoNiAl (z = 0,
5, 10) dESh A4 55 1 DSC #h k. BlE HE 8 T+
w0, 3 R A4 DSC & BB T —A G Btk
W e s LT — AR A . B R
FE Wik — 25T, DSC £ 22 1k R i i
BT AL A . £ bR B I A Yot ] B B e A
TR, BSOS R 1Y 2 AR AR TS
PR 2 4 A Ak 2. TR, DSC ke
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% ik — 20 ] Gdyp2,Hoyy Ergy ,CoNiAl N
SRR S 548 PO, 3@ A XX 3 S MR ERAE 164
DIk, R 15 B g s e AR IR B T, WL IRE T, Fl
WOAHZRE T, TR AR, tkh T, 1 T, 394K
T MVIRTRE. T,, TR T BAREEE 3% 1.

M 1A LB, GdyyHogyErygCoNiAl, Gdg,
Ho,;Er,;CoNiAl 1 GdHo,(Er,,CoNiAl E5HE 4
(¥ T, 4 54 560.6 K, 554.8 K 1 551.3 K, T, 4
oM 616.3 K, 613.9 K Ml 605.3 K. H L, % Ho
1 Er #% Gd B BUR, T, M1 T, g #ikeg. Sebs
I, TSR AR A B A R E TA5 R K
AL T 3. 7E Yuan 46 51 g9 TAEP R I, 26
G BV 4R TR P AEAE p-d 2R Ak P2, A
Fi AR A4S, toc RS B EME
YER & KA £-d 244k, X FP AL (i £ A d B
ML Rl b, 3R AT S RS E R ARAE B3R
T, Al T, 19Tt . T Af 8 B2 3 3 £d
AR R SR B ES , PRI, T, F0 T, 784k 3
BT Af RO sl B, Gd, Ho Fil Ex
JCERY Af TR 7, 8 T 9. BRI, 7E Gdaga,
Hoy Ergy ,CoNiAl HE & 4 A7 75 Z i fi 1-9T
R, BATANTH Af f 5500 75 238 55 AT 335
5. L)L GdygHogEregCoNiAl 4 il | 12 i 43 19 fin
BOFF Af B0 R

7 % 20/(20 + 20 + 20) + 10 x 20/(20 4 20 + 20)

+ 11 x 20/(20 + 20 + 20) = 9.33.

(a) GdagHosoEro0CoNiAl
—— GdjoHo15Er;5CoNiAl
GdyoHo19Er1gCoNiAl

-

T

T, Tx

Exothermic/arb. units

400 500 600 700 800 900 1000 1100 1200
T/K

T/K

I, 15 3 Gdygyo,Hoy Eryy ,CoNiAl Ak dn A 4
() Af FLFHL, I 1S, O T EIE IR OR T,
T 5 A B FEOCR, RATEH T 3405
KRB E 3(b) i LI B E A 3 Fi 44
T, R T 5 Af T 5CR B 2 M Y I L ]
KA. AL £-d HL U Z A 00 0855 S B T,
T B Gd P3g i AR A R 2=, 5364
PR AR 45 R — 3 b1

R TR LY AR iR T (glass-forming
ability, GFA) %2 Gd &&=, i DSC 4k
PR T,, T F1 T AT LIS 3] GFA )
2V S0 5 Ve WA X B AT (AT, =
Ty — Ty) PP R B IRE Ty (T = T/ Th) 5 (v
=T/ (Tg+11)) A Yim (Ym = (2T — T,)/Th) » WA 1. w]
PVE i, GdyHoyEry CoNiAl, GdsyHosEr;;CoNiAl
1 GdyoHo oErCoNiAl A f4 & 4 1 AT, 43 %N
55.7 K, 59.1 K fl 54.0 K; T,, 47514 0.576, 0.561
F10.559; v 4391k 0.402, 0.398 F 0.394; 7, 4+ 4
9 0.691, 0.680 F1 0.669. 3 Ff & 4 1) AT, (1%
K, XRWENA B RREE. R, g
Ho #l Er #% Gd e, AT, 55 FF+3] 59 K J5 08 F
AR, 3 F &40 Ty, v R, [EHBEE Gd & Y
RGN X AT RE R W E Gd TTEMINA,
B e B 2 ou R AL Ry, TR T T
i, B Ty, v Ay, (B8N OO e m] UL, AR
GFA BT A&, R —A 50 A-F 5

640 L(b) = Ty of this work
Ty of this work

600

560

8 9 10

4f electron number

Bl 3 (a) GdyyoHoy Eryy ,CoNiAl (z =0, 5, 10) k& 4 47 DSC El; (b) T, fl T, 5 4f . FHUWC R &
Fig. 3. (a) DSC traces of Gdyg,o,Hoy Ery ,CoNiAl (z = 0, 5, 10) ribbons; (b) T, and T as a function of 4f electron number.

#*1 Gy 4a,H09y Eryg ,CoNiAl (z =0, 5, 10) FEdh RIS (R 7‘7/:\4%%%&)

Table 1.  Thermodynamic parameters and GFA criteria of Gdyy,o,Hoyy JFryy ,CoNiAl (z = 0, 5, 10).
Compositions AS,ont 4f electron number T,/K T./K Ti/K AT /K T, v Yor
z=0 1.748R 9.33 560.6 616.3 973.0 55.7 0.576 0.402 0.691
r=>5 1.713R 8.75 554.8 613.9 989.6 59.1 0.561 0.398 0.680
z=10 1.609R 8.17 551.3 605.3 985.6 54.0 0.559 0.394 0.669
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KR A EHY GFA. 164N, T, 7, Y BN GFA
MR A B B — e R B, IRZ R R 0
AR TAEWFFE Gdyg, 9, Hooy ,Erag ,CoNiAl (z = 0,
5, 10) KRR IFAZERIFE Ty, 7, Y BTN, B2,
TXLE R Ty 22 A HRE AR T 2 7 MR RN GFA
BRI A, B, AT T 2 — 456 HiAth
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Fig. 4. (a) Temperature dependence of ZFC and FC magnetization curves (M-T) of Gdyg,,Hoy ,Ersy ,CoNiAl (z = 0, 5, 10) under
200 Oe; (b) 1/x (T) curves at H = 200 Oe; (c) dM/dT-T curves; (d) T, as a function of G factor.
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%2 GdygyoHoy Eryy ,CoNiAl (z = 0, 5, 10) TG RS
Table 2.  Magnetocaloric parameters of Gdyg,o,Hoyy JFryy ,CoNiAl (z = 0, 5, 10).

v ASew  Gactor To/K  0/K  pren/mn(F) o/ mup(BHi) |ASY|/(Jkg LK) 3Trwmn/K RCP/(Jkg') n N

0 1.748R 7.60 65  17.968 7.18 7.75
5 1.713R 9.64 67  77.788 6.68 7.45
10 1.609R  11.68 81  92.191 6.61 7.14

8.21 73.99 607.20 0.80 1.00
8.28 80.43 665.67 0.78 1.00
8.31 89.17 740.82 0.76 1.01

fhefy = \/ 1155(Gd) - 0.2 + pZ(Er) - 0.2 + puZp(Ho) - 0.2 + puZ(Co) - 0.2 4 pg - 0.1

XL, pregr (Gd) = 7981, prer (Ho) = 11.2 g, press
(Er) = 9.59 up, pterr (Ni) = 5.59 g, pregr (Co) =
1.8 upll. AL, 3 PG A IPRE e 70000 7.75 up,
7.45 pg, 714 pg, SEK pog ARG R B A
RO W) 5t N AR - R HEA RS B ARG, 55
S5 AR O T R B A R W OCHR. — T
5, PP OR O L PR R 2 L gy R
KT8, T ESEITRME TR
PR HC H, - R A A R R M, AR R I M B Y gy
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Fig. 5. Isothermal magnetization curves (M-H) (a)—(c) and Arrott plots (d)—(f); magnetic entropy changes as a function of temper-
ature (JASy|-T) (g)-(i) and |ASM/|AS§,1(|-0 curves (j)—(1) for Gdyg, 9,Hogy Erey ,CoNiAl (z = 0, 5, 10).
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Fig. 6. Magnetic entropy changes as a function of temperat-
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under an applied field of 5 T. The inset is RCP value.
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Abstract

In this work, Gdyy;9,H09y FEroy ,CoyNijgAlyy (z = 0, 5, 10) high-entropy metallic glasses (MGs) with a
critical diameter of 2 mm are successfully designed and fabricated by substituting Gd, Ho and Er. The effects of
type and content of rare-earth (RE) elements on the microstructure, thermodynamic behaviors, and
magnetocaloric effect (MCE) are investigated systematically. The amorphous structures of the ribbons and as-
cast rods are confirmed by X-ray diffraction (XRD) with Cu Ko radiation (20 = 20°-80°). The atomic-scale
ordered configurations are examined by using high-resolution transmission electron microscope (HRTEM).
Thermal analysis is carried out on differential scanning calorimeter (DSC) with a heating rate of 20 K/min by
using ribbons. The magnetic measurements are conducted by using magnetometer in a temperature range of
5-180 K. According to DSC traces, it is suggested that as Ho and Er are replaced by Gd, the thermal stability
of MGs slightly decreases, for example, both glass transition temperature (7,) and initial crystallization
temperature (7y) decrease gradually, meanwhile the liquidus temperature (7}) increases, which results in a
reduction of glass-forming ability criteria such as the reduced glass transition temperatures T,, (T,, = T,/ T)),
Y (v = T/)(T, + TY)), and 7, (Vm = (2T — T,)/T}), thermodynamically. The analyses based on XRD and
HRTEM show that the degree of order in MGs decreases with Gd content increasing, which facilitates the glass
formation. The magnetocaloric parameters such as Curie temperature (7,), maximum magnetic entropy change
(JAS™|) and relative cooling power (RCP) all increase gradually with the addition of Gd. The
GdyoHo;¢ErjCoNiAl exhibits the best refrigeration performance in all studied systems, where the peak value of
|ASwm| is 8.31 J/(kg-K) and RCP is 740.82 J/kg. The results indicate that MCEs of MGs including RCP, T, and
|ASPY|, mainly depend on the de Gennes factor rather than the effective magnetic moment, while
thermodynamic properties are more affected by the f-d hybridization effect. As the number of 4f electrons
increases, the thermal stability increases with the degree f-d orbital hybridization increasing. In summary, the
RE-based MG with high thermal stability and adjustable 7T, can be achieved by the RE substitution via
adjusting the number of 4f electrons.

Keywords: rare-earth based high-entropy metallic glasses, thermodynamic properties, magnetocaloric effect,

glass forming ability
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