Material Sciences #1EFRIE, 2026, 16(10), 137-144 Hans X
Published Online October 2026 in Hans. https://www.hanspub.org/journal/ms
https://doi.org/10.12677/ms.2026.1610198

AEEREFEASHESENELER

TL&R
WE TR AR B, WTiE AT

Wehs H . 20264F9 180 FHHER: 20264F10H15H; KA HB: 20264F10H23H

wm B

FIRRE R A 5l R B R HENBNER, RAMEREESRITZBTEE KA EEEERR,
HEUAHERRIRET. RN, RESEASINEEEREEMANT HEREEE, BERESEER )
FHRF-KEmESR. £k, BARHAKERBEEG&SMS, BiERHAHER M RERS P E TR
5 REKIBEZE K Co-Cr-NiF B & &4, RIRBBENTERR S FLBMRERE] . ATHHESE, R
R TR TR, R REREEEERINN2.1%T KE3.7%, EEETE BRI, SRR E R E
BRESFESHEESHRERSHEF16.7 GPafi195 GPa, BLMARIEF&£#EF26.5%F123.4%,
FERPiig Rt B E R, BRABEEL2nm. FERESTERENENS, BEERRET—F
T KERAAEEAZ R, 5— iR 4 E R MRk, It FIREh TR E 58RI B
E. XA ABE T RKBHERRSRIMESRITER, AFAKRARRBEESHREERH ARk
B &R T EW RS 5 ST R .

Xiid
FIBREE =L, REEE, J1%tEee

Substantial Interstitial Solid Solutions as a
Route to High-Strength High-Entropy Alloys

Jinyue Guan

School of Mathematics and Physics, Xinjiang University of Engineering, Urumqi Xinjiang

Received: September 18, 2026; accepted: October 15, 2026; published: October 23, 2026

Abstract

Interstitial solid solutioning induces pronounced lattice distortion and effectively strengthens met-
als, yet conventional alloy design remains constrained by inherent thermodynamic solubility limits,
which restrict the incorporation of sufficient interstitial atoms. Raising interstitial content often
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triggers brittle phase precipitation and degrades ductility, making the simultaneous enhancement
of strength and plasticity a long-standing challenge. Here we propose the concept of substantial in-
terstitial solid solution (SISS) alloys by integrating ultra-high-cooling-rate magnetron sputtering
non-equilibrium deposition with highly distorted Co-Cr-Ni high-entropy alloy, successfully trans-
cending the thermodynamic dissolution limits of B and N. Diffraction analyses confirm that intersti-
tial atoms continuously expand the lattice, with lattice mismatch enlarging from 2.1% to 3.7% as
solute content increases until approaching the solubility limit. This near-limit interstitial solid so-
lution state elevates hardness and Young’'s modulus to 16.7 GPa and 195 GPa respectively, repre-
senting enhancements of 26.5% and 23.4% over the interstitial-free alloy, while improving creep
resistance with creep displacement reduced to 1.2 nm. Serrated flow analyses unravel the underly-
ing mechanisms, where high-density interstitial atoms substantially raise the dislocation nuclea-
tion barrier and simultaneously promote dislocation multiplication and strain hardening, synergis-
tically driving concurrent improvements in strength and plasticity. This work disrupts the conven-
tional paradigm of trace interstitial doping and establishes a clear compositional and structural de-
sign strategy for developing next-generation high-performance alloys combining ultra-high strength
with excellent ductility.
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1. 3]

NEMH & RT R B EYHIERA E m AP & @ T4 AEREFEEGE, R
R R R R T R R AR AL B, SRS AR, AT LA AR IE B, TSR KSR L [2]).
SR, B VA ARV B R 4% AL ARER , ARIEAE T B IR A PTRETE R I B K RS IR AR A B T A R
R _EBR[3]. 18] BRI T O R R 51 A i AR e R, AT i TR BRI 51 iz b B 45 7 el 22
MRS AL, AR 25 oAl B (4]0 TAIRG T A s s AL SRS AE BRBR AN ) 9 AR, A Bk rh 5N RR D
AR AR TSRS (2] (MRS S 05 L SRR A S )55 SRS SR SR AR ELAE A, DRI T 2 A
BF. RERBEGSESEHE, (H—MELHT Frenkel AT IR SR ENIR[6] (£ G/10, Hh G A
BIYIRER) AR AE LA S Bkl . AN, &R IEASTE e 7008 BE IR B & BN N FE[2]. K IRIRR
JE 7 BB e FHE(RIMEARE 2 at.%)i, AR FR A SETE T4 e B A S i B e [ 7] o = ] v
&, BUEG&RIBAE ) SURIER[8]. BRI, [T [F ¥ FE AR B 4R 24 4 il 3 LR AR SR AL 7

IS B i A < H 2 A T T AR A R AR IR AR TV A, A B o A Y 4 [ Y SR A SE B T R
W77k RE . ANF] T DA — B R e N SR R S B, R B S (HEAS) B35 FAlh K UL Bk (S &
35at.%)7CH, HBOHHIEAE TR SO R AR € SR VAR (9] [10]. E TATEBIR, SXSEATHY A 88
AR IR SRR e s L DU A PURE DT S W BITE[11] [12] S0t B L[ 13 1238 T R4 4
HIp Bt SR 14]. 2 T oolalEA R E R EAER[1S1 KRER16]. A7), TR %=
(18] MGAPEZE[19] KM TR EZ 20155 2 R E, A mfi & e i 2 ) i Ham R 75 . i b0k
FURMBE. MEREIRE, sG-S ERIMMLEZ &2 e g R ik iR gt 1 s 2 a3 A[21]-
[22]o fEARIR T, FICRE S ELAEH A SIRE L IEF 23] R DOsiR &k v T KB
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TN, LRSI IR R SRR EROK AR S B, A AR BE AL R I 1A o 114 S5 AL 245 P (LCO)
[24] Je 5 e Jm BAL & T AR B [ V(A A4 [ 25, B3R ik o B 5 MBI P ) 30t SRMBIst,  BINERSY
e AR R 2 R e S K A A A [26] (271, FT WM [RD R 9 08 RONE S AR v, B R E J A R AR S MR
FIEHE e, AR R A (EAREERE, A TOI R I R R R B R 3 i AR i AL,
ST+ B [ BETT I 1 8 A A B IR A

BN B PRA, FATHR H KR R ]  (SISS) & BB o 120 LA vt FEE WA A2 1Y) YR P T -2 3775 (Fee) B
el A A AR, KRR R TR SISO AT e . BT RS 22 S 70 B VA A b 7= 2 32 20 A (I
55 A B AL, AT A8 v B P TR B B 7o ] B RO RVl 2 B35 R, BET AR A P e
BRI K101 m& R TR T RS e R R G B ks, BB AR E . SISS #iaw
SRV 1O B s B R BB IR AR G G S it Sems . JRATRE 2D 5L v JEE R (R 10% Ks)
Dpr sl s e N =R K| R R ibey i W AT o] i g el ol A DU v NS W iR p R L B
AT L ST 7 e vy Bl 5 ) I 195 5 < VA PR 0 T A2 BT

2. SEER IV RAMIR 75 %

KRG IS H2 AR ALE Si (100) &R E (1 % 1 em?) EYTAR CoCrNi-BN &4, [E €+ i CoCrNi &
SHEFN BN KGRI M A 2008 20°. BEMAEERN 99.999%. 45T CoCrNi HISEESrME, IR = AR
HELT 1 x 107% Pa. VIR FES, $FE5E N 99.9995% 40 Ar <, & R ERETHEHIE 50 scem,
e TAESRYERFT 1 Pas A1 RIREHEHITE 150°C, N 0V, FRlE R E 5 7 FFEUIR . Horr, CoCrNi
A4S BN BLEE B AT A0 15 mme 8IS R P UTRIE 22 10.5 nm/min)$% il R 5
£ 1 um. NREEIEZ AP, HHRFELLS /min JEFE. T Co-Cr-Ni & 4 4ER BN 284 & ¥tk 2
ROHHEHITTR L] Co-Cr-Ni #ETIRIEE N 150 W; BN IR HINOW. 10W F1 30 W, R HIFE
MARIC A S1. S2 K S3.

1 FHC %% Cu-Ka FESHIR R R X HHERATHHU(XRD, MiniFlex 600)&AE# 45 F . J12E kA iE it gk
JEJRAX (Bruker TI980, A #% 4N A7 Berkovich F k)i, MR SHEE N HRFA 3mN, In#k -
PRE - EE TN 5 s-2 s-5 80 BUAE, BEAMFERIIINR 3 LA, DAORIEECHE i ) B A 1 .

3. BER5VHE

1 &7~ T Co-Cr-Ni-B-N =i & 4448 2B B-N ki D) 2801 XRD B, 45 FL 457 MO0 45 1)
X B BRI . 24 B-N RS ZhE R OW B, S1-As-cast B 1) XRD EHELE 20~36.16° 4 £ IR
B H (LI DATEE, R 20 WERIE T N AT BT~ A1 Si RIS S . KRIEATHidg /7 2 2dsind
=2 (A= 0.15408 nm) i1 5453 2] d111)=0.248 nm, XJRLEiHEZ4 a =0.429 nm. 34 B-N M IR D)2 2 10
W I}, S2-MISS (middle interstitial solid solution) &4 [FI(11 1) BT R A2 55 48 20~35.61°, Fa/NOEE#4 k4=
BEL . WS EAR diiy=0253nm 5 a=0438nm, HHASESREEIIE K. T ST &
&, GRS HAG TEF 2.1%, 1767 i (8] R A R0 R IR A RS KT o 4k SRR A AR,
FTATH B-N Zh&5EH 2 30 W, MER|(111)IEFE—P A, X doy=0.257 nm. a=0.445 nm, #Aaf&R
BESHIE B Aa = 3.7%. NHAE B-N 1446 R AP R EVERIR, AT B-N S8EIEE 35 W, (HEREER &
W R R A S Ve, REHEEHIBRNER . X7 @ F TR TR AN A K, T e S
JEIGE A 77 RT3 2 S3-SISS &4 CLEEIL B-N JGER A1 SR E A PR, [P A7 B T, FRA148 ik
HH5E UM SISS (substantial interstitial solid solution) &4z . 77 2248 12, 0 R 24T VAl A1k}
]V B SEATAE— € R . it — DRI SISS A& MR E M, FATKHIRTE 300°C FiB K 30 min,
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ZURE R R REDeH LCWRBvE, ¥R A RIFIEMRENE. Searih 7tRy], Tk
IR 8¢ A2 (1 ) B[] ¥ 5 <) 2 3 SR T R AR AR T A% 35 48, AT OX 3 968 P2 450 B AR PR (28] [T, S 1
(R ANIE) ST 2 A6t Jr) PV At o~ A4 [ P A PR, T S AT X3, X A AR 240 A K o 5 g 22 P e
FT ERAR, BATNZE S LE T RERARERM, HE R
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Figure 1. XRD patterns of the thin-film Co-Cr-Ni-B-N high-entropy alloy
system, demonstrating the lattice structure evolution with increasing B-N
content. The inset shows the morphology of the SISS alloy thin film before
and after annealing at 300°C for 30 min

[# 1. P& Co-Cr-Ni-B-N Zfg4& &R H XRD EiE, *AAME B-N T
ZEENEMERNRREHLERN; HP, GBI SISS &£ #EE
7£ 300°CIR A 30 min BTG XTEETEREFL SR

HNARGHR/R Co-Cr-Ni-B-N Sl & S A R 10 )1 5 M RERRE, FRATXT ST %2 S3 RAIG & T T 49K
SRR, 255N 2 Frm. IREEE S IIESE B-N & 80 M ) 2247 B B e . AT &
BEZM SR, FRYILENFE ho R KALFE hnax 77504 107.5 nm F1 109.7 nm, #5348 Ah R 2.2
nm (& 2(b)), HR/NEIFASALAL e AR S PG AR ERE . 24 B-N TR 2 10 W B, S2-MISS &4 11 ho
A hnax 73 00 P 22 98.3 nm A1 101.3 nm, UFASAIAL I K Ah = 3.0 nm, %8 S1 HINZ) 36%, $ilHAcPERE
A AT AR R VR A AR R AR TR R AT o WA AT AN AT 3 b 5 ) N RO 4 R (AN
By, A R v R R DX 3B A 15 R N AR A R HE R R RES, B A B B Y)Y
IS T R B A R B ) i s DX 3 1, B X S X S ) R 1 R A R B S WA, e 4 R AR MR AR
. M BN IR D1 E 30 Wi, S3-SISS A4 7o Fl humax 4R EEFE 2 96.1 nm A1 97.3 nm, A7
KIS /NE Ah=1.2nm, % S1 A S2 23BN 45%F 60%, JEILH SR KFIFATERE . 1%k 3T
V) B X 35 CL IR WK PR 1 5, O S i T35 504k, T R MR T AN S RGN e . R, )&
SIS RN D ) B A KR AR T T A AR, I e e AR B R R L T A R 22 LA AT A 2, Re e
P KBS HE LR 78 20 (1 A4k, 0T I 5 9B P (28] T ik iR E, FRATTHE— B 50AT T 8 -
P A% M 26 AR TR BT N
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Figure 2. Load-Displacement curves for thin films S1-S3, confirming enhanced mechanical perfor-
mance with progressive B-N incorporation

2. ER% S1-3 BIfLHS - TR EIE, RAAREE B-N TR S EREINERN NF 1H4EEE

MOBHESMM#EA ~ BB IR TAT 5 O S MARHE VA G . S1 BB EGUK IR H 2 gL A
MBE AR BIRFE, RIEAT - AR il 26 i BB AL RS AR R (1] 2(0) 2L BT X 3) o 3X P U IR AL 31U
T aR AR A A R 5 (R EE IS RS Al 1) IR EEAZ 597 RE[29] [30]. @ RMIKFKE, S1 AT R
AR5 H=13.2 GPa fil E = 158 GPa (& 3). frAE I shbs EE A REHEN JE IREN B, DRI 5 s
LR T 75 WG S L BAEAE G . S A & A 1) 22 S iR A RUR T T AL R Re %, BT DARIME R 51N
(YR -, FLAE AR SRAH 24 T WL

S 1) 3 ) A [ A X g M RE R R, AT o AT T A R T I G AR 4T . S2-MISS
G & MR RFE R 2B T, MBRKIRERENT S1 64, RUFRMEMESRASENZ . BHERAE
S R GEMBRE R A TEIRE S, R S2-MISS A& RIMHEM T S1 A&REHEAAE 1. 2aElhik
B IR, S2-MISS &4 IR FE A IR & 73 )75 3 H = 15.5 GPa Ml E = 184 GPa, HHJE# S1 #27F
17.4%, BRI EIRTF 16.5%. X372 B 5] Bt [V SR E e b8 [F) 0 G MR s B S5 3 5190, X3 4% Sl
TR — O3], WEERMAZ, S2-MISS & &M Uit sh 5 fE b R 3 B R s A S, /s
BEUT R I RS 1 R G AR EE A N PR (] 2(c), A BSEIEIXER), %S S1 A4, WRIFEET
RS R R ST o AN [ S S R 87 77 RS 22 S i B A % e SR S gl 2 B), A ST A0 S2 S5 Ltk
5, 2 S2 G MIX % R Em T S1, MU G MBI E NS, XM
T S2 A& VAR AT DL CSGE A5 R A
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2 B-N 7E Co-Cr-Ni 1= 8 & 4 4 o 11y 1) B[] B 422 OV R FE AR BRI, S3-SISS &4 B AT 9%k
S1 1 S2 A4S B N /SR (P 2(c) 20 i Sk ) o B BBV 42, 20 A 0 5% (1) 38 &) Ja) S0 0 LA Rt s ol o 235 4
SRR G AT, 3R B I B IR I AR TR (R kA B AR B R T, AR TR BARY . w E A
REIR, S3-SISS & &l fE Ay A& 73 I $2 T+ 2 H=16.7 GPa Al E=195 GPa, % S1 4373411 26.5%
A 23.4%. A FE— B IE AR B B SR A5 TR B BT — B BOE iR, (H 45 SR BH 1 SIC ) it 3] 97 5
I B AR 285 1) /25 T 508 Sy S AR FE LA o Bl B-N JB) BRI P PR RF SRR, Akl — T T i 3ok 2 1 o 3 o7
IR 22 A T T, o — 5 e I (e g A e S et A S AR R R 77, AT (A A ) 35 5 B M
AT LA . bR SR B [EIATL A SRR E SR A 5 R P [ B ORI S R B AR T R T, R IF RO — A
PERE LA R BT 7 IR ST SE I8 B Al 5 B4R S .
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Figure 3. Plots of elastic modulus and hardness versus B-N content
for thin films S1-S3
B 3. EEE S1-3 R E .. FEEN B-N TR ETITLE

4. =

D [LX 23—

I

RZ ., FRATIHR A R R B A A M, P s D S P DU AN e v v H R AR A
WA AR (14 i VR S THT /0o 37 75 Co-Cr-Ni B 4 (VA AR AR ARG &, IRIN TR A% Gt 1R R 57 381 2V A P R 1], S
W B 5 N JGHRMKERIBRE . XRD 2586 7357 i% Wik S ] B 18 ZOR N S ks 3E 51 KRR % K,
s 6 S T [ S A N R 2.1%9 K& 3.7%, B R VAP, MSEEE T8I T 2% SR 3 T A R[5 5
MIRTAT S A . eAh, GPREIRINAR I, oAk R IR B A RS B35 ok & & 1 ke, WE 5
A &5 A 2 16.7 GPa #1195 GPa, #UIGIRIFR R & &2 T 26.5% 1 23.4%. [EIIF, A PRI Br S 201
BSOS A BOE R R R e, A A 1.2 nm, PUlFAVEREZ I TR S &6 8. #,
T - RS i B U AR 4y At — 4R s HBRA L, S E TR B - — 7 THI i 5 v AL T A% e 22 4
WY RRR, T AR A A A S N AR AL, o R IR SR S M R R G . AR SR T K
FAICR (R SRS 2R AL Gi B SR EE R, ZR G0 e B T ] 8 3] 7 P AW B 8 4 oW 45 44 5 77 2 M RE 1Y) N TE B4R
RTFE RS L 5 B 5 A S S R B S A Rt T — 2R IE T AT BB BE A%
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