Applied Physics [ Fi#3, 2026, 16(5), 526-534 Hans X
Published Online May 2026 in Hans. https://www.hanspub.org/journal/app
https://doi.org/10.12677/app.2026.165048

A7 RBEFINi-Mo-Cr& & N ESTHIT A
A1)

BIR, 4 L, % M, Kes
AER AR A R 2 5 TR BE, dba

Wk H . 20264F3H25H; FHEM: 20264F5H13H; &AF HI: 20264F5H22H

HE

AR AERH BB EE, XNi-20Mo-10Cr (at.%) & SFEAN F KA & AL MR E ST AT AT
THIFE, 0T T8 KEEGR AR A G A A ST A RIARE . BEFLSE SRR Y, Ni-20Mo-10Cr (at-%) &
SAELE800°C/17ThRBRE/EARFMERFILHI T NELTWEM . BRI NESLTIRAZSR,
HAMo. CriiRHESE, KARFLEHERRAR, NEAMoTRIES.

X 5in

Ni-Mo-Cr&4&, AESWFHMHE, #A

Effect of Grain Boundary Type on
Discontinuous Precipitation in
Ni-Mo-Cr Alloy

Zilong Feng®, Yi Zhong, Wei Tan, Xiaona Zhang*

School of Materials Science and Engineering, Beijing University of Technology, Beijing

Received: March 25, 2026; accepted: May 13, 2026; published: May 22, 2026

Abstract

In this paper, the discontinuous precipitation behavior of the Ni-20Mo-10Cr (at.%) alloy at different
types of grain boundaries was investigated using scanning electron microscopy (SEM) and transmission
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electron microscopy (TEM). The characteristics of discontinuously precipitated phases at annealing
twin boundaries and high-angle grain boundaries were analyzed. The results show that after ther-
mal exposure at 800°C for 17 h, discontinuously precipitated phases appear at both grain boundaries
and twin boundaries in the Ni-20Mo-10Cr (at.%) alloy. The discontinuously precipitated phase at twin
boundaries exhibits a needle-like morphology and is enriched in Mo and Cr elements, while that at
high-angle grain boundaries exhibits a cellular structure and is enriched only in Mo.
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Table 1. Composition of the ternary model alloy
F 1. ZEREENS

Ni (at.%) Mo (at.%) Cr (at.%)
Bal. 20 10
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Figure 1. Microstructure morphology of the Ni-Mo-Cr alloy after solution treatment

[# 1. Ni-Mo-Cr & ¢ BEARH R MELFIR

Ni-Mo-Cr & 1E4 1t 800°C/17h #ER TR JSTE M ERAE TAESYIEM, Ha KK 2 fr,
HH P 21 R R 5 ) A o7 B X S B et P R AN SR TTE A . A0 T HEAL B 1 R R P
FRRRAE, 2165 [ el P 1 5 S 2 IR o i 0P B 00 RE i, SR A EBSD A AL ZEAT 3R X A 22 23 #T,
2(b)y EBSD M E(IPF), HAa e B FE ML, A EaBBS &R, SR X IR
R E PHU & IR ] 2(c) NTRIE G MR R A S, R R it H g AL 1€ 2(d1). &l 2(d2)%r
1 TPF & o 20 € 7 HE P R0 6 P P9 PO (T AR P 7 P 2(d ) PR v, B o) Pl Ao BB 8 €8 R G e A
SEAE S, XV TTHE NPT SR AL S R 4 111 SRR T 1, B S AEAE A SR 1 e i .
FREIT Aztec crystal B4R DX RRIR AT IR, 1% TR B3 (<111> 60°)dm 7, BEEASE
RIS 1115l 60° f5 ] 58t Skl e A A, B A FT BT SERE , 7] )52 1% 56 5o 23 22 5.
X T B B N 1 X3, FEQUE DR AR AR A A, MRk AR SIEL, 12PN R
A28 45.96°, 4G FORARHEAI WAL & 58 K A d ot
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VEAR HBLE R 5P B SR R I 0 2 i 0, MGZAe AT R i AR K . HAETE RS ERBUNERR, Kb
J5 TR SFTE 1~2 pm 2 8], %5 4807 1) B9 R SHAE 100~200 nm 2 8], FLAT HA KA 7 0 38— ] 3(b)-
3(d)NAE KA d PR AT AN R SR T Ve AR, LI b SR — O ok 3B ARG, 528 5 SR I AN IE 2R T
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Figure 2. EBSD maps of the alloy after thermal exposure at 800°C for 17 h: (a) Secondary electron image; (b) IPF map; (c)
Special grain boundary map; (d1) (d2) (111) pole figures
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Figure 3. Microstructure morphology of the Ni-Mo-Cr alloy after thermal exposure at 800°C for 17 h
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NI LI FU R AN [ S AR A ASEE ST A5 L, G FIB SRS E I 2168 75 HE AR AL 66 5] Pl Ak
EIPISE i S AL RO AT AR EAT TEM FEGEOH % . 8id EDS W ANELL DU AT R #ET O, AIRER
AEGYTEM TR B S AHITER, EH EDS s Hl 34T 704, S5 R U052 fo. 228 5 AR S
A AL AN EESUE AR ) C oA & B IILE 10 at.% AN, 5y R C e RIS B ZAE 5 at %L
Mo Firfi K EDS $RIEE N TC & H i, JATAWT AR BN C ok & o2 tis JealiE .

Table 2. Composition analysis of discontinuously precipitated phases including carbon element detection (at.%)

F 2. M C TRIEME S ELAR H BRI 5 5747/ (at. %)

, y B AT H A
(VA=
Ni Mo Cr C Ni Mo Cr C
72.09 12.64 8.71 6.55 35.45 41.84 12.74 9.97
5 i Ak
73.00 12.84 8.72 5.44 35.79 42.05 13.06 9.09
71.92 14.36 8.47 5.26 35.30 40.64 16.81 7.25
KA @Sk
7291 14.51 8.54 4.04 35.59 40.20 17.05 7.16

K 4 NAESE I A S EDS-Mapping 4558, 14 4(a)« & 4(b) 2 I N2E 5 LA, AL AN IE BT
2R SR AR A A SUAEAE B Mo JCER BL Cr SR E 2. 165 SR LA U0 A7 1E Mo J0 &
BHEM Cr TERIUERHE, 52885 S EL Cr T &R B0 AT 4F AN o 383 EDS s IS ah AR A
HESPUEAREAT 208, ZHEBIRWE 3 . 2R FAMAIESITIEM M A: Ni 4508 37.32
at.%, Mo £J°4 47.91 at.%, Cr 14 14.77 at.%; {Efh S BIAELLTTIEARIRAR XS 5 A Ni 2974 48.17 at.%,
Mo #1°4 46.60 at.%, Cr %14 5.23 at.%. WALAIELITEM K Mo JTTR & &M NG, 1 Cr maR &8 E
R, ARG FAEATESEDUEMT Cr LR SRR & FAL AR S E M T Cr R & &5 10 at.%.

Kl 5(a) ML 2(b) 2L 75 HE T B 22 iy SR AL i BORE i IR 416 028 56 I3 1R (STEM-BF), - 5] 5(b) N Rk
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Figure 4. EDS elemental distribution maps of discontinuously precipitated phases: (a) At twin boundary; (b) At grain boundary
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Figure 5. TEM characterization of discontinuously precipitated phases: (a), (b) STEM-BF images at twin boundary; (¢) SAED
pattern of discontinuously precipitated phase at twin boundary; (d) (¢) STEM-BF images at grain boundary; (f) SAED pattern
of discontinuously precipitated phase at grain boundary

& 5. NELSTUERA TEM FRIE: (a) (b) ZERBRALRY STEM-BF Bl; (¢) ZERFTELESTUERA SAED E; (d) (e)
mR A ALEY STEM-BF [E; (f) MAFALTELIIEMEA SAED

Table 3. Composition of discontinuously precipitated phases at different grain boundaries in the alloy (at.%)

3. AEePTREF LT EET LB/ (at.%)

) 25 i SR AT AR dm S AT H AR
(VA
Ni Mo Cr Ni Mo Cr
1 37.15 47.68 15.17 49.37 45.06 5.56
2 35.93 48.15 15.92 47.69 4734 4.97
3 39.96 46.08 13.96 48.82 46.05 5.13
4 36.23 49.75 14.03 46.79 47.96 5.25
P14 37.32 4791 14.77 48.17 46.60 5.23
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BORJEHIEME, ANESPUEAHIE R P g kie i, 22mAH G mgist o 1% FIB B4 R 5 24
AT ANy FARRIPARIX, RIZE G R A ST XK, A2 EJ5 HBUBE SR IR BT 4 1 DX 45 ohyie
SEYTUE XA, 7EHTHI TAE S e X R R 1RAT AN Niz(Mo, Cr)i SRR 16]. 1] 5(c) 28 i S b AN %
SEYTUEAR AL X M T TSRS, TR TR, RIS 5 R0 7 85K MeC AT 1R
RIS R, 4546 FIRI EDS 2007, YONIAR I B H 40— Fh B 2R 0O 7 45 I E & Mo
TCRMIHT A [ 5(d) Bl 5(e) AR A b SR AN EESE I I 21 2R 1) STEM-BF AH, A LU S SI7E fiy S AL 1A
ESMIBHLA NS BNZRE, FASIRER R 7 A KBABA B EAEE. B SONKA &L
AN TE SR YTIE AR L X BT RTSTIERE, G HTE KA iS4 AN E S A AL UK SR BB S A% 0 S T
GER o 2R FURLG SAL AN TE ST A B A R I SR i 2 g 4, HLS BAARAETE DU AL A DR R

AR FAE: [011]pp/[110],, (1T11)pp//(111),5

AL [11010p//[110],, (1T1)op//(111 ), (002)pp//(002),, (1T1)pp//( 111 )ye

4. W1ig

Zs1f 800°C/17h # 7 S 7E Ni-Mo-Cr 2410 S AR T AL e, 7525 5 5 L (0 R Syt
MRS EI RN, K2 B 110145 507 1] T2 5 SRR W A4, IR . RS T2 & AR A
ST, 16 & AR ST LA & 5, BRI A K U 5 R B e e s 5 A K 1), 3L
BIUHE R FE A LTBAS . i VT X I IR S M O SR, % 5 SR B (1 AR5 ST M
2 LR (B 1] 2(b) 20 5 HE P 8 B 125 5 S O AR U M HEAT 7 2R AE, S5 SR 6 B
6(a) T AT B BI7E 1% 5 A A — (0 P9 55 45 S HELEVTHE M, AN EESETSE AR 78 5 J b 4 A L i 5 57—l
A TR A — 0, EDLTER R XA, AT LA SR R e, ELYE 5 LM FETE 2 500 nm
PO ) TV X 8 50 30 50 22 B 7 W S Ak AR 2 S AR R o AT A, 7 A K o 1 E 3
TR £ [ 8, 3 2o 5 S R 7 R B SR AT 40T . 2 5 S WL PR AR EE ST LA Fr 40 A 00
ME 3@FR, 63T EIR 2 & RA IR R AE ST . ¥R R AERES T (28 & R HHE AR
SELUTR AT TEM FAE, 4554015 6(0)FiR, MHE M ARELITEA AT TiZ2E SR, BAE%as R

Figure 6. (a) STEM-DF image of discontinuously precipitated phase near the grain boundary; (b) STEM-BF image of discon-
tinuously precipitated phase near the twin boundary
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MM EE ] LU Y, BIARTEAR B AT 16 T AORSEL BB/, ARSI T Ak ) ST e ARG o BT HEAHTE
TEAZ 5K R 2 Aol R B AE S B R A A B S T R (0 v T BT i, DRIk, 7R 2R R AL AT H AR Ao
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fn B AT H DR SRR AR AL, AT A K AR

5. &t
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