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Fig. 1. Four tilted grain boundary models near the grain boundary: (a) X3(111), (b) X11(113), (¢) X5(210), and(d) X5(310),
numbers 0-3 on the balls represent the most stable positions that substitutional heterogeneous elements may occupy, orange balls

represents the most stable position for interstitial He atoms.
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Fig. 2. (a) Segregation energy and (b) relative atomic excess volume of each element on different grain boundaries.
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Fig. 3. The strengthening energy of each element on grain

boundaries.
3.3 AEEYN He RITSAELIT ARG
MLl

TEBH 14 TCE R AR I RO ERN |, Ak
— L5 T A4 I0% X(Cr, Mo, Nb, Ti) 5 He J&
FAE A PR, TR T M A SR X 5
He [ fii Br 21 5 FL, He O3S R HTRE EXHe KX
seAbRE B, R 1A 424 He i 54 He
Ja At F B2

3.3.1 A4 TE He it A 693

N T WA 4 RN He WBTAT M A0, A
2% Mai 5 PO TAE, & LT B8 I0RAALER
He B RHTRE. 540K X 5 He IwbTHt, He 1Y
Tt e BX N A=

Egc(ng ‘= (EééHe — Egp) — (Bggi

Horh, BXHe R4 40 % X 1 He 3t

- EBulk)7 (4)
PR AT He 19

l:!lzl?1

23( 111) 211( 113) ¥5(210)  £5(310)

0
_0.5 w
>
]
~
E _10t
= .
E ;
2 3 e
& —Lbr O EMote
ot
#a [ ENbH
—2.0r Ti,He o
[ EG™
= s
seg
—2.5

BT, EG A& A4ITE X 5 He M FALE
e, He fEA TR MATH M RATREANAl 4 B,

TERTA 4 FidR A L, JEie He S48 R4 &
[ B, HAw BT RESA R M. X R, He 5G40
R IAm AT, He B398 BA ) 5 A AT i 44 )
2EUREN J), B A ITCE G AT ARRETE M He 1Y
S RATT . 5 He SRR AT 0918 OAE LE, BR £3
(111) FH 541, AT it He (0 b BE £ (8 i s
/N, JEHRE $5(310) fR A, BAUAL He B9 AT fig
~1.98 eV £ K-0.75 eV DL R, BUEFEIE T 62% LI
b MEIBRA He MWATEEH -3, 15 eV A8 H-0.73 eV
DIF, BUERER T 76% LU L. XEWESESITEN
FEAETRATHIES T He fiAT 2 S SO RE Y 25, A F
T He b AO1E R . He J b7 BE A4 728 1k i 22 []
FEFFE £5(310) > ¥5(210) > 211(113) > 23(111)
FIL . X — A A 4ot R AT RE AR L A —
2. AR, 78 £3(111) F A E He B9 0k € B
8 1 He S g A Bsf 74 {85 K. AT RE A9 i IR AR
$3(111) fRAIRATE He MY fcAe e 7 B 5 Bl
BT s Iz 15 b A, BB RE LE He SRk g AT i
PIETE K.

3.3.2 A4 TEN He AL iT R 0% f

T HEITRA R SRL AR ERIRE, MG
GICERS He AW B 21 & Sk, g2 80% He
JIT B R S AL, 7R A BT R S He i At 2
Ni aa%’“mblﬁ TR T & BILRAAER He #9351

B, JETH A
EXe = (B3 - B%) — (B - BY). ()
SR He MR ALAEZE RN 5 R,
HH%

$3(111) T11(113) %5(210)  5(310)

0 LI_|_|_I‘

Z —1.0F

~

8

= —15f

E% Cr. H

= —20p O B

& — EEiQ‘He

= —25f He

= O EX
_g.0} O ELfe

Bl

—3.5

Kl 4 S&ITRES He LWATHS (a) BAUAL He, (b) [FIBRAL He i AT HE

Fig. 4. Segregation energy of (a) substitutional He and (b) interstitial He when alloying elements and He co-segregate.
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Fig. 5. Strengthening energy of He when co-segregating with alloying elements at (a) substitutional sites and (b) interstitial sites.

NG54t R S He R 2] 5 TR, 3X 4
PG 40 R 7E— 0 B L] He 5800 M
fb. Horp, BICREEAR EA LT He M5B
FEEEN: £5(310) > £5(210) > £11(113) > £3(111).
XY AT RE S b S H B B BE AR OC, 7E M FUE AL
REH R AR (T £5(310)) |, B4R E Mk
IR TE

AN, AN G o R IR e A 22 5. 78
AN He B4 1 v, Mo (4 311 1 250 R fc B 2
He 3R AL BEFEMR T 11%—16%, Cr B4 il 5 7
W BhBER, 7E £3(111) f A LA MKIER, &
¥5(310) fhA LERALREFRAK T 28%(0.76 eV); 47T
FOUT A A He 586 RE A4 ) B A A7 He B/,
Mo, Nb, Ti i #ll il 2L G B e , He 1 3k g%
AR T 3%—10%, 1 Cr B8R 9% shie Kk, 78
$3(111) FA EBATHIEA, 78 $5(310) f#5 F
SRALBEREAR T 15%(0.26 eV).

3.3.3 &4 /& TE3 He 321048 69 24wt dL )

3327, KB YE A4 tR X(Cr, Mo,
Nb H1 Ti) b+ Ni fh 50T, BEAEAIH] He MME1L.
RN BRAF X — IR AR, A T 250 2
11, 3# AT A 4 oeE S He I i A4 B fof 434
118, fan R, He 7R AT, DL He 5 Ti 3t
BT 1], He ZEMIBR AL, UL He 5 Cr HAwbr Ky
B, 2 T A4 IC R S He oAt 122 50 HL Ao
R, K 6 FME 7R, B TR EY
H fuf B R IX (B X 3R), He J0 % A HLff 274K IX
(7 €0 X 3R). 7 He Jit+ J& Bl T LAWRSE 2 oL T35 1k
X, DA BRI, 755405 X(Cr, Mo,
Nb 1 Ti) S4B Ni JEF2Z 8], 0] LAXREEF] B 5 1)
HPEEX, XERHEEITTE X 5 NI ZEIER T
Bk Ao, s AUR B AL E . R, &4
JCRERH T AU T B B 53RN E S, 8
ERAr R T He JUFR JEFIY Ni-Ni 42 J@ 5, W5 1
He T2k

£3(111)

$11(113)

¥5(210)

K6 A5 B T A AL He S0 A7 (14 22 43 L 4er 25 1 43413

Fig. 6. The differential charge density distributions for the co-segregation of Ti and substitutional site He on different grain bound-

aries.
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Fig. 7. The differential charge density distributions for the co-segregation of Ti and interstitial site He on different grain boundaries.
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Abstract

Nickel-based superalloys are key structural materials for critical applications in extreme service
environments, such as in aero-engines and nuclear reactors. However, under neutron irradiation, helium (He) is
generated within the material via transmutation reactions. These helium atoms segregate and accumulate at
defects like grain boundaries (GBs), leading to severe hardening and embrittlement (known as “helium
embrittlement”), which significantly limits the material’s long-term service life.

To gain a deeper understanding of and mitigate helium embrittlement, this study employed first-principles
calculations based on density functional theory (DFT) to systematically investigate the synergistic effects of
four key alloying elements (Cr, Mo, Nb, Ti) and helium in four typical symmetric tilt grain boundaries
(33(111), ¥11(113), £5(210), and ¥5(310)) of nickel. Key thermodynamic parameters, such as segregation
energy and strengthening/embrittling energy, were calculated. This was complemented by electronic structure
analyses, including differential charge density and density of states, to elucidate, at the atomic and electronic
levels, the influence of alloying elements on helium segregation behavior and the microscopic mechanisms by
which they mitigate grain boundary embrittlement.

The segregation energy calculations show that both the alloying elements and helium atoms exhibit a
tendency to segregate to the grain boundaries. A clear correlation exists between the segregation energies and
the relative atomic excess volume, with larger excess volumes yielding more negative segregation energies.
Interstitial helium possesses the largest relative atomic excess volume, resulting in the strongest segregation
tendency. Although the introduction of alloying elements cannot completely prevent helium segregation, it can

reduce its driving force for segregation.
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Calculations of the strengthening energy indicate that when alloying elements like Cr, Mo, Nb, and Ti
segregate to the grain boundaries, they generally reduce the embrittling energy of He. This mitigating effect is
more pronounced at grain boundaries with higher formation energy, such as ¥5(310). Among the four elements,
Mo exhibits the strongest and most stable inhibitory effect, reducing the embrittling energy of substitutional He
by approximately 11% to 16% and that of interstitial He by 3% to 10%.

Electronic structure analysis reveals the underlying mechanism: The segregation of helium atoms causes
electron depletion in the surrounding Ni-Ni bonds, weakening their bonding strength. In contrast, the alloying
elements form strong chemical bonds with neighboring nickel atoms, increasing the electron density in the grain
boundary region. This partially compensates for the electron depletion induced by helium, thereby protecting
the grain boundary bonding and mitigating embrittlement.

This study clarifies the physical essence of how alloying elements inhibit helium embrittlement through an
electronic compensation mechanism, providing an important theoretical basis for the compositional optimization

and design of nickel-based superalloys with high resistance to irradiation and helium embrittlement.
Keywords: nickel, segregation energy, strengthening energy, first-principles theory
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