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Table 1 Model specifications parameters

Model Mean grain size/nm Model side length/mm Number of atoms
1 43 9.2 62087
2 6.8 14.7 259384
3 10.8 233 1048040
4 17.1 36.9 4201770
5 19.9 42.8 6570883
6 26.0 56.1 14844812

Note: All the models contain 10 grains.
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Fig. 2 Curves of axial stress p, (a) and temperature (b) varying with strain for iron at different grain sizes
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Fig. 3 Strain-dependent fractions of BCC (a), HCP (b), FCC (c), and grain boundary (d) for different grain sizes
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Fig. 4 Grain-size dependence of the initial grain boundary fraction (a) and the phase-transformation threshold (b),
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Fig. 5 Shear stress as a function of strain for iron (a), and stress-strain curves for different grain sizes during the elastic
deformation stage (b), the phase transition stage (c), and the high-pressure-phase plastic deformation stage (d)
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Fig. 6 Microstructures for various grains (a) and the corresponding
shear strain (b) at a strain of 0.04 in the elastic stage
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Fig. 7 Microstructures (a) and shear strain (b) of polycrystalline Fe with grain sizes of 6.8,
10.8, and 26.0 nm at a strain of 0.14, and magnified views of the same region (c)
(The highlighted yellow lines are used to identify stacking faults and twinning.)
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Fig. 9 Detwinning process in the 26.0 nm grain-size system at strains of 0.15 (a),
0.17 (b), 0.19 (c), and 0.20 (d) (Arrows indicate the twin structures.)
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Fig. 10 Dislocation slip driven detwinning (a) and stacking-fault rearrangement (b) at high strains
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Fig. 11 Tensile stress (a) and shear stress (b) as a function of strain, and variations of the peak tensile stress with grain size (c)
and the initial grain boundary fraction (d) (The peak stress is plotted in absolute value, representing the fracture strength.)

P12 FIIEL 13 25 7 AN T ot b B2 A 28 70 o i 3t A v ) Bl 4 g PRT A BT o7 ) st 5 0 7 28 93 A
LA B, MBS E T LT 380 W 04 i AR A, 2 LR TR T 0 o o 5 B 30 4 Js 30 5 U0 B HER T
A, 2 BUINIET 12(c) FIP 13(c) Frzm BT b ST 2LRRAE, Ja T 28 A G A B 224

DLV 2 fioRn RO 19.9 nm 18 9K Az A4 28 S 151, 0F 50 R Aios RS X 22 i R 7 Ao A o iy s 25 25
5455 B SE e, SR ANE 12 s o 95 U0 AR SR AR iR AR R O A S L, R B FURHH TR Y
DIAIE, By U AN ) S L 5 B i SR A A, X 8 iy 3 U0l R B S ke A Ak R, B e AL it
A2 S i AR BRSO B A o X — T Bk Ry 5 BT D) Ry AR A S DR R ok A B B HL i T

080105-9



540 % Fa R KRR A R SIS S5 S5 55 8 M

PERAT, R EC— BIE %, wnT LUHT & S A e, F A A= e vE W 28, By AAEIZA T, T 24 i B2 i 1K o
WAk, B 12 AR T Sk el XUk A T i RS, O S S PR R SR IUE A

DL 35 @R RS R 6.8 nm (/N dfCRLAAR 22 R ], WF 5% /0N it b RUE X sl 2 5 4 55 450 40 A s e, &5 5 4
B 13 Fron o FER —Z2 N AR R, AHEC T R AR A TR, /N (R ASE 78 (% 5 B D7) 1 AR Bk B 22 1) o A 2R ] 43
e, S ECH D N AR LE S AR By th AR I B D E R, AT AR A AL BT Uk U, Z R T
L RS R85 T, LA it S B 7R J B 2 P st s At ot 5 43381, s LR I BB 85 1 22 85 D04 i_ﬁglﬁﬁ
TR SR MENT B — S PR 513, HA hfﬁgi’“ﬁ'ﬁ ST B AL B, e AP BUM R BURME i,
T v 1 WL T 3R B 22 B U R R R A B TR TR

Other
M FCC
I HCP e
W BCC

&=0.03 &=0.07 &=0.09 &=0.12
(a) Microstructures

Shear strain| L |
' 0.3 . . . v
0 (c) Fracture images (£=0.50)

£=0.03 &=0.07 £=0.09 £=0 12
(b) Shear strain
B12 ARLRST A 19.9 nm AR RREAR AL B B TS A () XSREEBTUINIAE (b) LR ELIAIE (c)
e rh el (ST FOR WA i PR T, O LRIz R A T RAHTH)

Fig. 12 Microstructures (a) and corresponding shear strain (b) and fracture images (c) for grain sizes of 19.9 nm
at different tensile strain stages (In the microstructure maps, yellow atoms denote initial grain-boundary atoms,
and orange arrows indicate grain boundary migration.)
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Fig. 13 Microstructures (a) and corresponding shear strain (b) and fracture images (c) for grain sizes of 6.8 nm

at different tensile strain stages (In the microstructure maps, yellow atoms denote initial grain-boundary atoms,
and orange arrows indicate grain boundary migration.)
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Effect of Nanocrystalline Grain Size on the Dynamic
Structure and Damage of Iron

YU Jinmin', GUO Xiuxia’, HE Zhiyu’, SHAO Jianli'

(1. State Key Laboratory of Explosion Science and Safety Protection, Beijing Institute of Technology, Beijing 100081, China;
2. State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China;
3. Shanghai Institute of Laser Plasma, China Academy of Engineering Physics, Shanghai 201800, China)

Abstract: Grain size effect is one of the key factors governing the dynamic mechanical response of metallic
materials. Phase transformation iron is selected as the model material, and a series of nanocrystalline
polycrystals with identical topology and grain orientation distributions but different grain sizes are
constructed to investigate size effects under a fixed grain configuration. Molecular dynamics simulations
show that, under high strain rate uniaxial compression, all models undergo elastic deformation, a—¢ phase
transition, and high-pressure phase plastic deformation. During the elastic stage, grain boundaries act as a
soft layer, leading to lower stresses in the fine grain models than in the coarse grain model. After the
structural phase transition, grain boundaries hinder the plastic development of the new phase, so that the fine
grain models exhibit higher stress than the coarse grain models. At the onset of phase transition, the
threshold of phase transition of smaller grains is lower, and the transformed phase in fine grains mainly
forms stacking fault structures, whereas twinning structures appear in relatively larger grains. With
increasing strain, the disappearance of twinning and the reconstruction of stacking faults are observed in
large grains. Under high strain rate tension, shear strain of grain boundary in the large grain models is highly
localized, readily forming continuous shear bands that serve as preferred paths of crack propagation. After
grain refinement, shear strain of grain boundary gradually evolves into a diffuse mode, and the effective
paths of crack propagation are constrained by the network of grain boundaries. The change of grain boundary
effects leads to a non-monotonic variation of fracture strength with the grain size.

Keywords: dislocation; phase transition; stacking fault; twinning; grain boundary; high strain rate
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