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Dynamic shear behaviors and microstructural deformation mechanisms
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Abstract: Adiabatic shear band (ASB) is a common failure mechanism of metals and alloys under high strain rate dynamic
loading. The hat-shaped samples of Fe-24.86Ni-5.8A1-0.38C dual-phase steel with different microstructures were impacted by
the Hopkinson pressure bar device to investigate their dynamic shear behaviors and microstructural deformation mechanisms.
The coarse grained (CG) structure after solution treatment was subjected to cold rolling (CR) in order to obtain various
microstructures. The evolution of microstructure during dynamic shear deformation was extensively studied using transmission
electron microscopy (TEM) and scanning electron microscope (SEM). The results revealed that the FeNiAIC dual-phase steel
has excellent dynamic shear properties with dynamic shear strength of 1.3 GPa and uniform dynamic shear strain of 1.5. The
dual-phase steel was found to be composed of austenite phase (y) and around 20% martensite phase (o) before deformation.
The deformation process was found to be dominated by dislocations slip and twinning. Moreover, martensite transformation

was found to be suppressed due to the high strain rates. ASBs were observed to be formed in all samples with various

« WS HHEA: 2020-07-03 ; &= BHA: 2020-09-09
HEEWHE: BHE A ARR¥IESL (11672313, 11790293)
F—EE: & Z2(1992— ), 5, MR A:, mayan@imech.ac.cn

011404-1



%41 % I B, A UM ETRINFeNIAICHIZIZS B P07 R S i H Lo 5511

microstructures after impact, and dynamic recrystallization was found to occur with formed ultra-fined grains of about 300 nm
and without transformation in ASBs. For the width of ASBs, the theoretical result (about 12.3 pm) was found to be in good
agreement with the experimental value (about 14.6 um) in CR samples. However, the measured width of ASBs was found to be
about 15.8 um, which is far smaller to the calculated value (about 30 um) in CG samples. This may be attributed to the
incompletely adiabatic conditions in CG samples. The adiabatic temperature rise due to the plastic work was found to be about
720 K (for CG sample) and 190 K (for CR sample). Through the analysis of the experimental results and the theory of the
thermoplastic model, it can be concluded that the adiabatic temperature rise is not the only factor for ASB formation in the
course of impact loading, and the localized deformation induced microstructure evolution in materials should also be
considered.
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ASB TE 3L A8 I 135 Bl 5 KAE B IRy &, S B0 AR B 71 PRk B 7% 2 I AE 1Y) 80% ), {H iz I A A
{GE TR M B, FE8REE AR L2 24080 dh ) ASB T B T 44 8} i AL BB ) 5 55 i IXC 88, {H il T
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(a) Experimental device (b) Hat-shaped specimen and specimen holder

L S BRI

Fig. 1 Dynamic shear experimental device and its sample
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s R RT, e AR A R S A L 20 Dk 2.1, i SRR A TR AR RN AR 2 R 04919, TR L 53%
AR A LR 0500 X Pd AV FLat AR rh, AR S B A AR SRR AR b, S FOR A LT A AR IR TE
i1 3(a) AT I, SRS EE, Y RLE I A (111) 22410007 Ry T BFSERE S LR IS AL A 51
FOLFE % B, XF CG. CRS3 FE il AT TEM M5% . 1& 4(a) o CG K B IR B9 TE SR [011] & 1) 77 45
[V 5 RE A IR A D R T A, K R R, A AR . P 4(b) i CRS3 BRSSO AT A
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(b) Phase distributions

(¢) Grain size distributions
Red: austenite phase; Green: martensite phase
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Fig. 2 Microstructures of CG sample before experiment
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(a) IPF image by EBSD (b) Phase distributions (c) Grain size distributions
Red: austenite phase; Green: martensite phase
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Fig. 3

Microstructures of CR53 sample before experiment
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(a) Dislocations in CG sample (b) Entanglement of dislocations and
deformation twins in CR53 sample
Kl 4 S2HRT CG A CRS3 FEA I TEM

Fig. 4 TEM observations of CG and CR53 sample before experiment
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o B 4 ChZS 35U E IRGE E, CG FE 5 294 480 MPa, CR39, CRS3 #5143 910, 1250 MPa,
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TE 58 200 pm B 5YYIIX P, — A Ry 3 A4~ ik A2 o 55 91 XN A2 T2 2 3 21 i1 18] 5(b) H, T2 BT AL Y
T AR AT DA AR A A4 R s 25 5 DB -

1.5 1.5
— CR 53% — CR 53%
— CR39%% . — CR39%
CG CG
1.0r 1.or
< <
a a
© ©
s =
05F | 051
o Yield strength f © Yield strength
e Ultimate strength 2 Ultimate strength
0 0.2 0.4 0.6 0.8 1.0 1.2 0 1 2 3 4 5 6
u/mm 14
(a) Shear stress-displacement curves (b) Shear stress-strain curves
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Fig. 5 Dynamic shear properties of various microstructures
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B MHAbE TG 4 (301, 316 ANEEHIAE) 143 50 09 U1 A2 F 85 Y1) 1 5 2l 2 05 D)5tk B f) o /11 1924
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Fig. 6 Dynamic shear properties of various metals
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) ASB. ASB Pl £y 100 pm X2 FZ M55 Y)Y X, 53 U)ARIE X P 7= Az K a /N i A, 76 B8 LG AR R
T FCAAR ) AH BRI A R /N R = A o A S B QR R PN B K i 1 28 T 22 i (deformation twin,
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(b) Phase map (black dotted line: edge of shear band)
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Fig. 7 Microstructures of CG sample after experiment

H &l 8(a)~(b) I UL, CRS3 £ W EEIT ASB X 38 A= R 10 /N kL, 578 T i A He Aok B i 20 4k,
LB ASB X I AR/ 2R A . B 8(b) AT UL, a AH T 7 LL B2 18%, SR JE R AH T, AWV FLASHE &
WILT A KA S IRARARAE . Al 8(c) AT UL, 4 1% b 2% o U TT BF, CRS3 A b 53t 18 44 0] B 1) £ 4 2 60°,
] CG FE il 45 R KA

KAM (kernel average misorientation) R my,, > it PN — s 55 i) BRI A &R o5 A4 BB ) 22 - 3548, & —A>
5 U] wh 75 7 45 (geometrically necessary dislocation, GND) %5 & [EAH G A9 PR 20 & 9~10 4351 Ky
CG I CR53 #: i BY YIS JE 115 J5 Jm) 3 it kL i) KAM 537 o 43 A B b, Ge it 4 A i B 22 26 K Ry 0.25°,
X E CG FE s B YT AR TE 1T 5 i fobi i KAM, AT IS IS E 458 . (1) A8IBHT, BT 2t ik
T[] 719 [T s Ach B, b PR S BB 1] 2 A8 /N, 8 BT A s et e P S i 2 BE ARG, ANAE b R BN T 1 um
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FEAE B S A BRI 25 5047 (0.5°~1.1°) o 33X AT RS2 PR [ I 1A PR T8k A 38, o 3 T Ak 2 7 A R AR AR
S GND % T . (2) 5B FiAH L, 55 U048 I8 J5 B G A SRR $H 32 2 AR, DR B8 LG AAR ok 9
LT =% B Y GND, KAM 7E 0.8°~2.0°, JUHAEZE 5 5t i, KAM 2420 20, BEHARIE 7 A Kt i i
ETHLAEZR T AL BHIT, 748 55 25 b UM AR N CG RE S A8 BT DA T 2 R v B3 17 5 K 1 g A5 Ak fig
XFH CG AR AR IERT G v #H KAM 205 o] UL, i TR o #H & D, iR K", LT AS 5748
¥, T E KAM JLFBCA 2816, Fr bk B R 47 y A KAM i Heas . 222 1T KAM “F-Y{EZ) R 0.96°,
IR 1.26°, #4lE KAM 5 GND %5 B 1) ¢ R P, AT LAk 11282 J5 GND #5012 30%. X ui, CG #
i S B AR 2 BT LARE IR B 5, iR R FE R R RT BIAE S 5T .
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(a) IPF image (white rectangle: deformation twins; black dotted line: edge of shear band)

(b) Phase map (black dotted line: edges of shear band)
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(c) Misorientation profile along black arrow in (a)
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Fig. 8 Microstructures of CR53 sample after experiment

XF . CRS53 KR i 35 U028 18 B 5 J50 38 & R (9 KAM B WL, pl T 28 a5k R 07 28 ¥4 L ok 8 (48 50 i A8 &4
0.50), FEA B AR B A0 KAM, 0 HSZAE 5 AL I KAM i 1.8°~3.0°, i i T 45 1Y CG #Edh . A
T CG #Efh, CRS3 RSV TR J5 dbkbr N &R A9 KAM B /N FASTE T A9 KAM. [RIEE, XT EE CRS3 BE AR TE R
J& y A KAM 304 0] W, A8 JE R 20 A6 35 R 0.8°~3.1°, 28K J /N A 0.8°~2.3°, ZRIE B SEH1{E 2 1.73°,
Y IR I/NE 1.33°, R4 KAM 5 GND % (21 K R, GND % /N 23%. 38, BTG S (A0 45 %%
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(a) KAM value (b) KAM distribution
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Fig. 9 KAM values and distributions of CG and CR53 sample before experiment
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(a) KAM value (b) KAM distribution
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Fig. 10 KAM values and distributions of CG and CR53 sample after experiment
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XL T+ 0 B T 2 A TR T =X o U,

77 Y

AT = pTv . 7dy, 2) 300 — o
S S 0 Al O T B b R 1 R B wl v
(Taylor-Quinney R %0), AR CHHL 0.8; p Fll ¢,
BORMIO 1 B AN, 7 8Ly, 0B R o) 2 400
PR AR . X} FeNiAIC &4, M5 p 4 9.8 g/lem’, <
c, B 540 T/(kg- K)P . [ 11 Ay FH S 6 il i) 5 47 200
;RN AE | B (2) TFE MR T4 . CR B

il Bl TH R R IR T CG AR, X

0 ] 5
CR i TR FLE B g | A K& T s 45 A A
I W 725 T8 B 9 ) 7 A
Rréf i atd, B A fiﬁ HIRAERL] L BRI A0 e 3 R R T S
jt’ %ﬁﬂﬂ El@ ;/‘Hﬁ T CG ﬁ HH o é' 5 @%E‘ﬂi Fig. 11 Temperature rise due to plastic dissipation work
] 0.5 B}, CR FESHBYIR T2 8 100 K, CG B B in shear zone before maximum stress point
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H 50 K, T 24 55 5 28 55 3 f K34 A BT R AR IE, CR53 FE S e &R THAF] 190 K, T CG A i i & R T+ i ik
T20 K. XFEM, PRI REAN L ASB U R Y 32 5 B i — P K P72
2.5 @RS

— BN R, ASB SR} 37 F] i 2 far 18 F S ) — i e sl bl 7 B R BY ) i iR
AR A R 04 2 002 S A I 72 i A R 248 R T T B0 AR A B SE G A 25 R0 AR TR 1, TR,
AR AR AL R T, R ARIAIARTE, BEUIN T AR R o 24 BT ) DR Tk B — LA, AR N AR
T AL AN J2 DAAKHT IR T o B4k, #RE R A R8RS TR, B DI N 1 B8 5R T B, TR A ASB. K 7~8 ik
RESAATT I R 0 2 TR TR B ASB. B N R ZE T Hei e 1~2 AN BCR W AR TE, BT LS i)
HAP KA R DR 5 . X T ASB R ESFR H 40 nm (925 K B 6, WE 12 fis.
CG Ff i ASB N SREAS [8)F BY ) XA i s & A 28 AR AR T 5 R3Sl b 4 Ak, &I B T R /N LT A 45 1 55
Bhdh o kRS TP 200~ 500 nm, S /N F TR 9 AR R ST (13 wm) o B BL RIS, 78 ASB JE A 7
WA LUR A T 3 A P45 i (dynamic recrystallization, DRX), 5 K 2404 J@ MBS, 760 A48 Fl 5
EHIT, ASB PIJE WGHR I B . K/ INKH 26 B4 P45 S ok . [R) CG BE A AR BL, CRS3 B R AE &4 T DRX.
CG Fl CR53 Wi AL il ASB N B8R B AR M A, (H IR R A A AR, R A IR S FC AR AR i LAl b & A= Aok
YAk, WA T BT 1) 5 FCARAH .
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(a) IPF image of CG sample (b) Phase map of CG sample (c) Grain size distribution
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