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Ferrium S53 44 P4 it % B G AR 1 7= A, 38 0] LAARAk 55 (R AR )2 R 4549 Fn M,C UL yE ¥, #E 1 $2 7+ Ferrium
S53 I 1 2F M RE 1 il i [ A B T L 3 R UC RORE SR 2 15 Ferrium S53 4 A 7 1 5t J32 A1 9 14 DT
BEUS o SR, A R Y 5 B O R 2 T, (EUZ %X Ultrafort 401 1 Ferrium S53 4 7E AN [F] i A8 %4 7F (1)
PP BRI AT AR X 2D, HAS TR AR 2T ) 22 M e R AR TR AL 114 2 5 i A< BH A

N7 AR IR FZ M MR BRI B R 2 — o MORHE R[] R A8 R T () & BN T L3228 56 B 22
0 H R 5 5 AKX R O TR A A AR, S TR AR R R DT A ) R R P 1) AT B, T R I Al
SR E | UL R B R M A e A5 DGR R R, 3 A AR R A B R A T LA RAR AN [R] N AR R BRI RE 1
AL IO BRI, Bl AR AR TR, KER AR 5 B (R T IR B AR SR ) 2Tkt
R A ARk Y T 38 B 2 3R IR0, 0 BHAS [ b E A [ iz A8 22 g har AP B A AL IR AR A 25 5

A TAEREEEXF Ultrafort 401 F1 Ferrium S53 4K J& A [R] 07 A48 5 T iy fir A i 56, W 5% AR AN [F] AR T2 4%
PR B 12547, G5 G W E A0 BT, R L 2 TR Y 0 27 1 il R 2 U8 AL AR AIE, DU 7R AN R I AR 56 R
2 PR I (4 foft 1 il A OB ATL B

1 SSEHMR5EREE

1.1 SCIgHE S

ASHFGE T FE ) o o AW A4 R 8 7 A Ferrium S53 F1 Ultrafort 401 49, 2 F 5 o8 A0 25938 3o 1023 8 o7 445 4
T 25, IFAE 1100 °C F AT AR AL TR, {£18 2 h J5 IFERE HME L, B I 4k 22 i Ppe 3 B, 2 Fhisr ok
BR B B 5 N 1 TR o

H

# 1 Ferrium S53 # Ultrafort 401 $RNEI ST RA K
Table 1 Elemental composition of Ferrium S53 and Ultrafort 401 steels

Mass fraction/%

Material
C Cr Ni Ti Mo Co Fe
Ferrium S53 steel 0.21 9.00 4.80 0.02 1.50 13.00 71.47
Ultrafort 401 steel 0.02 12.00 8.20 0.80 2.00 5.30 71.68

1.2 KWHE

FE 107, 107, 1072, 7x107%, 10, 10° s7' 6 FORE AR AR T, SR A bRIE GB/T 228.1—2021(4& )&
RHRLMHR IS A 1 35645, 25 IRk J7 ¥ ), X Ferrium S53 H1 Ultrafort 401 4% #E A7 R0k RE I, T A7 i i
I E R 3 K, K5 BCFME .

K UTM5202SYXL J7 BB B L ( = LK) EAT HERRAS T (R AR e<107" s ) IRk . ik
55 HL AT it I £ /=5 35 200 kN A9 Bl 7, IR BC A Th R ARUE Je B A G fTt, FHorb g it AR EE 50 mm. SR
H Instron VHS160/100-20 Y &5 S h7 i g MLIEAT s SR (&4 10 F110° ™) Mk, JH: e /5 il i) 7 AT 3k
200 kN, fe KR ER AT 3K 17 m/so 4 2 FREEEHS 5 A0 ANRE S I TR 0 Sk RSB, 2 Flial g AL X Ry
B PR R Q& 1 iR, Herb MERR S A sh A PR RE 09 R B 4 514 1.57 A1 1.00 mm.

1.3 A%

X L 45 B T8 B AT 5T (electron back scatter diffraction, EBSD) & 4t i) Tescan Maia 3 B39 i ig T
2. f45% (scanning electron microscope, SEM) X 2 it = 5ttt 494 UK SEA T H A i (9 oM &5 /) 3R AE o 7 R AE T A2
o, CREEA A B 25 K (400 nm) , i AZtec 2.4 B 3E 17 504 R 48, Jf-il i HKL Channel 5 #4534t
Ab 3 SR o SR KA T Y Tango BEHR R BURRE 19 i 54345 4647 2., T3 i Grain Area Determination
T Bem 2 R i~ 25 ol R /s FiFH Mambo #5235 1119 Rot. Axes in Crystal D) fE, 38 2 55 2 £ B2 HU ) 22 44
I AR L SRR MR IS S, B JH Zeiss Ultra 55 3% & 5F o 1 B 0ES , 0P RE T 102 S0 R AT
G3HT o
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Fig. 1 Schematic diagram of the specimens used for tensile tests
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Ferrium S53 ‘B 5o B A0 i LA, B 2(c) AT 2(d) 4351 24 Ultrafort 401 89 1) ) A E A1 LR . \f A&

(c) Inverse pole figure of Ultrafort 401 steel
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Fig.2 Inverse pole figure (IPF), grain boundary diagrams, the distribution of misorientation angle
and grain size of Ferrium S53 and Ultrafort 401 steel samples before deformation
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B, 2 Fhr RS HA 9% B 0 /N 1 BE i B (low angle grain boundaries, LAGBs, X i &l 2(b) A&l 2(d) H 1)
22k ) A A L A (high angle grain boundaries, HAGBs, X} [&] 2(b) & 2(d) L) . &5 1T,
Ferrium S53 44 P B9 & #t (BRI 22 K T 20) 1% K 5080k 133049, 1 Ultrafort 401 4944 109 103, 4d W ¥ %
W) i P AR AE 22 5 o WRAR B 2(e) BT/ 1Y & BB 22 £ 43 A, Ferrium S53 94+ HAGBs 19 /i b
54.85%, ifii Ultrafort 401 X i HAGBs (7 lt B {2 /N T Ferrium S53 84, {4 39.43%. ULA, Ferrium S53 A4
S H ) 2 A L SR 2 /N T Ultrafort 401 5%, BT 5 i 14 7 35 B 1) 22 A1 S Wb B 93 & A T 2 1
HAGBs, [F It Ferrium S53 44 N B/ % & T &5 1) HAGBs!*2%1 2 Fh & 58 40 A9 &k R ST 234 a1 2(6) B
7~ o Ferrium S53 {1 Ultrafort 401 9 1)~ 34 dib b N1 43 51 8 5.69 1 7.31 pum, #— 24 W] Ferrium S53
PRI HT) T ke 45 ) R A B /N 1) b RS FITEE /55 1) HAGBs 3 1t
2.2 hifRMEEST I

AR A B 2 Fhos R A 0y AR - AR ik, GnlEl 3 BTN . FEANIRI YRR ZR, 2 Bl i
BRI 7 -1 A M 2 8 At T AR AN B IS SR g, TR Y R R B A (] B 28 Ak B Ferrium S53
B TR 3 SR80/ 1 K, T Ultrafort 401 4K A6 47 56 28 0] — .48 K
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K3 AFENAEZET Ferrium S53 il Ultrafort 401 F4 1% TREIN F1-I A8 £k
Fig. 3 Engineering stress-strain curves at different strain rates for Ferrium S53 and Ultrafort 401 steels

T HE— RIS FX 2 B g AN ) A PERE B RE N, ST T AN R AR R AR B BT SR B |
JIRGRIE | S SIEAR AR SRR LG AR AR (), T13R 2 PR .

S, ST B R A i I iR RE B AR AR A A, AN AT 4 B o NI 4 T RUA H 2 A o N A
I Bt JBE 45 I 6 WA S 8 T T 8 A, ok 5 e I AR SR 67 A d S IR B OB A G A AR R B R, Ao
%128 Bl A RE B v, R A BEL gt B 2 R ol A7 i N S A B B, T B i B OB AR,
Prhram BRI AR A AR, YR AR 107 s $ R & 7x107 7! B, Ferrium S53 9 (9 BT 58
JE£ 1 1920.58 MPa /[N 2 1821.34 MPa; i — 25 i 15 AL R 5, PLAH o B S i3 K5 AR R 10° s
i, YA s B I8 F 2069.75 MPa. Ultrafort 401 #9477 38 B W B 25 7 A2 5 (19 T a2 08K, i 107 s
i) 944.68 MPa £ 4218 K % 10° s B 91 106.12 MPa, HLHL5RJE 5 WA R E ARG, i FHUHiss g & A4
TER BRI Z 5, ELATCRL SR BE A5 B S Al i B2 A7 G, i 2 25 MO0 T IR s A 7 728 A A 7K -1 22,
PR, AR A e 78 5 D 2 2%, i DA 45 45 R AR At — 25 23 #

2 il B A ) 459 5 J0E A 5 5 LU B AR AR AR AN 5 s o AT LR Y, AR A 2 Fof s 5
R 45 &) S 3 2 e O AN B L, R, Ferrium S53 8 4 1 5 SiE A 22 [t 137 A2 A< 1) T AT BT s K. X e
I, Ferrium S53 #4135 4 S 22 HH 12 5 T Ultrafort 401 4%, 1M £ 58 FLAIG T Ultrafort 401 88, H T JE 7%
FEM/IN, B SR B, R ) R B, PRI, 7R [R] A8 T, Ferrium S53 4 AT L Ultrafort 401
BRI S BB RE T
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%% 2 Ferrium S53 1 Ultrafort 401 ]NEARNTE T HFEESE

Table 2 Mechanical parameters of Ferrium S53 and Ultrafort 401 steels at different strain rates

Material &/s  Tensile strength/MPa  Yield strength/MPa ~ Uniform elongation/%  Yield ratio Hardening index

10 1920.58 900.75 7.43 0.47 0.38
107 1907.41 908.91 7.25 0.48 0.33
Ferrium 107 1895.57 910.44 7.36 0.48 0.30
S53 steel  7x107? 1821.34 918.18 7.64 0.50 0.25
10 1956.13 1145.16 8.13 0.59 0.41
10° 2069.75 1333.62 9.47 0.64 0.46
10 944.68 711.59 2.78 0.75 0.13
107 945.57 724.65 2.74 0.77 0.14
Ultrafort 1072 953.93 759.52 2.81 0.80 0.15
401 steel  7x107 967.97 777.67 3.24 0.80 0.17
10 1013.09 853.76 2.99 0.84 0.25
10° 1106.12 958.74 2.93 0.87 0.35
—o— Tensile strength C 1.1 F —e— Tensile strength <
2.0 —e— Yield strength o/ —— Yield strength /
— o ° / I 9
B \° - 1.0 O/
% 1.8F % ° o—9 o
a = = a 09 /
wn L wn
1.2 . sk /
o—°
Lol / /O/
e—o—0—0 0.7+°
1073 107! 10! 10° 1073 107! 10! 103
Strain rate/s™! Strain rate/s™!
(a) Ferrium S53 steel (b) Ultrafort 401 steel
Bl 4 AREMASHR T Ferrium S53 1 Ultrafort 401 454 A4 T IR 55 B A7 48 B
Fig. 4 Tensile and yield strength curves at different strain rates for Ferrium S53 and Ultrafort 401 steels
10 0.9 F
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s 8f " 0.8 °o—9
= P— o o—° o
2 o—
= 2
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N R -
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Fl5 NIRRT Ferrium S53 A1 Ultrafort 401 Y55 S {1 51 5 L
Fig. 5 Uniform elongation and yield ratio curves at different strain rates for Ferrium S53 and Ultrafort 401 steels
b i I IR S5 HE A IBYEAS I B B, TR M e b 2 1 B A 8 LR 5 A AR LA P A f
B R AR AL LR P SR H Hollomon J7 8 X0 2 Fift i 56 4 A4 HE w85 1oz 4% IX A B AL AR T ATy A7 40 08
HARA PR
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K HE

Xt 2 o 1 5 108 B A I 0.5 [
A, S5 R E 6 s . BlAE N AR R T, —a— Ultrafort 401
Ferrium S53 4 (1) 6 {L 45 £ 5 B 8 % 5 [l 7 35 5 0-4
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A AF, WL S AR EI R . Ultrafort 401 410 l /
TR A Bl 9 U 4 K S R R B PR, 2 M 01f"‘-'/° .
AT (e<10"s), B N A8 R I, Ferrium S53 #4 107 0’ 10 1o
U 1 R, BB A 9 A T Strain el
Ultrafort 401 S0 HTZ; 2407 5 4¢3tk — 35 | T, o AT Femum 555

Fil Ultrafort 401 41 i AL A6 4L
f ey b 0 BE A 2 N
P B BSR4 5 4(a) s Fig. 6 Hardening indexes of Ferrium S53 and

R—F, XHZ T, Ferrium S53 4 i) i AL 45 Xk Ultrafort 401 steels at different strain rates
1A F AR SR T Ultrafort 401 89, 156 B 76 A [ 1 1 48
RN, Ferrium S53 M4/188 EL A {t F Ultrafort 401 84X 1) b A8 T AL E 17 .
23 WO oHH
i1t SEM X} Ferrium S53 il Ultrafort 401 40 78 AN [] i A8 % 1 W LV RFAE 64T 20 B W&l 7 Fnf&l 8

Ji s, FEAN TR 9 N A8 #8F, Ferrium S53 8K (14 W7 11 A0 77 78 K& OK R 55, B0 B 8 (9 30 o 24 i
Ultrafort 401 £ (4 W7 1140 D0 52 B8R4 4 0 3065 R, L2340 B S AN 3%, 39088 0 A 2 BE AR X 8/ i T I8
DL%JJ;% B RS K %5 B 55 W 24 W WA RE A2 1 A 56, BRI, 990788 10 RUSH % 18 2 S 35 K 0 et g 1z A s b

jj[”]o 7|<FH%% @éﬂiﬂﬁfi‘ﬂﬁ?ﬁﬁuﬂé%%ﬂﬁiﬁﬁ%ﬁ, T IE A RELA, 15 2R 6 B RS

! exp _(x—a)z
sV2n 2s?
A s IbRifE2ZE o it —20 LEOR RSB 0 AR 28T g W 2025, @ it B ARSI H (), DB #E
B XA, BRI RA KT

) = @

Ne
E -

- _ P 3
fi N (€)

Kb N, A B, d, WA TRBIE RS . A A B8O, R s R o Ay 2y W7 45 1
Ferrium S53 fAIES . ¥)65 RO K 3 5 MR 45 5 ol 0L, ARTR) R A8 38R, Ferrium S53 G447 fift A 1
S PR R, B R AR I U 25 . TR AE#E (107 s7) T, Ferrium S53 84 (9
IR B RSE 5 BRI (WL 7(a)), 8085 F 3 R SF IR 8] 2.13 pum; Bl 0 AR T 5, B8
RT3 W/ s AR FR 71072 71 I, 083 RASTALR 0.68 pm, H B85 RT3 A R 4], Il
& 7(d); SR, Bl AR Rt — 2 Th R & 10~10° s, PR T 01 f9 3083 RO R g K SF 35940 5 R
2R F] 7.54 pum, WA 7(0) B8 o X Ul I HEE S H A, 5 W A8 A9 T7H 5, Ferrium S53 8X A4 ¥ 1 1)
THFE T R, B0 0 AR B b2 7 B AT, 3R B0 A 0 RS Il D 5 T B o I 72 R i — 20 T e, 08 RT3
K, B AR AL K
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7

AENAEZET Ferrium S53 4K WT S0 KO I A4 88 R4 A

Fig. 7 Fracture morphology and distribution of corresponding dimple size at different strain rates for Ferrium S53 steel

& 8 W7 T Ultrafort 401 SN 7E A [F] A28 32 F A4 58 FRAE AR A 4B Ol . AAIEL 8 AT LA i, Y 1 A8 #
107 s #8272 10° s i), Ultrafort 401 #9135 %5 K1 R 3.22 pm 3 K 2 14.56 um. SR, B85 3504
B ASACH 5 s RT AR K B 22 57 o HERRAS PR T, B AR A 38 K, Ultrafort 401 4K 9 ) 53
By o) PR 4t o, W IE] 8(a)~ &1 8(d) /i s XY 1 AR S i — 20 Fh s B, 9088 A AR I A1 RO T [, 108
RGF B R 225 . FHIE T UL, Bl 25 107 A8 R (19 7 #57, Ultrafort 401 89 (4 07 A8 A £k BE 77 38 ik, S BCH 9

ARTE RE BV AE B W T v, 145 R 5 T 5 LE (DL IAD 5(b)) B 1y A2 B AL i i (UL P 6) i 1 78 4 35 A 14 748 £ 1L
ﬁ_‘ﬁ[o
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Fig. 8 Fracture morphology and distribution of corresponding dimple size at different strain rates for Ultrafort 401 steels

24 XFEE AR

T RGTAG AN R N AR RN s A AL R A PEBE, B 9 YL BN T Ferrium S53 A1 Ultrafort 401 £ A9 Ji ik
55 JIE X8 5] S e R 0 AR SR K AR AL o 283 AN TR AR R AR , Ferrium S53 4K 4 Ji IR 56 5 RN 341 5 4iE fif
RAIGLE T Ultrafort 401 4, ULBHAS[E] B ZE R Ferrium S53 #4H) BLA AL 5 AY5E S8 PEMEdE .

o BT AL AT Ferrium S53 49 (4 S RS BE/0N, il 5 2 B By, DRIk, 2 8 R 2l 7 A A9 LA B R B0,
5% 77 I S R 2 6 T R, DT 2 B A v PO B 55 5 o AR EE 2R, Ultrafort 401 4904 oL )OS HEOR, Ay
S AR BUAIC, ALHETE B RS, IR, [W]— 18 28T, Ferrium S53 4 Y i otk B2 B w5 o Bl 1 748 58 T
7o, 2 R R A T L A sl R, RV B 57 4 A% sl BEL 48 O, R f i I R R A R
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1.4
—+— Ferrium S53
L3 —o— Ultrafort 401
£ 12f e
9 /
= 1.1+ /
on i
5 i
g2 10+ 1 /
@ -10° s~ A ,‘/I
E 09| 10s! e‘ 103!~ 025
~ 7102 s
081 5102513
10 3177
0.7 FE 008
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B9 RREINAEFET 2 Fhgsm iR B R
LA L TR RZE A H R T5 1)
Fig. 9 Relationships of strength-plasticity behavior of two
high-strength steels at varying strain rates (The dashed
arrows show the direction of increased strain rate)

Ferrium S53 Fl Ultrafort 401 45X A HT iz 5 FE 28 4k #a 35 A IS AH [R], 3 55 98 P A2 ook 2 v iy oz 22 £ 4k
KA o Bl AR 2R % FE 5, Ferrium S53 4K A HTHLR B SR/ NG B Ko B 43 A 26 B, e IR AR 52
T, W A8 RS AN, AR I R B AR A S T ARG, RO AR AR TR FE 7107 s
Y AE R N4E T, Ferrium S53 X 2A SR ABEALHE 5 (n=0.25) o Bl A8 SR i — 20 TH i, 9088 RO
W B R, A R AR HE RO K, AL BE 1 AR T E— 25 Bk T ADRIE B N AR R R 19 J1 2 PERE . Ferrium S53
B 3 e iR R o 7 2 R T g T A B 2 Al B B 5 TWIP H911 280, R [ 7 28 28T B Sl WL s A A8 LR A
FpiE—2 98 . Xt Ultrafort 401 A9, AT 75 BF 52 B0 1E Ry AR RAR P, 28 A HAE o B AR R R AR 45 T 48
5E8 1) N AR S AL BB ) o 7 AR B £ 4 H5ORN BT 1R 35 3 B 3R BH, AR 4T Ultrafort 401 99, /R4 Ferrium S53 4K
) 7 A5 B A 8 B0 B M S I 1 1 AR A B A, (LR 2 EL A S 1 o AR R AR RE g, FE R[] N AR SR T R
IR L AR ) i VA
3 & it

il i:f EBSD X} Ferrium S53 #fl Ultrafort 401 ¥ B ¥ 4f (OS5 48 47 T SRAE A 730, R U7 RE I 58 AL
Al R AR AL, X 2 Fhs s AN R T AN RN AR 2R A e, 455 B DR B4 br, AR AT
458

(1) B % 1 78 14 T} 55 , Ultrafort 401 F1 Ferrium S53 849 1 Ji IR 5 55 173 W 59 K, 5 105 I 728 38R (o 4y
iz s A 3G INA 5 . A Ferrium S53 4 (14470 1 it RUSE SR /0N, 532 5 o0 vy, oy LA L i Al i B 3 1
s

(2) bt 28 Z2 1Y FH 5y, Ultrafort 401 4K A9 Tz i B 70z A8 i A6 45 £l 1 32 87 4 Ok, T Ferrium S53 49
BT R B R R B A 8 RIS D/ IN S IS R . B 1 A BT SR T, BB 1V 78 2R 1 FE R, Ultrafort 401 84 A9 1) 63
RS R, 17 Ferrium S53 84 (9 ) 58 R H W S 2248 ol /)N 5 0 o 348 K, 4 2 5L A AN () 1) o A2 T Ak AR fh e 4

(3) #H# F Ultrafort 401 A9, Ferrium S53 4} 76 A [A] 0 48 5 N P 3R B B = i o B FN Pk, S HH A
B RN A AL RE A . ANEN AT, Ferrium S53 444 H AT B 5 14 7 25 B Ak 45 B LA K o )
P W7 SLHEAE

ACBIF 5 B T AR FRAON , BT T 2 Bl s Y T A RE A A, TR T R AN TR AR AT A 3 4R
1% 3 9 Ferrium S53 [t Ultrafort 401 F4 B A7 5 AL 5 i PEBE . SR, Ferrium S53 4K 1% hi 2% i 14 i 75 7
A T R AR AR A R S TR R AR R R AL 25 R, A T — A R RO, TR AR
2 iR R X P R AR SRR AN I 4 OO 5 R Y Ak, DL e R S BR TR A
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Tensile Behavior and Mechanical Performance Analysis of
High-Strength Steels at Varying Strain Rates

LUORONG Dengzhu', LIU Xiaoru', YANG Jia*, XIAO Likang’, GUO Liang’, WEI Zhantao’,
ZHOU Zhangyang'?, YI Zao', LIU Yi*, FANG Leiming®, XIONG Zhengwei'”

(1. Joint Laboratory for Extreme Conditions Matter Properties, School of Mathematics and Physics,
Southwest University of Science and Technology, Mianyang 621010, Sichuan, China;
2. Institute of Fluid Physics, China Academy of Engineering Physics, Mianyang 621999, Sichuan, China;
3. Southwest Institute of Applied Magnetism, Mianyang 621010, Sichuan, China;
4. Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang 621999, Sichuan, China;
5. Sichuan Civil-Military Integration Institute, Mianyang 621010, Sichuan, China)

Abstract: High-strength steels are widely employed due to their excellent combination of high strength,
good ductility, and corrosion resistance. However, they often exhibit significant strain rate sensitivity. In this
study, two types of high-strength steels, Ultrafort 401 and Ferrium S53 steels, were investigated. Tensile
tests were conducted at varying strain rates (10*~10° s™"), to obtain the yield strength, the tensile strength,
the uniform elongation, the hardening index and other performance parameters. The variations of these
parameters with strain rate were thoroughly analyzed. It was observed that under different strain rates,
Ferrium S53 steel consistently outperformed Ultrafort 401 steel in terms of tensile properties, while they
exhibited different trends. As the strain rate increased, both of the yield strength and the tensile strength of
Ultrafort 401 steels increased, while for Ferrium S53 steels the yield strength of increased, and the tensile
strength decreased and then increased. Combined with the microstructure analysis, it is found that the higher
yield strength of Ferrium S53 steel was related to the smaller grain sizes, while the different tensile strength
trends of the two high-strength steels with the increase of strain rate were associated with differences in
strain hardening response. With the increase of strain rate, the dimple size of Ultrafort 401 steels increases,
whereas it decreases and then increases for Ferrium S53 steels. This indicates a different pattern of change in
the strain hardening level of the two high-strength steels with increasing strain rate. The findings in this work
provide a scientific basis for assessing the mechanical performance of high-strength steels under various
loading conditions and hold significant implications for their engineering applications.

Keywords: high-strength steel; tensile properties; strain rate; fracture morphology; yield strength; tensile
strength
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