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ABSTRACT: Alloy steel usually has high strength and hardness and can be used as protective materials. The work aims to
quantitatively study the dynamic recrystallization stress of alloy steel such as high-strength steel in a wide temperature range.
Based on the Li'principle pf energy equivalence, a theoretical characterization model for the temperature-dependent dynamic
recrystallization of alloy steel without fitting parameters was established by considering the equivalent contribution of
dislocation energy and thermal energy to the steady-state flow of the material from the perspective of growth and annihilation of
dislocation. The results predicted by the model were in good agreement with the experimental results obtained from 5 groups of
dynamic recrystallization steady-state stress, and the maximum error was 1.9%, which realized the reasonable prediction of the
dynamic recrystallization steady-state stress of alloy steel. By analyzing the quantitative effects of elastic modulus and yield
strength on the steady-state stress of dynamic recrystallization and its evolution with temperature, it was found that the

steady-state stress of alloy steel could be increased by increasing the yield strength and elastic modulus within a certain
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temperature range. This work provides an effective method for quantitative evaluation of dynamic recrystallization steady-state

stress of alloy steel in a wide temperature range, and provides a theoretical basis for establishing the force-thermal coupling

constitutive relationship in a wide temperature range.

KEY WORDS: dynamic recrystallization; steady-state stress; temperature-dependent; alloy steel; Li's principle of energy

equivalence
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Tab.1 Material parameters for predicting
temperature-dependent dynamic recrystallization
stress of Mn-Cu-V weathering steel at 0.1 s™' strain rate

TK E(MMPa o(D/MPa oy(Tp)MPa T,/K TyK
1173 1023 94.3
1223 826 81.1
121 1673 1173
1273 626 67.8
1323 451 70.7
160
140 -
120
<
% 100 *
E 80 - «
© 60 -
40t
20 |- —— RRITE (e=0.1 s71)
o * SLIE(e=0.1s7)
1150 1200 1250 1300 1350

TREE/K

B3 0.1s AR T Mn-Cu-V it 55K 1) Fi
{H5 SR He A
Fig.3 Comparison between predicted values and
experimental values in Mn-Cu-V weathering
steel at 0.1 s™' strain rate

2.1.2 13%Cr B REREEW

Ebrahimi 250X 13%Cr 5 [RAA K858 78
Zwick/Roell 250 i g AL L B 7 AS AL | ) 1 A
P ESARS, Hrp R4 BAE 8 mm., = 12 mm
A BAEAA , T, RPN 1200 K, £7%F 5 min,
SRIG VS EN MR o R4 g0 T B 43 1 oh 1223
1273.1323.1373 K, 450 1 22 #8435 0.001
0.01, 0.1s™"'o FUPERTE A 480 F 48 i A2 14 1% 7 -1
AL (B 4) ki, IFLLEB MR AR 0.2%0)
FR R 3B R BE . 13%Cr By FC A AN 45 A9 4 o
K 1673~1 723 K, ARG SN 1673 K,
AR 8 3 N ) 8 AR 6 SR AR R R R S R ()

60

0.1s!

0.01 s

N F1/MPa

0.001 s

0 0l 02 03 04 05 06 07
JEAE
a 1223K

¥ }1/MPa

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

RAR
b 1273K
60
50 -
g 40 -
0.1s7!
R
0.01s!
0.001 s!

0 01 02 03 04 05 06 07
AR
c 1323K

K4 13%Cr D [RAKARGENIEARNEEE T /Y
IO A7 - A%y £ B0
Fig.4 Stress-strain curve of 13%Cr martensitic
stainless at various strain rates"



- 264 - 1 %% T 7%

2025 4 5 H

He 75 BN AR AR X B 4 S A A S AR S B IR
TR B RS E0N 3R 2 R, 6 4 PR AR DG
B 2545 AR AR A I ) PR R AR A TR 25 R S
LERXS LN 5 B, n] DA RSN 4 SR A S g 4G
HA R — 8k

R2 AT 13%CrEREFRFNEEEXENTSELERE
75 Bz 1 T B L S 5
Tab.2 Material parameters for predicting steady-state stress in

temperature-dependent dynamic recrystallization of
13%Cr martensitic stainless steel

AR 2 /5! ZH 1223K 1273K  1323K
E(T)/MPa 858 1178 764
0.1 o(T)/MPa 26 22 20
USS(TO)/MPa - 55 —
E(T)/MPa 377 504 718
0.01 o(T)/MPa 28 22 15
USS(TO)/MPa - 36 —
E(T)/MPa 525 362 407
o(T)/MPa 21 17 14
0.001 os(To)/MPa — 24 —
Tw/K — 1673 —
To/K — 1273 —
60
o
50
& o
& 40k
2
R
E\ 30 + °
% N
& A_.-ii;fff”’f**nA; u
20 | A BERBIMEE=0.001 s 1) AT
A S (6=0.001 s7) TT—aA
e EAITIME (e=0.01 s )
10 - # 5:3ff(=0.01 s
REAITTME(e=0.1 s7)
0 ° %‘L?%{F[(é:o.ls‘)l . ‘ .

1200 1225 1250 1275 1300 1325 1350
ME/K
K5 13%Cr 5 RS HIE A [F] B AL R 11
RO AR5 S 6 (B LU
Fig.5 Comparison between predicted values and

experimental values in 13%Cr martensitic
stainless steel at various strain rates

213 BEEN

Wu ZEBUNS 258 BN TE Gleeble-1500 iR EaHL | i
FFATRIERE | ASTR N A8 SR A TR 4 i g6, He v R4 i
JEAE 8 mm . 12 mm B B AR BENAEELL 10 KUs
M EEMAAZE 1 473 K, PRI 3 min, SRJ5LL S K/s 1Y
R BRI, AR 30 so FRAE IR IR E 53 5
91273, 1323, 1373, 1423 K, JE4550 028 %
PRI 0.1, 1. 5s7'. SRR E WA W R4 R

N -l AR ik (6 ) HgREL, JFLASMER AR 0.2%HF
IR SR S IR B o R BE A A5 1 673~1 813 K,
KRS 1773 Ko BB R bS8
W 3 FR, A4 IR AR I sh s Fiah RS Ny f B
IS FRAFAR A TN 25 2 5 S0 25 % b &l 7 o, o]
DAY T 25 S 5 S A5 LA R — B

240 | *-,'LL'——L'—'lJ 950 °C
-
L

...lll-lll'l1000°c
B

£ 160 | passsssEsssE 5o
P2

= 1100 °C
]

% 1150 °C
& 80

— ZRf
. HWE

0 0.2 0.4 0.6 0.8 1.0

SRS
6 RRIEITE S s BIAER T
R A1-BiE R

Fig.6 Stress-strain curve of hi%h-strength
steel at 5 s strain rat"]

*3 55 NEXTHATEREMNBREAXENSELER
TSR A T Y # 4B 8
Tab.3 Material parameters for predicting steady-state
stress in temperature-dependent dynamic recrystallization
of high-strength steel at 5 s™' strain rate

TK E(IYMPa o(T)MPa o(Ty)/MPa ToK TyK
1273 1189 131
1323 892 108
184 1773 1273
1373 647 88
1423 567 78
225
200 |
175 |
g 150
_§ 125 |
E 100 | -
B o5t
50
25 |~ B G=s )
" isﬁf&(ﬁls ) . .
1250 1300 1350 1400 1450
RE/K
&7 BRI 5 s RARR T RG-S
SCHE LE#R

Fig.7 Comparison between predicted values and
experimental values in high strength steel at
55! strain rat



a0 HoW

WREER, SF. A WL AR LS A A

AN 7 BRI R AF AR A - 265+

2.2 BHSH

7% 3 s A i e R 5 B X 4 W B A 4G
e AN 7 Y S R, R AR e e IR e X IR
FEY 43 WU, PR 062858 1 43 A A ()R BE T i
A% E R St o 1 28 A X 5 4 0 3 28 P 4 A AR A N
FIFEM . BLL 5 57" AR T B S SR BEAR A ], S
RS- A

&l 8 Sy e i B A i IR et 3 X6 2 A8 P48 A AR S g
J7 0 R B e S I B I B AR, T LA s i ki

LA SR T N Sh S FRAE AR Ny, EL iR
55, AR TR) et Al 5k S8 72 A o3 S Bl A5 P2 A AR A 1L T 1Y

AR N

PO Shy vy ot L A S A X 2l 285 P45 AR AR A
7 B RE R R S R E AL, R LR R S R A
LU AR T S B S S A ARSI, HELE
g, A ] 5 A A (R G Bl A P SRR S N

H A8 Ak N o T 9 HR A P8 R SR AR B R AR A X S 4
60
40

[\
(=]

N 17224k B /MPa
o

¥ 20
ﬂ@
—40 ---1373K
5 ---1423K
460 1 1 I 1 1
—40 -20 0 20 40
MR RSV /%
8 it PR IR B A A A X AR S N T (5]

Fig.8 Effect of changes in yield strength of
high-strength steel on steady-state stress

10
8
6 -
£ a4t
> o
=
£ -6
8+
~10 +
~12 1 1 I 1 1
—40 -20 0 20 40
SAPEAS AR AL A%
PO ey o B B R A i Y R A X AR 2
WAL b |

Fig.9 Effect of changes in elastic modulus of
high-strength steel on steady-state stress

BB S A SRS LT BRI, JF R I T 2
JiE e 5 AR A X 2l 285 A5 AR S T TR AR IR o [A
I, A e B2 AN [ i B T SEAS i e Al 54 R X
G NS A A R AR S BT ARG R

P10 Sy Jort A i 2 5 v i B8 A LM ASE A fl X 8y
A A SRS ) AR R X HE B IR E B AL, T
LA vy SRR ASE A T LA SRR R S e O 1 B A PR

RSN AT, HLREE Ry, AR [ A AR A R S Bl
RN LY SR NPALUE S (v %
40
30+

NS
S

jJ 4L E/MPa
=

0
= -10
X
# 20
-30
_40 1 1 | 1
—40 -20 0 20 40
B RAER/%

P10 et A it B 5 iy it B S A o 172 £
XIRRAS I 1 B 55 )
Fig.10 Coupling effect of yield strength and elastic
modulus of high-strength steel on steady-state stress

3 HhiE
FET Li GBSO, ST A RE AR S
ﬁﬁﬁ%ﬁ%ﬁﬂﬁ&moﬁﬂ%ﬁﬂﬁﬁ3ﬁﬂi

W) ) 5 4 W sh AR P45 AR N TR 52, BT 13%
Cr SRR, 8t A [F] R AR 8 [ P AR
o R IR 5 R, S AR T B TR A A
GER SR 5 A sh A LS RS N SL 4l R —
B A7 BT AN [ EE T S A A e i R ) AR
X & & W45 MRS N IR, &I
A5 e i B P B IS S R R AR AR Ny, HOREE
FEAG, A 7] 5 AR e Al B AR AL R R B B A
s AR AN 1 AR bR . ARWEIE N A A iR
*H?Qﬂt@ﬁjtﬁiﬁﬁﬁﬁf%?ﬁfpjj%zﬁt AT A A B

TN SRy 48 T B 47 45 A8 LE S8 T T YRR e 1k
?Eﬁ@ffﬁ Joe Y 11

S 3k

[1] PRAMANIK A, ISLAM M N, DAVIES 1 J, et al. Con-
tribution of Machining to the Fatigue Behaviour of
Metal Matrix Composites (MMCS) of Varying Rein-



266 -

(A

2025 4 5 H

[10]

[11]

forcement Size[J].
2017, 102: 9-17.
AJAY K P, ROHATGI P, WEISS D. 50 Years of Foun-

International Journal of Fatigue,

dry-Produced Metal Matrix Composites and Future
Opportunities[J]. International Journal of Metalcasting,
2020, 14(2): 291-317.

WREAR, B, BURW, . BRABIT RS R
SBR[, TR T2, 2005, 35(2):
10-13.

YAO C G, LYU H J, JIA X C, et al. Research Progress
on Materials and Structures of Metal Thermal Protection
System[J]. Aerospace Materials & Technology, 2005,
35(2): 10-13.

LIN Y C, CHEN X M. A Critical Review of Experi-
mental Results and Constitutive Descriptions for Metals
and Alloys in Hot Working[J]. Materials & Design,
2011, 32(4): 1733-1759.

ZHENG J F, DEMIR H V, SABNIS V A, et al
Self-Aligned Via and Trench for Metal Contact in III-V
Semiconductor Deivces[J]. Journal of Vacuum Science
& Technology B, 24(3): 1117-1122.

SITDIKOV O, KAIBYSHEV R. Dynamic Recrystalli-
zation in Pure Magnesium[J]. Materials Transactions,
2005, 42(9): 1928-1937.

ZHENG Q, YING T, JIE Z. Dynamic Softening Beha-
viour of AZ80 Magnesium Alloy during Upsetting at
Different Temperatures and Strain Rates[J]. Proceedings
of the Institution of Mechanical Engineers, Part B.
Journal of Engineering Manufacture, 2010, 224(11):
1707-1716.

GOETZ R L, SEETHARAMAN V. Modeling Dynamic
Recrystallization Using Cellular Automata[J]. Scripta
Materialia, 1998, 38(3): 405-413.

MCQUEEN H J, IMBERT C A C. Dynamic Recrystal-
lization: Plasticity Enhancing Structural Develop-
ment[J]. Journal of Alloys and Compounds, 2004,
378(1/2): 35-43.

MOMENI A, DEHGHANI K, EBRAHIMI G R. Model-
ing the Initiation of Dynamic Recrystallization Using a
Dynamic Recovery Model[J]. Journal of Alloys and
Compounds: An Interdisciplinary Journal of Materials
Science and Solid-State Chemistry and Physics, 2011,
509(39): 9387-9393.

URAI J L, MEANS W D, LISTER G S. Dynamic Re-
crystallization of Minerals[M]. American Geophysical

Union (AGU), 1986.

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

JAFARI M, NAJAFIZADEH A. Correlation between
Zener-Hollomon Parameter and Necklace DRX during
Hot Deformation of 316 Stainless Steel[J].
Science & Engineering A, 2009, 501(1/2): 16-25.

KOOIKER H, PERDAHCIOGLUE S, VAND B AH. A
Continuum Model for the Effect of Dynamic Recrystal-

Materials

lization on the Stress-Strain Response[J]. Materials,
2018, 11(5): 867.

VARELA-CASTRO G, CABRERA J, PRADO J. Critical
Strain for Dynamic Recrystallisation. The Particular
Case of Steels[J].
Journal, 2020, 10(1): 135.

QUAN G Z, LI G S, CHEN T, et al. Dynamic Recrystalli-

Metals-Open Access Metallurgy

zation Kinetics of 42CrMo Steel during Compression at
Different Temperatures and Strain Rates[J]. Materials
Science and Engineering A, 2011, 528(13/14): 4643-4651.
POLIAK E I, JONAS J J. Critical Strain for Dynamic
Recrystallization in Variable Strain Rate Hot Deforma-
tion[J]. ISIJ International, 2003, 43(5): 692-700.

QIN Y, PAN Q, HE Y, et al. Modeling of Flow Stress
Considering Dynamic Recrystallization for Magnesium
Alloy ZK60[J].
2010, 25(7): 527-533.

ZHU S L, CAOH Z, YEJ S, et al. Dynamic Recrystal-
lization Behavior of Medium Carbon Cr-Ni-Mo-Nb

Advanced Manufacturing Processes,

Steel during Hot Deformation[J]. Journal of Iron and
Steel Research, International, 2015, 22(3): 264-271.
MIRZADEH H, NAJAFIZADEH A. Prediction of the
Critical Conditions for Initiation of Dynamic Recrystal-
lization[J]. Materials 2010, 31(3):
1174-1179.

ZHANG J L, ZHANG Y Q, LI H M, et al. Determina-

tion of Critical Dynamic Recrystallization Conditions

and Design,

and Mechanism Analysis of Ti600 High-Temperature
Titanium Alloy[J]. Journal of Materials Engineering and
Performance, 2021, 30(1): 229-238.

LI W G YANG F, FANG D N. The Tempera-
ture-Dependent Fracture Strength Model for Ultra-High
Temperature Ceramics[J]. Acta Mechanica Sinica, 2010,
26(2): 235-239.

FANG D N, LI W G, CHENG T B, et al. Review on
Mechanics of Ultra-High-Temperature Materials[J]. Ac-
ta Mechanica Sinica, 2021, 37(9): 1347-1370.
GALINDO-NAVA E I, SIETSMA J, RIVERA-DIAZ-
DEL-CASTILLO P E J. Dislocation Annihilation in
Plastic Deformation: II. Kocks—Mecking Analysis[J].



a0 HoW

AR, 5. SO MR AHSCHE S 2R TS SR A5 0 ) B SRR Y

© 267 -

[25]

[26]

[27]

Acta Materialia, 2012, 60(6/7): 2615-2624.

TAYLOR G I. The Mechanism of Plastic Deformation of
Crystals. Part I. Theoretical[J]. Proceedings of the Royal
Society A, 1934, 145(855): 362-387.

YAO Q Y, YANG J B, DONG P, et al. Modeling of
Acoustic Field Dependent Tensile Property for Metal
Materials[J]. Extreme Mechanics Letters, 2023, 60:
101980.

YANG J B, HE Y, MA Y L, et al. Theoretical Model of
the Temperature-Dependent Ultimate Tensile Strength
from the Viewpoint of Dislocation Kinetics Approach
for FCC Metals[J]. European Journal of Mechan-
ics-A/Solids, 2024, 103: 105160.

ZHANG X H, LI W G, MA J Z, et al. A Novel Temper-
ature Dependent Yield Strength Model for Metals Con-
sidering Precipitation Strengthening and Strain Rate[J].
Computational Materials Science, 2017, 129: 147-155.

[28]

[29]

[30]

[31]

LIY, LI W G, DENG Y, et al. Theoretical Model for the
Tensile Strength of Polymer Materials Considering the
Effects of Temperature and Particle Content[J]. Mate-
rials Research Express, 2019, 6(1): 015315.

WUHY, DUL X, LIU X H. Dynamic Recrystallization
and Precipitation Behavior of Mn-Cu-V Weathering
Steel[J]. Journal of Materials Science & Technology,
2011, 27(12): 1131-1138.

EBRAHIMI G R, KESHMIRI H, MALDAR A R, et al.
Dynamic Recrystallization Behavior of 13%Cr Marten-
sitic Stainless Steel under Hot Working Condition[J].
Journal of Materials Science & Technology, 2012,
28(5): 467-473.

WU G L, ZHOU C Y, LIU X B. Dynamic Recrystalliza-
tion Behavior and Kinetics of High Strength Steel[J].
Journal of Central South University, 2016, 23(5):
1007-1014.



