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Al fo R-O LA E SAE AL A M GRE T 2%), TSZ410 4045 R-O A fe TA2 4L T Rt i 4k vl (354 v KT K 44
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Mechanical Property Evolution and Constitutive Model of Novel Ferritic
Stainless Steel TSZ410 Under Salt Spray Environment
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Abstract: To quantitatively simulate the service performance of novel ferritic stainless steel TSZ410 in marine atmos-
pheric environments, neutral salt spray accelerated corrosion tests were conducted for 20 d, 40 d, 60 d, 80 d,
100d and 120 d, with Q420 steel selected as the control group. In addition, post-corrosion macroscopic/micro-
scopic characterization and mechanical property tests were carried out. The evolution laws of corrosion morphology,
rust layer composition and mass loss rate were analyzed, the quantitative relationships between mechanical properties
and accelerated corrosion durations were established, and the constitutive models for the two types of steel in corro-

sion environments were proposed, respectively. Results indicate that TSZ410 steel also exhibited minor rusting over
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the corrosion time, and its rust layer gradually transitioned from an initial phase of loose MnO (OH) -a-FeOOH into a
dense MnCr,04-Fe;O, composite rust layer, thus enhancing its corrosion resistance. After 120 d, its mass loss rate
was only 1.76%. In comparison, the rust layer of Q420 steel consisted mainly of loose and porous Fe;O, throughout
the entire cycle, which was accompanied by the transformation of a-FeOOH and Fe,O; into Fe;O,. This led to an
accelerated corrosion rate, with a mass loss rate of up to 13.51% after 120 d. Moreover, linear degradation equations
were established for strength parameters (e.g., yield strength, ultimate strength and fracture strength) , strain pa-
rameters (e.g., hardening strain, ultimate strain and fracture strain) , elastic modulus and the elongation rate after
break over the corrosion time. It was found that Q420 steel suffered significant reduction (12.53%) in both the yield
strength and ultimate strength, whereas TSZ410 steel only showed minimal degradation (4.65%) . On this basis, the
double hardening (D-H) , secondary flow plastic (S-FP) and Ramberg-Osgood (R-O) constitutive models based on
the evolution of corrosion time were built. The D-H constitutive model is recommended for Q420 steel, while the R-
O constitutive model is recommended for TSZ410 steel, both achieving high precision (i.e., an error of less than
2%) . The R-O constitutive model for TSZ410 steel can also neglect the effects of corrosion in engineering applica-
tions, with the curve shape control parameter set as a constant of 25.64. This model is also capable of yielding ac-
ceptable results, with an error of less than 6%. The results in this paper provide a theoretical basis for assessing the
mechanical properties of ferritic stainless steel TSZ410 after corrosion in engineering applications.

Keywords: ferritic stainless steel; corrosion; mass loss; mechanical property degradation; constitutive model

58 H12

AN AN DR T B e | R B S 2R M, T2
FATFHEA0 BRI R g TR A4t ) SR, AL 55
FRAR AN 050 B AIG , RURARN B A 5 &8, ZE R
TR R HET A H Y2 BRG0P AN N
W& Ay A FR 2N w3 1 A& 4 o I AL, BiF & R 1
TSZ410 BRRRAFHM , AL LG A H MR
50% , J1EFPEREML AT 55 Q420 FNICHL. (HAE, FEILE
AL WA, BRI UE FE R KR
Bk BRI, IR R R R IR RS, N
I, BRAFAIF T B AN A A A B il R 5% v A IR A3
AT 2= 1 RE.

TEARGE M5 1k Ko Sy 2#PERE 5T , Dastgerdi 21
M Zhu ZEPhE A & B T BLEGIA 304,316 7R
ST A S B g, FR IR pH (AL
TR B ST SR R R W e
T A BB R AR SR I K PR 1R 0 S 1l a6, iR oY
T 2507 BUFAARAN 55X 76 r T IR 7K PR Hh 9 i sl 4%
B AT R, JERESTIIESE T BRERIK 304316321
TEZ8 SOMNEE K IR T (% 55 2 80 S . gk 1Y)
X 2205 SUAHAARGEIITE T [F2E600:, & o7k
AEEE T ihbiAb. Yuan ZECNM I B ICIA 304 4R
BT Q235 T Al MR A % 21 a5 1 HL b 2 g ot gk
55, BB TR RS AR B e A A IR AE R
. e B SO TR - RN A S B R R R
P Sk Ae RIS T S ke E . AR 2 R Ak
TR ARG S ARHEI S E A AHN, T8k
FIRREIIBIITED , Bk R AR E 7

1P E R RER AL AR G R AR B RS, T A
T AR ASE 4

AT B TSZ410 BRRMMITIE T 0~120d
(R bk R 25 T iR, P Q420 AN AXT LA,
WSS T AMNAT I 2B 552 X SFEATiT (X-
ray diffraction, XRD) Fl J5z 5t 451 25 28 i) 114 {8 {1k AR A3
XoF S B A T T Ay, AHSE TR ol Rk
Wr S S s2 , J0AT 1 0248 As L RS TE bR | Sk
5t R BT I i 25 B R b s [A) ) 5 fb RLAE. HET
Ramberg-Osgood (R-O) £ #Y | XU A1, (double harden-
ing, D-H) BRUFN — ki ¥ PE (secondary flow plastic,
S-FP) #5780 | 57 T BifiJ b B [ 38 Ak () P A AR R B 7R
AL ]y PRAR R RN S TR S I AT T 1 IR
Ak R A FR At I SR | I HaE—
ACAHET IR I BEE T LA,

1 KIEHER

1.1 ik

H Al L7 o 40 A 45 40 A A B2 A & (1)
TSZ410 BRFEARAFEPC KT N F 5 A B
AR E YR, WE 1 PR, AL R R AL
TSZ410 #RREANFEN, S (E&EME Pl
5501 Ay WIRIRE ik ) RV ER R AR, R ER
Q420 ANAEJ X ELAL. BRI B Tl 1] ¢ 43510
0d.20d.40d.60d.80d.100d 1 120d, ¥rf25iat
a3k 7 AL B 2 TR R CBR-REC Y



2025 412 H 25 AR, ERFEIMIRIE T TSZ410 58 Ak 2 AR N 1 24 M R T8 AL S AR F iy - 1317 -

T SRR, Bt “TSZ410-40" FR G0 40d
1) TSZA10 Wikft. HFArEMEEE 22 5, TSZ410 B4
PFEER S mm, Q420 PRI N 6 mm, HAkJL
Al RSF L 2.

(a) E5HEABER: (b) HEBCR
B RSN TR FSp)

Fig.1 Engineering applications of ferritic stainless steel
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Fig.2 Geometric dimensions of specimens (unit: mm)
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Fig.3 Stress-strain curves of Q420 and TSZ410 steel
under static tension
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Tab.l1 Mechanical parameters of TSZ410, S11213 and

Q420 steel
) brif fi/MPa | fi/MPa | /% | o/%
— 483.50 | 556.00 | 18.86 |59.78
TSZ410 — 494.93 | 566.21 | 18.57 |67.13

— 490.95 | 560.46 | 19.29 |62.73
S11213 | GB/T 3280—2015" | =280.00 | =450.00 | =>18.00| —
— 426.76 | 537.32 | 27.86 |50.46
— 42137 | 543.19 | 30.43 |51.49

Q420 — 42419 | 539.15 | 28.86 |50.18
) 520.00 ~

GB/T 1591—2018" | =420.00 =20.00| —
680.00

&2 TSZ410%M.S11213 5050 Q420 sMEYIL AL 4>
Tab.2 Chemical composition of TSZ410, S11213 and Q420 steel

A wel% wsi /% Witn /%o wp /% ws /% wyi /% wer /% wn /%
TSZ410 <0.060 <1.000 <3.000 <0.040 <0.015 0.800 11.000 ~ 14.000 <0.030
S11213 0.030 1.000 1.500 0.040 0.150 0.300 ~ 1.000 10.500 ~ 12.500 0.030

Q420 <0.200 <0.500 <1.700 <0.030 <0.030 <0.800 <0.300 <0.015

M Q420 FXNFN TSZ410 FXERAF A7 b)) ik
B, RSF2518 10 mm x 10 mm x 6 mm A1 10 mm x
10mm x 5 mm, &% (48 BMALHR ) 1,
Hﬁlﬁ(#&fﬁﬂ@aﬁfifi f AH SR
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S i3

(b) TSZ410’fW

B4 Q4205WF1 TSZ410 MEILHAELR
Fig.4 Metallographic structure of Q420 and TSZ410 steel
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Fig.5 Neutral salt spray test machine
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Fig.6 Tensile test loading device
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Fig.7 Macroscopic morphology of Q420 and TSZ410 steel under different corrosion periods



2025 412 H 25 AR, ERFEIMIRIE T TSZ410 58 Ak 2 AR N 1 24 M R T8 AL S AR F iy - 1319 -

T IRVRME €6, T TSZA10 4014 2 )% A Sy AR
o, Q420 MR EIE, 78 20d B EWFEZ 7 2l
5 HAEHE R s 2 R BLA. TSZ410 WASIZ R
HEE S, nR RN FREB AL 1E 120d BHT
T B e i A 5 b DX 3, G R 1 B4 2 R V5 B
5. Q420 BITE 100 d B [R5 2 REAK T 4f HH BIZEL, 5
HLFEE ]3RS , 420 niA &, 1 TSZ410 A5
JE IR H B 2L
22 FEBELSH

SR AR BB A SIS 2 B AR ALY, 2 BE bR
ASTM  G1-03"Uifi FHARSE A0 77 14 W i RF 2% i e ) o
MR 2, LAsEE G X S s i 4. S B R oK eaed
WL gE G IE R N B TS T XRD W, DA
T ORARAS B 2l

Kl 8(a) 2l Q420 FAFEANIR] G bt (] T (4 Sl 85
JZ XRD 3R FFEE. Q420 AN 7ENE 4L B 1 5 LA
Fe;04 N ESFHIEIZEEH , 124 B 8 ih ) 3 B 54 2
R, HATT S 5 B8 Bt 5 ok o [ A S BB 4. (EASvE
B, WIETE RN o-FeOOH F1 Fe,Os AHTEE i
PR A S RAE 1 FesOg AHL X RMYIAREE AL 5T
AR, S B2 FLBRORWIE N, A8 ik

ATy HERASETE , N T Q420 N4 k.

j&ﬁ%
[}
veon y o:.c"l- 0'

5
-
| A i

thnAJJL
!

',
10 20 30 40 50 60 70 80 90

Q420-120

Q420-80

R

Q420-60

Q420-40

A Al

20/(°)
® Fe,0, % Fe,0, m o-FeOOH ~ B-FeOOH r y-FeOOH
(a) Q420 4
A
wa 0
/e s B

[
el m Y _./- w TSZ410-120

) h TSZ410-80
\ l I ”A\ - TSZ410-60
| I l A J\ Ao TSZ410-40

10 20 30 40 50 60 70 80 90
26/(°)
4 MnCr,0, ® Fe,O, ¥ Fe,0, m 0-FeOOH & TiO, # MnO (OH)

(b) TSZ410 4H
E 8 Q420%W7#0 TSZ410$M5MIUEZE R XRD Ei&
Fig.8 XRD spectra of outside rust layers of Q420 and
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Q420 My it i R Al
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Tab.3 Corrosion data for Q420 and TSZ410 steel

d TSZ410 Q420
mo/g mdg n/% /g m/g nl%
500.98 | 500.98 0 594.83 | 594.83 0
0 501.15 | 501.15 0 594.16 | 594.16 0
500.73 | 500.73 0 596.47 | 596.47 0
20 498.40 | 49837 | 0.006 | 594.13 | 580.34 | 2.321
498.17 | 498.14 | 0.006 | 601.44 | 583.52 | 2.980
498.40 | 497.45 | 0.191 | 593.24 | 55822 | 5.903
40 49827 | 49738 | 0.179 | 597.04 | 565.77 | 5.238
498.18 | 493.93 | 0.853 | 591.85 | 556.17 | 6.029
60 499.43 | 49528 | 0.831 | 597.11 | 557.15 | 6.692
%0 498.18 | 492.51 1.138 | 596.76 | 547.06 | 8.328
503.72 | 498.09 | 1.118 | 591.28 | 546.04 | 7.651
100 504.71 | 495.83 | 1.759 | 597.30 | 537.46 | 10.018
504.71 | 49791 1.347 | 593.69 | 530.16 | 10.701
120 504.67 | 496.20 | 1.678 | 597.43 | 516.73 | 13.508
504.83 | 495.94 | 1.761 | 597.38 | 520.72 | 12.833

TE 120d BYJEPREIAN , TSZ410 W10 T2k
RALHK 1.76% , 1 Q420 K Al i 41 2k K B ik
13.51% , iXZKHW] TSZ410 WNFEDLIEHhEE ) &0 T
Q420 F4. AR TSZ410 MR 4 HBEE)Z , (HH
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Fig.9 Corrosion kinetic curves of Q420 and TSZ410 steel
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Fig.10 Ah-t curves of different steels under different cor-
rosion conditions
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Tab.4 Corrosion parameters of different steels under different corrosion conditions

ANFEN G4
A il a b SIS 25 a b
CNSS TSZ410 0.000 110 1.398 300 CNSS Q420 0.010 400 0.894 420
INSS TSZ41012% 0.000 005 1.771 030 INSS Q420 0.009 430 0.971 990
CNSS AISI321121 0.000 370 1.000 000 CNSS Q355" 0.014 050 0.869 960
CNSS 3041261 0.000 110 0.504 580 CNSS Q420qNHY™! 0.004 060 0.967 020
CNSS 2205!% 0.000 004 1.869 330 SCIE Q420124 0.016 270 0.495 650
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Fig.11 Fracture modes of Q420 and TSZ410 steel
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Fig.12 Stress-strain curves of Q420 and TSZ410 steel
under different corrosion periods
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Tab.5 Strength and strain parameters of Q420 and TSZ410 steel under different corrosion periods
ESH MAESHL
t/d fy /MPa fu/MPa fir/MPa &n &y &
Q420 TSZ410 Q420 TSZ410 Q420 TSZ410 Q420 TSZ410 Q420 TSZ410 Q420 TSZ410
0 422.33 485.17 538.38 555.09 530.32 538.63 0.03190 | 0.004 11 0.18748 | 0.10899 | 0.243 81 0.175 64
20 411.85 471.84 525.04 553.92 524.05 533.80 0.03055 | 0.00435 | 0.20276 | 0.09426 | 0.25304 | 0.161 90
40 401.05 469.43 512.11 546.86 503.77 528.00 0.028 11 0.00405 | 0.19267 | 0.08903 | 0.21260 | 0.15126
60 393.18 470.88 497.89 544.13 496.76 520.63 0.028 58 | 0.00418 | 0.19214 | 0.08463 | 0.21923 | 0.14093
80 382.00 469.59 486.81 540.41 485.41 521.81 0.026 94 | 0.00429 | 0.18104 | 0.11014 | 0.20450 | 0.146 63
100 | 378.41 459.96 481.40 533.43 480.87 512.96 0.023 61 0.00427 | 0.18111 0.10022 | 0.189 81 0.130 09
120 | 371.84 462.59 470.90 532.00 465.96 506.81 0.02335 | 0.00445 | 0.15775 | 0.08484 | 0.16837 | 0.121 99
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Fig.13 Relationships between strength indexes of Q420 and TSZ410 steel and corrosion periods
&6 Q4205WFN TSZ410 SRR EIFFIHET B THRE SR R
Tab.6 Strength deterioration relationships for Q420 and TSZ410 steel under different corrosion periods
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Fig.14 Relationships between strain indexes of Q420 and TSZ410 steel and corrosion periods
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Tab.7 Relationships of strain indexes, E and J of Q420 and TSZ410 steel with corrosion periods
B2 TSZ410 fX R G5 Q420 MK FR G5
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Fig.16 Elongation rate after break of Q420 and TSZ410 steel
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Tab.8 Parameters of constitutive model of Q420 steel
after corrosion
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D-H 571

S-FP f5i7d

m

my

ki

ka

ks

Q420-0
Q420-20
Q420-40
Q420-60
Q420-80
Q420-100
Q420-120

531971
4.166 02
4.213 94
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Fig.17 Comparison of Q420 steel test curve with constitu-

tive models
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Tab.9 Parameters of constitutive model of TSZ410 steel
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Fig.20 Error analysis of constitutive models of TSZ410 steel
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