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Strengthening and Toughening of SA-540
Alloy Steel for Fasteners

Wang Zhaoying' >, Wu Wei'">*, Zhao Zhen'"*”*, Luo Wentao'”*, Song Jinhui'”, Yu Feng'"
(1 Chongging Materials Research Institute Co. , Ltd. , Chongging 400707 ;
2 National Engineering Research Center for Instrument Functional Materials, Chongging 400707 ;
3 Chongging Key Laboratory of Corrosion-resistant Alloys, Chongging 400707 )

Abstract: In this paper, the SA-540 high strength and high toughness steel for fasteners is obtained by the optimization of
composition (/% : 0.35 ~0.46C, 0.6 ~1.0Cr, 1.50 ~2.05Ni, 0.18 ~0.32Mo, 0.1V), the reasonable formulation of
smelting process (3 t VIM + ESR ) and heat treatment process ( re-heat treated at 850 “C for 2 h water cooling +590 “C for
5 h water cooling). The results show that in order to ensure the specified plastic elongation strength R, , =860 MPa of SA-
540 steel at 300 C, the tensile strength at room temperature should be controlled in the range of 1 150-1 170 MPa, with
only a strength window of 20 MPa. For the materials whose tensile strength at room temperature exceeds the standard after
quenching at 850 C for 2 h/water cooling + tempering at 560 “C for Sh/water cooling, the tensile properties of the alloy
steel can meet the index requirements by reheating and quenching at 850 C for 2 h/water cooling + tempering at 590 °C 5
h/water cooling. With the increase of tempering temperature after quenching, the tensile strength and yield strength of SA-
540 steel decrease, and the elongation and reduction of area of steel increase. Adding 0. 1% vanadium to SA-540 steel can
obviously improve the strength and plasticity of steel, but the low-temperature impact property decreases significantly.
Key Words: SA-540 Alloy Steel; Fastener; Heat Treatment; Tensile Properties
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Table 1 Design chemical composition of SA-540 alloy steel before and after optimization/ %

TH, C Si P )

Cr Ni Mo v Fe

4k 0.35-~0.46 0.13~0.37 =0.025
ikl 0.35~0.46 0.13~0.37 =0.025

=0.025 0.56~0.99 0.60~1.
=0.025 0.56~0.99 0.60~1,

1
.18 ~0.32 0.1 Bal.

850 T x2h

e (540~600) Cx5h

ik FE/
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A f@l/h
Bl 1 SA-540 AL EE T2

Fig.1 Heat treatment process of SA-540 steel
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Table 2 Chemical composition of test SA-540 steels/ %
e (H Si P S Mn Cr Ni Mo v Fe
A 0.40 0.26 0.0090 0.0020 0.84 0.86 1.89 0.26 - Bal.
B 0.43 0.28 0.008 4 0.0021 0.81 0.88 1.94 0.27 = Bal.
C 0.41 0.28 0.007 9 0.0019 0.93 0.92 1.94 0.27 0.10 Bal.
D 0.43 0.30 0.006 7 0.0022 0.82 0.87 1.96 0.28 0.10 Bal.
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5 SA-540 & & WA B R Je 2 K o BRI 25 SR
WF3. ATLARE, FHRE WM RER R R
Y B R AR SERLBE F 0 R AR AR EOR , X5 4 TR Mk

T R A0 5 A B R 5 SR AE PR BE &
HE, BmeenxR Ve, MR, X2 H T
(5] oK 3o 7 H 7 A R B A0 B R A AT LA B 1Bk
ik
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Table 3 Test results of non-metallic inclusions and grain size of SA-540 steel/rating

o . A% B % C% D %
v R e AR HE T e e e 4%
febrEsk S gEi A <1.5 <l1.5 <l1.5 =1.5 <l1.5 =<1.5 <l.5 <1.5
A T 0 0 0 0 0 0 0 1.0
B 7.5 0 0 0 0 0 0 0 1.5
C 8.0 0 0 0 0 0 0 0 1.0
D 8.0 0 0 0 0 0 0 0 1.0
2.3 hrfvkse KRR, B G B 25 X ULA & f b T

e 2 850°C 2 h % Ak/7K¥ +560 C 5 h
[ K/ 7KV AL IR , R 300 C iR i RE 4
B 4 FiF S5, g4 ATH, BE 23 KA
S 74 PR YR I 4 IR B R A B R
1 170 MPa, 4354 1 210 MPa #1 1 180 MPa( % 4 ¥f
* BAE) , H AR R R AR E R . IR L
RET AR PRER . W41 S IR BRI E 1 A PR A Yokt
L) BRI E 2 B, 8 LAE B, A4 0 [E

LK AT, AT B R 2
& AT

Hi 4 Rk S BORIIBCE T LR 4, Y 5iR
RIEREEY 1150 MPa i, %70 300 C AL ¥ 1k 4
i35 75 868 ~ 869 MPa, HERHE 8 ~9 MPa, Fif L Jy
THIE 300 C HLE W HELE 3R FF R, , =860 MPa,
HCEIRHTHIR AR R AE T 1 150 MPa, BI3SHRER
f) 4338 BE 45 41 7E1070 ~ 1170 MPa, 3 F R

F4 SA-540 WERFLHERE
Table 4 Room temperature tensile properties of SA-540 steel

GRILENIRYS HLE BRI E (R, , ) /MPa PihisREE (R, ) /MPa WG (A) /% BB (Z) /%

JeFRER =965 1070 ~1170 =11 =40
B {42 R 1040 1165 17 55
BEFE 23 it 1120 1210* 17 56
B EE-77 {4 1030 1150 17 52
RT3 R 1030 1150 17 55
13 1030 1150 17 52
B FEE-74 i 1 060 1180* 16 54

F5 SA-540 0300 CEEh{hidae
Table 5 High temperature tensile properties of SA-540 steel at 300 °C

[RILELRYN BLE SEYERE MSRIE (R, , ) /MPa PrdusRlE (R, )/ MPa WiE R (A) /% Bl (Z) /%

1ERFRER =860 =960 S sz
LEFEPE42 960 1145 18 59
EEE23 R 966 1130 19 60
BEFEPE-TT 868 1102 22 73
B RT3 869 1104 21 72
BEEE-13 868 1102 22 73
[ E-74 P 896 1120 23.5 74.5
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B2 SA-540 WAL (850 C 2 h PEK/ K +560 C 5 h 2] k/7K¥E) (a) REF-23 (AU (b) BREHF-74 ALK
Fig.2 Heat treatment structure of SA-540 steel (830 C 2 h quenching, water cooling + 560 “C 5 h tempering, water cooling) ( a)

Fasteners-23 piece batch; (b) Fasteners-74 piece batch
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Fig.3 Microstructure of SA-540 steel after reheat treatment; (a) (c) additional temper at 560°C for 3 h water cooling (D); (b) (d)

supplementary heat treatment at 850 “C for 2 h water cooling + temper at 590 °C for 5 h water cooling 2); (a) (b) Fasteners-23 piece

batch; (c)(d) Fasteners-74 piece batch

RIS = RIS 45 R AR 6 Ak
7. ATAEH], REPAEE 77 R OEHE K G, 6T
RE 23 {4t 3R 5 B PR fb, FIR TR
5 BEATS R THEPMEL (R 6 4w BCd ) , Tt I 0 [|] K
1 J3E R 25 O T 5 T o e 38 PRI, 2
PRAR s X T R E 4 74 PF4E, W T 2 B R B R
& BB PR AR A B B A e, i o L A 2 P S
[ 854 MPa i, T454Hr A /DT 860 MPa Z3R (3 7 #if
*BE) o R BT QI B KT 1R A [k
PAAL PR B, % T 5 E 0 23 R, SR A R
R 0 B AR AR 2 4R R ) e X R
74 {0 R IR S PR B R AIR, 2B R
WAHE, MIRBYERE RS FRla S mE

KIGTE 500 ~600 C[a] KA, i FEREAA &L
(0] & R A SR SR ML, i < 40 2 B O B
1% JB MRS R H T o G5B A KH RN AL 7
TEAL R FvERE AR, /T LA S, A T Z@
TR K, FFAR R 1] KR A R B SR A ROCR B
LT #Ab 3 T O E] K AL

B4 JgE KBREREGETEANEKE
(850 C 2 h ¥ :K/7K¥ ) & & SA-540 ZiR J1 4%
REREZIR . AT LIRS, BN V #0808 BE A [ KR
BERYTH R , DUALGE B 0 R 50 3 2 o 1 o, H b e
540 CHHTHr 56 15 7 Jif iR 55 338 B g K AEL, 2351
1240 MPa.1 160 MPa; ifij i 1< & 71 g i {4 32 1
HZ AR, =& E KR E® T & ZE#H R,



i 6 ]

EJRIE R EF SA-540 £-EMAPREML T LN il

F6 SA50 MESHFEALEEZRA ML
Table 6 Room temperature tensile properties of SA-540 steel after supplementary heat treatment

A FE YEPESE AR (R 5 ) /MPa HURIERE (R, ) /MPa WG 2 (A) /% BT Z) /%
R ER =965 1070 ~1 170 =11 =40
B[ 23 D 1120 1210* 17 o
BE 23 TR 1030 1120 19 59
B4 HEED - - - -
S E T4 R ED 1020 1 150 17 52
RT SA-540 R FEHALIEE 300 CHL{H1ERE
Table 7 300 °C tensile properties of SA-540 steel after supplementary heat treatment
Rt LA B R R BE (R 5 ) /MPa BURiBRE (R, ) /MPa Wifa e (A) /% BRI (Z) /%
FEhRER =860 =960 BRI ER
B E 23 RO 871.5 1046.5 21 74.5
B 23 (R 864.5 1029 20.5 70
74 R ED 854 * 1071 22.5 76.5
BE 74 HHED 871.5 1074.5 21.5 77

600 CAF|BAAE, 5510 17. 5% 1 60% . &4
BV ICESS, 78 540 ~ 600 C [ k 7] B B 35 = Ak
A BT L 5 B A RS B . 540°C B K BB hr i B e
1 240 MPa 2 % 1 308 MPa, Jifi fl58 B (11 1 160 MPa
$2 25 % 1188 MPa; 600 °C [8] & B #% $r 3% BF i
1046 MPaiZE % 1 058 MPa, Jii IR 38 B i 952 MPa
$25 % 958 MPa, XJ&MHT V ILE MY i
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Fig.4 Effects of tempering temperature and alloying element vanadium V on room temperature tensile properties of SA-540 steel; (a)
tensile strength , (b) yield strength, (c¢) elongation and (d) reduction of area
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Table 8 SA-540 steel impact performance test results

/] Ik C 700 ke {L 4k %
EAEE/C  RREEC . R izh . ‘E v iy (I e £/ mm T HEM I R/ %
HIErRE) FHME HIe T T HLpENIE T
TEPRE R L =41 5] =341 S i

540 -15C 53/55/62 56.7 0.6/0.48/0. 58 0.553 100,100,100 100
-20 C 50/54/52 52.0 0.37/0.42/0.54 0.443 100,100,100 100
560 -15C 92,/96/90 92,7 0.78/0. 89/0. 80 0.823 100/100/100 100
-20C 94/88/96 92.7 0.81/1.08/0. 88 0.923 100/100/100 100
o -15C 98/100/104 100.7 1.11/1.03/1.28 1.140 100/100/100 100
-20 C 110/100/102 104.0 0.94/1.10/1.08 1.040 100/100/100 100
- -15C 118/145/112 125.0 1.16/1.41/1.14 1.237 100/100/100 100
-20 C 114/113/116 114.3 1.26/1.03/1.26 1.183 100/100/100 100
V-560 -15C 33/42/37 37.3 0.45/0.36/0.22 0.343 100,100,100 100
E -20 C 38/42/44 41.3 0.33/0.32/0.48 0.377 100,100,100 100
V600 -15C 36/36/38 36.7 0.37/0.39/0.21 0.323 100/100/100 100
-20 C 32/32/33 32.3 0.34/0.22/0.39 0.317 100,100,100 100

T — (=) W R AFE — R R R IR T 41), [H AT 340,
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170 MPa,, {AH2 20 MPa, X3 & & 8 A= 7 455
AR TR EOR, T AR o

(3) A48 SA-540 2 850 C 2 h #{EK/K¥% +
560 C 5 h [Ek/7K &AL B 5, U5A A Al =
IR UHLSE BEXE B A , T 388 3ok T ¥ KO 4R e T K

o

[T, T%&%, %k %, % WMmEE R B E M SCr4d0
S HI SRS HIH SR BT I S i FE ] ki, 2022,
43(2); 9094,

[2]FhifE, ¥ B Al RIBECEE A RME A RWEE[1]. A
SshpmEfb 5 EL, 2022, 311(1) ; 3043,

(31430, HIRHE, HSctE, . ARSIz B4R 17-4PH
S 68 i B B A WFFEL )] N T T F, 2022, 50(20) ; 130-
136.

(415400, 3 M. M= RS AERA ], Bk Al
SRiF, 2022, 12(9) ; 95-98,

(5145, & A, I3, % EAE S EBREGS R 58
PEEEELI]. MiRERE, 2019(3) : 3941.

[6]# ¥, BOW, MHFE, % WSkt S H AR kR
[1]. &JE=4, 2020, 56(4) ; 558-582.

(715 B . B T Rk SA-540 B23 BORIERIERFSE[]]. Hink
T#%, 2021, 45(6) : 9-13.

[8]HEN L. SAS40 YUl 72 B ph b 3 T[], #haba, 1999, 53
(1):2426.

[O1EWIfl, S, AT, . AR LEEMF FHAMA SR
MGHMEREmE ], SRR, 2010, 35(11) ; 4549.

PRSP A S R {1 B T R TR AR R, Bk
T Z0:850 C 2 h BEA/7K¥E +590 °C 5 h [7k/
Ko

(4) B 49 SA-540 T & V, EiRkHr g
JEE ¥y 1] A ik B o T AN L 2B M . WS 0.
1%V Jo 3 n] B W48 & & 6 1 % IR hr ok B2 F0JE AR
SR BE , fep I SR AT T A SR s AT 4R T (EARIR s
PEREFEAREI ..

[10]%k #, VLeR, T¥&H, & MO S RI Ekimags
AL T]. $ETRI, 2019, 40(4) : 62-65.

[11]2E0%, Btk WAHEA SMA S RakrEmI]. W
i, 1997, 32(7) . 4548, 53.

[12]Liu H, Fu P, Liu H, et al. Effect of Vanadium Micro-Alloying on
the Microstructure Evolution and Mechanical Properties of 718H
Pre-Hardened Mold Steel [ ]]. Joumnal of Materials Science and
Technology -Shenyang-, 2019, 35(11) : 2526-2536.

[13]BG Y A, BX 8, CZ L B, et al. Effects of Vanadium on the Micro-
structure and Mechanical Properties of a High Strength Low Alloy
Martensite Steel[ J]. Materials & Design, 2013, 50(1) ; 102-107.

[14]5E V8, XI2rse, ke, % W B 1240 74 R NM450 jif
BRI R J]. $¥8R, 2022, 43(3) : 3942,

[15 ] Fds, BRAR Jr. GSO i 9 FE B0 R L2 5 Bk it Al S R
FE[T]. FREEAR, 2008, 14(3) : 30-32.

[16]f#d: 4. SA-540B23CL. 2 B e FIM B BEMI[T]. $R@EAR,
2016, 22(3) ; 48-51.

(17 JfERYT, BER. SRFESHEI-52 lRIM]. b5l dLET
Ak A, 2007 ; 268-276.



