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Effect of solution treatment on the intergranular corrosion behavior of 316L stainless
steel fabricated by selective laser melting

WANG Baoshan, SHANG Qiang, MAN Cheng™

School of Materials Science and Engineering, Ocean University of China, Qingdao 266100, China

DCorresponding author, E-mail: mancheng@ouc.edu.cn

ABSTRACT Selective laser melting (SLM) is a powder-bed metal additive manufacturing technology that is extensively employed in
the fields of marine engineering, biomedicine, and nuclear power due to its high processing precision and wide range of applicable
materials. 316L stainless steel is one of the metal materials that have been researched earlier and has a more mature process in the field
of SLM. Although SLM technology processing of 316L stainless steel parts (later referred to as SLM-316L stainless steel) has been
conducted for industrial applications, it is rarely utilized for high temperatures, strong corrosion, complex loads, and other demanding
conditions. Nonequilibrium solidification in the laser melt pool is an inherent mechanism of the SLM-316L stainless steel forming
process, which contributes to the production of a nonuniform organizational structure and a high level of residual stress, which influence
the reliability of SLM-316L stainless steel in long-term service. Heat treatment after preparation of SLM-316L stainless steel is the most
effective approach to optimizing the organizational structure and reducing residual stress. SLM of 316L stainless steel is often employed
for solid solution treatment to optimize the organization and reduce residual stresses to yield remarkable overall performance. The

intergranular corrosion behavior of austenitic stainless steel highly depends on its organizational structure; thus, solid solution treatment
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is bound to enhance the intergranular corrosion performance of SLM-316L stainless steel. However, the law and mechanism of the effect

of solid solution treatment on the intergranular corrosion behavior of SLM-316L stainless steel is still vague. Based on the mentioned

above, in this work, solid solution treatment of SLM-316L stainless steel is conducted at 1150 °C, its organizational and structural

characteristics and morphology of nanooxidized particles are examined by Scanning electron microscope (SEM), Electron backscattered

diffraction (EBSD), and Transmission electron microscope (TEM), and its intergranular corrosion behavior is investigated by double-

loop electrochemical reactivation and ammonium persulfate electrolysis tests. The following conclusions can be drawn.

(1) Recrystallization of SLM-316L stainless steel takes place after solid solution treatment, forming regularly shaped equiaxed grains and

annealed twin crystals. (2) The nanooxidized particles are coarsened, and the maximum size at grain boundaries can attain the

micrometer level. Meanwhile, the type of oxide particle also transforms from the rhodochrosite structure of MnSiO; to the spinel

structure of CrMn,0y,. (3) Solid solution treatment results in a decrease in intergranular corrosion performance of SLM-316L stainless

steel, together with a decrease in intergranular corrosion performance, which, in turn, is accompanied by sensitization time extension,

and the type of intergranular corrosion changes from step-like to groove-like.

KEY WORDS intergranular corrosion; selective laser melting; 316L stainless steel; heat treatment; microstructure

1 X 46 5 1k (Selective laser melting, SLM) J&:
— P TR R R A 4 S 4 b R R LA
TR BE L Al MR 2 2 AR RR R B U TR
Y BE A A E 2 AT K. 3161 A4
B2 SLM G h A FR A LL T8R R 4 TR
Moz — U R SLM 35 AR Ain T4 316L A 45 A9
B (5 SCFR SLM-316L AN4E4N ) B 2 JF e T3 43
Tk AR, AR AR A il L SRk AR
R Aoy 4507 2 T O A Tt 1% B -1 58 [ 2 SLM-
316L AN 45 4 Bl 8 oo 72 B — A~ [ A8 ML, 4 £
B 5) 20 SR 45 k) R 38 v KT B B AR L T 7 AR, S Rl
SLM-316L A5 44 11 IR 43 14 T S 2078,

SLM-316L /45 8l L 2 Ji5 119 # Ak B (B 44
Ab ) 2 S B2 28 A Ak R DR B A I ) Y e
FRGEFRLT, HP 1000 ~ 1200 °C [E %A A
i B RLE, [A] I L BE 6% 3k 9 M,3C6. o #H . Laves
AH 25 1 VR A4 RV BE B 55 AR AR f AR AT R L F
FERH], SLM-316L AL 1100 C [E#H AL 5 min
i 2 A T2 A, AN 00 1 45 B R 2 A Sk R )
fnkr, JF L RERS ;= A — e B B A AR AR i, TR
VA R HR 285 4 B Aor 5 A B A 58 4 0 2R U2, k4, SLM-
316L ANGEAN 5 i A7 AE a1 R Rk ik
TE S ALY BURE, — BN R BRI S8 1k 4 kT J2 RS
DZEW A L5 A MnSiO5!" 2714, Wang 251", Vukkum
1 Guptal™ #5 H, JF fH SLM-316L 445 MnSiO;
Wiokr 283 1100 °C & 7 AL B 8 h 5 JEAV % A5 Fa /g 1Y
DA AT EE AR, I FL S A 1 SR T W R A I
FLAL, 35520 0 i RS e 0% 8 5 400 nm. 76 TR AT A
AR SE TAET IR R B, 284t 1150 °C &% 4b #E Y
SLM-316L A 555X 1 A7 75 /b 5 (14 SOK 900 FR0K 9

MnS e 24yt

i () JB5 ol J2& 3161 AN 85 X 5 UL () — i R RO
K, 2 5 H AL G50 % YT M i 2 — o 4%
L 316L A5 4 (14 i 18] 65 1ok HIL i 38 55 7T A
% Cr PG A R, B 78 SR iR IR A R BT P, M,5C
TE A SRR AT RIS T C 7 LR P 4 B e R
I8 K F Cr, 35 MysCo/ 2 R B 1 4k 7= A2 27 Cr X,
S BT R, VR & TR P 0L B B
], A TAEGEEL T 3161 A5 4K 10 5, ) i AL
i, SLM-316L ANEEH i A B AR A 45481 1Y Mo
CrioE 5 ERBIEH o LK, o HHREBTE — &
FREE LA My3Cq M H, Bt SLM-316L A 454K
BT i E] JE v B A T AE Ge 5L 316L AN 5 4N 1.
SLM-316L ANFHEMALE AL FLS, S LIRSS AT
F A BT K, X A 2 IR [ Ak B SLM-316L
AN 1) i TS T L SR, A OG T [ i Ad B
XF SLM-316L A8 40 (1) /5 AL i A Hz 08

ARSCAFFE T 1150 C [E i 4b 3 SLM-316L A5
B TR AT SR, R T[S R 1 4 2L 4
F4) 4 8 A8 X SLM-316L AN 85 B4 470 & [) Ji ol vk R A
YEFRUAE:. R H 775 10 B AT 95 B R (EBSD) 43
SLM-316L ZH 2454 S SURRAE, fiff A Fe - i A
Bt (SEM) | REIE{X (EDS) 1385 i B F 2 73 B% (TEM)
X AT HE AH B g oK SR AR Ok AT R A, R R 4
TR SCHR % 7 14048 (SKPEM) BIF 58 At AR Al 44k
Py 0ORE 4) FEL A 2 P T, TR OBOIA R Ak 2 O AL
(DL-EPR) il ik it iR i Hi it i 60 45 75 T2 300 WL 558 T A
LG P A TR Db BE, RS ST A 45 R
BHE T B 7 b B SLM-316L A5 89 & 18] Ji i 17
h AE HIAIL .



TR LA A Ak BET 8 DCBOGRR b 3161 AN 85 8 i 18] 15 1ok M REAT S B 53w AL 7

- 1079 -

1 SLIGEEE

1.1 &

SLM-316L /A 45407 EOS 280 % % I, % i
TR 200 W, 145 3 & 800 mmmin' A1 120 um
J2 JEE S8 LN T, il T AR055 4k 3161 AN 45 4k R i
B, HoRIA2: 15 ~ 45 pm, 853 (BT 5348, %): 17.5 Cr,
10.4 Ni, 2.7 Mo, 1.2 Mn, 0.4 Si, <0.02 P, <0.01 S,
<0.02C. H:AY M Fe. 18U KT 99% Y SLM-
316L AN FEVE M FE X 42, B e R HE VI H
B AL VI AL 10 mm x 10 mm x 3 mm 4 5 Be; Bl 5
A3 B HEAT [ A AL B 1150 °C % 0.5 h, 2.0 h. 5.0 h+/K
¥ e o T WRSE ah Al 1A T R, 7E 650 °C Rk Ak
FH 24, 48, 72 F1 96 h. =& H 180 H 2 5000 H 704K
Xof [#] i Ak H R AR AL Ak BE 2 S R SRR HE AT IR T
JE, Z 05 H 2.5 pm & WA OB EAT i, 430 H
Al K AT K 2015 sk s w4 .

1.2 BRALARE

1 2H R AEHT, %7 EBSD A1 SKPEM st A fiff
FH A 2 7 W AT LR A 5% 20 min, ¥ TEM ik
FEFTEE 2 50 um J5 #E 1755 25 7980 . EBSD I 7E
EDAX Hikari Super | # 47, TSL OIM %k 4 i#f 17 %k
Pt 4 B AR AS SLM-316L AN 55 84 1) fd A B 1] & okr
RGF L AR SR RRAE . 9 K S8 AR UKL 537
BEHL 20 4~ K 10000 £ 1% SEM 137, ff ] Image J
A G a0k ALY BORL ) RS, SR TEM 43 #t
TR B SO 45 74, EDS 2 AE BURL M) 1 o0 2% 41 R,
SKPFM 1 53 JURL 49 1 B Ak 27 I
1.3 SRIEE i BEIE M

435K DB LA 2% BT AL ( DL-EPR ) Al i i
e B IS AN SLM-316L N85 4 14 it &5 1] g fodu v
fie. DL-EPR H fb 2% 3R R B = AR &, 3L
HREAE S A FL AR, 48R H SR FL R (SCE, 0.242 V
(vs SHE)) 1E 2 L ##, 1 F (20 mm x20 mm) E
g % HL B 7E Bio-Logic SP-300 HL A% T ARG kAT
D FH 3R Sy 1 SRR A 2 TAE A 1.0 om?
AYRRE, B R CA 0.50 mol-L™' H,SO,4 + 0.05 mol-L™
KSCN 7K ¥ #& . DL-EPR Ui i, 25 JE ¢ 47 10 min
T i H A2 (OCP) Wt 5 Fifi J5 2E 47706 26 3l HL 2 1 AL,
SELL 100 mV-min™' 13 & A -50 mV (vs OCP) 43 4
] 0.2 V (vs Ref), - LUAH ] 19 45 4 3 2% 52 10 9 4,
DL-EPR M0 7E 2 | 454 T b4y, i il 2 =
ULA b, DA TE I3 285 S 1 o

1o A TR i P i 1 56 ) XU AR AR R AE 10% S
0B (NH,),S,0g B 7K W b 64 7, Hrh 25 B 7E

PR g rh 3 S 4240 28 1) SLM-316L AN 45 4K it
FEAE Ry B, 304 AN G5 A A A B A, PR Al 52 50 1Y T
PEHL % B R 1 A-om ™2 38 1o 30O 36 3R £ B R s
(CLSM, Keyence VK-250) X} H fiff 52 55 Ji5 (1) 13U FE 2%
[ AT = AR SOEE, Gt 43 B v A ik 7 o B
b B AR

2 #R5iTie

21 HREHWSW

18 1150 °C [ % &b BEOR [R] B (8] SLM-316L
AN EBSD 73 Hr 4 R, MWKl 1(a) ~ 1(d) Frs iy
S W% (IPF) Hr ] LA, J5E 4 0 [ A 38 2 5 /Y
TR AT AT Sk A B AR 2 1, (R AR 22 ]
WANHL 2 S5, HECAR SR & AR B B ARk WE 1(a)
JE7R, JE R SLM-316L A5 A% 52 PR H R B 00 R 45
il R, SRR G HE A S0 T AR S DDA O, Hron
TR A X (R R AR IO AL E) 1 R
/. 2258 1150 °C B PEZ J5, SLM-316L A 4%
B R A PR A R R W AR O 5 AR G
AL B4 R D00 R R A5 Bl i, L PR 1 K Y AR
KR L A, AR AT AT TAE AT, P MR G
A A7 A AT A5 2 7 T i A 3 o R v o W 2 T,
B 5, 2T EBSD KNS5, Geit o 1 B id A i
A3 SLM-316L A fbob RS 434, [ df SLM-
316L A 45 40 4 - 34 4 R SF o 20.95 pm, 1150 °C
AL FR 0.5 h J5 dobr RO PR S I 2 34.03 pm, £
TR RIER 22 2.0 h 5 P2 aks ROTHE N2 48.10 um,
2k 2 20 K AR I B ] 5P 2 s ROSE R A kA B I AR
(E 1) ~ 1(d”)).

[ 2 7R T SLM-316L AN 45 5 1) i L 25 0 I
Wera) iy or A NE AT DU ), PR P45 b F
KB k28§77 A, SLM-316L AN 85 4R (1) AL 25 )
% A= B ek s . i 2(a) s, SRR SLM-316L
AN A2 0 BELAS A (Random grain boundary,
RGB), 1150 °C [& % &b P K A B 1Y RGB & At
B0, 33 25 f B LI N, 3X 5 IPF B b s B
R kAR 2 R —3 DP9 R, RGB i A A B R 1)
i [ O b SR, T AR A% 3 A A | MpsC S5 47
FHIRIE BERR 5, 2 B HE R0 S B0 T & () ol g 2.
22 PMAFEAWBALRAE

Yl K B AL W BORE S SLM-316L 45 4K X 5l 4%
Gt rh 3161 AN 4N (1) T ZERRAE . FRATTAE A 159 i
FETAEHR LB, M T H b Pos V28, 76 )5 4R SLM-
316L ANEEN H 5] 4341 26 RT R JL 98 K By k0B
AARYIORL, I H6 1R R 08 ke 31— 2 1Y o Ak AR



- 1080 -

TR, 56 46 45, 5 6 1

=y

I (c) 1150 Cx2 h
P e

0.10

@) B As-received

Area fraction

10 20 30 40 50 60
Grain size(diameter)/pum

Area fraction

0.07 F(c) [l 1150 Cx2h
0.06 -
0.05 -

0.04 -

Area fraction

0.03 -
0.02
0.01 r

20 40 60 80 100

Grain size(diameter)/pum

Area fraction

0.08

(®)
007l B 1150 Cx0.5h

0.06 -
0.05
0.04 -
0.03 -
0.02 -

0.01 f

10 20 30 40 50 60 70
Grain size(diameter)/pum

0.10

(@) [ 1150 Cx5h
0.08 -

0.06 -

0.04 -

0.02 -

10 20 30 40 50 60 70 80
Grain size(diameter)/pum

Bl 1 SLM-316L 4584 5 4% (TPF) Al ki RT3 AR 1R (a, ) R BARBE; (b, b*) [E % AL EE, 1150 °C x 0.5 h; (¢, o) AL, 1150 °C x 2 h;

(d, d”) [E AL BE, 1150 °C x 5 h

Fig.1 IPF image and grain size distribution of SLM-316L after solution treatment at 1150 °C at different times: (a, a’)no heat treatment; (b, b’) solution
treatment 1150 °C x 0.5 h; (c, ¢’) solution treatment 1150 “C x 2 h; (d, d”) solution treatment 1150 °C x 5 h
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Fig.2 Crystal boundary type analysis, percentage and orientation angle distribution in SLM-316: (a) no heat treatment; (b) solution treatment 1150 C x

0.5 h; (c) solution treatment 1150 °Cx 2 h; (d) solution treatment 1150 °C x 5 h
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Fig.3 Morphologies and sizes of oxides in SLM-316L stainless steel at different solution treatment times: (a, a’) solution treatment 1150 °C x 0.5 h;
(b, b’) solution treatment 1150 °C x 2 h; (c, ¢”) solution treatment 1150 °C x 5 h
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Fig.4 TEM results of the oxides in SLM-316L stainless steel: (a) morphology of oxides in the sample after solution treatment at 1150 °C for 5.0 h;

(b) elemental distribution of oxides in the sample after solution treatment at 1150 °C for 5.0 h; (c) electron diffraction analysis of an oxide in the as-
received sample; (d) electron diffraction analysis of an oxide in the sample after solution treatment at 1150 °C for 5.0 h
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Fig.5 SKPFM results of SLM-316L stainless steel after solution treatment at 1150°C for 5.0 h: (a) height; (b) voltage potential; (c) EDS line scan results;
(d) surface potential line scan result
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Fig.7 Intergranular corrosion morphology of SLM-316L stainless steel after sensitization treatment (ST) with different heat treatments(HT) at 1150°C:
(a) as-received; (b) solution treatment 1150 “C x 0.5 h; (c) solution treatment 1150 °C x 2.0 h; (d) solution treatment 1150 “C x 5.0 h; (a’) as-received +
sensitization treatment 650 °C. x 96 h; (b’) solution treatment 1150 °C x 0.5 h + sensitization treatment 650 °C. x 96 h; (¢”) solution treatment 1150 °C x 2.0 h+
sensitization treatment 650 “C x 96 h; (d’) solution treatment 1150 °C x 5.0 h + sensitization treatment 650 °C x 96 h; (e) enlarged view of the marked

region in (¢’); (f) enlarged view of the marked region in (d”)
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Fig.8 In-situ observation of the morphology of SLM-316L stainless steel treated at 1150 °C for 5.0 h after electrolytic etching for 10 s (a, €), 1.0 min
(b, ), 2.0 min (c, g), and 5.0 min (d, h): (a—d) without sensitizing treatment; (e—h) sensitized at 650 °C for 96 h
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