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Ultrasonic Nonlinearity of AISI316 Austenitic Steel Subjected to
Long-Term Isothermal Aging
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Abstract This study presents the ultrasonic nonlinearity of AISI316 austenitic stainless steels subjected to long-
term isothermal aging. These steels are attractive materials for use in industrial mechanical structures because of
their strength at high-temperatures and their chemical stability. The test materials were subjected to accelerated
heat-treatment in an electrical furnace for a predetermined aging duration. The variations in the ultrasonic
nonlinearity and microstructural damage were carefully evaluated through observation of the microstructure. The
ultrasonic nonlinearity stiffly dropped after aging for up to 1000 h and, then, monotonously decreased. The
polygonal shape of the initial grain structures changed to circular, especially as the annealing twins in the grains
dissolved and disappeared. The delta ferrite on the grain boundaries could not be observed at 1000 h of aging,
and these continuously transformed into their sigma phases. Consequently, in the intial aging period, the rapid
decrease in the ultrasonic nonlinearity was caused by voids, dislocations, and twin annihilation. The continuous
monotonic decrease in the ultrasonic nonlinearity after the first drop resulted from the generation of Cr;Ce

precipitates and o phases.
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Table 1 Chemical composition of AISI316 stainless steel (wt.%)

C Si Mn P S Mo Ni Cr Cu \% Ti Nb N Fe

0.002 0.35 1.58 0.032  0.001 2.47 10.82  17.41 0.43 0.06 0.001 0.02 - Bal
Table 2 Mechanical properties of AISI316 stainless steel

Material Yield Strength (MPa) Tensile Strength (MPa) Elongation (%) Hv

AISI 316 464 597 25 201




Journal of the Korean Society for Nondestructive Testing, Vol. 34, No. 3: 241-247, 2014 243

o AE Avks 1 um 99 telolrsdy
& olgste] AHen FaT. Auue
ol A e o] gotel EWRAL Hgla P

ethanol 100 ml + HCl 5 ml + picric acid 4g)
o7 Ao ¢ 20% AR Faa FAA
F ATl AlFste] 3EAn] 7 (optical micro-
scope, OM)9] WAoo 2 #AAqTE &, F
A} 218 7] 7 (scanning  electron microscope, SEM)<
Agste] mAzAY] WA % HEEe REE
ueh Washl R Yeng wav
A3 WMoz HE AHE FH|sta FAEAE
u] 7S o] 83}o] o] X} A(secondary electron, SE)
EEEREN L L SR ERYSR

Yoo rlo M 1% 3
12 1

-

[

(energy dispersive spectroscopy, EDS)S =33}l t}.

AsiAl el W 7 Al VAH 54E 3
7157 9lEl AEAHE 35t AEAHe
AAL 8§ mm x 8§ mm 1L FAEZ 5 mmZ

ZIAZYEst S AvkA] 80 oA 2000% 7k
A =ZAHA7F A7NA FeE o Z4A 7)AA
whek & Ak F Aol 1 pmet 0.3 ym! EFH

slol~EE Adn olgdtel AF Avtaiict.
BEAGL ASTM E38471 70l E3kel AlHF 10
W 54S shar 7 obE e ARle gl 9
& HHANWE JeS TAE FEE ofE Z
el sul o)A wWolx A Ao|A ThSo] orE
UE dEg S48k 408 dES 4 9
A W) An] o] A7 A F 7] (Shimaz, HMV-FA)
= Apgadnh ¥ F AASES | kg 3
FAFE 10 s2 3Tk

E7} 9 7

Hc) ol AAAN Fzo WEEs DA
AeA xd FAEAES St XA 8147
(Rigaku, X'pert PRO MPD)E ©]-&3a}o] 2050
WE7FA] =70 7HAL 0152 FAAIZE 1s2 20
2o 7 FET X’d% CuK ar(A=1.54056)
E}ﬂ ZAo2 FH A 40 kv, A7 30 mAR
A8kt

MO]E °‘741°ﬂ +XH Elnsy E“E‘rJﬂE‘rOlEﬂl

o}. fﬂ]ﬂ'o]Eéi;—i—‘g ;(]-7]_’9[. ”c}‘j‘oﬂ upa}
&t

o A7) AeI g, A7) wshe
gl wldlshs A W

sls dozith o] HAdE ?,7}6}04 ol E A
o] E 2~ 5 3 (Fischer,

MP-30E)& AF&3te] Ztzhe] Aol 103] 54

A=y

z59 HAEA ASE S A A=ES
F2 A7MESS EWEE 1 BAe] Jhed AL
=9 $24 A 2=E)(Ritec, RAM5000SNAP)S A&
sto] e on FAldE A7 0375, F
9 MEZ(6 dB: 70%)S 2t SHAFI94 5 MHz
1 HAE FEFAE AFEEA, Faldde 22k 1
23 R Fal a&s Aegdom g4A7]7]
A3 A7 0375, FG ME=Z(-6 dB: 46%)%
10 MHz %343 ©EAE A&ty 282
2 23 Ao HAY IEvEH@)E SAHE
7182 Fuk AR Wel(4)), oz nxkst 4
o] W4, FHFT g il "y
& o]g3te] yeRdTHB]. 53], ¥ AT E 7]
e, diE :l?/h ALE LA A
sto] Adiu)aEg slepu|Eol] H#H = Ao =
&3t vAE sevE g =4,/4,°8 Aot
%59} W43 A (ultrasonic nonlinearity) &2 3}31
th o7|A 4L 250 Ao g Fue £
AAF} 7| BFIE QR WEolm A, 23} AL
Z3 Ao AFolt9]. 251 AFS S A
HHL  25x20x20 mmE 717417}%*‘6}3 257



244 Won-Sik Gong and ChungSeok Kim

1.2

1.1
1.0
0.9
0.8+
0.7 1

0.6

Nonlinear parameter (p)

0.5

0 2000 4000 6000 8000 10000
Aging time (h)

Fig. 1 The variation in ultrasonic nonlinearity as a
function of aging time
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Fig. 2 The optical micrographs of typical surface
microstructures subjected to long-term aging;
(a) 0 hr, (b) 100 hrs, (c) 1000 hrs and (d)
10000 hrs

Table 3 Microstructural evolution of AISI316 steel

A(g;?g Twm( ﬂf/‘z;ctxon gra(lltllms)lze Aspect ratio
0 63 56 0.56
100 60 55 0.60
1000 0 55 0.61
5000 0 62 0.63
10000 0 59 0.64

AAEES A4 AHT AHES X
Aol MR kel oF 1000979 A%
A AZsls skolth. AR " AVlE

12 2314 <F 700709] AAHo tia)
g FEFI} gEFe] nuE o
eI o] F4H7F 1o] =W
oJu)gte}. Fig. 2014 H AHL 10
EAEEAL 10004 ZHol| A= B i)
erokeh. 1Elar AA 9o A7)
o] Zr7}stm T3k wAidk A
EHORE HF AAHY A7)
A el B A4y 2] Wk
| Z3vk 249 Fe= A A #
R z719 vzty Fele A Yo Bk
$- w435 F+3s7r A=l Fig 3 4
Hel A71E AZste Axs gxAel Al
tisiA JElNATE AR A7) =B
AAY g olst A wlelaR AV AFH

huis)

Fehe

#Hell

oL

o] 1]

N

ox k1%
o,
e
=2,
=

=)
i

0 _11)1,

o @ o XN 2oy

op
o
ol

N

N

N
(=]

N ol

(-
3%

i
= o 1

oo X

& 0
Y

o

o &2 @ > 2 oofh o Hr
o,
ot
2 o
N
Moo

S
=
ol

(
=

[0
oL
N

i

o

o 2 Momy do KON A



Journal of the Korean Society for Nondestructive Testing, Vol. 34, No. 3: 241-247, 2014 245

O ml Lo
T
k1

= oy
2 4y U
103
ofN &
s > H
> ® o
O\:1>ir$£
4 1o«
r:pwo...u
N‘mﬁ rjrl
Zimi
>
Iy
RO

52 >
oo @ )y
(o
LmEl_E

oN oX
O-

N o R
8 b ot o N
MEA‘ZNIVJ °
o
By
I,
zi
>
L

oo m

N

ig.

o

>,

)

ol

rfo

g

oty
B
w &
>,

)

2

)

1

=

b
Lo

oz
o
[

oo R
o o
ot

i

-

flu

=

32

o

>
ol
3
i)
N il
N
Yo
N
o ol
o
fu

)
o

o
-
BNl TR o o

o%
o

ug
5&
py
i}
s}
o

o B X X
e, ofn

1o

i

X

i

i

I

N,
tlo
oo
i
o

jur}
=

%
o Zo] AFHE] EA
ol EA5te el glo] E
& Hol|"HA o]Fo] Azte
< 7FEAA WY o] ZHast
Dag Aoz e
Al A&7y F7bekeE
ZH*SH A}y glo] E7L -
}st A|ampdoz wWElr
- 2hA ‘/]rE]r% Ao 2 AT
Fig 5+ Z47e] Agdel gis) xd 34
33k 0417k 100004 bl thek tHE A
AANE eRATh Aol A A7 oAk
7121 @ ~EH o] EERE ofE} dEH gle]
%= #ZEo o]& Fig. 2014 dwF
At gkl Aok sHARE 10000*1
stA g g AlA A= %lE}ﬁﬂaMEA
Ze]x] ol X4d s|dEA o
Futh dEtEgelEY AR <
A &d@nad 43 sl
Aslal o]E Table 40 YEF AT
o= dAe Alztel webs et
7} 743 A2 Bk AW #Hglo)
2ol 54 A A Azt wepd HAF Z
3k 500041 7E2F 100004 7Holl A = o §- 2
S Yehdlo] 534S 2025 AR A=
W A AR 2k ghs JERIL o
A sldEdow 548 AFet wig FAF
et At kAR #n A4S o] &gt
ZEYAEES V|Eo7 37| wE 2
EA =3

N F NI SPNEE BY

JE N e g ©
e}
i)
I
Ex
u H
ol o

Kol Mook B Lo P
o 2

o
> 2
rot
ton
L ki T

N
-
—_

=

S

>
é Y
o
B
o
rlo
s
ox md

)

ooy >.\|L
(<0
ol
K

ot AN ol

2

™
o2

Shs
>

=

{olmir

O n@ o m
i
=

Norxorfo my g
(e

Moo
OFO 12 od

(M ood O glo O fo N [ lo rf fo dlo

[}
g

1>

2
7.
-
o

d

e
ol

r:i_&jeﬂmiomr:iﬂ'_

]
fm S e
(o3

[>

I~

— K
rr}-

o< QbR H

o

o

ot

ot

X

N " i

2 o B orx
i |

—Li
ol
ol

(a)

160

140

Number of grains

0-35 35-4040-4545-5050-5555-6060-6565-7070-7575-8080-8585-90

Grain size (um)

(b)

160

140

Number of grains

25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80

Grain size (um)

Fig. 3 Histogram of grain size at each aging time
of AISI316; (a) 0 hr and (b) 10000 hrs
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Fig. 4 Variation in hardness as a function of aging
time

Table 4 Characterization of delta ferrite fraction (%)

Aging (h) SEM Ferrite scope XRD
0 2.8 1.95 3.2
100 2.7 1.8 2.4
1000 32 1.0 0
5000 3.1 0.7 0
10000 3.8 0.5 0
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Fig. 5 XRD patterns at each aging time; (a) 0 hr
and (b) 10000 hrs
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