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Professional paper

In this work the results of microstructural analysis and impact energy testing of austenitic
stainless steel AlS| 316L were carried out. Investigations were performed before and after
annealing at 850 °C. Annealing time in this investigation varied from 30 to 90 minutes.
After annealing, the samples were cooled in room temperature air. Microsfructural analy-
sis of initial rolled and different annealed states was performed by optical microscopy
(OM) and scanning electron microscopy (SEM) equipped with device for energy disper-
sive spectroscopy (EDS). Impact tests were performed on Charpy V-notch specimens at
room temperature. Initial rolled state of investigated steel showed the presence of typical
elongated polygonal grains austenite and delta ferrite while annealed states showed the
presence and evolution of sigma phase in microstructure. Impact energy value of initial
rolled state was 260 J and by increasing annealing time it decreases.

Strukovni clanak

UTJECAJ VREMENA ZARENJA NA MIKROSTRUKTURU
| UDARNU RADNJU LOMA VISOKOLEGIRANOG CELIKA
KVALITETE AISI 316L

U ovom radu provedeni su rezultati analize mikrostrukture te ispitivanja udarne radnje
loma austenitnoga nehrdajuceg telika kvalitete AISI 316L. Ispitivanja su provedena prije
i nakon Zarenja na 850 °C. Vrijeme Zarenja tijekom istraZivanja mijenjalo se od 30 do 90
minuta. Nakon #arenja uzorci su ohladeni na zraku pri sobnoj temperaturi. Mikrostruktur-
na analiza materijala prije toplinske obrade te nakon provedenih farenja provedena je
optickom mikroskopijorn (OM) kao i skenirajucim elektronskim mikroskopom (SEM) do-
datno opremljenim EDS uredajem. Ispitivanja su provedena na sobnoj temperaturi na
uzorcima za ispitivanje udarne radnje loma, Charpy V- utor. Potetno valjano stanje ispiti-
vanog Gelika pokazalo je prisutnost tipicnih izduZenih poligonalnih zrna austenita i delta
ferita, dok Zarena stanja pokazuju prisutnost i razvo] sigma faze u mikrostrukturi. Vrijed-
nosti udarne radnje loma pogetnog stanja materijala bila je 260 J, a takoder je utvrdeno
da se udama radnja loma smanjuje s povecanjem vremena Zarenja Celika.

Fachlicher Beitrag

DER GLUHDAUEREINFLUSS AUF DIE MIKROSTRUKTUR
UND AUFPRALLENERGIE DES EDELSTAHLS AISI 316L

In diesar Arbeit wurden die Ergebnisse der Mikrostrukturanalyse und der Schlagenergie-
priifung von austenitischem Edelstahl AISI 316L durchgefiihrt. Die Untersuchungen wur-
den vor und nach dem Glithen bei 850 °C durchgefiihrt. Bei dieser Untersuchung variier-
te die Glihzeit von 30 bis 90 Minuten. Nach dem Glithen wurden die Proben in Luft bei
Raumtemperatur abgekiihlt. Die Mikrostrukturanalyse des anfanglichen Walzzustands
und verschiedener geglithter Zustande wurde durch optische Mikroskopie (OM) und Ra-
sterelektronenmikroskopie (REM) durchgefihrt, die mit einer Vorrichtung zur energiedis-
persiven Spektroskopie (EDS) ausgestattet waren. Kerbschlagtests wurden an Charpy-
V-Kerb-Proben bei Raumtemperatur durchgefithit. Der anfangliche Walzzustand des
untersuchten Stahls zeigte das Vorhandensein typischer l&nglicher polygonaler Kérner
Austenit und Delta-Ferrit, wihrend gegliihte Zusténde das Vorhandensein und die Ent-
wicklung einer Sigma-Phase in der Mikrostruktur zeigten. Der Schlagenergiewert des
anfanglichen Walzzustands betrug 260 J und nimmt mit zunehmender Gliihzeit ab.
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INTRODUCTION

Stainless steels (SS) are based on the binary Fe-Cr
systems, the properties of which are modified by the
additional alloying elements like nickel, molybdenum
and manganese. Molybdenum is added usually fo type
316 steel to enhance the corrosion properties, primarily
the pitting and crevice corrosion resistance [1]. In the
world's total stainless steel production austenitic type
steels take about 60% [2]. Austenitic stainless steels
are often used in nuclear power plants, boilers, heat ex-
changers, chemical reactors etc. because their high re-
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sistance to corrosion and high temperature [3-5]. Also,
stainless steel offers exceptional advantages for appli-
cations in construction [6]. Mostly stainless steels are
used for construction as flat products and bars. Besides
acceptable yield strength and tensile strength austenitic
stainless steels are characterized by high impact ener-
gy and relatively low hardness. When considering the
operational performance of austenitic stainless steel,
the most important points to be taken into account are
corrosion resistance, mechanical properties and the in-
tegrity of the welded joint in the case of welding these
steels. Their high corrosion resistance resulted from for-

Table 1. Chemical composition of investigated austenitic stainless steel AISI 316L, wt.%
Tablica 1. Kemijski sastav ¢elika na kojem je provedeno istraZivanje, AlSI 316L

A . O i s

(c)

Figure 1. Optical micrographs of AIS| 316L stainless steel in rolled (delivered) state (a), annealed state 850 °C/30 min (b), annealed
state 850 °C/60 min (c), annealed state 850 °C/90 min (d); etching solution 1
Slika 1. Optitka mikroskopija, nehrdajuci Celik AISI 316L u valjanom (isporugenom) stanju (a), Zareno stanje 850 °C/30 min (b), Zareno
stanje 850 °C/60 min (c), Zareno stanje 850 *C/90 min (d); otopina za nagrizanje 1
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mation of a continuous and protective surface oxide To reduce or prevent of microfissures in austenitic
layer (passive film). This film is only a few nanometers stainless steel, a minimum delta ferrite is required. Ben-
thick and enriched in Cr (lll) oxide/hydroxide species. eficial effect of delta ferrite is in dissolving more of
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Figure 2. SEM micrographs of AIS| 316L stainless steel in rolled (delivered) state (a), annealed state 850 °C/30 min (b), annealed state
850 °C/60 min (c), annealed state 850 °C/90 min (d); etching solution 1
Slika 2. SEM, elektronska mikroskopija, nehrdajuéi éelik AISI 316L u valjanom (isporudenom) stanju (a), Zareno stanje 850 °C/30 min
(b), Zareno stanje 850 °C/60 min (c), Zareno stanje 850 °C/90 min (d); otopina za jetkanje 1
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SEM MAG: 2000 x HV: 20.0 kV WD: 20.0 mm

Figure 3. SEM micrograph of AISI 316L stainless steel in rolled
(delivered) state with marked positions for EDS
analysis; etching solution 1
Slika 3. SEM elektronska mikroskopija, nehrdajuci celik AlSI
316L u valjanom (isporugenom) stanju s ‘oznadenim
polozajima za EDS analizu; otopina za jetkanje 1

harmful elements such as sulfur, phosphorus and boron
in austenite [7]. But, this ferrite can be transformed in
sigma phase. Austenitic steels may undergo micro-
structural changes when they are exposed to elevated

temperature for a shorter or longer period of time. Mi-
crostructural variations caused by heat treatment are
responsible for changes in the mechanical properties
and corrosion resistance. Usually, three intermetallic
phases which can be occurred in austenitic stainless
steels are sigma phase, chi phase and Laves phase [8-
10]. The precipitation mechanism in austenitic stainless
steels has been the subject of many investigations mo-
tivated by the detrimental effects of the precipitated
phases on impact energy and corrosion resistance of
steels [11-13]. Padilha et al. [11] and Sourmail [13] re-
ported the precipitation of carbides (M,,Cg, MC, M,C,
M,C,), primary nitrides (MN, M = Zr, Ti, Nb and V), and
secondary nitrides (M,N, M = Cr, Fe) in austenitic
stainless steels during thermal treatment (annealing)
or welding. Domankava et al. [10] mentioned the follow-
ing sigma phase composition in AlSI| 316 which ob-
served after ageing at 800°C: 56-61%Fe, 21-26%Cr,
12-21%Mo and 1-5%Ni. As the sigma phase composi-
tion tends to vary it is difficult to define it by a formula
but it is certain that it negatively affects on the steel
properties.

The sigma phase has significant influence on prop-
erties of stainless steels and has been researched for
some time [14]. Generally, the sigma phase forms via
thermal ageing but also can be formed via radiation-in-
duced segregation in FeCr alloys. Sigma phase is an
intermetallic compound with a complex tetragonal crys-
talline structure and a typical sigma phase composition
for the AISI 316L steel type is 44 % Fe - 29 % Cr - 8 %
Mo. Sigma phase can be responsible for reduction in
impact energy at room temperature.
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Figure 4. Schaeffler diagram [15]
Slika 4. Schaefflerov dijagram [15]
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Table 2. Results of EDS analysis of different positions in as-rolled state AIS| 316L stainless steel; positions marked at the Fig. 3
Tablica 2. Rezultati EDS analize razlicitih lokaliteta ispitivanja (1,2,3,4), valjano stanje nehrdajuceg celika AISI| 316L; lokaliteti su
oznaceni na slici 3. 5

Chemical composition, wt.%

Positions

1 0.33
5 67.81 16.44 11.82 1.88 1.77 0.27
3 67.53 16.66 1175 1.97 1.84 0.26
4 67.87 16.87 1119 1.77 2.07 0.23

(b)

(@) (d)
Figure 5, Optical micrographs of AISI 316L stainless steel in rolled (delivered) state (a), annealed state 850 °C/30 min (b), annealed
) state 850 °C/60 min (c), annealed state 850 *C/90 min (d); etching solution 2
Slika 5. Opticka mikroskopija, nehrdajuéi elik AISI 316L u valjanom (isporugenom) stanju (a), Zareno stanje 850 °C/30 min (b), Zareno
stanje 850 °C/60 min (c), Zareno stanje 850 °C/80 min (d); otopina za jetkanje 2

Due to AlSI 316L stainless steel can be particularly MATERIALS AND METHODS
useful at very high temperatures (e.g. in nuclear reac-
tor) it becomes important to study the material micro-
structure and impact energy at elevated temperatures.
T_he aim of the present work is to show possibility the
sigma phase appearance and whether relative short
annealing time (up to 90 minutes) can have an influ-
ence on microstructure and impact energy of austenitic
stainless steel AISI 316L.

The material used in this study was AlSI 316L type
stainless steel which was delivered in hot rolled state.
The chemical composition of the investigated steel is
listed in Table 1. Specimens for investigation were pro-
duced from steel plates of 15 mm thickness. Austenitic
stainless steel AISI 316L was studied before and after
heat treatment. Heat treatment was consisted from an-

ZAVARIVANJE 64(2021)3/4, 79-86 B8
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Figure 6. SEM micrographs of AlS| 316L stainless steel in rolled (delivered) state (a), annealed state 850 °C/30 min (b), annealed state
850 °C/60 min (c), annealed state 850 °C/90 min (d); etching solution 2 -
Slika 6. SEM elektronska mikroskopija nehrdajuci selik AlSI 316L u valjanom (isporugenom) stanju (a), zareno stanje 850 °C/30 min (b),
Fareno stanje 850 °C/60 min (c), Zareno stanje 850 °C/90 min (d); otopina za jetkanje 2 :

nealing at 850 °C for 30, 60 and 90 minutes followed by characterization were subsequently ground (papers
cooling in the air. Microstructural analysis was carried grid 240-1200), polished (0.3 p ALO,) and electrolyti-
out by optical microscopy Olympus GX 51 (OM) and cally etched in two different solutions. To expose aus-
scanning electron microscopy TESCAN VEGA 5136 tenite boundaries, the etching solution 1 containing 60
MM (SEM) equipped with device for energy dispersive ml HNO, and 40 ml water solution was used at 1V DC
spectroscopy (EDS). Samples used for microstructural for 20 s. Sigma phase were identified with etching solu-

ZAVARIVANJE 64(2021)3/4, 79-86
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tion 2 composed from 56 g KOH in 100 ml water at 2V
DG for 10 s. Impact tests were performed on Charpy
V-notch specimens (7.5x10x55 mm) at room tempera-
tures on device MLF System PSW 300.

RESULTS AND DISCUSSION

From the results of this paper it was possible to es-
tablish a correlation between the microstructure, impact
energy and various annealing time at 850 °C for inves-
tigated AlS| 316L stainless steel. The material in deliv-
ered (hot rolled) and thermal treated (annealed) state
was microstructural characterized firstly after electro-
lytically etching to expose austenite boundaries (etch-
ing solution 1). Figs. 1-3 show a typical microstructure
of the austenitic stainless steel of the present study.
Optical micrographs (Fig. 1a) and SEM micrographs
(Figs 2a and 3) of microstructure of rolled state exhibit-
ed typical elongated grains of polygonal austenite and
delta ferrite. Stringers of delta ferrite are elongated in
the direction of rolling. In AISI 300 series stainless
steels, during casting firstly is formed delta ferrite, and
then this ferrite transforms to austenite by diffusion of
chromium and nickel between the phases. Chromium
diffuses to the ferrite and nickel to the advancing aus-
tenite. The austenite grains nucleate and grow into del-
ta ferrite grains. The presence of residual delta ferrite
retained at room temperature can be ascribed to the
slow diffusion of chromium and nickel. The microstruc-
ture, according to Schaeffler diagram (Fig. 4) [15], con-
sisted of austenite and up to 10% of delta ferrite be-
cause the Cr_/Ni_, ratio was 1.69 (Egs. 1 and 2).

Creq = %Cr + 1.5%Si + %Mo +
+ 0.5%(Ta+Nb) + 2%Ti + %W + %V + %Al (1)

Ni, = %Ni + 30%C + 0.5%Mn + 0.6%Co  (2)

It is generally held that up to 10% of delta ferrite in
microstructure of austenitic stainless steel is an effective
means of offsetting a grain boundary weakness that de-
velops in austenite at high temperatures and leads to fis-
suring. From detailed analysis of optical and SEM micro-
graphs (Figs. 1b, 1c, 1d and 2b, 2¢, 2d) can be obtained
similar microstructures in OM micrographs. In contrast,
$EM micrographs show that increase in the annealing
tln"_ue results in a decrease content of elongated ferrite
stringers. Annealing time was too short for visible chang-
es at OM micrographs, probably. Fig. 3 show SEM micro-
graph of AISI 316L stainless steel in as-rolled state with
marked positions for EDS analysis. The results of the
EDS analysis (Table 2) show similar content of chromium
(16.44-16.87 wt.%), nickel (11.19-11.82 wt.%), manga-
nese (1.77-2.00 wt.%), molybdenum (1.77-2.24 wt.%),
and silicon (0.23-0.33 wt.%) for all positions.

Also, the investigated steel in rolled and annealed
state was microstructural characterized after electrolyti-

~ cally etching to expose sigma phase (etching solution

2).IFigs. 5-7 show a microstructure of the austenitic
stainless steel AlS| 316L after etching in solution 2. The

ZAVARIVANJE 64(2021)3/4, 79-86
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presence of sigma phase was observed, Optical and
SEM micrographs show that the content of the sigma
phase is increasing by increasing annealing time. In
rolled (delivered) state (Figs. 5a and 6a) the sigma
phase is not present since it only occurs by exposing
the steel to high temperatures. Sigma phase is interme-
tallic phase which usually forms in the Fe-Cr systems at
high temperatures (550-900 °C). The mechanism of
sigma phase nucleation can be described by transfor-
mation of delta ferrite. Transformation of delta ferrite
into sigma phase was a function of the chemical compo-
sition and the kinetics of its precipitation which was gov-
erned by the rate of diffusion sigma-forming elements,
especially chromium and molybdenum. Fig. 7 show
SEM micrograph of AISI 316L stainless steel in as-an-
nealed 850 °C/90 min state with marked positions for
EDS analysis. The results of the EDS analysis show
similar content of manganese (1.96-1.98 wt.%), molyb-
denum (1.88-2.74 wt.%), and silicon (0.24-0.27 wt.%)
for all analyzed positions. By contrast, the chromium
content is higher at position 2 (Fig. 7, Table 3). Based
on this it can be assumed that position 2 presents prob-
ably a sigma phase evolution with chromium content
21.42 wt.% and nickel content 6.79 wt.%.

Fig. 8 show the average values of impact energy
testing of the investigated AISI 316L stainless steel be-
fore and after heat treatment (annealing). The values of
impact energy are given as means of mostly three de-
terminations. With a more detailed analysis of the im-
pact energy values it can be seen that increasing an-
nealing time (30-90 min) caused decreasing in impact
energy. Before heat treatment impact energy value of
AIS| 316L stainless steel was 260 J. Heat treated state
850 °C/30 min/air have impact energy 224.5 J and it
decreased to 166 J in heat treated state 850 °C/90 min/

SEM MAG: 3000 x HV: 20.0 KV WD: 20.0 mm

Figure 7. SEM micrograph of AIS| 316L stainless steel
in annealed state 850 °C/90 min with marked
positions for EDS analysis; etching solution 2
Slika 7. SEM elektronska mikroskopija nehrdajuci &elik AIS| 316L
u Farenom stanju 850 °C/90 min s oznaenim
poloZajima za EDS analizu; otopina za jetkanje 2
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Table 3. Results of EDS analysis of different positions in as-annealed state 850 °C/90 min; positions marked at the Fig. 6
Tablica 3. Rezultati EDS analize razligitih lokaliteta ispitivanja u Zarenom stanju 850 "C/90 min; poloZaji oznadeni na slici 6.

1 68.86 16.81 11.23

U DO . 0

1.96 1.88 0.27

2 66.82 21.42

1.98 2.74 0.24

300 260

250

200

150

100

Impact energy, J

50

Beforeheat  Heattreated Heattreated Heattreated
treatment  850°C/30/air 850 °C/60/air 850 °C/90/air

State of samples

Figure 8. Impact energy vs. annealing time for stainless steel
AlS| 316L

Slika 8. Udarna radnja loma u odnosu na vrijeme Zarenja,
Zelik AISI 316L

air. This decrease in impact energy can be related to
microstructural changes i.e. occurrence and evolution
of sigma phase by increasing annealing time.

CONCLUSIONS

Results of investigation the effect of annealing time
on microstructure and impact energy of austenitic stain-
less steel AIS| 316L suggest the following:

— Optical micrographs and SEM micrographs of mi-
crostructure of initial rolled state confirmed the pres-
ence of typical elongated polygonal-grains of austenite
and delta ferrite stringers.

_ Increase in the annealing time from 30 to 90 min-
utes resulted in a decrease of elongated ferrite stringers
content.

— EDS analysis showed similar content of chromi-
um (16.44-16.87 wt. %), nickel (11.19-11.82 wt.%), man-
ganese (1.77-2.00 wt.%), molybdenum (1.77-2.24
wt.%), and silicon (0.23-0.33 wt.%) for different posi-
tions in delivered rolled state.

— Optical and SEM micrographs showed the pres-
ence of sigma phase in annealed states. According to
micrographs the content of the sigma phase is increas-
ing by increasing annealing time.

— EDS analysis of annealed states showed position
with higher chromium content (21.42 wt.%) and this po-
sition presents a sigma phase evolution, probably.

— Increasing annealing time from 30 to 90 minutes
caused a decrease in impact energy. Impact energy
value of stainless steel AISI 316L in initial rolled state

86

was 260 J while after 90 minutes of annealing time im-
pact energy decrease to 166 J. This decreasing can be
result of occurrence and evolution of sigma phase dur-
ing annealing.

This paper was presented at 18" International Found-
rymen Conference "Coexistence of material science and
sustainable technology in economic growth”, Sisak, May
15t-17%, 2019.
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