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HN3MeHeHHe MeXaHHYECKHX XapaKTePUCTHK U MUKPOCTPYKTYPbI ayCTEeHUTHOM
Hep:xaBewweii crajgu AISI 316 npu AIMTEJBLHOM TePpMUYECKOM CTAPEHHHU B
YCJIOBHSIX NOBBINIEHHOW TeMIlepaTyphl

C. C. Kum

DaxyapTeT MaTepUAIOBEIEHUSI U MAaIIMHOCTpoeHus, YHuBepcuteT B Kanmky, Kopes

Hccnedosana mexanuueckas decpadayus aycmenumuoti nepoicagerowei cmanu AISI 316, komopas
npumensemcs 6 kavecmee mamepuand Ojia cocy0o8 0asneHus 1eeK0800H020 A0ePHO20 PeaKmopd 6
nepeuyHol cucmeme amoMHuIX 2aeKkmpocmanyuii. M3yueno enusnue OaumenvHo20 cmapenus Ha
MUKPOCIMPYKMYPY U MeXaHudecKue xapaxmepucmuxu. JnumenvHvle UCNbIMAHUSL HA CMaperue npe-
PBIBANUCH HA PASTUYHBIX CMAOUAX, YMOObl NOIYYUMb pasHble YposHu dezpadayuu obpaszyos. Obpa-
sywi cmanu AISI 316 noosepeanuce yckopennou mepmoodpabomre npu memnepamype 600°C eniomo
0o 10000 u. Ilpu s3mom o6HapyiCeHbl 3ePHA MHO20Y20NbHOU (POPMbL ¢ MHOSOUUCIEHHBIMU O8OlLi-
HuKamu omoacued, 6OIbWAA YACMb U3 KOMOPLIX 8 meyeHue OAUMeNbHO20 CMapeHus NOCMeneHHo
npunumana oxpyenyio ¢gopmy. Ilpu nauanvnoii oecpadayuu mamepuana OB0UHUKU PACAPEOEISIUCH
DABHOMEPHO 6 DONbUIUHCIGE 3eper. U nocie OaumenvHo2o cmapenus 6 mevenue 10000 u ucuesanu.
Jenvma-geppum no epanuyam 3epna aycmenuma mpancopmupyemcs 8 cuema-gazy u npeyu-
numamot Cry;Cs 6 meuenue OnumensHo2o cmapenus, npu d3mom 0011 061acmu na spanuye 3epHa
yeenuuusaemces. Makcumanvnas npounocms ommeuaemcs npu cmapenuu 6 mevenue 100 u u
ymenvaemces eniomv 0o 1000 u. [lpu oanvHetiuem ygeruueHuu epemMeHu CMapeHusi NpouYHOCHb
noGbIUIAeMcsl NO CPABHEHUIO C HAUANbHbIM cocmosanuem. OOnako yonunenue u s3K0Cms HenpepbleHo
VMEHbWAIOMCSl, Ymo ceudemenbcmeyem 00 OXPYNUUSAHUU Mamepuald 6 medenue OAUMeNbHO20
mepmMu4ecko20 CmapeHus.

Kntouesvie cnosa: cranp AISI 316, nnurenpHOe cTapeHue, Aerpajaius, MEXaHUYECKUE
XapaKTEPUCTHKH, MUKPOCTPYKTYpA.

Introduction. Structural components designed for severe high-temperature and high-
pressure environments of power and chemical plant facilities deteriorate during their
operation, leading to growing safety and integrity concerns. In particular, damage to the
structures at nuclear power plants could possibly be the cause of a radiation leak.
Therefore, the safety evaluation or life assessment of such structures is required and
considerably important, especially for structural materials used at a high temperature, which
normally suffer microstructure degradation due to long-term exposure. To accurately
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predict the integrity and remaining lifetime, the mechanical properties of the components
that have degraded microstructures must be identified.

In the nuclear power plant (NPP) industry, various components and systems are
operated under different service conditions. Austenitic AISI 316 stainless steel is widely
used for high-temperature structures, such as pipes and steam turbines, due to its superior
high-temperature strength, oxidation resistance, thermal conductivity and low thermal
expansion [1, 2]. However, the mechanical strength of these materials abruptly decreases
during long-term service at a high temperature, resulting in the coarsening of intermetallic
particles and lath subgrain broadening. The most common forms of damage to structural
materials after prolonged exposure to high temperature and pressure are thermal aging,
fatigue and creep. When these steels are exposed to high temperatures for a long period,
however, they are generally subjected to mechanical softening [3-5]. As a result, the
quantitative evaluation of the microstructure is crucial in assessing the lifetime and
structural health monitoring of the components made of this type of steel. Therefore, in this
study, the effect of long-term thermal aging on mechanical damage on AISI 316 austenite
stainless steel was investigated at a high temperature to monitor the thermal degradation in
nuclear plants.

1. Experimental Details. AISI 316 austenite stainless steel samples were prepared for
the present study. The chemical compositions of the test materials were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS), as shown in Table 1. The test
specimens were isothermally aged at 600°C for 100, 1000, 5000, and 10000 h in an
electrical furnace. The thermally aged specimens were prepared with dimensions of
20%x20x150 mm. The test specimen preparation for light microscopy was carefully
conducted because improperly prepared samples can lead to erroncous interpretations.
Reasonably small-sized samples can be handled easily; therefore, in most cases, sectioning
is required. Using a band saw, small-sized samples were prepared, and a low-speed
diamond saw was used to reduce the deformation depth. Because it became increasingly
difficult to keep the surface flat and obtain a high-quality polish over the entire surface, the
test specimens were mounted with cold-mounting resins. The surface to be prepared was
then abraded using a graded sequence of abrasives, starting with a coarse abrasive from
120- to 2000-grit silicon carbide grinding paper. After being ground to a 2000-grit finish,
the samples were polished to produce a flat, reasonably scratch-free surface with high
reflectivity. Fine polishing was conducted with 1- and 0.05-um alumina slurries. For most
materials, the microstructure was revealed only by the application of an appropriate etching
process. The chemical etching was achieved in reagents consisting of 80 ml HCI + 13 ml
HF + 7 ml HNO; at 55°C. To observe the fine precipitates along the grain boundary and
grain interior, thin foils were prepared by twin jet polishing in a solution of 20% perchloric
acid at —15°C and 50 V.

Table 1
Chemical Composition of AISI 316 Steel (wt.%)

C Si Mn P S Mo Ni Cr Cu Vv Ti Nb N Fe
0.02 | 0.35 | 1.58 [0.032]0.001| 2.47 {10.82|17.41| 0.43 | 0.06 [0.001| 0.02 - Bal.

The micro Vickers hardness was measured to determine the change in surface
hardness with long-term aging. The surface was subjected to a standard pressure for a
standard length of time by means of a pyramid-shaped diamond with a vertex angle of 136°.
Ten hardness tests were conducted under a load of 1 kg and a hold time of 10 s based on
ASTM E348. The hardness test was performed ten times for each test sample. The
minimum and the maximum values were omitted, and then, the average of the remaining
eight values was taken as the final hardness result of the samples.
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X-ray diffraction analysis was conducted to identify the crystallographic structures
within AISI 316 stainless steel after mechanical polishing with 0.05-um alumina
suspension. The geometry of an X-ray diffractometer is such that the sample rotates in the
path of the collimated X-ray beam at an angle 6, while the X-ray detector is mounted on an
arm to collect the diffracted X-rays and rotates at an angle of 26. The instrument used to
maintain the angle and rotate the sample is termed a goniometer. The data were collected at
20 from 30 to 80°. An X-ray diffractometer with monochromatic Cu-K« radiation at 40 kV
and 30 mA was used for the analysis. Electrolytic extraction was performed to identify the
precipitates of AISI 316 stainless steel by dissolving the matrix in 10% hydrochloric acid in
methanol at a voltage of 3 V for 12 h. The tensile test was performed three times for each of
the thermal aging conditions at the cross-head speed of 1 mm/min at room temperature to
evaluate the mechanical properties in accordance with ASTM E8. The specimen was
prepared in a dog-bone shape with a gauge length of 50 mm, a width of 6 mm, and a
thickness of 2 mm.

The Feritscope was also applied to measure the fraction of delta-ferrite in the AISI
316 stainless steel with long-term aging. The Feritscope measures the ferrite content in
austenitic steels according to the magnetic induction method. All magnetizable structure
sections are measured, i.e., in addition to delta-ferrite, strain-induced martensite or other
ferritic phases are measured. For the electron backscatter diffraction (EBSD) observation,
the surfaces of the specimen were polished with 1-um diamond paste and a 0.05-um
alumina slurry, followed by electropolishing using a mixture of 700 ml of phosphoric acid
and 300 ml of distilled water, which was cooled in dry ice water and then stirred during
polishing. The polishing conditions were 1.5-2 V for 5-10 min. A crystal orientation
measurement was obtained with a TSL EBSD system with a field emission electron gun
system.

2. Results and Discussion. Figure 1 shows the optical micrographs of AISI 316
austenite stainless steel at each long-term aging time. The polygonal grains and delta-ferrite
along the grain boundaries are the typical microstructure of the AISI 316 stainless steel.
The ferritic islands (dark black region) are in an elongated form and are parallel to the
rolling direction in all microstructures. There are many annealing twins in grains and
delta-ferrite that resemble small black spots on the grain boundaries, as shown in Fig. la.
These annealing twins are typical in an fcc crystal structure with low stacking-fault energy
materials [6]. As the aging time increases, the annealing twins disappear abruptly, and the
grain shape changes from angular-shaped grains to round-shaped grains. There are few
annealing twins for long-term aging, as shown in Fig. 1b and c.

The delta-ferrite is an unstable phase in stainless steel at the aging temperature of
600°C; therefore, it transforms into a stable phase, i.e., the sigma phase, which forms
predominantly out of delta-ferrite because the composition of delta-ferrite is similar to the
sigma phase in high-alloyed Cr-Ni steel. The sigma phase is undesirable because of the
embrittlement of the matrix and the withdrawing of chromium from the matrix [7]. The
consequence of this process is a drastic deterioration of the stability of the material against
corrosion. When the sigma phase precipitates out of the delta-ferrite, austenite is also
formed by the decrease in ferrite-forming elements Cr and Mo. The coarse sigma phase is
clearly observed along the grain boundaries in Fig. 1b and c. Table 2 shows the
microstructural evolution of AISI 316 steel subjected to long-term aging. From the
mechanical metallurgy perspective, the mechanical properties strongly depend on the
microstructure of materials. The microstructural evolution investigated in this study during
long-term aging included the twin fraction, grain size and aspect ratio of the grains. After
1000 h of aging, it is very difficult to observe annealing twins by OM analysis. Although
the equilibrium grain size does not change during long-term aging, the aspect ratio of
grains increases gradually.
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! al\t’)liir?)stiuctural Evolution of AISI 316 Steel Subjected to Long-Term Thermal Aging
Aging (h) Twin fraction (%) Grain size (um) Aspect ratio
0 63£5 56+13 0.56%0.12
100 60+3 55+16 0.60% 0.08
1000 0 559 0.61x0.10
5000 0 62+15 0.63+0.10
10000 0 59+11 0.64 = 0.09

Fig. 1. Optical micrographs of AISI 316 austenite stainless steel at each long-term aging time: (a) O h,
(b) 100 h, (¢) 1000 h, and (d) 10000 h.

For a more precise observation of the surface micrographs, electron microscopy was
used. As mentioned, the delta-ferrite transformation on the austenite grain boundaries was
more clearly investigated via scanning electron micrographs, as shown in Fig. 2. Figure 2
depicts scanning electron micrographs of AISI 316 austenite stainless steel at each
long-term aging time of 0 and 10000 h. The delta-ferrite phases lie along the grain
boundaries, and the equivalent size is approximately 6 um. However, they are decomposed
into sigma and Cr carbides, as shown in Fig. 2b [8]. The Laves phase (1) is frequently
found in austenitic stainless steels [9—11]. The Fe;Mo Laves phase was generated at 600°C
in AISI 316 stainless steel before the precipitation of the sigma phase [12]. In this work, a
Laves phase was observed in a decomposed area of delta-ferrite and at grain boundaries
together with the sigma phase. Figure 2¢ and d are the magnified images of the rectangular
area in Fig. 2a and b showing the generation of secondary precipitates known as Cr-rich
Cry;Cg precipitates.
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Table 3
Delta-Ferritic Volume Fraction in AISI 316 Steel
Aging (h) SEM Ferrite scope XRD

0 2.80%0.10 195+ 0.05 2.30x0.10
100 2.70% 0.06 1.80% 0.09 170+ 0.10
1000 320+ 010 100+ 0.03 110+ 0.08
5000 310+ 0.08 0.70% 0.05 0.50% 0.02

10000 3.80+0.10 0.50+0.02 0

Fig. 2. Scanning electron micrographs of AISI 316 austenite stainless steel at each long-term aging
time showing delta-ferrite decomposition along grain boundaries and generation of secondary
precipitates: (a) 0 h, (b) 10000 h, (c) magnified image of rectangular area in (a), and (d) magnified
image of rectangular area in (b).

Table 3 shows the delta-ferritic volume fraction in AISI 316 austenitic stainless steel
subjected to long-term aging. The image analysis with SEM shows the delta-ferrite fraction
increased up to 10000 h. However, the delta-ferrite fraction analyzed by the ferrite scope
and XRD decreased. This discrepancy originated from the decomposition of delta-ferrite
during long-term aging. The image analysis does not consider the decomposition of
delta-ferrite. As shown in the OM and SEM observations, the area of decomposition of
delta-ferrite increased.

Figure 3 depicts electron backscatter diffraction micrographs of samples aged long
term for 10000 h, showing an orientation map of each phase in AISI 316 austenitic stainless
steel. The orientation image shows the y-matrix (y) and J-ferrite () on a grain boundary.
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Fig. 3. Electron backscatter diffraction micrographs of long-term aged 10000 h AISI 316 specimen
showing orientation map of each phase in AISI 316 austenitic stainless steel: (a) y-matrix, (b) -
ferrite, (c) Cr-rich carbides, and (d) sigma (o) phase.

On the boundary, intermetallic Cr,;C¢ was introduced, denoted by M, and the sigma (o)
phase was also generated on the boundary, indicating the spinodal decomposition of 6-
ferrite. As the aging time increased, the annealing twins were fully recovered, and the
delta-ferrites were transformed into the sigma phases. Cr-rich carbides (M) were present
along the grain boundaries and the grain interiors. The sigma phase has a very important
effect on the corrosive and mechanical properties of austenitic stainless steel [13, 14].

Figure 4 shows the typical TEM thin film images of AISI 316 austenite stainless steel
at each long-term aging time, showing the triple point of grains. The Cr-depleted region, as
indicated by arrows, was clearly shown along the grain boundaries of both specimens aging
100 h and those aging 5000 h. Most of all, the width of the depleted region increased with
thermal aging time, which was the sensitization of austenitic stainless steel subjected to
long-term aging at elevated temperatures. This sensitization caused severe corrosion in
austenitic stainless steel. In addition to the Cr-rich Cry;Cq4 carbides, the coarsened Mo-rich
Fe,Mo intermetallic phases (Laves) were observed with further aging.

Fig. 4. TEM bright field images showing typical precipitates along grain boundary of AISI 316
specimen: (2) 100 h and (b) 5000 h.
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Figure 5 shows the X-ray diffraction patterns of AISI 316 austenite stainless steel at
each long-term aging time. As the aging time increased, the intensity of the diffraction peak
of the delta-ferrite decreased due to decomposition during long-term aging. In this
diffraction peak, it was possible to calculate the delta-ferrite fraction using direct comparison
analysis [15]. The volume fraction of delta-ferrite was quantitatively measured as shown in

Table 3.
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Fig. 5. X-ray diffraction profile of AISI 316 austenite stainless steel at each long-term aging time.

The precipitates played an important role in the mechanical strength mechanism. The
electrolytic extraction was applied to identify the precipitates of AISI 316 stainless steel by
dissolving the matrix. Figure 6 shows the typical X-ray diffraction profile of the extract
residues of AISI 316 austenite stainless steel. The main precipitates were verified to be
M,3Cs, which is well known as a Cr-rich carbide. The diffraction intensity of the sigma
phase (20=47°) increased dominantly after 10000 h of aging due to delta-ferrite

decomposition.
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Fig. 6. X-ray diffraction profile of extract residues of AISI 316 austenite stainless steel: (a) 1000 h
and (b) 10000 h.

Figure 7 shows the variation in Vickers hardness as a function of aging time. As the
aging time increased, the Vickers hardness increased abruptly at 100 h of aging and then
decreased to the same level of the solution state. This increase in hardness originated from
the nucleation of fine precipitation along the grain boundaries and the grain interior. After
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Fig. 7. Variation in Vickers hardness as a function of aging time.

the peak of hardness, the precipitates were coarsened, resulting in a decrease in hardness.
For the long-term aging, the hardness increased continuously due to sigma phase generation
during aging.

Figure 8 shows stress—strain curves of AISI 316 austenite stainless steel at each
long-term aging time. It is not possible to observe a yield drop in this stainless steel.
Therefore, in this study, the yield stress was measured using the 0.2% offset method. The
AISI 316 austenitic stainless steel is a ductile material with a large elongation to the
fracture. As the aging time increased, the elongation decreased, demonstrating the
embrittlement of austenitic stainless steel during long-term aging.
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Fig. 8. Stress—strain curves of AISI 316 austenite stainless steel at each long-term aging time.

Table 4 shows the mechanical properties of AISI 316 austenitic stainless steel
subjected to long-term aging. The elongation and toughness decreased continuously with
aging time, i.e., the material underwent embrittlement during long-term aging. However,
the yield strength and the ultimate tensile strength increased in the initial aging time of 100 h,
exhibiting the peak of strength. Subsequently, the strength decreased up to 1000 h of aging
time, exhibiting a minimum of strength. After the aging time was prolonged to 10000 h, it
was clearly noticed that the strength increased consistently. This variation in tensile
strength was in accordance with the hardness changes.
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Table 4
Mechanical Properties of AISI 316 Steel Subjected to Long-Term Aging

Aging (h) Yield stress Ultimate stress Elongation (%) Toughness
(MPa) (MPa) (MJ/m?)
0 323 608 69 379
100 340 646 65 379
1000 288 590 59 313
5000 321 627 54 304
10000 332 650 52 303

Fig. 9. Scanning electron micrographs of fracture surface of AISI 316 austenite stainless steel at each
long-term aging time: (a) 0 h, (b) 100 h, (c) 1000 h, and (d) 10000 h.

Figure 9 shows scanning electron micrographs of the fracture surface of AISI 316
austenite stainless steel at each long-term aging time. The dimple is a general phenomenon
of the ductile fracture of materials. AISI 316 austenite stainless steel shows a typical
fractograph of ductile fracture mode. As the aging time increased, the dimple size
decreased, resulting in decreases of elongation and toughness during long-term aging. In
particular, the site of delta-ferrite decomposition is clearly observed, as denoted by arrows.
These interfaces between the decomposed sigma phase and the austenite matrix might be a
crack propagation path and a crack nucleation site due to incoherent characteristics [16].
Therefore, the sample shows a brittle fracture mode with a thermal aging time increase.

Conclusions. AISI 316 austenite stainless steel showed polygonal-shaped grains with
many annealing twins that gradually tended to become more circular-shaped grains during
long-term aging. In the initial material degradation, the twins were distributed uniformly
within most grains, but they all recovered and disappeared after the prolonged 10000-hour
aging time. Delta-ferrite along austenitic grain boundaries transformed into sigma phases
and Cr,;C precipitates during long-term aging, and the area fraction on the grain boundary
increased. The peak yield and ultimate tensile strength appeared at the 100-hour aging time
and then decreased up to 1000 h, exhibiting a minimum of strength. For further aging time,
the strength increased to a level higher than that of the initial state. However, elongation
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and toughness decreased continuously, demonstrating the material embrittlement during
long-term aging. The typical fractograph of AISI 316 austenite stainless steel shows ductile
fracture mode. As the aging time increased, the dimple size decreased, resulting in
decreases of elongation and toughness. These interfaces between the decomposed sigma
phase and the austenite matrix might be a crack nucleation and propagation site due to
incoherent characteristics.
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Pe3zwome

JlocmiKeHO MEXaHIYHy JIerpajiallilo aycTeHiTHOI Hepxkairouol cram AISI 316, ska Buko-
PHCTOBY€EThCA SIK Marepiayl Uil MOCYJWH THCKY JIETKOBOJHOTO SIEPHOTO PEAKTOpa B
NIEPBUHHINA CHCTEMI aTOMHHUX €JIEKTPOCTaHLii. BUBYEHO BIUIMB TPUBAJIOrO CTAapiHHS Ha
MIKPOCTPYKTYPY 1 MEXaHI4HI XapakTepucTUKU. TpuBaii BUIpoOyBaHHS Ha CTapiHHS Iepe-
PHMBAJIMCh Ha PI3HUX CTaisX, 0O OTPUMATH Pi3HI piBHI Aerpanauii 3paskiB. 3pa3ku cTaji
AISI 316 mimmaBanu mpucKopeHiii Tepmoobpobui 3a temmeparypu 600°C ax mo 10000
roavH. BusiBneHo 3epHa 0araTokyTHOI (JOpMH 3 YMCICHHUMH [BIfHHKaMH Binaiy, Oiib-
IICTh 3 SKUX MPOTSTOM TPUBAJIOTO CTAPiHHS MOCTYIIOBO IpuiiMana okpyriy ¢opmy. Ilpn
MMOYATKOBIM Jerpajarii MaTepiany ABIMHUKA PO3MOIUISIIUCH PIBHOMIPHO B OUTBIIOCTI 3epeH i
micnst TpuBastoro crapinus npotsirom 10000 rogun 3umkanu. [lenbra-depuT mo rpaHuimi
3epHa ayCTEHITy TpaHchopMmyeTbesa B curma-dasy i nperumitati Cry;Cq MpOTATOM TpUBa-
JIOTO CTapiHHsI, PU [IbOMY YacTKa 00JIacTi Ha rpaHML 3epHa 3011bnIyeThcs. MakcumasibHa
MIIHICTh Ma€ Miclie ipu ctapindi npotsarom 100 roxuH i 3MeHmyeTbes ax 10 1000 roxuH.
[Tpu monanpiioMy 301IBIICHH] Yacy CTapiHHS MIIHICTh 3pOCTAE MOPIBHSHO 3 MOYaTKOBHM
cranoM. OgHAaK TIOJOBXEHHS 1 B’S3KICTh HEMEPEPBHO 3MEHIIYIOTHCSA, MIO CBITYUTH IIPO
OKPHMXYEHHS Marepiaiy MPOTSIroM TPUBAJIOTO TEPMIYHOTO CTapiHHSI.
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