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Abstract As a renewable energy resource, biomass or bioocmaisng in coal-fired power plants with high
efficiency are desired which corresponding to diedaemperature and high pressure. An upgradeeof th
material performance to austenitic stainless steelfherefore required in order to meet the ina@das
demands due to the higher temperature and the omoresive environment. These materials suffer from
creep and fatigue damage during the service. mghidy, these behaviours are evaluated using si@amw

rate testing (SSRT) with strain rate down to I¥B0at temperature up to 700°C. The influence of
temperature and strain rate on strength and dyctii one austenitic stainless steel and one nibkeske
alloys are investigated. The damage and fractueetduthe interaction between moving dislocationd an
precipitates are studied using electron channeltiogtrast imaging (ECCI) and electron backscatterin
diffraction (EBSD). The deformation and damage naeitms active during SSRT are essentially the same
as under creep. The influence of dynamic strainnggéDSA) phenomena that appears in the tested
temperature and strain rate regime is also disdyd38A is intensified by increased temperature and
decreased strain rate.

Keywords Elevated temperature, slow strain rate, biomasgep plant, austenitic stainless steel, nickel base
alloy.

1. Introduction

Biomass or biomass co-firing in coal-fired powearndbk is a contribution to renewable energy
resources for sustainable energy production. Algb &fficiency which requires higher temperature
and pressure is highly desired. However, the natetised in those power plants with increasing
temperature and pressure also need to be resistatite corrosive atmosphere connected to
combustion of biomass fuel [1, 2].

In the operating temperature range of biomass omass co-firing coal-fired power plants,
austenitic materials often show dynamic strain rgéDSA). The temperature regime of DSA is
from 200 to 800°C for austenitic materials [3, 4]daarises during plastic deformation from
interaction between solute atoms related to bulgipe diffusion and mobile dislocations or forest
junctions[5, 6]. Temperature and strain rate diyeatfluence diffusing solute atoms and the
mobility of dislocations respectively, which effedDSA [6]. At elevated temperatures (400°C to
650°C) nitrogen and/or substitutional chromium adcame responsible for DSA [7, 8]. Portevin-Le
Chatelier (PLC) effect which is serrated yieldimgthe stress-strain curve, characterizes DSA. The
PLC effect is due to the pinning and unpinning isfatations or formation of new dislocations [9].

These materials can undertake low deformationfrate 10%s (low cycle fatigue) to 10s (creep)
during service. This study was focused on damagefr@acture mechanisms related to low strain
rate and high-temperature in two austenitic materldsing uniaxial slow strain rate tensile testing
(SSRT) at high-temperatures, the influence of ldvais rates on these mechanisms could be
investigated. Also precipitation due to high-tengtere and deformation could be coupled to the
damage and fracture behaviour.
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2. Materials and experimental details
2.1 Materials

The austenitic stainless steels, AISI 316L andrtickel-base alloys, Alloy 617 were used in this
study. Both types were solution treated befordarigsiTable 1 shows the chemical composition of
the materials.

Table 1. Nominal composition of the investigatedenals in wt%.
Material C Si MnCr Ni W Co Cu Nb N Mo Fe
AISI 316L 0.04 04 1.7 17 12 - - - - - 2.6 Bal.

Alloy 617 0.1 - - 225538 - 12 - - 059 11

2.2. Tensiledeformation

For the slow strain rate tensile testing (SSRT)o&lRKorthaus and an Instron 5982 tensile test
machines were employed. The tensile test machimgs equipped with a MTS 653 furnace and
Magtec PMA-12/2/VVV7-1 extensometer and ElectroH®aeden furnace and Epsilon extensometer
respectively, both active in air environments. Rbbar specimens with 5 mm in diameter and 50
mm gauge length were used. The tensile tests veerd out at a strain rate of 219" down to
10°%s*. Three temperatures: room temperature (RT), 650%€ 700°C, were used. Alloy 617 was
tested using strain rates &, 2*10%?, 10°s?, 10%s?, 10°s* and 10°s*, AISI 316L was tested
using strain rates 2*1%* and 1s™.

2.3. Scanning electron microscopy investigation

For the microstructural investigation of deformatiand fracture behaviour the scanning electron
microscopy (SEM) techniques electron channeling tresh imaging (ECCI) and electron
backscatter diffraction (EBSD) were used. ECCI u#ies interaction between backscattered
electrons and the crystal planes to generate &teaulting in an image where local orientation,
defects and strain fields are shown as contrasti@rs [10].

3. Resaults

3.1. Strain rate and temperatureinfluence on tensile defor mation and damage

Low strain rates and elevated temperatures areastrg the probability of dynamic strain ageing
(DSA), because the diffusion rate of the soluteratoncreases and rate of dislocation movement
decreases. During DSA the deformation mechanisnshifting towards planar deformation [7].
None of the tested materials showed DSA at roonpégature, but both materials showed DSA at
elevated temperatures for all tested strain rafes. a strain rate of 1¥s at both elevated
temperatures, AISI 316L and Alloy 617 show diffdregpes of PLC effects. AISI 316L display B-
type and Alloy 617 shows C-type serrated yieldseg fig.1. B-type serrations means that the stress
oscillates from a origin stress level and C-typeseifration is characterized by a sudden drop in
stress and then raises to the normal stress 18y&l][ Alloy 617 show serrated yielding from low
strain values until fracture for all tested stra@tes at both elevated temperature except of strain
rates 10/s and 1d/s. At both elevated temperatures and strain rétdslserrated yielding is
present at low strain levels up to around 20% BARISo appears just before fracture, see fig. 1a).
For 10%s at 650°C serrated yielding disappears afteraqmately 4% strain and after around 12%
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with a few serration drops at 22% strain at 7008Croom temperature the elongation to fracture
increases with decreasing strain rate for AIS| 31#la strain rate of 2*1¥s it is 53% and 66% at
10%s, see fig.1b). This behaviour is due to the lodeformation rate that causes the dislocation
mobility to decrease and therefore resulting inveelr stress level when using a strain rate 6¥4.0

At elevated temperatures and low strain rates BIML show a decrease in the stress-level during
tensile tests due to recovery that could be relaaegcovery-creep [11], see fig.1b), also features
related to dynamic recrystallization can be foumthie microstructure (fig.4) [12].

The strain rate influences the ductile responsgliofy 617, as shown in fig. 2 a). From 18 to 10

%s the ductility increases at both temperaturescamiinues to increase for strain rates of/&at
650°C but decrease slightly at 700°C. With evenvslostrain rates the ductility decreases even
more for both temperatures, 700°C have lower dtycttian 650°C at a strain rate of ¥ but have

a higher tensile stress which can explain the iiffees in ductility. Alloy 617 has much higher
ductility (ArT=70.5%) and tensile stress (Rm709MPa) when it is deformed at room temperature
than at elevated temperature;f=10.3% and Rmyo-=489MPa) when using a strain of rate 10
®s, see fig.2. This behaviour is most likely duegmin boundary embrittlement coused by
chromium rich precipitation in the grain boundayigisown in fig.6.

In the DSA regime nano-twins can show up as a dedton mechanism [13]. AISI 316L material
showed nano-twins close to the surface of the spati Other deformation mechanism in the
microstructure of the SSRT tested samples washbsipds (SB) and planar slip. Fig.3 displays
probable future damage due to interaction betwéprbands and precipitates (fig.3 b)) and nano-
twins and precipitates. Contrast differences thaild be related to stress concentrations spots
which is or will be future damage can be observbéne these interactions appear in fig. 3 b) and
C).
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Figure 1. Engineering stress-strain curves shoa)ng-type serration in Alloy 617 tensile tested@@d°C
using strain rate 1¥s and b) B-serration in AIS| 316L tensile teste6%0°C using strain rate 6 (black
curve) and two curves showing AISI 316L testecbatm temperature (RT) using strain rate$/¢@Gnd

2*10°/s (blue and red curve respectively).
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Figure 2. Influence of a) strain rate on ducti(iy) and b) tensile stress (Rlevels for Alloy 617.

Load direction

Figure 3. ECCI imaging of AISI 316L deformed to 48¥%ain, at a strain rate of 8 and 700°C, a) slip
bands (SB) with two different directions interagtiwith precipitates, b) magnification of damage or
probable future damage due to interaction betweecigitate and slip bands, c) other location wiih s
bands and nano-twins interacting with precipitaiied d) magnification of damage or probable future
damage due to interaction between slip bands, heing-and precipitate. It is the same load directioall
the pictures.

5.
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Other damage behaviour in AISI 316L is shown indfigAt room temperature the deformation and
damage behaviour is similar for strain rates of %% and 10/s. Common damage appearing
away from fracture zone is slip bands creating saihen intersecting with each other, grain
boundaries or precipitates. Voids due to intersactietween slip bands and grain boundaries,
around 15mm away from the fracture surface arelaisp in fig. 4 a). Voids also occur due to
heavy deformation from shear bands as in fig.A\lgar the fracture surface the microstructure is
heavily deformed from multi-direction slip bandbear bands and planar slip. Deformation bands
with features looking like subcells appear nearftheture surface at room temperature for strain
rates of 2*1G/ and 1(/s. At elevated temperature the deformation bandls Irecrystallized as can
be seen in fig. 4 ¢) and d). The EBSD analysidigtb reveals that the areas that look like
recrystallization has taken place (see fig.5 a))'tdshow any new grains in AISI 316L at 650°C
and a strain rate of 5. Fig.5 b) shows the local misorientation in gsmale together with
inversed pole figure (IPF) in color scale, andlihghter patterns correspond to local misorientatio
values above 4° and up to 5°. These brighter petteave good correlation to some of the subcell
or grains that can be seen in fig.5 a). The crigggedphic orientation differs but doesn’t give c¢lea
distinction between the supposed subcells or gram$ the matrix and thus no evidence of
recrystallization is found. The analysis in figsdhnade in mostly one single grain or annealing twin
showing precipitates in the grain boundaries agentero-solution in fig.5 b).

Figure 4. Deformation and damage behavior by EG@IEI 316L materials, a) voids from interaction
between slip bands and grain boundaries (GB) aamiTstrain rate 2*1¥s, b) void due to deformation
from shear band at RT and 8, c) subcell band (SuB) at 650°C and/$Gand d) magnification of subcell

band.



13th International Conference on Fracture
June 16-21, 2013, Beijing, China

a
L o -
. T Ea g i
(] TR ™ ‘#; s

] - ;om
¥ * 5 - 3

M o i o
=5 pm; Lochis; Step=0.1 pm; Gnd203:2713

[ron foo [96.7%]

Local Mizarient ation

lran fec

c)

Figure 5. EBDS analysis showing recrystallizatiosubcell formation in AISI 316L after SSRT at 660t0
fractured using a strain rate of 46, a) showing analyzed area, b) EBSD analysidaiism local
misorientation (bright patterns) tighter with cialsdgraphic orientation in a inversed pole figunite color
means zero-solution), c) local misorientation |lebesmere the y-axis is frequency and x-axis is
misorientation angle [°] and d) inversed pole feglegend showing crystallographic orientation.

3.2. Precipitates effect on damage

Both materials undergo precipitation due to thevadled temperature during the long deformation
process. Alloy 617 has evenly distributgdprecipitates in the matrix anstphase in the grain
boundaries [14]. AISI 316L get precipitates as iIChrcarbides, that probably are}@s or MsC,
also o-phase precipitate and they appear both in theixnamd grain boundaries [15]. The
deformation time depends on material propertiessarain rate, the deformation time varied from 1
minute to 130 hours. The size and amount of prextgs varied with the deformation time or strain
rate and temperature, from no precipitate at highirsrates to more and bigger precipitates at the
slower strain rates. Damage corresponding to tkeigtation can be seen in fig.3 and fig. 6. At
low strain rate and elevated temperature, the aotem between a moving dislocation and a
precipitate can cause damage in the material. =@gjsplay internal cracks that have initiate and
propagate in the grain boundaries due to deformatiw embrittlement from precipitates (Fig.6 c)
and d)). Precipitates act as crack initiation pouhe to high local stress caused by the interactio
between dislocations and precipitates.
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Figure 6. ECCl-picture showing internal cracksha grain boundaries (GB) in Alloy 617, strain ra€e/s
and temperature a) 650°C, b) 700°C, c) crack 8076 and b) crack tip, 700°C, tested to fractures the
same load direction in all the pictures.

4. Discussion

As known, DSA intensifies with increasing temperatand decreasing strain rate. However, in
Alloy 617, DSA is present during the whole tensitformation at elevated temperature when using
a strain rate of 10s, but seems to disappear when the strain reachumehigh levels at an
elevated temperature when using strain rates ofsl@nd 1d/s. DSA also appear again just before
fracture when testing at elevated temperature wsistyain rate of I8/s. This behaviour could be
described as a mismatch of the rates of solute satomd moving dislocation, which could differ
along the stress-strain curve and therefore senstian appear just before fracture, where thé loca
strain rate might be higher.

At room temperature the strain rate influencing ¢hengation in AISI 316L, when the strain rate
decreases the elongation increases, also the kwetss lower at low strain rate. This is theules

of the competition between hardening due to deftiomaand recovery due to the slow strain rate,
where the recovery have more influence at slowrstedes than at higher. The recovery has a lager
influence at lower deformations rates due to tlee thzat the moving dislocation rate decrease which
affect the hardening to decrease. At high tempszdtue recovery probably can be an effect of
creep, due to increasing diffusion rate and lovodeation rate [11]. No clear microstructural signs
as higher density of voids have been seen butrtieybe vanished due to high plastic deformation
when the specimen is deformed to fracture. Howeargother sign that can be related to creep have
been discovered, cell or subcell structure prob&tisned by creep deformation, from the EBSD-
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analysis it is shown that the areas that look tierystallization only have up to 5° misorientation
which gives evidence for cell or subcell structui@sned by creep deformation. According to the
ECCI investigation there is areas and/or bandsdisaiay such cell or subcell structure, see fig.4c
and d). Further investigations are needed to aonfihether the cell or subcell structure is formed
due to creep deformation in the AISI 316L material.

Elevated temperature and low strain rate decrdesductility due to grain boundary embrittlement
referred as sensitization and in some cases DS#sitgmtion is when chromium diffuses to the
grain boundaries creating Cr-rich precipitates 19§- For sensitization the ageing time must be
long enough for the precipitation to take placeca@ding to literature sensitization occurs in AlSI
316 material after less than 1h up to 100h depgnoimalloy content at 650°C and 700°C [17, 19].
After SSRT with a strain rate of (& there are precipitates in the grain boundarnigghey are too
small to produce large scale embrittiement resglimless internal cracks and larger elongation to
fracture. For higher temperatures and long agemgs as in the case of SSRT tests with a strain
rate of 10°/s and 700°C (fig.5 d)), desensitization probalalg occur which means that chromium
diffuses back into the interfacial region where theecipitate have grown [16, 19]. The
desensitization seems to increase or keep the eleMment of the material constant, see fig.2. In
fig.2 b) the tensile stress increases which coeflerto a hardening coupled to DSA that explain the
large decrease in ductility. As known, precipitatethe matrix play two important roles for theelif

of the material, the first is to interact with mogidislocation and increase the strength or hasdnes
of the material. The second is to cause stressetdration at the precipitate during dislocation
accumulation that will in turn cause initiationafcking by either precipitate cracking self othe
matrix.

5. Conclusion

After slow strain rate tensile testing at elevateshperatures and subsequent investigation of the
microstructure using ECCI the following conclusidras been reached:

« Damage appears at interactions between movingcdistms and precipitates due to local
stress concentration.

« DSA is present at all tested strain rates, butpgiear at certain strain values for some
deformation conditions. This is due to mismatcheshe rates of moving dislocations and
solute atoms at different strain intervals during tensile deformation.

e Grain boundary embrittlement is causing damage mdsrnal cracks and lowers the
elongation to fracture. Therefore it is stronglyeafing the material fracture behaviour at
elevated temperature and is affecting for the heghperature performances during
deformation of the tested materials.

« AISI 316L show behaviour similar to creep at lowast rates (18/s) and high
temperatures.
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