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In this paper, the relationship between Kernel average misorientation (KAM), geometrically
necessary dislocation (GND) density and dislocation structures of Nb-bearing austenitic stainless
steel under low cycle fatigue (LCF) was studied at 600°C at the total strain amplitude ranged from
0.3% to 1.0%. The results based on EBSD analysis show that the GND density in fatigue specimens
gradually increases with the increase of strain amplitude. Under LCF loading, the dislocation structures
are mainly planar slip bands (PSBs) and the cell structures. With the increase of strain amplitude, the
number of PSBs increases with decrease in width, and the average diameter of cells also decreases. The
PSBs originate due to the dynamic strain aging (DSA) effect, and DSA is more significant under high
strain amplitude. The average diameter of cell structures has a specific relationship with GND density.
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1. Introduction

Austenitic stainless steels (ASS) exhibit complex
dislocation structures under fatigue, creep, and creep-fatigue
interaction condition, which are mainly the cellular structure',
channel/wall structure, persistent slip bands*¢, vein/labyrinth
dislocation structures’, ladder structure®, planar slip bands’,
the corduroy structure'®. There are two main slip modes of
dislocation in ASS under plastic deformation known as the
cross slip and the planar slip. The main factors which influence
the slip modes are alloying elements and content, stacking
fault energy, deformation temperature and deformation strain
rate. According to the previous literature reports®*’, cells
and planar structures are mainly formed by dislocation cross
slip and dislocation planar slip respectively.

Cells and planar sliding band (PSB) structures are two
typical structures of ASS during low -cycle fatigue (LCF)
loading, which have the characteristics of deformation
localization. The dislocation density in the cell is extremely
low, while in the cell walls and PSBs is high. In the past,
these were characterized by transmission electron microscopy
(TEM) and electron channeling contrast (ECC). In recent
years, electron backscatter diffraction (EBSD) has been used
to analyze the cells, sub-grains'"'?, and other dislocation
microstructures'*!*. In particular, the Kernel average
misorientation (KAM)", grain reference orientation deviation
(GROD)'*"7_and grain orientation spread (GOS)'®are obtained

*e-mail: zhangsir5S08@163.com

from the grain orientation via EBSD measurements, which
can be used to qualitatively evaluate the degree of plastic
deformation within the grains'. KAM focuses on the local
misorientation gradients, while the geometrically necessary
dislocation (GND) can obtain from the KAM value®#!1520,
GROD appears as a hybrid approach, which measures the
local misorientations at a grain scale. Finally, GOS focus on
the strain distribution gradients at the microstructure scale'®.

The dislocation cell size in 304 LN ASS was determined
by using the KAM and GND maps, and cells were found to
be in the range of 0.5 um?3. GND density was estimated by
EBSD characterization, which followed a concave up variation
with the plastic strain. Dislocation evolution was analyzed
via EBSD studies on various modes of cyclic deformation
at 923 K in a type 316LN ASS?.. The KAM image based
on EBSD revealed the evolution of substructure, which
revealed the cells formation. The average cell size of ~ 1 pm
is obtained through EBSD and is consistent with the TEM
observation. The fraction of small subgrains increases with
strain while the fraction and size of large subgrains decrease
with strain in 316L steel analyzed by EBSD characterization'!'2,
Rui et al.'® used GROD from EBSD analysis to estimate
the creep strain and creep damage. It was found that there
existed a linear correlation between the grain lattice distortion
parameter (GROD) obtained from EBSD analysis and the
creep strain, while it is independent of the creep conditions
(stress & temperature) and average grain size.
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In our previous research work®, it was found that the
PSBs and cellar structures coexist in Nb-bearing ASS during
LCF. Nb, as an important alloy element in new austenitic
heat-resistant steel can easily form NbX (X=C,N) particles
during high temperature aging or deformation®?2, which plays
arole for precipitation strengthening. Meanwhile, the strong
binding force between Nb and C reduces the precipitation
of M,,C, at grain boundary. The pinning of Nb, Cr and Ni
on dislocation slipping also induced dynamic strain ageing
(DSA) effect??, which restrains dislocation cross-slipping.
Therefore, planar dislocation structures have been associated
with DSA.

In this paper, the PSBs and cells microstructures under
LCF loading at high temperature were studied by EBSD and
TEM. The relationship between KAM, GND and dislocation
microstructure was analyzed.

2. Experimental Materials and Methods

The investigated material was a commercial Nb-bearing
TP347H ASS pipes for power plants provide by Taiyuan Iron
and Steel Group Co., Ltd. China. The chemical composition
of TP347H ASS is shown in Table 1. The specimens were
solution-treated (ST) at 1100 °C for 1 hour and followed
by water quenching.

The cylindrical specimens with the diameter of 12 mm
were cut from the axial direction of the stainless-steel
pipes. After that, the specimens were machined with 18 mm
gauge length and 6 mm gauge diameter for LCF testing.
The specimen surface was polished along the longitudinal
direction with the emery paper down to #1000 in order
to remove the surface defects. Fatigue tests were carried
out in open air environment under a fully-reversed strain
control mode at a constant strain rate of 3 x 107 s’ at
600 °C. The total strain amplitude (Aet) ranged from
0.3% to 1.0%, using a Shimadzu IEHF-EM200k1-070-0A
testing system.

Zeiss Sigma 500 scanning electron microscope (SEM)
equipped with EBSD camera from Oxford Instruments
was performed to study the grain orientation distribution
and KAM in samples before and after the fatigue. EBSD
testing with a step size of 0.5 um was operated at 20 kV.
The EBSD data was generated by using the Channel 5™
software. A FEI Talos F200X Scanning TEM examinations
with the operating voltage of 200 kV was used to investigate
the dislocation sub-structures and carbides under LCF
conditions. The thin slices were cut at a distance of 2 mm
away from the fracture surface for TEM and EBSD analysis.
EBSD samples were prepared by mechanical polishing and
electropolishing (15% acetic acid + 85% methanol, 0 °C,
20 V for 30 s). After mechanical polishing, TEM foils
with a diameter of 3 mm and a thickness of 50 um were
obtained by ion thinning.

Table 1. Chemical composition of TP347H steel (wt.%).
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3. Results and Discussion

3.1. Microstructure of the steel after
solution-treatment

The structures of the ST sample are shown in Figure 1.
Figures 1(a-b) are EBSD images, while the others are TEM
ones. The average grain size is 27 pm, and there are quite
few twins within the grains (marked by red lines) as shown
in Figure 1(b). It can be observed in Figure 1(c) that the
dislocation intensity inside the grains is low due to a high
temperature solution treatment. At the same time, there are
still a few carbides with the average size of 1 um as shown
in Figure 1(d), which is proved to be primary NbC particles
by EDS mapping in Figures 1(e-f).

3.2. Fatigue life and cyclic stress

Figure 2(a) shows the LCF life (V) under different
strain amplitudes ranging from 0.3% to 0.9%, which reveals
that the fatigue life decreases with the increase of strain
amplitude. Figure 2(b) shows the relationship between cyclic
stress amplitudes (at half-life) and strain amplitudes which
indicates the increases of stress amplitude with increasing
the strain amplitude. The fatigue life of TP347H ASS at room
temperature (RT)* and 550 °C* is listed in Figure 2(a). It is
found that, the fatigue life decreases with the increase of
temperature. The influence of high temperature on fatigue
life of materials is complicated. The previous results of
LCF at RT and 550 °C showed that DSA effect appeared at
550 °C, and significantly reduced fatigue life”>. The DSA
effect mainly manifests itself as serrated yielding in the stress-
strain curves**>2, Figure 2(c) shows the serrated yielding in
hysteresis loop, which indicates that DSA happens under LCF
loading at 600 °C. Therefore, DSA is one of the reasons for
fatigue life reduction at 600°C. At the same time, at higher
temperature, the oxidation of materials is more serious, which
accelerates crack propagation and shortens fatigue life?’.
At600°C, TP347H ASS has a higher fatigue life than 316LN
steel with 0.22 wt.% N?® at low strain amplitude (< 0.55%),
while at high strain amplitude (> 0.5%), TP347H ASS has
a slightly lower fatigue life than 316LN steel.

3.3. Microstructure characterization based on
EBSD

Figure 3 displays the EBSD maps at the fractured region
of the sample after LCF loading. The inverse pole figure
(IPF) and KAM maps are illustrated in Figure 3(al,bl,c1)
and (a2,b2,c2), respectively. The IPF and KAM maps are
generally used to show the crystal orientation and local
misorientation analysis respectively'*!%. At the bottom of
Figure 3, blue and red colors in the color bar of misorientation
map indicates the low and high misorientation respectively.
KAM maps show an increasing misorientation with the
increase of total strain amplitude applied in the fatigue

Element C N P S Cr

Ni Mo Mn Si Nb Fe

wit% 0.05 0.013 0.0181 0.006 18.36

11.53 0.890 1.07 0.53 0.815 Balance
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Figure 1. Solution treated sample of TP347H steel. (a) Inverse Pole Figure (IPF) map, (b) Twins remarked by red lines; (¢) TEM image;
(d) a NbC particle and EDS mapping; (e)-(f) C and Nb mapping, respectively.

~
=
~

S
s
3

w w
g b
3 E

Stress amplitude, MPa

o

250 -

L
0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010 0.011

Strain amplitude

(a) = 600 °C [this work]
© 316LN at 600 °C [28]
w] & A 550°C[24]
e RT[23]
@
=
2
=
-]
=
8| N -
g ©
@
10° T T T
10° 10* 10°
Number of reversals, ZN/
C
( ) 400 4
200 4
= Vi
=]
=
s 04
-] /
g / /
2 200 serrated yielding /
-400 4 L“‘ ‘;#_‘
-600 T :

e aanil V“"“'""']
/

/

Srain, %

Figure 2. (a) Fatigue life, (b) cyclic stress amplitudes with total strain amplitudes, (c) serrated yielding in the hysteresis loop.

specimens. At Ag = 0.3%, most grains were blue and a few
green regions appeared around the grain boundaries (GBs),
indicating the low KAM value as shown in Figure 3(a2).
At Ag = 0.6%, most grains appear green, and a few regions
around the GBs have yellow color, which indicated that
the KAM value increased in these regions as shown in
Figure 3(b2). Figure 3(c2) showed that when Ag, increased

to 0.9%, the green regions increased rapidly, and the red
regions also appeared, indicating that the local strain was
further increased as compared with Ag, = 0.3% and 0.6%.
Figure 4(a) shows the maps of local misorientation
distribution (KAM). The mean misorientation of each given
point relative to adjacent points up to 5° is calculated, and
the higher angles more than 5° are excluded. The KAM
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KAM

Figure 3. EBSD analysis on the fatigue samples at Ag, = 0.3%; 0.6%; 0.9%, (al)-(c1) IPF maps, (a2)-(c2) KAM maps.
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Figure 4. (a) Distribution of KAM value in fatigued samples determined by EBSD analysis from Figure 3; (b) GND density with different

strain amplitudes.

peak shifts to higher angles with the increase of total strain
amplitudes. The fatigue samples show higher KAM values
compared with the ST sample before LCF loading. This
result agrees with the both tensile and fatigue samples of
304 and 316 ASS¥.

The GND is known to be proportional to the average
value of KAM?!', The calculation of GND density can be
written as follow, based on the references'>%.

20
pGND _ 20

b (M

Where p™P is the GND at points of interest, 8 represents
the local misorientation angle in radians, b is the Burger’s

vector (b = %ay =0.255 nm=2.55%10""m, a, = 0.361nm for

austenitic stainless steel) and u is the unit length (500 nm)
of the point.

The variation of average GND with strain amplitudes
based on Equation (1) is demonstrated in Figure 4(b). When
cyclic loading was applied, the GND density increased
with the total strain amplitudes. Hence, the stress required
for the dislocation motion was increased, which led to an
increase of cyclic stress as shown in Figure 2(b). This result
is consistent with other work on Sanicro 25 ASS®'. A close
linear relationship between the GND density with strain
amplitude was found in 304 ASS®.

Figure 3 (c2) shows that the most parts in the tested
specimens are green and red, while there are still some blue
ones. This means that the distribution of local misorientation is
highly non-uniform, indicating very high localized deformation
in the fatigue samples. Compared with EBSD, TEM has
higher resolution. Therefore, TEM based investigation has
been carried out to analyze the dislocation microstructures
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under the fatigue. The TEM result was compared with the
KAM and GND analysis.

3.4. Dislocation microstructures after fatigue

Figure 5 shows the TEM images of dislocation
microstructures under different strain amplitudes. Figures 5(al,
bl, cl) are bright field (BF) images, and Figures 5(a2, b2,
c2) are dark field (DF) images. By comparing BF and DF
images, it is found that the PSBs structure is formed under
fatigue loading. Ate =0.3%, a few PSBs can be observed in
Figure. 5(al), and there are many dislocation cells inside the
PSBs. The width of PSBs is about 1.1 pm and the length of
PSBs ranges from several microns to tens of microns, which
is much higher than the diameter of cells (less than 1 pm).
Some PSBs spans the whole grain, while the cell structure is
located inside the grain. At g = 0.6% and 0.9%, more PSBs
are formed, and the width is significantly reduced to 0.33 pm
and 0.20 pm, respectively. At g = 0.9%, PSBs are observed
to cross each other, which is caused by dislocation double
slip. In Figures 5 (al, bl), the interaction between PSBs
and GBs is observed, and PSBs end at the GBs or continues
to expand after passing through the GBs. Under the high
temperature LCF of TP347H ASS, a large amount of PSBs
is attributed to dislocation planar slip. DSA effect enhances
the dislocation plane slip due to the pinning of solute atoms
on movable dislocations”!%?%32, At the same time, DSA effect
increases with the increase of strain amplitude®.

Figure 6 shows the TEM images of the dislocation cells
structure. At g = 0.3%, imperfect cells (Figure 6(al)) and
cells (Figure 6(a2)) are formed. At ¢ = 0.6% and 0.9%, a
large number of cells are formed. The dislocation density
in cells is low, which is high in cell wall.

Cell structures also occur during LCF testing of 316H
ASS at high-temperatures®. The size of cells decreases with
the increase of strain amplitude, as shown in Figure 7. This
indicates that the dislocation density is getting higher at the
higher strain amplitudes, which is consistent with the results

of KAM and GND density as shown in Figure 4. In ferritic
steel**, SS400 structural steel?, and ASS*, with the increase of
strain amplitudes, the dislocations density in the specimens
under cyclic loading tends to increase due to the progressive
reduction of the dislocation cell size®.

The cell structure formed by dislocations cross-
slipping in the interiors of the grains had low boundary
misorientations from 6° to 15°, confirmed by the selected
area electron diffraction (SAED) pattern in Figure 6(a3,
b3). In Figure 6(c3), the new grains or subgrains with clear
boundaries are observed. The SAED pattern of Figure 6(c3)
contains rings of diffraction spots, which suggests that many
of the boundaries have high misorientation angles but the
rings are discontinuous and confirms the existence of some
low-angle boundaries. This indicates that under high strain
amplitude, the austenite grains have undergone dynamic
recovery and subgrains formation, while the dynamic
recrystallization has not occurred due to insufficient strain®.

3.5. GND density and the size of dislocation
microstructures

Figures 5-6 show the highly non-uniform distribution of
PSBs and cell structures, indicating high strain localization in
the fatigue samples. The regions of cells?' and PSBs zone’?’
are easy to result in fatigue crack initiation.

Figure 7 shows the distribution of mean PSBs width
and cell diameter under different strain amplitudes. Smaller
the cell diameter, higher will be the dislocation density.
At the same time, with the increase of PSBs number and
the decrease of mean width, the deformation localization is
more significant and the more dislocations will be formed.
The superposition between cells and PSBs leads to the
increase of dislocation density at high strain amplitude,
which is consistent with the results of KAM and GND
as shown in Figure 4. Their relationships between the
microstructure size and GND density are plotted in Figure 8.
By comparing the values of mean cell diameter (d_, ), mean

Figure 5. TEM images of PSBs in the fractured samples, (al) and (a2) Ag, = 0.3%; (b1) and (b2) 0.6%; (c1) and (c2) 0.9%.
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0.3% 0.6% 0.9%

Figure 6. TEM images of cell structures in the fractured samples. (al-a2) TEM images and (a3) SAED pattern of the cell in (a2); (b1-b2)
TEM images and (b3) SAED pattern of the cell in (b2); (c1-c2) TEM images and (c3) SAED pattern of the cell in (c2).
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and cells, (b) GND density and PSBs.

PSBs width (d,,), and GND density(pP), it is found that
d_, has a close linear relationship with (p™) =* as shown
in Figure 8(a), while d,.,, and (p™)™>? have the same trend
with a nonlinear relationship, as shown in Figure 8(b). It is
difficult to quantitatively establish the functional relationship
between d,_, and p™P. The GND is known to be proportional
to the average value of KAM (0) in Equation (1)'>%. This
indicates that if two parameters u and b are fixed during

EBSD testing, d__ is also proportional to 6723,

cell

4. Conclusions

KAM, GND density and dislocation structures of TP347H
austenitic stainless steel under low cycle fatigue (LCF) was
studied at 600°C, while the total strain amplitude was ranged
from 0.3% to 0.9%.

(1) The results based on EBSD analysis show that
the GND density in fatigue specimens gradually
increases with the increase of strain amplitude.

(2) Under LCF loading, the dislocation structures are
mainly planar slip bands (PSBs) and cell structure.
With the increase of strain amplitude, the number
of PSBs increases and the width decreases, while
the average diameter of cells also decreases. The
PSBs originate from the dynamic strain aging (DSA)
effect, and DSA is more significant under the high
strain amplitude.

(3) There are two ways of dislocation planar slip. Under
low strain amplitude, dislocation is dominated by the
single slip. With the increase of strain amplitude, a
large number of dislocation double slip is appeared.

(4) The average diameter of cells (d ) and PSBs width
(d,5) have a specific relationship with GND density

(p®P) under LCF loading of TP347H steel samples.
The functional relationships are that d  has a
close linear relationship with (p™P)27, while d,,,
and (p“P) have the same trend, but a nonlinear
relationship.
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