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Abstract: Microstructural evolutions of the 4Al alumina-forming austenitic steel after cold rolling
with different reductions from 5% to 30% and then annealing were investigated using electron
backscattering diffraction (EBSD), X-ray diffraction (XRD) and transmission electron microscopy
(TEM). Tensile properties and hardness were also measured. The results show that the average
grain size gradually decreases with an increase in the cold-rolling reduction. The low angle grain
boundaries (LAGBs) are dominant in the cold-rolled samples, but high angle grain boundaries
(HAGBs) form in the annealed samples, indicating that the grains are refined under the action of
dislocations. During cold rolling, high-density dislocations are initially introduced in the samples,
which contributes to a large number of dislocations remaining after annealing. With the sustaining
increase in cold-rolled deformation, the samples exhibit more excellent tensile strength and hardness
due to the decrease in grain size and increase in dislocation density, especially for the samples
subjected to 30% cold-rolling reduction. The contribution of dislocations on yield strength is more
than 60%.

Keywords: alumina-forming austenitic steel; cold rolling; dislocation density; mechanical properties

1. Introduction

As a high-temperature alloy, since it was firstly developed at Oak Ridge National Laboratory
(ORNL) in 2007, alumina-forming austenitic heat-resistant (AFA) steel hopefully, instead of the ferritic
steel and nickel-based alloy, has enormous potential to be applied to ultra-supercritical thermal power
plants [1-3]. AFA steel is very promising for application in aggressive high-temperature steam in excess
of 700 °C to promote energy conversion efficiency owing to the considerable creep life and excellent
oxidation resistance of AFA steel. The additions of Ni, Al, Nb and Mo elements have facilitated the
formation of many kinds of precipitates in the austenitic matrix of AFA steel, such as MC-type carbides,
Laves, B2-NiAl and y’-NizAl phase particles [4,5]. Generally, there are mainly two approaches that
have been reported to strengthen AFA steel depending on these precipitates [1]: First, pinning the
dislocations through the diffusely distributed second phases with small sizes to improve the creep
strength. Second, enhancing the oxidation resistance by means of homogeneous and dense Al,O5 scale
whose continuous formation on the surface of AFA steel may be supported by the B2-NiAl phase [6].

Yamamoto et al. [7] found that nano-sized Laves-Fe;Nb and NizAl dispersions, particularly
around 100 nm in diameter, were effective at improving the creep resistance. Zhao et al. [8] researched
the coarsen kinetics of precipitates during aging and discovered the secondary NbC with thermal
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stability, which enhanced creep life of AFA steel by about 4500 h at 750 °C/100 MPa. The desired results
for AFA steel are not only attributed to the designed composition but also reasonable pre-treating
methods. It has been reported that cold work with high deformation before aging can accelerate the
precipitation and visibly augment the quantity of precipitated phases to increase the deformation
resistance [9,10]. Additionally, the nucleation positions of dislocations were introduced to significantly
prolong the creep life by imposing low pre-strain below 10% on AFA steel.

However, it should not be neglected that, as the component in the matrix of austenitic stainless
steel, austenitic grain boundaries play an indispensable role regardless of acting as dislocation sources
or barriers to hinder dislocation migration [11-13]. Using the approach of cold-rolled deformation,
the different distributions of grain boundaries and dislocations can be achieved to control the properties
of metals. The Hall-Petch formula has been proved that great refinement of grains even to nanoscale
can remarkably improve strength of materials [14]. Xu et al. [15] obtained small and uniform grains
through cold rolling the 18Cr-8Ni stainless steel by 90% and then annealing. Hughes et al. [16]
affirmed that the high-angle grain boundaries along with low-angle grain boundaries can contribute
to enhance the strength properties of Ni metal through large deformation. Wang et al. [17] applied
different stress-strain conditions to 304L stainless steel and observed a variation of dislocation density.
Furthermore, Dini et al. [18] claimed that the twin boundaries were obstacles to pin the migration of
dislocations, resulting in the instantaneous enlargement of the work hardening rate. These previous
works have researched the characterization of grain boundaries and dislocations, which is equally
important but less for AFA steel.

In the present paper, the effect of cold rolling on AFA steel has been researched after reducing
the samples by different thicknesses and then annealing at 1150 °C for 30 min. The prime interest is
to survey the microstructural evolutions including grain boundaries and dislocations, which were
investigated by electron backscattering diffraction (EBSD), X-ray diffraction (XRD) and transmission
electron microscopy (TEM). Besides, the mechanism of the changes in mechanical properties of the
AFA steel was discussed in detail. The investigation of microstructure and mechanical properties after
cold rolling will help us to conduct appropriate creep tests for advancing high-temperature application
of AFA steel.

2. Experimental Procedures

The original material constituted of 99.9% pure metals was arc melted in a vacuum atmosphere
and drop cast to an ingot to prepare for AFA steel. The chemical composition (mass%) of AFA steel is
listed in Table 1, which was measured by inductively coupled plasma-optical emission spectrometry
(ICP-OES, Agilent, Palo Alto, CA, USA). In order to improve the structural defects, such as solute
segregation and the central pipe, the ingot was homogenized at 1180 °C for 5 h and hot rolled to a
10 mm thick sheet at 1250 °C after homogenization, then cooled at room temperature. Subsequently,
the sheet was cut into six cuboids with a size of 10 mm X 8 mm x 80 mm by a wire-cutting machine
along the hot rolling direction. The cuboids were deformed with thickness reduced by 5%, 10% and 30%
at room temperature, respectively. After that, half of cold-rolled cuboids were isothermally annealed at
1150 °C for 30 min and cooled in a mulffle furnace.

Table 1. Chemical composition of alumina-forming austenitic heat-resistant (AFA) steel (mass%).

Element Fe Cr Ni Al Si Mo Nb C Mn \2 Cu Ti P
wt.% Bal 11.16 2054 3.96 0.14 2.25 2.02 0.06 2.06 0.05 0.05 0.013 0.04

The samples subjected to cold rolling and annealing were cut to 5 mm X 5 mm X 6 mm for
investigation in microstructure via EBSD study. A series of SiC papers from 320 grit to 2000 grit were
used for mildly polishing all samples, and before light etching by OP-S silica solution, a pre-polish using
diamond pastes was applied. A Schottky field emission gun scanning microscope (JEOL-JSM7001F,
Tokyo, Japan) equipped with a Nordlys-II (S) detector was applied to EBSD analysis, whose acceleration
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voltage and current in probe were 30 kV and 10 mA, respectively. A working distance of 24 mm was
set. The obtained data from the EBSD maps were processed by the Oxford Instruments Channel-5™
Software (Oxford Instruments, Oxford, UK). The phase structure and dislocation density analysis were
explored by XRD using Cu K« radiation (Rigaku, Tokyo, Japan) with scanning speed of 4°/min and
scanning range from 20° to 100°. TEM analysis was performed on a field-emission electron microscope
FEI Tecnai G2F20 (Hillsboro, OR, USA) working at 200 kV and thin foils with 3 mm in diameter and
80-100 um in thickness were prepared and then treated by ion milling with argon ions.

For the purpose of exploring the effects of microstructure, the mechanical properties of AFA steel
were examined. In order to decrease the error of the experiment, each group of three tensile samples
was prepared for the AFA steel with different cold-rolled reduction. Tensile testing was conducted at
a tensile rate of 0.3 mm/min at room temperature, using the designed samples in Figure 1. Vicker’s
hardness testing was carried out under a load of 49 N for 10 s, and the final values of hardness were
acquired by averaging 10 measurements of each group.
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Figure 1. Shape of the tensile samples.

3. Results

3.1. Microstructural Evolution

Figure 2 shows orientation imaging maps of the AFA steel after cold rolling and annealing,
respectively. The grain boundaries and orientation are displayed by different color patterns, and the
same color represents the accordant orientation of the crystalline grains. The grains of cold-rolled
samples typically elongate along the rolling direction (RD) because of the increase in deformation
(Figure 2a,c,e) and still have different orientation features principally expressed by three colors.
By increasing the cold-rolling reduction to 30%, the grain size decreases significantly. Moreover, the grain
orientation gradually turns to the direction of <101> (green color) in Figure 2c. During annealing
at 1150 °C for 30 min, the grains were increasingly equiaxed, and recovery and recrystallization
occurred in the cold-rolled samples (Figure 2b,d,f). In order to analyze microstructural evolutions of
the experimental steel, quantitative data were collected by counting number of different grains from the
orientation imaging maps. The obtained results are listed in Table 2. The fraction of deformed grains
keeps improving with the increase in cold-rolling reduction. In addition, almost all the cold-rolled
samples have recrystallized after annealing. It should be noted from Figure 2b,d,f that a large number
of twin boundaries can be seen in the annealed samples. These annealed twin boundaries can play an
important role in hindering dislocation migration to improve the mechanical properties of materials.

The average grain size and grain aspect ratio of the samples based on quantitative description
from EBSD data as a function of cold-rolling reduction are depicted in Figure 3. It is clear that the
average values of grain size are all less than 6 um, which decreases from 5.79 pm to 2.7 pm with
increasing cold-rolling reduction from 5% to 30% prior to annealing at 1150 °C for 30 min. Obviously,
the grain aspect ratio has an evident growth trend due to the further cold-rolled deformation. The grain
size of annealed samples smoothly goes down from 48.46 um to 45.67 um. The sample with 30%
reduction also possesses the lowest grain aspect ratio of 1.57.
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Figure 2. Orientation imaging maps of the AFA steel. (a), (c), (e) represent cold-rolled samples with
reductions of 5%, 10%, 30%, and (b), (d), (f) represent the corresponding annealed samples after cold
rolling, respectively.

Table 2. Fraction of various grain types in cold-rolled samples (5%, 10% and 30%) and annealed

samples (%).

Cold-Rolled

Sample
5% 10% 30% 5% 30%
Recrystallized 3.2 1.13 1.75 96.80 97.56
Substructured 23.15 8.91 1.98 2.98 2.28
Deformed 73.65 89.96 96.26 0.22 0.16
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Figure 3. Average grain size and grain aspect ratio of the samples as a function of cold-rolling reduction.

Figure 4 shows misorientation angle distributions of the AFA steel after cold rolling and annealing,
respectively. LAGBs with misorientation angle below 15° are dominant after cold rolling at room
temperature compared to that in the as-received sample investigated in our previous work [19]. Firstly,
the statistical value of LAGBs is 53.8% in proportion and then takes a dramatic growth to 84%, following
by decreasing to 81% with the increase in cold-rolled reduction from 5% to 30%. However, the annealing
treatment at 1150 °C for 30 min greatly affected the reaction and migration of grain boundaries [20].
The LAGBs mostly transformed into HAGBs which presented a peak at 59° in Figure 4b,d. Furthermore,
the average misorientation angle of 45.67° was lowest and more LAGBs existed in the sample reduced
by 30% and then annealed (Figure 4f).

3.2. Dislocation Density and Characterization

The dislocation density can be measured by local misorientation obtained via scanning with step
sizes of 0.3 um in cold-rolled samples and 2 um in annealed samples, respectively [21,22]. The local
misorientation distribution images and curves obtained are presented in Figure 5. It should be
pointed that 5° was set as the threshold value to avoid the error caused by LAGBs. In fact, the local
misorientation mainly distributes below 3.5° after cold rolling from Figure 5g. Distinctly, the local
misorientation in grains presents inhomogeneous distributions and gradually increases, particularly
around the grain boundaries (covered by yellow color) (Figure 5a,c,.e). The larger misorientation
around grain boundaries may result from the formation of geometrically necessary dislocations
during plastic deformation [23,24]. In Figure 5g, it can be also found that local misorientation angle
distributions totally increase with increasing the cold deformation reduction, and the peak values
appear at 0.75°, 0.85° and 1.25°, respectively, which means the average value of misorientation angle
increases. After annealing at 1150 °C for 30 min, almost all of the local misorientation is below 1°
(Figure 5h), which is attributed to the disappearance of dislocations at high temperature.

In order to quantitatively evaluate the dislocation density, XRD patterns of the samples are shown
in Figure 6. It can be seen that the clear diffraction peaks recognized as austenite are the crystal
planes of (111), (200), (220) and (311), respectively, which can be considered as the primary source of
dislocation. Based on the Williamson—Hall method, the grain size and microstrain can cause XRD
peaks broadening. In practice, the full width at half maximum (FWHM) is used to represent the peak
width, which is related to the strain of material. FWHM can be solved by using the integral method
through making a tangent line at the bottom of the peak to measure the area and height, and then
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dividing both of them. The relevant information listed in Table 3 was obtained by MDI Jade software
analysis. Then, dislocation density (p) can be calculated by the following equation [25]:

e2

p= 14.4b—2 1)
where ¢ is the microstrain, b is the burgers vector (b = a/ V2, a = 0.36 nm for AFA steel with
face-centered cubic structure). The dislocation density calculated from XRD provides a numerical
reference although it is not quite an accurate value. The cold rolled treatment causes the change in
dislocation density. For example, the value of dislocation density in 30% cold-rolled sample increases
to 8.02 x 10" m~2 from 3.2 x 10'* m~2 in 5% cold-rolled sample. Because of the increase in prior
cold-rolled reductions, the samples also preserve more dislocations with the annihilation of partial
dislocations after annealing. The dislocation density is on the same order of magnitude than that in

10% and 30% cold-rolled samples.

o500 (a) . 043t (b) - 5%, 1150°C
0.45 040
=
2'040 5, 0.35
) ]
2035 § 0.30
5]
£ 0.30 50—25
0.25 &
g o 0.20
%020 2
L - = 015 .
@ 0.15 Avcrage: 21.96° % : Average: 48 63°
0.10 o7 0.10
0.05 0.05
0.00 s T i .
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Misorientation Angle (degree) Misorientation Angle (degrec)
0.45
050ty (c) (d)
10% : o
o I 10% o I 10%, 1150°C
220,40 2035
5 5
3 035 0.30
= g
B0 2 025
o 0.25 &
2 gox
_f i —§ 0.15 ; .
& 01s Average: 9.46° =4 Average: 47.70
o 0.10
0.05 0.05
0.00 N 0.00 PRI T TTTE L R
0 5 10 15 20 25 30 35 40 45 50 55 60 510 15 20 25 30 35 40 45 50 55 60
Misorientation Angle (degree) Misorientation Angle (degree)
050l (e :
(e) 0% 040} () B 0%, 1150°C
045 i
22 0.40 F
= £ 030
S 035 S
2 2
& 030 3 025
= 2 =
g 0.25 g 0.20
S 020 B 05 ,
Dfi 0.15 Average: 10.49° n‘z S0 Average: 45.67°
0.10
0.05 00>
0.00 N e 0.00 ITRTTTTT T TT T
0 5 10 15 20 25 0 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60

Misorientation Angle (degree)

Misorientation Angle (degree)

Figure 4. Misorientation angle distributions of the samples reduced by (a) 5%, (c) 10% and (e) 30% and
then annealed at 1150 °C for 30 min after cold rolling (b, d, f), respectively.
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Figure 5. Local misorientation distributions of the AFA steel reduced by (a) 5%, (c) 10% and (e) 30%
and then annealed at 1150 °C for 30 min after cold rolling (b, d, f). (g) and (h) represent curves of local
misorientation distributions, respectively.
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Figure 6. X-ray diffraction pattern of the AFA steel subjected to cold rolling at room temperature and
annealing at 1150 °C for 30 min, respectively.

Table 3. Microstrain and dislocation density in the samples of AFA steel.

Cold-rolled Annealed
Sample
5% 10% 30% 5% 10% 30%
& (%) 0.12 0.13 0.19 0.062 0.07 0.129
p (10" m=2) 3.2 3.76 8.02 0.854 1.08 1.25

The dislocation features of the cold-rolled sample and annealed sample with 30% reduction,
conducted by TEM observation, are presented in Figures 7 and 8. Compared with the macro and
average data obtained by XRD, TEM images illustrate more detailed and partial changes in dislocation
density and structures, which can explain the differences in microstructure. Some studies proved that
the results from TEM can be supported by XRD below medium or low deformation [26,27]. During cold
rolling, it produced complicated dislocation structures. The dislocation piled up and even formed
cellular substructures near the deformed grain boundaries (Figure 7a,c). In addition, it can be observed
that some dislocation veins and tangles interweave to interact in Figure 7b. The features are caused by
the inconsonant plastic deformation among grains with different orientations. Figure 7d shows the
high-resolution image (HRTEM) of dislocation near the grain boundary accompanying inverse fast
Fourier transform (IFFT) of Area A and B subjected to a filtering process, revealing the atoms arrange in
a disordered manner. After annealing, the structures of dislocations in 30% cold-rolled sample evolve
into relatively simple planar dislocation structures, which are characterized by plane dislocation lines,
pinned dislocations by precipitated particles and stacking faults (Figure 8a,b). The IFFT picture of
grain boundaries after annealing indicates less dislocations than that in Figure 7d.
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Figure 7. Transmission electron microscope (TEM) images of the AFA steel with 30% cold rolling
reduction. (a) Dislocation piled-ups, (b) dislocation veins and tangles, (c) dislocation cells and
(d) high-resolution TEM (HRTEM) of (c) revealing the dislocation characters nearby the grain boundary
by inverse fast Fourier transform (IFFT) of Areas A and B.

3.3. Schmid Factor and Mechanical Properties

Plastic deformation can occur in metals and alloys under external force. The Schmid factor (SF)
can be used to estimate the capacity of deformation resistance, that is yield strength [28]. Equation (2)
can reflect the relationship [29]:
Tc

0s = " )

where o, is yield stress, 7. is critical resolved shear stress, and m represents Schmid factor. Generally, the
samples with larger SF firstly yield if the slip system operates under the same external conditions [30].

Figure 9 exhibits the grain Schmid factor distributions of the samples with different treatment
conditions. The color of deformed grains is close to yellow, while the smaller equiaxed recrystallized
grains are almost covered by red color, indicating the size of SF. However, in the samples annealed at
1150 °C for 30 min, in Figure 9b,d f, the cold rolling leads some grains with yellow color to remain
in hard orientation (the SF is generally below 0.25), the angle between which and the external stress
is away from 45°. The slip deformation is difficult in such grains. Moreover, the average SF with
variation is described by two broken lines in Figure 10. The average SF can take into account the
whole load state of samples during mechanical testing. It can be seen that the average values of all
samples are more than 0.432, and even beyond 0.45 in annealed samples because of the low strain and
annealing at high temperature. Taken as a whole, with the increase in deformed reduction, the average
SF decreases. The smaller value of SF means greater stress is necessary to make crystals slip.
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location pinning

Figure 8. TEM images of the AFA steel annealed at 1150 °C for 30 min after 30% cold deformation.
(a) Dislocation lines and pinning, (b) dislocation piled-ups and stacking faults, (c) annealing twin
boundaries and (d) HRTEM of (c) with IFFT of Area C.

The engineering stress-strain curves are presented in Figure 11a,c. The samples with 30% reduction
intuitively display higher tensile strength both in cold-rolled and annealed samples. For the cold-rolled
samples in particular, the tensile strength increases from 803 MPa to 916.2 MPa with increasing the
reduction to 30%. Meanwhile the yield strength increases from 636 MPa to 909 MPa. The corresponding
work hardening rate (WHR) curves based on tensile data are depicted in Figure 11b,d. The values
of WHR are determined by Hollomon’s equation. It can be distinguished that the WHR curves
are obviously divided into two stages as marking with I and II. For stage I, the WHR decreases
monotonically and quickly, and thus this stage is named as yield stage. The 5% cold-rolled sample
shows higher yield resistance than the 10% cold-rolled sample in stage I (Figure 11b), which may
attribute to that the more fraction of substructures in the sample with 5% reduction can increase
resistance of the micro deformation. For stage Il (macro plastic stage), a stable trend of work hardening
can be observed with the variety of true strain. It should also be noted the samples with 5% cold-rolled
reduction present the fastest plastic deformation with the increase in true strain during stage II.
Furthermore, compared to the samples only rolled at room temperature, the annealed samples have an
advantage on elongation with a promotion no less than 30% (Table 4). The softened orientation and
lowest dislocation density are the main reasons.
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Figure 9. Schmid factor distributions of the AFA steel. (a), (c), (e) represent cold-rolled samples

with reductions of 5%, 10%, 30%, and (b), (d), (f) represent the corresponding annealed samples after

cold rolling.
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Figure 10. Average Schmid factor as a function of cold-rolling reduction for cold-rolled and
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Figure 11. Engineering stress-strain curves (a and c), and the corresponding work hardening rate
curves (b and d) with true strain of the AFA steel after cold-rolled deformation and annealing. o1 and
et represent true stress and true strain, respectively.

Table 4. Tensile properties of the AFA steel subjected to cold-rolled deformation and annealing
treatment, respectively.

Cold-Rolled Annealed
Sample
5% 10% 30% 5% 10% 30%
Yield strength (MPa) 636 703 909 321.6 374 396
Tensile strength (MPa) 803 879.5 916.2 680.15 734.6 755
Elongation (%) 30 25.3 10.3 63.6 58.9 56

The variation of Vicker’s hardness of the samples subjected to cold-rolled deformation and
annealing treatment is presented in Figure 12. The standard deviations of hardness values are 2.6, 5.4
and 6 for 5%, 10% and 30% cold-rolled samples, and 7, 2.9 and 3.4 for annealed samples, respectively.
The average values of cold-rolled samples are 300.79 HV, 320.64 HV and 335 HYV, respectively.
In comparison to the sample with 5% cold deformation (186 HV), the samples with reductions of 10%
and 30% subsequently add to the hardness by 5 HV and 9 HV, respectively, after annealing at 1150 °C
for 30 min. Notably, the variation of hardness is evident to be a positive correlation with the increase
in cold-rolling reduction (Figure 12). Graga et al. [31] gave the relationship between the dislocation
density and hardness, and suggested that dislocations provided the material with the most resistance
during the indentation taking the shape. The dislocations entangled in cold-rolled samples and were
impeded by a large number of grain boundaries, resulting in difficult movement for dislocations
during deformation. In this way, the increase in dislocation density can be considered as the reason
for the improvement of Vicker’s hardness. Therefore, the Vicker’s hardness of cold-rolled samples is
integrally higher than that of annealed samples.
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Figure 12. Vicker’s hardness of the AFA steel as a function of cold-rolling reduction for cold-rolled and
annealed samples.

4. Discussion

4.1. The Effect of Cold Rolling on Microstructural Evolution

Through the results investigated from above, it is quite important for the AFA steel to assess the
effect of cold rolling on the microstructural evolutions during the deformation and annealing. In this
study, the AFA steel is an austenitic stainless steel in essence. The structure features caused by cold
rolling depend on the stacking fault energy (SFE) of austenitic steels to a great extent [32,33]. The SFE
of traditional austenitic steels is usually less than 100 mJ/m?. Schramm et al. [34] have given the
estimation method of SFE in some commercial austenitic steels, which can be defined by the following
relationship:

Y = =53+ 6.2wy; + 0.7wc, + 3.2wpp + 9.3wMo 3)

where y (m]/m?) is the value of SFE, wy represents the height percent of elements. Because the content
of aluminum element is not less than that of molybdenum, the SFE of AFA steel is reckoned to be more
than 109 mJ/m?. This can account for deformed mechanism during cold rolling and the formation of
twin boundaries after annealing [35].

With the increase in strain, the matrix was divided into lots of new structural blocks with the
grain boundaries splitting. It can be seen that a large proportion of LAGBs are approximately at 2.5° in
Figure 4a,c e, illustrating the formation of sub-grains. However, when the sample was reduced by
30% at room temperature, the average misorientation angle has a small increase to 10.49° (Figure 4e),
which indicates that the content of HAGBs increases. The local misorientation indirectly reflects the
change in dislocation density which is also proved by XRD (Figure 5 and Table 3). In the process of
increasing strain, it gradually produced high-density dislocation entanglements and even cellular
structures with a geometric interface. The high stress concentration around grain boundaries could
prompt sub-boundaries to turn to grain boundaries with higher angles. The boundaries were formed by
the cross-slip of dislocations [36-38]. During cold-rolled deformation, some dislocations integrated into
boundaries, and some dislocations converged and entangled around boundaries. Based on the theory
of strain gradient plasticity, some researchers suggested that the boundaries under sustaining stress
could transform into geometrically necessary boundaries (GNBs) and incidental dislocation boundaries
(IDBs), which could be also regarded as the extended dislocation boundaries [16,36]. GNBs were
straight with a certain macro orientation and a large deviation between the interface of both sides [39].
During the process of formation, the grains were subdivided. IDBs with a small misorientation are
generally formed by capturing the dislocations during the interaction between pinned dislocations and
slip dislocations activated by plastic deformation [40]. At low and medium (5% and 10%) deformation,
GNBs and IDBs were more likely to be LAGBs. Nevertheless, for a larger deformation of 30%, some
GNBs shifted to the rolling direction with the rotation of grains, resulting in the increase in the fraction
of HAGBs.
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On the other hand, after cold rolling, plenty of dislocations that were stored in cells contributed to
form the nuclei of recrystallization. The increasing positions of nucleation promoted the refinement of
grains. Because of the migration of HAGBs, lots of annealed twin boundaries formed during annealing
treatment. The phenomenon can explain the appearance of peak values at around 59° in Figure 4b,d f.
In the coincidence site lattice (CSL) model, the misorientation angle was proved to be the special high
angle grain boundaries of }.3 [41]. The orientation relationship of ) 3 revealed that the misorientation
between annealing twins and maternal grains was <111>/60°. Because some dislocations decomposed
and glided into HAGBs through the annealing treatment, part of the dislocations were consumed.
Owing to the prior cold-rolled deformation, lots of dislocations that were undecomposed and remained
after decomposing arranged in loose structures in annealed samples (Figure 8).

4.2. Grain Boundary Strengthening and Dislocation Strengthening

The results reported in this paper are in pursuit of determining the effects of cold rolling on
microstructure and mechanical properties. The properties intensively depend on the changes in
microstructure of materials [15,42]. Grain boundaries migration and dislocations slipping were the
primary mechanism of plastic deformation during mechanical testing in accordance with the SFE of
AFA steel. The mechanism of grain boundary strengthening can be explained using the Hall-Petch
relationship. As the cold rolling reduction increased, the grain aspect ratio also increased with the
decrease in boundaries” spacing in the cold-rolled samples. In addition, the grains grew up and
approached a condition of being equiaxed after annealing. The classical Hall-Petch can conduct the
strengthening from grain boundaries when the coordinated deformation of grains occurs at external
force, which is given as [43,44]:

0s = 0g + kDé/Bz (4)

where 0y and k are constants. oy shows the deformation resistance from the interior of grains. D¢p
is the average grain size. This equation expresses that the grain size has an effect on yield point of
the alloy. The Hall-Petch coefficient, k, represents the effect of grain boundaries on strength and the
value is 395 MPa um'/? [45]. Therefore, the contribution of grain boundary strengthening (op) can be
assessed (Table 5). For cold-rolled samples with 5%, 10% and 30% reductions, the strength values from
grain boundaries are 164.16 MPa, 218.77 MPa and 240.39 MPa, respectively. For the different annealed
samples’ reductions, the values are 56.74 MPa, 57.95 MPa and 58.45MPa, respectively. Hence the
cold-rolled samples showed higher strength compared with the annealed samples, and the samples
with lager reduction also exhibited higher strength. Practically, the proliferative dislocations were
hindered by the obstacle of grain boundaries and had difficulty migrating until the resistance of
boundaries reached the limit, which was the so-called dynamic Hall-Petch strengthening during tensile
deformation [46]. Notably, the special },3 boundaries with low energy not only made a contribution to
increase the content of total boundaries, but also prevented the failure behavior through blocking the
continuity of common HAGBs [47].

Table 5. Contributions of grain boundaries and dislocation on strength. Pogp and Po,; represent the
proportion of grain boundary and dislocation strengthening in yield strength, respectively.

Cold-Rolled Annealed
Sample
5% 10% 30% 5% 10% 30%
ogg MPa) 164.16 218.77 240.39 56.74 57.95 58.45
Pogp (%) 25.81 31.12 26.45 17.64 15.49 14.76
g4 (MPa) 393.55 426.6 623.12 203.31 229.69 249.29
Poy (%) 61.87 60.68 68.55 63.22 61.41 62.95

The dislocation density both in cold-rolled and annealed samples increased with the increase
in cold-rolling reduction, and the tensile and yield strength also increased similarly. Therefore,
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the enhancement of strength can also be considered as the result from the contribution of dislocations.
In order to make the strengthening level specific, it can be conservatively presented in the form [42]:

o4 = MaGb+/p ®)

where M is the Taylor factor (for the AFA alloy, M = 2.2), a is a constant of material, which is usually
between 0.2-0.5, G is the shear modulus (80 GPa) and p is the dislocation density. It can be seen that the
value of ¢, is related to the dislocation density in materials, which was be calculated and listed in Table 5.
04 increases from 393.55 MPa to 623.12 MPa as the reduction increases from 5% to 30%. Similarly, o4 for
annealed samples increases from 203.31 MPa to 249.29 MPa. The higher-density dislocations positively
contribute more on strengthening the AFA steel. In the course of tensile deformation, an increasing
number of dislocations proliferated and came into being as tangles around boundaries, leading to the
larger deformation resistance. Hence, the samples with 30% reduction must be under enough stress to
force the cumulate dislocations to slip and even cross grain boundaries.

As can be seen from Table 5, the deformation resistance mainly comes from two aspects during
the tensile testing. One is the interaction between the grain boundaries and dislocations. The other
is that the dislocations impede themselves from migration. Moreover, the precipitated particles can
also pin the dislocations to strengthen the AFA steel. However, because the number of precipitates
is few, the effect of precipitation strengthening can be ignored in the study. Therefore, it is obvious
that the promotion of strength with the increase in cold rolling reduction jointly results from grain
boundary strengthening and dislocation strengthening. In particular, the contribution of dislocations
on strength is more than 60%. Although the results of the two strengthening mechanisms are weakened
due to recrystallization and the disappearance of some dislocations during the annealing treatment,
the importance of cold-rolled deformation is still clearly presented. The AFA steel after strengthening
exhibits good strength and hardness when compared to some other AFA-type alloys [48,49]. It is worth
conducting more systematic research on cold rolling to improve the properties of the AFA steel.

5. Conclusions

The microstructure evolutions of the AFA steel subjected to different cold-rolled reductions from
5% to 30% and then annealing were investigated. The mechanical properties were also measured.
The main conclusions can be described as follows:

(1) The microstructure of AFA steel was significantly affected by the cold rolling. With the increase
in cold-rolling reduction, the average grain size decreased. After annealing treatment, the grain
aspect ratio declined, grains were gradually equiaxed and lots of twin boundaries formed.

(2) Most grain boundaries were LAGBs which distributed below 15° after cold rolling, and the
HAGBs were dominant and appeared as peaks around 59° after annealing treatment.

(3) Thedislocation density increased from 3.2 x 10 m~2 t0 8.02 x 10'® m~2 by increasing the reduction
from 5% to 30%. The dislocations tangled, piled up and even formed cellular substructures.
After annealing treatment, some stored dislocations decomposed and annihilated, and the
dislocation density integrally decreased. However, the dislocation density was highest in the
sample with 30% reduction.

(4) Grain boundaries and dislocation strengthening mechanisms are dominant for the cold-deformed
AFA steel. With the increase in cold-rolled deformation, the strength and hardness presented an
increased trend in cold-rolled and annealed samples. The highest yield strength and hardness
were 909 MPa and 335 HV of 30% cold-rolled samples, respectively. The strength properties
decreased after annealing. The contribution of dislocations on strength was more than 60% in
all samples.

Author Contributions: C.J.: conceptualization, investigation, methodology, data curation, writing-original draft,
writing-review and editing; Q.G.: conceptualization, methodology, writing-review and editing, supervision,



Materials 2020, 13, 2767 16 of 18

Funding acquisition; H.Z.: methodology, supervision; Z.L.: investigation, methodology; H.L.: supervision.
All authors have read and agreed to the published version of the manuscript.

Funding: The grants and financial supports from the Joint Funds of National Natural Science Foundation of China
and Shanghai Baosteel Group Company (Grant No. U1960204), the National Natural Science Foundation of China
(Grant Nos. 51871042 and 51501034) and the Fundamental Research Funds for the Central Universities (Grant
No. N2023026) are gratefully acknowledged.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Liu, Z,; Gao, Q.; Zhang, H.; Luo, S.-H.; Zhang, X.; Li, W,; Jiang, Y.; Li, H. EBSD analysis and mechanical
properties of alumina-forming austenitic steel during hot deformation and annealing. Mater. Sci. Eng. A
2019, 755, 106-115. [CrossRef]

Maziasz, PJ. Development of creep-resistant and oxidation-resistant austenitic stainless steels for high
temperature applications. JOM 2017, 70, 66-75. [CrossRef]

Yamamoto, Y.; Brady, M.; Lu, Z.P.; Maziasz, PJ.; Liu, C.; Pint, B.A.; More, K.L.; Meyer, H.M.; Payzant, E.A.
Creep-resistant, Al,Os-forming austenitic stainless steels. Scienice 2007, 316, 433-436. [CrossRef] [PubMed]
Wen, D,; Li, Z; Jiang, B.; Wang, Q.; Chen, G.; Tang, R.; Zhang, R.; Dong, C.; Liaw, P. Effects of Nb/Ti/V/Ta
on phase precipitation and oxidation resistance at 1073 K in alumina-forming austenitic stainless steels.
Mater. Charact. 2018, 144, 86-98. [CrossRef]

Wang, C.; Gao, Q.; Yuan, Y.; Zhang, H.; Zhang, J.; Wang, Q.; Qu, F. Microstructure evolutions of Ni-Ti-Nb-Al
alloys with different Al addition. J. Alloy. Compd. 2017, 695, 2923-2929. [CrossRef]

Yamamoto, Y.; Muralidharan, G.; Brady, M. Development of L12-ordered Niz(Al Ti)-strengthened
alumina-forming austenitic stainless steel alloys. Scr. Mater. 2013, 69, 816-819. [CrossRef]

Yamamoto, Y.; Takeyama, M.; Lu, Z; Liu, C.; Evans, N.; Maziasz, PJ.; Brady, M. Alloying effects on creep and
oxidation resistance of austenitic stainless steel alloys employing intermetallic precipitates. Intermetallics
2008, 16, 453-462. [CrossRef]

Zhao, W.; Zhou, D.; Jiang, S.; Wang, H.; Wu, Y,; Liu, X.; Wang, X.; Lu, Z. Ultrahigh stability and strong
precipitation strengthening of nanosized NbC in alumina-forming austenitic stainless steels subjecting to
long-term high-temperature exposure. Mater. Sci. Eng. A 2018, 738, 295-307. [CrossRef]

Trotter, G.; Rayner, G.; Baker, I; Munroe, P. Accelerated precipitation in the AFA stainless steel
Fe-20Cr-30Ni-2Nb-5Al via cold working. Intermetallics 2014, 53, 120-128. [CrossRef]

Gao, Q. Jiang, Y;; Liu, Z.; Zhang, H ; Jiang, C.; Zhang, X.; Li, H. Effects of alloying elements on microstructure
and mechanical properties of Co-Ni-Al-Ti superalloy. Mater. Sci. Eng. A 2020, 779, 139139. [CrossRef]
Kacher, J.; Eftink, B.; Cui, B.; Robertson, I. Dislocation interactions with grain boundaries. Curr. Opin. Solid
State Mater. Sci. 2014, 18, 227-243. [CrossRef]

Wu, J; Li, C; Liu, Y,; Wu, Y.; Guo, Q.; Li, H.; Wang, H. Effect of annealing treatment on microstructure
evolution and creep behavior of a multiphase Ni3Al-based superalloy. Mater. Sci. Eng. A 2019, 743, 623-635.
[CrossRef]

Golanski, G.; Zieliniski, A.; Sroka, M.; Stania, J. The effect of service on microstructure and mechanical
properties of HR3C heat-resistant austenitic stainless steel. Materials 2020, 13, 1297. [CrossRef] [PubMed]
Meyers, M.A.; Mishra, A.; Benson, D. Mechanical properties of nanocrystalline materials. Prog. Mater. Sci.
2006, 51, 427-556. [CrossRef]

Xu, D.; Li, G.; Wan, X,; Misra, R;; Yu, ].; Zhang, Y.; Xu, G. The significant impact of cold deformation on
structure-property relationship in phase reversion-induced stainless steels. Mater. Charact. 2018, 145, 157-171.
[CrossRef]

Hughes, D.; Hansen, N. Microstructure and strength of nickel at large strains. Acta Mater. 2000, 48, 2985-3004.
[CrossRef]

Wang, H; Jing, H.; Zhao, L.; Han, Y.; Lv, X.; Xu, L. Dislocation structure evolution in 304L stainless steel and
weld joint during cyclic plastic deformation. Mater. Sci. Eng. A 2017, 690, 16-31. [CrossRef]

Dini, G.; Ueji, R.; Najafizadeh, A.; Monir-Vaghefi, S. Flow stress analysis of TWIP steel via the XRD
measurement of dislocation density. Mater. Sci. Eng. A 2010, 527, 2759-2763. [CrossRef]


http://dx.doi.org/10.1016/j.msea.2019.04.005
http://dx.doi.org/10.1007/s11837-017-2642-x
http://dx.doi.org/10.1126/science.1137711
http://www.ncbi.nlm.nih.gov/pubmed/17446398
http://dx.doi.org/10.1016/j.matchar.2018.07.007
http://dx.doi.org/10.1016/j.jallcom.2016.11.384
http://dx.doi.org/10.1016/j.scriptamat.2013.09.005
http://dx.doi.org/10.1016/j.intermet.2007.12.005
http://dx.doi.org/10.1016/j.msea.2018.09.081
http://dx.doi.org/10.1016/j.intermet.2014.04.018
http://dx.doi.org/10.1016/j.msea.2020.139139
http://dx.doi.org/10.1016/j.cossms.2014.05.004
http://dx.doi.org/10.1016/j.msea.2018.11.126
http://dx.doi.org/10.3390/ma13061297
http://www.ncbi.nlm.nih.gov/pubmed/32183009
http://dx.doi.org/10.1016/j.pmatsci.2005.08.003
http://dx.doi.org/10.1016/j.matchar.2018.08.056
http://dx.doi.org/10.1016/S1359-6454(00)00082-3
http://dx.doi.org/10.1016/j.msea.2017.02.090
http://dx.doi.org/10.1016/j.msea.2010.01.033

Materials 2020, 13, 2767 17 of 18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Gao, Q.; Zhang, H.; Li, H,; Zhang, X.; Qu, F; Jiang, Y,; Liu, Z; Jiang, C. Hot deformation of alumina-forming
austenitic steel: EBSD study and flow behavior. J. Mater. Sci. 2019, 54, 8760-8777. [CrossRef]

Gao, Q.; Qu, F; Zhang, H.; Huo, Q. Austenite grain growth in alumina-forming austenitic steel. J. Mater. Res.
2016, 31, 1732-1740. [CrossRef]

Ma, X.; Huang, C.; Moering, J.; Ruppert, M.; Hoppel, H.-W.; Goken, M.; Narayan, J.; Zhu, Y. Mechanical
properties of copper/bronze laminates: Role of interfaces. Acta Mater. 2016, 116, 43-52. [CrossRef]
Jedrychowski, M.; Tarasiuk, J.; Bacroix, B.; Wronski, S. Electron backscatter diffraction investigation of
local misorientations and orientation gradients in connection with evolution of grain boundary structures
in deformed and annealed zirconium. A new approach in grain boundary analysis. J. Appl. Crystallogr.
2013, 46, 483-492. [CrossRef]

Kamaya, M. Measurement of local plastic strain distribution of stainless steel by electron backscatter
diffraction. Mater. Charact. 2009, 60, 125-132. [CrossRef]

Ashrafi, H.; Shamanian, M.; Emadi, R.; Ghassemali, E. Void formation and plastic deformation mechanism
of a cold-rolled dual-phase steel during tension. Acta Met. Sin. Engl. Lett. 2019, 33, 299-306. [CrossRef]
Takebayashi, S.; Kunieda, T.; Yoshinaga, N.; Ushioda, K.; Ogata, S. Comparison of the dislocation density in
martensitic steels evaluated by some x-ray diffraction methods. ISIJ Int. 2010, 50, 875-882. [CrossRef]
Pesicka, J.; Kuzel, R.; Dronhofer, A.; Eggeler, G. The evolution of dislocation density during heat treatment
and creep of tempered martensite ferritic steels. Acta Mater. 2003, 51, 4847-4862. [CrossRef]

Renzetti, R.; Sandim, H.; Bolmaro, R.E.; Suzuki, P.A.; Moslang, A. X-ray evaluation of dislocation density in
ODS-Eurofer steel. Mater. Sci. Eng. A 2012, 534, 142-146. [CrossRef]

Stukowski, A.; Albe, K.; Farkas, D. Nanotwinned fcc metals: Strengthening versus softening mechanisms.
Phys. Rev. B 2010, 82, 82. [CrossRef]

Stoller, R.; Zinkle, S.J. On the relationship between uniaxial yield strength and resolved shear stress in
polycrystalline materials. J. Nucl. Mater. 2000, 283, 349-352. [CrossRef]

Ng, K.; Ngan, A. Breakdown of Schmid’s law in micropillars. Scr. Mater. 2008, 59, 796-799. [CrossRef]
Graca, S.; Colago, R.; Carvalho, PR,; Vilar, R. Determination of dislocation density from hardness
measurements in metals. Mater. Lett. 2008, 62, 3812-3814. [CrossRef]

Talonen, J.; Hanninen, H. Formation of shear bands and strain-induced martensite during plastic deformation
of metastable austenitic stainless steels. Acta Mater. 2007, 55, 6108-6118. [CrossRef]

Lee, T.-H.; Shin, E.; Oh, C.-S.; Ha, H.-Y.; Kim, S.-J. Correlation between stacking fault energy and deformation
microstructure in high-interstitial-alloyed austenitic steels. Acta Mater. 2010, 58, 3173-3186. [CrossRef]
Wei, Y,; Qiao, S.; Lu, F; Liu, W. Failure transition mechanism in creep rupture of modified casting
9Cr-1.5Mo-1Co welded joint. Mater. Des. 2016, 97, 268-278. [CrossRef]

Kim, J.; De Cooman, B.C. Stacking fault energy and deformation mechanisms in Fe-xMn-0.6C-yAl TWIP
steel. Mater. Sci. Eng. A 2016, 676, 216-231. [CrossRef]

Hansen, N.; Huang, X.; Pantleon, W.; Winther, G. Grain orientation and dislocation patterns. Philos. Mag.
2006, 86, 3981-3994. [CrossRef]

Wu, Y;; Liu, Y,; Li, C; Xia, X.; Wu, J.; Li, H. Coarsening behavior of y* precipitates in the y’+y area of a
NizAl-based alloy. J. Alloy. Compd. 2019, 771, 526-533. [CrossRef]

Liu, C.; Zhao, M.-C.; Unenbayar, T.; Zhao, Y.-C.; Xie, B.; Tian, Y.; Shan, Y.-Y.; Yang, K. Hot deformation
behavior of a new nuclear use reduced activation ferritic/martensitic steel. Acta Met. Sin. Engl. Lett.
2018, 32, 825-834. [CrossRef]

Hansen, N.; Huang, X.; Ueji, R.; Tsuji, N. Structure and strength after large strain deformation. Mater. Sci.
Eng. A 2004, 387,191-194. [CrossRef]

Kuhlmann-Wilsdorf, D.; Hansen, N. Geometrically necessary, incidental and subgrain boundaries.
Scr. Met. Mater. 1991, 25, 1557-1562. [CrossRef]

Xue, P; Xiao, B.; Ma, Z. Enhanced strength and ductility of friction stir processed Cu—Al alloys with abundant
twin boundaries. Scr. Mater. 2013, 68, 751-754. [CrossRef]

Jang, M.-H.; Kang, ].-Y.; Jang, ]. H.; Lee, T.-H.; Lee, C. Microstructure control to improve creep strength of
alumina-forming austenitic heat-resistant steel by pre-strain. Mater. Charact. 2018, 137, 1-8. [CrossRef]
Zhang, X.; Hansen, N.; Gao, Y.; Huang, X. Hall-Petch and dislocation strengthening in graded nanostructured
steel. Acta Mater. 2012, 60, 5933-5943. [CrossRef]


http://dx.doi.org/10.1007/s10853-019-03513-9
http://dx.doi.org/10.1557/jmr.2016.178
http://dx.doi.org/10.1016/j.actamat.2016.06.023
http://dx.doi.org/10.1107/S0021889812052016
http://dx.doi.org/10.1016/j.matchar.2008.07.010
http://dx.doi.org/10.1007/s40195-019-00967-3
http://dx.doi.org/10.2355/isijinternational.50.875
http://dx.doi.org/10.1016/S1359-6454(03)00324-0
http://dx.doi.org/10.1016/j.msea.2011.11.051
http://dx.doi.org/10.1103/PhysRevB.82.224103
http://dx.doi.org/10.1016/S0022-3115(00)00378-0
http://dx.doi.org/10.1016/j.scriptamat.2008.06.019
http://dx.doi.org/10.1016/j.matlet.2008.04.072
http://dx.doi.org/10.1016/j.actamat.2007.07.015
http://dx.doi.org/10.1016/j.actamat.2010.01.056
http://dx.doi.org/10.1016/j.matdes.2016.02.107
http://dx.doi.org/10.1016/j.msea.2016.08.106
http://dx.doi.org/10.1080/14786430600654446
http://dx.doi.org/10.1016/j.jallcom.2018.08.265
http://dx.doi.org/10.1007/s40195-018-0851-0
http://dx.doi.org/10.1016/j.msea.2004.02.078
http://dx.doi.org/10.1016/0956-716X(91)90451-6
http://dx.doi.org/10.1016/j.scriptamat.2013.01.003
http://dx.doi.org/10.1016/j.matchar.2018.01.005
http://dx.doi.org/10.1016/j.actamat.2012.07.037

Materials 2020, 13, 2767 18 of 18

44.

45.

46.

47.

48.

49.

Seok, M.-Y.; Choi, I.-C.; Moon, J.; Kim, S.; Ramamurty, U.; Jang, ] -I. Estimation of the Hall-Petch strengthening
coefficient of steels through nanoindentation. Scr. Mater. 2014, 87, 49-52. [CrossRef]

Astafurov, S.; Maier, G.G.; Melnikov, E.V.; Moskvina, V.A.; Panchenko, M.Y.; Astafurova, E.G. The strain-rate
dependence of the Hall-Petch effect in two austenitic stainless steels with different stacking fault energies.
Mater. Sci. Eng. A 2019, 756, 365-372. [CrossRef]

Gutierrez-Urrutia, I.; Raabe, D. Grain size effect on strain hardening in twinning-induced plasticity steels.
Scr. Mater. 2012, 66, 992-996. [CrossRef]

Olmsted, D.L.; Foiles, S.M.; Holm, E. Survey of computed grain boundary properties in face-centered cubic
metals: I. Grain boundary energy. Acta Mater. 2009, 57, 3694-3703. [CrossRef]

Yamamoto, Y.; Brady, M.; Santella, M.; Bei, H.; Maziasz, PJ.; Pint, B.A. Overview of strategies for
high-temperature creep and oxidation resistance of alumina-forming austenitic stainless steels. Met. Mater.
Trans. A 2010, 42, 922-931. [CrossRef]

Zhao, B.; Fan, J.; Chen, Z.; Dong, X.; Sun, F; Zhang, L. Evolution of precipitates in a Cu-containing
alumina-forming austenitic steel after short-term mechanical tests. Mater. Charact. 2017, 125, 37-45.
[CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.scriptamat.2014.05.004
http://dx.doi.org/10.1016/j.msea.2019.04.076
http://dx.doi.org/10.1016/j.scriptamat.2012.01.037
http://dx.doi.org/10.1016/j.actamat.2009.04.007
http://dx.doi.org/10.1007/s11661-010-0295-2
http://dx.doi.org/10.1016/j.matchar.2017.01.023
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Procedures 
	Results 
	Microstructural Evolution 
	Dislocation Density and Characterization 
	Schmid Factor and Mechanical Properties 

	Discussion 
	The Effect of Cold Rolling on Microstructural Evolution 
	Grain Boundary Strengthening and Dislocation Strengthening 

	Conclusions 
	References

