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Abstract. Reactor pressure vessel (RPV) plays a crucial role in the safe operation of
nuclear power plants (NPPs). However, RPV steels are generally subjected to high-
energy neutron irradiation during the entire in-service lifetime, which causes the
hardening and embrittlement of RPV steels. The dislocation density (p) is known to
affect strongly the mechanical properties of RPV steels. The dislocation density of
three commercial SA508 Gr.3 steels manufactured by different countries was
thoroughly investigated by X-ray diffraction (XRD), electron backscattered diffraction
(EBSD) and transmission electron microscopy (TEM). The dislocation densities of
three SA508 Gr.3 steels calculated by XRD are as high as 10** m? and consistent with
results of tempered steels reported in prior studies. The results calculated by XRD
match qualitatively with those obtained from TEM and kernel average misorientation
(KAM) analysis of EBSD (EBSD-KAM).

1. Introduction

RPV steel is one of the most crucial structural materials used for the nuclear reactors because of
serving as a barrier for pressure and radioactive fission products produced during the nuclear fission
reaction [1-3]. However, the irradiation embrittlement and hardening of RPV are known to threaten
the safe operation of nuclear power plants (NPPs). Many investigations have been performed to
explore the mechanism of the embrittlement and hardening of RPV steels. The degradation of
mechanical properties of RPV steels induced neutron irradiation is generally ascribed to three kinds of
microstructural changes: (i) nanoscale solute clusters or precipitates, (ii) matrix damage and (iii) P
segregation at grain boundaries [4-6]. The prior investigations confirmed that irradiation damage is
strongly influenced by microstructural parameters, including dislocations and grain boundaries [7, 8].
As a key microstructural defect in materials, dislocation density indirectly affects the mechanical and
physical properties of metals and alloys. The stored energy provided by a high dislocation density is
the driving force for nucleation of solute clusters or precipitates [9-11]. The high dislocation density
might accelerate the formation of solute-rich clusters that cause the embrittlement of RPV steels.
However, high dislocation density can supply more sinks for point defects (PDs) to improve
irradiation tolerance [12]. Therefore, a quantitative evaluation for the dislocation density of RPV steels
is necessary to explore the mechanism of interaction between dislocations and irradiation damage.

The XRD, TEM and EBSD are three kinds of most common and useful techniques to investigate
the dislocation density in metal. However, different methods are suitable for different dislocation
densities. For instance, TEM and EBSD are less advisable for severely deformed metals where
dislocations density is too high to make an accurate statistical analysis for individual dislocations. The

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



SAMSE 2018 IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 490 (2019) 022019 doi:10.1088/1757-899X/490/2/022019

XRD method is more reliable because peak broadening caused dislocations is very large. Some
researchers have conducted many investigations on dislocation density of tempered steel by the
combination of XRD and TEM. The corresponding results showed that the tempered martensitic or
bainitic steels had a high dislocation density from 10** to 10 m? [13-17]. Severely deformed Fe-
based materials have a dislocation-density value of 10** m?, for example, 80% cold rolling ODS-
Eurofer steel [18]. This work aims to evaluate and compare the dislocation density of three
commercial RPV steels. In this study, the dislocation density of three commercial RPV steels was
investigated by the combination of different characterization techniques, such as XRD, TEM and
KAM. Moreover, there are a large number of experimental data on the dislocation density of the low
alloy steels in prior literatures, allowing a direct comparison between different kinds of commercial
RPV steels.

2. Materials and Methods

2.1. Materials

The materials in this study are three commercial SA 508 Gr.3 steels supplied by China Nuclear Power
Engineering Co., Ltd. (CNPDC). In this study, three kinds of SA 508 Gr.3 steels are abbreviated as A,
B and C-RPV, respectively. Table 1 and 2 show the chemical composition and mechanical properties
of these RPV steels, respectively. Three SA 508 Gr.3 steels have similar chemical compositions, but
slightly different mechanical properties probably due to the differences in manufacturing processes,
shown in Table 1 and 2.

Table 1. The chemical composition (wt.%) of three commercial RPV steels in this study.

Element (wt.%)

RPV Steels —=——5""Mo S Cu P cr Mn__ Ni Fe

A-RPV 0.18 022 047 0.001 0.029 0.004 0.12 137 0.74 Bal.
B-RPV 0.18 0.18 048 0.001 0.013 0.004 0.12 143  0.73 Bal.
C-RPV 0.18 018 050 0.001 0.025 0.004 0.11 135 0.73 Bal.

Table 2. The high temperature (350°C) and room temperature (RT) tensile properties of three
commercial RPV steels in this study.

. . Percentage Percentage
RPV steels Tempoerature Yield strength  Tensile strength elongation reduction of area
/°C /MPa /MPa
1% 1%
RT 445 584 >20 -
A-RPV 350 383 548 - -
RT 494 629 27 74
B-RPV 350 430 588 24 76
RT 442 587 27.5 77
C-RPV 350 383 554 27.8 76.5

2.2. Experimental Methods
The X-ray diffraction profiles were measured by the Rigaku D/Max 2500/PC diffractometer, which is
operated at 40 KV and 200 mA and equipped with Cu,, radiation and a silicon array detector. Each
sample was ground by abrasive papers, followed by mechanical and electrochemical polishing to
remove surface damage. The diffraction profiles with a range from 26=40° to 120°were recorded in
two steps: Firstly, each sample was rapidly scanned with a 0.02° step and 0.3 s counting time.
Secondly, each diffraction peak of diffraction profile was precisely scanned with a 0.01° step and 4.8 s
counting time. Five diffraction peaks were used for estimating the dislocation density in this study.
Proprietary software made in Tsinghua University was used to eliminate the K, radiation and
instrumental line broadening. The diffraction profiles corresponding to K, radiation were fitted with
Pseudo-Voigt function and used for later analysis.

The microstructural characterization was performed using a Tescan Mira 3LMH field emission
scanning electron microscopy (SEM) equipped with an HKL Nordly Max EBSD detector produced by
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the Oxford Instruments Company. The EBSD maps of all samples were obtained with a step of 100
nm, and the HKL Channel 5 software was used for the KAM analysis. The 3 mm diameter disks were
cut from 100 um thick RPV steel sheets. The 3 mm disks were ground further down to 50 um and
finally thinned into TEM foils with electron transparency using a double-jet electrolytic polishing in
an electrolyte of 90 % acetic acid and 10 % perchloric acid at 253 K. The dislocation observation of
three RPV steels was performed using a TEM JEOL JEM-2100 operated at 200 kV.

3. Results and discussion

3.1. The evaluation of dislocation density by XRD

Many literatures reported that the X-ray diffraction peak broadening is caused by two microstructural
factors: (i) the size broadening, independent of diffraction order; (ii) the strain broadening, which
increases as the diffraction order increases [13, 19]. Assuming strain broadening was mainly caused by
dislocation, the modified Williamson-Hall (W-H) and Warren-Averbach (W-A) models are two main
methods used for evaluating the dislocation density. Although W-A method is more powerful and
accurate to calculate the dislocation density, the method is extremely cumbersome and error-prone.
However, the W-H method is simple and feasible and has a high level of precision in analyzing the
dislocation density of cubic materials [18]. Therefore, the modified W-H method was used to calculate
the dislocation density of three RPV steels in this study. The modified W-H equation is shown below
[20]:

1

2n2\7 1 1
AK= % + (an d )2 p2KC2+0(K?C) 1)
_ 2sind
K==~ 2)
AK= 2c0s0(A0) (3)

Where A9, 6 and D are the full widths at half maximum (FWHM) of each diffraction peak, the
diffraction angle and the average grain size, respectively. A and p are the wavelength of X-rays (A=
1.5406 A) and dislocation density, respectively. b is the Burger vector of dislocations (b=0.25 nm in
iron). M is a constant and C is the average contrast factors of dislocation and dislocation-like defects,
respectively. The M depends on the effective outer cut-off radius of dislocations. R.A. Renzetti
reported that M < 1 for annealed materials and varied between 1 and 2 for deformed materials [18].
We used M = 2 for all samples in this study. The C is calculated by the following equation for a Bragg
reflection in the cubic crystal:

21,2, 121241212
C =Choo [1+Q(%)] 4)

Where Cyq is the average contrast factors of (h00) reflection according to [20]. In this study, Coo =
0.285 for all samples according to [21]. The q is a parameter, which is related to the elastic constants
of the crystal and the dislocation character in the samples. The W-H model provides three important
microstructural features: 1) average crystallize size, D; 2) dislocation density, p = 2m%/(zM?b?), m is
the slope of the W-H plots; 3) dislocation character.

The modified Williamson—Hall plots for three RPV specimens are shown in Figure 1. Table 3
shows the dislocation densities of both three RPV steels calculated by the W-H model and other steels
reported in prior literatures. As shown in Table 3, dislocation densities of three RPV steels reach the
level of 10" m™, which are in good agreement with results reported in prior literatures. The dislocation
density of the A-RPV steels is just 1.8x10™ m™, apparently lower than those of B, C-RPV steel
(3.1x10™ and 2.6 X 10" m™, respectively).
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Figure 1. The modified W-H plots for three commercial RPV steel. The Miller indices of each
reflection are shown in the figure.

Table 3. The dislocation densities of three RPV steels in this work and other steels reported in prior

literatures.

Material Microstructure Heat treatment | 1%15“4‘.2 pxro / 10%m?  Ref.

A-RPV Tempered - - 0.18 -

B-RPV Tempered - - 0.31 -

C-RPV Tempered - - 0.26 -
X20-3 Tempered 750°C, 1h 0.98+0.27 0.86 [13]
X20-5 Crept 650°C, 120MPa, 1.2% 0.30+0.36 0.14 [13]
X20-6 Crept 650°C, 120MPa, 8% 0.29+0.36 0.14 [13]
P91-1 tempered 750°C, 0.25h - 0.79 [13]
P91-3 Tempered 750°C, 1h - 0.60 [13]
P91-4 tempered 750°C, 1h - 0.06 [13]
12%Cr TMFS Martensite Initial 1.02 - [22]
12%Cr TMFS Tempered 550°C, 12456h 0.49 - [22]
ODS steel Tempered 750°C, 2h - 2 [18]
9Cr-1W Tempered - - 0.1-1° [23]

& This data is not calculated by XRD. A detail description of the calculation method is found in [23].
- No data.

3.2. TEM & KAM analysis of dislocation density

To confirm the validity of the XRD results, TEM and KAM are also used for evaluating the
dislocation density of three RPV steels in this study. The XRD methods can indirectly yield average
dislocation density but not accounting for microstructure heterogeneity. However, TEM is suitable for
straightforwardly observing the dislocation distribution but not providing insufficient statistics,
especially for bainitic steel due to the limitation of operational area and microstructure heterogeneity.
Therefore, TEM is applied for a qualitative analysis instead of a quantitative analysis in this study.
Figure 2 is the TEM bright micrographs for A-RPV, B-RPV and C-RPV steels respectively. From
these TEM micrographs, predominant microstructures of three SA508 Gr.3 steels are tempered
bainitic, which is consistent with the results reported in the prior studies [1, 24-26]. The tempered
bainitic microstructure has a striking feature, that is, there are areas containing dislocations while
others are free of dislocations. Moreover, the high angle grain boundaries (HAGBSs) are mainly decorated
with numerous coarse carbides, and fine, spherical or needle carbides are dispersed inside the laths with a
high number density. Figure 2(a) shows that there are almost no dislocations in the A-RPV specimens.
Note that a large number of dislocations is observed in the B-RPV specimens, shown in Figure 2(b).
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Figure 2(c) shows that the dislocation density for C-RPV steels is higher than that of A-RPV, but
lower than that of B-RPV. These results match well with XRD results, which confirms the validation
of XRD used for evaluating dislocation density. As an example, the areas containing dislocation are
marked with yellow circles or arrows, but carbides are marked with red arrows in Figure 2.

; (
Dnsfocatiofs |
o 7 \

\

Figure 2. The bright field TEM (BF-TEM) maps of the as-received A, B and C-RPV steel.

The KAM is a powerful method to evaluate the local plastic strain gradients of materials [26]. The
KAM represents the average misorientation between a given pixel and the nearest neighbors with
misorientation lower than 5°, which are considered to belong to the same grain. Generally, KAM is
dependent on the geometrical necessary dislocations (GNDs) density [27, 28]. In this study, KAM is
used to statistically analyze the misorientation under 5° and show the differences of geometrical
necessary dislocations (GNDs) density inside the grains. Figure 3 is the KAM maps of A-RPV, B-
RPV, C-RPV, and their corresponding frequency distribution. The average values of KAM are 0.880,
0.954 and 0.901 in the A, B and C-RPV specimens, respectively. The KAM is known to reflect the
density of GNDs in metal. The GNDs in the B-RPV steels are the highest in number density among
three RPV steels due to a high average KAM value, which is in agreement with results of XRD and



SAMSE 2018 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 490 (2019) 022019 doi:10.1088/1757-899X/490/2/022019

TEM. However, noted that some grains, whose KAM is almost zero, are observed in three kinds of
specimens, especially for A-RPV, which are probably ascribed to the occurrence of recrystallization
during the manufacturing processes. The results of KAM and TEM confirmed the validation of XRD
measurement in terms of dislocation density evaluation for bainitic steels.

(a) (b) (©)
——BRPV
—CRRY
——ARPV

Average misarientation:
60,0830

Frequency

S0um

Local misorientation: 0~5°;

o Boundary misorientation:>15°

16 20 25 30 35
Misorientation (deg)
()

Figure 3. The KAM maps of (a) A-RPV, (b) B-RPV and (c) C-RPV; (e) the frequency distribution of
KAM for three commercial RPV specimens.

4. Conclusion

The dislocation density of three commercial SA508 Gr.3 steels was evaluated by using XRD, TEM
and EBSD-KAM. The dislocation densities of three SA508 Gr.3 steels obtained from the modified W-
H models are as high as 10" m™, and consistent with results of tempered steels reported in prior
studies. Dislocation density is the lowest for A-RPV steels and highest for B-RPV steels in three
SA508 Gr.3 steels. Nevertheless, the results of dislocation density obtained by XRD match
qualitatively with those provided by KAM and TEM.
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