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a b s t r a c t 

Reactor pressure vessels (RPVs) are one of the main barriers against nuclear accidents, therefore good 

toughness is indispensable for keeping the integrity of RPVs to prevent the leakage of radioactive sub- 

stances. It is well known that high temperature and large thermal gradient of nuclear accidents would 

lead to embrittlement or even rupture of RPVs. However, how damages originate in severe nuclear acci- 

dents is still indistinct. This study is aimed to reveal the embrittlement mechanism under a large tem- 

perature gradient in quenched RPV steels. It is found that certain strengthening as well as remarkable 

embrittlement occurs after quenched, further investigations find it probably derive from the generation 

of plenty of Moiré fringes and dislocation networks, which are supposed to be generated by shearing 

of crystal planes. This paper reports the deterioration phenomenon caused by a large thermal gradient, 

reveals the origins remarkable embrittlement and indicates that extra attention must be aroused to take 

this thermal-stress-induced embrittlement into consideration in nuclear accidents analysis. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Nuclear security has constantly attracted public attentions re- 

ently, especially since Fukushima nuclear accident. Reactor pres- 

ure vessels (RPVs), as one of the main barriers against nuclear ac- 

idents, such as loss of coolant accidents (LOCAs) and core melt 

ccidents (CMAs), require an excellent combination of appropriate 

trength and great toughness to keep its integrity to prevent the 

eakage of the radioactive substance in reactors [ 1 , 2 ]. Some stud-

es have found that the temperature could reach above 1,0 0 0 ◦C 

nder those accidents, which high temperature and large ther- 

al gradient would lead to embrittlement or even rupture of 

PVs [3–6] . 

It has already been found in dual-phase materials, quenching 

rom high temperature would introduce in the thermal mismatch 

tress at the interface of the two phases due to their different 

hermal expansion coefficients. Then dislocations would generate 

y the release of the thermal mismatch stress [7–9] . However, 

or RPV steels which is single phase, even though the analyses of 
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hermo-hydraulics, thermo-mechanics and fracture mechanics are 

onducted to figure out the influence of thermal gradient on the 

eterioration progress [10–13] , unfortunately, how damages origi- 

ate under high temperature and large thermal gradient and how 

hey evolve subsequently, are still indistinct, which seriously re- 

tricts our in-depth understanding about the failure mechanisms 

f RPVs under extreme nuclear accidents. 

This study is aimed to reveal the influence of thermal gradient 

n mechanical properties of RPV steels and to figure out its dete- 

ioration mechanisms. 

. Material and methods 

The type of RPV steels utilized was Chinese A508-3 RPV steels 

nd the chemical compositions were listed in Table 1 . Raw ma- 

erials which total weight was 25 kg were melted in a vacuum 

rc-melting furnace. Then the ingot was forged above 980 ◦C for 

.5 h to break the dendrites, and cut to bulks with the dimension 

f 60 × 40 × 150 mm. The initial heat treatment was tempered 

t 890 ◦C for 1.5 h and cooled at air (as-received group). After- 

ards, to study the influence of quenching, materials were heated 

t 700 ◦C for 5 h and then quenched (quenched group). In compar- 

son, materials were heated at 700 ◦C for 5 h and then air cooled 

https://doi.org/10.1016/j.jnucmat.2022.153770
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
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Table 1 

The chemical compositions of RPV steels. 

Composition C Mn Si Ni Cr Mo Fe 

Content (wt.%) 0.17 1.27 0.22 0.71 0.098 0.46 Bal 
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Nomenclature 

A 1 , A 2 energy of the lower platform and upper platform 

A k impact energy 

b Burgers’ vector 

D distance of crystal planes 

D M 

distance of Moiré fringes 

d average grain size 

d 1 , d 2 the interplanar distances of layers 

dL / L linear expansion rate 

E Young’s modulus 

k Y Hall-Petch coefficient 

M Taylor factor 

t temperature 

t 0 ductile-to-brittle transition temperature 

α linear coefficient of expansion 

α’ constant 

γ surface energy 

�t a parameter related to the temperature range of the 

ductile-brittle transition 

�T change of temperature 

�σ strengthening caused by dislocations after quench- 

ing 

ε strain 

μ shear modulus 

ρs dislocation densities 

σc critical stress for crack extension 

σs yield strength 

σth maximum thermal stress 

ϕ rotation angle of two layers 

Acronyms 

bcc body-centered-cube 

BF bright-field 

CCT continuous cooling transformation 

CMA core melt accident 

DBTT ductile-to-brittle transition temperature 

DF dark-field 

HRTEM high-resolution TEM 

IFFT inverse fast Fourier transformation 

LOCA loss of coolant accident 

LPE lower platform 

OM optical microscopy 

RPV reactor pressure vessel 

RT room temperature 

SAED selected area electron diffraction 

SEM scanning electron microscopy 

UPE upper platform 

XRD X-ray diffraction 

air-cooled group). The detailed heat treatments were summarized 

n Table 2 . 

Thermal expansion properties were tested on PCY-III high tem- 

erature vertical dilatometer utilizing a cylinder sample, whose 

ize was φ10 × 55 mm. Tensile tests were conducted by WDW- 

00D electronic universal material testing machine at room tem- 

erature (RT). The accuracy of the loading force and deforma- 

ion was 0.5% and 1%, respectively, and the displacement rate 

as 1.6 mm/min. Charpy-V type specimens, whose size was 

5 × 10 × 10 mm, were used for impact tests by NI-500 pen- 

ulum impact testing machine. The samples analyzed by optical 

icroscopy (OM), scanning electron microscopy (SEM), and X-ray 

iffraction (XRD) were polished and etched in the 5% (volume frac- 

ion) nitric acid. The samples for transmission electron microscopy 
2

TEM) were electro-polished in 10% HClO 4 + 90% alcohol (volume 

raction) at - 25 ◦C by 20 V. 

. Results and discussion 

.1. Microstructures 

Fig. 1 a presents the XRD patterns of the three groups. Lack 

f the peak of austenite, it indicates that microstructures of the 

hree groups are all single-phase body-centered-cube (bcc), mean- 

ng that austenitizing does not happen in both quenched and air- 

ooled groups. Moreover, by analyses of OM and SEM, it is found 

hat the microstructures of the three groups are similar. Fig. 1 b–c 

how the microstructures of the as-received group under OM and 

EM, respectively. According to the continuous cooling transforma- 

ion (CCT) curve of RPV steels [14] and the heat treatment listed in 

able 2 , it could be deduced that the microstructures are needle- 

ike lower bainites - typical microstructures of RPV steels [ 14 , 15 ],

onsisting of ferrite matrix and isolated banded carbides, between 

hich the angle is around 50 °–65 °. The results above indicate that 

he heat preservation at 700 ◦C does not result in austenitizing, 

rain coarsening, or extra precipitation of the very steels. Besides, 

he inset of Fig. 1 b shows the thermal-expansion curve of the as- 

eceived group, which exhibits that the phase-transformation point 

f austenitizing is 713 ◦C, the linear coefficient of expansion, α, is 

round 16 × 10 −6 K 

−1 above 420 ◦C, and the linear expansion rate, 

L / L is around 1.08% at 700 ◦C. 

.2. Mechanical properties 

Fig. 2 a shows the tensile engineering curves of the three groups. 

t could be found that the tensile curves and tensile properties 

f as-received group and air cooled group are similar, exhibiting 

hat heat preservation at 700 ◦C as well as air cooling do not 

hange the mechanical properties of materials. Nevertheless, the 

ield strength, σs , increases from 460 to 540 MPa (17.4%) after 

uenching. Moreover, the stage of work-hardening of tensile curve 

anishes after quenching. Fig. 2 b exhibits further analysis on the 

ork-hardening rate, where stage I, II, III means the elastic de- 

ormation, the multi-slip, and the cross-slip, respectively. Fig. 2 b 

emonstrates that the quenched group has distinctively a lower 

ork-hardening rate, shorter multi-slip and cross-slip stages, in- 

icating that the slip ability of dislocations decreases remarkably 

fter quenching. 

Fig. 2 c shows the curves of a series of impact tests, which are 

tted by the Boltzmann function 

 k = 

A 1 − A 2 

1 + e ( t−t 0 ) / �t 
+ A 2 (1) 

here A k is the impact energy, A 1 and A 2 are the energies of the 

ower platform (LPE) and the upper platform (UPE), respectively, 

 is the temperature, t 0 is the ductile-to-brittle transition temper- 

ture (DBTT), and �t is a parameter related to the temperature 

ange of the ductile-brittle transition. The results of A k at RT, UPE, 

nd DBTT of the three groups are presented in Fig. 2 d. It could be

ound that air cooling has less influence on the impact properties, 

et remarkable embrittlement occurs after quenching. Specifically, 

ompared with as-received group, A k at RT of quenched group 

harply decreases from 144 to 32 J, UPE sharply decreases from 
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Table 2 

The heat treatment of RPV steels. 

Group Heat treatment 

As-received group initial heat treatment (austenitizing at 890 °C, 1.5 h, cooled at air; then tempered at 650 °C, 6 h, cooled at air) 

Quenched group initial heat treatment + quenched (700 °C ∗ , 5 h, cooled at water) 

Air-cooled group initial heat treatment + normalized (700 °C ∗ , 5 h, cooled at air) 

∗ 700 ◦C is beneath the austenitizing temperature of 713 ◦C [shown in Fig. 1 a] to prevent phase transition. 

Fig. 1. (a) XRD patterns of the three groups; (b) OM image of the as-received group, the inset is its thermal-expansion curves; (c) SEM image of the as-received group, 

where the red and yellow lines are the orientations of the long axis of ferrite and carbides, respectively. 

Fig. 2. Mechanical properties of the three groups. (a) the tensile engineering curves; (b) the work-hardening rate curves, where stage I, II, III means the elastic deformation, 

the multi-slip, and the cross-slip, respectively; (c) the curves of a series impact tests, where the insets are SEM images of the impact fracture of the as-received and quenched 

groups at RT, respectively; (d) Ak at RT, UPE, and DBTT. 
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50 to 105 J, and DBTT rapidly increases from 9 to 51 ◦C. Fur-

her investigations on the impact fracture of the as-received and 

uenched groups at RT are presented in the insets of Fig. 2 c, and

t shows that the impact fracture transforms from dimple to cleav- 

ge after quenching. By analyzing the directions of crack propa- 

ation of more than 10 images of quenched group, no crack initia- 

ion caused by carbides or precipitates is found, exhibiting that the 

mbrittlement after quenching is not ascribed to the carbides or 

recipitates, but is supposed to be driven from the thermal stress 

aused by quenching. Moreover, it is noteworthy that the shift of 

BTT (42 ◦C) after quenching is roughly equivalent to 10 19 cm 

−2 

eutron fluence in most RPV steels, which is around one fifth of 

he whole lifetime of RPV steels [16–19] . Therefore, it is notewor- 
3 
hy that a large thermal gradient during quenching would result 

n remarkable embrittlement of RPV steels and threaten the safe 

peration of the reactors. 

.3. TEM analyses 

.3.1. The microstructures of as-received and air cooled groups 

To investigate the embrittlement mechanisms after quenching, 

EM analyses of bright-field (BF) and dark-field (DF) on the three 

roups are conducted. Fig. 3 a–d show the microstructures of the 

s-received and air-cooled groups, respectively. It could be seen 

hat the microstructures of the two groups are similar – both con- 

ist of a few of dislocation lines and dislocation tangles, along with 
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Fig. 3. Microstructures of the as-received (a–b) and air-cooled (c–d) groups under BF and DF modes of TEM. 
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ome precipitates. In contrast, in the quenched group presented in 

ig. 4 , plenty of regularly arranged Moiré fringes as well as dis- 

ocation networks are found, whose distances are 0.4 nm–10 nm 

nd 10 nm–30 nm, respectively. Based on at least 15 TEM pic- 

ures, the dislocation densities, ρs , of the as-received, air-cooled 

nd quenched groups are roughly estimated by the line inter- 

ept method [20] at ( 3 . 4 ± 1 . 1 ) ×10 13 m 

−2 , ( 2 . 8 ± 0 . 8 ) ×1 0 13 m 

−2 

nd ( 2 . 0 ± 0 . 9 ) ×10 14 m 

−2 , respectively. It is noteworthy that since 

ome orientations of dislocations are not fully displayed in one 

iffraction direction, the estimation of ρs is somewhat low. Be- 

ides, Fig. 4 c–d present that the extension of dislocation networks 

 is obstructed by precipitates, and the sharp corner of dislocation 

etworks I acts as a heterogeneous nucleation site to promote the 

islocation nucleation and result in the formation of dislocation 

etworks II. 

.3.2. The Moiré fringes found in quenched group 

Moiré fringes are generated by the tilting or rotating of two 

rystal lattice planes [21] . In many studies, Moiré fringes are usu- 

lly driven from the discrepancy of lattice parameters between the 

recipitates and matrix and always found near the interface of the 

wo phases [22–24] . Nevertheless, in this study, Moiré fringes are 

idely distributed in the matrix of RPV steels, therefore how they 

enerate still needs further investigation. Fig. 5 a shows the BF im- 

ge of Moiré fringes, and its high-resolution TEM (HRTEM) images 

n Fig. 5 b exhibits that the Moiré fringes are overlapped by two lat- 

ice planes from the left-bottom and right-top regions, where the 

istance of the crystal planes, d , and the distance of Moiré fringes, 
4 
 M 

, are 0.082 nm and 0.59 nm, respectively. Further inverse fast 

ourier transformation (IFFT) analyses in Fig. 5 c–d reveal that the 

otation angle between the two lattice planes is around 8 °, close 

o that found in the Fe-Ni-C system (5 °) [25] . D M 

of rotation Moiré

ringes could be calculated by the following equation [21] 

 M 

= 

d 1 d 2 √ 

( d 1 − d 2 ) 
2 + d 1 d 2 ϕ 

2 
(2) 

here d 1 and d 2 is the interplanar distances of two layers, respec- 

ively, and ϕ is the rotation angle. When d 1 = d 2 = d, it could be 

implified to 

 M 

= 

d 

ϕ 

(3) 

hen d = 0 . 082 nm and ϕ = 8 ◦, it could be calculated that the the-

retical D M 

is 0.588 nm, in good agreement with the experimental 

ata (0.59 nm), confirming that Moiré fringes caused by quenching 

re driven from shearing of two adjacent lattice planes, as illus- 

rated in stage I–III of Fig. 5 e. 

.3.3. The dislocation networks found in quenched group 

Fig. 6 a exhibits the BF image of dislocation networks. According 

o the selected area electron diffraction (SAED) in Fig. 6 b, besides 

he green set of diffraction spots from the ferrite matrix, there is 

nother set of weak spots and enlarged in Fig. 6 c. Further analyses 

nd that the spots are ( 1 6 − 1 
6 1 ) and ( − 1 

6 
1 
6 1), stretched to 1/4 

m 

−1 in the reciprocal space, and the angle between them is 27 ◦. 

ubsequent HRTEM analyses in Fig. 6 d indicate that the diffrac- 

ion of those weak spots is driven from crystal planes of ( 1 − 1 1 ) 
6 6 
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Fig. 4. Moiré fringes (a–b) and dislocation networks (c–d) found in the quenched group, z = [111] in (c–d). 

Fig. 5. The TEM images and diagrams of Moiré fringes of the quenched group. (a) BF image of Moiré fringes, (b) HRTEM of (a), (c–d) IFFT of the two regions in (b); (e) 

diagrams for the formation and evolution of Moiré fringes. 

5 
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Fig. 6. The TEM images and diagrams of dislocation networks of the quenched group. (a) BF image of dislocation networks; (b–c) SAED of (a), Z = [110 ] ; (d) HRTEM of (c); 

(e–f) diagrams for (d); (g) diagrams for the formation and evolution of dislocation networks. 
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nd ( − 1 
6 

1 
6 1), which are generated by the clockwise and anticlock- 

ise rotation of (001) planes for 13.5 ◦, respectively, as illustrated 

n Fig. 6 e. Moreover, the stretching of the spots for 1/4 nm 

−1 in

he reciprocal space is driven from a twisted transition region be- 

ween ( 1 6 − 1 
6 1 ) and ( − 1 

6 
1 
6 1), where the maximum length in the 

ositive space is around 4 nm, as illustrated in Fig. 6 f. 

In addition, it is found that the rotation angle of dislocation net- 

orks (27 ◦) is larger than Moiré fringes (8 °). Therefore, it could be 

peculated that when external stress is anticlockwise with the ro- 

ation angle of Moiré fringes, the rotation angle of Moiré fringes 

ould decrease or even make Moiré fringes disappear, presented 

n the stage IV of Fig. 5 e. On the contrary, when the stress clock-

ise with the rotation angle is applied, it would increase the rota- 

ion angle and make Moiré fringes turn into dislocation networks, 

resented in the stage V of Fig. 5 e. 

.4. The origins of Moiré fringes and dislocation networks 

Hereafter, the origins of Moiré fringes and dislocation networks 

nd how they result in strengthening and embrittlement are dis- 

ussed. The maximum thermal stress, σth , caused by quenching 

ould be roughly calculated by Hooke’s law [26] 

th = Eε (4) 

here E is Young’s modulus, and ε is strain. Given that E = 

00 GPa [27] , ε = 1 . 08 % (from RT to 700 ◦C, RT = 20 ◦C), it could

e calculated that σth = 2 . 16 GPa . It is noteworthy that without 

onsideration of stress relief and plastic deformation, this estima- 

ion is very rough and quite overestimated. But it could be de- 

uced that the thermal stress caused by quenching is much higher 

han the yield strength of RPV steels (460 MPa) and would lead to 

he plastic deformation of materials, i.e. the multiplication of dis- 

ocations. Rather, the shear component of thermal stress would act 

n adjacent crystal planes and lead to the rotation of adjacent crys- 

al planes. Due to the nonuniformity and polycrystal of materials, 
6 
n some areas and orientations, dislocations generate due to the ro- 

ating of two crystal planes, hence screw dislocation networks are 

ormed, accompanied with some edge dislocations as mismatch, as 

xhibited in stage I–III of Fig. 6 g. In other areas and orientations 

here dislocations are hard to form, Moiré fringes generate [21] , 

s illustrated in stage I–III of Fig. 5 e. 

.5. Mechanisms of strengthening and embrittlement 

Strengthening caused by dislocations after quenching, �σ , 

ould be calculated by: 

σ = α′ Mμb 
(√ 

ρs, after −
√ 

ρs, befo re 

)
(5) 

here α′ is constant, ranging from 0 to 1; M is the Taylor factor 

nd equals to 3.06 [28] , μ is the shear modulus, b is the Burg- 

rs’ vector, ρs, as −recei v ed and ρs, quenched are the dislocation densities 

f the as-received and quenched groups, respectively. Given that 

σ = 80 MPa, μ = 82.2 GPa [29] , b = a = 0.286 nm, ρs,a f ter = 2 ×10 14 

 

−2 , ρs, be f ore = 3 ×10 13 m 

−2 , it could be calculated that α′ equals 

o 0.128, lower than α′ of dislocations caused by cold rolling 

 α′ = 0.4) [30] and α′ of dislocation loops caused by irradiation 

 α′ = 0.3) [ 29 , 31 ]. This is probably because that screw dislocations

ould slip and cross slip more easily than edge dislocations and 

islocation loops, the weak hindrance of screw dislocation slipping 

esults in a lower work-hardening rate and earlier cross slipping of 

uenched RPV steels, as exhibited in Fig. 2 b. 

Regularly arranged dislocation networks contain many identical 

islocations, and they would pile up when stress is applied, hence 

romote the nucleation and growth of cracks, as shown in stage 

V of Fig. 6 g. The critical stress for crack extension, σc , could be

alculated by [32] : 

c = 

2 μγ

k 
√ 

d 
(6) 
Y 
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[

[

[

[

[

[

here γ is the surface energy, k Y is the Hall-Petch coefficient, and 

 is the average grain size. The rotation of adjacent crystal planes 

ould lower the surface energy of crystal planes and decrease the 

ritical stress for crack extension. Both the nucleation and growth 

f cracks, as well as the decrease of surface energy would raise the 

isk for cracking and lead to the embrittlement of materials. 

. Conclusions 

Remarkable embrittlement is found in RPV steels quenched 

eneath the austenitizing temperature, not accompanied with 

ustenitizing, grain coarsening, or extra precipitation. Further in- 

estigations have found that the remarkable embrittlement is as- 

ribed to the formation of Moiré fringes and dislocation net- 

orks, which is deduced to be generated by the rotation of lat- 

ice planes under the shear component of thermal stress during 

uenching. The dislocation networks would promote the nucle- 

tion and growth of cracks, decrease the surface energy for crack 

xtension, hence raise the risk for cracking and lead to the em- 

rittlement of RPV steels. This study illustrates that extra attention 

hould be paid to take the quenching-induced embrittlement into 

onsideration in severe nuclear accidents analysis. 
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