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Abstract

A533B steels containing 0.12% and 0.16% Cu were irradiated to 3� 1023 and 6� 1023 n/m2 (E > 1 MeV) at 290 �C in

a pressurized water reactor (PWR) and a material test reactor (MTR). Microstructural changes were examined using

atom probe, small angle neutron scattering, field emission gun scanning transmission electron microscopy and post-

irradiation annealing (PIA) coupled with positron annihilation (PA) and hardness testing (Hv). Cu rich precipitates had

a Cu enriched core with surrounding Ni, Mn and Si rich region and the atomic composition was Fe–(7–16)Cu–(2–

8)Mn–(0–4)Ni–(0–4)Si. The size and number density of Cu rich precipitates and the residual Cu concentration in matrix

were almost saturated at above 3� 1023 n/m2. Low flux irradiation in PWR produced slightly larger precipitates of a

lower density with a higher Cu concentration in the precipitates. PIA (PA and Hv) examination showed that vacancy

type matrix defects after PWR irradiation were more stable and more effective for hardening than those after MTR

irradiation.

� 2003 Elsevier Science B.V. All rights reserved.

PACS: 61.80.Hg; 61.82.Bg; 81.40.Cd; 81.70.Bt

1. Introduction

Radiation hardening and embrittlement of commer-

cial reactor vessel steels is known to be sensitive to

various material variables (e.g., Cu content, heat treat-

ment, . . .) and irradiation conditions (e.g., flux, tem-

perature, . . .). To forecast long life integrity of pressure

vessel steels considering various parameters, it is neces-

sary to use predictive models based on physical mecha-

nisms. This requires an understanding of the exact

nature of the damage and its evolution during irradia-

tion. The progress in experimental tools such as atom

probe (AP), small angle neutron scattering (SANS) and

field emission gun scanning transmission electron mi-

croscopy (FEGSTEM) enables us to investigate detailed

microstructural features in irradiated steels [1,2]. Several

types of microstructural features have been proposed

and often categorized into two components; precipitates

and matrix damage. For Cu rich precipitates which are

known to be an important feature causing hardening in

high Cu steels, AP and SANS examination showed that

the precipitates consist of Fe, Cu, Ni, Mn and Si [3–5].

Mn–Ni–Cu solute clustering [6–8] and Si–Mn precipi-

tates [9] in low Cu steels have also been detected. Matrix

damage is recognized as defect clusters or defect-solute

complexes [1]. They have not been clearly identified ex-

perimentally in pressure vessel steels although the exis-

tence of microvoids in irradiated low Cu steels was

suggested by SANS experiments [4]. Matrix damage is
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believed to be the dominant feature for hardening in low

Cu steels and at high fluences in high Cu steels. Post-

irradiation annealing (PIA) coupled with positron an-

nihilation (PA) and hardness testing (Hv) testing is used

to investigate the nature of matrix damage in hardening

[10–12].

Examination of the microstructures in in-service

steels irradiated at different fluxes is especially important

to understand embrittlement behavior of industrial

materials under plant conditions. In the French pres-

surized water reactor (PWR) Chooz A, steels with low

Cu irradiated to above 1� 1024 n/m2 (E > 1 MeV) has

been extensively studied using AP and SANS [6,7,13–

16]. The results indicated clustering of Si, Mn, Ni and

Cu and this was discussed in terms of the role of cascade

damage for the formation of such clusters. In the in-

service steels with medium Cu irradiated to 3� 1022 n/

m2 in a BWR, Cu–Mn–Ni precipitates and vanadium

carbides were detected [3,17]. The archive material was

irradiated in material test reactor (MTR) at a higher flux

and it was confirmed that lower flux irradiation pro-

duced larger and less dense precipitates. Studies on in-

service steels are relatively scarce compared to those on

alloys irradiated in MTRs under accelerated flux con-

ditions. More experimental evidence is necessary to es-

tablish a physical model of microstructural evolution.

The present study is to characterize microstructural

evolution in commercial A533B vessel steels with me-

dium Cu content irradiated in a PWR using advanced

analytical tools such as AP, SANS, FEGSTEM and PIA

(PA/Hv). Together with the results of the same material

irradiated in a MTR under high flux condition, the effect

of fluence and flux on precipitates and matrix damage is

discussed.

2. Experimental

2.1. Materials and irradiation

The steels examined were two heats of A533B class 1

plates; A and B. The chemical compositions are shown

in Table 1. The Cu contents were 0.12% and 0.16%. The

steel A was austenitized at 880 �C for 4 h, water quen-

ched, then tempered at 660 �C for 6 h and stress relieved

at 615 �C for 15.5 h. The steel B was austenitized at 866–

871 �C for 7 h, water quenched, then tempered at 649–

660 �C for 5.25 h and stress relieved at 610–621 �C for

24.3 h.

The fluence and flux of each sample are shown in

Table 2. The A1 sample irradiated to 3:1� 1023 n/m2

(E > 1 MeV) was taken from a tested surveillance

specimen. The time in the reactor was 12 effective full

power years. The irradiation temperature was estimated

to be 290 �C. The flux and fluence were determined

by standard dosimetry methods. The A2, B1 and B2

Table 1

Chemical compositions in wt%

Steel C Si Mn P S Ni Cr Mo Cu Fe

A 0.12 0.25 1.20 0.014 0.015 0.58 0.08 0.54 0.12 Balance

B 0.17 0.29 1.45 0.011 0.017 0.55 0.11 0.50 0.16 Balance

Table 2

Irradiation conditions

Steel Sample Irradiation Flux n/m2/s (E > 1 MeV) Fluence n/m2 (E > 1 MeV)

A A1 PWR 7:8� 1014 3:1� 1023

A2 MTR 5:0� 1016 6:8� 1023

B B1 MTR 2:3� 1016 3:3� 1023

B2 MTR 5:0� 1016 5:8� 1023

Table 3

Mechanical property data of the irradiated samples

Steel Sample Fluence, n/m2 (E > 1

MeV)

Yield stress increase

(MPa)

Hardness increase

(Hv)

41J transition shift

(�C)

A A1 3:1� 1023 93 49 75

A2 6:8� 1023 – 62 85

B B1 3:3� 1023 91 50 79

B2 5:8� 1023 131 86 100
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samples were irradiated in the Ford reactor in Chicago

University. The temperature was controlled at 290� 10

�C. The mechanical property data of the irradiated steels
are summarized in Table 3.

2.2. Microstructural examinations

Unirradiated and irradiated samples were examined

using AP, SANS, FEGSTEM and PIA (PA/Hv).

AP measurements were carried out using an energy

compensating optical position sensitive atom probe fa-

cility at Oxford University. The instrument consists of a

position-sensitive detector and a high-resolution flight

time detector. The mass resolution was approximately 1/

600. The samples for AP measurement were cut to make

blanks 0:5 mm� 0:5 mm� 20 mm and then electro-

polished using 25% perchloric in acetic acid to form

needle samples. Final polishing was performed using 2%

perchloric acid in 2-butoxyethanol. During analysis the

sample temperature was kept to below )55 K to prevent

any preferential evaporation of Cu.

The SANS measurements were performed at the In-

stitut Laue Langevin, Grenoble, using the 35 m SANS

instrument, D11, installed on the ILL High Flux Reac-

tor. Measurements on samples 10 mm� 10 mm� 2 mm

were made in zero magnetic field and in a magnetic field

ofP 1.0 T both parallel and perpendicular to the

wavevector. A mean wavelength of 0.45 nm was used.

The neutron scattering cross-section data was analyzed

using a maximum entropy method to extract the most

probable precipitate size distributions, assuming spher-

ical particles. The absolute volume fraction of precipi-

tate and number density were determined based on the

A ratio (the ratio of the irradiation-induced scattering

intensities in directions perpendicular and parallel to the

applied magnetic field) from SANS measurement and

precipitate chemical composition from AP measure-

ment.

TEM observations were performed using a Phillips

EM430 operating at 300 kV. The precipitate composi-

tions were measured using VG HB501 FEGSTEM op-

erating at 100 kV. The probe beam diameter for spot

measurement was typically 2 nm. The samples were

prepared by electropolishing in 5% perchloric in acetic

acid at )45 �C.
The PIA (PA/Hv) experiments were performed using

positron annihilation lineshape analysis (PALA) and

hardness measurements after isochronal annealing at

temperatures ranging from 250 to 450 �C at 50�C in-

terval for 0.5 h. PALA is a Doppler broadening tech-

nique, in which the change in the energy profile of 511

keV c rays was measured and quantified as the S pa-

rameter. In this study the change was measured by DS,
defined as the difference between an irradiated sample

and an unirradiated reference sample made of the same

material. Vickers hardness measurement was carried out

using a 20 kgf load.

3. Results

3.1. Precipitates

Cu rich precipitates in the irradiated materials were

detected by high resolution TEM observation under a

high-angle annular dark-field condition and FEG-

STEM/EDS analysis as shown in Fig. 1. The precipitates

contained Cu, Ni, Mn and P. No evidence of such Cu

rich precipitates was detected in the unirradiated sam-

ples. TEM observations revealed that pre-existing dis-

locations and carbides such as Mo2C were not changed

due to irradiation.

The detailed structure and composition of the pre-

cipitates were obtained using AP measurements. Fig. 2

shows a series of three-dimensional atom maps of the

solutes in steel A irradiated in a PWR to 3:1� 1023 n/m2

Fig. 1. Dark field image and EDX spectrum from Cu rich precipitates in steel A irradiated in a PWR to 3� 1023 n/m2 (E > 1 MeV).
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(A1). Two Cu rich precipitates were detected near a re-

gion enriched in Mo and C, presumably Mo2C carbide.

Both carbide and precipitates in Fig. 2 located in the

matrix. Fig. 3 shows atom maps in steel B irradiated in

MTR to 5:8� 1023 n/m2 (B1), showing three Cu rich

precipitates. The Cu rich precipitates containing Ni, Mn

and Si were detected in the matrix in all the irradiated

samples. The diameter was typically around 2 nm. All

the precipitates detected consisted of a centered region

enriched in Cu atoms and a surrounding region enriched

in Ni, Mn and Si atoms. These solute distributions in the

precipitates were confirmed in enlarged views of AP

atom maps as shown in Fig. 4. Table 4 shows the av-

erage composition of the precipitates by calculating the

solute fraction in the center 1:5 nm� 1:5 nm� 1:5 nm

region of the precipitates. The range of precipitate

compositions was Fe–(7–16)Cu–(2–8)Mn–(0–4)Ni–(0–

4)Si. It was confirmed by AP analysis that P atoms were

not contained in the precipitates although P was often

detected in 2 nm spot analysis using FEGSTEM. The Cu

and Mn contents in the precipitates were slightly higher

for the PWR-irradiated sample. The difference in com-

position between the three MTR-irradiated samples was

very small.

Fig. 5 shows results of SANS measurements on each

sample without magnetic field, the differential neutron

scattering cross section I vs. scattering vector Q2. The

A1 curve was different from curves of A2, B1 and B2,

indicating that the size distribution of scattering centers

in A1 sample differs from the others. The volume frac-

tion vs. diameter derived from these data using a max-

imum entropy method assuming the scattering centers

are spherical are shown in Fig. 6. SANS analyses indi-

cated the presence of scattering centers with an average

diameter of about 2 nm. This value is very consistent

with the precipitate diameter from TEM and AP ob-

servations. The range of size distribution was from 1.5 to

5.5 nm for all materials. No difference in the range was

observed while the peak position of A1 material was

higher than those of the other material. The average

diameter in the surveillance material A1, 2.6 nm, was

slightly higher than those in the other samples irradiated

in MTR at a higher flux. The estimated number density

is shown in Table 5 with data of the A ratio and volume

fraction. The volume fraction and number density in B2

are slightly higher than those in A2, suggesting that the

nucleation of Cu rich precipitate is dependent on the

initial Cu content. The diameter and number density in

Fig. 3. 3D atom map of the solutes in 18 nm� 18 nm� 30 nm region in steel B irradiated in a MTR to 3� 1023 n/m2 (E > 1 MeV).

Fig. 2. 3D atom map of the solutes in 10 nm� 10 nm� 40 nm region in steel A irradiated in a PWR to 3� 1023 n/m2 (E > 1 MeV).
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steel B showed a small change at fluences ranging from

3:3� 1023 to 5:8� 1023 n/m2. At these fluences, nucle-

ation and growth of Cu rich precipitates were considered

to be saturated. The number density in sample A1 is

much smaller than the expected value from A2 consid-

ering the difference in B1 and B2.

Precipitation or solute enrichment other than Cu rich

precipitates was found. Fig. 7 shows an example of an

AP atom map of P viewed from two different directions.

These P enriched regions were detected only in the

higher fluence samples A2 and B2. These can be as-

sumed to be needle-like Fe-phosphide or P segregation

Fig. 4. Pairs of 3D maps from orthogonal angles showing Si, Mn, Ni and Cu distribution in a Cu rich region (4 nm� 4 nm� 4 nm) in

A irradiated in a MTR to 6� 1023 n/m2 (E > 1 MeV).

Table 4

Average composition of precipitates

Steel Sample Fluence n/m2 (E > 1 MeV) Composition (at.%)

A A1 3:1� 1023 63Fe–15Cu–8Mn–7Ni–4Si

A2 6:8� 1023 80Fe–11Cu–4Mn–4Ni–1Si

B B1 3:3� 1023 74Fe–11Cu–4Mn–7Ni–2Si

B2 5:8� 1023 78Fe–9Cu–5Mn–6Ni–3Si
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on a dislocation. Analyses of elements distribution near

this feature confirmed some enrichment of Cu, Mn and

Si around the feature. No enrichment of other ele-

ments such as C was detected near this feature. The

detailed nature of these features and whether these are

radiation-induced or not, was difficult to be determined

because the AP only enables the analysis of a very small

volume.

Table 5

Summary of precipitates data determined by SANS

Steel Sample Fluence, n/m2

(E > 1 MeV)

Average diameter

(nm)

A ratio Volume

fraction

Number density

(m�3)

A A1 3:1� 1023 2.6 2.87 0.0038 4:1� 1023

A2 6:8� 1023 2.1 3.07 0.0046 9:5� 1023

B B1 3:3� 1023 2.1 3.06 0.0053 1:1� 1024

B2 5:8� 1023 2.1 2.71 0.0064 1:3� 1024

Fig. 5. Plots of logðIÞ vs. Q2 where I is the normalized background corrected, radially averaged data for differential (irradiated sample
cross section–unirradiated sample cross section) in zero magnetic field.

Fig. 6. Volume weighted particle size distributions of precipitates determined by SANS.
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3.2. Matrix Cu concentration

The matrix Cu concentration determined using

FEGSTEM and AP as a function of fluence is shown in

Fig. 8. In the case of FEGSTEM the value was deter-

mined by averaging the lower five data values among 20

spot measurements. The AP value was determined by

subtracting the Cu contained in the clusters from that

measured in the whole analyzed volume. The measured

Cu concentration in matrix was decreased to around

0.07% at 3� 1023 n/m2 and saturated for further irra-

diation. The calculated residual Cu concentration in the

matrix using the measured volume fraction and com-

position data of Cu precipitates was around 0.1%, which

is consistent with the measured matrix value. The satu-

ration of residual Cu concentration in the matrix is

consistent with the result that the evolution of Cu rich

precipitates (size, number density and composition) is

almost saturated at above 3� 1023 n/m2 as shown by the

AP and SANS measurements.

3.3. Matrix damage

Neither TEM nor FEGSTEM observations could

detect any evidence for the formation of microvoids and

dislocation loops, which are the assumed form of the

matrix damage. PIA experiments combining PALA and

Hv measurements are known to be sensitive to the sta-

bility of vacancy type defects and/or precipitates in ir-

radiated steels. Fig. 9 shows the recovery behavior of the

S-parameter and hardness in A1 and A2. The A2 sample
showed higher DS than A1 sample in the as-irradiated

condition. This indicates that A2 contained a higher

concentration of vacancy-type defects as expected be-

cause the fluence in A2 was twice of that in A1. No re-

covery was observed in either sample at temperatures

below 300 �C. At 350 �C A2 showed an indication of

recovery in DS but this was not clear. Both samples

showed rapid recovery of DS (�0) at 400 �C and further

recovery to below zero at 450 �C. The DS recovery at

400 �C was much higher for the A1 sample while Hv

recovery was nearly identical in both samples. The neg-

ative DS value suggests some change of Cu rich precipi-

tation in conjunction with matrix damage annealing. The

difference in the degree of recovery at 400�C between

A1 and A2 samples is considered to reflect the thermal

stability of matrix damage and possibly the Cu rich

precipitates.

4. Discussions

4.1. Cu precipitation

The present study showed the detailed structure and

composition of Cu rich precipitates in medium Cu steels

irradiated in a commercial PWR and a MTR. It was

confirmed that the higher flux MTR irradiation pro-

duces precipitates with smaller size, higher density and

lower Cu content. In order to compare our data with

published works, data on the diameter and number

density of precipitates and/or cluster are summarized in

Fig. 10 as a function of fluence. The data in this figure

were selected for A533B steels which have similar Cu, Ni

and P contents to those in the present study. The dif-

ference in flux between in-service data and MTR data in

Fig. 10 was in the order of 102. The diameter of pre-

cipitates in in-service irradiated steels ranged from 2 to

4 nm, and was larger than in MTR irradiated steels

(typically <2 nm). The precipitate number density in

MTR irradiated steels is higher than in in-service irra-

diated steels.

Regarding the structure and composition of the

precipitates, the reported information measured by the

advanced AP technique is quite poor except for French

PWR data on low Cu steel (0.09 wt% Cu). In that study

the cluster composition in atomic fraction was found to

Fig. 7. Two orthogonal views showing one-dimensional P atom

distribution in steel B irradiated in a MTR to 6� 1023 n/m2

(E > 1 MeV).

Fig. 8. Cu concentration in matrix as a function of fluence.
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be Fe–(1.0–2.7)Si–(1.3–4.7)Ni–(1.6–7.4)Mn–(0.5–0.9)Cu

at 2:5� 1023 n/m2 and the solutes were uniformly

distributed in the clusters. In the present study the pre-

cipitate composition was Fe–(0–4)Si–(0–4)Ni–(2–8)Mn–

(7–16)Cu and there existed a Cu rich core in the

precipitates. While the Cu content in the precipitates in

our sample was one order of magnitude higher than that

in the French data, the concentrations of Si, Ni and Mn

are quite comparable level in both sets of data. Fur-

thermore, in the present study the structure and com-

position of the precipitates were nearly identical among

the samples analyzed in spite of the difference in the

initial Cu content, fluence and flux. The above data seem

to imply that the enrichment of Mn, Ni and Si is inde-

pendent of the existence of Cu. The mechanism of pre-

cipitate formation in low alloy steels during irradiation

has been considered to be through the aggregation of

supersaturated Cu atoms due to radiation-enhanced

diffusion [1]. Under the framework of this model, it is

possible to explain our observations so that Cu aggre-

gation occurs first and then Ni, Mn and Si segregate

during further irradiation or that simultaneous cluster-

ing of Cu, Ni, Mn and Si occurs followed by redistri-

bution of the solutes in the clustered region. An

alternative mechanism for clustering of the solutes is

that damaged regions associated with the displacement

cascades act as nucleation sites in the low Cu steel

(<0.1%) [7,16]. It is not clear if this model can be applied
to the structure of precipitates observed in this study,

where there is a Cu rich core and surrounding Ni, Mn

and Si region. However, the fact that the size and

number density of precipitates and that the Ni, Si and

Mn contents in the precipitates at around 3� 1023 n/m2

was quite similar between our A2 sample (0.12%Cu) and

Chooz A steel (0.09%Cu) may imply some common

enrichment mechanism of Ni, Mn and Si during low flux

irradiation.

4.2. Matrix damage

PIA studies on irradiated steels containing Cu can

give us only indirect information on the matrix damage

component because both the line shape parameter and

hardness are sensitive to the change in size and com-

position of the Cu rich precipitates during annealing.

However, results from the previous studies using PIA

Fig. 9. Recovery of DS and hardness in steel A during annealing for 0.5 h.
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coupled with PA [10,11,15,18,19] have some bearing on

the present results. The general trend is very similar to

that observed by Carter et al. [10] for high Cu welds

where recovery was observed at 350 �C and a negative

DS was observed following the anneal at 450 �C. In the

as-irradiated condition, the measured DS was signifi-

cantly greater for the MTR irradiated samples. This is

consistent with the higher fluence in the sample, which

contains more Cu rich precipitates and presumably more

matrix damage. The larger recovery in DS at 400 �C for

MTR irradiation suggests that the higher flux MTR ir-

radiation decreased the thermal stability of vacancy type

matrix damage. This is consistent with the previous

observations in a low Cu steel [10,19]. Furthermore,

similar hardness recovery at 400 �C suggests that defects

produced at a higher flux are less effective in producing

hardening.

4.3. Correlation with yield stress increase

Based on the quantitative data on Cu rich precipi-

tates, their hardening contribution can be calculated

using the Russell Brown dispersion hardening model

[20]. Assuming that interaction between line dislocations

and precipitates is a function of the modulus difference

between matrix and precipitates, the yield stress in-

crease, Drppt, is given by the following equations:

Drppt ¼ Fss;

s ¼ Gb=L 1
n

� E1=E2ð Þ2
o3=4

;

E1=E2 ¼ G1=G2 logðr=r0Þ= logðR=r0Þ
þ logðR=rÞ= logðR=r0Þ;

where Fs is the Schmidt factor (¼ 2.5), s is the shear

stress, b is the Burgers vector (¼ 2.5 nm), L is the pre-

cipitate spacing, G is the matrix shear modulus (¼ 49

GPa), G1=G2 is the ratio of precipitate shear modulus to

matrix shear stress, r is the precipitate radius, r0 is the
inner cut-off radius of dislocations (¼ 2.5 b), R is the

outer cut-off radius of dislocation (¼ 1000r0). G1=G2 is

dependent on precipitate composition and structure but

is not known for the measured composition in this

study. For pure Cu precipitates a value 0.6 has been used

[20]. The total yield stress increase can be determined

according to Dry ¼ ðDr2
ppt þ Dr2

mdÞ
1=2

where Drmd is

the contribution of matrix damage. Unfortunately no

quantitative information regarding the matrix damage

component was obtained in this study. The present PIA

results showed that after 400 �C annealing DS fell to

nearly zero and that DHv recovered to about 70% of the

as-irradiated DHv. Although the recovery is attributed

to both matrix damage recovery and change in Cu rich

precipitates, if we assume that only the matrix damage is

recovered at 400 �C, the contribution of matrix damage

to hardening could be estimated to be below 30%. Fig.

11 shows a comparison of the measured yield stress

Fig. 10. Fluence dependence of diameter and number density of Cu rich precipitate in in-service irradiated steels and in MTR irra-

diated commercial alloys containing Cu, Ni and P similar to those of this study.
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increase with the calculated increase Drppt changing

G1=G2 from 0.6 to 0.8. A good agreement is found when

G1=G2 is around 0.75 taking into account some contri-

bution of matrix damage. Kampmann et al. [21] re-

ported that the Drppt estimation using G1=G2 ¼ 0:6
resulted in good agreement with the measured value in

as-irradiated high Cu materials (0.2–0.4%Cu). Thus it

appeared that the precipitates examined in this study are

elastically harder than those detected by Kampmann

et al. [21]. This difference may be due to Cu content in

the precipitates based on the observation that this in-

creases with the initial bulk Cu concentration [1].

5. Conclusions

Detailed examination of microstructural changes in

commercial A533B steels containing medium Cu levels

and irradiated in PWR and MTR shows that Cu rich

precipitates have Cu enriched cores with surrounding

Ni, Mn and Si rich regions. The size and number density

of Cu rich precipitates and the residual Cu concentra-

tion in the matrix was almost saturated at 3� 1023 n/m2

(E > 1 MeV). High flux MTR irradiation produced

smaller and more dense precipitates with higher Cu

content than in-service PWR irradiation. PIA experi-

ments suggest that matrix damage under MTR irradia-

tion is more thermally unstable and less effective for

hardening.
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