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Abstract

It is well known that copper precipitation plays a key

role in the degradation of mechanical properties of irradiated

Reactor Pressure Vessel (RPV) steels. Depending on the thermo

mechanical treatment of the steel and the irradiation conditions

experienced, a range of copper precipitate size and number

densities can be produced. Generally, in high copper welds

(>0.3wt% Cu), typical post weld heat treatments produce stable

copper precipitates -lOnrn diameter. The remaining copper in

solution has the potential to precipitate out under irradiation,

forming coherent precipitates ~2nm in diameter, similar in size to

those found in thermally aged samples in the peak hardness

condition. The factors controlling the nucleation, growth and

stability of copper precipitates under irradiation is therefore of

importance to understanding the materials behaviour.

Model Fe 1.3%Cu and Fc 1.3%Cu 1.1 %Ni alloys have

been thermally aged at SSO'C for 2hrs (peak) and lOhrs prior to

irradiation at ISS'C to a dose of 5.1022n/m2. Results of a

microstructural investigation using dedicated field emission gun

scanning transmission electron microscopy (FEGSTEM) and small

angle neutron scattering (SANS) to assess precipitate stability in

the binary alloy will be presented. These data are then used to

predict a hardness change as a result of copper precipitation for

comparison with the measured values obtained using standard Skg

Vickers hardness tests on the SANS samples. The implications of

these data to the rcembrittlcmem of the RPV by subsequent copper

precipitation will be discussed.

1 Introduction

This paper describes the preliminary results from an

experimental programme set up to establish the stability of copper

precipitates formed during post weld heat treatment or vessel

annealing in plant life extension programmes. Copper is known to

precipitate out of solution under thermal or irradiation conditions

and the resultant precipitates form efficient barriers to dislocation

motion with a resultant increase in hardness and subsequent

cmbrittlement. Under irradiation the copper available to

precipitate in this way may not necessarily be the same as the bulk

level. In high copper welds, post weld heat treatment (PWHT) can

remove copper from the matrix forming copper precipitates that

generally are observed as -lOnm diameter 'fee' precipitates

associated with dislocations. In welds, further copper can be

removed as a result of copper sulphide formation. In practice this

reduces to the following equation:

= C ubulk - ppt" Culrrad ppt

Cug = Copper associated with sulphur in the form of copper

sulphide

CuHTppt= Copper in the form of large fee copper precipitates

formed during

post-weld heat -treatment

Cuirrad p p t s Copp" in we form of small bec precipitates formed

under irradiation.

A measure of copper precipitation therefore requires knowledge of

the copper matrix value and the development of techniques to

measure this critical parameter either directly or indirectly.

In plant life extension, various annealing options are being

considered that will remove the hardening effect of the small

copper precipitates by thermally treating to permit these

precipitates to grow into the less harmful incoherent precipitates,

similar to those produced in PWHT or found in overaged model

alloys. It is the stability of these large precipitates under

irradiation or reirradiation that is of interest to this study as, if they

subsequently dissolve under irradiation, they will act as a source of

Cu for subsequent fine scale precipitation resulting in increased

hardness.



Under irradiation the precipitates formed arc similar in size

to those generated at peak hardness in thermal ageing experiments.

The microstructural investigations conducted on this and other

irradiated material suggest that the irradiation induced precipitates

remain small, with a coherent bec structure, and that no overagcing

takes place in the irradiated material.

With this as background information, a series of

experiments were set up to examine the effect of irradiation on the

size and number density of precipitates. Samples were heat treated

to produce two types of precipitate, namely small coherent

precipitates found at peak hardness and those found in the

overaged condition. In addition to this material, as quenched

samples with all the copper in solution were included as controls.

Samples were examined by both electron microscopy techniques

and small angle neutron scattering (SANS) to assess the

distribution of copper (matrix or precipitate) and to determine the

size and number density of precipitates formed under thermal or

irradiation conditions.

2 Material and Irradiation conditions

Binary Fc - 1.3wr% Cu alloy, HE, used in previous studies

01 has been employed here. Samples were given a solution heat

treatment of 825*C for 6hrs followed by a water quench (HEQ).

Further ageing at 550"C produced a peak in hardness after two

hours (HE2), with subsequent overaging after ten hours to produce

sample HE10.

All samples were irradiated in the PLUTO MTR at Harwell

as part of a major programme of irradiations. The 1154

instrumented rig employed gas mixture and gas gap techniques to

maintain the temperature of the sample carrier. Temperatures

were monitored throughout by thermocouples with an average

recorded temperature of 290±8*C being attained by aU the

samples. Six sample carriers were loaded to attain a range of

doses between 0.1 and 3x108 n/m* (E>lMeV). However, as a

result of the rescheduling of reactor operations and the ultimate

closure of the facility, only three oat of the six capsules were

irradiated, The irradiated samples examined in this study received

a dose of 0-53x10° n/m* (E>lMeV) at a dose rate of 46*10x10'*

n/mVsec. The samples are prefixed with T to denote irradiated in

future text.

3 Results

3.1 Hardness results

Hardness values were obtained by conventional Vickcrs

hardness testing using 5kg loads, with three indents being

performed on each sample. These tests were performed on

samples used in the SANS investigations. Samples were lmm

thick and of diameter between 8 and 9 mm. The results of this

testing are shown in Table 1 and graphically in figure 1.

Examination of the figure, clearly shows the significant rise in

hardness from both thermally aged material peaking at 2 hrs. The

increase in hardness for all the irradiated material above the

starting condition is clearly visible, the effect being strongest in the

as quenched condition (IHEQ).

Table 1

Hardness values of thermally aged and irradiated samples

Sample

Number

HEQ

IHEQ

HE2

IHE2

HE10

IHJE10

Hardness

(la)

95 ±2

238 ±5
189 ±2

221+7

170 ±3
204 ± 3

Change due
to thermal

ageing

0

94 ± 3

75 ± 4

Change due

to Irradiation

143 ± 5

32 ± 7

34±4

250-1

200-

150

100

50
HECT HE10

Sp«dmefl condition

Figure 1 Hardness measurements of the thermally aged and
irradiated samples.

3.2 Microstructural examination

Three types of microstructural examination were

performed, The first using TEM, was employed to examine for

any large scale changes in miaostructure and to determine size

distribution data, in particular for the larger precipitates to act as

an independent check on the SANS data, this comparison when

complete will be presented elsewhere. FEGSTEM was used to

determine copper matrix levels and to establish the volume

fraction of copper in the form of small precipitates. Again this

data can be used to independently confirm the data produced by

SANS.



3.2.1 STEM Technique and Results

Since our earlier work on these alloys I1*2], the first to use

dedicated FEGSTEM examinations on this class of material,

considerable advances have been made P"51. These concern both

advances in equipment such as the use of Parallel Electron Energy

Loss Spectroscopy, and in the methodology of the analysis, eg the

use of spot and area scan modes. The use of PEELS in the study

of RPV steel microstructures has two benefits, namely the ability

to analyse for Mn in the precipitates,!3"6! and using the annular

detector to image small precipitates by changes in atomic weight

(Z contrast). These samples have been examined throughout this

technique evolution and so are useful indicators of the techniques

capabilities.

By conducting analysis in the FEGSTEM, an instrument

capable of producing high intensity electron beams some 2nm

diameter, chemical analysis with nm spatial accuracy can be

obtained by Energy Dispersive X-ray analysis (EDX). The

technique employed for matrix copper determination was to

position the beam in precipitate free regions of the foil, as assessed

by imaging using Z contrast, and collecting the signal until a set

number of counts or acquisition time had been obtained. These

• spectra were then analysed using commercial "Link' software to

produce composition values. The process was repeated several

times depending upon the accuracy required and the amount of

spatial variation in the sample.

The sample is held in a specially modified holder which is

of copper-free construction thus eliminating any copper signal

arising from beam/holder interactions. Calibration checks with an

Fe sample have shown that the background copper level after a

300 second acquisition time spectrum is unrcsolvable and is

therefore considered to be <0.05%. The quoted values have

therefore not be adjusted for any background copper effects.

The errors on the analysis can be split into two

components, those from the analysis technique, considered for Cu

to be - ±0.02, and those arising from spatial inhomogenity of the

sample at the nm level due to ultrafine precipitates etc. The latter

can produce differences in spectra to a maximum of - 0.2 wt%. It

is these errors that can be minimised by conducting more analysis

. under well defined conditions, eg variation in foil thickness,

'_ knowledge of beam drift etc., and application of statistical methods

to dcconvolutc the measured distribution of spectra to obtain

appropriate matrix values.

As an indicative guide, for 5 matrix spot mode values we

would not expect an accuracy of better than ~ ±0.1, while 15 to 20

values now typically produces an error of ~ ±0.03. However, this

latter technique requires foil thickness information readily

obtainable from PEELS, not fully developed at the time of making

the STEM measurements reported here and is reflected in the

accuracy of the data. Even so the data have improved over

previous reported work I1) on this alloy and are comparable with

accuracy inferred from other techniques such as SANS, making

comparisons possible between the two techniques. Data from

small area scans and large area scans provide valuable information

on the distribution of copper in the form of small and large

precipitates. The large area scan can be compared to bulk values

directly, while the difference between large and small can be

related to the volume fraction of large copper precipitates.

Differences between the spot and small area scan modes

can therefore be used to assess the volume fraction of copper

associated with small precipitates. The positioning of the spot and

small area scan is shown by the crosses and boxes in figure 2. The

large area scan would typically cover an area the size of the

micrograph. This figure was obtained on the STEM from sample

IHE10 using Z contrast, here the precipitates appear as white

spots. Examination of the figure shows a bimodal distribution in

precipitate size, both small -2-5 nm diameter and larger -lOnm

precipitates can be seen.

In developing the technique, one deficiency of the above is

manifest by c?mparison of the data produced by large area scans

compared with a bulk value of 1.3wt%. In all cases the large area

scans under predict the bulk value, the effect being strongest in the

thermally aged material. We have now attributed this to the

preferential leaching out of the foil, in the electropolishing

process, those large copper precipitates intersecting the surface,

thereby reducing the copper level measured in the scan. This loss

of large copper precipitates does not affect the small area scan and

spot mode measurements as these are positioned to avoid any large

precipitates.

Figure 2 Polaroid image obtained from the FEGSTEM on
sample IHE10, the image was produced using Z contrast
The precipitates appear as white spots. The spot, small area
and large area scans arc represented by crosses, dotted box
and the whole micrograph respectively.



The results of the STEM analysis arc shown graphically in

figure 3. The figure show the histograms for spot, small and large

area scan. From these values average data were calculated and are

shown in Table 2

Table 2

Measured copper concentrations (wt%) as determined by STEM

HEQ
JHEQ

HE2

IHE2

HE10

IHE10

Spot

1.26±0.08

0.15±0.09

0.40±0.04

O.19±0.05

O.32±0.04

0.17±0.08

Small Area

1.32±0.06
*

0.92±0.13

O.86±O.O3

0.49±0.06

0.30±0.01

Lart»e Area

1.28±0.03

1.21*0.02

1.07±0.07

1.20*0.04

1.05±O.O9

1.17±0.05

* Not measured - assume same as large area value

3.2.2 SANS Results

SANS experiments were made with the SANS instrument

in the neutron guide house of the DR3 reactor, Ris0, Denmark.

The measurements were made using a wavelength of 0.6nm and

sample to detector distances of 1.25 and 2^m to cover the required

scattering vector (Q) range. In addition to the samples, a

calibration sample of water (lmm thick) and backgrounds were

measured at both detector positions. The PLUTO-SANS

electromagnet was installed in the sample vacuum enclosure of the

instrument to provide the required IT field for magnetic

measurements. These measurements are necessary to produce A

ratio values and hence compositional information on the

precipitates in addition to the size and number density values.

Figure 4 shows intensity versus Q2 plots in zero field. This data

together with that obtained In magnetic field has been processed

using the maximum entropy methods^7] employed by Buswell et

a l M , to produce die precipitate size distribution plots presented in

figure 5. The figures, for clarity, show tine diagrams taken at the

mid point of the histogram bin. The fine structure observed in the

distribution is an artefact of the maximum entropy technique and

the bin widdi chosen for display. The volume fraction information

is derived independently and not subject to such choice of bin

width.

The SANS data are summarised for all the conditions

examined in Table 3. The table presents both diameter (d) ,

volume fraction (Vf) and number density (Nd) values for the total

population, for the small coherent bec precipitates (d<6nm) and

the large incoherent precipitates (d>6nm). The choice of 6nm is in

keeping with previous work on this alloy and permits comparisons

to be made. The precise transition from bec to "fee* is not well
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Figure 3 Copper determination from FEGSTEM analysis.
The data show the values obtained in spot, small area and
large area scan modes.
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Figure 4 Differential scattering cross sections as a function
of Q2 for unirradiated and irradiated HEQ, HE2 and HE 10.

Table 3
Summary of SANS data
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Figure 5 Volume weighted particle size distributions
obtained for unirradiated and irradiated HEQ, HE2 and
HE10. The lines join the centre of histogram bins, and
therefore the fine structure is an artefact of the choice of bin
size and the maximum entropy method.

Sample

HEQ
IHEQ

HE2

IHE2

HE10

IHE10

Arafio

11.1

n/a

7.5

n/a

8.7

Assumed
'retipfele
xompostiofl
(aft)

lOOCu
9GCu4vac
100Co+voids

lOOCu
96Cu4vac
100Cu+vo«ds

lOOCu

96Cu4vac

lOOCu+voids

lOOCu

96Cu4vac

100Co4voids

lOOCo

96Cu4vac

1000j4voids

Afl precipitates

Average
Feature

Oonu(ran

\&
3.7

SS

4.7

123

10.1

PptVoL

Fracfion

(%)

0£2
0.78
035
OJBS
0.81
0.78

\2\
1.15
0.88

1.03
0.98
0.94

1.10
1.05
0.97

VoidVo)

Fracfion

W

-0J03

0.02

0.07

0.02

0.03

PptNum.
Density

3.10
234
359

038
033
0.89

222

2.11

1.62

0.11
0.10
0.10

0.20
0.20
0.18

Void
Num.

Density
10a/m»

-0.11

0.02

0.14

0.00

0.01

bcc predpflates (<k6nm)

Diameter
(nm)

3.7

2

2

\S>

22

Volume

Fraction

(*)

0^2

0.78

0.26
025

055

053

0.14
0.14

0.21

0.20

PptNum
Density
Kja/m1

3J09

234

6.18
530

13.18

1256

8.04
7.64

3.75
S.57

fccprec

Diameter
(nm)

7

7

14

12

apitates (d>6nm)

Volume

Racfion

W

059
057

0.65
0.62

0.89
OJBS

030
0.85

PptNum.
Denaty
loa/m3

0.34
032

0J6
03S

OJ06
036

0.10

0.09

Residual
Matrix Cu

(w«)

0.3
0.4
02
03
03
03
0.0
0.0
03
0.1
02
0.2
0.1
0.1
0.2

•

STEM
matrix Cu

(«**)

\2
02

0.4

02

02

0.2 .



defined and is the subject of ongoing research activitiest8"10!. The

absolute volume fraction is dependant upon the assumed

precipitate composition, the table gives some alternatives, e.g.

100%Cu, a copper 4% vacancy alloy and a mixture of pure copper

precipitates and microvoids having identical size distributions. In

addition, from a knowledge of the volume fraction of precipitate

and starting copper available for precipitation, it is possible to

calculate the copper remaining in the matrix, these values arc

shown together with those obtained by direct measurement with

FEGSTEM.

4 Discussion

4.1 Copper precipitation

The data obtained in this study are in excellent agreement

with earlier studies on thermal ageing (550*Q experiments using

this alloy. Both studies confirm a rise in hardness to a peak at

approximately 2hrs, with overagcing and associated reduction in

hardness being observed in the lOhr condition. Microstnictural

analysis confirms that for conditions of peak hardness, not all the

copper has been removed from solution. Analysis by SANS and

by the differencing techniques adopted in the FEGSTEM, confirm

a large volume fraction of small precipitates are present Further

analysis also reveals a population of larger d>6nm are also present,

but with a considerably lower number density.

Under irradiation, the population of small precipitates is

enhanced, the effect being the most dramatic in the HEQ sample

were all the copper was available for precipitation at the start of

the irradiation. In other samples where copper matrix values were

lower at the start of the irradiation, the incremental hardness

associated with irradiation is smaller. In all the irradiated alloys,

the final copper matrix value measured by FEGSTEM is similar,

with an average of 0.17 writ, indicating that full precipitation has

not yet been achieved under these irradiation conditions, Le. not

yet achieved full depletion of the matrix copper. This is in

keeping with our earlier work and will be discussed in detail

elsewhere.

Comparison of the two techniques employed to determine

volume fraction of copper precipitate is shown in Table 4. In

general the agreement is very good, given the uncertainties of the

-- measuring methods and the assumptions employed, e g . that the

precipitate composition is 100% copper. Further work is required

on sample HE2 to determine the source of the difference between

the two techniques, but the initial assessment points to the arbitrary

split of small and large precipitates at 6nrn in the SANS data. A

repeat STEM examination is planned, using a sample cut from the

SANS specimen examined as part of this study.

Table 4

Comparison of measured precipitate volume fractions

Sample

HE2
HE10
IHEQ
IHE2
IHE10

Volume Fraction (at%)
FEGSTEM

S/A - Spot

0.46
0.15
0.93
0.59
0.11

L/A-S/A
(BuBc-S/A)

0.01(0.19)
0.49(0.71)

N/A
0.29(0.38)
0.76(0.88)

SANS
d < 6 nm

0.26
0.14
0.88
0.55
0.14

d > 6 nm

0.59
0.88
N/A
0.65
0.89

4.2 Effect of irradiation on precipitates

The size of the thermally aged and irradiation induced

precipitates is in agreement with previous studies on these

alloys^. However, the effect of irradiation on existing

precipitates has not been previously examined, although the good

agreement obtained does give confidence to the accuracy of this

new data. Under irradiation the SANS data suggests that the size

of the small precipitates induced at peak hardness remain relatively

unchanged, but increase in number. The larger precipitates in the

overaged sample HE 10 apparently undergo a reduction in mean

size from 14 to 12 nm, however, the volume fraction of precipitate

(d>6nm) remains constant as a result of increase in number density

. of the smaller precipitates in this size distribution.

In welds, microstructural examination shows that the

precipitates produced in PWHT are typically 10 to 20nm diameter,

and under the irradiation conditions experienced by the vessel are

essentially unchanged, as measured qualitatively by TEM in

unirradiated and irradiated material, Quantitative information on

the large precipitates in commercial material is not available.

SANS studies generally are concerned with the small precipitates,

and in typical commercial material with copper values above - 0 3 ,

little information exists in the open literature. As the bulk copper

levels are not as high as the model alloys employed here, even if

SANS data were available, the volume fraction of large

precipitates is relatively small, making any comments on the

change in this part of the SANS signal statistically invalid,

A better opportunity for comparison comes from work on

irradiated, annealed and reirradiated material, where a high

percentage of the copper during the annealing stage is in the form

of large precipitates. Again the only SANS analysis of such

material in the open literature is the data of Kampmann et atfnl

that unfortunately docs not permit comparisons of the large

precipitate distribution to be made due to the use of total volume

fraction and size information, i.c. the presence of a bimodal

distribution is acknowledged but not analysed in terms of the two

components that make up the overall distribution.



It is therefore extremely difficult to rationalise these

observations of precipitate refinement with observed effects in

commercial-type material. The applicability of the model alloy

with extremely high, by RPV standards, copper content and the

extremely high dose rates of the irradiation need to be considered

before over interpretation of the data to suggest that large copper

precipitates in RPV welds are unstable under irradiation. It is

thought that the data arc more relevant to plant life extension

studies employing annealing, as not only will the time and

temperature of the anneal affect precipitate size and hence stability

under subsequent irradiation, but the surrounding microstructure

will be considerably cleaner than in the as fabricated condition.

This 'clean' microstructure local to the precipitate will therefore be

more like that observed in the model alloys examined in this study.

It may therefore explain the rapid re embrittlement observed in

high copper material^12) after annealing. Here the rate of

embriulemcnt is close to that observed at start of life condition,

even though matrix copper values should be considerably lower in

the annealed material. Microstructural examination of this

material to provide matrix copper values would be required to

understand further the role of annealing and the subsequent

response of the material to irradiation.

4.3 Mechanical properties from microstructural data

The volume fraction and size information can be used in

combination with the Russell-Brownt1^] modulus hardening theory

to predict yield strength and subsequent- hardness change. The

data have been calculated in accordance with Phythian et alPJ

using the modulus values for bec copper. This has been done for

all the conditions examined using the size information from

SANS, and the volume fraction information is that generated for

the small precipitates d<6nm by SANS and the small area - spot

mode differencing technique developed for FEGSTEM The

information on the large precipitates has not been used as these

incoherent precipitates harden by a different mechanism where use

of the modulus hardening theory is not appropriate. The hardness

data and volume fraction information used in the analysis are

presented in Table 5.

The data predict hardness changes associated with bec

- copper precipitates making a direct comparison with experimental

data difficult especially so in the irradiated material where in

addition to copper precipitation, matrix damage (loops and/or

microvoids) are formed The copper contribution is in keeping

with the values predicted for this irradiation condition by models

of embrittlemcntl14"16). To determine the partitioning of the

observed hardness into these two components, a series of post

irradiation annealing experiments are now underway and will be

reported elsewhere. When available these: should act as further

Table 5

Comparison of experimental hardness data with predicted

values using microstructural volume fraction data and

modulus hardening theory.

Sample

HEQ

HE2

HEIO

IHEQ

1HE2

IHE10

Change

in

Hardness

0
94

75

143

126
109

Volume fraction of

precipitate (at%)

STEM

0
0.46
0.15
0.93
0.59
0.11

SANS

0
0.26
0.14
0.82
0.55
0.14

Mean ppt

Diameter

(nm)

SANS

0
2

1.5

3.7

2

2.2

' Calculated

hardness from

precipitate

Russell-Brown

STEM

0
87
33

121

98
44

SANS

0

65
33
114

95

61

independent checks on the validity of the Russell-Brown model for

this type of work. For the unirradiated samples, the only

appropriate comparison with experiment is the change in hardness

between HEQ and HE2, here the experimental value of 94 is in

good agreement with that predicted from microstructural data.

Values of 87 and 65 are predicted when using the FEGSTEM and

SANS volume fractions respectively, giving further support to the

use of the differencing technique employed with the FEGSTEM

data.

The observed increase in hardness between the unirradiated

and irradiated HE10 can be explained by the increase in both the

number density and mean size of the small coherent precipitates

observed in this alloy. Application of the R-B model to this data

predicts an increase in hardness between 22 to 34Hv depending

upon the size of precipitate used (1.5 or 2.2nm), this compares

well wim the measured increase of 34Hv that also includes a

contribution from matrix defects. The change in the size

distribution for the larger precipitates is of importance to

understanding the effects of PWHT and re-embrittlcment after

annealing. The data for HE10 suggest that under irradiation a new

equilibrium position is set up where the mean prccipiiatc sire is

smaller than that observed under thermal conditions alone.



5 Conclusions

Techniques have been developed to assess directly and

indirectly the copper remaining in the matrix as a result of thermal

or irradiation induced precipitation.

In general good agreement is achieved between the two

techniques for precipitate volume fraction assessment

Modelling the hardness change can be successfully

accomplished using the modulus hardening theory and appropriate

bec modulus data.

Thermal ageing produces a range of precipitate sizes, the

peak occurring in this model alloy after 2hrs at 550*C In this

condition, the matrix is not depleted of copper, peak hardness

being achieved by the optimum number and size of bec

precipitates. Overagcing results in an increase in precipitate size

and relatively modest increase in precipitate volume fraction.

Irradiation of the material independent of the starting

copper matrix results in a similar matrix depletion of copper under

irradiation. The irradiation condition examined here does not

appear to have reached peak hardness, with ~0.17wt% remaining

in solution.

The size and number density of larger (d>6nm) is refined

by irradiation, bringing average diameters down from 14 to 12nm,

with associated increase in the number density of precipitates at

the smaller end of this distribution. The net result is a relatively

constant volume fraction of precipitate.
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