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ABSTRACT 

Atom probe field ion microscopy (APFIM) investigations of the microstructure of as- 
fabricated, long-term thermally aged (= 100.000h. at 540°F (282°C)) and neutron-irradiated 
(6.6~1018 and 3.47~1019 n cm-2 (E>1 MeV) at -550°F (288°C)) surveillance materiais from 
commercial reactor pressure vessel steels were performed. This combination of materials and 
conditions permitted the investigation of potential thermal aging effects as well as the neutron- 
induced effects. The microstructural study focused on the quantification of the matrix chemistry 
and the detection and characterization of radiation-induced precipitates. The APFDl results indicate 
t h +  :,'. -. - bi I s rn mkrostructurai evolution after a long term-thermal exposure in weld (0.28 -xL- 
Cu), plate [1).13 wt% Cu) or forging (0.02 wt% Cu) materials. Conversely, matrix depletion of 
copper and phosphorus solutes and the presence of Cu, P, Ni, Mn and Si rich clusters were 
observed in the neutron-irradiated weld material. These APFIM comparisons of materials in all 
three conditions are consistent with the measured change in mechanical properties (transition 
temperature shift). 
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INTRODUCTION 

Nuclear reactor vessel surveillance programs were mainly designed to monitor the 
radiation-induced changes occiarl;ic rs in the mechanical properties of the pressure vessel materials. 

understood. Some previous work has indicated the potential for thermal degradation of the 
mechanical properties of these materials when they operate at relatively high temperatures 
(>371 “C) [l]. However, degradation in properties as the result of long-term exposure at lower 
temperatures (- 300 “C) is still an open question [2]. 

The first data on mechanical properties of low temperature thennaily aged materials were 
obtained in 1969 from SA-302B steels aged for 9726 and 26 1 14 h: these data were reported from 
the surveillance program of the Big Rock Point Reactor (BRP) [3,4]. In 1983, the first thermal 
aging capsule (15,000 h at 305 “C) of a reactor vessel surveillance program for the Oconee reactor 
was removed and evaluated [5]. These thermal aging data are the first for SA-302, Grade B, 
modified steel, which is equivalent to the current SA-533, Grade B, class 1 steel. 

The data from the BRP Reactor indicated little effect of thermal aging on the Charpy impact 
results of both the SA-302B base metal and weld metal. The results of the evaluation of the Oconee 
thermal aging capsules showed that thermal aging had only a minor effect on the impact properties 
of SA-302B modified steel. 

Although there were small variations in the properties of all the materials, the changes 
resulting from thermal aging were of such small mapitude as to be considered insignificant. It was 
concluded [6]  that:” If low temperature thermal aging affects the fracture toughness of the 
materials, such changes cannot be monitored by the Charpy V-notch test. To further investigate 
the thermal aging behavior on the fracture properties of reactor vessel steels, additional evaluations 
on the aged materials will include tension testing, fracturz - ?-:t I s + ~ : + i ~ g  and microstructural 
investigations”. 

I However, the degradation in mechanical properties as a result of the thennal-aging itself is not well 

The principal objective of the work presented in this paper was to use the technique of atom 
probe field ion microscopy in order to characterize the microstructure and the microchemistry of 
both long-term thermally-aged and neutron irradiated pressure vessel steel from the B & W Master 
Integrated Reactor Vessel Surveillance Program. A distinction between the possible effects induced 
by any long-term metallurgical instability that may occur as a result of exposure to temperature 
alone and the effects induced by neutron-irradiation is thus. and for the first time, achieved. 

MATERIALS DESCRIPTION 

Five structural steels were selected for the examination of the long-term thermal aging 
effects. Both Oconee Unit 3 and Arkansas Unit 1 reactors have thermal aging boxes containing 
pieces of surveillance material. The material removed from the thermal aging boxes included 
forging, plate and two weld metals. The base and weld metals are representative of the materials 
used to fabricate the beltline shell course regions of the Oconee Unit 3 and Arkansas Unit 1 reactor 
pressure vessels. In addition, the boxes contained ASTM correlation monitor plate material. The 
basemetal materials were SA-533 grade B, class 1 plate steel and SA-508, class 2 forging steel. 
The two weld metals were typical Mn-Mo-Ni-weld wire / Linde 80 flux submerged arc welds. The 
chemical compositions of the five materials are reported in Table I. A description of the stress relief 
treatment and long-term thermal aging are given in Table II. 

The aging specimen capsules were located in one of the holder tubes used for irradiation on 
the service structure support of the reactor vessel heads. The boxes are located under the head 
insulation to help maintain the aging temperature. It was within the flow of the entering coolant 
which helped maintain the capsule at the same temperature as the reactor vessel wall. As a result of 
the location of these boxes, surveillance material was considered to have zero neutron fluence 
exposure during the aging time. The actual neutron fluence at this position was less than 
1 ~ 1 0 ’ ~  n cm-* or essentially zero insofar as material damage is concerned. The exact exposure time 
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for each set of materials was difficult to determine because of the time allowance for reactor heatup, 
cooldown and hot standby. The aging times given in Table 11 for these materials reflect a 10% 
increase of the actual effective full power times when the surveillance materials were removed. 
Each capsule contained four dosimeter tubes, each holding six dosimeters, spaced throughout the 
capsule to determine the acma riuence received by the specimens. A thermal monitor of low- 
melting eutectic alloys was included in each capsule as a method of monitoring the capsules' peak 
temperature. 

In order to study the effects of exposure to temperature alone on one hand and the neutron- 
induced effects on the other hand, reference materials (Le. unaged and unirradiated) have also been 
characterized in the as heat-treated condition. The heat treatment and stress relief history of these 
materials is the same as the one for the thermally-aged materials (cf. Table n>. 

Currently, experiments have been completed on neutron-irradiated specimens of the weld A 
material (highest nominal copper level). The neutron-irradiation was done in accordance with the 
B & W Master Integrated Reactor Vessel Surveillance Program. The encapsulated specimens were 
neutron-irradiated to two different fluences, 6 . 6 ~ 1 0 ' ~  and 3.47~10" n cm'2 (E>1 MeV) at 
temperatures of 556 OF (291 "C) and 542 OF (283 "C) respectively. 

EXPERIMENTAL 

The technique of atom probe field ion microscopy (APFIM) is particularly well suited to the 
characterization of these pressure vessel steels because of its near atomic resolution and its ability 
to chemically analyze features on this near atomic scale [6,8]. The mkrostructural characterizations 
were performed in the OpNL energy-compensated atom prcL 

The experimental conditions required to obtain accurate APrIM data are well known for 
these ferritic steels. In particular, it is necessary to cool the specimen to a temperature of 50K to 
avoid a systematic error on the copper level measurement. Because copper is a major factor in the 
embrittlement of pressure vessel steels [lo], particular attention has been paid to this element. 
Field-ion needles were electropolished using standard procedures [ 1 11 from blanks that were cut 
from Charpy specimens. All compositions reported in this work are quoted in atomic percent. 

RESULTS 

' -n Ziwxcope [SI. 

Microstructural characterization after long- term thermal a ping 

The microstructural studies focused on the quantification of the matrix chemistry. A parallel 
set of experiments has been undertaken with reference and thermally-aged materials. The results 
concerning the chemical compositions of the ferritic matrix are summarized in Table 111. 
Concentration uncertainties (20) due to counting errors, as given by the standard deviation 
o = [C(l-C)/N]ln, depend on the number of atoms collected, N. These RPV steels can exhibit 
significant compositional variation from one specimen to another, particularly since only a smaU 
volume of material (= 3 ~ 1 0 - ~  m3) is sampled from any given specimen. The values in Table 111 are 
an average of several experiments in which N is typically 60,000 atoms. 

This composition variation was particularly evident in the measurement of the 
copper level in the plate A and B materials. Severe fluctuations in the copper content from one 
specimen to another were observed, varying from 0.02 at.% to 0.14 at.%. However, the average 
copper solute concentration determined in the ferritic matrix is consistent with the nominal level for 
the two plates and the forging materials. On the other hand, a depletion of this element was 
observed in the matrix of the weld A and weld B metals for both baseline and thermal-aged 
samples. This depletion cannot be due to the spatial fluctuation mentioned above. Only 70% of the 
nominal level was detected. 

A coarser microstructural characterization (optical metallography and analytical TEM), has 
been done on the weld A material [ 121. Results from the literature show that the weld metal 
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contains mixed equiaxed and dendritic grains. It contains predominantly mixtures of acicular ferrite 
and ferrite-carbide aggregate totaling about 97% of the microstructure of the material. This alloy 
shows the presence of large, randomly distributed, spherical inclusions containing primarily Mn 
and Si. The average measured composition of these Mn-type precipitates indicates the mesenre of 

primarily on grain boundaries with only occasional carbides within the grains. The average 
composition of these carbides indicates the presence of 0.6 at.% copper. Small M,C-type carbides 
were also found, again mostly on grain boundaries, randomly distributed, but generally associated 
with other precipitates. The average composition indicates the presence of 0.4 at.% copper. 
However, the low level of copper encountered in these different features cannot fully account for 
the measured copper depletion from the nominal -0.25 at.% to - 0.17 at.% measured in the 
matrix. 

The stress relief heat treatment for the weld A and weld B materials was performed at a 
temperature between 593 and 621 "C. The predicted solubility limit of copper in the iron-copper 
binary system ranges between 0.17 and 0.24 at.% for these particular temperatures. Our detected 
value of 0.17 at.% can then be simply explained by the solubility limit of copper in the metastable 
ferritic solid solution. This suggests the formation of other copper-rich precipitates during the 
stress-relief heat treatment even if none of them have been detected in this and in previous work 
E61. 

I u.2 at.% copper. It also shows rounded elongated precipitates, M,C carbides, which are located 

The depletion of carbon and molybdenum in the two plates (A and B) and forging materials 
suggests the presence of a high volume fraction of carbides. Cementite and molybdenum type 
carbides were frequently imaged in field ion microscopy and analyzed. For example, the 
compositions of cementite and molybdenum-type carbides obtained in the long-term thermally- 
aged plate B is reported ?- T- ' - -?-  Iv 2nd V, respectively. 

These results reveal a clasaic cementite M,C stoichiometry, where M stands for Fe and Mn 
(in majority), Mo, Cr and Ni (in minority) and Cu and V (as traces). The small molybdenum 
carbides, with a disc, needle or spherical shape, exhibit a Mo,C stoichiometry. The large 
uncertainties for these features is due to the small numbers of ions collected. The figure 1 shows a 
composition profile where adjacent cementite and molybdenum carbides have been analyzed. In 
general, cementite as well as large molybdenum carbides were mostly observed in the plate 
materials, in agreement with the nominal carbon content. However, small intragranular 
molybdenum carbides and dislocations decorated with molybdenum atoms are present in all five 
steels, in both the as-heat-treated and thermally-aged conditions. 

These first APFTM microstructural examinations performed on long-term, low temperature 
thermally-aged materials show no significant evolution of the structure of the material. No phase 
transformation has been observed for this low temperature heat treatment. Copper solutes are in 
metastable solid solution with an atomic level following the solubility of copper in iron. This 
confirms that the thermal mobility of copper in iron at 300°C is effectively zero. Reference 
materials and materials thermally-aged for 11 years have a completely similar ferritic matrix 
chemistry. These results are consistent with the observed mechanical properties of the materials. 
The conclusion of the first part of this work is that low temperature (3OO0C), long-term (1  1 years) 
thermal aging has no impact on the evolution of the microstructure in the different materials 
studied. 

Neutron-irradiated materials 

After examining the long-term thermally-aged materials, neutron irradiated specimens were 
characterized. Samples of weld A from the B & W Master Integrated Reactor Vessel Surveillance 
Program, which had received a low and a high dose [6.6xI01* and 3.47~10" n cm-2 (E>1 MeV), 
respectively] at temperatures of 556 "F (292 "C) and 542 "F (283 OF) respectively, were studied in 
the atom probe field ion microscope. 
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The results of the matrix chemistry measurements, summarized in Table VI, show that the 
copper content was considerably reduced from the nominal bulk level. This represents further 
depletion beyond that which occurred during the stress relief treatment, c.f. Weld B composition in 
Table 111. The depletion is more pronounced with the higher dose. This copper dep!etion cf the 
matrix is also associated with a phosphorus depletion for both irradiation conditions. The 
difference in the measured composition for phosphorus is not statistically significant between the 
two fluences. The other solute contents are consistent with the nominal bulk composition or the 
composition expected following the initial heat treatment. 

In addition, a high number density [- lou and - 3 ~ 1 0 ~ ~  m-3 after fluences of 6 . 6 ~ 1 0 ' ~  and 
3 . 4 7 ~ 1 0 ' ~  n cm-2 (E>1 MeV), respectively] of ultrafine (2-3 nm diameter) intragranular Cu-, P-, 
Ni-, Mn- and Si-enriched clusters were observed and analyzed. A representative composition 
profile through one of these features is shown in figure 2. The size and composition of these 
copper-enriched clusters were similar at low or high fluence. Only their number density was found 
to increase with fluence. The average composition of these copper-enriched clusters is reported in 
Table VII. The local enrichment factor of the different solutes which comprised the clusters is also 
reported. This enrichment factor is defined for each chemical species as the composition measured 
in the core of the cluster divided by the composition measured in the matrix. A very high 
enrichment is observed for copper and phosphorus and a less but significant one is also observed 
for nickel, manganese and silicon solutes. The concentrations of manganese and nickel appear to 
be essentially equal in all of the clusters that have been analyzed. 

The fact that these small clusters were not observed in the baseline and long-term thermally- 
aged materials confirms that their formation was either irradiation-induced or irradiation-enhanced. 
Since copper precipitation is observed in copper-containing steels aged at higher (-500 "C) 
temperatures, the formation of copper-rich clusters in material irradiated at - 300 "C could be 
attributed to simple radi'3:i?.r"-:fiaiarPed diffusion. However, the effect of thermal aging or 
irradiation on the other solutes (P, Ni, Mn and Si) that also segregate to these clusters is not well 
understood and the composition of copper-rich phase that ultimately evolves under irradiation 
could be different from that which would arise thermally. 

. 
I* 

The presence of these small copper-enriched clusters in the irradiated materials is consistent 
with the measured increase in the ductde to brittle transition temperature shift. The measured 
temperature shifts are 84 and 128 "C for the materials irradiated to 6 . 6 ~ 1 0 ' ~  and 3.47~10'~ n cm-' , 
respectively. The presence and the description of these neutron-induced features are also consistent 
with measurements done in previous work in similar steels [7,8]. 

CONCLUSION 

Microstructural characterization of long-term (- 100,000h) thermally-aged (300°C) and 
neutron-irradiated [up to 3 . 4 7 ~ 1 0 ' ~  n cm-2 (E>1 MeV)] surveillance materials obtained from the 
B & W Owners Group was performed. Although a general review of the thermal-aging data 
indicates that there may be some propensity toward embrittlement in sensitive materials [ 11, the 
materials examined here did not exhibit any significant embrittlement. However, it is important to 
determine if there are any changes in the composition of the matrix and if any ultra-fine precipitates 
had formed due to the thermal component of service environment only. If such changes had been 
observed. they would provide an early indication of the potential for thermal embrittlements at the 
longer (-300,OOOh) times associated with the vessel lifetime. 

Two welds, two plates and one forging material were investigated. The comparison 
between these materials permitted, for the first time, the investigation of a potential thermal aging 
effect. 

The atom probe microstructural studies indicate that there was no significant microstructural 
evolution after a long term thermal exposure at 300 "C. For example, the same copper level in the 
matrix was found before and after the long thermal aging treatment. In the two weld metals, a 
significant decrease of the copper level in the matrix over the nominal bulk composition was found 
and is due to coppr precipitation during the stress relief treatment. 
International workshop on aged and decommissioned material collection and testing for structural integrity purposes 
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Atom probe investigations of the microstructure of neutron-irradiated weld A surveillance 
materials (6 .6~10’~  and 3 .47~10’~  n cm-2 (E > 1 MeV) at -550 O F  (288 “C)) were also performed. 
A severe depletion of copper, as well as phosphorus, was observed in the matrix. In addition, a 
high number density of ultrafine intragranular Cu-, P-, Ni-, Mn- and Si- enriched clusters was 

consistent with the measured changes in mechanical properties (transition temperature shift). 
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. 
Table I : Chemical composition (bulk chemistry) of B & W Owners Group surveillance 

materials. 

Identification % Cu N i  Mn S i  P C S Mo Cr 

wt% 0.15 0.52 1.32 0.2 0.01 0.21 0.016 0.57 0.19 

at.% 0.13 0.49 1.33 0.39 0.018 0.97 0.028 0.33 0.20 
Plate A 

wt% 0.17 0.64 1.39 0.21 0.013 0.23 0.013 0.50 - 

at.% 0.15 0.60 1.40 0.41 0.023 1.06 0.022 0.29 - Plate B 

wt% 0.02 0.76 0.72 0.21 0.014 0.24 0.012 0.62 0.34 

at.% 0.017 0.72 0.72 0.41 0.025 1.11 0.021 0.56 0.36 
Forging 

wt% 0.28 0.59 1.49 0.51 0.016 0.09 0.016 0.39 0.06 

at.% 0.24 0.56 1.5 1.01 0.03 0.42 0.03 0.23 0.06 
Weld A 

wt% 0.30 0.58 1.63 0.61 0.017 0.08 0.012 0.39 0.10 

at.% 0.26 0.55 1.64 1.20 0.03 0.37 0.021 0.22 0.10 
Weld B 



Table II : Thermal history of as-received (reference) and long-term thermally-aged 
commercial alloys 

I 
Plate B A1 195-1 
HSST 02 t Forging ANK- 19 1 

Heat Treatment * Thermal-aging 
(=-received) condition 

Austenitized 899-927°C for 1 h /in., WQ 
Tempered 649°C for 1 h / in., AC 

Stress-relieved 593-62 1 "C for 29h, FC 

93,000 h 
Arkansas Unit- 1 

280°C 

Austenitized 829-913°C for 4h, WQ 
Tempered 649-677°C for 4h, FC 

Stress-relieved 593-621°C for 40h, FC 

93,000 h, 
Arkansas Unit- 1 

280°C 

Austenitized 854477°C for 4h, WQ 
Tempered 666-68872 for 10h, WQ 

Stress-relieved 593-62 1°C for 30h, FC 

103,000 h, 
Oconee Unit-3 

282 "C 
I 

93,000 h 
Arkansas Unit- 1 

280°C 
103,000 h 

Oconee Unit-3 
282 "C 

-.. c Stress-relieved 55. _ _ _  , ,ol 221 ,  FC 

Stress-relieved 593-621 "C for 30h, FC 

* (WQ = water quench, AC = air cool, FC = furnace cool) 



Table III : Chemical compositions (at.%) of the ferritic matrix determined by APFTM in 
reference (Ref) and long-term thermal-aged (Th-A) materials. 

compositions are, in each case, average of several experiments (eo) 

Table IV : Cementite composition in the Plate B Long term thermally aged material. 



' Element 
MO 
Cr 
C 

Table VI : Composition (at.%) of the weld A ferritic matrix after neutron-irradiation 

at.% 20 
63.6 16.7 
3.0 3.0 

33.4 I 16.4 

I Element I Fluence I Fluence 1 Bulk 1 
c u  

6 . 6 ~ 1 0 ' ~  n cm-2 3.5x1019n cm-' chemistry 
0.13 f 0.04 0.05f 0.01 0.24 (0.15)" 

* matrix level expected after the stress relief heat treatment, see Weld A in Table III 
Compositions are, in each case, average of several experiments. 

Table VII : Average cluster compositions and enrichment factors 

I c u  I P I Ni I M n f  Si 1 Cr I Mo I Fe 

Weld A : fluence 6 . 6 ~ 1 0 ' ~  n cm-' 

at.% I 7.8 I 1.2 I 4.2 I 4.9 I 1.5 I - I 0.5 I 79.5 
EnrFa* I 60 I 400 I 6.9 I 3.2 I 2 I 3 I - I - 

Weld A : fluence 3 . 5 ~  lOI9 n cm" 

at.% 1 5.1 0.5 5.1 I 5.2 I 2.9 0.1 0.3 80.6 
EnrFa* I 126 31 9 I 5 I 2 1.3 1.4 - 

d 
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Figure 2: Composition profile of a cluster analyzed in the Weld A 
neutron-irradiated (3.5~10'~ (E > 1 MeV)) material. . 
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