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ABSTRACT: The thermal annealing response of several materials as indicated by
Charpy transition temperature (TT) and upper-shelf energy (USE), crack initiation
toughness, K, predictive models, and automated-ball indentation (ABI) testing are
compared. The materials investigated are representative reactor pressure vessel (RPV)
steels (several welds and a plate) that were irradiated for other tasks of the Heavy-Section
Steel Irradiation (HSSI) Program and are relatively well characterized in the unirradiated
and irradiated conditions. They have been annealed at two temperatures, 343 and 454°C
(650 and 850°F) for varying lengths of time. The correlation of the Charpy response and
the fracture toughness, ABI, and the response predicted by the annealing model of Eason
et al. for these conditions and materials appears to be reasonable. The USE after
annealing at the temperature of 454°C appears to recover at a faster rate than the TT, and
even “over-recovers” (i.e., the recovered USE exceeds that of the unirradiated material).

KEYWORDS: annealing, fracture toughness, transition temperature, upper-shelf energy,
reactor pressure vessel steels

INTRODUCTION

One of the options to restore the toughness? properties of RPVs that have been
degraded by neutron irradiation is to thermally anneal the vessel. The toughness of

"Metals and Ceramics Division, Oak Ridge National Laboratory, P.O. Box 2008,
Oak Ridge, TN, 37831-6151, managed by Lockheed Martin Energy Research Corp. under
contract DE-AC05-960R22464 for the U.S. Department of Energy.

_ ’In this paper, fracture toughness denotes the properties measured by fracture
mechanics tests, e.g., K., and not the Charpy toughness.




in-service RPVs is generally monitored via USE and the shift in the 41-J transition
temperature (ATT,,,), determined by Charpy impact tests on surveillance specimens. The
research conducted by the HSSI Program at Oak Ridge National Laboratory (ORNL),
sponsored by the U.S. Nuclear Regulatory Commission (NRC), is investigating the
fracture toughness response to annealing and, in particular, to subsequent reirradiation, as
well as correlating toughness to properties determined by Charpy testing. Various factors
are known to affect the irradiated, annealed, and reirradiated (IAR) toughness behavior of
RPV steels, among which are the postweld heat treatment, copper content, and materials
with low initial USE. Another phenomenon to be investigated and described in this paper
is the “over-recovery” observed during annealing at 454°C for various time durations, in
which the USE of irradiated and annealed welds exceeded the values in the unirradiated
condition. To investigate the effect of all these variables on toughness would require a
very large matrix which would be prohibitively expensive. Consequently, it is necessary to
determine whether relatively simpler tests such as Charpy, ABI, and models, such as those
of Eason et al., can be used successfully as surrogates for fracture toughness testing. This
paper summarizes the correlations obtained to date.

DESCRIPTION OF MATERIAL USED

The commercially fabricated submerged arc-welds and plate used in this study are
commonly used in RPVs. These materials have been extensively characterized in their
unirradiated and irradiated conditions [1][2][3][4]. Large variations in the copper content
(from 0.14 to 0.49%) have been observed in welds fabricated using weld wire with copper
coating [S]. To avoid these large variations, HSSI weld 73W was commercially fabricated
with copper added to the weld wire melt, consequently this weld has a very small standard
deviation in copper content of 0.010%. The “undersized” 73W Charpy V-notch (CVN)
specimens used in part of this study were slightly smaller in one cross-sectional dimension
than standard full-size CVN specimens. The width of the “undersize” CVN specimens is
95% of full-size specimens, and for comparison to full-size specimens, the results have
been normalized as described below. The difference in the unirradiated CVN 41-J
(30-ft-Ib) transition temperatures (TT,, ;) between the full size and subsize specimens is
insignificant, but the USE of the subsize specimen is 87% that of the full-size specimen.
To partially account for such differences in material condition or geometry, the response
of all materials have been normalized with respect to the change due to irradiation, as will
be discussed below. Such normalization also helps in comparing materials with different
exposure, €.8., the subsize 73W CVN specimens were irradiated to average exposures
of 1.8 x 10" n/cm? (>1 MeV), while the full-size specimens were irradiated to
1.5 x 10" n/ecm? (>1 MeV). For the range of fluences and fluxes of this study, the impact
of fluence on the percent recovery of CVN properties is probably of secondary importance
compared to the effect of material chemistry, annealing temperature, and time. The
nominal irradiation temperature for all materials was 288°C.

Another commercial weld investigated is the Midland weld, designated WF-70.
The copper content varied from 0.21 to 0.46% with substantial variations in the
unirradiated 41-J transition temperature and upper shelf [3]. The average unirradiated




USE is 90 J, and this weld is classified as a “low USE weld.” Material from the nozzle
and beltline have been separated because the range in copper content is clearly

separable [3]. The other commercial welds investigated, designated HSSI welds 61W
through 67W, have chemistry and USE variations similar to those of the Midland weld [5].
Only one plate material has been investigated to date, Heavy-Section Steel Technology
(HSST) Program Plate 02 [6].

ANNEALING TEMPERATURES AND TIMES INVESTIGATED

Irradiated specimens were annealed at two temperatures, 343 and 454°C (650 and
850°F). These two temperatures have often been investigated as approximate lower and
upper bounds of annealing temperatures [7]. The 343°C temperature could be used for a
wet anneal. This is considerably simpler to perform than a dry anneal at 454°C since the
reactor internals would not have to be removed. One annealing time of 168 h was
investigated at the 343°C temperature and, as described below, the recovery of the TT for
some materials was insignificant, but in others the recovery was approximately 50%. In
the case of the subsize HSSI weld 73W, four annealing times varying from 1 day to
2 weeks (336 h) were investigated at a temperature of 454°C. The rest of the materials
were annealed at the two temperatures mentioned for 168 h.

The subsequent reembrittlement rate is as important as the degree of recovery.
The reembrittlement rate depends on, among other factors, material, irradiation and
annealing temperatures. For VVER-440 steels, after a relatively low temperature anneal
at 343°C, the reembrittlement rate compared to the initial rate was significantly
retarded [8]. For other materials annealed at 343°C for 168 h, relatively rapid
reembrittlement was observed [9]. Moreover, the relative ease of a wet anneal compared
to a dry anneal, makes the use of the low annealing temperature attractive. A Belgian
reactor, BR3, was annealed in 1984 at 343°C for 168 h and subsequently operated until
1987 [10]. In the American Society for Testing and Materials (ASTM) Standard Guide
for In-Service Annealing of Light-Water Cooled Nuclear Reactor Vessels (E 509-86),
there are two methodologies that bracket possible reembrittlement rates: the vertical shift
and the lateral shift. For the VVER-440 steels mentioned above, the reembrittlement rate
is closer to the vertical shift model. In a recent study by Hawthorne, the reembrittlement
rate after annealing at 454°C for 168 h as measured by the “Charpy transition temperature
increases were 22 to 43% of the increase produced by the first cycle irradiation
exposure” [11]. Very recent data [12] for HSSI weld 73W suggests that the
reembrittlement rate is bracketed between the lateral and vertical shifts. Due to the
relative ease of wet anneals, it is suggested that the reembrittlement rates be studied for
annealing temperatures of 343°C.

RESULTS

The recovery of CVN impact properties is measured by the change in values of the
Charpy USE and the 41-J transition temperature, TT, as a result of annealing and are
defined below. The values of the USE and TT were calculated from a nonlinear




regression fit of a hyperbolic tangent equation to the Charpy impact energy data. The
hyperbolic tangent equation is of the form: '

E - USE + LSE | USE-LSETanh(T—MTT), )
2 2 TZW/2
where
E = impact energy
USE and LSE = upper- and lower-shelf energy values, respectively,

T = test temperature,

MTT = mid-transition temperature, and,

TZW = transition zone width.

The LSE was prescribed to be 2.7 J, the average value obtained by testing five
submerged-arc welds at liquid nitrogen temperature of —-196°C [3]. The USE, MTT, and
TZW are fitting parameters.

The percent recovery of the Charpy properties are referenced to the shift in TT and
the drop in USE due to neutron irradiation. A 100% recovery would indicate that the
values of TT and USE after annealing have fully recovered their unirradiated values. The
percent recovery of the TT,,. is defined as the ratio of the residual transition temperature
shift after annealing to the shift due to irradiation:

TT, - TT,

% Recovery TT,, = ———=—>
TT. - TT .
1 unur

- 100 , )

where TT is the transition temperature at the 41-J energy level for the condition indicated
by the outer subscript. The percent recovery of the USE is defined in an analogous
manner;

USE, - USE,

% Recovery USE,, =
USE_ .. - USE,

- 100 . (3)

A representative response of Charpy energy to annealing at 454°C for 168 h of
HSSI weld 73W Charpy specimens in the unirradiated, irradiated, and irradiated/annealed
conditions is shown in Fig. 1. The three curves shown are the least-squares mean fits of
Eq. (1) to the experimental results. Also shown are the percent recoveries in USE and TT
computed from Egs. (2) and (3). The values used in either Eqgs. (2) or (3) are those
calculated from the mean curves. Details of the results of testing the undersize HSSI weld
73W may be found elsewhere [13]. The response of Charpy energy to annealing at 343°C
for 168 h of this same matenial is shown in Fig. 2, from which it may be seen that the USE
has recovered about 50% of the drop lost to irradiation, but the recovery of the TT,,; is
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insignificant. For the materials investigated, the recovery of the TT,,; due to annealing at
343°C ranged from insignificant to about 50% of the shift due to irradiation (see Fig. 3).

One of the results of this investigation is that annealing “over-recovered” the
USE, meaning that USE recovered to values greater than those of unirradiated specimens.
It is of interest to note that similar behavior was observed for the initiation toughness (J;.)
of irradiated welds [14].  Annealing, tempering, and aging effects are diffusion processes
where temperature is the dominant parameter and time at temperature is of secondary
influence. As part of the original fabrication procedure, HSSI weld 73W was postweld
heat treated at 607°C (1125°F) for 40 h, and thus exposure at the lower temperature of
454°C for 168 h would not be expected to have any effect. To determine whether this
increase in USE was due to irradiation, unirradiated specimens were also aged at 460 and
490°C, and an analogous over-recovery was also observed. Thus, over-recovery is not an
effect of irradiation only. The reasons for this phenomenon are still under investigation.
To compare the recovery of aged but unirradiated specimens to the before-aged condition,
the following definition could be used:

USE'
USEunirr

% Recovery USE' = - 100, (4)

where USE’ is the USE for the condition studied. By using Eq. (4), both unirradiated and
irradiated HSSI weld 73W appear to have overrecovered to about the same degree.

It should be noted that the USE recovers at a much faster rate than the TT. In
Fig. 4, the recovery of both these Charpy properties is compared for HSSI weld 73W for
various annealing times, and it appears both USE and TT recover initially at a relatively
fast rate. The TT then recovers at a relatively slow rate after annealing times of about
100 h, with diminishing returns, even for doubling the annealing time. In contrast, the
USE continues to recover at a significant rate, although at a much slower rate than the
initial recovery rate. The difference in recovery rates of the TT and USE for HSSI weld
73W is shown in Fig. 5. The faster recovery, and even over-recovery, of the USE
compared to that of the TT is significant when the annealing of RPVs is considered.
Although the mechanisms involved in each case are different, the implication is that if the
TT recovers, then there is a high probability that the USE has recovered at least as much,
or even more.

Wet annealing of an RPV at 343 °C should not be discounted as ineffective before
the annealing response of the critical material is investigated. The recovery of HSSI weld
73W was insignificant; however, the recoveries of the Midland weld and HSST Plate 02
due to thermal annealing at 343°C for 168 h were approximately 50 and 36%,
respectively. Thus, for such materials, a 343 °C wet thermal annealing temperature could
be considered. Even for the 343 °C anneals, the materials that exhibited a substantial
recovery in TT also recovered nearly 100% of the drop in USE that was lost due to
irradiation. This appears to have been the experience of other investigators, as depicted in
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Fig. 6, which has been compiled by ORNL from test reactor data [15]. This has been
further confirmed by results at ORNL [see Fig. 7(a)]. In the latter figure, many of the
materials recovered and, in some cases, overrecovered most of the USE lost due to
irradiation, but the shift in TT was never fully recovered after annealing at 343°C

[Fig. 7(b)].

It should be noted that overrecoveries of 300% of the USE such as those exhibited
by the Midland beltline weld [Fig. 7(a)] could be misleading unless the values of the
changes are closely examined. In the case of the Midland beltline weld, the recovery of
and drop in USE [the numerator and denominator of Eq. (3)], are about 26 and 9 J,
respectively, and a large portion of these changes could be due to scatter. The recovery as
defined by Eq. (4) is 119% in this case, which takes into account the change in USE
relative to the value of the USE in the unirradiated condition. The relative merits and
disadvantages of each of Egs. (3) and (4) have been discussed previously [13].

The comparisons of the predicted USE and TT due to thermal annealing to those
determined experimentally are shown in Fig. 8(a) and (b), respectively. The predictive
model used has been developed by Eason et al. [16] using available experimental data. It
should be noted that the experimental data shown in Fig. 8 were not available at the time
the model was developed, and thus do not form part of the database upon which the
model was based. In both Fig. 8(a) and (b), experimental data that fall on the solid line
would indicate that the model gives a perfect prediction. The other two dash-dot-dot lines
in each figure are twice the margins of standard errors in the model,* 2 S, as given by
Eason et al. Due to the uncertainty in the copper content of the material, a range of
predicted values corresponding to the range in copper content is shown as a vertical bar
through the data points for the Midland weld with “caps” on each end. Thus, the models
predict both USE and TT within 2 S, or are conservative in prediction, namely,
underpredict the USE or overpredict the TT.

In the case of toughness testing in the transition temperature range, the following
relationship between the median fracture toughness for 1T C(T) specimens in the
transition region, K; .4, and temperature is used:

K =30 + 70 exp [0.019(T - Ty)], ()

Jo(med)

3The standard error (an abbreviation of “standard error of the mean”) is a statistic
that quantifies the certainty with which the mean computed from a random sample
estimates the true mean of the population from which the sample was drawn. This is
different from the “sample standard deviation.”
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where T, is a reference temperature which, together with K;.4, is obtained using
procedures that are in the process of being developed into an ASTM standard. The
differences between the respective T, values are used as measures of the effect of
annealing. A typical result is shown in Fig. 9(a), which shows three sets of Ky, curves
for each of the unirradiated, irradiated and annealed conditions. Detailed results have been
published [17]. In Fig. 9(b), the corresponding Charpy results are shown, and it may be
seen that the recovery of either toughness or Charpy energy, are within errors of scatter,
comparable. Figure 10 compares for base metal HSST Plate 02 material the TT shift of
either Charpy energy or T, in irradiated and annealed conditions. The recovery due to
thermal annealing at 454°C is large, but that at 343 °C is somewhat inconsistent; in one
case, the recovery of the Charpy energy is significant, but in another, the recovery of
toughness is not.

The ABI technique [18] was also used to determine the extent of recovery.
Figure 11 shows the true stress versus true plastic strain derived from the ABI test on
HSST Plate 02 in the unirradiated, irradiated, and two annealed conditions at 343 and
454°C. The recovery due to annealing at 454°C appears to be complete; the true stress
versus true plastic strain curve derived from the ABI test on HSST Plate 02 annealed at
454°C is indistinguishable from that of the unirradiated material, which compares
reasonably well with the TT and USE for the same material (Fig. 7).

As a second example of the use of the ABI technique, the ABI-deduced yield
strength was measured on five irradiated specimens of various low USE welds [5].
These five specimens were then annealed at 454°C for 168 h, and the ABI-deduced yield
strength was then measured again on the same five specimens. The percent recovery,
calculated in the same manner as percent recovery of the Charpy TT, using the changes in
ABI-deduced yield strength in place of TT in Eq. (2), ranged from about 60 to 100%.
Figure 12 shows the changes in the ABI-deduced yield strength due to irradiation and
subsequent annealing, since the absolute values of the changes are useful in evaluating the
extent of change in the ABI-deduced yield strength. The values of irradiated and annealed
tensile yield strengths for these specimens are unavailable.

SUMMARY

The correlation among the various measures of the annealing response for the
materials and conditions investigated in this paper seems to be reasonable. In particular:

1. The USE recovers at a faster rate than the TT for all the materials investigated.

2. The USE over-recovers for thermal annealing at 454°C, but TT recovery was
never equal to nor better than 100%.

*Determination of Reference Temperature, T, for Ferritic Steels in the Transition
Range, Draft 13, Task Group E08.08.03 on Ductile-Brittle Transition, American Society
for Testing and Materials, Philadelphia, 1996.
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FIG. 10--Comparison of the shifts in median fracture toughness and transition
temperatures of HSST Plate 02 in the unirradiated, irradiated and irradiated/annealed -
conditions.

3. The annealing model of Eason et al. appears to predict, within twice the error,
conservatively both the USE and the TT.

4, For the limited number of fracture toughness tests performed to date, the recovery
of the fracture toughness and Charpy energy is similar. More testing is planned.

5. The ABI technique also offers a relatively inexpensive method to perform
extensive investigations to screen the hardening and yield strength response of
various materials to IAR.

Since fracture toughness based on fracture mechanics is the fundamental property
that is used in integrity evaluations, Charpy and ABI testing can only be used as
approximate indicators of IAR response, and ultimately the results must be confirmed
using fracture toughness testing.
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FIG. 11--The ABI-deduced true-stress versus true strain for HSST Plate 02 in the
unirradiated, irradiated, irradiated/annealed conditions.
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FIG. 12--Comparison of ABI-deduced yield strength of various low USE welds in
the irradiated and irradiated/annealed conditions.
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