
Materials Science and Engineering A327 (2002) 76–79

Effect of stress relief temperature and cooling rate on pressure
vessel steel welds

M.K. Miller a,*, S.S. Babu b, M.A. Sokolov c, R.K. Nanstad c, S.K. Iskander c

a Microscopy and Microanalytical Sciences Group, Metals and Ceramics Di�ision, Oak Ridge National Laboratory, P.O. Box 2008,
Building 5500, Oak Ridge, TN 37831-6136, USA

b Materials Joining and Nondestructi�e Testing Group, Metals and Ceramics Di�ision, Oak Ridge National Laboratory, Oak Ridge,
TN 37831-6096, USA

c Fracture Mechanics Group, Metals and Ceramics Di�ision, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6151, USA

Abstract

The compositions of the matrices of welds in a pressure vessel steel have been determined by atom probe tomography after a
series of stress relief treatments. The weld had a bulk composition of Fe–0.29 at.% Cu–1.69 at.% Mn–0.54 at.% Ni–0.69 at.%
Si–0.25 at.% Mo–0.08 at.% Cr–0.38 at.% C–0.022 at.% P–0.017 at.% S and was characterized in the as-welded state, after stress
relief treatments of 24 h at 650 °C, 24 h at 610 °C, and 100 h at 580 °C followed by slow cooling to room temperature and after
24 h at 650 °C and 24 h at 610 °C followed by fast cooling to room temperature. Lower stress relief temperatures and slower
cooling of the material from the stress relief temperature to room temperature both reduce the copper level in the matrix and
should lead to less embrittlement during service in a nuclear reactor. Published by Elsevier Science B.V.
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1. Introduction

The copper content of welds in pressure vessels is one
of the key parameters that determine the amount of
embrittlement that occurs during service in a nuclear
reactor. Atom probe field ion microscopy has estab-
lished that the copper that remains in the matrix after
the stress relief treatment forms a high density of
ultrafine body centered cubic copper-enriched precipi-
tates that are also enriched in nickel, manganese, silicon
and phosphorus [1–7]. These copper precipitates are
one of the primary microstructural features that cause
embrittlement. Extrapolation of high temperature solu-
bility data and thermodynamic predictions indicate that
the solubility of copper in the matrix changes relatively
rapidly over the temperature range (�575 to �
650 °C) that is normally used to relieve the stresses in
the pressure vessel before service. Therefore, the tem-
perature and the cooling rate after stress relief treat-
ment should influence the level of copper in the matrix

and hence the degree of embrittlement. In this paper,
the influence of these parameters on the copper level in
the matrix has been investigated by atom probe tomog-
raphy [8].

2. Experimental

The high copper weld (test plate 002 A with a Linde
80 flux) used in this study has a bulk composition of
Fe–0.29 at.% Cu–1.69 at.% Mn–0.54 at.% Ni–0.69
at.% Si–0.25 at.% Mo–0.08 at.% Cr–0.38 at.% C–
0.022 at.% P and 0.017 at.% S. The material was
characterized in the as-welded state and after the fol-
lowing three heat treatments: (A) 24 h at 650 °C; (B) 24
h at 610 °C; and (C) 100 h at 580 °C. The tempera-
tures were controlled to a level of �2 °C. Following
each of these isothermal heat treatments, the material
was slow cooled at a rate of 8 °C h−1 to room temper-
ature (25 °C). This cooling rate is typical of that experi-
enced by a 150 mm-thick section of a pressure vessel. In
order to evaluate the influence of the cooling rate after
the stress relief treatment, some material was examined
after heat treatments of 24 h at 650 °C and 24 h at
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Table 1
Thermodynamic predictions of the compositions of the co-existing phases at different temperatures

Ni Si MoCr Mnat.% Cu Fe

0.54 0.69 0.25 1.690.08 0.291Bulk Balance

Matrix650 °C 0.08 0.54 0.69 0.25 1.69 0.290 Balance
�-cu Not present

0.08 0.54 0.69 0.25Matrix 1.69610 °C 0.248 Balance
�-cu 0.00 0.54 0.00 0.81 4.22 94.121 0.30
Matrix580 °C 0.08 0.54 0.69 0.25 1.69 0.185 Balance

0.00 0.59 0.00 0.90�-cu 4.69 93.579 0.24
0.08 0.54 0.69 0.25 1.68 0.046 Balance454 °C Matrix
0.00 0.93 0.00 1.50 7.09 90.403 0.08�-cu

610 °C followed by water quenching to room tempera-
ture. In order to evaluate the effect of a typical post-ir-
radiation treatment, some material was also examined
after a heat treatment of 24 h at 610 °C, slow cooled to
room temperature and 168 h at 454 °C and slow cooled
to room temperature.

The subsize Charpy specimens were tested on a spe-
cially modified pendulum-type instrumented impact
machine. Specimens have a length of 25.4 mm (1 in.), 3
by 4-mm cross-section, with a 60° notch 1 mm deep and
a root radius of 0.1 mm. The span (i.e. the minimum
distance between the radii of the anvils) was 20 mm.
The ductile-to-brittle transition temperature (DBTT)
was determined at the half of the upper shelf.

The composition of the matrix of each of these heat
treatments was determined in an energy-compensated
optical position-sensitive atom probe [8]. The experi-
mental conditions used for atom probe analysis were a
specimen temperature of 50 K, a 20% pulse fraction
and a pulse repetition rate of 1500 Hz.

3. Thermodynamic predictions

The predicted equilibrium compositions of the co-ex-
isting phases were determined with the use of Thermo-
calc™ version M and the SSOL database. In these
calculations, the alloy composition was Fe–0.29 at.%
Cu–1.69 at.% Mn–0.54 at.% Ni–0.69 at.% Si–0.25
at.% Mo–0.08 at.% Cr. The results of the thermody-
namic predictions are summarized in Table 1. These
predictions indicate that the copper in the material is
lower than the solubility limit at 650 °C of the body
centered cubic ferrite matrix and no face centered cubic
�-copper precipitates are formed. The �-copper precipi-
tates were predicted to form at 626 °C and lower
temperatures for this alloy composition. As expected,
the copper content of the ferrite matrix decreases with
decreasing temperature, as shown in Fig. 1. The curva-
ture of the phase boundary in the temperature range
500–650 °C indicates that small changes in the temper-

ature will significantly influence the level of copper in
solution in the matrix. The manganese, nickel, silicon,
molybdenum and chromium contents of the matrix do
not change significantly with temperature.

The copper and iron contents of the �-copper precip-
itates were also predicted to decrease and the man-
ganese, nickel and molybdenum levels increase with
decreasing temperature. No silicon or chromium solu-
bility was predicted for the �-copper precipitates.

Fig. 1. The predicted and measured copper concentrations of the
matrix after different stress relief treatments.

Table 2
Transition temperatures of the different heat treatments

Transition temperatureHeat treatment
(°C)

24 h at 650 °C, slow cooled −55
24 h at 610 °C, slow cooled −55
100 h at 580 °C, slow cooled −51

−7224 h at 610 °C, fast cooled
−3724 h at 610 °C, slow cooled+168 h at

454 °C
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4. Results and discussion

The transition temperature results of the different
heat treatments are given in Table 2. No significant
differences were found in the transition temperature
among the materials annealed for 24 h at 650 °C, 24 h
at 610 °C and 100 h at 580 °C and slow cooled to
room temperature. These results are consistent with
those from similar pressure vessel steels in the embrit-
tlement database (EDB) of mechanical properties [9].
Annealing the 610 °C material for the additional 168 h
at 454 °C produced an unexpected small increase in the
transition temperature and a previously observed in-
crease in the upper shelf energy [10].

The results of the measured copper concentrations in
the matrix of this weld are shown in Fig. 1. For ease of
representation, the temperatures used in this plot for
the slow cooled materials are the isothermal annealing
temperatures. However, it should be noted that signifi-
cant time is spent at lower temperatures. In addition,
the bulk copper level in the as-welded material was
measured by the traditional chemical methods and the
copper level in the matrix of the as-welded material was
measured by the atom probe and are included in Fig. 1.

The copper content in the matrix of the as-welded
material was found to be slightly higher than the bulk
composition. This small increase is due to the presence
of coarse carbides, which have little or no copper
solubility. A small reduction from the bulk copper level
was measured in the matrix of the material aged for 24
h at 650 °C and water quenched. This result indicates
that high stress relief temperatures (�625 °C) are not
effective in significantly reducing the matrix copper
levels in high copper welds (i.e. greater than 0.29 at.%
Cu). The copper content in the matrix of the material
aged for 24 h at 610 °C and fast cooled to room
temperature was slightly lower than that of the similar
650 °C annealed material and the copper level was in
excellent agreement with the thermodynamic predic-
tion. In accordance with the thermodynamic predic-
tions and the phase diagram, it is evident that a lower
stress relief temperature reduces the copper in solution
in the matrix and therefore the amount of copper
available for the formation of copper-enriched precipi-
tates during neutron irradiation.

A comparison of the fast and slow cooled conditions
at 650 °C reveals that the copper level in the matrix is
significantly lower in the slow cooled materials. In
addition, the copper levels in all the three slow cooled
materials were lower than the thermodynamic predic-
tions for the isothermal annealing temperatures. These
decreases are due to the additional time spent at ele-
vated temperature during slow cooling while significant
solute diffusion and precipitation of �-copper can oc-
cur. As the copper found in the matrix of this type of
steel after neutron irradiation to a fluence of �2×1023

m−2 is typically �0.05 at.% Cu, the slow cooling
reduces the amount of copper available in the matrix to
form body centred cubic copper-enriched precipitates
by �15 and �7% for the 650 and 610 °C materials,
respectively. Consequently, this lower copper level will
also reduce the amount of embrittlement due to the
lower number density of copper-enriched precipitates.
It is therefore important to take the full heat treatment
into account when comparing embrittlement data. In-
terpretation of data from the EDB should be based on
the matrix copper concentration rather than the bulk
copper content for pressure vessel steels with copper
contents greater than the solubility limit at the effective
stress relief temperature.

A comparison of the material annealed for the typi-
cal post-irradiation treatment of 168 h at 454 °C to the
material annealed at 24 h at 610 °C reveals a small but
beneficial decrease in the copper level in the matrix. As
the measured copper content was significantly higher
than the thermodynamic prediction, the 168 h at
454 °C was insufficient to reach the equilibrium com-
position due to the low diffusion rates at this low
temperature.

5. Conclusions

This atom probe tomography study has demon-
strated that a lower stress relief temperature and slow
cooling the material from the stress relief temperature
to room temperature both reduce the copper level in
the matrix of pressure vessel steels. This lower matrix
copper level will consequently decrease the number of
copper-enriched precipitates that form during irradia-
tion and thereby the level of embrittlement of the steel.
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