T jourgalof
7 nuclear
material

ELSEVIER

Journal of Nuclear Materials 257 (1998) 199-205

Letter to the Editors

Effect of microstructure on the susceptibility of a 533 steel to
temper embrittlement

S. Raoul **, B. Marini , A. Pineau °

& CEA- CEREM, Service de Recherches Métallurgiques Appliquées, 91191 Gifl Yvette cedex, France
Y Centre des Matériaux, Ecole des Mines, UMR CNRS 7633, BP 87, 91003 Evry cedex, France

Received 19 May 1998; accepted 29 June 1998

Abstract

In ferritic steels, brittle fracture usually occurs at low temperature by cleavage. However the segregation of impu-
rities (P, As, Sn etc...) along prior y grain boundaries can change the brittle fracture mode from transgranular to in-
tergranular. In quenched and tempered steels, this segregation is associated with what is called the temper-
embrittlement phenomenon. The main objective of the present study is to investigate the influence of the as-quenched
microstructure (lower bainite or martensite) on the susceptibility of a low alloy steel (A533 cl.1) to temper-embrittle-
ment. Dilatometric tests were performed to determine the continous-cooling-transformation (CCT) diagram of the
material and to measure the critical cooling rate (V) for a martensitic quench. Then subsized Charpy V-notched
specimens were given various cooling rates from the austenitization temperature to obtain a wide range of as-quenched
microstructures, including martensite and bainite. These specimens were subsequently given a heat treatment to develop
temper embrittlement and tested to measure the V-notch fracture toughness at —50°C. The fracture surfaces were
examined by SEM. It is shown that martensitic microstructures are more susceptible to intergranular embrittlement
than bainitic microstructures. These observed microstructural influences are briefly discussed. © 1998 Published by

Elsevier Science B.V. All rights reserved.

1. Introduction

It is now well established that an important source of
scatter in the fracture toughness properties of low alloy
steels (A 508, A 533) used in nuclear industry arises from
the presence of small areas of low toughness called
‘ghost lines’. These local brittle zones which result from
the segregation phenomenon associated with ingot so-
lidification have a composition in alloying elements (C,
Mn, Ni, Mo) and in impurities (P, S) different from the
matrix. The alloying elements control the hardness and
the microstructure of these segregated zones which tend
to have a martensitic microstructure while the micro-
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structure of the matrix material is bainitic. Moreover
these local brittle zones contain increased amounts in
impurities such as P, Sn, As which promote intergran-
ular fracture when they are segregated along prior vy
grain boundaries [1-4]. In a limited number of studies, it
was also shown that in these steels, the susceptibility to
intergranular embrittlement was also an increasing
function of cooling rate [5,6]. This would suggest that
martensitic microstructures resulting from these in-
creased quenching rates are more susceptible to temper-
embrittlement. However, to the knowledge of the au-
thors, this suggestion has not been proved. This is why
in the present study we have concentrated on the effect
of as-quenched microstructures on temper-embrittle-
ment and intergranular fracture. This study was carried
out on an A 533 steel with a reasonably homogeneous
composition which was submitted to a wide range of
cooling rates in order to develop widely different mic-
rostructures.
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2. Experiments, results and discussion

The plate of A 533 cl.1 material used in the present
study was investigated within the context of the
AIEA-JRQ program. The material composition is
given in Table 1. The relatively large amount in P
impurity which is well known to promote temper-em-
brittlement effect has to be noticed. The grain size of
the material in the as-received condition was approx-
imately 20 pm.

Various heat treatments as indicated in Fig. 1 were
applied to this material. Dilatometric experiments which
are described below were carried out to determine the
continous-cooling-transformation (CCT) diagram. As
indicated schematically in Fig. 1, subsized Charpy V-
notched specimens (16 x 3 x 2.2 mm?) were submitted
after austenitization and phase transformation to a
tempering heat treatment followed by a step-cooling
heat treatment which is known to promote temper-em-
brittlement effect.

2.1. Dilatometric measurements

The austenitization treatment and the various cool-
ing rates () were carried out with an Adamel-Lhomargy
high speed dilatometer (DT1000). This computer con-
trolled equipment allowed us to investigate the effect of
cooling rate from 1100°C over the range between
0.02°C/s and 50°C/s. The dilatometric specimens
(16 x 3 x 2.2 mm?) were cut in the plate with the length
parallel to the rolling direction. All these dilatometric
tests were performed under a helium atmosphere in or-
der to avoid any decarburization. The heating rate from
room temperature up to 1100°C was kept constant and
equal to 10°C/s for all the specimens, while the austen-
itization time was 4 h. This resulted in a prior austenite
grain size of approximately 150 pum.

The CCT diagram obtained with this equipment is
shown in Fig. 2 where it is observed in particular that
the bainitic transformation occurs over a wide range of
low cooling rates.

Table 1
Chemical composition (wt %)
C Mn Si Cr Ni Mo S P
0.2 1.38 0.25 0.15 0.83 0.49 0.009 0.017
Cu Al As Sn Sb Ti Nb \Y
0.14 0.024 0.0017 <0.0005 0.0006 0.005 0.006 0.005
dilatometric measurements
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Fig. 1. Heat treatments performed on the JRQ steel and dimensions of the subsized Charpy V-notched specimens.
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Fig. 2. CCT diagram for the JRQ steel after austenitization { h at 1100°C.

In this figure, it is noticed that the critical cooling rate
(V.) to obtain martensite is about 3°C/s. Typical bainitic
and martensitic microstructures obtained with different
cooling rates located on both sides of V. are shown in
Fig. 3.

2.2. Temper-embrittlement

All the specimens were first tempered at 630°C for 2
h. For that purpose, the specimens were vacuum en-
capsulated in quartz tubes. These capsules were quen-
ched in a cold water bath after the end of the tempering
heat treatment. Then, the specimens were given the step-
cooling heat treatment as indicated in Fig. 1. After these
heat treatments, light optical examinations were per-
formed using Nital 2% etching. Typical micrographs are

shown in Fig. 4 where it is observed that the prior
austenite grain boundaries cannot be evidenced when
the material has been submitted to a martensitic quench
while the grain boundaries are easily revealed in the
bainitic microstructure.

The Vickers hardness (30 kg) of the tempered speci-
mens was measured and compared to that of the as-
quenched microstructures. The results shown in Fig. 5
clearly indicate that only martensitic microstructures
exhibit a pronounced softening effect associated with the
tempering heat treatment.

2.3. Notch fracture toughness

The dilatometric specimens were V-notched
(depth=0.75 mm; V,pge =60°; notch tip radius=0.1

Fig. 3. Light-optical micrographs of the JRQ steel after cooling at (a) 0.5°C/s (bainite) and (b) 10°C/s (martensite).
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Fig. 4. Light-optical micrographs of the JRQ steel after tempering and step-cooling treatment at (a) 0.5°C/s (bainite) and (b) 10°C/s

(tempered martensite).
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Fig. 5. Vickers hardness (30 kg) after tempering and step-cooling vs. cooling rate.

mm) to produce susbsized V-notched impact specimens
(Fig. 1). These notched specimens were tested at —50°C
which is a temperature in the brittle range at the onset of
the brittle-ductile transition. The notch fracture tough-
ness (Kcy) was measured. SEM observations were made
on the fracture surfaces to determine the fraction area of
intergranular (;) and cleavage modes. Fig. 6 shows
these results which were fitted with the following ex-
pression:

Kcv(e'),lf(é) —a+p tanh((éféo)/é), (1)

where the values of the four parameters, o, f3, 90 and o
are given in Table 2.

In Fig. 6, it is noted that in spite of the scatter, there
is a transition both in the notch fracture toughness and
in the fracture mode. This transition corresponds to a
cooling rate (=2 1°C/s) which is very similar to the crit-
ical cooling rate, V., determined previously for mar-
tensitic quenching microstructure. This clearly shows
that in this material, martensite is much more suscepti-
ble to intergranular temper-embrittlement effect than
bainite.
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Fig. 6. Toughness and intergranular fraction area vs. cooling rate; tests at —50°C.

Table 2
Fitted parameters for K., and Iy with Eq. (1)

o B 0y (°Cls) 3
Key 3.65 2.03 —-0.755 -2.33
Iy 43.47 44 0.83 0.28

2.4. Fracture surface examination

Typical fracture surfaces corresponding to 100%
cleavage associated with bainite produced by a low

cooling rate (0.2°C/s) and to 100% intergranular ob-
tained with martensite formed at a higher cooling rate
(4°C/s) are shown in Fig. 7. These observations are
similar to those reported by other authors [5-7]. But
here, it is clearly shown that this modification in fracture
mode with cooling rate is associated with a change in
microstructure from bainite (9 =~ 3°C/s) to martensite
(6 = 3°Cfs). Here it should be indicated that this tran-
sition in fracture modes may be slightly different in other
heats of the same family, depending on small composi-
tional modifications or austenitizing conditions. Larger

Fig. 7. SEM fractographs of V-notched-Charpy fractured specimens tested at —50°C for two different tempered-step-cooled micro-
structures: (a) 0.2°C/s (100% cleavage); and (b) 4°C/s (100% intergranular).
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variations in the critical cooling rate (V.) are expected
locally in the ghost lines of strongly segregated materials
since the examination of the local composition indicates
significant variations [8].

2.5. Fracture surface analysis

Auger electron spectroscopy (AES) studies of grain
boundary segregation in steels have been made over the
last past 20 years in order to identify the trace elements
responsible for temper-embrittlement [9,10]. It has been
shown that phosphorus is mainly responsible for tem-
per-embrittlement.

In the present study, AES analyses were made on
intergranular fracture surfaces obtained on the material
cooled at 4°C/s, tempered and step-cooled. Double
notched specimens with a cross section of 3 x 1 mm?
were used. These specimens were cooled in the AES
chamber to approximately —50°C before being broken
by impact bending inside the analysis chamber (vessel
back pressure less than 10~% Pa). Fracture surfaces were
examined using secondary electron images. AES ana-
lyses were made on many (12) facets. A cylindrical
mirror analyzer (OPC 105-RIBER) was used with a
coaxial electron gun operating at 2.5 keV primary beam
energy with a 30° incidence to the sample normal onto a
30 um diameter area. Conventional derivative spectra
similar to that shown in Fig. 8 were obtained with a 3 V
modulation voltage applied to the analyzer. Taking into
account the measurements errors, no difference was
observed between the different facets in a specimen. As
shown in Fig. 8, the segregation of phosphorus and

molybdenum was clearly observed. Manganese, sulfur
and arsenic were not detected in spite of their bulk
content. The segregation coverage 2¢ was defined as the
surface fraction of the homogeneous alloy covered by
segregated atoms (P and Mo). Assuming an equal par-
tition of elements between the fracture surfaces, we fi-
nally evaluate the mean phosphorus coverage as
2¢ = 50% and the molybdenum coverage 2¢ = 13%.

Further observations of the fracture surfaces were
made using field emission scanning electron microscopy
observations of intergranular facets. These observations
showed numerous submicronic particles along grain
boundaries as shown in Fig. 9. TEM analysis of these
particles using carbon replicas showed that they cor-
respond to Mo,C carbides.

Further studies are underway to understand in more
detail these observations. It is suggested that martensitic
microstructures formed within the prior y grain contain
essentially low angle grain boundaries between the var-
ious packets while in the bainitic microstructure a larger
amount of large angle grain boundaries may be found.
This might explain at least qualitatively our observa-
tions since in the martensitic microstructures the impu-
rities are expected to essentially segregate along the prior
austenite grain boundaries, while in the bainitic micro-
structure the density of sinks for impurity segregation
will be larger due to the presence of large angle grain
boundaries and therefore the intensity of impurity seg-
regation will be lower. EBSD observations will be made
shortly since it has been recently shown that this tech-
nique may be appropriate to determine the orientation
between the packets in bainitic and martensitic steels
[11].
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Fig. 8. Auger spectrum from an intergranular fracture area of the embrittled microstructure.
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Fig. 9. High resolution SEM image of an intergranular fracture showing the distribution of small molybdenum carbides.

3. Conclusions

It can be concluded from the present study that the
tempered martensitic microstructures are more suscep-
tible to intergranular embrittlement than the bainitic
ones for a low alloy steel containing a significant
quantity of phosphorus. For the intergranular embrit-
tlement, the phosphorus segregation is mainly respon-
sable for the embrittlement and molybdenum plays
perhaps an important role via the presence of colonies of
submicronic carbides on intergranular facets. One can
make the assumption that the bainitic phase transfor-
mation drags the phosphorus atoms in the high angle
interlaths boundaries, and then phosphorus is less sus-
ceptible to diffuse to prior y grain boundaries. On the
contrary, the high coincidence lath and packet bound-
aries in martensitic microstructures let the phosphorus
free in the matrix. This impurity can then segregate to
prior vy grain boundaries. A second explanation for these
results may lie upon the tempering treatment effect on
carbide precipitation in the martensitic microstructure
which is susceptible to drag phosphorus to defects sinks
like the prior y grain boundaries.
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