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A nuclear reactor pressure vessel steel was submitted to different annealing heat treatments
aimed at simulating neutron irradiation damage. The obtained microstructures were mechanically
tested with subsequent metallographic and fractographic characterization. The relevant micro-
structural and fractographic aspects were employed in the interpretation of the mechanical behavior
of the microstructures in both quasi-static (J-R curve) and dynamic (Charpy impact) loading re-
gimes. A well defined relationship was determined between the elastic-plastic fracture toughness
parameter J-integral and the Charpy impact energy for very most of the microstructures.
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1. Introduction

The manipulation of structural materials in the as-irra-
diated state is a costly, time consuming and hazardous ac-
tivity. The simulation of neutron damage inducing changes
on the mechanical behavior of alloy steels through heat treat-
ment is a recent technology1-4 towards the development of
laboratory testing methodologies for the nuclear industry,
as well as to hydrotesting of prototype and full-scale pres-
sure vessels. In Part I of this work, a nuclear grade steel is
submitted to seven different annealing heat treatments,
aimed at obtaining a variety of elastic-plastic fracture tough-
ness in both the quasi-static (J-R curve) and dynamic
(Charpy impact) regimes. The relevant microstructural and
fractographic aspects exhibited by the materials are em-
ployed in the interpretation of their mechanical behaviors
in both quasi-static and dynamic loading conditions. On
these bases, the feasibility of simulating neutron damage
through heat treatments is then assessed. In Part II5, addi-
tional quenched and tempered (Q&T) microstructures are
evaluated in the same way as the annealed materials.

2. Material

The Brazilian ASTM A508 Class 3A steel is a typical
reactor pressure vessel material for the nuclear industry. The

deliberately thermally embrittled microstructures of this steel
(chemical composition in Table I), were obtained through
annealing heat treatments by using different soaking times
and temperatures. The result was a broad microstructure
spectrum, exhibiting a wide range of fracture toughness
systematically inferior to the material in the original condi-
tion. Figure 1(a) shows the thermal cycle applied to the steel
for the as-delivered condition (original microstructure
named A), including the simulated post-welding heat treat-
ment (PWHT). Figure 1b shows the resultant microstruc-
ture, composed of a ferritic matrix (light areas), with finely
dispersed granular carbides (dark areas), rendering to it the
nomination of granular or globular bainite6. This single-
phase microstructure presented an average grain diameter
of 19 µm (8.5 micrograin ASTM number).

3. Experimental

Heat Treatment

The embrittling thermal cycles applied to the A508 steel
are presented in Fig. 2. The resultant microstructures, nomi-

Table I. Chemical composition of the A508-3A steel; wt%.

C Si Mn Ni Mo Cr Al P S

0.19 0.24 1.30 0.72 0.51 0.03 0.012 0.007 0.009
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nated B-H, were evaluated along with the original micro-
structure, A.

Quasi-static and Dynamic Fracture Toughness

J-R curve testing7 were carried out at 300 °C through
the elastic compliance technique, using miniaturized com-
pact tensile specimens, 5 mm and 10 mm-thick8. They were

fatigue precracked to a nominal 0.5 a0/W ratio, where a0 is
the initial crack length and W is the specimen width, and
side-grooved to 33% of their gross thickness, BG. From the
J-R traces, the rate of increase on the J-material’s cracking
resistance, dJ/d∆a(1 mm), was derived for a 1 mm of crack
growth, ∆a8.

Type-A bend bar Charpy testpieces9 were prepared simi-
larly to J-specimens. They were impacted at 300 °C in an
instrumented testing machine using a 300 Joules hammer
travelling at a speed of 5.5 m/s. The absorbed energy was
digitally recorded, which accounted for energy losses due
to friction, windage and specimen tossing, i.e. the net ab-
sorbed energy was obtained. The impact energy was then
tentatively correlated to the parameter dJ/d∆a(1 mm) above
described.

Metallography and Fractography

The average grain diameters and phase percentage of
the embrittled microstructures were determined using a com-
puterized image analyzer. The fracture surface survey was
performed in a scanning electronic microscope equipped
with a probe, for chemical microanalysis.

4. Results

Metallography

It can be noticed in Fig. 3 that the microstructures ob-
tained from the annealing heat treatments contain two dis-
tinct phases, comprising a mixture of nearly equiaxial ferritic
grains (light areas) and globular low carbon bainite (dark
areas). Bainite gets more refined as the austenitizing time

Figure 1. a) Original thermal cycle; b) A508 steel in the as-received condition (A). Etching: Nital 2%.

Figure 2. Thermal cycles corresponding to the seven annealing
heat treatments, B-H.

(A)
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Figure 3. All the embrittled microstructures obtained from individual annealing heat treatments of the A508 steel. a) Thermal cycle B, b)
C, c) D, d) E, e) F, f) G and g) H. Etching: Nital 2%.
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and temperature rise simultaneously (except for H), as real-
ized by the marked alignment of the carbide particles, i.e,
acicularization of the structure as one goes from microstruc-
ture B to H. This microstructural change was brought about
by the increase of the hardenability of the annealed micro-
structures, as promoted by the increasing austenite grain
size. The B and C microstructures, Figs. 3a and 3b, are quite
banded in the hot-work (forging) direction, but banding is
relieved as the annealing become more severe (from B to
H). The H and, in less extent, the G microstructure, Figs. 3g
and 3f, are constituted of large grains of refined bainite,
surrounded by ferritic grains grown along the prior austenite
grain boundaries. It can be noted that ferrite exhibits a mod-
est average grain size compared to bainite, but a larger grain
size distribution than the latter.

Table II shows that, as expected, both ferritic and bainitic
grains grow rapidly with the annealing severity. Compar-
ing G to the H microstructure, Figs. 3f e 3g, it can be con-
cluded that the effect of the austenitizing temperature on
the final grain sizes is much more pronounced than the soak-
ing time at that temperature. It can be seen, from B to F
microstructures, Figs. 3a to 3e, that the proportion between
the phases ferrite/bainite is kept almost constant, of about
1:1. However, for the G and H microstrucures, Figs. 3f and
3g, it can be noticed a striking increase in the bainitic grain
size with austenitizing temperature and, in a much less ex-
tent, in the ferritic grain dimension. This corroborates the
overwhelming effect of both austenitizing time and tem-
perature, notably on these high temperatures levels here
established, on the grain growth rate. Under these condi-
tions, it can be realized as well the increase of the volume
occupied by the bainite phase at expenses of the pro-
eutectoid ferrite. This allows one to infer the remarkable
effect of the prior austenite grain size in rising the
hardenability of the alloy during its phase transformation,
thus preventing the pro-eutectoid ferritic phase from being
generated.

Fractography

As seen in Fig. 4b, the microstructure B presents a frac-
ture surface with fully ductile aspect developed by nuclea-
tion, growth and coalescence of microvoids under quasi-
static loading conditions. It can be noticed that the dimples
size distribution is quite narrow, 100 µm maximum esti-
mated diameter. Only few and spaced second phase parti-
cles, 30 µm maximum diameter, identified as silicates,
aluminates and sulfides, are noted. The steel is absent of
clusters of inclusions, reflecting its high cleanliness. In gen-
eral, inclusion shape was slightly deformed, denoting the
relatively low strain rates imposed during thermo-mechani-
cal forging of the original 130 mm-thick plate. In the frac-
ture surface referring to the original A microstructure,
Fig. 4a, which exhibited maximum fracture toughness, there
is predominance of very small microvoids, but a duplex-
type size distribution is also observed. This indicates the
role of both inclusions (large microvoids) and carbides
(submicrometric voids), in the fracture process of the A508
steel in the as-received condition. It is well known that car-
bides need a much higher local deformation, i.e. energy
consumption, to nucleate dimples, than that required for
inclusions. Therefore, it can be inferred that the maximum
fracture toughness presented by the A microstructure, was
due to the predominance of microvoids nucleation in car-
bide particles, as opposite to the microstructures derived
from the annealing heat treatments, specially the severer
ones. Microvoids, observed in the fracture surface of the
original and all annealed microstructures, display an elon-
gated shape oriented in the ductile crack propagation direc-
tion. The C-F microstructures, Figs. 4c-4f, which are sys-
tematically less tough than A and B, exhibit increasingly
larger average dimple size when compared to the latter
microstructure. This indicates that nucleation is a more ef-
fective energy consumption step than microvoids growth
and coalescence during crack propagation. Therefore, it is
possible to infer that the average void size growth during
the slow crack propagation process is closely and propor-
tionally related to the microstructure grain size, and in-
versely, to the capacity of the microstructure to spawn
microvoids. Secondary cracking perpendicular to the main
fracture path is observed in the E and F microstructures,
Figs. 4e and 4f, as well as micro regions of mixed fracture
mode, which reflect the reduction in toughness of these
microstructures, as compared to the A and B conditions.
The fracture surfaces of the G and H microstructures,
Figs. 4g and 4h, present a beehive-like aspect, with very
shallow dimples, disclosing the low permanent strain abil-
ity of these materials along the main loading direction. They,
therefore, demand a low energy consumption, although still
in the elastic-plastic regime. Thus, it is quite probable that
both G and H microstructures possess very similar fracture

Table II. Ferritic and bainitic average grain diameters, and per-
centage of both phases in the thermally embrittled microstructures.
ASTM micrograin size number is provided in brackets.

Annealing Heat D
ferrite

D
bainite

% Phase
Treatment (µm) (µm) ferrite/bainite

B 20 (8.3) 19 (8.5) 48/52
C 30 (7.2) 26 (7.6) 49/51
D 39 (6.4) 50 (5.7) 50/50
E 47 (5.9) 56 (5.4) 50/50
F 50 (5.7) 64 (5.0) 51/49
G 55 (5.4) 475 (0) 19/81
H 61 (5.1) 817 (00) 11/89
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Figure 4. Fracture surface topographies of J-R curve testpieces. a) A508 steel in the as-received condition, A; b) Embrittling thermal cycle
B, c) C, d) D, e) E, f) F, g) G and h) H. Crack growth direction is from the bottom to the top of the page.

toughness.
It is clearly noticed from Fig. 5, that the dynamic frac-

ture surfaces exhibit a more planar aspect (shallower dim-
ples) when compared to quasi-static loading condition,
though fracture mode was, likewise, transgranular and es-
sentially ductile. From B microstructure, Fig. 5b, it is ob-
served the development of micro regions that could be clas-

sified as mixed mode fracture mechanism. As the annealing
time and temperature are risen, from C to F microstruc-
tures, Figs. 5c to 5f, a significant percentage of the fracture
area is occupied by this dual-mode mechanism. It is ob-
served from A to F microstructures, Figs. 5a to 5f, that a
highly localized rupture by shear mode was developed, as a
secondary fracture mechanism in paralle planes to the crack
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propagation. As a consequence, dimples are highly strained
towards crack advance direction.

The fracture surfaces generated under dynamic loading
in the G and H microstructures, Figs. 5g and 5h, shows up
once more, the honeycomb pattern, with an extremely shal-
low but still ductile aspect. Indeed, the H microstructure
seems to be slightly more ductile than G. In general, under
both static and dynamic loading all the microstructures

present fractographic characteristics that obey the same
chronological sequence, specially related to microvoids size
and depth, that brings up the increasing level of microstruc-
tural embrittlement achieved by heat treatment.

Fracture Toughness Correlation

Microstructural and fractographic analyses suggest that
quasi-static and dynamic fracture toughness parameters may

Figure 5. Fracture surface morphologies of dynamically loaded Charpy testpieces. a) A508 steel in the as-received condition, A; b)
Embrittling thermal cycle B, c) C, d) D, e) E, f) F, g) G and h) H.
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sustain a close correlation between them. Figure 6 shows a
good correlation between the quasi-static fracture tough-
ness parameter dJ/d∆a

(1mm)
, and the Charpy impact energy,

considering three different J-R curve fitting methods. It is
worthy of note that, inasmuch as J-integral testing of as-
irradiated materials is complex, costly, hazardous and time
consuming, there has been a strong and natural interest in
establishing trusty correlation between elasto-plastic J-in-
tegral criteria and those derived from simpler, cheaper, safer
and faster test methodologies, as Charpy impact testing10,11.

Still in Fig. 6, although A is basically a quenched and
tempered microstructure, it correlates well with the annealed
ones, as denoted by the high values attained for the correla-
tion coefficients (R). This unexpected behavior can be pos-
sibly due to the heavy tempering treatments applied to it
during the PWHT simulation, which probably rendered to
A some microstructural similarities to the annealing micro-
structures. In general, the induced embrittlement for increas-
ingly severe annealing heat treatments equally reflects in
both, quasi-static and dynamic mechanical behaviors. This
may indicate the existence of a Hall-Petch12,13 type relation-
ship connecting them and the grain size of the annealed
microstructures. However, it was not possible to identify
the reason why the D microstructure exhibited a distinct
behavior from that expected, grounded on its average grain
sizes. This indicates that another variable, possibly related
to the trade-off between grain growth and microstructure

(bainite) refinement, as mentioned earlier, plays a major role
in the fracture mechanics behavior of this microstructure,
besides the well known grain size effect.

Correlations between grain size and elastic-plastic frac-
ture toughness parameters are proposed in literature14,15, only
for single-phase metallic materials, invariably on the basis
of the widely accepted Hall-Petch relationship, which origi-
nally established that the yield strength varies inversely to
the square root of the grain size. The results so far obtained
in the present study for dual-phase microstructures, show
that, besides the average grain size of both phases, it must
be considered an extra variable, certainly related to the in-
dividual contribution of each phase to the overall fracture
toughness of the alloy, thus resembling the rule of mixtures
of composite materials. In this sense, studies are in progress
seeking for the quantification of these partial contributions,
by determining the preferential crack path through the micro-
structures during both, static and dynamic loading condi-
tions. This could provide subsides to the proposition of a
general rule that would allow the inference of the mechani-
cal behavior of this class of steel, based exclusively on the
microstructural particularities, maybe in the form of an
equivalent, i.e. representative grain size.

Regarding the H microstructure, it was not possible to
determine the value of the dJ/d∆a (1 mm) parameter, due to
the large scatter in the J-R curve data. In Fig. 6, referring to
the G microstructure, it can be noticed that the dJ/d∆a

(1 mm)

figures from both 5 and 10 mm-thick J-testpieces are in close
agreement, thus indicating a testpiece size independence,
with regard to quasi-static fracture toughness. This fact is
particularly important for the fracture mechanics commu-
nity, as long as the specimen size independence would af-
ford the structural integrity assessment of massive struc-
tures by simply testing small-scale testpieces in lab envi-
ronments.

5. Concluding Remarks

This study has shown the feasibility of obtaining a broad
range of fracture toughness from a nuclear reactor pressure
vessel steel, through annealing heat treatments, in order to
simulate the mechanical performance, viz. the fracture
toughness, of in-service neutron exposed structural metal-
lic alloys. It has been also demonstrated the existence of a
well defined linear correlation between the quasi-static and
dynamic fracture toughness parameters obtained from J-
integral and Charpy impact testing, respectively. Both facts
may lead to considerable simplification, cost and time sav-
ings, as well as risk reduction in periodic inspection pro-
grams, laboratory testing and hydrotesting of pressurized
water reactor vessels and related components. Further, it
has been shown the possibility to develop Hall-Petch type
relationships by establishing links between the quasi-static

Figure 6. Correlation between quasi-static (J-integral) and dynamic
(Charpy) fracture toughness parameters. J-R testpieces are 10 mm-
thick otherwise stated.
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and dynamic fracture toughness and the equivalent or rep-
resentative grain size of dual-phase annealed microstruc-
tures.
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