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The elastic-plastic fracture toughness and crack extension behavior under quasi-static loading regimes of
the as-received and several thermally embrittled states of a reactor pressure vessel (RPV) steel were
assessed on the basis of microstructural parameters. Through a simple rule of mixture that is typically
applied for composite materials, it was found that the equivalent grain size (EGS) of dual-phase annealed
microstructures is the controlling parameter of the fracture properties. It was concluded that a Hall-Petch
type relationship correlates the J-fracture mechanics criteria to the EGS.
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1. Introduction

In the last decade, there has been a great deal of research
into the simulation of the mechanical behavior of structural
steels submitted to neutron-dose damage in radioactive envi-
ronments (e.g., reactor pressure vessel (RPV) steels), in par-
ticular if a crack-like singularity exists (i.e., by fracture me-
chanics concepts).!'””! Considering the high risk and cost
inherent to the manipulation of materials in the irradiated state,
simulation techniques have obvious safety and economic mo-
tivations, since they would allow the development of new ex-
perimental procedures in nonradioactive environments and
would make feasible prototype and full-scale vessel hydrotests,
which so far never have been attempted in as-irradiated mate-
rials. The simulation of irradiation damage effects on the me-
chanical behavior of metallic alloys consistently has been tried
by heat'!"®! and/or thermomechanical”! treatments. However,
only a few of these studies have made reference to the effect of
microstructural variables such as grain size and phase percent-
age, especially in quantitative terms, on the mechanical perfor-
mance of materials.

In this study, a nuclear-grade steel was submitted to anneal-
ing heat treatments that were aimed at obtaining a wide range
of elastic-plastic fracture toughness levels in the quasi-static
loading regime in order to evaluate quantitatively the micro-
structural parameters that control the fracture mechanisms act-
ing on the different grades of embrittlement. The additional
microstructures obtained from quenching and tempering the
same low-alloy steel are currently under analysis, and the re-
sults will be presented elsewhere.
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2. Base Material

The Brazilian ASTM AS508 class 3A steel (chemistry in
Table 1) is a typical reactor pressure vessel (RPV) material that
is designed for the nuclear industry. Figure 1(a) shows a sche-
matic drawing of the original heat treatment applied to the steel
for the as-delivered condition. Figure 1(b) shows the resultant
microstructure, which is composed of a ferrite matrix with
finely dispersed granular carbides that is characteristic of
bainite.'*'% This microstructure exhibits a mean grain diameter
of 19 pwm (8.5 micrograin ASTM number).

3. Experimental and Analytical Procedures

3.1 Annealing Thermal Cycles

Figure 2(a) shows schematic drawings of the seven embrit-
tling heat treatments, designated B to H, that were individually
applied to the A508 steel and are composed by an assortment
of soaking times and temperatures.

3.2 Mechanical Properties and Fracture Toughness Test

Hardness measurements at ambient temperatures and tensile
testing at 300 °C were carried out for the base and thermally
embrittled materials.

Fracture mechanics J-R curve testing was performed via the
unloading elastic compliance (UEC) technique under clip-
gage-controlling elastic unloadings, in a computer-controlled,
closed-loop, servohydraulic machine. For this purpose, minia-
turized 5 mm and 10 mm thick compact tensile specimens
(C[T]) were machined from the one-quarter-thickness position
(T/4) of the as-received and thermally embrittled forged plates
in transverse-longitudinal (T-L) orientation. Next, the speci-
mens were precracked and side-grooved (SG) to 20% and 33%
of their gross-thickness B and were tested at 300 °C, a typical
operational RPV temperature, under a cross-head speed of 0.3
mm/min. Tests were stopped when the load dropped to 50% of
the maximum load capacity of the specimens. Unloadings were
limited to 15% of the current load in order to avoid fatigue
crack growth and influences on J values.''""'?! J-Aa data points
were obtained according to the ASTM E1820 standard,!* (i.e.,
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they were corrected for crack growth). Initial and final crack
length predictions by elastic compliance measurements loosely
satisfied the minimum accuracy requirements established by
ASTM. Power-law fit then was applied to the J-Aa data points
located within the limits of the validity of deformation-J (J,)
concept. In this study, these limits were defined by two exclu-
sion offset lines at respectively 0.15 and 1.5 mm of crack
growth, such as are typically used in determining crack initia-
tion values.""3 Due to the reduced size of the specimens, it was

Nomenclature
a b c d e f fitting constants
A,B,C,D,E, F,G,H microstructures nomination
AC air cooling
ASTM American Society for Testing and
Materials
by original ligament length (mm)
Bg gross thickness (mm)
BHN Brinell hardness number
C[T] compact tensile specimen
dJ py/dAa rate of increase of J-crack growth

resistance (kJ/m*/mm)

Dy ainite(errite) mean diameter of bainite (ferrite)

grain (pm)

D, original diameter (mm)

EGS equivalent grain size (um)

EL elongation at fracture (%)

FC furnace cooling

J J-integral (kJ/m?)

Iy deformation J (kJ/m?)

J.dw) initiation J (plane-strain) (kJ/m?)

J-R J-crack resistance curve

J-Ty crack instability assessment
diagram

Iso Paris and Johnson’s crack
instability criterion (kJ/m?)

L, original gage length (mm)

m coefficient of power-law
stress-strain relationship (MPa)

n exponent of power-law

stress-strain relationship

PWHT post welding heat treatment

R coefficient of correlation

RA reduction in area at fracture

RPV reactor pressure vessel

SG side-groove level (%)

Su ultimate tensile strength (MPa)

Sy yield strength (MPa)

T specimen or plate thickness

T-L transversal-longitudinal orientation

Tm tearing modulus

UEC unloading elastic compliance

wQ water quenching

JAV: R (maximum) ductile crack growth
(mm)

e engineering or nominal strain (%)
engineering or nominal stress
(MPa)
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verified that the maximum admissible -Aa (Aa,,,,) percentage
according to the 1.5 mm exclusion line is roughly equivalent to
that for J-R curves currently established as the ASTM standard,
on the basis of the original ligament length percentage (Aa,,,,
= 0.25 by). Once traced, the J-crack resistance (J-R) curves,
the J value for crack initiation (J; or J,., if certain plasticity-
constraining conditions in terms of J and specimen thickness
are fulfilled, i.e., if the predominantly plane-strain conditions at
the crack front are guaranteed), and the Paris & Johnson’s
crack instability criterion (J5,),""* which is a well-known de-

Table 1 Chemical Composition of the A508 Nuclear
Grade Steel (wt.%)

C Si Mn Ni Mo Cr Al P S

0.19 024 130 072 051 0.03 0.012 0.007 0.009

[4C = AIR COOLING A
WQ = WATER QUENCHING =
FC = FURNACE COOLING
S |PWHT=POST-WELDING HEAT TREAT.
=]
= 7h
2 00| 7 Moos
= ZIe Q0] PWHT
< 12h 4 \
& 655 o son 100 gooloh
A 550
= rc| \Fc| \Fq
=
ot
25 i y___\
® TIME

(b)

Fig. 1 (a) Schematic drawing of the fabrication thermal cycles for
the AS508-3A RPYV steel; (b) as-received microstructure (A) exhibiting
granular or globular bainite (nital etch)
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FC=FURNACE COOLING

TEMPERATURE (°C)

Fig. 2 (a) Schematic drawing of annealing routes applied to the original A508 steel (A); and (b) light micrographs of embrittled microstructures
B (¢c) C, (d) D, (e) E, (f) F (continued on next page)

sign criterion against the tearing instability of pressurized
flawed components, were determined. The J; value was con-
ventionally obtained at the intersection of the fitted J-R curve
with the 0.2 mm offset line,!'*! whereas the Iy, criterion was
determined following the Js, procedure on the space of crack
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instability assessment diagram (J-Ty,), where T, is the tearing
modulus.!" A third fracture toughness index,!'> namely, the
rate of increase on the resistance to crack growth (dJp/dAa) at
1 mm of crack propagation, then was derived. As a general
rule, three J-testpieces were tested for each testing condition, so
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Fig. 2 cont. (a) Schematic drawing of annealing routes applied to the original A508 steel (A); and (b) light micrographs of embrittled micro-

structures B (¢) C, (d) D, (e) E, (f) F, (g) G, and (h) H (nital etch)

Table 2 Microstructural Parameters and Phase
Percentage of Tested Materials (a)

Annealing Phase, %
Route Drerrites MM Dy inites M Ferrite Bainite
B 20 (8.3) 19 (8.5) 48 52

C 30(7.2) 26 (7.6) 4951

D 39 (6.4) 50 (5.7) 5050

E 47(5.9) 56 (5.4) 5050

F 50(5.7) 64 (5.0) 5149

G 55(5.4) 475 (0) 19 81

H 61 (5.1) 817 (00) 1189

(a) ASTM micrograin size number is provided in brackets.

that the results of J;, Js,, and dJp/dAa at 1 mm measurements
refer to the mean values.

4. Results and Discussion

4.1 Microstructural Characterization

Figures 2(b) to (h) present the annealed microstructures
evaluated in this study. Basically, they comprise a mixture of
nearly equiaxial grains of ferrite and globular low-carbon
bainite. The mean grain diameters and phase percentages were
determined by using a computerized image analyzer. Table 2
shows that, as expected, both ferrite and bainite grains grow
with the annealing severity (B — H), but a quite outstanding
acceleration on bainite grain growth is noticed for the G and H
microstructures. It can be seen that milder annealing cycles
generate both phases in a fixed proportion of about 1:1, but in
microstructures G and H there exists far more bainite than
ferrite. Higher austenitization temperatures, providing a larger
prior austenite grain size in these microstructures, gave rise to
higher hardenabilities, thus preventing the nucleation of the
proeutectoid ferrite phase during furnace cooling. In this re-
gard, a tradeoff between grain growth and microstructural re-
finement, the latter denoted by the acicularization of the bainite
phase, is to be expected as the austenitization temperature is
increased. Banding is observed to decrease with the degree of
severity of the annealing heat treatment (i.e., along with the
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bainite refinement and grain growth). It is worthy of note that
the thermal conditions leading to the loss of banding in micro-
structures G and H produced in a very unusual arrangement
between the bainite and ferrite phases. Large grains of the
former are completely surrounded by a network of relatively
much smaller grains of the latter, which exhibit a very broad
grain size distribution.

4.2 Hardness and Tensile Properties

Table 3 lists the conventional mechanical properties of the
tested materials. Figure 3 displays the tensile flow curves of the
materials to the maximum load capacity, according to the fol-
lowing power-law behavior model:

o=m-¢" (Eq 1)

where o and & are, respectively, the nominal or engineering
stress and strain, and m and n are fitting constants (values for
the latter are supplied in Table 3).

From Table 3, it can be observed that among all the con-
ventional mechanical properties of the tested materials, only
the reduction in area at fracture (RA) discloses unequivocally
the decrease on fracture toughness of the materials, as the
annealing severity is incremented from microstructures B to H.
Furthermore, RA exhibits an inverse correlation to the granu-
lometry of both phases found in all the annealing products (see
Table 2), resembling a Hall-Petch type of relationship''®'”! in
which the mechanical property varies inversely to the squared
grain size.

Considering the dual-phase nature of the thermally em-
brittled materials, one can define a representative parameter for
their composed granulometry. By means of a simple model,
which is based on the rule of mixture typically applied for
composite materials, an equivalent grain size (EGS) can be
established. The EGS value must be a volume-fraction
weighted average of the grain sizes of both individual phases
(i.e., ferrite and bainite), and it is proposed as follows:

EGS = ((Depie) * (% ferrite) + (Dyyinie) * (% bainite))/100
(Eq 2)

where the ferrite and bainite grain sizes, Dy i and Dyginices
respectively, are furnished in Table 2 along with phase per-
centages.
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Fig. 3 Power-law stress-strain relationship according to Eq 1

Table 3 BHN and Tensile Properties of the As-Received
and Thermally Embrittled Materials

BHN, Sy, Sus EL (a), RA,
Material 100 kgf MPa MPa n % %
A 175 400 555 0.15 11 77
B 170 360 620 0.17 17 71
C 167 345 610 0.17 16 63
D 168 370 620 0.17 12 54
E 169 375 625 0.17 12 49
F 192 450 675 0.11 11 39
G 198 470 685 0.14 05 31
H 208 490 665 0.14 05 28

(@) Ly = 40 mm = 10 D,,.

Figure 4 displays, in logarithmic scales, a good data corre-
lation between RA and EGS, as denoted by the high correlation
coefficient (R). A power-law relationship, similar to that of
Hall-Petch, is established as follows:

RA=a-EGS™ (Eq 3)

where a and b are fitting constants.

This relationship indicates that RA is driven by grain size
rather than controlled by the concurrent microstructural
(bainite) refinement. Later in this article, the same dependence
will be shown concerning fracture toughness properties.

4.3 J-R Curves and Fracture Toughness Criteria

Figure 5 presents typical J-Aa data points experimentally
determined for all the states of the A508 steel, in which exten-
sive ductile crack growth is verified, typically in the range of
2.5-4 mm.

Except for microstructures D and H, it can be observed that
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Fig. 4 Relationship between EGS and RA, according to Eq 3

the rank established for RA, in terms of EGS (see Fig. 4), is
faithfully obeyed for the J-R curves positioning, signaling that
EGS also controls the ductile crack growth resistance of the
materials.

The unexpected slightly better performance of microstruc-
ture D over that of C, on the basis of the EGS concept, can
possibly be explained by the major role eventually played by
bainite refinement than grain growth, regarding both fracture
toughness and crack extension behavior.

Concerning microstructure H, the anomalous behavior of
the J-Aa data in presenting a sigmoidal arrangement is quite
noticeable and prevented all J-fracture toughness criteria from
being determined. This effect is probably due to the develop-
ment of cumulative fatigue damage during the precracking pro-
cedure, when fatigue microcracking spread into the fracture
process zone at the crack tip, thus excessively embrittling the
material and, consequently, leading to a very poor resistance to
crack propagation in the very first stages of J-R curve testing.
We return to this point in a companion article™ regarding
quenched and tempered microstructures that are prone to crack-
ing in a brittle and intergranular manner, which were also in-
variably related to coarser grain microstructures.

By comparing Fig. 5(a) and (b), it is observed that, as ex-
pected, a deeper SG level produces more conservative J-R
curves due to higher plastic constraint, i.e., more predominant
stress triaxility along the crack leading edge. Also, a slight
J-specimen size dependence for the microstructure G is noticed
in Fig. 5(b), in which the thinner testpiece gives a less conser-
vative J-R curve as a consequence of the loss of plastic con-
straint (i.e., stress relaxation along the crack front).

Given the reduced size of the testpieces, only the 10 mm
thick specimen that is correspondent to microstructure G ful-
filled both the maximum J-capacity and minimum thickness
requirements established in Ref. 13 regarding the qualification
of the initiation J value as a truly J;- criterion.
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Fig. 5 Typical J-Aa curves of tested materials. (a) 20% SG; and (b)
33% SG test specimens. Testpieces are 10 mm thick unless otherwise
indicated. J-R curves of the original A508 steel are supplied as a
baseline.

Figure 6 displays, in logarithmic scale, the relationships
between RA and all the J-based fracture toughness criteria,
namely, J;, Jso, and dJp/dAa ;. It can be seen that, with no
exceptions, the data correlate fairly well. This is especially
verified for the highest crack tip constraining condition (i.e.,
the deepest SG level). The J-based criteria obey an exponential
law regarding RA, which is given by:

J=c-exp ® (Eq 4)
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Fig. 6 Relationship between all the J-criteria and RA, according to
Eq 4. (a) 20% SG test specimen, and (b) 33% SG test specimen. Test
specimens are 10 mm thick unless otherwise specified.

where ¢ and d are fitting constants.

Interestingly, microstructure A fits well with annealed ones
regarding J-criteria versus RA relationships. This is probably
due to the heavy tempering imposed on this material during the
postwelding heat treatment (PWHT) simulation (Fig. 1), which
render to it an annealed-like behavior during tensile tests.

The above figures indirectly establish the dependence of all
J-criteria with the EGS concept, as long as RA already has been
proven to strongly depend on that parameter (see Fig. 4). In
Fig. 7, this expected dependence of J-criteria on EGS is given,
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Fig. 7 Relationship between all the J-criteria and EGS, according to
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specimens are 10 mm thick unless otherwise specified.

Table 4 Exponent f From the Power-Law Dependence
of J-Based Parameters With Equivalent Grain Size
According to Eq 5.

f Testpiece SG Level

Fracture Toughness Index 20% 33%
Jso 0.499 0.425
I 0.513 0.480
dJp/dAa (1Imm) 0.470 0.405
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in logarithmic scales, according to a Hall-Petch power law type
of relationship, as follows:

J=e¢-EGS”Y (Eq 5)

where e and f are fitting constants.

Table 4 lists the values of the exponent fin Eq 5 for all the
cases analyzed in this study. Given the simplicity of the
adopted model of the rule of mixture for deriving the EGS
concept, the f values may be considered to be quite good ap-
proximations of the well-known 0.5 exponent of Hall-Petch.

A correlation between the properties of elastic-plastic frac-
ture mechanics and grain size of single-phase metallic materi-
als has been proposed in literature,!'®'*! invariably on the basis
of the widely accepted Hall-Petch relationship. The present
study has shown that the same principle could be applied to
dual-phase, structural, low-alloy steels, as long as the EGS
concept is taken from the well-known rule of mixtures, which
is typically proposed for composite materials.

5. Conclusion

The elastic-plastic fracture toughness and crack extension
behavior under a quasi-static loading regime of the as-received
and of several thermally embrittled states of a nuclear RPV
steel were assessed on the basis of microstructural parameters.
By using a simple rule of mixture, it was concluded that the
EGS concept of dual-phase annealed microstructures is the
controlling parameter of fracture properties. The procedure was
based on the relative percentage of the phases present in the
thermally embrittled microstructures, which was similar to that
proposed for the inference of the mechanical properties of com-
posite materials. The dependence of fracture properties on
grain size was shown to be a Hall-Petch type of relationship,
which so far has been proven only in single-phase metals and
alloys. Also, this study determined that the RA obtained from
tensile testing correlates fairly well with several J-fracture
toughness criteria as applied to structural integrity assessment
in the nuclear industry. The same analysis has been extended to
quenched and tempered microstructures obtained from the
same low-alloy steel and will be reported on in a companion
article.
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