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Abstract

A statistically-designed test matrix has been developed to govern test conditions to measure the fracture toughness
properties of A285 carbon steel. The effects of several variables on ductile tearing were investigated. The database of
J-resistance (J-R) curves are applicable to flaw stability analyses in waste storage tanks constructed in the 1950’s at
the Savannah River Site (SRS).

J-Integral toughness tests were conducted as a function of composition, grain size, orientation, operating temperature
and loading rate to measure fracture properties. Composition and grain size were selected over ranges based on
available heats of new and 1950’s vintage material from archival site sources. The J-R curve was observed to be
highly sensitive to carbon content and the crack plane orientation with respect to the rolling direction of the plate. No
effect of temperature (T) and thickness (t) on the J-R curves was observed for the range of test conditions (288 £ T £
300 K, 12.7 £ t £ 22.2 mm). The loading rate was held constant at 0.77 MPa-m0.5/sec, but will be varied in future work
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of this program. The specimen dimensions were designed to simulate the thickness of tank wall regions in the structure
and to a width that insured back end constraint after crack extension up to several mm.

Keywords: J-Integral, Fracture Toughness, A285 Steel, Waste Tanks

Introduction

Background

The waste storage tanks at SRS were manufactured from A285-50T Grade B carbon steel in the early 1950’s and have
been in operation since that time. This steel was produced from semi-killed ingots and hot rolled into plates ranging in
thickness from 12.7 to 22.2 mm. During service several tanks have developed flaws by stress corrosion cracking,
currently inhibited by rigorous chemistry controls. In addition, these tanks are operated above ambient temperatures
between 305 and 336 K (and never below 294 K) to avoid the potential for brittle fracture behavior of the steel.
Accurate flaw stability analysis, must therefore consider the ductile tearing behavior of this material at these
conditions.

A database of fracture toughness properties is being developed for A285 carbon steel for application to flaw stability
analysis of waste storage tanks at SRS. Previous flaw stability analyses used lower bound fracture toughness properties
from a cutoff in the J-R curves, but the effects of composition, orientation or temperature on properties were not fully
investigated [,]. To provide for material and flaw-specific stability analysis and improve the accuracy of operational
limits, an extensive testing program was developed to quantify the effects of material and service condition on the
fracture properties. The fracture properties are J-R curves in accordance with ASTM Standard Test Method for
Measurement of Fracture Toughness (E 1820) [3].

Test Matrix

A285 carbon steel demonstrates a wide variation of fracture properties depending on composition, microstructure,
orientation and other factors [4,5,]. If the effects of these factors are known, material-specific flaw stability analyses
may be conducted in order to improve the accuracy for operational limits. To achieve, a statistical test design was
prepared to investigate the impact of composition, orientation, microstructure and other environmental parameters on
the fracture properties of A285 carbon steels. Variables were defined at levels relevant to the material and test
conditions for waste storage tanks. Several heats of A285 steel were acquired with a variety of compositions and plate
thicknesses. The compositional span of the heats and specific compositions of heats in question are included in Table 1
along with grain size and yield strengths from the materials certificate. A total of twelve heats were acquired, to make
up the test matrix, which represented a distribution throughout the compositional range shown in Table 1.

A quadratic model, based on the test parameters to be investigated was developed and a statistically designed test
matrix was generated in order to predict mechanical properties as function of composition, microstructure, geometry,
loading rate and temperature. The resultant matrix provided over 100 trials for the measurement of mechanical
properties as a function of these variables. The mechanical properties of primary interest are (1) fracture toughness and
(2) tensile properties. In this study, the initial 15 fracture toughness tests are reported along with preliminary
observations and data analysis. Experimental variables of the test matrix, shown in Table 2, include thickness,
orientation, and temperature.

Property Database

Elastic-plastic fracture mechanics methodologies with a ductile tearing instability criterion are needed to perform flaw
stability analyses for waste tanks at SRS. For this analysis, J cutoff values are required for inputs, so J-Integral
toughness testing was used to compile material J-R curves and determine J at a specified cutoff value (i.e., 3mm) from
a power law fit to data. Statistical confidence intervals were compiled for J cutoff values of samples tested under
similar conditions. JIC was also determined from the power law fit of the J-R curves for comparison.

Testing Methods
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Microstuctural Analysis

Samples were characterized using optical metallography. Ferrite grain sizes were measured in each orientation using
the linear intercept method in accordance with ASTM Test Methods for Determining Average Grain Size Using
Semiautomatic and Automatic Image Analysis (E 1382) [6]. The grain size reported is averaged over three orientations.
Fracture surfaces were analyzed using scanning electron microscopy.

Specimen Design

Fracture toughness testing was performed on compact tension specimens of ASTM standard geometry shown in Figure
1. The specimens were machined in nominal configuration for a specimen of varying thickness (B) from 12.7 to 22.2
mm. The nominal specimen width (W) of 63.5 mm was chosen in order to allow for measurement of valid J at large
crack extensions, in accordance with ASTM E 1820. However, the thickness was not increased for two reasons: (1)
thickness was limited to the maximum section thickness of the storage tanks, 22.2 mm, (2) many of the heats available
for testing have a maximum plate thickness of less than 20 mm. In addition, all dimensions were kept constant to
facilitate machining.

Testing

Fracture toughness tests were conducted and J-R curves were derived for each of the specimens, as prescribed by
ASTM E 1820. Crack length measurements were made by Direct Current Potential Drop (DCPD) and unloading
compliance (UC), depending upon sample. All tests were performed corresponding to a stress intensity loading rate of
0.7 (ksi- in) /sec. The load line crack opening displacement was measured with an inboard clip gage attached to front
notches at the load line. After testing, optical crack length measurements were made and used to transcribe
experimental crack length data as per ASTM E 1820. The transcribed crack length data were used to calculate J
deformation (Jdef) in accordance with ASTM E 1820.

Results and Discussion

Microstructures

The microstructure of each heat consists of ferrite grains with intergranular pearlite. All three of these heats exhibited,
to some degree, banding of pearlite, which is typical in hot rolled plate. An example of pearlite banding is shown in
Figure 2. This condition has been attributed to manganese segregation in steels, but may also be caused by
precipitation of non-metallic inclusions or hot rolling at low finishing temperatures and cooling rates [7]. The effects of
banding and/or inclusions on mechanical properties can vary depending on orientation, morphology and continuity. In
general, the presence of banding has been observed to lower the upper shelf fracture energy while decreasing the
ductile to brittle transition temperature in charpy impact tests [8]. The microstructures of all three heats (E400, 382835
and 1A434) are shown in Figure 3 a, b and c in each orientation.

Figure 4 illustrates how the fracture surfaces of these steels differ with orientation in the same heat. Figure 4a shows
the fracture surface of an E400 specimen in the T-L orientation. Delaminations, coincidental with pearlite bands,
divide the crack plane similar to a crack divider orientation. This differs from the less directional void growth in the L-
T orientation (Figure 4b), where the pearlite banding is less continuous. The specific impact of either pearlitic banding
or non-metallic inclusions on fracture behavior in these steels is not been distinguished in this study. However, it is
expected that both effect the operating fracture mechanisms during failure. One study on banded steel [6] determined
that the effect of inclusion content had a larger impact on the reduction of upper-shelf charpy fracture energy than
banding.

J-R Curves

J-R curves are shown for each, the T-L and L-T orientation of heat E400, in Figure 5 and Figure 6 respectively. It is
seen that Jdef values for the T-L orientation show a mean of approximately 328 kJ/m2 at 3 mm of crack extension. In
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comparison, the Jdef values for the L-T orientation show a mean of approximately 580 kJ/m2 at 3 mm. This indicates a
steeper J-R curve for the L-T orientation as expected. A pronounced orientation effect is seen in Figure 7. Specifically,
the J-R curves from L-T oriented specimens are shown to exhibit a higher resistance to fracture than T-L oriented
specimens. This may be related to the presence of continuous delaminations during crack growth in the T-L orientation
that cause a reduced resistance to fracture.

Testing in the low toughness T-L orientation showed remarkable reproducibility. In the high toughness L-T orientation,
however, the J-R curves have greater scatter. The E400L6 specimen was not sidegrooved, and hence, is expected have
a higher J-R curve due to lower constraint. Both E400L4 and E400L8 were tested using unloading compliance, which
may have contributed to scatter. Sample E400L8 was 20% side-grooved and consequently exhibited less crack
tunneling. Additional scatter could be a result of microstructural discontinuities not encountered in the T-L orientation
(i.e., banding or inclusion distribution). Test temperature variation and thickness variation had a minimal effect on the
J-R curves in the their respective tested ranges. This is not surprising considering the narrow range of both thickness
and temperature tested.

Figure 8 shows the effect of carbon content on J-based behavior. These data include preliminary data from heats
1A434 and 382835 in the T-L orientation. It can be seen that a higher carbon content results in lower J-R curve
behavior. Further tests will be done to specify carbon effects on J-R curve behavior and fracture toughness and their
implications on waste tank integrity.

Data Analysis

J3mm Analysis

The J-deformation value at a crack extension of 3mm was chosen as a point of comparison in order to accredit
extensive stable crack growth as a result of plasticity. In addition, crack extension of 3mm ensures validity within
plastic zone size restrictions. The values of J at 3 mm were determined (extrapolated when necessary) from a power
law fit to data within ASTM E 1820 validity. The results of which are shown in Table 3 and Table 4, for the T-L and
L-T orientations, respectively. Each data set was fit to a normal distribution; the mean and standard deviation (along
with the coefficient of variation) are also included in Table 3 and Table 4. The results for several one-sided tolerance
intervals are provided in these tables. With 90% confidence, 90% of the population of toughness results for E400 in the
T-L orientation has a J value of greater than 308 kJ/m2. With 90% confidence, 90% of the population of toughness
results for E400 in the L-T orientation has a J value of greater than 462 kJ/m2. Although the sample sizes are small,
and that an increased sample size would provide a reduced tolerance interval, the critical difference between the two
distributions is the standard deviation. Comparing the coefficient of variations (COV) of each distribution
demonstrates this point. The COV is the standard deviation normalized by the mean. When comparing the COV from
each distribution it is apparent that the COV for the L-T orientation is almost 4 times that of the T-L orientation. This
is a direct result of the increased scatter in the J-R curves discussed above.

JIC Analysis

JIC values were derived as prescribed by ASTM E 1820, using a slope of 2 and yield strengths from the materials
certificates for the blunting line construction. The JIC results are shown in Table 5. Samples E400L4 and E400T4 show
a much higher JIc than their DCPD counterparts in each respective orientation, due to load relaxation during the
unloading cycles during the test. However, sample E400L8 (also measured by unloading compliance), used repeated
unloading cycles at each interval to diminish the effects of load relaxation. In addition, E400L8 was 20% sidegrooved
to prevent extensive crack tunneling as was seen with other samples. It is seen that the L-T orientation exhibits higher
JIC.

Summary

J-Integral testing was performed on A285 semi-killed, hot rolled plates to determine the effect of composition,
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microstructure and orientation on the fracture behavior of carbon steel for storage tanks at the Savannah River Site.
The preliminary findings in comparing the toughness results from the initial tests are the following:

Strong dependency on orientation (Lower toughness in T-L than in L-T orientation)
Strong dependency on carbon content (lower toughness with increased carbon content)
Negligible sensitivity to temperature (between 288 to 300 K)
Negligible dependency on thickness in testing range
A wider distribution of properties in L-T oriented specimens

These conclusions are drawn based primarily on comparison of the heat E400 J-R curves. Toughness behavior as a
function of each variable will be further tested to ensure results.

Additional fracture toughness tests will be performed and also tensile tests to determine JIC values. When data
acquisition from the entire test matrix is complete, the data will be used to compile a predictive model for flaw
behavior in storage tanks.
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Table 2: Test Matrix and Test Conditions

Heat Sample Thickness
(mm)

Side
Groove

Temp
(K)

Orient.

E400 L1 12.7 10% 294 L-T

E400 L2 12.7 10% 294 L-T

E400 L3 15.9 10% 294 L-T

E400 L4 15.9 10% 294 L-T

E400 L6 15.9 0% 300 L-T

E400 L8 15.9 20% 294 L-T

E400 L9 15.9 20% 294 L-T

E400 L10 15.9 20% 294 L-T

E400 T1 12.7 10% 294 T-L

E400 T2 12.7 10% 300 T-L

E400 T3 15.9 10% 294 T-L

E400 T4 15.9 10% 294 T-L

E400 T5 15.9 20% 300 T-L

1A434 9 22.2 10% 288 T-L

382835 15 19.0 10% 288 T-L

 

Table 3: J3mm Data for Heat E400, T-L Orientation

 

Table 4: J3mm Data for Heat E400, L-T Orientation

 

Table 5: JIC Results for Heat E400 (L = L-T Orientation, T = T-L Orientation)
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Figure 1: Nominal Compact Tension Specimen Design
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Figure 3: Microstructure of Heats a) E400, b) 382835 and c) 1A434
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Figure 4: SEM Micrograph of the Fracture Surfaces of E400
C(T) Specimens in the a) T-L and b) L-T Orientations
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