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ABSTRACT

A materialstest program was developed to measure
mechanical properties of A285 carbon steel under
conditions relevant to waste storage tanks at the
Savannah River Site. Fracture toughness and tensile
testing were performed on ASTM Type A285 steels
that span tank plate compositions. Variables relevant
to the material and load conditionsfor Type | and
Type 1l tanks were defined and a statistical test
matrix was designed for fracture toughness testing.
Thetest matrix consisted of eight variables expected
to influence mechanical properties. The independent
variables were carbon content, manganese content,
sulfur content, thickness, pearlite fraction, and grain
size. Theresponses were the fracture toughness Ji,
and afigure-of-merit at Jz3ymto alow for sub-critical
ductile crack growth. A total of 85 J-R curves were
compiled, of which 29 were tests done at a quasi-
static rate in the T-L orientation, 29 were done at a
quasi-static rate in the L-T orientation, 15 were done
at adynamic ratein the T-L orientation, and 12 were
done at adynamic rateinthe L-T orientation. The
full data set was used to construct analytical models
to predict fracture properties as a function of material
properties and operating conditions. Eight
independent model s resulting from combinations of
loading rate (quasi-static, dynamic) and orientation
(T-L, L-T) were developed. The statistical
significance of terms was determined for each of the
models. Thickness and grain size were found to be of
statistical significance in the models developed for
the dynamic strain rate testing data. Compositional
variables were found to be of statistical significance
for the quasi-static loading rate fracture toughness

data.
INTRODUCTION

A structural integrity program isin place to ensure
structural adequacy of storage tanks at the
Department of Energy (DOE )-Savannah River Site
(SRS) . Aspart of the structural integrity program,
fracture mechanics analysisis done to ensure the flaw
tolerance of thetanks. Fracture mechanics analysis
can be used to determine the critical crack size that
can lead to unstable ductile tearing conditions. The
validity and limitations of the fracture mechanics
analysis depend, in part, upon the available
mechanical property data applicable to the material of
construction (ASTM A285 Grade B steel).

Mechanical properties have previously been
compiled for ASTM A285 Grade B steel for elastic-
plastic fracture mechanics analysis of the waste
storage tanks[1]. The propertieswere compiled from
Charpy V-Notch (CVN), 0.4T planform compact
tension (C(T)), and tensile specimens from archival
steel scavenged from large water piping. The
influence of material composition, temperature,
geometry, and loading rates were presented based
upon theinitial database. The study recommended
that a database be developed to quantify the role of
these variables on the fracture toughness. Asaresult,
amechanical testing program was developed to
provide input to amodel that can calculate a
statistically based estimate of fracture toughness
properties for flaw specific structural analysis. The
materials properties will be used to perform Jg



analysis or develop failure assessment diagrams
(FAD) to evaluate structural integrity.

The minimum operating temperature of the storage
tanksis 70°F (21°C) placing the carbon steel in the
upper transition region where ductile tearing is
expected to be the primary failure mode[2]. Elastic-
plastic analysis must be used to characterize the
deformation of the thin wall tanks (0.5"-0.875").

The approach of using EPFM allows determination of
critical flaw size under conditions where stable crack
extension precedes instability.

MATERIALS

The carbon steel material for the waste storage tanks
was fabricated per specification ASTM A285-50T,
Grade B firebox quality (A285) [3]. The nominal
composition of ASTM A285 steel is showninTable
1. Available material of current vintage was selected
to closely match the materials used in the storage
tanks. The materials selected for testing were chosen
based on their representative levels of carbon,
manganese, phosphorus and sulfur as shown in Table
2.

Table1: ASTM Requirements for Chemical
Composition for A285-50T, Grade B Firebox Quality

Composition, %
For plates

£ 0.75" Cmax M nma)( Pm ax Smax
thickness

0.2* 0.8 0.035 | 0.04
*C =0.22wt.% for plate of 0.75" < thickness£ 2’

Statistical Test Matrix

Variables relevant to the material and load conditions
for the waste storage tanks were defined and a
statistical test matrix was designed for fracture
toughnesstesting. The test matrix consisted of six
independent variables (shown in Table 2) that were
expected to influence mechanical properties. Eight
independent model s resulting from combinations of
loading rates (quasi-static, dynamic) and orientations
(T-L, L-T) were devel oped.

Table 2: Test Matrix Variable Description

Variable Span
C Content 0.08 wt% 0.23 wt%
Mn Content 0.35 wt% 0.9 wt%

S Content 0.005 wt% 0.04 wt%
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Thickness 0.5" 0.875"

Loading Rate* | Quasi-static Dynamic

Orientation* L-T T-L

Heats Tested

Heats of steel were chosen for testing based upon
tank construction materials, but limited by
availability. The 10 heats chosen for testing, plate
thickness, chemical composition and tensile
properties are listed in Table 3 and Table 4. All these
heats meet the Grade C specification. Heat "Adisk"
represents archival steel found at the SRS without
materials certification. These heats were produced of
semi-killed steel and hot rolled to the indicated plate
thickness shown. On-site compositional analysis
determined that the carbon, manganese, and sulfur
content were similar to ASTM A 285 specifications.
The archival material provided insight into variation
between older vintage steels and the heats of steel
that were machined from newer steel plates. Interim
observations on data subsets reveal ed that higher
loading rates lead to more rapidly increasing J-curves
in recent vintage |ow-carbon steelsin comparison
with quasi-static loading rates. However, for archival
material, containing higher carbon contents, the
effect isless pronounced [4].

Table 3: Composition of the Heats

Heat# | Plate | C Mn S

Thick. | Wt% | Wt% | Wt%
(in)
1A5864 | 05 |0.0970.432| 0.014
1A664 | 05 |0.063|0.484| 0.015
1A434 | 0.875 | 0.082| 0.676 | 0.011
A3184 | 0625 | 0.1 | 086 | 0.013
K325 | 075 | 0.11 | 0.86 | 0.006
395331 | 05 | 01 | 083 | 0.005
Adisk | 1.125 | 023t | 042t [0.027¢
7463960| 1.0 | 018 | 082 | 001
E400 | 0.625 | 018 | 043 | 0.026
P134 | 1.125 | 0.083] 0.854] 0.032

Table4: Tensile Properties of Tested Heats

| Heat # | Sy |§£S|Elong.**




(ksi) | (ksi) %
1A5864 | 44.0 | 62.0 30
1A664 | 44.0 | 61.0 32
1A434 | 46.0 | 64.0 28t
A3184 | 414 | 60.1 29
K325 50 64 26
395331 | 458 | 66.5 30
Adisk |339"|652"| 374"
7463960 | 43.0 | 66.0 29
E400 42 62 28

P134 | 400 | 60.0 351

*from the manufacturers’ materials test certificates
unless noted

** All values are for an 8 inch gage length except
when noted

T 2 inch gage length

¥ from on-site chemical analysis

" from tensile tests performed on the actual plate on
lin. gage samples

Metallography

The microstructure of ASTM A285 steel consists of
ferrite and pearlite. Metallography revealed banding
of the pearliteinthe T-L and the L-T orientations.
The banding is due to the microsegregation of
manganese, non-metallic inclusions, and the hot-
rolling finishing temperature/cooling rate. The
banding concentration can be altered by heat
treatment. Furnace cooled conditions lead to a
banded structure, while air-cooled structures have
been found to yield no banding [5].

The mechanical properties of ferrite/pearlite steel are
dependent upon several microstructural features,
including the grain size and the volume fraction of
pearlite. Table 5 containsthe grain sizes and the
volume fraction of pearlite for the steelstested. As
grain size increases, the impact transition temperature
isincreased and the yield stressis slightly reduced.
Pearlite influences fracture because it work-hardens
more rapidly than the ferrite, and is thus more likely
to initiate a brittle crack. The mechanism of failure
in the pearlite is dependent upon interlamellar
spacing, the orientation of the pearlite with respect to
the stressing direction, and the strain rate [ 6]. Once
the crack isinitiated, the crack must grow through the
ductile ferrite matrix. The crack growth is dependent
upon void nucleation and coalescence in the ferrite
matrix.

Table 5: Metallographic Analysis of Steel Heats
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Tested
Heat | Grain Size (mm) | Vi (pearlite)
1A5864 46 10
1A664 47 10
1A434 52 11
A3184 48 13
K325 55 12
395331 47 12
Adisk 55 175
7463960 51 16
E400 51 16
P134 52 11

FRACTURE TOUGHNESS TESTING

The standard method for J-integral characterization
described in ASTM Standard E1820: " Standard Test
Method for Measurement of Fracture Toughness"
was followed to develop J-R curves[7]. Fracture
toughness tests were conducted on compact tension
specimens (C(T)) machined to ASTM E1820
specifications (shown in Figure 1), with the exception
of alarge uncracked ligament "W', to allow for back
end constraint and for measurement of fracture
energy 'J at large crack extensions. The specimens
were side-grooved to prevent extensive crack
tunneling. The specimens were fatigue-precracked
according to ASTM E1820 specifications. The
quasi-static and dynamic loading rates (load-line
displacement rates) were 1.24x10* in/sec and 0.11
in/sec respectively. The quasi-static rate translates to
astress intensity of 0.667 ksi-in*%min. The dynamic
rate is based upon the response of the structureto a
seismic event.
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Figure 1: Compact Tension Specimen Design

Fracture toughness testing was performed onaMTS
hydraulic load frame in atemperature controlled test
chamber (showninFigure 2). Load, load-line
displacement and crack Iengths were measured for
calculation of J-Da curves. Load-line displacement
was measured through the MTS controller to allow
for extensive crack opening during testing.

Figure 2: Specimen Setup in Test Chamber with
Crack Length Potential Drop Measurement System

Two critical points of fracture energy, J, were chosen
for model development: (1) J. (per ASTM E1820)
and (2) a Jsmm figure-of-merit. The figure-of-merit of
Jat 3 mm of crack extension was selected to allow
for sub-critical crack growth, even at the dynamic
strain rate. The values for Jy,, were determined
using a power law fit as constructed in ASTM E1820.
A total of 85 J-R curves were compiled, of which 29
were tests done at the static rate with the T-L
orientation, 29 were done at the static rateinthe L-T
orientation, 15 were done at the dynamic ratein the
T-L orientation, and 12 were done at the dynamic
rateinthe L-T orientation. . Thefull data set was
used to construct analytical models capable of
predicting Jc and Jznm fracture properties. Eight
independent model s resulting from combinations of
loading rate (static, dynamic), orientation (T-L, L-T)
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for Jc and J3mm Were devel oped.

RESULTS

The data, J;; and Jamm Values, for each orientation and
loading rate combination are shown in Figures 3-12.
Theloading rate, orientation, and thickness shown
are specific to the specimen. The carbon, manganese,
and sulfur content are heat-specific. Subsets of data
have previously been presented with preliminary
observations[8].

Heat 1A5864
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Figure 3: Fracture Toughness Response of Heat
1A5864

Heat 1A664
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Figure 4: Fracture Toughness Response of Heat
1A664
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Figure 5: Fracture Toughness Response of Heat

1A434
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Figure 6: Fracture Toughness Response of Heat

A3184
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Figure 7: Fracture Toughness Response of Heat K325
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Figure 8: Fracture Toughness Response of Heat

395331
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Figure 9: Fracture Toughness Response of Heat

Adisk
Heat 7463960
10000
2 #QS, T-L, Jic
8000 1 QS, T-L, 33mm
— A AQS, LT, Jic
T 6000 T
£ 8 A QS, L-T, J3mm
< mD, T-L,Jl
€ 4000 § ©
1 g oD, T-L, J3mm
2000 1—s e D, LT Jic
i I 0 D, L-T, J3mm
[ ]
0 . . . C=o18
0.4 06 08 1 Mn = 0.82
Thickness (in.) S=0.01

Figure 10: Fracture Toughness Response of Heat
7463960
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Figure 11: Fracture Toughness Response of Heat
E400
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Figure 12: Fracture Toughness Response of Heat
P134

STATISTICAL ANALYSIS

Four statistical models resulting from the
combinations of loading rate (quasi-static, dynamic)
and orientation (T-L, L-T) were developed for each
of the measures of fracture toughness (J;c and Jzn).

Candidate terms for each model included all termsin
the full 2% order response surface model that contains
al linear, cross product and squared terms. Since the
data structure do not allow for the estimation of all
termsin the 2" order response surface model,
statistical selection criteria (forward selection,
backward elimination and the stage-wise procedure)
were used to determine which terms (if any) to
includein the final statistical models. All statistical
calculations and modeling were preformed using the
JMP statistical software. The chemical composition
of each plate (carbon, manganese, and sulfur content)
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thickness, grain size and pearlite fraction were used
as independent variables in modeling the fracture
toughness properties. Thetermsin each of the
model s selected from the regression results, and the
percentage of variation explained (R?) are shown in
Table 6 for the dynamic strain rate and Table 7 for
the quasi-static strain rate. Thevariable legendisas
follows:

C — Carbon Content (wt%)

M — Manganese Content
(Wt%)

S — Sulfur Content (wt%)

M/C — Manganese/Carbon
Ratio

T —Thickness (in.)
G —Grain Size (in.)
T —Thickness(in.)

Table 6: Significant Terms for Models Developed at
the Dynamic Strain Rate

LT | LT | TLO| 1O

Jic [Janm | Jic | Jam
T T |None
G G

R"N2|73% |58% | 0% 67%

n 12 12 15 15

®) One outlier deleted 1A434-1& 2, J.=8515,
Jarm=8754

Table 7: Significant Terms for Models Developed at
the Quasi-static Strain Rate

LT LT TL TL
l0gi0o(Ji9) | logw(Izmm) | [0Go(did) | 10Gi0(I3mm)
S C P T
M/C S C G
g c M c
g S M
PC S
T*G
M2
s
RA2 | 53% 81% 86% 91%
n 29 29 29 29




The log base 10 was applied to the fracture toughness
measurements for the quasi-static loading rate models
resulting in some model simplification. The results
were transformed back to the original unitsto obtain
the predictions. An R?= 1 indicatesthat the
regression curve goes through all data points while an
RP= 0 indicated that none of the data variability is
explained by the variables in the model. The models
for dynamic loading tests and quasi-static loading-L T
do not explain agreat deal of variability (R? ranges
from 0% to 73%). Although the models show
significance of certain variables, the models may be
of limited usefulness because of the uncertainty
around the predictions.

Thefinal statistical models for the dynamic loading

rate and quasi-static loading rate are displayed in
Table 8 and Table 9 respectively.

Table 8: Dynamic Loading Rate Models

Dynamic, L-T

Jc =47371.1 - 12604T - 672.4G
Jamm= 13424.1 — 11615.8T
Dynamic, T-L

Jic= No Regression, Normal Distribution with Mean
= 2397, Std. Dev = 1375

Jamm= 26606.4 — 441.2G

Table 9: Quasi-static Loading Rate Models

Quasi-static, L-T
l0g10(Jc) = 2.156 + 108.84S + 0.082M/C — 334255

[0g10( = 3.411 + 3.577C + 40.089S — 19.295C% —
1360.8

Quasi-static, T-L

10g10(Jc) = 9.691 — 0.528P — 36.195C + 0.655M —
30.956S + 2.834CP

10g10(Jmm) =9.911 — 12.568T — 0.143G — 1.756C +
6.584M — 65.131S + 0.2419GT— 5.202M 2 +
1368.64S

DISCUSSION

The statistical models provide insight to the influence
of the variables on the fracture toughness response of
ASTM A285 steel. Grain size and thickness were
found to have an effect on the dynamic fracture
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toughness while compositional factors play agreater
rolein the quasi-static fracture toughness. This may
be due to the slow crack growth rate that allows for
sampling of local microstructural features. However,
at the dynamic strain rate, the crack growth rate may
be too high.

There are several shortcomings to the statistical
models. The regression fit of the models may allow
for interpolation of the fracture toughness response
with reasonably low error, however, does not have
the accuracy for extrapolation of the variables beyond
the bounds of the test program. In addition, the
figure of merit chosen at Jzm has been chosen on the
assumption that cleavage fracture is not possible
when the applied stressintensity islessthan this
critical energy. However, the scatter and the
premature intervention of cleavage fracture of low
carbon steel has led to the devel opment of statistical
and probabilistic methods to determine material
properties for usein flaw stability. The method used
in thistest program is deterministic rather than
probabilistic in its treatment of fracture toughness.
Further analysis of the modelswill be done to
understand their relationship with microstructural
features.

CONCLUSIONS

Fracture toughness and tensile testing were
performed on ASTM Type A285 steel s that span
Typel and Type Il HLW tank plate compositions.
The full data set was used to construct analytical
modelsto predict fracture properties as a function of
material properties and operating conditions. The
models can be used to disposition specific flawsin
tank plates by providing plate specific mechanical
properties, and thereby reduce unnecessary
conservatism inherent in using lower bound
properties.

The models have several key conclusions:

Geometric variables such as grain size and
specimen thickness are statistically significant on
the dynamic strain rate fracture toughness
response.

Compositional variables are statistically
significant on the quasi-static strain rate fracture
toughness response.

Further analysiswill be doneto relate the

significance of each of the termsto known effects of
each of the parameters on the fracture toughness.
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