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ABSTRACT

A materials test program was developed to measure
mechanical properties of ASTM A285 Grade B low
carbon steel for application to structural and flaw
stability analysis of storage tanks at the Department
of Energy (DOE) Savannah River Site (SRS). Under
this plan, fracture toughness and tensile testing are
being performed at conditions that are representative
of storage tank conditions on steels that span
compositions within ASTM A285 specifications.
Thetesting is being done within the framework of a
statistical test matrix and the data collected will be
used to develop a predictive model for materials
properties. The results presented herein are limited to
asubset of data comparing for comparison of arecent
vintage steel versus an older steel for fracture
resistance behavior. These preliminary results
indicate that dynamic loading rates result in a greater
increase in the fracture toughness response in the
case of the recent vintage steels of lower carbon
content when compared to the archival heat of high
carbon content. In addition, ductile tearing in the
archival, high carbon steel was more likely to be
interrupted by cleavage fracture at lower fracture
energies than the modern, low carbon stedl.
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INTRODUCTION

A structural integrity program isin placeto ensure
structural adequacy of storage tanks built during the
1950's and 1960's at the DOE-SRS. As part of the
structural integrity program, fracture mechanics
analysis will be done to ensure the flaw tolerance of
the tanks. 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. The earliest storage tanks built at the
SRS were made of American Society for Testing
Materials (ASTM) A285, Grade B steel. The
nominal compositions are shown in Table1. The
steel suppliers provided tensile properties, but impact
properties were measured for only one sample of tank
steel. Asaresult, amechanical testing program was
developed to provide input to amodel that can
calculate a statistically based estimate of material
properties for flaw specific structural analysis.
Fracture toughness testing and tensile testing are
being performed on ASTM Type A285 steels at
conditions reflective of operational conditions.

Materials were selected to closely match the
materials used in storage tanks used at Savannah
River Site. Twelve total heats were chosen for



inclusionin the test matrix.[1] In addition to the
commercially obtained heats, one flange of archival
stedl found at the Savannah River Site (designated as
heat “ Adisk”) was used to complete the test matrix.
On-site compositional analysis has shown that the
chemical composition of the heat is outside of the
bounds of ASTM A285 Grade B steel but within the
bounds of Grade C. However, the mechanical
properties determined from the testing of the steel
may reveal some inherent properties of steel
processed in that era.

Table 1: ASTM Specification for A285-50T Grade B
and A-285-90 Grade C.

Composition (Max wt. %)

GradeB GradeC
(1950) (1990)
Carbon 0.2 0.29
Manganese 0.8 0.9
Phosphorus 0.035 0.35
Sulfur 0.04 0.35
TEST MATRIX

The fracture toughness of A285 stedl is highly
dependent on material specifications and loading
conditions. Variablesrelevant to the material and
load conditions for storage tanks were defined (as
shown in Table 2) and a statistical test matrix was
designed for fracture toughness testing.

Mechanical testing isin progress as per the
dtatistically designed test matrix, and a predictive
model derived from the composite data set will be
used asinput properties for flaw stability analysis.
The effect of (1) chemical composition, (2)
microstructure, (3) temperature, (4) orientation, and
(5) loading rate are being investigated. The full data
set that will be ultimately compiled in the testing
program will alow the construction of analytical
models to predict fracture properties as afunction of
composition and operational conditions.

The specified model is quadratic and includes linear
terms for continuous variables of carbon, manganese,
sulfur, and temperature, and first order termsfor the
discrete variable of loading rate and orientation.
Tolerance and confidence bands can be developed at
the desired confidence levelsfor the desired material
and test conditions to develop properties input for
flaw stability analyses.

WSRC-MS-2002-00259

Page 2
Table 2: Test Matrix Variable Description
Variable Type Span
Temp Cont. 60°F 80°F

C Content Cont. 0.08 wt% 0.29 wt%

Mn Content Cont. 0.35 wt% 0.9 wt%

S Content Cont. 0.005wt% | 0.04 wt%

Strain Rate | Disc. Quasi- Dynamic.

Static
Orientation | Disc. L-T T-L
MATERIALS

Recent fracture toughness testing has focussed on
determining the variances in the mechanical
properties of the archival steel when compared to
current vintage steel. The results of recent fracture
toughness testing from the Adisk heat and P134 heat
are presented herein. The chemical composition and
tensile properties as given by the vendor for heat
P134, and as tested for the Adisk are shown in Table
3. Itisseen that the carbon content of the Adisk heat
is much greater than the P134 heat, and is expected to
have the greatest effect on toughness.

Table 3: Materials Tested including Tensile
Properties, Chemical Composition, and Plate
Thickness.

Heat | Thickness| C | Mn uTs | S (02%)

(in) (ks)| (ks)

In
7]
S
%

P134| 1.125 |0.083|0.854|0.032| 60 40

Adisk| 1.125 | 0.23|0.42 |0.027| 65 34

Post-test characterization and comparisons of fracture
surface phenomena were made in order to possibly
determine microstructural features that may lead to
the variances.

TESTING

The conditions and hesats selected for fracture
toughness testing (as part of the complete test matrix)
are presented in Table 4. Fracture toughness testing
concentrated primarily on effects of loading rate,
thickness, and chemical composition. A total of 17
fracture toughness tests, in the form of J-R curve
testing, are presented herein. Nine fracture toughness
tests performed on each of the heats are presented.
The complete test matrix consists of 108 tests. The
results shown include results from 7 fracture




toughness tests previously presented. These are
included for comparison purposes.

Table 4: Fracture Toughness Test Matrix as part of
Complete Test Design

Thick. : I
SAMPLE | “(j | Loading Rate CF) | &L
P134-1* | 0.85 | Quasi-Static | 80 | T-L
P134-2* | 0.85 Dynamic 80 | T-L
P134-3* | 0.875 | Quasi-Static | 60 | T-L
P134-4 | 0475 | Quasi-Static | 60 | L-T
P134-5 | 0475 | Quasi-Static | 60 | L-T
P134-6 | 0.475 Dynamic 60 | L-T
P134-7 | 0.475 Dynamic 60 | L-T
P134-8 | 0475 | Quasi-Static | 80 | L-T
P134-9 | 0.475 Dynamic 80 | L-T
ADisk-1* | 0.875 Dynamic 60 | T-L
ADisk-2* | 0.875 | Quasi-Static | 60 | T-L
ADisk-3* | 0.875 Dynamic 80 | T-L
ADisk-4* | 0.875 | Quasi-Static | 80 | T-L
Adisk-5 | 0.475 | Quasi-Static | 60 | L-T
Adisk-6 | 0.475 | Quasi-Static | 60 | L-T
Adisk-7 | 0.475 | Quasi-Static | 80 | L-T
Adisk-8 | 0.475 Dynamic 80 | L-T
Adisk-9 | 0.475 | Quasi-Static | 60 | T-L
* These were are presented in Reference 1.

The standard method for Jintegral characterization
described in ASTM Standard E1820: "Standard Test
Method for Measurement of Fracture Toughness'
was followed for fracture toughness testing and
development of J-Dacurves[2] Fracturetoughness
tests were conducted on compact tension specimens
machined and fatigue pre-cracked to ASTM E1820
specifications. The specimens were 20% side-
grooved to prevent extensive crack tunneling.

The quasi-static and dynamic loading rates (load-line
displacement rates) were 1.24x10 in/sec and 0.11
in/sec respectively. Dynamic loading rates were
calculated using a bounding loading rate cal culated to
represent seismic conditions. The loading rate used
was specific for the specimen geometry. Test
temperatures were maintained between 60 and 80°F.

Previoustesting indicated that the narrow
temperature range has negligible effects on fracture
toughness. Considering the narrow range of
temperatures selected for testing in the present
program, thisimplies that the present test
temperatures fall above the ductile-to-brittle
transition temperature (DBTT) of the steel heats. A
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dramatic test temperature effect would be evident in
the fracture propertiesif the test temperatures fell
within the transition range.

In previous testing, A285 Grade B specimens were
observed to exhibit 15 ft-lb. transition temperatures
inarange of 20to 45°F. This correlatesto afracture
transition region spanning from 20 to 100°F. The
upper transition and upper shelf regions are observed
to extend from approximately 70 to 100°F.[3]
Additionally, a statistical review of the nil-ductility
transition (NDTT), shows that 99% of the A285C
steel should have aNDTT below 70°F.[4]

Compact Tension Test

Fracture toughness testing was done on an MTS™
hydraulic load frame in atemperature controlled test
chamber (shown in Figure 1). Temperature was
measured/monitored using a calibrated temperature
probe and the test chamber controller thermocouple
during testing. Load, load-line displacement and
crack lengths were measured for calculation of J-Da
curves. A crack-opening displacement (COD) gage
was used to measure displacement up to 0.5 inches.

L oad-line displacement was measured through the
MTS controller at greater crack openingsto allow for
extensive crack opening during testing. It has been
found that extensive ductile crack growth allowed for
greater crack opening.

Crack lengths were measured using the Direct
Current Potential Drop Method (DCPD). The
specimen was instrumented as described in ASTM
E647-953, “ Standard Test Method for Measurement
of Fatigue Crack Growth Rates.”[5] Dynamic
fracture testing (rapid-load testing) covered
intermediate |oading rates between quasi-static and
impact Charpy tests. The DCPD results were
calibrated with post-test optical crack length
measurements of the fatigue pre-crack and total crack
length after testing.



Figure 1: Specimen Setup in Test Chamber with
Crack Length Potential Drop Measurement System

RESULTS/DISCUSSION

Fracture toughness curves for each of the compact
tensions tests performed were compiled in the form
of JR curves. Figures 2-5 show the J-R curve
behavior of the Adisk and P134 heats. The data
include specimens of two different section
thicknesses and orientations. Fracture toughness test
results performed at the dynamic and quasi-static
rates are presented. The first observation that can be
noted is that temperature has aminimal effect on
properties within the range tested.

The effect of loading rate on J-R curve behavior is
complicated. Results suggest that tests performed at
temperatures above the ductile to brittle transition
region lead to increased fracture resistance energy
with loading rate. Thisresult isto be expected when
considering that the strain hardening rate increases
with increasing loading rate. Such behavior
trandates a higher resistance to tearing, and hence, a
higher J-R curvefor high loading rates. Thistrendis
exhibited in the P134 heat. In Figures2 and 3,
dynamic loading ratesincrease the J-R curve
compared to similar tests conducted at static loading
rates. However, Adisk does not exhibit the same
behavior. Specifically in Figures4 and 5, the test
conducted at higher loading rates do not exhibit
substantially higher J-R curves. However, the effect
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of increasing carbon content is to potentially become
the controlling variable in fracture toughness
response. When considering both heatsin Figure 6,
in appears that the range of fracture energy exhibited
increases with decreasing carbon content.

In Figures 3 and 5, the J-R curvesfor thicker samples
are presented. Asis evident, the increased loading
rate increases the J-R curve in the P134 heat whileit
dightly reducesthe J-R curve for the Adisk heat. In
the thinner sections (see Figure 2 and 4), the fracture
energy increases with loading rate in both cases
(although not significantly in the case of Adisk). In
the case of sample AD-5, the fracture resistance grew
rapidly initially and led to the premature intervention
of cleavage fracture similar to the fracture toughness
response of samplestested at the dynamic loading
rate.

In Figure 7, the range of the fracture energy variation
exhibited increases with decreasing section thickness.
Thisrange in variability may be related to the
presence of defects toward the center of the plate. In
Figures 8 and 9, optical micrographs of each heat of
stedl are shown in the orientation perpendicular to the
rolling direction. The presence of defects along the
centerline of the plate can be noted in both heats
(denoted by short arrows). These defects appear to
be regions of high inclusion (i.e., MnS) content
which are distributed in bands during rolling (see
Figure 10). When samples of reduced section
thickness are machined from these plates the
presence of these defects reduces the fracture
properties to a greater extent than the thicker
samples. The result is an abnormally low J-R curve
when compared to the thicker specimens. Since the
distribution of these defects isrelated to the overall
segregation in the ingot microstructure, awide
variance is expected from sample to sample.

Although, modern steels (e.g., P134) are generally
lower in oxygen, sulfur and phosphorus contents,
they are not free of these species and the resulting
segregation that they produce. Sulfur and phosphorus
tend to segregate to a greater extent than other
elements. Asaresult, manganese sulfide (MnS)
inclusions have been found to line up aong the center
of the hot rolled plate. The tendency of elementsto
segregate during solidification increased with the
time required for solidification. Killed steels
generally exhibit the least amount of segregation and
rimmed steelsthe most. The processing history of
the Adisk heat is unknown, but all plate steel used to
construct the storage tanks are known to be semi-
killed. In accordance with steelmaking practices of



that era, it is expected that silicon and/or aluminum
were used as the killing agent.

Figures 8-10 illustrate the presence of non-metallic
inclusionsin both archival and modern steels. This
leads to detrimental propertiesin certain orientations.
In the case of P134 the high sulfur content creates
enough MnSinclusionsto be seen optically. The
higher pearlite volume fraction of the ADISK heat
obscures the MnS inclusions even thought sulfur
content issimilar to that of Heat P134. Regardless of
their presence, however, the impact of processing
differencesin the case of these two hestsis
overshadowed by the potent effect of carbon on
properties (see Figure 6).
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Figure 2: J-R Fracture Toughness Curves for Recent
Fracture Toughness Testing of Heat P134 (t=0.475").
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Figure 3: J-R Fracture Toughness Curves for Heat
P134 from Reference 1 (0.85<t<0.875").
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Figure 4: J-R Fracture Toughness Curves for Recent
Fracture Toughness Testing for Heat Adisk
(t=0.475in.).
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Figure 5: J-R Fracture Toughness Curves for Heat
ADisk, from Reference 1. (t = 0.875in.).
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Figure 6: Fracture Energy at 3mm Crack Growth asa
Function of Carbon Content
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Figure 7: Fracture Energy at 3mm Crack Growth as
aFunction of Thickness

Figure 10: Higher Magnification Micrograph of the
P134 Heat of Steel Showing the presence of
inclusions.

CONCLUSIONS

Figure 8: Microstructure of the Adisk heat.

The current results have permitted an initial
evaluation of the effects of different variables on the



fracture energy. It isshown that changesin test
temperature in the ranges tested have minimal

effects. The preliminary findings reveal that higher
loading rates |ead 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. The onset of cleavage
fracture after extended ductile tearing is also seen as
afunction of loading rate, as tests conducted on
archival material isolated loading rate as a variable.
The failure mechanism in these cases revealed the
competition between ductile tearing and cleavage
failure. The observation of cleavage onset after
ductile tearing was seen to be higher at higher
loading rates. The present tests highlight the
continuing need to determine the allowable crack
growth resistance as well asto quantify the ductile
tearing to cleavage fracture transition.

PATH FORWARD

Additional fracture toughness tests will be performed
to complete the test matrix. Resultsfrom the
complete data set will be used to determine the
sensitivity of the predictive model to each matrix
variable. Microstructural analysiswill be conducted
to develop afundamental understanding of the role of
microstructure on fracture energy and to determine
more quantitative structure/property relationships.
Finally, a phased approach to large-scal e tests on
actual tank materials will validate the application of
the predictive property model.
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