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The temperature at the accident site was reported* by
FRA officials to have been +15°F. For comparison, the U. S.
Weather Bureau report indicates the temperature on January
8, 1971 at Columbia, Missouri Airport (about 56 miles south
of Callac) was 20°F at 6:00 A.M., and 21°F at 9:00 A.M. The
speed of the train at the time of the accident was 50 miles
per hour.

It should be noted that, in the specification of
AAR-TC128, the mechanical properties are specified for plates
in the as-rolled condition, and that the shell-plate specimens
taken from the Callao plate samples for this investigation
were in the as-formed and stress-relieved condition. 1In the
accident, these plates could have received some reforming
during the rupturing of the tank car.

The shapes and appearances of the plate samples designated
K-1, K-2, K-5, K-8, and K-11, which were used to determine
mechanical properties, and the test results of this investi-
gation indicate that the test plate samples, except for
sample K-1, had only minor or negligible amounts of reforming.
It is therefore believed that the observations and properties
reported in this metallurgical analysis of the plate samples
are germane to the plates in the tank car in service, except
where noted in the report for some of the results for sample K-1.

PURPOSE

The principal purpose of this metallurgical analysis was
to determine if the Callao plate samples, taken from the tank
car numbered GATX 94451, conformed with the specification
AAR-TC128-65 for high-tensile strength, carbon-manganese
steel plates for tank cars. Another objective of the investi-
gation was to gather information pertinent to the question of
the suitability of this type of steel for use as the plate
material of tank cars.

EXPERIMENTAL PROCEDURES

Chemical analyses, tensile and bend properties were
determined for comparison with the requirements of the
Specification AAR-TC128-65. Specimens for these tests were
taken from samples K-1, K-2, K-5, and K-8. Other specimens
taken from these samples were used for impact tests,
inclusion content ratings, fracture-profile analyses, hard-
ness surveys, thickness measurements, and other macroscopic
and microscopic observations.

* Conversations, Mr. Q. Banks (FRA) and G. E. Hicho (NBS).
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In this report, the designations longitudinal and
transverse mean, respectively, parallel with and perpendicular
to either the principal rolling direction (in the case of
specimens of the plate materials) or the welding direction
(in the cases of specimens of weld-metal and heat-affected-
zone regions).

For the head and shell plates of samples K-1, K-2, and
K-5, the rolling directions were determined by metallographic
methods. For each of the two shell-plates K-8 and K-1l1, the
rolling direction was estimated* to be the direction parallel
with the welding direction of a circumferential weld contained
in the plate.

Macroscopic Observations and Thickness Measurements

The fracture surfaces of samples K-1, K-3, K-5, K-6, K-7,
K-9, K-10, and K-12 were macroscopically examined, and
fracture-profile sections were taken perpendicular to the
fracture lines on these samples at the locations designated
in Figures 4,6,7,8,9,11,12 and 14. 1In some plate samples,
as in sample K-1 (Figure 4), several fracture-profile
locations were taken in order to obtain a more general
representation of the fracture. In addition, at many fracture-
profile location, thickness measurements were taken to
determine the extent to which plate thinning occurred near
the fracture sites.

The locations and orientations of the various other test
specimens used in this report are shown together with their
identification codes, in Figures 4,5,7,10, and 13. With the
exception of head-plate K-1, each of the plate samples shown
in these figures appear to have little or no deformation due
to the rupturing of the tank car. Although it was somewhat
flat, sample K-1 is not badly deformed except near the outer
edges of the plate. Therefore, these outer edges were not
used for specimens for tests of mechanical properties of the
plate.

Chemical Analysis

Check chemical analyses (by the spectrometric method)
were conducted at a quarterthickness position of the chemistry
samples of weld metal** and rolled plates. The weld-metal

* See page 3 of Reference 10.

** Although the Specification of TC1l28 give no chemical
requirements for weld metal, a chemical analysis was
obtained on weld metal from plate K-2.
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sample was taken from the weld that joined the "A" head and
shell course number 1 in plate sample K-2. The base metal
samples were head-plate and shell-plate samples taken
respectively from K-1 and K-5. The locations from which the
chemistry samples were taken on each of these plates are
shown in Figures 4,5, and 7. The analyses were made by the
Analytical Chemistry Division, NBS.

Tensile Testing

Tensile test specimens from samples K-1, K-2, K-5, and
K-8 were prepared and tested in accordance with ASTM Methods
and Definition A 370-71. The tensile test specimens were
0.250* inch in diameter and were taken as nearly as possible
from the quarterthickness position of each plate. Two
longitudinal and two transverse tensile specimens taken from
each of the two plates K-1 and K-5 represented, respectively,
the head-plate and shell-plate steels. One longitudinal
(all weld-metal) specimen and one transverse (joint efficiency)
specimen taken from the weld joint of each of two plates, K-2
and K-8, represented the weld joint of these plates.

Bend Testing

Two longitudinal and two transverse bend-test specimens
taken from each of two plates, K-2 and K-5, represented
respectively the head-plate and the shell-plate steels. These
were prepared with dimensions of 3/8 x 1 1/2 x 6 inches. Six
of these bend specimens, four from shell-plate K-5, and two
from head-plate K-2, [one longitudinal (K2-8) and one trans-
verse (K2-5)] were tested with the outside surface of the tank
car being the outer curve of the bend specimen. The remaining
two bend specimens from the plate K-2, one longitudinal (K2-7)
and one transverse (K2-6), were tested with the outside surface
of the tank car being the inner curve of the bend.

* The requirements of AAR-TC128 gives minimum elongation values
for gage lengths of 8 inches (1970 and 1965 Specifications)
and 2 inches (1970 Specification). The overall size of the
Callao sample precluded the use of the standard tensile test
specimens which are commonly used to obtain elongation in 2-
and 8-inch gage lengths. Therefore, 0.250 inch diameter
specimens were used with a l-inch gage length so as to
provide elongation values that are directly comparable with
the values specified for the 0.500 inch specimens with
2-inch gage lengths [4,5].
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In accordance with ASTM A 370-71 Methods and Definitions,
specimens were bent through an inside diameter of 3/4 inch, so
as to satisfy the requirement that the ratio of bend diameter
(d) to specimen thickness (t) be equal to 2, as required by
the AAR-TC128 Specification for plate materials.

In addition, two side-bend test specimens (taken from
welds in plates K-2 and K-8) with dimensions 3/8" x 6" x
plate thickness, were prepared with the cross-section of the
weld placed at the center of the specimen. These specimens
were bent through an inside diameter of 1 1/2 inches, so as
to provide the required ratio of bend diameter (d) to specimen
thickness (t) equal to 4 in accordance with ASTM E 190-64 for
the quided-bend test for ductility of welds.

Impact Testing

Impact tests were conducted on specimens of base metal
and weld heat-affected-zone material taken from the "A" head
plate and shell course number 1. In addition, weld metal
specimens were taken from circumferential welds between shell
courses. The specimens were taken from head-plates K-1 and
K-2, and from shell-plate K-5. Weld metal and heat-affected-
zone specimens were taken from plates K-2, K-8 and K-11.

Two types of impact tests were used in this investigation:
dynamic-tear tests, (DT) and standard Charpy V-notch (CV) tests.
Specimens for the dynamic-tear tests were full-plate-thickness
specimens (nominally 11/16 inches thick for the head-plate
specimens, and 5/8 inches thick for the shell-plate specimens),
with length and width dimensions of 7.125 and 1.6 inches,
respectively, and with a saw-cut and cold-pressed notch with a
depth of 0.375 inch. The Charpy specimens were standard size:
and they were machined from the quarterthickness location
nearest to the inside of the tank car. Dynamic-tear tests
were conducted on both head-plate and shell-plate steel
specimens, and the CV tests were conducted on these same
steels, as well as on weld-metal specimens and on weld heat-
affected-zone regions of the head-and shell-plate steels.

For all sets of impact specimens, tests were conducted
over a temperature range selected to show the transition from
ductile to brittle fracture. 1In addition, the DT test speci-
mens*were tested at elevated temperatures up to 1300 F. This
was done to simulate the response of the steel to fracture
under the broad range of temperatures likely to be encountered
when a tank car is engulfed in a fire.

* These specimens were at temperature for about 25 minutes
prior to testing.
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Test methods used for the DT tests were those developed
[6,7] by the Naval Research Laboratory and the test methods
for the CV tests were in accordance with ASTM Designation
E 23-66. The experimental data were analyzed by a computer
method, which calculated the curves of best fit for the
available data using a least-squares method, and which then
plotted the calculated curves and the experimental data with
an incremental digital plotter. The scales used on the axes
for these plots are those established in earlier reports [9,10].
Therefore comparisons of the various data collected to date
can be readily made by overlaying two or more plots.

The orientations of specimens and notch configurations
used in the impact tests and the orientation codes for these
various types of impact-test specimens are given in Figure 15.
Each type of specimen has a 2-letter code. The first letter
of the orientation code represents the long axis of the test
specimen and the second letter represents the direction of
crack propagation; the letters L, T, and S were used in these
codes to represent three orthogonal plate directions:
longitudinal, transverse, and short-transverse (or thickness)
direction. The longitudinal direction is the principal
rolling direction and the standard longitudinal and trans-
verse configurations were therefore respectively designated
LT and TL. Thus, the LT specimen has its long axis in the
rolling direction of the plate and the notch is oriented so
as to produce crack propagation in the transverse direction
(perpendicular to the rolling direction) of the plate.

The LT and TL specimens are the standard longitudinal
and transverse orientations used in previous reports [8,9,10]
prepared for FRA. 1In this report, the LT and TL specimens
were used for CV tests of head-plate, shell-plate and weld-
metal steels*, as well as for DT tests of head-plate and
shell-plate steels. Specimens of these orientations relate
to the cases involving growth of through-thickness cracks in
directions parallel to the plate surfaces, and these results
are generally considered to be most important.

%* 1In addition, TL specimens of the weld heat-affected-zone
(HAZ) regions of the head-plate and shell-plate steels
were tested. It is noted later in this report that the
HAZ head-plate specimens are not of the true TL
orientation as defined here.



-7 -

The LS and TS specimens are respectively longitudinal
and transverse specimens that are notched to give crack
propagation in the short-transverse (or thickness) direction
of the plate. Head-plate and shell-plate CV specimens with
these orientations were tested. Specimens with these
orientations relate to cases involving cracks that propagate
in a direction perpendicular to the plate surfaces, such as
in the initial rupture of a plate in a tank car that is
impacted by some external force.

The SL and ST specimens are short-transverse specimens
with notches that give crack propagation in the longitudinal
and transverse plate directions, respectively. CV specimens
with these orientations were tested only for the head-plate
steel. These orientations may relate in a general sense to
cases involving fracture along planes parallel with the
plate surfaces, such as occurred along the fracture edge of
plate K-7 (the edge of the area marked #7 in Figure 9 and
area N in Figure 26). This type of fracture is commonly
called tearing.

Metallographic Observations and Hardness Testing

Representative photomicrographs (at X100) were obtained
on metallographic samples taken from samples K-1 to K-3, and
K-5 through K-12.

On one head-plate sample (from K-1) and on one shell-
plate sample (from K-5), metallographic observations were
made on three mutually perpendicular planes as defined in
Figures 16 and 17. Plane A is parallel to the plate surface,
plane B is a transverse plane perpendicular to the rolling
direction and plane C is a longitudinal plane parallel to
the rolling direction.

Two methods were used for rating inclusions in the steels:
(1) ASTM E 45-63, Method A, which provides for the ratings of
the JK field number of the worst field for four different
types of inclusions observed in an area of 0.25 square inches
on longitudinal "C" planes, and (2) a method which uses a
quantitative television microscope (QTM) to determine the
area percentage of inclusions at approximately X338 magnifi-
cation. For this QTM method, a total of 100 fields were
observed on each specimen with 50 fields taken at the center
of the plate thickness, and with the remaining 50 fields
taken at the two quarterthickness locations. In general, the
QTM methods described in the literature [l11l] were used.
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Rockwell B hardness measurements were taken on various
plate and weld samples taken from plates K-1, K-2, K-5 and
K-8. In addition, Knoop microhardness measurements were
taken in the heat-affected-zone (HAZ) region near a weld of
shell course number 1.

RESULTS AND DISCUSSIONS

Chemical Composition

The chemical compositions, as determined by the NBS
laboratory check analyses of the chemistry samples taken
from Callao samples K-1 ("A" head plate), K-5 (shell course
number 1) and K-2 (weld metal), are given in Table I along
with the producers ladle analyses and the chemical require-
ments for M128-65 and -70, Grade B steel. The results of
the laboratory check analysis and the producers ladle
analysis are in good agreement and they indicate that the
composition of Callao samples K-1 and K-5 meet the chemical
requirements for M128-65 Grade B steel.

Although the value of 0.26 percent carbon, as given for
the NBS check analysis for head-plate K-1, is greater than
the specified maximum ladle analysis of 0.25 percent carbon,
this check analysis is within the product analysis tolerance
for carbon steel plates given recently by ASTM Designation
A6-70. However, it should be noted that the carbon and
manganese contents of head-plate K-l are at or near the top
of the range permitted for this grade of steel.

In keeping with good welding practice, the carbon content
in the weld metal is considerably lower than that of these
plates.

The aluminum content of the chemical sample taken from
shell-plate K-5 was determined to be less than 0.005 percent
by weight (total Al). This indicates* that the steel
apparently was not made to fine-grain practice [12], in an
apparent violation of the requirement of AAR-TC128-65 that
"the steel shall be made to fine-grain practice". Shell-plate
K-5 was taken from Bethlehem Steel Corporation heat number
649Y352, which has a reported [by Bethlehem (3b)] McQuaid-Ehn
Grain Size Number of 5-7. This grain size does not seem to us

* For fine grain practice, the expected value of total
aluminum is a minimum of 0.02 t0 0.015 percent.
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to be consistent with the low aluminum content of this steel.

It should be noted that the fine-grain practice require-
ment is somewhat unrealistic for plates that are to be used
in the as-rolled condition; i.e. whenever a subsequent heat
treatment above the critical (transformation) temperature for
the steel will not be given, as is the case for this tank-car
shell plate. The fine-grain practice is used to govern aus-
tenite grain size and is normally specified to prevent or
retard grain coarsening during an annealing or a normalizing
heat treatment. To a limited extent the austenite grain size
may effect the resulting ferrite grain size of the product.
Apart from this consideration, the fine-grain practice does
not seem to us to bear directly on the question of the
expected mechanical properties of the steel. The ferrite grain
size is more directly correlated with the mechanical properties
of the steel, whereas the fine-grain practice tends to govern
the austenite grain size, which is measured in the McQuaid-Ehn
test. Thus, the apparent failure to meet the requirement seems
to us to be of minor significance.

Metallographic Analysis

Microstructures and inclusions of samples from the "A"
head plate and from shell course numbers 1, 2 and 4 were
examined. The results of these examinations are discussed
below.

In addition, metallographic methods were used to deter-
mine the principal rolling direction in the two plate samples
of the "A" head plate (plates K-1 and K-2) and in one of the
samples of shell course number 1 (in plate K-5). The results
of these determinations are shown on these plates by the
rolling direction arrows in Figures 4, 5, and 7. The rolling
directions were used as the references for the metallographic
analysis of inclusions and microstructures of head plate K-1
and shell plate K-5. The results of this metallographic
analysis are shown in Figures 16 through 23 and a discussion
of these results follows.

Inclusion Morphology —— Unetched samples of head-plate K-1
and shell-plate K-5, as viewed on three mutually perpendicular
planes, are shown in Figures 16 and 17, respectively. The
figures show the morphology of the inclusions in these steel
plates. The inclusions in the C planes (longitudinal planes)
are much longer than inclusions in the B planes, indicating
that the C planes are approximately aligned with the principal
rolling direction for each plate. The lengths of inclusions
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on the B planes of shell-plate K-5 are very short and this
indicates that this shell plate received very little or no
cross rolling. For the head plate K-1, the B-plane
inclusions were long in comparison with those observed in
the B planes of shell-plate K-5. Thus, the "A" head plate
appears to have been cross rolled, but the relative lengths
of inclusions on its B and C planes indicates that this
plate was not extensively cross rolled.

In comparison with the appearances of inclusions on the
B and C planes —— these inclusions are either lines or
points —— inclusions on the A planes are planar in shape.
This is not particularly evident in the photomicrographs
presented here (partly due to the difficulty of preparing an
A plane specimen), but it is shown in Figure 4 of reference
number 9.

Microstructures of the "A" Head Plate —— The microstructures
of the "A" head plate, as observed on samples from K-1 and
K-2, are variable. This is shown in Figures 18 through 21.
Figure 18 is a montage of the microstructures at X30 taken
from one plate surface to the other. The microstructures

of the outside half of the thickness of the plate, (given in
the bottom part of this figure) are generally fine, and
similar to that given in Figure 19. The microstructures of
the inside half are coarse, with much larger pearlite
colonies and comparatively coarse ferrite, similar to that
given in Figure 20. This duplex of microstructures was
observed in plate K-1 on three full-thickness metallographic
specimens but none of the other metallographic specimens from
this plate had the finer microstructure. The observed non-
uniformity of microstructures is surprising to us, as we
would expect a relatively uniform microstructure in plates
that have been uniformly heat treated at 1650 F prior to

hot forming.

This nonuniformity is important because test specimens
used for determinations of mechanical properties, except for
dynamic-tear specimens, were quarterthickness specimens,
which means for plates of 5/8 to 11/16 inch in thickness that
the specimens represent only half of the plate thickness.

The microstructure observed on a single full-thickness
sample taken from plate K-2 is given as Figure 21. This
structure, which is similar to that shown in Figure 20, was
observed throughout the thickness of this specimen. These
figures show the large pearlite colonies and ferrite of about
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grain-size number 8. In addition, this steel shows some
microstructural banding, particularly at locations between
the plate quarter points.

Microstructures of Shell Course Number 1 —— The micro-
structures observed on samples from shell course number 1
were less variable than those observed in the samples from
the "A" head plate. Figure 22 shows the microstructures of
sample K-5 on three mutually perpendicular planes at magnifi-
cations of X 100 and X 240. These microstructures are
mixtures of ferrite and pearlite. Some bands of alternate
layers of ferrite and pearlite are observable at various
locations on the B and C planes and they are apparent only
at the lower magnification level in this figure. The
ferrite was estimated to be an ASTM grain size No. 7 for
samples from K-5 and K-10v, and ASTM grain size No. 8 for
samples from K-6, K-3, and K-1l0u. The microstructures of
plate K-5 are not unexpected for a carbon-manganese steel
in the as-rolled condition produced in accordance with
AAR-TC128-65 specifications.

Microstructures of Shell Course Number 2 —— The micro-
structures of samples from shell course number 2 are very
similar to those observed in samples taken from course

number 1. Typical microstructures taken from plates K-7 and
K-8 are presented in Figure 23. These microstructures are

also typical of those observed in the samples taken from

K-9 and K-10w, which were also taken from shell course number 2.

Microstructures of Shell Course Number 4 —— The microstructure
given for sample K-12 in Figure 23 typifies the microstructures
of samples from K-11 and K-12 from shell course number 4, and
it is similar to the microstructures observed in samples taken
from course numbers 1 and 2, except that the pearlite colonies
in this sample are larger (about ASTM grain size No. 4) and
similar to the size of the coarse grained parts of the "A"

head plate. The ferrite grains are estimated to be ASTM grain
size No. 7 and in this photomicrograph they appear to surround
or outline the coarse pearlite colonies in this steel. This
microstructure is not unexpected for a carbon-manganese steel
in the as-rolled condition produced in accordance with the
AAR-TC128-65 specifications.




Macroscopic Observations

The macroscopic examination of the Callao samples
revealed that the outside surfaces of all plates contained
black and/or white paint and there was no evidence of
exposure to fire on any of the plates as received at NBS
although the fracture surfaces were somewhat rusted.

The results of the examinations of the fracture profiles
of plate samples that contained fractures are discussed below
for the "A" head plate and for plates and welds from shell
course numbers 1, 2, and 4. Photographs of the fracture-~
profile samples are shown in Figures 24 through 28,

A tabulation of the fracture modes observed in the
samples taken from tank car GATX 94451 is given in Table II.
This Table indicates that twenty fracture samples were
examined; sixteen have fractures which are nearly perpen-
dicular to the plate surfaces; three have a "mixed" fracture
mode; and one (through a weld) has a shear-like fracture mode.

Sixteen profile specimens have a fracture mode that is
nearly perpendicular to the plate surfaces, indicating that,
in general, the plates of this tank car failed in a brittle
manner. Three fracture surfaces have a "mixed" fracture
mode containing some combination of this perpendicular mode
along with a tearing mode and a shear fracture mode. The weld
specimen with the shear fracture mode is shown in Figure 28a,
which is a photograph of the weld section taken from plate
K-6 of shell course number 1. Photographs of fractures
through the heat-affected-zone (HAZ) regions of weldments
from plate K-10 of shell course number 2, are shown in Figure
28b and 28c. These photographs indicate that these HAZ
regions also failed in a brittle manner.

An unusually wide circumferential weld between shell
courses numbered 4 and 5 was examined and is shown in Figure
29 in a cross-sectional view.

The figure shows that at this location, a total of seven
weld passes were used to join these two 5/8 inch-thick shell
plates: three small weld passes, and four large weld passes
which are presumably submerged-arc weld. It also shows the
large and significant misalignment of these plates. '



- g =

The NBS measurement of this misalignment indicates that
the plates are offset approximately 0.203 inch, and this
value is about 0.047 inch greater than that which is
presently allowed for a circumferential weld of a 5/8 inch-
thick plate.*

Hardness Measurements

The results of the hardness survey taken on samples of
the "A" head plate, shell courses numbered 1 and 2, two weld-
metal samples and a heat-affected zone sample are given in
Table TIIT.

The average hardness for the "A" head plate as measured
on samples from plate K-1, is Rg 91.4. This value corresponds
to an approximate tensile strength of 91,000 psi. In com-
parison, the average tensile strength obtained in tension
tests of this steel is 95,600 psi.

The average hardness obtained for the shell course number
1, as measured on samples from plate K-5, is R 91.3 and this
value corresponds to a tensile strength of 91,000 psi. The
average for the tensile test results for this steel is 87,000
psi.

The average hardness for the weld metal between shell
course numbers 1 and 2 is Rg 92.8. The results of micro-
hardness measurements of the heat-affected zone (HAZ) of this
weldment indicate that the average Knoop hardness value for
the coarse-grained HAZ region is 273, and this value converts
to about Rc 24 (about Rg 100). These hardness results
indicate that, in keeping with good practice, this weldment
was stress relieved after fabrication.

Thickness Measurements

The results of the thickness measurements taken on 16
fracture profile samples are given in Table IV. These results
indicate that substantial plate thinning did not occur in any
of the fracture profile samples measured.

* L] ] .
This conclusion is based on the tolerance prescribed in

Appendix W, Table 15.03 (a) of the AAR SPECIFICATIONS FOR
TANK CARS, January 1, 1970 EA4.
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Inclusion Content Ratings of Samples K-1 and K-5

The results of the inclusion content ratings for the head
and shell plates of samples K-1 and K-5 are given in Table V.
The Quantitative-Television-Microscope (QTM) area-percentage
ratings indicate that the head and shell plates have overall
inclusion contents of 0.35 and 0.33 area percent, respectively,
and both steels have not more than 21 observed fields with an
inclusion area equal to or greater than 0.5 percent. These
results indicate that the inclusion content of this head-plate
steel is slightly greater than that of the shell-plate steel,
but slightly less than that of the South Bryon shell-plate
sample [9].

A summary table showing the comparative cleanliness of the
steels investigated to date follows:

Overall Inclusion Number of Fields with

Content (Area %) Inclusion Area 2 0.5 Area %
Accident Site Steel Head Shell Head Shell
South Byron M128 = 0.40 - 29
Crescent City A212 0.19 0.13 0 2
Callao M128 0.35 0.33 21 15

Although the literature gives very little information on the
inclusion area percent expected in steel plate [10], some data
is given [11] for the number of fields with an inclusion area >
0.5, in 100 fields examined at X338. For production heats this
number is between 1 and 28: The values obtained from the QTM
observations of the Callao specimens are at the high end of
this range.

The results of inclusion rating by ASTM E-45, Method A
indicates that manganese sulfides are the principal types of
inclusions in the plates investigated.

Bend Tests on Samples K-2, K-5, and K-8

The results of the bend tests of the shell plate from
sample K-5, head plate from sample K-2 and weldments from
samples K-2 and K-8 are given in Table VI and Figures 30 and 31.
The side-bend specimens of the weldments passed the guided-bend
tests for ductility of welds. The head-plate and shell-plate
specimens that were tested with the outside surface of the
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tank car being the outer curve of the bend, passed the AAR-
TC1l28-65 bend requirement.

The transverse head-plate specimen that was tested in a
non-standard manner, with the outside surface of the tank car
being the inner curve of the bend, failed the bend test for
plates. In this head-plate sample, K2-6, cracks were visible
at an angle of bend of approximately 120°. With further
bending the cracks extended until the specimen fractured into
two pieces at 180° of bend. While this failure is not con-
sidered a failure of the bend requirement for this steel, the
failure is instructive. This transverse specimen failed at a
relatively low angle of 120° and the longitudinal specimen did
not fail, indicating that the tendency for bend-test failure
will be greater for transverse bend specimens.

The failed specimen was different from the specimens tested
in the standard manner in that the outer curve of the bend
represents the steel near the center of the plate for the non-
standard test whereas it reprsents the plate surface in the
standard test. In addition, the inclusion content near the
plate center is greater than that near the plate surfaces.

Thus, these tests indicate that the tendency to fail in the
bend test increases with the inclusion content, which is
dependent upon the thickness location within the plate.

Tensile Properties

The results of the tensile tests of the specimens from
head plate K-1, shell plate K-5, and the weldments from plates
K-2 and K-8 are given in Table VII. The results of the
longitudinal and transverse head and shell-plate specimens,
and the weld specimens indicate that the plates and the weld-
ment meet the AAR-TC128-65 requirements of 19 percent minimum
elongation, 50,000 psi minimum yield point, and 81,000 to
101,000 psi tensile strength. The results of the transverse
weld tensile tests indicate that the strength of the weldment
exceeds the required minimum; hence the weldment has a joint
efficienty of 1.0 and meets the AAR requirements.

The observed strength levels of the longitudinal and
transverse specimens of the "A" head plate K-1 are similar.
However, the ductility of the plate, as measured by the
reduction of area and the elongation, is anisotropic, with
the ductility of the longitudinal specimens being greater than
that of the transverse specimens. These observations also
apply to the specimens of shell plate K-5.
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The absence of both a distinct yield point and a lower-
yield strength in specimens taken from the "A" head plate
indicates that these specimens had been cold deformed prior
to tensile testing. We believe that this deformation was
most likely the deformation that accompanied the failure of
the tank car and not deformation associated with the
machining of the test specimens.

Figure 32a and 32b, respectively, show the fracture
surfaces of the transverse and longitudinal tensile test
specimens. All of the specimens show a cup-and-cone fracture
mode in the outer surface with a region of flat fracture in
the center of the specimens. The fracture appearances of the
flat-central regions are somewhat lamellar for the transverse
shell-plate specimens K5-1 and -2, but for all other specimens
the flat-central regions are not lamellar.

Impact Test Results

The results of Charpy V-notch (CV) and dynamic-tear (DT)
impact tests are given in Figures 33 through 38 and Appendices
B through G for the following categories of specimens _
representing the "A" head plate and shell course number 1:
longitudinal head-plate (Fig. 33, Appendix B), transverse
and short-transverse head-plate K-1 (Fig. 34, Appendix C),
longitudinal shell-plate K-5 (Fig. 35. Appendix D), transverse
shell-plate K-5 (Fig. 36, Appendix E), heat-affected-zone
regions of head plate and of shell plate (Figure 37, Appendix
F), and weld-metal of circumferential welds (Fig. 38, Appendix
G). 1In addition, the results of the elevated-temperature DT
tests of head-plate K-1 and shell-plate K-5 are given,
respectively, in Figures 39 and 40 and in Appendices H and I.

Thus, each figure represents.one of these categories of
specimens and shows all of the observed values and the
calculated curves for the category that the figure represents.
There are three lettered frames for each figure number with
one letter for each of the fracture criteria: Percent shear
fracture appearance is the A frame, energy absorption is the B
frame and lateral expansion is the C frame. The scales of the
three frames of each data set have been standardized in this
and in previous [9,10] reports, so that any set of frames can
be overlayed to compare various results. The values of energy-
absorption obtained in the DT tests are about 10 times the values
obtained in CV tests (due to the larger areas of fractures in
DT tests). Therefore these energy values were-divided by 10
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so that they could be plotted on the standard energy scale of
100 ft-1b and in the same frame with the comparable CV data,

as shown in Figures 33B, 34B, 35B and 36B. However, in

Figures 39 and 40, the DT test results for elevated temperatures
are plotted with a full-scale value of 1000 ft-1b, so that on
these plots the energy values may be read directly.

Each appendix gives the observed and calculated results
for the category that it represents. These results are given
as a series of tables. The sequence of presentation of the
tables within an appendix is the same as that given in the
corresponding figure for that category. This sequence is
given in the figures under the words SPECIMEN IDENTIFICATION
shown in the upper left-hand corner of each frame. The tables
in the appendices are numbered 1A, 1B, 1C, 2A, 2B, etc., with
the A,B, and C designations representing the three fracture
criteria, as discussed above.

Fracture Criteria —— For the CV tests, a complete data set
includes results for three fracture criteria: percent shear
fracture appearance, energy absorption, and lateral expansion.
For the DT tests, a complete data set includes results for
only the first two of the three criteria (i.e. lateral
expansion is not measured in the DT tests).

Temperature Limits of the Transition Zone —— The impact test
results given in this report indicate that within a given data
set, the transition zone* begins and ends over roughly the same
range of temperatures irrespective of the fracture criteria
(A,B, or C). Furthermore, with increasing temperature over the
transition zone, the magnitude of the values of energy
absorption in DT and CV tests (and of lateral expansion in the
CV tests) is linearly related to (nearly proportional to) the
percent shear fracture appearance.

Transition-Zone Limits of Temperature: CV Tests vis-a-vis DT Tests __

The temperature limits of the transition zone differ for the two
test methods, DT vs. CV. This is observed by comparing CV and
DT results of tests conducted on specimens with similar
orientations (i.e. either LT or TL specimens may be compared).
These comparisons may be made on each of eight different frames;
four of these frames contain percent-shear-$#racture-appearance
plots given as Figures 33A through 38A, and four contain
energy-absorption plots given as 33B through 36B.

* The transition zone begins at the highest temperature on
the lower shelf and it extends to the lowest temperature
of the upper shelf.
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For a given steel, the transition zone for each of the
sets of CV specimens occurs over about the same range of
temperatures. This is observed by comparing, for example
the A frames of Figures 33 and 34. This is true for CV tests
of either head-plate or shell-plate specimens. Similarly,
the transition zones of the sets of DT tests of longitudinal
and transverse shell-plate specimens occur over the same range
of temperatures but this temperature range is about 35 F
higher than that for CV tests of shell-plate specimens. This
difference is not unexpected.

For the head-plate tests, the variability of test results
is somewhat unexpected. The results of tests on transverse
specimens indicate tht the transition occurs at higher temper-
atures in DT tests (by about 45 F), whereas the results of
longitudinal tests indicates that the transition occurs at
higher temperatures in CV tests (by about 40 F).

The impact-test behavior of this head-plate steel is
unexpected in that the transition zone of HDTL* specimens
occurs at lower temperatures than expected. This is believed
to be due to the combined influences of microstructural
inhomogeneity of the plate and of possibly cold deformation
that occurred when the tank car ruptured. However, it is
our view that the microstructural heterogeneity of this
plate is of dominant importance in governing the variability
of the behavior of these impact tests.

This view is based in part of our findings that metal-
lographic specimens taken from impact specimens (HLI-24,
HLH-10, HTG-46, HTF-53)* that had been tested in the
transition zone of each of four sets of CV specimens had
similar microstructures and these microstructures were similar
to the microstructures of a transition-zone specimen (HDTT-38)
representing the set of transverse DT specimens. However,
these microstructures, as represented in Figure 20, were
observed to be quite different from the microstructure of a
transition-zone specimen (HDTL-60) representing the set of
longitudinal DT specimens. This longitudinal specimen had
the variable microstructure shown as a montage of photo-
micrographs in Figure 18A. The finer microstructure observed
throughout the majority of the thickness of this specimen, as
shown in Figure 19, is believed to have effected a decrease in
the temperature of the transition zone for the HDTL set of
specimens. Thus, the transition zone of the HDTL specimens
occurs over a range of temperatures that is relatively low in
relation to that of the CV sets of impact specimens taken from
the "A" head plate.

* Tdentification codes for impact specimens are shown in
Figures 4,5,7, and 13.
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Transition-Zone Limits of Temperature for Various CV Orientations

The results given in Figures 33 through 36 and 38 indicate that,
for a given steel, the Charpy V-notch transition zone begins and
ends over roughly the same range of temperatures irrespective of
the orientation of either the specimens or the notches. This is
particularly evident in the 50-percent-shear-fracture data given
in Table VIII. This general behavior is also evident in Figures
33 through 36, and 38. Overlays of Figures 33 and 34, or
Figures 35 and 36 show the similarities of the behaviors as a
function of orientation of specimen and notch. The plots of
shear-fracture appearance show this behavior most clearly.

For example, an overlay of Figures 33A and 34A show that the
shear-fracture appearance behaviors of the longitudinal,
transverse, and short-transverse head-plate specimens are
similar.

One exception to the above behavior is observed for the
case of shell-plate specimens designated STB, which have the LS
orientation (longitudinal specimens with crack propagation 1n
the short-transverse direction). The results for these
specimens were so highly variable that the transition curves
could not be defined from the available data sufficiently to
render them meaningful.

Lower-Shelf Behavior —— The lower shelf extends from very low
temperatures up to the temperature at the lower limit of the
transition zone of impact curves. For all orientations of
specimens tested, in this region the percent-shear-fracture
appearance is zero or nearly zero and the values of energy
absorption vary only over a very narrow range of low values
(i.e. low in relation to upper-shelf energy values) for both

CV and DT tests. Similarly, in the CV tests the lateral
expansion values in the lower-shelf region are low in

magnitude and narrow in range.

Upper-Shelf Behavior —— The upper shelf begins at the higher
temperature 1limit of the transition zone and extends to all
higher temperatures used in the tests. In this region, the
fracture appearance is 100 percent shear for both DT and CV
tests and for all orientations of specimens and notches.

The magnitudes of the upper-shelf values of energy absorption
and lateral expansion are governed in part by the directionality
of the microstructure of the material, and therefore the effect
of this dlrectlonallty on lmpact properties can be assessed by
tests with specimens having various orientations of axes and
notches.
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The results indicate that the effects of orientation of
specimens and notches on the energy-absorption behavior in.
DT tests are similar to the effects in CV tests. (However,
the magnitude of the energy-absorption values are about 10
times greater for the DT tests and this is principally due
to the larger cross sectional area of the DT specimens.)
Therefore, in the discussion to follow the CV test results
will be given as the principal examples, with the under-
standing that (where corresponding DT data is available) the
results are similar in character for the DT tests.

The results indicate that, in general, the trends
observed for measurements of energy-absorption data are
similar to the trends observed for lateral-expansion data.
Thus, for brevity, only energy-absorption data will be
discussed in detail.

The shelf-energy-absorption values obtained on a given
steel vary with orientation of the specimen and with
orientation of the notch. As shown in Table VIII, for a
given steel, the values for CV tests decrease in the order
Ls, LT, TS, TL, ST, SL, with the values for the ST and SL
orientations being nearly equal.

As a function of Charpy V-notch specimen orientation,
the shelf-energy values thus decrease in the order: longi-
tudinal specimens, transverse specimens, short-transverse
specimens. Similar results are shown in Table IX, given for
the selected DT tests, in which the energy values decrease in
the same order: LT, TL. This general behavior is believed to
be due principally to the morphology of inclusions in the
steel. An inclusion can be thought of as an orthogonal
parallelepiped, with 3 orthogonal directions L, T and S as
defined earlier. With this model, the dimensions of the
inclusion in these directions are greatest in the L direction
and smallest in the S direction. If the "plane" of the
inclusion is defined as that plane which contains the L and T
directions (the longest dimensions), then the effect of
inclusions on the observed results of these impact tests is
consistent with the following explanation for the energy
absorption and lateral expansion data.

Fracture of short-transverse specimens (ST and SL
orientations) occurs with the least amount of energy absorption
because the fracture plane in these specimens is parallel with
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the "plane" of the inclusions (i.e. it contains the L and T
axes of the inclusions). In addition, the fracture plane is
parallel with alternate layers of a banded microstructure
and this may detract from the enerqgy absorption in short-
transverse specimens. In the other orientations, the
fracture plane is perpendicular to the alternate layers

of the microstructure.

In transverse speciméens (TS and TL orientations), the
fracture plane is perpendicular to the "plane" of the
inclusions and it contains only the longest and shortest
(L and S) axes of the inclusions; thus, in these specimens
the progress of the crack front is damped more frequently
with the tough metal matrix which contains the inclusions,
and energy absorption is accordingly increased.

In the longitudinal specimens (LS and LT orientations),
the fracture plane is perpendicular to the "plane" of the
inclusions and the fracture plane must cut across or bisect
the inclusions. Thus the fracture plane contains only the
two shorter axes (T and S) of the inclusions, with the
results of a further comparative enhancement of the damping
action from the tough metal matrix and a concomitant increase
in the energy-absorption value required for fracture.

For a given specimen orientation, either longitudinal or
transverse, crack propagation in the short-transverse (S)
direction requires more energy than in the corresponding
transverse (T) or longitudinal (L) direction, i.e. LS compared
with LT, and TS compared with TL. This occurs despite the
fact that the pair of inclusion axes contained in the fracture
plane is the same for both orientations (for LS and LT or for
TS and TL). Therefore this effect is believed to be principal-
ly due to microstructural banding in the steel. 1In a banded
steel, there exist alternate layers of tough ferrite and a
comparatively brittle ferrite-pearlite mixture. Crack
propagation in the S direction, in the LS and TS specimens,
occurs by fracture which progresses through alternate layers
of brittle and tough materials, with the net result of an
enhanced damping action from the tough material in the
alternate layers; this would be expected to give rise to
greater energy-absorption values when compared with the
values for the corresponding fracture along the T or L
directions. Crack propagation in the T and L directions
occurs through all layers of the material simultaneously and this
would be expected to require comparatively less energy for
fracture.
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Cross-Rolling Indices for Plate Steels If the extent of
cross-rolling of plate materials is assessed by a cross-
rolling index defined here as the ratio of the maximum shelf-
energy absorption in transverse specimens of TL orientation
to the maximum shelf-energy absorption of longitudinal
specimens of LT orientation. Then a value of 1 represents a
completely cross-rolled plate and lower values represent
lesser degrees of cross rolling. This index is tabulated
below for the head-plate and shell-plate steels.

Cross—-Rolling Index

Head Plate K-1 Shell Plate K-5
CV Tests 38/54 = .70 38/75 = .51
DT Tests 420/650 = .65 377/746 = .51

It is apparent from this table that the head plate was
cross rolled to a greater extent than the shell plate.
However, the head plate was not fully cross rolled.

The DT results for the head plate indicate a lower index
than expected, but this too might be related to the anomalous
effects attributed above to microstructural differences
between the longitudinal and transverse DT specimens.

Upper-shelf Behavior of Weldments —— The shelf-energy
absorption values of the weld-metal (LT and TL) specimens, and
of the heat-affected-zone (HAZ) specimens of both the head-
plate and the shell-plate tests, are adequate and they reflect
good welding practice¥*.

* We suspect that the CV values obtained for the HAZ region
might not be representative of the behavior of the plate
in service. This suspicion is based on our finding that
the shape of the HAZ region precludes the placement of the
notch uniformly along the coarse-grained region of the HAZ.
(This region is considered to be the brittlest region in
many weldments.) For this reason it is believed  that the DT
test might be a more suitable test method for determining the
impact characteristics of the HAZ of weldments of plate
material of thickness levels similar to those of the plate
materials tested in this work. This belief is based on the
presumption that while the problem of the initial placement
of the notch would not be alleviated for the DT test, the
crack path in the DT test is much longer than in the CV test.
Then, perhaps at longer crack propagation distances, the crack
front would seek and follow the brittlest region along a weld-
ment in a manner similar to that which would obtain in the
fracture along a weldment in a large plate.
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Transition Temperatures in CV Tests —— As was discussed
above, for a given steel the limits of the transition occur at
the approximately same temperatures irrespective of the
fracture criteria and irrespective of ‘the orientations of the
specimens or of the notches. In addition, the value of the
fracture criteria in the lower shelf is independent of the
orientations. With this in mind it becomes apparent that the
15 ft-1b or the 15 mil transition temperatures will be in the
inverse order of the upper-shelf values of either energy
absorption or lateral expansion. For example, the shelf-energy
absorption values for the head plate K-1 decrease in the order
LS, LT, TS, TL, ST, SL and the corresponding 15 mil transition
temperatures for these specimens are respectively 10, 41, 64,
64, 170, and 175 F. The other series of transition temperatures
for a given steel, as shown in Table VIII, follow this same
trend for their various orientations of specimens and notches.

In addition, the results given in Table VIII indicate
that the transition zone for the shell plate occurs at lower
temperatures than that for the head plate. Taking into
account only the more conventional longitudinal (LT) and
transverse (TL) specimens, the transition temperature for
the shell plate is about -1°F based on a 15 ft-1b criteria
and it is 6°F based on a 15 mil criteria. The corresponding
values for the head-plate steel are respectively 64 and 52°F.
The 50-percent-shear fracture transition temperatures are 92°F
for the head and 56°F for the shell. The various transition
temperatures are within the range of temperatures in which
tank cars are normally used in service.

The behavior of weld-metal and heat-affected-zone*
specimens shown in Table VIII indicate that the impact
characteristics of these weldments are much more favorable, e.g.
15 £t-1b av. values of -37 and -48°F, respectively. These
values reflect good welding practice.

Transition Temperatures in DT Tests —— The results of
dynamic-tear tests given in Table IX indicate that the nil-
ductility-transition (NDT) temperatures are about 40 F for
the head plate and about 34 F for the shell plate; and that
the average temperatures for 50-percent-shear-fracture
appearance and 50-percent-maximum-energy absorption are
respectively 90 F and 82 F for the head-plate steel and 92 F
and 87 F for the shell-plate steel. It is noted that for the

* See footnote on page 22 for a comment on these HAZ tests.
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head-plate specimens, all of these temperatures are much
higher for the transverse than for the longitudinal
determinations and these differences are believed to be due
to the microstructural variability of this head-plate steel.

Elevated-Temperature Dynamic-Tear Tests —— These results
are given in Figures 39 and 40, in Appendices H and I and in
Appendix B Table 3, Appendix C Table 6, Appendix D Table 3,
Appendix E Table 3, and in Table IX. The results indicate that
the linear relationship* between percent-shear-fracture
appearance and energy absorption holds only for tests conducted
at temperatures up to the beginning of the upper shelf. With
further increases in temperature, the fracture mode continues
to be 100 percent shear, but the energy-absorption values are
variable and the energy-absorption plots have minimum values

at temperatures near 1050 F (see Figures 39 and 40).

For each of the four sets of tests shown in these plots,
a minimum value of energy absorption occurs in the range of
temperatures from 850 to 1100 F, depending on the steel and
the specimen orientations. For three of these sets, the
minima fall within a narrow range of 1000-1100°F. The fourth
set, HDTL, gave a minimum at 850°F, which may be misleading
because a measurement was not taken at 1100°F.

The results of tests of transverse head-plate specimens
indicate that the magnitude of the decrease in upper-shelf
energy-absorption values at elevated temperatures can be
greater than 50 percent of the maximum energy absorption as
measured over the usual range of impact test temperatures.

General Discussion

The purposes of this investigation were to determine if
the plate samples taken from tank car GATX 94451, involved in
an accident near Callao, Missouri, conformed with specifi-
cations for tank car materials, and to gather information
pertinent to the more general question of the suitability of
these materials for use in tnis application in the future.

For the most part the materials meet the required
specifications. The results of the NBS laboratory check
chemical analyses indicated that all samples tested meet their
respective chemical requirements. However, plate sample K-5,
taken from the shell course number 1, apparently was not made
to fine-grain practice. The results of mechanical tests on
specimens taken from the "A" head plate, weld metal and shell
course number 1,indicate that all of these steels meet the bend
and tensile requirements for M128 steel, and the weld joint
efficiency is 1.

* See the earlier discussion of "Temperature Limits of the
Transition Zone" given on page 17.
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Additional information obtained from fracture surface
analyses, metallographic sections, hardness traverses, and
impact tests may be useful in later analyses of the general
question mentioned above. The tests of impact properties
were most extensive and they may be of great importance in
the final analysis of the general question.

Our examinations of the fracture edges of the Callao
plate samples indicated that shear fracture was predominant
only on a fractured weld-metal sample, indicating a ductile
fracture mode in this weldment. In general, little or no
shear fracture and/or plate thinning were observed in the
case of the base-metal and heat-affected-zone fractures,
indicating brittle modes of fracture.predominated in almost
all of the failed parts of the tank car that were examined.

The fracture modes observed on fracture edges of these
plate samples are consistent with the measurements of the
impact characteristics (given in this report) for the head-
plate, shell-plate and weld-metal steels tested. The tank
car apparently failed upon impact with a part of a bridge
and it is estimated that the temperature of the steel of the
tank car was about 15°F when this occurred. Steels with nil-
ductility-transition (NDT) temperatures at and above this
temperature would be expected to fail in a fast, brittle-
fracture mode under severe impact conditions. The averages
of estimated NDT temperatures of the head-plate and shell-
plate steels tested were about 40 F and 38F respectively.
Thus, brittle failure was virtually assured for these steels
under severe impact conditions at 15°F.

The multiplicity of orientations of Charpy V-notch tests
conducted on the head-plate and shell-plate steels can be used
in a more general way, to understand the behavior of these
steels under the variety of conditions that lead to failure.
The results indicate that anisotropy of the upper-shelf energy
absorption is three dimensional. Furthermore, it was found
that, for a given steel tested under various orientations of
specimens and notches, the transition temperatures (such as
those for 15 ft-1b or 15 mil criteria) are in inverse order
to the upper-shelf values of these criteria, as measured for
the various notch and specimen configurations.

In contrast with this behavior, the shear-fracture-
appearance criteria was much less affected by orientation
of either the specimen or the notch, at least for tests
conducted by a given test method, either Charpy V-notch (CV)
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or dynamic tear (DT). The observed differences in the shear-
fracture-appearance data for various orientations of specimens
and notches seem to be related only to gross microstructural
variations in the steel tested. This was demonstrated for

the case of the DT tests and it is believed to be true in a
general sense for CV tests as well.

The results of impact tests and metallographic examinations
of numerous specimens taken from the "A" head plate indicate
that this plate is very heterogeneous. Gross microstructural
heterogeneity was observed in this plate, and this heterogeneity
was used to explain the anomalous relation between the CV and
DT impact results for the plate. It is believed that this
heterogeneity would give rise to heterogeneity in some of the
mechanical properties of the plate in service. It is believed
furthermore that the thermal treatment associated with the hot
forming process was principally responsible for the observed
heterogeneity in the microstructural and impact characteristics
of this steel plate.

The results of the CV and DT impacts tests indicated to us
that the effects of heterogeneity of microstructure in steel
plates can be detected more readily in DT tests because (1)
the full plate thickness can be tested in DT tests of steels
of the thickness levels commonly used in tank car construction
and (2) in a given set of specimens used to establish the
ductile-to-brittle transition, the area of fracture surface
generated in the DT tests is greater than that for the CV tests.
It is also noted that for the "homogeneous" steels tested the
transition zone occurs at higher temperatures for DT tests
than for CV tests.

The results of DT tests conducted at elevated temperatures
in the range of temperatures from 300 to 1300 F indicated that
there is a minimum in the energy-absorption behavior of both
the head-plate and the shell-plate steels, with this minimum
occurring at temperatures near 1050 F. At this minimum, the
magnitude of the measured value of energy absorption can be
less than 50 percent of the usual value of upper-shelf energy
absorption as measured at temperatures below 300 F. The
importance of these findings is not clear at this time, but
they may warrant further investigations of the effect of time
at elevated-temperatures on impact properties of these steels.
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In previous reports [9,10], energy-absorption values
for longitudinal specimens of the LT orientation, for steel
of various strength levels were taken from the literature [14]
for comparison with the values obtained in our exploratory
studies of the impact properties of tank car steels. The
results to date are summarized in Figure 42. Analyses given
in the previous reports [9,10] seem to be sufficient for
explaining the data added from the results of the present work.
However, it is noted that the comparatively low value of
energy absorption of the M128 steel of head plate K-1 is to be
explained in part by the fact that this steel was somewhat
cross-rolled and this process is expected to decrease the
value for LT specimens while it increases the value for TL
specimens.

SUMMARY AND CONCLUSIONS

1. The Callao samples investigated in this report include a
total of 11 steel plates of M128-B steel. These samples
were designated K-1 to K-3 and K-5 to K-12, all of which
were taken from a failed tank car designated GATX 94451.
The samples selected for tests of mechanical properties
and of chemical composition were taken from the "A" head
plate, from shell course number 1, and from circumferential
weldments of the tank car.

2. The chemical compositions of the samples taken from the "A"
head plate and from shell course number 1 meet the chemical
requirements of AAR-TC1l28-65, Grade B steel. However, the
results of a determination of the aluminum content of a
chemical sample taken from shell course number 1 indicates
that this plate was apparently not made to fine-grain
practice, in an apparent violation of the requirements of
AAR-TC128-65.

3. The results of tensile tests indicated that the head plate,
the shell plate and the weldment meet the tensile require-
ments for M128 steel, and that the weld joint efficiency
is 1.

4. The results of bend tests indicated that the head-plate and
shell-plate steels passed the AAR-TC128 bend requirements
for plates and the weldment passed the guided-bend test
for welds.
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Results of bend and tensile tests and chemical analyses
of weld samples indicated that, in general, good welding
practices were used in the fabrication of the welds
examined. However, one exception was observed: The
misalignment of a circumferential weld was measured to
be offset by about .05 inch greater than that allowed in
the AAR SPECIFICATIONS FOR TANK CARS, 1970 Edition.

Although the head-plate steel meets the mechanical
property requirements, the results of metallographic

'examinations and impact tests indicate that the thermal

treatment used in the hot forming of this head plate
resulted in an undesirable nonuniformity in some of the
mechanical properties of this plate.

Both the calculated nil-ductility-transition (NDT)
temperatures from dynamic tear-tests and the transition
temperatures from Charpy V-notch tests were higher for
the "A" head plate than for shell course number 1, and
for both steels these temperatures are within the range
of temperatures in which tank cars are normally used in
service and above the temperatures at which this tank
car reportedly failed.

The results of thickness measurements and the appearances
of fracture profile samples of failed parts of the tank
car indicated that the steels examined had fractured with
predominantly brittle fracture modes, except for a failed
weld-metal sample.

The measurements of the impact characteristics of the head-
and shell-plate steels indicated that under conditions of
severe impact and at the reported temperature of the tank
car at the time of the accident, these steels would be:
expected to fail in a brittle manner.

The results of impact tests indicated that:

a. The transition from ductile to brittle failure occurs
at temperatures that in general are higher in dynamic-
tear. (DT) tests than in Charpy V-notch (CV) tests.

b. With a given test method for each of two steels tested,
the transition from ductile to brittle failure occurs
over roughly the same temperature range irrespective
of the orientations of the specimens and the notches
in the specimens and this invariance holds for each of
three fracture criteria used in the CV tests and for
each of two fracture criteria used in the DT tests.
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c. Upper-shelf energy absorption, as measured at
temperatures below 300 F has a three-dimensional
anisotropy in the steels tested. An explanation of
the nature and causes of this anisotropy in terms
of inclusion shape and banding is given in this
report.

d. The relationship between upper-shelf energy absorption,
as measured in DT tests, versus temperature, in the
range from 300 to 1300 F, has a minimum value at
temperatures estimated to be near 1050 F for both the
head-plate and shell-plate steels tested.

e. This minimum value can be less than 50 percent of the
energy absorption value of upper-shelf energy as
measured at temperatures below 300 F.
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Table I. Chemical Composition* of the Callao Samples
Percent by Weight
Specification NBS Laboratory Producer's
AAR-M128-Grade B Check Analysis Ladle
Element Ladle Analysis K-1 K-5 K-2 Analysis*

1965 1970 (Head) (Shell) (Weld) K-=1** ~K-5k%%*
Carbon Max 0.25 0.25 0.26 0.23 0.15 0.24 0.20
Manganese Max 1.35 1.35 1.25 1.15 1.09 1.30 1.18
Phosphorus Max 0.040 0.040 0.012 0.012 0.014 0.011 0.014
Sulfur Max 0.050 0.050 0.028 0.014 0.019 0.026 0.028
Silicon Max 0.30 0.30 0.21 0.20 0.55 0.26 ~0.24
Vanadium Max (+) 0.08 0.035 <0.01 0.016 0.05 (+)
Copper Max 0.35 0.35 0.10 0.27 0.17 0.11 (+)
Nickel Max 0.25 0.25 0.06 0.16 0.08 0.19 0.09
Chromium Max 0.25 0.25 0.18 0.10 0.11 0.05 0.15
Molybdenum  Max 0.08 0.08 0.020 0.010 0.018 0.05 (+)
Aluminum (+) (+) (+) 0.026 <0.005 0.008 (+) (+)
Columbium (+) (+) (+) <0.01 <0.01 <0.01 (+) (+)
Zirconium (+) (+) (+) <0.01 <0.01 <0.01 (+) (+)
Titanium (+) (+) (+) <0.01 <0.01 <0.01 (+) (+)
* These values were obtained by optical emission spectrometric

analysis.

* & The U.S. Steel Corporation heat number for head plate K-1 is

69E247 (McQuaid-Ehn grain size 8).
##* 7The Bethlehem Steel Corporation heat number for shell plate

K-5 is 649Y352 (McQuaid-Ehn grain sizes 5-7).
(+) Not specified or not determined.



33

‘PTSM B JO duoOz pa3da3zje-3esay ay3j buore sajebedoad 3jey3 sanzoeay a133ztagd (o)
*2an3doea3y o3 xotad 3uaq ATIYBTIs usaq aaey o3 siesadde uswrtoads sTYL (q)
*ssoezans o3e1d

03 (dN) IeTnoTpuadiad ATiesau st jeyl sueld e uT sojebedoad yYoTym 8INn3joeij o91331Id (e)

dN

dN
dN
(o) 2YH
POXTI
POXTRH
dN
dN
PoXTH
dN

Ieays
dN
dN
dN

(q)dN
dN
dN

dN
dN
(e)dN

(Te3lau praM)

SPOW @an3joeig

ISPP6 XIVO IeD JUBRL WOIJ uaye] susawidoadS UT panIdsqO S9pPOW SInjdoead

ORHRDMA ZZO0O0K0NEHDD>RT X

o
g
A4

vaIy
aTTF0oxd

Le

Lc
Le
LT
Le
Le
9¢
9¢
91
9¢

Slé
104
x4
S¢
Y4
x4

A4
X4
ve

2sIno)

2sIno)

3sano)

2sIN0)

9SaANnoD

9SIN0D

9sano)

T1T?4S

11°4s

T1134S

TT=Us

TT34sS

TT=us

T1°us

Umwm -4-

AR

0T-x

saxnbt g
butpuodsaizao)d

®3eTd 11°US 10 peoH

*II ST9el

a1dwes



YC wOu TIPMYOO0Y O3 SJIISBAUOD YOTUM ‘€LZ Sem T 38sanop

ve Um suoT3jeuTwialop ssaupiey doouy GT FO sbeasay 1I9YS 3FO JuUSWpIoM
¢ pue
T sIsqunN 3SINoD
0°¢e 0°96 ‘0°%6 ‘0768 ‘0°68 TISUS u33m3ad PISM
a3e1d
peaH ,%, °9Y3 pue
1 I_QUNN 2SIN0D
. 8°C6 0°Z6 ‘G°26 ‘S°"16 ‘0°¥6 ‘G ¥6 TTISUS usam3=d PI=3M
it 0°0U6 ‘0°06 L B2IY Aaaing ssau
: ~£°68 ‘6'06 ‘0°68 ‘0°68 ‘S°L8 ‘S"88 ‘S°68 ‘0°06  -PIBH, ‘0T SINbIJ
LB3IY Aaanansg ssau
(s*€6) S°26 ‘0°€6 ‘0°G6 ‘0796 ‘S ¥6 ‘S°"16 ‘0°C6 -paeH, ‘01 2Inbrg
€°T6 .
(s-68) S*06 ‘0706
‘0°06 ‘0°88 ‘0°88 ‘0°88 ‘0°16 ‘S"06 ‘S"68 O elay ‘[ LANOT
(€°26) 0°16 w831y Aaaans
‘c*z6 ‘0°2Z6 ‘0°¥6 ‘S°¥6 ‘S°06 ‘S°T6 ‘S°C6 SSdUpIPH, ‘G 2InbTJ
¥°T6
(9°06) 0°T6 ‘0706
‘0°16 ‘0°26 ‘0°88 ‘0°¥6 ‘0°€6 ‘0°88 “0°88 d esay ‘py 2anb1g
(d TTomyo0Y) uoT3ed07]
mm sabeaaay ssaupaeH o1dwes

ISPP6 XIUO Ied uel woxJ suawroads uo uayel sASAING SSI3UpIeH JO S3ITNSSY

g-A 3O
2U0Z Pa303FJY-3IBSH

3-a1 Jo PI>M

Z-Y 3O PTI=M

¢ 9©sanop TT13Ys 8-M

1 2sano) TI94YsS 8-
(T 1oqunN .

9sINn0) TI9US) G-X

AOMMH& @M@: :<=v le

AOHMH& Ummm :<:V HI&
uswtoads

*III ST9edL



‘aInTTE3 9Yy3 I=3jv abps 2an3oelz IESU UOTIPWIOISP OF SNP USYE] SIUSWSINSEdW ON &

159" 1%9"
6v9° i»9°
8r9° 6€9°  €¥9°
Zv9- 9v9-" LE9"  £¥9°
09" €59°  ¥b9°  ¥K9- peE9-  E£¥9°
9" 6€£9° 7SS9  T¥9"  ¥b9- €9 Zv9- St9°
6¥9°  OV9°"  8¥9°  6€9°  gS9°  8E9°  p¥9~  8¥Y9T  TE9"  TI¥9° Sv9-*
6v9°  6€£9°  LP9°  8E9"  ZS9°  BE9"  E¥9T  Lv9T  T€9°  6€9°  Sv9°  b¥9~  TEY"
g8p9°  8E€9° 9¥9°  6£9°  TIS9°  8E€9°  €¥9°  9¥9°  TE€9"  6£9°  S¥9T WK £E9”
8p9°  LE9" 9b9°  6£9°  TIS9°  8€9'  gV9'  SV9"  O0€9°  L€9°  SP9"  ¥¥9"  CE9”
Lv9®  LE9"  Sy9°  6€9* - 0S9°  BEO"  ZV9"  Sp9°  O€9°  9£9°  p¥9-  €F9T  ZEY"
Ly9"  LE£9°  bp9T  8E9°  0S9°  BE9"  TP9"  S¥9°  8TO"  SE9°  ¥K9" Y9 PEY”
9p9°"  LE€9°  €¥9°  LE9" e6b9°  8€9°  TK9'  wv9-  LZ9°  VE9"  E£V9T  €¥9° PESS
Sp9*  9€9°  EV9°  LE9° L9  BE9T  T¥9T  €¥9°  LZ9T  0€9"  TY9"  Z¥9'  1E9°
£p9° 9€£9°  I¥9°  GE€9° 9¥9°  8E9*  I¥9°  €¥9°  LT9® - Zv9°  Zyp9  1£9°
L S d [5) N W T A T i d a a
eaavy e3aav eaavy e3aav eaavy ©e33aY e3IVY eaavy eaay eaay eoavyY vaay evaay
6-3 93e1d -1 93e1d 9-3 @3eld 5—3 o3e1d £-3 °23eld

Z JoqunN 9SINnoD TT13Us

1 IoquMN 2sInod [134s

sL*
0S*
57"

vL9° 899° :

yeo®  899° :

vi9* 899"

€L9° 899" :

£€69° TL9° 999"
ps9- GL9° 999°
289" LLl9° T99°
089" LL9" T99°

oOoMNMTSINV~oOoOONINSO
[cleN=NeNeNeNoNoR=N_ o N ol

vL9°  799° E
¥ 0L9° 099"
o] d Y (*ut) =20e3aANS
eaiy eaay eaay 2an3oexg
@3eTd PEdH ,¥, ‘T1-M ay3y woxyz
wox3 satdwes 2oue3ls1q

ISPP6e XIVD IeD Mue wWoxyg MNHQEMM 91TF0xId 2aIN3oelId SY3z UO U3 e HU3W3INSeI4 SS3UNDTYL *AI 91qelL

e



- 36

*Gp-d WLSY UT PSUTIIIP 3aIe SUOTSNIOUT 4 ‘D ‘" ‘Y 3dAL «x«

-uotjeoTyTUbRW BEEX 3T SPTATJ 00T Iad 4

| 2 8 L't dGI-G)M eaavy
0 Lz asI-g)d eaay
0 Lz JI-T¥ eai1v
0 L4 gI-TM eaay
0 £°C ¥I-TY eaay

Kavay uTyg UOT3EDTITIUSPI
¥ adklL uawtoads

8C°0 0g€"0 , sabeaaay
gZ°0 9Z°0 dGI-GA eaay
SE°0 PE"0 asI-gd eaav

(L -~bTd @9s) G-Y 33eld TI3US ¢

8C°0 8E°0 sabeaany
vE'o veo JI-TM eaIv
ST°0 8Z°0 gI-TX eaaxy
ve*0 ze"o ¥YI-TX eaay

(v "BTJ @3s) T-A 93e1d PeaH "1

8EEX UOT3IEOIITUbElN VW

uot31sod uot31sod UOT3EDTJITIUaPI

0 0°T 0 0 €E°1 0°T
0 0 0 0 0°1 Z°'1
0 0 0 0 0 9°1
0 9°T 0 0 0 ¢ 1
0 0 (4] 0 8°1 £€°1
Aaeay uTyL Aneay uTylL Aaeay uTyl
a adAJg 0 3dAg g =2dky
(uswtoads zad yout 3xenbs gz Q UT PI3T3I 3ISIOM U0 paseq)
(TaqumN PI@TJd ML UT) SDUTI®Y ¥ POYIdW Sp-T WISY
69°0 86°0 ST %0
89°0 86°0 v Zv 0
oL°0 66°0 9T 6€°0
£€L°0 S6°0 1C ov- o0
S0 T 0t 1 <y LL0
Fy°0 96°0 S sz 0
TL°0 8BS0 v1 8170
SS3UXOTY3I SSauydIYyl $G°0 < E3ay uot3TSod
-PIA I331EN) UOTSNTOUI Y3ITM SSaUYDTYL p/€

PloTd 3SIoM

SPTI2Td 3O I3quny

SSaUYOTYIPTA SSaUYDTIYL ¥/1 uawtoadg

(u@013d eaae uoTrsniout) sbutiey LD

¢-) @3e1d II2YS pue T-X 23e]d PEaH JO sburjeg 3ua3uO0D UOISNTOUI ‘A 33T7ged



37

"UoT3edT3TOSds 9Yy3 jo sjuswearnbex pusq SYy3 Jo LINTTEI I0J S0USPTAS 99 O3 PaISPISUOD
FOou ST suswroads 8s8Y3 JO SANTIBL *pPuaq 9U3z JO SAINO ISUUT 9yl butsaq Ieo jyuel ayz Jo
S0®'JINS SPTSINO SY3 Y3ITM PIS3ISI] 9I9M sudwroads asayz ‘suswroads a3zeTd Isy3zo ay3j STTUN «

pessed oSLT 0°v 8 8# °3eld
passed oSGLT 0°v A4 ¢# °3eld

SpIeM JO 3S31 pua2g-papInNd Jo sjuawaItnbay Y3zTm 20URpPIOOODY UT pa3ssl suawroadg puag SpTS

e 0087 32 AT133971dwoo

paan3doexy ‘,0z1 3B S}Oe'ID 0021 0°2 9-2 @sIaAsuUeR L]
passed 0081 0°2 G-2ZM 9sIaasuel],
passed 008T 02 8- Teutpnitbuod

Lpessed w08T 0°2 L-2A Teurpnitbuo]

®3eTd pe=H
passed o08T 0°¢ Z-SM 8sIaAsuea],
passed o08T 02 T-9) 9sa9asuea],
possed 008T 0°¢ p-G) Teutpn3iThbuo]
passed 008T 0°¢ £-G) Teutpn3itbuo]

33e1d 11°4S

S93eTd I03J s3juswaITnbay 3ISsl pusg Y3 TM SOUEBPIODOY UT pPailsa] suawtdoads 33eld

S3UBUMIOD puad . SSaUYOTYL TJaqunN UoT3e3uaTaI0
Jo 03 I932weTtd a1dwes
a1buy puag Jo oT3ey

ISPP6 XIVO IeD juel woilj usaye] suswrdoads JO s3[NsSdY 3IS3L pusd "IN 31qel



- 38 -

e -

I3I2WRTP-YOUT (GZ°0 YITM S3S2] 9SIYJ UT PIUTR3IqO 2I9M sanjep

.mu:WEmuﬂzmmu uotaleHuoTa parzroads yartm arqeredwoo A1309a1p
9ie 3Pyl S3ITNSaI. dATh 031 se os your-1 03 paisnlpe sem yjrbual =26ebh ayjz pue suoswuroods

*suswrdads punol 1a3doueTtp

ysut Q0€°0 paeRpuels 2yl butjussaadeax snyea yosur z 2yl Y3iim ‘SauUdDUT g PUB SIYIUT ¢ yr0q

JO3 senTea sa13103dsS (QL-87T DL ‘IB3A3MOH *A{uo saYOSuT § UT uOoTILBUOT® SOT1ITd2dS G9-8ZTJuw (q)
"pa1jyToads 30N (e)
(q) wnuTuTw _ g R
0°61 *UTW 000“TS8 wunuTuTw uoT3EDT3ITIO=dS
Amv * Xeu OOO~HOH OOQ;HW HMv Amv AMH G9-82T1 0oL

(9°8T) (¥-19) (0sL'y8) (00¥%‘09) asIaAsuely abexaay
S8BT S°6S 005’98 00¥v‘c9 suou uou 9sI3AsuUBRL] ¢IM
9°81 ¢° €9 000‘¢€s8 00v’8s 00009 008‘09 a2sI3Aasue ], M

(6°¢€2) (z-29) (00€‘€8) (0s¥’09) TeUTpPN3TOUOT sbeiany
8°LT £°29 00528 00Z’'6S 00z‘6S 00v‘09 Teutpnitduo] 0TM
0°0¢ 1°29 00T'v8 00L’T9 suou auou Teutpn3itbuotd 6M
8- pue ¢-) sajdwes wolj u3ael T[e3i3W PI=M

(1"8e) (E°LS) (056°98) (0S¥ ’SG) (052‘SS) (062LS) 9SISASUEBI], abeIdAY
0°8¢ ¢°8S 00€‘L8 00T’9S 00L'SS 00T°LS @sI39AsSURI] ¢-LS
T8¢ £°9S 00998 008°¥S 008‘¥S oov‘LS 9SJI9ASUBR I 1-LS

(L-ag; (5'69) (056°98) (00£’99) (0s€‘93) (0ST’8G) TeuIpn3lTbuol abexaay
9°0¢€ 8°69 00L"98 000795 00L‘SS 006’LS  TeutpnitbuoT p-1s
L'0€ 2°'69 00z‘L8 00¥% ‘LS 000°‘LS 008‘8S TeuTpn3ytbuoT] £-1S
G-M @Tdwes wOIJ u3aYeL [393S 33eTd-TI3YS 8ZTIW

(6-€2) (5-¥S) (0oL’Le) (052’8S) 9sI3AsueRIl]L sbeaaay
6°tZ 0°2s 000‘66 00€’29 suou suou 8sI3Asuel] 9-LH
8°¢€C 6°9S 00%‘96 002’vsS auou suou 9saIaAsuex], S-LH

(s L2) (p-29) (0SV'€6) (00£‘09) Teurpn3itbuorg sbeasay
8°6¢ |'AR%") 00L‘88 00T ‘89 000°LS 00Z’8s Teutpnitbuor 8-1H
2°6¢ £°T9 00286 006“29 suou [uou Teurpnitbuo] L-TH
-4 meEmm woxy uayel 1=223S °23eTd-Pe2H 8C1IW

(3u20x3d) 3u3213d) (tsd) (1sd) (1sd) (1sd)
eaIy 3O  Yy3zbuailsg 395330 %2°0 y3ipbuails jutod
uotjebuoTd uoT3ONPAY STTISu3al ‘y3zbusaals pPIaTX PISTA I3MOT PI2TX uot3je3lusatTIo opod

T6vP6 XILVD IBD HUBL

woxg uae] suawtoads Jo sariaadold STTSudlL

"IIA ST9EL



Table VIII.

Specimen
Orientation

(a)
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Charpy V-Notch Impact Test Results for

Specimens From Tank Car GATX 94451

Specimen
Identifica-
tion and(b)
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(a)
(b)
(c)

(d)

(e)
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Table VIII. (Continued)

Orientation Code is given in Figure 15.

See Figures 4, 5, 7, 10, and 13 for locations of specimens.
Upper shelf values for these specimens are

13.9 ft-1lb at 210 F and

13.5 £t-1b at 160 F.

The orientation code for these HAZ specimens of the head-plate
steel applies to the direction of welding. The angle between
specimen axis and the principal direction of rolling of the
plate is about 45° as shown in Figure 5, and thus these
results should be intermediate between the values that would
obtain with true longitudinal and true transverse specimens.
This set of specimens has highly variable impact
characteristics, and no valid estimate could be derived from
the available data.
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Figure 1.

Photographs Showing Samples K-1, K-2, and

;mgvslat +the Scene of the Accident.

-Both phc tographs were taken from the

inside of the tank car.



Figure 2.

Photographs Showing Samples K-6, and K-11
at the Scene of the Accident.

Both photographs were taken from the out-
side of the tank car.
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Figure 6. Shell-Plate Sample K-3 Taken from Shell Course Number 1.
Fracture profiles and thickness measurements were talken
at D, E, and F. Note that the white pzaint on the plate
surface has been alhvaded but it has not been burnt.
Photograph of the outside surface at approvimsztely 176
magnification.



Figure 7.

L]

SOTL 20
—_—
01N
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"!'P_'

Rafling Divegtign
TS

Shell-Plate Sample K-5 Taken from Shell Course Number 1.

The location of each test specimen was established prior
to photographing. Fracture profile photographs and
thickness measurements were taken at I and J, along the
line of fracture which extends from X to Y. Specimens
marked SDTT and SDTL were used for the dynamic-tear
tests. White and black paint was present on the out-
side of this plate specimen. Photograph of the inside

surface at approxiiiuicly 1,/6 magnification.



Figure 8.
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Shell-Plate Sample K-6 Taken from
Course Number 1.

Fracture profile photographs and thick-
ness measurements were taken at K and
L, along the fracture line which
extends from A to C. The fracture
from C to L occurred along the heat-
affected zone of the longitudinal
weld in shell course number 1. In
figure 3, we have added plate K-6,
the fracture line A-C and the arrows
indicating crack propagation in plate
K-6. None of these were in the
original AAR diagram. The region
marked W represents an area of weld
metal observed along the fracture line
below L. The straight line segment,
which contains W, is believed to be a
heat-affected zone fracture line.
White paint is visible on the plate,
abraded but not burnt. Photograph of
the inside surface at approximately .
1/6 magnification.
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Shell-Plate Sample K-7 Taken from Course
Number 2.

Fracture profiles and thickness measurements
were taken at M and N. These areas were also
used for metallographic observations. The
fracture extends from A to D. Between B and
C lies a "tongue" which developed in the
fracture process. White paint is visible on
this sample; however, in the region of'the
"tongue", the white paint was removed. This
was believed to be due to the fracturing
process. Photograph of the outside surface
at approximately 1/4 magnification.
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flolling Directica -

Impacia-HK

Figure 10. Shell-Plate Sample K-8 Taken from Course
Numbers 1 and 2.

This sample contains no fracture. The
location of each test specimen was
established prior to photographing. Black
paint was present on the plate. Photograph
of the inside surface at approximately 1/5
magnification.



Figure 11.

54

Shell-Plate Sample K-9.

Fracture profiles and thickness measurements
were taken at areas Q, R, S, and T. Black
paint is visible on the surface of this
sample. The paint is abraded but not burnt.
Photograph of the outside surface at
approximately 1/5 magnification.



Figure 12.

Shell-Plate Sample K-10.

Fracture profile photographs and thick-
ness measurements were taken at U and W.
The fracture line proceeds along the
edge of the weld from A to B, then
abruptly turns approximately 26° to the
left. The abraded but unburnt white
paint is visible on the sample.
Photograph of the outside surface at
approximately 1/4 magnification.
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Figure 13. Shell-Plate Sample K-11 Taken from Course Number 4.

*Arrows at C and D show the rather large weld region

which existed in this sample. A
photograph of this area is given
in this report. The abraded but
paint is visible on the sample.

outside "surface at approximately

cross-sectional

in Figure 29
unburnt white
Photograph of the
1/4 magnification.



Figure 14.
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Shell~Plate Sample K-12 Taken from Course
Number 4.

The photograph shows a fracture near the deme
of the tank car. A fracture-profile photograph
and thickness measurements were taken ag X.
Abraded but unburnt white paint is visibie on
the sample. Photograph of the outside surface
at approximately 1/5 magnification.
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Figure 21.

Microstructure of a Longitudinal
Section of Head-Plate Sample K-2.

Ferrite grain size number 8.
Etched: 1% Nital.
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Transverse

(a)

Rt & S
7

K5-1 K5-2 XK1-5 K1-6 K2-11 K8-12
Shell Head Weld
Longitudinal

(b)

R1-7 K1-8 K8-9 K2-10

K5-3 K5-4
Shell Head ' Weld

Fracture Appearance of Tension Test Specimens.

Figure 32,
. Mag. X 3
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Figure 33a

[MPACT TEST RESULTS FOR LONGITUOINAL HERD-PLATE SPECIMENS
TAKEN FROM CALLA® PLATE K-1.
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JPECIMNEN [DENTIFICATIOGN

© LS« ORIENTATIBN. HLIw CHRRPY SP
4 LTe BRIENTATIBN. HLHe CHARPY SPECIMENS.

+ LT, HOTLw. DYNANIC-TERR SPfClQFNS.
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Figure 33B

{MPACT TEST RESULTS FOR LONGITUDINRL HERD-PLATE SPECIMENS
TAKEN FROM CALLAG PLATE K-1.
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Figure 33C

[MPACT TEST RESULTS FOGR LONGITUDINRL HERD-PLATE SPECIMENS
TAKEN FRON CALLA® PLATE K-1.
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TEST TEMPERATURE (F)
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Figure 34A

IMPACY TEST RESULTS FOR TRANSVERSE AND SHORT-TRANSVERSE HEAD-PLATE SPECIMENS
TAKEN FROM CALLA® PLATE K-1.
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Figure 34B

IMPACT TEST RESULTS FOR TRANSVERSE AND SHORT-TRANSVERSE HERD-PLATE SPECIMENS
TAKEN FROM CALLAG PLATE K-1.
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Fiqure 34C

IMPACT TEST RESULTS FOR TRANSVERSE AND SHORT-TRANSVERSE HEAD-PLATE SPECIMENS
TAKEN FROM CALLA® PLATE K-I.
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Figure 35A

IMPRACT TEST RESULTS FOR LONGJTUDINRL SHELL-PLATE SPECINMENS
TAKEN FROHM CALLAG PLATE K-S.

0.0

T

[N FIGURES 7 AND 1S.

w9EE I[DENTIFICRTION CGUES

160-0

-80.0 0.0 80.0 160.0
TEST TEMPERATURE (F )
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Figure 35B
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INPACT TEST RESULTS FoXR LONGITUDINAL SHELL-PLATE SPECIMENS

TAKEN FROM CALLRO PLH?E K-S.
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Figure 35C

IMPACT TEST RESULTS FOR LONGITUOINAL SHELL-PLATE SFECIHENs
TAKEN FROM CALLRO PLATE K-5.
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Figure 36A

IMPRCT TEST RESULTS FOR TRANSVERSE SHELL-PLATE SPECIMENS
TAKEN FROM CALLAG® PLATE K-5.
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Figure 36B

TAKEN FRGM CALLAG PLATE K-5.
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TEST TEMPERATURE (F)
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Figure 36C
IMPACT TEST RESULTS FOR TRANSVERSE SHELL-PLATE SPECIMENS
TAKEN FROM CALLA® PLATE K-S.
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Figure 37A
CHARPY V-NOTCH TEST RESULTS FOR HEAT-AFFECTED ZONE SPECIMEQT

TAKEN FROMIWELDMENTS FROM THE CALLAO ACCIDENT.

SPECINEN [DENTIFICRTION

M TL<HRAZww@F HERD PLATE K-24/ HJ*SPECINENS.
® TL«HAZ=e8F SHELL PLATECKk//S.Mkesrecinens.
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«SEE [OENTIFICRTIBN CBOES
IN FIGURES 5.10.&15-
° we HERT-AFFECTED ZONE.
o. i L Ll T ¥ L}
-160.0 -80.0 0.0 80.0Q 1506.0 240.0 320.0

TEST TEMPERATURE (F)
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Figure 37B

CHARPY V-NOTCH TEST RESULTS FOR HEAT-AFFECTED ZONE SPECIMENS

TAKEN FROM WELDMENTS FROM THE CALLAO ACCIDENT.

SPECIMEN [DENTIFICRATION

M T_LeHAZwwBF HEAD PLATE K-2. HJ«SPECIMENS.
® TLvHAZweAF SHELL PLATE K-8 ,HK=SPECIMENS.

\

*3EE [DENTIFICRTION CODE3
IN FIGURES 5.10.415.
ww HERT-AFFECTED IZONE.

0.0

160.0  -80.0 0.0 80.0 160.0

TEST TEMPERATURE (F)
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Figure 37C
CHARPY V-NOTCH TEST REZSULTS FOR HEAT-AFFECTED ZUNE SPECIMENS

TAKEN FROM WELDMENTS FROM THE CALLAC ACCIDENT.

SPCCIMEN IDENTIFICATIAN

¥ TLvHAZwwOF HERD PLATE K-2, HJ«IPECIMENS.
® TLwHAZ=«@F SHELL PLATE W-8.HKeSPECIMEND.

<9EE LDENTIFICARTION CODEI
IN FIGURES S5.10.415-
ww HEAT-AFFECTEO ZONE.

o T T T T T 1
-160.0 -60-.0 0.0 80.0 160.0 240.0 320.0

TEST TEMPERATURE (F)
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Figure 38A
CHARPY V-NOTCH TEST RESULTS FOR WELD—METAt SPECIMENS
TAKEN FROM THE CALLAC ACCIDENT.

SPECIMEN IDENTIFICATION

4 _TeLONGITUDINAL HELD-METAL SPECINEND 4L«
® TL« TRANSVERSE WELO-NETAL SPECIMEN ™

«w3EE [ODENTIFICATION CODES
IN FIGURES 13.10.415-
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TEST TEMPERATURE (F)
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Figure 38B
CHARPY V-NOTCH TEST RESULTS FOR WELD-METAL SPECIMENS
TAKEN FROM THE CALLAO ACCIDENT.

SPECINEN IDENTIFICATIBN
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® TL¥ TRANSVERSE WELD-NETAL SPCCINENS .WHiw

® IN FIGURES 139.10.41S5.
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Figure 38C

CHARPY V-=NOTCH TEST RESULTS FUR WELD-METAL. SP:CINENS
TAKEN FRO#M THE CALLAO ACCIDENT.
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Figure 39

RESULTS OF ELEVATED-TEMPERATURE OYNAMIC-TERAR TESTS
@F HEAD PLATE K-1 FROM THE CRLLA® ACCIDENT.
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Figure 40

RESULTS @F ELEVATED-TEMPERATURE OYNAHIC-TERR TESTS

o
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Appendix A
Specifications

AAR-TC128-65 and =70
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M326.00 SPECIFICATION FOR HIGH STRENGTH
CARBON MANGANESE BTEEL PLATES FOR
TANK CARS — AAR TC128-70.

M126.01 SCOPE !
~ () This specification covers two'grades of high
strength carbon-manganese steel plate of flange quali-
ty. The maximum thickness shall be 1 inch, Moder-
ately high manganese content, together with small
amounts of other elements provide for high strength
with limited carbon content. The steel shall be made
to fine grain practice. Welding technique is of funda-
mental importance, and it is presupposed that weld-
_Ing procedure will be in accordance with good prac-
tice.

(b) The material shall be furnished in the as-
rolled condition. When specified for low temperature
service the material shall be furnished normalized to
?ntgmﬁmmqgaﬂgﬁlﬂﬁmﬁmmmmjmmﬁm

lass 1, except that impact specimens shali be Type A
-Notch_as_shown_in _ASTM Specification
A370-68 and meet impact requirements at the tem-
perature specified in the tank car specification.

M128.02 GENERAL CONDITIONS FOR
DELIVERY

(a) Material furnished under this specification
ghall conform to the applicable requirements of
ASTM GBpecification A20-69a titled, “General Re-
%ulnme'l':u for Delivery of Steel Plates for Pressure

(b) See M128.01(b).

M128.03 PROCESS

(a) The steel shall be made by one or more of
the following processes: -

(1) .Open-hearth,

(2) Electric furnace, or

(3) Basic oxygen.

M128.04 CHEMICAL COMPOSITION

(a) The steel shall conform to the requirements
as to chemical composition prescribed in Table
M128.04(a). "

TABLE IM]ZB.(M(-) CHEMICAL REQUIREMENTS

. Ladle Analysis,
Element Percent
Grade A | GradeB
Carbon . Max.| 0.25 0.25
anese, Max.

For plates 3/4" and

under in thickness 1.35 1.35

For plates over 3/4" i

1" incl. in thickness 1.50 1.60
Phosphorus Max.| 0.040 0.040
Sulfur Max.| 0.050 0.050
Sllicon Max,

For plates 3/4" and

under in thickness 0.30 0.30

For plates over 3/4" to T -

1" Incl. In thickness 0.50 0.50
Vanadium a/ 0.02 Min. | 0.08 Max.
Copper 8/ Max.| --- 0.35
Nickel a/ Max,| --- 0.25
Chromium a/ Max.| --- 0.25
Molybdenum af Max. 0.08

‘These elements will be reported when requested
by the purchaser.

M128.06 TENSILE PROPERTIES

(a) The material as represented by the test specl-
mens shall conform to the requirements as to tensile
properties prescribed in Table'M128.05(a).

TABLE M128,05(s) TENSILE REQUIREMENTS

Property Grade A and Grade B
Tenslle strength, psi 81,000 to 101,000
Yleld point, psi Min. 50,000
Elongation in 8 inches

percent Min. 16.0 0/
Elongation in 2 inches
percent Min. 19.0

-101-

a] For material under 5/16 inch thick a reduction
from the specified percent of elongation of 1.25
percent shall be made for each decrease of 1/32
inch of thickness below 5/16 inch. For material

" over 3/4 inch thick a reductlon from the speci-
fied percent elongation of 0.5 percent shall be
made for each increase of 1/8 inch of the thick-
ness above 3/4 inch; this deduction shall not
exceed 3 percent.

M128.06 BENDING PROPERTIES

(8) The bend test specimens shall stand hefng
bent cold through 180° without-cracking on the out-
side of the bent portion through an inside diameter
which shall have the relation to the thickness of the
specimen prescribed in Table M12B8.06(a). When the
test Iz made on a specimen reduced in thickness, the
rolled surface shall be on the outer curve of the bend.

TABLE M128.06(a) BEND DIAMETERS

Thickness of Material, Ratio of Bend Diameter
Inches to Thickness of Specimen
1 and under 2

M128.07 TEST SPECIMENS
(a) Test specimens shall be prepared from the
material In the as-rolled condition. *

M128.08 NUMBER OF TESTS

(a) One tenslon test and one bend test shall be
made from each plate ss rolled.

Note: The term “plate as rolled" used here refers
to the unit plate rolled (rom a slab or directly from
an Ingot In its relation to the location and number of
specimens, not to its condition. :

M128.09 INSPECTION .

(a) The inspector representing the purchaser
ghall heve free entry, at all times while the work on
the contract of the purchaser is being performed, lo
all parts of the manulacturer’s works which concern
the manufacture of the material ordered. “The manu-
facturer shall afford the inspector, free of charge, all
reasonable facilities and necessary assistance to satis(y
him that the material is being furnished in accordance
with these specifications. Tests and inspection shall
be made at the place of manufacture prior to ship-
ment, unless otherwise specified.

(b) The purchaser may make tests to cover the
acceptance or rejection of the material in his own
laboratory or elsewhere. Such tests shall be made ab
the expense of the purchaser.

M128.10 REJECTION

(a) Material represented by samples which fail to
conform Lo the requirements ol these speci(ications
will be rejected.

(b) Material which shows injurious defects subse-
quent to its original Inspection and acceptance at the
manufacturer's works, or elsewhere, will be rejected,
and the manufacturer shall be notified.

M128.11 REHEARING

(a) Samples tested in accordance with these
specifications which represent rejected material, shall
be held for a period of {ourteen days from date of the
test report. In case of dissatisfaction with the results
of the tests, the manufacturer may make claim for &
rehearing within that time.
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Appendix B
Impact Test Results for Lontitudinal
Head-Plate Specimens Taken from

Callao Plate K-1
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Appendix B, Table 1A

CHARPY V=NOTCH TEST RESULTS FOR LONGITUOINA: HEAD=PLATE SPECIMENS
TAKEN FROM CALLAO PLAYE K=l
CALCULATIONS FQR SHEAR FRACTURE APPEARANCE DATA OF
LSs ORIENTATION, HLIs CHARPY SPECIMENS.,
¢SEE IDENTIFICAY]ION CODES
IN FIGURES 4 AND 15,

SPECIMEN TEMPERATURE (F) OBSFRVED SHEAR CALCULATED SMHEAR
FRACTIURE (g) FRACTURE (%)
HLI=370e =100.0 o0 00
HL]e22 =500 00 1,8
HLI=2} =5040 0 1,8
HLl=289 1560 5.0 4,42
MLI=27 1560 5¢0 4,2
HLI=24 80.0 25.0 25.0
HL1=2) 80.0 2540 25,0
HL1=38 100.0 100.0 100,0
HL1 =39 100.0 100.0 100,0
HL)~26 , 120.0 90.0 100,0
HL1=40 -~ 12040 100.0 100,0
HL1=35 140.0 J]00.D 100,0
HL1=36 14040 100.,0 10G,0
HLI=29 160.0 1{00.0 100,0
HLI=30 160.0 100.0 100,0
HLI=3) 212,0 100.0 100,0
HL1=34 21240 100.,0 100,0
g SHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE(F)Y / (F) FRACTURE (%)
2,0 =45,3 / =-40,9 2.2
5,0 d647 / =30.7 2,6
10,0 7762 / «2047 2.9
1S.0 784 / «[0,1 3.3
50.0 83,0 / o0 .7
85,0 67.9 / 10,1 4,0
90.0 89,1 / 20,0 4,4
95,0 91.0 / 30,0 4,8
9800 93,0 / 40.0 5,1
/ 50,0 5.5
/ 60,3 Se9
/ 70,0 602
/ 80,0 25,0
/ 90,0 92.7
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Appendix B, Table 1B

CHARPY V=NOTCH TEST RESULTS FOR LONGITUDLINA!L 4HEAD=PLATE SPECIMENS
TAKEN FROM CALLAO PLATE K=l
CALCULATIONS FOR ENERGY ABSORPTIQN DATA OF
LSe ORJENTATION, HLIe CHARPY SPECIMENS.,
¢SEE IDENTIFICAT[ON CODES
IN FIGURES 4 AND 15,

SPECIMEN YEMPERATURE(F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPPT [ON(FTwlB) ABSORPTION(FT=LB)
HLI=37e =100.0 445 692
HLI=22 50,0 7.0 8,0
HLI=21 «50.0 5,0 8,0
HLI=28 15.0 2740 17.8
HL1=27 15.0 23,0 17.8
HL1=24 80.0 852.0 49,8
HLI=23 80,0 6.0 49,6
HLI=38 100.0 64,0 63,5
HLI=39 100.0 6840 63,5
HLI=24 120,40 60,0 7544
HL) =40 120.0 7640 75.4
HLI=35 14040 90.5 82,9
HL]Iw®J6 140.0 8045 82,9
HL1=29 16040 85.0 85,9
HLI=30 16040 8440 85,49
HL1=33 212.0 72+0 7343
HL1=34 212.0 74.5 73,3
ENERGY CALCULATED / TEMPERATURE CALCULAYED ENERGY
ABSORPTJON TEMPERATURE(F)Y / (F) ABSORPTION(FT=LB)
10,0 =24+¢8 / =20,0 10,8
15,0 e T 4,0 / 10,0 12,3
20,0 22.4 / o0 1401
25,0 460 / 10,0 16.4
30,0 47.0 / 20,0 1902
35,0 5465 / 30,0 22.6
90,0 65,0 / 90,0 26,7
45,0 72.9 / 50,0 1,5
50,0 8043 / 60,0 37,0
55,0 B87.6 / 70,0 43,1
60,0 94,8 / 60,0 49,8
65,0 1022 / 90,0 56¢7
70,0 11041 / 100,0 63,5
75,0 119.1 / 110,0 69.9
80,0 130.+5 / }20,0 7549
85,0 , 15]1.0 / 130,0 79.6
/ 140,0 82,9
/ 150,0 04,9
/ 160,0 85,9
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Appendix B, Table 1C

GCHARPY V=NOTCH TEST RESULTS FOR LONGITUDINAL HEAN=PLATE SPER]MEMNS
TAKEN FROM CAL|LAO PLATE K=Jo
CALCULATIONS FOR LATERAL EXPANSIQN DATA OF
LS® ORIENTATION, HLIs CHARPY SPECIMENS.,
¢SEE IDENTJFICATION CODES
IN FIGURES 4 AND 15,

SPECIMEN TEMPERATURE (F) OBSFRVED LATERAL CALCULATED LATERAL

EXPANSION (MILS) EXPANSION (MILS)
HLI=37a =-100.0 2.0 1o7
HLI=22 =50,0 3¢5 Ho7
HLI=2] =500 4.0 4,7
HL1=2A8 150 210 1663
HLI=27 {1540 17.0 16,3
HLI=24 80.0 4140 39,9
HL1=23 80.0 31,0 29,9
HLI=38 100,40 S50.,0 47,5
CHLI=39 100.0 "5240 47«5
HLI=26 120.0 R6+0 53,46
HLI=40 12040 5240 ‘ 5346
HLI =35 14060 60.0 . 57.7
HLI=J4 14040 610 5747
HLI=29 160460 85.0 59.9
HLI=30 16040 54,0 59.9
HLI=33 212.0 61.0 61,0
'HLL-%Q 22,0 . 6140 6)40
LATERAL CALCULATED / TEMPERATURE CALCULATYED LATERAL
EXFANSION(MILS) TEMPERATURE(F) / (F) EXPANSION(IMILS)
5.0 =47.0 / 40,0 5.8
‘D.D EIZ.Z / !30.0 7.‘
18,0 104} / m20,0 Bs.6
20,0 2743 / -10,0 1064
25,0 92,0 / o0 1245
30,0 §8,2 / 10,0 15,0
35,0 67.8 / 20,0 1748
40,0 60,3 / 30,0 20,9
45,0 93,2 / 40,0 24,43
50,0 10746 / 50,0 28,0
55,0 125,8 / 60,0 31,9
60,0 1618 / 70,0 35,9
/ B0,0 . 39.9
/ 90,0 43,8
l fnn.nN nw o r
; TiLaeli SUe D
/ 120,0 5346
/ 130,0 58,9
/ 140,0 5747
/ 150,0 59,0
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Appendix B, Table 2A

CHARPY yaNOTCH TEST RESULTS FNR LONGITUDINAL HEAD=PLATE SPECIMENS
TAKEN FROM CALLAO PLATE K=l
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF
LTe ORJENTATION, HLHe CHARPY SPECIMENS,
eSEE IDENTIFICATION CODES
IN FIGURES 4 AND 15,

SPECIMEN TEMPERATURE(F) OBSFRVED SHEAR CALCULATED. SHEAR
FRACTI!IRE (%) FRACTURE (%)
HLH=15%e =]00.D o0 o0
HLH-Z .50.0 .0 .9
HLH=] «50,0 0 0 9
HLH=8 1540 5.0 2.1
MLH=7 1540 o0 2¢)
HLH=10 64060 15,0 2.9
HLH=9 60,0 1540 2,9
HLH=4 80.0 2060 1743
HLH=3 B0.0 i5,0 1763
HMLH=16 100.0 100,0 99.9
HLH=17 100.0 100.0 99.9
MLH=]l8 {00.0 100.0 9949
HLH=6 120,60 80.0 (00,0
HLH=L9§ 12040 100.0 100,0
HLH=12 16040 1000 100,0
HLH=1] 160.0 10040 100.0
HLH=14 212.0 100.0 100,0
HLH=123 21240 100.0 100,0
8 SHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE(F)Y / (F) FRACTURE(®)
2,0 94 / 10.0 2.0
5.0 73,9 / 20,0 242
10,0 775 / 30,90 24
18,0 7943 / 40,0 266
50.0 85.8 / 50.0 2¢7
85,0 91,41 / 60,0 2,9
90.0 92.2 / 70,0 3,3
95.0 93,8 / 80,9 1743
98,0 95,5 / 90,0 78,9
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appendix B, Table 2B

CHARPY VeNOTCH TEST RESULTS FAR LONGITUDINAL HEAD<PLATE SPECIMENS
TAKEN FROM CALLAO PLATE Knloe
CALCULATIONS FOR ENERGY ABSORPTION DATA OF
LTe ORJENTATION, HLHe CHARPY SPECIMENS.
eSEE IDENTIFICATION CODES
IN FIGURES 4 AND IS5,

SPECIMEN . TEHPERkTURE(F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPT|ON(FYeLB) ABSORPTION(FTwLB)
HLH=(Se «100.0 2.5 25
MLHe2 «80.0 2¢5 245
HLHel «50,0 3,65 2,5
HLH=8 1540 640 205
HLHa7 15.0 ) 110 2.5
HLH<10 60.0 195 10,9
HLHe9 60.0 21 ¢5 1849
HLHe4 80,0 2640 38,5
HLH=3 80.0 285 38,5
HLH=14 100.0 55,0 50,7
HLH=17 100.0 $3,0 : 5047
HLH=18 10040 54,0 50.7
HLM=6 12040 42.0 83,7
HLH= |9 ) 120.0 £240 53.7
HLH=12 160.0 510 54,0
HLHe=1] 16040 52,0 54,0
HLH=14 21240 52,0 54,0
HLH=]3 i 212,0 53.0 54,0
ENERGY CALCULATED / TEMPERATURE CALCULATED ENERGY
ABSORPTION TEMPERATURE(F) / {F) ABSORPYION(FT=LBI
5.0 38,3 / 40,0 Beb
10,0 4047 / 50,0 10.8
15,0 55,46 / 60,0 18.9
20.0.' 6162 / 70,0 20.8
30.0. 712 / 90,0 46,0
35,0 7642 / 100,0 S0.7
40,0 81.8 / 110.,0 52.9
45,0 80.4 /
50.0 98.0 /
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Appendix B, Table 2C

CHARPY VeNOTCH TEST RESULTS FOR LONGITUDINAL HEAD=PLATE SPECIMENS
TAKEN FROM CALLAO PLATE Kelo
CALCULATIONS FOR LATERAL EXPANSION DATA OF
LYe ORJENTATION, HLHe CHARPY SPECIMENS,
»SEE IDENTIFICATJON CODES
IN FIGURES 4 AND 15,

SPECIMEN YEMPERATURE(F) OBSFRVED LATERAL CALCULATED LATERAL
EXPANSION (MILS) EXPANSION (MILS)

HLH=15e =|00.0 4.0 4,0
HLH=2 =50.0 1¢0 9,1
HLH=1 =500 2.0 4,1
HLH=8 1560 7.5 8.6
HLH=7 150 105 CY)
HLH=J0 60.0 23,0 2206
HLH=9 60,0 2240 2246
HLH=4 BO.0O 25.0 32,1
HLHe«2 8040 24.0 32,1
HLHe 1l & 10040 46,0 Hlel
HLH=17 10040 45,0 4101
HLH=18 100.0 46.0 41,1
HLH=6 120.0 3640 4742
HLH=19 120.0 54,0 47,2
HLH=12 16040 4745 5046
HLH=11 16040 4640 80e¢b
HLH=1)4 21240 50,0 . 8047
HLH=123 21240 48.0 S0,7
LATERAL CALCULATED / TYEMPERATURE CALCULATED LATERAL
EXPANSION(MILS) TEMPERATURE(F)Y / {F) EXPANSION(MILS)
5,0 =}1a8.8 / =10,0 B5eS
10,0 2244 / 0 6¢5
18,0 4Do7 / 10,0 7¢7
20,0 54,0 / 20,0 945
25,0 65,3 / 30,0 11,8
30,0 757 / 40,0 1408
35,0 8640 / 50,0 184
RO,0 9742 / 60,0 2246
45,0 llloZ / 70.0 273
50.0 14142 / e0,0 32,1
/ 90,0 6.8
/ 100,0 4,1
/ 110.0 44,6
/ 120,0 §7,2
/ 130.0 He.l‘?
/ 140,0 49,9
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Appendix B, Table 3A

DYNAMIC»TEAR TEST RESULTS FOR LONGJTUDINAL HEAD=PLATE SPECIMENS

TAKEN FROM CALLAO PLATE K~1,

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF

LTy HDTLs, DYNAMIC-TEAR SPECIMENS,

eSEE IDENTIFICAT{ON CODES
IN FIGURES 4 AND 15,

SPECIMEN

HDTL=69e
HDTL=58
HDTL=56
HDTL=5%
HDTL=7)
HOTL=60
HOTL=72
HDTL=57
HDTL=70
HDTL=59
HOTL=6)
HDTL=64
HDTL=65
HDTL=62

% SHEAR

FRACTURE
2,0

5.0

{0,0
15,0
S0,0
85,0
0.0
95,0
98,0

TEMPERATURE (F)

=50,0
0
o0
30,0
30,0
60,0
60,40
80,0
80.0
12060
120.0
160.0
200,0
30040 **

CALCULATED
TEMPERATURE(F)

5
Beb
1645
22,2
47 .4
72+5
78,2
B6eb
9547

FRACT!RE

OBSFRVED SHEAR

CALCULATED SHEAR

(%) FRACTURE (8)

00 .0
4.0 169
2.0 149
2,0 23,49

45,0 23,9
60,0 6946
60.0 6946
75.0 9143
100.0 91,43
100.0 99.9
100,0 99,9
100.0 100,0
1000 100,0
100.0 100,0
TEMPERATURE CALCULATED SHEAR
(F) FRACTURE (%)
10,0 5.7
20,0 1249
30,0 23,9
40,0 38,42
50,0 S4,2
60,0 6906
70,0 82,4
80,0 9163
90,0 96.4

** Specimens tested at temperatures between 300 and
1300 F had 100 percent shear fracture appearances.
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Appendix B, Table 3B

DYNAMIC-TEAR TEST RESULTS FOR LONGITUDINAL
TAKEN FROM CALLAO PLATE K=l»
CALCULATIONS FOR ENERGY ABSORPTION DATA OF
LT, HDTL®, DYNAMIC=TEAR ENERGY /1 U
eSEE I1DENTIFICATION CODES

IN FIGURES 4 AND 15,

SPECIMEN TEMPERATURE(F) OBSERVED ENERGY
ABSOPPTJON(FT=LB)

HZAD=PLATE SPECIMENS

CALCULATED ENERGY
ABSORPTION(FT=LB)

HDTL=69e ' =50.0 Sl 3,8
HDTL=58 o0 9l 6.0
HDTL=56 0 Se7 6.0
HDTL =55 30.0 5.8 20,9
RDTL=71 30.0 33.4 2049
HDTL=60 60.0 42.,0 44,8
HDTL=72 60,0 53.0 4y, 8
HDTL=57 60.0 415 57.0
HDTL=70 80.0 65,2 57,0
HDTL=59 120.,0 6642 65,2
HDTL=61] 120,0 bHeb 65,2
HOTL=64 1600 60e2 6147
HDTL =65 200.0 6049 59,9
HDTL=62 300.0 S8¢9 58,9
ENERGY CALCULATED / TEMPERATURE CALCULATED ENERGY
ABRSORPT[ON YEMPERATURE (F)Y / (F) ABSORPT]ON(FT=LB)
5.0 5,0 / o0 6.0
10,0 11,8 / 10,0 902
15,0 2143 / 20,0 14,2
20,0 20.8 / 30,0 20,9
25,0 35,4 / 40,0 28,7
30,0 4146 / 50,0 3649
as,.o0 47.6 / 60,0 44,8
40,0 53,8 / 70,0 B1.7
45,0 60,2 / 80,0 57.0
$0,0 67 4 / 90,0 60,8
55,0 7549 / 100.,0 63,2
60,0 8746 / 110,0 64,5
65,0 Il6oel /
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Appendix C
Impact Test Results for Transverse and
Short-Transverse Head-Plate Specimens

Taken from Callao Plate k-1
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Appendix C, Table 1A

CHARPY V=NOTCH TEST RESULTS FOR TRANSVERSE HEAD=PLATE SPECIMVENS
TAKEN FROM CALLAO PLATE K=le
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF
Ts® ORIENTATION, HTGe CHARPY SPECIMENS,
oSEE IDENVIFICATION CODES
IN FIGURES 4 AND IS,

SPECIMEN TEMPERATURE(F) OBSFRVED SHEAR CALCULATED SHEAR
FRACTHURE (8) FRACYURE (%)
HTG=41e =-50.0 «0 o
HTG=44 =50.0 o0 oA
HTG=49 15.0 S.0 4,0
HTG=50 1S.0 5.0 4,0
HYG=5] 0.0 15.0 174
HTG=52 60.0 150 17.4
HTG=45 8040 20,0 Al
HYG=46 80.0 25.0 3163
HTG=57 100.0 55,0 S1,9
HYG=58 100.0 4040 5149
HYG=47 120.0 98.0 75,8
HTG=48 12060 6040 75.8
HYG=5)3 16060 100.0 99,5
HYG=54 160.0 100.0 9945
HTG=55 212,0 100.0 100,0
HTG=56 21240 100.0 100,0
g SKHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE(F)Y / (F) FRACTURE (%)
2,0 =51 / «0 2.4
5,0 216 / 10,0 3¢4
10,0 42,5 / 20,0 ‘1.7
15,0 55¢2 / 30,0 beb
50,0 98,3 / 40,0 92
85,0 120.8 / 50,0 12,7
90,0 134,8 / 60,0 17,4
95,0 192,86 / 70.0 23.5
98,0 15141 / 80.0 3163
/ 90,0 40,8
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Appendix. C, Table 1B

CHARPY V=NOTCH TEST RESULTS FOR TRANSVERSE HEAD=PLATE SPFCIMENS
TAKEN FROM CALLAO PLAYE K=)o
CALCULATIONS FOR ENERGY ABSORPTIQN DATA OF
YSe ORIENTATION, HYGe CHARPY SPECIMENS,
«SEE JDENTJFICATJON CODES
IN FIGURES 4 AND 18,

SPECIMEN TEMPERATURE(F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPT JON(FT=LB) ABSORPTION(FTwlLB)
HTGw4 e 50,0 4,0 : 4,1
HTG=4 4§ «50,0 4,0 Hol
HTG=49 16.0 5.0 5,2
HYGeSD 19,0 5,0 Se2
MTGeS) 40,0 150 10,5
HTGe52 60,0 1160 10,5
HTGe45 8040 1645 1667
HTGed § 80,0 18.5 16.7
HYG»57 100.0 24,0 2604
HTGe56 100.0 210 2644
HYGe47? 120,0 43,5 37,2
HYGe468 120.0 32,0 37.2
HTGeS) 160.0 45,5 45,2
HTGe54 16040, 45,0 45,2
HYGe55 212,40 37.0 37,2
HTGe56 - 212,0 3745 37,2
"ENERGY CALCULATED / TYEMPERATURE CALCULATED ENERGY
ABSORPTJON YEMPERATURE(F) / (F) ABSORPYJON(FTe=LB)
5.0 10.0 / 10,0 5.0
10,0 8746 / 20,0 5,5
15,0 - 7864 / 30,0 602
20,0 8746 / 40,0 7¢2
25,0 97.5 / 50,0 Beb
30,0 106,5 / 60,0 10,5
35,0 11546 / 70,0 13.2
40,0 126,63 / 80,0 1667
45,0 15162 / 90,0 21,)
/ 100,0 2644
/ 110,0 32,0
/ 120,0 37.2
/ 130,0 4) .4
/ 140,0 43,9
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Appendix C, Table 1C

CHARPY V=NOTCH TEST RESULTS FOR TRANSVERSE HEAD=PLATE SPFCIMENS
TAKEN FROM CALLAO PLAYE K=,

CALCULATIONS FOR LATERAL EXPANSIQON DAYA OF
7Se ORIENTATION, HTGe CHARPY SPECIMENS.
eSEE IDENTIFICATION CODES

IN FIGURES 4 AND IS5,

SPECIMEN  TEMPERATURE(F) OBSFRVED LATERAL ' CALCULATED LATERAL
EXPANSION (MJLS) EXPANSION (M[LS)

HYGe41 e «50,0 2,0 3.3
HTG=44 «500.0 2.5 3,
HTG=49 1540 6.0 692
HTG=50 1540 &0 64¢2
HTGw5 | 60.0 1660 13.9
HTG=52 60.0 {4,5 13,9
HTG=45 60,0 21+0 20,1
HTG=4¢ 80.0 20,0 20,1
HTG=57 100.0 25,0 27,8
HTG=58 100,0 25,0 27,8
HTG=47 120.,0 41,0 35,5
HTGe=48 12040 3140 A5,45
HTG=5) 16040 44 .0 43,8
HTG=54 160.,0 43,0 43,8
HTG=55 212.,0 40.0 44,5
HTG=564 212,40 43,0 44,5
LATERAL CALCULATED / TYEMPERATURE CALCULATED LATERAL
EXPANSION(MILS) TEMPERATURE(F)Y / (F) ‘EXPANSION(MILS)
5.0 =2 / o0 S0
10,0 4244 / 10,0 5,8
15,0 3.9 / 20,0 6¢7
20,0 7967 / 30,0 8,0
25,0 93.0 / 40,0 L Y]
30,0 105,6 / 50,0 1145
35,0 11846 / 40,0 13.9
40,0 13447 / 70,0 16,8
/ 80,0 20,1
/ 90.0 23,8
/ 100,0 27,8
/ 110,0 3.8
/ 120,0 35,5
/ 130,0 38,7
/ 140,0 4),2
/ i50,0 42,9
/ 160,0 43,8



- 115 -

Qppendi-x C, Table 2A

’

CHARPY V-NOTCH TESY RESULTS FAR TRANSVERSE HEAD=PLATYE SPECIMENS
TAKEN FROM CALLAO PLATE Kw)a

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE

TLe ORIENTATION, HTFe CHARPY SPECIMENS
¢SEE IDENTIFICAYION CODES
IN FIGURES 4 AND 15,

SPECIMEN

HTFoéb)e
HYFeb2
HTF=b67
HYF =68
HTFeb9
HTFe70
HYFeéb)d
HYFoé4§
HYFe78
HTF=76¢
HTFeésS
HTYFebé
HTYF=w7]|
HYF=72
HTF=73
HIF=74

% SHEAR

FRACTURE
2,0
Se0
l0.0
15,0
50,0
85,0
90,0
§5,0
96,0

YEHPER&YURE(F) OBSFRVED SHEAR

FRACTURE (%)

5060
»50,0
1560
1560
6040
60,0
80,0
80,0
100.,0
10,0
12040
1200
16040
160,0
212,0
212,0

CALCULATED

TEMPERATURE (F)
44,1
53,6)
6245
6940
98.)
1274}
133,7
1493,4
154,0

NNNNNSNNNNSN N

DAYA oF"

CALCULATED SHEAR
FRACTURE (%)

'O .O
e0 00
5.0 00
500 OD-
]0.0 8.4
10,0 B8e4
2540 2642
20,0 2602
50.0 82,7
40.0 8247
9040 78,2
60,0 78,2
98.0 98,9
9800 99.9
100,0 §100,0
100,0 100,0
TEMPERATURE CALCULATED SHEAR
(F) FRACTURE (%)
50,0 3,7
40,0 8,4
70,0 1549
80,0 2642
9000 38.0
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Appendix C, Table °B

CHARPY V=NOTCH TEST RESULTS FOR TRANSVERSE HEAD~PLATE SPECIMENS
TAKEN FROM CALLAO PLATE K=l
CALCULATIONS FOR ENERGY ABSORPTION DATA OF
TLe ORIENTATION, HTFe CHARPY SPECIMENS, .
oSEE IDENTIFICATION CODES
IN FIGURES 4 AND 15,

SPECIMEN TEMPERAYURE(F) OBSERVED ENERGY CALCULATED: ENERGY
: ABSORPT|ON(FTe=LR) ABSORPYION(FTeLB)
HTF =69 =50.0 365 4,5
HTF =62 =50,0 4.5 4,5
HYF=67 1560 7.0 69
MTF<68 150 7.5 649
HTF=69 6040 12.0 12,5
HTF=70 60,0 1065 1245
HTF <63 80.0 190 16,9
HTF =64 80,0 160 169
HTFe758 100.0 29,0 22,6
HTF =76 100,0 19.0 22,6
HTYF=65 120,0 32,0 28,6
HTF=66 120,0 27.0 28,8
HTF=71 16060 3540 3606
HTF w72 160.0 3765 6.6
HYF=723 212,0 37.0 375
HTF=T74 21240 3745 3745
ENERGY CALCULATED / TYEMPERATURE CALCULATED ENERGY
ABSORPT]JON YEMPERATURE(F)Y / (F) ABSORPTION(FT=LB)
5.0 =260l / -20,0 Se2
10,0 44,8 / »|0,0 5.5
15,0 72,0 / o0 6,0
20,0 9142 / 10,0 beb
25,0 107.7 / 20,0 763
30,0 12443 / 30,0 8e2
35,0 14644 / 40,0 9.4
/ 50,0 10.8
/ 60,0 12,5
/ 70,0 14,6
/ 80,0 16,9
/ 90,0 19.7
/ 100,0 22,44
/ 110.0 25,7
/ 120,0 28,86
/ 130,0 31.5
/ 140,0 33,6
/ 150,0 35,5
/ 160,0 3646
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Appendix C, Table 2C

CHARPY VeNOTCH TEST RESULYS FOR TRANSVERSE HEAD<PLATE SPECIMENS
TAKEN FROM CALLAO PLATE Kw)o
CALCULATIONS FOR LATERAL EXPANSIQON DAYA OF
TLe ORIENTATION, HTFe CHARPY SPECIMENS,
oSEE IDENTIFICAYION CODES
IN FIGURES 4 AND 15,

SPECIMEN TEMPERAYURE(F) OBSFRVED LATERAL CALCULATED LATERAL
EXPANSION (M]LS) EXPANSJON (MILS)

HTF=b1e =«850,0 le0 2,5
HTF=62 5040 1«0 2,5
HTFeb7 1560 740 7.0
HTF=60 1540 8.0 7,0
HTFwb9 60.0 14.0 1442
HTF<70 60,0 11.0 14,2
HTFe«63 80.0 22,0 }84¢6
HYFab64 8040 190 18,6
HTF=75 100.0 270 23,5
HTF=76 10040 21 .0 23,5
HTF=65 12040 23.0 26,3
NTF=b6 120.0 2840 2843
HTFe7) 16040 3500 35,6
HYF=72 16060 A7.0 35,6
MYF=73 21240 39,0 304
HTFe74 ' 212,0 38 .0 A8 4
LATERAL CALCULATED / YEMPERATURE CALCULATED LATERAL
EXPANSION(MILS) TEMPERATURE(F) / (F) EXPANSION(MILS)
5.0 «8,0 / o0 544
10,0 37.0 / 10,0 64
15,0 63,9 / 20,0 746
20,0 65,9 / 30,0 849
25,0 106,42 / 40,0 10,5
30,0 12745 / 50,0 1262
35,0 155¢4 / 60,0 14,2
/ 70,0 164
/ 60,0 16,6
/ 90,0 2),0
/ 100,0 23,5
/ 11060 25,9
/ 120,0 28,4
/ 130,0 30,5
/ 140,0 32,5
/ {50,0 34,2
/ 160,0 35,6
/ i70,0 36,46
/ §80,0 37 .4
/ 190,0 3749



- 118 -~
Appendix C, Table 3A

CHARPY V=NOTCH TESY RESULTS FOR SHORT-TRANSVERSE HEAD-PLATE SPECIMENS
TAKEN FROM CALLAO PLAYE Kwle
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE. DATA or
SLe ORIENTATION, SEs CHARPY SPECIMENS,
eSEE IDENTIFICATION CODES
IN FIGURES 4 AND 15, '

SPECIMEN TEMPERATURE (F) OBSFRVED SHEAR CALCULATED SHEAR
FRACTIRE (g) FRACTURE (8)

SE=]e =-50,0 0 00
SE~) =5040 «0 o0
SE=~29 =30,0 o0 00
SE=31 =30,0 1] 1)
SE=~21) 15.0 0 o0
SE=2) 1500 0 o0
SE=S 80.0 5040 50,0
SE=7 8040 50,0 50,0
SE=9 120.,0 100.,0 100,0
SE=11} 120,0 100,0 100,0
SE=17 16040 100.0 100.,0
SE=19 160.,0 100.0 100,0
SE=~1) 21040 100,0 100,0
SEw=35 210.0 10040 100,.,0
SE=l] 21260 100.0 100.0 .
SE=15 212.0 100.0 j00,0
SE=25 260,0 10060 J00,0
SE=27 260,0 {00.0 100,0
% SHEAR CALCULATED / TYEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE (F) / (F) FRACTURE (%)

2,0 75,43 / 0.0 50,0

5.0 75,7 / 90,0 95,0

10,0 7662 /

15.0 7607 /

50,0 80,0 /

85,0 85,7 /

90.0 87.3 /

95,0 90,0 /

96.0 9344 /
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Appendix C, Table 3B

CHARPY VeNOTCH TEST RESULYS FOR SHORT=TRANSVERSE HEAO=PLATE SPECJMENS
YAKEN FROM CALLAO PLATE Ke|os ‘ ’ R
CALCULAT)IONS FOR ENERGY ABSORPYION DATA OF
SLe ORJENTAYION, SEe CNARPY SPECIMENS,
oSEE IDENTIFICATION CODES

IN FIGURES 4 AND |5,

SPECIMEN TEMPERATURE(F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPTJON(FTeLB) ABSORPTJON(FT=LB)
SE=]» =~50.0 3,0 - 2.9
SE=) 50,0 2¢5 2.9
SE=29 =30,0 J.0 J.0
SE=J3] =30.0 2¢5 3,0
SE=2} 19,0 3,5 3.9
SE=23 l5o0 3.5 3.9
SE=5 80,0 8,0 7.8
SE=7 60.0 8¢5 7.8
SE=9 120.,0 940 14
SEe~ll| 120.,0 12,0 1.4
SE=I? 160,0 1445 13,5
SE=}9 160,0 14,0 13,5
SE=3) - 210,60 1965 13,9
SE=35 21060 13,0 13,9
SEe~})d 212.0 13,0 139
SE=|S 212,40 1445 13,9
SE=25 26040 I 1e5 11.8
SE=~27 260,0 12,0 1.8
ENERGY CALCULATED / YEMPERATURE CALCULATED ENERGY
ABSORPY]ION TEMPERATYURE(F)Y / (F) ABSORPT]JON(FT=LB)
5,0 4,5 / 50,0 5.5
10.0 104,494 / 60,0 602
/ 70,0 6.9
/ 80,0 7.8
/ 90,0 B¢7
/ 100,0 96
/ 110,0 10,5
/ 120,0 1) oM
/ 130,0 12,1
/ 140,0 1267
/ 150,0 13.2
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Appendix C, Table 3C

CHARPY Y=NOTCH TEST RESULTS FOR SHORT=TRANSVERSE HEAD=PLATE SPECIMENS
TAKEN FROM CALLAO PLATE K=l
CALCULATJONS FOR LATERAL EXPANSION DATA OF
SLe ORIENTATION, SE® CHARPY SPEC|MENS,
¢SEE IDENTIFICATION CODES
IN FIGURES 4 AND 15,

SPECIMEN TEMPERATURE(F) OBSFRVED LATERAL CALCULATED LATERAL
EXPANS]ION (MILS) EXPANSJON (MILS)

SEm{e =-50.0 5 . 1,0
SE=J =500 1.0 1.0
SE=29 =3040 5 ]e3
SE=31 =30,0 245 1.3
SE=21 15,0 1e5 3,0
SE"23 lsoo 105 3.0
SE=5 80,0 9.0 863
SE=7 80.0 10.0 8,3
SE=9 12040 9.0 12,1
SE=11 120,0 12.0 12,1
SE=}]7 16060 16.0 14,5
SE=19 160.,0 1440 1445
SE=33 21060 15.0 15,5
SE=J35 210.0 140 15,5
SE=13 212,0 14,0 1566
SE=15 21240 160 1546
SE=25 260,0 13.0 13,5
SE=27 26060 14,0 13,5
LATERAL CALCULATED / TYEMPERATURE CALCULATED LATERAL
EXPANSION(MILS) TEMPERATURE(F)Y / (F) EXPANSION(MILS)
5.0 4349 / 50,0 5,8
10.0 97.0 / 60,0 6e4
I5.0 175.0 / 70,0 7.4
/ 80,0 T Bed
/ 90,0 93
/ 100,0 1043
/ 110.0 11,2
/ 120,0 12,1
/ 130,0 12,86
/ ‘QOOO 13.5
/ 150,0 14,0
/ 160,0 14,5
/ 170,0 14,9
/ 160,0 §15.1
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Appendix C, Table 4A

CHARPY VeNOTCH TEST RESULTS FOR SHORT-TRANSVERSE’Hcap-PLaTE SPECIMENS
TAKEN FROM CALLAO PLATE Ksjoe : ST
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF
SYé ORIENTATION, SEe CHARPY SPEC)MENS,
oSEE IDENTIFICATION CODES

IN FIGURES 4 AND IS,

SPECIMEN TEMPERATURE (F) OBSFRVED SHEAR CALCULATED SHEAR
FRACTURE (%) . FRACTURE (%)

SEm2e =500 . o0 0
SE=4 »50.0 00 00
SE=»32 «30,0 0 00
SE=J24 «30,0 o0 o0
SE-qu HJOQO .0 .O
SE=24 1S¢:0 ) 00
SEe22 15460 o0 20
SEwé 80.0 3040 30.0
SEr12 120.0 10040 100.,0
SE=20 160,0 100.0 }00.0
SEe}8 160.0 J00.0 100,0
SE~38 210,60 10040 100,0
SE=J6 210.,0 100.0 100,0
SE«) 6 212.0 100.0 100,0
SEe )4 ’ 212,60 10040 100.,0
SE=30 260,0 100,0 100,0
SE=28 260,40 10040 00,0
§ SHEAR CALCULATED N4 YEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE(F)Y / (F) FRACTURE (%)

2,0 57¢6 / 6040 . 249

5.0 63,8 / 70.0 1049

10,0 6943 / 80,0 30,0

15,0 72.9 / 90,0 61,0

50,0 867 /

85,0 98.2 /

90,0 100¢6 / .

95,0 104,0 /

98,0 J07.5 /
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Appendix C, Table 4B

CHARPY VeNOTCH TEST RESULTS FNR SHORTeTRANSVERSE MEADPLATE SPECIMENS
TAKEN FROM CALLAO PLATE Kaje
CALCULATIONS FOR ENERGY ABSORPYIQON DATA OF
STe ORIENTATION, SEs CHARPY SPEC|MENS,
¢SEE IDENTIFICAT(ION CODES
IN FIGURES 4 AND 1S5,

[

SPECIMEN TEMPERATURE(F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPYON(FT=LB) ABSORPTION(FYeLB)
SE=2e w5060 2.0 2,3
SE=Y4 =50.0 3,0 2,3
SE=~J32 «30.0 2,0 2,5
SE=34 =30,0 360 2,5
SE=40 «30.0 3.0 2:5
SE=24 1540 4,0 3.4
SE=22 1540 465 3,4
SE=é 60.0 5,0 444
SE=)2 120,0 1045 9.7
SE-20 160.0 15,0 13,3
SE=|8 160,40 12,5 133
SE~J8 210,0 1265 1546
SE=)36 21040 14,0 1S¢b
SE= |6 21240 15,0 1546
SE=14 212.0 1490 1506
SeE=~230 26040 1445 15,8
SE=286 26040 1545 15,8
ENERGY CALCULATED / TEMPERATURE CALCULATED ENERGY
ABSORPYION TEMPERATURE(F)Y / (F) ABSORPTION(FT=LB)
5,0 5745 / 60,0 S,
10,0 123,5 / 70,0 S5¢7
15,0 16868,1 / 80,0 64
/ 90,0 701
/ 100,0 769
/ 110,0 6,8
/ 120,0 947
/ 130,0 10.6
/ 140,0 11.5
/ 150,0 12,4
/ 160,0 13,3
/ 170,0 19,0
/ 190.0 1501
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Appendix C, Table 4C

CHARPY VeNOTCH TEST RESULTS FOR SHORT«TRANSYERSE HEAD=PLATE SPEGIMENS
TAKEN FROM CALLAO PLATE Ke|.
CALCULATJONS FOR LATERAL EXPANSIQON DATA OF
STe ORJENTATION, SEes CHARPY SPECJMENS,
eSEE IDENTIFICATION CODES
IN FIGURES 4 AND 1S5,

SPECIMEN TEMPERATURE(F) OBSFRVED LATERAL CALCULATED LATERAL
EXPANSION (MILS) EXPANSION (MILS)

SE=29 =50,0 |0 L]
SE=4y =500 5 1¢4
SE=J32 «30.0 3,0 l1eB
SE=JY _ =3060 2.0 1.8
SE=40 =«30,0 290 1.8
SE=24 150 3,0 3,0
SE=22 15.0 3.0 3,0
SE=é 80,0 Yob 69
SE=-12 12060 12,0 1007
SE=20 160,0 16,0 1403
SE=18 160.0 1240 14,3
SE=28 21040 12.0 1604
SE=36 21000 14.0 1644
SE=| b 21240 1460 16,5
SE=§8 21240 1540 1645
SE-30 26040 1640 1607
SE=28 260,40 1840 167
LATERAL CALCULATED / TYEMPERATURE CALCULATED LATERAL
EXPANSION(MILS) TEMPERATURE(F)Y / (F) EXPANSION(MILS)
5.0 5443 / 60,0 54
10,0 113,63 / 70,0 6yl
15,0 17043 / 80,0 649
/ 90,0 7.8
/ 100,0 8,7
/ 110,0 97
/ 120,0 10.7
/ 130,0 1147
/ }40,.0 1266
/ 150,0 13,5
/ 160,0 14,3
/ 170,0 15,0
/ 10,0 15,5
/ 190,0 16.0
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Appendix C, Table 5A

DYNAMIC=-TEAR TEST RESULTS FOR TRANSVERSE HEAD=PLATE SPECIMENS
TAKEN FROM CALLAO PLATE K=l
CALCULATJONS FOR SHEAR FRACTURE APPEARANCE DATA OF

TL, HDTTe,

IN FIGURES 4 AND 15,

SPECIMEN

HDTT=45%
HOTY=5)
HOTT=52
HOTT=39
HDYT=49
HDTT=38
HOTT=5¢4
HOTT=87
HDTT=42
HOTT=37
HDTT=4Ry
HDTT+=40
HDTT=44

% SHEAR

FRACTURE
2,0
5.0
10,0
15,0
50,0
85,0
90,0
95.0
98,0

TEMPERATURE (F)
FRACTURE

«50.0
o0
30.0
30.0
60,0
80.0
80.0
100.0
120.0
14040
160.0
200,0
300.0 *=*

DYNAMIC=TEAR SPECIMENS,
¢SEE IDENTIFICATION CODES

OBSFRVED SHEAR.

CALCULATED
TEMPERATURE(F)

4042
64,0
82.8
9442
1334
1614
16609
174,.,3
1862,0

00

0
2.0

' 0
2,0
8.0
10,0
2040
25,0
45,0
10040
100.0
100.0

TEMPERATURE

(F)

50,0
60,0
70,0
80,0
90,0

CALCULATED SHEAR
FRACTURE (8)

.D
o4
led
1e3
443
9.0
9.0
18¢3
34,6
58,5
83,5
99,9
100.0

CALCULAYED SHEAR
FRACTURE (%)

249

4,3

603

9.0

1269

** Specimens tested at temperatures between 300 and
1300 F had 100 percent shear fracture appearances.
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Appendix' C, Table 5B

DYNAMJCeTEAR TEST RESULTS FOR TRANSVERSE HEAD=PLATE SPECIMENS
TAKEN FROM CALLAO PLATE K=]o
CALCULATIONS FOR ENERGY ABSORPTION DATA OF

TLy HDTYoe,

IN FIGURES 4 AND 1|5,

SPECIMEN

HDYT=45e
HDTT=5)3
HDTT=52
HOTTY=39
HDTYe~49
HDTTe-28
HDTY=54
HOTY=47?
HDTYe=42
HDOTTY=37
HDTT=44
HDTT=40
HDTT=46

ENERGY

ABSORPT)ON
10,0
15,0
20,0
25,0
30,0
35,0
40,0

TEMPERATURE (F)

=500
o0
30,0
3040
60,0
60.0
8040
100,0
120.0
140,60
160+0
200,0
300460

CALCULATED
TEMPERATURE(F)

82,5
104,3
J18.5
130,0
1494067
152.2
17045

DYNAMIC=TEAR ENERGY/IQ.
oSEE IDENTIFICATJON CODES

OBSERVED ENERGY

N NNNNNNSNNNN

ABSORPT|ON(FT=LB)

5.3
404
6el
566
¢
106
1048
158
2| ¢4
2S5,
4241
40,0
4047

TEMPERATURE

(F)

90,0
100,0
110,0
120,0
130,0
140,0
10,0
1640,0
170,0

CALCULATED ENERGY
ABSORPTIQON(FYe=[B)

543
5,5
6.0
640
704
9.6
9¢6
13,6
20,6
2947
3746
T
4144

CALCULATED ENERGY
ABSORPTJION(FT=LB)
1.4
13,8
1648
20,6
25,0
29,7
J4,.])

37 ¢6
39,9
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Appendix D
Impact Test Results for Longitudinal
Shell-Plate Specimens Taken from

Callao Plate K-5
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Appendix D, Table 1A

CHARPY V=NOTCH TEST RESULTS FOR LONGTTUDLMAL SHFILL=PLATE SPECIMENS
TAKEN FROM CALLAO PLATE KeS5,
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF

LSe ORIENTATION,

eSEE IDENTIFICATYION CODES
IN FIGURES 7 AND 15,

SPECIMEN

STB=76e
STB=2
STB=1|
STB=10
STB=11
STB=8
SYB=9
STB=16
STBel7
STR=6
STB=5
STB=20
STB=|9
STB=-18
STB=1I15
STB=1]4
STB=23
STB=4
STB=})
STB=12

% SHEAR

FRACTURE
5.0

10,0
15,0
50,0
85,0
90.,0
95.0
98,0

FRACTI'RE

=|00,0
=50.0
»50,0
«30.,0
=30.0
=|10,0
=10,60
o0

o0
1540
1S.0
20.0
40,0
40.0
60,0
60.0
60,0
80,0
120,0
120,0

CALCULATED
YEMPERATURE (F)
=95,1
74,2
wb)e2
=14,6
2046
2746
7.4
474

SYBe CHARPY SPECIMENS,

TEMPERATURE(F) OBSFRVED SHEAR
(%)

0

o0

0

o0

)
5.0
100.0
15.0
€0.0
15.0
100,0
10040
100.0
100.,0
100.0
100,40
100,0
100.0
100,0
100.0

TEMPERATURE
(F)
990.0
’6000
97010
=60,0
-50.0
-40.0
!3000
‘20.0
«)0,0

o0
10,0
20,0
30.0
40,0

CALCULATED SHEAR
FRACTURE (%)

4,2
20,8
20,0
35,3
35,3
54,8
54,8
65,4
65,4
80,3
80,3
84,6
9640
946.0
99.6
9946

100,0
100,0
100,0
100,0

CALCULATED SHEAR
FRACTURE (%)
5.9
8¢
11,4
15,5
20,6
27,4
35,3
44,6
S4,8
65,4
75.6
84,6
914
96,0
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Appendix D, Table 1B

CHARPY V=NOTCH TEST RESULTS FOR LONGITUDLINAL SHELL=PLATE SPFCIMENS
TAKEN FROM CALLAO PLATE KeS5e
CALCULATIONS FOR ENERGY ABSORPTION DATA OF
LS® ORIENTATION, STBe CHARPY SPECIMENS,
*SEE IDENTIFICATJON CODES
IN FIGURES 7 AND 1|5,

SPECIMEN TEMPERATURE (F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPTJON(FT=LB) ABSORPTYION(FT=LB)
STB=7e »{00.0 4.0 7¢6
STB8=2 =50.0 2145 1764
STB=| =5040 105 17.4
STB=1)0 «30.0 27,0 28,8
STB=11| =~30.0 24.0 28,8
STB=8 «10,0 1245 48,4
STB=9 =1060 >12060%% 48,4
STB=1]6 (Y1) 115 6l,.4
STB=17 o0 4140 61,4
STB=6 1560 1840 83,0
STB8=5 150 >)12060 %% 03,0
STB=20 20,0 >12040 *% 90,0
SYBeil9 40,0 >12000 ** 11108
SYB=18 4040 >12060 *% Ille8
SYB=158 6040 >120¢0 ** 11963
STB=]4 0.0 : >12040 ** 11943
STB=J 80,0 >12040 ** 120,90
STB=4 8040 >12040 ** 120,0
STB=123 120,40 >12040 ** 120,0
STB=)2 120,0 >120,0 ** 120.0
ENERGY CALCULATED / TYEMPERATURE CALCULATED ENERG@GY
ABSORPTION YEMPERATURE(F)Y / (F) ABSORPTJON(FT=LB)
10.0 =774 / 70,0 11,3
15,0 =544 / 60,0 13,8
20,0 mY4y,2 / «50,0 17.4
25,0 =35,5 / 240,0 22,2
30,0 =28,5 / =30,0 28,8
35,0 =2246 / «20,0 3745
40,0 =1765S / 10,0 4844
45.0 "lZ.? / 00 6[.“
S0,.,0 «8.7 / j0,0 7547
56,0 =447 / 20,0 90.0
60.0 =10 / 30,0 102,6
65,0 26 / 40,0 ill.8
70,0 6ol / 50,0 11761
75,0 95 / 0.0 119,3
80.0 13.0 / ** Specimen did not fracture
85.0 1604 / completely, therefore true
90.0 20.0 / energy absorption exceeds the
9540 23.7 / indicated machine capa01ty
100.0 27.7 / value of 120 ft-1b.
105,0 32,3 /
110.,0 3767 /
115,0 45,2 /
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Appendix D, Table 1C

CHARPY V=NOTCH TEST RESULTS FOR LONGITUDIMAL SHE!L=-PLATE SPECIMEMS
TAKEN FROM CALLAO PLATE K=5.
CALCULATIONS FOR LATERAL EXPANSION DATA OF
LS® ORJENTATION, STBe CHARPY SPECIMENS.
eSEE IDENTIFICATION CODES
IN FIGURES 7 AND 15,

SPECIMEN TEMPERATURE(F) OBSFRVED LATERAL CALCULATED LATERAL
EXPANSION (MILS) EXPANSION (MILS)

STBe=T7e -100.0 240 3,2
STBe=2 =50.,0 1640 7
STBel «5040 745 947
STB=10 =30.0 2) 0 17.4
STB=11 =30.0 19¢5 174
STB=8 =10.0 I1.0 3162
STB=9 «{0,0 B82¢0%% 3le2
STB=16 1) 9.0 40,9
STB=17 o0 34,8 40,9
STB=6 150 15.0 57,8
STB=5 150 83,0%* 57,8
STB=20 20,0 BB .5S** 6346
STB«19 40,0 82 ¢5%* 82,4
STB=16 40.0 87 ¢2%% B2.H4
STB=1I5 60.0 89 ¢ 0*%* 89,0
STBel 4 60,0 90 ,0%%* 89,0
SYBe3 80.0 88 ¢5** 8946
STB=4 80,0 09 ¢2%* 89.:6
STB=13 120.0 B9 oS** 8946
STBel2 120.0 83,0%%* 896
LATERAL CALCULAYED / YEMPERATURE CALCULATED LATERAL
EXPANS[ON(MILS) TEMPERAYURE(F) / (F) EXPANSTQON(MILS)
5.0 -7506 / "70'0 5.7
10,0 -48,9 / =460,0 7.3
15.0 =35,0 / 50,0 9.7
20,0 =254 / »40,0 12,9
25,0 «17.8 / =30,0 17.4
30,0 =l1e4 / =20,0 23,4
35.0 =549 / -10,0 31,2
40.0 «-¢8 / o0 40,9
45,0 3.8 / - 10,0 52,0
50.0 ) / 20,0 63,6
55,0 12¢6 / 30,0 74,3
60,0 1649 / 40,90 B2,.,4
65,0 212 / 50,0 87,1
70,0 : 25,8 / 60,0 09,0
75,0 30.7 / 55
8040 3646 / Specimen did not fracture
85,0 44,6 /

completely, therefore true
lateral expansion exceeds this
measured value.
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Appendix D, Table 2A

CHARPY VeNOTCH TEST RESULTS FOR LONG!TUDINAL SHELL~PLATE SPECIMENS
TAKEN FROM CALLAO PLATE Ke5,
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF
LTe ORIENTATION, STAs CHARPY SPECIMENS.,
oSEE JIDENTIFICATION CODES
IN FIGURES 7 AND IS,

SPECIMEN TEMPERATYURE(F) OBSFRVED SHEAR CALCULATED SHEAR
FRACTIURE (%) FRACTURE (%)
STA=34e »|00,0 o0 o0
STA=22 50,60 o0 oY
STA=2] «S50,0 o0 Y
STA=3§ =»10.0 5.0 3,0
STA=J6 =10.0 5.0 3,0
STA=28 1560 5.0 947
STA=37 1540 5.0 97
STA=38 4060 30.0 26,43
STA=39 4040 : 30.0 2643
STA=29 60,0 35,0 5D,
STA=230 60,0 40,0 5041}
STA=24 80.0 80.0 77.8
STA=22 80,0 95,0 77.8
STA=24 - 12040 95,0 99.8
STA=25 120,0 |100.0 99,8
STA»J2 160,0 100.0 100,0
STA=33 160,40 : 10040 100.,0
§ SHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE(F) / (F) FRACTURE (8)
240 e8¢ / «10,0 3.0
5.0 o& / «0 4,9
1040 1548 / 10,0 7.8
15,0 25,4 / 20,0 12,0
50,0 60.0 / 30,0 16,0
85,0 Bbe2 / 40.0 2643
90.0 915 / 50,0 37,1
95,0 907 / 60,0 S0,
98,0 10649 / 70,0 44,2
/ 80.0 77.0
/ 90,0 68,7
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Appendix D, Table 2B

CHARPY VeNOTCH TEST RESULTS FNR LONGITUDINAL SHELL«PLATE SPECIMENS
TAKEN FROM CALLAO PLATE KeS5,
CALCULATIONS FOR ENERGY ABSORPTJON DATA OF
LTs ORIENTATION, STAs CHARPY SPECIMENS,
sSEE IDENTIFICAT)ON CODES
IN FIGURES 7 AND 15,

SPECIMEN TEMPERATURE (F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPTJON(FT=LB) ABSORPTION(FY=(B)
STA=34e ={00.0 6.0 boH
STA=22 =50.0 4.0 8e¢3
STA=2]) 25000 4,0 8,3
STA=35 =]040 2740 13,7
STA=24 =j0.0 1140 1347
STA=28 1560 1490 21,5
SYA=37 15,0 24,0 2145
STA=238 40.0 3045 A4,4
STA=39 40.0 305 J4q,4
S5TA=29 60,0 37,0 48,1
STA=30 60.0 45,5 48,
STA=24 80.0 6345 61466
STA=23 80.,0 725 1.6
STA=26 120.0 7245 74,0
STA=25 12040 7545 74,0
STA=32 160.0 7440 ‘ 745
STA=3) 160.,0 7440 74945
ENERGY CALCULATED / YEMPERATURE CALCULATED ENERGY
ABSORPTION TEMPERATURE(F)Y / (F) ABSORPTION(FT=L3a)
10,0 =32,0 / =30,0 103
15,0 =4,8 / =20,0 {l.8
20.0 ll.2 / -IDQO 13.7
25,0 2249 / 0 16,3
30,0 32.5 / 10.0 19,6
35,0 40.9 / 20,0 23,6
40,0 48.5 / 30,0 28,6
45,0 5547 / 40,0 34,4
5S0.0 6247 / 50.0 41,0
55,0 69.9 / 60,0 48,1
40,0 77.5 / 70,0 55,1
65,0 8602 / a0,0 61le6
70,0 9749 / 90.0 6649
/ 100,0 70,7
/ 110,0 72,9
/ 120,0 74,0
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Appendix D, Table 2C

CHARPY VeNOTCH TEST RESULYS FOR LONGITUDINAL SHELL=PLATE SPECIMENS
‘TAKEN FROM CALLAD PLATE KeSo '
CALCULATIONS FOR LATERAL EXPANSIQN DATA OF_
LTe ORTENTATION, SYAe CHARPY SPECIMENS,
eSEE IDENTIFICATION CODES _

IN FJGURES 7 AND 15,

SPECIMEN TEMPERATYURE(F) OBSFRVED LATERAL CALCULATED LATERAL
' EXPANSTION (MILS) EXPANSION (MILS)

STA=34oe »{00,0 3.5 4,7
STA=22 «50.0 2.9 7.7
STAn2| =50.0 2,0 ' 7¢7
STA=J5 «10.0 14,0 13.7
STA=364 : -~10,0 22,0 1347
STA=28 1560 12,0 204
STA=37 150 2040 204
STA=38 40,0 30,0 29,0
STA=)9 40.0 33,0 29.90
STA=29 60.0 30,0 38,7
STA=30 60,40 37,0 3847
STA=24 8040 5140 4747
STAw23 0.0 56¢0 4767
STA=24 120,60 5440 593
STA=25 120,0 54,0 59,3
STAw»32 160,0 - 64,0 642
STA=33 160,0 64,0 4143
LATERAL CALCULATED / TEMPERATURE CALCULATED LATERAL
EXPANSION(MILS) TEMPERATURE(F) / (F) EXPANSION(MILS)
540 “9|e7 / «90,0 5,1
10,0 *3047 / «80,0 5¢5
15,0 LR / 70,0 60l
20,0 1367 / 60,0 6.8
25,0 28,1 / «50,0 7a7
30,0 40.5 / «40,0 8,8
35,0 51.8 / «30,0 10,1}
40.0 62¢7 / 20,0 1167
45,0 73240 / «j0,0 1347
50,0 85,7 / 0 1641
55,0 100.2 / 10,0 18.9
60,0 1262 / 20,0 22.1
/ 30,0 25,7
/ 40,0 29,8
/ 50,0 ‘342
/ 60,0 38,7
/ 70,0 Hd,)
/ 80.0 4747
/ 90,0 9146
/ 100,0 54,9
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Appendix D, Table 3A

DYNAMIC ~TEAR TEST RESULTS FOR LONGITUDINAL SHELL=<PLATE SPECIMENS
TAKEN FROM CALLAO PLATE K=5.
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF
LT, SOTL®, DYNAMIC=TEAR SPECIMENS.
¢SEE IDENTIFICATION CODES
IN FIGURES 7 AND 15,

SPECIMEN TEMPERATURE(F) OBSFRVED SHEAR ' CALCULATED SHEAR
FRACTURE (g) FRACTURE (8)
SOTL=23e¢ =500 .0 ol
SOTL=22 o0 o0 1.0
SDTL=20 30.0 5.0 3.9
SDTL=35 30,0 5.0 3,9
SDTL=27 60,0 10.0 jd.6
SOTL=21 80.0 20.0 29,5
SDTL=36 80+0 25.0 295
SDTL=29 12060 75.0 BY,43d
SDTL=22 1200 98.0 8443
SDTL=30 160,0 10040 100,0
SDTL=234 16040 100.0 . 100,0
SDTL=24 200.0 10040 100,0
SOTL=33 300,00 *¥ 100.0 100,0
8 SHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE(F)Y / (F) FRACTURE (%)
2.0 1540 / 20,0 2.5
5.0 3547 / 30,0 3.9
10,0 52,1 / 40,0 6.0
15,0 62.1 / 50.0 9¢2
50,0 9642 / 60,0 13.8
85,0 12046 / 70.0 20.4
9000 125,4 / 80.0 2945
95,0 131.9 / 90,0 L
98.0 138.5 /

** Specimens tested at temperatures between 300 and
1300 F had 100 percent shear fracture appearances.
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~ Appendix D, Table 3B

DYNAMIC ~TEAR TESY RESULTS FOR LONGITUDINAL SHELL~PLATE SPECIMENS
TAKEN FROM CALLAQ PLATE Kwb, '
CALCULATIONS FOR ENERGY ABSORPTION DAYA OF

LT, SDTL..

IN FIGURES 7 AND (5,

SPECIMEN

SOTL=223e
SDTL=32
SDTL=~20
SOTL=35
SDTL=27
SDTL=~2}
SDTL=36
SDTL=29
SDTL=22
SDTL=30
SDTL=234
SOTL=24
SOTL=233

ENERGY

ABSORPTLION
10.0
5.0
20.0
25,0
30,0
35,0
40,0
45,0
50,0
55,0
60,0
65,0
70,0

DYNAMIC=TEAR ENERGY/1Qo
¢SEE IDENTIJFICATJON CODES

TEMPERATURE(F) OBSERVED ENERGY - CALCULATED ENERGY

'ABSORPT|ON(FT=LB)  ABSORPTJON(FT-LB)
'5000 Seb 5.7
0 406 é,2
30.0 7466 I
30.0 9:5 68¢3
60.0 1404 4,8
60,0 20486 25,0
80,0 2642 25,0
120,0 8.5 6) 6
120.0 71462 6) b
160,0 7947 74.6
160,0 7445 74,6
200.0 7046 74,0
300.0 68,42 60,5
CALCULATED / TEMPERATURE CALCULATED ENERGY
TEMPERATURE(F)Y / C(F) ABSORPTION(FT=LB)
41.8 / 50,0 1146
6045 / 40,0 14,8
717 / 70,0 19,1
60.0 / 80,0 25,0
84,8 / 90.0 32,7
92.7 / 100,0 4] ,9
98.0 / 110,0 52,1
103,61 / 120,0 6146
108.0 / 130,0 60,8
11249 / 140,0 72,8
18,2 /
124,2 /
132,23 /
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Appendix I
Impact Test Results for Transverse
Shell-Plate Specimens Taken from

Callao Plate K-5
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Appendix E, Table 1A

CHARPY V=NOTCH TESY RESULYS FNPR TRANSVERSE SHELLePLATE SPECIMENS
TAKEN FROM CALLAO PLATE K-5,
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF
TSe ORIENTATION, SLDe CHARPY SPECIMENS,
¢SEE IDENTYIFICATION CODES
IN FIGURES 7 AND 15,

SPECIMEN TEMPERATYURE (F) OBSFRVeED SHEAR CALCULATED SHEAR
FRACTIRE (§) FRACTURE (%)

SLD=73s "00.0 0 .0
SLD=62 =50,0 o0 o0
SLD=61 «50.0 0 o0
SLO=7¢4 =100 S.0 00
SLD=75% =10.0 5.0 o0
SLD=68 15,0 10,0 0
SLD=67 1560 1060 0
SLD=76 40,0 0.0 2946
SLD=77 40.0 2540 2946
SLDe70 60,0 80,0 CERYL]
SLD=69 6040 85,0 84,4
SLD=64 80.0 100.0 9945
SLD=63 80,0 100.0 99.5
SLD=66 12040 100.,0 100.0
SLD=645 120.0 100.,0 100.,0
SLD=72 160.0 1000 100.0
SLD=7] 16040 {0040 100.,0
£ SHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR
FRACTURE YEMPERATURE(F)Y / (F) FRACTURE (%)

2,0 24,1 / 30.0 7.9

5.0 2747 / 40,0 29,64

10,0 el / 50,0 59,8

15,0 34,0 / 60,0 84,4

50,0 4648 / 70,0 96,43

85,0 6043 /

90,0 53,5 /

95,0 68,2 /

98,0 7345 /
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Appendix E, Table 1B

CHARPY VeNOTCH TEST RESULTS FOR TYRANSVERSE SHELL#PLATE SRECIMENS
TAKEN FROM CALLAO PLATE KeS.
CALCULATIONS FOR ENERGY ABSORPYIQN DAYA OF
TSe ORIENTATION, SLDe CHARPY SPECIMENS.,
oSEE IDENTIFICATION CODES
IN FIGURES 7 AND 15,

SPECIMEN YEMPERAYURE (F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPT|ON(FTeLB) ABSORPTION(FTeLB)
SLD=73e ©100.0 4.0 6¢d
SLD=62 =50.0 1065 767
SLO=6] =50.0 6e¢5 747
SLD=74 =100 140 12,9
SLD=78 «)0,0 15,5 12:9
SLD=68 150 18,0 20,9
SLD=67 1560 195 20,9
SLDe=76¢ 40,0 30,0 34,
SLO=77 40,0 27 .0 34,
SLDe70 60,0 42,0 45,7
SLD=69 60,0 5545 45,7
S|LD=64 80,0 4840 82,9
SLD=613 80.0 S4,0 52,9
SLDO=66 120.0 §5,0 54,8
SLD=65 120.0 50.0 §4,0
SLD=72 160,0 44,0 45,42
SLO=7| 16040 4605 45,3 -
ENERGY CALCULATED / TEMPERATURE CALCULATED ENERGY
ABSORPTJION TEMPERATURE(F)Y / (F) ABSORPTION(FT=LB)
i0.0 92502 / '2000 1009
15,0 =1.8 / «]0,0 12,9
20,0 120,06 / o0 - - 15,5
25,0 23,7 / 10,0 18.9
30,0 33,0 / 20,0 23,2
5,0 4104 / 30,0 26843
40,0 49,47 / 40,0 34,
45.0 5846 / 50,0 40,2
50.0 69,7 / 60,0 45,7
/ 70,0 50,1
/ 80,0 52,9
/ 90,0 54,2
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Appendix E, Table 1C

CHARPY V=NOTCH TEST RESULYS FNPR TRANSVERSE SHELL~PLATE SPECIMENS
TAKEN FROM CALLAO PLATE Km=S.
CALCULATJIONS FOR LATERAL EXPANSION DATA OF
TSe ORIENTATION, SLDs CHARPY SPECIMENS.,
oSEE IDENTIFICATJON CODES
IN FIGURES 7 AND 15,

SPECIMEN TEMPERATURE(F) OBSFRVED LATERAL CALCULATED LATERAL

EXPANSION (MILS) EXPANSION (MILS)
SLD=73» =)00,0 15 3,0
SLD=62 «5060 8.0 Sed
SLD=6 =50,0 4,0 53
SLD=74 =1040 12,0 1le4
SLD«75 =060 1440 L]e4
SLD=68 1560 15.0 1962
SLD=67 1560 160 19.2
SLD=7¢ 40,0 2940 30,2
SLD=77 40,0 28,0 30.2
SLD=70 60,0 37.0 3947
SLD=49 60,40 47,0 397
SLD=64y 80,0 44,0 4643
SLD=613 80,0 47,60 4643
SLD=6b¢4 120.,0 50.0 49,43
SLDwé5 120,0 S1e0 49,93
SLD=72 16040 4340 42,5
SLD=71 160,40 4240 42,5
LATERAL CALCULATED / TYEMPERATURE CALCULATED LATERAL
EXPANSION(MILS) TEMPERATURE(F) / (F) EXPANSION(MILS)
5,0 "53.9 / 05000 5.3
10.0 1645 / =40,0 643
5.0 3.0 / «30,0 Teb
20,0 1762 / =20,0 903
25,0 28,9 / «|0,0 1164
30,0 39,5 / 20 19,1
35,0 49,0 / 10,0 1763
40,0 60.8 / 20,0 21,1
45,0 74,8 / 30,0 25,5
/ 40,0 30,2
/ 50,0 35,1
/ 60,0 39,7
/ 70,0 43,5
/ 60,0 46,3
/ 90,0 48, |
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Appendix E, Table 2h

CHARPY V=NOTCH TEST RESULTS FOR TRANSVERSE SHELL=PLATE SPECIMENS
TAKEN FROM CALLAO PLATE K=5,
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DAYA oOF

TLe ORIENTATJON,

¢SEE IDENTIFICAT]ION CODES
IN FIGURES 7 AND 15,

SPECIMEN

SLC=54»
SLC=45
SLC=44
SLC=55
SLC=5¢6
SLC=5]
SLC=50
SLC=S57
SLC=58
SLC=42
SLC=4]
SLC=q7
SLCwmH44
SLCe=49
SLCw»48
SLC=53
SLC=52

g SHEAR

FRACTURE
2.0

5.0

10,0
is5,0
50,0
85,0
90,0
95,0
96,0

TEMPERATURE (F)

FRACT!IRE

«]00.0
=«50,0
=5040
e{D,0
=1040

1590
1560
4000
40,0
60,0
60,0
8040
8060
120.0
120,0
160,0
160,50

CALCULATED
TEMPERATURE (F)
=29,
9,0
602
N-XY
52,3
7969
85,4
93.1
10141l

SLCe CHARPY SPECIMENS.,

OBSFRVED SHEAR

CALCULATED SHEAR

(%) FRACTURE (%)
0 0
.O .7
o0 o7
5.0 “.9
S5¢0 4,9
20.0 ‘4.3
2040 1443
2040 35,0
20.0 35,0
7040 60,4
60,0 60,4
a5,0 85,
90,0 6541
96840 99,9
10040 99,9
§100,0 100,0
100.,0 100.,0
TEMPERATURE CALCULATED SHEAR
(F) FRACTURE (%)
«20,0 Jel
'Ioto 4,9
o0 747
10,0 1167
20,0 1744
30,0 25,1
40,0 35,0
50,0 47,0
60,0 6044
70,0 73.7
80,0 85,
90,0 93,2
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Appendix E. Table 2B

CHARPY V=NOTCH TEST RESULTS FOR TRANSVERSE SHELL=PLATF SPECIMENS
TAKEN FROM CALLAO PLATE Ke5
CALCULATIONS FOR ENERGY ABSORPTION DATA OF
TLe ORIENTATION, SLCe CHARPY SPECIMENS,
oSEE IDENTIFICATION CODES
IN FIGURES 7 AND 15,

SPECIMEN TEHPERATURE(F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPT JON(FTeLB) ABSORPT]ON(FTQLB)
SLLC=54e =]100.0 2,0 3,3
SLC=45 =50.0 245 5.8
SLC=4y =5060 6.0 5,8
SLC=55 =10,0 1.0 12,0
SLC=5¢ =(0s0 13,0 12,0
SLC=5]) 1560 1860 16,0
SLC=50 1540 18.0 18,0
SLC=S57 40.0 2200 24947
SLC=58 4040 25,40 2447
SLC=42 80,0 3J3.5 2946
SLC=4] 60,0 27,0 2%06
SLC=47 80,0 3.0 3.4
SLC=4¢ 80,0 32,0 33,4
SLC=49 120.,0 3645 37,1
SLC=48 12040 38,0 3761
SLC=53 160.0 , 37,5 7,8
SLC=52 160,0 38,0 37,8
ENERGY CALCULATED / TEMPERATURE CALCULATED ENERGY
ABSORPT]ON TEMPERATURE(F) / (F) ABSORPTION(FT=LB)
5.0 =59,2 / =50,0 5.8
10.0 '200‘ / =40,0 6.9
15,0 33 / =30,0 Q¢3
20,0 2247 / «20,0 10,0
25,0 qltJ / "OID 12,0
30.0 6‘.8 / .0 l“.z
35,0 9165 / 10,0 16,7
/ 20,0 1963
/ 30,0 22,0
/ 46,0 24,7
/ 0,0 27,2
/ 60,0 2946
/ 70,0 )47
/ 80,0 33.4
/ 90,0 34,8
/ 100,0 35,9
/ 110,0 b
/ 120,0 37,1
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Appendix E, Table 2C

CHARPY V=NOTCH TEST RESULTS FOR TRANSVERSE SHELL=PLATE SPECIMFENS

TAKEN FROM CALLAO PLATE KeS,

CALCULATIONS FQR LATERA|L EXPANSIQON DATA OF

SLCe CHARPY SPECIMENS,

eSEE IDENTIFICAT]ON CODES
IN FIGURES 7 AND 15,

TLe ORIENTATION,

SPECIMEN TEMPERATURE(F) OBSFRVED LATERAL

EXPANSION
SLC=54s »100,0
SLC=45 =50,0
SLC=44 «50,0
SLC=55 «|0,0
SLCm56 «10.,0
SLC=51 1540
S|LC»50 150
SLC=57 40.0
SLC=58 40.0
SLC=42 6040
SLC=4} 6040
SLC=47 80,0
SLC=4¢ 80.0
SLC=49 12040
SLC-48 12040
SLC=5)3 16060
SLC=52 16040
LATERAL CALCULATED
EXPANSJON(MILS) TEMPERATUREI(F!
S.0 9,5
10,0 2¢6
15,0 14,0
20,0 2R, 4
25,0 49,6
30,0 65,49
35,0 9947

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

a

CALCULATED LATERAL

(MILS) EXPANSJON (MILS)
1¢5 1eB
2,0 1¢5
q!5 I.S
1¢d 4,8
l-Z 4.9

160 1541
150 15,1
24.0 23,7
20.0 23,7
3460 28,0
2640 28,8
32,0 32,5
32.0 32,5
3740 36,8
370 36,0
39.0 38,6
3840 38,6

TYTEMPERATURE CALCULATED LATERAL

(F) EXPANSION(MILS)

o0 8,49
10,0 1341
20,0 17,0
30,0 20,5
40,0 23,7
50,0 26,4
60,0 28,6
70,0 30,6
8000 32.5
90.0 33,9
100,0 35,0
110,0 36,0
20,0 6,8
130,0 37,4
140,0 37.9
150,0 3843
160,0 38,6
170,40 38,9
180,0 9.1
190,0 39,3
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Appendix E, Table 3A

DYNAMIC=TEAR TEST RESULYS FOR YRANSVERSE SHELL=PLATE SPECIMENS
TAKEN FROM CALLAO PLATE KeS,
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF

TL' SDTT..

$SEE IDENTIFICATION CODES
IN FIGURES 7 AND 15,

SPECIMEN

SDTT=10Q0e
SDTT=|
SDTT=2
SDTT=17
SDTT=}6
SDTT=7
SDTT=)3
SOTT=18
SDTY=32
SOTT=5
SDTT=14
SDTT=y
SDTT=6

%8 SHEAR

FRACTURE
2.0
Se0
10.0
5.0
50.0
85,0
90.0
95,0
98,0

DYNAMIC=TEAR SPECIMEQS,

TEMPERATURE (F) OBSFRVED SHEAR
FRACT'RE

=50¢0
o0
30,0
30,0
60.0
6040
80,0
80.0
120,40
12040
16040
200,0
300,0**

CALCULATED
TEMPERATURE(F)
l.8
23,2
49041
50.6
8647
l12.9
11e.0
125,0
13243

N NN NNNNNNN N

(%)

o0

o0
8.0
8.0
2040
1540
30.0
5040
90.0
9540
100.,0
100.,0
100.,0

TEMPERATURE
(F)
10,0
20,0
30.0
40,0
50.0
60,0
70,0
80,0
90,0

CALCULATED SHEAR
FRACTURE (%)

o2
leB
beb
6,6

2] 43
2143
4143
4143
946
LAWY
100,0
100.0
100,0

CALCULATED SHEAR
FRACTURE (%)
2¢9
4,4
646
9.9
14,7
21,3
30,1
41,3
54,6

** Specimens tested at temperatures between 300 and
1300 F had 100 percent shear fracture appearances,
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Appendix E, Table 3B

DYNAMIC~TEAR TESY RESULTS FOR TRANSVERSE SHELL=PLATE SPECJ]MENS
TAKEN FROM CALLAO PLATE Ke5,
CALCULATIONS FOR ENERGY ABSORPTION DATA OF
TLy» SDTTs, DYNAMIC=TEAR ENERGY/I1Q.
¢SEE IDENTIFICATION CODES
IN FIGURES 7 AND 1|5,

SPECIMEN TEMPERATURE(F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPTJON(FT=LB) ABSORPTION(FTe«LB)
SOTT=10e =50,0 S5¢2 S,2
SDTT={ o0 Se¢e7 5.6
SDTT=2 30,0 763 7.4
SOTT=17 30.0 6e¢9 7e6
SDTV=}6 60,0 13.3 129
SDYT=7 60,0 10.86 12,9
SDTT=23 80.0 1509 1906
SDTT=|8 80.,0 23.8 1966
SOTT=12 120,0 32,7 34,4
SDYTe5 12040 35,9 34,4
SOTT=|4 160,40 37,8 3746
SOTY=qy 200,0 3745 37,7
SDTT=6 300,0 35,5 35,5
ENERGY CALCULATED / TEMPERATURE CALCULATED ENERGY
ABSORPTIQN TEMPERATURE(F) / (F) ABSORPTION(FT=LB)
10,0 9761 / 50,0 1046
15,0 67,41 / 40,0 12,9
20,0 814} / 70,0 15,9
25,0 93,23 / 80,0 19.6
30,0 105,9 / 90,0 23,6
35.0 122,9 / 100,0 2747
/ 110,0 3.5
/ 120,0 34,4
/ 130,0 36,2
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Appendix F
Charpy V-Notch Test Results for Heat-Affected
Zone Specimens Taken from Weldments from

the Callao Accident
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Appendix F, Table 1A

CHARPY V-NOTCH T&ST RESULTS FUR HEAT-AFFLCTED ZUNE SPeClacii

TAKEN FRuM WELDMENTS FROM THE CALLAO ACCIDENT.

CALCULAYIONS FQR SHEAR FRACTURE APPEARANCE DATA OF
YLeRAZeeOF HEAD PLATE K=2, HJoSPECIMENS.
#SEE IDENTIFICATJON CODES
IN FIGURES 5615,
o HEATAAFFECTED ZONE.

SPECIMEN TEMPERATURE(F) OBSFRVED SHEAR CALCULATED SHEAR
FRACTURE (%) FRACTURE (8)
HJ=13e =100.0 0 «8
HJ=2 =50.0 20,0 21,0
HJ=1| =50.60 25.0 21,0
HJ=12 =|0.0 45,0 55,9
HJd=11 100 40.0 55,9
HJd=16 «5,60 75,0 6062
HJ=1]7 «5,0 ’ 70.0 60,43
HJ=8 1540 80.0 7642
HJ=7 150 60.0 7602
HJ=14 50.0° 85.0 93463
HJ=15 50.0 90,0 93,3
HJ=H§ 80.0 99.0 98,6
MHJ=3 80.0 95,0 968,46
HJ=6 12060 100.0 9949
HJ=5 ‘ 12040 10040 99,9
HJ=19 120,0 100.0 99,9
HJ=9 160.0 100.0 1D0,0
HJ=10 16040 100.0 100,0
$ SHEAR CALCULATED / TEMPERAYURE CALCULATED SHEAR
FRACTURE YEMPERATURE (F) / (F) FRACTURE (%)
2,0 =914 / «90.0 243
5,0 =-79,.,8 / =80,0 449
lo.o ‘67.6 / '70.0 8,9
15,0 =58,9 / *460,0 14,3
50,0 =14¢5 / «<50,0 21,0
85.0 29.3 / '4000 26.9
90,0 4Q.2 / =30,.,0 3746
95.0 5663 / «20,0 4647
98.0 7«.3 / -10.0 55.9
/ o0 64,6
/ 10,0 72.6
/ 20,0 796
/ 30,0 85,3
/ 40,0 89.9
‘ / 50,0 93,3
/ 60,0 95,8
/ 70.0 97.5
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Appendix F, Table 1B
CHARPY V-NOTCH TEST RESULTS FUR HEAT-AFFECTED ZONE SPECIMENS
TAKEN FROM WELDMENTS FROM THE CALLAO ACCIDENT.

CALCULATIONS FOR ENERGY ABSORPTIQN DATA OF
TL®HAZeeOF HEAD PLATE K=2, HJOSPECIMENS,
¢SEE IDENTIFICATION CODES

IN FIGURES 5615,
o HEATSAFFECTED ZONE,

SPECIMEN TEMPERATURE(F) OBSERVED ENERGY "CALCULATED ENERGY
ABSORPT JON(FT=LB) ABSORPTION(FT=LB)
HJ=l3e =100.0 560 5,5
HJ=2 =50,0 140 14,8
HJ=1) =50.0 1845 14,8
HJ=12 =10.0 27 .0 2647
HJ=11 =10.0 1545 2647
HJ=)6 =5.0 2845 20,2
HY=)7 =5,0 28,5 28,42
HJ=8 1540 36845 33,7
HJd=7 1540 36,0 33,7
HJ=}4 5040 3945 41,2
HJ=)5 50,0 410 4014
HJ=§ 80,0 8.0 45,44
HJ=23 80.0 42,0 ' 45484
HJ=6b 12040 54.0 48,2
HJ=5 12040 S2,5 48,2
HJ=19 120,0 42,0 48,2
HJ=9 16040 49,0 49,1
HJ=10 160,60 45,0 49,1
ENERGY CALCULATED / TEMPERATURE CALCULATED ENERGY
ABSORPT)JON TEMPERATURE(F)Y / (F) ABSORPTJON(FTeLB)
10,0 «b9.6 / =60,0 12.2
15,0 al9,4 / 50,0 14,8
20,0 32,2 / =40,0 1747
25,0 =i8,7 / =-30,0 20,47
30,0 102 / -20,0 23,7
3500 19.9 / ‘I0.0 26-7
“000 "'2.7 / .0 29.6
45,0 764} / 10,0 32,4
/ 20,0 35,0
/ 30,0 37 .4
/ 40,0 39,5
/ 0,0 4143
/ 60,0 42,9
/ 70,0 94,43
/ 80,0 45,4
/ 90,0 46,3
/ 100,0 47,1
/ 110,0 47 4,7
/ 120,0 48,2
/ 130,0 48,5
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Appendix F, Table 1C
CHARPY V—-NOTCH TEST RESULTS FOR HEAT-AFFECTED ZONE SPECI-EZINS

TAREN FRUM WELDMENTS FROM THE CALLAO ACCIDENT.

CALCULATIONS FOR LATERAL EXPANSIQN DATA OF
TLeHAZeesOF HEAD PLATE Ke2, HJ*SPECIMENS,
eSEE IDENTIFICATION CODES

IN FIGURES 5615, .
oo HEAT=AFFECTED ZONE,

SPECIMEN TEMPERATURE(F) OBSFRVED LATERAL CALCULATED LATERAL
EXPANSION (MILS) EXPANSION (MILS) -

HJy=13e =100,0 4.0 T 4,4
Hy=2 =«50.0 1560 566
HJe=| «50,0 2105 15,6
HJ=12 =]10,0 30.0 27,9
HY=1}1 -1040 195 27 .9
HJ=16 =540 29.0 2945
HJ=17 5,0 28,0 295
HJ=8 15¢0 3745 35,4
HJ=T7 150 38,5 35,4
HJ=14 50.0 93,0 43,9
HJ= )5 0.0 43,0 9369
HJ=4 80.0 5160 48,4
HJ=1) B0.0 44,0 Y4B 6
HJ=6 120,40 57.0 Sle?7
HJ=5 120.0 49.0 517
HJ=19 120,0 50,0 5147
HJ=9 160.,0 51.0 ) 52,7
HJ=10 160.0 46,0 52,7
LATERAL CALCULATED / TEMPERATYURE CALCULATED LATERAL
EXPANSION(MILS) TEMPERAYURE(F)Y / (F) EXPANSTION(MILS)
SeD =95,0 / -90,0 6.0
10.0 =71l / «80,0 8.0
15,0 =«52.0 / 70,0 10,3
20,0 =235,2 / 60,0 12,8
25,0 =~]9,.2 / «50,0 I1S5.6
30,0 =3,3 / 40,0 18,5
35,0 13.5 / «30,0 21 06
40,0 32,5 / »20,0 24,80
R5,0 S60 / «10,.,0 2749
50.0 93,9 / o0 31.0
/ 10,0 34,0
/ 20,0 J6,8
/ 30,0 39,4
/ qo.o ‘ll.e
/ 50,0 43,9
/ 60,0 45,7
/ 70,0 47,23
/ 80,0 48,6
/ 90,0 49,6
/ 100,0 50,5
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Appendix F, Table 2A
CHARPY V-NCTCH TEST RESYULTS FUR HEAT-AFFECTED ZONE SPECIMENS
TAKEHN FRum WELDMENTS FROM THE CALLAC ACCITDENT.

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF
TLeHAZeeDF SHELL PLAYE K=8,HKeSPECIMENS.
eSEE IDENTIFICAYION CODES
IN FIGURES 10 AND 15,
e¢ HEAT=AFFECTED ZONE,

SPECIMEN TEMPERATURE (F) OBSFRVED SKHEAR CALCULATED SHEAR
FRACTHRE (%) FRACTURE (8)

HK=)1se =100.0 o0 o0
HK=2 =50.,0 100 o0
HK=| «50,0 S.0 o0
HK=16 =30.0 1540 13,3
HK=§7? =30.0 15,0 1363
HK=) 2 =10e0 40.0 4106
HK=}3 =10.0 30.0 41,6
HK=8 1560 @0.0 71.4
HK=7 1500 85,0 714
HK=134 50.0 8540 92,4
KK=15 50.,0 B5.0 92,4
HK=§ - 80.0 90.0 9841
RK=3 60,0 9540 98,1
HK=6 12060 100.0 99.68
HK=5 120,0 100.0 9946
HK=10 16040 100.0 100,0
HK=9 6040 100.0 100,0
% SHEAR CALCULAYED / TYEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE(F)Y / (F) FRACTURE (%)

2.0 =40,.,7 / «40,.0 2.5

5.0 =37.2 / =-30,0 13,3

10.0 .=3246 / -20,0 27,2

15,0 =28.7 / -)0.,0 4) 46

50.0 =3.8 / o0 54,9

85,0 33,2 / 10,0 66,4

90,0 43,5 / 20,0 75,86

95,0 59.7 / 30,0 63,1

98.0 79,1 / 40,0 88,5

- / s0,0 92,4
/ 60,0 95 o}
/ 70,0 9649
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Appendix F, Table 2B

CHARPY V-NOTCH TEST RESULTS FUR HEAT-AFFECTED ZONE SPECIMENS
TAKEN FRUM WELDMENTS FROM THE CALLAO ACCIDENT. '

CALCULATJIONS FOR ENERGY ABSORPTICN DAYA OF
TLOHAZeeOF SHELL PLATE KeB,HKeSPECIMENS,
eSEE [DENTVIFICATION CODES

IN FIGURES 10 AND 5,
oo HEAT=-AFFECTED ZONE.

SPECIMEN TEMPERATURE (F) OBSERVED ENERGY CALCULAYED ENERGY
"ABSORPT)ON(FT=LB) ABSORPT!ON(FT-LB)
HKe=lle =100.0 6.5 6,5
HK=2 =50,0 1465 13,0
HKe ] =50.0 115 13,0
HK= )6 =30,0 22,0 21,5
HKe)?7 =30,0 23,0 2145
HKe}] 2 =00 2545 28,42
HK=12J =|0,0 2645 20,2
HK=8 1560 3745 15,3
HK=7 15,0 ‘3740 34,3
HK=§ & 50.0 3e.0 19,6
HKe=15 50.0 38,0 396
HK=4§ 80,0 ‘ 39.0 42,2
HKe) 80,0 . 4S,0 42,2
HKe= 6 120,0 ’ 44,0 44,0
HK=5 120.0 42,0 44,0
HK=10 16040 4745 49,8
HK=9 160,0 4] .5 44,8
ENERGY CALCULATED / TEMPERATURE CALCULATED ENERGY
ABSORPTION TEMPERATURE(FY / (F) ABSORPTJON(FTe=LB)
10,0 5646 / «50,0 13,0
15,0 =46,6 / 40,0 17,4
20,0 33,6 / 30,0 2) 45
25,0 =20¢2 / =20,0 25,1
30,0 3.6 / =|0,0 28,2
35,0 185 / o0 30,9
90,0 3.4 / 10.0 33,3
/ 20,0 35,3
/ 30,0 37,9
/ 40,0 38 .4
/ 50,0 3946
/ 60,0 40.6
/ 70,0 4445
/ 60,0 42,2
/ 90,0 42,0
/ 100.0 43,3
/ j10,0 43,7
/ 120,0 44,0
/ 130,0 44,43
/ 140,0 44,5
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Appendix F, Table 2C
CHARPY V-NOTCH TEST RESULTS FCR HEAT—-AFFECTED ZONE SPECIMENS

TAKEN FRUM WELDMENTS FROM THE CALLAD ACCIDENT.

CALCULATIONS FOR LATERAL EXPANSION DATA OF
YL*HA24900F SHELL PLATE KeB,HKeSPECIMENS,
¢SEE IDENTJFICATION CODES

IN FIGURES 10 AND 15,
ee HEAT=AFFECTED ZONE.,

SPECIMEN TEMPERATURE(F) OBSFRVED LATERAL CALCULATED LAYERAL
EXPANSION (MILS) EXPANSION (MILS)

HKe|le «100,0 6.0 6.0
HK=2 =50.0 14,0 1342
HK=| «5040 12,0 13,2
HKe=] 6 =300 2245 20,9
HKe}7 -30.0 24.0 20,9
HKe)2 =1040 2640 26.0
HK=13 «1040 2640 20,0
HK=8 150 34640 35,1
HK=7 1560 7.0 35,1
HK=]4 50.0 41.0 4147
HKe}]5 5S040 3745 4y,7
HKe=4 80.0 4060 44,8
HK=3 86040 §64.0 44,8
HK=é 120,0 48,0 46,6
HK=5 12000 44.0 46,8
HK=30 160.0 50.0 4746
HK=9 160.0 45,0 4746
LATERAL CALCULATED / TEMPERATURE CALCULATED LATERAL
EXPANSION(MILS) TEMPERATURE(F) / (F) EXPANSION(MILS)
10.0 =58.9 / =50,0 13,2
15,0 =45,3 / =40,0 17.0
20,0 =3243 / =-30,0 20,9
25,0 =18,7 / «20,0 24,6
30,0 =3,6 / «10.0 28,0
35.0 14,5 / o0 31,1
40,0 39,0 / 10.0 33,9
45,0 02,6 / 20,0 3663
/ 30,0 38,4
/ 40,0 40,2
/ 50,0 4147
/ 60,0 42,9
/ 70,0 44,0
/ 80.,0 44,8
/ 90,0 45,5
/ 100,.,0 46,0
/ 110.0 4645
/ 120.0 46,8
/ 130,0 - 47,1
/ Ju0,0 4743
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Appendix G
Charpy V-Notch Test Results

for Weld-Metal Specimens



TAKzN FROM
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Appendix G, Table 1A
CHARPY V-NOTCH TEST RESULTS FOR WELD-METAL SPECIIMENS

CALLAO ACCIDENT.

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF

LY*LONGITUDINAL WELD=METAL SPFCIMENS ,WLe

oSEE IDENTIFICATION CODES
IN FIGURES 13615,

SPECIMEN

WL=14¢
WL=2
wWL=1
WL=-6
WL=7
WL=18
wWL=}9
WL=9
WLe}17
WL=}6
WL=135
WL=6
WL=123
WLel2

% SHEAR

FRACTURE
2.0
5.0
10,0
16,0
$0.0
85,0
90.0
95.0
98,0

FRACTURE

=]100.,0

50,60
=50.0
1540
1540
40,0
40.0
60,0
60,0
100.0
100.0
120.0
12060
160.0

CALCULATED
TEMPERATURE(F)
-5|.B
=23,
-.5
13,2
60,2
93,8
100.4
109,33
118.4

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

TEMPERATURE(F) OBSFRVED SHEAR
(8)

o0
2.0
2.0

20.0
2000
20,0
35,0
40.0
50.0
90.0D
65,0
98.0
10040
100.,0

TEMPERATURE
(F)
=50,.0
.".DQO
'30.0
FZOQD
=10,0

0
10,0
20.0
30,0
40,0
50,0
60,0
70.0
80,0
90,0

CALCULATED SHEAR
FRACTURE (8)

o4
2.}
2,)

15.8
IS.B
Al.!
31,
49,7
49,7
89,7
8947
98,3
9843
100,0

CALCULATED SHEAR
FRACTURE (%)
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Appendix G, Table 1B
CHARPY V-NOTCH TEST RESULTS FOR WELD-METAL SPECIMENS
TAKcN FROM THE CALLAO ACCIDENT. :

CALCULATIONS FOR ENERGY ABSORPTIQN DATA OF
LTeLONGITUDINAL WELDeMETAL SPFCIMENS,WLe®
eSEE IDENTIFICAY|ON CODES

IN FIGURES 13615,

SPECIMEN TEMPERATURE (F) OBSERVED ENERGY CALCULATED ENERGY
ABSORPT|ON(FT=LB) ABSORPTION(FT=LB)
WL=14e =100.0 645 6,5
WL=2 50,0 8.0 6e9
Wil ~50,0 1040 8.9
wL=-06 1540 43,5 37,5
WL=7 1540 520 37,45
wWL=)8 40,0 33,5 47,6
WL=19 40.0 49,0 4706
WLe9 60,0 4,5 Sieb
WL=17 6060 45,0 54,6
WL=l6 {00.0 63.0 65,43
WL=]5 10060 410 6543
WL=6 12060 7140 69,2
wWLe1{d 120,0 770 69,2
WLel2 160,0 73.0 7447
ENERGY CALCULAYED / TEMPERATURE CALCULAYED ENERGY
ABSORPT]ION TEMPERATURE(F)Y / (F) ABSORPYION(FT=LB)
10,0 w4448 / 40,0 1266
15,0 “34,) / «30,0 16,9
20,0 ©23,1 / 20,0 21 ¢4
25,0 =12,4 / «10,0 26,1
30.0 LI KX / o0 30,7
35,0 94 / 10,0 35,3
40,0 2049 / 20,0 9,6
45,0 33,2 / 30,0 43,7
50,0 4645 / 40,0 Y4746
56,0 6143 / 50,0 1,2
60,0 7843 / 60,0 54,4
65,0 908+ 6 / 70,0 5747
70.0 124,7 / 80.0 60,5
/ 90,0 63,0
/ 100,0 65,3
/ 110.,0 67 .4
/ 120,0 69,2
/ 130,0 70,9
/ 140,0 72,3
/ 150,90 73:6
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Appendix G, Table 1C

CHARPY V-NGCTCH TEST RESULTS FOR WELD-METAL SPECIMENS

TAK-N FR0Ur THE CALLAQO ACCIDENT.

CALCULATIONS FOR LATERAL EXPANSION DATA OF

LTeLONGITUDINAL WELDwMETAL SPFCIMENS ,WLe

eSEE [DENTIFICATJON CODES
IN FIGURES 13615,

SPECIMEN TEMPERATURE(F)

WL=]4e
WiL=2
WL=1
WL=-8
WL=7
WL=18
WLe=19
WL=9
WLel7
WL=16
WL=15
WL=6
WL=13
WiLe)2

LATERAL
EXPANSION(MILS)
5.0
l0.,0
16,0
20,0
25,0
30,0
35,0
40.,0
45,0
50,0
55,0
40,0

={00.0

«5060
=50,0
I5,0
15,0
40.0
40,0
6060
60,0
100.0 .
100.0
120.0
120.0
160.0

CALCULATED
TEMPERATURE (F)
-6401
-qqgo
=30.,0
=|7.8
=be2
S5e¢2
1648
2069
4169
S6¢5
7365
94,9

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

OBSFRVED LATERAL
EXPANSION

CALCULATED LATERAL

(MILS) EXPANSJON (MILS)
4e0 . 4,0
7.0 8.2
940 8,2

43,0 34,2
948.0 IN, 2
33.5 44,3
4240 44,3
55.0 5161
.'3.0 sl.l
59.0 61,0
560 6)40
6760 64,2
68,0 64,42
6640 66,0
TEMPERATURE CALCULATED LATERAL
(F) EXPANSION(MILS)
«60,0 Se7
«50,0 8.2
-40,0 1103
=-30,0 15,0
*20.0 l?ol
-10,0 23,3
0 27,47
10,0 32,
20,0 K.Y ]
30,0 40.4
40,0 44,3
sD,.0 47.9
60,0 Slal
70.0 S4,0
80,0 56,7
90,0 59,0
100,0 61,0
110,0 62,7
120.0 64,2
130,0 65,4
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Appendix G, Table 2A
CHARPY V-NOTCH TEST KESULTS FUR WELD-METAL SPECIMEI,.

CALCULAT|ONS FQR SHEAR FRACTURPE APPEARANCE DATA oF
TLe TRANSVERSE WELD=METAL SPECIMENS ,wMa
¢SEE IDENTIFICATION CODES

IN FIGURES 10 AND IS,

SPECIMEN TEMPERATURE (F) 0BSFRVED SHEAR CALCULATED SHEAR
FRACTHURE (%) FRACTURE (%)
WM=37¢e =100.0 ) 2.2
WM=22 «5040 5.0 beb
WM=2| =5040 5.0 beb
WM=36 =30,0 10.0 10,0
WMe35 =30,0 10.0 10,0
WM=38 -15.0 20.0 13¢5
WM=39 =15.0 15,0 13,5
WM=40 =5,0 20.0 1445
WM=27 15.0 25,0 24,0
WH=28 150 20,0 24,0
WM=29 60.0 50.0 S0.6
WM=30 6040 3540 50,6
WM=2) 80.0 7040 65,5
WMe24 60.0 55.0 6545
WM=25 120,0 98.0 90,9
WMe26 120,0 . 90.0 90,9
WMe)| 160,0 100.0 995
WM= 32 160,0 100.0 99,5
WMe3) 21240 10040 100,0
WM=34 21240 J00.0 100,0
$ SHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE(F)Y / (F) FRACTURE (%)
5,0 =62.9 / =60.,0 5,3
10,0 =29,9 / =50,0 beb
15,0 »9e7 / =-40,0 8.1
50,0 59.2 / =-30,0 i0,0
65,0 . 10845 / =«20,0 12,2
90.0 11841 / -10,0 14,9
95,0 1312 / o0 - 1841
98.0 194,64 / 10,0 2169
/ 20,0 26,43
/ 30,0 KR ]
/ 40.0 37.2
/ 50.0 43,6
/ 60,0 50.6
/ 70,0 6749
/ 80,0 65,5
/ 90,0 72,9 .
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Appendix G, Table 2B
CHARXPY V-NOTCiH TEST RESULTS FUR WeElo-mMeTAL SPECIMENS
TAKeN FRu- THE CALLAG ACCIDENT.

CALCULATIONS FOR ENERGY ABSORPTION DATA OF
TLe TRANSVERSE WELD=METAL SPECIMENS,WMe
*SEE IDENTIFICATION CODES

IN FIGURES 10 AND 5,

SPECIMEN TEHPERATURE") OBSERVED ENERGY CALCULATED ENERGY
ABSORPTJON(FT=LR) ABSORPTION(FT=~LB)
WM=37e =100.0 Se0 942
WM=22 5040 15.0 1306
WM=2| =50.0 9.0 1366
WM=36 =30,0 18.0 1642
WM=235 =30.0 18.0 1643
WM=39 1540 27.0 18,7
WM=39 =540 23.0 1847
WM=40 =5,0 20.5 2045
WM=27 15.0 19.5 . 24,7
WM=28 15,0 20,0 24,7
WM=29 60,0 37,45 34,5
WM=30 60,0 35,0 3645
WMe2) 60.0 42,0 4242
WMe24 80,0 39,5 42,2
WM=25 120.0Q 55,0 52,4
WM=26 120,0 51,0 52,4
WMed | 16040 62,0 58,63
WNMeld2 16040 5840 58¢3
WM=3) 2{200 S9.0 60,1
WM=34 21260 595 60,1
ENERGY CALCULATED / TEMPERATURE CALCULATED ENERG@Y
ABSORPT]ION TEMPERATURE(F)Y / (F) ABSORPTION(FT=LB)
t0.0 =-8@,5 / =80,0 10.7
1S.,0 =39.1 / «70,0 1145
20,0 749 / -60,0 12,5
25,0 641 / =50,0 13,6
30,0 3665 / =40,0 14,9
35,0 54.8 / =30,0 1643
40,0 72.4 / «20,0 17.9
"5.0 9°ll / "IOOO '9'6
50,0 109.5 / o0 2] .5
55,0 133.9 / 10,0 23,6
40,0 200.3 / 20,0 25,9
: / 30,0 28,3
/ 40,0 30,9
/ 50,0 Ji,.6
/ 60.0 d6.5
/ 70,0 39,3
/ 80,0 42,2
/ 90,0 45,0
/ 100,0 47,6
/ 10,0 S0,
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Appendix G, Table 2C

CHARPY V NOTCH TEST RESULTS FOR WELD METAL SPECIMENS

e

[raperee i w—

TAKtN FROM THE CALLAO,ACCIDENT.:

CALCULAT]ONS FOR LATERAL EXPANSION DATA OF

®SEE [DENYIFICATION CODES .
IN FIGURES 10 AND 18,

SPECIMEN TEMPERATURE(P) oaswnvco LATERAL
R ' " EXPANSION (MILS)

CALCULATED LATERAL
"EXPANSON (MILS)

WMe3d7e =100,0 S 2.0 To4
WH=22 «50,0 1565 12,8
WHM=2)| =»50.0 o 900 j2.8
WM=34 30,0 170 15,9
WMe 35 7 =3040 D ) 170 B 15,9
WMw 38 =18,0 27.0 16,8
WMed9 =)5.0 _ 23¢5 18,6 _
WMe 40 *5,0 1860 20,9
WMw27 15,0 200 25,7
WMe20 15:0 : 190 25,7
WH»29 . 60,0 ; . . A% 0 . 38ed .
WMedO 60,0 J4,0 38¢3
WNM® 23 80.0 44,0 44,) . .
WMe 24y 6040 4060 44,
WMe 25 12000 590 . 53,0
NN 26 120460 540 53,0
WHed) 16040 g .. . 6140 - B8.Y
WMed2 1600 ' 5600 58,9
L LERK] 212.0 61,0 6D6d
WHMed4 21240 859.0 60.)
LATERAL CALCULATED / TYEMPERATURE CALCULATED LATERAL
EXPANSJON(MILS) TEMPERATURE(F) / ~AF) EXPANSJON(MILS)
10,0 ®71.9 / w70,0. 10,2
15,0 *35,5% / «$0,0 T lheY..
20,0 =91 / «50,0 12,6
25,0 1264 / »40,0 18,9 -
30.0 316 / «30,0 1S,9
35,0 _ 4Be7 / 20,0 . L7080 ..
90,0 65,7 / =2]|0,0 19.0 ’
45,0 0.l . o0 22,0 _
50,0 . 102,2 / 10,0 24,4
58,0 126494 4 20,0 N - 7.0 _
60,0 ) 165,) / 30,0 : 29.6
/ 40,0 _ R I T B
/ 50,0 35,4
/ 60,0 8.3
/ 70,0 @14
/ 80,0 39,) )
/ 90,0 . 46,9
/ 100,0 o N9.8.
/ 110,0 S1.0
4 120,0 $3.0. .
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Appendix H
Results of Elevated-Temperature
Dynamic-Tear Test of Head-Plate

K-1
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Appendix H, Table 1B

(See Appendix B, Table 3A for
Corresponding Results of Shear
Fracture Appearance)

RESULTS OF ELEVATEN=-TEMPERATURE OYNAMIC=-TEAR TFSTS
OF HEAD PLATE X=1 FROM THE CALLAO ACCIDENT.
*SEE TDENTIFICATIOM CODES

IN FIGURES 4 AND 15,

CALCULATIONS FOR EMERGY ABSNORPTION DATA OF LONGITUDPINAL (LT)* SPECIMENS.,

SPECIMEN TEHNPERATURE (F) OBRSERVED ENERGY CALCULATED ENERGY
ABSORPT[ON(FT=Lb) ABSOKPTION(FT-Lb)
HDTL=69e =50.0 510 510
HDTL=5S8 «Q 910 59.7
RDTL=56 «Q 5740 59.7
HDTL=55% 30.0 56840 214¢9
HOTL=71 36.0 334.( 21649
HDTL=60 G@0.C 4200 45941
HDTL=72 40,0 53040 459, 1
HDTL =57 8G.0 41540 572.U
HDTL=70 B0.0 652.0 572.0
HDTYL=59 12C.0 66240 650l
HDTL=61 120,0 64640 65041
HOTL=064 16C.0 60249 61461
HOUTL=645 200.0 6N94¢D 60Ne 6
RUTL=62 3000 589.0 5907
HDTL=67 LSUl.Q 55440 55348
HDTL=66 6880 459.0 45940
HDTIL=62 j27840 85940 859.0
ENFRGY CALCULATED / TEMPERATURE CALCULATED EMERGY
ABSORPTIOMN TEMPERATURE(F)Y / (F) ARSORPTIQON(FT=LB)
55.0 =249 / e 0 59,7
9540 11.0 / 10.0 90.7
135.0 1864 / 200 1494.7
170.0 23.7 / 3G.0 216,9
210.0 2961 / 40 .0 299,323
250.0 34,1 / 50.0 32,7
290.0 3B.9 / 60460 459,
330.0 4344 / 7040 523.n
370.,0 4B, 4 / 80.0 572.0
410.0 53.4 / 90.9 60646
450.0 58.7 / 10G«0 629,.1
490.,0 64,46 / 1100 642,64
30,0 71.) / 120,0 65Q0,.1 -
570.,0 79.5 / 13¢.C 653,09
61C0.0 91.3 / 140.0 655,7
650.,C 119.8 / l
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Appendix H, Table 2B

(See Appendix C, Table 5A for
Corresponding Results of Shear
Fracture Appearance)

RESULTS OF ELEVATEN=-TEMWPERATURE DYNAMIC=TEAR TESTS
OF HEAD PLATE K=1 FROM THE CALLAO ACCIDENT.
*SEE IDENTIFICATION CODFS

IN FIGURES 4 AND 15,

CALCULATIONS FOR ENERGY ABSORPYION NATA OF TRANSVERSE (TL)* SPECIMENS.

SPECIMEN TEMPERATURE (F) OBSERVEC ENERGY CALCULATED ENERGY
ABSOPPTION(FT=LBh) ABSORPTION(FT=LB)
HDTT=45e =50,.,0 53.0 53¢3
ADYT=63 o0 44.0 58¢3
HDTT=52 3J0.0 610 b0s2
HDTT=39 30.0 56¢9 6042
HDTT=49 6G.0 3340 Theb
RDOTYT=386 80.0 1060 9606
HOTT=54 80.0 108.0 9646
HOTT=47 100.0 l58.0 f3744
HDYT=42 120,0 214.0 204.6
HOTT=37 l40.0 251 0 2948
HRDTYT=44 160.0 42140 375.4
HODTT=40 200.0 40840 41404
HDTT=46 300.0 4070 41949
HDTT=80 500.0 444.0 42042
HDTT=486 691.0 4190 44749
HDTT=4] a90.0 394¢0 37345
HDYT=5]) 108440 20490 21262
HDTT=4)3 1279,0 9940 49247
ENERGY CALCULATED / TEMPERATURE CALCULATED ENWERGY
ABSORPTIGN TEMPERATURE(FY / (F) ABSORPTIONIFT=~LB)
5%.0 =3.5 / 0 55.3
75,0 60,46 / l0.0 56,4
95.0 78,49 / 20,0 57.9
110.0 _ B7.9 / 30N 60,2
130.0 9761 / 40.0 63,4
150,0 104.5 / 50.0 68,0
170.0 11067 / 60.0 74,64
190.0 116.3 / 70.G 63,8
210,0 121.3 / AD.0 96,6
230.0 125.9 / 90.0 1140
250.0 1304 / 100.0 137.4
270.0 134.7 / 11040 167,5
290.0 139.0 / 120.,0 204,08
31C.0 149343 / 130.0 24868.2
330.0 147.8 / 140.0 294,a
35G.0 152.7 / 150.0 339.3
370,0 158.3 / 16040 A75.4
390,0 165.5 / 17040 398,9
410.0 1757 / 80,0 410,2
/ 190.0 413,80
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Appendix I
Results of Elevated-Temperature
Dynamic-Tear Tests of Shell-Plate

K-5
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Appendix I, Table 1B

(See Appendix D, Table 3A for
Corresponding Results of Shear
Fracture Appearance)

RESULTS OF ELEVATEN=-TEMPERATURE NYNAMIC-TEAR TFSTS
OF SHELL PLATE K=5 FPOV THE CALLAQ ACCINENT.
*SEE IDENTYFICATION CODES

IN FISURES 7 AND 15

CALCULATIONS FOP EMNERGY ABSARPTION NATA OF LANATITUDINMAL (LT)* SPECIMEMS.

SPECIMEN TEHPERATURE (F) OBSERVER ENERGY CALCULATED ENERGY
LBSOPPT QL (FT=Li) ARSURPTIQON(FT=LB)
SDTL=23e «50.9) S6eU See9
SDTL=32 .0 Heeu 63e7
SDTL =20 RV 76e0) AleY
SOTL=35 300e ) 9) a0 33ae4
SOTL=-27 6041 (44 41) L4842
SPTL=21 80.0 2083 249 0
SDYL=34h BGD 26210 24946
SDYL=2Y 12060 5350 61804
SLTL=22 12040 7120 61844
SDTL=30 164040 747 60 74548
SDTL=34 1660 745a5 745, 8
SDTL =24 20040 70647 70967
SDTL=33 30G«1 6B2ail 66D«4
SOTL=31 50C .0 7180 /71449
SDTL=26 68240 b4 D 6634
SDTL=26 504 40U 4770 977 «3
SDTL=19 105,05 464 ¢ 46349
SNYL=25 127740 B9Y Wl 49440
ENERGY CALCULATLEYD / TLHPERATURE CALCULATED EnERGY
ARSORPT UM TEMPERATURE(F)Y / (F) ABSORPTjON(FT=LB)
95.0 38.5 / 4ded) 97.4
135,06 Saasl / SN.Q {138.1
{175eu 6647 / 60e) 14442
210.19 7366 / 700 19G«9
25Q.0 BOal / HD ) 24944
290,U 65456 / 904U 326.3
33G.0L 904 / 1C0.0Q 419,7
370.U G4al / 110.0 522.1
41040 990 / 12040 61844
450U 163641 / 130.0 69U.08
49G U 10649 / 140.0 730.1
530,U ‘ f1De8 / l50.0C 743.5
570, 1145«8 /
61CauU 11906 /
6500 1239 /
&90.Y 1299 /
73G.0 14J3.0 /
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Appendix I, Table 2B

(See Appendix E, Table 3B for
Corresponding Results of Shear
Fracture Appearance)

RESULTS OF FLEVATER=TEMPERATURE DYNAVMIC-TEAR TESTS
OF SHELL PLATE K=5 FROVY THE CALLAO ACCIDENT.
*SEE IDENTIFICATION CODFES

IN FIGURES 7 AND 15,

CALCULATIONS FOR EMERGY ARSNRPTION NATA OF TANSVERSFE (TL)* SPECIMFNS.,

SPECIMEN TEHMPERATURE(F) O3SERVER EMEKUGY CALCULATEY FrHERGY
ABSOPPY QI (FT=LY) ABSURPTIGNIFTaLB)
SU|IT=|0s= ebiled 524U 5243
SOYT=1 o0 570 577
SDY1 =2 304 730 7506
SHTT=17 3C.N 8902 7596
SNDTT=16 Qu." 133.0 12Ke¢)
SOTT=7 AR 108«0 1253
SDTT=)3 3040 1590 19328
SDTT=1t B9 233 1] 193¢H
SDYTT=12 12D.0 32740 34749
SDTT=% 120.9 35960 34269
SDTT=14 16003 3731 374643
SOTT=Y4y 230 e 37560 376a5S
SHTT=6 302,0 35449 35245
SDTT=-8 S3%940 3440 34962
SDTT=11 ABH.) J44.00 3377
S50T1=9 49249 2843 2HA 3
SNTTI=13 JBRLD 2570 25742
STT=15 12739 3AJe) 3b696¢3
ENEPQY CALCYLATED / TEMPERATIRE CALCULATED EdWERGY
ABSORPT [l TEMPERATUSRE(FY / (r ARSURPT{ON(FT=LB)
55, -12.,2 / =-17.3 b5 .4
75.4J 2744 / ol 57.7
95,7 N34eDn / 13,1 61.4
110eJ 52.3 / 27 67,1
1306 6Je6 / 30.9 7544
150.J 67 «hH / 406U 87.9
19069 7943 / AU 6] 126,13
210,97 B4y, / 7043 157 .9
230.3 (’19.3 / BJde) 193.ﬂ
250,73 9344 / 90 .4 234,2
2704 9840 / 11JQ.) 27544 -
290,1 103¢6 / 113.0 313.1%
Jl10.) 109.0 / 12Q.0 342,.9
330.3 115.2 / 1309 362.n
35043 123.| / 149360 371.7
37CeJ 13765 / 15044 37,4
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