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ABSTRACT

This is the second of two reports intended to give .information on and
metallurgical characterization for each of 21 plate samples taken from
tank cars involved in an accident at Crestview Florida in April 8, 1979.

. The earlier report contains the results of a field investigation, which-
'gives pertinent data on the thermal and deformation history of each of the
21 plate samples taken by the NBS for future studies. That. report includes
pictorial and other representations of the responses of the derailed tank
cars. observed at the-accident site. This report includes results of chem=-
ical analyses, metallographic examinations (of microstructure and inclu=
sion content) and hardness measurements conducted on each of these plate
samples. This. report also includes. the results of standard Charpy V-notch
impact tests: conducted on seven of these plate samples. Thus, together
these reports are intended as references for information needed to confirm
or deny models proposed to explain the behavior of railroad tank cars in
abusive service. In: addition, the metallurgical characterization of -each
of the 21 plate samples will be useful in determinations of the suitabil-
ity of each of these 21 samples for future laboratory studies.

vii



. 1.0 INTRODUCTION , .

This is the second of two NBS reports on an aceident that occurred 3.8
miles north. of Crestview, Florida on April 8, 1979. These reports are
intended - to provide: background information and a brief metallurgical
chdracterization.of each-of 21 plate samples taken from that accident
site, so that their suitablility for- future experimental work can be
established. In: the: first report, [1]*, observations made at the accident
site, such ds the measurements, photographs,etc., were documented for two
reasons: (1) The. first is to characterize' the location and history of each
plate sample taken from the cars, as the  selection of materials for use in
studies. concerned with the suitability of plate materials: for service in
railroad tank cars: requires that the deformation and thermal history be
known. (2) The second reason relates to the establishment of a '"context™
for thiese studies. of the behavior of plate steels in railroad tank cars
subject to abusive  service conditions. Some of these samples are taken
from: locally undamaged. sections or parts of tank-car head and shell plates
that had sustained considerable service. abuse, e.g. they sustained defor-
mation without rupture or the rupture had no highly undesired consequence.

For example, NBS Tank-Car samples 1 and 4 were taken from head plates that
were very badly dented, but neither of these plates ruptured. Head plate
NBS sample 1 is 0.76 inches thick and it was in pressurized. service. The
other head plate (NBS 4) is 0.46 inches thick and it was in "low-préssure"
(acetone and methanol) service. In general, the steel plate materials of
cars that were in "low-pressure" service seemed capable of sustaining
greater amounts of damage, when compared with that observed. for the press-
urized cars. Thus, the second reason for the documentation is to furnish a
"context" for future studies of these types of plates. This "context" is a
set of actual observational experiences of tank cars that were used in
pressurized service vis-a-vis those that were in abusive, "low~pressure"
service. This "context" is considered to be useful in interpretation of
models that might be developed to explain the behavior of the cars in
abusive service.

The first of these two reports [1] presents observatibns made on the tank
cars at or near the accident site, in the days immediately following the
accident.

There were 23 "NBS Samples™ selected at the accident site. Only 16 were
used for the studies reported here. Six of the other seven are either
valves (NBS 6, NBS 11, and NBS 16) that are not discussed here, or plate
samples that were deleted for reasons related to safety (head plate NBS 5)
or economy (shell plates of NBS 14, NBS 15). The seventh, NBS 20B was
shipped to NBS and is available, but the pldtes contained in it are the
same two .shell courses contained in 20A. However, 20A contains a large
puncture that caused chlorine to leak from the vessel. This second report
gives laboratory observations and brief metallurgical characterizations of
16 plate samples taken from eight tank cars involved in the accident. Of
the ‘16 "NBS Tank=-Car Samples" taken from the accident site, five contained
two plates (shell or head plate). Thus, there are 21 plate samples: Five
head plates and 16 shell plates. These samples are identified in table 1
along with the "NBS Sample ID" and the railroad tank car from which the
sample was taken. The lading of each tank car is also indicated.

¥Brackets identify references listed in this report,.



Substantial amounts- of’ material are-available for further study from: among
these 271 plate samples. The plate: surface area. available for each of the
21 samples varies over 'the range from t 1/2 to 17 ft2 with the average:
béing about: seven sq. ft... The available: plate surface area: is indicated
in Appendix,A. In addition to: the area data for the 21 plates listed in
the Appendix, "there' are some other plates not otherwise mentioned in this
report. These are plates that adjoin one or more of the plates involved in
these studies. :

Theumetallurgical examinations of’ the 21 plate samples includes. chemical .
and: metallographic analyses,. as: well as‘ hardness surveys on all 21 sam-
ples. In addition, the: standard: longitudinal and transverse Charpy V-notch
(CVN) impact tests were conducted: on plate samples taken' from the: pressur-
ized tank: cars,. i.e.,those from three tank cars with ladings of anhydrous
ammonia: or chlorine: The former were of two DOT Classes, 1125 LOOW- and
1054 3OOW and the later was of" class: 1054 300W [1] Both classes are

- considered to be "hlgh-pressure" service.

There'were~elghtuplate~samples~fromathef"hlgh-pressure"'service.,Seven are
shell plates,. and one is a headkplate.,Although all seven shell plates
were: tested,. the head plate was: not. tested, as completion of the plate -
orientation study could not be- budgeted at this time. This sample is
available- as. a- candidate for future studies. Standard CVN samples have: .
been‘maéhined_for*usexin making a. determination of the rolling direction

- of this plate, if needed. The other' 13 plate samples. are from five tank '
cars-of DOT class 111A 100W, which i3 not' intended for '"high-pressure®
service and. impact studies of these were therefore not 1ncluded in this
study.

2. EXPERIMENTAL PROCEDURES -

- 21 Chemlcal Analyses
" .Check chemical analyses were conducted on chemlstry samples cut from each
of the 21 plate samples. The analyses: were conducted by a commercial
_ testing laboratory by combustion-conductometric (for carbon content).and
‘emission spectroscopic methods. Samples and target areas (diam. = 8.0 mm
or 0.31 in) for these analyses ‘were taken approximately at the quarter-
thickness location of each plate sample. This was done by cutting away
about 1/4 of the plate thickness from each chemistry check sample, using a
cut-off wheel, and then grinding that cut surface of the sample using a -
tup grinder. The approximate quarterpoint actually used for this grinding
-operation can be determined as follows: Each plate was classified into one
of three thickness (grinding) codes, as shown in table 2. Final thickness
is one of three values: 0,30 inches for plates having initial thickness
values of 0.40 to 0.46 inches; 0.41 inches for those initially at 0.54 to
0.57 inches; and 0.56 for those initially at 0.75 to 0.81. In table 2,
these final thickness values are indicated respectively as grinding (or
thickness) codes 1, 2, and 3. The initial thickness is the "as-received
plate thickness", ’ :

Mill reborts of chemical composition were available for' only two of these
plates, samples 20A-A -and 20A-B, which are the two shell-plate samples cut
from NBS Sample 20A from a tank car UTLX 2827 that had been in chlorine
service and was punctured in the train derailment. The steels from all
other tank cars were identified only by comparing the check chemical



analyses with the. specifications for chemical compositions of steels used
in the manufacturing of railroad tank cars. The compositions of each. of
the steels was. compared with the composition given in one of the following
specifications: ASTM- A515-Grade 65, ASTM A516-Grade 65, and AAR TC128-
Grades. A and -Grade” B.

2.2 Metallography and Hardness Measurements

From each: of the 21 plate 'samples, small pieces were machined for use as &
‘metallographic and’ hardness- samples. These were mechanically polished flat
and smooth before being used  for- metallographic observation and for hard-
ness measurements. The plane of observation was taken normal to the plate
surfaces. For  the 16 shell plates, this.plane contains the rolling direc-
tion of the plate and it is called a longitudinal plane, or a "C" plane
[2, 3]. For the six head plates, an attempted metallographic determina-
tion of the rolling direction failed to give satisfactory results, so the
plane of observation for each of these specimens is not. a longitudinal
plane, i.e. it does not necessarily contain the rolling direction.. In the
unetched condition, each of these 21 small pieces (or samples) was used to
rate the inclusion: content, using ASTM Method: ENS.

The»metallographicwovaluation included optical metallography of each
sample in the nital-etched condition. Photomicrographs were taken at the
quarter-thickness location of the plate, except as noted. Optical photo-
micrographs- of areas that were considered to be representative of. the
microstructure were taken for each sample. Two photomicrographs were taken
for each plate sample; using magnifications of X100 and X500. On one of
the samples, the photomicrograph taken at X100 was not taken-at this plate
location. Rather, it is a view of the center of the plate thickness, which
is intended to illustrate centerline segregation observed in three of the
‘plate samples.

In addition, the ferrite grain size was rated from regions of the samples
that clearly showed ferrite in a somewhat polygonal form. This rating was
done acording to “ASTM method E112 Average grain-size numbers are report-
ed

Hardness was determined on each of these same surfaces. Average hardness
is reported, based on the results of five to seven Rockwell B hardness
measurements. These were taken at various thickness levels between the two
plate surfaces. '

2.3 Impact Tests

Charpy V-notch (CVN) impact specimens were prepared from the seven samples
‘of shell-plate steels taken from pressurized cars. Ladings for each of
these cars was either anhydrous ammonia or chlorine (see table 2). Speci-
mens were prepared and tested according to ASTM Specification E23=82,
using the standard (10 mm) full-size specimens. These were cut from each
plate according to one of two ASTM orientations described in in ASTM
E616-82.

The orientations are commonly called transverse {(or TL) and longitudinal
(or LT). For the TL orientation, specimens are cut so that the long axis
of the specimen contains the transverse direction of the plate, and the
crack propagation direction is the longitudinal (or rolling) direction of
the plate. For the LT orientation, the specimen's long axis is the long-



itudinal direction of the plate, and the: crack propagation direction the -
transverse: plate direction. The crack front is normal to the: plate sur-
faces: in both. LT and TL specimens.

Due to the allgnment and’ shape of inclusions’ that results from: rolling of”
the steel into plate form,, energy absorption in impact tests. is a function
of specimen orientation. For specimens:with a crack front that is normal
to the plate surfaces, eéenergy absorption is at .a minimum- for- the TL. orien-
tation and: at. a. maximum for the LT orientation. For LS. specimens (not
tested here), which are oriented with the  long axis of the specimen in the
plane of’ the plate, but with the: crack front parallel to the plate sur-
faces, the: energy absorption: has been observed to. be still higher than
that for the LT orientation [6]. - :

For the transverse orientation, a full curve of impact energy vs. tempera-
ture was established.by using the number of specimens normally considered
adequate’ to fully describe the transition from ductile to. brittle behav-
ior. Whereas, for the longitudinal specimens, only tests for partial
curves -were conducted. These LT tests -should have been conducted at fLem—
peratures that would permit the establishment of the upper-=shelf behavior
for longitudinal specimens. Actually, a disproportionate number of longi-
-tudlnal specimens: were tested in the. transition. reglon.

3.0 SPECIFICATIONS' :

'The chemical composition requirements- of the four grades. of" steel (for
ladle analyses, as:well as for two available product analyses) are given
at: the bottom of table 1. These requirements were taken from references 4
and 5, which contain the spe01flcatlons for the fOllOWlng four grades of
steel. . :

3.1 ASTM A515~Grade 65

THis steel is intended to be used in pressure vessels, and is classified
by the American Society for Testlng and Materials (ASTM) as a carbon-sili-
‘con steel used for intermediate- and higher-temperature service in welded
boilers and other pressure vessels. The designation "Grade 65" refers to
the mimimum allowed tensile strength level, which is 448 MPa (65 ksi).
Plates of thickness less than 50.8 mm (2 inches), would normally be sup-
plied in the. as-rolled condltlon.

3.2 ASTM A516-Grade 65

This steel is intended primarily for service in welded pressure.vessels.,
‘It is classified by ASTM, as a carbon steel for moderate- and lower-temp- .
erature service. Plates 38mm (1.5 inch) and under in thickness are normal-
ly supplied to the car manufacturer in the as-rolled condition. This ASTM
specification also permits the plates to be ordered in the normalized
condition, the stress-relieved condition, or in the (comblned) .normalized

" and stress-relleved eondition. The specification indicates that when

notch-toughness tests are required on the steel, the plates shall be
normalized. Cooling rates faster than still-air cooling are permissible
for the improvement of toughness provided the plates are subsequently
tempered in the temperature range of 590 to 700 C (1100 to 1300 F).



3.3 AAR TC128-Grade A Steel

This steel 'is produced. according to an American Association of Railroads _
(AAR) specification M128.00 Specification for High Strength Carbon Mangan-
ese-Steel Plates for Tank Cars, AAR TC128~70. This' specification covers
two grades of this steel, Grades A and B. Both are classified as flange
quality. They are made to fine-graln practice. Grade A requires a minimum
of 0.02 weight percent vanadium whereas Grade B has no minimum vanadium
contént requirement.

3.4 AAR TC128~Grade B Steel 8
ThHis steel is produced according to AAR specifications and, as indicated
above, the Grade B steel has no minimim required content for vanadium. It
does have maximum limits:- for the contents of nickel, chromium, molybdenum,
copper and vanadium; which are elements that may be commonly present in
steel serap-used in. production of these steels. These maximum limits are
not specified for the Grade A steel.

Finally, it is noted that the maximum content permitted for manganese is
greatest. for the TC128 steels, it is intermediate for. the A516 steel, and .-
it is least for the A515 steel. In addition, the specification for A515
permits slightly higher: carbon contents than do the other grades included
here. See table 1. '

4.0 RESULTS

- 4.1 Chemical Analyses.

THe results of check chemical analyses are given in table 1. When these
results were compared with the specifications for chemical compositions of
steels used in the manufacture of railroad tank cars, the chemiéal compo-
sitions of each of the steels examined closely matched the compésitions
given in one of the following specifications: ASTM A515-Grade 65, ASTM
A516-Grade 65, and AAR TC128~Grades A and ~Grade B Accordingly, each has
been classified in tables 1 and 2.

It is noted -that, in accordance with the requirements of their grade, the
'A515 steels were silicon killed, and the other grades were made to fine-
grained practice. For the two A516 steels, the aluminum contents (table 1)
at 0.013% and 0.009% (percent by weight) reflect this. Note that the
aluminum content for each of the silicon-killed A515 steels are indicated
to be <0. 005% Al.

Plate Sample 13B, an aluminum killed A516 steel, and Plate Sample 7, an
A515 steel, both fail their respective requirements on carbon content. For
Plate Sample 13B, the check analysis indicated that this steel contains
0.27 percent carbon, and the maximum. specified product analysis for carbon
in A516 steel is 0.26 percent. Thus, the check analysis indicates that
plate 13B exceeds the carbon requlrement for this grade by -an amount equal
to 0.01 percent. Likewise, at 0.29 percent carbon, Plate Sample 7 exceeds
. its specified product maximum (of 0.28 percent) by 0.01 percent carbon.

The manganese contents of the steels are noted to be lowest for the 4515
steels (0.55 to 0.71 percent Mn), intermediate for the A516 steels (0.81
to 0.88 percent Mn), and highest for the TC128 steels (1.06 to 1.35 per-
cent). This is in keeping with the maximum manganese content permitted
under ‘the specifications for these grades of steel.



‘Elevem of the samples have: the- TC128 composition, with its.higher‘permitt?
ed manganese contents and its requirement for- fine-grained practice. The
minimum: required vanadium-content. for Grade A was observed to be present
in four of these 11, e.g. in Plate Sample Nos. 2, 3, 12 and 17 Thus,
they are: classifled as ‘Grade A. : .

The:other~notable*an0malie5‘in~the:chemical'analyses,(apart,from:the
anomalous. carbon’ content mentioned above) are: in the values - obtained for
the molybdenum: content shell courses 2 and 3. of UTLX 2827, for: which the
available mill report gives 0.18 and 0.13 weight percent, respectively.
The eheek‘analyseSQindIcateAthese~valuesxto be 0.02 and 0.017 weight per-
cent, respectively. These differences (between values of the mill reports
and' the check analyses) are outside  the bounds of measurement error. In
fact, the maximum molybdenum content. for-the 21 analyses reported here is
only 0.06 weight percent. Although no explanation is here offered for
these- anomalous: differences, it is noted: that the: maximum molybdenum level
pérmitted for ladle analyses is 0.08 weight percent for this grade of
steel; the: ladle analysis is considerably greater than both this. specified
maximum and the check chemical analyses.. Thus, for each of two shell - _
plates taken from.UTLX28727, the molybdenum content satisfies the specifi~
cation according to the check analysis; but does not satisfy the specifi-
cation. according to. 'the ladle: analysis. Oneé would- expect this discrepancy

in ‘the: molybdenum: content. to have been discovered and reported or discuss~ -

:ed, in connection w1th fabrlcation of’ this tank car.

The analyses of sulfur content"indicate=that the average sulfur content is
0.017 percent by weight,. for the 21 plate samples. Seven plate samples
have sulfur . content greater than 0.020 percent. These are plate samples 2,
3, 10 A°&B, 13 A & B, and 19A. Four have sulfur content less than 0. 011
percent These are plate samples 1, 7, 13/A, and 20A~B

4.2 Hardness Measurements

- The results of Rockwell B hardness measurements made on the 21 plate

samples-are given in table 2. These hardness measurements include an
-average_Value for each of the 21 plate samples as well as an average value
~ for each of the four grades of steel. The average values for the grades of
steel follow: 75.2 hardness Rockwell ‘B (HRB). for ASTM A515-Grade 65, 75.14
HRB for ASTM A516-Grade 65, 91.1 HRB for AAR TC128-Grade A steels, and
82.9 for AAR TC128-Grade B steels. There.are no requirements for hardness
in-any of these steels, but tensile strength correlates well with hard-
ness. The minimum strength required for Grade 65 of the A515 and A516
steels is U448 MPa (65 ksi), which correlates with 73 HRB. The range of
strength levels required of the Grades A and B of AAR TC128 steel is 558
to 696 MPa (81 to 101 ksi), and this correlates with 86 to 95 HRB.

-These very limited surveys of hardness indicate that five of seven samples
of TC128-B steel and one of the eight A515 steels appear to be at marginal
strength levels for -their grades. Almost all of the TC128 Grade B steels

have hardness that is very marginal. As these results suggest that some of
the steels may be below the strength level requirements of the grades to

which they were produced, it is suggested that these steel be targeted for
future study to determine whether or not strength level is at the expected



level and to determine. whether any strength level deficencles that. are
observed could have been ther direct. result of’ involvement in this aceci-
dent.

4.3 Microstructures. )
The optical metallographic examinations for each of the 21 samples indi-
cate that the steels contain ferrite and pearlite. Photomicrographs for
all 271 samples are presented: in figures 1 to 21. They are presented in the
same-r Sequence as that given for the same samples in table 2, which con-
fains data pertinent to the discussion to follow. See the bottom of table
2 for the: meaning of abbreviations A, B, H, M, S, and W, which are used. in.
this- table under: the heading "metallographic code®..

In: the photomicrographs- it is seen that, as nital4etched,,the‘ferrite
appears. light (nearly white) and the pearlite appears dark. Pearlite is a
mixture of ferrite (a solid solution of carbon: in alpha iron) and cement-
ite (Fe C), with a lamellar eutectoidal morphology. These microstructures
indicate that most of these steels are in either the as-rolled or the
normalized (or- possibly hot-formed) condition. Some may have been over-
heated and/or possibly cooled more rapidly than normal air cooling. This
conclusion: arises in large measure from the appearance of the ferrite.

Normally, in steels of these grades, the ferrite is polygonal. It forms
proeutectoidally and it is equiaxed both in the normalized and in the
as-rolled conditions. In the c¢old-rolled condition, the polygons would be:
distorted and not equiaxed. In some of these steel samples, Widmanst&tten
ferrite and some acicular ferrite are present. These are indications of
steels that have been either overheated and/or rapidly cooled.

The results of the measurements of ferrite grain size by ASTM specifica-
tion E112, are given in table 2. The average G.S. is indicated to vary
from plate to plate over a range of ferrite G. S Nos. from 8. 5 to 11. 0.
Thus, none is exceptionally coarse.

It is noted that the pearlite spacing, the apparent distance between -
alternate layers of cementite and ferrite, is much finer in some samples
(on average). The carbides are not resolvable in the pearlite in some of
the samples. Example are in figures 17 to 19 for samples 10A, 10B and 16A.
At the higher magnification of X500, this pearlite does not appear at all"
lamellar. .

Microstructural banding is present in many of these steels. Banding
appears as alternate layers of ferrite and pearlite that are nearly para-
l1lel to the surfaces of the plate. Normally, the banding can not be re=
moved by standard commercial heat treatments, which may even accentuate
the:- microstructural banding. On the other hand, the pearlite spacing can
be affected by either heat treatment or chemical comp051t10n. These two .
factors can also affect the ferrite grain 51zee

The metallographic examinations indicated that three of the shell-plate
samples contained centerline. segregation. This is a chemical enrichment,
which is originally in the middle of a casting, i.e., in the part that is
last to solidify. After ingot is rolled tc plate form, this region becomes
the center of the plate. These three samples are plate sample 20A-A (a



TC128-Gr B steel) and plate-sémples:3 and 17 (two TC128-Gr A steels). This
centerline segregation is more readily apparent at lower magnifications:
than those. used for the figures.

Metallographic  observations of the: 21 steel samples. are discussed. below,
according to the grades to which the steels were produced.

4,3.1 ASTM A515-Grade 65

The ‘results of metallographic observations of" the eight samples of A515-
" Grade 65 steel are presented in figures 1 to 8. The first four are head~
" plate samples- and: the: others: are shell-plate samples.

These steels differ in the appearance of the ferrite and of the pearlite. -
A prominent feature among these- microstructures is the wide variation in-
the-amount, the size, and the distribution of the ferrite. In addition,
“the pearlite varies from large colonies containing Widmanstdtten ferrite
to lamellar- structures: that vary' from coarse to fine. Some pearlites
contain unresolvable carbides, the structures of which have not. been
determined here.

- For an example of the amount of ferrite,. note that in plate samples 13/A

(Fig. 3), 18A (Fig. 6), and 19B (Fig. 8), there appears to be less pear-
lite ‘than in the other five' samples. These three steels contain less
carbon than the others in this grade. In general, steels with less carbon
contain less. pearlite,. and hence more- ferrlte. :

The microstructures of the A515-Grade 65 samples (Figs. 1 to 8) consisted
mainly of ferrite that is somewhat non-uniform in grain size. The ferrite
grain size number, indicated under "ave G. S " in table 2, is an average
for the. sample. .

This indicated average has wider variability for some samples. For exam-
ple, clate_sample 19A (Fig. T7), which has mixed ferrite of G.S. No. 6 to T
to G.S. No. 9 to 10, and an indicated ave. G.S. No. of 8.0 to 8.5. This
variability is not indicated in the table, but it ¢an be deduced by in-
spection of the phctomlcrographs.»

Typlcally, the microstructures of as-rolled steels are not very uniform.
They have greater variability, in both the ferrite and the prior austenite
grain sizes, when compared with that for the normalized condition. '
Further, normalizing produces a structure that is both finer and more
uniform than the as-rolled structure.

The distribution of ferrite is more random in some samples. See the equi-
axed ferrite of plate sample 7 (Fig. 2) for uniformly distributed ferrite.
Compare this with the layered structures of the highly banded steels.
Further compare the ferrite of the Widmanstdtten structure where the’
ferrite is on orthogonal planes. See table 2 for the metallographic codes.

Varying degrees of banding are observed throughout the metallographic
samples taken from plate samples 13/A, 18A, 19A, and 19B (Figs. 3a, ba,
7a, and 8a respectively), and this is indicated by the metallographic
codes SB, MB, and HB. The letter codes S, M, and H are abbreviations for
"some", "more", and '"heavy". The B represents "banding". Samples 184, 194
and 19B were from shell plates and 13/A was from a head plate.



- In table 2 it. is noted that two. head plates andfone shell plate have been

designated with metallographic codes for Widmanstitten ferrite, codes HW
and SW. The: Widmanstdtten ferrite is particularly pronounced in plate

. samples U4 and 12, which are shown as. figures 1 and 13, respectively. In

the: X100. photomicrograph it is seen that there are numerous very large
colonies- (or blown-up grains) of pearlite that contain the orthogonal
ferrite, which characterizes the Widmanstitten structure. These blown~up
grains reflect the size of the prior: austenite grains from which this.
structure  was formed upon cooling-of' the plate, either after rolling or
after the: heat treatment that accompanies a subsequent hot-forming
operation. This structure indicates that the plate- was overheated, either
by finishing (the rolling) too hot or by forming at an excessively high
temperature°

Due to ther presence: of the Widmanstitten structure, samples. 8 (Fig 5a) and
18B. (Fig. %a) do not appear to be very equiaxed. They appear to be almost
acicular. Numerous blown-up grains are also present in the X100 micro-
graphs. of these two samples. Further scans of the microstructure of these
two plates would be warranted, if these plates-are considered for use in
further studies, and especially. if the question of overheatlng is import-
ant to the study in questlon.

The most desirable microstructure of the lot éxamined is that shown as
figure 3, which represents sample 13/A. Although this microstructure shows
slight banding, it comes from a very fine prior austenite grain size. For
improved toughness, it has fine: ferrite, of ASTM G.S. No. 9.0 to 9.5, and
it contains only 0.19 percent carbon. The low carbon level is reflécted in
the high percentage of ferrite observed in the microstructures shown in
figures 3A and 3B.

4,3.2 ASTM A516-Grade 65

There are two plate samples of A516-Gr 65 steels: Plate samples numbered
13A and 13B. As seen in figures 9 and 10, these are both fine grained
(G.S. No. 10.0) and moderately to heavily banded. The carbon content of
the steel shown-in figure 10 is 0.27 percent, whereas that of the steel
shown in figure 9 is only 0.21 percent. This is reflected in the relative-
ly greater amount of pearlite in the micrographs shown in figure 10 for

‘plate sample 13B with its higher content (0.27 percent) of carbon, an

amount that sllghtly exceeds the 0. 26 percent carbon permitted for this

'grade.

4.3.3 AAR TC128-Grade A Steel and Grade B Steel

For the most part the microstructures of these TC128 Grade A and Grade B
steels are rather similar to those of the A515 and 516 steels discussed
above, except that these may contain a greater percent pearlite. This
pearlite has a lower carbon content than that of the steels discussed
above. This is due to the greater alloy content (Mn, Ni, Cr, Mo, V) in the
TC128 'steels. These alloying elements shift the eutectoid composition of
pearlite to the hypoeutectoid (lower carbon) side of 0.80 percent, which
is the equilibrium carbon content of pearlite in plain-carbon steels., As
with all other steels examined for this report, the inclusions in these
steels were found to be mainly manganese sulfide (MnS)‘ inclusions.



Based upon_specificatibns for all four grades, the most noticeable- chemi—
cal factor (when compared with the ASTM Grades discussed above) is the

ratio of manganese to carbon. The carbon content is lower and the mangan-

ese content is higher for both the Grade A and Grade B steels, so that
these steels have a higher ratio of Mn/C, when compared with that allowed
for: Grades A515 and A516. The higher Mn/C ratio usually produces micro-

~ structures that tend to have lower 1mpact transition temperatures. This is:

generally considered to be desirable in applications that may have re-
quirements for improved impact energy absorption_at,ambient temperatures.

Centerline: segregation was observed on two of the plate samples of TC128
‘Grade' A steel (plate-samples 3 and 17, shown in Figs. 12 and 14) and in
one of the TC128-Grade B steels (plate sample- 20A-A in Fig.20). The

appearance of the centerline segregation is indicated in figure 14A, which }

is the X100 photomicrograph taken on plate sample 17. The richer center-

- line chemistry in this steel has increased the amount of pearlite near the

center of the plate. The micrograph is much darker in this region of the
photomicrograph. It 1s noted that the band of centerllne segregation is.
not very: broad.

4 3.3.17 TC128 Grade A Steel

Microgtructures for the four plate samples of TC128-Gr A steels are- shown.
~in figures 11 through 14, which respectively represent plate samples
numbered 2, 3, 12,-and 17. Bandlng in the Grade A steels is rated (table
2) to be moderate to heavy in all samples except plate sample 12 (flg.
13), which contains heavy Widmanstatten ferrlte.

4.,3.3.2 TC128 -Grade B Steel :

Microsturctures for the seven plate samples of TC128- Grade B steel (plate
samples 1,-9, 10A, 10B, 16A, 20A-A and 20A-B) are shown in figures 15
through 21. Samples 1 and 9 are taken from head plates, and they both have
very fine ferrite as rated in table 2. For the five shell plates of TC128-

Gr B, the ‘ferrite is slightly more coarse (at 7.0 to 9.0) than that of the

two head plates of this steel, which have ferrite G.S. Nos. of 9.5 to
10.0. Microstructural banding is observed in all of thiese TC128-Grade B
steel. samples (table 2), although only to a sllght degree in sample 10A
(Flg. 17) .

The predominance of pearlite in these steels is particularly evident in
figure 20, of plate sample 20A-A. The pearlite colonies are very large,
‘indicating a large prior-austenite grain size. In plate samples 10A, 10B,
and 164, the'pearlite coloriies are large, but not as large as in plate
sample 20A-A. In plate sample 9, the pearlite colonies are much smaller;
this reflects the size of the prior austenite grains from which they were
formed. It is noted that the carbides of the pearlite are not resolvable
in the photomicrographs of figures 17 and 19. It is suggested that these
two samples be carefully rechecked to determine if the ferrite can be
resolved usingpicral etchant to resolve the carbides and the appearance of
the ferrite that seems to be present in the pearlite.

By far the most unusual microstructure of the lot examined here is that

shown in figure 16 for sample 9. This structure is like an upper bainite.
It is rather irregular, and very different from the other structures. If-
the treatment that produced this structure can not be resolved by further
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A-inspeetion of’ this: sample, it could: be resolved by .simulated (laboratory) -
. ‘heat. treatments. In any event, when compared with microstructures: in the

. ‘other figures, the microstructure: shown in: this figure is open to ques=-
tions regarding its:origin as well as: the mechanical properties. that one:
might. expect.

- 4.4 Inclusion Ratlngs

" 'The ratings- of inclusion: content.are- not presented in: tabular form. The
‘results indicated that the average inclusion .content. for these steels is
2.5 to 3.0 in the thin series for MnS. Five of the: TC128 steel samples are

. rated to-have: more than the average inclusion content of’ the others. These

include plate: samples- 2 and- 3, which  are TC128=Gr A. steels, and samples 9,
104 and 10B,. which are TC128-Cr B steels. In addition,. plate sample number
7 was rated to have- less than the average inclusion content.. These find-
ings. do not agree with the finding on sulfur: content. It is expected that
steels with higer sulfur content. (there were seven with S% > 0.020), would
contain more MnS inclusions, and-those with less (there were three with. S
< 0.011 percent). would contain fewer MnS.inclusions. It turns out that
four of the five steels that were rated to be heavier than average in
content of thin series MnS are steels that contained more than 0.20 per-
cent sulfur. The fifth steel rated high in MnS contained average sulfur
content of 0.017 percent. That leaves. three other steels with high sulfur
that were rated average in MnS content, as well as the three steels with:
lower sulfur that were rated average  in MnS content.

It is concluded that these discrepancies indicate that the rating for
inclusions by ASTM Method E45 is either too qualitative to be:a good
indicator of the content of sulfide inclusions or that the examination of
a single sample is not adequate for representation of the content of the
plate sample. These results suggest that quantitative microscopy be used
for the rating of inclusions (see Ref. 3) and that perhaps two to three
samples per steel would be more representatlve as a sample of the steel
plateo

4.5 Impact Test Results

Results for the standard CVN impact tests conducted on the seven plate
samples of TC128 steels are summarized in table 3 and figures 22 through .
29. The observed test results and the results of calculations used to
construct these figures are presented in 28 tables given as Appendices B
through H, which respectively represent plate samples 2, 3, 12, 164, 17,
20A-A and 20A-B. Each of these Appendices has four pages: The first two
pages give the results for specimens of the TL orientation and the last
two pages give those for the LT orientation. For each orientation (each
pair of tables), results for. energy absorption are presented first, foll-
owed by those for shear fracture appearance (SFA). In the body of the
report, seperate figures are given for eash steel ‘and each figure contains
the observed data as well as one regression line for each orientation. The
results from data for energy absorption and for SFA are presented in
seperate frames designated A (e.g. Fig.22a) for results of energy-absorp-
tion data and designated B for the SFA data. Figures 22 to 24 and 26
illustrate the results for the four plates of TC128-Grade A steels, and
figures 25, 27, and 28 are given for the three plates of TC128-Grade B
,steels.
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The summary of data presented in table 3 includes only selected values for
all seven plates tested. These ineclude upper-shelf energy-absorption
values for longitudinal ‘specimens, which are averages of two test results;
as well as those for transverse specimens, as-an average of 5 to 6 test
results; and a cross-rolling index [6,7], which is the ratio of these two
(TL/LT) energy-absorption values. The other data presented were taken
from results of calculations for transverse specimens, which are given in
- the Appendix tables. These include several fracture criteria. For trans-
verse specimens, the fracture criteria include computed values of energy
absorbed at two ambient temperatures that span a range of temperatures
very commonly encountered in tank-car service in many parts of this coun-
try: 21 C (70 F) and =1 C (30 F)

4.5, 1 Upper-Shelf Energy Absorption ‘

The ‘upper-shelf energy-absorption values shown here follow a trend of
decreasing energy with inereasing strength of the steel, as shown in
Figures 30 and 31, which represent the behavior observed for 13 longitud-
inal (LT) and 14 transverse (TL) sets of specimens taken from 14 different
plate samples of railroad tank cars, some of which were reported on earli-
er [7-9]. It is noted that for these plots, strength was computed from
available hardness data for the seven plates of table 2, as strength was
not measured directly except for those data taken from previous reports.
In Figure 30, the Ultimate Tensile Strength is the independent variable..
In Figure 31, where the Yield Strength is the independent variable, there
- is also a reference curve (for LT specimens only) that was taken from the
literature [10]. The results given here are consistent with results given
in an earller report [7]. Energy absorption in longitudinal specimens of
the tank-car steels is significantly lower than that for the steels from
which the reference line was derived. This is true. for all strength levels
and. the difference becomes more pronounced as the strength level is
1ncreased

,Energy absorptionﬂon;the upper -shelf can be compared for TL and LT Speci=
mens to obtain a cross-rolling index (see table 3), which is a measure of
" the anisotropy of the plates. Table 3 shows values of about 0.50 and 0.47,
respectively for the indices for TC128-Grades A and B steels. These values
represent seven shell~plate samples, and they are nearly identical to
values reported earlier [T] for shell plate samples taken from three

" accident sites. This index is found to be somewhat higher for plates that
have received more cross rolling, such as the head-plate steels taken from °
failed tank cars [7] in previous investigations, which averaged 0. 68 for
three plates tested.

'For the TC128-Grade A steels, the maximum shelf energy is about 45 J (33

ft-1b) for transverse specimens. Longitudinal specimens have considerably
greater. values, w1th shelf energy values that range from 60 to 90 Joules

(44 to 70 ft- lbs) '

The results for the_TC128-Grade B steels are similar to those for -Grade
A, except that the -Grade B are steels of lower strength levels. The shelf
energy results for the TL specimens vary from 47 to 61 J (35 to 45 ft-
1bs), which is higher than that observed for the Grade A steel. The ob-
served differences between shelf-energy values of the -Grade A 'and the
-Grade B steels reported here is interpreted to be a manifestation of the
effect of strength level on the magnitude of the upper-shelf energy ab-
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sorption, as: reported in earlier works [7]. In general, The -Grade A ‘
steels are harder-and thus, stronger than the =~Grade B steels. This ex-
pected trend is shown -in the plots of data-given as figure 30. Data from
various reports-are-presented here for both the yield strength (Fig.
30a), and the tensile. strength (Fig. 30b). In the plots it is. shown that,
. for either longitudinal or transverse data, upper-shelf energy absorpton
decreases: systematically with increasing levels of strength in of the
steel. Further, it is: indicated in figure 31 that the longitudinal shelf
" energy of tank-car steels is below the level given by a reference: line

_ taken from the literature.

All of the TC128-Grade B steels were observed to be microstructurally
banded. The data for upper-shelf” energy absorption indicates: that this
banding does not seem to affect the behavior for either the transverse or
the longitudinal specimens, as shown by these trend lines (Figs. 30 and
31). It is noted that the sulfur contents of the Grade B steels are lower
than those of the Grade- A steels, but the data seem to indicate that the
effect of sulfur on shelf energy is not the predominant effect; rather
strength level predominates in determining the shelf energy. See figure
29a and tables. 1 and'3.

4,5.2 Transition Temperatures

The 'upper-shelf occurs at roughly the same temperature for both the longlﬂ
tudinal and the transverse specimens. This is shown in figures 22b through
28b,. which are. given for SFA data. These figures indicate that the transi=-
tion from ductile to brittle behavior is independent of orientation of the
test specimen. From the SFA data, it is observed that: (1) The upper-shelf
occurs at temperatures greater than about 43 C (100 F). See figure 29b for:
a summary plot for the seven shell-plate samples.. (2) The 50% SFA, which
is also referred to as the fracture appearance transition temperature
(FATT), varies over the range of temperatures from =0. 2 to 34, 7 C (32 to
95 F), as indicated in Table 3

The SFA data also indicate that the transition temperatures for the -Grade
A steels are about the same as those for the ~Grade B steels. Further,
there is no consistent and obvious relationship between the FATT and any
of the microstructural features discussed above, i. e. banding, grain size,
. and the type-of ferrlte.

. Another transition temperature given in table 3 is the 15 ft-1b TT. This
fracture criterion has values for transverse specimens that range from
-4, u to 9.0C (24 to ll8F)

The transition temperatures of these transverse specimens are high enough,
50 that at common service temperatures, of 21C and -1C, the range of CVN
energy-absorption values are shown (see table 3) to be only 12 to 27
ft-1bs. These values are only a fraction (usually half or less) of the
value on the upper shelf. These observations of the transition tempera-
tures are interpreted to indicate that these steels would not be expected
to behave plastically ln service, as might steels with lower transition
temperatures.’
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5.0 SUMMARY AND CONCLUSIONS. ‘
Metallurgical observations were made on 271 plate samples taken from tank
cars involved in an accident at Crestview, Florida. These observations
include chemical analyses, metallographic examinations of microstructure
‘and inelusion content, hardness measurements, and standard CVN impact
tests. The metallographic analyses include ferrite grain size measure—
ments by ASTM Method E112, and inclusion measurements by ASTM Method E45,
In addition, on seven shell plates that were taken from tank cars used in
pressurized service, CVN impact tests were conducted, using ASTM Method
E23. Substantial amounts of these plate materials are available for fur-
ther studies. The plate surface area available for each of the 27 samples
varies over the range of from 1 1/2 to 17 ft2, with the average being
~about 5 to 9 ftz.,

TheQresultS'of,the.chemical analyses indicate that each of the 21 steel
samples were produced to the requirements for the chemical composition of
one or more of the following steels: ASTM A515-Grade 65, ASTM A515-Grade
65, AAR TC128-Grade A or -Grade B. Several anomalous result were observ-
ed, notably in the levels of carbon and molybdenum, which indicate that-
selected steels did not meet the compositional requirements for the steels
in questlon.

The results’ 1ndlcate that the content of carbon for a steel judged to be
made to A516~Gr 65 specifications and one made to A515-Gr 65 spécifica-
tions. each exceeds: the product maximum for their grade by 0.01 percent
carbon. Further, the ladle analysis of molybdenum, as given:in the mill
reports, exceeds that in the NBS check chemical analysis for éach of two
plates of TC128 steels taken from one tank car. These ladle analyses.also
exceed, by a considerable amount of 0.05 to 0.10 percent Mo, the speci-
fied maximum ladle analysis,permitted'for the‘TC128-B steel. L

The sulfur content of the steels average 0.017 percent by welght Five of
the steels have sulfur - exceedlng 0.020 percent and four have - sulfur at -
less than or-equal to 0. 010 percent.

The metallographic'analyses show that the microstructures of these steels
-are mixtures of ferrite and pearlite, with the ferrite being one or more
of the following types: polygonal, acicular, and Widmanstidtten. Although
these microstructures are typical for these steels, the acicular and -
Widmanstdtten ferrites do indicate rapid cooling and/or overheating
(coarse austenite grain size). Large austenite grain size 1is indicated by
large pearlite colonies in some of the steel samples. In addition, for
many samples varying degrees of microsturctural banding are observed, and
this is not unusual for these grades of steel. All steels examined have
ferrite 'grain sizes finer than ASTM 8.0, with some as fine as 11.0. Some
‘unresolved carbides in three of the samples leave the question of their
microstructures open to further study. '

Inclusion analyses of 21 samples indicate that the vast majority of the

steels contain inclusions that are predominantly 2.5 to 3.0 in the thin

series for MnS, as rated by Method E45. Five of these samples were rated
to have above average inclusion contents, two of which are TC128-Grade A
samples and three are TC128-Grade B samples. In addition, one sample was
rated to have fewer sulfides than the average .
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* The: results: of these inclusion.analyses are not consistent with the re-~
sults of chemical. analyses for sulfur content. It is concluded that this
indicates that. the rating of inclusion analyses, using Method EY5, is
either too qualitative ‘to be a good indicator of the content of sulfide
inclusions or that the examination of a single sample is not adequate ‘for:
representation of the content of the plate sample. These results suggest.
that quantitative microscopy be.used for the rating. of inclusions and that
perhaps two to three: samples.per steel would be more representative as a
sample of the steel plate.

Results of hardness measurements indicate that one-of eight samples: of
A515=Gr 65 steel and five of seven samples of TC128~B steel may have
marginal tensile strength in relation to the requirements for the grades
to ' which: they were apparently produced These steels are suggested for
further study.

Upper-shelf‘impact enengy4absorption values. could not be related directly
to the sulfur level and the inclusion content. Shelf energy is: shown to.
be- related to the strength level of the steel, with the =Grade A steels,.
which in. general are steels of higher strength levels, having the lower
observed. shelf energy~absorptlon values. These steels also contain more
vanadium. Upper-shelf energy-absorption in the range of 34 to 45_.J (25 to
33 ft-1bs) observed for the transverse specimens are considered to be
somewhat low for the range of strength levels in question [10].

Further, several transition temperatures for these steels are given. The
temperatures at which the upper shelf is obtained is generally above about
43 C (110 F), and this temperature is above the average daytime tempera-
ture for much of the U.S.A. The 15 ft-1b temperatures are in the range of
temperatures from dbout =5C (about 25F) to almost 10C (about 50F). This
fracture criterion would likewise not be met for much of the year in
ambient conditions. throughout the U.S.A. The 50% SFA (the FATT) tempera—
tures are even higher: 0 C to 35 C (32 to 95F).

TheAenergyfabsorption for CVN specimens at -1 .C (30F), for these steels
range from about 16.5 to 21.8 J (12.2 to 16.1 ft-1bs). Thus, fracture
toughness could bé considered to be marginal for thesé steels at tempera-~
tures just below the freezing point of water.
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Table 1. Chemical Composition of 21 Plate Samples from 16 NBS Tank-Car Samples Cut from 8 Tank Cars

1D and Shell NBS Tank- ASTM Plate
Contents of Course Car Sample Designation  Sample SRR CL A
Tank-Car 1D ID ' NO. C Mn p S Si Ni Cr Mo  Cu '@ 'AlL =~ 'V~
GATX 44019 4 NBS 8 A515-Gr65 8 0.28 0.71 0.005 0,15 0,17 0.01 0.07 0,01. 0.01" <0,005 - . .
CC]u . . . . . . - . ‘."- ",_' -
ACFX 81395 2 NBS 13 A516-Gr65 134 0.2¢ 0.81 0.010 0,032 0,20 0.09 0,09 - 0.03 0.28 - 0.013 - .
(acetone) 3 NBS 13 A516-Gr65 13B 0.27%* 0,88 0,012 0.035 0.24 0.14 0,18 0,03 0.28° 0,009 <0.005 = -
B-Head NBS 13A A515-Gr65 13/4 0.19 0.70 <0.005 0.010 0,22 0,07 0.05 0.01. 0,08 <0,005 - -~
GATX 5013 A-Head NBS 7 A515-Gr65 7 0.29%* 0.61  0.014 0,007 0.16 <0.01 0.04 <0,01 0,01 <0.005 -
(methanol) . : : : : a e
ACFX 82959 1 NBS 18 A515-Gré5 184 0.22 0.67 <0.005 0.012 0,21 0,11 0.09 0.03. 0.17 <0.005.
(acetone) A~Head NBS 18 A515-Gr65 188 0.27 0.57 <0.,005 0,018 0.19 0.10 0.07 0.02 - 0,16 <0:005- ",
5 NBS 19 A515-Gré5 19A 0.24  0.56 <0,005 0,021 0,18 0.10 0.07 0,02 -0.15 <0005 ..~
6 NBS 19 A515~Gr65 198 0.22 0.66 <0,005 0,011 0,21 0,10 0,09 0.03. 0.16".<0,005 .-
ACFX 89990 B~Head NBS U A515~Gr65 y 0.22 0.56 <0.005 0,017 0.20 0.12 0,16 . 0.04° 0,19 <0,005 - - : . )
(methanol) 3 NBS 9 TC128-GrB 9 0.23 1.06 0;005 0.017 ©.20 0,16 0,12 0,04 0.21 0.026 not. reported
5 NBS 10 TC128-GrB 10a 0.24 1,26 0,021 0.025 0.24 0,03 0,23 0.06 0.03 o,045 W  -w
4y NBS 10 TC128-GrB 10B 0.21 1.24 0.023 0:022 0.25 0,03 0,23 0,06 0.03- 0,052 % - #
UTLX 28727 3 NBS 20A TC128-GrB 20A-A 0.26 1.28 0,020 0,012 0.23 0.16 0.05 0,01 0.01 07025 <0.005
(chlorine) mill report - - 0.2 1.35 0.021 0,015 0.25 0,17 0,04 0,13%* 0.01 - . ="
2 NBS 204 TC128-GrB 20A-B  0.19 1.26 0,014 <0.005 0.23 0.14 0.05 0,02 0.01. 0.024 <0.005
mill report - - 0.23 1.35 0.022 0,012 0,25 0.16 0,04 0,18%¢ 0.0% <+ = -
IMCX 2513 A~Head NBS 1 TC128-GrB 1 0.19 1.26 0.010 0.008 0.22 0,19 0.19 0,02 0.25 0.034% 0,007
(anhydrous 2 NBS 2 TC128-Gra 2 0.23 1.34 0.016 0,024 0,23 O0:21 0.21 0.02 0.23 0:.026  0.035
ammonia) 5 NBS 2 TC126-GrA 3 0.24 1.13 o0.011 0.021 0.22 0.21 0.19 0,01 0,28 0,017 0.032
b NBS 16A TC128-GrB 164 0.23 1.24 0,009 0.011 0.25 0:20 0,21 0.01 0.22° 0.034 0,007
MCX 2827 3 NBS 12 TC128-GrA 12 0.19 1.13 <0.005 0.017 0.22 0.20 0.20 0,06 0.06 0,030 0.024
{anhydrous 2 NBS 17 TC128-Gra 17 0,20 1.21 0,006 _ 0.019 0,22 0:.16 0.1 0,03 0.14 0.021 0,039
ammonia) ) 5=0.017 ‘ ) ) ) ’ ’
Specifications (maximum wt. percent, except where range 1s indicated). ’ ) :
ASTM A515-78-Grade 65 Ladle 0.28 0.90 0.035 0.04 .15/.30
Product 0,28 0.98 0:035 0.04 .13/.33 '
ASTM A516-78-Grade 65 [1/2 in to 2 in (50mm)] Ladle 0.26 .85/1.20 0,035 0.04 .157.30 * ¥
Product 0,26 .79/1.30 0.035 0.04 .13/.33 * #
AAR TC128-Grade A (1970) Ladle 0.25 1.35 0.04 0,05 0,300 ~=- ——— - - # 0.02 min
-Grade B (1970) Ladle ~ 0.25 1.35 0.04 0.05 0.30 0.25 0.25 0.08 0.35 # 0,08 max

* made to fine-grade practice #% fajls the chemical requirement for the grade.,



Table 2 Test Sample Identity and Results of Metallcgraphic Observations and Hardness Measurements
Taken on 21 Plate Samples of Tank-Car Head and Shell Plates.v

8L

Tank ) Shell - As-Received
Plate Car . or Grinding Plate ASTM(E-112) Hardness Metallographic
Specification Content Sample ID. ID. Head Code*** Thickness(in) ave. G.S. HRB Code ¥*
A515-Grade 65 Methanol b ACFX 89990 B-Head 1 0.46 : 8.5 - 75.3 HW
A515-Grade 65 Methanol 7 GATX 5013 A~Head 1 0.45 10.0 83.1 -
A515-Grade 65 Acetone 13/4 ACFX 81395 B~-Head 1 0.41 9-9.5 69.8 SB
A515-Grade 65 Acetone 18B ACFX 82959 A-Head 1 0.41 9.5-10.0 77.0 SW-MW
A515~CGrade 65 CC1u 8 GATX 44019 Shell 4 1 0.45 8-8.5 75.5 SW
A515-Grade 65 Acetone 184 - ACFX 82959 Shell 1 1 0.42 8.5 74,2 MB-HB
A515-Grade 65 Acetone 194 ACFX 82959 Shell 5 1 0.40 8-8.5 73.1 HB
A515-Grade 65 Acetone 19B ACFX 82959 Shell 6 1 0.41 9.5° 741 HB
’ ’ ave 75.2
A516-Grade 65 Acetone 13A ACFX 81395 Shell 2 1 0.45 10 72.4 MB
A516=Grade 65 Acetone 13B ACFX 81395 Shell 3 3 0.77 10 78.5 HB
) ave 75,0
TC128-Grade A An, Ammonia *2 IMCX 2513 Shell 2 3 0.75 9.5 92.7 MB-HB
TC128-Grade A An. Ammonia ¥3 IMCX 2513 Shell 5 3 0.75 9-9.5 92.7 MB-HB
TC128-Grade A An. Ammonia 12 IMCX 2827 Shell 3 2 0.57 8.5 87.0 HW
TC128-Grade A An. Ammonia 17 IMCX 2827 Shell 2 2 0.57 9.5 91.8 SB, SW
’ ' ave 91.1
TC128-Grade B An. Ammonia 1 IMCX 2513 A-Head 3 0.76 10.5-11 81.2 HB, SA
TC128~Grade B Methanol ¥9 ACFX 89990 B-Head 1 0.4y 10-10.5 82,2 MB, MA
TC128~Grade B Methanol ¥10A ACFX 89990 Shell 5 1 0.45 9 81.2 SB, SW
TC128-Grade B Methanol *10B ACFX 89990 Shell U 1 0.45 8.5-9 80.0 MB, SW
TC128~Grade B An. Ammonia 16A IMCX 2513 Shell 4 2 0.54 9.5-10 87.1 MB-HB
TC128-Grade B Chlorine 20A-A UTLX 28727 Shell 3 3 0.81 8.5 85,4 MB
TC128-Grade B Chlorine 20A-B UTLX 28727 Shell 2 3 0.79 8.5 83.0 HB, SW
ave 82.9

*¥Steels with higher inclusion contents than the average for all steels examined by the method
of ASTM E-45,

*%¥ A1l are mixtures of ferrite and pearlite. Code for other observations follows:

A = accicular ferrite; B
B = microstructural banding; W = Widmanstdtten ferrite

S = Some, M = More, H = Heavy

e.g. SB means some microstructural banding

*¥%% Grinding (or thickness) code 1= 10~12 mm (O. 40 0.46in), 2= 13-15 mm (0.54-0. 57in) 3= 19-20 mm (0.75-0.81in)
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-Table 3. Summary of Data for Standardeharpy'V-Notch Specimens

Longitudinal .
Specimens¥*¥* » Transverse Specimens
Upper Shelf Upper Shelf 21 C; or 70 F -1 ¢C, or 30 E- 15 ft-1b TT -50% SFA‘FATT
: Joules (ft-1lb). Joules (ft-1b) Joules (ft-1bs) Joules (ft-1lbs) c (F) C (F)
Plate - TC128 CVN Cross-Rolling i , ' . : ‘
Sample .ID Grade ID .Index
2 A 2 . 10.56 3 (s4) M1 =i (30).  25.2  (18.6)° . 16.5  (12.2) 9.0 (48.2) - - 27.6 (81.6)
3 A 3 057, 60 (44) 34 (25) 26.7  (21.9) 19.4 0 (14.3) - 0.8 (33.5) 0.2 (31.7)
12 A Y 0:36 . . 95 (70) 34 (25) 27.1  (20.0) 18.7. - (13.8) . 3.1 (37:.5) .86 (47.W)
17 A 6 * - (*) b5 (33) - 26.7  (19.7) S18:2°  (13.4) 7 B9 (HOW8)  3M:T (94.5)
16A B 5 :Jﬁb (81).- 61 T .(li5) 33,4 (24.6) 21.8 (56.13“. =4 (24.1) féj;1 (80.8)
20A-4 . B 7 19 (82) u7 (35) 33.4 . (24.6) 190 *(14.0). ¢ -1.3 (34.3) =10.1 (50.1)
20A-B' B 8 140 (103) 58 (43) 36.6 (27.0) 21.3 . (15.7) . -2.8 (27:0) 19:9 (67:9)
*¥Not. estlmated from the available data. - N i -
**Due to paucity of data, estimates for longltudihal‘apecimens are tentative. See tekt;*q' e
TT = Transition Temperature ‘ mt ; S
SFA - Shedar Fracture Appearance . "
FATT - Fracture Appearance Transition Temperature o ;
__ﬁ » ¢ & .
- o ' ¥ 5 )
A &g o B

g e




Figure 1. Photomicrographs of Plate Sample No. 4., Tank
Car ACFX 89990, B-Head, ASTM A515-Grade 05.
a) X100 b) X500 Etchant: Nital

(b)



Figure 2 Photomlcr‘ogr‘aohs of Plate Sample No. 7., Tank
Car GATX 5013, A-Head, ASTM A515-Grade 6:.
a) X100 b) X500 Etchant: '\Iltal

(a)
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Figure 3. Photomicrograpns of Plate Sample No. 13/A Tank

Car ACFX 81395, B-Head, ASTM A315 Grade 5%
2) X100 b) AS00 Etchant: Nital



(a)

Figure 4, Photomicrographs of Plate 3ample No. 18B, Tank
Car ACFX 82959, A-Head, ASTM A515-Grade 65.
a) X100 b) X500 Etchant: Nital ’
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Figure 5. Photomicrographs of Plate Sample No. 8, Tank Car
GATX 44019, Shell Course 4, ASTM A5715-Grade £5.
a) X100 b) X500 =tchant: Nital ‘ *

n)
=



Figure 6 Photomicrographs of Plate Sample No. 184, Tank
Car ACFX 82959, Shell Course 1, ASTM A515 Crade 6~
a) X100 b) X500 Etchant: ,\llt‘al



R5e

Figure 7. Photomicrograph of Plate Sample Nc. 19A, Tank Car
ACFX 82959, Shell Course 5, ASTM A515-Grade 65
a) X100 b) X500 Etchant: Nital



(b)

N

Figure 8. Photomicrograph of Plate Sample No. 19B, Tank Car
ACFX 82959, Shell Course 6, ASTM AS15-Grade 65.
a) X100 b) X500 Etchant: Nital ' :



Figure 9 Photomicrograph of Plate Sample No. 134, Tank Car
ACFX 81395, Shell Course 2, ASTM A516-Grade 35
a) X100 b) X500 Etchant: Nital




(a)

(b)

Figure 10. Photomicrograph of Plate Sample No. 13B, Tank
’ * car ACFX 81395, Shell Course 3, A3TM A516-Grade 6ﬁ.
a) X100 b) X500 Etchant: Nital -
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Figure 11. Photomicrographs of Plate Sample No. 2, Tank
: Car IMCX 2513, Shell Course 2, AAR TC128-Grade A.
a) X100 b) X50C Etchant: Nital
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Figure 12. Photomicrographs of Plate 3ample No. 3, Tank
" Car IMCX 2512, Shell Course 5, AAR TC128-Grade A.
a) X100 b) X500 Etchant: Nital .
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igure 13. Photomicrographs of Plate Sample No. 12,

Tank
Car IMCX 2827, Shell Course 3, AAR TC128-Grade A.

a) X100 b) X500 Etchant: Nital

32

(a)



(a)

(b)

Figure 14. Photomicrographs of Plate Sample No. 17, Tank
* car IMCX 2827, Shell Course 2, AAR TC128-Grade A.
a) X100 b) X500 Etchant: Nital :
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Figure 15. Photomicrographs of Plate Sample No. 1, Tank
Car IMCX 2513, A-Head, AAR TC128-Grade B.
a) X100 b) X500 Etchant: Nital
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Figure 16. Photomicrographs of Plate Sample No. 9, Tank
" Car ACFX 89990, B-Head, AAR TC128-Crade B.
a) X100 b) X500 Etchant: Nital
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Figure 17. Photomicrographs of Plate Sample No. 104, Tank
Car ACFX 89990, Shell Course 5, AAR TC128-Grade B.
a) X100 b) X500 Etchant: Nital ’
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Figure 18. Photomicrographs of Plate Sample No. 10B, Tank
* Car ACFX 89990, 3Shell Course 4, A4AR TC128-Grade 3.
a) X100 b) X500 Etchant: Nital : :



Figure 19. Photomicrographs of Plate Sample No. 16A, Tank
Car IMCX 2513, Shell Course 4, AAR TC128-Grade 8.
a) X100 b) X500 ZEtchant: Nital )
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Figure 20.

Photomicroghaphs of Plate Sample No. 20A-A,»Tank
Car UTLX 28727, Shell Course 3, .L\AR‘TC128-Gr,'ade B.

a) X100 b) X500 Etchant: Nital




Figure 21,

Photomicrographs of Plate Sample No. 20A-B, Tank
Car UTLX 28727, Shell Course 2, AAR- TC128 ~Grade B.
a) X1OO b) X500 Etchant: Nital
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Figure 22A. Charpy V-Notch Test Results for CVN ID 2, Plate Sample 2,
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Figure 22B. Charpy V-Notch Test Results for CVN 1D 2,. Plate Sample 2,
" AAR TC128-Gr'ade A, Shell Course 2 :
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* Figure 23A. Charpy V-Notch Test Results for CVN ID 3.
" AAR. TC128-Grade A. Shell Course 5.
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Figure 23B. Charpy V-Notch Test Results for CVN ID 3, Plate Sample 3,

" AAR TC128-Grade A, Shell Course 5.
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_Figure 2U4A. Charpy V-Notch Test Results for CVN ID y,

" -AAR TC128-Grade A, Shell Course- 3.
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Figure 2UB.. Charpy V-Notch Test Results for CVN ID &4,
" AAR TC128-Grade A,. Shell Course 3.
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‘Figure 25A. Charpy V-Notch Test Results for CVN ID. 5, Plate Sample 16A,
© AAR TC128°Grade B, Shell Course 4«
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Figure 25B. Charpy V;Notch Test Resutls for- CVN ID 5,
" AAR TC128-Grade B, Shell Course 4.
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Figure 26A. Charpy V-Notch Test Results for CVN ID 6, Plate Sample 17,

* AAR TC128 -Grade A, Shell Course 2.
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Figure 26B.. Charpy V-Notch Test Results for CVN ID 6, Plate Sample 17,

" AAR TC128-Grade ‘A, Shell Course 2.
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Figure 27A° Charpy V-Notch Test Results for CVN. ID 79 Plate Sample 20A-A

AAR TC128-Grade B, Shell Course 30
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Figure 27B. Charpy V-Notch Test Results: for CUN ID 7, Plate Sample 20A-A,

* AAR TC128-Grade B,. Shell. Course 3.
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Figure 28A. Charpy V-Notch Test Results for CVN ID. 8§, Plate Sample 2'0A-B,

* AAR TC128-Grade B, Shell Course 2.
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Figure 28B.. Charpy V-Notch Test. Results for CUN ID 8, Plate Sample 20A-B,

" AAR TC128-Grade B, Shell. Course 2.

'O SPECIMEN IDENTIFICATION

00.

- © 16 'S.PECIMENS. TL ORIENTATION
4 8 SPECIMENS. LT ORIENTRTION

3;7. S SP" 0 | S|2. 5 715. 0 8.7, S 1

SHEAR FRACTURE APPEARANCE

A
25. 0

12.5

0

— T}

20,0 5200 1200 %0.0 80. 0
TEST TEMPERATURE (F)

54

180. 0

N
280.0



“Figure .294. Charpy V-Notch Results. of Transverse Specimens Taken from
* Seven Shell-Plate Samples of AAR TC128 Steels.
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Figure 29B.. Charpy V;Not,ch Results of Transverse Specimens Taken from
" Seven Shell-Plate Samples of AAR TC128 Steels.
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Appendix B

Observed. and Calculated Values. of Energy Absorption and Shear Fracture
Appearance in CVN Tests: Results for CVN ID 2, Plate Sample 2.

Energy Absorption: in Transverse Specimens A3
Shear Fracture Appearance in Transverse Specimens AL
Energy Absorption in. Longitudinal Specimens A5
Shear: Fracture Appearance in Longitudinal Specimens A6



“LfCHARPY V-NOTCH :FE ST~ RESULTS FOR PLATE SAMPLE 2, A SHELL PLATE
... OF-ARAR TC123-GRADE “A STEEL TAKEN FROM TANK- CAR IMCX 251
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’CHARFY V-NOTCH TEST RESULTS FOR PLATE SAHPLE 2s A SHELL PLATE
OF AAR TC128-GRADE A STEEL TAKEN FROM TANK-CAR IMCX 2513
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Appendix C

Observed and Calculated Values of Energy Absorption and Shear Fracturé
Appearance in CVN Tests: Results for CVN ID 3, Plate Sample 3.

Energy Absorption in Transverse Specimens

Shear Fracture Appearance in Transverse Specimens
Energy Absorption in Longitudinal Specimens

Shear Fracture Appearance in Longitudinal Specimens
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CHAREY V-NOTCH TEST RESULTS FOR PLATE SAMPLE 3' A SHELL PLATE

. OF ARAR TC128-6RADE A STEEL TAKEN FROM TANK-CAR IMCX 2513
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CHARFY_V-NOTCH TEST~RESULTS FOR PLATE SAHPEE.3.'A

SHELL PLATE

Of AAR TC128-GRADE A STEEL TAKEN FROM TANK-CAR IMCX 2517
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"{;CHARPY V‘NOTCH TEST RESULTS FOR: PLATE SAMPLE 3, A SHELL PLATE
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CHARFY _V~NOTCH TEST R'ESULTS. FOR PLATE SAMPLE 3, 4 SHELL PLATE
OF AAR TCT128-GRADE "A STEEL TAKEN FROM TANK-=CAR IMCX €513
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Appendix. D ‘

Observed: and. Calculated Values: of” Energy Absorption and Shear Fracture
Appearance in CVN Tests: Results. for: CVN ID. 4, Plate Sample 12.

_Energy Absorption in Transverser Specimens ‘ A13

Shear' Fracture Appearance in Transverse- Specimens Al
Energy Absorption in Longitudinal Specimens ' A15
.Shear- Fracture Appearance in Longitudinal Specimens A16



CHARFY.-V-NOTCH TEST RESULTS fOR PLATE SAMPLE 12, A SHELL PLATE
QF AAR TC123-GRADE A STEEL TAKEN FROM TANK~-CAR IMCX 2827
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CHARFY N-NOTCH TEST RESULTS FOR PLATE SAMPLE 12, A SHELL PLATE
OF AAR TC128-GRADE A STEEL TAKEN.- FROM TANK-CAR IMCx 2827
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. CHARFY H-NOTCH TEST RESULTS FOR PLATE SAMPLE 12, A SHELL PLATE
QF AAR TC128-GRADE A STEEL FROM TANK-CAR IMCX 28327
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SFECIHEN . TEMFERATURE(F) OBSERVED ENERGY CALCULATED ENERGY
' < ABSORPTION!FTvLB) ABSORPTION(FT LB)

4L ~10.0 1€ Sﬁ ' 10.8

4L 2 20.0 12.50 © 21.0

s 3040 16450 2140

4t s - - 700 48,00 4 2G9.7

413 110..0 55.00 . 6062

4L 7 1%0.0 70.50 : ' £9e6 -

- 418 1900 71400 7047

TRANSITION REGION, CALCULATED VALUES

ENERGY C ALCULATED / TEMPERATURE CALCULATED EMNERGY
. ABSCRPTION TEMFERATUREC(CFY / (F) ABSORPTIONCFT-LB)

1G.0 =15,.3 / -10.0 10.8
1590 : ’ . ’0-6 l "150 1‘106
cCell , 2742 / o0 1246
258 4Q .2 / S0 13.7
1%.C ' 1.2 / 15.0 1642
40,0 70.5 / 20a0 17.6
QS «d 79 oé / 25.0 . 19 -‘,2

~ 50.G 88 ¢ 8 / 30.0 211G
e G8,.5 / 35.0 2249
6040 109 o6 4 49.0 | 2449
€5.0 124 .0 / 4540 2741
700 155.2 / 5C0.0 294
/ 55.0 31.8

/ €240 244

! €%.0 ' T7.0

/ 7G40 39.7 .

/ 75.C b oS

! 8.0 4%.2

/ 8540 484G

A-15 -



CHARFY V-NOTCH TEST RESULTS FoR PLATE SAMPLE 12; A SHELL PLATE
: OF AAR TC128-GRADE A STEEL FROM TANK-CAR IMCX 2827

-‘ CALCULkTION$ FOR SHEAR FRACTURE APPEARANCE DATA OF
& SPECINENS, LT URIENTATION :

’SPECIPEN: TEQPERATURE(F) OBSERVEB SHEAR CALCULATED SHgAW®R
. e . ERACTURE (2)  FRACTURE (%)
72 , '-“Ooﬂu J : - <000 : ’ e ?

. ALé& ' - =10.0" - 3.00 563
4Ls : ’ 33.0 co 31.00 “ 2T.8
“te 70..0 o 60400 o 5644
413 7 110.0 : . 79.00 89.9
4L S 150.0 4 100.00 : 100 .0

TRANSITION REGION, CALCULATED VALUES

% SHEAR: ' ‘CﬁLfULATFB~. TEMPERATURE CALCULATED SHEAR

I

FRACTURE .- TEMPERATUREC¢F)Y / {F) ' FRACTURE(Z)
-2 ol -311.3 ! =30.0 . % |
Sel . "11t3 / -250 . 27
10.& ’ 6 o4 i "ZVD.G‘ Jeb
150 , " 18.1 / -15.0 - . “4e3
SSQG 102 «1 / -t.0 ) &5
$8.0 . 122.8 / 1%.0 - 1.4
/ ¢0.0 16.0

/ 25.0 18.7

/ 3C.0 21.8

/ 35.0 2542

/ 43.0 28«9

/ 424G : 32.9

/ 50.0 37.2

/ 55.0 h1.7

/ €0.0 48,5

! 65.0 51e4

A-16



Appendix E

. Observed and Calculated Values of Energy Absorption and Shear Fracture
Appearance in CVN Tests: Results for CVN ID 5, Plate Sample 16A.

Energy Absorption in Transverse Specimens . A18
Shear Fracture Appearance in Transverse -Specimens A19
Energy Absorption in Longitudinal Specimens A20
Shear Fracture Appearance in Longitudinal Specimens ~A21

A=17



CHARFY- V~-NOTCH: TEST R ESULTS FOR PLATE SAMPLE TéA, A SHELL PLATE I

OF AAR TC122-GRADE B STEEL FROM TANK-CAR IMCX. 2513 ) .
CALCULATIONS FOR ENERGY. ABSORPTION. BATA 13
16 SPECIMENS, TL. ORIENTATION '

| ,S.PECIHEN' TEHPER‘ATURE&F), OBSERVED ENERGY CALCULATED ENERGY

. ,"‘ABSORPTION(FT-LB) - ABSORPTION(FT-£8)
5712 -90.0 = 2.50 4eQ
5715 -50.0 . 7.00 6e0
572 -10.0 750 9.8
574 . -10.0 o 9 so 9.8
577 33 o ) ' 155 Q 16 5‘1‘
5714 - ‘36.0 18.00 16e1
5710 : o 700 . 245D - 2646
57111 o 70.0 o . .28.00 24a6
575 '110.3 , 30.50 33.9
573 . 150 .0 - 43.00 41,3
5TT . 190.0  45.5¢ 45 e1
5716 - 1900 47400 T 4Se1
576 o 220.0 43,50 63,5

TRANSITION REGIQN, CALCULATED VALUES

ENERGY: CALCULATED

/  TEMPERATURE CALCULATED gEMNERGY
ABSCRPTION TEMPERATURE(F) / (F) ABSORPTIONCFT-LB)
SQG ' -66 0-5 A I ‘60.0 . 5.4
100 8.7 / -50.0 6.0
150 2he1l / =400 é.8
cQ e . 4G o 4 / -330.0 {7
2508 ?1 e b [ ‘20.0 . 8.7
33.{} ’ 0208 , ‘13.0 908
'“:oc 11409 / OQ 11-2
“C.C 141-4 / 1‘300 ‘ 12.6
45 o 189 « 0 V] 20.0 1443
¢ 3.0 161
/ 4040 18.0
/ 50.0 20«1
/ 0.0 2263
/ 700 2heb
/ 8Q0.0 294
/ 100.0 2317
/ 110.0 3.9
/ 1280 T6e1
! 1300 280

A-18
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B et e e e e e v e o e e

" CHARPY 'V=-NGTCH TEST RESULTS I‘OR PLATE SAHPLE 16A, A SHELL PLATE '
K 0F AAR TC128-GRABE B STEEL FROM TANK-CAR IMCX 251 A

CALCULATIONS FOR ENERGY: ABSORPTION: D&TA Of
: 8 SPECIHENS, LT ORIENTATION '

L
3

'SPECIEEN TEMPERATURE(F)' OBS‘RVED ENERGY CALCULATED ENERGY

. N , » "ABSORPTION(FT-LB) AB SORPTION(FT-LE)"
S 5L8 C=50.00 : - 5,00 ‘e 51
- ' - =10.0. ; 8.00 - . 8e%
LS , 200 - S0 28450 0 _ 24t
5L3 _ 700 . 43,00 . 499
5L4. o 110..0° ' 73.00 715
SLé 150.0 © 76400 797

- 5k1 .- 19040 "81.001 L 8049

TRANSITION. REGION, CALCULATED VALUES

ENERGY ' " CALCULATED

. & TEMPERATURE . CALCULATED ENERGY

ABSORPTIOGN TEMPERATURECGFY / (F) ABSORPTION(FT-LB)
10 .U -5 - I '.G ?1 4
15.0 106 / 5.0 . 13.0
25. 315, ! 15.0 1648
3«0 _ 47 8 / 25.0 ' 21e5
4Ce0 ’ 55 .3 / 30.0 2641
45,0 6247 / 35,0 27.0
S8.0 . 1 / 40.0 3040
55.0 . TP .8 { 45,0 23.2
0.0 - 86 .0 / SCe0 : 36eh
éEiG ' 9502 I 55 0 ’ 39:8
8840 154« /! 73.0 6G,9
. J 75.0 52,2
/ &30 4.4
/ &85.0 5G4
/ 90.0 , 622
/ 95.Q €4.9

A-20
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CHARFY V-NOTCH TEST RESULTS FOR PLATE SAMPLE 16A, A SHELL PLATE
OF AAR TC128-GRADE B STEEL FROM TANK-CAR IMCxX 2313

. CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DA TA OF
" ® SPECIMENS, LT ORIENTATJQN

SPECIMEN TEFFERATURE(F) ‘OBSERYED SHEAR | CALCULATED SHEAR

- ERACTURE (2) ‘ FRACTURE (Z)
L8 =£0.0 - 1.00 308
SL? . °1C G ' 10.00 : 9l
Sty 20«0 1€ .00 2363
5L2 - 30.0 | 35.00 23,3
5'.3 70-0 41000 6933
St4. 110.0 8%.00 8Q.4
5Lé . 3 50 o0 $5.00 ) 9704

St - .150.C : 1G0.00 o 100-+0

TRANSITION REGION, CALCULATED VALUES

TEMPERA TURE CALCULATED SHEAR

%Z SHEAR CALCULATED /
FRACTURE : TEMPERATURE(F) / (E) FRACTUREIZR)

9.0 =26 «3 / '30.0 5.8

’Goﬂ =763 / =2%40 65
1.0 10 .1 / =200 ' Teb
SG'G : 7069 / -15.0 . 843
85.Q 117.3 / -1300 Ged
QQ.O ) 126.8 4 -S.G 70.&
S50 139 .8 / o0 11.9
58,0 152 .4 / SeC 13.2

/ 20.0 18,8

/ 25.0 20.9

¢ 3040 23,3

/ 3543 2545

! 40,0 2847

! 45,0 31e6

/ 2.0 T4.8

/ 550 3862

/ €00 £1.7

/ 6S.C A5 .5

A-21



Appendix F

Observed and. Calculated Values of Energy Absorption and Shear Fracture
Appearance- in CVUN Tests: Results for CVN ID 6, Plate Sample 17.

Energy Absorption in Transverse Specimens. A23
Shear Fracture Appearance in Transverse Specimens A24
Energy Absorption in Longitudinal Specimens A25
Shear Fracture Appearance in Longitudinal Specimens A26

A-22



CHAR

‘SPECLMEN

6T4
€72
67113
6T1¢
79
6112
ETé

. 618

£ET15

- 6T3

¢15
61?7

&T14

6T11
ETY

FY- ¥=NOQTCH TEST RESULTS FOR PLATE SAMPLE 17, A SHELL PLATE
’ OF AAR TC128-=6RADE A STEEL - EROM TANK=-CAR IMCX 2827
CALCULATIONS FOR ENERGY ABSORPTION DATA OF

- 4& SFECIMENS, TL

6T16

ENER

ASBSORPTION

GY

5.0
10.0
15.C
2Cef
¢S, 0
3iC.0

TEMPERATURE(F)

"‘;‘0‘. 0:
°Saoo :
°1000,
‘10.3
20 .0
Q.0
70 .0
70 .0
11G.0
110.0 .
150.0

150.0
- 1%0.0

190.0

230.0

CALCULATED

ORIENTATION

OBSERVED ENERGY

ABSORPTION (FT-LB) .

TRANSITION ReGION,

TEMPERATURE(F)

=732
23
40 & 8
71eé
101 <4
138.2

A-23

S Ty S e tm N Me T e TR e Tme YR Yw e T T e Yw e Ymy W

3.50
5«50
7.50
%.00
10.50
10.50-
12.50
17.50 .
18.00

- 226508

23.00
30450
32050
34,00
34.00
33.00

CALCULATED VALUES

TEMPERATURE
(F)
°79.Q
=600
-50.0
-5000
-38.0
'22 CCO
=1C.0
«G
12.0
200
'30-0
4C.0
50.0
€0.0
700
800
8C.0
130.0

11C.0
12060

CALCULATED ENgRGY
ABSORPTIONCFT=LB) .

4e5
6.0
60
8.8
Ge8
1304
13.4
19.7
1917
2663
2643
31.1
31:T
3362

3362
336

CALCULATED. ENERGY
&BSORPTION(FT-LE)
Sel
Sed
6ol
&5
7e2
7.9
8.8
F«8
109
121
12.4
14.9
164
1841
1%9.7
21e4
23.1
2648
2€e3
2748



"QF  AAR TC128‘GR#DE A STEEL FROM TANK-CAR IMCX 2827
CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF '
1€ SFECI%CNS, TL. GRIENTATION

CHARFY. V‘NOTCH TEST RESULTS. FOR PLATE SAMPLE 17, A SHELL E’LATE l

'SPECINEN__ TEHFERATURE(F) OBSERHEB SHEAR‘ CALCULATEB SHEAR

- o . ' FRACTURE (2) . FRACTURE (Z)

T4 ) _ .- 9603 : «00Q - e [0'~
6713 ‘o -50.04 T 00 ’ 1 5
e¥10 -“10.0 - c.00 : ) 48
&1y - =10 .0 . 5480 i 4e8
L ETE 3040 - 15,00 13,7
éT8 70.0 30.00 | 2.6
6715 . 7040 . 30.00 - 3246
613 o , 110.0 "~ 55.00 . : 2.2
€15 o - 1T10.0 : '55.00 : : 2.2
e17 . 150.0 o 8%.00 88..9
6TY4 1500 _ o $3.00 o © 8849
ETTY 1 90.0: S $7.00 o 9843
6Tt 190.0 | 100.00 | 98.3
-2 & 1. 230.0 100.00 99.0

TRANSITION REGION, CALCULATED VALUES

% SHEAR CALCULATED TEMPERATURE CALCULATED SHEAR

/
FRACTURE - TEHPERATURE(E) / - (F) - FRACTURE(X?
Z.O . "48 C I ‘3008 2.7 v

S..G - '8 t.? - F§ "’20.0 . 3.6
106 : 17.3 / ~-10.0 ‘ 4.8
1540 33,5 / ~ oD 6ol
50e¢ G4 .45 / 10.0 ‘ 8.3
SS‘C 16204 / 20.0 1007
5Ce0 ' 15245 / q,.O C 13.7
5. E , 1672 / .0 , 17.32
/ 70.0 3ce6
! ECel 353
/ $0.0 YT
/ 1C0.0 S4.3
! 1190 ' €242
/ 120.0 7G.0
! 130.0 77e2
/ 14049 8Ze6
z 150.0 B&Y

/

1€0.0 929

A-24



.*,;CRARFY V*NOTCH TEST RESULTS FOR PLATE SAMPLE 1?. A SHELL PLATE
; OF AAR TC128<GRADE A STEEL FROM TANK-CAR IMCX 2827

?*ﬁancuLArlous FOR ENERGY ABSORPTION DATA OF
i & SPECIMENS LT CRIENTATION:

. SPECIMEN. TEMPERATURECF) OBSERVED ENERGY CALCULATED ENERGY

0l : : S ABSORPTION(ET-LE) ~ ABSORPTION(CFT-=LB)

 GES - ' -"0 {0 o ‘74%0 £33
&Ls ‘ '30.0’ 15.00 . 14.5
6L 6 110.0 5C.00. 45,9

&Ly 130.0 ' 49.50 49.7

TRANSITION REGION, CALCULATED VALUES

ENERGY CALCULATED /! TEMPERATURE CALCULATED ENERGY
- ABSORPTION TEMPERATURE(FY / (F) ABSORPTION(FT-L3)

1.0 o3 / 19.0 11.1
15.0 2.2 / 15.0 11.7
20.0 . 49.2 ! 20,0 12.5
2546 £1.9 / 25.0 13.4
3040 72.8 J 3.0 . 14.5
3540 831 / 35,0 15.7
40.0 $3 .3 ! 40.0 17.1
45.C 107.1 / 45.0 18.6
7 50.0 20.3

/ ss.o 222

/ 740 2402

! e ;) : 2644

/ 70.0 28.7

/ 75.0 - 3141

! 80.0 13.5

! 8540 35.9

/ 90.0 3843

/ 950 4045

/ 100.0 425

/ 105.0 4443

A-25



CHARFY V-NOTCH TEST R-ESYULTS FOR PLATE SAMPLE 1?, A SHELL PLATE .
OF AAR TC128~-GRADE A STEEL FROM TANK-CAR INCX 2827

CALCULATIONS. FOR SHEAR FRACTURE APPEARANCE BATA. OF ’

. & SPECIMENS, LT OQIENTATION '

" SPECIMEN TEMPERATUEE(!) OBSERVED SHEAR CALCULATED SHeAR

_ "FRACTURE (%) FRACTURE (Z)
&L 4. : -10.0 ) T<00. ) 2e2
6L 3 : 700 . - 25,00 34e6
- &L 1 ’ 73 <0 . 25400 o 3446
éL?Z SQ.0 §%.00 - 520
L6 110.0 73.00 | 68 ok

Ly . 150.0 80.00 7645

TRANSITION REGION, CALCULATED VALUES

% SHEAR - QALCULATED / TEMPERATURE CALCULATED SHEAR

FRACTURE TEMPERATURECE) / (F)_ FRACTURE{(Z)
2.0 -12..5 / -10.0 , 2.2
5«0 10 o5 / ,-. o] . 2el
10.0 ' 29 . 4 / o0 - 3«3
1549 413 / 5.0 4.0
3Ce0 . 36 .8 / 0«0 449
50,0 ‘ 150 .0 / 2304 71
9540 150.0 / ' 25.0 86
§2.C 150 .0 / 30-0 ) 1042
- / | 35.0 1241

/ 4720 144

! 4.0 1669

/ - 50.0 19.8

B / 5540 23.0
/ 0.0 265

/ €540 . 304

/ 7.0 34,6

f 7.0 3961

/ 80.0 43.7

! 23.0 _ : 48 +4

A-26



Appendix G

Observed and Calculated Values of Energy Absorption and Shear Fracture
Appearance in CVN- Tests: Results for CVN ID 7, Plate Sample 20A-A.

Energy Absorption in Transverse Specimens A28
Shear Fracture Appearance in Transverse Specimens 429
Energy Absorption in Longitudinal Specimens A30
Shear Fracture Appearance in Longitudinal Specimens A31

A-27



ENERGY - CALCULATEEL /! TEMPERATURE CALCULATED ENERGY
ABSQRPTION .wmxnmxbﬂcwmamw / (F) ABSORPTION(FT-LB)

s . =24 .7 / IWDQO ) , 543
aWnD : R WN.OM \ |NDQO . ] Oo.—
20.0 S S8 ! -15.0 Y
NM.O : r Y / =100 ) 7.2
Mmﬂo 4 ON.Q \ |moo N.m
wm-@ ! abmnm / OO w.w
/ : el Gl

Wi 12.0 10.0

! 15.0 1C.9

/ 20e0 11.8

/ 2540 : 1249

/ 20.0 140

/ 35.0 15.2

} 40.0 16.4

/ T 45.0 - 1747

/ 0.0 19.G

} 553 20e4

/. 0 21.8

/ 5.9 232

A-28



nz>z14 <leAnI TEST RESULTS FOR PLATE SAMPLE Z0A-A, » SHELL PLATE
- QF AAR TC128-GRADE B STEEL FROM TANK=-CAR UTLX 28727

CALCULATIONS: FOR ENERGY ABSORPTION DATA OF

1€ SPECIMENS, ﬁr ozumzﬂ»ﬂuoz

N

SPECIMEN 4m31ﬂ?>d¢3MamV~ OBSERVED. ENERGY CALCULATED mme@«
E _ S >mm¢xv:oz:7rmu RBSORPTION(FT~LB)
778 . =6040. . . ; IODO Mod“
Nﬂo, ldo .OA ddoOO NQN
7712 : 0.0 . 12.00 1460
771 0.0 14.00 ‘ 14 .0
7116 . - 70.0 . 23.00 , 2446 -
7115 | 70 .0 | 25.00 2446
7712 . 1T10.0 - ‘ 34.50 . " 2340
T3 . - Y13.0 ‘ 3%.00 S 3340
7718 - 150 .0 34.00 . . 351
M.—.da . ﬂmo .,O ’ Wm.mo NAOd
774 156 .0 C : 35.00 : : 3542

T3 - 168,60 wm-OD . 2.2

TRANSITION REGION, CALCULATED VALUES



CHARPY V=NOTCH TEST RESULTS FOR PLATE SAMPLE 20A-A, A SHELL PLATE
' .OF AAR TC1Z83-GRADE B STEEL FROM TANK=CAR UTLX 28727

CﬁLCHLATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF
1€ SPECIMENS, TL ORIENTATIOV

" SPECIMEN TEMPERATURE(F) OBSERVED SHEAR CALCULATED SHEAR
FRACTURE (%) FRACTURE (2)

719 -50.0 000 1.0
778 -9G.0 , .00 1.0
71? : "50-0 3.00 ) 4.0
7714 ~50.0 .00 ' 40
775 -~ 10 .0 » 12.00 1249
776 -10.0 13.00 125
772 330 30.00 34e0
771 '20.0 30.00 7440
7716 : 7G 0 ¢0.00 7ok
71715 © 70.0 . 6500 £744
7T12 . 110 .0 98,00 9340
7112 110.0 $5.00 63.0
re & I A 15C .0 . 96.00 98,44
7711 15040 99400 98 ¢4
774 190 .0 100.00 98,5
713 160.0 100.00 - G845

TRANSLITION REGION, CALCULATED VALUES

Z SHEAR CALCULATESD /!  TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATUREC(F) / (F) FRACTURE (X))
V 200 ’ "7&06 ! '7Co’ﬂ _‘ ¢al

> 5.9 '52 & / -60e0 2%
180 : . -19,2 / -50.,0 4o
15.3 . -4 P / "40 (3 S.‘!
Seco SO.T , ‘THQO : 703
3S'C 93-3 / -ZO., 9-8
9Ce0 1?205 / -13.C 1¢e9
‘9-.\; 1?6-6 / « 0 1¢+8
L9840 138.1 / 1¢.0 21s6
: - / . 2360 2743

/ IC0.0 3440
/ 4C.0 416
/ 50.0 45 .9
/ £d.C S8.7
/ 7C.0 6744
/ 80«0 75.7
{ 370 329
4 160.0 88,8
! 11040 32.0
/ 1200 SZ 8

A-29



CHARPY.V-NOTCH TEST RESULTS FOR PLATE SAMPLE Z0A-A, A SHELL PLATE
OF AAR TC128-GRADE B STEEL FROM TANK-CAR UTLX 28727

CALCULATICONS FOR ENERGY ABSORPTION DATA OF

8 SPECIMENS, LT ORIENTATION

SPECIFEN TEMPERATURE(F) OBSERVED ENERGY CALCULATED gNEgRGY
- . : ABSORPTION(FT-LS) ABSORPTION(FT-LB)
7L5 30.0 . 28450 216
- TLE o 30.0 3750 216
e 70 «0 - 41450 55.1
L8 o 5040 51,00 72042
L1 110.0 82.C0 T84
L4 . 150.0 81.00 _ 28145

TRANSITION REGION, CALCULATED vALUES

TEMPERATURE CALCULATED ENERGY

ENERGY CALCULATED !
ABSORPTION - TEMPERATURECE)Y / (F) ABSORPTICN{FT-LB>
Sel . =23 .4 / -23.0 503
15’.0 502 / -TSIG 5.8
150 18 .1 / =130 €e5
EG-O \ 27 .4 / —S. 70‘!
254G , 2540 / o3 8.6
I0.0 41 ¢ / 5.0 1G.3
3540 47 o € ! 1C.0 11.6€
40«0 . 52,3 / 1.3 1346
4% 4 58 « 3 / 2%.0 5.9°
$0e0 - 643 / 2540 1846
350 £9 o5 / In.0 2148
¢0.0 75 .8 ! 3.0 2% .0
€34 82 e2 / 49.0 2847
7040 89 .7 / 45,0 22.8
i5,C 59 . ¢ / SCa0 37.0
3CeC _ 11844 - 5540 4145
/ E0.0 4¢ 1
/ a0 £Ue6
! 700 5541
/ 75.C 594

A-30



CHARFY -V-NOTCH TEST RESULTS FOR PLATE SAMPLE 20A<-A, A SHELL PLATE
OF AAR TC128~GRADE B STEEL FROM TANK-CAR UTLX 28727

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF

8 SPECIMENS, LT CRIENTATION

SPECIMEN TEMPERATURE(F) OBSERVED SHEAR CALCULATED SHEAR
‘ FRACTURE (X)) FRACTURE (2)
7'.,3 ’ =00 00 106
w7 ) - 1d«0 1300 &5
75, 30 <0 18.00 21e¢2
7Lé 20.0 18.00 2162
L2 ’ 70 .0 ' " 45400 52.0
s : 60,0 : 60.00 658
4 % B 110.0 85400 233

“TLé 150.0 98.00 - 1.3

TRANSITION REGION, CALCULATED VALUES

Z SHEAR CALCULATED /! TEMPERATURE CALCULATED SHEAR
FRACTURE ' TEMPERATUREC(FY / (F) FRACTURE(Z)

2.0’ =4l o 4 / -406‘3 203
5.0 ‘1801 / -35%.0 28
1000 3.(: ] "300'0 303
15.3 1?-3 / "25.0 4.0
SG.G é? og I ’ZG-O 407
a0 11306 J -15.,0 55
30,3 131.4 ! =10.0 8eS
95‘9 15096 / -A.G Ta7
98,0 150 .0 / 0 9.0
' / 5.0 10.4
! 10.0 1261
! 1.8 14.0
! 20.0 1662
/ 250 1846
4 - 3n.0 212
/ - 35«3 2442
/ 470.0 2T+
/ 450 3049
/ $3.0 T4.7
! 55.0 38,7
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Appendix H

Observed and CalculatedValues of Energy AbSorp;ion.and Shear Fracture
Appearance in CVN Tests: Results for CVN ID-S, Plate Sample: 20A-B.

Energy Absorption in Transverse Specimens ’ ' A33
Shear Fracture Appearance in Transverse Specimens A3L
Energy Absorption in: Longitudinal Specimens A35

Shear Frgcture Appearance in Longitudinal Specimens A36
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fCWARPY*V-MOYCHfTEST'RESULTS’FOR PLATE SAMPLE Z0A=B, A SHELL PLATE
- +~QF AAR 1C1.28-GRADE B STEEL FROM TANK-CAR UTLX 28727

 CALCULATIONS FOR ENERGY ABSORPTION DATA OF
' . %6 SPECIMENS, TL ORIENTATION.

SPECIMEN  TEMPERATURE(F) OBSERVED ENERGY CALCULATED ENERGY

- ABSORPTION(FT-LB) - ABSORPTION(FT-LB)
8115 - ' = Q0. ’ 3,50 3e?
8116' . -50}0' 3.50 be7
819" 'SO.G’ 5100 ’ 457
81171 =100 ' 5.50 - 8.2
875 -10.0 9.50 8e2
871 ' 30 .0 14.50 . ' 157
874 . 3000»‘ 22&50 - 15.7
8718 : - 70.0 . 25.00 ' 27.0
877 70.0 : 2750 27.0
872 - 1100 36450 373
873 © 110.0 .. . 37.00 | 37.3
8112 : 150.0 42.00 2.1
8114 1<0.0 464400 : 2.1
37113 1%0.0 ' : 4150 , 43.0
8710 190.0 45.00 , 43.0

376 230.0 43.00 ‘ 63.1

TRANSITION REGION, CALCULATED VALUES

. ENERGY ' CALCULATED !/ TEMPERATURE CALCULATED ENERGY
ABSORPTION , TEMPERATURE(#) / (F) ABSCRPTION(FT~LB)
. %.0 C =45 ¢ % A / =40.0 S5a3
10.0» ] ' . 2-3 / ’35.0»' . Seb
]5-@ 27« / -30.0 6 e0
2640 ' 46 o 2 / -25.0 €eS
25.0 £3 o4 / -20.0 7.0
20«0 - : - 20 «S / -15.0 75
‘35«0 ) G 3 / -18.0 et
48 o0 | 126 «7 / . =Ze0 &G
: / - e .6
/ 5.0 TGe5
/ 130 1144
/ 15.0 12.3
/ 200 1364
/ 250 14.5
/ - 30.0 157
) 3540 $17.0
/ 40.0 18.3
/ 4549 1947
/ 5340 - 211
i 5S40 223
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CHARFY. V=NOTCH TEST RESULTS FOR PLATE SAMPLE 20pa-B, A SHELL PLATE _
OF AAR TC128~-GRADE B STEEL FROM TANK -CAR UTLX 238727 '

CALCULATIONS FQOR SHFAR FRACTURE APPEARANCE DATA OF Bl

16 SPECIMENS, TL CRIENTATION

SPECIMEN TEMPERATURE(F) OBSERVED SHEAR  CALCULATED SHE
FRACTURE (%) FRACTURE (2)

8115 =500 arysie

8716 -1000 ’ 3.90

879 - 53§ 3.00

8111 -18.0 800

8§15 -10 .0 10.00

ET1 , 0.0 28400

8714 ‘ Z0 .0 25.00 .
818 70 0 43.00 1.7
872 ' ' 110.0 - 82.00 8147
8713 1100 82.00 8%1e7
8112 . 1¢3.0 32.00 96+ €
8114 _ 153.0 10000 98e6
87112 190 .0 100400 ) 38«6
8710 190.0 1G0.00 : 88,6
81¢ 220.0 100.00 ' 98 4.6

TRANSITION REGION, CALCULATED VALUES

A SHEAR CALCULATED /- TEMFERATURE CALCULATEDR SHgAR
FRACTURE TEMFERATURE(F)Y / (F) FRACTURE(X)

20 -£h o7 ! -60 40 2s3
SaL =33 .7 /. "SG-O V 3.1
1000 '802 / -(4'].9 402
15.{} 8.5 / " "3’300 Seé
S¢.0 £7 &5 Y -20.0 ' 73
85-5 115-@ / '13.0 . 9s6
50.0 125.5 / e 123
550 141.7 /. 13.0 1547
98,0 163 45 / 20.0 19.8
/ 30.0 24 47

/ 0 304

! 53.0 T &8

/ 6Ce0 £4.C

! 70eC 51.7

/ 80«0 SG.¢€

/ 93.0 €7.5

/ 100.0 75.0

/ 11Q. 21.7

/ 12G-O 87.32

/ 13040 218
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CHARPY V~-NOTCH: TEST R'ESULTS FOR PLATE SAMPLE 20A=8, A SHELL PLATE
: ‘ OF AAR TC128-GRADE B STEEL FROM TANK~-CAR UTLX 28727

CALCULATIONS FOR ENER'GY ABSORPTION DATA OF
8 SPECIMENS, LT CRIENTATION

SPECIMEN

8?7

.88
8t 2
8L 4

&Lt
L5
gL3

L6

ENERG Y

- ABSORPTION

10.0
1540
iC.0
258
3.0
5.0
4Ge0
450
5040
55.4C
€048
65,0
7040

'7505

800
85.0
- $0e0

$5.C

1¢0.0

"TEMPERATURE(F):

= 50e0.

-13 40
30.0
70 .0
70.0

110 .0

-1%0.0

19040

CALCULATED
TEMPERATURE(F)

19 €
1.C
8.7
5.0
50 ez
€S .1

- -

59.6

£3.68

67%§

71t§'
759

79 %S
84.+0
28 3
92 4L

9847

104 ¢ 2
111?5
12&3?

OBSERVED ENERGY
ABSORPTYION(FT-LS)

TRANSITION REGION,
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, . . .

5.50
5,50
14.50
51.00

) 54000
54.00
101.50Q
105450

TEMPERATURE

(F3

20«0
25.0
300
35.0
49040
45.0
50.0
5540

"60e0

65,0
- 700
7%e0

80.0

85.0
- 900
© 950
100.0
105.0
110.0

11540 B

CALCULATED ENERGV“
ABSORPTION(FT-LB)
565
57
1445
52«6
€206
93.9
103.3
103,.5

CALCYLATED VALUES

CALCULATED ENERGY
ABSOPPTION(fT‘LB)

1001
121
14.5

1764
20e9
25.0
297 " -
3448
4C.5
bEeb —=
SZeé
8.9
651
"Tlec
7648
&cel

Y Y
0.6
93.9
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CHARFY V-NOTCH TEST RESULTS FOR PLATE SAMPLE 2(CA-3, A SHELL PLATH
CF AAR TC128-GRADE B STEEL FROM TANK-CAR yUTLY 28727 l

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF
& SPECIMENS, LT CRIENTATION

SPECIMEN TEMPERATURE(F) OBSERVED SHEAR CALCULATED SHEAR
. ERACTURE (%) FRACTURE (X)
8L7 ’ 'SO-O «CQ0 1.0
&L 8 =1Q.0 5.00 ’ 446
gL ¢ 20 <0 1€.00 1742
3L 4 70 .0 42,00 48.8
£t : 70 .0 48 .00 42 .8
&L3 150 .0 38.00 G8.8
gL ¢ 1¢0.0 160.C0 990

TRANSITION REGION, CALCULATED VALUES

X SHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR

FRACTURE TEMPERATURE(F) / (F) FRACTURE(X)?
2.8. -32.1 / -330“3 £e¢2
' =7 o4 / -2%.0 26

1 o8 / -2040 302

ZS o & / "1596 3-8

7162 / -12.0 beb

f "SlC’- 51‘6

! €eS

. 7.7

el 9.1

/ 12.¢€

14.7

o - 17.2
I - 16.5
o Joee 23.C
- 2€45

: L 7543
' / 3444
/ I8,9

/ 43,7

........
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