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MECHANICAL PROPERTIES AND FRACTURE
TOUGHNESS OF AAR TC128 GRADE B STEEL
AND A MICRO-ALLOYED, CONTROL-ROLLED

STEEL, A 8XX GRADE B, FROM -BCF to +73°F

George E. Hicho and John H. Smith

Mechanical Properties and Performance
Metallurgy Division

National Institute of Standards and Technology
Gaithersburg, MD 20899

INTRODUCTION

The Association of American Railroads (AAR) Tank Car Committee recently asked
the RPI (Research Progress Institute) -AAR Tank Car Safety Project to

investigate the properties of micro-alloyed steels and the potential for
using them as replacements for conventional tank car steels. An extensive
test program was conducted by the RPI-AAR to identify candidate new steels.
It was concluded the control-rolled steels of the Cb-V type showed superior
weldability and improved toughness at low temperatures. Hence,
specifications were developed for these micro-alloyed steels, and material
was prepared and tested by members of the RPI-AAR Tank Car Committee.

In conjunction with the RPI-AAR research, the Mechanical Properties and
Performance Group of the National Institute of Standards and Technology,
(NIST, formerly the National Bureau of Standards) was asked by Ms. Claire
Orth, Chief of the Safety Research Division of the FRA, to develop, in

addition to the AAR's Tank Car Committee, a mechanical property and fracture
toughness data base for a newly developed, control-rolled, micro-alloyed Cb-V
steel, A 8XX grade B. A similar data base was requested for normalized AAR
TC128 grade B steel which is currently used in the manufacture of ail new
tank cars

.

EXPERIMENTAL PROCEDURE

In order to test comparable material, Mr. T.H. Dalrymple, Chief Engineer of
the Union Tank Car Company (UTC) and a member of the Tank Car Safety
Committee, obtained for NIST four plates of the micro-alloyed, control-
rolled A 8XX grade B steel similar to that used in their research program.
UTC also furnished NIST four plates of the nomnalized AAR TC128 grade B

steel similar to that which was required for tank car construction as of
January 1, 1989. The UTC purchase order to the Bethlehem Steel Company for
the steel is shown in Appendix Al

.

There were eight plates of steel received at NIST. Four plates were AAR
TC128 grade B steel taken from heat number 803A66600, and four plates were A
8XX grade B steel taken from heat number 803A71430. A representative



specimen used for the determination of chemical composition of each heat of
steel was sectioned from the as-received plates. Microscopic examinations
were conducted on all of the as-received plates in order to determine the as-

polished and etched microstructures. These same samples were used to

determine each steel's ferrite/pearlite grain size and the primary rolling
direction of each plate.

Coupons representing both the ASTM LT and TL orientations (see Appendix 2 for
test specimen orientation diagram) were sectioned from both steels and used
for the preparation of mechanical property and fracture toughness specimens.
In the ASTM LT orientation (conventionally referred to as "longitudinal"
specimens) , the long axis of the specimen is parallel to the rolling
direction, and in the TL orientation (conventionally referred to as

"transverse" specimens), the long axis of the specimen is perpendicular to

the rolling direction. Because of limited plate thickness (plates were 9/16
inch thick), standard tensile test specimens, 1/4 inch in diameter with a

gage length of one inch, were prepared according to ASTM designation A370-88.
Duplicate tensile tests, for both the LT and TL orientations, were conducted
at temperatures from -60°F to +73“?. Charpy V-notch impact (CVN) specimens
were prepared from both the LT and TL orientations and tested according to

ASTM designation E23-88. Duplicate CVN impact tests were conducted at
temperatures from -73“F to +71°F. J-integral test specimens, IT- (full plate
thickness), were prepared according to ASTM designation E813-88 and tested at
temperatures from -63°F to +73°F. Nil-ductility transition temperature test
specimens were prepared according to ASTM designation E208-87. Crack-tip
opening displacement (CTOD) specimens were also prepared according to ASTM
designation E1290-89 and tested at temperatures from -80°F to +73“F.

Steels received for mechanical property and fracture touehness tests

The Report of Test and Analyses as supplied by the Bethlehem Steel
Corporation's Quality Assurance Department is shown in Appendix 3. Included
in the test report, along with mill particulars, are the room temperature
tensile properties, and the longitudinal (L) impact properties at -50“F. The
chemical composition of each steel is also shown.

For identification purposes, the control-rolled A 8XX grade B steel plates
with Bethlehem heat number 803A71430 stenciled on them were labeled A, B, C,

and D, and the normalized AAR TC128 grade B steel plates with Bethlehem heat
number 803A66600 stenciled on them were labeled E, F, G, and H. The heat and
check chemical analyses for each heat of steel, plates A and E, as determined
by NIST and the Bethlehem Steel Corporation, along with the AAR chemical
composition requirements for each steel, are shown in Table 1.

The chemical composition determinations, in particular the low sulfur
contents and the presence of calcium, revealed that both of these steels were
made using inclusion shape control practice (1). In conventionally processed
steels, the sulfide inclusions are elongated in shape. However, if the final

sulfur is 0.010 weight percent or less, the steel was probably desulfurized
either in the hot-metal stage or by using steel-ladle metallurgy techniques.

The desulfurization by Ca-Si injection usually leads to low sulfur and round

inclusions. These round inclusions have a significant effect on the isotropy
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of the impact properties of the steei. The presence of the low sulfur and

the calcium suggested that the AAR TC128 grade B steel was made using
inclusion shape control practice and may have better notch toughness than the

steel normally used in the manufacture of tank cars. Similar chemical
composition determinations, i.e., the presence of calcium and low sulfur,

were obtained for the A 8XX grade B steel. These results suggest that this

steel was also made using inclusion shape control practice.

MICROSCOPIC EXAMINATIONS

As-polished microstructures of the A 8XX and AAR TC128 steels

Figure 1 shows comparative photomicrographs of typical manganese inclusions
observed in a conventional steel and the complex Ca-S-Al-0 non-metallic
inclusions (2) observed in the steels examined in our study and normally
observed in Ca-treated steels. In the conventional steel, figure la, the
inclusions are elongated in the rolling direction, whereas in the A 8XX and
AAR TC128 steels, figures lb and Ic, respectively, the inclusions are round
in shape. The rolling direction is shown by the arrow in each
photomicrograph

.

Etched microstructures of the A 8XX and AAR TC128 steels

Figure 2 shows the etched microstructures observed in three orthogonal
directions for both the A 8XX, plate A, and AAR TC128, plate E, steels. Both
microstructures are composed of ferrite plus pearlite. The dark constituent
in the photomicrographs is the pearlite, and the light area the ferrite. The
pearlite observed in the A 8XX steel is larger and coarser than that observed
in the AAR TC128 steel. The ferrite grain size observed in the AAR TC128
steel, figure 2b, appears to be finer than that observed in the A 8XX steel,
figure 2a. Microscopic examinations of plates B,C, and D, which were also A
8XX steel in the etched condition, revealed that their microstructures were
similar to that observed in plate A. Similar microscopic examinations were
conducted on plates F, G, and H, which were AAR TC128 steel, in the etched
condition. The results revealed that their microstructures were similar to

that observed in plate E.

ASTM grain size determinations

The ferrite/pearlite grain size was determined for the two steels using ASTM
designation E112-88. The procedure followed is called the planimetric
or Jeffries' method, and the higher the grain size number, the finer the
ferrite grain size. In this method a rectangle of known area was inscribed
on the photomicrograph, and a magnification was selected that gave at least

50 grains per field to be counted. Two measurements made by one observer on
the A 8XX resulted in an average ferrite/pearlite ASTM grain size number of
9.5 (average grain diameter 13/im) . The measurement made by another observer
resulted in a grain size value 10.5 (9.4/im) for this steel. Similar grain
size measurements made on the AAR TC128 steel resulted in a slightly smaller
grain size number of 10 (11/im) for two observations by one observer, and a

value 11 (8/im) for a second observer.
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MECHANICAL PROPERTY AND FRACTURE TOUGHNESS TEST RESULTS

Tensile test results

Tables 2 and 3 show the tensile test results for the AAR TC128 steel, and
tables 4 and 5 show the tensile test results for the A 8XX steel, for both
the TL and LT orientations. Figure 3 shows plots of the ultimate tensile and
the 0.2% offset yield strengths for these steels as tested in both
orientations. The yield strengths of both steels decresed slightly from -

60°F to room temperature. However, as expected, the yield strength of the
control-rolled A 8XX is higher than the yield strength of the AAR TC128 grade
B steel over the test temperature range. The average yield strengths (from -

BO^F to +73°F) of specimens taken from the A 8XX steel and tested in both the
LT and TL orientations was 75.3 ksi. These yield strengths were above the
minimum room temperature yield strength of 60 ksi as specified by RPI-AAR.
The average yield strengths (from -60'’F to +73°F) for specimens taken from
the AAR TC128 grade B steel and tested in both the LT and TL orientations
were also essentially the same, 61.4 and 61.5 ksi, respectively. These yield
strengths were above the minimum, 50 ksi at room temperature, as stated by
the AAR in section M128.05 of the Manual of Standards and Recommended
Practices, Specifications for Tank Cars.

The average ultimate tensile strengths for the A 8XX grade B steel specimens
taken from the LT and TL orientations, and tested from -60°F to +73 °F, were
100.1 and 98.6 ksi, respectively. The specification for grade B of this
experimental steel requires the tensile strength to be between 80 and 100
ksi. The average ultimate tensile strengths for the normalized AAR TC128
grade B steel specimens taken from the LT and TL orientations, and tested
from -60°F to +73°F, were 86.8 and 87.5 ksi respectively. The specification
for grade B of this steel requires the tensile strength to be between 81 and
101 ksi.

Average reduction in area measurements for the AAR TC128 grade B steel
specimens taken from both the LT and TL orientations and tested from -60°F to

+73‘’F were 69.4% and 71.3%, respectively. Average elongations in one inch
for similar test conditions were 34.0% and 33.8% respectively. Average
reduction in area measurements for the A 8XX grade B steel specimens taken
from both the LT and TL orientations and tested from -60°F to +73°F were
72.3% and 71.3% respectively. Average elongations in one inch for similar
test conditions were 30.0% and 31.3% respectively. The A 8XX grade B

specification requires a minimum elongation in 8 inches of 15%, and 20% in 2

inches. The specification for the AAR TC128 grade B steel requires an a

minimum elongation of 16% in 8 inches, and 22% for 2 inches. There is no

requirement in either steel specification for a minimum in the reduction in

area

.

Impact test results

Tables 6 and 7 show the impact test results for the AAR TC128 grade B steel

for both the ASTM TL and LT orientations, respectively. The energy absorbed
and lateral expansion were plotted as a function of test temperature, and

figure 4 shows these test results. When AAR TC128 grade B steel is specified
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for low temperature service the material must be furnished normalized to meet
the CVN energy absorption requirements of 15 ft- lb minimum average of three
specimens and 10 ft-lb minimum for one specimen at -50°F in the longitudinal
direction of rolling, i.e., ASTM LT orientation. The average energy
absorbed for specimens tested in the LT orientation at -50°F was 46 ft-lb,

and the lateral expansion was 60.5 mils. For CVN specimens taken from the

ASTM TL orientation and tested at -50‘’F, the average energy absorbed was 42

ft-lb and the lateral expansion 51 mils.

Tables 8 and 9 show the impact test results for the A 8XX steel for both the

ASTM TL and LT orientations, respectively. The energy absorbed and lateral
expansion were plotted as a function of test temperature, and figure 5 shows

these test results. The average energy absorbed for specimens tested in the

ASTM LT orientation at -SO^F was 12 ft-lb, and the lateral expansion 36 mils.
For CVN specimens taken from the ASTM TL orientation and tested at -50°F, the
average energy absorbed was 28 ft-lb and the lateral expansion 47 mils. The
impact test results show that at low test temperatures, i.e., from -70°F to

about -22 °F, the impact properties of the normalized and inclusion shape
controlled AAR TC128 grade B steel were better than those obtained for the
control-rolled and inclusion shape controlled A 8XX grade B steel.

Nil-ductility transition (NDT) temperature results

The method followed is specified in ASTM designation E 208-87. This test was
conducted to determine the nil-ductility transition temperature for the AAR
TC128 grade B and A 8XX steels examined in this study. The drop-weight test
employs simple beam specimens specially prepared to create a material crack
in the tensile surface of the specimen at an early time interval of the test.

The test is conducted by subjecting each of a series of specimens of a given
material to a single specified impact load at a sequence of selected
temperatures to determine the maximum temperature at which a specimen
fractures in a cleavage or brittle-like manner. Tables 10 and 11 show the

NDT test results for steels AAR TC128 and A 8XX, respectively. The NDT
temperature for the AAR TC128 grade B steel was found to be -40°F and the NDT
temperature for the A 8XX steel was -lO^F.

J-integral test results

The single specimen, compliance method was used to determine the Jjc- The
test method defined by the ASTM in designation E 813-88 covers the
determination of which can be used as an engineering estimate of fracture
toughness near the initiation of slow stable crack growth for metallic
materials. This type of fracture usually occurs in the transition and upper
shelf regions of the normal "S" type Charpy impact curve. Two primary
requisites for a valid Jj^. is that there is slow stable crack growth, i.e.,

no rapid cleavage fracture upon loading of the test specimen, and the test
specimen be of a certain thickness.

In the test method a curve is developed when the initially fatigue cracked
specimen, IT (i.e., full plate thickness) is loaded to a predetermined load
and then unloaded. Crack growth measurements are determined using compliance
techniques. The specimen is then repeatedly loaded and unloaded, each time

5



measuring the increase in stable crack growth. A plot of J, the area under
the curve developed at each loading increment, versus ^a (change in crack
length), is plotted and the Ji(.> fracture toughness near the initiation
of slow stable crack growth, is determined according to ASTM specification E

813-88. J-integral tests were conducted on both of the steels from -63°F to

room temperature. The J values for the AAR TC128 and A 8XX steel specimens
and their corresponding fracture toughness, K, calculated using appropriate
equations, are shown in Tables 12 and 13 respectively.

In order to obtain a valid Jic> i-®., a measure of the energy per unit area
needed to initiate stable crack growth, certain criteria enumerated in ASTM
E813-88 must be met. In the J testing of the AAR TC128 grade B specimens,
there was stable crack growth and a was obtained for some specimens. In
some instances, only the J was obtained. However, the specimen thickness
B must be greater than or equal to 25*JQ/£7y. This was not met for any of the
specimens and therefore a valid was not determined.

In general, in plane-strain plasticity, the strain rate is proportional to

the stress and there are three principal stresses operating at the crack tip.

These stresses are defined as 0 ^, 02 ,
and ag

,
but strain rate on 63 axis is

equal to 0 . In plane-stress plasticity theory, one of the principal
stresses, =0 and the strain rate on the €3 axis 0 . It is generally
recognized that plane-stress conditions exist in thin bodies and plane-strain
conditions in thick bodies. Since the test specimens used in our study
lacked sufficient thickness in order to meet plane-strain conditions, the
equation applicable to plane-stress conditions was used to calculate the
fracture toughness. For comparison purposes, the plane-strain fracture
toughness is also shown.

Table 12 shows the experimentally obtained J values and corresponding plane-
stress and plane-strain fracture toughness values calculated using the
appropriate equations. The results indicate that the normalized and
inclusion shape controlled AAR TC128 grade B steel at test temperatures from
-63°F to +78°F was exceptionally resistant to crack initiation.

Similar IT compact tension tests were conducted on the A 8XX steel at

temperatures from -60°F to +73°F. Unlike the AAR TC128 grade B steel,
unstable cleavage fracture was observed for these specimens when they were
tested at -60°F, -AO^F, and -20°F. At test temperatures of 0°F and + 8 °F

there was some stable crack growth, but it was followed by unstable cleavage
fracture. Only at +20°F and +73°F was there stable crack growth during the

entire test. For those specimens that failed in an unstable manner, the load

corresponding to the load at the initiation of rapid fracture was used to

calculate J. Table 13 shows the results of these calculations. The J and
corresponding plane-stress and plane-strain fracture toughness values at test

temperatures from -60°F to O^F were somewhat lower than those obtained for

the AAR TC128 grade B steel.

CTOD test results

Due to the exceptional resistance to crack growth observed for the AAR TC128

grade B steel, crack-tip opening displacement (CTOD) tests, as designated in
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ASTM E 1290-89, were conducted on the steel. In addition, CTOD tests were

also conducted on the A 8XX steel. The CTOD fracture toughness test method
covers the determination of the critical CTOD values at one or more of

several crack extension events. These CTOD values can be used as measures of

fracture toughness for metallic materials, and are appropriate for materials
that exhibit a change from ductile to brittle behavior with decreasing
temperature. This test method may be used to characterize the fracture
toughness of materials with specimens that are too ductile or lack sufficient
size to be tested for the plain-strain fracture toughness Kj

,
or show a

propensity for unstable crack extension that vould that would prevent the

determination of a Jjc-

Figures 6a and 6b show copies of the CTOD load/displacement traces obtained
at the test temperature of about -80°F for representative specimens of both
the A 8XX steel and AAR TC128 grade B steels respectively. In figure 6a, the

load trace for the A 8XX steel is shown to abruptly drop, indicative of
unstable fracture. Examination of the fracture surface, figure 7a, revealed
that the mode of failure was primarily cleavage in nature. Further CTOD
testing of this steel at temperatures of -60‘’F, -40°F, and -20°F led to

similar results; i.e., unstable fracture with the mode of fracture entirely
cleavage in nature. Additional tests designed to evaluate the plane-strain
fracture toughness value Kj

^
indicated that a test temperature lower than

-80°F was needed in order to obtain a valid Kj according to ASTM designation
E399.

In figure 6b, the load/displacement trace for the CTOD test for the AAR TC128
grade B steel tested at -82°F is shown. The load trace does not abruptly
decrease as was observed for the A 8XX steel, but continues with an
increasing amount of displacement until fracture occurs from overload.
Additional tests were conducted at -40°F, and the results were similar to

those obtained at -BO^F. Examination of the fracture surface, figure 7b, for
the specimen tested at -80°F, indicated that the fracture was entirely
ductile in appearance with regions of dimples dispersed throughout.

Table 14 shows a comparison of the fracture toughness for the two steels
using only the CTOD test results. Included in the table are the plane-
stress and plane-stain fracture toughness values determined using the CTOD
value obtained at the respective temperature. Noteworthy in the table is the
variation in fracture toughness within test temperatures for each steel. The
fracture toughness results indicate that there is less variability among the
fracture toughness test results for the AAR TC128 grade B steel than among
similar results for the A 8XX steel.

Tables 15 and 16 show comparisons of the fracture toughness results using CT
and CTOD test results for the AAR TC128 and A 8XX steels. The results show
that more consistent, i.e., less scatter within a test temperature, CT or
CTOD fracture toughness results were obtained for the AAR TC128 steel than
for the A 8XX steel.

DISCUSSION

Today there are many steels available for the consumer; each one is
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characterized by a particular trade name and composition. Teteiman (3)

suggests that although quantitative values of fracture toughness parameters
such as NOT and Kj would help in the selection of a steel for an
application, these parameters are available for only a few of these steels,
and the reason for this is two-fold. First, because a wide range of
microstructures can be obtained in a steel of a given alloy composition just
by varying the thermomechanical treatment, and secondly because the

concentration of fabrication defects, for example blow holes and inclusions,
is extremely dependent upon mill practice and often varies between heats of
steel of the same composition or even between different areas of the billet.
Teteiman has stated that since it is microstructure and defect concentration
that primarily determine toughness rather than composition, per se, a large
variation in toughness can be produced in a given steel simply by varying the
thermomechanical treatment and fabrication practice. Our work on the two
steels presented in this report corroborated his findings. We determined
that the primary reason for the difference in notch toughness properties of
these two steels was that the ferrite/pearlite grain size of the normalized
and inclusion shape controlled AAR TC128 grade B steel was more uniform and
finer than that of the control-rolled and inclusion shape controlled A 8XX
steel

.

In the first phase of the investigation, the chemical compositions of the as-
received steel plates were determined in order to establish whether they met
composition requirements. The chemical analysis results for the normalized
AAR TC128 grade B steel indicated that the composition was within the
allowable limits; however, the particularly low sulfur content, as compared
to conventional steels, and the presence of calcium, indicated that it was
not the conventional type of normalized AAR TC128 grade B steel that was
used in the manufacture of tank cars as of January 1, 1989. The chemical
composition of the A 8XX steel was also within the allowable limits defined
by the RPI-AAR Tank Car Committee and similar to that for the steel the
Committee was evaluating in its program. The sulfur content in the A 8XX
steel was quite low, and the presence of calcium suggested that this steel
was also made using the inclusion shape control process.

In addition to the steel being normalized (which is now required)
,

a ladle
refining procedure was used to reduce the sulfur content to where it was
substantially lower than that found in conventional steels. The refining
process also changed the shape of the inclusions from where they are normally
elongated in the direction of primary rolling to spherical. The combination
of the normalizing heat treatment and the spheroidizing of the inclusions
enhanced the fracture toughness properties of AAR TC128 grade B steel. The
normalizing heat treatment produced a fine, uniform ferrite/pearlite
microstructure. The rounded inclusions led to enhanced impact and fracture
toughness properties by increasing the resistance to crack growth.

Prior to the sectioning of the test coupons, the roiling direction was

determined for each plate. Due to material anisotropy, which is primarily
the result of inclusion orientation and size within the plate, it is

important in the test program that specimens be taken from both the ASTM LT

and TL orientations (see Appendix 2). In the ASTM LT orientation, the long

axis of the specimen and the inclusions are both parallel to the rolling
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direction. In the ASTM TL orientation, the long axis of the specimen is

perpendicular to the rolling direction and the inclusions are normally much
shorter in length. Mechanical test results, in particular the impact

results, clearly show a difference between the impact properties for those
specimens from the LT orientation as compared to those from the TL
orientation. The energy absorbed values for the LT specimens are normally
greater than the energy absorbed values for the impact specimens tested from
the TL orientation.

Microscopic examinations of the as polished metallographic surfaces in three

orthogonal directions were conducted on both of these steels to determine the

rolling direction of each steel. In conventional steels the inclusions are

elongated in shape as shown in a photomicrograph, figure la, of a

conventional steel. However, photomicrographs taken of the A 8XX and AAR
TC128 steels in the as-polished condition, figures lb and Ic respectively,
revealed that the inclusions in both of these steels were round in shape.
The appearance of deformed inclusions, figure Ic, with projections extending
in the direction of primary deformation reinforced our views that this was
the primary direction that the AAR TC128 grade B steel was rolled. This
direction corresponded to the ASTM LT orientation. The determination of the
rolling direction for the control-rolled A 8XX steel was more difficult. The
inclusions were similar in appearance, round, to those observed for the AAR
TC128 grade B steel. However, the characteristic rupturing of the
inclusion's surface in the direction of primary deformation was not observed
in these inclusions, see figure lb. An extensive microscopic examination of
the as-polished surface of an A 8XX specimen in the three orthogonal
directions revealed the presence of minute inclusions that were elongated in
one direction. Further examination of the specimen revealed that the
inclusions were similar in length in all orientations examined. A consensus
of observers concluded that the direction shown in figure lb was the primary
rolling direction, the ASTM LT orientation, of the A 8XX plate. The
difficulty in establishing a pronounced rolling direction for the A 8XX steel
clearly indicates that orientation effect is of minimal consequence for this
steel

.

The as-polished specimens from each steel were etched to reveal their
microstructures. Figures 2a and 2b show the etched microstructures for both
the A 8XX and AAR TC128 steels, respectively. The microstructure of the A
8XX steel consists of layers of ferrite, light grey constituent, with regions
of pearlite, dark phase, dispersed throughout. The microstructure present in
the AAR TC128 steel is somewhat different than that observed for the A 8XX
steel. The ferrite is more uniform in appearance because the steel had been
subjected to a heat treatment that normalizes (i.e., makes the microstructure
more uniform in size) the steel.

The size of the ferrite grains, i.e., the microstructure, has a significant
effect on the resultant toughness of the steel. Hence the ferrite/pearlite
grain size was determined for both of these steels. Grain size measurement
revealed that the normalized AAR TC1218 grade B steel has a finer grain size
than the control-rolled A 8XX steel. This was not expected since the
literature (1) shows that normally control-rolled steels have grain sizes of
= 4 microns or less; ASTM equivalent number >12.5. The size of the pearlite
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observed in the A 8XX steel appears to be larger than that observed in the

AAR TC128 steel. This may be because the control-rolled A 8XX steel was
finished at a higher than normal temperature.

Abrams and Slimmon (4) have stated that grain refinement is the most
effective means of increasing strength as well as improving the notch
toughness of the HSLA steel family of which the steel A 8XX evaluated here is

a member. They have stated that a fine ferrite grain size contributes to

strengthening by the well known Hall-Petch relationship. In addition to the
strengthening due to the fine ferrite grain siz?, they have reported that for
this type of steel, precipitation hardening and to some degree substructure
development also have an effect. In our investigation, the yield strength
was found to be greater for the A 8XX steel than for the AAR TC128 grade B

steel, and this difference was attributed primarily to the precipitation
hardening and substructure development rather than grain refinement.

Microscopic examinations of the grain size of the A 8XX steel showed that it

is not as fine as expected in a normal controlled-rolled steel and there was
essentially a duplex ferrite microstructure. This duplex ferrite
microstructure, as reported by Abrams and Roe (5), causes a decrease in notch
toughness when compared to a uniform, fine-grained ferrite microstructure.

Figures 8a and 8b show a comparison of the energy absorbed as a function of
test temperature for both steels taken from both the LT and TL orientations.
For the AAR TC128 LT specimens tested at temperatures from -70°F to +20°F,
the energy absorbed was higher than that for the A 8XX steel. For those
specimens taken from the TL orientation, the energy absorbed for the AAR
TC128 steel was greater than that for similar specimens taken from the A 8XX
steel for all test temperatures. Similar trends were also found for the
lateral expansion measurements for these two steels. Figures 9a and 9b show
the lateral expansion results for both of the steels after testing in the LT
and TL orientations.

The NDT temperature for the AAR TC128 grade B steel was found to be -40°F,
and for the A 8XX steel, -10°F. At these temperatures, specimen size, and
loading rate, fracture occurs entirely by cleavage and crack propagation is

brittle. It is assumed in NDT design analysis that there is a flaw in the

material, or a flaw develops in the material during its operating lifetime.

Certain other design criteria have been established using the applied (a) and
yield ) stresses along with the flaw size to determine when unstable
cleavage fracture could occur. Normally, unstable fracture cannot occur when
the a < 0 . 5ay if the ambient temperature is greater than NDT+30°F; if a < ay

and the temperature is greater than NDT+60‘’F; and if a is less than the

ultimate tensile stress at a temperature greater than NDT+120°F. However,
when the applied stress is greater than the yield stress, as so often occurs

in derailments, and the inherent flaw is of a sufficient size, unstable
cleavage fracture could occur at any temperature. Regardless of the ambient
temperature, these data indicate that there is a greater tendency for

unstable cleavage fracture in the A 8XX steel than in the AAR TC128 grade B

steel

.

Similar results, unstable cleavage fracture, were observed for the A 8XX J-
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integral specimens when they were tested at -60°F, -40°F, and -20°F. At test

temperatures of 0°F and 8°F there was some stable crack growth, but it was

followed by unstable cleavage fracture. Only at test temperatures of +20°F
and +73 “F was there evidence of stable crack growth. Unstable cleavage
fracture was not observed in any of the AAR TC128 grade B J- integral test

specimens. This steel showed stable crack growth from -63°F to +73°F.
Although the A 8XX steel specimens showed unstable fracture at the indicated
temperatures, fracture toughness calculations, shown in Table 13, indicated
that the steel possessed relatively good fracture toughness over the range of

test temperatures. At -60°F, the plane-stress K was 65 ksi*in^, while at

+73°F it was 330 ksi*in^. A simple calculation using both the yield strength
and the stress intensity shows that at -60°F a crack length of 0.42 inch is

needed to initiate unstable cleavage fracture in the A 8XX steel when the

applied stress is equal to the yield strength. Using the same equation for

the AAR TC128 grade B steel, a crack length of 13.5 inches is needed to

initiate fracture with yield strength at the level of the applied stress.
The significant differences between the crack sizes needed to initiate
failure in each steel indicatess the superior notch toughness of the

normalized and inclusion shape controlled AAR TC128 grade B steel as compared
to the control-rolled and inclusion shape controlled A 8XX grade B steel.

The CTOD results gave similar results for the fracture toughness of both of
these steels. Table 14 shows a comparison of the CTOD results and their
corresponding fracture toughness values. It was shown that for the A 8XX
steel, all of the specimens failed in an unstable brittle manner at all the
test temperatures. Corresponding fracture toughness values were essentially
similar to those obtained using the IT compact tension J-integral test
specimens. Increasing test temperatures yielded increasing fracture
toughness values. The CTOD results for the AAR TC128 grade B steel showed
that none of the specimens failed in an unstable manner. At the test
temperature -82°F, the average plane-stress J was about 2272 in-lb/in^ and
the average plane-stress K 256 ksi*in^, which are representative of a very
tough steel.

Tables 15 and 16 show comparisons of the fracture toughness results for both
steels using both the CTOD and J-integral data. Results for the AAR TC128
grade B steel (Table 15) show the exceptional toughness obtained for this
steel when tested at -63°F and -40°F. The test data for the A 8XX steel,
table 16, shows that this steel has a lower fracture toughness than the AAR
TC128 steel.

Conclusions

The AAR TC128 grade B steel examined in this study was not typical of the

conventional normalized AAR TC128 grade B steel that is currently used in the

manufacture of all new tank cars. In addition to a normalizing heat
treatment, the steel had been made using inclusion shape control practice.
The practice is known to enhance the notch toughness properties of the steel.

Tensile tests conducted on the A 8XX steel from -60°F to room temperature
indicated that the yield strength was on the average 10 ksi higher than the

AAR TC128 grade B steel.
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Microscopic examinations and grain size determinations were conducted on
etched specimens. The ferrite/ pearlite grain size for the A 8XX steel was
found to be coarser than that of the AAR TC128 grade B steel.

Impact tests conducted on specimens taken from the ASTM LT orientation in

both steels and tested at temperatures from -70°F to +20°F revealed that the

A 8XX grade B steel had lower impact strength compared to the AAR TC128 grade
B steel. The lower shelf energy, or the minimum energy absorbed, for the

ASTM LT orientation AAR TC128 grade B test specimens was about 46 ft- lb,

whereas the lower shelf energy for similarly oriented A 8XX specimens was
about 10 ft- lb.

Fracture toughness tests, both CTOD and J- integral, conducted on the
normalized and inclusion shape controlled AAR TC128 grade B steel from -80°F
to +73°F revealed that the steel did not fail in an unstable manner, even at
a test temperature of -BO^F.

Fracture toughness tests conducted on the A 8XX steel showed that the
toughness was much lower than that of the AAR TC128 grade B steel. At
-80°F, -40°F, and -20°F, J-integral test results showed that the specimens
failed in an unstable brittle manner, and the fracture appearance was
cleavage. CTOD tests on the same steel showed unstable fracture over the

entire test temperature range, -80°F to +20°F.

NDT determinations conducted on both of these steels indicated that the A 8XX
steel (NDT -10°F) lacked notch toughness as compared to the AAR TC128 grade B

steel(NDT -40°F)

.

The improved fracture toughness of the normalized and inclusion shape
controlled AAR TC128 grade B steel as compared to the control-rolled and
inclusion shape controlled A 8XX steel was probably due to the uniform
ferrite/pearlite grain size of the AAR TC128 grade B steel, and that it was
made using inclusion shape control practice.
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Table 1. Chemical Composition (Wt%), the AAR Specifications, and Heat
Analyses for both Steels.

AAR TC128 grade B A 8XX grade B

Specifi-^

cation
Heat^ Check^

Analysis Analysis
Specifi-^ Heat^ Check^
cation Analysis Analysis

Carbon 0.25 max .22 .19 0.16 max .15 .15

Manganese 1.0-1.50 1.25 1.15 1.0-1.75 1.49 1.44
Phosphorus 0.035 max .024 .015 0.035 max .016 .018

Sulfur 0 . 040 max .007 .009 0.010 max .006 .007

Silicon 0.15-0.50 .213 .21 0.10-0.55 .277 .30

Nickel 0.25 max .03 .01 NR .03 .01

Chromium 0.25 max .19 .21 NR .04 .04

Molybdenum 0 . 08 max .074 .07 NR .011 .01

Copper 0.35 max .017 .02 NR .023 .03

Aluminum NR5 .045 .059 NR .054 .060
Niobium (Cb) NR NR <.005 0.06 max® .035 .039

Vanadium 0.08 max .033 .032 0.11 max® .075 .076

Nitrogen NR NR .009 NR NR .014
Calcium NR NR .005 NR NR .006

Titanium NR NR <.005 NR NR <.005
C.E.^ 0.62 max .49 .45 0.47 max .43 .42

1) AAR Specification for Tank Cars; Specification M-1002,M128.

2) Bethlehem Steel Corp

.

3) NIST
4) Preliminary draft specification: A 8XX, Pressure vessel plates, high

strength low alloy.

5) NR: Not reported
6) Niobium plus vanadium: 0.16 max

7) C.E. = Carbon Equivalent = C + Mn/6 + (Cr + Mo + V)/5 + (Cu +Ni)/15
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Tabie 2. Tensile Test Results for AAR TC128 Grade B Steel,
were Tested in the ASTM TL Orientation.

Specimens

Specimen Test UTS YS(0.2%) RA
Number Temp.°F (ksi) (ksi) %

EL(1") Flow
% Stress(ksi)

T1 73 83 .2 60,,6 70,,8 32,.5 71,.9

T2 73 81,. 7 58,,4 72,,8 31,.7 70,.1

T13 40 82 .9 58,.6 70,,0 35,.5 70,,8

T14 40 83 .1 58,.6 71,.3 33,,1 70,.9

Til 20 85,.3 58,.9 70,.7 32,.5 72,.1

T12 20 85,,0 60,.6 72,,6 34,,5 72,.8

T9 0 88,.1 61,.1 72,.9 34,,9 74,.6

TIO 0 86,.9 60,,8 69,.8 34,.0 73,.9

T7 -20 88,.9 59,,8 71,,7 34,,1 74,.3

T8 -20 88,,0 62,,7 71,,3 33,,9 75,,3

T5 -40 92,.9 64, 2 70,,4 32,,0 78,.5

T6 -40 91,.8 63,,9 72,.2 34,,5 77..8

T3 -60 91,,1 64,,2 72,.2 33,,1 77..6

T4 -60 95,.6 67.,7 69,,1 36. 8 81,,7

1) UTS: Ultimate tensile strength
2) YS : Yield strength
3) RA: Reduction in area

4) EL: Elongation in one inch

5) Flow Stress: (UTS + YS)/2
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Table 3. Tensile Test Results for AAR TC128 Grade B Steel. Specimens
were Tested in the ASTM LT Orientation.

Specimen
Number

Test
Temp. °F

UTS
(ksi)

YS(0.2%)
(ksi)

RA
%

EL(1")
%

Flow
Stress (ksi)

T21 73 82.6 58.1 72.0 34.9 70.3

T22 73 82.3 56.7 69.3 34.9 69.5

T23 40 83.7 60.6 69.9 34.0 72.2

T30 40 83.8 59.1 68.5 32.9 71.4

T24 20 85.7 60.6 70.7 36.5 73.2

T31 20 85.9 61.1 69.2 34.4 73.5

T25 0 87.5 63.2 71.4 35.5 75.3

T32 0 86.4 60.6 66.3 34.6 73.5

T26 -20 88.6 62.1 71.4 34.0 75.4

T33 -20 88.4 63.2 69.5 35.2 75.8

T28 -40 89.4 65.0 69.2 33.8 77.2

T34 -40 89.0 62.1 68.3 30.0 75.6

T29 -60 90.8 62.9 67.7 32.8 76.9

T35 -60 91.0 63.7 67.3 31.6 77.3

1) UTS: Ultimate tensile strength

2) YS : Yield strength
3) RA; Reduction in area

4) EL: Elongation in one inch

5) Flow Stress: (UTS + YS)/2
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Table 4. Tensile Test Results for A 8XX Grade B Steel. Specimens were
Tested in the ASTM TL Orientation.

Specimen Test UTS YS(0.2%) RA EL(1") Flow
Number Temp.'T (ksi) (ksi) % % Stress(ksi)

R1 73 94,.2 71,.2 71,.0 33,.6 82,.7

R2 73 95 .1 70 .6 73,.0 31,.3 82..8

R3 40 96,.1 73,.7 75,.7 31,.8 84,.9

RIO 40 95,.9 74,.1 73,.3 29.,9 85..0

R4 20 96,.7 72,.0 67,.9 32..8 84,.4

Rll 20 96..9 74,.3 73,.1 30..0 85,.6

R9 0 98,,6 73,.0 74..3 31,,5 85,.8

R12 0 99,.1 75,.0 67,.5 30.,7 87.,0

R6 -20 99.,2 78,,6 69.,6 31,,1 88,,9

R13 -20 99,,4 76.,5 73..2 31.,7 88.,0

R7 -40 100,.3 79.,3 72.,7 33..2 89..8

R14 -40 100,, 5 77..6 68.,1 28.,7 89..0

R8 -60 106.,0 77.,9 71..0 30.,2 92.,0

R15 -60 102.,6 o00 ,4 68..2 31.,3 91..5

1) UTS: Ultimate tensile strength
2) YS : Yield strength
3) RA: Reduction in area

4) EL: Elongation in one inch

5) Flow Stress: (UTS + YS)/2
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Table 5. Tensile Test Results for A 8XX Grade B Steel. Specimens were
Tested in the ASTM LT Orientation.

Specimen Test UTS YS(0.2%)
Number Temp.°F (ksi) (ksi) %

EL(1") Flow
% Stress(ksi)

R22 73 96 .3 70,.6 74,.8 30,.2 83 .4

R23 73 98 .6 74,.5 75,.0 30,.8 86,.5

R24 40 97 .3 71,.9 74,.6 30,.6 84,.6

R25 40 96 .2 72,.3 70,.4 29,.6 84,,3

R26 20 99,.7 72,.9 71.,1 28..9 86,.3

R36 20 98,.0 73,,3 74..3 30,.8 85,.6

R28 0 99,.5 75,,0 CM ,4 29,.1 87,.2

R29 0 99,.3 73,,7 72,,9 29,.1 86,.5

R30 -20 101,.2 77,.1 73.,2 29,,0 89,,2

R31 -20 101,.4 76,.6 71.,9 29.,0 89,.0

R32 -40 102,.6 77..0 70.,0 29.,3 89..8

R33 -40 103,.4 79,.5 66,.1 29,,0 91,,4

R34 -60 104,.5 80..2 73.,6 32.,8 92.,4

R35 -60 103,,9 79..1 72,.3 31.,2 91,.5

1) UTS: Ultimate tensile strength

2) YS : Yield strength

3) RA: Reduction in area

4) EL: Elongation in one inch

5) Flow Stress: (UTS + YS)/2
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Table 6. Impact Test Results for AAR TC128 Grade B Steel. Specimens were
Tested in the ASTM TL Orientation.

Specimen Test Energy Lateral
Number Temperature , “F Absorbed, Ft-lb Expansion, mils

T17 -70 40.0 54.0

T18 -70 42.0 56.0

T1 -50 47.5 47.5

T2 -50 36.0 54.5

T3 -22 52.0 66.4

T4 -22 59.0 70.5

T9 +19 73.0 70.0

T13 +19 77.0 83.0

T14 +46 106.0 89.5

T16 +46 109.0 106.0

T6 +72 107.0 106.0

T8 +72 110.0 106.5

19



Table 7. Impact Test Results for AAR TC128 Grade B Steel. Specimens were
Tested in the ASTM LT Orientation.

Specimen Test Energy Lateral
Number Temperature , °F Absorbed, Ft-lb Expansion, mils

T47 -70 51.0 64.5

T51 -70 41.0 54.5

T30 -50 40.0 55.5

T31 -50 52.0 65.5

T37 -22 61.0 72.0

T38 -22 73.0 80.5

T42 + 19 90.0 96.5

T44 +19 96.0 89.5

T45 +46 126.0 99.0

T46 +46 107.0 93.0

T52 +46 130.0 117.0

T39 +72 124.0 99.0

T40 +72 130.0 116.0
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Table 8. Impact Test Results for A 8XX Grade B Steel. Specimens were
Tested in the ASTM TL Orientation.

Specimen Test Energy Lateral
Number Temperature, F Absorbed, Ft-lb Expansion, Mils

R1 -73 10.0 31.5

R2 -73 11.0 34.0

R3 -50 14.0 35.0

R4 -50 33.0 51.5

R7 -50 38.0 54.5

R5 -25 48.0 66.5

R6 -25 36.0 55.5

R8 +1 61.0 76.5

R9 +1 59.0 72.0

RIO +25 88.0 87.0

Rll +25 60.0 70.0

R12 +50 80.0 87.0

R13 +50 98.0 85.0

R14 +71 101.0 106.0

R15 +71 107.0 88.5
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Table 9. Impact Test Results for A 8XX Grade B Steel. Specimens were
Tested in the ASTM LT Orientation.

Specimen Test Energy Lateral
Number Temperature ,

° F Absorbed, Ft-lb Expansion, Mils

R26 -73 10.0 29.0

R27 -73 5.0 27.0

R28 -73 10.0 29.0

R29 -50 13.5 38.0

R30 -50 10.0 34.0

R31 -25 13.5 40.0

R32 -25 32.0 57.0

R33 -25 27.0 47.5

R34 + 1 39.0 56.5

R35 + 1 53.0 68.0

R36 +25 105.0 94.5

R37 +25 128.0 94.0

R38 +50 133.0 114.5

R39 +50 138.0 95.5

R40 +71 142.0 98.0

R41 +71 145.0 96.0
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Table 10. Nil-Ductility Transition Temperature Results for AAR TC128 Grade
B Steel.

Test Temperature Break No Break

-50°F X

-50°F X

-40° F X

-40° F X

-30°F

-30°F

X

X

NDT is -40°

F

Break indicates standard test specimen fractured at that test
temperature

.
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Table 11. Nil-Ductility Transition Temperature Results for A 8XX Grade B

Steel

.

Test Temperature Break No Break

-70°F X

-70°F X

-60°F X

-60°F X

-40° F X

-20°F

-20°F X

-10°F

-10°F X

-10°F X

0°F

0°F

X

X

X

X

NDT is -10°F

Break indicates standard test specimen fractured at that test
temperature

.
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Table 12. Fracture Toughness Test Results for Normalized and Inclusion
Shape Controlled AAR TC128 Grade B Steel. Compact Tension
Specimens (IT) Were Used to Determine the J Value. LT AND TL
Refer to the Specimen Orientation.

Plane Plane
Specimen
Number

Test
Temp°F

Stress
K'

Strain
K3

F2-LT -63 2908 290 304

Fl-LT -63 2904 290 304

F3-LT -40 2000 241 252

F9-LT 73 (2848)3 287 301

F5-LT 78 1708 222 233

F15-TL -63 (2012)3 242 253

F16-TL -63 (1718)3 223 234

F17-TL -40 2300 258 271

F25-TL 73 (2212)3 253 266

1) K=(JE)^^^; Plane stress K (ksi*in^) obtained using J value from CT test.

2) K=(JE/( 1 -u) ) ^ ^
^ ; Plane strain K (ksi*in^) obtained using J value from CT

test

.

3) Maximum J value. (Unable to obtain a value)

E= 29E+6 and u =0.3
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Table 13. Fracture Toughness Test Results for Control-Rolled and Inclusion
Shape Controlled A 8XX Grade B Steel. Compact Tension Specimens
(IT) Were Used to Determine the J Value. The Test Specimens
Were Taken from the LT Orientation.

Specimen
Number

Test
Temp“F

Plane
Stress

Plane
Strain

B3-LT -60 147 65 68

Bl-LT -40 165 69 72

B2-LT -20 164 69 72

B4-LT 0 1763 226 237

B13-LT 8 1354 198 208

B5-LT 20 (2701)'* 279 293

B14R-LT 73 (3762)^ 330 346

1) The J value corresponds to the J value at unstable fracture. This was
observed in specimens B1

,
B2

,
B3

,
B4

,
and B13.

2) K=(JE)^''^: Plane stress K (ksi*in^) obtained using J value from CT test.

3) K=(JE/( 1 ^ ^ ^
: Plane strain K (ksi*in^) obtained using J value from CT

test

.

4) A value was obtained only for specimen B5 . Specimen B14R also showed
stable crack growth, however a was not obtained.

E= 29E+6 and u =0.3
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Figure 1 . Photomicrographs of the inclusions observed in

steel (a)

,

the micro-alloyed, control-rolled A
(b)

,

and the AAR TC128 grade B steel (c)

.

The
rolling direction for each steel.

As-polished. Mag. All X250.

$

a conventional
8XX grade steel
arrows show the
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(a)

(b)

Figure 2. Photomicrographs showing the microstructure of the A 8XX steel
(a)

,

and the AAR TC128 grade B steel (b) observed in three
orthogonal directions in the etched condition.
Etch: 2% Nital, Mag. All X250
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Figure 3. Ultimate and 0.2% offset yield strength for both steel versus
test temperature for both the LT and TL orientations. Each point
is an average of at least two values.
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LATERAL

EXPANSION,

MILS

ENERGY

ABSORBED,

TEMPERATURE, DEG. F

Figure 4. Energy absorbed and lateral expansion for AAR TC128 grade B

steel versus test temperature for both the LT and TL orienta-
tions. Each point is an average of at least two values.
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LATERAL

EXPANSION.

MILS

ENERGY

ABSORBED.

Figure 5. Energy absorbed and lateral expansion for A 8XX grade B steel
versus test temperature for both the LT and TL orientations.
Each point is an average of at least two values.
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Figure 6. Load/displacement traces for the A 8XX grade B steel (a), and 1

the AAR TC128 grade B steel (b)
. ;
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Figure 7. Photomicrographs of the fracture surfaces of the two steels
adjacent to the initial fatigue crack after testing at -80 F.

Fractograph (a) shows the cleavage fracture that was observed on
the surface of the A 8XX grade B specimen, and fractograph (b)

shows the dimpled surface characteristic of ductile fracture
that was observed on the surface of the AAR TC128 grade B

specimen. Mag. X370
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ABSORBED,

FT-LB

ENERGY

ABSORBED,

TEMPERATURE, DEG. F

Figure 8. Energy absorbed versus test temperature and orientation for the

A 8XX grade B steel and the AAR TC128 grade B steel.
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LATERAL

EXPANSION.

MILS

UMERAL

EXPANSION.

MILS

Figure 9. Lateral expansion versus test temperature and orientation for

the A 8XX steel and the AAR TC128 grade B steel.
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