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IN THE NORMALIZED, AND NORMALIZED AND

STRESS RELIEVED CONDITIONS

George E. Hicho and Donald E. Harne

Mechanical Properties and Performance Group
Metallurgy Division

National Institute of Standards and Technology
Gaithersburg, MD 20899

ABSTRACT

Traditional mechanical property tests, ultimate and yield strength, reduction
in area, elongation, impact, and the nil -ductility temperature were performed
on AAR TC128 grade B steel in the normalized, and the normalized and stress
relieved conditons from -51 C to room temperature. In addition the crack
initiation fracture toughness, as function of temperature, was determined
using crack tip opening displacement (CTOD) and J integral test procedures.
The crack arrest fracture toughness, as a function of temperature were also
determined. It was found that the normalized and stress relieved steel had
overall better mechanical and fracture toughness properties than the

normalized steel.

INTRODUCTION

As of January 1, 1989, normalized AAR TC128 grade B steel is required to be
used for appropriate tank cars that carry hazardous commodities. The steel is

normally identified as a carbon/manganese type with improved tensile and im-

pact properties compared with those steels previously used. In order to pro-
vide a comprehensive mechanical property and fracture toughness database for
ascertaining the structural integrity of this steel, the Mechanical Properties
and Performance Group of the National Institute of Standards and Technology
(NIST) was asked by Ms. Claire Orth, Chief of the Safety Research Division of
the Federal Railroad Administration, to develop this database for TC128 grade B

steel in both the normalized, and normalized and stress relieved conditions.

MATERIAL

Four plates each, 1.4 cm (9/16 inch) in thickness by 183 cm (72 inch) by 183 cm
(72 inch) were made by Bethlehem Steel Corporation according to Association of
American Railroads (AAR) specification TC128 for grade B, flange quality steel.
The plates were purchased from the Bethlehem Steel Corporation, through Union



Tank Car Company (UTC)
,
with the help of Mr. Thomas Dalrymple, chief engineer

of UTC. Appendix I shows Bethlehem Steel's Test and Analyses report with the

chemistry and metallurgical particulars for the plates. The plates were sup-

plied in the normalized condition. Inclusion shape control was not used in the

preparation of these steel plates. The sulfur content was to be not less than
0.010 weight percent.

TEST PROGRAM

The test program consisted of evaluating the traditional mechanical properties,
i.e., ultimate, yield etc. and fracture toughness, i.e., J integral, CTOD, etc.

of the steel in both the normalized, and normalized and stress relieved condi-
tions. The four plates, upon arrival at NIST, were coded "I, J, K, and L," and
plate "I” was used for all test specimens. A section was removed from the
plate and the chemical composition was determined. Prior to the removal of the

test specimens from the plate, metallographic specimens were sectioned from the

plate in order to determine the as-polished and etched microstructures, the

ferrite/pearlite grain size, and the predominant rolling direction. A section
of plate "I" was also stress relieved, according to the AAR Specification
M-128, at 635 C (1175 F) for one hour. Photomicrographs were taken of the
normalized and stress relieved microstructure in the etched condition.

Standard American Society for Testing and Materials (ASTM) tensile specimens
with a reduced diameter of 6.4 mm (0.250 inch) were prepared from the 1/4
thickness position in the plate according to ASTM Method A 370 - 90. Tensile
specimens were tested at -51 C (-60 F)

,
-40 C (-40 F)

,
-29 C (-20 F)

,

-18 C

(0 F)

,

and 22 C (+72 F) . The tensile tests were conducted in an environmental
chamber where the test temperature was held to ± 2 C. The impact properties
were determined as a function of temperature using ASTM Method E 23 - 88, and
the nil-ductility transition temperature was determined according to ASTM
Method E 208 - 87a. In order to determine the ability of the steel to resist
crack initiation, J- integral tests were conducted according to ASTM Method
E 813 - 89. For comparison purposes, the fracture toughness using the crack-
tip opening displacement was determined using ASTM Method E 1290 - 89. Having
determined the ability of the steel to resist initiating a crack, the ability
of the steel to arrest a propagating crack in the same steel was determined
using ASTM Method E 1221 - 88. The test temperatures used in the fracture
analysis were the same as those used in the tensile study.

RESULTS

Chemical Composition

Two check chemical analyses, along with the composition reported by the
Bethlehem Steel Corporation and that required by the AAR specification are
shown in Table 1. The chemical composition was within the allowable limits.

Metallographic Examinations

Prior to the removal of test specimens from the plate, the rolling direction
was determined. Figure 1 shows photomicrographs of the normalized steel in
three orthogonal directions in the as-polished condition. The photomicrograph
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with the micron marker was determined to be the L-T orientation as defined by
ASTM. The predominant rolling direction is shown by the arrow in the photo-
micrograph. Appendix II shows the ASTM's the crack plane orientation code for

the test specimens.

This same sample was etched and the resulting microstructure at the 1/4 thick-

ness location is shown in Figure 2. The microstructure consisted of regions of

pearlite (black) dispersed throughout the ferrite (white) . Grain size measure-
ments conducted on the etched specimen according to ASTM Method E112 - 85

revealed that the ferrite/pearlite grain size was G.S. 12, or 5.6 /^m. It is

recognized that the higher the grain size number, the finer the ferrite/
pearlite grain size, and hence the better the mechanical properties of the

steel

.

Photomicrographs were taken of the normalized plate to show the variation in

microstructure that existed throughout the plate. Figure 3 shows the overall
microstructure and that observed at both at the centerline and quarter thick-
ness locations within the plate. This variation in microstructure from the

outside to the inside of the plate is not uncommon, and it is often referred to

as "banded microstructure". Microstructural banding usually develops during
the refining process of steel and is manifested after the rolling operation.
Banding is thought to be the result of elemental segregation in the steel, pri-

marily manganese. It should be noted that the mechanical properties of the

banded areas could be different than those of the unbanded areas. To circum-
vent this potential problem, test specimens were taken from the 1/4 thickness
location in the plate when possible.

For comparison purposes, two samples that were stress relieved at 635 C (1175
F) for one hour were polished and etched. These two samples represented the
ASTM L-T and T-L orientations. Figures 4 and 5 show the microstructures ob-

served at the edge, and the centerline of these samples. The microstructural
constituents were similar to those observed for the normalized material;
pearlite dispersed throughout the ferrite. However, an extensive amount of
large, blocky pearlite (dark constituent) was observed along the centerline of
both samples.

MECHANICAL PROPERTIES

Tensile

The ultimate tensile strength (UTS) results for both conditions are shown
Tables 2, 3, 4, and 5 and plotted as a function of test temperature in Figure
6. Over the entire test temperature range, the UTS for the as -received nor-
malized specimens taken from the L-T orientation was greater than those found
for any of the other specimens, regardless of orientation or stress relief.
The lowest ultimate tensile strengths, again over the entire test temperature
range, were observed for the normalized and stress relieved T-L tensile
specimens. The values are representative of a typical TC128 grade B steel.

The 0.2% offset yield strength (YS) results are shown in Tables 2, 3, 4, and 5

and plotted in Figure 7. The normalized, and the normalized and stress re-

lieved yield strengths for the L-T orientation were found to be greater than
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those similar specimens tested from the T-L orientation. The YS for the nor-

malized, and normalized and stress relieved specimens taken from the T-L ori-

entation did not follow the same trend with temperature as the UTS decreased.

The YS was essentially the same from room temperature to about -18 C (0 F)

,

then it abruptly increased, as was expected. This probably is an orientation
effect, perhaps due to inclusion orientation.

Both the UTS and YS results are probably governed by inclusion orientation
within the plate. More energy, i.e., load, is required to fracture a specimen
when the inclusions lie parallel to the applied load as in the L-T orientation.
When the inclusions lie perpendicular to the applied load, as in the T-L ori-

entation, less energy is required to separate the inclusions, hence the load
required to fracture the specimen is reduced.

The reduction- in- area (RA) results for both conditions are shown in Tables 2,

3, 4, and 5 and plotted in Figure 8. The RA values for the normalized and
stress relieved specimens, tested from -51 C (-60 F) to 10 C (50 F) and taken
from the L-T orientation, were greater than those obtained for the other speci-
mens. It appears that ductility of the specimens tested from the T-L orienta-
tion, in terms of the reduction- in- area, is enhanced by stress relieving at

635 C (1175 F) for one hour.

Similar trends, like those observed for the UTS, YS
,
and RA, were not observed

for the elongation results shown in Tables 2, 3, 4, and 5 and plotted in Figure
9. The elongation for the normalized and stress relieved specimens taken from
the T-L orientation, over the test temperature range, was greater than for the

other specimens. Again, normalizing and stress relieving the steel appears to

enhance the ductility.

Charnv V-Notch Impact

The Charpy V-notch (CVN) impact test results for the normalized steel are shown
in Tables 6 and 7, and plotted in Figure 10. As expected due to inclusion ef-

fects, the CVN values for the normalized specimens taken from the L-T orienta-
tion were found to be greater than those taken from the T-L orientation. The
impact energies at the lowest test temperature, -51 C (-60 F)

,
were found, on

the average, to be about 77 J (57 ft-lb) for specimens tested from the L-T ori-

entation and 29 J (22 ft-lb) for those tested from the T-L orientation. The
upper shelf energy for specimens tested from the L-T orientation was found to

start at about 4 C (+40 F) with an energy of about 169 J (125 ft-lb)
,
whereas

the upper shelf energy, for specimens tested from the T-L orientation, started
at about the same temperature but with an absorbed energy of only 68 J (50 ft-

lb). The transition temperature, or the temperature at which the fracture ap-

pearance of the specimen contains 50% ductile fracture and 50% cleavage frac-

ture, was estimated to be about -12 C (+10 F) for the L-T specimens and about -

7 C (+20 F) for the T-L specimens.

The CVN impact test results for the normalized and stress relieved steel are
shown in Tables 8 and 9, and plotted in Figure 11. The CVN results show that
stress relieving had a dramatic effect on impact specimens tested in the L-T
orientation. There was a slight increase in the normalized and stress relieved
CVN results compared with the normalized steel for specimens tested in the T-L
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orientation. At -51 C (-60 F)
,
the average CVN impact value for the L-T test

specimens was about 94 J (69 ft-lb) as compared with 24 J (18 ft-lb) for the

T-L orientation. The upper shelf energy for the L-T oriented specimens started
at about 10 C (50 F) and was about 203 J (150 ft-lb) . The transition tempera-

ture for the L-T specimens was found to be about -12 C (+10 F) . For the speci-

mens tested in the T-L orientation, the transition temperature was about -1C
(+25 F)

.

Lateral Expansion

The lateral expansion (LE) results for the normalized steel are shown in Tables
6 and 7 and plotted in Figure 12. The specimens tested from the L-T orienta-
tion possessed better LE values overall. At low test temperatures, LE vales of

1 mm (0.040 inch) or better were measured. For specimens tested at similar
temperatures but in the T-L orientation, LE values of 0.5 mm (.020 inch) were
measured.

The LE results for the normalized and stress relieved steel are shown in

Tables 8 and 9 and plotted in Figure 13. At low test temperatures, stress
relieving produced an improvement in the LE values for the specimens tested
from the L-T orientation. LE values of 1.4 mm (0.055 inch) and greater were
measured for these specimens. Stress relieving did not appear to improve the

LE for specimens tested from the T-L orientation.

FRACTURE TOUGHNESS RESULTS

Nil-Ductilitv Transition

The nil-ductility transition temperature (NDT) was determined for the steel in

both the normalized, and normalized and stress relieved conditions. The NDT
for both the normalized, and normalized and stress relieved material was found
to be the same, -40 C (-40 F)

.

J-Integral

Data have been presented showing both the mechanical properties and the impact
resistance of AAR TC128 steel in both the normalized, and normalized and
stress relieved conditions as a function of test temperature. In the fracture
analysis of steels, it often behooves the investigator to determine the abili-
ty of the steel plate to resist crack initiation and subsequent growth. This
ability to resist crack initiation can be shown by the J- integral test. The J

test uses a compact tension specimen with an initial crack produced by fatigu-
ing. In performing this test, the compact specimen is loaded to a series of
predetermined values and then unloaded from each of these loads . The energy
required to extend the crack at each of these loads is ascertained and a

corresponding J determined. The specimen is then reloaded to subsequent crack
extensions and the J again calculated. In this test, one of the ASTM requi-
sites is that stable crack growth occur, that is, extend under repetitive
loading and not grow in an unstable or catastrophic manner.

J- integral tests were conducted on the steel in both the normalized, and
normalized and stress relieved conditions. The results, from -51 C (-60 F) to
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-18 C (0 F) are shown Tables 10, 11, 12, and 13 and plotted in Figure 14. The

figure clearly shows that the normalized and stress relieved steel, for either

the L-T or T-L orientations, was more resistant to crack initiation than the

normalized steel. Shown in the figure beneath the upper two curves is the

letter "S". This letter indicates that the crack growth for the steel at

these test temperatures was stable. Examination of these specimens after re-

moval from the test apparatus revealed that a crack did not propagate beyond
the initial fatigue crack, and the region immediately in front of the fatigue
crack was severely blunted. A high J value was obtained for these specimens.

As for the normalized material, only at a temperature of -18 C (0 F) was there

stable fracture. At other test temperatures, even though a J value was

obtained, unstable fractures occurred.

Crack Tin Opening Displacement

CTOD tests were performed on the normalized, and normalized and stress
relieved steels at -51 C (-60 F) . The results are shown in Table 14. Since

no stable crack growth was obtained, only crack blunting and then plastic
collapse, testing at higher temperatures was unwarranted.

According to the ASTM Method E 1221-88, if stable crack growth does not occur,

the plastic displacement at the maximum load,
,
should be taken as the CTOD,

and used to determine the corresponding J's and K's. (See Table 14 for the

equations used.) The CTOD test results, and the corresponding fracture tough-

ness values, clearly show that the normalized and stress relieved material was

more resistant to crack initiation than the normalized material.

Crack Arrest

Having determined both materials' resistance to initiate a crack, the ability
to stop a propagating crack was determined. The results for the normalized,
and normalized and stress relieved AAR TC128 grade B steel are shown in Tables

15, 16, 17, and 18, and graphically in Figure 15. It is important to note

that the crack arrest value, denoted as
,

is a material property like the

UTS, YS
,
etc. As expected, the crack arrest value increased as the test tem-

perature increased. Both the normalized, and normalized and stress relieved
materials have crack arrest values that are characteristic of other
ferrite/pearlite steels.

DISCUSSION AND CONCLUSIONS

A database has been developed for normalized, and normalized and stress
relieved AAR TC128 grade B steel. The mechanical properties, in terms of the

ultimate and yield strengths, reduction in area, and elongation showed the

steel to possess properties that are not uncommon for this steel. Impact
tests performed in both conditions showed that the normalized and stress
relieved material had better impact properties at low temperatures than the

normalized material. The impact results also showed that the normalized and
stress relieved material had a higher upper-shelf value than the normalized
material. In essence the mechanical properties, i.e., UTS, YS etc., and
impact properties over the temperatures tested revealed that the normalized
and stress relieved material was better than the normalized material.
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The test results are those that are commonly reported for these steels, and
are identified as the basic test results needed. Often in accidents involving
tank cars that are made of these materials, it is important that the investi-
gator know the ability of this material to resist crack initiation, for ex-

ample when it is impacted by a knuckle coupler from another tank car, and also
the ability of the same material to arrest a propagating crack. These two

properties were determined for the steels in both the normalized, and nor-
malized conditions. Low temperature, -51 C(-60 F)

,

test results indicated
that the normalized and stress relieved material was more resistant to crack
initiation than the normalized material. The crack arrest property, over the

test temperature range was comparable and similar to that observed for other
ferrite/pearlite steels. Of primary importance was the difference between the
crack initiation values and the arrest values for these conditions. It was
found that the difference in these values was greater for the normalized and
stress relieved material than for the normalized material. This indicates
that under impact conditions, where no fire is involved, the normalized and
stress relieved material would be more resistant to crack initiation that the
normalized material.

In conclusion, the test results, in particular the fracture toughness results,
clearly indicate that the normalized and stress relieved material was better
than the normalized material.
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Table 1. Chemical Composition (Wt%)
,
the AAR TC128 Grade B Specification, and

Heat Analyses on Plate "I".

AAR^
Specification

Heat^
Analyses

Check^
Analyses (1)

Check^
Analyses

Carbon 0.25 max 0.22 0.21 0.21

Manganese 1.0 - 1.5 1.27 1.13 1.11

Phosphorus 0.035 max 0.015 0.012 0.010

Sulphur 0 . 040 max 0.012 0.010 0.008

Silicon 0.05 - 0.50 0.241 0.22 0.21

Nickel 0.25 max 0.04 0.03 0.03

Chromi\im 0.25 max 0.23 0.25 0.24

Molybdenum 0.08 max 0.062 0.06 0.06

Copper 0.035 max 0.034 0.03 0.03

Aluminum
4

NR 0.065 0.063 0.063

Niobium NR NR <0.005 <0.005

Vanadium 0 , 08 max 0.034 0.029 0.028

Nitrogen NR NR 0.0065 0.0061

Calcium NR NR <0.001 <0.001

C.E.^ 0.62 max 0.50 0.47 0.46

1 AAR Specifications for Tank Cars: Specification M-1002, M128.
2 Bethlehem Steel Corporation.
3 NIST.
4 Not Required
5 C.E. = Carbon Equivalent = C + Mn/6 + (Cr + Mo + V)/5 + (Cu + Ni)/15.
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Table 2. Tensile Test Results for Normalized AAR TC128 Grade B Steel.
Specimens Were Tested in the ASTM L-T Orientation.

Specimen Test Temn

.

UTS 0.,2% YS RA Elong

.

Number C (F) MPa (ksi) MPa (ks;L) % (25 mm) ,

%

Til 22 72 673.,2 97. 7 446.,5 64,.8 65. 5 28.5

T12 22 72 675.,9 98. 1 456.,1 66,.2 64. 3 27.8

T3 -18 0 716.,6 104. 0 474.,0 68,.6 58. 6 27.1

T4 -18 0 717. 2 104. 1 467. 8 67,.9 66. 8 29.1

T5 -29 -20 711. 0 103. 2 474. 7 68..9 64. 9 30.7

T6 -29 -20 720. 0 104. 5 485. 1 70,.4 61. 8 28.6

T7 -40 -40 727. 6 105. 6 488. 5 70,,9 63. 6 29.1

T8 -40 -40 729. 0 105. 8 490. 6 71,,2 63. 2 31.0

T9 -50 -60 746. 9 108. 4 497. 5 72,,2 64. 0 2-9.2

TIO -51 -60 726. 9 105. 5 480. 2 69,,7 65. 8 29.3
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Table 3. Tensile Test Results for Normalized AAR TC128 Grade B Steel.
Specimens Were Tested in the ASTM T-L Orientation.

Specimen
Number

Test Temn

.

UTS 0.2% YS RA
%

Elong

.

(25 mm) ,

%

C (F) MPa (ksi) MPa (ksi)

T43 22 72 607.7 88.2 408.6 59.3 60.9 32.0

T44 22 72 606.3 88.0 406.5 59.0 61.2 32.6

T35 -18 0 644.9 93.6 401.0 58.2 63.0 30.0

T36 -18 0 647.0 93.9 389.3 56.5 61.7 27.3

T37 -29 -20 654.6 95.0 443.7 64.4 60.0 30.5

T38 -29 -20 656.6 95.3 443.0 64.3 62.1 30.9

T39 -40 -40 668.3 97.0 442.3 64.2 60.9 32.2

T40 -40 -40 667.6 96.9 445.1 64.6 56.3 32.2

T41 -51 -60 677.3 98.3 462.3 67.1 57.7 33.3

T42 -51 -60 680.7 98.8 459.6 66.7 62.2 33.7
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Table 4. Tensile Test Results for Normalized and Stress Relieved AAR TC128
Grade B Steel. Specimens Were Tested in the ASTM L-T Orientation.

Specimen
Number

Test Temn

.

UTS 0.2% YS RA
%

Elong

.

(25 mm) ,

%

C (F) MPa (ksi) MPa (ksi)

T27 22 72 618.7 89.8 427.9 62.1 69.6 32.5

T28 22 72 619.4 89.9 429.9 62.4 68.0 31.4

T19 -18 0 660.8 95.9 465.1 67.5 67.5 30.9

T20 -18 0 658.7 95.6 474.0 68.8 67.9 30.6

T21 -29 -20 671.1 97.4 480.2 69.7 68.4 31.0

T22 -29 -20 662.8 96.2 472.7 68.6 68.5 30.7

T23 -40 -40 676.6 98.2 474.0 68.8 65.9 31.6

T24 -40 -40 674.5 97.9 480.2 69.7 68.2 31.8

T25 -51 -60 693.1 100.6 509.2 73.9 67.6 3-2.1

T26 -51 -60 691.6 100.4 491.9 71.4 67.0 32.7
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Table 5. Tensile Test Results for Normalized and Stress Relieved AAR TC128
Grade B Steel. Specimens Were Tested in the ASTM T-L Orientation

Specimen
Number

Test Temn

.

UTS 0.2% YS RA
%

Elong

.

(25 mm) ,

%

C (F) MPa (ksi) MPa (ksi)

T59 22 72 556.7 80.8 394.1 57.2 65.0 33.7

T60 22 72 557.4 80.9 395.5 57.4 62.4 32.8

T51 -18 0 593.2 86.1 413.4 60.0 56.6 31.9

T52 -18 0 593.2 86.1 407.2 59.1 62.0 33.6

T53 -29 -20 600.1 87.1 416.2 60.4 58.1 33.7

T54 -29 -20 601.5 87.3 418.2 60.7 63.3 34.6

T55 -40 -40 612.5 88.9 448.5 65.1 64.4 35.3

T56 -40 -40 616.7 89.5 434.1 63.0 60.6 33.4

T57 -51 -60 624.9 90.7 444.4 64.5 61.6 34.2

T58 -51 -60 627.7 91.1 453.4 65.8 62.0 35.0
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Table 6. Impact Test Results for Normalized AAR TC128 Grade B Steel.
Specimens Were Tested in the ASTM L-T Orientation.

Specimen Test Temp. Energy Absorbed Lateral Expansion
Number C (F) J (Ft -lb) mm (inch)

11 -50 -58 59,.7 44,.0 0,.86 34,.0

12 -50 -58 94,.9 70,.0 1,.40 55,.0

13 -50 -58 75,.9 56,.0 1,.12 44,.0

17 -46 -50 77,.3 57,.0 1,.12 44,.0

18 -46 -50 73,.2 54,.0 1,.09 43,.0

19 -46 -50 78,.6 58,.0 1,.18 46,.5

112 -31 -25 50,.2 37,.0 0,.77 30,.5

113 -31 -25 88,.1 65,.0 1,.35 53,.0

114 -31 -25 50,.2 37,.0 1,.19 47,.0

115 -30 -25 81,.3 60,.0 0,.81 32,.0

122 -23 -10 50,.2 37,.0 0,.77 30,.5

123 -23 -10 100,.3 74,.0 1,.50 59,,0

124 -23 -10 63,.7 47,.0 0,.94 3-7..0

110 -18 0 119,.3 88,,0 1.,65 65,.0

111 -18 0 127,,4 94,.0 1,,79 70,,5

125 -9 +15 80,,0 59,,0 1,,02 40,.0

126 -9 +15 168.,1 124,,0 2,.21 87.,0

116 -1 +30 162,.7 120,,0 2.,29 90,,0

117 -1 +30 145..1 107,,0 2.,13 84,.0

118 +10 +50 149..1 110.,0 2..01 79..0

119 +10 +50 161.,3 119.,0 2.,26 89..0

14 +22 +73 185.,7 137.,0 2.,30 90.,5

15 +22 +73 188.,4 139.,0 2.,32 91.,5

16 +22 +73 189.,8 140.,0 2..34 92.,0

120 +38 +100 185.,7 137.,0 2.,27 89.,5

121 +38 +100 165.,4 122.,0 2.,21 87.,0

127 +93 +200 154.,6 114.,0 2..11 83.,0

128 *93 +200 165..4 122.,0 2..12 83.,5
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Table 7. Impact Test Results for Normalized AAR TC128 Grade B Steel.
Specimens Were Tested in the ASTM T-L Orientation.

Specimen Test Temp. Energy Absorbed Lateral Expansion
Number C (F) J (Ft-lb) mm (inch)

161 -50 -58 29..2 21,.1 0..51 20,.0

162 -50 -58 29,.8 22,.0 0,.46 18,.0

163 -50 -58 29,.8 22,.0 0..43 17,.0

167 -46 -50 31,.9 23,.5 0,.53 21,.0

168 -46 -50 44,.1 32,.5 0,.69 27,.0

169 -46 -50 35,.9 26,.5 0,.57 22,,5

172 -31 -25 36..6 27,.0 0,.69 27,.0

173 -30 -25 47,.5 35,.0 0,.84 33,.0

180 -23 -10 43,.4 32,.0 0,.79 31,.0

181 -23 -10 50,,2 37..0 0,.86 34,,0

170 -18 0 59,.7 44,.0 1,.07 42,,0

171 -18 0 51.,5 38,.0 0,.88 34,.5

182 -9 +15 67.,8 50,.0 1,.19 4-7,,0

183 -9 +15 47,.5 35,.0 0,.93 36,,5

174 -1 +30 66,.4 49,.0 1,.18 46,,5

175 -1 +30 65,,1 48,.0 1,.21 47,,5

176 +10 +50 80..0 59,.0 1..41 55,,5

177 +10 +50 80.,0 59..0 1,.45 57,.0

164 +22 +73 81.,3 60.,0 1,.41 55,,5

165 +22 +73 86.,8 64.,0 1,,46 57,,5

166 +22 +73 86.,8 64.,0 1..50 59.,0

178 +38 +100 78.,6 58.,0 1.,40 55.,0

179 +38 +100 81..3 60.,0 1.,45 57..0

184 +93 +200 78.,6 58.,0 1.,47 58..0

185 +93 +200 80.,0 59.,0 1.,48 58.,5
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Table 8. Impact Test Results for Normalized and Stress Relieved AAR TC128
Grade B Steel. Specimens Were Tested in the ASTM L-T Orientation.

Specimen Test Temp. Energy Absorbed Lateral Expansion
Number C (F) J (Ft-lb) mm (inch)

137 -51 -60 67 ,.8 50 ,.0 1 . 07 42 ,.0

138 -51 -60 62 ,.4 46 ,.0 0 . 94 37 ,.0

139 -51 -60 151 ,.9 112 ,.0 2 . 01 79 ..0

134 -46 -50 74 ,.6 55 ,.0 0 . 99 39 ,.0

135 -46 -50 119 ,.3 88 ..0 1 . 63 64 ,.0

136 -46 -50 108 ..5 80 ,.0 1 . 49 58 ,.5

140 -31 -25 115 ,.2 85 ,.0 1 . 47 58 ,,0

141 -31 -25 103 ,.0 76 ,.0 1 . 36 53 ,,5

142 -23 -10 139 ,,6 103 ,.0 0 . 90 35 ..3

143 -23 -10 169 ,,5 125 ,.0 1 . 06 41 ,.8

144 -18 0 155 ,,9 115 ,.0 1 . 97 77 .,5

145 -18 0 123 ,,4 91 ,.0 1 . 65 65 ,,0

146 -9 +15 142 ,,4 105 ,.0 1 . 92 7-5 ..5

147 -9 +15 122 ,.0 90 ,.0 1 . 77 69 ,,5

148 -1 +30 181 ,,7 134 ,.0 2 . 11 83 .,0

149 -1 +30 179 ,,0 132 ,.0 2 . 13 84 ,.0

150 +10 +50 183 ,,0 135 ,.0 2 . 24 88 ,,0

151 +10 +50 173 ,,5 128 ,.0 2 . 20 86 ,,5

131 +20 +68 218 .,3 161 ,.0 2 . 35 92 .,5

132 +20 +68 223 .,7 165 ,,0 2 . 31 91 .,0

133 +20 +68 233 .,2 172 ,,0 2 . 34 92 .,0

152 +42 +107 176 ..3 130 ..0 2 . 16 85 .,0

153 +47 +107 183 .,0 135 .,0 2 . 16 85 ..0

154 +93 +200 179 .,0 132 ,,0 22;.o 86 .,5

155 +93 +200 181 .,7 134 .,0 2 . 18 86 .,0
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Table 9. Impact Test Results for Normalized and Stress Relieved AAR TC128
Grade B Steel. Specimens Were Tested in the ASTM T-L Orientation.

Specimen Test Temn. Enerev Absorbed Lateral Expansion
Number C (F) J (Ft»lb) mm (inch)

197 -51 -60 25.1 18.5 0.42 16.5
198 -51 -60 21.0 15.5 0.36 14.0
199 -51 -60 25.8 19.0 0.36 14.0
194 -46 -50 24.4 18.0 0.47 18.5
195 -46 -50 25.8 19.0 0.44 17.5
196 -46 -50 24.4 18.0 0.39 15.5
1100 -31 -25 51.5 38.0 0.84 33.0
1101 -31 -25 42.0 31.0 0.71 28.0
1102 -23 -10 44.7 33.0 0.77 30.0
1103 -23 -10 42.0 31.0 0.67 26.5
1104 -18 0 59.7 44.0 1.00 39.5
1105 -18 0 44.7 33.0 0.76 3-0.0
1106 -9 +15 61.0 45.0 0.72 28.5
1107 -9 +15 77.3 57.0 1.02 40.0
1108 -1 +30 77.3 57.0 1.24 49.0
1109 -1 +30 67.8 50.0 1.22 48.0
1110 +10 +50 77.3 57.0 1.30 51.0
nil +10 +50 75.9 56.0 1.30 51.0
191 +20 +68 100.3 74.0 1.35 53.0
192 +20 +68 105.8 78.0 1.59 62.5
193 +20 +68 101.7 75.0 1.52 60.0
1112 +42 +107 88.1 65.0 1.51 59.5
1113 +42 +107 88.1 65.0 1.45 57.0
1114 +93 +200 92.2 68.0 1.59 62.5
1115 +93 +200 90.8 67.0 1.52 60.0
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Table 15.

Specimen
Number

1-21

1-22

1-23

1-24

1-25

1-26

1-27

1-28

1-29

1-30

1-31

1-32

1-33

Crack Arrest Test Results (K^ ) for Normalized and Stress Relieved
AAR TC128 Grade B Steel Tested in the ASTM L-T Orientation

Test Temp. ^
c (F) MPa •

m^ (ksi • in^

)

-51 -60 48 44

-51 -60 61 55

-51 -60 56 51

-29 -20 64 58

-29 -20 64 58

-29 -20 72 65

-18 0 CRACK DID NOT RUN

-18 0 83 75

-18 0 66 60

-18 0 INSUF. CRACK GROWTH

-40 -40 48 44

-40 -40 46 42

-40 -40 65 59

22



Table 16. Crack Arrest Test Results (K^) for Normalized and Stress Relieved
AAR TC128 Grade B Steel Tested in the ASTM T-L Orientation

Test Temp.

C (F) MPa-m^ (ksi-in^)

1-37 -51 -60 42 38

1-38 -51 -60 54 49

1-39 -51 -60 63 57

1-40 -29 -20 79 72

1-41 -29 -20 68 62

1-43 -18 0 63 57

1-44 -18 0 73 66

1-45 -18 0 72 65

1-46 -40 -40 57 52

1-47 -40 -40 59 54

1-48 -40 -40 63 57

1-49 -29 -20 66 60

Specimen
Number

23



Table 17. Crack Arrest Test
AAR TC128 Grade B

Results (Kg) for
Steel Tested in

Normalized and Stress Relieved
the ASTM L-T Orientation

Specimen
Number

Test Temp. Ka

C (F) MPa •
m^ (ksi-in"^)

I-l -51 -60 46 42

1-2 -51 -60 57 52

1-3 -51 -60 57 52

1-4 -52 -60 61 55

1-6 -29 -20 62 56

1-7 -29 -20 67 61

1-8 -29 -20 67 61

1-9 -18 0 CRACK DID NOT RUN

I-IO -18 0 86 78

I-ll -18 0 53 48

1-12 -18 0 86 78

1-13 -18 0 RAN OUT OF SIDE GROOVE!

1-14 -40 -40 56 51

1-15 -40 -40 59 54

1-16 -40 -40 65 59

24



Table 18. Crack Arrest Test
AAR TC128 Grade B

Results (Kg ) for
Steel Tested in

Normalized and Stress Relieved
the ASTM T-L Orientation

Specimen
Number

Test Temp

.

Ka

C (F) MPa * m^ (ksi • in^

)

1-55 -51 -60 50 45

1-56 -51 -60 54 49

1-57 -51 -60 65 59

1-58 -29 -20 CRACK TUNNELED (INV.)

1-59 -29 -20 CRACK TUNNELED ( INV
.

)

1-60 -29 -20 75 68

1-62 -29 -20 67 61

1-63 -29 -20 72 65

1-64 -18 0 CRACK DID NOT RUN

1-65 -18 0 CRACK DID NOT RUN

1-66 -40 -40 47 43

1-67 -40 -40 55 50

1-68 -40 -40 50 45

25



Figure 1. Photomicrographs of as -polished AAR TC128 grade B steel in three

orthogonal directions. The inclusions appear to be manganese

sulfide. The arrow shows the predominant rolling direction in the

plate

.
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Figure 2. Photomicrographs of etched AAR TC128 grade B steel in three
orthogonal directions. The microstructure consists of pearlite
(dark) and ferrite (light) . The ferrite appears to be uniform in
grain size, indicative of normalized material.
Etch: 1% Nital
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Figure 3. Photomicrographs showing the overall microstructure (a), that
located at the centerline (b)

,

and quarter- thickness (c)

,

locations. Microstructural banding, i.e., heavy concentration of

coarse pearlite, was observed along the center line of the plate.

Mag; a) X6 . 6

;

b and c) X250. Etch: 2% Nital
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Figure 4. Photomicrographs of normalized and stress relieved AAR TC128 grade
B steel in the etched condition, in the ASTM T-L orientation. The
photomicrographs were taken at the edge (a)

,

and at the quarter
thickness locations (b) of the specimen.
Mag: Both X250 Etch: 1% Nital
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Figure 5. Photomicrographs of normalized and stress relieved AAR TC128 grade
B steel in the etched condition, in the ASTM L-T orientation. The
photomicrographs were taken at the edge (a)

,

and at the quarter

-

thickness locations (b) of the specimen.
Mag: Both X250 Etch: U Nital
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Figure 6. Ultimate tensile strength as a function of test temperature for
normalized, and normalized and stress relieved AAR TC128 grade B
steel. The ASTM L-T and T-L orientations are compared.
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Figure 7. Yield strength, 0.2% offset, as a function of test temperature for
normalized, and normalized and stress relieved AAR TC128 grade B

steel. The ASTM L-T and T-L orientations are compared.
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Figure 8
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Figure 9. Elongation in 25 mm (1 inch), %, as a function of test temperature
for normalized, and normalized and stress relieved AAR TC128 grade
B steel. The ASTM L-T and T-L orientations are compared.
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Figure 10. Charpy V-notch impact results for normalized AAR TC128 grade B

steel. The ASTM L-T and T-L orientations are compared.
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Figure 11. Charpy V-notch impact results for normalized and stress relieved
AAR TC128 grade B steel. The ASTM L-T and T-L orientations are
compared.
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Figure 12. Lateral expansion results for normalized AAR TC128 grade
The ASTM L-T and T-L orientations are compared.

steel

.
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Figure 13. Lateral expansion results for normalized and stress relieved AAR
TC128 grade B steel. The ASTM L-T and T-L orientations are
compared.
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Figure 14. Fracture toughness results, K, as a function of test temperature.
The normalized, and normalized and stress relieved steels, and
ASTM L-T and T-L orientations are compared. "S" refers to stable
crack growth, and "US" to unstable crack growth.

39

(MPa*m

1
/2)



Ka,

Crack

Arrest,

Ksi*in

1/2

Temperature, C
.k7s57 -52 -47 -42 -37 -32 -27 -22 -17 -12
1 UU i I I I I I" I I I I

I

I 'I I

'

•
I

I'
I I

'-

i r~
|

I'' r-|—I
~i

1
'

I I I'
I

I I" [ I
I

I I r r
I

'

r I' 1 r ;~ i T I'T

90-

80-

70-

60-

50-

40-

TC 1 28 Grade B Steel

AAAAA Normalized & Stress Relieved, TL I

Normalized &c Stress Relieved, LT -

7

103

93

83

73

63

53

43

Tol I I I I 1 I I I 1 1 I I 1 ^ I i_i I I I I : i._i 1 I I I I I I I I L J 1 I I I—I I—I—I—1—

1

-70 -60 -50 -40 -30 -20 -10 0 10 20^^^

Temperature, F

Figure 15. The crack arrest fracture toughness,
,

as a function of test
temperature. The normalized, and normalized and stress relieved
material, and ASTM L-T and T-L orientations are compared.
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appendix II

# E399

Crack Plane Orientation Code for Rectangular Sectiona
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