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ABSTRACT

T h is  is  the  second o f  two re p o rts  in tended to  g iv e  in fo rm a tio n  on and 
m e ta llu rg ic a l c h a ra c te r iz a t io n  fo r  each o f  21 p la te  samples taken from  
tank cars  in v o lv e d  in  an a cc id e n t a t  C restv iew  F lo r id a  in  A p r i l  8 , 1979. 
The e a r l i e r  r e p o r t  co n ta in s  the r e s u lts  o f  a f i e l d  in v e s t ig a t io n , which 
gives p e r t in e n t  d a ta  on ih e  therm al and deform ation  h is to ry  o f  each o f  the  
21 p la te , samples taken  by the NBS fo r  fu tu re  s tu d ie s . That re p o r t  in c lu d es  
p ic t o r ia l  and o th e r*re p re s e n ta tio n s  o f  the  responses o f  the  d e ra ile d  tank  
cars, observed a t  th e  a cc id e n t s i t e .  Th is  re p o r t  in c lu d es  r e s u lts  o f  chem­
ic a l  a n a ly s es , m e ta llo g ra p h ic  exam inations (o f  m ic ro s tru c tu re  and in c lu ­
s io n  c o n te n t) and hardness measurements conducted on each o f  these p la te  
samples. Th is , re p o r t  a ls o  inc ludes the  r e s u lts  o f  standard  Charpy V -notch  
im pact te s ts  conducted on seven o f  these p la te  sam ples. Thus, to g e th e r  
these re p o rts  are* in tended as re fe ren ces  fo r  in fo rm a tio n  needed to  confirm  
o r deny models proposed to  e x p la in  the behav io r o f  r a i l r o a d  tank cars  in  
abusive* s e rv ic e . In  a d d it io n , the m e ta llu rg ic a l c h a ra c te r iz a t io n  o f  each 
o f the* 21 p l a t e ' samples w i l l  be u s e fu l in  d e te rm in a tio n s  o f  the s u i t a b i l ­
i t y  o f each o f  these 21 samples fo r  fu tu re  la b o ra to ry  s tu d ie s .

v i i



1 ,o . J n t r q p u c t io n
T h is  is  th e  second o f  two NBS re p o rts  on an a cc id e n t th a t  occurred  3 .8  
m iles  north , o f  C re s tv ie w , F lo r id a  on A p r i l  8 , 1979. These re p o rts  a re  
in tended  to  provide-background in fo rm a tio n  and a b r i e f  m e ta llu rg ic a l  
c h a ra c te r iz a t io n  o f  each o f  21 p la te - samples taken  from  th a t  a cc id e n t 
s i t e ,  so th a t  t h e i r  s u i t a b l i l i t y  fo r  fu tu re  exp erim en ta l work can be 
e s ta b lis h e d . In  th e  f i r s t  r e p o r t ,  [ 1 ] * ,  o b servatio n s  made a t  the  a cc id e n t  
s i t e ,  such as th e  measurements, p h o to g ra p h s ,e tc ., were documented f o r  two 
reasons: (1 )  The f i r s t  is  to  c h a ra c te r iz e  the  lo c a t io n  and h is to r y  o f  each 
p la te - sample taken  from the c a rs , as the  s e le c t io n  o f  m a te r ia ls  f o r  use in  
s tu d ie s  concerned w ith  th e  s u i t a b i l i t y  o f  p la te  m a te ria ls : fo r  s e rv ic e  in  
r a i l r o a d  tank  cars  re q u ire s  th a t  th e  deform ation  and th erm al h is to ry  be 
known. (2 )  The second reason r e la te s  to  th e  estab lish m en t o f  a  "co n te x t"  
fo r  these s tu d ie s  o f th e  behavior o f p la te  s te e ls  in  r a i l r o a d  tank cars  
s u b je c t to  abusive s e rv ic e  c o n d itio n s . Some o f  these samples a re  taken  
from lo c a l ly  undamaged, sec tio n s  or p a rts  o f  ta n k -c a r  head and s h e l l  p la te s  
th a t  had su s ta in ed  co n s id erab le  s erv ice , abuse, e .g . they susta ined  d e fo r­
m ation w ith o u t ru p tu re  or the  ru p tu re  had no h ig h ly  undesired  consequence.

For exam ple, NBS Tank-Car samples T and 4 were taken from head p la te s  th a t  
were very  b ad ly  d en ted , but n e ith e r  o f  these p la te s  ru p tu re d . Head p la te  
NBS sample 1 is  0 .7 6  inches th ic k  and i t  was in  p re ss u rized  s e rv ic e . The 
o th e r head p la te  (NBS 4) is  0 .46  inches th ic k  and i t  was in  " lo w -p ressu re"  
(acetone and m ethanol) s e rv ic e . In  g e n e ra l, th e  s te e l p la te  m a te r ia ls  o f 
cars th a t  were in  "low -pressure" s e rv ic e  seemed capable o f  s u s ta in in g  
g re a te r  amounts o f  damage, when compared w ith  th a t  o b s erv e d ,fo r the  p ress­
u r iz e d  c a rs . Thus, the second reason fo r  the  docum entation is  to  fu rn is h  a 
"co n tex t"  fo r  fu tu re  s tu d ie s  o f these types o f p la te s .  Th is  "c o n te x t"  is  a 
s e t o f  a c tu a l o b s e rv a tio n a l experiences o f tank cars  th a t  were used in  
p re ss u rized  s e rv ic e  v is -a -v is  those th a t  were in  abusive , " lo w -p ressu re"  
s e rv ic e . Th is  "c o n te x t"  is  considered to  be u s e fu l in  in te r p r e ta t io n  o f  
models th a t  m ight be developed to  e x p la in  th e  b eh av io r o f  the cars  in  
abusive s e rv ic e .

The f i r s t  o f  these two re p o rts  [1 ]  p resents  o b servatio n s  made on th e  tank  
cars  a t  o r near th e  a cc id e n t s i t e ,  in  the days im m ediate ly  fo llo w in g  the  
a c c id e n t.

There were 23 "NBS Samples" s e le c ted  a t  the a cc id e n t s i t e .  Only 16 were 
used fo r  the s tu d ie s  re p o rte d  h e re . S ix  o f  th e  o th e r seven a re  e ith e r  
valves  (NBS 6, NBS 11, and NBS 16) th a t  a re  no t discussed h e re , or p la te  
samples th a t  were d e le te d  fo r  reasons r e la te d  to  s a fe ty  (head p la te  NBS 5) 
or economy (s h e ll  p la te s  o f NBS 14, NBS 1 5 ) .  The seventh , NBS 20B was 
shipped to  NBS and is  a v a i la b le ,  bu t th e  p la te s  conta ined  in  i t  a re  the  
same two s h e l l  courses contained in  20A. However, 20A co nta ins  a la rg e  
puncture th a t  caused c h lo r in e  to  leak  from the  v e s s e l. Th is  second re p o rt  
gives la b o ra to ry  o bservations and b r ie f  m e ta llu rg ic a l c h a ra c te r iz a t io n s  o f  
16 p la te  samples taken  from e ig h t tank cars  in vo lved  in  th e  a c c id e n t. Of 
the 16 "NBS Tank-Car Samples" taken from  th e  a cc id e n t s i t e ,  f iv e  conta ined  
two p la te s  ( s h e l l  o r head p la t e ) .  Thus, th e re  a re  21 p la te  samples: F ive  
head p la te s  and 16 s h e ll  p la te s . These samples a re  id e n t i f ie d  in  ta b le  1 
along w ith  the "NBS Sample ID " and the r a i l r o a d  tank car from which the  
sample was ta k e n . The la d in g  o f each tank car is  a ls o  in d ic a te d .

#Brackets id e n t i f y  re fe re n c e s  l is t e d  in  th is  r e p o r t .



S u b s ta n tia l amounts o f 'm a te r ia l  a re  a v a ila b le ; fo r  fu r th e r  study from, among 
these 21 p la te  samples. The p la te  s u rfa ce  a rea  a v a ila b le  f o r  each o f ’ the  
21 samples v a r ie s  over the  range from  T 1 /2  to  17 f t 2 w ith  the  average  
b ein g  about seven, sq. f t . . ,  The a v a i la b le  p la te  su rface  area , is  in d ic a te d  
in  Appendix. A., In  a d d it io n  to , th e  a re a  data: fo r  the  21 p la te s  l is t e d  in  
the Appendix, th e re  are. some o th e r  p la te s  not' o th erw ise  mentioned in  th is  
r e p o r t .  These are  p la te s  th a t  a d jo in  one o r more o f  the  p la te s  in vo lved  in  
these s tu d ie s .

The m e ta llu rg ic a l exam inations- o f  th e  21 p la te - samples in c lu d es  chem ical 
and* m e ta llo g ra p h ic  a n a lyses , as, w e l l  as hardness surveys on a l l  21 sam­
p le s .. In  a d d it io n , the standard; lo n g itu d in a l and tra n s v e rs e  Charpy V -notch  
(CVN) impact: tests , were conducted: on- p la te  samples taken from  the  pressur­
ized  tank cars ,; i . e . , those from  three, tank cars  w ith  la d in g s  o f  anhydrous 
ammonia or c h lo r in e : The former- were o f' two DOT C lasses, 112S 400W and 
105A 300W, and the la t e r  was o f  c la s s  105A 300W [ 1 ] .  Both c lasses  a re  
considered to  be "h ig h -p ressu re" s e rv ic e . -

There were e ig h t p la te  samples from  the- "h ig h -p ressu re" s e rv ic e .. Seven a re  
s h e ll  p la te s ,, and one is  a head, p la te . .  Although a l l  seven s h e l l  p la te s  
were: tested:,., the head p la te  was no t te s te d , as com pletion  o f  th e  p la te  
o r ie n ta t io n  study could: not: be budgeted a t  th is  tim e... Th is  sample is. 
a v a ila b le  as a- candidate fo r  fu tu r e  s tu d ie s . Standard: CVN samples have 
been machined fo r  use in  making: a d e te rm in a tio n  o f th e  r o l l in g  d ire c t io n  
o f  th is  p la te ,  i f  needed., The- other- 13 p la te  samples a re  from  f iv e  tank  
cars o f DOT c la s s  111A 100W, which is . not in tended fo r  "h ig h -p ressu re"  
service- and im pact s tud ies  o f  these  were th e re fo re  n o t in c lu d ed  in  th is  
study .

2 . EXPERIMENTAL PROCEDURES 

■2.1 Chemical Analyses
Check chem ical analyses were conducted on chem istry  samples c u t from each 
o f the  21 p la te  samples. The analyses; were conducted by a commercial 
te s t in g  la b o ra to ry  by com bustion-conductom etric ( f o r  carbon c o n te n t).a n d  
em ission spectroscopic  methods.. Samples and ta rg e t  areas (d iam . = 8 .0  mm 
or 0.-31 in )  fo r  these analyses were taken ap p ro xim ate ly  a t  the  q u a r te r -  
th ickn ess  lo c a tio n  o f each p la te  sam ple. This was done by c u tt in g  away 
about 1 /4  o f the p la te  th ickn ess  from  each chem istry  check sample, using a 
c u t - o f f  w heel, and then g r in d in g  th a t  c u t su rface  o f  th e  sample using  a 
tup g r in d e r . The approxim ate q u a rte rp O in t a c tu a lly  used fo r  th is  g rin d in g  
o p e ra tio n  can be determ ined as fo llo w s : Each p la te  was c la s s i f ie d  in to  one 
o f th re e  th ickn ess (g r in d in g ) codes,, as shown in  ta b ie  2 . F in a l th ickn ess  
is  one o f th re e  va lues: 0 ,30  inches fo r  p la te s  having i n i t i a l  th ickness  
values o f 0 .4 0  to  0 .4 6  inches; 0.4,1 inches fo r  those i n i t i a l l y  a t  0 .5 4  to
0 .5 7  inches; and 0 .56  fo r  those i n i t i a l l y  a t  0 .75  to  0 .8 1 .  In  ta b le  2 , 
these f i n a l  th ickness values a re  in d ic a te d  re s p e c tiv e ly  as g r in d in g  (o r  
th ic kn es s ) codes 1 , 2 ,  and 3 . The i n i t i a l  th ickn ess  is  the "a s -re c e iv e d  
p la te  th ic kn es s " .

M i l l  re p o rts  o f chem ical com position were a v a ila b le  fo r  o n ly  two o f these  
p la te s , samples 20A-A and 20A-B, which a re  the  two s h e l l -p la te  samples cut 
from NBS Sample 20A from a tank car UTLX 2827 th a t had been in  c h lo r in e  
s e rv ic e  and was punctured in  th e  t r a in  d e ra ilm e n t. The s te e ls  from a l l  
o th er tank cars were id e n t i f ie d  o n ly  by comparing the  check chem ical
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analyses w ith  the  s p e c if ic a t io n s  fo r  chem ical com positions o f  s te e ls  used 
in  th e  m anufacturing  o f  r a i lr o a d  tanlc c a rs . The com positions o f  each o f  
the s te e ls  was compared w ith  the  com position g iven  in  one o f  the fo llo w in g  
s p e c if ic a t io n s :  ASTM A515-Grade 65 , ASTM A516-Grade 6 5 , and AAR TC128- 
Grades A and -G rad e ' B.

2 .2  M e ta llo g rap h y  and Hardness Measurements
From each o f  the  21 p la te  samples,, sm all p ie ce s  were machined fo r  use as &  
m e ta llo g ra p h ic  and. hardness samples. These were m echan ica lly  p o lish ed  f l a t  
and smooth b e fo re  be ing  used fo r* m e ta llo g ra p h ic  o b serva tio n  and f o r  hard­
ness measurements. The p lane o f  o b serva tio n  was taken norm al to  the  p la te  
su rfaces ., For the  ‘ 16 s h e ll  p la te s , th is  p lane  co n ta in s  the  r o l l in g  d ire c ­
t io n  o f th e  p la te - and i t  is  c a lle d  a lo n g itu d in a l p la n e , o r a nCn p lane  
[ 2 ,  31* For th e  s ix . head p la te s , an attem pted m e ta llo g ra p h ic  determ ina­
t io n  o f  the  r o l l in g  d ir e c t io n  f a i le d  to. g iv e  s a t is fa c to r y  r e s u lts ,  so the  
plane o f o b s erv a tio n  f o r  each o f  these specimens is  not a lo n g itu d in a l  
p lan e , i . e .  i t .  does not n e c e s s a rily  co n ta in  th e  r o l l in g  d ire c t io n ..  In  the  
unetched c o n d itio n , each o f these 21 sm all p ieces  (o r  samples) was used to  
ra te  the  in c lu s io n  c o n te n t, using ASTM Method E45.

The m e ta llo g ra p h ic  e v a lu a tio n  included  o p t ic a l  m eta llography  o f  each 
sample in  the n ita l -e tc h e d  c o n d itio n . Photomicrographs were taken a t  the  
q u a rte r -th ic k n e s s  lo c a t io n  o f  th e  p la te ,  except as n o ted . O p tic a l photo­
micrographs o f  areas  th a t  were considered to  be re p re s e n ta tiv e  o f . th e  
m ic ro s tru c tu re  were taken  fo r  each sample. Two photomicrographs were taken  
fo r  each p la te  sample,, using m a g n ifica tio n s  o f  X100 and X500. On one o f  
the samples, the  photomicrograph taken a t  X100 was not taken a t  th is  p la te  
lo c a t io n . R ather,, i t  is  a view  o f the cen te r o f  the  p la te  th ic kn es s , which 
is  intended to  i l l u s t r a t e  c e n te r l in e  seg reg a tio n  observed in  th re e  o f  the  
p la te  samples.

In  a d d it io n , the f e r r i t e  g ra in  s iz e  was ra te d  from reg io n s  o f  the  samples 
th a t  c le a r ly  showed f e r r i t e  in  a somewhat po lygonal form . Th is  r a t in g  was 
done acord ing  to  ASTM method E112. Average g r a in -s iz e  numbers a re  r e p o r t ­
ed.

Hardness was determ ined on each o f these same s u rfa c e s . Average hardness 
is  re p o rte d , based on the re s u lts  o f  f iv e  to  seven Rockwell B hardness 
measurements. These were taken a t vario u s  th ickn ess  le v e ls  between th e  two 
p la te  s u rfa ce s .

2 .3  Impact Tests
Charpy V -notch (CVN) impact specimens were prepared from the seven samples 
o f s h e l l -p la te  s te e ls  taken from p ressu rized  c a rs . Ladings fo r  each o f  
these cars was e it h e r  anhydrous ammonia or c h lo r in e  (see ta b le  2 ) .  S p ec i­
mens were prepared and te s te d  according to  ASTM S p e c if ic a t io n  E 23-82 , 
using the standard (10 mm) f u l l - s i z e  specimens. These were c u t from  each 
p la te  accord ing  to  one o f  two ASTM o r ie n ta t io n s  described  in  in  ASTM 
E616-82.

The o r ie n ta t io n s  a re  commonly c a lle d  tra n s ve rs e  (o r  TL) and lo n g itu d in a l  
(o r L T ). For the  TL o r ie n ta t io n ,  specimens a re  cu t so th a t  the long a x is  
o f the specimen co n ta in s  the tran sverse  d ir e c t io n  o f the p la te ,  and the  
crack p ro p ag atio n  d ir e c t io n  is  the lo n g itu d in a l (o r  r o l l in g )  d ir e c t io n  o f  
the p la te .  For the LT o r ie n ta t io n ,  the specim en's long a x is  is  the  lo n g ­
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i tu d in a l  d ire c t io n  o f  th e  p la t e ,  and th e  crack p ro p ag atio n  d ir e c t io n  the  
tra n s ve rs e  p la te  d ir e c t io n *  The crack f r o n t  is  normal to. the; p la te  sur­
faces' in  both LT and. TL specim ens..

Due to  the alignm ent and; shape o f  in c lu s io n s  th a t, re s u lts , from: r o l l in g  o f ! 
th e  s te e l in to  p la te  form,, energy ab so rp tio n  in  im pact te s ts  is  a fu n c tio n  
o f  specimen, o r ie n ta t io n ..  For specimens w ith  a crack, f r o n t  th a t  is  normal 
to  th e  p la te : su rfa ce s , energy ab so rp tio n  is  a t  a minimum fo r  th e  TL, o r ie n ­
ta t io n  and: at. a, maximum fo r  th e  LT o r ie n ta t io n .  For LS specimens (n o t 
te s te d  h e re ) ,  which are  o r ie n te d  w ith, the long a x is  o f  th e  specimen in  the  
plane o f the  p la te ,, but w ith  the: crack f r o n t  p a r a l le l  to  the  p la te  su r­
fa c e s , the energy absorption: has been observed to- be s t i l l  h ig h e r than  
th a t  fo r  th e  LT o r ie n ta t io n  [6 ] . .

For the tran sverse  o r ie n ta t io n ,,  a f u l l  curve o f im pact energy v s . tempera­
tu re  was estab lish ed , by us ing  th e  number o f  specimens n o rm ally  considered  
adequate to  f u l l y  d escribe  th e  t r a n s it io n  from d u c t i le  to. b r i t t l e  behav­
io r .  Whereas, fo r  the lo n g itu d in a l, specimens, o n ly  te s ts  fo r  p a r t ia l  
curves were; conducted* These LT te s ts  -should have been conducted a t  tem­
p e ra tu re s  th a t would p e rm it th e  estab lishm ent o f  th e  u p p e r-s h e lf  behavior; 
fo r  lo n g itu d in a l, specimens. A c tu a lly ,  a d is p ro p o rtio n a te  number o f  lo n g i­
tu d in a l specimens: were te s te d  in  the- t r a n s it io n  re g io n .

3 .0  SPECIFICATIONS .
The chem ical,com position  requ irem ents  o f the fo u r  grades o f  s te e l  ( fo r  
la d le  an a lyses , a s -w e ll as fo r  two a v a ila b le  product an a lyses ) a re  g iven  
a t  the bottom o f  ta b le  1 . These requirem ents were taken  from  re fe re n c e s  4 
and 5 , which co n ta in  the s p e c if ic a t io n s  fo r  th e  fo llo w in g  fo u r grades o f 
s te e l .

3.1 ASTM A515-Grade 65
Th is  s te e l is  intended to  be used in  pressure v e s s e ls , and is  c la s s if ie d  
by the  American S ociety  fo r  T e s tin g  and M a te r ia ls  (ASTM) as a c a r b o n -s i l i ­
con s te e l used fo r  in te rm e d ia te -  and h ig h e r-te m p era tu re  s e rv ic e  in  welded 
b o ile r s  and o th er pressure  v e s s e ls *  The d es ig n atio n  "Grade 65" re fe rs  to  
the  mimimum allow ed te n s ile  s tre n g th  le v e l ,  which is  448 MPa (65 k s i ) .  
P la te s  o f th ickness les s  than 5 0 .8  mm (2 in c h e s ), would n o rm ally  be.sup­
p l ie d  in  the a s - ro lle d  c o n d itio n .

3 .2  ASTM A516-Grade 65
T h is  s te e l is  intended p r im a r i ly  fo r  s e rv ic e  in  welded pressure  v es s e ls .
I t  is  c la s s if ie d  by ASTM, as a carbon s te e l fo r  m oderate- and low er-tem p- . 
e ra tu re  s e rv ic e . P la tes  38mm (1 .5  inch) and under in  th ickn ess  a re  norm al­
ly  .supp lied  to  the car m anufacturer in  the  a s - r o l le d  c o n d it io n . Th is  ASTM 
s p e c if ic a t io n  a lso  perm its the p la te s  to  be ordered in  th e  norm alized  
c o n d itio n , the  s tre s s -re l ie v e d  c o n d itio n , o r in  the (combined) norm alized  
and s tre s s -re lie v e d  c o n d itio n . The s p e c if ic a t io n  in d ic a te s  th a t  when 
notch-toughness te s ts  a re .re q u ire d  on the s te e l ,  the  p la te s  s h a ll  be 
n o rm alized . Cooling ra te s  f a s te r  than s t i l l - a i r  c o o lin g  a re  p e rm is s ib le  
fo r  the  improvement o f toughness provided  the p la te s  a re  subsequently  
tempered in  the tem perature range o f 590 to  700 C (1100 to  1300 F ) .
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3 .3  AAR TCI 28-Grade A S te e l
T h is  s te e l  is  produced accord ing  to  an American A sso c ia tio n  o f  R a ilro a d s  
(AAR) s p e c if ic a t io n  M128.00 S p e c if ic a t io n  fo r  High S tren g th  Carbon Mangan­
ese' S te e l P la te s  f o r  Tank C ars, AAR TC12 8 -7 0 . This; s p e c if ic a t io n  covers  
two grades o f  th is  s t e e l ,  Grades A and B. Both a re  c la s s i f ie d  as fla n g e  
q u a l i t y .  They a re  made to  f in e -g r a in  p ra c t ic e .  Grade A re q u ire s  a minimum, 
o f 0 .0 2  w eight p e rce n t vanadium whereas Grade B has no minimum vanadium  
conten t re q u ire m e n t.

3 .4  AAR TCI 28-Grade B S te e l
T h is  s te e l  is  produced accord ing  to  AAR s p e c if ic a t io n s  and, as in d ic a te d  
above, the  Grade B: s te e l has no minimim re q u ire d  conten t fo r  vanadium. I t  
does have maximum l i m i t s  f o r  the contents  o f  n ic k e l ,  chromium, molybdenum, 
copper and vanadium, which a re  elem ents th a t  may be commonly p resen t in  
s te e l scrap used in . p roduction  o f  these s te e ls .  These maximum l im i t s  a re  
not s p e c if ie d  fo r  th e  Grade A s te e l .

F in a l ly ,  i t  is  noted th a t  the maximum conten t p e rm itte d  fo r  manganese is  
g re a te s t fo r  the TC128 s te e ls ,  i t  is  in te rm e d ia te  fo r  the  A516 s t e e l ,  and 
i t  is  le a s t  fo r  th e  A515 s t e e l .  In  a d d it io n , the s p e c if ic a t io n  f o r  A515 
p erm its  s l ig h t ly  h ig h e r carbon contents than do the o th e r grades included  
h e re . See ta b le  1 .

4 .0  RESULTS

4.1 Chemical Analyses
The re s u lts  o f  check chem ical analyses are  g iven  in  ta b le  1 . When these  
r e s u lts  were compared w ith  the  s p e c if ic a t io n s  fo r  chem ical com positions o f  
s te e ls  used in  the m anufacture o f r a ilr o a d  tank c a rs , the qhem ical compo­
s it io n s  o f each o f th e  s te e ls  examined c lo s e ly  matched the com positions  
g iven  in  one o f the  fo llo w in g  s p e c if ic a t io n s :  ASTM A515-Grade 65 , ASTM 
A516-Grade 65 , and AAR TC128-Grades A and -Grade B. A c c o rd in g ly , each has 
been c la s s i f ie d  in  ta b le s  1 and 2 .

I t  is  noted th a t ,  in  accordance w ith  the requirem ents o f t h e ir  g ra d e , the  
A515 s te e ls  were s i l ic o n  k i l l e d ,  and the  o th e r grades were made to  f in e ­
g ra in ed  p ra c t ic e .  For the two A516 s te e ls ,  the aluminum contents  ( ta b le  1) 
a t  0.013% and 0.009% (p e rc e n t by w e ig h t) r e f l e c t  t h is .  Note th a t  the  
aluminum conten t fo r  each o f  the s i l ic o n - k i l le d  A515 s te e ls  a re  in d ic a te d  
to  be <0.005% A l.

P la te  Sample 13B, an aluminum k i l l e d  A516 s te e l ,  and P la te  Sample 7 , an 
A515 s te e l ,  both f a i l  t h e i r  re s p e c tiv e  requirem ents on carbon c o n te n t. For 
P la te  Sample 13B, th e  check a n a ly s is  in d ic a te d  th a t  th is  s te e l conta ins  
0.27 percen t carbon, and th e  m axim um .specified product a n a ly s is  fo r  carbon 
in  A516 s te e l is  0 .2 6  p e rc e n t. Thus, the check a n a ly s is  in d ic a te s  th a t  
p la te  13B exceeds th e  carbon requirem ent fo r  th is  grade by an amount equal 
to  0.01 p e rc e n t. L ik e w is e , a t  0 .29  percent carbon, P la te  Sample 7 exceeds 
i t s  s p e c if ie d  product maximum (o f  0 .28  p e rce n t) by 0.01 percen t carbon.

The manganese conten ts  o f the s te e ls  are  noted to  be low est fo r  the A515 
s te e ls  (0 .5 5  to  0.71 p ercen t M n), in te rm ed ia te  fo r  the A516 s te e ls  (0 .81  
to  0 .8 8  percent M n), and h ig h est fo r  the TC128 s te e ls  (1 .0 6  to  1 .35  p e r­
c e n t ) .  Th is  is  in  keeping w ith  the maximum manganese c o n te n t p e rm itte d  
under the s p e c if ic a t io n s  fo r  these grades o f s t e e l .
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Eleven o f  the samples have th e  TC1281 com position, w ith  i t s  h ig h er p e rm it t ­
ed manganese co n ten ts  and: i t s  requ irem ent fo r  f in e -g ra in e d  p r a c t ic e .  The 
minimum re q u ire d  vanadium co n ten t f o r  Grade A was observed to  be present 
in  fo u r o f  these 11, e .g .  in  P la te  Sample Nos. 2 ,  3 , 12', and T7. Thus, 
they a re  c la s s if ie d  as Grade A. '

The o th e r n o tab le  anom alies in  th e  chem ical analyses (a p a r t  from  the  
anomalous carbon conten t mentioned above) a re  in  th e  va lu es  obta ined  fo r  
the  molybdenum: content s h e l l  courses 2 and 3. o f  UTLX 2827, fo r  which the  
a v a ila b le  m i l l  re p o r t  g ives  0 .1 8  and 0.13 w eight p e rc e n t, re s p e c t iv e ly .
The check analyses: in d ic a te , these, values- to  be 0 .0 2  and 0.01 w eight p e r­
c e n t, re s p e c tiv e ly .. These d iffe re n c e s  (between va lu es  o f  the  m i l l  re p o rts  
and: the check analyses) are, o u ts id e  the  bounds o f  measurement e rro r ..  In  
f a c t ,  the  maximum molybdenum con ten t fo r  the 21 analyses re p o rte d  here is  
only  0 .06  weight p e rc e n t. A lthough no e xp la n a tio n  is  here  o ffe re d  fo r  
these-anomalous d if fe re n c e s , i t  is  n o te d -th a t the maximum molybdenum le v e l  
perm itted , fo r  lad le ; analyses is  0..08 w eight p ercen t fo r  th is  grade o f  
s te e l ;  the la d le  a n a ly s is  is  c o n s id e rab ly  g re a te r  than both th is , s p e c if ie d  
maximum and the check chem ical an a lyses . Thus, fo r  each o f two s h e ll  
p la te s  taken from.UTLX28727, th e  molybdenum con ten t s a t is f ie s  the s p e c if i ­
c a tio n  according to  the  check a n a ly s is  * bu t does no t s a t is fy  the  s p e c i f i ­
ca tio n , accord ing  to. the  la d le : a n a ly s is . One would expect' th is  d iscrepancy  
in  the, molybdenum: content, to  have been d iscovered and re p o rte d  or d iscuss­
ed , in  connection, w ith  fa b r ic a t io n  o f th is  tank c a r . .

The analyses o f s u lfu r  con ten t in d ic a te  th a t th e  average s u lfu r  con ten t is  
0 .017  percen t by w eight,, fo r  th e  21 p la te  samples. Seven p la te  samples 
have s u lfu r  content g re a te r  than 0 .020  p e rc e n t. These a re  p la te  samples 2 , 
3 , 10 A & B,. 13 A & B, and 19A. Four have s u lfu r  co n ten t le s s  than 0.011  
p e rc e n t. These a re  p la te  samples 1 , 7 , 13 /A , and 20A~B.

4 .2  Hardness Measurements
The re s u lts  o f  Rockwell B hardness measurements made on the  21 p la te  
samples are  g iven in  ta b le  2 . These hardness measurements in c lu d e  an 
average value  fo r  each o f  the  21 p la te  samples as w e ll  as an average va lu e  
fo r  each o f the  fo u r grades o f  S te e l.  The average va lu es  fo r  the grades o f 
s te e l fo llo w : 75 .2  hardness Rockwell B (HRB) fo r  ASTM A515~Grade 65, 7 5 .4  
HRB fo r  ASTM A516-Grade 65, 91.1  HRB fo r  AAR TC128-Grade A s te e ls ,  and
82 .9  fo r  AAR TC128-Grade B s te e ls .  There a re  no requ irem ents  fo r  hardness 
in  any o f these s te e ls ,  but te n s i le  s tre n g th  c o r re la te s  w e ll w ith  hard­
ness. The minimum s tre n g th  re q u ire d  fo r  Grade 65 o f th e  A515 and A516 
s te e ls  is  448 MPa (65 k s i ) ,  w h ich . c o rre la te s  w ith  73 HRB. The range o f 
s tre n g th  le v e ls  re q u ire d  o f the  Grades A and B o f AAR TC128 s te e l is  558 
to  696 MPa (81 to  101 k s i ) ,  and th is  c o rre la te s  w ith  86 to  95 HRB.

These very l im ite d  surveys o f  hardness in d ic a te  th a t  f iv e  o f seven samples 
o f TC128-B s te e l and one o f  th e  e ig h t A515 s te e ls  appear to  be a t  m arg inal 
s tre n g th  le v e ls  fo r  t h e ir  g rades . Almost a l l  o f  th e  TC128 Grade B s te e ls  
have hardness th a t is  very  m a rg in a l. As these r e s u lts  suggest th a t some o f  
the s te e ls  may be below the  s tre n g th  le v e l  requ irem ents  o f the  grades to  
which they were produced, i t  is  suggested th a t  these s te e l be ta rg e te d  fo r  
fu tu re  study to  determ ine whether or not s tre n g th  le v e l  is  a t  the expected
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le v e l  and to  determ ine whether any s tre n g th  le v e l  d e fic e n c ie s  th a t  a re  
observed co u ld  have been th e  d ir e c t  r e s u lt  o f  involvem ent in  th is  a c c i­
d e n t.

*1.3 M ic ro s tru c tu re s  
The o p t ic a l  m e ta llo g ra p h ic  exam inations fo r  each o f  the  21 samples in d i ­
c a te  th a t  th e  s te e ls  c o n ta in  f e r r i t e  and p e a r l i t e .  Photom icrographs fo r  
a l l  21 samples a re  presented  in  f ig u re s  1 to  2 1 . They a re  presented in  the  
same-sequence as th a t  g iven  f o r  th e  same samples in  ta b le  2 , which con­
ta in s  d a ta  p e r t in e n t  to  th e  d iscussion  to  fo l lo w . See the  bottom o f  ta b le  
2 fo r  th e  meaning o f  ab b rev ia tio n s; Af B, H, My S; and W, which a re  used in  
th is  ta b le  under the  heading "m eta llo g rap h ic  code".

In; th e  photomicrographs i t  is  seen th a t,, as n ita l -e tc h e d ,.  the  f e r r i t e  
a p p e a rs .lig h t  (n e a r ly  w h ite ) and th e  p e a r l i t e  appears d a rk . P e a r l i te  is  a 
m ixtu re  o f  f e r r i t e  (a  s o lid  s o lu tio n  o f  carbon in  a lp h a  iro n )  and cement- 
i t e  (Fe^C ), w ith  a la m e lla r  e u te c to id a l morphology. These m ic ro s tru c tu re s  
in d ic a te  th a t  most o f  these s te e ls  a re  in  e i t h e r  the  a s - r o l le d  Or the  
norm alized  (o r  p o s s ib ly  h o t-fo rm ed ) c o n d itio n . Some may have been o ver­
heated  an d /o r p o s s ib ly  cooled more ra p id ly  than normal a i r  c o o lin g . This  
conclus ion  a r is e s  in  la rg e  measure from the appearance o f  th e  f e r r i t e .

N o rm a lly , in  s te e ls  o f  these grades, the  f e r r i t e  is  p o ly g o n a l. I t  forms 
p ro e u te c to id a lly  and i t  is  equiaxed both in  th e  norm alized  and in  the  
a s - r o lle d  c o n d itio n s . In  the  c o ld -r o l le d  c o n d itio n , the polygons would be' 
d is to r te d  and. not equ iaxed . In  some o f these s te e l  samples, W idm anstatten  
f e r r i t e  and some a c ic u la r  f e r r i t e  a re  p re s e n t. These a re  in d ic a tio n s  o f  
s te e ls  th a t  have been e ith e r  overheated an d /o r r a p id ly  co o led .

The r e s u lts  o f  the measurements o f f e r r i t e  g ra in  s iz e  by ASTM s p e c if ic a ­
t io n  E112, a re  g iven  in  ta b le  2 . The average G .S . is  in d ic a te d  to  vary  
from p la te  to  p la te  over a range o f f e r r i t e  G .S. Nos. from  8 .5  to  1 1 .0 .. 
Thus, none is  e x c e p tio n a lly  coarse .

I t  is  noted th a t  th e  p e a r l i t e  spacing, the apparent d is ta n c e  between 
a lte r n a te  la y e rs  o f  cem en tite  and f e r r i t e ,  is  much f in e r  in  some samples 
(on a v e ra g e ). The carb id es  a re  no t re s o lv a b le  in  the  p e a r l i t e  in  some o f 
the  sam ples. Example a re  in  f ig u re s  17 to  19 fo r  samples 10A, 10B and 16a . 
A t the h ig h e r m a g n ific a tio n  o f  X500, th is  p e a r l i t e  does no t appear a t  a l l ’ 
la m e lla r .

M ic ro s tru c tu ra l banding is  p resen t in  many o f  these s te e ls .  Banding 
appears as a lte r n a te  la y e rs  o f f e r r i t e  and p e a r l i t e  th a t  a re  n e a rly  para ­
l l e l  to  the su rfaces o f  the p la te .  N orm ally , the  banding can not be r e ­
moved by standard  commercial h eat trea tm en ts , which may even accentuate  
the  m ic ro s tru c tu ra l banding. On the o th e r hand, the  p e a r l i t e  spacing can 
be a ffe c te d  by e ith e r  h ea t tre a tm en t o r chem ical com position . These two 
fa c to rs  can a ls o  a f f e c t  the f e r r i t e  g ra in  s iz e .

The m e ta llo g ra p h ic  exam inations in d ic a te d  th a t  th re e  o f  the  s h e l l -p la te  
samples conta ined  c e n te r lin e  s eg re g a tio n . This is  a chem ical enrichm ent, 
which is  o r ig in a l ly  in  the  m iddle o f a c a s tin g , i . e . ,  in  the  p a r t  th a t  is  
la s t  to  s o l id i f y .  A fte r  in g o t is  r o l le d  to  p la te  fo rm , th is  re g io n  becomes 
the c e n te r o f  the p la te .  These th ree  samples a re  p la te  sample 20A-A (a
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M e ta llo g rap h ic  o b servatio n s  o f  the? 21 s te e l  samples a re  discussed, below , 
according to  th e  grades to  which th e  s te e ls  were produced.

4 .3 .1  ASTO A515-Grade 65
The re s u lts  o f  m e ta llo g ra p h ic  o b servatio n s  o f  th e  e ig h t samples o f A515- 
Grade 65 s te e l a re  presented  in  f ig u re s  1 to  8 . The f i r s t  fo u r a re  head- 
p la te  samples and; the  o th e rs  are; s h e l l -p la te  sam ples.

These s te e ls  d i f f e r  in  th e  appearance o f  the  f e r r i t e  and o f  th e  p e a r l i t e .
A prominent fe a tu re  among these m ic ro s tru c tu re s  is  the  wide v a r ia t io n  i n ' 
the  amount, the s iz e , ,  and th e  d is t r ib u t io n  o f  th e  f e r r i t e .  In  a d d it io n ,  
the p e a r l i t e  v a r ie s  from la rg e  co lo n ies  c o n ta in in g  W idm anstatten f e r r i t e  
to  la m e lla r  s tru c tu re s -th a t  v a ry ’ from coarse to  f in e .  Some p e a r l i te s  
co n ta in  u n reso lvab le  c a rb id e s , the s tru c tu re s  o f  which have not been 
determ ined h e re .

For an example o f the  amount o f  f e r r i t e , . ,  note, th a t  in  p la te  samples 13/A  
(F ig .  3 ),-  18a (F ig .  6 ) ,.  and 19B (F ig .  8 ) , .  th e re  appears to  be le s s  pear­
l i t e  than in  the o th e r f iv e ' samples. These th re e  s te e ls  co n ta in  less  
carbon than the  o th e rs  in  th is  g rad e. In  g e n e ra l, s te e ls  w ith  les s  carbon  
co n ta in  less  p e a r l i t e , .  and hence more f e r r i t e .  .

The m icro s tru c tu re s  o f the A515-Grade 65 samples (F ig s . 1 to  8 ) consis ted  
m ain ly  o f f e r r i t e  th a t  is  somewhat non-uniform  in  g ra in  s iz e .  The f e r r i t e  
g ra in  s ize  number, in d ic a te d  under "ave G .S ."  in  ta b le  2 , is  an average 
fo r  the sample.

Th is  in d ic a te d  average has w ider v a r i a b i l i t y  f o r  some samples. For exam­
p le ,  p la te  sample 19A (F ig .. 7 ) ,  which has mixed f e r r i t e  o f  G .S . No. 6 to  7 
to  G .S. No. 9 to  10, and art in d ic a te d  ave . G .S. No. o f 8 .0  to  8 .5 .  This  
v a r i a b i l i t y  is  not in d ic a te d  in  the  ta b le ,  bu t i t  Can be'deduced by in ­
sp ectio n  o f the photom icrographs.

T y p ic a lly ,  the m ic ro s tru c tu re s  o f a s - r o l le d  s te e ls  a re  not very  u n ifo rm . 
They have g re a te r  v a r i a b i l i t y ,  in  both the f e r r i t e  and the p r io r  a u s te n ite  
g ra in  s iz e s , when compared w ith  th a t  fo r  the norm alized  c o n d itio n .
F u rth e r , n o rm a liz in g  produces a s tru c tu re  th a t  is  both f in e r  and more 
uniform  than the  a s - r o lle d  s tru c tu re .

The d is t r ib u t io n  o f f e r r i t e  is  more random in  some samples. See the e q u i-  
axed f e r r i t e  o f p la te  sample 7 (F ig .  2 ) fo r  u n ifo rm ly  d is tr ib u te d  f e r r i t e .  
Compare th is  w ith  the la y e re d  s tru c tu re s  o f th e  h ig h ly  banded s te e ls .  
F u rth e r compare the f e r r i t e  o f  the W idm anstatten s tru c tu re  where th e ' 
f e r r i t e  is  on orthogonal p la n es . See ta b le  2 fo r  the  m e ta llo g ra p h ic  codes.

Varying  degrees, o f  banding are  observed throughout the  m eta llo g rap h ic  
samples taken from p la te  samples 13 /A , 18A, 19A, and 19B (F ig s . 3a , 6a ,
7a , and 8a r e s p e c t iv e ly ) ,  and th is  is  in d ic a te d  by th e  m e ta llo g rap h ic  
codes SB, MB, and HB. The l e t t e r  codes S, M, and H a re  a b b re v ia tio n s  fo r  
"some” , "more", and "heavy". The B rep resen ts  "band ing". Samples 18A, 19A 
and 19B were from s h e ll  p la te s  and 13/A was from a head p la te .

TC128-Gr B s t e e l )  and p la te  sam ples 3 and 17 (two TC128-Gr A s t e e l s ) .  T h is
c e n te r l in e  se g re g a tio n  i s  more r e a d i ly  apparent a t  lo w er m a g n if ic a t io n s
than those, used fo r  the f ig u r e s .
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In  ta b le  2 I t  is  noted th a t  two head p la te s  and one s h e ll  p la te  have been 
designated  w ith  m e ta llo g ra p h ic  codes fo r  W idm anstatten f e r r i t e ,  codes HW 
and SW. The W idm anstatten f e r r i t e  is  p a r t ic u la r ly  pronounced in  p la te  
samples 4 and 12, which a re  shown as f ig u re s  1 and 13, r e s p e c t iv e ly .  In  
th e  X100< photom icrograph i t  is  seen th a t, th e re  a re  numerous very  la rg e  
c o lo n ie s  (o r  blown-up g ra in s ) o f p e a r l i t e  th a t  c o n ta in  th e  o rthogo nal 
f e r r i t e ,  which c h a ra c te rize s ; the  W idm anstatten s t r u c tu r e .  These blown-up  
g ra in s  r e f l e c t  th e  s iz e  o f  th e  p r i o r  a u s te n ite  g ra in s  from  which th is  
s tru c tu re  was formed upon c o o lin g  o f  the p la te ,  e i t h e r  a f t e r  r o l l in g  o r  
a f t e r  th e  h e a t tre a tm en t th a t  accompanies a subsequent h o t-fo rm in g  
o p e ra tio n . T h is  s tru c tu re  in d ic a te s  th a t  the  p la te  was o verh ea ted , e i t h e r  
by f in is h in g  (th e  r o l l in g )  too h o t o r by form ing a t  an e x c e s s iv e ly  h igh  
tem perature ..

Due to  the  presence o f the W idm anstatten s tru c tu re , samples 8 (F ig  5a) and 
18B (F ig .. 4a) do n o t appear to  be v e ry  equiaxed. They appear to  be alm ost 
a c ic u la r .  Numerous blown-up g ra in s  a re  a lso  p resen t in  the  X I00 m icro­
graphs o f  these two samples:. F u rth e r scans o f  th e  m ic ro s tru c tu re  o f  these  
two p la te s  would be w arran ted , i f  these p la te s  a re  considered  fo r  use in  
fu r th e r  s tu d ie s , and e s p e c ia lly , i f  the question  o f o v e rh e a tin g  is  im port­
a n t to  th e  study in  q u estio n .

The most d e s ira b le  m ic ro s tru c tu re  o f  the lo t  examined is  th a t  shown as 
f ig u r e  3 , which rep res e n ts  sample 13 /A . Although th is  m ic ro s tru c tu re  shows 
s l ig h t  banding, i t  comes from  a very  f in e  p r io r  a u s te n ite  g ra in  s iz e .  For 
improved toughness, i t  has fin e , f e r r i t e ,  o f ASTM G .S. No. 9 .0  to  9 .5 ,  and 
i t  co n ta in s  on ly  0 .1 9  percent carbon. The low carbon le v e l  is  r e f le c te d  in  
th e  h ig h  p e rc e n ta g e 'o f f e r r i t e  observed in  th e  m ic ro s tru c tu re s  shown in  
f ig u re s  3A and 3B.

4 ,3 -2  ASTM A516-Grade 65
There a re  two p la te  samples o f  A 5l6-G r 65 s te e ls :  P la te  samples numbered 
13A and 13B. As seen in  f ig u re s  9 and 10, these a re  both f in e  g ra in ed  
(G .S . No. 1 0 ,0 )  and m oderately  to  h e a v ily  banded. The carbon co n ten t o f  
th e  s te e l  shown in  f ig u re  10 is  0 .27  p e rce n t, whereas th a t  o f  the  s te e l  
shown in  f ig u r e  9 is  o n ly  0.21 p e rc e n t. Th is  is  r e f le c te d  in  the  r e la t iv e ­
l y  g re a te r  amount o f  p e a r l i t e  in  th e  m icrographs shown in  f ig u r e  10 fo r  
p la te  sample 13B w ith  i t s  h ig h er content (0 .2 7  p e rcen t) o f  carbon, an 
amount th a t  s l ig h t ly  exceeds th e  0 .2 6  percent carbon p e rm itte d  fo r  th is  
g rad e .

4 .3 .3  AAR TC128-Grade A S te e l and Grade B S te e l
For th e  most p a r t the  m ic ro s tru c tu re s  o f these TC128 Grade A and Grade B 
s te e ls  a re  ra th e r  s im ila r  to  those o f the  A515 and 516 s te e ls  discussed  
above, except th a t  these may c o n ta in  a g re a te r  percen t p e a r l i t e .  This  
p e a r l i t e  has a low er carbon con ten t than th a t o f  the  s te e ls  discussed  
above. T h is  is  due to  the  g re a te r  a l lo y  content (Mn, N i,  C r, Mo, V) in  the  
TC128 s te e ls .  These a llo y in g  elem ents s h i f t  th e  e u te c to id  com position o f  
p e a r l i t e  to  the hypoeutecto id  (lo w e r earbon) s id e  o f 0 .8 0  p e rc e n t, which 
is  the  e q u ilib r iu m  carbon conten t o f  p e a r l i te  in  p la in -c a rb o n  s te e ls .  As 
w ith  a l l  o th e r s te e ls  examined fo r  th is  re p o r t ,  the  in c lu s io n s  in  these  
s te e ls  were found to  be m ain ly  manganese s u lf id e  (M n S )'in c lu s io n s .
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Based upon s p e c if ic a t io n s  fo r  a l l  fo u r  grades, the most n o tic e a b le  chemi­
c a l fa c to r  (when compared w ith  the ASTM Grades discussed above) is  the  
r a t io  o f  manganese to  carbon. The carbon co n ten t is  low er and the  mangan­
ese content is  h ig h e r for- both  the  Grade A and Grade B s te e ls ,  so th a t  
these s te e ls  have a. h igher r a t io  o f  Mn/C, when compared w ith  th a t  a llow ed  
fo r-G rades A515 and. A516. The h ig h e r Mn/C r a t io  u s u a lly  produces m ic ro - 
s tru c tu re s  th a t  tend to  have low er im pact t r a n s it io n  tem p eratu res . T h is  is  
g e n e ra lly  considered to  be d e s ira b le  in  a p p lic a tio n s  th a t  may have r e ­
quirements fo r  improved im pact energy a b so rp tio n  a t. am bient tem p eratu res .

C e n te r lin e  seg reg a tio n  .was observed on two o f th e  p la te * samples o f TC128 
Grade A s te e l  (p la te -sam p les  3 and 17, shown in  F ig s . 12 and 14) and in  
one o f the TC128-Grade B s te e ls  (p la te  sample-20A-A i n 'F i g . 2 0 ) .  The 
appearance o f th e  c e n te r l in e  seg reg atio n  is  in d ic a te d  in  f ig u r e  14a , which 
is  the  X100 photomicrograph taken  on p la te  sample 17. The r ic h e r  c e n te r -  
l in e  chem istry in  th is  s te e l  has increased  th e  amount o f  p e a r l i t e  near th e  
c e n te r o f  the p la te ... The m icrograph is  much d arker in  th is  re g io n  o f  the  
photom icrograph. I t  is  noted th a t  the  band o f  c e n te r l in e  seg reg a tio n  is  
not very  b r o a d . '

4 .3 .3 .1  TC I28 Grade A S te e l
M ic ro s tru c tu res  fo r  the fo u r p la te  samples o f  TC128-Gr A s te e ls  a re  shown 
in  f ig u re s  11 through 14, which re s p e c t iv e ly  re p re s e n t p la te  samples 
numbered. 2 , 3 , 12, and 17. Banding in  the Grade A s te e ls  is  ra te d  ( ta b le
2 ) to  be moderate to  heavy in  a l l  samples except p la te  sample 12 ( f ig . .
1 3 ), which co n ta in s  heavy W idm anstatten f e r r i t e .

4 .3 .3 .2 T C 1 2 8 -G ra d e  B S te e l
M ic ro S tu rc tu res  fo r  the seven p la te  samples o f TC128-Grade B s te e l  (p la te  
samples 1 , 9 , 10A, 10B, 16A* 20A-A and 20A-B) a re  shown in  f ig u re s  15 
through 21. Samples 1 and .9 are  taken from  head p la te s , and they  both have 
very  f in e  f e r r i t e  as ra te d  in  ta b le  2 . For the  f iv e  s h e ll  p la te s  o f TC128- 
Gr B, the f e r r i t e  is  s l ig h t ly  more coarse (a t  7 .0  to  9 .0 )  than th a t * o f  the  
two head p la te s  o f th is  s te e l ,  which have f e r r i t e  G .S. Nos. o f  9 .5  to
1 0 .0 . M ic ro s tru c tu ra l banding is  observed in  a l l  o f  these TC128-Grade B 
s te e l samples ( ta b le  2 ) ,  a lthough o n ly  to  a s l ig h t  degree in  sample 10A 
(F ig . 1 7 ).

The predominance o f p e a r l i t e  in  these s te e ls  is  p a r t ic u la r ly  e v id e n t in  
f ig u re  2 0 , o f p la te  sample 20A-A. The p e a r l i t e  c o lo n ie s  a re  very  la r g e ,  
in d ic a tin g  a la rg e  p r io r  a u s te n ite  g ra in  s iz e .  In  p la te  samples 10A, 10B, 
and 16A, th e  p e a r l i t e  c o lo n ies  a re  la r g e ,  bu t not as la rg e  as in  p la te  
sample 20A-A. In  p la te  sample 9 , the p e a r l i t e  c o lo n ies  a re  much s m a lle r;  
th is  r e f le c ts  the s iz e  o f the  p r io r  a u s te n ite  g ra in s  from which they were 
form ed. I t  is  noted th a t the carb ides  o f  th e  p e a r l i t e  a re  not re s o lv a b le  
In  the photomicrographs o f f ig u re s  17 and 19. I t  is  suggested th a t  these  
two samples be c a r e fu l ly  rechecked to  determ ine i f  th e  f e r r i t e  can be 
reso lved  u s in g p ic ra l e tch an t to  re s o lv e  th e  carb id es  and the appearance o f  
the f e r r i t e  th a t  seems to  be p resen t in  the  p e a r l i t e .

By fa r  the most unusual m ic ro s tru c tu re  o f the l o t  examined here  is  th a t  
shown in  f ig u re  16 fo r  sample 9 . Th is  s tru c tu re  is  l i k e  an upper b a in i t e .  
I t  is  ra th e r  i r r e g u la r ,  and very  d i f f e r e n t  from the o th e r s tru c tu re s . I f '  
the trea tm en t th a t  produced th is  s tru c tu re  can not be reso lved  by fu r th e r
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in s p e c tio n  o f  th is  sample, i t  could, be reso lved  by s im u la ted  ( la b o ra to ry )  
h e a t tre a tm e n ts . In  any even t, when compared w ith  m ic ro s tru c tu res , in  the  
o th e r f ig u r e s ,  the  m ic ro s tru c tu re  shown: in  th is  fig u re - is  open to  ques­
t io n s  re g a rd in g  its -  o r ig in  as w e ll  as the  m echanical p ro p e rtie s - th a t  one 
might, e x p e c t.

4 .4  In c lu s io n  R atings
The ra t in g s  o f  in c lu s io n - c o n te n t a re  not, p resented  in  ta b u la r  fo rm . The 
r e s u lts  in d ica te d : th a t  th e  average in c lu s io n  co n ten t fo r  these s te e ls  is
2 .5  to  3 .0  in  th e  th in  s e r ie s  fo r  MnS. F ive  o f th e  TC128 s te e l  samples a re  
ra te d  to  have- more than the average in c lu s io n  c o n te n t o f  th e  o th e rs . These 
in c lu d e  p la te  samples 2 and- 3 , which a re  TC128-Gr A s te e ls ,  and samples 9 ,  
10A and 10B,. which are  TC128-Gr B s te e ls .  In  a d d it io n ,,  p la te  sample number 
T was ra te d  to  have les s  th an  th e  average in c lu s io n  c o n te n t. These f in d ­
ings do n o t agree w ith  th e  f in d in g  o n .s u lfu r  c o n te n t. I t  is  expected th a t  
s te e ls  w ith  h ig e r  s u lfu r  co n ten t ( th e re  were seven w ith  S% > 0 .0 2 0 ) ,  would 
c o n ta in  more MnS in c lu s io n s ,, and those w ith  le s s  ( th e re 1 were th re e  w ith  S 
< 0.011 p e rc e n t) would co n ta in  fe w e r MnS in c lu s io n s . I t  tu rn s  ou t th a t  
fo u r o f  the  f i v e  s te e ls  th a t  were ra te d  to  be h e a v ie r than average in  
content o f  th in  s e r ie s  MnS are  s te e ls  th a t  conta ined  more than 0 .2 0  p e r­
cen t s u l f u r .  The f i f t h  s te e l ra te d  h igh  in  MnS conta ined  a v e ra g e ' s u lfu r  
co n ten t o f  0 .0 1 7  p e rc e n t. That leaves, th ree  o th e r s te e ls  w ith  h ig h  su lfu r, 
th a t, were ra te d  average in  MnS c o n te n t, as w e ll  as th e  th re e  s te e ls  w ith  
low er s u lfu r  th a t  were ra te d  average in  MnS c o n te n t.

I t  is  concluded th a t  these d iscrep an c ies  in d ic a te  th a t th e  r a t in g  fo r  
in c lu s io n s  by ASTM Method E45 is  e i t h e r  too q u a l i t a t iv e  to  be- a good 
in d ic a to r  o f  th e  conten t o f  s u lf id e  in c lu s io n s  o r th a t  th e  exam ination  o f  
a s in g le  sample, is  not adequate fo r  re p re s e n ta tio n  o f the co n ten t o f  the  
p la te  sam ple. These re s u lts  suggest th a t  q u a n t ita t iv e  microscopy be used 
fo r  the  r a t in g  o f  in c lu s io n s  (see R e f. 3 ) and th a t  perhaps two to  th ree  
samples p er s te e l  would be more re p re s e n ta tiv e  as a sample o f  the  s te e l  
p la te .

4 .5  Im pact T est R esu lts
R esu lts  fo r  the, s tandard CVN im pact te s ts  conducted on th e  seven p la te  
samples o f TC128 s te e ls  are  summarized in  ta b le  3 and f ig u re s  22 through .
29 . The observed te s t  re s u lts  and the  re s u lts  o f  c a lc u la t io n s  used to  
c o n s tru c t these f ig u re s  are  presented  in  28 ta b le s  g iven  as Appendices B 
through H, which re s p e c tiv e ly  re p re s e n t p la te  samples 2 , 3 , 12 , 16A, 17, 
20A-A and 20A-B. Each o f these Appendices has fo u r pages: The f i r s t  two 
pages g iv e  th e  re s u lts  fo r  specimens o f the TL o r ie n ta t io n  and the  la s t  
two pages g iv e  those fo r  the LT o r ie n ta t io n .  For each o r ie n ta t io n  (each  
p a ir  o f  t a b le s ) ,  r e s u lts  fo r .e n e rg y  absorp tion  a re  presented f i r s t ,  f o l l ­
owed by those fo r  shear f ra c tu re  appearance (SFA ). In  the  body o f  the
r e p o r t ,  sepera te  f ig u re s  are  g iven fo r  eash s te e l and each f ig u r e  conta ins
th e  observed d ata  as w e ll  as one re g res s io n  l in e  fo r  each o r ie n ta t io n .  The
r e s u lts  from  d a ta  fo r  energy ab so rp tio n  and fo r  SFA are  presented  in  '
s ep era te  fram es designated A (e .g .  F ig .2 2 a ) fo r  r e s u lts  o f  energy-absorp­
t io n  d a ta  and designated  B fo r  the  SFA d a ta . F igures  22 to  24 and 26 
i l l u s t r a t e  the  r e s u lts  fo r  the fo u r p la te s  o f TC128-Grade A s te e ls ,  and 
f ig u re s  2 5 , 2 7 , and 28 are  g iven  fo r  the th re e  p la te s  o f TC128-Grade B 
s te e ls .
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The summary o f  d a ta  presented in  ta b le  3 inc ludes  o n ly  s e le c te d  values f o r  
a l l  seven p la te s  te s te d . These in c lu d e  u p p e r -s h e lf  energ y -ab so rp tio n  
values fo r  lo n g itu d in a l specimens, which: a re  averages o f two te s t  r e s u lts ;  
as w e ll as those fo r  tra n s ve rs e  specimens, as an average o f  5 to  6 te s t  
re s u lts ;  and, a c ro s s -r o ll in g  index [ 6 , 7 ] ,  which is  the  r a t io  o f  these two 
(TL /LT ) en erg y -ab so rp tio n  v a lu e s . The o th e r d a ta  presented  were taken  
from re s u lts  o f  c a lc u la t io n s  fo r  tra n s v e rs e  specimens,, which a re  g iven  in  
the Appendix ta b le s . These in c lu d e  s e v e ra l f r a c tu r e  c r i t e r i a .  For tra n s ­
verse specimens, the f ra c tu re  c r i t e r i a  in c lu d e  computed values o f  energy  
absorbed at: two am bient tem peratures th a t  span a range o f  tem peratures  
very  commonly encountered in  ta n k -c a r  s e rv ic e  in  many p a rts  o f  th is  coun­
t r y :  21 C (70 F) and -1 C (30 F ) .

*1.5.1 U p p er-S h e lf Energy Absorption
The u p p e r-s h e lf en erg y -ab so rp tio n  v a lu es  shown here  fo llo w  a tre n d  o f  
decreasing energy w ith  in c re a s in g  s tre n g th  o f the  s te e l, ,  as shown in  
Figures  30 and 31, which re p res e n t th e -b e h a v io r  observed fo r  13 lo n g itu d ­
in a l  (LT) and 14 tran sverse  (TL) se ts  o f  specimens taken from  14 d i f f e r e n t  
p la te  samples Of r a i lr o a d  tank c a rs , some o f  which were re p o rte d  on e a r l i ­
e r [7 —9 ]-  I t  is  noted th a t fo r  these p lo ts ,  s tre n g th  was computed from  
a v a ila b le  hardness d ata  fo r  the  seven p la te s  o f ta b le  2 , as s tre n g th  was 
not measured d i r e c t ly  except fo r  those d a ta  taken from  previous re p o rts ^
In  F igure  30, the U ltim a te  T e n s ile  S tre n g th  is  the  independent v a r ia b le ..
In  F igure 31 , where the Y ie ld  S tren g th  is  th e  independent v a r ia b le ,  th e re  
is  a ls o  a re fe re n c e  curve ( fo r  L f  specimens o n ly ) th a t  was taken from the  
l i t e r a t u r e  [ 1 0 ] .  The- re s u lts  g iven  here  a re  c o n s is te n t w ith  r e s u lts  g iven  
in  an e a r l i e r  re p o rt  [ 7 ] .  Energy a b so rp tio n  in  lo n g itu d in a l specimens o f 
the ta n k -c a r  s te e ls  is  s ig n if ic a n t ly  low er than th a t  fo r  the s te e ls  from  
which the re fe re n c e  l in e  was d e r iv e d . T h is  is  tru e  fo r  a l l  s tre n g th  le v e ls  
and the d if fe re n c e  becomes more pronounced as the s tre n g th  le v e l  is  
in creased .

Energy ab so rp tio n  on : the upper s h e lf  can be compared fo r  TL and LT s p e c i­
mens to  o b ta in  a c ro s s -r o ll in g  index (see ta b le  3 ) .  which is  a measure o f 
the an iso tro p y  o f the p la te s . Table  3 shows values  o f about 0 .5 0  and 0 .4 7 ,  
re s p e c tiv e ly  fo r  the  in d ic e s ' fo r  TC128-Grades A and B s te e ls .  These values  
rep resen t seven s h e l l -p la te  samples, and they a re  n e a r ly  id e n t ic a l  to  
values re p o rte d  e a r l i e r  [7 ]  fo r  s h e l l  p la te  samples taken from th ree  
acc iden t s i t e s .  This index is  found to  be somewhat h ig h er fo r  p la te s  th a t  
have re ce ive d  more cross r o l l in g ,  such as the  h e a d -p la te  s te e ls  taken from  
f a i le d  tank cars  [7 ]  in  p revious in v e s t ig a t io n s , which averaged 0 .6 8  fo r  
th re e  p la te s  te s te d .

For the TC128-Grade A s te e ls ,  the maximum s h e lf  energy is  about 45 J (33 
f t - l b )  fo r  tran sverse  specimens. L o n g itu d in a l specimens have co n s id e rab ly  
g re a te r  v a lu e s , w ith  s h e lf-e n e rg y  values th a t  range from 60 to  90 Joules  
(44 to  70 f t - l b s ) .

The re s u lts  fo r  the TC128-Grade B s te e ls  a re  s im ila r  to  those fo r  -G rade  
A, except th a t  the -Grade B a re  s te e ls  o f  low er s tre n g th  le v e ls .  The s h e lf  
energy re s u lts  fo r  the TL specimens va ry  from 47 to  61 J (35 to  45 f t -  
lb s ) ,  which is  h ig h er than th a t observed fo r  the  Grade A s t e e l .  The ob­
served d iffe re n c e s  between s h e lf-e n e rg y  values o f the  -Grade A and the  
-Grade B s te e ls  rep o rted  here is  in te rp re te d  to  be a m a n ife s ta tio n  o f the  
e f fe c t  o f s tre n g th  le v e l  on the magnitude o f the  u p p e r-s h e lf energy ab­
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s o rp tio n , as re p o rte d  in  e a r l ie r  works [7 3 - In  g e n e ra l, The -G rade A 
s te e ls  a re  h a rd er and thus , s tro n g e r than the -Grade B s te e ls .  T h is  ex­
pected tre n d  is  shown in  the p lo ts  o f  d a ta  g iven  as f ig u r e  3 0 . Data from  
v a rio u s  re p o r ts  a re  presented here  fo r  both th e  y ie ld  s tre n g th  (F ig .
3 0 a ) ,  and th e  t e n s i le  s tre n g th  (F ig .  30b).. In  th e ! p lo ts  i t  is  shown t h a t ,  
fo r  e i t h e r  lo n g itu d in a l o r tra n s ve rs e  d a ta , u p p e r -s h e lf  energy absorpton  
decreases; s y s te m a tic a lly  w ith  in c re a s in g  le v e ls  o f  s tre n g th  in  o f  th e  
s t e e l .  F u r th e r , i t  is : in d ic a te d  in  f ig u r e  31 th a t  th e  lo n g itu d in a l s h e lf  
energy o f  ta n k -c a r  s te e ls  is  below th e  le v e l  g iven  by a re fe re n c e  l in e  
taken  from  th e  l i t e r a t u r e .

A l l  o f  th e  TCI 28-G rade B s te e ls  were observed to  be m ic ro s tru c tu ra lly  
banded. The d a ta  f o r  u p p e r -s h e lf  energy ab so rp tio n  in d ic a te s  th a t  th is  
banding does n o t seem to  a f fe c t  the behavior f o r  e ith e r  th e  tra n s v e rs e  o r  
the lo n g itu d in a l specimens, as shown by these tren d  l in e s  (F ig s .. 30 and 
3.1). I t  is  noted th a t  th e  s u lfu r  contents  o f  th e  Grade B s te e ls  a re  low er 
than those o f  the Grade A s te e ls ,  but the d ata  seem to  in d ic a te  th a t  the  
e f fe c t  o f  s u lfu r  on s h e lf  energy is  not the predom inant e f f e c t ;  ra th e r  
s tre n g th  le v e l  predom inates in  d e term in ing  the  s h e lf  energy. See f ig u r e  
29a and ta b le s  1 and 3 .

4 .5 .2  T ra n s it io n  Temperatures
The u p p e r-s h e lf  occurs a t  roughly  the  same tem perature  fo r  both the  lo n g i­
tu d in a l and th e  tra n s ve rs e  specimens. Th is  is  shown in  f ig u re s  22b through  
28b,. which a re  g iven  fo r  SFA d a ta .. These f ig u re s  in d ic a te  th a t  th e  t r a n s i ­
t io n  from  d u c t i le  to  b r i t t l e  behav io r is  independent o f  o r ie n ta t io n  o f ’ the  
te s t  specimen. From the SFA d a ta , i t  is  observed th a t :  (1 ) The u p p e r-s h e lf  
occurs a t  tem peratures g re a te r  than about 43 C (TOO F ) .  See f ig u r e  29b fo r  
a summary p lo t  fo r  the  seven s h e l l -p la te  sam ples.. (2 )  The 50% SFA, which 
is  a ls o  r e fe r r e d  to  as the  f ra c tu re  appearance t r a n s it io n  tem perature  
(FATT), v a r ie s  over the range o f tem peratures from  - 0 .2  to  3 4 .7  C (32  to  
95 F ) ,  as in d ic a te d  in  Table 3 .

The SFA d a ta  a ls o  in d ic a te  th a t th e  t r a n s it io n  tem peratures fo r  th e  -Grade  
A s te e ls  a re  about the  same as those fo r  the -Grade B s te e ls .  F u r th e r ,  
th e re  is  no c o n s is te n t and obvious re la t io n s h ip  between the  FATT and any 
o f the  m ic ro s tru c tu ra l fe a tu re s  discussed above, i . e .  banding, g ra in  s iz e ,  
and the type  o f  f e r r i t e .

Another t r a n s it io n  tem perature g iven  in  ta b le  3 is  the  15 f t - l b  TT. Th is  
f ra c tu re  c r i t e r io n  has values fo r  tran sverse  specimens th a t range from  
- 4 .4  to  9.0C (24 to  4 8F ).

The t r a n s it io n  tem peratures o f these tra n s ve rs e  specimens a re  h ig h  enough, 
so th a t  a t  common s e rv ic e  tem peratures, o f 21C and -1C , the range o f  CTO 
e n erg y -ab so rp tio n  values are  shown (see ta b le  3 ) to  be on ly  12 to  27 
f t - l b s .  These va lu es  are  on ly  a f r a c t io n  (u s u a lly  h a l f  o r le s s )  o f  the  
value  on th e  upper s h e lf .  These observations  o f  the  t r a n s it io n  tem pera­
tu re s  a re  in te rp re te d  to  in d ic a te  th a t  these- s te e ls  would no t be expected  
to  behave p la s t ic a l ly  in  s e rv ic e , as m ight s te e ls  w ith  low er t r a n s it io n  
tem p eratu res .
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5 .0  SUMMARY AND CONCLUSIONS.
M e ta l lu rg ic a l observations were made on 21 p la te  samples taken  from  tank  
cars  in vo lved  in  an acc id e n t a t  C re s tv ie w , F lo r id a .  These o b serva tio n s  
in c lu d e  chem ical an a lyses , m e ta llo g ra p h ic  exam inations o f m ic ro s tru c tu re  
and in c lu s io n  c o n te n t, hardness, measurements,, and standard CVN impact 
te s ts .  The m e ta llo g ra p h ic  analyses in c lu d e  f e r r i t e  g ra in  s iz e  measure­
ments by ASTM Method E112, and in c lu s io n  measurements by ASTM Method E45. 
In  a d d it io n , on seven s h e ll  p la te s  th a t  were taken from  tank cars  used in  
p re ss u rized  s e rv ic e , CVN im pact te s ts  were conducted, using ASTM Method 
E23. S u b s ta n tia l amounts o f these p la te  m a te r ia ls  a re  a v a ila b le  fo r  f u r ­
th e r  s tu d ie s . The p la te  su rface  a rea  a v a ila b le  fo r  each o f th e  21 samples 
v a r ie s  over the  range o f' from 1 1 /2  to  17 f t 2 , w ith  the  average being  
about 5 to  9 f t ? .

The re s u lts  o f . th e  chem ical analyses in d ic a te  th a t  each o f  the  21 s te e l  
samples were produced to  the  requ irem ents  fo r  the chem ical com position o f  
one or more o f the fo llo w in g  s te e ls :  ASTM A515-Grade 65 , ASTM A515-Grade 
65 , AAR TC128-Grade A o r -Grade B. S e v e ra l anomalous.r e s u lt  were observ­
ed, n o tab ly  in  the le v e ls  o f carbon and molybdenum, which in d ic a te  th a t  
s e le c te d  s te e ls  d id  not meet the  co m p o sitio n a l requirem ents - f o r  the s te e ls  
in  q u estio n .

The re s u lts  in d ic a te  th a t the c o n ten t o f  carbon fo r  a s te e l  judged to  be 
made to A 5 l6 -G r 65 s p e c if ic a t io n s  and one made to  A515-Gr 65 s p e c if ic a ­
tio n s . each exceeds the product maximum f o r  t h e i r  grade by 0.01 percen t 
carbon. F u rth e r , the la d le  a n a ly s is  o f  molybdenum, as g iv e n : in  the  m i l l  
re p o rts , exceeds th a t in  the  NBS check chem ical a n a ly s is  fo r  each o f  two 
p la te s  o f TC128 steel's  taken from  one tank  car . These la d le  analyses, a ls o  
exceed, by a considerab le  amount o f 0 .0 5  to  0 .1 0  p ercen t Mo, the s p ec i­
f ie d  maximum la d le  a n a ly s is  p e rm itte d  fo r  the'TC 128-B  s te e l .

The s u lfu r  content ‘o f the s te e ls  average 0 .0 1 7  percen t by w e ig h t. F ive  o f  
th e  s te e ls  have s u lfu r  exceeding 0 .0 2 0  percen t and fo u r have s u lfu r  a t  
le s s  than or equal to  0 .010  p e rc e n t.

The m e ta llo g rap h ic  analyses show th a t  the  m ic ro s tru c tu re s  o f these s te e ls  
are  m ixtures o f f e r r i t e  and p e a r l i t e ,  w ith  the f e r r i t e  being one or more 
o f the fo llo w in g  types: p o lyg o n a l, a c ic u la r ,  and W idm anstatten. Although  
these m ic ro s tru c tu re s  are  ty p ic a l  fo r  these s te e ls ,  the a c ic u la r  and 
W idm anstatten f e r r i t e s  do in d ic a te  ra p id  co o lin g  an d /o r o verh ea tin g  
(coarse a u s te n ite  g ra in  s iz e ) .  Large a u s te n ite  g ra in  s iz e  is  in d ic a te d  by 
la rg e  p e a r l i t e  co lon ies  in  some o f th e  s te e l  sam ples. In  a d d it io n , fo r  
many samples vary in g  degrees o f m ic ro s tu rc tu ra l banding a re  observed, and 
th is  is  no t unusual fo r  these grades o f  s t e e l .  A l l  s te e ls  examined have 
f e r r i t e  g ra in  s ize s  f in e r  than ASTM 8 . 0 ,  w ith  some as f in e  as 1 1 . 0 .  Some 
unresolved carb ides in  th re e  o f th e  samples leave  the  question  o f th e ir  
m icro s tru c tu re s  open to  fu r th e r  s tu d y .

In c lu s io n  analyses o f 21 samples in d ic a te  th a t  th e  vas t m a jo r ity  o f  the  
s te e ls  c o n ta in  in c lu s io n s  th a t  a re  p redom inantly  2 .5  to  3 .0  in  th e  th in  
s e rie s  fo r  MnS, as ra te d  by Method E45. F ive  o f these samples were ra te d  
to  have above average in c lu s io n  c o n te n ts , two o f which are  TC128-Grade A 
samples and th ree  are  TC128-Grade B sam ples. In  a d d it io n , one sample was 
ra te d  to  have fewer s u lf id e s  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 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 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 energy-absorption 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-absorption values. These steels also contain more 
vanadium. Upper-shelf energy-absorption'in the range of 3h to 45.J (25 to 
33 ft-lbs) 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 i 3  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-lb temperatures are in the range of 
temperatures from about -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).
The.energy absorption for CVN specimens at -1 .€ (30F), for these steels 
range from about 16.5 to 21.8 J (12.2 to 16.1 ft-lbs). Thus, fracture 
toughness could be considered to be marginal for these steels at tempera­
tures just below the freezing point of water.
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Table 1. Chemical Composition o f 21 Plate Samples from 16 MBS Tank-Car Samples Cut from 8 Tank Cara

ID and 
Contents of 
Tank-Car

Shell
Course
ID

NBS
Car
ID

Tank-
Sample

ASTM
Designation

Plate
Sample
NO. C Mn P S Si Ni Cr Mo Cu ’* A1 V

GATX W 0 19 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,
CCIj,

ACFX 81395 2 NBS 13 A5l6-Gr65 13A 0.21 0.81 0.010 0.032 0.20 0.09 0.09 0.03 0.28 0.013
(acetone) 3 NBS 13 A5l6-Gr65 13B 0.27*11 0.88 0.012 0.035 0.24 0.14 0.18 0103 0.28 0.009 <0.005

B-Head NBS 13A A515-Gr65 13/A 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 . 0 1 1 1 0.007 0.16 •<0.01 0.04 <0.01 0.01 <0.005
(methanol)

ACFX 82959 1 NBS 18 A515-Gr65 18A 0.22 0.67 <0.005 0.012 0.21 0.11 0,09 0 .0 3 , 0.17 <0.005 ’i ■;
(acetone) A-Head NBS 18 A515~Gr65 18B 0.27 0.57 <0.005 0.018 0.19 0.10 0.07 0.02 0.16 <0.005

5 NBS 19 A515-Gr65 19A 0.211 0.56 <0.005 0.021 0.18 0.10 0.07 0,02 0.15 <0.005
6 NBS 19 A515-Gr65 19B 0.22 0.66 <0.005 0.011 0.21 0 . 1 0 0,09 0.03 0.16 <0.005

ACFX 89990 B-Head NBS 11 A515-Gr65 11 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 0.20 0.16 0,12 0.04 0.21 0.026 not reported

5 NBS 10 TC128-GrB 10A 0.211 1.26 0.021 0.025 0.24 0.03 0.23 0.06 6.03 0.045 '! »
4 NBS 10 TC128-GrB i o b 0.21 1 .2H 0.023 0.022 0.25 0.03 0.23 0.06. 0.03 O.052 » M

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 0.025 <0.005
(chlorine) mill. report - - 0.21) 1 i 3 5 0.021 0.015 0.25 0.17 0,04 0.13** o;oi - ■ ' - •.

2 NBS 20A TC128-GrB 20A-B 0.19 1.26 0.011) <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** 0.01 r '

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 . 0 3 4 0,007
(anhydrous 2 NBS 2 TC128-GrA 2 0.23 1 .31) 0.016 0.024 0.23 0.21 0.21 0.02 0,23 0.026 0;035
ammonia) 5 NBS "3 TC126-GrA 3 0.211 1.13 0.011 0.021 0.22 0.21 0.19 0.01 0.28 0.017 0 . 0 3 2

l) NBS 16A TC128-GrB 1 6a 0.23 1 .211 0.009 0.011 0.25 0.i20 0,21 0= 01 0.22 0.034 o;oo7

IMCX 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 0.11 0.03 0.14 0^021 0;O39
ammonia) S=0.017

Specifications (maximum wt. percent , except where range is 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 .15/.30 * *

Product 0.26 .79/1. 30 0.035 0.04 .13/.33 tt
AAR TCI 28-Gradei A (1970) Ladle 0.25 1.35 o.oii 0.05 0.30 — --- — -- . # .. 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 ** fails the chemical requirement for the grade.



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

Tank Shell As-Received

Specification Content
Plate
Sample ID.

Car
ID.

or
Head

Grinding
Code***

Plate
Thickness(in)

ASTM(E-112) 
ave. G.S.

Hardness
HRB

Metallographlc 
Code **

A515-Grade 65 Methanol 4 ACFX 89990 B-Head 1 0.H6 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/A ACFX 81395 B-Head i 0. 1 1 1 9-9.5 69.8 SB
A515-Grade 65 Acetone 18B ACFX 82959 A-Head 1 0.111 9.5-10.0 77.0 SW-MW

A515-Grade 65 CC1M 8 GATX i|4019 Shell i| 1 0.115 8-8.5 75.5 SW
A515-Grade 65 Acetone 18A ACFX 82959 Shell 1 1 0.112 8.5 711.2 MB-HB
A515-Grade 65 Acetone 19A ACFX 82959 Shell 5 1 0.1)0 8-8.5 73.1 HB
A515-Grade 65 Acetone 19B ACFX 82959 Shell 6 1 0.1)1 9.5

ave
71J.1
75.2

HB

A516-Grade 65 Acetone 13A ACFX 81395 Shell 2 1 0.1)5 1 0 72.1) MB
A516-Grade 65 Acetone 13B ACFX 81395 Shell 3 3 0.77 10

ave
78.5
75Tf

HB

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

ave
91.8 
91.1

SB, SW

TCI 28-Grade B An. Ammonia 1 IMCX 2513 A-Head 3 0.76 1 0 .5 - 1 1 81.2 HB, SA
TC128-Grade B Methanol *9 ACFX 89990 B-Head 1 0.111) 1 0 - 1 0 . 5 82.2 MB, MA
TC128-Grade B Methanol * 1 0A ACFX 89990 Shell 5 1 0.115 9 81.2 SB, SW
TC128-Grade B Methanol * 10B ACFX 89990 Shell ') 1 0.1)5 8 .5 - 9 80.0 MB, SW
TC128-Grade B An. Ammonia 1 6A IMCX 2513 Shell 1) 2 0.51) 9 .5 - 1 0 87.1 MB-HB
TC128-Grade B Chlorine 20A-A UTLX 28727 Shell 3 3 0.81 8 . 5 85,1) 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.

** All are mixtures of ferrite and pearlite. Code for other observations follows:
A = accicular ferrite;
B = microstructural banding; W = Widmanstatten ferrite
S = Some, M = More, H = Heavy
e.g. SB means some microstructural banding

*** Grinding (or thickness) code 1= 10-12 mm (0.i10-0.il6in), 2= 13-15 mm (0.5* *1-0.57in), 3= 19-20 mm (0.75-0.81 in)



Table 3 . Summary of Data for Standard Charpy V-Notch Specimens

Longitudinal

Plate 
Sample ID

TC128
Grade

CVN . 
ID

Cross-Rollins
Index

Specimens** i Transverse Specimens

Upper
Joules

Shelf
(ft-^lb)

Upper
Joules

Shelf
(ft-lb)

21 C, 
Joules

or 70 F 
(ft-lbs)

-1 C, or 
Joules

30 F 
(ft-lbs)

15 ft-lb TT 
C (F)

-5P? SFA FATT 
C (F)

5

2 ' ■ A 2 0.56 73 (54) 41 - “ (30) 25.2 (18.6) ' . 16.5 (12.2) 9.0 (48.2) : 27.6 (81.6)
3 A 3 0.57 , 60 (44) 34 (25) 26.7 (21.9) , 19.4 (14.3) 0.8 (33.5) -0.2 (31.7)

12 A It 0.36 95 (70) 34 (25) 27.1 (20.0) 18.7 (13.8) 3.1 (37.5) 8.6 (47^4)
17 A 6 ' # . “ (* ) 45 (33) 26.7 (19.7) 18.2 (13.4) 4.9 (40.8) -34.7 (94.5)

16A B 5 i 0.56. 110 (81) 61 ' (45) 33.4 (24.6) 21.8 (16.1) V4.4 (24.1) 2 J . 1 (80.8)
20A-A B 7 0.43\ 111 ' (82) 47 (35) 33.4 (24.6) 19.0 (14.0) 1.3 (34.3) • 10.1 -(50.-1)
20A-B B 8 . 0 ..42 140 (103) 58 (43) 36.6 (27.0) 21.3 . (15.7) -2.8 (27.Q) 19.9 (67.9)

*Not. estimated from the available data.

**Due to paucity o f data, estimates for longitudift'ar specimens are tentative. See text.

TT -  .Transition TemperaturS
SFA -  Shear Fracture Appearance
FATT -  Fracture Appearance Transition Temperature



Figure 1. Photomicrographs of Plate Sample No. 4., Tank
Car ACFX 89990, 3-Head, ASTM A515-Grade 65.
a) X100 b) X500 Etchant: Nital

2 0



Figure 2. Photomicrographs of Plate Sample No. 7., Tank
Car GATX 5013, A-Head, ASTM A515-Grade 65.
a) X100 b) X500 Etchant: Nital
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Figure 3. Photomicrographs 
• Car ACFX 81395, 

a) X100 b) X500

of Plate Sample No. 1 3/A Tank
3-Head, ASTM A515-Grade 55
Etchant: Nital

2 2



Figure 4. Photomicrographs of Plate Sample 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 Mo. 8, Tank Car
' GATX 4-4019, Shell Course U, ASTM A5T5-Grade 65.
a) X100 b) X500 Etchant: Mital

24



( a )

*  - - 4 3 V - - , -

j -  • -’ ■ ~rr «

j jwr' ‘V  < *  1

„ .  4 '  ' & %

f
M

■<

( b )

r # f w^
Figure 6. Photomicrographs of Plate Sample No. 18A, Tank

Car ACFX 82959, Shell Course 1, ASTM A515-Grade 65
a) X100 b) X500 Etchant: Nital . ...■•
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igure 7. Photomicrograph of Plate Sample Nc. 19A, Tank Car
ACFX 82959, Shell Course 5, ASTM A515-Grade 65.a) X100 b) X500 Etchant: Nital
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Figure 8. Photomicrograph of Plate Sample No. 19B, Tank Car
' ACFX 82959, Shell Course 6, ASTM A515-Grade 65.a) X100 b) X500 Etchant: Nital
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igure 9. Photomicrograph of Plate Sample No. 13A, Tank Car
' ACFX 81395, Shell Course 2, ASTM A51o-Grade 55
a) X100 b) X500 Etchant: Nital
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Figure 10. Photomicrograph of Plate Sample No. 13B, Tank
Car ACFX 81395, Shell Course 3, A3TM A51o-Grade 65.
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) X50G Etchant: Hital
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Figure 12. Photomicrographs of Plate Sample No. 3, Tank
' Car IMCX 2513, Shell Course 5, AAR TC123-Grade A. 
a) X100 b) X5C0 Etchant: Nital .
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Figure 13. Photomicrographs of Plate Sample No. 12, Tank
' Car IMCX 2827, Shell Course 3, AAR TC128-Grade A. 
a) X100 b) X500 Etchant: Nital
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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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(a)

15. Photomicrographs of Plate Sample No. 1, Tank 
■ Car IMCX 2513, A-Head, AAR TC12S-Grade 3. 
a) X100 b) X50Q Etchant: Nital
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( a )

F ig u re  16 . Photom icrographs o f P la te  Sample No. 9 , Tank
' Car ACFX 89990, .3-Head, AAR TC128-Orade B .

a ) X100 b) X500 E tc h a n t : N it a l
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F ig u re  17 . Photom icrographs o f P la te  Sample No. 1QA, Tank
' Car ACFX 89990, S h e l l  Course 5 , AAR TC128-Grade B .

a ) X100 b) X500 E tc h a n t : N it a l
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01

F ig u re  18 . Photom icrographs o f P la te  Sample No. 10B, Tank
' Car ACFX 8 9 9 9 0 ,  S h e l l  C o u r s e  4 , AAR TC128-Grade 3 .

a ) X100 b) X500 E tc h a n t : N it a l
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Figure 19. Photomicrographs of Plate Sample No. 16A, Tank
' Car IMCX 2513. Shell Course 4, AAR TC128-Grade 3. a) X100 b) X500 Etchant: Nital
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F ig u re  2 0 . Photom icrographs of P la te  Sample No. 20A-A, Tank
' Car UTLX' 28727, S h e l l  Course 3 , AAR TC128-Grade 3 .

a ) X100 b) X500 E tc h a n t : N it a l
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F ig u re  21 . Photom icrographs o f P la te  Sample No. 20A-3, Tank
' Car UTLX 28727, S h e l l  Course 2 , AAR TC128-Grade 3 .

a ) X100 b) X500 E tc h a n t : N it a l
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F ig u re  22A. Charpy V-NOtch T e s t R e s u lts  fo r  CVN ID  2 , P la te  Sample 2 ,
AAR TCI 28-Grade A , S h e l l  Course 2 .

o SPECIMEN ID E N T IF IC A T IO N  

O  16 SPECIMENS. TL ORIENTATION  

4- 8 SPECIMENS. LT ORIENTATION
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T E S T  TEMPERAT UR E ( F )

280. 0
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F ig u re  22B . Charpy V-Notch T e s t  R e s u lts ; fo r  CVN ID  2 , P la te  Sample 2 ,
AAR TC128-Grade A ,, S h e l l  Course. 2 .

T E S T  T E M P E R A T U R E  ( F )
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F ig u re  23A . Charpy V-Notch T e s t  R e s u lts  fo r  CVN ID  3 , P la te  Sample 3 ,
' AAR. TC128-Grade A ., S h e l l  Course 5 .

a SPECIMEN ID E N T IF IC A T IO N  

O 16 SPECIMENS. f L  ORIENTATION  

+  8 SPECIMENS. LT ORIENTATION

a
e

in_
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°-320. 0 - 2 2 0 .  0
T E S T  TEMPERAT UR E ( F )

o 230. 0
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F ig u re  23B. Charpy V-Notch T e s t  R e s u lts  fo r  CVN ID  3 , P la te  Sample 3 ,
AAR TC128-Grade A , S h e l l  Course 5 .

SPECIMEN ID E N T IF IC A T IO N

T E S T  T E MP E R A T U R E  (F)
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F ig u re  24A. Charpy V-Notch T e s t  R e s u lts  fo r  CVN ID  4 , P la t e  Sample 12 ,
AAR TC128-Grade A , S h e l l  Course 3 .

T E S T  TEMPERATURE ( F)
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F ig u re  24B._ Charpy V-Notch T e s t  R e s u lts  f o r  CVN ID  4 ,. P la te  Sample 12, .
AAR TCT28-Grade A ,. S h e l l  Course 3 .

SPECIMEN IDENTIFICATION'

T E S T  T E M P E R A T U R E  ( F)
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F ig u re - 25A . Charpy V-Notch T ea t R e s u lts  f o r  CTO ID. 5 ,  P la t e  Sample l6 A r
' AAR TCT28” Grade B , S h e l l  Course 4 .
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SPECIMEN ID E N T IF IC A T IO N

F ig u re  25B . Gharpy V-Notch T e s t  R e s u t ls  f o r  CVN ID  5 , P la te  Sample 16a ,
AAR TC128-Grade B,- S h e l l  Course 4 ..
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F ig u re  26a .  Charpy V-Notch T e s t  R e s u lts  fo r  CVN ID  6 , P la te  Sample 17 ,
' AAR TC128-Grade A , S h e l l  Course 2 .
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F ig u re  26B.. Charpy V-Notch T e s t  R e s u lts  f o r  CVN ID  6 , P la t e  Sample 17
AAR TC128-Grade A , S h e l l  Course 2 .
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F ig u re  27A. Charpy V-Notch T e s t  R e s u lts  fo r  CVN ID  7 , P la t e  Sample 20A-A,
' AAR TC128-Grade B , S h e l l  Course 3 .
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°  SPECIMEN IDENTIFICATION

F ig u re  27B . Charpy V-Notch T e s t  R e s u lts : fo r  CVN ID  7 , P la te  Sample 20A-A
AAR TC128-Grade B , S h e l l  Course 3«

T E S T  T E M P E R A T U R E  ( F )
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F ig u re  28A . Charpy V-Notch T e s t  R e s u lts  fo r  CVN ID. 8 , P la te  Sample 20A-
AAR TC128-Grade B , S h e l l  Course 2 .

SPECIMEN IDENTIFICflTISN 
O 16 SPECIMEhis. TL 8RIENTflTION 
+ 8 SPECIMENS. LT ORIENTATION

o
LO.

- 3 2 0 . 0 - 2 2 0 . 0
T E S T T E M P E R A T U R E  ( F )

9

2 8 0 .  0
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F ig u re  2 8 B C h a r p y  V-Notch Test. R e s u lts  f o r  CVN ID  8 , P la te  Sample 20A-B,
' AAR TC128-Grade B , S h e ll , Course 2 .

SPECIMEN IDENTIFICATION

T E S T  T E M P E R A T U R E  ( F )
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F ig u re  ,29A . Charpy V-Notch R e s u lts  o f T ra n sv e rse  Specim ens Taken from
' Seven S h e l l - P la t e  Samples o f AAR TC128 S t e e ls .

.SPECIMEN IQENTI FICRTI0M
©  PLATE SAMPLE 2 
O PLATE SAMPLE 3 
© PLATE SAMPLE 12 
©  PLATE SAMPLE 16A 

- ©  PLATE SAMPLE 17

(GRADER) 
(GRADE RJ 
(GRADE A) 
(GRADE 81 
(GRADE A)

© PLATE SAMPLE 20A-A (GRADE B)
© PLATE SAMPLE 20H-8 (GRADE 8)

o
in_

"-320. 0 -220. 0 -120. 0 -20. 0 80. 0
T E S T  T E MPERAT UR E ( F )

1 8 0 .  0 2 8 0 .
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F ig u re  29B., Charpy V-Notch R e s u lts  o f' T ra n sv e rse  Specimens Taken from
Seven S h e l l- P la t e  Samples o f AAR TC128 S t e e ls .

o SPECIMEN IDENTIFICATION
oO- 0 PLATE SAMPLE 2 (GRADE A)

0 PLATE SAMPLE 3 (GRADE A)
0 PLATE SAMPLE 12 (GRADE A)

in 0 PLATE SAMPLE 16A (GRADE B)
•
oo 0 PLATE SAMPLE 17 (GRADE A)

0 PLATE SAMPLE 20A-A (GRADE B)
O PLATE SAMPLE 20A-B (GRADE B)

- 3 2 0 .  0 - 2 2 0 . 0  - 1 2 0 . 0  - 2 0 . 0  8 0 . 0
T E S T  T E M P E R A T U R E  ( F )

1 8 0 .  0
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Figure 30. Charpy V-Notch Upper-Shelf Energy-Absorption for Longitudinal (LT) and
Transverse (TL) Specimens Plotted as Functions of Ultimate Tensile Strength 
for Steel Plate Samples Taken from Railroad Tank Cars.
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Figure 31. Charpy V-Notch Upper-Shelf Energy-Absorption for Longitudinal (LT) and 
' Transverse (TL) Specimens Plotted as Functions of Yield Strength for 
Samples Taken from Railroad Tank Cars are Compared with a Reference 
Curve Taken from the Literature [10], The dotted line represents the 
literature [10] trend line, which is based upon results for longitudinal 
(LT) specimens.
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Available Plate Material from NBS Tank-Car Samples
Appendix A

Plate 
Sample ID

Approximate
area (ft2) Comments

1 9
2 14
3 9
4 git
7 6
8 9
9 4
10A 2 plus adjoining double plate
10B 5
12 9 plus small amount, of course No.. 6
13A 3 to 5
13B 6 to 8
13/A 5 plus small piece of adjoining shell
16A 10
17 7 plus small piece of adjoining plate
18A 8
18B 6
19A 1-1/2
19B 3
20A-A 9 plus 8 ft2 of same course on 20B
20A-B 5 plus 6 ft2 of same course on 20B

A-l



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 A 4 
Energy Absorption in. Longitudinal Specimens A5 
Shear Fracture Appearance in Longitudinal Specimens A6

A-2



CHARPY V-NGTCH TEST RESULTS FOR PLATE SAMPLE 2, A SHELL PLATE 
OF AAR TC123-GRADE A STEEL TAKEN FROM TANK-CAR IMCX 2513 

CALCULATIONS FOR ENERGY ABSORPTION BATA OF 
■ IE SPECIMENS* TL. ORIENTATION
SPECIMEN T EMPeR ATUR ElF > OBSERVED ENERGY CALCULATED ENERGY

ABSORPTION(FT-LBI A B S 0 R PT10 N C FT -L B>
2T8 -90.0 2.5 0 5.4.
2T3 -50.0 5.50 4.8
2T2 -50.0 6.00 4.8
2T1 4 -10.0 5.50 7.6
2 T9 -10.0 8.00 7.6
2T12 30.0 IT. 00 12.2
211 30 .0 11 .5 0 12.2
2T13 70.0 16.00 18.6
2T4 7Q.Q 17.00 18.6
2TTO 1 10.0 21.00 24.8
2TT 110.0 23.00 24.8
2T15 1 50.0 29.00 28.7
2T6 T 50 .0 32.00 28.7
21 It 1 90 .0 29.00 30.0
2T5 190.0 30.50 30.0
2T16 2 30.0 29.00 29.0

TRANSITION REGION, CALCULATED'VALUES
ENERGY c a l c u l a t e d / TEMPERATURE CALCULATED ENERGY
ABSORPTION T EMPERATURE*F) / <F> ABSORPTION*FT~LB>

. 5.0 - 4 5 . 7 / - 4 0 . 0 5 . 3
1 0 . 0 1 2 . 9 / - 3 5 . 0 5 . 6
15 .o 4 8 . 2 / - 3 0 . 0 6 . 0
2 0 . 0 78 .5 / -  2 5 . 0 6 . 3
2 5 . 0 111 . 3 / - 2  0 . 0 6 . 7

/ - 1  5 . 0 7 . 1
/ - 1  0.. Q 7 . 6
i - 5 . 0 S.O
l . 0 8 . 5
i 5.0 9 . 1
i 1 Q.O 9 . 6
/ 1 5 . 0 1 0 . 3
/ 2 0 . 0 1 0 . 9  -
l 2 5 . 0 1 1 . 6
i 3 0 . 0 1 2 . 2
/ 3 5 . 0 1 3 . 0
i 40.0 1 3 . 7
l 45.0 1 4 . 5
f 5 0 . 0  • 1 5 . 3
l 55.0 1 6 . 1

A - 3
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CHARPY -V-NOTCH TEST R ESULTS FOK PLATE SAMPLE 2, A SHELL PLATE 
Of AAR TC128-GRADE A STEEL TAKEN FROM TANK-CAR IMCX 2513 

CALCULATIONS FOR ENERGYABSORPTION B ATA OF 
8 SPECIMENS, LT ORIENTATION;

SPECIMEN TEMPER ATUREt F) 0 8SERVED ENERGY CALCULATED ENERGY
A 8S0RPT10 N(FT-LB > ABSORPTION!FT-L8>

2L& -50.0 5.00 5.1
2L5 -TO .0 6.00 6.1
2L7 30.0 10.50 11.0
2L3 70.0 26.00 24.9
2L4 . ■7 0.0 27.00 24.9
2L2 1TQ.0 40.50 44.4
'•■2L8.. 1 50.0 5 5.00 53.9
2L 1 190.0 54.50 54.7

TRANSITION REGION, c a l c u l a t e d  v a l u e s

ENERGY CALCULATED r TEMPERATURE CALCULATED E nei
ABSORPTION TEMPERATURE!f) t (F) ABSORPTION! FT-I

10.0 25.1 / 30 .0 11.0
■ 15.0 45 .1 / 35.0 12.2

20.G 59.0 / 40.0 13.5
25.0 ' 70.3 / 45.0 15.0
30.0 80.5 / 50.0 16.6
25.0 90.2 / 55.0 18.4
4G.0 100 .3 / 60.0 20.4
45 . C 111.5 / 65.0 22.6
>5 0,0 126.2 / 70.0 24.9

/ 75.0 27.3
/ 80.0 29.8
/ 85.0 3 2,3
/ 90.0 34.9
/ 95.0 3 7.4
/ 1G0.0 39.9
/ 105.0 4 2.2
/ 110.0 44.4
/ 11 5.0 4 6 . 4
/ 120.0 4 8 . 1
/ 12 5.0 49.7

A - 5



CHARFY V^NOTCH TEST RESULTS FOR PLATE SAMPLE 2, A SHELL PLATE 
OF AAR TC128-GR ADE A STEEL TAK EN FROM TANK-CAR IMCX 2513 

CALCULATIONS; FOR SHEAR FRACTURE APPEARANCE BATA OF 
8 SPECIMENS, LT ORIENTATION

SPEC IREN TEMPERATUR E< F> OBSERVED SH EAR CALCULATED SHfAR
- / FRACTURE <x> FRACTURE i%)

2L6 . -50.0 .00 • 8 ■
z l s -10.0 3.00 3.4
2L7 30.0 15 .00 12.2
2L3 70.0 31.00 35.5
214 70.0 4 0.00 35.5
212 IT 0.0 65.00 73.3
2L8 150.0 98.00 96.7
211 1 90.0 100.00 99.0

TRANSITION REGION, CALCULATED VALUES
7. SHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR
FRACTURE T EMPE R ATURE( F> / cry. FRACTURE. (Z}

7.0 -24 .6 / -20.0 2.4
5.0 1 .7 i -15.0 2.8

10.0 23.4 / -10.0 3.4
15.0 37.0 / -5.0 4.0
5C.0 86.1 / .0 4.7
85.0 124.1 / 5.0 5.6
50.0 132 .0 A 10.0 6.6
95.0 143.5 / 15.0 7.7
98.0 158.1 / 20.0 9.0

/ 25.0 10.5
/ 30.0 12 .2
/ 35.0 14.1
J 40.0 16.3
/ 45.0 I S . 8
/ 50.0 21.5
/ 55.0 24.5
/ 6 0.0 2 7.9
/ 65.0 31.5
/ 70.0 35.5
i 75.0 39.7

A - 6



Appendix C

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

Energy Absorption in Transverse Specimens A8
Shear Fracture Appearance in Transverse Specimens A9
Energy Absorption in Longitudinal Specimens A10
Shear Fracture Appearance in Longitudinal Specimens A11



CH ARPT -V— NQTCHi TEST R ESUL.TS FOR PLATE SAMPLE 7 , A SHELL PLATE 
OF AAR TCT28-GRABE A STEEL TAKEN FROM TANK-CAR IMCX 25l\5 

CALCULATIONS; FOR ENERGY ABSORPTION BATA OF 
16 SPECIMENS, TL ORIENTATION

SPECIMEN TEMPER ATOR EC F ) OBSERVED ENERGY CALCULATED ENERGY
ABSORPTION(FT-LQ) A B SOR P T10 N C FT — LB)

3 TT0 -90 .0 3.00 3.7
3T3 -90 .0 4.00 3.7
3T14 -5G.0 2.50 4.7
3T2 -50.0 4.00 4.7
3T1 - t g . o; 7.00 7.7
3T13 -10.0 7.50 7.7
3TS 30 .0 13.50 14.3
IT 4 30.0 13.50 14.3
3T7 70.0 22.5 0 21.9
3TT2 ?o:.o: 23.00 21.9
3T6 110.0 24.00 24.6
3T16 110.0 2 5.00 24.6
3T15 15Q.0 22.5 0. 24.7
ITS 1 50.0 25.00 24.7
IT 1T 190.Q 25.00 24.7
3T8 T9Q.Q 26.00 24.7

TRANSITION REGION, iCALCULATED VALUES
ENERGY CALCULATED / TEMPERATURE CALCULATED ENERGY
ABSORPTION TEMPERATURE* F) / CF> ABSORPT IONC FT-LB)

5.0 -42.9 / -40.0 . 5.2
10.0 6.8 / -35.0 5.5
15.0 33 .5 / -30.0 5.8
20.0 58.2 / -25.0 6.2

7 -20.0 6.6
/ -15.0 7.1
/ -10.0 7.7
/ -5.0 8.3
/ .0 9.C
1 5.0 9.7
/ 10.0 10.5
t 1 5.0 11.4
t 20.0 12.3

- i 2 5.0 13.3
t 30.0 14.3
/ 35.0 15.3
t 4Q.0 1 6 .4
/ 45.0 17.4
I 50.0 18.4
/ 5 5.0 19.4

A - 8



CHARPV.V-NOTCH TEST RESULTS FOR PLATE SAMPLE 3, A SHELL PLATE 
Of AAR TC128-GRABE A STEEL TAKEN FROM TANK-CAR IMCX 2513 

CALCULATIONS FOR SHEAR FRACTURE APP E ARAN C E 0 A TA OF 
16 SPECIMENS, TL ORIENTATION
SPECIMEN TEMPERATURE*F) OBSERVED

FRACTURE
SHEAR
U >

CALCULATED SHEAR 
FRACTURE < 2>

3TT0 -90.0 .00 .4
3T3 -90.0 .00 .4
3714 -50.0 3.00 3.1
3T2 -50 .0 .00 3. 1
3T1 -1G.0 15.00 14.8
3T13 -10 .0 15.00 14.8
3T9 30 .0 4 5.00 48.1
3T4 30 .0 50.00 48.1
3T7 70.0 90.00 89.0
3112 70.0 9 0.00 89.0
3T6 110.0 9 5.00 98.7
3T16 110.0 98.00 98.7
3T15 150.0 1Q0.00 98.8
3T5 1 50.0 100.00 98.8
3T11 190.0 100.00 98.8
3T8 1 90 .0 100.00 98.8

TRANSITION REGION * CALCULATED VALUES
% SHEAR C ALCULATED / TEMPERATURE CALCULATES) SHEAR
FRACTURE TEMPERATURE(F) / (F) FRACTURE (2)

2 . 0 - 5 9 . 5 / - 5  0 . 0 3.1
5 . 0 - T 8 . 5 / - 4  5 . 0 3 . 8

10 .Q -  20 ..9 / - 4 0 . 0 4 . 7
1 5.G - 9 . 6 ! - 3 5 . 0 5 . 8
5 0 . 0 31 . 7 ! - 3 0 . 0 7 . 0
85 • n 6-4.5 i . - 2  5 . 0 8 . 5
9 0 . 6 71 .5 / - 2 0 . 0 1 0 . 3
9 5 . 0 8 1 . 8 / - 1 5 . 0  . 1 2 . 4
5 5 . 0 9 5 . 7 / - 1 0 . 0 1 4 . 8

! - 5 . 0 1 7 . 6
t . 0  ■ 2 0 . 7
l 5 . 0 2 4 . 3
J 1 0 . 0 2 8 . 3
/ 1 5 . 0 3 2 . 7
/ 2 0 . 0 3 7 . 5
/ 2 5 . 0 4 2 . 7
/ 3 0 . 0 4 8 . 1
t 3 5 . 0 5 3 . 8
/ 4 0 . 0 5 9 . 6
/ 4 5 . 0 6 5 . 4

A-9



CHARPY V-NOTCH TEST RESULTS FOR PLATE SAMPLE 3, A SHELL PLATE 
Of AAR TCT28-GRABE A STEEL TAKEN FROM TANK-CAR IMCX 2513

CALCULATIONS: FOR ENERGY ABSORPTION BATA OF 
8 SPECIMENS,, LT ORIENT ATIQN

SPECIMEN TEMPERATURECF) OBSERVED ENERGY CALCULATED ENERGY
. ■ , ABSORPTION CFT-LB > a b s o r p t i q n c f t -lbj

3L8J : " -50.0 3.5 0 3.5
2L 5 -1C.0 . 5.50 4.7
3L2 30 .0 9'..00 17.5
3L61 30 .0 14.Q0 17.5
3L7 50 .0 39.50 32.5
3L3 70.0 42. QO 42.6
3L1 110.0 45.50 44.0
3L4 150.0 42.50 44.0

TRANSITION REGION * 'CALCULAt EB VALUES
ENERGY C ALCU LATED / TEMPERATURE CALCULATED ENERGY
ABSORPTION T EMPER ATUREC F> / CF) ABSORPTIONC FT-LB)

5.0 -7.0 / .0 6.0
10.0 15.4 / 5 . 0 6.9
15.0 26.0 l 10  .0 a . 2
20.0 33.7 f 15. G 9.9
25.0 40 .4 / 2 Q.0 11.9
3C.Q 46 .7 / 25 .0 14.5
25.0 . 53 .5 / 30*0 17.5
4Q.Q 62 .2 / 3 5 .0 20.9

i 4 0 .0 24.7
i 45.0 28.6
i 5 Q. 0 32.5
t 5 5 .0 3 6.0
/ 60.0 38.9
/ 6 5 .0 41.1
/ 70 .0 42 .6

A-10



CHARFY-V-NOTCH TEST RESULTS FOR PLATE SAMPLE 3, A SHELL PLATE 
OF AAR TC128-GRA0E A STEEL TAKEN FROM TANK-CAR JRCX ‘2513 

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF 
8 SPECIMENS, LT ORIENTATION

SPECIMEN TEMPER ATUR E(F) OBSERVED SHEAR CALCULATED SHE**
FRACTURE U ) FRACTURE < X)

3L S -50.0 T.00 1.5
3L5 -10.0 10.00 8 .0
3L2 . 30 «Q 30.00 43.6
3L6 30 .0 37.00 43.6
3L7 50.0 88.00 73.5
3L3 70 .0 85.00 93.6
3L1 110.0 97.00 98.5
3L4 1 50.0 100.00 98.5

TRANSITION REGION « 'CALCULATED VALUES
% SHEAR C ALCU LATED / TEMPERATURE CALCULATED SHEAR
FRACTURE T EMPER ATUREC F) / <F) TRACTUREfZ)

c »0 -40.7 / -40.0 2.0
5.0 -19 .6 / -35.0 2.5

10.0 -5.3 / -30.0 3.1
15*0. 3.3 / -25.0 3.9

■ 50.0 34 .4 / -20.0 4.9
85.0 59.2 / -15.0 6.3
90.0 64.6 / -10.0 S.Q
95 .0 72 .8 l -5.0 10.2
98.G 85 .6 l .0 12.9

i 5.0 16.2
/ 10.0 20.2
! 15.0 2 4.9'
1 20.Q 3C.4
f 25.0 36.7
i 30.0 43.6
l 35.0 51.0
/ 40.0 5 8.6
/ 45.0 66.3
/ 50.0 73.5
/ 5 5 .0 8 0.1

A-11



Appendix. D
Observed: and. Calculated Values, of’ Energy Absorption and Shear Fracture 

Appearance in CVN Tests: Results, for C.VN ID 4, Plate Sample 12.
Energy Absorption in Transverse Specimens A13 
Shear'Fracture Appearance in Transverse Specimens A14 
Energy Absorption in Longitudinal Specimens A15 
.Shear-Fracture Appearance in Longitudinal Specimens A16

A-12



CHARPY-V-NOTCH TEST RESULTS FOR PLATE SAMPLE 12, A SHELL PLATE 
OF AAR TC128^GRADE A STEEL TAKEN FROM TANK-CAR IMCX 2827 

CALCULATIONS F O R  ENERGY ABSORPTION DATA OF 
16 SPECIMENS, TL ORIENTATION
SPEC I ME N TEMPER ATURECF) OBSERVED ENERGY 

A8SGRPTI0N<F T-»LB )
CALCULATED ENERGY 
AB SORPTION<FT-L85

4T4 -90.0 3.00 4.2
4T6 - 90 .0 4 .00 4.2
ATI 6 — 50.0 5.50 5.6
4T1 - 50 *0 7.5 0 5.6
4TT2 -1Q.0 7.00 8.6
4T3 -10 .0 10.00 8.6
4T7 30.0 12.00 13.8
4 T9 30 .0 12.00 13.8
471 4 70.0 18.50 20.0
4T13 70.0 23.5 0 2Q .0
4 T 11 1 10.0 24.00 24.1
4T15 110 .0 25.00 24,1
4T5 , 1 5 0 . 0 24.00 25.2
4T2 1 50 .0 26.00 25.2
4T8 1 90 .0 24.50 25.2
4710 190.0 28.00 25.2

TRANSITION REGION, c a l c u l a t e d  v a l u e s

E N E R G Y CALCULATED / TEMPERATURE CALCULATED ENERGY
ABSORPTION TEMPERATUREFF) t (F) AS S ORPT ION ( FT-L8)

5.0 -62.9 / -60.0 5.1
1Q .Q 2.5 / -55.0 5.3
15.0 37.5 / -50.0 5.6
20 a 0 69.7 / -45.0 5.8
c 5 .C 133.9 / -40.0 6.1

t -35.0 6.5
/ -3 0.0 6.8
l -25.0 7.2
/ -<iG .0 7.6
i -15.0 S.1
/ -10.0 8.6
/ -5.0 9.1
l .0 9.7
S 5.0 10.3
/ 10.0 1G.9
/ 15.0 11 .6
/ 20.0 1 2.3
/ 25.C 12.1
/ 30.0 1 3.8
/ 3 5.0 14.6

A -1 3



CHARPY V-NOTCH TEST RESULTS FOR PLATE SAMPLE 12* A SHELL PLATE 
OF AAR TCI28-6RACE A STEEL TAKEN FROM TANK-CAR IMCX 2827 

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF 
16 SPECIMENS, TL ORIENTATION
SPECIMEN TEMPER *TURE< F> OBSERVED SHEAR CALCULATED SHEAR

FRACTURE <%> FRACTURE <%)
4T4 -90.0 - .00 .7
AT 6 -90.0 .00 .7
AT 16r -SO .0 .00 3.1
AT 1 - 50 .0 .00. 3.1
AT 12 -10.0 10.00 11 .6
AT3 -10.0 15.00 11.6
4T 7 3G .0 31.00 34. A
A T9 30 .0 31.00 34.4
ATT A- 70.0 60.00 72.2
AT 13 70 .0 85.00 72.2
AT 11 1 10 .0 97.00 96.4
A T 15 110 .0 97.0Q 96.4
ATS 150 .0 100*00 99.0
AT2 1 50 .0 100.00 99.-Q
ATS 1 90 .0 100*00 99.0
AT 10 T 90 .0 i a o , o o 99.0

TRANSITION REGION, CALCULATED VALUES

% SHEAR C ALCU LATED / TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE(F) / (F) FRACTUREU)

2 . 0 -61  . 8 / - 6  0 . 0 2.1
5.Q - 3 6 . 1 / - 5 5 . 0 2 . 6

1 C .O' . - 1 4 . 8 t - 5 0 . 0 3 . 1
1 5 . 0 -1 . 3 / - 4 5 . 0 3 . 7
5 0 . 0 4 7 . 4 / - 4 0 . 0 4 . 4
85.0 85*4 / - 3 5 . 0 5 . 2
9 0 * 0 93 *3 / - 3 0 . 0 6 . 1
9 3 . 0 1 0 4 . 5 / - 2 5 . 0 7.2
9S.Q 119 . 6 / - 2 0 . 0 8 . 5

/ - 1 5 . 0 9 . 9
/ - 1 0 . 0 1 1 . 6
/ - 5 . 0 1 3 . 5
/ . 0 1 5 . 6
/ 5 . 0 1 8 . 0
/ 1 0 . 0 2 0 . 7
/ 1 5 . 0 2 3 . 6
t 2 0 . 0 2 6 . 9
/ 2 5 . 0 3 0 . 5
/ 3 0 . 0 3 4 . 4
/ 3 5 . 0 3 8 . 6
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CHARfY U-NOTCH TEST RESULTS FOR PLATE SAMPLE 12. A SHELL PLATE 
OF AAR- -JC12 8.*GR A0E A STEEL FROM TANK-CAR 1MCX 2827

c a l c u l a t i o n s  f o r  e n e r g y  a b s o r p t i o n  d a t a  of
8 SPECIMENS, LT ORIENTATION

SPECIMEN TEMPER ATUR EC F) OBSERVED ENERGY 
ABSQRP T1QN <F T -LB )

CALCULATED EN e RSY 
ABSORPTIONCFT-LB)

4L7 -50.0 5.50 6.9
4L6 -10.0 16.50 10.8
4L2 30.0 12.5Q 21 .0
4L 5 30 .Q 16 .5 0 21.0
4L4 7Q.0 48.00 35.7
4L3 110.0 55.00 60.2
4L 1 1 50.0 70.50 69.6
4L8 1 $0 .0 71.00 70.7

TRANSITION REGION » CALCULATED v a l u e s

ENERGY C ALCU LATED t TEMPERATURE CALCULA TED E NER G y
ABSORPTION TEMFERATUREC F) / CF ) ABSORPTIONC FT-LB )

10.0 -15.3 / -10.0 10.8
15.0 10.6 / -5.0 11.6
2 0 .0 27.2 / .0 12.6
25.0 40.2 / 5.0 1 3.7
30.0 51 .3 / 10.0 14.8
35. C 61 .2 J 15.Q 1 6.,2
40.0 70.5 / 20.0 17.6
45 .0 79.6 / 25.0 19.2
50.0 88 .8 t 30.0 21.0
55.0 98.5 i 35.0 22.9
6 0.G 109.6 / 40.0 24.9
65.Q 124 .0 / 45.0 27.1
70.0 155.2 / 50.0 29.4

/ 55.0 31.8
t 60.Q 34.4
/ 65.0 17.0
/ 70.0 39.7
/ 75.0 42.5
i 8 0.0 4 2.2
/ 85.0 48.G

A - 1 5



CH A RF V - V— N 0 TCH TEST RESULTS FOR PLATE SAMPLE 1 2 ,  A SHELL PLATE  
OF AAR TC128-GR A 0E  A STEEL FROM TANK-CAR IMCX 2 8 2 7  

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF 
8: SPECIM ENS,  LT ORIENTATION

SPECIMEN TEMPERATUR EC F I OBSERVED SHEAR CALCULATED SHe AR
FRACTURE <%) FRACTURE ( 2 )

4L 7 -  50 *0 . 0 0 . 7
4 L 6 - 1 0 . 0 5 . 0 0 5 . 3
4 L 2 3 0 . 0 1 6 . 0 0 2 1 . 8
4L5 3 0 .  0 3 1 . 0 0 2 1 . 8
4L4 7 0 . 0 6 0 . 0 0 5 6 . 4
4L3 1 1 0 . 0 7 9 . 0 0 .8 9 . 9
4 L T 1 50 .0 1 0 0 . 0 0 99 .6
4L8 1 90 .0 1 0 0 . 0 0 1 0 0 . 0

TR A N SIT IO N  REGION r  1CALCULATED VALUES

Z SHEAR C ALCU LATED / TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATUREfF ) / ( F ) FRACTURECZ)

2 . 0 - 3 1 . 3 / - 3 0 . 0 2 . 1
5 . 0 - 1 1 . 3 / - 2 5 . 0 2 . 7

1 0 .  Q 6 . 4 / - 2 0 . 0 3 . 4
1 5 . Q ‘ 1 8 . 1 l - 1 5 . 0 4 . 3
5 0 . Q 6 3 . 6 / - 1 0 . 0 - 5 . 3

' 8 5 . 0 1 0 2 . 1 / - 5 . 0 6 . 5
9 G . G 1 1 0 . 2 / .0 7 . 9
9 5 . Q . 1 2 1 . 7 / 5 . 0 9 . 5
9 8 . 0 133 . 2 / 1 0 . 0  • 11 .4

/ 1 5 . 0 1 3 . 5
/ 2 0 . 0 1 6 . 0
/ 2 5 . 0 1 8 . 7
/ 3 0 . 0 21 .8
/ 3 5 . 0 2 5 . 2
/ 4 0 . 0 2 8 . 9
/ 4 5 . C 3 2 . 9
/ 5 0 . 0 3 7 . 2
/ 5 5 . 0 4 1 . 7
/ 6 0 . 0 4 6 . 5
i 6 5 . 0 5 1 . 4
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Appendix E
Observed and Calculated Values of Energy Absorption and Shear Fracture 

Appearance in CVN Testss 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
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CHARFY* V-NOTCH TE ST R ESULTS FOR 1PLATE SAMPLE 1 6 A „  A SHELL PLATE I
O f  AAR TC12 S-6RACE B STEEL FROM TANK-CAR IMCX 2 5 1 3  1

CALCULATIONS FOR ENERGY ABSORPTION, DATA OF
16 SPECIMENS ,  TL OR IE NTAT ION

SPECIMEN TEMPER ATUR E t  f J OBSERVED ENERGY CALCULATED ENERGY
A S SO R P T I 0 N C F T -L B  I AS SORP TIONF FT-LSJ

5 T12 - 9 0  .0 2 . 5  0 4 .Q
ST 1 3 - 5 0 . 0 2 .  CO 6 . 0
5 T 15 - 5 0 . 0 7 . 0 0 6 . 0
5 T 2 - 1 0 . 0 , 7 . 5  0 9 . 8
5T4 - 1 0 . 0 9 . 5  0 9 . 8
5T7 30 .0 1 5 . 5  Q 1 6 . 1
5 T 14 30 .0 1 8 . 0 0 1 6 . 1
ST 10 7 0 . 0 2 4 . 5 0 2 4 . 6
5 T H 70 .0 . 2 8 . 0 0 2 4 . 6
ST 9 1 1 0 . 0 2 7 . 0 0 3 3 . 9
5T5 T1Q.G 3 0 . 5 0 3 3 . 9
s t  a 1 5 0 . 0 4 2 . 5  0 4 1 . 3
5T3 1 50 .0 4 3 . 0 0 4 1 . 3
5TT 1 90 .0 4 5 . 5  0 4 5 . 1
5 I T  6 T9Q.G 4 7 . 0 0 4 5 . 1
5.T6 2 30 .0 4 3 . 5 0 4 3 . 5

T R A N SIT IO N  REGION ,  iCALCULATED VALUES

ENERGY• CALCULATED / TEMPERATURE CALCULATED ENERGY
ABSORPTION T EMPER ATURE< F) A <F) AB S O R P T IO N ( F T - L B )

5 .,G - 6 6  .  5 / - 6  0 . 0 5 . 4
1 0 . G - 8 . 7 / - 5 0 . 0 6 . 0
15 . 0 24 * 1 / - 4 0 . 0 6 . 8
20 • 0 49 .  4 / -  3 Q • 0 7 . 7
2 5 . G 71 . 6 / - 2 0 . 0 8 . 7
3 0 . 0 9 2 . 8 t - 1 0 . 0 9 . 8
2 5 . C 114 . 9 i . 0 11 .2
4 G • G 1 41 . 4 / 1 0 . 0  ' 1 2 . 6
45 .Q 1 8 9 . 0 / 2 0 . 0 1 4 . 3

/ 3 0 . 0 1 6 . 1
/ 4 0* 0 1 8 . 0
/ 5 0 . 0 2 0 . 1
/ 6 0 . 0 2 2 . 3
/ 7 0 . 0 2 4 . 6
/ a o . o 2 7 . 0
/ 9 0 . 0 2 9 . 4
/ 1 0 0 . 0 3 1 . 7
/ 1 1 0 . 0 3 3 . 9
/ 1 2 G . 0 3 6 . 1
/ 1 3 0 . 0 3 8 . 0
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CHARPY ‘ V-NOTCH TEST R ESULTS FOR; PLATE SAMPLE 1 6 A ,  A SHELL PLATE  
OF AAR TC12 8-GRADE B STEEL FROM TANK-CAR 1MCX 2 5 1 3  

C ALCULATIONS F OR ENER 6 Ŷ  ABSORPTION; D ATA OF 
8 SPECIMENS,  LT ORIENTATION

SPECIMEN TEMPER ATUR E C F) OBSERVED ENERGY 
ABSORPTION IF T - L B *

CALCULATED ENERGY 
a b s o r p t i o n i f t - l b )

5LS - 5 0 . 0  : 5 . 0 0 5 . 1
5L7 - 1 0 . 0 8 . 0 0 8 . 9
5L5 3 0 . 0 2 8 . 5 0 2 4 . 1
5L2 30 .0 3 1 . 0 0 2 4 . 1
5L3 7Q.Q 4 3 . 0 0 4 9 . 9
5L4 1 1 0 . 0 7 3 . 0 0 7 1 . 5
5L6 1 5 0 .0 , 7 6 . 0 0 7 9 . 7
5L1 1 90 .0 8 1 . 0 0 , « 0 . 9

T R A N SIT IO N  REGION «• 'CALCULATED v a l u e s

ENERGY C ALCU LATEB / TEMPERATURE CALCULATED ENERGY
ABSORPTION T F M P E R ATU R E I  F ) / I F ) A B S O R P T IO N ! F T - L B )

1 0 . 0 - 5 . 2 / • 0 1 1 . 4
1 5 . 0 10 . 6 / 5 . 0 T 3 * 0
2 0 . 0 2 2 . 1 / 1 0 . 0 1 4 . 8
25 . 0 3 1 . 5 t 1 5 . 0 1 6 . 8
3 0 . 0 40 . 0 / 2 0 . 0 1 9 . 0
3 5 . 0 4 7 . 8 / 2 5 . 0 2 1 . 5
4 0 . 0 5 5 . 3 / 3 0 . 0 2 4 . 1
4 5 . 0 6 2 . 7 / 3 5 . 0 2 7 . 0
5 0 . 0 7 0 . 1 / 4 0 . 0 3 0 . 0
5 5 . 0 ■ 7 7 . 8 / 4 5 . 0 3 3 . 2
cO.  0 86 . 0 / 5 0 . 0 3 6 . 4
6 5 . 0 95 . -2 / 5 5 . 0 3 9 . 8
7 0 . 0 1 0 6 . 2 / 6 0 . 0 4 3 . 2
7 5 . 0 1 2 1 . 2 / 6 5 . 0 4 6 . 6
8 0 . 0 1 5 4 . 5 / 7 0 . 0 4 9 . 9

/ 7 5 . 0 5 3 . 2
/ 8 0 . 0 5 6 . 4
/ 8 5 . 0 5 9 . 4
/ 9 0 . 0 6 2 . 2
/ 9 5 . 0 6 4 . 9

I
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CHARES V-NOTCH TE ST ^RESULTS FOR PLATE SAMPLE 16A , A SHELL PL ATS 
OF AAR TC128-GR ADE B STEEL FROM TANK-CAR IHCx 2513 

CALfcULATiONS FOR SHEAR FRACTURE APPEARANCE DATA OF 
8 SPECIMENS, LT OR IE NTATTON

SPECIMEN TEMPERPTUR E ! F> 0 BSERVEB
FRACTURE

SHEAR
!%>

CALCULATED SHEAR 
FRACTURE t :X>

5L8 -5Q.0 TeOO 3.6
5L7 -1C.Q 10.00 9.4
5L5 30 .0 16.00 23.3
5L2 3Q.0 3 5.00 23.3
5L3 70.0 41.00 49.3
5L4 110.0 85.00 8Q.4
5L6 1 50 .0 95.00 97*4
5t 1 190.0 100.00 100.0

TRANSITION REGION * CALCULATED VALUES
% SHEAR C ALCU LATEO / TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE! f> l IF) FRACTURE! 2)

5 . 0 - 3 6  .  3 / - 3 0 . 0 5 . 8
10.0 " 7 . 3 / - 2 5 . Q 6 . 5
1 5 . 0 10 . 1 i - 2 0 . 0 7 . 4
5 0 . 0 7 0 . 9 / - 1 5 . 0 . 8 . 3
8 5 . 0 117 . 3 / - 1 0 . 0 9 . 4
SQ.Q 1 2 6 . 8 / - 5 . 0 10.6
9 5 . 0 139 . 8 i .0 1 1 . 9
9 8 . 0 1 5 3 . 4 / ' 5 . 0 1 3 . 3

J 10.0 1 5 . 05
I 1 5 . 0 16 .8
/ 2 0 . 0 1 8 . 8
/ 2 5 . 0 2 0 . 9
t 3 0 * 0 2 3 . 3
/ 3 5 . 0 2 5 . 9
/ 4 0 . 0 2 8 . 7
/ 4 5 . 0 3 1 . 6
/ 5 0 . 0 3 4 . 8
/ 5 5 . 0 3 8 . 2
/ 6 0 . 0 4 1 . 7
/ 6 5 . 0 45 .5
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Appendix F
Observed and Calculated Values of Energy Absorption and Shear Fracture 

Appearance- in CVN 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
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CHAR FT* V-NGTCH TEST RESULTS FOR PLATE SAMPLE 17, A SHELL PLATE 
Of AAR TCT2 8*^68 A0F A STEEL FROM TANK-CAR IMCX 2327 

CALCULATIONS FOR ENERGY ABSORPTION DATA OF 
16 SPECIMENS, TL ORIENTATION
SPECIMEN TEMPER ATUR E<F) OBSERVED ENERGY 

ABSORPTION I f  T -L B >
CALCULATED ENERGY 
ABSORPTION< FT-LB>

6 T 4 - 9 0 . 0 3 . 5 0 4 . 5
67 2 -5Q . .C 5 . 5  0 6 . 0
6 T 1 3 — 5 0 . 0 7 . 5 0 6 * 0
6 T 10 - 1 0  .0 9 . 0 0 8 . 3
6T9 - 1 0 . 0 1 0 . 5  0 8 . 8
6 7 1 2 30 .0 1 0 . 5 0 1 3 . 4
6 T 6 3Q .0 1 2 . 5 0 1 3 . 4
6 T 8 7 0 . 0 1 7 . 5 0 1 9 . 7
£ T 15 70 .0 1 8 . 0 0 1 9 . 7
6 T 3 1 1 0 . 0 2 2 . 5  0 2 6 . 3
6T5 1 10 .0 2 3 . 0 0 2 6 . 3
6 T 7 1 5 0 , 0 3 0 . 5 0 3 1 . 1  .
6 T T 4 1 5 0 . 0 3 2 . 5 0 3 1 . 1
6 T 1 1 1 9 0 . 0 3 4 . 0 0 3 3 , 2
6.TT 1 90 .0 3 4 . 0 0 3 3 . 2
6 T 16 2 30 .0 3 3 . 0 0 3 3 . 6

TRANSITION REGION * CALCULATED VALUES
ENERGY C ALCU LATEB / t e m p e r a t u r e CALCULATED E NER GY
ABSORPTION T EMPERATURElF) / ( F ) AB S ORPT ION ( FT-L8)

5.0 -73.3 / -70.0 5.1
10.0 2 .3 / -6 0.0 5.5
15.0 40 .8 / -50.0 6.0
2 G .0 71 .6 / -40.0 6.5
25.0 101 .4 / -30.0 7.2
3C.Q 138.2 / “?20.0 7.9

/ -10.0 8.8
l .0 9.8
/ 10.0 10. S
i .0 12.1
/ 30.0 13.4
l 40.0 14.9
t 50.0 16.4
/ 60.0 18.1
/ 70.0 19.7
/ 80.0 21.4
/ 90.0 23.1
/ 100.0 24.8
/ 110.0 26.3
/ 1 20. 0 27.8
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CHARFY..V-NGTCH TEST R ESULTS FOR PLATE SAMPLE 1 7 ,  A SHELL
OF AAR T C 1 2 8-GR ADE A STEEL FROM TANK-C A R IKCX 2 8 2 7

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF 
16 SPECIMENS,  TL ORIENTATION

PLATE

SPECIMEN TEMPER ATUR ECF) OBSERVED SHEAR' CALCULATED SHEAR
FR A CTUR E U > FRACTURE <2 )

6T4 - 9 G . Q . 0 0 . 4
6 T 2 - 5 G . 0 . 0 0 1 . 5
6 7 1 3 - 5 0  .0 . 0 0 1 . 5
6T1Q — 10 .Q 5 . 0 0 4 . 8
6 T9 - 1 0 . 0 , 5 . 0 0 4 . 8
6T1  2 3 0 . 0 1 5 . 0 0 1 3 . 7
6 T 6 3 0 . 0 1 5 . 0 0 1 3 . 7
6 78 70 .0 3 0 . 0 0 32 . 6
6 T 1 5 70 .0 3 C .0 G 3 2 . 6
6T3 1 10 .0 5 5 . 0 0 6 2 . 2
6T5 T 10 .0 5 5 . 0 0 6 2 . 2
6T7 1 5 0 . 0 8 5 . 0 0 8 8 . 9
6 T T 4 1 50 .0 93  . 0 0 8 8 . 9
6711 1 90 .0 9 7 . 0 0 9 8 . 3
6 71- 1 90 .0 1 0 0 . 0 0 9 8 . 3
6 T 1 6 2 3 0 . 0 1 0 0 . 0 0 9 9 . 0

TRANSITION REGION »■ 1CALCULATED VALUES
X SHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR
FRACTURE TEMPERATURE*f) / ( F) FRACTURE (Z)

2.0 ■ -40.G / -30.0 2.7
5..0 -8 .7 / -20.0 3.6

10.0 17.3 / -10.0 4.8
1 5 .0 33.9 / .0 6.4
50.0 94 .5 / . 10.0 8.3
8 5.0 1 42.4 / 20.0 10.7
5 0.0 152.5 / 30.0 13.7
55.0 167 .2 / 40.0 1 7.3

• 98.0 186.0 J 50.0 21.6
/ 60.0 26.7
i 70.0 3 2.6
t 80.0 35.3
t 9 Q .0 46.5
/ 100.0 54.3

- / 110.0 62.2
/ 120.0 • 70.0
/ 130.0 77.2
i 140.0 83.6
t 15 0.0 88.9
/ 1 60.0 92.9

A-24



CHARRY* V-NGTCH TEST RESULTS FOR PLATE SAMPLE 17 „ A SHELL PLATE  
OF AAR TC12 8-GRABE A STEEL FROM TANK-CAR IMCX 2 8 2 7  

CALCULATIONS FOR ENERGY ABSORPTION BATA OF 
g S P EC IME N S * LT OR IENTAT ION

SPECIMEN; TEMPER a t u s e c f ) OBSERVED ENERGY CALCULATED ENERGY
ABSORPTI ON ( I  T —LB:) A B S Q R P T IO N f f T - L B )

6L8 - 5 G . Q 7 . 5 0 7 . 8
6 L 4 -  1G.0 9 . 5 0 9 . 2
6L5 30 .0 1 5 . 0 0 1 4 . 5
6 L 3 7 0 . 0 1 6 . QQ 2 8 . 7
6 L T 70 .0 31 . 0 0 2 8 . 7
6L 2 9 0 . 0 3 6 . 0 0 3 8 . 3
6 L 6 1 10 .0 5 C . 0 0 4 5 . 9
6 L 7 1 5 0 . 0 4 9 . 5  0 4 9 . 7

transition region » 1calculated values

ENER6Y C ALCU LATED / TEMPERATURE CALCULATED ENERGY
ABSORPTION T EMPER ATUREC F) / CF) ABSORPTION! FT-L 3)

1 0 . 0 . 3 / 10.0 11.1
1 5 .  Q 3 2 . 2 / 1 5 . 0 1 1 . 7
2 0 .Q 4 9 . 2 / 2 0 . 0 12.5
2 5 .  C 61 .9 / 2 5 . 0 1 3 . 4
3 0 . Q 7 2 . 8 / 3 0 . 0 1 4 . 5
35 . 0 8 3 . 1 / 3 5 . 0 1 5 . 7
4 0 .  Q S3 . 3 1 4 0 . 0 1 7 .1
4 5 . 0 1 0 7 . 1 / 4 5 . 0 1 8 . 6

/ 5 0 . 0 2 Q .3
/ 5 5 . 0 2 2 . 2
l 6 0 . 0 2 4 . 2
t 6 5 . 0 2 6 . 4
i 7 0 . 0 2 8 . 7
J 7 5 . 0 3 1 . 1
l 8 0 . 0 3 3 . 5
l 8 5 . 0 3 5 . 9
/ 9 0 . 0 3 8 . 3
/ 9 5 . 0 4 0 . 5
i 1 0 0 . 0 4 2 . 5
/ 1 0 5 . 0 4 4 . 3
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CHARFY* V-NQTCH TEST RESULTS FOR PLATE SAMPLE 1 7 ,  A SHELL PLATE 
OF AAR T C 1 2 8 -E R A D E  A STEEL FROM TANK-CAR IMCX 2 8 2 7  

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA Of
8 SPECIMENS?,, LT ORIENTATION

SPECIMEN TEMPERAtURE< F) OBSERVED SHEAR CALCULATED SHEAR
FRACTUR E (%) FRACTURE < 2)

6L8 - 5 0 . 0 , 0 0 •  4
6 L 4 - 1 0 . 0 3 . 0 0 2 . 2
6 L 5 30 .Q 10.00 1 0 , 2
6L 3 7 0 . 0 2 5 . 0 0 34 , 6
6L1 70 .0. 2 5 . 0 0 3 4 . 6
6 L 2 90 .0 5 5 . 0 0 5 3 .0 -
6L6 1 1Q .0, 7 3 , 0 0 6 8 . 4
6L7 1 5 0 . 0 8 0 , 0 0 7 6 . 5

T R A N S IT IO N  REGION,,  CALCULATED VALUES

2 SHEAR CALCULATED / TEMPERATURE CALCULATED SHEAR
FRACTURE T EMPERATURE< F) / ( F ) FRACTURE(X)

2 . 0 - 1 2 , 5 t - 1 0 . 0 2.2
5 . 0 10 , 5 f - 5 . 0 2 . 7

1 0 . 0 2 9 . 4 / . 0  • 3 . 3
15 *0 4 1 . 3 / 5 . 0 4 . 0
50»Q 86 .  8 / 1 0 . 0 ' 4 . 9
8 5 . 0 1 5 0 . 0 / 1 5 . 0 5 . 9

0 . 0 1 50 . 0 / 2 0 . 0 7 . 1
9 5 . 0 1 5 0 . 0 / 2 5 . 0 8 . 6
9 5 . 0 1 5 0 . 0 / 3 0 . 0 1 0 . 2

/ 3 5 . 0 1 2 . 1
/ 4 0 . 0 1 4 . 4
/ 4 5 . 0 1 6 . 9
/ 5 0 . 0 1 9 . 8
/ 5 5 . 0 2 3 . 0
/ 6 0 . 0 2 6 , 5 .
/ 6 5 . 0 3 0 . 4
t 7 0 . 0 3 4 . 6
i 7 5 . 0 3 9 . 1
/ 8 0 . 0 4 3 . 7
t 8 5 . 0 4 8 . 4

/
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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 A29 
Energy Absorption in Longitudinal Specimens A30 
Shear Fracture Appearance in Longitudinal Specimens A31
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C H A R P T  V- * NOTCH T E S T  R E S U L T S  FOR P L A T E  S A M P L E  2 Q A - A ,  A S H E L L  P L A T E  
OF A A R  TC1 2 8 - G R A D E  B S T E E L  FROM T A N K - C A R  U T L X  2 8 7 2 ?  

C A L C U L A T I O N S  FOR SHEAR F R A C T U R E  A P P E A R A N C E  D A T A  OF 
1 6  S P E C I M E N S ,  T L  O R I E N T A T I O N

S P E C I M E N TEMPER A T U R E <  F ) O B S E R V E B  
F R A C T U R E

SHEAR 
( X  )

c a l c u l a t e d  s h e a r
F R A C T U R E  ( 2 )

7  T 9 -  9 0  . 0 . 0 0 1 . 0
7 T 8 - 9 0 . G . 0 0 1 . 0
7 T 7 - 5 0  . 0 3 . 0 0 4 . 0
7 T 1 4 - 5 0 . 0 3 . 0 0 4 . 0
7 T 5 - 1 0 . 0 1 3 . 0 0 1 2 . 9
7 T 6 - 1 0 . 0 1 3 . 0 0 1 2 . 9
7 T 2 33  . 0 3 0 . 0 0 3 4 . 0
7 T 1 - 3 0 . 0 3 0 . 0 0 3 4 .  Q
7 1 1 6 7 0  . 0 6 0 . 0 0 6 7 . 4
? T  1 5 7 0 . 0 6 5 . 0 0 6 7 . 4
7 7 1 2 1 1 0  . 0 9 8 . 0 0 9 3 . 0
7 T 1 3 1 1 0 . 0 9 5 . 0 0 9 3 . 0
7 T 1 C 1 50  . 0 9 9 . 0 0 9 8 . 4
7 T 1 1 1 5 0 . 0 9 9 . 0 0 9 8 . 4
7 T 4 1 90  . 0 1 0 0 . 0 0 9 8 . 5
7 7 3 1 9 0 . 0 1 0 0 . 0 0 9 8 . 5

t r a n s i t i o n  R E G I O N t 1c a l c u l a t e d  v a l u e s

2 SHEAR C ALCU L A T E D / T E M P E R A T U R E C A L C U L A T E D  S H E A R
F R A C T U R E T E M P E R A T U R E f  F ) / ( F  ) FRAC 7 U R E ( % >

2 . 0 - 7 0 . 6 / - 7 0 . 0 2 . 0
. > c  r - 4 2 . 6 / - 6 0 . 0 2 . 9  •

1 0 . 0 - 1 9 . 2 / - 5 0 . 0 4 . 0
1 5 . - 0 - A  . 3 / - 4 0 . 0 5 . 4
- 5 0 . 0 5 0 . 1 l - 2  0 . 0 7 . 3
3-5 .  C 9 3 . 3 / - 2  O-.Q 9 . 8
9 0 . 0 1 0 2 . 5 / - 1 0 . 0  ' 1 2 . 9
5 5 . 0 1 1 6  . 6 / . 0 1 6 . 8

. 9 - 8 . 0 1 3 8 . 1 / 1 0 . 0 2 1 . 6
/ C 0 a 0 2 7 . 3
/ 3 0 * 0 3 4 . 0
/ 4 0 . 0 4 1 . 6
/ 5 0 . 0 4 5 . 9
/ 6 0 . 0 5 8 . 7
/ 7 0 . 0 6 7 . 4
/ 8 0 . 0 7 5 . 7
/ 9 0 . 0 8 2 . 9
/ 1 0 0 . 0 8 8 . 8
l 1 1 0 . 0 9 2 . 0
l 1 2 0 . 0 9 5 . 8
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CITARPT-V-NOTC.lt  TEST RESULTS FOR PLATE SAMPLE 2 0 A - A ,  A SHELL PLATE  
OF AAR TC1 2 8 -G RACE B STEEL FROM TANK-CAR UTLX 2 8 7 2 7  

CALCULATIONS FOR ENERGY' ABSORPTION DATA OF 
8 SPECIMENS,  LT ORIENTATION

SPECIMEN TEMPER ATUR E ( F ) OBSERVED ENERGY 
A B S OR P TI O N ( F T - L B )

CALCULATED ENERGY 
A B S O RP TI O N ( F T - L B )

7 t  3 -  50 .0 A . 00 4 . 1
7L7 - ■10 . 0 3 . 5 0 6 . 5
7L 5 30 .0 2 8 . 5  0 2 1 . 6
7L6 3 0 . 0 3 7 . 5 0 21 . 6
7L2 70 .0 4 1 . 5 0 5 5 . 1
7L8 9 0 . 0 5 1 . QO 7 0 . 2
7L1 T10  .0 8 2 . 0 0 78 . 4
7L4 1 3 0 . 0 8 1 . 0 0 81 . 5

T R A N S I T I O N  R E G I O N » 1C A L C U L A T E D  V A L U E S

E N E R G Y C A L C U L A T E D / T E M P E R A T U R E C A L C U L A T E D  E N E R G Y
A B S O R P T I O N T E M P E R  A T U H E t  F> / ( F ) A B S O R P T I O N ! F T - L B 5

5*G - 2 3  . 4 / - 2 0 . 0 5 . 3
i o . a 5 * 2 / - 1 5 . 0 5 . 8
1 5 . 0 18 . 1 / - 1 0 . 0 6 . 5
2Q . 0 27 . 4 / - 3 . 0 7 . 4
2 5 * Q 3 5  . 0 / r*• h 8 . 6
3 0 . Q 41 .  6 / 5 . 0 1 0 . 0
3 5 . 0 4 7 . 6 / 1 0 . 0 1 1 . 6
4 0  . 0 5 3  . 3 / 1 3 . 0 1 3 . 6
45 . - Q 5 8 . 3 / 2 0 . 0 1 5 . 9 '
5 G *  0 6k . 3 i 2 5 . 0 1 8 . 6
35  . Q 69  . 9 / 3 0 . 0 2 1 . 6
6 0 . 0 75 . 8 / 3 5 . 0 2 5 . 0
6 3 . 0 8 2 . 2 1 4 0 . 0 2 8 . 7
7 0 . 0 8 9  .  7 / 4 5 . 0 3 2 . 8
7 5 .  C 9 9  .  3 / 5 0 . 0 3 7 . 0
■2 0 . 0 1 1 8 . 4 . t 5 5 . 0 4 1 . 5

/ 6 0 . 0 4 6 . 1
/ 6 3 . 0 5 0 . 6
/ 7 0 . 0 5 5 . 1
/ 7 5 . 0 5 9 . 4
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C H A R F Y  W - N 0 7 C H  T E S T  R E S U L T S  FOR P L A T E  S A M P L E  2 G A - A ,  A S H E L L  P L A T E  
O f  AAR T C I  2 8 - G R A D E  B S T E E L  FROM T A N K - C A R  U T L X  2 8 7 2 ?  

C A L C U L A T I O N S  FOR SHEAR F R A C T U R E  A P P E A R A N C E  D A T A  OF 
8  S P E C I M E N S ,  L T  O R I E N T A T I O N

S P E C I M E N T EMPER ATUR E t F ) O B S E R V E D  
FR ACTUR E

SHEAR
U >

C A L C U L A T E D  S H E A R  
F R A C T U R E  < %)

? L 3 - 5 0 . 0 . 0 0 1 . 6
7 L  7 - 1 0 . 0 1 0 . 0 0 6 . 5
7 L S 30  . 0 1 8 . 0 0 2 1 , 2
7 L 6 3 0 . 0 1 8 . 0 0 2 1 . 2
7 L 2 7 0  . 0 4 5 . 0 0 5 2 . 0
7 L 8 9 0  . 0 6 0 . 0 0 6 9 . 8
7 L 1 1 1 0 . 0 8 5 . 0 0 8 3 . 3
7 L  4 t  5 0 . 0 9 8 . 0 0 9 1 . 3

T R A N S I T I O N  R E 6 I 0 N t  1C A L C U L A T E D  v a l u e s

% S H E A R C ALCU L A T E D t T E M P E R A  TURE C A L C U L A T E D  S H E A R
F R A C T U R E T E M P E R A T U R E t F ) ! ( F ) F R A C T U R E i X )

2 . 0 — 44 .  4 J - 4 0 . 0 2 . 3
5 . 0 - 1 8  . 1 t - 3 5 . 0 2 . 8

1 0 . 0 3 . 6 t - 3  0 . 0 3 . 3
1 5 . 0 t? . 3 / - 2 5 . 0 4 . 0
s n .o 6 7  . 9 / - 2 0 . 0 4 . 7
8 5 . 0 1 1 3 . 6 / - 1 5 . 0 5 . 5
9 0 . 0 1 3 1 . 4 ; - 1 0 . 0 6 . 5
9 5 . 0 1 5 0 . 0 i - 5 . 0 7 . 7
9 8 . 0 150 .0 / . 0 9 . 0

i 5 . 0 1 0 . 4
t 1 0 . 0 1 2 . 1
/ 1 5 . 0 1 4 . 0
i 2 0 . 0 1 6 . 2
/ 2 5 . 0 1 8 . 6
t 3 0 . 0 2 1 .2
/ 3 5 . 0 2 4 . 2
/ 4 0 . 0 2 7 . 4
/ 4 5 . 0 3 0 . 9
/ 5 0 . 0 3 4 . 7
/ 5 5 . 0 3 8 , 7
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Appendix H

Observed and: CalculatedValues of Energy Absorption, and Shear Fracture 
Appearance in CVN Tests: Results for CVN ID 8, Plate Sample 20A-B.

Energy Absorption in Transverse Specimens ' A33
Shear Fracture Appearance in Transverse Specimens A34
Energy Absorption in: Longitudinal Specimens A35
Shear Fracture Appearance in Longitudinal Specimens A36
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C H A R P Y *  V - N O T C H  T E S T  R E S U L T S FOR P L A T E  S A M P L E 2 Q A - B .  A S H E L L  P L A T E
O f  A A R

C A L C U L A T I O N S
1 C 1 2 8 - 6 R A B E  B S T E E L  FROM T A N K -  

FOR E N E R G Y  A B S O R P T I O N  B A T A  OF
CA R U T L X  2 8 7 2 7

"<&-■ S P E C I M E N S , T L  O R I E N T A T I O N

S P E C  I P E N  T E M P E R  ATUR E < F ) O B S E R V E D  ENERGY 
A B S O R P T I O N  < F T » L B >

C A L C U L A T E D  E N E R G Y  
AB SORP T I O N F  FT —LB>

8 T T  5 -“ 9  0  »0 3 . 5 0 3 , 7
8 7 1 6 - 5 0 . 0 3 . 5 0 4 .  7
8 T 9 - 5 0 . 0 5 . 0 0 4 . 7
S T  1 1 - T O  . 0 5 . 5  0 8 . 2
8 T 5 - 1 0 . 0 9 . 5  0 8 . 2
8 T 1 3 0 . 0 1 4  . 5  0 1 5 . 7
3 7 4 3 0 . 0 2 2 * 5  0 1 5 . 7
8 7 8 7 0  . 0 2 5 . 0 0 2 7 . 0
8 T 7 7 0 . 0 2 7 . 5 0 2 7 . 0
8 T 2 1 1 0 . 0 3 6 . 5 0 3 7 . 3
8 T 3 1 1 0 . 0 3 7 . 0 0 3 7 . 3
8 T 1 2 1 5 0  . 0 4 2 . 0 0 4 2 . 1
8 T 1 4 1 5 0 . 0 4 4 . 0 0 4 2 . 1
8 T 1 3 1 9 0  . 0 4 1 . 5 0 4 3 . 0
8 T t O 1 9 Q . 0 4 5 . 0 0 4 3 . 0
8 T 6 2 3 0  . 0 4 3 . 0 0 4 3 . 1

TRAN SI T I ON REGION, CALCULATED VALUES

ENERGY CALCULATED / t e m p e r a t u r e CALCULATED ENERGY
ABSORPTION TEMPERATURE(F)  / <F) AB S ORPT ION ( F T - L B )

. 5 . 0 -  4 5 . 1  / - 4 0 . 0 5 . 3
10.0 2 . 3  / t 3 5 . 0 5 . 6
1 5 . 0 2 7 . 0  / - 3 0 . 0 6.0
2  C . 0 46 .  2 / - 2 5 . 0 6 . 5
2 5 . 0 6 3 . 4  / - 2 0 . 0 7 . 0
3 0 . 0 3 0 . 5  / - 1 5 . 0 7 . 5
J 5 • Q 99 .  5 / - 1 0 . 0 2.2
4G..0 1 26 . 7 7 - 5 . 0 8 . 9

/ .0 9 . 6
/ 5 . 0 t 'Q.5
/ 1Q. 0 1 1 .4
l 1 5 . 0 1 2 . 3
/ 20.0 1 3 . 4
/ 2 5 . 0 1 4 . 5
/ 3 0 . 0 1 5 . 7
/ 3 5 . 0 1 7 . 0
/ 4 0 . 0 1 8 . 3
/ 4 5 . 0 1 9 . 7
l 5 0 . 0 21.1
f 5 5 . 0 22  .5
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CHARPY.  V - N O T C H  T E S T  R E S U L T S  FOR P L A T E  S A M P L E  2 C A - B ,  A S H E L L  P L A T E  
OF A A R  TC1 2 8 - G R A D E  B S T E E L  FROM T A N K - C A R  U T L X  2 8 7 2 7  

C A L C U L A T I O N S  FOR S H E A R  F R A C T U R E  A P P E A R A N C E  DATA*  OF 
1 6  S P E C I M E N S 8 T L  O R I E N T A T I O N  '

S P E C I M E N TEMPER A T U R E  (  F ) O B S E R V E D SHEAR C A L C U L A T E D  SH'-EAR
F R A C T U R  E < 2 > F R A C T U R E  ( £ >

8 T 15 - 9 0 . 0 . 0 0 . 9
8 T 1 6 - 5 0 . 0 3 . 0 0 3 . 1
8 T 9 - 5 0  . 0 3 . 0 0 3 . 1
8 T 1 1 — 10. . 0 8 . 0 0 9 . 6
S T 5 - 1 0  . 0 1 0 . 0 0 9 . 6
ST  1 3 0 . 0 2 3 . 0 0 2 4 . 7
8  7 4 3 0  . 0 2 5 . 0 0 2 4 . - 7
8 T 8 7 0  . 0 4 5 . 0 0 5 1 . 7
8 T 7 7 0 . 0  - 5 3 . 0 0 5 1 . 7
8 T 2 1 1 0 . 0 3 2 . 0 0 8 1 . 7
8 T 3 T 10  . 0 8 2 . 0 0 8 1 . 7
8 T 1 2  . 1 5 0 . 0 9 3 . 0 0 9 6 . 6
8 T 1 4 1 50  . 0 1 0 0 . 0 0 9 6 . 6
8 T 1 2 1 9Q . 0 1 0 0 . 0 0 9 8 . 6
8 T 1 Q 1 9 0  . 0 1 G O . 0 0 9 8 . 6
8 T 6 2 3 Q . 0 1 0 0 . 0 0 9 8 . 6

T R A N S I T I O N  R E G I O N c a l c u l a t e d  v a l u e s

% SHEAR C ALCU L A T E B / T E M P E R A T U R E C A L C U L A T E D  S H E A R
F R A C T U R E T E M P E R A T U R E F  F> / ( F ) F R A C T U R 5 U )

2 . 0 - 6 4  .  2 / - 6 0 . 0 2 . 3
5 . 0 - 3 3 . 7 l - 5 0 . 0 3 . 1

1 0 . 0 - 3 . 2 / - 4 0 * 0 4 . 2
1 5 . 0 8 . 0 / - 3 0 . 0 5 . 6
5 C . 0  • 6 7 . 9 / - 2 0 . 0 7 . 3
8 5 . G 1 1 5 . 6 t - 1 0 . 0  • 9 . 6
9 0 . 0 1 2 5 . 9 l • 0 1 2 . 3
9 5 . Q 1 4 1 . 3 l 1 3 . 0 1 5 . 7
9 8 , 0  . 1 6 3 . 9 ) 2 0 . 0 1 9 . 8

/ 3 0 . 0 2 4  . 7
l 4 0 . 0 3 0 . 4
/ 5 0 . 0 3 6 . 8
/ 6 0 . 0 4 4 . 0
/ 7 0 . 0 5 1 . 7
/ 8 0 . 0 5 9 . 6
/ 9 Q . 0 6 7 . 5
/ 1 0 0 . 0 7 5 . Q
/ 1 1 0 . 0 8 1 . 7
/ 1 2 0 . 0 8 7 . 3
/ 1 3 0 . 0 9 1 . 6
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CHARPV V-NOTCH TEST R ESULTS FOR PLATE SAMPLE 2 C A - 9 ,  A SHELL PLATE  
Of  AAR TC128-GRADE B STEEL FROM TANK-CAR UTLX 2 & 7 Z 7  

CALCULATIONS FOR ENERGY ABSORPTION DATA OF 
8 SPECI MENS,  LT ORIENTATION

SPECIMEN TEMPER AT UR E< F ) OBSERVED ENERGY 
ABSORPTION <F T —LB)

CALCULATED ENERGY 
AB SORPTIONC F T - L B )

8 t ? - 5 0 . 0 5 . 5 0 5 g 5
8L 8 - i a . o 5 , 5  0 5 . 7
8L2 30 . 0 1 4 . 5 0 1 4 . 5
8 L 4 7 0 . 0 5 1 . 0 0 5 2 . 6
8L 1 7 0 . 0 5 4 . 0 0 5 2 . 6
8 L 5 1 1Q .0 9 4 . 0 0 9 3 . 9
8L3. 1 50 .0 1 0 1 . 5 0 1 0 3 . 3
8L 6 1 90 .0 1 0 5 . 5 0 1 0 3 . 5

T R A N S I T I O N  R E G I O N C A L C U L A T E D  v a l u e s — TT

E N E R G Y C A L C U L A T E D / T E M P E R A T U R E C A L C U L A T E D  E' .NERGy
A B S O R P T I O N T  EMPE R A T U R E ( f  ) / <F> A B S O R P T I O N *  F T - L B )

1 0 . 0 1 9 . 6 / 2 0 . 0 1 0 . 1  . -
1 5 . 0 3 1 . 0 / 2 5 . 0 1 2 . 1
2 C . 0 3 8  . 7 / 3  0 . 0 1 4 . 5
25 •  G 4 5 . 0 / 3 5 . 0 1 7 . 4
3 C . 0 5 0 . 3 / 4 0 . 0 2 0 . 9
2 5 . 0 55 . 1 / 4 5 . 0 2 5 . 0
4 G . 0 5 9 . 6 / 5 0 . 0 2 9 . 7
4 5 . 0 6 3 . 8 ! 5 5 . 0 3 4 . 8
5 0 . 0 6 7 1. 5 / 6 0 . 0 4 0 . 5
5 5 . G 71 . 5 / 6 5 . 0 4 6 . 4  —
6 0 . Q ■■ '  7 5 . 9 . > ‘ 7 0 . 0 5 2 . 6
6 5 . 0 79  . 9 l 7 5 . 0 5 8 . 9
7 0 . 0 S 4 . 0 t 8 0 . 0 6 5 . 1
7 5 . 0 8 8 . 3 l 8 5 . 0 7 1 . 2
8c?.e 93  . € / 9 0 . 0 7 6 . 8
8 5 .  G 9 8 . 2 / 9 5 . 0 8 2 . 0
5 0 . 0 1 0 4 . 2 7 1 0 0 . 0 8 6 . 6
S 5 . G 1 1 1 . 9 / 1 0 5 . 0 9 0 . 6

1C 0 * 0 1 2 4 . 1 / 1 1 0 . 0 9 3 . 9
t 1 1 5 . 0 9 6 . 6
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I

CHARPY V—NOTCH TEST RESULTS FOR PLATE SAMPLE 2CA“ B ,  A SHELL P LATEj 
OF AAR TC128-GRABE B ST EEL FROM TANK-CAR u TLX ’ 8.727 

CALCULATIONS FOR SHEAR FRACTURE APPEARANCE DATA OF 
8 SPECIMENS,  LT ORIENTATION

1

S P E C I M E N TEMPER A T U R E ( F ) O B S E R V E  B SHEAR C A L C U L A T E D  SHEAR
F R A C T U R E F R A C T U R E  ( S)

8 L 7 - 5 0 . 0 . 0 0 1 . 0
8 L 8 - 1 0 . 0 5 . 0 0 4 . 6
8 L 2 3 0  . 0 1 6 . 0 0 1 7 .  2
8 L 4 7 0 . 0 4 3 . 0 0 4 8 . 8
S L 1 7 q . 0 4 5  . 0 0 42 »8
8 L 5 1 1 Q . 0 9 3 . 0 0 8 7 . 7
8 L 3 1 5 0 . 0 9 8 . 0 0 9 8  . 8
8 L 6 1 9 0 . 0 1 0 0 . 0 0 9 9 . 0

T R A N SI T I ON  REGI ON,  CALCULATED VALUES

% SHEAR C ALCU L A T E D /  T E M P E R A T U R E C A L C U L A T E D
F R A C T U R E T E M P E R A T U R E C F ) / C F ) FRAC TU■RE C ZJ

2 . 0 - 2 2 . 1 / - 3 0 . 0 2 . 2
5 ..0 - 7 . 4 / - 2 5 . 0 2 . 6

1 0 . G 1 2  . 8 / - 2 0 . 0 3 . 2
1 5 . 0 25 . 6 / - 1  5 . 0 3 . 8
5 C • 0 71 . 2 / - 1 0 . 0 4 . 6
8 8 . 0 1 0 6 . 3 t - 5 . 0 5 . 4
9 C . 0 1 1 3 . 6 I . 0 6 . 5
9 5 . 0 1 24 . ’ t 5 . 0 7 . 7

M B  7 ......7 B M ^ B s 7 ~ .7 :;v~,5K'.:.\v TiOvO 1- 9 . 1
-•Tj5:» 0 1 C . 7

.i.H' .v-hx-". r  /  p^a; e-./-3'r': : : :2 0 . ;Q , 1 2 . 6
:  (■ ..'’ u n - - . r.'-^OsErz-J? 505 ; £ 5 v 0 ' v _ : r"0.-: 1 4 . 7

Ih,c 3 ^ *4 1  •< - 1 7 . 2
:.E C T' W - ’ tt h is r '■ - uP ’ rX. 'XCi 'P p 3 . 5 . C :PP /■ 1 9 . 9
'I,.’ ■ Sn.' -■ ■ 5: v :  <•.. ,••.4 0 . 0  j- - -P'\ - 2 3 . G

Si.:-' •■x:;*- j, ; _  - : r  r r " A , ... :;v.4 5 ■» f r p • r: 2 6 . 5
. <xx as.*.. 'JS’-ifriJ55 5.v # . .AA*. ;..-''5 0 f p - ■ 3 0 . 3

l 5 5 . 3 3 4 . 4
/ 6 0 . 0 3 8 . 9
i 6 5 . 0 4 3 . 7
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