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PmFACE 

At the  October  1973 API Refining  meeting,  it  was  brought  to  the 
attention  of  the  Committee  on  Refinery  Equipment  that  2-1/4Cr-1 Mo steel, 
an  alloy  frequently  used  to  build  hydrotreater  reactors,  was  susceptible 
to  temper  embrittlement.  Reactors  constructed of this  alloy  could  poten- 
tially  experience  a  considerable loss of toughness.  The  embrittlement 
occurs  partly  during  shop  fabrication  heat  treatments,  but  more  signifi- 
cantly,  as  a  result of operating  in  the  embrittling  temperature  range. 
Responding  to  this  problem,  CRE  established  a  Task  Group  on  Temper 
Embrittlement  with  members  from  the  Subcommittees  on  Corrosion  and  on 
Pressure  Vessels  and  Tanks. The  task  group  was  given  two  objectives: 

1. To review  the  existing  metallurgical  data  and  research  programs,  and 
to recommend  what  approach  should  be  taken  to  avoid  embrittlement  prob- 
lems  with  existing  vessels. 
2.  To  recommend  what  further  work  was  required  to  develop  steels for 
future  pressure  vessels  which  would  be  immune  or  less  susceptible  to 
temper  embrittlement. 

On  July  30,  1974,  the  API  issued  a  cautionary  letter  prepared  by  the 
task  group to managers  of  all  refineries  in  the  United  States  and  Canada. 
It  alerted  plant  operators  to  the  concern  for  in-service  embrittlement 
of low alloy  chrome-moly  steels,  and  especially  of  2-1/4Cr-1  Mo  in  thick 
sections. It also  suggested  precautions  that  should  be  taken  to  minimize 
the  probability  of  brittle  fracture  inembrittled  material. 

Earlier,  at  the  May 1974 Refining  meeting,  CRE  accepted  a  task  group 
proposal  that API support  a  multiyear  program  to  characterize  the  temper 
embrittlement  susceptibility of commercial  plate,  forging,  and  welds  used 
in  reactors.  The  program  would  investigate  the  extent  of  embrittlement 
that  might  exist  in  operating  vessels  and  how  best to predict  the  embrit- 
tlement  that  could  occur.  In  the  spring  of  1975,  Westinghouse  Research 
Corporation  was  selected  as  contractor  for  a  5-year  characterization 
research  program  as  outlined  by  the  task  group,  with  Dr.  Bevil J. Shaw 
as  principal  investigator. A total  of 64 samples,  mostly  2-1/4Cr-1 Mo, 
but  a  few of 1-1/4Cr-1  Mo  and  3Cr-1 Mo compositions,  were  provided  by 
member  companies,  by  steel  suppliers,  and  by  vessel  fabricators.  The 
64 samples  represented  a  large  range  of  commercially  produced  steels,  and 
included  qualification  welds,  croppings  from  forgings,  and  nozzle  and 
manway  cutouts  from  plate  ranging  in  thickness  up  to  6  inches. 

The  characterization  program  was  divided  into  Phases I and  II. 
Phase I included  a  64-sample  study  of  the  microstructure,  grain  size 
tensile  properties,  hardness,  chemistry,  including  tramp  elements,  heat 
treatments,  and  toughness.  Toughness  data  included  determination of tran- 
sition  temperatures  before  and  after  short  time  step-cool  embrittlement 
heat  treatment  and  of  the  shift  in  transition  temperature  resulting  from 
the  induced  embrittlement. 
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For  Phase II, 25  heats  were  selected  for  additional  embrittlement 
study.  These  heats  were  chosen  to  represent  both  the  typical  and  the 
extremes  in  chemistry  and  in  susceptibility  to  temper  embrittlement  as 
measured  by  the  step-cool  test.  The  main  thrust  of  Phase II was  the 
characterization  of  these  alloys  for  embrittlement  during  isothermal 
exposure  at  five  temperatures  from 650  F to 950 F for  times  up to 20,000 
hours.  These  temperatures  were  chosen  to  span  the  range  typical  of 
service  condit  ions. 

The  report  which  follows  is  a  summary  covering  the  Westinghouse 
characterization  work  and  several  ancillary  studies,  which  developed 
during  the  nearly  6  years  of  work  by  the  task  group  and  Dr.  Shaw. 

At the  outset,  the API program  recognized  that  the  characterization 
study  could  provide  much  needed.  information  about  the  temper  embrittle- 
ment-  behavior  of  commercial low alloy  Cr-Mo  steels  used  in  reactors.  It 
was  not  designed,  however, to probe  the  temper  embrittlement  mechanism. 
Coincidentally,  in  late  1974,  the  Metals  Properties  Council  Task  Group 
on  Tramp  Elements  in  Pressure  Vessel  Steels  was  considering  a  proposal 
by  Dr.  C.  J.  McMahon,  Jr.,  Department  of  Materials  Science  and  Engineer- 
ing,  University  of  Pennsylvania,  to  study  the  mechanism  of  temper  em- 
brittlement,  particularly  with  respect  to  the  effect  of  tramp  elements. 
The API task  group  also  reviewed  the  proposed  program  and  conciuded  that 
it  was  a  highly  desirable  supplement  to  the  characterization  study.  As 
a  result, API entered  into  an  agreement  with  the  Metals  Properties 
Council  for  joint  API/MPC  support  of  McMahon's  three-phase,  5-year 
mechanism  study.  The  primary  objective  was to study,  using  laboratory 
heats of controlled  chemistry,  the  individual  and  synergistic  embrittl- 
ing  poeency  of  the  elements  manganese,  phosphorus,  silicon,  antimony, 
and  tin. A number  of  significant  conclusions  on  the  effects  of  these 
elements  were  derived  from  this  study.  Some  of  these  data  have  been 
published  in  an  article  appearing  in  Vol.  102,  1980, of the  Transactions 
ASME, Journal  of  Engineering  Materials  and  Technology.  Other  supplement- 
ary  papers  are  in  process  of  publication,  and  a  final  report  is  now 
being  prepared  by  Dr.  McMahon. 

The API Temper  Embrittlement  Characterization  Study  benefited 
strongly  from  the  support of steel  manufacturers  and  vessel  fabricators. 
Their  representatives  were  active  ex-officio  members  of  the  task  group; 
their  industrial  backgrounds  made  their  input  to  the  program  especially 
valuable.  This  is  an  outstanding  example  of  the  benefits to be  derived 
from  close  cooperation  between  supplier  and  user. 

As  a  result  of  the API characterization  study  and  the  jointly  supported 
API/MPC  mechanism  study,  along  with  large  individual  research  programs 
by  some  steel  suppliers  and  vessel  fabricators,  which  were  at  least 
partly  stimulated  by  the  API  program,  there  is  now  a  much  better  under- 
standing of the  causes  and  implications  of  temper  embrittlement for 
reactors  built  up to about  1975.  As  a  result of the  cooperative  effort, 
it  is  now  possible to obtain  hydrotreator  reactors,  both  in  the  United 
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S t a t e s   a n d   a b r o a d ,   w i t h   f a r   g r e a t e r   i n i t i a l   t o u g h n e s s   a n d   w i t h   r e l a t i v e l y  
l i t t l e  s u s c e p t i b i l i t y   t o   t e m p e r   e m b r i t t l e m e n t .  It is w i t h  a s t r o n g   s e n s e  
of ach ievemen t   t ha t   t he   t a sk   g roup   submi t s   t h i s  summary repor t .   Readers  

- are c a u t i o n e d   t h a t   t h e   c o n c l u s i o n s  i t  draws are a p p l i c a b l e   t o  materials 
i n   r e a c t o r s   p r o d u c e d  up t o   a b o u t  1975. They are n o t   a p p l i c a b l e   t o   t h e  
p l a t e ,   fo rg ings ,   and   we ld  metal ava i lab le   today   f rom  those   manufac turers  
u t i l i z i n g   t h e   n e c e s s a r y   c o n t r o l s   t o   p r o d u c e  material having  low  temper 
e m b r i t t l e m e n t   s u s c e p t i b i l i t y .   F i n a l l y ,  it shou ld   be   r ecogn ized   t ha t   t he  
u s e r   h a s   t h e   r e s p o n s i b i l i t y   t o   s p e c i f y   t h a t  material w i t h  low e m b r i t t l e -  
ment s u s c e p t i b i l i t y  is  r e q u i r e d ,   a n d   t h a t  i t  cannot  be  assumed  that  a l l  
low a l l o y  Cr-Mo material a v a i l a b l e   t o d a y  meets t h i s   c r i t e r i o n .  

AF'I TASK GROUP ON TEMPER EMBRITTLEMENT 
APRIL 1982 
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CHARACTERIZATION STUDY OF TEMPER EMBRITTLEMENT OF 
CHROMIUM-MOLYRDENUM STEELS 

R .  J. Shaw 
Westinghouse R&D Center 

Pi t tsburgh,   Pennsylvania   15235 

AB S TRACT 

A comprehensive  evaluat ion  of   the  s tep-cooled  and  isothermal  
embrit t lement  of Cr-Mo p r e s s u r e  vessel steels (A387) has   been   car r ied  
o u t .  The pr ime  purpose   o f   th i s   p ro jec t  was t o   c h a r a c t e r i z e   t y p i c a l  
commercial   reactors  steels and  weldments i n  terms of  toughness and o t h e r  
p h y s i c a l   p r o p e r t i e s   p r i o r   t o   b e i n g   p l a c e d   i n  service and the  changes 
an t ic - ipa ted   in   toughness   due   to   long  term service a t  elevated  tempera- 
tu res .   In   Phase  I of  the  program, 64 supp l i ed  s teels  were c h a r a c t e r i z e d  
i n  terms of t e n s i l e   p r o p e r t i e s ,   m e t a l l o g r a p h i c   f e a t u r e s  and a n a l y t i c a l  
chemis t ry .   In   t h i s   phase   t he   change   i n   t he   t r ans i t i on   t empera tu re   due  
to   s tep-cooled  embri t t lement  was evaluated from  Charpy  impact  curves. 
In  Phase II, 25 se lec ted   samples  were i s o t h e r m a l l y   e m b r i t t l e d   f o r  1,000, 
10,000 and 20,000 hours a t  650, 725, 800, 875  and 9500F. S p e c i f i c  
r e l a t ionsh ips   be tween   s ample   chemis t ry ,   s t r eng th   l eve l   o r   s t ruc tu res  
were s tud ied .  Based  upon  comparison  of  Phase I and II data ,   an  approxi-  
mate re la t ionship   be tween  the   s tep-cooled   embr i t t l ement   and   the  
i so thermal   embr i t t l ement  i s  derived.  This  paper  includes  the  study  of 
repeated  de-embrit t lement on two i so the rma l ly   embr i t t l ed  steels and the  
e f f e c t  o f   s t r eng th  level and s t r u c t u r e  on the   i so thermal   embr i t t l ement  
of  one  sample  of s teel .  Subsidiary  experiments  performed  in  Phase I L  of 
t he  program i n c l u d e   t h e   e f f e c t  of high  pressure  hydrogen  (3500  psig) on 
temper  embrit t lement,   fracture  toughness  measurements (JIc) on one 
sample ,   f r ac tog raph ic   eva lua t ion  of i s o t h e r m a l l y   e m h r i t t l e d  steels and - 

a n  Auger Elec t ron   Spec t roscopic   eva lua t ion   of   g ra in   boundary   segrega t ion  
of i so thermal ly   embr i t t l ed   samples .  A s  a r e s u l t  of  the API Temper 
Embrit t lement  Committee  efforts,   the  National  Bureau  of  Standards  has 
produced a so l id   s t anda rd  of  2-1/4Cr - 1Mo steel  (Standard  Reference 
Material 1270) .   S ince   the   in te rpre ta t ion   o f   the   da ta   depends  upon t h e  
experimental  scatter an  appendix  has   been  devoted  to   the  character iza-  
t i o n  of  the  Charpy  impact t es t  procedure. 
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KEY FOR  ARBREVIATIONS AND SYMBOLS 

40 f t - lb  TT 40 f t - lb   Trans i t ion   Tempera ture   a l so   T(40)  
FATT Fracture   Appearance  Transi t ion  Temperature  (50% Shear) 
AT ( 4 0 )   S h i f t   i n  40 f t - l b  TT Due t o  Temper Fmbri t t lement  
AFATT S h i f t   i n  FATT  Due t o  Temper Fmbri t t lement  
ATT S h i f t   i n   T r a n s i t i o n   T e m p e r a t u r e  

S u b s c r i p t s   t o  FATT and 40 f t - l b  TT 

U Unembri t t led  or  as r ece ived   cond i t ion  ( i .e .  the  degree  of  
emhri t t lement   der ived from cool ing  through  the  temper  
embr i t t l emen t   r ange   o f   t empera tu res   a f t e r   t he   f i na l   hea t  
t rea tment )  

D De-emhri t t led  condi t ion - (1100oF, 2 h r s ,  water quench t o  

E S tep-cooled   embr i t t l ed   condi t ion  (see page 11) 

20,000 

. remove a l l  temper  embrit t lement) 

1,000, 10 ,000 ,s tand   for   the  number of  hours  of  isothermal  embrit t lement 

SEM 
AES 

Scanning  Electron  Microscope 
Auger Elec t ron   Spec t rograph  

I G  
CL 
DM 

I n t e r g r a n u l a r  
Cleavage 
Dimpled Rupture 

CB I Chicago  Bridge  and  Iron 
JSW J a p a n   S t e e l  Works 
- WRDC Westinghouse R&D Center 

F OR Forging.  
PLA P l a t e  
SAW Submerged Arc Weld 
E SW Elec t r o s l a g  Weld 
SMA Shielded Metal Arc Weld 

1 1-1/4Cr - 1/2Mo 
2 2-1/4Cr .- 1Mo 
3 3Cr - 1Mo 

Material Key 

M M a r t e n s i t i c   S t r u c t u r e  

B B a i n i t e   S t r u c t u r e  
F -P F e r r i t e - P e a r l i t e   S t r u c t u r e  

QBM Quenched Mar tens i t e -Ra in i t e   S t ruc tu re  

A Fracture  Toughness  Parameter Used i n   A s s e s s i n g  
Low S t reng th  High D u c t i l i t y  Metals 

J 
x 

An Embri t t lement   Factor ,  (Mn + S i )  ( P  + Sn) x lo4  (WtX) 
An Fmbr i t t l ement   Fac tor ,  (P + 4Sn f 5 A s  + Sb) x lo-* ( P P )  - 

X 

- ?-" 
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Characterization  Study of Temper  Embrittlement 
of Chromium-Molybdenum  Steels 

I INTRODUCTION 

In 1975 the  API awarded a cont rac t   to   West inghouse  R&D Center 
(WRDC) ' t o   eva lua te   t he   t emper   anb r i t t l emen t   cha rac t e r i s t i c s   o f  Cr-Mo 
p r e s s u r e  vessel steels. The steels are designated A387 i n   P a r t  4 of t h e  
ASTM Book of  Standards. Most  of the  samples  supplied were of  Grade 
.22(2-1/4Cr - 1Mo) and a few  samples  of  Grades 11 and  21 were a l s o  
included  (1-1/4Cr - 1/2Mo, 3Cr - 1Mo). The  64 samples  received 
represented.  a large  range  of  commercially  prodpced steel inc lud ing  
qua l i f i ca t ion   we lds   i n   1 - in .   and   6 - in .   p l a t e ,   l a rge   nozz le   cu t -ou t s   and  
randomly  shaped  pieces of fo rg ing  and p l a t e  material. These materials 
had   rece ived   hea t   t rea tment   typ ica l  of h y d r o - t r e a t e r   r e a c t o r   f a b r i c a -  . 

t i o n .  The samples 

FOR 
P U  
SAW 
EST4 
SMA 
1 
2 
3 

were t y p i f i e d  by a simple  code as fol lows:  

Forging 
P l a t e  
Submerged Arc Weld 
E l e c t r o s l a g  Weld 
Shielded ?.letal Arc Meld 
1-1/4Cr - 1/2Mo 
2-1/4Cr - 1Mo 
3Cr - 1Mo 

Thus,   throughout   the  text ,  1 PLA means  1-1/4Cr - 1/2Mo P l a t e  material, 2 
SAW means  2-1/4Cr - 1Mo Submerged Arc Weld material and so on. 

The o b j e c t i v e   o f   t h i s  program was t o   c h a r a c t e r i z e   t y p i c a l  com- 
mercial r e a c t o r s  steels and  weldments in terms of  toughness and o t h e r  
p h y s i c a l   p r o p e r t i e s   p r i o r   t o   b e i n g   p l a c e d   i n  service and the  changes 
an t i c ipa t ed   i n   t oughness  due t o  long time s e r v i c e  a t  elevated  tempera- 
t u r e .  It is i m p o r t a n t   t o   n o t e   t h a t   t h e s e  materials were typ ica l   o f  
commercial   production  and  fabrication up to  about  1975, and are not 
r e p r e s e n t a t i v e   o f   t h e   p l a t e ,   f o r g i n g s  and  weld metal, having  low  temper 
embr i t t l emen t   suscep t ib i l i t y   ava i l ab le   t oday  [ I l .  Phase I of t h e  
p ro jec t   i nc luded   t he   me ta l log raphy   and   g ra in   s i ze ,   t he   t ens i l e  
p r o p e r t i e s  and the   Rockwel l   Hardnesses ,   the   ana ly t ica l   chemis t r ies  
including  the  tramp  elements,   the  heat  treatments  and  Charpy  impact test 
d a t a .  The latter y ie lded   the   Frac ture   Appearance   Trans i t ion  Tempera- 
t u r e s  (FATT) and t h e  40 f t - l b   T rans i t i on   Tempera tu res   (40   f t - l b  TT) f o r  
t h e  steels in   the   unembr i t t l ed   and   s tep-cooled   embr i t t l ed   condi t ion .  
The terms AFATT and AT(40) r e f e r   t o   t h e   c h a n g e   i n  FATT and t h e  40 f t - l b  
TT due t o  temper embri t t lement .  

- 

1 
f .. 
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The main pa r t  of  Phase II was t h e   c h a r a c t e r i z a t i o n   o f   t h e  a 
i so thermal   embr i t t l ement  of  25 steels assessed   in   Phase  I. F ive  
i so the rma l   anb r i t t l emen t   t empera tu res  were chosen a t  750F i n t e r v a l s  from 
6500 t o  9500F. Tests to   measure   the  amount  of  temper  embrittlement were 
ca r r i ed   ou t   a f t e r   1 ,000 ,   10 ,000  and  20,000  hours. A number  of s t u d i e s  
were also performed i n   t h i s  time.. These were: 

o The ef fec t   o f   repea ted   de-embr i t t l ement   o f   the  steel. 
o The e f f e c t  o f   s t r eng th  level and s t r u c t u r e .  
o Auger ana lys i s   o f   g ra in   boundar ies   o f   embr i t t l ed  steels. 

o E f f e c t  of  high  pressure  hydrogen on temper  embrit t lement.  
o Isothermal   embri t t lement  of 1-1/4Cr. and 3Cr steels. 

O J I C  
measurements. 

By t h e  end  of  '1976 t h e   f i r s t   p h a s e  of  the  program  had  been 
completed. A t  t h i s   j u n c t u r e   i n   t h e  program a number  of d i s c r e p a n c i e s ,  
between  the  data   generated a t  WRDC a n d   o t h e r   l a b o r a t o r i e s ,  were brought 
t o   l i g h t .  These   inc luded   the   v i sua l   read ings   o f   the   percentage   o f  
b r i t t l e   f r a c t u r e  on the   Charpy   spec imens ,   the   conclus ion   tha t  AFATT was 
not   a lways  equal   to  AT(40), a b s o l u t e   d i f f e r e n c e s   i n   t h e  Charpy  impact 
e n e r g y   c u r v e s   a n d   t h e   r e s u l t s   o f   t h e   a n a l y t i c a l   c h e m i s t r i e s .   I n   a d d i -  
t i o n ,  it was found tha t   i n   Phase  I of  the  program WRDC had  used a Charpy 
specimen  or ientat ion  which was d i f f e r e n t   t h a n   t h e   Ö n e   c o n v e n t i o n a l l y  
used by  API. 

As  a consequence, a number of   subs id ia ry   exper iments  were 
i n i t i a t e d   t o   c l a r i f y   t h e   v a r i o u s   i s s u e s .   T h e s e   i n c l u d e d  a comparative 
Charpy  impact test s tudy  between  Japan  Steel  Works  (JSW) and WRDC and a 
compara t ive   f rac ture   sur face   eva lua t ion   s tudy   be tween Chicago-Bridge  and 
I r o n  ( C R & I )  and WRDC (see Appendix). A t  t h e  same time, s i n c e   t h e  
specimens  for  Phase II of  the  program were machined in   t he   conven t iona l  
API o r i e n t a t i o n ,   e x p e r i m e n t s   d e s i g n e d   t o   e s t a b l i s h   t h e   r e l a t i o n s h i p  
between  the  Phase I and Phase II o r i e n t a t i o n s  were c a r r i e d   o u t .  

I n   a d d i t i o n ,   t h e  API Task Group i n i t i a t e d  a round  robin com- 
para t ive   ana lys i s   o f   samples  and also  requested  the  Nat ional   Bureau  of  
S t a n d a r d s   t o   e s t a b l i s h  a s o l i d  2-1/4Cr - 1Mo S tanda rd   fo r   spec t rog raph ic  
a n a l y s i s .  A s  a d i r e c t   r e s u l t  of  the API Task  Group e f f o r t s ,   t h i s   s t a n -  
da rd   des igna ted  SRM 1270, i s  now a v a i l a b l e   f o r   p u b l i c   p u r c h a s e  from 
NBS. The subs id ia ry   exper iments  were car r ied   ou t   dur ing   Phase  11 of t h e  
p r o j e c t  which was concluded i n  1980. This paper  reviews  the  primary 
r e s u l t s  of t he  program. 
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II. GENERAL  CONCLUSIONS 

This  paper  has  been  organized so t h a t   t h e   v a l u e  of t he   expe r i -  
mental  r e su l t s   can   be   a s ses sed   and   t hen   t he   i n fo rma t ion   gene ra t ed   has  
been  reviewed i n  terms o f   t hese   cons ide ra t ions .  

It can  be  observed  that  a small p o r t i o n  of t h e   s a m p l e s   i n   t h e  
unembri t t led (as r e c e i v e d )   c o n d i t i o n   e x h i b i t e d   t r a n s i t i o n   t e m p e r a t u r e s  
above  normal  ambient  temperature  (+50°F).   Similarly,   the number of 
samples   exhibi t ing TT above  normal   ambient   temperature   s ignif icant ly  
increased   a f te r   s tep   cool ing   or   long- t ime  i so thermal   exposure .   S ince  
the  samples were se lec ted   to   be   typ ica l   o f   commerc ia l   reac tor  materials, 
t h e s e   r e s u l t s  can be  compared t o   r e a c t o r s   p r i o r   t o  service (unembr i t t l ed  
sample  condi t ion)  and a f t e r   p r o l o n g e d   s e r v i c e   ( s t e p   c o o l e d   o r  
isothermally  exposed  sample  condi t ion) .   See  Figure 4 4 .  

I n   t h e  Appendix,  "Discussion  of  the  Charpy Test," i t  was 
concluded  that   the   Fracture   Appearance  Transi t ion  Temperature  (FATT) was 
a subjective  measurement and was open   t o   cons ide rab le   e r ro r .   Fo r   t h i s  
reason  most   of   the   discussion  has   been  based  upon  the 40 f t - l b   T rans i -  
t ion  Temperature  (40  f t - l b  TT) which i s  r e l a t i v e l y   n o n s u b j e c t i v e  
measurement   of   the   effect   of   temperature .  Even so, it was found  tha t  
cons ide rab le  scatter c o u l d   e x i s t   i n   t h e  40 f t - l b  TT. 

A u n i v e r s a l   i n d u s t r i a l  problem i s  the   p red ic t ion   of   long- te rm 
( u s u a l l y   y e a r s )  service degrada t ion   of  a material component. The u s u a l  
approach i s  t o  make p red ic t ions   based  upon c a r e f u l l y   c o n s t r u c t e d   s h o r t -  
term screening tests. The c o n s t a n t   i n e v i t a b l e   q u e s t i o n  i s  "how w e l l  do 
the   s c reen ing   me thodo log ie s   r ep resen t - the   l ong- t e rm  cha rac t e r i s t i c s?"  
The  API program addresses   th i s   p roblem  for   t emper   embr i t t l ement   very  
d i r e c t l y .  In Phase I the   shor t - te rm  screening  tes t  for   t emper   embr i t t l e -  
ment ( the   s t ep -coo led   embr i t t l emen t   t e s t )  i s  evaluated and then compared 
wi th   i so the rma l   embr i t t l emen t   da t a   up   t o   20 ,000   h r .   i n   Phase  II. 

Even  though s ign i f i can t   expe r imen ta l  scatter e x i s t e d  i n  t h e  
d a t a ,  enough  experiments were car r ied   ou t   to   formula te   approximate  
expres s ions   r e l a t ing   t he   i so the rma l   embr i t t l emen t   t o   t he   s t ep -coo led  
embri t t lement .  The r e s u l t s   g e n e r a t e d  from the   da t a   base   o f   t h i s  program 
appear   to  show tha t   t he   s t ep -coo led   embr i t t l emen t   can   be   r e l a t ed   t o   t he  
I so thermal   embr i t t l ement   bu t  i s  not   equa l   to   the   very   long- te rm 
embrit t lement  of a s teel .  In fac t   the   s tep-cooled   embr i t t l ement   appears  
t o   c o r r e l a t e   w i t h  250-hr.   isothermal  embrit t lement a t  875'F. However 
the  s tep-cooled  embri t t lement   screening tes t  should  not  be  replaced  with 
250-hr. i so thermal   embr i t t l ement   wi thout   fur ther   exper iments   to   conf i rm 
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the  prediction  from  Equation ( 4 ) ,  page  21.  This  equation  is  primarily 
for 2 1/4 Cr 1 Mo steels.  The  equation,  developed  from  the  complete 
data  set,  suggests  that  the  30-year  in-service  embrittlement,  or AT (40)  
ft-lb TT is  equal  to 3 times  the  step-cooled 40 ft-lb  Transition 
Temperature  shift. 

Attempts  to  correlate  the  composition  of  a  steel  to  the  observed 
embrittlement  indicated  too  many  variables  were  present  to  formulate  a 
reasonable  regression  analysis  with  the  (statistically)  disorganized 
data  available.  The  correlation  with  the  often  employed  “J-factor” i21 
viz. (Mn + Si)  (P + Sn) x 10 4 was  relatively  poor  for  data  from  weld 
metal,  plate  and  forgings - Figures 4 (a)  and  (b). However,  this  cor- 
relation  is  not  intended  for  weld  metal  and  the  correlation  for  plate 
and  forging  (black  points)  is  comparable  with  that  of  similar  studies i31  
Some  of  the  scatter  in  the  data  for  the  plate  and  forging  may  indicate 
that  the  steel  processing  procedure  is  an  important  variable  in  the  A387 
Class  22  steel. 

The  results of the  Phase II isothermal  embrittlement  tests  may 
be  summarized  as  follows: 

(1) The  maximum  isothermal  embrittlement  occurred  in  the 800- 
9 50°F  range. 

(2)  Embrittling  susceptibility  varied  widely in the  25  samples. 
Some  reached  peak  embrittlement  at  800°F  or  875OF  after 
20,000  hr.  exposure,  while  some  had  apparently  not  reached 
maximum  embrittlement  after  20,000  hr.  at  950OF. 

( 3 )  A possibility  of  embrittlement  was  found in half  of  the 
samples  isothermally  embrittled  at 65O0F. 

( 4 )  After  20,000 hr.  exposure,  the  extremes  and  average  values 
of  the 40 ft-lb  Transition  Temperature  for  the  2 1 / 4  Cr - 1 
Mo samples  were  as  follows: 

650 

725 

8170 

875 

950 

J. 

Exposure Average 40 foot-pound 
Temperature Transition  Temperature 

(OF) ( O F )  
___. - 

- 11 
- 8  

+ 22 

+ 34 

+ 24 

Range  of 40 foot-pound 
Transition  Temperature (OF) 

Min ’ MaxJ’ 
- .~ 

- 115 + 55 
- 100 + 60 
- 75 + 100 
- 75 + 140 
- 55 + 100 

n 

Minimum  and  Maximum  values  are  not  for  the  same  sample  but 
illustrate  the  range of transition  temperatures  observed. 
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(5) Of the   twen ty   t h ree  2 1 /4  C r ,  one 1 C r  and  one 3Cr samples 
i so thermal ly   aged ,  a t o t a l  of twelve samples   exhibi ted a 40 
f t - l b   t r a n s i t i o n   t e m p e r a t u r e   h i g h e r   t h a n  500F - which i s  
f requent ly   used   to   typ i fy   the   ambient   t empera ture  - a t  one 
o r  more  of t h e  5 aging  temperatures,   and  for  one  or  more  of 
t h e  3 aging times. The breakdown  by materials type  and 
a l l o y   t y p e  is g i v e n   i n   T a b l e  29(a) and (b)  . 

( 6 )  Even though  the  data   base i s  small, it s u g g e s t s   s t r o n g l y  
t h a t  2 1 / 4  C r  weld metal h a s   a - h i g h e r   s u s c e p t i b i l i t y   t o  
temper   embri t t lement   than  plate   or   forgings - Table  29(b).  

(7)  Because of t h e  small da ta   base ,  no f i rm  conclusion  can  be 
drawn about   the  isothermal   embri t t lement  of 1 C r  and 3Cr 
a l l o y s ,   b u t  i t  would appear  weld metal of   both  a l loys  have 
some s u s c e p t i b i l i t y   t o   e m b r i t t l e m e n t .  

In genera l ,   the   upper   she l f   impact   energy ,   which   re f lec ts   the  
toughness  of  the steel ,  was not s i g n i f i c a n t l y  changed  from t h e  
unembr i t t l ed   cond i t ion   t o   e i t he r   t he   s t ep   coo led   embr i t t l emen t   o r   t he  
i s o t h e r m a l l y   e m b r i t t l e d   c o n d i t i o n .  

The e f f e c t  of  repeated  de-embrit t lement a t  llOOOF f o r  2 h r s .  on 
8750F i s o t h e r m a l   e m b r i t t l e m e n t   ( i n   f u l l y   p o s t  weld hea t   t r ea t ed   spec i -  
mens) showed tha t   t he   de -embr i t t l ed   cond i t ion  was approximately a con- 
s t a n t .  It was concluded  that   temper  embrit t lement i s  r e v e r s i b l e   a n d  
tha t   t he   embr i t t l emen t  i s  due to   d i f fus ion   of   the   t ramp  e lements .  

The e f f e c t  of s t r e n g t h   l e v e l  and s t r u c t u r e  was reasonably 
clear.  The quenched   (ba in i te -mar tens i te )  and  tempered s t ee l  had lower 
t r ans i t i on   t empera tu res   t han   t he   s low-coo led   ( f e r r i t e -pea r l i t e )  steel on 
the   s ing le   compos i t ion   t e s t ed .  However, a f t e r  20,000-hr.   isothermal 
embri t t lement  a t  875OF the  quenched  and  tempered s tee l  had e m b r i t t l e d '   t o  
the- same level as the  slow-cooled s tee l  which  had  de-embrittled 
s l i g h t l y .  The untempered  (high  s t rength)  steel, which  does not 
r e p r e s e n t   t h e   t y p i c a l   s t r e n g t h  levels of FWHT steels e x c e p t   p o s s i b l y   i n  
the   hea t   a f fec ted   zone ,  had v e r y   h i g h   i n i t i a l   t r a n s i t i o n   t e m p e r a t u r e s  
bu t   de -embr i t t l ed   subs t an t i a l ly   a f t e r   20 ,000-h r .  a t  8750F. 

The e f f e c t  of  high  pressure  hydrogen  (3,500  psig) a t  8750F a f t e r  
1,000 h r .  was most  pronounced i n   t h e   . f e r r i t e - p e a r l i t e   s a m p l e   w h i c h  was 
degraded  due  to  the  hydrogen  exposure.   Bainite  samples  in  the same 
au toc lave   d id   no t  show a r a d i c a l   c h a n g e   i n   t h e i r   p r o p e r t i e s .  

The Auger E lec t ron   Spec t roscop ic  (AES), ana lyses   o f   t he   embr i t t l ed  
gra in   boundar ies  showed h igh   concent ra t ions   o f   the   embr i t t l ing   e lement  P 
and t o  a much lesser e x t e n t  Sn. I n t e r e s t i n g l y ,  steels with  high 
conten ts   o f  A s  did  not  reveal seg rega t ion   o f   t h i s   e l emen t .   Th i s  
in format ion   suppor ts   the  form  of t he   embr i t t l emen t   f ac to r  X = (1OP + 5% 
+ 4Sn + A s )  proposed  by  Bruscato. [ h l  The  most su rp r i s ing   conc lus ion  
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from  the AES s tudy  was t h a t  Cu seg rega te s   t o   t he   g ra in   boundar i e s .   Th i s  
e f f e c t  i s  not  normally  found and t h e   r o l e  of Cu a t  the   g ra in   boundar i e s  
i s  f a r  from clear. 

Overall, t h i s  program  has  served  to  identify  the  primary  temper 
e m b r i t t l e m e n t   c h a r a c t e r i s t i c s  of t h e   c o m e r c i a l  Cr-Mo p res su re  vessel 
steels used   fo r   ves se l   cons t ruc t ion  up to   abou t  1975. General  guide- 
l i n e s  of   the material deg rada t ion   fo r   i ndus t r i a l   app l i ca t ions   have   been  
deduced. 

6 
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III. PHASE I: STEP-COOLED EMBRITTLEMENT EXPERIMENTS AND 
MATERIAL CHARACTERIZATION 

Primary  Obiect ives   for   Phase I 

Phase I r e p r e s e n t e d   t h e   p r i m a r y   c h a r a c t e r i z a t i o n   o f   t h e   s u p p l i e d  
steel samples. The c h a r a c t e r i z a t i o n   c o n s i s t e d  of 

( i )   M e t a l l o g r a p h i c   s t r u c t u r e  

( i i )  AST" g r a i n   s i z e  

( i i i )  Rockwell B Hardness 

( i v )   T e n s i l e   p r o p e r t i e s  

(a) O. 2% y i e l d   s t r e n g t h  

( b )  Ultimate t e n s i l e   s t r e n g t h  

(c) Reduct ion   in  area 

( c l )  Elongat ion 

(v )   Ana ly t i ca l   chemis t ry   wh ich   cons i s t s   o f   ana lyses   fo r  C, Cr, 
Mo,  Mn, S i ,  N i ,  Cu, P, S ,  Sn, Sb, O, N, A s .  

( v i )  The g e n e r a t i o n  of Charpy  impact'   curves  of  unembrittled  and 
step-cooled  temper  embrit t led  samples  yielding 

(a) FATTU; 40 f t - l b  TTU 

( b )  FATTE; 40 f t - l b  TTE 

( c )  AFATT ( o r  amount  of embr i t t l emen t ,  FATTU - FATTE) 

( d )  AT(40) (or   embri t t lement   judged by s h i f t   i n  40 f t - l b  
t r a n s i t i o n   t e m p e r a t u r e ) .  

Material Kev 

The samples   l i s t ed   acco rd ing   t o   t he  material key are as fol lows:  
( see page 1) 

7 
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Material Key 

1 PLA 

2 PLA 

3 PLA 

1 FOR 

2 FOR 

3 FOR 

1 SAW 

2 SAW 

3 SAW 

2 ESW 

2 SMA 

3 SMA 

Sample Number 
___- 

2 ,   5 0 ,   5 2 ,   6 0  

1, 7 ,   1 2 ,   1 3 ,   1 4 ,   3 3 ,   3 6 ,   4 5 ,   4 6 ,   4 7 ,  

4 8 ,   5 4 ,   5 5 ,   7 0 ,   7 1 ,   7 2 ,   7 4 ,   7 5  

6 4  

77 

9 ,  1 0 ,  1 5 ,   5 6 ,   5 7 ,   5 8 ,   5 9 ,   7 8  

6 1  

4 

1 8 ,   1 9 ,   2 0 ,   2 1 ,   2 2 ,   2 3 ,   2 4 ,   2 5 ,   3 4 ,  

3 5 ,   3 7 ,   3 8 ,   3 9 ,   4 0 ,   4 1  

65 

8., 1 6 ,   2 6 ,   2 7 ,   7 6  

6 3 ,   6 7 ,   6 8 ,   6 9  

66 

Metallography 

Meta l log raph ic   s ec t ions  were prepared from each  sample  and 
etched so as t o  show t h e   p r i o r   a u s t e n i t i c   g r a i n   s i z e  and s t r u c t u r e .  
Photographs were taken a t  X200 and X500, two typica l   examples  are shown 
i n   F i g u r e s  1 and 2. The s t r u c t u r e  of each  sample i s  l i s t e d   i n   T a b l e  1. 

ASTM Grain  Size  (Table  1) 

The ASTM g r a i n   s i z e  was judged  by  comparison  with  standard 
c h a r t s   e i t h e r   d i r e c t l y  on the   microscope   or  by  comparison  with  the 
photographs.  The e r r o r   i n   t h e s e   d e t e r m i n a t i o n s  i s  about +1 i n  ASTM 
g r a i n   s i z e  (ASTM E112-74 P l a t e  1). 

8 
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Tens i l e   P rope r t i e s   (Tab le  1) 

The t e n s i l e   p r o p e r t i e s  were judged  from  one  tensile. test on  each 
sample.   In  the  forged and p l a t e  material the   t ens i l e   spec imens  were 
s t anda rd  0.505 inches  diameter  gauge as shown i n   F i g u r e  3,  t ype  1. The 
l o n g i t u d i n a l  axes of  these  specimens were p a r a l l e l   t o   t h e   r o l l i n g   d i r e c -  
t i o n   i n   t h e   p l a t e .   T r a n s v e r s e   t e n s i l e   s a m p l e s  were taken from t h e  
weldments. A s t anda rd   t ens i l e   cou ld   no t   be   t aken  from  most  of t h e  weld 
samples   without   including  the  heat   affected  zone (HAZ) wi th in   the   gauge  
l eng th .   S ince   t he   base   p l a t e   o r  HAZ cou ld   poss ib ly   y i e ld   p r io r   t o   t he  
weld material, i t  was decided  to  use  reduced  size  samples  which  included 
only  weld metal wi th in   the   gauge   length .   Thus ,   the   t ens i le   da ta   p ro-  
duced  for  weld  samples re la tes  s o l e l y '   t o   t h e  weld.   Since  the  grain  s ize  
is s u f f i c i e n t l y  small i n   e a c h   s a m p l e ,   g r a i n   s i z e   e f f e c t s  on t h e   t e n s i l e  
p rope r t i e s   shou ld   be   neg l ig ib l e .   (The   e f f ec t   o f   g ra in   s i ze  on t e n s i l e  
p r o p e r t i e s  i s  o n l y   a p p a r e n t   i f   t h e r e  are less than  about 5 g r a i n s   i n  a 
c r o s s   s e c t i o n ) .  A diagram  of  the  tensile  samples  used is g i v e n   i n  
Figure 3. The s i z e  of   the weld t ens i l e   s amples  is as fol lows : 

___ 

Sample No. 

4 

8 

16 

34 

35 

37 

38 

39 

40 

4 1  

42 

43  

44 

67 

68 

69 

76 
- 

Tensile Specimen  Type 
from Fig. 36 

3 

3 

3 

4 

3 

3 

4 

' 3  

3 

3 

3 

3 

3 

2 

2 

2 

2 
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Rockwell B hardness  measurements were a l so   t aken  on each  sample  (Table 1). 

Analyt ical   Chemistry  (Table  2 )  

The a n a l y t i c a l   c h e m i s t r y  was done  by  the  following  techniques: 

C LECO - Combustion - I R  De tec t ion  
S ( I R  Infra-Red) 
O LECO - High  Temperature  Fusion - Thermal  Conductometric 
N (LECO is  a t r a d e  name) 
C r  
Mo 
Si   Emission  Spectrometer  
Cu 
N i  
Mn 
P 
A s  Phosphor-Molybdate  Technique 
Sn 
Sb 

The la t te r  four  tramp  elements were eva lua ted  a t  Westinghouse  Research 
Center and t h e  rest were evaluated a t  Lukens S tee l   Research .  

It shou ld   be   no ted   t ha t   t he   t ab l e s   g ive   t h ree   s ign i f i can t  
f i g u r e s ,   w h e r e a s   i n   f a c t ,   t h e   e r r o r   i n   m o s t  i s  such   t ha t  only two 
s i g n i f i c a n t   f i g u r e s  are warranted. 

S p e c i f i c a l l y   t h e   c l a i m e d   p r e c i s i o n  is as fol lows ( p p  means 
p a r t s   p e r   m i l l i o n ) :  

Element 

C 

S 

O 

N 

C r  

Mo 

S i  

P r e c i s i o n  

2 .002% 

k 3 ppm 

-I 5 ppm 

? 3 ppm 

i- .05% 

i- .08% 

F .01% 

F 
Il 

1 
i 
Il 

E l  emen t 
”. 

Cu 

N i  

Mn 

A s  

Sb 

Sn 

P 

P r e c i s i o n  
- ~ _ _ _ _  

i- .01% 

L- .01% 

+- .01% 

F 10% 

i- 5% 

2 5% 

4 5 ppm o r  b e t t e r  

10 . 
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Also i t  should  be  noted  that   the   analyses   for   samples  12 ,  13 and 
1 4  showed a s i g n i f i c a n t   v a r i a t i o n  in  Mn as fol lows:  

S amp l e  Mn ( s i t e  B) Mn ( s i t e  A) 

1 2  

37 .53 14 

.39 .,59 13  

. 4 2  .67 

The  quoted  values of Mn i n   t h e   t a b l e s  are the  average  of  the  above 
estimates: 

Charpy  Impact Data (Table  3 )  

The d a t a   g e n e r a t e d   f o r   t h i s   r e p o r t  stemmed from two sources:  
(1) Westinghouse  Research on Samples   not   hi ther to   evaluated  and ' 

( 2 )  samples  evaluated a t  t h e   v a r i o u s   s u p p l i e r s '   l a b o r a t o r i e s .  In orde r  
t o   r educe   t he   t o t a l   s cope  and expense of the   p rogram,   the   da ta   suppl ied  
by   va r ious   sou rces  was accepted  and  the  remaining  data   generated a t  
Westinghouse  Research  Centér.   Since  the  standard  step-cooled  emhrit t le-  
ment  treatment,   termed  the SOCAL step-cooled  embrit t lement,   has  been 
used i n   t h e  API i n d u s t r y ,   v i z :  

1100°F - 1 h r  Cool a t  10°F/hr 

1000°F - 1 5   h r  Cool a t  10"F/hr 

975°F - 24 h r  Cool a t  10"F/hr 

925°F - 60 hr Cool a t  5"F/hr 

865°F - 100 h r  Cool a t  50"F /h r   t o  

600°F - a i r  cool  

This   embr i t t l ement   t rea tment  was used  throughout   the series. 

Discussion of  Phase I Data 

An a t t empt   t o   f i t   an   equa t ion   t o   t he   da t a   gene ra t ed   i n   Phase  I 
was ca r r i ed   ou t   u s ing   r eg res s ion   ana lys i s   t echn iques .   Unfo r tuna te ly ,  
t h e   d i s t r i b u t i o n  of e l emen t s ,   g ra in   s i ze s  and s t r e n g t h   l e v e l s  among t h e  
set was such   tha t  no spec i f i c   ma jo r   t r end   o r   coe f f i c i en t s   a s soc ia t ed  
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with  each  var iable   could  be  found.  A t  f i r s t   s i g h t   t h i s  i s  s u r p r i s i n g ,  
s ince   t he re   appea r s   t o   be  a s u f f i c i e n t   r a n g e   o f   e a c h   v a r i a b l e   w i t h i n   t h e  
number  of  samples  taken.  However, a s t a t i s t i c a l l y   d e s i g n e d   e x p e r i m e n t  
f o r  14 e lements   p lus   g ra in   s ize  and s t r e n g t h ,  i .e. 16 v a r i a b l e s  would 
r e q u i r e   c o n s i d e r a b l y  more than   t he  65  samples   avai lable .   Moreover ,   the  
v a r i a b l e s  would be   a r ranged   accord ing   to   the   des ign   ra ther   than   taken  a t  
random. Consequently, i t  was n o t   p o s s i b l e   t o   f i n d  a f i t t e d   e q u a t i o n   t o  
the  Phase I d a t a   f o r  two r e a s o n s ,   v i z .   i n s u f f i c i e n t   d a t a  and u n f o r t u n a t e  
o r g a n i z a t i o n  of t h e   v a r i a b l e s .  The co r re l a t ion   be tween   t he   o f t en  
employed  "J-factor' '  and AT ( 4 0 ) ,  shown i n  Fig. 4 (a),  i s  r e l a t i v e l y   p o o r  
f o r   b o t h   p l a t e  and  weld metal. 

The data  can,  however,   be  expressed  in  the  form  of  the  histo- 
grams  and a few u s e f u l   o b s e r v a t i o n s  made.  The histograms are shown i n  
F igu res  5 through 18. The upper   h i s togram  in   each   of   these   f igures  
r e p r e s e n t s  a l l  t h e  weld  and p l a t e  and forged  samples,  whereas  the  weld 
metal c o n t r i b u t i o n   a l o n e  is rep resen ted  by the  hatched areas w i t h i n   t h e  
to t a l   h i s tog ram.  The dashed  curves are an  approximation  to   the  shape  of  
t he   h i s tog ram  fo r   t he   p l a t e  and  forged  samples   and  s imilar ly   the  sol id  
curve  represents   the  welds .   Thus,  a comparison of weld  and p l a t e   p l u s  
fo rged   s ample   cha rac t e r i s t i c s   can   be  made within  each  histogram. 

There i s  a q u e s t i o n  of how well the   h i s tograms  represent   the  
Cr-Mo  A387 steels. The samples were drawn  from many sources ,  some of 
which were from a c t u a l   p r e s s u r e   v e s s e l s  and o t h e r s  from h e a t s   o r  weld- 
ments  produced  to  simulate  the  normal  vessel  steels. A few of t h e  
samples were included  in  the  program  because  they were " i n t e r e s t i n g "   i n  
t h a t   t h e y  had  anomalously  high  temper  embrit t lement  fracture  appearance 
t r ans i t i on   t empera tu re  ( F A T T ~ )  o r   r ep resen ted  some extreme i n  composi- 
t ion.   These  samples  might  put a b i a s  on the  accumulated  data  and  hence 
i n   t h i s   r e s p e c t   t h e   h i s t o g r a m s  may n o t   t r u l y   r e p r e s e n t   t h e  class of 
steel .  However, t h e r e  are su f f i c i en t   s amples   t ha t   t he   h i s tog rams   shou ld  
g i v e  a reasonable   approximat ion   to   the   normal   charac te r i s t ics .  

F igu res  5, 6 and 7 show t h e  FATT d a t a .  The FATTU (unembr i t t l ed )  
and FATTE ( e m b r i t t l e d )  show t h a t  as a class the  weld  have a higher  FATT 
than  the  plate   and  forgings.   Both FATTE and AFATT, due t o  temper 
e m b r i t t l e m e n t ,   r e v e a l   t h a t   c e r t a i n  2 1 /4  Cr - 1Mo submerged arc weld- 
ments (2 SAW) have   poore r   embr i t t l emen t   cha rac t e r i s t i c s   t han   t he  rest. 
Overall ,   one  can  conclude  that   weld may be  more  prone  to  embrit t lement 
and may have a h ighe r   unembr i t t l ed  FATTU t h a n   t h e   p l a t e  and  forged 
material. 

F igu res  8 through 17  show t h e   d i s t r i b u t i o n   o f  most  of t h e  ele- 
ments   in   the  steels.  F igu res  8, 9 and 10 show s i g n i f i c a n t   d i f f e r e n c e s  
between  the  weld metal and p l a t e  and   fo rg ings   fo r  C ,  Mn and Si .  In 
g e n e r a l ,   h i g h e r   l e v e l s  of Mn and S i  l ead   t o   h ighe r  FATT v a l u e s   i n   t h e  
presence  of P. [4,5,61 
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With  regard  to  the  tramp  elements, P, Sn, As  and  Sb,  Figures 11 
through 1 4 ,  little  difference  is  found  between  weld  metal  and  plate  for 
P and  As,  whereas  plate  and  forgings  exhibit  a  higher  content  of Sn and 
Sb. A secondary  high  peak  in P is  associated  with 2 SAW  samples.  This 
again  confirms  the secondary-high AFATT  peak in Figure 7 for 2 SAW 
materials.  (See  page 8 for  sample  numbers) 

The  histogram  for S does  not  indicate  a  specific  trend,  whereas 
the  histograms  for N and O, Figures 16 and 17, show  very  much  higher 
concentrations  of  these  elements  for  the  welds. It is  interesting  to 
note  that  the  electroslag  weld (ESW) samples  exhibit  the  lowest  oxygen 
content  of  the  weld  class.  The  role  of  these  two  elements on temper 
embrittlement  is  not  known. 

The J embrittlement  factor (Mn + Si)  x (P + Sn) x lo4 does  not 
show  a  strong  difference  between  plate  and  weld  metal,  even  though  it  is 
not  intended  to  be  used  for  welds.  Interestingly,  the  ESW  samples  all 
fall  in  the 50-100 range.  If  they  were  taken  out  of  the  weld  set,  then 
the  weld  metal  would  show  a  greater  population  at 200 to 250 compared 
with 100 to 150 for  the  plate  and  forgings  (Figure 18). 

Even  though  the  histograms  show  reasonable  correlations  between 
the  FATT  data  and  compositions,  especially Mn, Si  and P and C, any 
interpretation  of  the  trends  must  be  treated  with  caution.  Simple  plots 
of FATT~, FATT~ or  FATT  versus  any - one  of  the  compositional  elements  or 
the J embrittlement  factor  show no specific  trend  whatsoever.  This 
observation  only  confirms  the  fact  that  the  expression  for  FATT  in  terms 
of  composition  is  a  complex  function  which  represents  the  multiple 
interactions  of  the  primary  alloying  elements  and  the  tramp  elements. 
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I V .  PHASE II: ISOTHERMAL EMBRITTLEMENT EXPERIMENTS 

The pr imary   ob jec t ive   in   Phase  II was t o   c h a r a c t e r i z e   t h e   i s o -  
thermal  embrit t lement  of 25 s e l e c t e d  steels and to   u l t imate ly   compare  
th i s   da ta   wi th   the   s tep-cooled   embr i t t l ement  data of  Phase I. The 
i so thermal   embr i t t l ement   mat r ix  was as fol lows:  

Temperature (OF) 

[E ]  
950 

x 

Time ( h r )  

1,000 

10,000 I 1  20,000 

The samples were s e l e c t e d  on the   bas i s   o f  

i) Material a v a i l a b i l i t y  
i i )  Extremes in   s tep-cooled  embri t t lement  

i v )   S t r u c t u r e  and s t r e n g t h  level 
i i i )  Extremes in   composi t iona l   e lements  

The pr imary  data   gathered was t h e  40 f t - l b  TT and FATT. Wherever 
possible   an  indicat ion  of   the  upper   shelf   value was a l so   ob ta ined .  The 
b a s i c   d a t a   g a t h e r e d  i s  g iven   i n   Tab le s  4 through  12. 

Figures  19 through 43 show t h e  40 f t - l b  TT and FATT p l o t t e d  as a 
f u n c t i o n  of t h e  isothg.rpa-X  ..embrittlement  temperature  for 1,000, 10,000 
and 20,000 h r .  For r g f e r e z i e ,   t h ë   u n e m b r i t t l e d  (U) and step-cooled 
e m b r i t t l e d  (E)  t r ans i t i on .   t empera tu res  are i n d i c a t e d  by  bench  marks i n  
t h e  same figures.   Samples  tested  with-  Phase II o r i e n t a t i o n  are ind i -  
c a t e d   w i t h   a n   a s t e r i s k   i n   T a b l e  3. F u r t h e r   d a t a  i s  g iven   in   Table   16  
where t h e   e f f e c t  of   specimen  or ientat- ion i s  shown. The s u p p l i e d   d a t a  
f o r  sample 26 (Table 3 )  was p robab ly   i ncq r rec t  and the  bench  mark U 
represents   an  independent  test. Where IT and E da ta   for   the   Phase  II 
spec imen  or ien ta t ion  were not   ava i lab le ,   Phase  I da ta   ad jus t ed   acco rd ing  
t o   t h e   r e l a t i o n s h i p   g i v e n   i n   S e c t i o n  V I  below were used. 

Fo r   t he   s amples   wh ich   exh ib i t   d i s t i nc t   embr i t t l emen t   (o r  
i n c r e a s e   i n   t h e   t r a n s i t i o n   t e m p e r a t u r e ) ,   t h e  maximum e f f e c t  is i n   t h e  
range 8000F t o  9500F. (See  Figures  19 t o  4 3 )  

Histograms of the  40 f t - l b  TT in   t he   unembr i t t l ed  and s t ep -  
cooled   embr i t t l ed   condi t ions  are compared wi th   t he  maximum embrit t lernent 
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after 1,000 and 20,000 hr isothermal  embrittlement in Fig. 4 4 .  These 
histograms  give  a clear indication of the  general trend of embrittlement 
after long term isothermal exposure. 

,' 
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V. THE EFFECT OF DE-EMBRITTLEMENT 

Samples  received  from  various  sources had received a number of 
d i f f e r e n t   h e a t   t r e a t m e n t s   i n c l u d i n g  a range of post-weld  heat   t reatments  
(PWHT) . In  Phase I these  samples were t e s t ed   i n   t he   " a s - r ece ived"  
condi t ion  which was te rmed  the   "unembr i t t l ed"   condi t ion .  The F r a c t u r e  
Appearance   Trans i t ion   Tempera ture   for   th i s   condi t ion  was abbrevia ted   to  
FATTU, where   the   subscr ip t  U des igna te s   "unembr i t t l ed . "   In   f ac t ,  due t o  
the  slow cool ing  through  the  temper   embri t t lernent   range,   var ious  degrees  
of  temper  embrittlement  might well have  been  experienced by each sample 
i n   t h i s   c o n d i t i o n .  The same samples were s u b j e c t e d   t o   t h e  SOCAJ, Step- 
Cooled Temper Fmbri t t lement   t reatment   and  given  the  designat ion E. (See 
Page 11) 

It was thought   tha t   the   poss ib le   cor re la t ions   be tween  sample  
c h a r a c t e r i s t i c s   ( s t r u c t u r e ,   y i e l d   s t r e n g t h  and composition) and t h e  
degree  of  temper  embrit t lement would  be b e t t e r   r e v e a l e d  by comparison  of 
t h e  E condi t ion   wi th   samples   in  a de-embri t t led  condi t ion.   Samples  were 
de-embri t t led by h e a t   t r e a t i n g  a t  llOOoF f o r  2 h r  and water quenching. 
This   condi t ion  i s  g iven   t he   des igna t ion  D. Thus, - a  number of  samples 
have   been   t e s t ed   i n   t h ree   cond i t ions .  

U - Unknown degree  of  embrit t lement  or  as-received 
E - Step-cooled  embrit t lement from c o n d i t i o n  U 
D - De-embri t t led  condi t ion  f rom  condi t ion U 

In Phase I, AFATT was de f ined  as F A T T E - ~ ~ ~ ~ U  a n d   s i m i l a r l y   t h e  
change i n   t h e  40 f t - l b  TT was AT(40) = T(40)E - T ( 4 0 ) ~ -  

The d a t a  from  Phase I and   the   cur ren t  tests are g iven   i n   Tab le s  
13, 14  and  15. 

S ince   t he  U cond i t ion   migh t   be   s l i gh t ly   t emper   embr i t t l ed ,   one  
should  expect  the FATTU and T ( 4 0 ) ~   t o  be   g rea t e r   t han  FATTD and T ( 4 0 ) ~  
and less than PATTE a n d   T ( 4 0 ) ~ ,   r e s p e c t i v e l y .   I n s p e c t i o n  of Tables  13 
and 14 shows t h a t   i n   g e n e r a l   t h i s  i s  no t   t he  case. 

I n   o r d e r  t o  exp lo re   t he   r eason   fo r   t he  many d i s c r e p a n c i e s   i n   t h e  
da t a ,   t he   cu rves  of t h e  D, U and E c o n d i t i o n  were compared. I n   n e a r l y  
eve ry   i n s t ance ,   t he   uppe r   she l f  of D > U > E as i s  also  obvious  from 
Table PS. Thus  on embr i t t l ement   the   curves  are d e f i n i t e l y  changed i n  
the   uppe r   she l f   o r  100% d u c t i l e   r e g i o n .  Also the  gradient   of   the   Charpy 
curves becomes less s teep   wi th   embr i t t l ement .  
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Data similar to   the   above  was found f o r  3.5Ni-Cr-Mo-V r o t o r  
steel by D r .  J. Watanabe. L61 He po in t ed   ou t   t ha t   i n t e rg ranu la r  
f r ac tu re   ex t ends   t o   l ower   t empera tu res  as the  degree  of  temper 
embri t t lement   increased.  It is r e a s o n a b l e   t o   s u g g e s t   t h a t   t h e  
i n t r o d u c t i o n   o f   a n   e x t r a  mode o f   f r a c t u r e ,  i .e . ,  i n t e r g r a n u l a r   f r a c t u r e  
by temper  emhrittlement, serves a l so   t o   change   t he   g rad ien t s   o f   t he  
Charpy  curves. A. S. Tetelman  and A. J. McEvily, Jr. r71 p o i n t   o u t   t h a t  
t h e  Charpy  curve  gradient i s  d i f f i c u l t   t o   d e f i n e  and  depends  strongly  on 
m i c r o s t r u c t u r a l   v a r i a b l e s .  They state t h a t   i n   g e n e r a l  a process  which 
lowers   the  upper   shelf   value w i l l  t end   to   b roaden   ou t   the  100% d-uct i le-  
t o -b r i t t l e   r ange   (o r   change   t he  Charpy  curve  slope  to a lower   g rad ien t ) .  

It fol lows from t h i s   s t u d y   t h a t   t h e   r e l a t i o n s h i p   b e t w e e n   t h e  (D) 
and (U) c o n d i t i o n  i s  f a r  from  simple.  Consequently a c l a r i f i c a t i o n  of 
the   ambigui ty   in   the   da ta   caused  by var iab le   degrees   o f   embr i t t l ement  
stemming  from a range  of   cool ing rates i s  no t   poss ib l e .  
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V I .  THE EFFECT OF SPECIMEN NOTCH ORIENTATION 

The  two spec imen   no tch   o r i en ta t ions   u sed   i n   t h i s  program are 
shown i n   F i g u r e  45. In Phase I of   the   p rogram,   the   o r ien ta t ion   of   the  
notch was p a r a l l e l   t o   t h e   p l a t e   o r  weld su r face ,   des igna ted  L-S and T-S, 
respec t ive ly ,   whereas   in   Phase  II the   no tch  *ras perpendicular   to   the  
s u r f a c e ,  L-T and T-L, r e s p e c t i v e l y .  

In order  to  compare  Phase I and  Phase II d a t a ,  a comparative 
study was c a r r i e d   o u t  on a few  samples  from  which s u f f i c i e n t  material 
was a v a i l a b l e .  The da ta   fo r   t he   Phase  II unembr i t t l ed  (U)  and s tep-  
cooled   embr i t t l ed   (E)   condi t ion  was de r ived  from only  f ive  specimens  per  
Charpy  curve. Some of t h e   d a t a  was s c a t t e r e d   t o  a p o i n t   t h a t  estimates 
of t r ans i t i on   t empera tu re   cou ld   on ly   be  made t o  k500F (Table 16) .  A 
p l o t  of t h i s   d a t a ,   i n   w h i c h   t h e   p o o r e r  estimates have  been  omitted, i s  
shown i n  F igu re  46. The e r ror   bands ,   represented  by b a r s  and c i rc les ,  
have   been   inc luded   in   o rder   to   g ive  a clear r e p r e s e n t a t i o n  of. t h e  
comparative  experiment. 

A least  squa res   ana lys i s   o f   t he   da t a   y i e lded   t he   expres s ion  
( i n  OF) 

(Phase I d a t a )  = O. 96 (Phase II d a t a )  - 10.5  Eq* (1) 

with a s t anda rd   dev ia t ion  of 25.8  and a c o r r e l a t i o n   c o e f f i c i e n t ,  r = 
0.92. (See  page 20 f o r   d i s c u s s i o n   o f  r) 

By eye i t  would appea r   t ha t  

(Phase I d a t a )  = (Phase II d a t a )  - IOOP, +25OF. W *  ( l a )  

Based  upon t h i s   s t u d y ,  i t  is  poss ib le   to   ad jus t   Phase  I 
o r i e n t a t i o n   d a t a   t o   t h a t  of Phase II by  adding lOoF t o   t h e  FATT o r  40 
f t - l b  TT. In t h i s  way, where  the  direct   measurements  were not made, t h e  
step-cooled  embrit t lement  data  of  Phase I can  be compared wi th   the  
i so thermal   embr i t t l ement   da ta  of Phase II. Overa l l   t he re  i s  l i t t l e  
c h a n g e   i n   t h e   d a t a   d u e   t o   t h e   c h a n g e   i n   o r i e n t a t i o n  shown i n   F i g u r e  45. 

18 
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VII. PREDICTION  OF  LONG-TERM  ISOTHERMAI,  EMBRITTLEMENT 

The  prediction  of  long-term  service  embrittlement  of  pressure 
vessel  steels  is  of  considerable  importance.  Consequently  various 
methods  of  assessing  potential  embrittlement  have  been  employed;  the 
main  ones  being  the  step-cooled  embrittlement  screening  test  and 
correlations  with  composition.  The  API  program  allows  for  the 
comparison  of  these  correlations  with  isothermal  embrittlement  up  to 
20,000 hr. 

tors)  in  the  literature  which  relate  temper  embrittlement  to  composition 
in  2 1 / 4  Cr - 1 Mo  steels.  The  first  by  Bruscato, L41 primarily  for  weld 
metal,  delineated  high  and  low  embrittlement  areas  on  a  two  dimensional 
plot  of  (Mn + Si)  and ii = (10 P + 5 Sb + 4 Sn + As)/100.  Recognizing 
that  the  iso-embrittlement  curves  in  this  plot  arê  approximately 
hyperbolic,  the  embrittlement  can  be  represented  by  a  function  of  the 
f o m  

There  are  two  models  (often  referred  to  as  embrittlement  fac- 

ATT = fl [ E (Mn + Si)] 
where  ATT  stands  for  the  shift  in  the  transition  temperature. 

The  second  model,  by  Murakami,  et  is  primarily  for  plate 
material  and  is  given  by 

ATT = f2 [ (P + Sn)  (Mn + Si)  x  lo4] 
which  is  similar  in  form  to  that  of  Bruscato.  The  function f2 is 
usually  called  the  J-factor. 

Two  of  the  most  commonly  used  predictive  methods  have  been 
examined  in  this  section:  the  SOCAL  step-cooled  embrittlement  screening 
test  and  the  J-factor. 

There  is  greater  scatter  (or  subjectivity)  in  the  FATT  data, 
therefore,  the 40 f  t-lb TT data  has  been  used  for  the  analysis.  The 
basic  data,  extracted  from  previous  tables,  is  given  in  Table 17. All 
of  this  data  is  for  the  Phase II orientation. 

The  values  used  for  the  unembrittled  condition U are  shown  in 
Figures 19 to 43 (Section IV). The  maximum  amount  of  isothermal 
embrittlement,  which  usually  occurred  in  the  range  800-950°F,  was  used 
in the  analysis. The equations  derived  therefore  yield  predictions  for 

19 
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an  approximation  to   the maximum embrit t lement  found  in  the  temper 
embri t t lement   range and no t   t o  a spec i f i c   i so the rma l   embr i t t l emen t  
temperature.  

S ince   t he re  is scatter i n   t h e  40 f t   l b   d a t a ,   t h e   b e s t   a p p r o a c h  
to   the   compar ison   of   the   i so thermal   embr i t t l ement   wi th   the   s tep-cooled  
or   J-factor   measurements  i s  via a l e a s t - s q u a r e s   f i t t e d   e q u a t i o n .   I n   t h e  
ana lys i s   o f   t he   d i f f e rences   be tween   t he  two o r i en ta t ions   above ,  i t  was 
n o t e d   t h a t   t h e   s t a n d a r d   d e v i a t i o n  was about 250F. In a study  of 
differences  between  these  measurements ,   the   s tandard  deviat ion  should  be 
25 x fi or   approximately 36OF. 

The r e g r e s s i o n   a n a l y s i s   l e a d s   t o  a model o r   an   expres s ion  
r e l a t i n g   t h e   d e p e n d e n t   v a r i a b l e   ( e . g . ,  AFATT) t o  terms which are 
independent   var iab les   o r   combina t ions   o f   the   independent   var iab les .   For  
example, a quadra t ic   model   inc ludes  terms such as Mo, C r 2 ,  C C r ,  MnP, 
etc.  One measure  of   the   qual i ty   of   the   model  is t h e   c o r r e l a t i o n  
c o e f f i c i e n t  between  the  observat ion and t h e   m o d e l   p r e d i c t i o n ,   s i g n i f i e d  
by r ,  which l ies  between O and 1. I f  r < .S, t h e  model i s  u s u a l l y  
cons idered   to   be   qu i te   poor ,  i .e., t h e   p r e d i c t i o n s  of t h e  model are not 
c l o s e l y   r e p r e s e n t a t i v e   o f   t h e   o b s e r v a t i o n s .  A s  r approaches 1, t h e  
p r e d i c t i o n s  are c l o s e   t o   t h e   o b s e r v a t i o n s .  However, t h e  number  of terms 
i n c l u d e d   i n   t h e  model   should  be  s ignif icant ly  less than   the  number of 
o b s e r v a t i o n s   t o   e n s u r e   t h a t   t h e  model i s  meaningful.  

The r eg res s ion   ana lyses   y i e lded   t he   fo l lowing   equa t ions  : 

I I f 
.Cor re l a t ion   S t anda rd  

F i t t ed   Equa t ion  ('F) Coef f i c i en t   Dev ia t ion  ('F) 

bT(40)E-U = -1.7 + .72AT(40)1,000-U  .57 
AT(40)E-U = .34 + .50AT(40)10,000-U  .57 
AT(40)E-U = -1.5 + .44AT(40)20,000-U  .57 

J = 142 + .80AT(40)1,000-U . 3 9  

J = 131 -t .70AT(40)10,000~u . -52 

34 
34 

34 

57 

54 

J = 145 + .45AT(40)20,000-U .35 

J = 148 i- .9AT(40)E-U  .62 

where t h e   n o t a t i o n  A ~ ( 4 0 ) ~ - ~  s t a n d s   f o r   t h e   c h a n g e   i n   t h e   t r a n s i t i o n  
tempera ture   in   the   unembr i t t l ed   condi t ion ,  U to   the   s tep-cooled  
e m b r i t t l e d   c o n d i t i o n ,  E, etc. See Key for   Abbrevia t ions  and Symbols, 
page iii. 
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A s  bad  as  these  fitted  equations  are, it can  be  seen  that 
overall AT(40)E-u has  a  greater  correlation  with  the  isothermal 
embrittlement  than  the  J-factor,  and  that  the  standard  deviation  is  in 
the  range  that  would  be  expected  for  this  quality  of  data. 

Looking  at  these  expressions  in  a  simplified  form,  we  have 
approximately 

(1,000 hr  isothermal  embrittlement) = 1.4 (Step-Cooled  Embrittlement) 

(10,000 hr  isothermal  embrittlement) = 2 (Step-Cooled  Emhrittlement) 

(20,000 hr  isothermal  embrittlement) = 2.3 (Step-Cooled hbrittlement) 

It can  be  seen  that  the  coefficient  increases  with  time,  as 
would  be  expected. Also the  step-cooled  embrittlement  is  (on  thé 
average,  as  represented  hy  this  method)  less  than  the  isothermal 
embrittlement. 

A least-squares  fitted  equation  to  thë  coefficients  versus l og  
(isothermal  embrittlement  time)  yielded 

log  (isothermal  embrittlement  time) = .91 + 1.5 (Coefficient)  Eq. (3 )  

with  a  standard  deviation  of .O66 
and  a  correlation  coefficient = .995 

It follows.then that  very  approximately  the  isothermal 
embrittlement  after  time t hr  can  be  expressed  by 

I( t) = -67 (logl"(t) - 091) X (S*C*E*) Eq. (4) 

where I(t) stands  for  isothermal  embrittlement  and  S.C.E.  stands  for  the 
step-cooled  emhrittlement. 

Interestingly,  the  time  required  for  the  isothermal  enbrittle- 
ment  to  equal  the  step-cooled  emhrittlement,  from  Eq. ( 4 ) ,  is  approxi- 
mately 250 hr .  This  is  roughly  comparable  with  the  total  embrittlement 
time (200 hr)  used  in  the  step-cooled  emhrittlement  procedure.  Equation 
4 also  leads  to  the  conclusion  that 30 years  of  in-service  embrittlement 
is  about  equal  to  three  times  the  step-cooled.  embrittlement. 
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V I I I .  THE EFFECT OF REPEATED DE-EMRRITTLEMENT ON 
ISOTHERMAL EMRRITTLEMENT AT 8750F 

The selected  samples ,   nos .  18 and 38, were exposed  to a series 
of   thermal   cycles  and a blank  of  each steel t a k e n   f o r   t e s t i n g  a t  each 
s t a g e .  The thermal   cyc les ,   the   Frac ture   Appearance   Trans i t ion  Tempera- 
t u r e  (FATT) and 40 f t - lb   Trans i t ion   Tempera tures  (40 f t - l b  TT) asso- 
c i a t ed   w i th   each   s t age  are g i v e n   i n   T a b l e  18. 

The FATT and t h e  40 f t - l b  . T T  were t h e  same for   each  steel a f t e r  
the   de-embr i t t l ement   s tage  (1 and 4 i n   T a b l e  18). S i m i l a r l y   t h e   t r a n s i -  
t ion   t empera tures   a f te r   1000-hr   i so thermal   embr i t t l ement  a t  8750F were 
t h e  same ( s t a g e s  2 and 7 in   Tab le  18). Af t e r  5000-hr i so the rma l  
emhrit t lement  sample 38 had no t   changed   s ign i f i can t ly  from the  1000-hr 
s t age .  However,  sample 28, a f t e r  5000 h r ,  showed an   increase  from the  
1000-hr t r ans i t i on   t empera tu res   a f t e r   t he   s econd   de -embr i t t l emen t   s t age  
and a r e d u c t i o n   a f t e r   t h e   t h i r d   d e - e m b r i t t l e m e n t   s t a g e .  It is implied 
t h e r e f o r e   t h a t  temper  embrittlement i s  r e v e r s i b l e  and t h a t   t h e  
embri t t lement  i s  due t o   t h e   d i f f u s i o n  of  the  tramp  elements (P, Sn,  Sb, 
A s ) .  The p o s s i b i l i t y  of i r r e v e r s i b l e  temper  embrit t lement  by  ( irrever- 
s i b l e )   c a r b i d e   p r e c i p i t a t i o n  may have  been  precluded by t h e  EJHT of 
these  samples  which was 

l lO0oF  for  8 h r  + 
12000F f o r   1 5   h r  + 
12750F f o r  7 h r  + 
Cool a t  500F per  hour. 
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I X .  THE EFFECT OF STRENGTH LEVEL AND STRUCTURE ON TEMPER EMBRITTLEMENT 

Heat Treatment   and  Structures  

. This   s ec t ion   o f   t he  API c o n t r a c t   r e q u i r e d   t h a t   t h r e e   s t r u c t u r e s ,  
v i z .   m a r t e n s i t e  ( M ) ,  b a i n i t e  ( R ) ,  and f e r r i t e - p e a r l i t e  (P-P) be  tempered 
from  one  sample t o  t h e  same s t r e n g t h   l e v e l ,   a n d   t h a t   o n e   s t r u c t u r e ,  
ba in i t e ,   be   t empered   t o   t h ree   s t r eng th   l eve l s .   F igu re  47 shows t h e  
cont inuous  cool ing  t ransformation  diagram  for   an A387D steel  with a 
composition  very similar t o   t h a t  of  sample 7.5, which was ass igned   to  
t h i s   s t u d y .  181 

It was r e l a t i v e l y   d i f f i c u l t   t o   p r o d u c e   t h e   t h r e e   s t r u c t u r e s  a t  
the  same s t r e n g t h   l e v e l .  Whereas t h e  M o r  R s t ructure   could  be  tempered 
down t o  a minimum s t r e n g t h  level corresponding  to  Rockwell  R (RB) of 87, 
t h e  F-P s t r u c t u r e  was a lways   i n   t he  RB range of  78-87.  The h ighe r  
s t r e n g t h  level  co r re sponds   t o  a s h o r t  time, two hours ,  a t  1200°F- 
Figure 47 shows t h a t   t h i s  i s  s u f f i c i e n t  time t o   c r o s s   t h e   F i €   t r a n s f o r -  
ma t ion   cu rve   and   t he   me ta l log raph ic   s ec t ion  shown i n   F i g u r e  48 confirms 
t h a t   t h e  F-P s t r u c t u r e  was formed. The samples were water quenched  from 
1200OF t o   g i v e   t h e   e q u i v a l e n t   t o  a de-embri t t led F-P cond i t ion .  Slow 
cool ing  through  the  range 1100OF t o  600OF could,   of   course,   lead  to  a 
small degree  of  temper  embrit t lement.  

The t r a n s f o r m a t i o n   d i a g r a m   i n d i c a t e s   t h a t   b a i n i t e  is formed a t  
a l l  quenching rates. I n   o r d e r   t o  form mar t ens i t e ,   t he   b l anks   (0 .5  x 2 x 
4 .5   in . )  were quenched  f rom  the  austeni t iz ing  temperature   of  17000F i n t o  
s t i r r e d  wat-er. The percentage of b a i n i t e  formed i n   t h i s   p r o c e s s   s h o u l d  
b e   q u i t e  small but  has  not  been  determined.  There is l i t t l e  d i f f e r e n c e  
be tween  the   meta l lographic   sec t ions   o f  what w l l l  be r e f e r r e d   t o  as t h e  
"quenched  bainite-martensite ' '  (QBM) and t h e   b a i n i t e   ( F i g u r e   4 9 ) .  

The b a i n i t e   s t r u c t u r e  was formed  by  forced a i r  c o o l i n g   t h e  
sample  from 1700OF t o  9500F  and  holding a t  950°F f o r  one  hour  (3.6 x 
lo3,) a t  which po in t   t he   t r ans fo rma t ion  i s  complete. The coo l ing  rate 
was ar ranged   in   such  a way that  the  sample  surface  remained  above 950°F 
(í.e.,  above  the M, temperature of 869OF) while   the  center   of   the   sample 
coo led   t o  950°F f a s t  enough  not   to  form f e r r i t e .   A f t e r  67 h r  a t  12750, 
t h e   b a i n i t e   s t r u c t u r e  had t h e  same s t r e n g t h   l e v e l ,  RB = 87, as i t  had 
a f t e r  24 h r .   Th i s   appea r s   t o   be   t he   l ower   s t r eng th   l eve l   fo r   t h i s  
p a r t i c u l a r  sample  with a b a i n i t i c   s t r u c t u r e   a n d ,   c o i n c i d e n t l y ,  it i s  
e x a c t l y   t h e  same as t h e   s t a r t i n g   c o n d i t i o n .  It was, the re fo re ,   dec ided  
to   use  the  "as-received ' '  material f o r   t h e   l o w e r   s t r e n g t h   b a i n i t i c  
sample. A = 98 was obtained by  tempering a t  1275'F f o r  4 h r .  The 
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u p p e r   s t r e n g t h   l e v e l  was obtained by u s i n g   t h e  material i n  an  untempered 
c o n d i t i o n  (RB = 108)- 

The high  and  low  s t rength  baini te   samples .  were de-embrit t led 
p r i o r   t o   t e s t i n g .  Thus a l l  the  samples were i n  a d e - e m b r i t t l e d   s t a r t i n g  
condi t ion.   Table   19  gives   the  complete   heat   t reatments .  

Three  specimen  blanks in   each   o f   t he   f i ve   cond i t ions  were placed 
i n  a fu rnace  a t  8750F, the   t empera ture   des igna ted  as TM4 earlier 
program. The three   b lanks  were i so the rma l ly   t emper   embr l t t l ed   fo r  
1,000, 10,000 and  20,000 h r .  

Isothermal   Embri t t lement   Resul ts  and Discussion 

The b a s i c  Charpy  impact test d a t a   f o r   t h e   i s o t h e r m a l   e m b r i t t l e -  
ment   of   the   f ive  samples   for   the  de-embri t t led,  1,000, 10,000 and  20,000 
hr   i so thermal   embr i t t l ement   condi t ions  are g iven   i n   Tab le  20. The 40 
f t - l b  TT f o r   t h e   f i v e   s a m p l e s  i s  shown as a func t ion   of   i so thermal  
embri t t lement  time i n   F i g u r e  50. The t r ends   o f   t he  FATT f o r   t h e s e  
samples are similar t o   t h o s e  shown i n   F i g .  50. 

The e f f e c t  o f   s t r e n g t h   l e v e l   i n   t h e   b a i n i t i c   s t r u c t u r e  i s  
r easonab ly  clear a f t e r  20,000 hr   i so thermal   embr i t t l ement .  v The lower 
t h e   s t r e n g t h  level, the  lower  the FATT. However, the   embr i t t l ement  
c h a r a c t e r i s t i c s  as a func t ion   of  time are a l i t t l e  niore  complex. The 
h i g h e s t   s t r e n g t h  level B(108),  which i s  a r e - a u s t e n i t i z e d  and untempered 
steel ,  cont inuous ly   de-embr i t t l es .  The i n t e r m e d i a t e   s t r e n g t h  level 
steel B(98)  appears a t  f i r s t   t o  b e   s u p e r i o r   t o   t h e   l o w e s t   s t r e n g t h   l e v e l  
s t ee l  B(87).  Both steels e m b r i t t l e   w i t h  time but   the   lower   s t rength  
steel r e l a t i v e l y  less t h a n   t h e   i n t e r m e d i a t e .   I f  one t a k e s   i n t o  con- 
s i d e r a t i o n   t h e  maximum scatter band, i t  can   be   seen   tha t   there  i s  not  
n e c e s s a r i l y  a grea t   d i f fe rence   be tween  B(87)  and B(98). 

The e f f e c t   o f   s t r u c t u r e  a t  the   one   s t rength   l eve l   (Rockwel l  B 
Hardness   of   87)   can  a lso  be  c l -ear ly   seen  in   Fig.  50. The f e r r i t e -  
p e a r l i t e   s t r u c t u r e ,   F P ( 8 7 ) ,   h a s  a t r ans i t i on   t empera tu re   ove r  1500F 
g r e a t e r   t h a n   t h e   o t h e r  two in   t he   de -embr i t t l ed   cond i t ion .  It de- 
e m b r i t t l e s   s l i g h t l y   b u t   i n   r e a l i t y   c h a n g e s   v e r y  l i t t l e  a f t e r  1000-hr 
i so the rma l   embr i t t l emen t .   In   con t r a s t   t he   quenched   s t ruc tu re  
r e p r e s e n t i n g   m a r t e n s i t e ,  QBM(87), s tarts a t  a r e l a t i v e l y   v e r y  low de- 
embr i t t l ed   cond i t ion   bu t   con t inuous ly   embr i t t l e s  with time to   a lmost   the  
same l e v e l  as the  FP(87)  sample. The embr i t t l emen t   cha rac t e r i s t i c s   o f  
QBM(87) are a lmos t   i den t i ca l   t o   t hose  of  B(98). 

The conc lus ions  from t h e   s t r u c t u r e   s t u d y  are tha t   fo r   s ample  75 
t h e   f e r r i t e - p e a r l i t e   s t r u c t u r e   h a s  a g r e a t e r   t r a n s i t i o n   t e m p e r a t u r e   t h a n  
e i t h e r   t h e   m a r t e n s i t i c   o r   b a i n i t i c   s t r u c t u r e s .   A f t e r  20,000-hr  isother- 
mal e m b r i t t l e m e n t ,   t h e   m a r t e n s i t i c   s t r u c t u r e   h a s  a t r a n s i t i o n  tempera- 
tu re   comparab le   w i th   t ha t   o f   f e r r i t e -pea r l i t e  and s l i g h t l y   h i g h e r   t h a n  
t h a t  of b a i n i t e .  It i s  poss ib le   tha t   samples   wi th  a d i f f e r e n t   c h e m i s t r y  
may exh ib i t   d i f f e ren t   deg rees   o f   embr i t t l emen t   fo r   each   s t ruc tu re .  
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X. THE SEGREGATION  OF  ELEMENTS TO GRAIN BOUNDARIES I N  Cr-Mo 
STEELS AFTER 20,000 HR ISOTHERMAT., EMBRITTLEMENT 

ASSESSED BY AUGER ANALYSIS 

S e l e c t i o n  of  Samples f o r  AES Study 

I n   o r d e r   t o  select the   samples   for   the  Auger Electron  Spectro-  
s cop ic  (AES) study  of   grain  boundary  segregat ion,  it was necessa ry   t o  
determine  which  samples   had  an  intergranular   f racture  mode ( I G )  as 
opposed to   c leavage   or   d impled   rup ture  modes (CL and DM). Based on t h e  
f r a c t o g r a p h i c   s t u d y ,  see Appendix Sec t ion   (b ) ,   c and ida te   s amples  were 
chosen  and Auger specimens were machined  from  broken  Char-py  specimens. 
The l i s t  of t he   s amples   and   t he   ana ly t i ca l   chemis t r i e s  i s  g iven   i n   Tab le  
21. 

ExDerimental   Resul ts  

The experimental   procedure  used was i d e n t i c a l   t o   t h a t   d e s c r i b e d  
by J o s h i  and S te in .  E91 Specimens were broken i n  a vacuum of 10-9 t o  10"O 
t o r r  and a s u r f a c e   a n a l y s i s  was car r ied   ou t*   us ing  a 5 vm diameter 
beam. The beam p o s i t i o n  on t h e   f r a c t u r e   s u r f a c e  was a d j u s t e d   t o   g i v e  a 
maximum r e a d i n g   i n  P, t h u s   i n d i c a t i n g  a gra in   boundary   pos i t ion .  The 
p r o f i l e  of the   concent ra t ion   of   e lements   ad jacent   to   the   sur face  was 
ob ta ined  by  removing t h e   s u r f a c e  material by i o n   s p u t t e r i n g .  . The 
ana lyses  were c a r r i e d   o u t  a t  depths  of 25 ,  50, 100, 200,   400,  800 and 
16008 f r o m   t h e   o r i g i n a l   f r a c t u r e   s u r f a c e s .  

The f i r s t  set of  seven  samples were broken a t  room temperature  
s i n c e   t h e i r  FATT was a t  o r   above   t h i s   t empera tu re .  Post-mortem  scanning 
e lec t ron   microscope  (SEM)t e v a l u a t i o n s   r e v e a l e d   t h a t  a l l  the  samples 

. f r a c t u r e d  a t  RT had DM mode except No. 56 ,  which  had I G .  The FATT f o r  
No. 56 was 2250F. The DM f r a c t u r e   s u r f a c e s  a l l  had a ve ry  small P 
s eg rega t ion .   De ta i l ed  SEM e v a l u a t i o n   o f   t h e s e   f r a c t u r e   s u r f a c e s  
r evea led   ve ry  small areas o f   i n t e rg ranu la r   f r ac tu re ,   t hus   accoun t ing   fo r  
t he   obse rva t ion .  The second series of six specimens was broken a t  about 
OOF by  using a coo l ing   s t age  on t h e  AES. Two of  the  samples,  No. 27 and 
No. 37 ,  st i l l  had' DM f r a c t u r e  mode and the   remainder   fa i led  by IG.  
Consequently,   f ive  complete sets of   da ta  were obtained.   Since No. 56 
had a ve ry   h igh   l eve l   o f  A s  ( 2 4 3  ppm), a second  run was ca r r i ed   ou t  

*Phys ica l   E lec t ron ic s  AES No. 545 modified.  
tCambridge  Stereoscan 150,  MK2 (1978). 
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o n   t h i s   s a m p l e   s p e c i f i c a l l y   t o   e v a l u a t e   t h e   p o s s i b i l i t y   o f  A s  on the  
grain  boundary. It was concluded  that  As was not   p resent ,  a t  least 
w i t h i n   t h e   r e s o l u t i o n   o f   t h e  AES used,  which  for A s  i s  approximately  1.0 
w t  %. 

The g ra in   boundary   concen t r a t ions   fo r  Mo, C r ,  Fe, C, Cu and P 
for   each   of   the   f ive   samples  are shown in   F igs .  51 t o  55. The maximum 
levels of  the  elements a t  o r   ad j acen t   t o   t he   g ra in   boundary  are g i v e n   i n  
Table 22. P r o f i l e s  of   the   g ra in   boundary   concent ra t ions  of N i  and  Sn 
were no t  drawn  because  most  of  the  data were on  the limit o f   r e so lu t ion  
in   the   exper iment .  The elements S, O and N could  be  detected  but   they 
r evea led  no pa r t i cu la r   t r end .   Su l fu r   and -  oxygen are normally  found  on a 
f r a c t u r e   s u r f a c e   a f t e r   i o n   s p u t t e r i n g ,   n o t   n e c e s s a r i l y  as an  element  in 
t h e  steel b u t   r a t h e r  as a sur face   envi ronmenta l   contaminant .   S imi la r ly ,  
the   l eve l   o f   carbon  of ten   increases   due   to   readsorp t ion .  Manganese  and 
s i l i c o n  were below  the l i m i t  o f   r e so lu t ion   o f   t he  AES. 

The f r a c t u r e   s u r f a c e s  of  the  broken Auger specimens were 
inspec ted  on a SEM and a l l  found t o   c o n t a i n   i n t e r g r a n u l a r   f a c e t s .  

I n t e r m e t a t i o n   o f   t h e  Data 

'F igu res  51  through 55 show t h e   p r i m a r y   c o n c e n t r a t i o n   p r o f i l e s   o f  
elements  found on the   g ra in   boundar ies .   In   each   of   the   f ive   samples   for  
which  data  was o b t a i n e d ,   t h e r e  was a ve ry   d i s t i nc t   peak   o f  P i n   t h e  
range of 3 t o  4 w t  %. In   each   i n s t ance ,   t he   phosphorus   l eve l   f e l l   ve ry  
r a p i d l y  f rom  the   g ra in   boundary   to  25 angstrom  from  the  surface.   This 
i nd ica t e s   t ha t   t he   phosphorus   s eg rega te s   t o  form a' v e r y   t h i n   f i l m  on t h e  
grain  boundaries.   Phosphorus i s  well known to   be   t he   p r imary   embr i t t l -  
ing  element  in  temper  embrit t lement of Cr-Mo steels. 

The l i m i t  o f   reso lu t ion   of  Cu is  approximately 1 w t  % and  any 
reading  below  this  level should  be  regarded as q u a s i - q u a l i t a t i v e .  
Specimen No. 56 shows a v e r y  clear Cu peak (2 w t  X) which  drops  to  low 
( q u a l i t a t i v e )   v a l u e s   w i t h i n  2008 from the   sur face .   S ince   the   p resence  
of Cu on the   g ra in   boundary   in   th i s   spec imen i s  unambiguous,   the   prof i le  
was drawn in   F ig .  54. The response from Cu can  be  seen  in  Fig.  56. For 
th i s   r ea son   t he   p ro f i l e   ob ta ined   fo r   t he   r ema in ing   spec imens  were drawn, 
s ince   t he   qua l i t a t ive   da t a   appea red   t o   con fo rm  wi th   t he   da t a  from No. 
56. Sample No. 63 shows no seg rega t ion   o f   t he  Cu. This  i s  q u i t e  con- 
s i s t e n t   w i t h   t h e  level  of Cu i n   t h i s  sample  (0.02 w t  W )  being somewhat 
lower  than  the rest (0.1  to   0 .21 w t  %). There i s  no clear c o r r e l a t i o n  
between  the amount  of Cu seg rega t ion  and the  w t  % of Cu i n   t h e  steel 
(Tab les  21  and  22). 

The l e v e l s   o f  C, C r  and Mo a t  t h e   g r a i n   b o u n d a r i e s   o r   a d j a c e n t  
to   the   boundar ies  are a l l  high compared with  the  bulk  composi t ion.  
Undoubtedly,   carbides  on  the  grain  boundary may accoun t   fo r   t he   h igh  C 
level up t o  16008 from the   su r f ace .  

COPYRIGHT American Petroleum Institute
Licensed by Information Handling Services
COPYRIGHT American Petroleum Institute
Licensed by Information Handling ServicesFull document details: API Publ 959-1982 scan

http://www.avadocuments.com/doc/api-publ-959-1982-scan
http://www.avadocuments.com/doc/api-publ-959-1982-scan


~~ . 
A P I  PUBL*957 A 2  m 0732290  0087529 O m 

. Segrega t ion   of  N i  i s  clear i n  Sample No. 56 which  has  the 
h ighes t  N i  con ten t  of t h e  set (.23 wt X ) .  The grain  boundary  concentra-  
t i o n  of N i  in Samples  20, 26 and  43 i s  q u a s i - q u a l i t a t i v e  and the   l ack   o f  
N i  on the  GR i n  Sample  63 is cons i s t en t   w i th   t he  low N i  level (.O6 w t  W). 
S i m i l a r l y ,   t h e   s e g r e g a t i o n   o f  Sn i n  Sample 56 i s  clear, whereas   the  data  
f o r  Samples 26 and  43 is q u a s i - q u a l i t a t i v e .  

Discussion  of   Resul ts  

The segrea t ion   of  P t o   t h e   g r a i n   b o u n d a r i e s  i s  normally 
a s s o c i a t e d  with temper embri t t lement .  However, s eg rega t ion  of Cu is not  
commonly found. A concen t r a t ion   o f  1 w t  % Cu on   the   g ra in   boundar ies  i s  
g r e a t e r   t h a n   t h e   s o l i d   s o l u b i l i t y  of Cu i n   i r o n   o r  steels.- The maximum 
s o l u b i l i t y  a t  room temperature  i s  -0.35 wt 2.1101 Consequent ly ,   the  Cu 
i s  probably  present  on t h e   g r a i n   b o u n d a r i e s   i n   t h e  form  of small Cu-rich 
p r e c i p i t a t e s .  me r o l e   o f  Cu in   embr i t t l emen t   o f   s t ee l s [ l l l   has   been   o f  
cons iderable   concern   in   nuc lear   vesse ls   where   embr i t t l ement   o f   the  steel 
a f t e r   i r r a d i a t i o n  damage has   been   assoc ia ted   wi th   h igher  levels of Cu 
( -0.4 w t  % Cu) as w e l l  as P. It i s  r e p o r t e d   t h a t  4.2 w t  % Cu i n  
2.25Cr - 1Mo - 0.2Si - 0.1C weld steel caused a s h i f t  of 5350F i n   t h e  
t r a n s i t i o n   t e m p e r a t u r e   ( a f t e r   i r r a d i a t i o n  a t  5500F) .   In t e re s t ing ly ,   t he  
Auger ana lys i s   o f  steels e m b r i t t l e d   t h i s  way showed  no Cu on the   f r ac -  
ture s u r f a c e s .  The embri t t lement  was thought   to   be  due  to   the combina- 
t i o n  of r a d i a t i o n  and Cu so lu te -defec t   aggrega te   hardening .  

More r e c e n t   r e s e a r c h  by  Takaku e t  a l .  [I2] demonst ra ted   tha t   the  
a d d i t i o n  of Cu t o  F e - i n d u c e d   i n t e r g r a n u l a r   f r a c t u r e   a f t e r   i r r a d i a t i o n  
but   they  could  not   detect  Cu on the   g ra in   boundar ies   us ing   an   e lec t ron  
microprobe. Pope e t  a1.[131 i n   a n   i n v e s t i g a t i o n  of  an SA533-B s teel ,  
found Cu on t h e   i n t e r g r a n u l a r   f r a c t u r e   s u r f a c e   a f t e r  a stress r e l i e f  
t r ea tmen t  a t  11350F f o r  6 h r .  They comment t h a t  Cu is not   normally 
a s soc ia t ed   w i th   embr i t t l emen t   i n  steels.  

The same r e p o r t [ 1 3 1   n o t e d   t h a t   i n   t h e  AES work, A s  was not  found 
on the  grain  boundaries   even  though  the A s  l e v e l  was -650 ppm. They 
sugges ted   tha t   the   o ther   segrega t ing   e lements  (P, Sn, Sb, S ,  N, etc.)  
may have   occupied   the   ava i lab le   segrega t ion  sites and the re fo re   p re -  
eluded As. The maximum l e v e l  of As i n   t h e  set t e s t i n g  i n  the  API s tudy  
was -250  ppm. 

The presence  of Sn on the   g ra in   boundar i e s   co inc ides   w i th   t he  
observed  segregat ion of N I ,  which i s  a l s o   c o n s i s t e n t   w i t h   t h e   l e v e l   o f  
N i  i n  each  sample.  Tin  has  been  regarded as an   embr i t t l i ng   e l emen t   i n  
Ni-Cr-Mo-V r o t o r  steels, 1141 whereas Yu and McMahon[151 found t h a t  Sn 
d i d   n o t   ( a l o n e )   e m b r i t t l e   t h e  Cr-Mo steels used i n   t h e i r   s t u d y .   S i g n i -  
f i c a n t l y ,   t h e  steels used i n   t h e  la t ter  s tudy had no N i .  I n  a study  of 
Ni-Cr-Mo-V s t e e l , [ l 6 1   b a s e d  upon a s t a t i s t i ca l  des ign ,  .it was found  that  
t h e   e x p r e s s i o n   f o r   t h e   s h i f t   i n   t h e   t r a n s i t i o n   t e m p e r a t u r e   a f t e r   t e m p e r  
embr i t t l emen t   i nc luded   s ign i f i can t  terms i n  N i  x Sn and P x Sn. 
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Consequently, i t  may b e   i m p l i e d   t h a t   e i t h e r   h i g h  P o r   h i g h  N i  are 
n e c e s s a r y   t o  br-ing  about  embrittlement by  Sn.  The d a t a   g e n e r a t e d   i n   t h e  
API s tudy  are c o n s i s t e n t   w i t h   t h e   s i g n i f i c a n c e   o f   t h e  N i  x Sn i n t e r a c -  
t i o n ,   b u t   t h e r e  are too many v a r i a b l e s   a v a i l a b l e   t o   c l e a r l y   d e m o n s t r a t e  
t h i s   p o i n t .  

The high  carbon level ad jacen t   t o   t he   g ra in   boundar i e s  is 
as soc ia t ed   w i th  GB ca rb ides .  The h igh   leve l   o f  Mo may be   a s soc ia t ed  
with  the  formation  of  Mo-rich  carbides[171 a t  the  temper  embrit t lement 
tempera ture   o r   due   to  Mo seg rega t ion .   S imi l a r ly ,   t he  Cr a t  t h e   g r a i n  
boundar ies   can   be   assoc ia ted   wi th   carb ides   o r   wi th   the   resu l t  of 
segregat ion.   Without  a c a r e f u l   a n a l y s i s  of t h e   c a r b i d e s ,   t h e   e f f e c t s  
canno t   be   r ead i ly   s epa ra t ed .  
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X I .  FRACTURE  TOUGHNESS EVALUATION (JIG) OF MMBRIT'LED AND 
ISOTHERMALLY EMBRITTLED SAMPLE NO. 75 

I n t r o d u c t i o n  

 as p a r t  of   the  API program' on temper  embrittlement, a comparison 
between  the  upper  shelf  toughness  behavior  of  unembrittled and temper 
e m b r i t t l e d  2 1 /4  C r  - 1Mo steel is being made. Whereas t h e   o r i g i n a l  
i n t e n t i o n  was t o   u s e  a steel h ighly   suscept ib le   to   t emper   embr i t t l ement ,  
in f a c t  no s a m p l e   w i t h   t h i s   c h a r a c t e r i s t i c  was l a r g e  enough t o  make 
twelve  compact  tension  specimens. Amongst t h e   l a r g e   p l a t e  and forged 
steel samples   ava i lab le ,  No. 75 was s e l e c t e d .  It had a s h i f t   i n   t r a n s i -  
t i o n  AFATT of (550F)  and AT ( 4 0 )  of  (800F) a f t e r   s t ep -coo led   embr i t t l e -  
ment.   (Table 3 ) .  

From th i s   p l a t e   s ample   twe lve   b l anks   fo r  2T compact t e n s i o n  
specimens were cut .   Six  of   the   blanks were tes ted   in   the   "as - rece ived ' '  
c o n d i t i o n  and the   remain ing   s ix   p laced   in  a fu rnace  a t  8750F (468%) f o r  
20,000-hr.   isothermal  embrit t lement.  

ExDerimental  Background 

The t ens i l e   p rope r t i e s ,   ha rdness ,   chemis t ry  and  step-cooled 
temper   embri t t lement   propert ies ,  etc. f o r  Sample No. 75, are l i s t e d   i n  
Tables  1, 2 and  Table 3.  Since   th i s   sample  had a low y i e l d   s t r e n g t h  
(-60 k s i ) ,   t h e   l a r g e s t   p o s s i b l e  compact tension  specimens (2T) were made 
f rom  the   ava i l ab le  material i n   o r d e r   t o   g i v e   t h e   g r e a t e s t   p r o b a b i l i t y  of 
ob ta in ing   va l id   da ta .   Also   due   to   the   ex t reme  duc t i l i ty   o f   th i s  mate- 
r i a l  i t  Was necessa ry   t o   u se  a  JI^ t e s t i n g   p r o c e d u r e   i n   o r d e r   t o  
determine  the  toughness.  The  recommended methods  for  JI^ t e s t i n g  were 
r e l e a s e d   r e c e n t l y ,   c o n s e q u e n t l y   t h i s  was an  opportune time t o  test t h e  
material according  to  the  procedures  which are out l ined   in   the   p roposed  
s t anda rd .  1181 

A s ingle   specimen  JI^ procedure  using  the  unloading  compliance 
technique was used to   de te rmine   the   JI^ va lue  a t  a 5O0F t o  30O0F i n  5O0F 
i n t e r v a l s .  The specimens were heated  with  heater  tapes  and  the  tempera- 
t u r e   c o n t r o l l e d   t o   w i t h i n  k4OF. The load and displacement   data  was fed  
i n t o  a Westinghouse 2500  computer via  a 12-b i t   da ta   acquis i t ion   sys tem.  
The values   of   both J and c rack   ex tens ion ,  a ,  were c a l c u l a t e d  by a d a t a  
r e d u c t i o n  program  desc-ribed i n  a paper  by  Clarke  and  Brown.[lg]  The 
i n i t i a l  test a t  lOOoF was taken   to  an a rb i t r a ry   d i sp l acemen t   va lue   o f  
5.10 mm i n  t h e  hope t h a t   s u f f i c i e n t   c r a c k   e x t e n s i o n  would  occur. 
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However,  only  crack  extension  values  defined  as  crack  tip  blunting 
occurred  at  this  displacement.  The  remainder  of  the  tests  were  loaded 
in order  to  develop  displacements  up  to  12.7 mm. The  test  results  are 
shown  in  Table  23.  The  values  of  J  and Aa for  the  various  temperatures 
tested  can  be  seen  in  Figure  57. 

Discussion 

From  Figure  57  it  can  be  seen  that  at  500F  and  1500F  the  value 
of  JlC  is  at  some  value  greater  than  1500  kJ/m . This  high  value  of  JI^ 
results  in  apparent  crack  extensions  due  to  crack  tip  blunting  of  at 
least  15 mm prior  to  the  intersection  of  the  R-line  and  the  blunting 
line.  The  recommended JIc procedure  was  designed  to  test  materials  with 
less blunting  than  developed  at  these  two  temperatures.  The  values  of 
 JI^ for  the  tests  at  350°F,  250°F  and  200°F  are 700, 927  and  1050  kJ/m2, 
respectively.  While  the  test  data  at l O O O F  is  not  sufficient  to  deter- 
mine  the  value  of JI it  is  reasonable  to  assume  the  value  is  also 
greater  than  1500  kJTA2. 

2 

Since  the  JI^ values  are  in  doubt  below  200°F,  a  plot  of  the 
load  displacement  curves  normalized  to  the  remaining  ligament  was 
generated  (Figure 58). 

The  curves  generated  for  the  same  steel  after  an  isothermal 
embrittlement  treatment  of  20,000  hr.  at  985OF  were  identical  to  those 
of  the  unembrittled  condition.  This  probably  reflects  the  fact  that  the 
transition  temperature  is  comparable  with  or  below  50°F,  the  lowest 
temperature  used  in  JIc  evaluations. 

An approximate  estimate  of  a  value  of  KI^ may  be  obtained  from 
the  expression 

where F is  Young's  modulus  and v is  Poisson's  ratio. 

Conclusions 

The  high  ductility  and  toughness of this  material  resulted  in 
extreme  crack  tip  blunting  prior  to  stable  crack  growth.  The  toughness 
of  the  material  at  temperatures  below  2OO0F  could  not  be  determined 
using  the  procedure  as  outlined  by  the  ASTM  recommended  practice  for  JI^ 
determination.  After  20,000-hr.  isothermal  embrittlement  at  875OF,  the 
toughness  was  the  same  as  measured  prior  to  embrittlement. 
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X I I .  A STUDY  OF THE EFFECT OF HIGH PRESSURE HYDROGEN ON THE: 
TEMPER EMRRITTLEMENT CHARACTERISTICS OF  Cr-Mo  STEELS 

Background 

I n  1979 a small “add-on”  program was i n c o r p o r a t e d   i n t o   t h e  API 
Temper Embrit t lement  study. The program was d e s i g n e d   t o   e s t a b l i s h   t h e  
e f f ec t   o f   h igh   p re s su re   hydrogen  a t  temper  embrit t lement  temperatures 
(650  and  8750F) on t h e  known temper   embr i t t l ement   charac te r i s t ics  of 
steels e m b r i t t l e d   i n  air .  Some o f   t h e   d a t a  were so unusual   tha t   the  API 
Committee on Temper Embr2t t lement   reques ted   fur ther   research   to   conf i rm 
the   obse rved   e f f ec t s .  The a d d i t i o n a l   t a s k s ,   a n a l y t i c a l   c h e m i s t r y ,  
metal lography,   carbide  morphology  evaluat ions and f rac tography  se rved   to  
c l a r i f y   t o  some e x t e n t   t h e   r e a s o n   f o r   t h e  extreme embrittlement  of  one 
of  the  samples. 

Experimental  Background 

From the   inventory   o f   remain ing   samples ,   th ree  were s e l e c t e d   f o r  
this   s tudy.   These were sample nos. 46, 56 and  59. A t  t he  10,000 h r .  
i s o t h e r m a l   e m b r i t t l e m e n t   s t a g e   i n  a i r ,  no. 46 showed no temper 
embri t t lement ,  56 t h e   g r e a t e s t  amount  of embri t t lement  (a s h i f t   i n   t h e  
t r ans i t i on   t empera tu re   o f  2000F) and  59  an  intermediate  degree  of 
embri t t lement  of about  500F. 

S ix t een  Charpy  specimens were machined  from  each of t h e  3 
s e l e c t e d  steel samples.  Eight  specimens  from  each  sample were p l a c e d   i n  
an   au toc lave  a t  6500F  and the   remainder   in   an   au toc lave  a t  8750F. The 
hydrogen   pressure   in   the   au toc laves  was maintained a t  3,509  psig.   After 
1,000 hr.   exposure  the  specimens were taken   .ou t   and   tes ted   in  a Charpy 
impact  machine. The da ta   genera ted  was then  compared with similar d a t a  
from  Phase II of t h e  program fo r   spec imens   embr i t t l ed   i n  a i r  f o r  1,000 
hr .   (Sec t ion  I V ) .  

Exper imenta l   Res~ul t s  and Discussion 

(a) I n i t i a l  Experiments 

The  Charpy  impact  curve  data  from  the  hydrogen-environment tests 
i s  g iven   in   Table  24 ,  along  with  data   previously  obtained  for   specimens 
i s o t h e r m a l l y   e m b r i t t l e d  Ln air .  The da ta   r eco rded   i n   Tab le  24 g ives   an  
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estimate o f   t h e   u p p e r   s h e l f   v a l u e   o r ,   a l t e r n a t i v e l y ,   i f   t h e   u p p e r   s h e l f  
is not   ob ta ined ,   the   g rea tes t   impact   energy   observed   ( ind ica ted  by >) . 

Based  upon t h e s e   c o n s i d e r a t i o n s   t h e   d a t a , i s   a n a l y z e d  as fol lows.  

. No.  46 ( F e r r i t e - P e a r l i t e   S t r u c t u r e ) .   T h i s   s a m p l e   e x h i b i t s  
l i t t l e  o r  no temper  embrit t lement  in a i r  over   the  range 650 t o   9 5 0 0 ~ .  
The  6500F  hydrogen-environment  data  indicates a s l i g h t   d e g r e e   o f  
e m b r i t t l e m e n t ,   r e l a t i v e   t o   t h e  air d a t a ,   b u t   t h e   s h i f t   i n   t h e  40 f t -c lb  
TT i s  b a r e l y   s i g n i f i c a n t .  The 8750F  hydrogen-environment  exposure 
r e s u l t e d   i n  a r ad ica l   change   i n   p rope r t i e s .  The FATT inc reased  by 500F 
and  the  upper   shelf  was reduced  from  240 f t - l b   t o  25 f t - l b .  Comparison 
of   the 40 f t - l b  TT was the re fo re   no t   poss ib l e  (see Figure   59) .  

No. 56 ( B a i n i t i c   S t r u c t u r e ) .   T h i s   s a m p l e   h a s   t h e   g r e a t e s t   s h i f t  
in FATT  (AFATT) of t h e  series se lec ted   for   Phase  II of  the  program. 
A f t e r  1,000 h r   i so the rma l   exposure   i n  a i r  t h e   s h i f t   i n   t h e   t r a n s i t i o n  
temperatures was approximately 1000F. Af t e r  1,000 hr .   in   the   hydrogen-  
environment a t  6500F a s i g n i f i c a n t   i n c r e a s e   i n   t h e   t r a n s i t i o n  tempera- 
t u r e  was found  whereas,   paradoxically,  a t  8750F t h e   s h i f t   i n  FATT was 
r e l a t i v e l y  less t h a n   t h a t   r e s u l t i n g  from  exposure  in air  (see F igure  
60). 

No. 59 ( B a i n i t i c   S t r u c t u r e ) .  The 1,000 h r .   exposure   t o   t he  
hydrogen-environment  and air a t  both 650  and  8750F r e s u l t e d   i n  
e s s e n t i a l l y   t h e  same degree  of   embri t t lement  (see Figure   61) .  

(b)   Further   Research . 

Since  the  resul ts   of   the   hydrogen-environment   embri t t lement  
tests were so incons i s t en t ,   e spec ia l ly   fo r   s ample   46 ,  a few a d d i t i o n a l  
t a s k s  were undertaken  in   an  a t tempt   to   confirm  the  data .   These  tasks  
wer e : 

(i) Compare ana ly t ica l   chemis t ry   o f   samples   t aken  from no. 46; 

(ii) Compare hardness  of  specimens; 

( i i i )  Compare m e t a l l o g r a p h i c   s e c t i o n s  of specimens  from  sample 
no. 46; 

( i v )  Compare c a r b i d e   e x t r a c t i o n   r e p l i c a s  from  specimens  of 
sample no. 46; 

(v) Examine f r a c t u r e   s u r f a c e  of sample no. 46 a f t e r  
environmental   exposure.  
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(i) Analytical   Chemistry  of  Specimens from  Sample No. 46 

The ana ly t ica l   chemis t ry   o f   th ree   spec imens  from no. 46 was ve ry  
kindly  provided by Mr. R. L. Brooks  of  Phoenix  Steel.  The  chemical 
a n a l y s i s  was performed  by  s tandard  spectographic   analysis   without   any 
spec ia l   p rocedures .  The three  specimens were from  Charpy  specimens 
which  had  been  exposed t o  

8750F f o r  1,000 h r .  i n  a i r  (46/A47) 
650OF f o r  1,000 hr .  i n  H2 (46/EN8) 
8750F f o r  1,000 h r .  i n  H2 (46/EN16) 

These   chemis t r ies  are compared wi th   da ta   f rom-an   "as - rece ived"   o r  
unexposed  specimen  obtained earlier i n   t h e  program in   Tab le  25. The 
agreement is very good  and therefore   the   poss ib i l i ty   o f   spec imen 
i d e n t i f i c a t i o n   e r r o r  i s  u n l i k e l y .  

(ii) Hardness  Readings 

Rockwell B hardness  measurements were taken from  specimens  which 
had been  exposed  to  the  hydrogen-environment a t  650  and  8750F f o r  1,000 
h r .  and  compared with  measurements  from  specimens in   t he   " a s - r ece ived"  
or  unexposed  condition and specimens  exposed i n  air  a t  8750F f o r  1,000 
h r .  The d a t a  i s  presented   in   Table  26. Normally  there  i s  a degree  of 
scatter ( 5  t o  2 points)  in  hardness  measurements  even  though  the  hard- 
ness  measurement  machine is c a l i b r a t e d   w i t h   s t a n d a r d s  whenever it i s  
used. As a trend,   based upon the  hardness  measurements, i t  appea r s   t ha t  
t h e r e  i s  a s l i g h t   h a r d e n i n g   a f t e r   t h e  875OP air  exposure  and  the  6500F 
112 exposure and a sof ten ing   of   the  steels a f t e r   t h e   8 7 5 O ~   e x p o s u r e .  
The s o f t e n i n g  i s  p a r t i c u l a r l y   s i g n i f i c a n t   i n   t h e   s a m p l e  no. 46. 

(iii) Metallography of  Sample No. 46 

Metal lographic   sect ions  of   specimens  in   the  "as-received ' '   condi-  
t ion ,   exposed   to  air f o r  1,000 hr.  a t  8 7 5 0 ~  and exposed  to 112 a t  650  and 
875OF, were prepared.  Apart   from  the H2-8750F specimen,  the  metallo- 
graphs are e s s e n t i a l l y  similar in   appearance .  The s t r u c t u r e  i s  f e r r i t e -  
pear l i te  and t h e   g r a i n   s i z e s  are comparable. The H2-8750F specimen  has 
t h e  same g r a i n   s i z e  as the   o the r   spec imens ,   bu t   t he   f e r r i t e -pea r l i t e  
S t ruc tu re   has   appa ren t ly   been   r ep laced  by f e r r i t e   g r a i n s   w i t h   l a r g e  
c a r b i d e s  on t h e   g r a i n   b o u n d a r i e s .   S i n c e   f e r r i t e  i s  normal ly   sof te r   than  
f e r r i t e -pea r l i t e ,   t he   change   i n   ha rdness   w i th   t he   s t ruc tu re   change  is 
consis tent .   Comparison of the   meta l lographs  may he made from Figures  62 
and  63. 

( i v )   Ca rb ide   Ex t r ac t ion   Rep l i cas  from  Sample No. 46 

In o r d e r   t o   o b t a i n  a bet ter   documentat ion  of   the  changes  in   the 
s t r u c t u r e  of  sample no. 46 a f te r   exposure   to   the   h igh   pressure   envi ron-  
m e n t - a t  8750F, c a r b i d e   e x t r a c t i o n   r e p l i c a s  were prepared from t h e   t h r e e  

33 
f . 
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specimens”A, B and  C  for  which 
viz. 

A. 875OF  for 1,000 hr 

the  analytical  chemistry  was  carried  out, 

.. in air  (46/A47) 
B. 650°F  for 1,000 hr.  in Hg (46/EN8) 
C.  875’F for  1,000  hr. in B2 (46/EN16) 

Transmission  Electron  Microscope  (TEM)  examination  of  the 
replicas  was  carried  out  and  a  number  of  high  magnification  micrographs 
taken. A few of these  are  reproduced in this  report  for  comparison. 
Figure 64 shows  a  relatively  low  magnification  micrograph  of  each of the 
three  specimens.  The  distribution  of  carbides  in A and B are  distinctly 
different  to  those  in C. Enlargements  of  the  structures,  including  the 
grain  boundaries,  are  shown  in  Figure  65.  Figure 65.shows the  presence 
of  acicular  carbides,  which  were  found  to  a  lesser  extent  in  the  other 
two  specimens,  A  comparison  of  acicular  carbides  at  a  higher  magnifi- 
cation  is  shown  in  Figure 66. It is  clear  that  these  carbides  have 
grown  significantly  in  the  875OF  hydrogen  environment. 

(v) FractoEraDhic  Examination  of  Samples  After  Environmental 

Typical  areas  from  the  Scanning  Electron  Microscope  (SEM) 
examinatjon  of  the  fracture  surface  of  a  Charpy  specimen  from  sample  no. 
46 after  1,000  hr.  at  875OF in 3,500  psig H2 are  shown in Figure  67. 
The  lower  magnification  overview  (Xl500)  shows  a  mixture  of  cleavage  and 
intergranular  fracture.  The  intergranular  faces,  seen  in  detail  in  the 
higher  magnification (XSOOO),  exhibit  polyhedral  voids.  These  voids  are 
not  typical  of  dimpled  rupture  since  they  do  not  have  the  symmetrical 
cup-cone  configuration  normally  associated  with  this  mode  of  failure. 

After  the  same  exposure  sample  no.  56  had  a  typical  inter- 
granular  and  cleavage  fracture  surface  (Figure 68). The  higher  magnifi- 
cation  picture  of  the  intergranular  face  does  not  show  any  sign  of  void 
formation  (or  dimpled  rupture). It is  possible  that  micro-voids  beyond 
the  resolution  of  the  SEM  employed  may  exist.  However,  void  formation 
of  the  size  and  type  found  in  sample 46 was  not  present. 

(c) Discussion  and  Conclusions 

At first  sight  the  results  of  the  study  appear  to  be  contradic- 
tory  since  the  steel  that  showed  the  least  embrittlement  in  isothermal 
embrittlement  in  air (no.. 46) had  the  most  radical  change  in  properties 
after  exposure  to  high  pressure  hydrogen  in  an  autoclave  at  875OF.  The 
metallography  and  the  carbide  extraction  replica  study of specimens  from 
no. 46 revealed,  however,  that  the  carbides  had  changed  radically  after 
the  875°F/1,000  hr.  hydrogen  exposure.  This  is  consistent  with  the 
change  in R hardness  (Table 26). The  pearlite  structure  had  dissolved 
and  large  c B usters  of  carbides  were  formed  on  the  grain  boundaries. 
This  observation  coupled  with  the  void  formation  on  the  grain  boundaries 
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