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ABSTRACT 

The p r i n c i p a  

e f f e c t s  o f  r 

o b j e c t i v e  o f  t h i s  i nves t i ga t i on  was t o  d i f f e r e n t i a t e  between t h e  

ta ined  aus ten i te  and t i t an ium n i t r i d e  inc lus ions on 18Ni-7Co-5Mo 

maraging weldmetal f r a c t u r e  toughness. Previously, it had been shown t h a t  

normally aged weldmetal was characterized by an a u s t e n i t i c  network laden w i t h  

TIN. Weldmetal f rac tu res  propagated through these networks, p r e f e r e n t i a l l y ,  

and r e s u l t e d  i n  f r a c t u r e  toughness proper t ies which were s u b s t a n t i a l l y  i n f e r i o r  

t o  parent p la te.  

t h e  TIN inc lus ions alone (i.e., independent o f  t he  surrounding a u s t e n i t i c  

is lands)  were t h e  primary cause of impaired toughness. 

employing thermal treatments which el iminated austeni te  wh i l e  leaving t h e  

The r e s u l t s  o f  the present i nves t i ga t i on  demonstrated t h a t  

This  was determined by 

n i t r i d e s  s u b s t a n t i a l l y  unaffected. 

Add i t i ona l  observations suggested the p o s s i b i l i t y  of n i t r i d e  p r e c i p i t a t i o n  a t  

e levated temperatures. Such a precip t a t i o n  react ion,  i f  indeed it ex is ts ,  

could under c e r t a i n  condi t ions promote f u r t h e r  toughness degradation. 

The presence o f  cracks in, o r  adjacent to, banded weld heat-affected zones was 

observed f o r  t h e  f i r s t  t i m e  dur ing t h i s  o v e r a l l  study. The p o s s i b i l i t y  e x i s t s  

t h a t  such cracks represent a delayed crack ing phenomenon. 

Two areas deserve f u t u r e  study. F i rs t ,  n i t rogen- f ree maraging ailoys should 

be developed and thoroughly evaluated. Second, t h e  phenomenon o f  banding 

cracks shou I d be thorough l y i nvest i  gated. 
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1 .  

The i n i t i a l  work (Reference I) on t h e  f r a c t u r e  toughness o f  18-7-5 marag- 

i n g  s tee l s  (250 K S I  grade) showed t h a t  p l a t e  i s  character ized by a banded 

st ructure.  This banding seems t o  be r e l a t e d  t o  t h e  presence o f  angular 

inc lus ions which were t e n t a t i v e l y  i d e n t i f i e d  as being t i t a n i u m  n i t r i d e .  

In aged weldmetal these inclusions appear t o  be segregated i n  t h e  form of 

a semi-continuous network enveloped by c lear-etch ing is lands w i t h i n  a 

m a t r i x  which shows uniform p rec ip i t a t i on .  E lect ron f ractographic  studies 

showed t h a t  these t i t a n i u m  n i t r i d e  inc lus ions tend t o  be associated w i t h  

r e l a t i v e l y  f l a t  f r a c t u r e  surfaces. 

f r a c t u r e  by cleavage mode. Occasionally observed low f r a c t u r e  toughness 

i n  p l a t e  heat-affected regions as we l l  as t he  i n f e r i o r  toughness o f  welds 

i s  apparently associated w i t h  an abundance o f  t i t a n i u m  n i t r i d e  inc lus ions 

on the  f r a c t u r e  surfaces. 

The inc lus ions  themselves appear t o  

The c lear-etch ing is lands almost always associated w i t h  t h e  i nc lus ions  

were hypothesised t o  be reta ined austeni te.  

lowered f r a c t u r e  toughness of weldmetal could r e s u l t  f rom t h e  presence o f  

such a duplex s t ructure,  I f  the tentative Identlflcstlnn of t h e  inc lus ions 

as TIN was correct ,  t h e  chemical nature o f  t h i s  compound would preclude i t s  

e l i m i n a t i o n  by thermal treatment. However, i f  t h e  c lear-etch ing is lands 

were r e i a i n e d  austenite, thermal treatments cou!d be designed for t h e i r  

e l iminat ion.  Thus, i f  re ta ined aus ten i te  played any p a r t  i n  t h e  degrada- 

t i o n  of weldment propert ies,  i t ' s  e f f e c t  could be el iminated, and weldment 

p roper t i es  improved. 

It was considered t h a t  t he  

Th is  study represents an attempt t o  evaluate t h e  f r a c t u r e  toughness of 

18-7-5 maraging s t e e l  weldments i n  terms o f  t h e  e f f e c t s  of a v a r i e t y  of 

I 



I. INTRODUCTION (Cont'd. 1 

thermal treatments upon t h e i r  microstructures.  

2. PROCEDURE 

2. I Test Sa- 

Test samples were acqu,,-ed from a welded p l a t e  

du r ing  heating would not  be a var iab le,  

d e n t i f i e d  as No. 7C. 

This  had been formed by welding specimens 5W6 and 5W8 du r ing  t h e  i n i t i a l  

program. 

designated Heat-B. 

which consisted o f  a two-pass M I G  Process. Complete h i s t o r y  o f  t h i s  pro- 

cedure i s  given i n  Reference 1. The specimen con f igu ra t i on  f o r  micro- 

s t r u c t u r e  s tud ies shown i n  F igure I was selected because it n o t  on l y  

contained weldmetal, t he  primary ob jec t  o f  t h i s  invest igat ion,  but  a l s o  

o f f e r e d  an oppor tun i ty  t o  study the  gross e f f e c t s  o f  var ious heat- t reat -  

ments on both t h e  parent p l a t e  and t h e  heat-af fected zone as we1 1 .  

Approximately t h e  same mass was used f o r  each specimen so t h a t  lag t ime 

This p l a t e  was from United States Steel, Heat No. 52911, 

Welding o f  t he  p l a t e  fo l lowed welding procedure W-7 

2.2 W Treatment 

Several specimens were maintained i n  the  as-welded condi t ion.  Each group 

o f  specimens which was subjected t o  a given thermal t reatment conta ned 

one t o  which a thermocouple had been attached. 

1800 and 2100°F (815, 982 and I ISS0C), were se lected t o  s tudy  aus ten i t i za -  

t i o n  e f f e c t s  upon microstructure.  

made u n t i l  t h e  temperature s t a b i l i z e d .  Thermal s t a b i l i z a t i o n  was reached 

a f t e r  approximately 15 minutes; t h i s  provided t h e  i n i t i a l  t ime  f o r  t h e  

isothermal treatmenfs. 

Three temperatures, 500, 

Continuous temperature readings were 

The t ime a t  temperature was maintained a t  16 hours 



2.2 Heat Tre  atmen t (Con+ Id .  1 

t o  permi t  t he  essent ia l  completion o f  t h e  reac t i on  a t  t h e  given temper- 

atures. One group o f  specimens was aus ten i t i zed  f o r  94 hours a t  2100°F. 

The specimens which were austeni t ized a t  1500 and 1800°F were t rea ted  i n  

an argon atmosphere. No p ro tec t i ve  atmosphere was employed i n  the  heat 

treatment o f  specimens a t  ZIOOOF. 

A I  I subsequent aging was done a t  900°F (482OC) for th ree  hours. 

complete thermal h i s t o r i e s  of a l l  specimens f o r  microscopic examination 

are  given i n  Table 1 .  

The 

2.3 Austeni te  Cont en t  Det ermi na t  I  as, 

2.3. I )(-Rav D i f f r a c t i m  

Determinations of aus ten i te  by X-ray methods were made on maraging s t e e l  

weld samples represent ing seven d i f f e r e n t  post-weld heat t reatment combina- 

t i o n s ,  It was found t h a t  conventional techniques a re  inapp l icab le  t o  t h e  

present mater ia l  

chzracterlstics. 

technique. Some exploratory  experiments and s tud ies  have ind icated t h a t  

several approaches are  possible. Future work should consider the  problem 

I:: d e b i ! ,  I n  nrder tn  evaluate the  var ious approaches more thoroughly. 

because o f  p re fe r red  o r i e n t a t i o n  and weak d i f f r a c t i n g  

As B rest_r!t, it was necessary t o  develop a special  

The standard Douglas procedure (DLP 13.811) f o r  t he  determinat ion o f  

re ta ined  austeni te,  employs a bas ic  method (Reference 2) which i s  q u i t e  

widely accepted and applied. 

d i f f rac tometer  and a f la t -sur face r e f l e c t i o n  specimen, which i s  ro ta ted  

i n  the  plane of t he  d i f f r a c t i o n  surface. In tegrated i n t e n s i t y  measurements 

The Douglas procedure employs an X-ray 

3 



4 

' 

2.3.1 

are obtained by f ixed- t ime scans o f  several se lected peaks for both t h e  

martensi te (or f e r r i t e )  and aus ten i te  phases. The experimental i n t e r g r a t -  

ed i n t e n s i t i e s  a re  weighted by those fac to rs  responsib le  for the  d i f fe rences  

i n  i n t e n s i t i e s  among peaks o f  t h e  same phase, This  a l lows a q u a n t i t a t i v e  

est imate of re ta ined aus ten i te  by r a t i o i n g  t h e  in tegra ted  i n t e n s i t y  of an 

aus ten i te  peak t o  t h a t  o f  a martensi te peak. 

8-R av D i f f r a c t  jrn (Cont'd. 1 

Although the r o u t i n e  app l i ca t i on  o f  t he  above technique i s  commonly 

employed wi th  success t o  a v a r i e t y  of  steels,  app l i ca t i on  t o  maraging 

s t e e l  proved t o  be inappropr iate.  Two types o f  d i f f i c u l t i e s  are respons- 

i b l e .  The maraging s t e e l  samples employed were found t o  be poor ly  

d i f f r a c t i n g  (more-so even than most s tee ls) .  

peaks and reduced maximum peak i n t e n s i t i e s .  Add i t iona l l y ,  t he  degree o f  

p re fe r red  o r ien ta t i on  present i n  both t h e  aus ten i te  and martens i te  phases 

was much more than could be "averaged-out" by simple sp inn ing of  t h e  f l a t  

specimen i n  i t s  own plane, as i s  usua l ly  done. 

This  r e s u l t s  i n  broadening of  

Determination of  re ta ined aus ten i te  'has accomplished us ing a Norelco 

di f f ractometer,  and an i n teg ra t i ng  po le  f i g u r e  device o f  t he  Schul t  r e -  

f l e c t i o n  design (Reference 3 ) .  A General E l e c t r i c  XRD-6 d i f f r a c t m e t e r  

was employed f o r  a p o r t i o n  of the  i nves t i ga to ry  work. The present work 

employed both f l a t - r e f l e c t i o n  specimens mounted on the  po le  f i g u r e  device, 

and f i l i n g s  mounted i n  t h e  specimen spinner. 

mounted i n  the  Norelco d i f f ractometer  po le  f i g u r e  device. The d i f f r a c -  

tometer i s  s e t  t o  automat ica l ly  reverse t h e  goniometer t r a v e l  d i r e c t i o n  a t  

both ends of a small angular in te rva l ,  which covers both the  ( 1  10)- 

mar tens i te  and ( I I I ) - a u s t e n i t e  peaks (76 t o  80 degrees 

The f l a t  specimens were 

29 f o r  C r  Ka 

8 
1 
I 
I 
a 
1 
I 
1 
8 
1 
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1 
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2.3. I 

r a d i a t i o n ) .  This a l  lows a continuous repeat ing scan ( a t  I , 2e, per 

minute) o f  t he  two peaks. Simultaneously, t he  po le  f i g u r e  device i s  con- 

Z-Rav D i f f r a c t  i o r l  (Cont'd. 1 
0 

t i nuous ly  r o t a t i n g  t h e  specimen (20' per minute) i n  i 

and t i l t i n g  the  specimen ( lo per  minute) w i th  respect 

axis, up t o  70°. As a r e s u l t ,  t h e  o r i e n t a t i o n  of The 

specimen s a t i s f y i n g  the  d i f f r a c t i o n  condi t ions a t  a g 

a s p i r a l  from the  center out  t o  70° ( t h e  I i m i  t o f  the 

stereographic net. 

s r e f l e c t i n g  plane,  

t o  the  goniometer 

planes i n  t he  

ven time, t r a c e  o u t  

device) on a 

The combination o f  cont inual  repeat scanning and change i n  specimen 

o r i e n t a t i o n  gives 18 ( I l O m a r t e n s i t e  and ( I l l ) - a u s t e n i t e  ( i f  present)  

peaks, f o r  as many d i f f e r e n t  por t ions o f  t he  stereographic net. For 

purposes o f  t h i s  pro ject ,  t h e  areas under the  peaks (propor t ional  t o  

in tegrated i n t e n s i t i e s )  were obtained by v i sua l  counting methods, w i t h  

considerat ion given f o r  over-lapping o f  peaks. 

f o r  t h e  usual factors,  .e. Debye-Waller temperature factor,  m u l t i p l i c i t y ,  

volume of u n i t  c e l l ,  s t  ucture f a c t o r  per u n i t  c e l l  and Lorentz-polar iza- 

t i o n  factor.  Rat ios of corrected in tegrated i n t e n s i t i e s  ( i n  a r b i t r a r y  

u n i t s )  were then used t o  estimate volume f r a c t i o n  o f  aus ten i te  f o r  each 

s e t  o f  peaks. 

imate o v e r a l l  value. It i s  assumed f o r  convenience t h a t  t h e  average value 

f o r  t h e  20' r i n g  .of t he  stereographic n e t  (70' t o  90') w i  I I be approximate- 

ly  t h e  same as t h a t  ca Icu lated f o r  t he  centra I 70' region. 

Each peak was corrected 

The r e s u l t i n g  values were then averaged t o  g ive an approx- 

2.3.2 Wane -Gaae Meas uremen t s  

An e f f o r t  t o  detect  t h e  t ransformat ion of aus ten i te  t o  mar tens i te  was made 

by use of an Aminco Brenner Magne-Gage, Model No. 2 using magnet No. I, 

5 



6 

(Cont 'd. 1 2.3.2 bane - Gaae Measure- 

This  proved t o  be i n e f f e c t i v e  and was abandoned. 

2.4 Eracture ToughDess Fva I u a t i   as. 

Several untested p a r t i a l  th ickness crack slab-coupons were avai l ab le  from 

t h e  o r i g i n a l  program. These coupons were 8-inches long, 11/16-inch wide 

and 5/16-inch th i ck .  The cracks were induced a t  the  geometric center on 

t h e  11/16-inch f l a t  and were propagated through the  5/16-inch thickness 

d i rec t i on .  Parent p l a t e  and weldmetal were evaluated. As s ta ted  before, 

these specimens were ava i l ab le  from the  o r i g i n a l  program; therefore,  they 

represented several condi t ions.  Some were as-received, sane were heat 

treated, and some were heat t rea ted  and had cracks a l ready induced. The 

prolonged aus ten i t i z i ng  treatments of 1800°F (982OC) for 16 hours were 

cons i dered suf f i c i ent  t o  render any p r  i or  cond i ti on i nconsequent i al . 
p r i o r  cracks were extended a f t e r  heat t r e a t i n g  so t h a t  a v i r g i n  crack f r o n t  

would be operative. 

Any 

3. RESULTS 

3. I )(-Rav D i f f r a c t i o n  

O f  t h e  seven post-weld heat t r a a t  cond i t ions  represented by t he  var ious 

specimens, only #2, 9, I O  and 20 conc lus ive ly  revealed the  presence of 

austeni te.  Specimens for M, 5, and 14 showed no evidence of aus ten i te  i n  

any o f  t h e  X-ray work. Judging from t h e  values obtained, t h e  lower leve l  

of detect ion probably i s  about 3 t o  5%. 

amount of austenite, about I I percent, whi l e  specimens 2, and 10 contained 

somewhat less, about 9 percent, Specimen S O ,  for  which no f l a t  specimen 

Specimen 9 contained t h e  h ighest  



3. I &-Rav Diffract ion (Cont'd. 1 

piece was run, revealed definite austenite peaks in the filings examined, 

generally comparable to those of a, 9, and IO. The data for the retained 

austenite measurements are given in Table 1 .  

3.2 f4et rrlloar~&~lc Observations 

3.2.1 bs+eDosited W e l d m e w  

Figure 2 illustrates the appearance of as-deposited weldmetal. Figure 2A 

shows a low magnification optical micrograph which exhibits the interpass 

fusion line. The microstructure apparently consists of as-quenched 

martensite and islands of retained austenite. The austenite occupies 

approximately 9% by volume according to X-ray diffraction data. Figure 28 

shows the typical structure as revealed by electron microscopy at 6,500 X. 

Scattered inclusions of TIN (as identified in Reference I )  are also shown 

in the electron micrograph. These inclusions are comnonly found in weld- 

meta I. 

3.2.2 Directlv Aaed Weldmet al 

Figures 3A and 39 portray the typical appearance of direct y aged weldmeta 

Aging for 3 hours at 900°F was employed for the cases i I lustrated. 

However, this microstruciure i s  typical after a wide range of aging temper- 

atures. Figure 3A is an optical micrograph illustrating the typical semi- 

continuous austenitic network (approximately I I$ by vol. according to 

X-ray diffraction data) in a matrix of aged martens te. Figures 38 and X 

represent typical electron micrographs of these reg ons. 

qustenitic islands are identified by the letter "A" 

Probable 

7 



a l  Pusten1 ti zed -and -Aaed We I dmet . .  3.2.3 

Aus ten i t i z i ng  was performed a t  1500, 1800, and 2100°F for t imes ranging 

from 16 t o  94 hours. 

hours. The weldmetal m ic ros t ruc ture  a f t e r  some of these treatments 

changed considerably from thal: observed f o r  d i r e c t l y  aged weldmetal. 

Subsequently t h e  specimens were aged a t  900°F fo r  3 

Aus ten i t i z i ng  a t  15OO0F produced no  obvious change i n  microst ruzture.  

F igure 3A and 38, represent ing d i r e c t l y  aged wcldmetal,were found t o  be 

equal l y  representa t ive  o f  microst ructures a f t e r  a 15OO0F a u s t e n i t i z i n g  t r e a t -  

ment and aging,Figure X. 

as for the as-deposited and d i r e c t l y  aged specimens ( i  .e., about 9 t o  1 1 %  

by volume). 

Austeni te  content was found t o  be about the  same 

Aus ten i t i z i ng  a t  I800 or 2100°F ( f o l  lowed by a s i n g )  produced s t r i k i n g  

mic ros t ruc tura l  changes. Figures 4A, 4C, and 4C i l l u s t r a t e  the  t y p i c a l  

microstructures. F igure  4A shows an o p t i c a l  rnicrocjraph of aged weldmetal 

previous l y  subjected t o  a I6  hour, I 800°F austen i ti z i  ng treatment. The 

absence o f  t he  a u s t e n i t i c  i s lands  which are  t y p i c a l  o f  as-depcjsited and 

d i r e c t l y  aged weldmetal i s  t o  be noted. No aus ten i te  was detectable by 

X-ray d i f f r a c t i o n  i n  any o f  t h e  th ree  specimens subjected t o  a u s t e n i t i z i n g  

treatments a t  1800 or 2100°F. 

ra the r  uniform aged Widmanstztten-like martens i te .  A lso q u i t e  prominent 

a re  numerous p a r t i c l e s  of  what i s  probably TiN. The arrows i n  F igure  4A 

i nd i ca te  some of these randomly dispersed p a r t i c l e s .  

a re  t y p i c a l  e lec t ron  micrographs which respec t i ve l y  show n i t r i d e s  and 

apparent subgrain s t r u c t u r e  i n  the  aged m a r t e n s i t i c  mat r ix .  The p r i o r  

a u s t e n i t i c  g ra in  boundaries were a l s o  q u i t e  ev ident  a f t e r  1800 and 2100 F 

a u s t e n i t i z i n g  treatments and gra in  s i z e  appeared t o  rang? i n  Size from 

The mic ros t ruc ture  appears t o  cons is t  of 

Figures 48 and 4C 

0 
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I :  
3.2.3 Austeni t ized -and-Aaed a 

ASTM #4 t o  ASTM #6. 

treatment, whi l e  $46 was more representat ive o f  t h e  16 hours, 18OO0F 

treatment. 

whereupon the  p r i o r  a u s t e n i t i c  g ra in  s i z e  approached ASTM $2. 

0 
The #4 size was more t y p i c a l  o f  t he  16 hour 2100 F 

Extreme g ra in  coarsening occurred a f t e r  94 hours a t  2l0O0F 

3.2.4 

Frequently, dur ing the  course o f  t h i s  i nves t i ga t i on  several unusual 

observations were made per ta in ing t o  the banding t h a t  i s  prevalent i n  

t h i s  a l l o y .  

a t i o n  o f  nitrogen-enriched austeni te t o  a f e r r i t i c  matr ix  conta in ing 

n i t r i d e s  and (2) t h e  incidence o f  microcracks p a r a l l e l i n g  the  band i n  

heat-af fected zones. 

pandina i n  Parent Plate and H eat -Affected 7~oneg, 

The observations concerned ( 1 )  t h e  apparent phase transform- 

F igure 5 i I l u s t r a t e s  a ser ies o f  e lec t ron  micrographs po r t ray ing  a t y p i c a l  

banded reg ion i n  m i  I I-annealed and aged p l a t e  o r  "as-deposited" heat- 

a f fec ted  zones. 

of aged martens i te  w i th  l i gh t -e tch ing  is lands o f  austeni te  and/or blocky 

f e r r i t e .  Rlocky f e r r i t e  could r e s u l t  from the  transformat ion of metast- 

sb!e austeni te  upon coo l i ng  from t h e  aging temperature. 

n i t r i d e s  are also observed i n  these regions. 

jected t o  a u s t e n i t i z i n g  treatments a t  1800 and 2100°F and then aged, 

i n v a r i a b l y  exh ib i t ed  a t o t a l l y  d i f f e r e n t  microst ructure w i t h i n  such bands. 

Figures €A and 6B show t h e  usual m ic ros t ruc tu re  a f t e r  such a treatment. 

The banded regions tend t o  darken and the  T iN p a r t i c l e s  become 

very prominent. Frequently, n i t r i d e s  were a l s o  observed along gra in  

boundaries as i l l u s t r a t e d  i n  F igu re  6C. These observations suggest, 

b u t  do no t  prove, t h a t  n i t r i d e s  may r e s u l t  from, o r  may enlarge from, t h e  

The microstructure o f  these regions appears t o  cons is t  

Occasionally, 

Specimens t h a t  were sub- 

9 



3.2.4 Bandina i n  P arent  P la te  and He at-Affected a (Cont Id .  1 

decomposition o f  re ta ined  austeni te.  

Ano 

i ng 

Tab 

her unusual observation pe r ta ins  to a ra the r  h igh incidence o f  crack- 

i n  bands located within,or very c lose to,the heat-af fected zones. 

e I, under the  remarks column describes the  locat ions and condi t ions 

under which the cracks were observed. 

crack regions. F igure 6D ind icates the  most c m o n  locat ion i n  banded 

heat-affected regions near the  over lap of  the  two weld passes. 

add i t i ona l  type o f  crack was observed, however i n  on ly  one o f  t he  

specimens examined. F igure 6F i l l u s t r a t e s  t h i s  unusual type which appears 

t o  be integranular i n  appearance and located adjacent t o  the  weld fusion- 

I lne. 

Figures 60 and 6E i l l u s t r a t e  t y p i c a l  

One 

. .  . . .  3.2.5 u e n t  N i t r i d e  Formation When Austeni-g i n  A i r  

This section describes some observations which i n d i c a t e  t h a t  severe n i t r i d e  

concentrat ions may develop when maraging s tee l  i s  exposed t o  a i r  a t  elevated 

a u s t e n i t i z i n g  temperatures. Such occurrences may be p a r t i c u l a r l y  important 

w i th  respect t o  m i l l  p ract ices.  P r i o r  t o  ingot  reduct ion prolonged, h igh  

temperature, soak times ari: usua l l y  employed t o  homogenize t h e  ingot. 

r e s u l t s  described i n  t h i s  sec t i on ind i ca te  t h a t  severe surface n i t r i d i n g  

could r e s u l t  f rom such a treatment. 

The 

The i n i t i a l  group of specimens a u s t e n i t i t e d  a t  2l0O0F f o r  16 hours 

were exposed t o  an a i r  atmosphere. 

from the  furnace,a heavy, loose scale was observed. A t i g h t l y  

adherent under-scale was found beneath t h e  loose outer-scale. 

F igure 7 shows a t y p i c a l  cross-section. Below t h e  adherent under- 

Upon removal o f  these specimens 
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ir (Cont’d. 1 3.2.5 m a r e n t  N i t r i d e  Formation When Aus ten i t t z ina  i n  A . .  . . .  

sca le  t h e  parent mater ia l  ( e i t h e r  p l a t e  or weldmetal) exh ib i ted  

subs tan t ia l  penetrat ion o f  a ra ther  uni form d ispers ion of apparent T iN 

pa r t i c l es .  F igure  7 a l s o  depicts t h i s  reg ion  o f  penetrat ion.  Needle- 

shaped n i t r i d e s  are a l so  prevalent c loser  t o  the  scale in ter face.  

0 
Addi t iona l  specimens were austeni t ized a t  2100 F i n  a 25 micron vacuum. 

No a t tack  of the  type observed for a i r - t rea ted  specimens was found on 

the  vacuum-treated specimens. Apparently, n i t rogen from the  a i r  i s  capable 

of causing n i t r i d e  formation i n  maraging s t e e l  exposed t o  elevated 

a u s t e n i t i z i n g  temperatures. 

3.3 Erac t  w e  Touahness Test S 

The mic ros t ruc tura l  observations on t h e  e f f e c t s  of prolonged a u s t e n i t i z i n g  

treatments revealed t h a t  substant ia l  m ic ros t ruc tura l  changes i n  weldmetal 

could be produced. 

a un i form aged-martensit ic matr ix  conta in ing a general d ispers ion o f  

apparent TIN pa r t i c l es .  No austeni te  was detectable by X-ray d i f f r a c t i o n .  

Hence, compared t o  d i  rect I y-~cjec’ we! dme+a ! !contai n i ng about I 1 %  austen i te 

by vo l . )  a s i g n i f i c a n t  microst ructura l  d i f fe rence was developed. Test ing 

specimens subjected t o  the  I 8OO0F treatment wou Id, therefore,  permi t  t h e  

de temina i i on  o f  the e f f e c t  of measureab!e austen i te  content on f r a c t u r e  

toughness. Weldmetal and parent-plate specimens were subjected t o  t h e  16 

hour, 18OO0F treatment, aircooled, and aged a t  900°F for  3 hours. P a r t i a l -  

th ickness crack (PTC) f rac tu re  toughness specimens were tes ted  as descr ibed 

i n  Reference 1 .  The r e s u l t s  are presented i n  Figures 8 and 9 f o r  weldmetal 

Aus ten i t i z i ng  a t  l80O0F, fo l  lowed by aging, produced 

and parent plate,  respect ively.  The scatterband f o r  direct ly-aged 



3.3 Fracture To uahness T e s k  (Cont'd.) 

mater ia l  (Reference I data)  i s  shown f o r  comparison. (Tabulated data a r e  

presented i n  Table 11.1 As may be seen, the  f r a c t u r e  s t rengths o f  t h e  

austenitized-and-aged specimens genera l ly  f a l l  w i t h i n  t h e  scatterband for 

t h e i r  direct ly-aged counterparts repor ted i n  Reference 1 .  The micro- 

s t r u c t u r a l  d i f fe rences  had no apparent e f f e c t  on f r a c t u r e  toughness. 

3.4 F I ectron Fractoar  a0 h l  

Several o f  t h e  f r a c t u r e  toughness specimens were employed f o r  e lec t ron  

f ractographic  evaluation. 

re la t i onsh ips  t o  f rac tu re .  

t he  plast ic-carbon method (chromium shadowed a t  45') using a n i t r o -  

c e l l u l o s e  subst rate on t h e  f rac tu re  surface. F igures IOA and 108 show 

t y p  i ca I we I dmeta I f r a c t u r e  su r f  aces o f  specimens subjected t o  the  I 8OO0F 

This  work was done t o  determine m ic ros t ruc tu ra l  

Replicas o f  f r a c t u r e  surfaces were made by 

a u s t e n i t i z i n g  treatment f o l  

o f  what vas prev ious ly  iden 

However, the TiN d ispers ion 

dispersions found i n  d i r e c t  

owed by 900°F aging. 

i f i e d  as T iN a re  apparent (Reference I ) .  

seems t o  be somewhat f i n e r  than the  more massive 

y-aged weldmetal (Reference I). No evidence 

Several smal I c l u s t e r s  

of  aus ten i t i c  is lands were observed on the  f r a c t u r e  surfaces as had been 

prev ious ly  found i n  d i rect ly -aged weldmetal. The appearance o f  t he  

f rac tu res  shown i n  Figures IOA and 108 are  cons is ten t  w i t h  the  microst ruc-  

t u r a l  observations displayed i n  F igure 4. S i g n i f i c a n t l y ,  t he  f rac tu re  

surfaces exhibit subs tan t ia l  quan t i t i es  of  TIN and very f l a t  features 

around t h e  T I N  inc lus ions.  Clear ly ,  t he  n i t r i d e s  a re  promoting b r i t t l e  

f rac tu re .  The presence of  aus ten i te  i n  t h e  d i rec t l y -aged weldmetal does 

no t  appear t o  be det r imenta l  t o  f rac tu re  toughness. T i tan ium n i t r i d e s ,  
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3.4 Uectron F r  actoar aohy (Cont 'd. .I 

alone, appear to be the principal cause of the inferior fracture toughness 

of we I dmeta I . 
.Additional evidence on the brittle-fracture tendencies of the nitrides 

was gathered from heat-affected zone and parent plate fractures. 

shows an extensive flat-fracture region around nitrides on the surface of 

a heat-affected zone fracture. The dimpled structure shown in Figure 116, 

typical of a ductile failure, was much more common on this specimen. Note 

the virtual absence of nitrides in the dimpled region. Figure 12 shows 

similar relationships fo r  parent plate. In every instance, the nitrides 

were observed to promote the formation of localized, flat brittle-type 

fractures. 

Figure I I A  

I3 
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4. D I S C  USS I ON AND CONCLUS 

The p r i n c i p a l  f i n d i n g  o f  t h i s  i nves t i ga t i on  pe r ta ins  t o  the  r e l a t i v e  

constancy of f rac tu re  toughness f o r  markedly d i f f e r e n t  weldmetal micro- 

s t ructures.  Direct ly-aged weldmetal (i.e., deposited and aged f o r  3 hours 

a t  900°F; Reference 1 data) was shown t o  have the  same f r a c t u r e  toughness 

proper t ies  as those f o r  austenitited-and-aged weldmetal (i.e., deposited, 

aus ten i t i zed  f o r  16 hours a t  1800°F, a i r  cooled, and aged f o r  3 hours a t  

900°F). The former treatment produced weldmetal con ta in ing  a semi -con- 

t inuous network of aus ten i te  i n  an aged mar tens i t i c  mat r ix .  The l a t t e r  

treatment resu l ted  i n  a un i form aged mar tens i t i c  mic ros t ruc ture  w i t h  no 

detectable austeni te .  Both types o f  mic ros t ruc tures  were character ized 

by numerous TIN inclusions, however, t h e  dispersions appeared t o  be some- 

what d i f f e r e n t .  E lect ron fractography revealed h igh concentrat ions o f  

TiN inc lus ions on the  f r a c t u r e  surfaces o f  both types o f  weldmetal. 

Furthermore, t he  f r a c t u r e  surface immediately around such inc lus ions  were 

c h a r a c t e r i s t i c a l l y  f l a t ;  q u i t e  t y p i c a l  of b r i t t l e - t y p e  f rac tu re .  These 

r e s u l t s  subs tan t i a l l y  support t h e  conclusions o f f e r e d  i n  Reference I: 

t h a t  t h e  n i t r i d e s  alone a re  responsib le  fo r  t h e  impairment o f  weldmetal 

toughness. The r e l a t i v e  constancy o f  f r a c t u r e  toughness was prev ious ly  

explained on the  bas is  o f  t he  thermal s t a b i l i t y  o f  t he  damaging TIN 

network. The present work e f f e c t i v e l y  supports t h a t  same conclusion. The 

presence of re ta ined  or rever ted  aus ten i te  i s  apparent ly  n o t  a s i g n i f i c a n t  

f ac to r  a t  least  up t o  the  volume concentrat ions measured (i.e.,about 1 1 % ) .  

The prec ise mechanisms responsib le  for T iN  embrit t lement a re  open t o  

conjecture.  The d ispers ion o f  t h i s  b r i t t l e  cons t i t uen t  undoubtedly lowers 

t h e  s t r a i n  energy requ i red  t o  c rea te  new f ree  surfaces. I n  addi t ion,  



4. DISC USS I ON AND CONCI US l0Q (Cont'd. ) 

the  cons t i tuent  would be expected t o  behave as an i n t e r n a l  s t ress- ra iser  

which would probably create a mul t i tude o f  t r i a x i a l l y  stressed zones. 

Such a dispersion would i n h i b i t  p l a s t i c  f low and favor  b r i t t l e  f a i l u res .  

Whatever the  mechanism, TIN inclusions are apparent ly t he  primary cause of 

t h e  weldmetal toughness problem. 

The observations concerning possible n i t r i d e  growth o r  new formation i n  

p r i o r  aus ten t ic  bands i s  p o t e n t i a l l y  important. These observations suggest 

t he  p o s s i b i l i t y  t h a t  n i t r i d e s  may p r e c i p i t a t e  from nitrogen-enriched 

austeni te.  

T i  N d i spers ion observed i n the  I 800°F austen i ti zed-and-aged we I dmeta I 

specimens ra the r  than more c lustered aggregates observed i n  d i rect ly -aged 

weldmetal. 

a t i o n  o f  aus ten i te  i n  as-deposited weldmetal. Such aus ten i t i c  regions 

would tend t o  be enriched w i th  n i t rogen (n i t rogen s o l u b i l i t y  i s  s u b s t a n t i a l l y  

h igher i n  aus ten i te  than i n  f e r r i t e  o r  martensi te.)  When the  duplex 

mar tens i t i c -aus ten i t i c  s t ruc tu re  i s  heated t o  h igh  a u s t e n i t i z i n g  

iernperatures, ni l - rsge~ p r o v i n u s l y  i n  i n t e r s t i a l  s o l u t i o n  i n  aus ten i te  

would tend t o  d i f f u s e  outward t o  minimize the  n i t rogen concentrat ion gradient  

i n  the  matr ix.  

c m c e n t r a t e d  p r e v i w s ! y  i n  t he  mar tens i t i c  phase (where the  s o l u b i l i t y  o f  

t i t a n i u m  i s  much higher than i n  austeni te,)  and r e s u l t  i n  the  u l t i m a t e  form- 

a t i o n  of TIN. Once formed, TiN would no t  be expected t o  re-dessolve because 

o f  i t s  s i - rongly negat ive f r e e  energy o f  for r la t ion over a very wide temper- 

a tu re  range (i.e., extremely high thermal s t a b i l i t y ) .  The observation o f  

aprarent surface n i t r i d e  formation i n  specimens aus ten i t i zed  i n  a i r  a t  

2 I OO°F f u r the r  supports the  t e n t a t i  ve observat i on t h a t  R i tr i de forma?- i on 

Such a t ransformat ion may p a r t i a l l y  account f o r  t h e  general 

The general d ispersion may have been fostered by the  transform- 

The n i t rogen thereby made ava i l ab le  could combine w i t h  t i t a n i u m  

15 



4. D I S C U S S I O N  A ND CONCLUSIONS (Conf'd. 1 

can occur as a r e s u l t  o f  exposures a t  a u s t e n i t i c  temperatures. 

I f  such a mechanism i s  operat ive one might expect add i t iona l  degradation 

o f  toughness under c e r t a i n  combinations o f  a u s t e n i t i z i n g  t ime and temper- 

a tu re  where the  d i f f u s i o n  and s o l u b i l i t y  cond i t ions  could favor heavy 

n i t r i d e  p rec ip i t a t i on .  In te res t ing ly ,  work repor ted i n  Reference I 

presented an example o f  weldmetal toughness degradation caused by an 

aus ten i t i z i ng  treatment. 

whether or no t  the  degradation resu l ted  from pronounced n i t r i d e  p r e c i p i t a -  

t i o n  o r  sane other  cause. 

Data are i n s u f f i c i e n t  a t  t h i s  t ime t o  determine 

F ina l l y ,  t he  incidence o f  crack ing w i t h i n  bands located adjacent t o  o r  

w i t h i n  weld heat-af fected zones may be q u i t e  s i g n i f i c a n t .  Such cracks 

had no t  been observed prev ious ly  when cross-sect ions had been c a r e f u l l y  

examined microscopica l ly  or by Magnaflux. 

approximately 6 months s ince the  l a s t  examinations,suggests the  p o s s i b i l i t y  

of delayed crack ing i n  banded regions. 

drawn concerning the  mechanisms o f  formation; however, f u r t h e r  invest iga-  

t i o n  o f  t h i s  phenomenon i s  unquestionably advisable. 

The i r  prevalence a t  t h i s  time, 

No d e f i n i t e  conclusions may be 

5. RFCOMMFNDATIONS FOR FUTURF WORK 

Two areas requ i r i ng  fu tu re  work a re  obvious from the  r e s u l t s  of t h i s  

study. F i r s t ,  and foremost, an i nves t i ga t i on  o f  n i t rogen- f ree  maraging 

s tee l  p l a t e  and weldmetal should be i n i t i a t e d .  Overwhelming evidence 

essen t ia l l y  proves l h a t  n i t rogen ( p a r t i c u l a r l y  i n  the  form of TiN) i s  

responsible for damaging toughness degradation i n  maraging m i  1 1  products 

and welds. 

u n t i  I t h e  n i t r i d e  problems are overcome. Perhaps, development of  n i t rogen-  

The maraging a l l o y s  w i  I I  never be used t o  t h e i r  f u l l  p o t e n t i a l  
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5. RF COMMFNDAT IO NS FOR FUTURF WORK (Cont Id. 1 

f ree  maraging a l l o y s  might also lead t o  t h e i r  app l i ca t i on  over much wider 

temperature ranges than a re  now permiss ib le  (e.g., cryogenic appl icat ions) .  

A second area r e q u i r i n g  fu tu re  work i s  t h a t  pe r ta in ing  t o  banding and the 

p o s s i b i l i t y  of delayed cracking i n  o r  near banded heat-af fected zone 

regions. Addi t ional  studies should be undertaken t o  de f ine  the  exact 

nature of the  problem and t o  achieve an eventual so lu t ion .  

17 
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TABLE I 

Thermal Treatments Used, Resu l ts  of X-Ray D i f f r a c t i o n  on Aus ten i te  Determinat ion,  

Hardness of !qeldmetal and Locat ion o f  Cracks on Specimens. 

Aus ten i te  Pr i or 
Aus ten  - Content of Hard- A u s t e n i t i c  
i t i z i n g  A 9e We I dmeta I ness Gra in Size 

Spec- Temper- 900°F % by Vol . We Id -  ASTM Remarks 
i men a t u r e  OF ( 3 By X-Ray meta 1 Number ( Sect i on 
No. ( I 6  Hours) Hours) D i f f .  (RC) P l a t e  Weldmetal 3.2.4) 

I 
2 
3 
4 
5 
6 
7 
8 

9 

I O  
I I  

12 
13 

14 

15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 
27 

28 
29 
30 

I500 
I500 
I500 
I 800 
2100 
2100 
2100" 
2 I oo* 

0 

0 
I500 

I500 
I 800 

I 800 

2100 

2100 
21ow 
21ow 

0 
0 

0 
0 
0 

0 
0 

2 I O O M  

2 1 0 P  
2 1 0 F  
2 l O W  

No 
Yes 
No 
Yes 
No 
Yes 
No 
Yes 

Yes 

No 
No 

Yes 
No 

Yes 

No 

Yes 
No 
Yes 
No 
No 

No 
Yes 
Yes 
No 
Yes 
Yes 

No 

Yes 
NO 
Yes 

27.8 
9 49.2 

w 51 .O 
28. I 
51.2 
22.3 
47.4 

28. a 

I I  

9 30.5 
27.9 

50.7 
29.6 

m 51.2 

27.0 

43.4 

38.8 
30.9 

9-1 I 50.6 

30.6 

49.7 
29.5 
29.0 

5 

4 

I+  

I +  

Crack i n  HAZ Band 
Crack i n  HAZ Band 
Crack i n  HAZ Band 

6 Crack i n  HAZ Band 
Crack i n  HAZ Band 
Creck i n  HAZ Band 

Poss ib le  Crack i n  
HAZ Rand 

7 3 Cracks i n  Parent 
P l a t e  Band 

2 Cracks i n  HA2 
Band 

3 Cracks i n  HAZ 
Band 
3 Cracks i n  HAZ 
Band 
2 Cracks i n  Parent 
P l a t e  Band 

I 
1 
I 
I 
I 
I 
1 
I 
I 
1 
I 
1 

4 3 Cracks i n  HAZ Band 

2 

5 Cracks i n  HAZ and 

1 Parent P l a t e  Bands 

Crack i n  HAZ Band 

I 
2 Cracks i n  Haz 

I Band 

Crack i n  HA2 Band 

* 94 hours, +I+ 6 hours i n  vacuum, * 8 hours i n  a i r ,  - less than I i m i t  of 
detectab i I i t y  
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I 
1 
I 
I 
1 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 

a 

i 
Frac ture  Toughness Propert ies of 18Ni-7Co-5Mo Stee l .  Parent P la te  and Weld- 

ments, Aus ten i t i zed  a t  1800°F (982OC1, A i r  C o o l ,  Aged 3 Hours a t  900°F (482OC) 

Gross Net % Elong- 
Crack Crack Fracture Fracture a t i o n  

Specimen Length Depth Stress Stress (2" gage) 
No. ( inches 1 ( i nches 1 ( K S I  1 (KSI  1 

PP- 19 

PP-20 

pp-2 1?2,3 

PP-4 2 ,3  

PP-15 2,3 

PP-17 

PP- I 8  

4G63 
7A16 
781, 
4Eb- 
4A6 
4A4 
4A I O '  
4AI I 
48 12 
SA8 
A24 
4A9 
4A2 

0.050 

0.085 

0.197 

0.272 

0.342 

0.369 

0.94s 
0.072 
0.077 
0.100 
0.097 
0.125 
0.151 
0.172 
0.167 
0.191 

246.6 

0.025 260. I 

0.039 25 I .3 

0.075 244.3 

0.101 197.0 

0.121 154. I 

0. I27 151.6 

WELDMENTS 

0.020 
0.030 
0.032 
0.050 
0.040 
0.048 
0.056 
0.064 
0.069 
0.072 

248.5 
249. I 
248.6 
263.9 
258.4 
256.3 
143.6 
240.2 
215.9 
167.3 
171.2 
147.4 
142.9 

* 
158.0 

258.0 

218.0 

191.5 

193.2 

-- 
-- 
-- 
* 
it  

258.5 

244.0 
220.0 
173.5 
i78.3 
153.5 
150.0 

8.0 

2.0 
BOGM* 
6.0 

I = a u s t e n i t i t e  only, 2 = p r i o r  age, 3 = p r i o r  notch 

* = f a i l e d  away from crack 

.me = broke ou ts ide  gage marks 
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HOW MICROSTRUCTURE STUDY SAMPLES WERE REMOVED 
FROM WELDED P L A T E  

r* 

.--- I 

I 

I 

1 
I 

3 /4" 

tz 3/4" -' 

FIGURE 1 
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APPEARANCE OF AS DEPOSITED WELDMETAL 
ETCHED IN CARAPELLA'S REAGENT 

MAGN. 250X MI8198 
A. 

AS DEPOSITED WELDMETAL SHOWING FUSION 
L I N E  BETWEEN PASSES 

6450X E7716 
B 

AS DEPOSITED WELDMETAL. A INDICATES POSSIBLE 
AUSTENITE IN MARTlNSlT lC MATRIX. ARROW 
INDICATES T i N  INCLUSION. PCR Cr @ 45" 

FIGURE 2 



APPEARANCE OF AGED WELD METAL.  "A" INDICATES 

ETCHED IN CARAPELLA'S REAGENT 
PROBABLE AUSTEMTE. F.RRew !NDICATES T ~ N  W.A"N. 

MAGN lOOX M18341 

3A 
DI R E C T L Y  -AGED WELDMETAL 

MAGN. 6500X ~ 7 8 9 8  
D IRECTLY-AGED WELDMETAL 

PCR Cr 450 

3B 

MAGN 6500X E7757 
AUSTENIT IZED (1500"F, 16 HRS)- 
AND-AGED (900°F, 3 HRS) 

PCR Cr (0' 45" 
3 c  

FIGURE 3 
24 



APPEARANCE OF WELDMETAL AFTER AUSTENITIZING A T  1800°F 
FOR 16 HOURS, AGED A T  900°F FOR 3 HOURS. CARAPELLA'S ETCH 

MAGN. 250X M18357 
A 

ARROWS INDICATE SOME T i N  INCLUSIONS 

MAGN 6500X E779 9 
B 

TWO INCLUSIONS, PROBABLY TIN 
FINE L INES ARE PROBABLY SUB-GRAIN 
BOUNDARIES. PCR Cr 1 3  45" 

MAGN 6500X 
C 

SUB-GRAIN BOUNDARY (ARROW 

E7761 

PCR Cr 4 5 '  

FIGURE 4 
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APPEARANCE OF BAND IN AGED PARENT P L A T E  

BAND COIYTAiNS AGED MARTINSITE (M) A N D  POS SlBLY AUSTENITE AND/OR F E R R I T E  (A,F) 
THIS SERIES OF ELECTRON MICROGRAPHS WERE SEPARATED BY T H E  WIDTH OF T H E  SCREEN 
THEREFORE DO NOT MATCH EXACTLY.  ETCHED IN CARAPELLA 'S  REAGENT, PCR Cr (0) 45"6500X. 

r 
1 
RD 

E7753 

E7751 

FIGURE 5 

E1752 

E1150 

1 
1 
1 
1 
1 
i 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 



A, B AND C REPRESENT T H E  D E V E L O P M E N T O F  NITRIDES IN BAND. 
A U S T E N I T I Z E A T  1800°F FOR 16 HOURS T H E N  AGED. D AND E SHOW 
WHERE T Y P I C A L  CRACKS DEVELOPED. CRACK IN HAZ(H). 
I L L U S T R A T I O N  F SHOWS INTERGRANULAR CRACKS ADJACENT TO 

C A R A P E L L A S  ETCH FUSION L INE.  
(W 5 WELDMETAL) 

lOOX M18525 
A 

M18522 
B 

250X 

E7710 
C 

DCR CHROME SHADOWED A T  45" 

6500X 

M18233 
D 

50X 

E M 18225 lOOX 

M18235 
F 

50X 

FIGURE 6 
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SURt A ( : f  N I T R I D E  FORMATION AFTER A IR  EXPOSURE A T  
2100°F 96 HOURS, 3 HOURS 900°F. L A R G E  ARROWS 
INDICATE AN AREA WHICH SHOWS NITRIDE DISPERSION. 
SMALL ARROW SHOWS NITRIDE FROMING A L O N G  A 
GRAIN BOUNDARY. LOWEST ARROW IS L O C A T E D  ON 
DEEPEST IT NETRATION OF OUTSIDE COATING. 

TENT PLATE 

GENERAL NITRIDE 
DISPERSION 

ACCICULAR 
NITRIDES 

ADHERENT 
SCALE 

MAGN 350X M 1823G 

CARAPE L L A ' S  E T C H  

FIGURE 7 



h 
v) 
Y 

v) 
v) 
W 

v 

a 
t; 
W 

3 
I- o 

LL 
I- 
W 
L 

a a 

FIGURE 8 

COMPARISON OF DIRECTLY-AGED WELDMETAL, REFERENCE 1, 
WITH WELDMETAL AUSTENITIZED AT 1800°F 16 HOURS, 

AIR COOLED THEN AGED (9OO"F, 3 HOURS) 



I 

COMPARISON OF DIRECTLY -AGED PLATE, REFERENCE 1, WITH PLATE AUSTENITIZED 
AT 18OO0F, 16 HOURS, AIR COOLED THEN AGED (900°F, 3 HOURS) 

0.1 

ARROWS INDICATE FAILURE 
OCCURRED AWAY FROMCRACK 

0 0.200 0. 

CRACK DEPTH (IN.) 



FRACTURE SURFACE OF WELDMETAL. AUSTENITIZED 1800°F 16 HOURS, 
AIR COOLED, AGED 900°F 3 HOURS. ARROWS INDICATE 

SOME TIN INCLUSIONS. PCR CR A T  45" 
CARAPE LLA'S ETCH 

3 800X A E 8016 

3800 x E 8015 
B 

FIGURE 18 
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FRACTURE SURFACE OF HEAT-AFFECTED-ZONE FAILURE AUSTENITIZE 1800°F 16 HOURS, 
AIRCOOLED, AGED 900°F 3 HOURS PCR A T  4 5  

NO E T C H  

3790X A E7847 

MASSIVE TIN INCLUSION. F L A T ,  B R I T T L E  F A I L U R E  

3790X B 
DUCTILE F A I L U R E  

FIGURE 1 1  32 
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I '  
8 
1 
I 
I 
1 
8 
I 
8 
1 
I 
1 
I 
1 
I 
I 
1 
1 

B R I T T L E  FRACTURE AREA CAUSED BY NITRIDES (ARROWS) 
NOTE DIMPLES IN LOWER RIGHT CORNER. AUSTENITIZED 18OO0F, 

16 HOURS, AIRCOOLED, AGED 900°F 3 HOURS. PCR CR A T  45" 
NO ETCH 

3790X ~ 7 8 5 0  
DIMPLES INDICATING CIUCTILE F A I L U R E  

1930X B 
NOTE DIMPLES IN LOWER RIGHT CORNER 

FIGURE 12 
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ERRATA SHEET 

DOUGUS REPORT SM-43105 

EVALUATION OF MARAGING STEEL FOR 
APPLICATION TO SPACE LAUNQ.1 VEHICLES 

Page 21 - Table 1 1 ,  Parent Plate 

Gross Net % Elong- 
Crack Crack Fracture Fracture at ion 

t inches) (i-1 11 (KSI 1 
Specimen Length Depth Stress Stress (2” gage) 

pp-2 \#%3 0.085 0.039 25t.3 158.0 

Should read: 

pp-2 1,%3 0.085 0.039 158.0 162.0 

Page 21 - Table I I ,  Welbnents 

4m3 
7 A i 6  
78 I 

-- 248.5 
249. I 
248.6 

-- 
0- 

2.0 
BOGMW, 
6.0 

Should read: 

m3 
7A16 
78 I 

(Figures 8 and 9, Pages 29 acd 30, should be cwrqted 
t o  r e f l e c t  these changes for th8 zero Wacked apc)cimerrr) 


