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EFFECT OF TRANSFER TIME ON THE RECRYSTALLIZATION 
BEHAVIOR OF BETA-COOLED URANIUM 

A ITcr i t ica l  t ransfer  tkmell which r e l a t e s  t o  the  time required t o  
immerse samples a t  a temperature above the beta-alpha transformation i n  
a quench media, d i r ec t ly  a f f ec t s  the beta-cooled s t ruc ture  and i t s  ease 
of r ec rys t a l l i za t ion  upon alpha phase annealing. 

OBJECT 

The purpose of t h i s  invest igat ion i s  t o  study the e f f ec t  of trans- 
f e r  times on the recrys ta l l iza t ion  behavior of beta-cooled uranium. 

INTRODUCTION 

I n  uranium technology, grain refinement has found wide application 
5n the a l t e r a t ion  of cas t  ingot and f u e l  element core s t ructures .  
ntques f o r  the grain refinement of uranium can be l i s t e d  i n  four  major 
categories: 1. hot working i n  the alpha range, 2. cold working plus 
alpha phase annealing, 3 . 
ing  plus alpha phase annealing. 

Tech- 

multiple beta-quenching , 4. beta-heat t r ea t -  

Refinement of cas t  s t ructures  of ingot and dingot uranium i s  gen- 
erally accomplished through the  technique of hot forging. The resu l tan t  
equi-axed s t ruc ture  has been found desirable  i n  the extrusion of b i l l e t s  
t o  so l id  rcd.(l) 

In  the past ,  grain refinement of cold and warm drawn rods has been 
accomplished by alpha phase annealing. (2) 
through grain refinement has been found necessary i f  addi t ional  reduc- 
t ions  a re  anticipated.  
neal source, is necessary t o  eliminate or  reduce preferred or ientat ion 
e f f ec t s  . 

Restoration of d u c t i l i t y  

Further heat treatment, generally of a beta an- 

the refinement 
Possible improve- 

The importance of multiple beta heat treatment 
of ca s t  s t ructures  has been shown by Krashes e t  al. 
ment of beta-quenched s t ructures  emplaying a beta-quench and alpha anneal 
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a s  detai led by Gardner and Riches is  worthy of note.(4) The l a t t e r  heat- 
treatment has been reported t o  eliminate surface roughening of slugs upon 
i r r ad ia t ion  i n  comparison t o  the s l i g h t  roughening encountered among no]?- 
mally beta-heat t reated slugs. ( 5 )  
quench plus alpha anneal t o  produce greater  grain refinement of cast  
s t ruc tures  than through multlple be ta  quenching has been indicated by 
some s i t e s .  

In addition, the  ability of the beta- 

The grain refinement of cast  s t ructures  v i a  beta-quenching and alpha 
annealing can be likened t o  the process of r ec rys t a l l i za t ion  of cold worked 
uranium. In  the former, i n t e rna l  l a t t i c e  s t r a ins  a r e  developed as the ]*e- 
s u l t  of rapid transformation from the beta  t o  alpha phase. Manisfestatfions 
of the s t r a i n  a re  found i n  the heavily twbned and sub-grained s t ructures  . 
Differences i n  the width of x-ray d i f f r ac t ion  l i n e s  of beta-quenched and 
slowly cooled uranium a re  a l so  indicat ive of the presence of i n t e rna l  l a t -  
t i c e  s t ra ins .  
quenched s t ruc ture  r e su l t s  h the  recrys ta l l iza t ion  of the large,  i r reg-  
u l a r  alpha grains t o  a f i n e  grained, equi-axed s t ructure .  

Subsequent alpha phase annealing of the strained, beta- 

The ease of r ec rys t a l l i za t ion  of the beta-quenched s t ruc ture  i s  be- 
l ieved t o  be dependent on the  cooling r a t e  from the beta t o  alpha phase on 
quenching. Gardner and Riches studied this e f f ec t  through use of Jominy 
end 4uench specimens and showed t h a t  increased cooling r a t e s  decrease the 
act ivat ion energy f o r  recrys ta l l iza t ion .  ( 6 )  Unpublished data of a 'DuPont 
source has a l so  ind i r ec t ly  corroborated t h i s  behavior. (7)  

T h i s  program was undertnken with the purpose of fur ther ing the con-. 
t r i bu t ion  t o  the study of the  recrys ta l l iza t ion  behavior of beta-quenched 
uranium by incorporating the e f f ec t s  of t ransfer  time from the beta heat- 
t r a t i n g  bath t o  the quench media. Because of the apparent v e r s a t i l i t y  and 
expediency of the  quench strain-anneal heat treatment, it i s  f e l t  t h a t  
data culled from t h i s  program w i l l  be of a p rac t i ca l  nature and aid i n  de- 
signing of future,  large scale b i l l e t  heat t rea t fng  programs planned by 
this s i t e  f o r  the improvement of cas t  s t ruc tures  p r io r  t o  extrusion. 

PROCEDURE 

The variables which t h i s  invest igat ion covered resul ted i n  the  use 
of 151 samples of ingot and 3-51 samples of dingot uranium. 
were derived from lengths of eleven-inch sections of 3/8-inch alpha ex- 
truded rods which were beta-heat t reated a t  730% -1346OF f o r  15 minutes 
i n  a molten l i thium carbonate (46 w t .  %) -potassium carbonate (54 w t .  %) 
s a l t  bath. The rods were quenched in room temperature water after hold-. 
ing f o r  various delay times i n  a i r .  The delay or t ransfer  times were 5 ,  
lo, 20, 30, 45 and 60 seconds. One-inch of rad was cropped off each enci 

These samples 
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of the  sect ion t o  eliminate ,my uneven end ef fec ts  resu l t ing  from the  
quench. 

The as-beta t reated rods were cut i n t o  3/bt1-long samples which were 
ident i f ied according t o  the ,respective be ta  and alpha annea lhg  treatment. 
Annealing was  carried out i n  a molten Quick Temper #275 Neutral S a l t  bath 
a t  4 2 6 O C  - 799oF, 450°C - 842OF, and 500°C - 932OF, and a molten Houghton 
#98O bath a t  SSOOC - 1022oF, 600OC - 1112oF, and 640% - 1184OF f o r  15, 30,) 
60 and 120 minutes. 

After heat treatment a transverse face of each sample w a s  rough po:L- 
ished and then macroetched with a 1:l hydrochloric and 1:l n i t r i c  acid 
s o l u t i m  and metallographically examined w5th the aid of a stereomicro- 
scope. After viewing, selected heat-treated se r i e s  were photographed t o  
depict  representative beta-cooled and annealed s t ructures .  

Rockwell G hardness readings were taken on the  transverse face of 
a l l  t he  dtngot samples. 

A cooling curve slug as shown i n  Fig. 1 was  used t o  simulate and 
gain information on the  cooling of the  3/8-fnch laboratory samples from 
the  beta  phase. The s lug  was heated a t  73OoC - 1346OF f o r  15 minutes in 
a Houghton #980 sal t  bath and held a t  prescribed transfer times p r io r  t o  
quenching. The bath temperature w a s  controlled by a Honeywell millivoll; 
recorder. A thermocouple inserted i n t o  the mi l l ed  hole of the slug, and 
which was then press f i t t e d  by packing with uranium chips, was  used i n  
conjunction w5th a d i r e c t  reading Foxboro potentiometer t o  follow the  
cooling of t he  s lug  upon t ransfer  and quenching. 
used f o r  t h i s  phase of the work as w e l l  as the  heat t rea t ing  is  shown i n  
Ffg. 2. 

The laboratory set-up 

RESlTLTS 

Table I provides a cmprehensive l i s t i n g  of the heat t rea t ing  parari- 
eters emplqyed i n  t h i s  program and de t a i l s  t he  effect of t ransfer  times 
on the  recrys ta l l iza t ion  behavior of beta-cooled dingot and ingot uranium. 
Miscellaneous informatfon includes Rockwell G hardness and grain s i z e  data. 
I n  additrfon t o  Table I, photmacrographs depicting a cross-section of the 
s t ructures  developed on heat t rea t ing  a re  shown i n  Figs. 4-10. 
of photo-macrographs represent dingot uranium which presented less d i f f i -  
cul ty  during etching. 
ing conditions were comparable t o  dingot, but were more d i f f i c u l t  t o  re-= 
solve by etchtng . 

The seriies 

Ingot s t ructures  developed under smlar heat t r ea t -  
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STRUCTURE - Fig. 3 repr*esents a typ ica l  macrostructure of alpha ex- 
The truded dingot uranium stock employed f o r  the  heat t rea t ing  program. 

s t ruc ture  i s  duplex i n  naturle and resembles corresponding ingot uranium 
stock. 

Figs. ha and b represent typical  beta cooled s t ructures  developed 
upon quenching after holding i n  a i r  f o r  short  t ransfer  times (5’ and 10 
seconds) and longer times (20 t o  60 seconds), respectively. Note the 
columnar, grain s t ructure  at! the  perimeter of the shor t  t ransfer  time 
sample depicted i n  Fig. ha a s  compared t o  the more uniform s t ruc ture  of 
the  slow transfer  time sample shown in Fig. 4b. 

. 

Figs. Sa - d,  represent the  macrostructure of a typical  s e r i e s  of 
samples quenched a f t e r  short  t ransfer  times ( 5  and 10 seconds) and then 
alpha phase annealed i n  the  temperature range 425’OC - 500OC (797OF - 
932OF) f o r  15-120 minutes. 
p les  being quenched a f t e r  short  transfer times, appears unaltered. 

The beta-cooled structure,  typ;ical of sam- 

Figs. 6a -d ,  represent the macrostructure of a typical  s e r i e s  of 
samples quenched a f t e r  short  t ransfer  times, but, alpha phase annealed 
a t  6000C - 11120F f o r  15-120 minutes . Retention of the  beta-cooled s t r u z -  
tu re  can be noted in Fig. 6a (600OC - 1 1 1 2 9  - 15’ minutes) e However, long- 
e r  annealing times have lead t o  the development of a f u l l y  recrystallizI3d 
s t ruc ture  as shown by Figs. 6b, c and d e  

Figs. 7a - c represent the macrostructure of a se r i e s  of samples 
quenched a f t e r  short  t ransfer  times and annealed a t  the highest tempera- 
t u r e  employed i n  t h i s  program (6400C - 1184OF). 
i s  apparent. 

Full recrys ta l l iza t ion  

Figs 8a - d and 9a - d represent the macrostructure of a se r i e s  of 
samples quenched af ter  intermediate t ransfer  times (20 and 30 seconds) 
and alpha phase annealed a t  6 4 0 O C  -1184oF f o r  15-120 h u t e s .  The beta*- 
cooled s t ruc ture  i s  retained up t o  a 60 minute annealhg time. A t  120 
minutes Fig. 8d, a coarse, recrystal l ized s t ruc ture  i s  developed. 
ever, some retent ion of the  beta-cooled s t ruc ture  is  evident. 

How- 

Figs. 10a - d represent the macrostructure of a se r i e s  of samples 
quenched after long delay t i m e s  (45 and 60 seconds) and alpha phase an- 
nealed a t  640OC - 1184OF f o r  15-120 minutes . Structurally,  t h i s  series 
appears comparable t o  the previous series, but exhibits a coarser re- 
crystal l ized structure, Fig. lOd, a t  the  120 minute anneal. Retention 
of sane beta-cooled s t ruc ture  i s  a l s o  evident. 

COOLING RATE - Fig. 11 presents cooling curve data obtained through 
use of the t e s t  slug employed t o  s k l a t e  the c o o l k g  of 3/81‘ samples 
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f rom the beta  t o  alpha phase. 
t ion.  A t  t ransfer  times of '5: and 10 seconds, immersion of the s lug i n  
the quench media is in5t ia ted above the beta-alpha transformation tem- 
perature.  However, f o r  20-60 second t r ans fe r  times, immersion i s  i n i -  
t i a t e d  below the transformatfon temperature and i n  the  high alpha range,, 

The curves reveal the following informa- 

HARDNESS - Fig. 1 2  presents the e f f ec t  of t ransfer  time on the Rock- 
wel l  G hardness of beta-cooled dingot uranium. The curve reveals a tenden- 
cy f o r  the hardness t o  decrease s l i g h t l y  with increased t ransfer  times. 

DISCUSSION OF RESULTS 

A n a l y s i s  of the data presented i n  Table I and by photomacrographs 
of representative heat t reated ser ies ,  Figs. 4-10, reveals a number of 
noteworthy trends. 
beta heat treatment and alpha phase annealing. 

These trends r e l a t e  t o  the behavior of uranium upon 

BETA-COOLED STRUCTURE - A t  5 and 10 second t ransfer  times, a colum-- 
nar s t ruc ture  i s  prevalent a t  the perimeter of beta-cooled specimens. 
The formation of the co1umna:r s t ruc ture  may be a t t r ibu ted  t o  the align- 
ment of newly transformed alpha grains along a steep temperature gradi- 
ent, t h a t  being a r ad ia l  d i rec t ion  towards the core of the sample. The 
randomized, coarse grained s t ruc ture  of the core i s  indicat ive of l e s s  
severe cooling across the beta-alpha transformation temperature. A t  in -  
termediate (20 and 30 seconds) and longer t ransfer  t h e s  (45 and 60 sec- 
onds) the uniform beta-cooled s t ruc ture  developed i s  indicat ive of s l o w  
cooling across the beta-alpha transformation temperature. The s ign i f i -  
cance of the columnar s t ruc ture  w i l l  be revealed fur ther  on i n  the d i s -  
cussion. 
columnar s t ruc ture  i s  indicat ive of material  t h a t  can be readi ly  recrys-- 
t a l l i a e d  on alpha phase annealing. 

It w t l l  su f f ice  t o  say a t  t h i s  point t h a t  the presence of a 

ALPHA-ANNEALED STRUCTURE - The recrys ta l l iza t ion  behavior of beta- 
cooled uranium as  affected by t ransfer  times follows a de f in i t e  pattern, ,  
The trend may be s ta ted as  folluws: A s  the  t ransfer  time from s a l t  bath 
t o  quench media increases, it becomes hc reas ing ly  d i f f i c u l t  t o  recrys- 
t a l l i z e  beta-quenched uranium. Samples quenched a f t e r  short  t r ans fe r  
t h e s  tend t o  recrys ta l l ize  a t  lower annealing temperatures and times 
than samples quenched a f t e r  longer t ransfer  times. 
times increase the  annealing temperature necessary t o  produce a recrys- 
t a l l i z e d  s t ruc ture  increases. I n  addition, the grain s i z e  of the re- 
crystal l ized s t ruc ture  produced on annealing long t r ans fe r  time beta- 
cooled samples i s  nearly three times as  grea t  as recrystal l ized s t ruc-  
tu res  of short  t ransfer  time beta-quenched samples. 

A s  the t ransfer  
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n 

The only apparent difference between dingot and ingot behavior i s  
r e d i a @ d  f o r  the samples beta-cooled a f t e r  t ransfer  times of 45 and 60 
seconds. 
phase annealed a t  600OC - 1112OF and 640% - 1184OF. 

Recry-stallization is  not evident f o r  the ingot samples, alp&. 

COOLING RATE STUDY - If the ease or degree of grain refinement cam 
be related t o  the r a t e  of cooling across the beta-alpha transformation 
temperature, it appears t h a t  a slow cooling r a t e  induced by long t rans-  
f e r  times would lead t o  a less severely s t ra ined in t e rna l  l a t t i c e  and 
increase the  required act ivat ion energy f o r  recrys ta l l iza t ion .  
responding s t ruc ture  wauld, therefore,  be d i f f i c u l t  t o  re f ine  during 
alpha phase annealing. 
ing program was designed t o  provide p rac t i ca l  fnformation per t inent  t o  
the above. consideration. Tlie information obtained f rm t h i s  aspect of 
the work as  presented in Fig. 9 reveals the following information. Be- 
yond a 15 second t ransfer  time, immersion of the beta-heat t reated slugs 
i n t o  the quench media takes place below the  beta-alpha transformation 
temperature of 6 6 8 O C  -12349 .  Therefore, cooling across the transforma- 
t i o n  temperature, because it; occurs i n  a i r ,  is slow and r e s u l t s  i n  l i t t l e  
s t r a i n  hardenhg. The diffj-culty i n  recrys ta l l iz ing  the s t ruc ture  of 
samples undergoing s imi la r  cooling bears out the above consideration. 

The cor- 

The cooling r a t e  study phase of the  heat t rea t - ,  

If quenching a f t e r  short  t ransfer  times is  reviewed from a c l a s s i ca l  
standpoint, a sample could be considered as t o  pass through three d i s -  
t i n c t  cooling stages. I n  the first or A stage, a t h i n  vapor f i l m  sur- 
rounds the specimen and promotes slow cooling. I n  the second or B stage, 
the f i l m  i s  broken as  evidenced by the  formation of bubbles which break 
away from the surface of the sample. Cooling in t h i s  stage i s  the most 
severe and occurs through conduction and convecticm. The t h i r d  stage 
appears as  the temperature of the  specimen drops below the boiling point 
of the l iquid.  
within the l iqu id  and is  less severe than the B stage. Duwez has shown 
t h a t  by increasing the cooling ra te ,  the transformation temperatures of 
uranium can be depressed.@) 
with increased cooling ra tes  which occur concurrently w%th shor t  trans- 
f e r  times, the beta-alpha truansformation fs depressed and occurs i n  the 
B stage. Subsequently, an c)ptimum strained l a t t i c e  i s  produced. The 
presence of a columnar s t ruc ture  and i t s  ease of refinement, while not 
supporting the depression o€ the  transformation temperature or B stage 
cooling concept, does definl . tely confirm t h a t  f a s t  cooling across the 
beta-alpha transformation lessens the required act ivat ion energy f o r  re- 
crys t a l l i z  a t i on . 

Transfer of heat i s  due la rge ly  t o  convection currents 

Therefore, the possfbf l i ty  ex is t s  t h a t  

If the term " c r i t i c a l  t ransfer  time" was applied t o  beta-cooled 
uranium, i n  essence it would r e f e r  t o  the time required t o  insure i m -  
mersion of samples a t  temperatures above the beta-alpha transformation 
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i n  a quench media, This term can then be related t o  the ease or  degree 
of recrys ta l l iza t ion  of beta-cooled uranium, 

It must be remembered t h a t  this discussion i s  confined t o  the char- 
a c t e r i s t i c  behavior of 3/8-inch samples. Undoubtly, longer t ransfer  times 
can be to le ra ted  with la rger  sections, although a l i m i t  of cross-sectional 
penetration ex is t s  as t o  grain refinement. 

HARDNESS -With increased t r ans fe r  times, a decrease i n  the hardness 
The softening i s  a t t r ibu ted  .to of beta-cooled s t ruc ture  may be expected. 

the  coarsening of the alpha s t ruc ture  due t o  longer times spent in the  
h5gh alpha range. 

CONCLUSI OMS 
\ 

A t f c r i t i c a l  t ransfer  time" which r e l a t e s  t o  the t h e  required t o  %n- ? 
merse samples a t  a temperature above the beta-alpha transformation i n  a 
quench media, d i r ec t ly  a f fec ts  t he  beta-cooled s t ruc ture  and i t s  ease of 
recrys ta l l iza t ion  upon alpha phase annealing. 

\ 

Within the ' Icr i t ical  t ransfer  time" the ease of recrys ta l l iza t ion  
and degree of grain refinement of beta-cooled samples as measured by 
alpha phase annealing temperatures and t b e s  a re  superior t o  samples 
quenched beyond the If c r  i t i ca ' l  t ransfer  time. If '1 YL 
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Uranium by Heat Treatment,fr mI-1180, July 5 ,  1957. 

HAVENS-75, February 24, 1958, 

P.D. Wright and J.W. Riclhes, Wontribution t o  the Study of Recrysta:L- 
l i z a t i o n  of U r a n i u m  Quenched f r m  the Beta Phase,'* Hw-.!Cl111, May 18:, 
1956 . 
Mallinckrodt Chemical Works, 'Quarterly Report on the Working Com- 
mitte on Uranium Quality and Fabrication," MCW-1389, April  3-6, 195'6. 

UNCLASSIFIED 
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6. H.R. Gardner and J.W. Riches, "The Effect of Transformation Cooling 
Rate on the Activation Fziergy Required f o r  Recrystall ization of B e t s  
Quenched Uran ium,"  HW-48340, March 22, 1957. 

E.E. Hayes, nGrain Refinement of Uranium by Heat-Treatment and Alloy- 
ing," "ID-7546 (Book 1) Fuel Elements Conference, Paris,  November 18- 

7. 

239 1957. 

8. P. Duwez, "The Effect of the  Rate of Cooling on the  Allotropic Trans- 
formation Temperatures of U r a n i u m p r r  Journal Applied Physics, Vole 21!, 
Pg. 152, 1953. 
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Fig. 2 - Laboratory heat-treating and accessory equipment, 



Fig. 3 I- Alpha 
uranium stock. 

extruded dingot 

Fig,  4 - As-beta-cooled stiwcture heat t reated a t  73OoC - 15 minutes. 

a, Left  - Dingot 5 second t ransfer  time. 

b. Right  - Dingot 30 second t ransfer  t h e .  



BRB-46 UNCLASSIFIEB Fg. 13 

Fig. Sa - d - Effect of a :low annealing temperature on the  recrystal-  
l i z a t i o n  behavior of samp:les quenched a f t e r  shor t  t ransfer  times . 
Transfer Time - 5 seconds, * 

Series 1, 39 5 ,  and 7 Dingot-Beta-treated 730% - 15 m h .  

a, Top Left  - Annealed 425% - 15 min. 
b. Top Right - Annealed 425% - 30 min. 

C. Bottom Left  - Annealed 425% - 60 min. 
d. Bottom Right - Annealed 425OC - 120 min. 

( ^  1 .  r \  

r; I (3 ,3 2.3 
UNCLASSIFIED 
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Fig. 6a - d - The e f f ec t  of high annealiqg temperature on the  recrystal-  
l i z a t i o n  behavior of samples quenched a f t e r  shor t  t ransfer  times. 
Transfer Time - 5 seconds. 

Ser ies  D 
, <.**, . 

Dingot-Beta-treated 730OC - 15 min,, 
a. Top Left - Annealed 600% - 15’ min. 
by+>: ’Top Right - Annealed 600oc - 30 min. 

C. Bottcnn Left  - Annealed 600% - 60 min. 
d. Bottom Right - Annealed 6 0 0 ~  - 120 min. 



Pg. 15 ERE-46 UNCLASSIFIED 

Fig. 7a - c - Effect of a very high annealing temperature on the recrys- 
t a l l i z a t i o n  behavior of samples quenched a f t e r  short  t ransfer  times. 
Transfer Time - 10 seconds,, 

Series L Dingot-Beta-treated 730 OC - 15 m i n  . 
a p  

b. Bottom Left  - Annealed 640% - 60 mfn. 

Tap - Annealed 640 C - 15 minutes 

C. Bottom Right - Annealed 640% - 120 he 

UNCLASSIFIED 
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Fig. 8 a - d  - Effect  of annecaling temperature on the  recrys ta l l iza t ion  
behavior of samples quenched a f t e r  intermediate t ransfer  times. 
Transfer Time - 20 seconds. 

Series R Dingot-Beta-treated 730% - 15 &. 
a.  Top Left - Annealed 640% - 15 min. 
b o  Tap Right - Annealed 6400C - 30 mino 

e. Bottom Left  - Annealed 6400C - 60 min. 

d o  Bottom Right - Annealed 640OC - 120 min.  



Q 

BRB-46 UNCLASSIFm Pg. 17 

Fig. 9 % - d  - Wfec t  of annealing temperature on the  recrys ta l l iza t ion  
behavior of samples quenched a f t e r  f i termediate t ransfer  times. 
Transfer Time - 30 secondso 

Series X Dingot-Beta-treated 730% - 15 m i n ,  

a. Top Left - Annealed 6400C - 15 f in .  
b. Tap Right - Annealed 640% .. 30 min. 

C. Bottom Left - Annealed 640% - 60 m i n .  

d. Bottom Right - Annealed 640% - 120 min, 



Fig. l o a - d  - Effect  of annealing temperature on the recrys ta l l iza t ion  
behavior of samples quenched a f t e r  long transfer times. Transfer Time - 45 seconds. 

Series AD Dingot-Beta-treated 730% - 15 m h .  

a. Tap Left - Annealed 6kOOC - 15 min. 

b. Top Right - Annealed 6400C - 30 min. 

C. Bottom Left  Annealed 640% - 60 min. 

d. Bottom Right - Annealed 640OC - 120 d n .  
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TABLE I 

HEAT T R M T I N G  AND METALLOGRAPHIC DATA 

INGOT 
NO 0 

2-1 

P 

2B 
hB 
6E 
8 B  

HEAT-TREATING CONDITIONS 
3- 

Beta-treated 730% - 15 ,mino -- 

Annealed 500°C f a r  15’ m i n .  
OP P O  30 m f n .  
P O  I f  60 miaa.  
P 9  9 1  120 IKba .Y  

Annealed 5’5’O°C f o ~ ”  1s &i. 
30 mino PP 99 

YO Vt 60 m h .  

TRANSFER T D E  
( B E T ~ N G  

MACROSTRUCTURAL IiEgIARKE - 

5 

P O  

YP 
99 

P O  

PO 

S P  

P P  

P P  

09 

97 

P O  

Y Y  

One-quarter of sample 
face exhibi ts  a coarse 
grained, alpha hot- 
worked re- 
minder  f ine  grained. 

T 3 ~ p l c a l  beta-coo:Led 
s t ruc ture  - Coarser a t  
core  
Beta-cooled s t ructure ,  
columnar perimetcs-, 
coarser a t  core. 

19 PO 
01 19 

1l 1 9  

Beta-cooled struc: tu re  
coarser a t  core e 

!I 9 1  

I! Y9 

Beta-cooled struc:ture, 
coarser a t  core. 
Beta-cooled s t rucrhre .  
Beta-c ooled s truc: tu re  
coarser at core. 

Beta-cooled structure e 

U n i f o r m  beta-cso9 ed 
s t ruc ture  
Beta-cooled s truc:ture, 
c o l m a ~  perimeter, 
coarser a t  coreo 
Beta-cooled s t ructure ,  
coarser a t  coreo 

U N C L A S S I F I E D  
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TABLE I 

-C ont fmed - 

TRANSFER TIME 
(BETA-HEAT TREATING 

INGOT 
-- NO., H U T - T R E B T I N G  C O N D I T I O N S  

3___- 

2E) 

4D 
6D 
8D 

2E 

4.E 
6E 
8E 

e 

2F 

4.P 
6F 
8F 

26; 

4e 
6G 
8G 

2H 

4H 
613 

Annealed 600% f o r  15’ min. 

P P  30 m i n o  

Pf PP 60 m h o  
of 90 120 m h .  

PP 

P P  30 d n .  
11 60 m h o  
PP 120 min. 

Beta-treated 730% - 15 m h o  
3- 

BATH TO WATER QUENCH) 
MACROSTRUCTURAL RIPIARKS - 

120 6o rtfino, I PP 
P O  

nea1ed SOOoC f o r  3.5 min,, 

PI I 9  30 &D-l, 

19 91 6s &. 

P O  

PO 

89 

Ful l  r e c q s  t a l l i x a t i o n  
except f o r  p a r t i d i l y  re- 
crystal l ized core ,, 
Ful l  recrys t a l l i za t ion ,  
sligh-bly coarser at core, 

O P  91 

V P  OP 

Full  r e c q s t a l l i z a t i o n  , 
s l i g h t l y  coarser a t  core, 

4 9  Sf 

9 1  1 9  

P I  91 

Beta-cooled struct,we , 
coarser at core. 
Beta-csoled stru@t;ure, 
columnar perimeter, 
coarser a t  corec 
Beta-cooled s t r u c t m e  
Beta-cooled s t ructure  , 
columnar perhe te r .  

Beta-cooled s t ruc ture  , 
slight columnar perim- 
e t e r  

91 tt 

OP SO 

Beta-cooled struct,ure, 
columnar perimeter’ , 
coarser at coreo 
Beta-cooled s t ruc ture  
Beta-cooled s t ructure ,  
columnar perjimeter,, 
coarser a t  c ore 

91 P 1  

U N C L A S S I F I E D  
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TABLI3 I 

-Continued- 

- 

TRANSFER TIME 
( B E ~ I N G  

INGOT BATH To WAI'ER QUENCH) 
NO HEAT-TREATING CONDITIONS Seconds) MACROSTRUCTURAL RZMARKS 

2R Annealed 600% f o r  15 m b 0  

LK P 9  Pr 30 Xn5.n. 

6K PO PO 60 m k ,  

8 K  op 9 9  120 mtn. 

2E Annealed 6 4 Q O C  f o r  15 m h o  
PO 11 30 mino 4L 

8~ P O  S O  120 min. 
6E I S  1P 60 &. 

Beta-treated 730°C - 15 fin. 

10 

DO 

P! 

I! 

P P  

P O  

99 

PP 

; [nnIaled 450oC f o r  15 min. 

PP 30 Intra. 
6N 91 S O  60 min., 
8 N  so P O  120 mipa. 

OU 

ata-cooled stmc.ture,  
coarser a t  center. 
Beta-cooled s t ructure ,  
s l i g h t l y  c o l m a r  perim- 
e t e r  . 

0s PP 

Full r ec rys t a l l i a  ztion 
except f o r  par t ia ' l ly  re- 
c w s t a u i z e d  coreo 
Recqs  t a l l i z  a t ion of 
core more completi3. 

PI I t  

F u l l  ery-stallixatLon. 
PO 11 
PI 11 

11 PI 

Beta-cooled s t r u c t u ~ e ,  
coarser at core. 

OP  
I9 

11 

I1  

Unff arm beta-coolod 
s t ruc ture  . 

PP 81 

Unif o m  beta-coaled 
s t ruc ture  

99 SO 

IY I! 

Beta-cooled s t ructure .  

UNCLASSIFIED $23 
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TABLE I 
1 

-C onkbued- 

TRANSFER T I M E  
(B NG 

INGOT BATH TO WATER QUENCH) 
NO, €EAT TREATING CONDITIONS (SecaBlds) MACROSTRUCTURAL REMlLRKS -- - - -- 
20 

40 
60 
80 

2P 
4P 
6P 
8P 

2Q 
hQ 
6Q 
8Q 

2R 

LR 

6 R  

8 R  

6 

2s 

4s 

6s 
8S 

Annealed 5OOOC f o r  15 m i n e  

PO I? 30 ITrlr!. 

OP I ?  60 &. 
9P P1 120 m b . 0  

Annealed 550% f o ~  15 mine 
PP 19 30 rtlin. 
!I OP 60 min.. 
SI OP 120 m h o  

Annealed 600% f o r  15 min,  
I U  Bf 30 min. 
O r  IO 60 mb. 
I1I PO 120 mino 

Annealed 640% f o r  15 &ne 

PP OP 30 m h o  

I9 V I  60 m i n .  

OP IS 120 min. 

Beta-treated 730@ - 15 mine 

Annealed 425% f o r  15 min. 

I f  PI1 30 &ne 

I t  PI 60 m i n e  
PO 11 120 mino 

20 

PI 

¶ P  

91 

S P  

IO 

99 

0 9  

PO 
PO 

9 9  

99 

30 
ill 

IO 

99 

91 

Uniform beta-cooled s t r u c  
ture  . 
Beta-cooled s t ructure ,  
r ad ia l  gmmbh a t  core, 

P! 11 

1s SP 

Beta-cooled s t ruc ture ,  
PP 99 

YE PO 

91 

Beta-cooled s t ructure .  
tP PO 

0 0  ? 9  

PI Pl 

U K V  o m  beta- c o d s d  
s t ruc ture  
Beta-cooled s t rue  ture, 
s l i g h t  evidence of pre- 
liminary recrys t a l l i z a -  
t i on  e 
Recrys talliz a t i  on but 
coarse i n  nature, 
P a r t i a l  recrys ta l l iza t ion  

Beta-cooled s t r u e t ~ r e ,  
coarser a t  coreo 
U n i f o r m  be%%-c oollsd 
s t ruc ture  . 
Beta-cooled s t ruc ture  
r ad ia l  growth a t  (core. 
Beta-cooled s t ruc  ture. 
Uniform be ta-c ooled 
si tructure. 

U N C L A S S I F I E D  
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0 

c 

~ 

TABLE I 

-ConttnQed- 

TRANSFER TIME 
( B E ~ I N G  

INGOT BATH TO WATER QUENCH) 
NO. HEAT TREATING CONDITIONS - ( S e e  onds ) MACROSTRUCTURAL RlWKS - 
2T 
4r 
6T 
8T 

2u 
4U 
6u 
8U 

2v 
4v 
6V 
8v 

2w 

l$d 
6W 

8gnT 

2x 

4x 
6X 

8X 

Y 

Annealed 45’OOC f o r  15 mino 
91 1P 30 min. 
9P S O  60 m h ,  

1f 120 mine P9 

Annealed 5OOOC f o r  15’ xnb. 

9 9  fO 60 mine 
120 min. 

99 rP 30 mfple 

PP 11 

Annealed 550% for 15 mdn, 
PO 1 9  30 m5.n. 
PP IP 60 mipa, 
P O  P O  120 min. 

Annealed 600 OC f o r  15 mino 

PP 0 1  30 & n  

11 IP 60 mipr. 

0s PP 120 mine 

Annealed 6 4 0 ~  for 15 m h .  

PO O P  30 mine 
!I 9 0  60 min, 

19 PP 120 Kin. 

)eta-treated 7 3 O O C  - 15 m h o  

91 

Uniform bet a-c ooled 
s t ruc ture  

S I  P O  

11 91 

Beta-cooled s truc1;ure 
P1 1s 

PI 11 

P O  I! 

Beta-cooled s t r u c h r e  
91 PS 

OP 09 

PO PI 

Beta-coaled s t ruclxre ,  
some evfdence of ~ e c r y s -  
t a l l i z  a t i  on. 
Beta-cooled s t ruc ture  
Beta-cooled strucl;hre, 
some evidence of i-ecrys- 
t a l l i za t ion .  

P I  !1 

Beta-treated s t ructure  
some evidence of i*ecrys- 
t a l l  ia a t i on 
Beta-cooled s t ruclxre .  
Beta-cooled s t ructure ,  
some evidence of recrys- 
t a l l i z  a t i  on. 

1O ?! 

I I I s t ruc tureo  
45 I Unif o m  beta-cooled 

UNCLASSIFIED - 
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4 A C  
6ae 
8AC 

pg. 26 

PO PI 30 min. 
PI IP 60 mino 
!I P P  120 min. 

TABLE I 

120 min. 

-C ontiaued - 

TRANSFEFt TIME 
( B E ~ I N G  

INGOT BATH TO WATER QUENCH) 
(See mds ) MACROSTRUCTURAL R:d=MARRS - 1 ’  

NO. HJUT TREATING CONDITIONS - 
2P 

4 Y  
6~ 
8P 

22 
kz 
62 
8Z 

2AB 

6AB 
8AB 

LAB 

Annealed k2S°C f o r  1s mind 

IO 30 mine 
60 m i n o  

IO PI 120 m h .  

Annealed 450OC f o r  15 m h o  

19 PI 60 m i n ,  
120 mino 

IO 

I! I! 

I? S O  30 m i n o  

O! I! 

Annealed 500% f o r  15 mino 

PO P O  30 mtn. 

PP 99 60 m h o  

120 m5n.  PP PI 

Annealed 55’0% f o r  15 min. 
PP 19 30 mine 
P! !I 60 mine 
O! P! 120 m i n .  

nnealed 640OC f o r  15 mine 

11 IO 30 min. 
60 mino 6AD II  91 

45 
P O  
I I  

I I  

19 

IO 

I? 

IP 

S O  

P9 

II 

SI 

Uniform beta-cooled 
s t ruc ture  . 
Beta-cooled s t ructure  

P I  ft 

I O  S O  

Beta-cooled s tr-ucture 
tI 91 

S O  It  

I! et 

Beta-cooled struc-Lure, 
coarser a t  c ore. 
Unifol~m be ta-coolf?d 
s t ruc ture  . 
Beta-cooled s t ruc ture  
radial growth a t  core 

IS 11 

Beta-cooled s truc-Lure 
I1 IS 
P! 
I! 

11 

f f  

Beta-cooled struc-Lure 
coarser a t  core. 

t1 

V t  

Beta-c ooled s truc-Lure , 
s l i g h t  evidence 015 re- 
crystal l izat ion.  
Beta-cooled struc-Lure . 

11 !I 

11 I I  

UNCLASSIFIED 
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L 

2 A E  

6 A E  
~ A E  

LAE 

9 

I 

. Annealed 4 2 S o C  f o r  15 m h o  
0 9  OP 30 mino  
9 9  9 9  60 min. 
99 9 9  120 min. 

'TABLE I 
p___ 

2 A F  
UF 

6 A F  
8 A F  

-Continued- 

Annealed 4 5 0 O C  f o r  15 m h o  
P I  9P 30 min, 

09 9 9  60 min, 
91 PP 120 m h o  

TFUNSFER TIME 
( J X E T G B E A T ~ I N G  

INGOT BATH TO WATER QUENCH) 
P NO, HEAT TREATING CONDITIONS -- (Seconds) MACROSTRUCTURAL RENARKS - 

2AG 
Ue 
6AG 
8AG 

2AH 
4AH 
6 a ~  

8 A B  

Annealed SOOOC for 15 min, 
W 9P 30 -IKin0 
0 9  9 9  60 mtn, 
9 9  OP 120 d n o  

A n n e a l e d  5sO°C foP 15 m i n ,  
30 min. 

19 PI 60 mino 

PP I?  120 & o  

or I P  

285 
4AJ 
6AJ 
8 A J  

Annealed 6 0 0 ° C  f o r  15 mino 
I f  I9 30 m h o  
PO I9 60 mh. 
PO I9 120 & n o  

60 

9 9  

9 9  

99 

99 

91 

P O  

9 9  

Annealed 6 4 0 0 C  f o r  15 m h o  
P 9  99 30 m h o  
PO YP 60 dn,, 
PO S I  120 &. 

9 1  

9 9  

s o  

PO 

I 

Unifom beta-cool'sd 
s t ruc ture  a 

Beta-cooled strucbure 
PI f9 

01 9 9  

Beta-cooled s t ructure  
. radial  growth a t  (core. 

Beta-cooled s t ructure  e 

Beta-c ooled s truc-Lure 
radial  growth a t  core 
Beta-cooled s-tmc-Lure ., 

P P  Of 

Beta-cooled s t ruc ture  . 
0 9  9 9  

IO 9 1  

P9 IS 

Beta-c ocrled s trucixre ., 

Beta-cooled strucbure 
r ad ia l  growth a t  core. 
Beta-cooled strmc:;ure 

I I?  

Uniform beta-c ooled 
s t ruc ture  s l i g h t  evi- 
dence of recrystal!liza- 
t ion.  

U n i f  o m  beta-cooled 
s t ruc ture  with more evi- 
dence of reerystal.liza- 
t i o n  than preceedjng 
se r i e s  

U N C L A S S I F I E D  
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-Continued- 

TRANSFER TIME 
( B E T A - ~ T  T ~ T I N G  ROCKWELL G 

INGOT BATH TO WATER QUENCH) HARDNESS 
NO HEAT TREATING CONDITIONS (Seconds 1 AVEXAGE MACROSTRUCTURAL RE;M4LRfCS 

1-1 

B 

1 

3 
5 
7 

IA 
3A 
SA 
7A 

1 B  
3B 
S B  
7 B  

1c 
3c 

5C 
7C 

1 As-extruded ( 1 1 7 5 O C )  

Beta-treated 730W - 15 min, 

Annealed a t  425% f o r  15 min, 

PO II  30 m i n e  
99 1s 60 mint, 
0) 09 120 min, 

Annealed a t  45;OOC for  15 min. 
30 min. 

01 4 I  60 min. 
120 min. 

4F 91 

11 SI 

Annealed a t  5OOOC f o r  E5 min. 
st 11 30 min. 
11 111 60 min. 
IS 91 120 min. 

I? 60 mine 
120 min, 

11 

fl 1)  

73 

72 .o 

72 .O 

72 .O 

67 .O 

69 .O 
7 1  .O 
67 .O 
69 .O 

70 00 

7 1  .o 
69.0 
70 .o 
68 .O 

65 .O 
68 .O 

63 .O 
67 .O 

One-third of sample face exhibited coarse 
gra-&@. alpha hot-worked s t ructure ,  re- 
mainder f i n e  grained. 
Uniform beta-cooled s t ruc ture  with col- 
umnar grains. 

Beta-cooled s t ructure ,  coarse core, col- 
umnar perimeter . 

PP ( 1  . 1 

0s so n 
PO 99 81 

Beta-cooled s t ructure ,  columnar perimetero 
99 0s PP 
PO 9 9  n 
P O  91 8P 

Beta-cooled s t ructure ,  columnar perimeter. 
19 PO 99 

PI P I  PO 

8s IO 89 

Par t i a l  r e  crys t a l l i z  a ti on 
Beta-cooled s t ruc ture  - No recrys ta l l iza-  
t ion.  
Pa r t i a l ly  recrystal l ized.  
No recrystal l izat ion.  



c 

-C ontimed - 
TRANSFER TIME 

( BETG HEAT-TREATING 
Z T H  TO WA'IXR QUENCH) 

E c o n d s T  - HEAT TREXTING - CONDITIONS - 
Annealed 6OOOC for l5 m i n o  

1l IS 30 min, 
SP 91 60 min. 

or 1r 120 min. I 

Annealed 6 L O O C  f o r  15 min. 
91 91 30 min. 

111 F1 60 min. 
11 PP 120 m h o  

Beta-treated 7 3 0 O C  - 15 min. 

Annealed 4 2 5 O C  f o r  15 min. 

. tF ?f 30 min. 
f! 1s 60 min. 

120 min. si I O  

st 30 d n .  
11 ts 60 sliYl. 
1r F1 120 min. 

91 

I! 

P I  

ROCKWJ3LL G 
HARDMESS 
- AVERllGE - 

73 00 
67 .O 
62 .O 

67 -0 

65 .O 
63.0 

67 .o 
., 

66.0 

MACROSTRUCTURAL REMARKS - - 

Beta-cooled s t ructure ,  coleersmar p e r h e t e r .  
Fully recrystal l ized e 

Perbneter ful ly  recrystal l ized,  core par- 
t i a l l y  recrystal l ized.  
A l m o s t .  complete recrys ta l l iza t ion  with .a 
f-&-,e gTaLil perirLeter 

80% recrystal l izat ion,  beta-cooled core, 
Complete recrys ta l l iza t ion  - Grain Size 
approx. .225 m. 
Complete recrys ta l l iza t ion .  
Complete recrys ta l l iza t ion ,  

Beta-cooled s t ructure .  

Beta-cooled struc-bure, ccPumnar perimeter, 
coarse core. 

W 98 M 
m 01 00 

Uniform beta-cooled s t ruc tureo  

Beta-cooled s t ructure ,  columnar perimeter, 
coarser core 

01 n t0 

m op 89 

Uniform beta-cooled s t ruc turep  



) INGOT 
NO PPEAT TREATING CONDITIONS 
P - - - -  

1H 

3 H  
S H  
7H 

1J 

35 
5s 
75 

1 K  

3K 
5 K  
7 K  

1L 
3L 
5’L 
7L 

F 

Annealed 5OOOC f o r  15 min. 

01 99 30 min. 
I t  tt 60 mino 
Po PP 120 min. 

Annealed 5’5’OOC f o r  15 min. I 
PP 
SP 

30 min. 
60 min, 

Annealed 600°C f o r  15 min. 

or I9 30 m b .  
9 9  P I  60 m i n b  
De OP 120 min. 

Annealed 64OoC f o r  15’ min. 
so OP 30 mino 
n 1t 60 min. 
Q l  ir 120 m 5 . n o  

TABLE I 

-Continued- 

TRANSFER TIPlIE 
(BETXTEZFE~~TING ROCKWELL G 

BATH TO WATER QUEMCH) HARDNESS 
P AVERAGE MACROSTRUCTURAL R m S  

I___ 

PI 

Beta-treated 730% f o r  15’ min. 

I 
20 I 

I 
I 
I 

I 

72 .O 

71 eo 
71.0 
73 .o 

67 .O 

70 .O 
67 .O 
68 .O 

68 .O 

62 .Q 
68 .O 
65 .O 

69 00 
68 .O 
71.0 
68 .O 

71 e 0  

Beta-cooled s t ructure ,  columnar perimeter, 
c oars er c bre 

tf 0s t# 

Po SP w 
tf I w 

Beta-cooled s t ructure ,  columnar perimeter, 
G oars e r  core e 

w SI S? 

I t  w 99 

Slight  recrys ta l l iza t ion  along p a r t  of 
p e r h e t e r ,  remainder beta-cooled s t ruc ture  

A l m o s t  complete r e c r y s t d l i x a t i o n ,  f i n e r  
perimeter, coarser core. 

Recrystal l izat ion more complete i n  coreo 
Almost e onrplet e recrys ta l l iza t ion ,  

ID Sf n 

Almost complete recrys ta l l iza t ion .  
Recrystallized s t ruc ture  appears coarseo 
Complete recrys ta l l iza t ion  e 

Complete recrys ta l l iza t ion .  

I Uniform beta-cooled s t ructure .  
I 
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c 

Annealed 6400C f o r  15 m5n. 
OF n 30 m b ,  

PP R 60 minm 

I INGOT 
NO 0 HEXT TREBTING CONDITIONS -- - 

Annealed 450% f o r  15 min. 
It IF 30 mill .  
tr tF 60 mine 
It 81 120 mine 

Annealed 5OOOC f o r  15 mine 
Fr ov 30 mino 
I t  IO 60 min, 

120 mima. VP 99 

I Annealed 550% f o r  15 m i n e  
11 (.- ii jU m h ,  
11 $1 60 m i n .  

120 mima. 9 )  fr 

TABLE I 

-Continued- 

- 

TRANSFER TIM3 

BATH TO - WATER QUENCH) -~ 

(BETFEEAT TR~XTING 

- (See ond s ) 
I 

20 
S P  

91 

IP 

30 

RCCFf iU  G 
HARDNESS 
AVERAGE 

67 .o 
e- _ .  

65 

69.0 
f r t  n 
UL o u  

65 .O 

65 .O 

63 .O 
62 .O 

67 .O 
69 .O 

63 .O 

65 .O 
63 .O 
69 .O 
57 e o  

65 0Q 

64.0 

68 .O 

66.0 
69 .O 

70 a 0  

MACROSTRUCTURAL REMARKS 
.__- __ _- 

Beta-cooled s t ructure .  
Beta-cooled s t ruc ture  with s l i g h t  euidesce 
of recrys ta l l iza t ion ,  
Beta-cooled s t ruc ture  with s l i g h t  evidence 
of r e  c r y s  t a l l i z  a t i  on . 
R e e i ~ - s t d l P s a t i o n  has taken place, some 
beta-cooled s t ruc ture  , 

Beta-cooled s t ruc ture  with coarse grain 
o f f se t ,  
Uniform beta-cooled s t ruc ture ,  

PP Ip 

8a I 

19 88 

Uniform beta-cooled s t ruc ture .  
sv W 

99 IO 
VI 91 

Beta-cooled s t ructure .  
ss 91 

I 8  S? 

99 91 

Beta-cooled s t ructure .  
88 It  

99 9 9  

P! I S  



G 

TAm I 

-Continued- 

TRANSFER T I K E  
(BET- TREAT G ROCKWELL G 

BATH TO WATER _ _  QUENCH) HARDNESS 
HEYlT TREATING CONDITIONS YSecon&iJ---- - - AVERAGE _ _ _  - , MACROSTRUCTURAL FCEMARKS 

Annealed 600oc f o r  15 mino 
PP VI 30 min, 

OI !I 60 min, 
tr ., x20 min, 

I Annealed 6400C f o r  15 mino I 
I t  I t  30 min. 
so 01 60 min, 

tP 120 mine 9P 

Beta-treated 730OC - 15 min. I 

Annealed 425% f o r  15 min. 
VI E 30 min. 
R W 60 min. 
M te 120 min. 

Annealed 4SOW for 15 min. 

f f  tp 60 min. 
tt It 120 mini 

?I H 30 mine 

30 
PI 

P O  

1 P  

P9 

45 

Annealed SOOOC f o r  15 mine 
01 30 min. 

65.0 
64.0 

70 .O 
66.0 

67.0 

65 .O 
69 .O 
62.0 

Uniform beta-cooled s t ructure .  
Beta-cooled s t ruc ture  w5th evidence of pre- 
liminary r e  crys t a l l i z  a t i  on, 

OP Of st 

M I! BB 

Beta-cooled s t ruc ture  with s l i g h t  evidence 
of prelirnizaary recrys ta l l iaa t icn .  

Beta-cooled s t ruc ture ,  
Almost cmple te  recrys la l l fea t ion  but 
coarse in nature, 

PO PO IIP 

I 65.0 I Beta-cooled s t ructure .  

65 .O 
69.0 
67.0 
65 .o 

64 .O 
65 .O 

65 .O 

63.0 

62 .O 
65 .o 

60 b o  

6500 

Beta-cooled s t ructure .  
tt I? 

ps sp 

Beta-cooled s t ructure .  
so Po 
IS P9 

It OP 
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T A B U  I 

c HEaT TREATING CONDITIONS 

Annealed 5OOW f o r  15 min. 
t? V? 30 snin. 
It PP 60 mtn. 
I! P? 120 min. 

Annealed SSOOC for 15 snin. 

FP PP 60 &no 
PP P? 120 &. 

30 Fe OP 

Annealed 600OC f o r  1s m h o  
tV PB 30 mine 

P( pt 60 Illin. 
PP pt 120 min, 

Annealed 650% f o r  15 mira. 
or r? 30 mh. 

n 9? 120 ndne 

-C ont hued  - 
TFUNSFER TIPIE 

(BETK-FIEAT T ~ N G  ROCFaLL G 
BATH TO WATER QeTENCK) HARDNESS 

{Seconds) - AvERaGE MACROSTRUCTURAL RENARKS 

60 
PP 

91 

PI 

66.0 
62 .O 
61 .O 
59 e 0  

62 -0 
64 .O 
68 ,O 
60 .o 
68 .O 
65 .O 

61 
63 .O 

66 .O 
66 .O 

59 .O 

61 .o 

Uniform beta-cooled s t ructure .  
Beta-cooled s t ruc ture  . 
Beta-cooled s t ructure ,  m l m a r  core. 
Uniform beta-cooled s t ructure .  

Beta-cooled s t ructure ,  coarser a t  core. 
Beta-cooled s t ructure .  

os IS 

PO 19 

Uniform beta-cooled s t ruc ture .  
Beta-cooled s t ructure ,  s l i g h t  evidence of 
preliminary recrys ta l l iza t ion .  

s o  PI 89 

99 99 99 

Beta-cooled s t ructure ,  columnar core. 
Beta-cooled s t ructure ,  s l i g h t  evidence of 
preliminary recrys ta l l iza t ion .  
Beta-cooled s t ructure ,  evidence of prelfm- 
inary recrystal l izat ion.  
Evidence of coarse recrys ta l l ized  grains 
and retained beta-cooled s t ructure .  




