
Fig. 3--A schematic  diagram of the melt  r is ing in the fused 
s i l ica  tube. 

which  r a i s e d  the t e m p e r a t u r e  of  the s i l i c a  above  T A ,  
the  a m b i e n t  t e m p e r a t u r e ,  a c c o r d i n g  to 

= 27r~'d'c'p' ( T m  2 + Ts  q si l ica - TA/ [6] 

and tha t  hea t  i s  the  t o t a l  hea t  t r a n s f e r r e d  in to  the  
s i l i c a  f r o m  the  s u p e r h e a t e d  m e l t  wh ich  has  p a s s e d  by 
it  at  v e l o c i t y  v d u r i n g  the  f i l l i n g  of the  tube  to a he igh t  
H, i .e . ,  

q si l ica = (4 m e l t -  q r a d i a t i o n ) H -  h [7] u 

in wh ich  bo th  ~ melt  and ~ radiation a r e  t a k e n  to be  
c o n s t a n t  d u r i n g  f i l l i ng  of the  tube .  In o r d e r  to e v a l u a t e  

melt  a f t e r  the  tube  has  b e e n  f i l l ed ,  we use  a t a b u l a t e d  
so lu t ion ,  f (and i t s  d e r i v a t i v e  f ' )  of the  d i f f u s i o n  e q u a -  
t ion  fo r  a c y l i n d r i c a l  s p e c i m e n :  z 

To T 
= f (r~) [8 ] T o -  T m  

w h e r e  ot = k / p c  is  the  t h e r m a l  d i f f u s i v i t y  of the  m e l t .  
B e c a u s e  we a r e  c o n c e r n e d  wi th  the  m e l t  at  he igh t  h, 
f is  to be  e v a l u a t e d  fo r  the  t i m e  s i n c e  the m e l t  at that  
he igh t  has  b e e n  coo l ing ,  i .e . ,  s i n c e  it l e f t  the  r e s e r v o i r ,  
and that  t i m e  is  t = h / v .  

C o m b i n i n g  the  above  e q u a t i o n s  in a s t r a i g h t  f o r -  
w a r d  m a n n e r  l e a d s  to the  f o l l o w i n g  e q u a t i o n  in which  
e a c h  t e r m  is  d i m e n s i o n l e s s :  

T o -  T m ~ f ,  (cth ) = 2rh  r 
~ / " vr~  - - T -  + 

r k '  

2~'  (H~_h) 
1 +-d7s 

[9] 

T h e  f a c t o r  ( T o - T m ~  \ T i n - T A  / m a y  be  r e g a r d e d  as  a f r a c t i o n a l  

s u p e r h e a t .  In s o l v i n g  th i s  e q u a t i o n  Tin ,  T A ,  r ,  d', hr,  
~, k, k ' ,  or, and or' a r e  known,  ~-5 v a l u e s  fo r  To, H, and 
v a r e  a s s u m e d ,  and h i s  c a l c u l a t e d .  

T h e  r e s u l t s  of t h e s e  c a l c u l a t i o n s  (which  m u s t  be  
done in an i t e r a t i v e  f a s h i o n  s i n c e  f ,  and h e n c e  i t s  d e -  
r i v a t i v e  f ' ,  is a t a b u l a t e d  r a t h e r  than  an a n a l y t i c a l  
funct ion)  a r e  g iven  in F i g .  4. A l l  of  the  c u r v e s  a r e  
c a l c u l a t e d  v a l u e s  of the  c h i l l  l a y e r  r e m e l t  he igh t  fo r  
a v e l o c i t y  of  20 c m / s ,  wh ich  is  a r e a s o n a b l e  v a l u e  
b a s e d  on o b s e r v a t i o n .  S u p e r i m p o s e d  on the  c a l c u l a t e d  
c u r v e s  a r e  the  o b s e r v e d  h e i g h t s  at  wh ich  l a r g e  c r y s -  
t a l s  w e r e  o b s e r v e d  f r o m  s e v e r a l  r u n s ,  wi th  the  s u p e r -  
h e a t s  g iven  in e a c h  c a s e .  It i s  s e e n  tha t  d e s p i t e  s o m e  
s i m p l i f y i n g  a s s u m p t i o n s  the  a g r e e m e n t  b e t w e e n  c a l c u -  
l a t ed  c u r v e s  and the  o b s e r v e d  p o i n t s  i s  good, e s p e c i a l l y  
c o n s i d e r i n g  tha t  t h e r e  a r e  no a r b i t r a r y  c o n s t a n t s  in -  
v o l v e d .  
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Fig. 4--Calcutated curves of h vs  H for different superheats 
(T o - Tin), as marked,  with experimental  data (superheats 
given in each case).  Calculated curves  are  for v = 20 crn/s. 

T h e  r a t e  of s o l i d i f i c a t i o n  was  not o b s e r v e d  d i r e c t l y .  
T h e r e  i s  s o m e  l i m i t e d  i n f o r m a t i o n  by which  the  s o l i -  
d i f i c a t i o n  r a t e  m a y  be  d e d u c e d  f r o m  the  o b s e r v e d  
g r a i n  s i z e ,  but  i t  i s  not  a p p l i c a b l e  to a l l o y s  of the  c o m -  
p o s i t i o n  we w e r e  c o n s i d e r i n g .  6 
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Evidence for Subgrain Formation in an 
AI-Mg Alloy at Low Stresses 

FARGHALLI A.  M O H A M E D  

C r e e p  c h a r a c t e r i s t i c s  of s o l i d - s o l u t i o n  a l l o y s  1-~ in -  
d i c a t e  tha t  s u b s t r u c t u r e s  d e v e l o p e d  in a l l o y s  of  the  
m e t a l  c l a s s  ( s t r e s s  exponen t  ~5 )  and t h o s e  of the  a l -  
loy  c l a s s  ( s t r e s s  exponen t  = 3) a r e  v a s t l y  d i f f e r e n t .  
In a l l o y s  of  the  m e t a l  c l a s s ,  a r e g u l a r  a r r a y  of s u b -  
g r a i n s  i s  f o r m e d ,  and the s u b s t r u c t u r e  o b s e r v e d  i s ,  
t h e r e f o r e ,  s i m i l a r  to tha t  of p u r e  m e t a l s .  2'5 On  the  
o t h e r  hand,  s u b s t r u c t u r e s  o b s e r v e d  in a l l o y s  of  the 
a l l o y  c l a s s  exh ib i t  two f e a t u r e s :  a) s u b g r a i n s  a r e  not  
g e n e r a l l y  d e v e l o p e d ,  o r ,  i f  f o r m e d ,  a r e  found in the  
v i c i n i t y  of g r a i n  b o u n d a r i e s ,  and b) d i s l o c a t i o n s  a r e  
w a v y  and h o m o g e n e o u s l y  d i s t r i b u t e d .  
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Recent ly ,  i t  has  been  shown 6"~ that  the  s t r e s s  ex -  
ponent  in some  a l l oys  changes  f rom a value  of 3 ( typi-  
ca l  of the a l loy  c l a s s )  at  high s t r e s s e s  to a value  c lo se  
to 5 ( typ ica l  of the m e t a l  c l a s s )  at  low s t r e s s e s .  Th i s  
change,  which is in a c c o r d  with e a r l i e r  p r e d i c t i o n s ,  2'3 
sugges t s  that  c r e e p  f e a t u r e s  r e p o r t e d  for  both m e t a l  
and a l loy  c l a s s e s  can be o b s e r v e d  in a s ingle  so l i d -  
so lu t ion  a l loy ,  p r o v i d e d  that  a wide r ange  of s t r e s s e s  
is  scanned .  Consequent ly ,  i t  is  an t i c ipa t ed  that  if an 
a l loy  of the a l loy  c l a s s  is  c r e p t  at  su f f i c ien t ly  low 
s t r e s s e s ,  the s u b s t r u c t u r e  deve loped  wi l l  be t y p i c a l  
of the m e t a l  c l a s s ,  i .e. ,  a t endency  to f o r m  wel l  de -  
ve loped  s u b g r a i n s .  Th i s  p o s s i b i l i t y  has  mo t iva t ed  the 
w o r k  r e p o r t e d  in th is  p a p e r  on the c r e e p  behav io r  of 
an A1-Mg a l loy .  

An A1-2 pc t  Mg a l loy  was chosen  for  two r e a s o n s .  
F i r s t ,  h i g h - s t r e s s  s u b s t r u c t u r a l  da t a  z~ of the A1- 
Mg s y s t e m  c l e a r l y  show that  th is  s y s t e m  behaves  as  
an a l loy  type.  Second, m e c h a n i c a l  t e s t i ng  of A1-Mg 
a l l oys  p r e s e n t s  no d i f f i cu l t i e s  s ince  the t e s t s  a r e  con-  
ducted in a i r .  

Double  s h e a r  s p e c i m e n s  of A1-2 pc t  Mg were  ma-  
chined and t e s t e d  on a su i t ab ly  des igned  c r e e p  m a -  
chine .8,7 Al though the g e n e r a l  t e s t  p r o c e d u r e  employed  
in the p r e s e n t  s tudy has  been  d e s c r i b e d  e l s e w h e r e ,  6,7,z3 
i t  i s  i m p o r t a n t  to ment ion  these  po in ts :  

a) Spec imens  were  annea led  for  10 h at  888 K, giving 
a g ra in  s i ze  of about  4 mm.  

b) The  r a n g e  of s t r e s s e s  f rom 0.2 M N / m  2 to 3 MN/  
m ~ was i nves t i ga t ed  at  a s ing le  t e m p e r a t u r e  of 878 K. 

c) A f t e r  de fo rma t ion ,  s p e c i m e n s  were  cooled under  
load to p r e s e r v e  the s u b s t r u c t u r e  deve loped .  

d) X - r a y  back  r e f l e c t i on  and e t c h - p i t  techniques  
we re  used to examine  the p o s s i b i l i t y  of s u b g r a i n  fo r -  
ma t ion  a t  low s t r e s s e s .  

F i g u r e  1 shows the da ta  of c r e e p  t e s t s  on A1-2 pct  
Mg at  T = 878 K, where  the s h e a r  s t r a i n  r a t e ,  ~, is  
p lo t t ed  l o g a r i t h m i c a l l y  as  a function of s h e a r  s t r e s s ,  
~r. A t  the h igher  s t r e s s e s  (T > 0.8 M N / m  2, the s t r e s s  
exponent  is  3 and the c r e e p  c u r v e s  exhibi t  b r i e f  n o r -  
ma[  t r a n s i e n t .  At  the lower  s t r e s s e s  (T < 0.8 MN/m2), 
the s t r e s s  exponent  is  4.5 and an ex tens ive  p r i m a r y  
s t age  was o b s e r v e d .  

W e e r t m a n  z4 sugges t ed  that  the c r e e p  behav io r  of a 
s o l i d - s o l u t i o n  a l loy  may  be governed  by the two s e -  
quen t i a l  p r o c e s s e s  of v i s cous  gl ide  (which obeys  a 
t h i r d - p o w e r  law) and d i s l oca t i on  c l i m b  (which obeys  
a f i f th -power  law).  On the b a s i s  of th is  sugges t ion ,  i t  
was p r e d i c t e d  2'3 that  the c r e e p  behav io r  of a so l i d -  
so lu t ion  a l loy  would change f rom that  of the a l loy  c l a s s  
to that  of the m e t a l  c l a s s  a s  the s t r e s s  is  r e d u c e d  be -  
low a c e r t a i n  c r i t i c a l  va lue .  A r e c e n t  inves t iga t ion  6,7 
on A1-3 pc t  Mg v e r i f i e d  this  p r e d i c t i o n .  More  r e c e n t l y ,  
Mohamed  et al 4,9,zS showed that  the t r a n s i t i o n  f r o m  
m e t a l  c l a s s  to a l l oy  c l a s s  is  cons i s t en t  with a c r i t e r i o n  
of the fo rm 

ecZ/2Gb~/ Dg 

where  k is  B o l t z m a n n ' s  cons tant ,  T i s  the abso lu te  
t e m p e r a t u r e ,  e is  the s o l u t e - s o l v e n t  s i ze  d i f f e rence ,  
c is  the concen t r a t i on  of so lu te  a toms ,  b i s  the B u r g e r s  
vec to r ,  G is  the  s h e a r  modulus ,  B is  a d i m e n s i o n l e s s  
cons tan t ,  y is  the  s t a c k i n g - f a u l t  ene rgy ,  D c is  the d i f -  
fus ion coef f ic ien t  for  the c l i m b  p r o c e s s ,  Dg is  the di f -  
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Fig. 2--Correlation between the normalized glide-climb c r i -  
terion and data of an A1-2 pct Mg alloy at T = 878 K. 

fus ion coef f ic ien t  for  the gl ide p r o c e s s ,  a n d  ~/G is the 
n o r m a l i z e d  s t r e s s  (cr/G = 2 ~'/G). 

2 shows a plot  of ( kT 2 3 Delay2 F i g u r e  

on a l o g a r i t h m i c  s c a l e .  The boundary  be tween  v i scous  
gl ide and c l imb  con t ro l  is  r e p r e s e n t e d ,  a c c o r d i n g  to 
Eq. [1], by a s t r a i g h t  l ine at  45 deg.  The  so l id  and 
b r o k e n  l ines  were  d e t e r m i n e d  f r o m  da ta  on A1-3 pct  
Mg d e f o r m e d  at  d i f fe ren t  t e m p e r a t u r e s  %7 and a s ingle  
t e m p e r a t u r e , 6 ,  9 r e s p e c t i v e l y .  The d i f f e rence  in p o s i -  
t ion be tween  the two l ines  could be due to e x p e r i m e n t a l  
s c a t t e r  which o c c u r s  in the t r a n s i t i o n  r eg ion .  

The  s t r e s s  r ange  employed  and the t r a n s i t i o n  point  
o b s e r v e d  in the p r e s e n t  e x p e r i m e n t s  on A1-2 pct  Mg 
a r e  sho.wn in F ig .  2. As  can be seen ,  the e x p e r i m e n t a l  
t r a n s i t i o n  point,  which is m a r k e d  as  a c i r c l e ,  a g r e e s  
v e r y  wel l  with that  d e t e r m i n e d  f rom the b r o k e n - l i n e  
boundary .  

The f i r s t  ind ica t ion  of s u b g r a i n  f o r m a t i o n  at  low 
s t r e s s e s  ( s t r e s s  exponent  = 4.5) was obta ined  by the 
b a c k - r e f l e c t i o n  Laue  pho tograph  shown in F ig .  3(a). 
The Laue  spo ts  a r e  spl i t ,  i nd ica t ing  subg ra in  f o r m a -  
t ion within the g ra in .  Con f i rma t ion  of th is  o b s e r v a t i o n  
is  p rov ided  by pho tographs  of e tch  p i t s  obta ined  for  a 
s p e c i m e n  t e s t ed  at T = 0.35 M N / m  2. F i g u r e  3(b) shows 
po lygon ized  r e g i o n s  in the v ic in i ty  of a g r a i n  bound- 
a r y  ( m a r k e d  as  B), and F ig .  3(c) d e m o n s t r a t e s  that  the 
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(a) 

(b) 

dis locat ion  s t r uc t u r e  is a lso  polygonized within the 
gra in .  However,  it is c l ea r  that the subgra in  s ize  is 
inhomogeneous ,  i . e . ,  ve ry  fine and large  subgra ins  
could be found. 

Dorn  and coworkers  2'~6 have concluded that when- 
ever  the c l imb me c ha n i sm  is r a f e -con t ro l l i ng ,  sub-  
g ra ins  a re  fo rmed  dur ing  creep .  On the other  hand, 
s e v e r a l  sys t ema t i c  inves t iga t ions  ~~ on A1-Mg al loys 
have indicated that under  v i scous -g l ide  condit ions 
( s t r e s s  exponent = 3) there  is no s igni f icant  tendency 
to fo rm subgra ins .  These  expe r imen ta l  f indings along 
with the p re sen t  expe r imen ta l  evidence support  the 
predict~ort that,  as the s t r e s s  is suff ic ient ly  reduced,  
c reep s u b s t r u c t u r e s  developed in a so l id - so lu t ion  a l -  
loy may change f rom those observed  in the al loy c lass  
to those observed  in the meta l  c lass .  

In s u m m a r y ,  i) c reep data of A1-2 pct Mg show a 
t r a n s i t i o n  in behavior  f rom viscous  glide cont ro l  to 
c l imb  cont ro l  when the shear  s t r e s s  is reduced,  and 
ii) there  is a tendency to fo rm sub -bounda r i e s  in the 
l o w - s t r e s s  r e g i me .  

This  work is the outgrowth of r e s e a r c h  inaugura ted  
by the late P r o f e s s o r  John E. Dorn to whom I am 
deeply indebted.  

I would like to express  my grat i tude to P r o f e s s o r  
S. F .  Ravitz for some useful  d i scuss ions ,  and P r o -  
f e s so r  J .  W. M o r r i s  for his  encouragemen t  af ter  the 
death of P r o f e s s o r  John E. Dorn.  Thanks a re  also due 
to J i m  Dimitroff ,  D. Bhat, and Ray Lee for the i r  a s -  
s i s tance .  P r e p a r a t i o n  of this paper  was supported in 
par t  by the Depa r tmen t s  of Mate r i a l s  Science and Me-  
chanical  Eng inee r ing  of the Un ive r s i ty  of Southern 
Ca l i fo rn ia  and in pa r t  by the National  Science Foun-  
dat ion under  Gran t  No. DMR77-27619. 

P a r t  of the mechan ica l  t es t ing  was c a r r i e d  out in the 
Inorganic  Ma te r i a l s  Resea rch  Divis ion  of the Lawrence  
Berkeley  Labora to ry  through the ausp ices  of the United 
States Energy  Resea rch  and Development  A d m i n i s t r a -  
tion. 
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(c) 
Fig. 3--(a) A back reflection Laue X-ray photograph of an 
A1-2 pet Mg specimen tested at r = 0.35 MN/m 2, (b) distiribu- 
tion of etch pits after creep testing at T = 0.35 MN/m 2. A 
grain boundary is shown at B, magnification 44 times, and 
(c) distribution of etch pits within the grain at r = 0.35 
MN/m 2, magnification 44 times. 
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