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A t h e o r e t i c a l  and e x p e r i m e n t a l  s tudy was conducted to d e t e r m i n e  the combined  e f fec t s  on 
i n t e r s t i t i a l  d i f fus ion in m e t a l s  of g r a d i e n t s  in i n t e r s t i t i a l  concen t ra t ion ,  in so lvent  c o m p o -  
s i t ion ,  in s t r e s s ,  and in t e m p e r a t u r e .  The t heo ry  c o n s o l i d a t e s  r e l a t i o n s h i p s ,  some  of which 
have been  p r e v i o u s l y  pub l i shed .  It is  b a s e d  on m a c r o s c o p i c  i r r e v e r s i b l e  t h e r m o d y n a m i c s ,  
and is  app l i cab l e  to a n i s o t r o p i c  or  i s o t r o p i c  m a t e r i a l s .  E x p e r i m e n t s  we re  conducted  and 
l i t e r a t u r e  ana lyzed  to d e t e r m i n e  the n u m e r i c a l  quant i t i es  r e q u i r e d  to p r e d i c t  the change in 
hydrogen  d i s t r i b u t i o n  with t i m e  for  pu re  and a l loy  t i t an ium,  where  the so lven t  g rad ien t ,  
s t r e s s  g rad ien t ,  and t e m p e r a t u r e  g r ad i en t  a r e  cons tan t  with t ime .  The d i f fus ion  d r i v ing  
f o r c e s  for  so lu te  g rad ien t ,  so lvent  g rad ien t ,  and s t r e s s  g r a d i e n t  a r e  r e l a t e d  to the ef fec t  
of each  fac to r  on hydrogen  ac t iv i ty .  In addi t ion,  the m a t e r i a l  p r o p e r t y  which d e t e r m i n e s  
the di f fus ion d r iv ing  f o r c e  of a s t r e s s  g r ad i en t  for  a n i s o t r o p i c  m a t e r i a l  i s  a m a t t e r  t e n s o r  
analogous  to the s c a l a r  p a r t i a l  mo la l  vo lume used  for  i s o t r o p i c  m a t e r i a l .  The e x p e r i m e n t s ,  
conducted with c o m m e r c i a l l y  pu re  t i t an ium and t i t an ium a l loy ,  6A1-4V, c ons i s t  of m e a s u r -  
ing the effect  of a l loy  add i t ions  and s t r e s s  on the hydrogen  a c t i v i t y  in so l id  so lu t ion  and the 
d i l a t a t ion  ef fec t  of hydrogen .  S t r e s s  s t a t e s  t e s t e d  we re  tens ion ,  c o m p r e s s i o n ,  and to r s ion .  
The m e a s u r e m e n t s  we re  made  by expos ing  t i t an ium and the a l l oy  to hydrogen  at  t e m p e r a -  
t u r e s  f rom 600 ~ to 800 ~ C, and m e a s u r i n g  the e q u i l i b r i u m  hydrogen  gas  p r e s s u r e  at  v a r i -  
ous so l id  solut ion hydrogen  contents .  Both m a t e r i a l s  we re  t e s t e d  with and without  s t r e s s .  
Tens ion  d e c r e a s e d  the ac t iv i ty ,  c o m p r e s s i o n  i n c r e a s e d  it,  and t o r s i o n  had no effect .  This  
i s  cons i s t en t  with the s t r e s s  ef fec t  t h e o r y  of Li, Or ian i ,  and Darken .  The s t r e s s  e f fec t  
c o r r e s p o n d s  to an a p p a r e n t  p a r t i a l  mo la l  vo lume of 1.7 to 2.2 c m a / m o l ,  depending on the 
a l loy  and hydrogen  content .  

s  s tudy was mo t iva t ed  by  the need to p r e d i c t  quan-  
t i t a t i ve ly  the m a s s  movemen t  of hydrogen  in t i t an ium 
where  such movemen t  is  caused  by  g r a d i e n t s  o ther  than 
the so lu te  concen t r a t i on  g rad ien t .  This  need a r o s e  when 
c a t a s t r o p h i c  f a i l u r e  of an i m p o r t a n t  p r e s s u r e  v e s s e l  
o c c u r r e d .  Subsequent  inves t iga t ion  of the f a i l u re  ind i -  
ca ted  that ,  dur ing  s t o r a g e  of the p r e s s u r e  v e s s e l  a t  
t e m p e r a t u r e s  n e a r  r o o m  t e m p e r a t u r e  for  1 • 2 y e a r s ,  an 
i n i t i a l l y  un i fo rm hydrogen  d i s t r i bu t i on  b e c a m e  highly  
s e g r e g a t e d .  The s e g r e g a t i o n  took the f o r m  of an a l m o s t  
cont inuous  l ine  of b r i t t l e  t i t an ium hydr ide  nea r  a weld 
fus ion  l ine where  the f a i l u r e  in i t i a ted .  The p r e s s u r e  
v e s s e l  was c o n s t r u c t e d  f r o m  6A1-4V-Ti  a l loy  and 
welded with c o m m e r c i a l l y  pu re  f i l l e r  rod .  

F ig .  1 is  a p h o t o m i c r o g r a p h  of the offending m i c r o -  
s t r u c t u r e .  Dur ing  the c o u r s e  of manufac tu re ,  the zone 
in which the f a i l u r e  o r i g i n a t e d  had been  sub jec ted  to a 
t e m p e r a t u r e  g r a d i e n t  dur ing  welding,  a so lvent  (or a l -  
loy) concen t r a t i on  g r a d i e n t  at  the fus ion l ine,  r e s i d u a l  
s t r e s s e s  due to the welding,  and s t r e s s e s  app l i ed  d u r -  
ing t e s t  and ope ra t i on .  The comple t e  exp lana t ion  of the 
f a i l u re  r e q u i r e s  an explana t ion  of the hydrogen  diffu-  
s ion,  the subsequent  p r e c i p i t a t i o n  of t i t an ium hydr ide  
and f ina l ly  c r a c k  p ropaga t i on  under  s t r e s s .  This  s tudy 
is  c o n c e r n e d  only with the hydrogen  diffusion.  

It i s  known 1'2 that  such dif fus ion can be caused  not 
only by  solute  concen t r a t i on  g r a d i e n t s ,  but  by  o ther  
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g r a d i e n t s  such a s  so lvent  concen t ra t ion ,  ~ s t r e s s , "  and 
t e m p e r a t u r e f l  However ,  the t h e o r y  for  t he se  d r i v ing  
f o r c e s  has  not been  conso l ida ted ,  and the e x p e r i m e n t a l  
da ta  r e q u i r e d  for  i t s  use  a r e  not ava i l ab l e  for  spec i f i c  
c a s e s .  

This  s tudy wil l  p r e s e n t  the equat ion for  the hydrogen  
flux and change in d i s t r i b u t i o n  induced by  the four f a c -  
t o r s  l i s t e d  above and e x p e r i m e n t a l  da ta  app l i cab l e  to 
hydrogen  in t i t an ium and in a t i t an ium a l loy .  P a r t  I 
wi l l  develop the conso l ida ted  equat ion and P a r t  II wi l l  
p r e s e n t  the e x p e r i m e n t a l  da ta  of th is  s tudy toge the r  
with o ther  da ta  e x t r a c t e d  f rom the l i t e r a t u r e .  

PART I. THE FLUX EQUATION 

Gene ra l  

It was d e s i r a b l e  to develop  a d i f f e r e n t i a l  equat ion for  
d i f fus ion which con ta ins  quant i t i es  that  can be d e t e r -  
mined  e x p e r i m e n t a l l y .  A t h e o r y  b a s e d  on T h e r m o d y -  
n a m i c s  of I r r e v e r s i b l e  P r o c e s s e s  (T . I .P . )  i s  used  
which g ives  a c l e a r  p i c t u r e  of the a s s u m p t i o n s  and 
qua l i f i ca t ions  inhe ren t  in the equat ions .  

T . I .P .  i s  app l i cab l e  to spontaneous  p r o c e s s e s ,  4 ex -  
cept  those  which occu r  at  high r a t e s  and with high g r a -  
d ien ts ,  such a s  in a f l ame  f ron t  or  in an exp los ive  r e -  
ac t ion.  It a pp l i e s  to f luxes  of m a s s  o r  hea t  caused  by  
a p p r o p r i a t e  spa t i a l  g r a d i e n t s ,  and to r a t e s  of a c h e m i -  
ca l  r e a c t i o n  caused  by  dev ia t ions  f rom equ i l i b r ium.  
Although T . I .P .  can include the effect  of any f ie ld ,  
e l e c t r i c ,  magne t i c ,  and g r a v i t a t i ona l  f i e lds  were  ig -  
no red  in th is  work  b e c a u s e  they a r e  a s s u m e d  to be 
un impor tan t  in the c a s e s  of i n t e r e s t .  
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Table I. Diffusion of Various Solutes in Titanium as Solvent 

D 
Phase of 800~ DO, Qo, 

Solute Ti cm2/s cm~/s cal/mole Author Ref 

H a 5.6 x 10 "s 1.8 x 10 "2 12,380 Wasilewski 21 
H B 9.0 x 10 "s 1.9 x 10 "3 6,640 and Kehl 
O ~ 2.8 x 10 "1~ 1.6 48,200 Wasilewski 

22 
and Kehl 

N a 7.7 x 10 "12 1.2 x 10 "2 45,200 
N /3 4.8 x 10 "s 3.5 x 10 "2 33,800 

C a 7.6 x 10 -9 5.06 43,500 Wagner, et 23 
al. 

C ~ 1.6 x 10 "a 108 48,400 
AI a 3.8 x 10 "H 1.6 x 10 "s 23,700 Goold 24 
A1 /3 5.0 x 10 "l~ 1.4 x 10 "s 21,900 
V ~ 5.0 x 10 "n 6.0 x 10 "3 39,600 

o=ooox.( ) 

D = Diffusivity. 
D O = Temperature independent factor of diffusivity. 
Qo = Activation energy for diffusion. 

Fig. 1--Dark etching hydride needles near the edge of a weld 
in titanium. Magnification 100 t imes.  

The g r a d i e n t s  caus ing  di f fus ion of m a t t e r  or  hea t  
may  be ca l l ed  f o r c e s ,  X. If j s p e c i e s  a r e  p r e s e n t ,  in-  
c luding heat  a s  a s p e c i e s ,  if we ignore  v a c a n c y  diffu-  
s ion s ince  our  i n t e r e s t  i s  in i n t e r s t i t i a l  diffusion,  and 
if each  f o r c e  can cause  any flux, the f lux of s p e c i e s  i 
i s :  

3 
whe re  the Li)are  ca l l ed  the phenomeno log ica l  coef f i -  
c i en t s .  F o r  a s y s t e m  cons i s t i ng  of a mobi le  s p e c i e s ,  
m,  t h r e e  s t a t i o n a r y  m a t r i x  s p e c i e s  1, 2, 3, and with 
hea t  flow Q, 

Jm = L m m X m  + LmlXI + Lm2X2 + Lm3Xz + LmQXQ 

J1 = LlrnXm + L l x X 1  + L12X2 + L13X3 + L 1 Q X Q  

JQ = LQmX m + LQIX1 + LQ2X2 + LQ3X3 + LQQXQ 

[1.11 
The mobi le  hydrogen  flux Jm is  the f lux of i n t e r e s t ,  
with the coe f f i c i en t s  Lm~ , Lm~ , Lmz r e p r e s e n t i n g  the 
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i n t e r ac t i on  be tween  Jm and the f o r c e s  Xa, X2, X s. In- 
tu i t ive ly ,  one would expec t  a neg l ig ib le  ef fec t  of the 
Xx, X~, X s s ince  s p e c i e s  1, 2, 3 a r e  s t a t i o n a r y  at  the 
t e m p e r a t u r e s  of i n t e r e s t .  This  i s  c o n f i r m e d  as  fo l lows 
by  the f o r m a l i s m  of Eq. [1.1] and the Onsage r  t h e o r e m ,  
Li j  = L j i .  (Appl ica t ion  of the Onsager  t h e o r e m  r e -  
q u i r e s  use  of f o r c e s  and f luxes  conforming  to Eq. [1.3] 
be low.)  

Accord ing  to Table  I, the d i f fus iv i t i e s  of e l e m e n t s  
o the r  than hydrogen  a r e  neg l ig ib le  c o m p a r e d  to that  
of hydrogen ,  o r  Jx ~ J2 ~ Js ---- 0. Since X1, X~, X s r 0, 
t h e r e f o r e  Lxm - Lxx ~ Lx2 ~ L~s ~ 0, and s i m i l a r l y  for  
the J ,  and Js equa t ions .  By the Onsage r  t h e o r e m ,  t h e r e -  
fo re  Lml ~- Lm~ ~ Lms ~- O. S i m i l a r l y ,  LQx -~ LQ2 ~- LQs 
-~0. 

T h e r e f o r e  we use 

Jm = LmmXm + LmQXQ 

JQ = LQmX m + LQQXQ [1.2] 

To d e t e r m i n e  the exp l i c i t  f o r m  of the t h e r m o d y n a m i c  
f o r c e s  X m and XQ, we use the conjugate  f o r c e s  and 
f luxes  which a r e  iden t i f i ed  by  T . I .P .  4,s a s  those  which 
f i t  the r e l a t i o n s h i p  

( ~ ) T  = ~ .  J i ' X /  [1.3] 

where  ~S is  the r a t e  of en t ropy  p roduc t ion  a c c o m p a n y -  
ing the i r r e v e r s i b l e  p r o c e s s e s ,  and T i s  the abso lu te  
t e m p e r a t u r e .  F o r  our  choice  of f lux the t h e r m o d y -  
namic  f o r c e s  X m and XQ, have been  shown to be 4'6 

: - : - [ 1 . 4 1  
' T 

where  ~m is  the c h e m i c a l  po ten t i a l  of m.  Conse rva t i on  
of m a s s  and e n e r g y  a r e  i m p l i c i t l y  inc luded in Eqs.  [1.3] 
and [1.4]. The f i r s t  po r t ion  of Eq. [1.2] thus b e c o m e s  

- 

The t h e r m o d y n a m i c  s ign i f i cance  of LmQ/Lmm can 
be seen  by def ining a quant i ty  Q which is  the quant i ty  
of e n e r g y  t r a n s p o r t e d  by  each  mole  of mobi le  cons t i t u -  
ent  m at  cons tan t  t e m p e r a t u r e ,  
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J v  

Q =  ( ~ m ) V T = o  

Cons i s t en t  with Eq. [1.2], s ince  L i j  = L j i  , and XQ = 0 
when V T = 0. 

L v m  L m v  [1.6] 
Q = L m  m - L m  m 

so that  Eq. [1.5] b e c o m e s  

Jrn= - Lmm [TV ( ~ - - )  + O-~-  ] [1.7] 

Since by thermodynamics /x m -- Hm - S m  T, and d/x m 
= R T  d In a m - S r n d T  where  ~m and Hrn a r e  p a r t i a l  
mo la l  en t ropy  and p a r t i a l  mo la l  en tha lpy  r e s p e c t i v e l y  
and a m is  the ac t iv i ty  of m,  and s ince  the hea t  of t r a n s -  
p o r t  is  def ined as  Q* - Q - H m ,  where  H m i s  the mola l  
en tha lpy  of m,  and (d~tm) T = R T  D In am.  

Q* VT] [1.8] ffm = - L m m  [ R T 0 7  In am)  T + --~ 

Here we have g rouped  a l l  f a c t o r s  having a VT depen-  
dency in the Q* V T / T  t e r m ,  a n d t h o s e  f a c t o r s  not depen-  
dent  on the VT in the t e r m  R T ( V  In a m ) T ,  using the 
s u b s c r i p t  T to r e m i n d  us of the grouping.  

Since the s e n s i b l e  hea t  added when hydrogen  at  t e m -  
p e r a t u r e  T is  r a i s e d  to T + d T  is  C p d T =  Hm, Q* i s  
the e x c e s s  of e n e r g y  t r a n s p o r t e d  ove r  that  due to the 
s e n s i b l e  heat ,  which mus t  be suppl ied  by  the s u r r o u n d -  
ing as  a mole  of m moves  under  the inf luence of a t e m -  
p e r a t u r e  g rad i en t .  A Q* of z e r o  r e p r e s e n t s  no i n t e r -  
ac t ion  of the hydrogen  and hea t  f lows.  The quan t i t i e s  
a m and Q* can be d e t e r m i n e d  e x p e r i m e n t a l l y .  

Conver t ing  the L m m  in Eq. [1.8] into t e r m s  of the 
s c a l a r  d t f fus lv i ty  D, which is  def ined as  - , l m / V C  m 
when VT = 0, and for  an i s o t r o p i c  d i lu te  solut ion for  
which a m cc Cm and VT = 0, 

DC m 
L m m  - R T  

Eq. [1.8] b e c o m e s :  

Q* 
Jm = - D C m [ ( V  In am)  T + ~ r V T ]  [1.9] 

F o r  the a n i s o t r o p i c  ca se ,  one can d e r i v e  s i m i l a r l y  
an e x p r e s s i o n  in which the d i f fus iv i ty  is  a m a t t e r  t en -  
s o r  of the second  r ank  

(Jm)i = -- ~ DijCm [(alnam) + Q* aa~-~-j] 
j = l; 2, s axj T 

[1.10] 

where  1, 2, 3, r e f e r  to t h r e e  or thogona l  axes ,  and (Jm)i 
is  the flux of s p e c i e s  m in the i d i r ec t i on .  

In th is  t r e a t m e n t  Q* is  a s s u m e d  to be i s o t r o p i c  and 
is  p r e s e n t e d  as  a s c a l a r .  Since Q* d e s c r i b e s  the i n t e r -  
ac t ion  be tween  two v e c t o r s ,  heat  flow and m a t t e r  flux, 
i t  i s  a t e n s o r  of the second  r ank  and is  a n i s o t r o p i c  for  
c r y s t a l s  of lower  s y m m e t r y  than cubic .  The au tho r s  
know of no m e a s u r e m e n t s  of the d e g r e e  of a n i s o t r o p y  
of th is  t en so r .  

We sha l l  now apply  Eq. [1.10] to a so l id  solut ion of a 
mobi le  s p e c i e s  m in s t a t i o n a r y  s p e c i e s  1, that  conta ins  
s m a l l  amounts  of subs t i tu t iona l  s t a t i o n a r y  s p e c i e s  2. 
Since In a m ts  a function of t h r e e  independent  v a r i a b l e s ,  
concen t r a t ions  C m ,  C2, and a s t r e s s  function u, then by 

the chain  ru l e  

d In a m 

dxj  ) T 

= ( 0  In a m dC m 

OC m dx j  

0 In a m dC2 b l n a  m d r . )  

a c z  dx j  + Ov ~ j j  T 

[1.11] 

All  t e r m s  a r e  exp l i c i t  except  for  v which we wil l  now 
eva lua te .  

S t r e s s  Funct ion  

Li, Or ian i ,  and Darken  7 show that  for  a s ingle  o r  
m u l t i p l e - p h a s e  s y s t e m  conta in ing an i m m o b i l e  con-  
s t i tuent ,  (such as  a c r y s t a l  l a t t i ce )  and a mobi le  con-  
s t i tuent  m ,  in an i s o t h e r m a l  a r b i t r a r i l y  s t r e s s e d  s y s -  
t em,  with e l a s t i c  cons tan t s  which do not change with 
hydrogen  content ,  and with an app l ied  s t r e s s  much l e s s  
than the Young 's  modulus  of a m a t e r i a l  (a s t r e s s  of 
50,000 ps i  in t i t an ium c a u s e s  a 0.15 pc t  e r r o r  in the 
fol lowing equat ions)  then 

~m = P~ - Wm [1.12] 

where  Pm is  the c h e m i c a l  po ten t i a l  of cons t i tuen t  m at  
o a given loca t ion  of a homogeneous ly  s t r e s s e d  body,  ~Zm, 

i t s  c h e m i c a l  po ten t i a l  in the s t a n d a r d  ( u n s t r e s s e d )  s t a t e  
for  the s a m e  compos i t ion ,  and W m is  the work  done on 
the body p e r  mole  addi t ion  of m by an a r b i t r a r y  s t r e s s  
f ie ld .  

Since, for  the i s o t h e r m a l  ca se ,  by t h e r m o d y n a m i c s  
o 

~m = grn + R T  In am,  

W m = - R T  In a m [1.13] 

Li, Or ian i ,  and Darken  a l so  show that  

( a ~ i j ,  
W m = V 2 "cij a-~m)n ' [1.14] 

i,j=1,2,3 

where  V is  the vo lume of the body,  ~/j i s  a component  
of a s t r e s s  t e n s o r ,  e/j is  the c o r r e s p o n d i n g  component  
of the s t r a i n  t e n so r ,  n m i s  the number  of m o l e s  of s p e -  
c i e s  m,  and the s u b s c r i p t  n '  denotes  cons t ancy  of m o l e s  
of a l l  the o the r  s p e c i e s .  The r igh t  s ide  of Eq. [1.14] is  
equiva len t  to P dV for  gas  s y s t e m s .  8 

In d i s t ingu i sh ing  the po r t i on  of Eq. [1.14] which is  a 
m a t e r i a l  p r o p e r t y ,  and in unders tand ing  the s y m m e t r y  
of th is  p r o p e r t y ,  i t  i s  useful  to r e a l i z e  that  the quant i ty  
V ( b Q j / O n m ) n ,  , tn Eq. [1.14] ts  a component  of a m a t t e r  
t e n s o r  which we wil l  denote by  ( V m ) i j .  This  i s  i l l u s -  
t r a t e d  as  fo l lows :  A common  way of e x p r e s s i n g  the e x -  
pans ion  of a so lvent  accompany ing  the in t roduc t ion  of a 
solute ,  for  i so t rop t c  and cubic m a t e r i a l  is  in t e r m s  of 
the p a r t i a l  mo la l  vo lume,  9 Vm = a V / a n m ,  a s c a l a r  quan-  
t i ty .  The p a r t t a l  mola l  vo lume is  a m a t e r i a l  p r o p e r t y  
and is a p p r o x i m a t e l y  independent  of so lu te  c o n c e n t r a -  
t ion for  d i lu te  so lu t ions  a s  wil l  be shown in Table  III. 
To ident i fy  the analogous  p r o p e r t y  in Eq. [1.14], one 
no tes  that  when expans ion  is i so t rop ic  Qj  = 0 when 
i r j (no s h e a r  d i s t o r t i o n s )  and E11 = czz = E33, and 

, , , , , <  2,.  ( 3v o..  
W m =  V ~ Yii = Yii o~qml n , 

~_ ( Ov~ [1.15] 
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We t h e r e f o r e  ident i fy  the quant i ty  V(aei~ ~an re)n, as  the 
m a t e r i a l  p r o p e r t y  ana logous  to the p a r t i a l  mola l  vo l -  
ume.  This  quant i ty  i s  a t e n s o r  s ince  i t  is  obta ined 
f rom the t e n s o r  Qj  by  d i f f e r en t i a t i ng  r e l a t i v e  to a 
s c a l a r  nm, and mul t i p ly ing  by  a s c a l a r  V. We define 
the p a r t i a l  mola l  vo lume (P.M.V.)  t en so r ,  

aQj [1.17] (Ym) i j  - v a,m 

The p h y s i c a l  mean ing  of componen t s  of th is  t e n s o r  
when i = j can be seen  by  noting that  if the in i t i a l  vo l -  
ume V is  a p a r a l l e l e p i p e d  with a length  and c r o s s -  
s ec t iona l  a r e a  in the i d i r e c t i o n  of li, Ai, then 

all [1.18] (Vm)i i  = Ai an m 

The component  of the t e n s o r  (Vm)i i  i s  t h e r e f o r e  the 
vo lume t r a v e r s e d  in the / - d i r e c t i o n  by  the c r o s s - s e c -  
t ion A/ dur ing  the hydrogen  induced expans ion .  

Since the m a t t e r  t e n s o r  (Vm)i j  i s  a p h y s i c a l  p r o p -  
e r t y ,  i t  mus t  have i t s  p r i n c i p a l  axes  co inc iden t  with" 
axes  of high s y m m e t r y  of the c r y s t a l  (Neumann ' s  P r i n -  
c ip le ,  see  Nye~~ If the so lu t ion  of hydrogen  does  not 
d e s t r o y  the c r y s t a l  s y m m e t r y ,  t h e r e  wi l l  be no s h e a r  
s t r a i n s  in a l l  s y s t e m s  having or thogona l  axes  of s y m -  
m e t r y  and (Vm)ij = 0 when i c j .  

The s y m m e t r y  of the second  r ank  m a t t e r  t e n s o r  t e l l s  
us the fol lowing about the number  of v a l u e s  needed to 
d e s c r i b e  i t :  ~~ 

15 In cubic  c r y s t a l s  Vm is  i s o t r o p i c .  
25 In hexagonal ,  t e t r agona l ,  or  t r i g o n a l  c r y s t a l s ,  i t  

has  one va lue  in the d i r e c t i o n  of the s ix,  four ,  or  t h r e e -  
fold ax i s  and another  va lue  in any d i r e c t i o n  p e r p e n d i c -  
u l a r  to i t  ( cy l i nd r i ca l  s y m m e t r y ) .  

35 In o r t h o r h o m b i c ,  monoc l in ic ,  and t r i c l i n i c  s y m -  
m e t r i e s  i t  has  3, 4, and 6 v a l u e s  r e s p e c t i v e l y .  

When the t enso r  is  i s o t r o p i c ,  a component  of the t en -  
so r  i s  i den t i ca l  to ~ the s c a l a r  p a r t i a l  mo la l  vo lume 

Combining the def in i t ion  of the P.M.V. t enso r ,  Eq. 
[1.17] with [1.13] and [1.14], 

3 

RT In a m = - .~ ' c i i (Vrn) i  i [1.19] 
~.=1 

Inspect ion  of th is  equat ion i nd i ca t e s  that  un iax ia l  t en -  
s ion or  c o m p r e s s i o n  would af fec t  the hydrogen  ac t i v i t y  
the s a m e  amount  but  with oppos i t e  s ign.  Fo r  i s o t r o p i c  
m a t e r i a l ,  the s t r e s s  funct ion is  p r o p o r t i o n a l  to the hy -  
d r o s t a t i c  s t r e s s  (4 the sum of the p r i n c i p a l  s t r e s s e s )  
which c a u s e s  a pu re  d i l a t a t ion  of the l a t t i ce .  On the 
o ther  hand a pu re  s h e a r  o r  t o r s i o n a l  s t r e s s  should 
have no effect  s ince  the h y d r o s t a t i c  s t r e s s  is  ze ro .  

Conso l ida t ed  Equat ion 

3 

Ident i fying the quant i ty  - ~ Tii(V m )ii  with v in Eq. 
i=1  

[1.11] and using Eq. [1.19], Eq.  [1.10] b e c o m e s  

(JmSi = _ ~  D i jC m[ (  a ln am dCm 
j=l  3C m dxj ) T 

3 

+ (~  In a m dC z 
dxj  T 

Q* dT 
+ R~- -3-~jJ [1.20] 

If one has  a p r o b l e m  in which C m and the s p a t i a l  
g r a d i e n t s  of the four f a c t o r s  a r e  known, and if the p a r -  
t i a l s  a l n a  m a I n a  m a In a m 

a C ~ '  aN2 ' av and the quant i ty  Q* 

can be d e t e r m i n e d  e x p e r i m e n t a l l y  a s  wi l l  be shown in 
P a r t  H, Eq. [1.20] can be so lved  n u m e r i c a l l y .  

F ina l ly ,  to d e t e r m i n e  the change of hydrogen  concen -  
t r a t i on  at  any loca t ion  with t ime ,  note that  the c o m -  
b ined  s t a t e m e n t s  of cont inu i ty  and c o n s e r v a t i o n  of m a s s  
can be e x p r e s s e d  as  n 

aCre : - d i v  Jm = F a(Jm)l a(Jm)2 a(Jm)s ] [1.21] 
at - L  ax~ + ax~ + ax3 

where  t is  the t ime .  Combining Eq. [1.21] with Eq. 
[1.20], and in t eg ra t ing ,  

(Cm)t = (Cm)t~ to Li=tj=t-~i (DijCm) 

( a  In a m dC m a In a m dC 2 
x \ a C m dx~- + OC 2 dxj 

- dT 
RT  "= dxj + ~ -~ j  dt 

[ 1 . 2 2 ]  

This  is  the d e s i r e d  equat ion f rom in i t i a l  t ime  t o to 
t ime  t. 

F o r  o n e - d i m e n s i o n a l  d i f fus ion in i s o t r o p i c  m a t e r i a l ,  
o r  o n e - d i m e n s i o n a l  d i f fus ion along an ax i s  of s y m m e -  
t r y  with the D a p p r o p r i a t e l y  chosen ,  

= f . t [  d ( a l n a m  dCm (Cm)t (Cm)to + (D Cm) 
to  ~ -  aC m dx 

a In a m dC 2 (Vm)xx drxx Q* dT~] 
+ aC 2 dx RT  dx + ~ -d'Z]J dt 

[1.23] 
This  equat ion i s  a hypo thes i s  that  i s  sub jec t  to e x p e r i -  
men ta l  v e r i f i c a t i o n  s ince  the equat ion Ji = ELi j  X~ in 
the i n t r o d u c t o r y  p a r a g r a p h s  was p r e s e n t e d  a s  an a s -  
sumpt ion .  However ,  one notes  that  in the a bsence  of 
a l l  g r a d i e n t s  excep t  the so lu te ,  s p e c i e s  m,  and in the 
d i lu te  r ange  of concen t r a t i on  where  a m oc Cm, Eq. [1.23] 
b e c o m e s  a fo rm of the e x p e r i m e n t a l l y  v e r i f i e d  F i c k ' s  
second  law.  

d (D dCm'~ (Cm) t = (Cm)to + -~  ~ / d t  [1.24] 

S i m i l a r l y ,  in the absence  of a l l  g r a d i e n t s  but a s o l -  
ute g r a d i e n t  and a t e m p e r a t u r e  g rad ien t ,  in the di lute  
r ange  of solute  concen t ra t ion ,  Eq. [1.23] b e c o m e s  

(Cm) t = (Cm)to + DC m f t  d (d  to -~-- lndx Cm + ~_T_~__d_~ / d  dT  

[1.25] 
which in d i f f e r e n t i a l  f o rm  was p r o p o s e d  by  Shewmon. s 

F o r  long t i m e s ,  the va l i d i t y  of th i s  equat ion for  hy -  
d rogen  in t i t an ium at t e m p e r a t u r e s  be tween  400 ~ and 
500~ has  been  v e r i f i e d  by  M a r s h a l l .  ~2 Val ida t ion  of 
the combined  Eqs.  [1.22] and [1.23] wi l l  r e q u i r e  a d d i -  
t ional  e x p e r i m e n t s .  
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Fig. 2--Schematic of apparatus for the determination of the 
effect of stress on equilibrium hydrogen pressure. ~ Line 
for evacuating or adding Ha, D Differential pressure gage, P 
pressure gage, V Calibrated volume. 

PART II. EXPERIMENTAL 

Exper imen t s  and Equipment  

We now proceed  to de t e rmine  all  the quant i t ies  nec -  
e s s a r y  to make n u m e r i c a l  ca lcu la t ions  for ca ses  of in -  
t e r e s t  us ing Eq. [1.22] or [1.23]. For  o n e - d i m e n s i o n a l  
diffusion the p rob lem to be handled is of the type where 
for a s e r i e s  of spat ia l  points  the quant i t i es  dCa/dx  , 
d~-xx/dx , d T / d x  are  known and a re  s ta t ionary ,  and the 
diffusivi ty  D and (Cm)to are  known. The quant i t ies  

In a m / ~ C m ,  a in am/~Ca,  (Vm)n,  Q* are  de t e rmined  
expe r imen ta l l y  in the manne r  to be descr ibed ,  p e r m i t -  
t ing one to solve these equat ions.  

The fac to rs  ~ In a m / ~ C  m , a In arn/~Ca, and (Vm)** 
can be ca lcula ted  f rom the funct ional  re la t ionsh ip  be -  
tween a m,  the ac t iv i ty  of hydrogen,  and Cm, Me, and ~-. 
We need 0nly to m e a s u r e  the va r i a t i on  of a m as we 
va ry  each of the quant i t ies .  If an equ i l i b r ium is e s t ab -  
l i shed between hydrogen gas and hydrogen in solid so-  
lution,  then for the r eac t ion  

(Ha)gas " " 2(H) solid solution 

the equ i l i b r ium cons tant  K is  

K = (all) a 
all2 

where a n and all2 a re  the ac t iv i t i es  of a tomic hydrogen 
in solid solut ion and gaseous  hydrogen respec t ive ly .  

Over the range  of p r e s s u r e s  where hydrogen gas is 
an ideal  gas, and employing as a s t andard  state hydro-  
gen gas at 1 to r r ,  

all2 = PH2 and a H = V~H2 [2.1] 

= HOT---,--=-- 
1/11111111111111111111111/ 
# "/////.J/.q///////~ I IIl~ti""""'"'"//~ I | 

;~NACTION//////////////////////~ Q..,,~- BA RATRO N 
I A~/A.,////////////,,,JAfl, \ I | 

~ S P E C I M E N  
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§ 
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( )  
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~----~ ROUGHING PUMP I 
VENT 

Fig. 3--Schematic of gas system. 

Thus by observ ing  the p r e s s u r e  of hydrogen gas in 
equ i l ib r ium with a hydrogen solid solut ion of known 
composi t ion  and s t r e s s  state,  and by obse rv ing  the 
change in equ i l i b r ium hydrogen gas p r e s s u r e  as the 
sample  composi t ion  or s t r e s s  state is  changed, the 
des i r ed  quant i t ies  can be measured .  

Except for the e l emen t s  to apply and m e a s u r e  s t r e s s ,  
many of the e l emen t s  of the equipment  to be desc r ibed  
a re  s i m i l a r  to those developed by McQuil lan *%*4 for 
de t e rmina t ion  of equ i l ib r ium d i a g r a ms .  A s impl i f ied  
schemat ic  of the equipment  is shown in Fig. 2, and a 
more  complete  one in Fig.  3. There  a re  p rov i s ions  for 
evacuat ion  of the r e to r t  and dehydrogenat ion of the spe -  
c imen,  for adding known amounts  of pure  hydrogen gas 
to the re to r t ,  and for m e a s u r i n g  the hot -zone t e m p e r a -  
tu re  and the r e t o r t  p r e s s u r e  at any t ime.  Devices  a re  
also included for s t r e s s i n g  the r ight  hand spec imen .  
A screw jack appl ies  tens ion  and c ompr e s s i on  to the 
spec imen  t ra in ,  and a ca l ib ra ted  load cel l  r eads  these 
loads.  A torque wrench applies  to r s ion  to a shaft p a s s -  
ing through a gland at the top of the load t ra in .  

There  were two p redominan t  needs which formed the 
ba s i s  of the equipment  design.  The f i r s t  need was to 
m e a s u r e  a p r e s s u r e  change of 0.1 pct, a reso lu t ion  not 
poss ib le  with convent ional  p r e s s u r e  me a su r i ng  equip-  
ment .  The second need was to avoid the s ignif icant  
p r e s s u r e  changes caused by sma l l  t e mpe r a t u r e  v a r i a -  
t ions.  (If one opera tes  at a t e mpe r a t u r e  and c o n c e n t r a -  
t ion which co r r e sponds  to a 300 mt o r r  equ i l ib r ium 
p r e s s u r e ,  a 1~ t e m p e r a t u r e  va r i a t ion  will cause a 
4 m t o r r  p r e s s u r e  va r i a t ion  or 1.3 pct.)  
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Fig. 4--Specimen: solid one used for C.P. titanium, hollow one 
for 6--4 alloy. 

Both needs  were  met  by the " r e f e r e n c e  s p e c i m e n "  
technique shown in Fig. 2. In an exper iment ,  a spec i -  
men was i n se r t ed  into each of two pa ra l l e l  r e to r t s .  In 
each r e to r t ,  the spec imens  and al l  f ea tu res  of the spe-  
c imen  t r a i n  which affect heat flow were  ident ica l .  In 
addit ion,  the r e to r t s  were  i m m e r s e d  in  a mas s i ve  cop- 
per  block,  and a l l  e l emen t s  of the furnace  were made 
s y m m e t r i c a l  to a cen te r  l ine midway between the spe-  
c imens .  The t e m p e r a t u r e  of the copper block was a 
au tomat ica l ly  cont ro l led  to + I ~  but the di f ference in 
t e m p e r a t u r e  between the spec imens  was a f rac t ion  of 
this value as judged by obse rva t ions  of the ins ign i f ican t  
change in  p r e s s u r e  d i f ference  between the two spec i -  
men  chamber s  with t ime .  F o r  de t e rmin ing  the effect of 
s t r e s s  on the equ i l ib r ium p r e s s u r e ,  each r e t o r t  was i so-  
la ted f rom the sy s t em,  one spec imen  was s t r e s s e d ,  and 
the d i f ference  in  the p r e s s u r e  of the two was read  with 
the d i f fe rent ia l  p r e s s u r e  gage (D). The d i f fe rent ia l  gage, 
(Bara t ron  77, H-3 head), m e a s u r e s  the deflect ion of a 
ve ry  thin d iaphragm.  By this  technique d i f ferent ia l  
p r e s s u r e  dr i f t  due to t e m p e r a t u r e  dr i f t  was ins ign i f i -  
cant.  A p r e s s u r e  reso lu t ion  of l e s s  than 0.01 pct of 
average  p r e s s u r e  was achieved.  Uncer ta in ty  of spe-  
cific read ings  and ave rages  was sa t i s fac tory .  

Fig.  4 gives the spec imen  d imens ions .  The solid 
spec imens  were s t r e s s e d  in t ens ion  and to r s ion ;  the 
hollow spec imens  in t ens ion  and compres s ion .  Speci- 
mens  were  f i r s t  heated at 800~ and a p r e s s u r e  of 10 -5 
t o r r  or  l e s s  to r emove  the hydrogen and act ivate  the 
sur face  for subsequent  hydrogenat ion.  All m a t e r i a l s  
other  than the spec imens  were  se lec ted  so as not to 
absorb  hydrogen at the tes t  t e m p e r a t u r e s .  The amounts  
of hydrogen p r e s e n t  in the spec imen  at any t ime and in 
the r e t o r t  space were  ca lcula ted  f rom the known m a s s  
in t roduced  by a ca l ib ra t ed  volume,  the equ i l i b r ium 
p r e s s u r e  of the r e to r t ,  and i ts  volume.  These ca lcu-  
la t ions  were  checked by the gain-{n-weight  and by quan-  
t i ta t ive  a n a l y s i s  of s eve ra l  hydrogenated spec imens .  

For  d e t e r m i n i n g  the effect of solid solut ion hydrogen 
concen t r a t ions  on the equ i l i b r ium gas p r e s s u r e s ,  equi -  
l i b r i um was e s t ab l i shed  with va r i ous  known m a s s e s  of 
hydrogen d i sso lved  in the u n s t r e s s e d  spec imens .  To 
de t e rmine  the effect of d i f fe rent  al loy composi t ions  at 
a given hydrogen solute  concen t ra t ion ,  spec imens  of 

296-VOLUME 4, JANUARY 1973 

--kil 
O: n- 
O I--" 

I00 

I I I I I I 

5O 

_ 8 0 0 o J ~  ~ ' - 7 5 8 ~  

-J ; ~ / . i . . . . / . i - - 8 2 8 ~  _J 

~ 6 5 0 ~  .o , , ' 7  
J �9 

I 0 - -  

[] 
0 I I I I , I 
0.6 1.0 2.0 4.0 6.0 

N H x l O 0  (ATOM %) 

Fig. 5--Effeet of temperature and hydrogen concentration on 
the activity of hydrogen in C.P. titanium. 

va ry ing  composi t ion  were int roduced.  Two m a t e r i a l s ,  
6A1-4V alloy, and c o m m e r c i a l l y  pure  t i t an ium were  
used, with the i r  mi l l  ana lyses  and s t reng ths  desc r ibed  
in the Appendix. The 6-4 al loy is mos t ly  a phase with 
some fl, with the/3 i nc r ea s ing  somewhat  at the higher 
hydrogen contents  and higher t e m p e r a t u r e s .  The com-  
m e r c i a l l y  pure  m a t e r i a l  is a phase at a l l  the t imes  and 
t e m p e r a t u r e  of the s t r e s s  tes t s ,  but with i nc r ea s ing  
amounts  of ;3 at the higher t e m p e r a t u r e s  and c o n c e n t r a -  
t ions  used for other  t e s t s .  The r e s u l t s  of shor t  t ime  
tens i l e  t e s t s  and creep tes t s  at 600~ included in the 
Appendix indicate  l i t t le  p e r m a n e n t  set  at the s t r e s s e s  
and shor t  s t r e s s i n g  t i me s  employed for the tes ts .  

The sys t ema t i c  expe r imen ta l  e r r o r s ,  the c a l i b r a -  
t ions,  and the accuracy  of al l  obse rved  quant i t ies  a re  
d i scussed  in the Appendix. 

EFFECT OF HYDROGEN 

The change in pressure with increasing amounts of 
hydrogen in solid solution is shown for the two mate- 
r i a l s  in Figs .  5 and 6. The VP-H2 can be seen  to be 
propor t iona l  to the H concen t ra t ion  up to 2 at. pct. The 
atom percent ,  NH, r a the r  than the concent ra t ion ,  C, is 
used in these plots to emphas ize  the l i nea r  por t ion  
which co r r e sponds  to S iever t ' s  law and H e n ry ' s  law. 
Both laws of l i nea r i t y  a re  in t e r m s  of atom percen t .  
This  l i nea r i t y  is,  of course  expected, as was d i scussed  
in connect ion with [1.24] for the case of the absence  of 
all  g rad ien t s  except the solute gradient .  For  s imple  
diffusion in this  hydrogen range ,  F i c k ' s  laws a re  
obeyed, and these  data define the l im i t s  of this  law. 
For  concen t ra t ions  higher  than 2 pct the data f rom 
Figs .  5 and 6 can be used to de t e rmine  the ac t iv i ty  
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corresponding to various hydrogen concentrations, 
and these values inserted in Eq. [1.23]. 

EFFECT OF ALLOY CONTENT 

Inspection of Figs. 5 and 6 shows that for the range 
of hydrogen contents and temperatures studied, at a 
given hydrogen level and temperature the 6-4 alloy has 
an equilibrium pressure 2.31 times that for the C.P. 
titanium. This is equivalent to 2~.31 or 1.52 times the 
activity. 

Bese115 studied the equilibrium diagram of binary 
Tt-AJ alloys using the hydrogen equilibrium pressure  
technique similar to that employed here for unstressed 
specimens. Fig. 7 is a replot of his results.  The upper 
two triangles in this figure are the result  of the p res -  
ent study. Note that 6-4 alloy has 10.7 at. pct A1. 

At all hydrogen concentrations, Besel 's  data fit the 
equation 

in P = In Pc + 7"10NAL [2.2] 

where P is the p ressure  for a given hydrogen content 
with NAL atomic fraction aluminum, and Pc is the 
pressure  of the same hydrogen content with N A L  = 0. 
Other data in Besel ' s  paper show that this relationship 
is valid over the entire range studied, 600 ~ to 800~ 
For the triangular points, the pressure  ratios for the 
6-4 and the C.P. correspond exactly to the ratio for 
the binary alloys at the same aluminum content. Ap- 
parently the vanadium has no effect on the activity. 
For use in Eqs. [1.22] or [1.23], from Eq. [2.2] we 
obtain 

a l n a  m _ 1 a l n P  _3.55 [2.3] 
@NAI 2 aNAL 
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Fig. ?--Effect of aluminum on the equilibrium pressure of hy- 
drogen in titanium. Ti-AI binary alloys except for the 6-4. 
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Fig. 9--Equil ibr ium p r e s s u r e  of hydrogen with 6-4 t i tanium 
alloy as a function of normal s t r e s s .  

EFFECT OF STRESS 

A typical pressure vs. time curve for tension or 
compression is shown in Fig. 8. As the load is 
changed, an almost simultaneous pressure change 
occurs. In Ref. 16 a discussion of the possible rea- 
sons for the pressure relaxation leads to the conclu- 
sion that the pressure A of Fig. 8 is the correct equi- 
librium pressure in the hot zone, and that the drop to 
B is an artifact associated with thermal transpiration 
and other features of the experimental technique. 

Fig. 9 presents the relationship of applied stress to 
pressure for the 6-4 alloy, at 600~ for two hydrogen 
contents. The relationships are linear, with the effects 
of tension and compression represented by the same 
s t r a i g h t  l ine .  

Modifying Eq. [1.19] for  un iax ia l  tens ion,  and a s s u m -  
ing that  the va lue  of the P.M.V.  t enso r  i s  not a function 
of s t r e s s ,  

( V m ) n d T  [2.4] 
d In a m = - R T 

where  T i s  the app l i ed  s t r e s s .  Since 2d In a m = d In P 
~- AP/P, for AP/P << 1 , ( A P / P ) / ( A ' r / T )  is proportional 
to the va lue  of Vm) lx .  

In F igs .  10 and 11 a r e  p lo t t ed  the da ta  for  A P / P  vs  
A r / T .  Note that  a l l  excep t  four  po in ts  in Fig .  10 a r e  
for  600~ t e s t s .  The four po in t s  for  700~ fa l l  on the 
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same line. In Fig. 10 there is a slight increase in slope 
for lower hydrogen concentrations in the alloy, but in 
Fig. 11 no such increase is apparent for the C.P. ma- 
terlal. 

Table II shows the results of calculations of the com- 
ponent of the P.M.V. matter tensor, (VH)n, for the 
tests at 600~ using Eq. [2.4]. The subscript H is used 
to indicate that the mobile component is hydrogen. Sic- 
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Table II. P. M. V. Calculations From Stress Test Results 

Titanium 

Hydrogen (~'H)n 
Concentration, Averages*, 

At. Pct cmS/mole 

Apparent VH 
Averagest, 
cma/mole 

2.19 
1.83 

1.78 

1.69 

6-4 1 ~ 0.731 (+5 pet) 
6-4 3 0.610 (+2 ~ pct) 
C.P. 1 ~ 0.593 (+4 �89 
C.P. 3 0.564 (-+6 ~ pct) 

*The + values include 80 pct of the population based on a regression analysis 
for the relationships between R/2, &PIP and Ar/T. The statistical techniques 
and calculations are given in Ref. 16. 

?Apparent ~'H = 3 x (~'H)n' 

4 

- I t  A 

I >  LtJ 

, , , ~ 2  

i? 

t t s t i c a l  c a l c u l a t i o n s  r e f e r r e d  to  in  t h e  A p p e n d i x  l n d i -  4 
c a t e  t h a t  t h e r e  i s  a h i g h  p r o b a b i l i t y  t h a t  t h e r e  i s  a r e a l  
d i f f e r e n c e  in  t h e  (VH)ix f o r  t h e  t w o  a l l o y s  a t  a g i v e n  i : > z ~  
h y d r o g e n  c o n c e n t r a t i o n ,  a n d  f o r  t h e  t w o  h y d r o g e n  c o n -  ~ 

centrations in each alloy. Changes due to temperature ILl ~ 2 
( F i g .  10 d a t a )  s h o w  no  s t a t i s t i c a l  s i g n i f i c a n c e ,  nr 

A s e r i e s  of  p u r e  t o r q u e s  w a s  a p p l i e d  to  a c y l i n d r i c a l  n ~ 
C . P .  s p e c i m e n .  A t o r s i o n a l  l o a d  c o r r e s p o n d i n g  to  a o .  t9  
s h e a r  s t r e s s  o f  5810 p s i  w a s  a p p l i e d  t h r e e  t i m e s ,  f o r  
d u r a t i o n s  o f  �88 ~ ,  a n d  1 m i n .  No p r e s s u r e  c h a n g e  w a s  0 
d e t e c t e d .  In c o n t r a s t ,  t h e  p r e s s u r e  c h a n g e s  a c c o m p a -  
n y i n g  t e n s i o n  a n d  c o m p r e s s i o n  o c c u r  a l m o s t  s i m u l t a -  
n e o u s l y  w i t h  t h e  l o a d i n g ,  i n d i c a t i n g  a r e s p o n s e  t i m e  o f  
s e v e r a l  s e c o n d s  o r  l e s s .  A t o r q u e  c o r r e s p o n d i n g  to  a 
m a x i m u m  s h e a r  s t r e s s  of  7550  p s i  w a s  t h e n  a p p l i e d  
f o r  d u r a t i o n s  of  ~ a n d  -~ m i n .  D u r i n g  t h e  f i r s t  a p p l i c a -  
t i o n ,  c r e e p  o f  a p p r o x i m a t e l y  15 d e g  o c c u r r e d .  A f t e r  

0 
O 

i i 
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r 800oc 
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6 

Fig .  1 2 - - C o m p a r i s o n  of the  P .M.V.  d e t e r m i n a t i o n  f r o m  the  
e f fec t  of s t r e s s  on hydrogen  e q u i l i b r i u m  p r e s s u r e  wi th  tha t  
f r o m  expans ion  caused  by hydrogen  concen t r a t i on .  (top c u r v e  
6-4  al loy,  bo t tom curve  C .P .  t i t an ium) .  

Table III. Hydrogen Partial Molal Volume Comparisons 

H Conc., 
P. M.V. Temp., Atom P.M.V., 

Ref. Method Material Sym. ~ Fraction cm3/mole 

This work Effect of tension, 6-4 Ti, a Cyl. 600 0.015 2.2* 
compression and 0.030 1.8' 
torsion on H2 gas-H 
solution equilibrium C P Ti, a Cyl. 600 0.015 1.8" 

0.030 1.7* 

McQuillan 25 Expansion, Pure Ti, /~ Iso. 600 0 to 1.6 
macroscopic to 0.09 

Calc. by Oriani 17 Pure Zr, /~ Iso. 900 § 0 1.6 

Beck 26 Effect of stress Iron and 20 1.8 
de Kazinczy 27 on permeability Steels, ~ Iso. to ? 
Calc. by Oriani 17 80 2.0 

Lindsay quoted by Expansion, Pd + Ag Iso. 150 0 1.90 
Wriedt and Oriani 20 macroscopic to to 

350 0.24 

Margolin and Lattice exp., Pure Ti, a Hex 250 0.03 1.1 
Portisch 28 X-ray diffraction 

Margolin 29 0.05 1.4 

Lindsay 19 Expansion, Pd Iso. 350 ? 1.7 
Elliott 30 macroscopic 0.43 
Calc. by Oriani 17 

Wriedt and Oriani 20 Uniaxial tension Pd + Ag Iso. 75 0.24 1.97 
Uniaxial compression 1.94 

*in this work (P'H),I was measured and an apparent P. M. V. calculated from VH = 3 x (Vrl)H. fhe 1-direction is the cylindrical axis of the specimen and also an 
axis of cylindrical symmetry of properties. For comparison with other investigators, uncertainty is 10 pct. For comparison within this investigation, uncertainty is 
less than 10 pet, as shown in other parts. 
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the second  app l i ca t ion  cumula t ive  c r e e p  of a p p r o x i -  
m a t e l y  45 deg was o b s e r v e d .  A torque  c o r r e s p o n d i n g  
to a s h e a r  s t r e s s  of 5650 ps i  was then app l ied  t h r e e  
t i m e s  for  ~ min  r e s u l t i n g  in add i t iona l  c r e e p .  In no 
c a s e  could any p r e s s u r e  change be de tec ted .  Back -  
ground f luctuat ion dur ing  th i s  t e s t  was 0.05 m t o r r ,  with 
the r e t o r t  p r e s s u r e  at  285 m t o r r ,  so that  the value  of 
AP/P due to the s h e a r  s t r e s s e s  i s  l e s s  than 2 • 10 -4 
(or l e s s  than 0.02 pct) .  

The r e s u l t s  c o n f i r m  the r e m a r k s  a f t e r  Eq. [1.19] 
p r e d i c t i n g  the equal  and oppos i te  e f fec t s  of t ens ion  and 
c o m p r e s s i o n ,  and no ef fec t  of t o r s ion .  This  t e s t  is  
p roof  that  s h e a r  s t r a i n  has  no effect ,  and that  only the 
s t r e s s e s  caus ing  d i l a t a t ion  af fec t  the hydrogen  ac t iv i ty .  

Dur ing  mos t  of the hydrogena t ions  for  ac t iv i ty  m e a -  
s u r e m e n t s ,  d ia l  i n d i c a t o r s  we re  pos i t i oned  to m e a s u r e  
the expans ion  of a f l ex ib le  be l lows  fo rming  the r o o m  
t e m p e r a t u r e  po r t i on  of the r e t o r t .  They were  used 
p r i m a r i l y  for  d e t e r m i n i n g  the s t r a i n  on a s p e c i m e n  
while  p r o c e d u r e s  we re  e s t a b l i s h e d  for  m i n i m i z i n g  un-  
in tended loads .  They a l so  give a p p r o x i m a t e  r e a d i n g s  
of the s t r a i n s  caused  by  adding or  r e m o v i n g  so l id  s o -  
lut ion hydrogen .  

The da ta  for  s t r a i n  vs  H concen t r a t i on  can be used  
to ca l cu l a t e  (VH)I, giving an independent  d e t e r m i n a t i o n  
of the p a r t i a l  mo la l  vo lume  by  the equat ion 

Aell 
(VH)11 = Vs(1 - -  NH) ANH [2.51 

which is  s i m i l a r  to an equat ion used  by  Or ian i  17. V s is  
the mo la l  vo lume of the so lu t ion  at  the compos i t i on  in 
ques t ion  (not the p a r t i a l  m o l a l  vo lume,  and not the 
mola l  vo lume of the pu re  t i t an ium) .  Since for  the i s o -  
t r o p i c  case ,  VH = 3(VH)11 Eq. [2.5] can  a l so  be used 
for  ca l cu l a t i ng  the i s o t r o p i c  VH by mul t ip ly ing  by  t h r e e .  
The mola l  vo lume of pu re  t i t an ium at  800~ was a s -  
sumed  to be 10.50 cm a which c o r r e s p o n d s  to a r o o m  
t e m p e r a t u r e  dens i ty  of 4.55 g / c m  3 and a l i n e a r  coef f i -  
c ien t  of t h e r m a l  expans ion  of 11 • 10-e/~ ~a 

In Fig.  12 the c r o s s - h a t c h e d  a r e a  shows the " a p p a r -  
e n t "  mola l  vo lume vs  a tomic  p e r c e n t  hydrogen  as  d e -  
t e r m i n e d  f r o m  the s t r a i n  da ta .  The t e r m  " a p p a r e n t "  
deno tes  the va lue  ob ta ined  by  a s s u m i n g  the m a t e r i a l  
i s  i s o t r o p i c  and i s  t h r e e  t i m e s  the va lue  of (VH)11" In 
th i s  f igu re  we s u p e r i m p o s e  the v a l u e s  of VH obta ined 
f r o m  the s t r e s s  t e s t s .  The a g r e e m e n t  is  good, f u r t he r  
va l ida t ing  the Li, Or ian i ,  and Darken  theory .  

Table  HI c o m p a r e s  the p a r t i a l  m o l a l  vo lume r e s u l t s  
of th is  i nves t iga t ion  with r e s u l t s  ob ta ined  by  o t h e r s  on 
o ther  m a t e r i a l s  and us ing  o the r  e x p e r i m e n t a l  t e c h -  
n iques .  This  inves t iga t ion  c o n t r i b u t e s  the only m e a -  
s u r e m e n t s  on the ef fec t  of t o r s i o n  on any m a t e r i a l  and 
on the ef fec t  of s t r e s s  on t i t an ium and 6-4 a l loy .  Note 
that  L indsay  19 ob ta ined  a va lue  1.90 g / c m  3 by expans ion  
m e a s u r e m e n t s  us ing  p a l l a d i u m  a l l o y s  having f rom 0 to 
25 pc t  Ag. Wr i ed t  and Or ian i ,  a~ us ing un iax ia l  t ens ion  
and c o m p r e s s i o n  t e s t s  on Pd-25  pc t  Ag s p e c i m e n s  in 
e q u i l i b r i u m  with hydrogen  gas ,  m e a s u r e d  the change 
in so l id  so lu t ion  concen t r a t i on  with app l i ed  s t r e s s .  
The i r  v a l u e s  of 1.97 and 1.94 for  c o m p r e s s i o n  and t en -  
s ion,  a r e  within e x p e r i m e n t a l  e r r o r  of the va lue  of 
L i ndsay  ob ta ined  by  expans ion .  The va lue s  obta ined in 
th is  s tudy a r e  in the r a n g e  of v a l u e s  obta ined  by  a v a -  
r i e t y  of t echn iques  and m a t e r i a l s .  

E F F E C T  OF TEMPERATURE GRADIENT 

We have shown in Eq. [1.20] that  the d i f fus ion induced 
by  the t e m p e r a t u r e  g r ad i en t  i s  r e p r e s e n t e d  by  the t e r m  
(Q*/RT") aT/ax; only the Q*, the heat  of t r a n s p o r t ,  is  
r e q u i r e d  for  n u m e r i c a l  c a l cu l a t i ons .  In the a bsence  of 
a t h e o r y  to d e t e r m i n e  Q* we r e l y  on the fol lowing v a l -  
ues  obta ined  e x p e r i m e n t a l l y  by M a r s h a l l .  12 

Average H Content Q* Temperature 
Material P.P.M. Calories/Mole Range 

C. P. Titanium 35 5300 390 ~ to 500~ 
6A14V 56 1800 320 ~ to 530~ 

Titanium 

The e x p e r i m e n t  c o n s i s t e d  of hea t ing  a s p e c i m e n  of 
the m a t e r i a l ,  i n i t i a l l y  at  a cons tan t  hydrogen  content ,  
in a t e m p e r a t u r e  g r ad i en t  for  18 days  and m e a s u r i n g  the 
hydrogen  r e d i s t r i b u t i o n .  Q* i s  c a l c u l a t e d  us ing Eq. 
[2.7] d e r i v e d  below.  If only a t h e r m a l  g r a d i e n t  i s  p r e s -  
ent,  then Eq. [1.20] in o n e - d i m e n s i o n a l  f o r m  b e c o m e s  

_ D r  dNm NmQ* dT]  
Jm = L dx + ~ ~ -  [2.6] 

Fo r  s t eady  s t a te ,  Jm = O, and 

Q, r d ln Nm ] 
= L d(I--C-C-C-(U~- J R [2.7] 

so that  a plot  of In N m vs  1/T suf f ices  to d e t e r m i n e  
Q*. In n u m e r i c a l  work  the Q* for a compos i t i on  i n t e r -  
med ia te  be tween the C.P .  and 6-4 wil l  be d e t e r m i n e d  
by l i n e a r  in t e rpo la t ion .  

FINAL EQUATION 

As an example ,  for  d i lu te  hydrogen  concen t r a t i ons ,  
for  c o m m e r c i a l l y  pu re  t i t an ium,  b i n a r y  Ti-A1 a l loys ,  
o r  6-4 a l loy ,  for  uniaxia l  s t r e s s i n g ,  and for  bod i e s  with 
i s o t r o p i c  o r  cubic  s y m m e t r y ,  Eq. [1.20] b e c o m e s  

dC m dNAL 2.0C m dT 
Jm = - D  L-- ~ + 3 .55c  m dx RT d-x'- 

(5300--583NAL) C d T ]  
+ RT '  m dx J [2.8] 

In th i s  equat ion the 2.0 r e p r e s e n t s  the a v e r a g e  p a r t i a l  
mo la l  vo lume in c m a / m o l  for  6-4 a l loy ,  the T i s  the 
un iax ia l  s t r e s s ,  and the e x p r e s s i o n  ( 5 3 0 0 -  583NAL) 
i s  the e x p r e s s i o n  for  i n t e rpo la t i ng  the Q* for  the a lu -  
minum content  be tween  the va lue s  p r e v i o u s l y  quoted 
for  C.P .  and 6-4 m a t e r i a l .  The use of a s ing le  p a r t i a l  
mo la l  vo lume,  ob ta ined  f rom the b a r  e x p e r i m e n t  wi th-  
out qua l i f ica t ion  as  to d i r ec t ion ,  conta ins  the i m p l i c i t  
a s sump t ion  that  the p o l y c r y s t a l l i n e  b a r  i s  i s o t r o p i c .  
This  may  be s l i gh t ly  in e r r o r  if the b a r  s tock  had some  
p r e f e r r e d  o r i en ta t ion ,  s ince  the s t r e s s  t e s t s  were  con-  
ducted  at  t e m p e r a t u r e s  where  the C.P .  m a t e r i a l  i s  hex -  
agonal  and the 6-4 a l loy  m o s t l y  hexagonal .  
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4) Hydrogen cooling effects  on the expans ion  m e a -  
s u r e m e n t s .  

5) End load in the r e t o r t  due to ambien t  p r e s s u r e .  
They a re  d i s cus sed  in detai l  in Ref. 16. 
All i n s t r u m e n t s  used were ca l ib ra ted  aga ins t  s t an -  

dards .  Based on such ca l ib ra t ion ,  and employing  the 
square  root  of the sum of the squa re s  for the e r r o r  of 
quant i t ies  ca lcu la ted  f rom products  or quot ients  of 
m e a s u r e d  quant i t ies  (Kline and McCltntock, 31), abso -  
lute a c c u r a c i e s  with an 80 pct p robab i l i ty  a re  as fol-  
lows : 

AP/P for s t r e s s  t e s t s :  + = 10 pet 
~'n : i 1 pct 
T: • I pct  
n P / p  

rxz/-----T for s t r e s s  t e s t s :  + 10 pct 

P for any tes t :  + 10 pct 
Torque:  + 5 pct 
H concen t ra t ion  in solut ion:  • 1 pct 

The sca t t e r  band for the expansion tes t  r e s u l t s  in 
Fig.  12 a re  ca lcula ted  to include 80 pct of the popula-  
tion using Student 's  d i s t r ibu t ion  for sma l l  s amples .  
The mean  l ine is a l eas t  squa res  fit  for al l  the depend-  
able data,  with i ts  slope es tab l i shed  by r e g r e s s i o n  
ana lys i s .  The detai l  ca lcu la t ions  can be found in 
Ref. 16. 

The m a t e r i a l  used in this  inves t iga t ion  was hot 
ro l led ,  and annealed  bar ,  pu rchased  f rom the T i tan ium 
Metals  Corpora t ion .  

3 

!2 
z 

I I I 

C.P. 

APPLIED STRESS 2 ,500 p.s.i. 

STRAIN AT 0.1 HOUR 0.13% 
Fig.  14 - -Creep  t e s t s  at  600~ 

o I I I 
0 5 I0 15 20 

TIME (HOURS) 
MATERIAL C.P. 6-4 

5,000 p.s.i. 
0.08% 

APPENDIX 

The following sys t ema t i c  e r r o r s  a re  sma l l  for the 
expe r imen ta l  condi t ions  employed or a re  compensa ted  
for  in the equipment .  

1) E r r o r  in p r e s s u r e  read ing  due to t he rma l  t r a n s -  
p i ra t ion .  

2) E r r o r  in McLeod gage when used with a l iquid 
n i t rogen  t rap .  

3) Deviat ion in hydrogen sol id solut ion c o n c e n t r a -  
t ion dur ing  the s t r e s s  test .  

Material Commercially Pure 

Titanium, 
6 Aluminum, 
4 Vanadium 

H 0.0052 pct 0.005 pct 
O 0.19 
N 0.011 0.009 
C 0.023 0.025 
Fe 0.16 
A1 6.3 
V 4.2 
Bar Diameter ~ in. * " ~-m. 
Heat Number G2717 G-8580 
Yield Strength 49,500 psi 154,000 psi 
Tensile Strength 69,000 166,000 
Elongation 34 pct 15 pct 
Reduction in Area 60 pct 40 pct 

The r e s u l t s  of shor t  t ime  tens i le  t e s t s  and c reep  
t e s t s  conducted for both m a t e r i a l s  at 600~ a re  shown 
in Figs .  13 and 14. 
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