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The F atigue  o f  M etals Subjected  to  th e  

Roentgen R ad ia tion .

A l l  m etals  and n e a r ly  a l l  o th e r  substances  g ive o f f  a 

secondary  r a d ia t io n  when exposed to  th e  X -ray s . This r a d ia t i o n  

c o n s i s t s  p r in c ip a l ly *  i f  n o t  e n t i r e l y ,  o f  a  n eg a tiv e  co rp u sc u la r  

d is c h a rg e ,  very  s im ila r  to  th e  j3 - ra y s  from radium. While th e re  

a re  numerous th e o r ie s  to  account f o r  t h i s  r a d ia t i o n ,  none i s  . s a t ­

i s f a c t o r y .

The s i m i l a r i t y  o f  t h i s  r a d ia t i o n  to  t h a t  produced by 

u l t r a - v i o l e t o  l i g h t ,  lead s /j to  3uspect same l ik e n e s s  in  t h e i r  be­

h a v io r .
i)

HallHachs ha3 shown t h a t  the  s e n s i t iv e n e s s  o f  m eta ls  to  

the  u l t r a - v i o l e t t  r a y s ,  d ec reases  a f t e r  long  exposure to  them. 

Since i t s  d isco very  t h i s  ’’p h o to , - e l e c t r io  f a t i g u e ” has been in ­

v e s t ig a t e d  by many, and, i n  a  g e n e ra l  way, i t  may be s a id  to  be 

in f lu e ^  ed by; the  k ind  o f  metal', th e  s t a t e  o f  the  su rface , ' the 

n a tu re  o f  ..the surrounding  medium* and the  c h a ra c te r  o f  t h e . r a y s .  

But w r i t e r s  on t h i s  s u b je c t  ag ree , n e i th e r  in  t h e i r  experim en ta l 

r e s u l t s ,  n o r  i n  t h e i r  t h e o r i e s .  ,

) l)H a llw achs  , S i tzu n g sb e r . dor Ges. der  W issensch. Zu l e i p s i g .
l v i i i . 1906,p . 341.

2) Ladenberg. Annal. der Phys. x i i .  1903,p .558.
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ladenberg  * a t t r i b u t e s  f a t ig u e  to  o x id a t io n  and r co r ­

ro s io n  o f  the  s u r fa c e ,  b u t  t h i s  th e o ry  i s  r e j e c t e d  by Eallw $chst 

who a t t r i b u t e s  th e  p r in c ip a l  e f f e c t  to  ozone, which he supposes 

to  have g re a t  absorb ing  power when in  th e  gas l a y e r s  on the s u r ­

face  o f  th e  m eta l .  On the  c o n t ra ry  i t  has been shown, t h a t  

f a t ig u e  occurs in  th e  absence o f  ozone, and i n  a vacuum. S i r
3.)

Y/illiam Ramsay and Spencer b e l ie v e  secondary  r a d i a t i o n  to  be due 

to  d i s in te g r a t io n  o f  th e  atom.

P ro fe sso r  Hore, o f  the  U n iv e rs i ty  o f  C in c in n a t i ,  w hile  

working i n  Cambridge i n  1906-07, found t h a t  th e  secondary 

Roentgen r a d ia t io n  from metals, s u f fe re d  a (fatigue analogous to  

t h a t  produced by u l t r a - v i o l e t a  l i g h t .

His r e s u l t s  show t h a t  th e  r a d ia t io n s  from a id  su r fa c e s  

o f  i r o n ,  le a d ,  n i c k le ,  and z in c ,  exposed i n  a ir ,d e p e n d  on the

d u ra t io n  o f  the  exposure , w h ile  $he r a d ia t io n s  from aluminum and
!

copper a re  n e a r ly  c o n s ta n t .

F re sh ly  p o l ish e d  s u r fa c e s  o f  i r o n  and load  show]; an 

i n i t i a l  r i s e  in  s e n s i b i l i t y .

Ihe e f f e c t s  i n  co a l  gas do n o t  d i f f e r  from those i n  a i r .  

i n  i n e r t  gas l i k e  hydrogen seems to  reduce th e  fa tigue '^  w h ile  the  

p resence  of ozone in c re a s e s  i t , '  though n o t  in  any way comparable

3) Ramsay and Spencer, P h il,H ag . x i i .  1906,p . 397.
4) Hore, Ph il.H ag . x i i i .  1907, p . 708.

4*
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to  the  e x te n t  n o ted  by Hallwachs f o r  the  u l t r a - v i o l a t e  r a d ia t i o n .

In  co n c lu s io n  the w r i t e r  s t a t e s  t h a t  h i s  h i3  r e s u l t s  i n ­

d ic a te  t h a t  th e  f a t ig u e  i s  caused by "changes in  th e  gas i n  o r  on 

th e  p l a t e s ,  r a th e r  than  any change in  th e  m etal3 them selves" .

Follow ing th e  sugg es tion  o f P ro fo sso r  More t h i s  work has 

been c a r r ie d  on f o r  the  purpose o f  v e r i f y in g  h i s  r e s u l t s  and con­

t in u in g  the  in v e s t ig a t io n ,  p a r t i c u l a r  a t t e n t i o n  b e in g  g iven to  

th e  e f f e c t  o f  o x id a t io n  on th e  b eh av io r  o f  the secondary  r a d ia t i o n .

The f i r s t  measurements o f f a t ig u e  i n  t h i s  paper were made

by th e  method d esc r ib ed  i n  th e  e a r l i e r  p a p e r  by P ro fe s so r  More.

The Koentgen r a d ia t i o n  i s  allowed to  f a l l  upon two s im i l ­

a r  p l a t e s  and t h e i r  secondary r a d ia t i o n s  moasurod and compared.

I f ,  th en , one o f  th e se  p la te s ,w h io h  we s h a l l  c a l l  th e  " s ta n d a rd " ,  

be sh ie ld e d  from th e  p rim ary  r a d i a t i o n ,  and th e  other,known as 

the  " t r i a l " p l a t e , bo allowed to  rem ain exposed fo r  a  le n g th  o f  

t im e , a second comparison o f  th e  r a d ia t i o n s  may be expected  to  

show any change i n  th e  s e n s i t iv e n e s s  o f  the  " t r i a l "  p l a t e ,  due 

to  i t s  pro longed exposure to  th e  X -ray s .

Two s im i l a r  i o n i s a t io n  chambers, twelve c e n tim e te rs  cube, 

r « r e  c o n s tru c te d  o f  heavy sh e e t  b ra s s .  A d e t a i l e d  c r o s s - s e c t io n  

o f  one o f th e s e  chambers i s  shown in  F igure  I.

. 5 .
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A i s  the  charged e le c t r o d e ,  c o n s is t in g  o f an i r o n  w ire 

gauze, c a r r ie d  “by th re e  ebon ite  p i l l a r s ,  and having  a  connecting  

w ire  le a d in g  out through a su lp h u r  i n s u l a to r .  The h o ld e r  , B , 

c a r r i e d  the  p l a t e ,  C, to  he t e s t e d  and i s  supported  by th e  b ra s s  

ro d , I) , running out through tho  su lp h u r  i n s u l a t o r ,  F « By means 

o f  va.; em ail gauge tho d is ta n c e  between G and A could  be n ic e ly  

a d ju s te d ,  and wa3 kep t a t  one c e n tim e te r  i n  a l l  tho  experim ents .

The t e s t  p l a t e s  were u n ifo rm ly  fo u r  c e n tim e te rs  i n  d iam e te r ,  and 

0 .3  cm. i n  th ic k n e s s .  A window, H , 4 .5  cm. i n  d iam e te r ,  ad­

m it te d  th e  2 - r a y s  through tho s id e  o f  tho box op posite  tho p l a t e .  

The X-ray3 e n te r in g  th e  boxes were cut down, by  le a d  diaphragms, 

to  p e n c i l s  which b a re ly  in c lu d ed  tho t e s t  p l a t e s ,  thus  p re v e n tin g  

secondary r a d ia t i o n  from th e  back o f  th e  boxes.

In  F igure  £  i s  shown the g e n e ra l  arrangem ent o f tho ap­

p a r a tu s .

The io n iz a t io n  chambers, I-'and 2 , w ereso t At an ang le ,and  

th e  2 - r a y  bulb p laced  a t  the  i n t e r s e c t i o n  o f  th e  norm als to  tho 

c e n te r s  o f  th e  t e s t  p l a t e s .  B rass tubes i n  f r o n t  o f  th e  io n iz a t io n  

boxes c a r r i e d  th e  le ad  diaphragms, S , and s h u t t e r s  used  f o r  

c u t t in g  o f f  the  rays,whon r e q u ir e d .

A d i f fe re n c e  of p o t e n t i a l  o f  80 v o l t s  between p l a t e  and

7.
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.

gauze was found s u f f i c i e n t  to  produce s a tu r a t i o n .

The sw itches , I  , allowed o i th o r  o r bo th  p l a t e s  to  ho con­

n ec te d  w ith  tho e le c tro sc o p e ,  M , o r to  e a r th ,  and a lso  provided 

a means o f  e a r th in g  the  e le c tro sc o p e .

For the  purpose o f  m easuring th e  io n iz a t io n  c u r re n ts  anf 

in c l in e d  Wilson e le c tro sc o p e  wa3 u sed , and th e  charged p la te r  

m ain ta ined  a t  a  p o t e n t i a l  o f  about two hundred v o l t s .

A ll  sw itches and connecting  w ires  were enclosed  in  ea r th ed  

m e ta l l i c  sh ie ld s  * and tho  X -ray  tube and in d u c t io n  c o i l  p laoed  in  

a lead -sh ea th ed  box, to  p re v en t s t a t i c  e f f e c t s  and l e a k a g e . '

The r a d ia t io n  was taken  to  be d i r e c t l y  p ro p o r t io n a l  to  th e  

io n iz a t io n  c u r re n t ,  and consequen tly  in v e r s e ly  p ro p o r t io n a l  to  the  

time re q u ired  f o r  tho g o ld - le a f  o f  th e  e le c tro sc o p e  to  move over 

a d e f in i t e  number o f  d iv is io n s  in  th e  read in g  m icroscope.

From auch measurements may be c a lc u la te d  tho r a d ia t in g  

power of the p la t e  a t  any t im e , r e f e r r e d  to  i t s  i n i t i a l  r a d ia t i n g  

power, which in  th e  subsequent t a b l e s  i s  tak en  a3 100.

A fte r  working w i th  tho  above method f o r  sometime, i t  be­

came ev iden t that-, even w ith  tho  most c a re fu l  m an ipu la tion , i r ­

r e g u l a r i t i e s  in  th e  a c t io n  o f th e  c o i l  and bulb in tro d u ced  con­

s id e ra b le  e r r o r s yand even i n  some cases  masked th e  e f f e c t s  sought

9;
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fo r .

I f  tho r a d ia t i o n  from ho th  p l a t e s  could ho measured a t  

th e  some tim e, and hy tho some in s tru m e n t ,  the  e f f e c t  o f the  

i r r e g u l a r i t i e s  above no ted  would he n e a r ly  e l im in a ted . A d i f ­

f e r e n t i a l  method was th e re fo re  dev ised , which accomplished p ra c ­

t i c a l l y  t h i a  r e s u l t ,  and which las proven to  ho very  convenien t 

i n  use and much more accutttc  than  the  method f i r s t  d e sc r ib e d .

The same appa ra tu s  was used w ith  tho fo llow ing  changes 

and a d d i t io n s .

Thin p e r fo ra te d  aluminium shoo ts  wore s u b s t i tu t e d  f o r  the 

i r o n  w ire  gauzes i n  th e  io n iz a t io n  chambers, and th e  s h ie ld in g  

diaphragms so arranged  t h a t  the  maximum q u a n t i ty  o f  r a d ia t i o n  

f e l l  upon tho p l a t e s  w ith o u t a llow ing  any to  pass  th e  edge and 

s t r i k e  the  hack o f  th e  box*

The su h o t i tu tu o n  o f  aluminium f o r  i r o n  gauze allow ed more 

r a d i a t i o n  to  s t r i k e  th e  p la te  and reduced the  d i s tu rb in g  e f f e c t s  

of, secondary  r a d ia t i o n  from tho charged e le c t ro d e ,  s in ce  the  . 

secondary r a d ia t i o n  from aluminium i s  sm a ll ,  and, as w i l l  he , 

shown l a t e r ,  co n s ta n t .-  Seoondary e f f e c t s  from t h i s  source w i l l  

a t  l e a s t  p re se n t  a co n s tan t  f a c t o r  and w i l l  n o t tend  to .c o n fu se  

tho  r e s u l t s .

1 0 .
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In  a d d i t io n  to  tho  appara tus  used "before, a  l a rg e  v a r ia b le  

a i r  dondenser was so arranged  t h a t  i t  could "be p lace d  i n  p a r -  

a l l 'e l  w ith  the e le c tro sc o p e .  The purpose o f  th i3  condensor 

w i l l  be exp la ined  l a t e r .

P ro v is io n  was a lso  made fo r  s h i f t i n g  th e  X -ray tube about 

a  v e r t i c a l  a x is .

F igu re  I I I .  r e p re s e n ts  d ia g ra m a t ic a l ly  the g e n e ra l  a r ­

rangement o f  tho new a p p a ra tu s .  The sw itc h e s ,  n, were so a r ­

ranged t h a t  th e  e le c tro d e s  i n  the  chtimbors 1 and 2 could be 

charged w ith  e l e c t r i c i t y  o f  l i k e  or u n l ik e  s ig n .  The condenser 

was o f  about 350 C.G.S. e l e c t r o s t a t i c  u n i t s  (c a lc u la te d ) ,  ca ­

p a c i ty ,  and could  be connected in  p a r a l l e l  w i th  the  e lec tro sco p e

by meon3 of th e  sw itch , R.
/

The o b se rv a tio n s  are  made in  tho  fo llow ing  manner. Tho 

o leo trode  in  chamber 1 i s  charged p o s i t i v e l y  and t h a t  in  2 

n e g a t iv e ly ,  to  a p o t e n t i a l . s u f f i c i e n t  to  produce s a t u r a t i o n .  I f  

the  two p l a t e s  a re  g iv in g  o f f  the  some amount o f  r a d ia t i o n  the 

o lec tro scope  w i l l  th en  show no d e f le o t io n .  The p l a t e s  however 

may no t be o q u a lly  s e n s i t i v e  to  th e  p rim ary  r a d ia t i o n .  In  t h i s  

ca3e an e q u a l i ty  o f th e  sooondary r a d ia t i o n  may s t i l l  'be brought 

about, in  g e n e ra l ,  by tu rn in g  th e  X -ray tube about n v e r t i c a l

- a x is — u n t i l - t h e  in e q u a l i t y  o f  th e  p rim ary  r a d i a t i o n  f a l l i n g  on

U .
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the  two p la t e s ,  compensates f o r  the  d i f f e re n c e  i n  t h e i r  s e n s i ­

b i l i t i e s *  s in ce  the r a d ia t i o n  i s  no t un ifo rm ly  d i s t r ib u te d  over 

the  b u lb .

Having ob ta ined  t h i s  balance i n  th e  r a d ia t io n ,  th e  s tan d ­

ard  p l a t e  in  1 i s  s h ie ld e d  from the  2 - r a y  f o r  a  c e r t a in  p e r io d ,  

while the  t r i a l  p l a t e  i n  2 remains exposed to  tho ray3 . How i f  

any ohange i n  th e  s e n s i t iv e n e s s  o f  tho t r i a l  p l a t e  tak es  p la c e ,

then  when the  two p l a t e s  a re  &&ain connected to  the  e l e c t r o ­

scope, a d e f le c t io n  w i l l  be o b ta ined , due to  th e  c u r re n t  produced 

by tho secondary r a d i a t i o n  from the  t r i a l  p la te  being  e i t h e r  

g r e a te r  o r l e s s  than  t h a t  from tho s tan d a rd  p l a t e .

Xet us denote the  o r i g i n a l  c o n d it io n s  by 

d, * c u r re n t  i n  box 1 

a = c u r re n t  i n  box 2

\  - time re q u ire d  f o r  g iven d e f le c t io n  w ith  box 1

t̂ _- time re q u ire d  f o r  g iven d e f le o tiO n  w ith  box :2

s, - s e n s i t iv e n e s s  o f  p la te  1 

^  =s e n s i t iv e n e s s  o f  p l a t e  2 . , .

k, ^ r a d ia t io n  f a l l i n g  on p l a t e  1 • 

k ^ =r a d ia t i o n  f a l l i n g  on p la t e  2

Those q u a n t i t i e s  may be chosen in  such u n i t s  t h a t  we may

13.
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;

. w r i te

8 , - l / t , ................................................ (1)

v M W / t , ................................................ (s !

How a f t e r  a c e r t a in  le n g th  o f  t i n e ,  du ring  which the  

t r i a l  p l a t e  has "been exposed, and th e  s ta n d a rd ,  sh ie ld ed  from 

th e  X -rays, any o r a l l  o f  th ese  q u a n t i t i e s  nay have changed and 

we may denote th e  new va lu es  by the  same l e t t e r s  primed, so t h a t  

we now have

o ; * k , 's , '* i / t ; ................................................ ( 3 )

.................................................(4)

From th e  second and fo u r th  equ a tio ns

................................... « s )

8 * '0 . / V V k  A ....................................(6)

i / k j t ; -  ........................... (7) •

This i s  the  ex p ress io n  fo r  the  a b so lu te  change in  

s e n s i t iv e n e s s ,  bu t i t  u n fo r tu n a te ly  co n ta in s  a  q u a n t i ty  which we 

can n o t e a s i l y  m easure; tho s t r e n g th  o f  tho p rim ary  r a d ia t io n ,  

(The p ro p o r t io n a l  change i n  s e n s i t iv e n e s s ,  however, may be ob­

ta in e d  by d iv id in g  . th i s  q u a n t i ty  by s ^  , g iv in g ,

^Z ~ >̂X - /•-- --- — -j-—■ \ f( f- '

•

•

14.
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— J z  _ Kx_ t x . 

s z  Ki (8)

By p re lim in a ry  t o s t  i t  was found t h a t ,  i f  th e  t e s t  p l a t e

are  o f  th e  same m a te r ia l  and have the  same kind of s u r fa c e ,  the  

halance  once ob ta ined  i s  no t d is tu rb e d  by changes i n  th e  working 

o f  the c o i l  o r X -ray tu b e . J7e may th e re fo re  assume t h a t  the  d is  

t r i b u t i o n  o f  tho  ray s  about tho tube  does no t vary  w i th  the con­

d i t i o n  of th e  tube  n o r  th e  working o f  the  c o i l ,  and wo may w r i te

p rim ary  r a d ia t i o n ,  p rovided  the tube remained s o f t .  77ith t h i s  

p ro v is io n  we may take

Bo th a t  we have by s u b s t i t u t i o n

3 a ~ 3z..................................................................
s*

I t  was a lso  found, by t r i a l ,  t h a t  the  s e n s i t iv e n e s s  

o f  the  s tan d ard  p l a t e  v a r ie d  b u t  l i t t l e  w ith  th e  i n t e n s i t y  o f  the

/ ?
( 11)

and th e re fo re  from equa tions  (1) and (3)

(13)

■ - in
S u b s t i tu t in g  t h i s  v a l u e / (10) we have

15.
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Sa -  Ba . t / t ,̂ _   .......................................(13),
• S4 " t,'

When th e  r a d ia t io n s  from tho two p l a t e s  a re  ba lanced  we

have the  c o n d it io n

(14)
t  - t  

/

equa tion  (13) becoming

.3-& , *“ 3.̂  -  j * . . i i *  . . . . .  . . . .(1 5 )

But the  r e s u l t a n t  c u r re n t  due to  tho two p l a t e s  working 

o p p o s i te ly  to  each o th e r  i s

o /  -  o / .  i / t /  -  i / t ;

=  ! ! _ £ ' - i ................................ ( 16)
*;*L **

where t a r e p re s e n ts  th e  time re q u ire d  f o r  tho  g o ld - le a f  to  move 

through the  g iven  d e f le c t io n  when b o th  p l a t e s  a re  connected to  the 

e le c tro sc o p e  a t  th e  same tim e. From t h i s  i t  i s  ev id en t t h a t

SjL-Z ,s. ^ ~  I '  = -  fa tig u e  . . . .  (17)

whore t ,  i s  th e  time re q u ire d  f o r  th e  g iven  d e f le c t io n  when 

p l a t e  1 alone i s  r a d ia t i n g .

We have t a c i t l y  assumed a l l  the  fo rego ing  eq u a tio n s  to  

be sim ultaneous* a c o n d i t io n  im p oss ib le  i n  p r a c t i c e ,  s in ce  re a d -

1G.
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ing s  must n e c e s s a r i ly  be tak en  co n se c u tiv e ly .  Tho e r r o r  thus 

in tro d u ced  w i l l  he t h a t  due to  v a r i a t i o n s  in  the s e n s i b i l i t i e s  o f  

th e  p l a t e s ,  caused by changes i n  th e  c h a ra c te r  o f  the r a y s .  But 

i t  w i l l  be seen  from equa tion  (15) t h a t  p ro p o r t io n a l  v a r i a t i o n s  

i n  th e  r a d i a t i n g  powers w i l l  n o t e f f e c t  the  value o f  tho r e s u l t .  

This requirem ent o f  p ro p o r t io n a l  v a r i a t i o n  may be f u l f i l l e d  by 

hav ing  b o th  p l a t e s  o f - th e  same m eta l and t h e i r  s u r fa c e s  i n  th e  

same c o n d it io n .

An instrum ent s u f f i c i e n t l y  s o n s i t iv o  to  measure t j -w o u ld  

be e n t i r e l y  too s e n s i t iv e  f o r  m easuring t  / , s in ce  i t  i s  very

sm all compared to  t A . To obv ia te  t h i s  d i f f i c u l t y  th e  condenser, 

U, i s  connected to  th e  system^when moasuring t /  . th e re b y -re d u c in g  

th e  r a t e  a t  which i t s  p o t e n t i a l  w i l l  r i s e .  I f  Q denote th e  t o t a l  

c a p a c i ty  o f  the  system and condenser, and q th e  c a p a c i ty  o f  1he 

system  e x c lu s iv e  o f  the  condenser, then  we have

SjL z-5.1-: -  S i l l - ................................... (18) •
8 * V Q

where T(' i s  th e  time re q u ire d  f o r  th e  g iven  d e f le c t io n ,  when th e  

oondenser i s  connected and th e  s tan d a rd  p l a t e  i n  1 nlono i s  r a ­

d ia t in g .

The meaning o f  tho minus s ig n  i s ,  t h a t  i f  tho r e s u l t a n t  

d e f le c t io n  a f t e r  th e  t r i a l  p l a t e  has changed i t s  s e n s i t iv e n e s s  i s

17.
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i n  the  same d i r e c t io n  a3 th e  d e f le c t io n  produced by the  s tan d a rd  

p l a t e  a lo n e ,  then  the  change in  the  t r i a l  p l a t e  has been a  de­

c rease  i n  s e n s i t iv e n e s s  o r  a  p o s i t iv e  fa t ig u e  and v ic e  v e r s a .

In  p r a c t i c e ,  bo th  t A and T,' were measured f o r  d e f le c t io n s  i n  the 

same d i r e c t io n  and o f  equal m agnitude, th e  p o l a r i t y  o f  th e  e le c ­

t ro d e  i n  1 be ing  changed w hile  m easuring a * /  , when a  n eg a tiv e  

f a t ig u e  was encountered .

The v a r ia b le  a i r  condensor c o n s is te d  o f  n in e  s t a t i o n a r y  

and e ig h t  s l i d in g  p l a t e s ,  each 17 .6  cm. sq u a re ,s e p a ra te d  by a i r  

spaces o f  ono c e n tim e te r  each , The s t a t io n a r y  p l a t e s  were c a r­

r i e d  on su lp h u r  p i l l a r s ,  and a l l  co rn e rs  c a r e f u l ly  rounded so 

t h a t  th e  leakage from even so la rg e  a  su rface  was n e g l ig ib le .  The 

condenser was f r e e  from r e s id u a l  charge and a l l  p a r t s  were n io k e l-  

p la te d  and h ig h ly  p o lish ed  to  p rev en t co n tac t  e le c tro -m o tiv e

fo rc e s .  For convenience, th e  f a c t o r  was determ ined f o r
Q.

v a r io u s  p o s i t io n s  o f  the movable p l a t e s  and th e  r e s u l t s  p lo t t e d  

i n  a  curve (F igure  IY .) , hav ing  f o r  o rd in a te s  the  va lues  o f  ,  

and f o r  a b sc is sa e  tho l i n e a r  d is ta n c o  which th e  movable p l a t e s  

were withdrawn from t h e i r  p o s i t io n  o f  maximum c a p a c i ty .  In  near-* 

l y  a l l  cases  tho condenser was used  a t  maximum cap ac ity ,w h ich  

gave tho va lue  2^= 0.$88 . By w ithdraw ing the  movable p l a t e s  t h i s

18.
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r a t io  could bo incroasod to -yr - 0.487.

20.
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HETAIS AND OXIDES ID AIR.

In  Table 1 a re  g iven  the  le n g th  o f  exposures and tho 

corresponding  values  o f  tho  r a d ia t io n  from f r e s h ly  p o lish ed  s u r ­

faces  o f  aluminium, coppor, z in c ,  t i n ,  s i l v e r ,  le ad  and i r o n ,  ex­

posed in  a i r .  The s u r fa c e s  o f the  m eta ls  i n  th ese  experim ents 

were p o l ish e d  on th e  f i n e s t  grade o f crocus c lo th  o b ta in ab le  and 

wore te s to d  as soon as they  became coo l, a f t e r  p o l i s h in g .  The 

su rfa ce s  thus ob ta ined , w hile  n o t o f  m ir ro r  b r ig h tn e s s  i n  th e  

case o f  the  s o f t e r  m e ta ls ,  were c le a n , and q u i te  smooth and u n i ­

form.

I ro n  alone shows an in c reaso  in  r a d ia t i o n ,  re ach in g  a 

maximum i n  th re e  h o u rs . S i lv e r ,  load , and t i n  do n o t show t h i s  

i n i t i a l  r i s e ,  the s i l v e r  beg inn ing  to  f a t ig u e  du ring  tho f i r s t  

hour,and  tho  t i n  and lo ad  no t u n t i l  the 3eoond. Aluminium and 

copper show no change i n  r a d ia t i o n  and z inc  b u t l i t t l e .

In  Tables 2, 3 and 4 a re  g iven th e  r e s u l t s  obtainod w ith  

ox id ized  su rfa co s  o f  th e  some m e ta ls ,  tho r a d ia t io n  from the  p o l­

ish ed  m etals a lso  be ing  given f o r  the  purpose: o f  comparison.

The co a tin g  o f  magnotio oxide w^s p repared  by h e a t in g  

th e  p o lish e d  i r o n  p l a t e  to  a tem pera ture  o f  about 700° 0 , a t h i n

25.
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even b lu is h  b lack  co a tin g  be ing  thus o b ta in ed . The i r r e g u l a r i t y  

shown fo r  t h i s ,  and the  f e r r i c  oxide in  Table 2, 'is . p robab ly  duo 

to  experim ental e r r o r :  involved in  the  f i r s t  method, xe± used fo r  

i  th ese  d e te rm in a tio n s . The magnotic oxide may be s a id  to  show no 

d e c is iv e  change during  a fou r hour oxposure.

The f e r r i c  oxide co a tin g  was ob ta ined  by covering  the 

p l a t e  w ith  d i lu te  h y d ro ch lo r ic  a c id ,  forming on the Surface 

c h lo r id e  of i ro n  and tho f e r r i c  hydroxide, e v e n tu a l ly  formed by 

th e  a d d i t io n  o f a few drops o f ammonia, was allowed to  d ry . The 

p l a t e  was then s e t  away fo r  a week to  allow f u r t h e r  o x id a t io n ,  

a f t e r  which tho ammonium c h lo r id e  was expo lled  by h e a tin g  the  

p l a t e .  Tho w e l l - r u s te d  su rfa ce  thus ob ta in ed  a lso  shows no de­

c i s iv e  change in  f iv e  Ifours exposure.
:i

I t  w i l l  be n o t ic e d  t h a t  tho change i n  s e n s i b i l i t y  ex- , 

h ib i t e d  by the  p o l ish e d  m etal i s  no t shown by e i t h e r  ox ide. Both 

o f  th ese  oxides are  q u i te  s ta b le  in  a i r ,  w h ilo , o f  course , tho 

m etal i t s e l f  i s  very  l i a b l e  to  r u s t .

!Table 3 shows the behavior of the  two oxides o f copper.

The cuprous oxide was formed b y .g o n tly  h e a t in g  tho p o l - '  

ishod  copper p l a t e ,  care_being  taken t h a t  tho tem perature  d id  not 

become s u f f i c i e n t l y  h ig h  to  convert i t  a l l  in to  cu p r ic  ox ide. Such

26.
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a coa ting  w i l l ,  a t  b e 3 t ,  p robab ly  co n ta in  a co ns iderab le  q u a n t i ty  

o f  cup ric  ox ide.

The cup r ic  oxide was formod by h e a t in g  tho p l a t e  to  d u l l  

redness  in  an a lco h o l ( s u lp h u r - f re e )  flam e, n e i th e r  o f  these  

oxides shows any fa t ig u e  in  a i r .

These th re e  su r fa c e s  are  s t a b le  in  a i r ,  and none shows 

v a r ia t io n  in  r a d ia t i n g  power beyond th a t  o f experim enta l e r r o r .

The r e s u l t s  o f  t e s t s  on two oxides o f  t i n  arc  g iven in

i Table 4.

The co a tin g  c a l le d  ’’t i n  ox ide” i s  o f  undetermined com­

p o s i t io n ,  bu t i t  i s  p robab ly  a lower ox ide , o r a m ixture o f  ox ides , 

co n ta in in g  l e s s  oxygen than  the  s ta n n ic  ox ide. I t  was formed by . 

h e a tin g  a p o l ish e d  t i n  p la te  to  a tem pera tu re  o f 170° C. f o r  sev -
!j
j e r a l  hours , and appeared as an o l iv e  to  y e llo w ish  t a r n i s h  on the  

I su rface  o f  th e  m e ta l .  As might bo expected from i t 3 method o f 

j  fo rm ation , t h i s  su rface  appears to  be q u ite  s ta b lo  in  a i r  a t  

o rd in a ry  tem p e ra tu re s ,  and undorgoos no f u r th e r  change.

The 3 tann io  oxide was p rep ared  by i g n i t i n g  the  n i t r a t e ,

| formed on th e  su r fa c e  o f  tho m etal by co a tin g  i t  w ith  n i t r i c  ac id , 

I le i th o r  oxide showed any f a t ig u e  and the  su rface  o f  tho 

p o l ish e d  m eta l allowed to  age in  the  a i r  fo r  two weeks did  no t

P 7fj I ♦
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behave d i f f e r e n t l y  from the  f r e s h ly  p o lish ed  s u r f a c e .

A  t h in  ooa ting  o f  a s ta b le  oxide ha3 com plete ly  stopped 

the  fa t ig u e  experienced by the  f r e s h  3urf$ce o f  th e  m eta l n o t  thus  

p ro te c te d .

Table 5 shows tho r a d ia t io n s  from s in e ,  a th ic k ,  and a 

th in  l a y e r ,  o f  the  oxide, SnO.

Tho th ic k  la y e r  o f  the  oxide was formed by ig n i t i n g  the 

j n i t r a t e ,  as w ith  t i n .  Tho th in  la y e r  was the  r e s u l t  o f  slow 

o x id a t io n  i n  a i r ,  allowed to  proceed fo r  a y ea r  and a h a l f .

Tho i r r e g u l a r i t i e s  o f  the f ig u re s  f o r  tho  th in  l a y e r  are  

p ro b ab ly  duo to  experim enta l e r ro r  s ince  bu t one o f th e  su rfa c e s  

wa3 o b ta in ab le  and a f r e s h  su rfa ce  o f  tho m e ta l  had to  be used  fo r  

fa s tan d a rd . As had boon p o in ted  out, t h i s  may cause some . . o r .  

jIJo  d e c is iv e  chango in  r a d i a t i o n  i s  shown by e i t h e r  s u r fa c e .  This 

(oxide i s  q u i te  s ta b le  i n  a i r .  *

Tho r a d ia t io n  from a f r e s h ly  p o lish e d  s i l v e r  p l a t e , and

I one covered w ith  a dark  t a r n i s h ,  aacquired  by  a month exposure to

the  a i r  i n  tho la b o ra to ry ,  a re  given in  Table 6. Those r e s u l t s

[show a s l i g h t  f a t ig u e  f o r  the p o lish ed  s i l v e r  and none whatever 

f o r  the  ta rn is h e d  su r fa c e .

whatever may have been tho n a tu re  o f  t h i s  t a r n i s h ,  the

3 8 .
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f a o t  o f i t s  form ation  in d ic a te s  t h a t  i t  was a more s ta b le  s u r ­

fa c e ,  chem ica lly , than  the  pure s i l v e r .  The s l i g h t  f a t ig u e  shown 

by the  f r e s h  m etal i s  stopped by t h i s  p r o te c t in g  t a r n i s h .

While fo u r  out o f  th e  f iv e  m eta ls  t e s t e d  e x h ib i t  v a r i a t i o n  

i n  r a d ia t i n g  power, o f  tho elevon ox id ized  s u r fa c e s  formed on 

th e se  m e ta ls ,  none shows f a t i g u e .

I f  o x id a t io n  does e f f e c t  tho secondary  r a d ia t io n ,  we 

might expect an in c re a se d  e f f e c t  i f  an o x id iz in g  atmosphere, such 

a3 ozone, be used  in  p la c e  o f  a i r .

29.
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I
i  METALS A1I3) OXIDES ID 020UE.

The r e s u l t s  so f a r  o b ta ined  f o r  some o f  th e  m e ta ls  and 

t h e i r  oxides when exposed in  ozone are  g iven i n  Tables 7, 8 , 9, 

10 and 11.

Table 7 shows the  f a t ig u e  o f  copper, cuprous ox ide , and 

c u p r ic  ox ide , and i t  w i l l  be .observed t h a t  the  f a t ig u e  decreased  

as th e  o x id a t io n  in c r e a s e s .  The fatigue.'1 occasioned  in  th e  

f r e s h ly  p o lish ed  copper and cuprous oxide i n  two h o u rs ,  r e q u ir e s  

about th re e  and o n e -h a lf  tim es a3 long to  be produced in  tho 

h ig h e r  ox ide .

These p la te 3  on exam ination a f t e r  exposure showed de-
j

c id ed  changes in  tho c h a ra c te r  o f  the s u r fa c e .  ' The p o l is h e d  

oopper had become d u l l  and had taken  on th e  appearance o f  o ld  

copper su rface  exposed to  a i r  f o r  some t im e . The cuprous oxide 

had changed from a  re d d is h  brown to  about tho same appearanoe as 

th e  copper had a f t e r  exposure . Tho cu p r ic  ox ide , o r i g i n a l l y  

b la c k ,  became dark  re d d ish  brown a f t e r  7 .25 h r s .  i n  ozone.

The r a d ia t io n s  from i ro n ,  m agnetic oxide and f e r r i c  • 

oxide s u r fa c e s  are  g iven  i n  Table 8 , bu t sh o w 'in  t h i s  case tho
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oppo site  e f f e c t , w ith  tho  lower ox ide, t h a t  i t  f a t ig u e s  about 

th re e  tim es as r a p id ly  as th e  f r e s h ly  p o l ish e d  su r fa c e .  Both 

tho i r o n  and m agnetic oxide su rfa ce s  show^that f u r th e r  o x id a t io n  

had taken  p la c e ;  th e  p o l ish e d  m eta l had become d u l l  and tho b lu e -  

b la c k  m agnetic oxide had tak en  on a re d d ish  brown c a s t .  I t  i s  

p robab le  t h a t  th e  f i lm  o f h ig h e r  ox ide, formed by tho ozone on 

th e  magnetic oxide s u r fa c e ,  was much th ic k e r  th a n  th a t  on the  

i r o n ,  which may account f o r  th e  g r e a te r  f a t i g u e ,  Tho f e r r i c  

oxide showed no f a t ig u e  n o r  wa3 i t s  appearance changed by th e  

exposure,

Table 9, g iv in g  th e  r e s u l t s  f o r  t i n ,  th e  " t i n  oxide" . 

b e fo re  d e sc r ib e d ,  and 3 tann io  oxide, show3 ag a in  a more r a p id  

f a t ig u e  f o r  th e  lower oxide th an  fo r  tho pure  m e ta l ,  and no 

change w hatever f o r  th e  s ta n n ic  oxide. An in s p e c t io n  o f  the 

p o l ish e d  m eta l and the  " t i n  oxide" s u r f a c e s ,  a f t e r  th e  t o s t ,  

3howod the fo rm ation  o f  s ta n n ic  oxide by the  ozone, the  f i lm
// ii 2728*

formed on tho t i n  oxide beA a p p re c ia b ly  t h i c k e r  than  th a t -o n  the 

t i n .  The s ta n n ic  oxide su rface  showed no change i n  appearance.

The f a t ig u e  o f  t i n  seems to  have th e  p e c u l i a r i t y  o f  

bo ing slow in  s t a r t i n g  under any c o n d it io n s ,  n o t  appearing  u n t i l  

tho t h i r d  hour i n  ozone, w h ile  o th e r  m e ta ls  ex perience  from one
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to  fou r p e r  o en t .  f a t ig u e  du ring  th e  f i r s t  hour o f  exposure i n  

t h i s  gas.

The f a t ig u e s  fo r  th e  f r e s h  su rfa c e  o f  s in o  and fo r  a  

su rface  covered w ith  a la y e r  o f  s in e  ox ide , whon exposed i n  ozone, 

are  g iven in  Table 10.

The r a d ia t io n s  from the  f r e s h ly  p o l is h e d  su rface  dim in­

is h e s  r a p id ly ,  w h ile  t h a t  from th e  s in e  oxide s u r fa c e  remains con­

s t a n t .

The r e s u l t s  f o r  f r e s h  su rfa ce s  o f  le a d  and' s i l v e r  ex­

posed in  ozone a re  g iven  in  Table 11.

By comparison o f Table 11 and Table 9 w ith  Table 1 , i t  

w i l l  be no ted  t h a t  the  f a t ig u e  f o r  le a d ,  s i l v e r ,  and t i n ,  p ro ­

g re s s e s  a t  about tw ice  tho  r a te  i n  ozone t h a t  i t  doe3 in  a i r .  - 

Comparison o f  Tables 10 and 1 show t h a t  z inc  f a t ig u e s  about 

f i f t e e n  t i n e s  as f a s t  i n  ozone as i n  a i r .

The3e su r fa c e s  a f t e r  exposure a l l  showed evidence o f  

, o x id a t io n ,  tho le a d  e s p e c ia l ly  be ing  v e ry  b a d ly  ta rn is h e d .

L a s t ly ,  a few experim ents were t r i e d  to  determine the  

r a d ia t i n g  powers o f  those  ox id ized  .su rfa ce s  compared to  the  p o l ­

ish e d  m e ta l ,  and th e  r e s u l t s  f o r  copper and i r o n  and t h e i r  ox ides

I
 a re .g iv e n  below.
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Cu 100 Fe 100

Cu 0 95 Fe 6 94

Cu 0 92 Fe 0 84

The cuprous oxide and f e r r o - f e r r i c  6xide f i lm s  were v e ry  t h i n ,  

perhaps no t ovor a  few wave le n g th s  o f  l i g h t  i n  th ic k n e ss  and y e t  

t h e i r  e f f e c t  on the  secondary r a d ia t i o n  i s  v ery  marked. The same 

q u a l i t a t i v e  r e l a t i o n s  ho ld  fo r  tho t i n  oxide su rfa c e s  used and i n  

f a c t  i t  may he s a id ,  t h a t  i n  every  case in  our experience  th e  r a ­

d i a t i o n  d ec rease s  as o x id a t io n  p ro g re s s e s .

Jhiring the  course o f  th e  experim ents , a t i n  and a  s i l v e r  

p l a t e  a c c id e n ta l ly  became amalgamated, and I  was s u rp r is e d  to  no te  

t h a t  th e se  m ercury-coated  su rfa c e s  gave much more r a d i a t i o n  than  

the  p u re  m e ta ls .  Q u a n t i ta t iv e  measurements o f  t h i s  in c re a s e  i n  

s e n s i t iv e n e s s  have n o t  y e t  beon made.

The s i x  f r s s h l y  p o l ish e d  m e ta ls  and th re e  lower ox ides 

t e s t e d  a l l  showed f a t ig u e  when exposed i n  ozone. Of the  f iv e  

h ig h o s t  ox ides t r i e d ,  bu t ono 3howed any fa t ig u e  and t h a t  r e l a ­

t i v e l y  sm all .

She f a t ig u e  s u f fe re d  by cu p r ic  oxide was p robab ly  due to  

the  f u r th e r  o x id a t io n  o f  s u b - la y e rs  o f  tho lower oxide which we 

m ight expect to  be p r e s e n t .  The change in  appearance o f  the
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su rface  in d ic a te s  some chemical r e a c t io n  o r p h y s ic a l  change,whioh 

might produce a  change in  the  r a d ia t i n g  power*
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SUHBIARY OF RESUITS.

F re sh ly  p o lish e d  su rfa ce s  o f  le a d ,  t i n ,  3 i l v e r ,  and i ro n  

;show:, f a t ig u e ,  w hile  those  o f  aluminium, copper, and z inc  exper­

ience  l i t t l e  or no change in  t h e i r  secondary r a d i a t i o n .  .

ITono o f  tho ox id ized  s u r fa c e s  shows any f a t ig u e  i n  a i r .

A ll  tho m eta ls  t r i e d  gave fa t ig u e  i n  ozone w ith  ac ­

companying change in  appearanco o f th e  s u r fa c e ,  due to  o x id a t io n .

A ll  th e  lower oxides t e s t e d ,  f a t ig u e  in  ozone.

Hone o f  th e  h ig h e s t  o x id es , w ith  th e  e x p e p tio n .o f  cu p r ic ,  

ox ide , shows any change i n  s e n s i t iv e n e s s .

Tho r a d ia t in g  power o f  a su rface  dec rease s  a3 o x id a t io n  

p ro g re s s e s .

The r e s u l t s  ob ta ined  by P ro fe s so r  I!ore havo been confirm ­

ed w i th , th e  ex cep tio n  o f  those f o r  f r e s h ly  p o l ish e d  le a d ,  and f o r  

u n p o l is h e d . z in c ,  in  a i r ,  a lthough  in  e i t h e r  case i t .w o u ld  be d i f ­

f i c u l t  to  say  w hether o r  n o t  th e  s u r fa c e s  o f  tho p l a t e s  were i n  

th e  same c o n d i t io n  i n . t h e  two experim ents.

3 8 .
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c o n c l u s i o n .

I t  appears from th ese  r e s u l t s  t h a t  th e r e  i s  a  c lo se  r e ­

l a t i o n  between the behav io r  o f  tho su rface  when exposed to  X-rays 

and i t s  "chem ical s t a b i l i t y " .

The th e o ry  t h a t  f a t ig u e  i s  due to  g re a t  a b so rp t iv e  power 

o f  ozone, when absorbed o r adsorbed by the  m e ta l ,  i s  e v id e n t ly  

n o t  a p p lic a b le  to  t h i s  case? s in ce  i t  does n o t account fo r  the 

absence o f f a t ig u e  from a  chem ica lly  s t a b le  s u r fa c e .

The r e s u l t s  a re  a lso  a g a in s t  d i s in te g r a t io n  th e o r i e s ,  

f o r  p a r t i c u l a r l y  in  the  ozone experim ents th e re  were j u s t  as many 

atoms to  d i s in te g r a te  a f t e r  o x id a t io n  as b e fo re ,  in  f a c t  a  number 

o f  oxygen atoms had been added* I f  a d e n s i ty  law o f  a b so rp tio n  

h o ld s ,  the oxides would p ro b ab ly  have lo s s  absorb ing  power than  

the  m eta l i t s e l f ,  and th e  decrease  in  r a d ia t i o n  can n o t  bo ac­

counted f o r  by assuming in c re a so d  ab so rp t io n  o f  the  r a d ia t i o n  

coming from the  body o f  th e  m e ta l .  This l im i t s  the  secondary 

r a d ia t i o n  m ain ly  to  a Durface e f f e c t .

The ex p lan a tio n  o f  f a t ig u e  upon a b a s i s  o f  chemical 

s t a b i l i t y  would le a d  us to  expect t h a t  tho more 3 ta b le  a su rface

r
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the  l e s s  the f a t ig u e .  This o rde r  i s  fo llow ed, w ithou t excep tion  

in  the  r e s u l t s  g iven .

The simple h y p o th es is  o f the  fa t ig u e  depending upon 

o x id a t io n  or a t  l e a s t  p r im a r i ly  on chemical change o f tho s u r ­

fa c e ,  serves  to  ex p la in  th e se  r e s u l t s  w h ile  t h e i r  e x p lan a tio n  on 

o th e r  grounds i s  lo s s  apparen t.

In  conc lusion , I  wish to  extend to P ro fe sso r  Llore my 

most s in ce re  thanhs and a p p re c ia t io n ,  fo r  h i s  su g g es tio n s  and 

d i r e c t i o n  o f  t h i s  wcrlc.

I-
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VITA.
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(Phys. Rev. Vol. XXVI, n o .8. CXI,III, 1908, p . 196 .)
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