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From cracks to atoms and back again 
For the past 200 years, fracture has been at the cutting edge of science.
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Q UI C K S T U D Y Mi c h a el M ar d er  i s a pr of e s s or at t h e C e nt er f or 
N o nli n e ar D y n a mi c s at t h e U ni v er sit y of T e x a s 
at A u sti n.

S
o m et hi n g u s u all y s e e m s r e al o nl y w h e n w e c a n d et e ct 

it wit h o u r o w n s e n s e s. T h e f a m o u s 1 9 7 2 p h ot o g r a p h 

of E a rt h a s a bl u e m a r bl e ri si n g a b o v e t h e M o o n i s a 

d r a m ati c  c a s e  i n  p oi nt.  It  m a k e s  o u r  pl a n et  a p p e a r  

r o u n d i n a vi vi d w a y u n s e e n b ef o r e.

W h at, t h e n, c a n w e m a k e of at o m s, w hi c h will al -

w a y s b e t o o s m all t o s e e wit h o r di n a r y vi si bl e li g ht ? T h e s p e c -

ul ati o n  t h at  m a tt e r  i s  m a d e  of  at o m s  g o e s  b a c k  mill e n ni a  t o 

L u c r eti u s’s De Rer u m N at ur a  (O n t he N at ure of T hi n gs ). C o m p el-

li n g  s ci e nti fi c  e vi d e n c e  i s  n ot  t h at  ol d,  b ut  it  d o e s  g o  b a c k 

c e nt u ri e s t o a n u n e x p e ct e d c o r n e r of p h y si c s —  t h e f r a ct u r e of 

s oli d s — w h e r e t h e i n fl u e n c e of at o m s, if n ot t h e at o m s t h e m -

s el v e s, i s vi si bl e.

Cleaving crystals
Fr a ct u r e i s t h e p r o c e s s b y w hi c h e xt e r n al f o r c e s b r e a k a s oli d 

o bj e ct i nt o pi e c e s. It c a n h a p p e n i n a n y s oli d b ut i s m o st s u g -

g e sti v e a s it o c c u r s i n c r y st al s. M a n y of t h o s e t y p e s of st o n e s 

h a v e t r a n sl u c e nt o pti c al p r o p e rti e s t h at m a k e t h e m p r e ci o u s o r 

s e mi p r e ci o u s a n d p r o d u c e f r a ct u r e s wit h fl at s u rf a c e s. J e w el e r s 

c a n cl e a v e t h e m i nt o a p p e ali n g s y m m et ri c al s h a p e s, a p r o c e s s 

t h at h a p p e n s b e c a u s e c r y st al f a c e s f o r m o nl y at s p e ci fi c a n gl e s 

t o o n e a n ot h e r.

T h e cl e a vi n g o c c u r s o nl y al o n g i n vi si bl e n at u r al j oi nt s i n -

h e r e nt i n e a c h c r y st al. I n t h e l at e 1 8t h a n d e a rl y 1 9t h c e nt u ri e s, 

t h e F r e n c h mi n e r al o gi st R e n é J u st H a ü y i m a gi n e d t h at c r y st al s 

a r e b uilt f r o m v a st n u m b e r s of i d e nti c al c ell s, f r o m w hi c h t h e 

f a c e s e m e r g e a s st e p p e d s u rf a c e s. F o r e x a m pl e, a s u rf a c e t h at 

g o e s si d e w a y s t w o u nit s a n d u p w a r d o n e u nit will f o r m a n 

a n gl e 2 6. 5 ° a b o v e t h e h o ri z o nt al, a s s h o w n i n t h e l eft p a n el of 

t h e fi g u r e.

H a ü y’s st r u g gl e t o e x pl ai n f r a ct u r e o p e n e d a wi n di n g i nt el -

l e ct u al p at h t h at l e d o v e r t h e n e xt h u n d r e d y e a r s t o a n u n d e r-

st a n di n g of m a tt e r a s b ei n g c o m p o s e d of at o m s. B ut s ci e nti st s 

w e r e sl o w t o t a k e u p t h e q u e sti o n of h o w t o e x pl ai n f r a ct u r e 

it s elf.  T h e  fi r st  m o d e r n  st u d y  w a s  p u bli s h e d  i n  1 9 2 0  b y  t h e 

B riti s h  e n gi n e e r  Al a n  A r n ol d  G ri ffit h,  w h o  e x a mi n e d  t h e 

st r e n gt h of gl a s s fi b e r s a s t h ei r di a m et e r s d e c r e a s e d. T h e st r e s s 

n e e d e d t o b r e a k t h e m i n c r e a s e d t h e t hi n n e r t h e fi b e r s b e c a m e, 

a n d f r o m t h at t r e n d h e d e d u c e d t h at t h e b r e a ki n g st r e s s i s i n -

v e r s el y r el at e d t o t h e d e pt h of t h e l a r g e st c r a c k o n t h ei r s u rf a c e. 

H e al s o f o c u s e d o n t h e f a ct t h at e n e r g y i s r e q ui r e d t o b r e a k t h e 

b o n d s w h e n cl e a vi n g a s u rf a c e, a n d a c r a c k c a n a d v a n c e o nl y 

if e n e r g y i s a v ail a bl e.

G ri ffit h  h a d  a n n o y e d  hi s  s u p e ri o r s  at  t h e  R o y al  Ai r c r aft 

E st a bli s h m e nt at F a r n b o r o u g h b y d oi n g e x p e ri m e nt s o n gl a s s 

r at h e r  t h a n  o n  al u mi n u m  a n d  ot h e r  p r a cti c al  m at e ri al s  t h at  

w o ul d  h el p  e n s u r e  t h e  s af et y  of  ai r pl a n e s.  H e  al s o  h a d  t h e 

mi sf o rt u n e of s e tti n g hi s l a b o r at o r y o n fi r e o n e ni g ht. T h u s h e 

w a s o r d e r e d t o st o p w o r k o n gl a s s aft e r 1 9 2 0.

T h r e e  d e c a d e s  l at e r  t h e  U K’s  d e  H a vill a n d Ai r c r aft  C o m -

p a n y  p r o d u c e d  t h e  w o rl d’s  fi r st  c o m m e r ci al  j etli n e r,  a n d  n ot 

l o n g i nt o s e r vi c e s e v e r al pl a n e s f ell m y st e ri o u sl y f r o m t h e s k y. 

T h e li n e of i n v e sti g ati o n G ri ffit h h a d b e g u n w a s e x a ctl y w h at 

w a s n e e d e d t o u n d e r st a n d w h y, b ut b y t h e ti m e t h e si g ni fi c a n c e 

of hi s w o r k b e c a m e f ull y a p p a r e nt, l e a d e r s hi p i n b ot h t h e st u d y 

of  f r a ct u r e  a n d  t h e  m a n uf a ct u r e  of  j et  ai r pl a n e s  h a d  m o v e d  

a c r o s s t h e Atl a nti c O c e a n t o t h e U S.

Concentrated stress
T h e  k e y  p e r s o n  at  t h e  f o r ef r o nt  of  f r a ct u r e  s ci e n c e  i n  t h e  U S 

w a s  G e o r g e  R a n ki n  I r wi n.  Alt h o u g h  hi s  fi r st  d e g r e e  w a s  i n 

E n gli s h, h e o bt ai n e d a P h D i n p h y si c s f r o m t h e U ni v e r sit y of 

Illi n oi s i n 1 9 3 7 a n d t h e n w e nt t o w o r k at t h e U S N a v al R e s e a r c h 

L a b o r at o r y. D u ri n g W o rl d W a r II, h e b e g a n t o i n v e sti g at e t h e 

f r a ct u r e of st e el. T h e U S N a v y n e e d e d a d diti o n al i n si g ht i nt o 

t h e t o pi c t o b uil d a r m o r a n d t o st o p t h e p h e n o m e n o n of n e w 

all-  w el d e d s hi p s, w hi c h h a d b e e n b uilt i n h a st e f o r t h e w a r, 

s o m eti m e s c r a c ki n g i n h alf o n l a u n c h.

St a rti n g i n 1 9 4 8 I r wi n d e v el o p e d a n e w t h e o r y f o r f r a ct u r e. 

H e b e g a n wit h G ri ffit h’s o b s e r v ati o n t h at c r a c k s n e e d e n e r g y 

t o  m o v e  a n d  t h e n  a s k e d  h o w  t h at  e n e r g y  fl o w e d.  W h e n  a 

c r a c k e d s oli d i s u n d e r t e n si o n, e n e r g y st o r e d i n si d e it s p o n -

t a n e o u sl y r u n s t o t h e c r a c k ti p, li k e w at e r i n a p o ol r u s hi n g 

i nt o a d r ai n. At t h e ti p, it c r e at e s a st r e s s c o n c e nt r ati o n t h at 

i s st r o n g a n d s h a r p e n o u g h t o c ut at o m s a p a rt. T h e d et ail e d 

m at h e m ati c al t h e o r y s h o w s t h at i n t h e vi ci nit y of t h e c r a c k ti p, 

st r e s s  a n d  st r ai n  fi el d s  t a k e  a  u ni v e r s al  f o r m,  ri si n g  a s  o n e 

o v e r t h e s q u a r e r o ot of di st a n c e t o t h e c r a c k ti p. T h e c o e ffi ci e nt 

of t h at u ni v e r s al st r e s s c o n fi g u r ati o n i s c all e d t h e st r e s s i nt e n -

sit y f a ct o r.

I n  b ri ttl e  c r y st al s,  s e v e r e  m at e ri al  di s r u pti o n  a h e a d  of  t h e 

c r a c k  i s  li mit e d  t o  di st a n c e s  of  a  f e w  at o mi c  l e n gt h s.  If  y o u  

n ot c h a sili c o n c r y st al al o n g o n e of it s pl a n e s a n d p ull o n it 

Fro m cracks to ato ms and back again
Mi c h a el M a r d e r

F or t h e p a st 2 0 0 y e ar s, fr a ct ur e h a s b e e n at t h e c utti n g e d g e of s ci e n c e .
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gently, it will come apart. The slight resistance you feel is lit-
erally a line of atomic bonds unzipping. The great brittleness 
makes silicon a poor structural material.

To make structures that endure, builders tend to use mate-
rials such as steel, in which an approaching crack tip is dis-
ruptive over much larger length scales than in silicon. Driv-
ing the crack tip forward in steel requires the metal to flow 
plastically—that is, to move in a way that’s more fluidlike than 
solidlike.

At macroscopic scales, however, Irwin’s theory for energy 
transfer still applies; the stress falls off away from the crack 
tip in universal inverse-square-root fashion. That way of think-
ing about fracture unified the study of cracks of many types 
and paved the way to the engineering study of fracture 
mechanics.

It took until the 1960s for Irwin’s view of fracture to be ac-
cepted: At a 1997 symposium dedicated to Irwin, H. P. Ross-
manith said, “It was necessary to overcome a substantial amount 
of unsympathetic reaction.” Paul Paris, a graduate student at 
Lehigh University in the late 1950s, studied Irwin’s theories 
while working in the summer at Boeing, just in time for the 
engineers there to develop its first civilian jet. Paris proposed 
a now-classic theory on how cracks creep forward in vibrating 
structures. It was rejected so many times from journals that 
Paris eventually placed it in a student engineering magazine. 
By the end of the 1960s, the whole theory of fracture was placed 
on a rigorous footing by James Rice—working at Brown Uni-
versity at the time—and other applied mathematicians, and it 
became a standard part of the engineering curriculum.

A contemporary perspective
Fracture continues to present physics with fascinating scientific 
questions. Two examples of recent work make the case. Yael 
Klein and Eran Sharon conducted experiments in thin strips of 
gel at the Hebrew University of Jerusalem. Because the mate-
rial is both brittle and floppy, they found that it can undergo a 
transition that had never before been observed. Sometimes a 
seed crack runs through the strip. But under slightly different 
stress conditions, the strip responds by buckling out of the 
plane instead.

Studying that transition has led scientists to create a new 
theoretical framework in which to view cracks, where a crack 
is represented as a line distribution of internal buckling (see 
my article with Robert Deegan and Eran Sharon, Physics 
Today, February 2007, page 33). The new theory complements 
the more familiar representation of a crack as a line distribu-
tion of stress monopoles called dislocations.

Irwin’s theory postulates that cracks cannot run faster than 
sound because its speed sets fundamental limits on transport-
ing energy to the crack tip. One can solve the problem of crack 
motion in crystals analytically, however, and those calcula-
tions say that cracks can travel at any speed set by the strain 
level, so long as the strain is big enough and the crack is not 
allowed to branch. Supersonic cracks in tension were seen 20 
years ago in rubber, but it was thought a peculiarity of that 
material. New experiments by Jay Fineberg and collaborators 
in brittle gels are also finding cracks that travel faster than 
sound. They are trailed by Mach cones at a speed set by the 
strain level, giving evidence that the predictions from calcula-
tions in crystals are correct.

Fracture is a phenomenon that helped atoms seem real, for 
the fracture of crystals could not be explained without them. 
Fracture links the macroscopic and microscopic worlds like no 
other mechanical process, and in doing so continually leads—
literally—to scientific breakthroughs.
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RENÉ JUST HAÜY’S DRAWINGS from 1822 explain how the angles in a crystal are made from many identical cells. The sketch at left 
shows how steps relate to an angled surface. The center panel presents cells forming a stepped surface on a crystal, and the right one 
shows a wire frame outline of a macroscopic crystal. (Adapted from R. J. Haüy, Traité de cristallographie, suivi d’une application des principes 
de cette science [. . .] Atlas, [“Treatise on crystallography, followed by an application of the principles of this science . . . Atlas”], 1822.)
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