
Microscopic	  understanding	  of	  cryogenic	  rejuvenation	  
	  
Amorphous	  materials	  evolve	  out	  of	  equilibrium	  in	  a	  complex	  potential	  energy	  landscape,	  
and	   generally	   undergo	   a	   constant	   evolution	   in	   time,	   called	   “ageing”	   	   that	   affects	   their	  
mechanical	   or	   thermal	   properties.	   The	   opposite	   mechanism	   of	   “rejuvenation”	   that	  
brings	   them	   to	   higher	   energy	   portions	   of	   the	   energy	   landscape,	   can	   be	   achieved	   by	  
mechanical	  means	  or	  by	  “annealing”,	  i.e.	  bringing	  them	  to	  higher	  temperature	  for	  a	  short	  
period.	  
	  In	   a	   recent	   experimental	   work,	   Ketov	   and	   coworkers1	   reported	   the	   surprising	  
observation	   that	   rejuvenation	   can	   also	   be	   obtained	  by	   cooling	   the	  material	   in	   a	   cyclic	  
manner.	   This	   is	   counterintuitive,	   as	   cooling	   normally	   only	   leads	   to	   a	   lowering	   of	   the	  
potential	  energy,	  i.e.	  	  ageing.	  One	  possible	  interpretation	  of	  this	  effect	  is	  that	  amorphous	  
systems	   have	   a	   spatially	   heterogeneous	   thermal	   expansion.	   As	   a	   result,	   the	   change	   in	  
temperature	   leads	   to	   internal	   mechanical	   stresses	   that	   have	   the	   same	   effect	   as	   a	  	  
macroscopic	  mechanical	  treatment.	  
The	  aim	  of	   the	  proposed	   internship	   is	   to	  use	  numerical	  simulations	  of	  an	  atomic	  scale	  
model	   of	   a	   metallic	   glass	   to	   test	   and	   validate	   this	   hypothesis.	   The	   work	   will	   involve	  
carrying	  out	  simulations	  according	  to	  a	  protocol	  that	  mimicks	  the	  experimental	  one,	  and	  
to	  analyse	  the	  transformations	  undergone	  by	  the	  material	  using	  microscopic	  statistical	  
tools.	  
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The	  proposed	  internship	  could	  take	  place	  between	  March	  and	  July	  and	  may	  involve	  
spending	  a	  few	  weeks	  in	  Vancouver	  in	  the	  May-June	  period.	  
	  
Profile:	  basic	  knowledge	  and	  interest	  in	  simulation	  tools	  for	  condensed	  matter	  (Molecular	  
Dynamics,	  Monte	  Carlo)	  ;	  knowledge	  of	  statistical	  physics,	  interest	  in	  applications	  to	  
materials	  science	  and	  in	  disordered	  systems.	  
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motion, and points to strategies to engineer 
alloy mechanical properties by changing 
defect mobility. !e result could be designer 
alloys with higher strengths, greater 
ductility and better performance in extreme 
environments. Metallurgists have long 
sought to understand the complex variations 
in mechanical behaviour that o"en arise 
from subtle changes in material chemistry. 
!e work by Clouet et al. demonstrates 
how integration of modern experimental 

and computational tools are now providing 
the link between composition and defect 
behaviour at the atomic level. ❐
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METALLIC GLASSES

Cryogenic rejuvenation
Thermal cycling of a metallic glass to cryogenic temperatures has been found to cause atomic-scale 
structural rejuvenation.

Todd C. Hufnagel

Metallic glasses have long been 
viewed as potentially revolutionary 
structural materials because they 

can combine high strength (resistance to 
deformation under stress) and toughness 
(resistance to fracture) with the ease and 
$exibility of processing associated with 
materials that so"en and $ow above a glass 
transition temperature — a characteristic 
that metallic glasses share with oxide 
glasses and thermoplastic polymers1. 
Despite this potential, metallic glasses 
have not been widely used in structural 
applications. Reasons for this are several, 
including there being few known bulk-
glass-forming alloys composed of 
inexpensive elements, almost no ductility 
under tensile loading, and a lack of detailed 
understanding of how the conditions 
under which a metallic glass is produced 
in$uence its structure and therefore its 
properties and behaviour. Writing in 
Nature, Sergey Ketov and co-workers2 
show that thermal cycling of a metallic 
glass down to cryogenic temperatures 
induces structural changes that in$uence its 
mechanical properties in unexpected and 
potentially useful ways2. !eir technique 
exploits a fundamental di%erence between 
amorphous and crystalline solids and 
illustrates how much we have yet to learn 
about the structure and behaviour of 
amorphous solids in general.

Most engineering materials (inorganic 
ones, anyway) are crystalline — that is, the 
atoms are arranged in a regularly repeating 
lattice. Crystals are beloved of solid-state 
physicists because their atomic periodicity 
facilitates theoretical treatments of their 

properties and behaviour. It also causes 
crystals to di%ract radiation, enabling a 
host of experimental techniques that allow 
us to characterize crystal structures (and 
structural defects) in great detail. !e 
situation is more complicated for glasses, the 
structures of which have more in common 
with liquids than with crystals. While 

amorphous solids do scatter radiation, the 
structural information obtained is much less 
detailed than that available for crystals.

A characteristic feature of crystals 
is their uniformity; a given region of a 
defect-free crystal is identical to any other 
region. It is tempting to think of a glass as 
a correspondingly featureless continuum, 

Figure 1 | Heterogeneous thermal expansion coe!cient. The thermal expansion coe!cient (represented 
by ellipsoids) of a glass varies locally due to the heterogeneous nature of the structure. When the 
temperature is changed, these local variations in thermal expansion cause internal stresses (red and blue 
regions indicate compression and tension, respectively) to develop in the glass.
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Schematic	  illustration	  of	  the	  rejuvenation	  process:	  blue	  
zones	  have	  smaller	  thermal	  expansion	  than	  red	  zones,	  and	  
shrink	  less	  upon	  cooling.	  	  As	  a	  result,	  the	  black	  ellipses	  are	  
strongly	  stressed	  and	  undergo	  mechanical	  rejuvenation	  
(after	  T.	  Hufnagel,	  Nature	  Materials,	  September	  2015)	  


