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Introduction: Why do we care?

Deformation can have a profound impact on grain growth.
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Introduction: Why do we care?
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the volume fraction curves is particularly striking. There ap-
pears to be a bimodal distribution, with some grains having
grown to 700 nm after 30 min dwell time at liquid-nitrogen
temperatures. It is the presence of the large grains in the
low-temperature indents that most likely is the cause of the
faster softening rate of the hardness at cryogenic than at
room temperature.4

Figure 4!a" compares the hardness relaxation in a 99.6%
pure IGC sample with relaxations in 99.999% pure IGC
samples of reasonably similar grain size. After about 10 s the
slope of the hardness versus the logarithm of indenter dwell
time of the 99.6% sample begins to deviate from the initial
linear relationship and the rate of softening diminishes ap-
preciably. !The increased strength of the 99.6% pure sample
over that of the IGC samples probably is the combined result

of the smaller grain size and higher impurity content, largely
oxygen." A comparison of Figs. 3, 4!b", and 4!c" verifies that
the grains are growing much more slowly in the less pure
sample.

The detailed mechanism of grain growth in the complex
and large stress/strain field of the Vickers microhardness in-
denter is not yet known, but the increased rate of growth at
low temperatures indicates that the growth is primarily
stress, not diffusion driven. As shown in Ref. 4, the hardness
measured at 5 s dwell time increases by about 60% as the
sample temperature drops from room temperature to
−190 °C. !Similar increases in strength of ultra fine grain Cu
at cryogenic temperatures have been observed by Wang and
Ma.9" Thus the material under the indent is subjected to ap-
preciably higher stresses at the cryogenic temperatures, lead-
ing to the enhanced grain growth.

FIG. 1. Bright-field TEM pictures of a 99.999% pure nanocrystalline IGC Cu sample with average grain size of 20 nm. !a" Away from the indents. !b" Inside
an indent after 10 s of indenter dwell time. Note the larger grain sizes at the corner of the indent compared to the straight sections, a result of high stress
concentration at the corner. !c" After 30 min of indenter dwell time. The corresponding SAD patterns are shown in the insets. Note the change in length scale
between !a" and !b", !c". Both indents are made at RT.

FIG. 2. !a" Number fraction and !b" volume fraction grain-size distributions
in the initial condition and after various indenter dwell times for the sample
of Fig. 1. The vertical dotted lines are placed at the maximum grain size of
the initial distribution to emphasize the rapid coarsening. The optical image
in the inset shows that the TEM images were taken from the indent tip
region.

FIG. 3. A comparison of !a" number fraction and !b" volume fraction grain-
size distributions after 30 min of indenter dwell time for indents made at RT
and −190 °C. The same sample as in Figs. 1 and 2. The arrow in !a" indi-
cates the presence of the large grains after 30 min dwell time at the low
temperature. The presence of large grains is more evident in the volume
distribution.
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Deformation can have a profound impact on grain growth.
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Introduction: Why does grain size matter?

Grain size can have a profound effect on properties.

In addition, nanocrystalline 
metals can be highly 
unstable even at low 
temperatures, such that 
their micro-structures 
evolve far from the initial 
and intended state.



Our earlier work examined this interaction via simulations.

Background: Grain growth during elastic loading



The approach that includes plasticity
is similar but more complicated.

Background: Grain growth during plastic loading



Background: Deformation accelerates grain growth
When plasticity is operative (black),

grains grow much more slowly than when only
elasticity was allowed (red).



Overview

• Mesoscale simulations suggest that the suppression
   of plasticity can lead to accelerated grain growth.

• Experiments indicate that indentation at low T
   leads to accelerated grain growth.

• One would expect plasticity to be suppressed
   at low T.

• This work aims to examine this phenomenon
   in more detail, with the hope of better understanding
   and controlling the stability of nanocrystalline metals.



• Samples	
  were	
  submerged	
  for	
  ten	
  
minutes	
  in	
  liquid	
  He,	
  liquid	
  N2,	
  or	
  
le8	
  in	
  air,	
  to	
  achieved	
  thermal	
  
equilibrium.

• The	
  indenter	
  >p	
  was	
  lowered	
  using	
  
a	
  linear	
  actuator	
  (0.1	
  mm/s).

• Indenta>on	
  dwell	
  >mes	
  were	
  
typically	
  10	
  or	
  600	
  seconds.

• A8er	
  indenta>on,	
  samples	
  were	
  
removed	
  and	
  allowed	
  to	
  reach	
  
room	
  temperature	
  before	
  
characteriza>on	
  was	
  performed.
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Experimental Method



• Copper films deposited on silicon substrates
• Three types of copper deposited by ion and 
laser ablation of targets
– Repetitive High-Energy Pulsed Power

• Untwinned microstructure
• ~1.5 µm thick
• ~50 nm equiaxed grains

– Pulsed Laser Deposition
• Nanotwinned microstructure                       
(or untwinned if done at low T)

• ~500 nm thick
• Columnar grains, ~5 nm twins

Thin Film Deposition Processing
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Untwinned RHEPP Cu Indented in Air

1
2

Untwinned copper shows only moderate grain growth.
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C

Nanotwinned PLD Cu, in He (A,B) and N2 (C)

Nanotwinned copper shows extensive grain growth.



Y	
  –	
  accelerated	
  coarsening
N	
  –	
  no	
  no>ceable	
  coarsening
?	
  –	
  results	
  inconclusive	
  or	
  no	
  data	
  (yet)
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Air ? Y? ?
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He N ? N

Indentation at low temperatures appears to
promote grain growth in nanotwinned copper,

but NOT in untwinned copper.

Experimental Text Matrix
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MD Simulations of Nanoindentation

Constant	
  Velocity:
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  cm/s
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  –	
  laPce	
  atoms

Other	
  –	
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  and	
  disloca8ons

HCP	
  –	
  stacking	
  faults	
  and	
  
twin	
  boundaries
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MD Simulations



MD Simulations of Nanoindentation

5 m/s 0.2 m/s

Snapshots at 10 nm depthInitial Condition

~ 13M atoms



Grain	
  Boundary Twin	
  Boundary

MD Simulations of Nanoindentation: Ongoing Work

Indentation into twinned
mono- and poly-crystalline films.



Conclusions

• Mesoscale simulations suggest that the suppression
   of plasticity can lead to accelerated grain growth.

• Experiments indicate that indentation at low T
   leads to accelerated grain growth.

• Nanotwins appear to be crucial in governing
   grain growth during / after microindentation.

• Molecular dynamics simulations show grain growth
   in nanocrystalline material at room temperature,
   and are being used to elucidate mechanisms.


