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Nanocrystalline metals—with grain sizes of less than 100 nm—
have strengths exceeding those of coarse-grained and even
alloyed metals'?, and are thus expected to have many appli-
cations. For example, pure nanocrystalline Cu (refs 1-7) has a
yield strength in excess of 400 MPa, which is six times higher than
that of coarse-grained Cu. But nanocrystalline materials often
exhibit low tensile ductility at room temperature, which limits
their practical utility. The elongation to failure is typically less
than a few per cent; the regime of uniform deformation is even
smaller'”. Here we describe a thermomechanical treatment of Cu
that results in a bimodal grain size distribution, with micro-
metre-sized grains embedded inside a matrix of nanocrystalline
and ultrafine (<300 nm) grains. The matrix grains impart high
strength, as expected from an extrapolation of the Hall-Petch
relationship. Meanwhile, the inhomogeneous microstructure
induces strain hardening mechanisms® that stabilize the tensile
deformation, leading to a high tensile ductility—65% elongation
to failure, and 30% uniform elongation. We expect that these
results will have implications in the development of tough
nanostructured metals for forming operations and high-
performance structural applications including microelectrome-
chanical and biomedical systems.

The pure copper used in this model study is very ductile in its
annealed and coarse-grained form. It has an elongation to failure as
large as 70% (curve A, Fig. 1), but a low yield strength (o).
Strengthening through heavy cold work results in a material with
a tensile curve that peaks immediately after yielding (curve B, Fig. 1).
Such a trend of strengthening accompanied by a loss of ductility
is generally true for Cu and other metals processed in various
ways' "%, as summarized in Fig. 2.

Our processing starts by rolling the Cu at liquid nitrogen
temperature to a high value of percentage cold work (CW; see
Methods). The resulting material has a typical heavily deformed
microstructure with high densities of dislocations in nanoscale
networks'', with some resolvable grains all below 200 nm in
size'*. The use of the low temperature suppresses dynamic recovery,
allowing the density of the accumulated dislocations to reach a
higher steady-state level than that achievable at room temperature.
Transmission electron micrographs of the microstructures after
recovery annealing and recrystallization are shown in Fig. 3a, b.
The recrystallized grains have well-defined, high-angle boundaries
(Fig. 3b). The majority of the grains are in the nanocrystalline to
ultrafine range. Meanwhile, abnormal grain growth (secondary
recrystallization'®) has started to produce a volume fraction
(~25%) of coarser (1-3 pm) grains, some of which contain anneal-
ing twins.

The engineering stress—strain curves corresponding to the micro-
structures in Fig. 3 are compared in Fig. 1. After 93% CW at liquid-
nitrogen temperature (curve C), the o, is much higher than that of
the room-temperature-rolled Cu (95% CW; curve B). The
elongation to failure is also significantly larger. After the 180°C
annealing, the o, decreased slightly for the recovered and partially
recrystallized grains, and the elongation to failure increased further
(curve D). Such concurrent strengthening and toughening (in
terms of post-necking elongation), as observed for both curves
C and D when compared with curve B, can be attributed to the

912

© 2002 Nature Publishing Group

nanocrystalline/ultrafine grains that reduce the size of nucleating
flaws and increase the resistance to crack propagation, leading to a
higher fracture stress'. Micrographs of the fracture surfaces (not
shown) indicate that ductile fracture through the nucleation and
coalescence of extremely fine microvoids was promoted'. The
radial unstable crack growth was delayed, and the stabilizing triaxial
stress state was maintained to larger strains'’.

A marked improvement in uniform elongation was found con-
current with pronounced strain hardening, without sacrificing
much of the strength, in material with the bimodal microstructure
shown in Fig. 3b. The resultant stress—strain curve is shown in Fig. 1
(curve E). The large densities of defects and cold-work energy stored
during processing at liquid nitrogen temperature allowed copious
nucleation during recrystallization at a low temperature, so that the
vast majority of the matrix grains are kept in the nanocrystalline/
ultrafine grain regime to help maintain the high strength of the
‘composite’ material. Meanwhile, the grains with sufficiently large
sizes obtained through secondary recrystallization, at a volume
fraction of 25%, produced pronounced strain hardening to sustain
the useful uniform deformation to large strains. Note that one
should not restore strain hardening by allowing uniform growth of
all grains or a large fraction of excessively grown grains, both of
which would cause an additional unwanted drop in o,.

The strain hardening is needed because the onset of localized
deformation (necking instability, peak in Fig. 1) in tension is
governed by the Considére criterion'”"’
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where o and ¢ are true stress and true strain, respectively. The
nanocrystalline and ultrafine matrix grains tend to lose the work
hardening (left-hand side of equation (1)) quickly on deformation
owing to their very low dislocation storage efficiency inside the tiny
grains, especially when in presence of dynamic recovery®. Such a
high-strength material is therefore prone to plastic instability (early
necking), severely limiting the desirable uniform elongation unless
larger grains of appropriate sizes and volume fractions are present.

Our strategy is to efficiently use the moderate population of the
larger grains to achieve a strain hardening rate much higher
than that which would be expected from curve A (Fig. 1, for
uniform deformation under uniaxial tension). We do this by taking
advantage of the following three factors. First, these confined
grains deformed in the inhomogeneous microstructure are under
multi-axial stress states. There are complex strain paths and triaxial
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Figure 1 Engineering stress—strain curves for pure Cu. Curve A, annealed, coarse-
grained Cu; B, room temperature rolling to 95% cold work (CW); C, liquid-nitrogen-
temperature rolling to 93% CW; D, 93% CW + 180 °C, 3min.; and E, 93%

CW + 200 °C, 3 min. Note the coexisting high strength and large uniform plastic strain as
well as large overall percentage elongation to failure for curve E.
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strain components, with very large strain gradients (see Supplemen-
tary Information). It is known that a complex stress state, compli-
cated straining patterns and dislocation configurations, and high
densities of geometrically necessary dislocations are all beneficial for
promoting grain refinement (or dislocation storage and strain
hardening). For example, equal channel angular pressing (ECAP)
uses similar conditions to make nanostructured metals in an
efficient way*'. For a metal such as Cu, the non-uniform defor-
mation over a length scale of the order of a few micrometres (Fig. 3b)
is the realm of strain-gradient plasticity theory'', which predicts
significant strain hardening owing to an excessively large number of
geometrically necessary dislocations that are forced to be present to
accommodate the large strain gradient.

Second, (112) {111} twinning, as shown in Fig. 4a and the
selected-area electron diffraction pattern in the upper left inset,
was observed unexpectedly after straining for 6% inside most of
these larger grains. Deformation twins have not been observed for
Cu before except at high strain rates or low, sub-ambient tempera-
tures, and activation of such twins is known to require high stresses,
especially when the grain sizes are small*>*>**. Additional obser-
vations by transmission electron microscopy (for example, the
high-resolution image in Fig. 4a lower right inset) show twin
boundaries located preferentially near the protrusions of the sur-
rounding nanocrystalline/ultrafine grains into the softer large
grains, suggesting twinning initiation presumably due to stress
concentration. The activation of the twinning mechanism suggests
that these constrained larger grains plastically deform at high
stresses, consistent with the high strength observed. In terms of
enhancing strain hardening, twinning is known to be highly
effective in conventional Cu (refs 8, 9), owing to dislocation pileups
at the twin boundaries (Fig. 4a). In nanocrystalline Cu, the inter-
faces generated between twinned segments can act as strong barriers
to dislocation motion'.

Third, the larger (softer) grains accommodate strains preferen-
tially (see Supplementary Information). When the overall uniform
elongation reached ~30% (peak of curve E in Fig. 1), these larger
grains had accumulated large numbers of twin boundaries, dislo-
cations and subgrain boundaries such that the microstructure was
refined to a level similar to the nanocrystalline/ultrafine grained
matrix, Fig. 4b). Afterwards, the post-necking elongation is similar
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Figure 2 Representative tensile properties of pure Cu. The data are for Cu of conventional,
ultrafine and nanocrystalline grain sizes*"'2, and after cold rolling to various degrees of
CW from our own tests (filled black circles). Data points E, A and B are from the
corresponding curves in Fig. 1. Uniform elongation up to the peak in the engineering
stress—strain curve is compared here, not only because it is a desirable property but also
because the overall percentage elongation to failure is often dominated by localized
deformation (necking) whose magnitude depends on the gauge length used in the
different experiments. The ‘tough Cu’ developed here (E) is clearly separated from the
general trend.
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to that discussed for the sample annealed at 180°C (curve D in
Fig. 1). Overall, the nanostructured Cu of curve E (Fig. 1), when
compared with the coarse grained starting material, represents an
elevation of o, by a factor of 5-6 while maintaining comparable
elongation to failure. The simultaneous high strength and ductility,
especially the very large uniform deformation at the elevated
strength, results in an notable gain in toughness (the area under
the stress—strain curve)'®. This is what sets this material apart from
all previous treated copper materials, as demonstrated in Fig. 2.
To establish the reproducibility, three additional samples with or
without the ECAP step were processed through similar CW and heat
treatment. In all cases, coexisting high strength and ductility were
observed. Further annealing beyond that shown in Fig. 3b caused
additional grain growth and larger uniform elongation, but with a
large decrease in o, and no gain in overall ductility owing to the
decrease of the post-peak elongation (compare curve A with curve
D, Fig. 1). Attempts to start with the room-temperature-rolled Cu
only managed a ¢, of ~100 MPa when elongation to failure reached
~50%. This emphasizes the importance of the step at liquid
nitrogen temperature, which stores large cold work energy that
leads to a lower recrystallization temperature (compared with
room-temperature rolling, the calorimetric recrystallization/grain
growth peak temperature decreased by 60 °C) and favours copious
nucleation over growth. This makes it possible to achieve the

Figure 3 Transmission electron micrographs showing the evolution of the Cu
microstructure. Panels a and b show the samples used to obtain the curves D and E in
Fig. 1, respectively. After annealing at 180 °C for 3 min (), recovery has occurred, and the
dislocation density is much reduced. The vast majority of the grains are in the
nanocrystalline/ultrafine range, with some recrystallized regions. Heat-treating at 200 °C
for 3min led to full recrystallization followed by secondary recrystallization (b).
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nanocrystalline/ultrafine grained matrix structure through recrys-
tallization, thus affording room for tailoring the microstructure
through controlled secondary recrystallization'”.

Our approach does not use uniform nanocrystalline grains,
which have to rely on grain boundary deformation mechanisms
(such as grain boundary sliding) to contribute significantly to
ductility and stabilize the plastic deformation through large
increases in strain rate sensitivity®**~°. Experimental data so far
(for example, Fig. 2) indicate that at ambient temperature the
increase in ductility provided by grain boundary sliding in small
grains is either insufficient to compensate for the loss of dislocation
controlled ductility, or concurrent with a much reduced strength°.

Our idea of improving strain hardening may be used to derive
good ductility from other nanocrystalline materials, where abnor-
mal grain growth is often observed. For example, after heating to a
moderate temperature nanocrystalline nickel was reported to exhi-
bit a bimodal microstructure and pronounced strain hardening
under certain deformation conditions® . In addition to achieving
a combination of strength and ductility, our thermomechanical
approach to the processing of bulk samples is also simpler than
those processes required to produce uniform nanocrystalline grains;
the latter processes are not only difficult or expensive to implement,
but also are difficult to keep free of artefacts such as porosity and

Figure 4 Transmission electron micrographs of Cu after different tensile strains. The Cu
sample is that shown in Fig. 3b. a, after 6% plastic strain; the upper left inset shows the
selected-area electron diffraction pattern, and the lower right inset shows the high-
resolution image of the boundary region between a larger, micrometre-sized grain (L) and
one of the surrounding much smaller ultrafine grains (S). A twin boundary (TB) is seen near
the ‘tip’ of the S protrusion into L, where twinning is initiated. b, After the maximum
uniform strain of ~30%.
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impurities. In fact, fracture due to sample flaws after consolidation
or deposition®™, together with plastic flow instabilities such as
necking and shear banding®, are responsible for the very limited
strain to failure observed so far in nanocrystalline materials. [

Methods

Pure Cu (99.99%) bar from a commercial source (ESPI) was first processed by severe cold
rolling, with liquid-nitrogen-temperature (LNT) cooling of the workpiece between
consecutive rolling passes (—150 °C and — 100 °C before and after each pass, respectively).
The degree of LNT deformation is defined using per cent cold work®, %CW =
(So — 8)/So X 100%, where S, and S are the cross-sectional areas before and after rolling.
Some samples were processed through eight passes of equal channel angular pressing
(ECAP) at room temperature before rolling, while others were subjected directly to LNT
rolling. The ECAP step made no obvious difference to the eventual microstructure and
properties, as the very large cold work energy stored at LNT controls the subsequent
recrystallization behaviour. Microhardness, as well as the recrystallization temperature
and enthalpy storage measured in a calorimetric scan, levels off after about 90% CW.
For mechanical property measurements, all the samples were cut and polished to a
cross-section of 1 mm X 1.8 mm, and a gauge length of 5 mm (previously reported tensile
tests of nanostructured metals typically used a gauge length in the range of 1-5 mm; refs 2,
5, 6,25, 26). Uniaxial tensile tests were conducted at room temperature at an initial quasi-
static strain rate of 5X 10 *s™ .
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Soils contain the largest near-surface reservoir of terrestrial
carbon' and so knowledge of the factors controlling soil carbon
storage and turnover is essential for understanding the changing
global carbon cycle. The influence of climate on decomposition of
soil carbon has been well documented™’, but there remains
considerable uncertainty in the potential response of soil carbon
dynamics to the rapid global increase in reactive nitrogen (com-
ing largely from agricultural fertilizers and fossil fuel combus-
tion). Here, using '*C, '*C and compound-specific analyses of soil
carbon from long-term nitrogen fertilization plots, we show that
nitrogen additions significantly accelerate decomposition of
light soil carbon fractions (with decadal turnover times) while
further stabilizing soil carbon compounds in heavier, mineral-
associated fractions (with multidecadal to century lifetimes).
Despite these changes in the dynamics of different soil pools,
we observed no significant changes in bulk soil carbon, high-
lighting a limitation inherent to the still widely used single-pool
approach to investigating soil carbon responses to changing
environmental conditions. It remains to be seen if the effects
observed here—caused by relatively high, short-term fertilizer
additions—are similar to those arising from lower, long-term
additions of nitrogen to natural ecosystems from atmospheric
deposition, but our results suggest nonetheless that current
models of terrestrial carbon cycling do not contain the mechan-
isms needed to capture the complex relationship between nitro-
gen availability and soil carbon storage.

Human activity now fixes more atmospheric N, into biologically
available forms each year than all natural processes combined®,
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causing a wide range of cascading environmental responses, includ-
ing a possible sink for excess atmospheric CO, through stimulation
of plant growth in N-limited ecosystems’. However, on average,
soils contain three times as much C as does terrestrial vegetation'.
Thus if changes in N availability alter soil C turnover, net C sinks
from increased plant growth could be significantly enhanced or
reduced, depending on the direction of the soil responses. Unfortu-
nately, considerable uncertainty remains concerning the relation-
ship between N availability and decomposition processes. Additions
of N and/or natural variation in N concentrations have led to
increases, decreases or no change in observed decomposition rates.
This is true for field studies of litter and soil organic matter (SOM)
decomposition, as well as for laboratory experiments® .

In part, these varied results occur because decomposition studies
are difficult to carry out and interpret. Soils are highly complex
media with a diversity of substrates that vary in both the energy
required for their breakdown and in their total N content. As a
result, additions of N to soils could increase decomposition rates of
some SOM fractions while simultaneously decreasing rates for other
fractions. Past results suggesting widely varied—or no—responses of
decomposition to N inputs may be due to varied and compensatory
responses of SOM fractions that are difficult to detect with tra-
ditional measurements, such as mass loss or CO, efflux.

Data from long-term N-fertilized plots (defined as +N hereafter)
at an alpine site on Niwot Ridge, Colorado, provide an example of
the uncertainties associated with traditional measurements. Ferti-
lized plots in dry meadow communities of alpine tundra at this site
have received annual inputs of 10gNm ™ >yr~ " since 1990 (ref. 11)
(see Methods section). The decade of N fertilization has greatly
increased productivity; over the past ten years, an average of
72gm *yr ! of extra C has entered the fertilized plots (Table 1).
Despite these increases in productivity, soil C concentrations are not
significantly different between control and +N plots (Table 1).
Against the large standing pools of SOM carbon on Niwot Ridge
and elsewhere, large changes in C inputs or alteration of turnover
times rarely result in statistically significant changes in soil C
concentrations'>".

In contrast to bulk C values, the results of radiocarbon, '>C and
compound-specific analyses of soil C on Niwot Ridge all point to an
acceleration of intermediate-age SOM turnover, and a possible
increase in the stabilization of some forms of C into mineral
SOM pools. Atmospheric testing of atomic weapons in the early
1950s led to a rapid increase in the "*C content of atmospheric CO,,
followed by a gradual decline to the present'* (Fig. 1). The time-
dependent change in '*CO, can be used to examine the turnover
time of intermediate-age soil C formed in equilibrium with the
atmosphere. For soil samples, we performed '*C measurements on
‘light’ and ‘heavy’ SOM fractions using a high-density solution. The
heavy fraction is thought to be largely recalcitrant C associated with
soil minerals, with turnover times of several decades to centuries,
while the more labile light fraction reflects a mixture of compounds
that includes microbial biomass, partially degraded plant material
and older, more humified, by-products of decomposition'>'*. In the
dry meadow communities on Niwot Ridge, the light fraction is not
significantly altered by fertilization and contributes over half of total
soil C to both control and +N plots (Table 1).

The A'C of incoming plant C determined from summer plant
harvests from 1990 to the present is similar to the A'C of

Table 1 Productivity and soil C and N concentrations on Niwot Ridge

Above ground productivity (g m~2 yr~") %C Soil C in the light fraction (%) %N C:N ratio
Control 151 (11)* 8.61 (1.12)" 55.12 (2.14)* 0.67 (0.07)* 12.65 (0.74)
+N 223 (16)" 10.40 (1.24)* 60.44 (1.91) 0.83 (0.08)* 12.37 (0.33)

Values shown are means with standard errors in parentheses. Statistically significant differences below the P < 0.05 level are shown by contrasting symbols within columns. Average annual productivity
in the control and fertilized plots is significantly different (F = 54.54, P < 0.001). +N, long term N-fertilized plots.
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