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Abstract The requirement of thermal stability of
nanocrystalline materials can be fulfilled with a com-
posite approach. However, utilizing a two-phase
approach includes additional constraints concerning
the synthesis and processing, especially of massive
nanostructured materials. Here, the potential of defor-
mation processing for synthesizing nanoscale compos-
ite structures with uniform microstructures in bulk
shape is analyzed for a series of Cu-rich alloys. The
results are discussed with respect of governing mate-
rials properties that determine the feasibility of a
composite approach in combination with severe plastic
deformation to obtain massive nano-composite mate-
rials with high thermal stability.

Introduction

Nanostructured materials offer particular promise for
new and potentially very useful products since they can
have very different and often superior properties that
crucially depend on the atomistic details of interior or
exterior interfaces [1, 2]. As nanostructured materials
are structures far away from thermodynamic equilib-
rium and since they have short transport pathways
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given by the grain boundaries [3], fast diffusion and
rapid transformation kinetics often lead to coarsening
and to the deterioration of the microstructure and the
associated properties. Thus, ensuring the stability of
the nanoscale structures, e.g., by utilizing a composite
approach, is a key issue. This approach, however,
imposes additional constraints on processing-related
issues as well as on the stability of phases and phase
mixtures and on phase transformations within the
nanoscale structural units due to size confinement [4-6]
and due to the presence of internal heterophase
interfaces [7]. While some basic issues concerning the
stability and concerning phase transformations of
nanostructured composites have been identified and
discussed recently [8], processing-related issues still
require focused attention if a transition from labora-
tory-scale—to application-relevant quantities is envis-
aged. One way for processing larger quantities of
material to obtain massive nanocrystalline specimens
(a nanocrystalline specimen is regarded as “massive” if
the length in all spatial directions exceeds the grain size
by at least a factor of 1,000) the characteristic size of
the building block, i.e., the grains, is given by defor-
mation processing at room temperature [9-11]. In this
respect, repeated cold-rolling with intermediate fold-
ing, which will be described as ‘““cold rolling” in the
following, has been shown to be capable of producing
the smallest grain size obtained so far via deformation
processing of polycrystalline material with initial grain
sizes in the micrometer range [12]. Particularly prom-
ising with respect to adjusting optimized microstruc-
tures, e.g., grain refinement and green density, while
allowing also for massive pieces to be processed are
new options given by the sequential combination of
different non-equilibrium processing pathways that
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drive a material to a different extent-, with different
rates—and by different means from thermodynamic
equilibrium [13]. In addition to synthesis pathways that
are solely based on plastic deformation, vitreous
quenching products can provide additional access to
nanostructured composite formation by thermally
induced nanocrystal formation [14], or—as recently
demonstrated for marginally glass forming, Al-rich
alloys that show the formation of extremely large
number densities of uniformly sized nanocrystals—via
severe plastic deformation by high-pressure torsion
straining (HPT) [15]. Detailed analyses have indicated
that the nanocrystals form mostly in shear bands but
continued deformation also leads to fragmentation of
the existing nanocrystals if their size exceeds a critical
limit [16]. The two counteracting processes, i.e., growth
and fragmentation, apparently lead to a steady-state
crystal size, resulting in a uniform dispersion of
nanocrystals of similar sizes within a residual amor-
phous matrix. The synthesis routes towards massive
nanocrystalline metals and composites as well as two
additional examples that utilize a fully or partially
liquid route are summarized in Fig. 1 together with
current examples of the respective microstructure
types.

Options for synthesizing nanocrystalline dual phase
materials are attractive in more than one way and in
addition to the stabilization effect: with multicompo-
nent and—more importantly—multiphase materials,
the most important tool of modern materials design
would also become accessible for adjusting the often
advanced or new properties of nanocrystalline materi-
als to yield even more enhanced performance or
functionality. Thus, it is important to analyze possible
processing pathways such as severe deformation that
allow synthesizing nanostructured multiphase materials
with a uniform microstructure from a coarse-grained
starting state. Co-deformation of two components that
are mutually immiscible also bears the potential to
yield nanostructured composites. Depending on the
relative amounts of both components and on their
propensity for forming and retaining nanoscale
(micro)structures, either a nanostructured phase
embedded in a polycrystalline matrix or composites
consisting of two nanostructured phases should be
obtainable. In this respect, amorphization [18] and the
formation of metastable or even unstable solid solution
phases [19] are competing processes that may prevent
the synthesis of completely nanocrystalline two-phase
composites. Here, experimental results on nano-com-
posite formation of binary systems with different heats
of mixing are summarized and discussed. In addition, a
short excursion on the thermal stability of single-phase

nanostructured materials and its relation to processing
history is included for comparison.

Experimental procedures

Repeated cold-rolling with intermediate folding (F&R)
of sheet or ribbon material has been applied as one
optional technique for applying very high strains at
moderate strain rates of the order of less than 0.5 s™
[20-22]. In contrast to the deformation processes that
are conventionally summarized as SPD processes [9,
10], cold rolling proceeds without the simultaneous
application of a high hydrostatic pressure. In fact, the
hydrostatic component of the pressure during rolling
with the geometry of the rolls used here is always less
than 0.8 GPa [11]. The procedure has been described in
detail elsewhere [11, 23]. In principle, an initial stack of
thin foils is deformed by rolling at decreasing roll gap
and folded after reaching a minimum thickness of about
100 pm. At this point, the sample is cut or broken in
half, stacked and the procedure is started again. The
entire process between two consecutive folding oper-
ations is denoted in the following as one rolling pass.
The deformation time and the respective strain rate
were calculated from the geometry of the rolls (diam-
eter of the rolls 150 mm, length of the rolls 100 mm),
the circumferential roll velocity (1 m/min) and the
thickness of the samples (200-300 um). In fact, the
actual strain rate is smaller than the calculated upper
bound, because of sliding at the internal interfaces (due
to imperfect bonding) and due to certain areas of the
sample that do not overlap after the folding. Conse-
quently, a small area fraction is not deformed during
rolling, as also described by Bordeaux et al. [21].
Moreover, the bending of the rolls that inevitably
occurs is not included in the simplified calculation.
Thus, assuming plain strain conditions leads to an
overestimation of the amount of strain, which is the
physical parameter that drives the microstructure
modification. Due to these differences between the
actual strain and the calculated theoretical value, the
strain state will be denoted by the number of folding
and rolling passes rather than by the corresponding
theoretical value of the equivalent strain. Approxi-
mately, the maximum number of F&R cycles (100
times) corresponds to an equivalent strain of ¢ = 80!
Specimens for cold-rolling were cut from initial foils
(area: 20 mm by 20 mm) and stacked in the right
proportion to yield the desired nominal composition.
The initial stack consisted of at least 10 stacked pieces.
The initial thicknesses of the elemental foils and the
purity levels were as follows: Ag: 25 pm, 99.998%, Co:
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Fig. 1 Examples of nano-composite microstructures that have
been realized by different synthesis pathways. (a) Dark-field
TEM micrograph of pure Pd after repeated rolling and folding
and subsequent high pressure torsion straining. (b) Nanoporous
Alumina membrane prepared by anodic oxidation of Al sheet (as
described e.g., in [8]). The inset shows the same template after
pressure-assisted pore filling with a low-melting eutectic (Bi-Cd).
(¢) Al nanocrystals within an amorphous Al-rich matrix. The
base alloy (AlggY;Fes) is a marginally glass-forming material
that shows the occurrence of the so-called nanocrystallization

100 pm, 99.995%, Cu: 25 um, 99.999%, Ni: 100 um,
99.994%, Zr: 25 pm, 99.9+%.

The samples were investigated by X-ray diffraction
(XRD, Phillips X’Pert) in Bragg-Brentano geometry
with Cu-K, radiation using a fast, position-sensitive
detector (Phillips X’Cellerator). Afterwards, the char-
acterization of their morphology was performed in
cross section by scanning electron microscopy (SEM,
Leo 1530). For transmission electron microscopy/
selected area electron diffraction investigations
(TEM/SAED, Philips Tecnai F20 ST), 3 mm in diam-
eter plan view samples were mechanically punched out.

@ Springer

[14]. (d) High resolution TEM micrograph of pure Ni after
repeated rolling and folding. (e) Immiscible AlgoPb; alloy that
has been obtained through rapid melt quenching by melt
spinning. The nanocrystalline microstructure of Pb is sufficiently
stable to remain at very small crystallite size even after repeated
melting [5, 17]. (f) AlgsY7Fes after initial amorphization by rapid
quenching and after subsequent severe plastic deformation of the
amorphous quenching product by high-pressure torsion straining
[15]

Additionally, small pieces with dimensions less than
3 mm were glued into a hollow cylinder and then cut
into thin discs for cross-section transmission electron
microscopy preparation. Thereafter, the samples were
either thinned by twin-jet electropolishing (1/3 nitric
acid and 2/3 methanol), as e.g., pure Ni, or samples
were thinned by ion milling with a low accelerating
voltage (3.5 kV) to minimize the beam effects on the
microstructure. The heat evolution during continuous
heating experiments was monitored by differential
scanning calorimetry with a power-compensating
device (DSC, Perkin Elmer Pyris 1).
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Two-phase nanocomposites by severe plastic
deformation

One promising way to address two general issues: the
synthesis of bulk quantities and the synthesis of
material with uniform microstructures is given by
repeated rolling and folding at room temperature. In
contrast to non-equilibrium processing methods that
are based on rapid heat release, deformation process-
ing by repeated folding and rolling proceeds essentially
at room temperature. Thus, the metastable extensions
of the phase equilibria and even possible non-equilib-
rium states that are sampled during the synthesis are
potentially extended for the deformation-based syn-
thesis route [24]. Therefore, several binary Cu-rich
alloys have been studied that contain alloy constituents
with rather different heat of mixing values with Cu.
Specifically, alloys of the binary systems Cu—Co, Cu-
Ag, Cu-Ni and Cu-Zr were processed by repeated
folding and rolling. With these alloy systems, their heat
of mixing varies from strongly positive values for Cu-
Co to almost zero (Cu-Ni) and to strongly negative
values (Cu—Zr).

Cu-Zr

As expected from general considerations concerning
the minimization of the free enthalpy, the alloy with
strong negative heat of mixing shows an amorphization
reaction of a considerable volume fraction after initial
grain size reduction into the range of ultrafine grained
structures, i.e., with d < 100 nm. After 40 F&R passes,
a broad diffuse maximum in the X-ray diffraction
spectrum, characteristic of an amorphous phase and
centred at about 260 = 40° appeared along with some
weak crystalline diffraction peaks due to residual pure
Cu and Zr. This result is in agreement with earlier
findings [20]. Doubling the F&R passes leads to a fully
X-ray-amorphous sample without any indication of a
residual crystalline fraction. The continuous increase of
strain during repeated cold rolling and folding of the
multilayer sample resulted in a decrease of the average
layer thickness with continuously increasing total
interface area. The average elemental layer thickness
and amorphous layer thickness estimated from scan-
ning electron microscopy, dark-field transmission elec-
tron microscopy and high-resolution transmission
electron microscopy micrographs [12] is shown in
Fig. 2. In the early stage, cold rolling leads to a fast
decrease of the layer thickness. Further refinement
occurs slowly after severe deformation. The average
layer thickness is about 1 pm after 10 F&R cycles and
15 nm after 20 F&R cycles. Further processing up to 40

AN Cu_Zr

. 60 40

. repeated rolling and folding

Thickness [nm]

10° T 1

No. F&R cycles

Fig. 2 Change in elemental layer thickness (o) and amorphous
layer thickness (A) of CugpZr,g as a function of the number of
rolling and folding passes

F&R cycles results in a refinement of the individual
layers thickness that varies between 7 nm and 10 nm.
No layer structure was observed after 50 F&R cycles
because the samples reach an almost completely
amorphous state at that deformation level. In addition
to the layer thickness, the grain shape has also been
studied as a function of total strain. In principle, the
grain shape first becomes elongated in the layer plane
during the early stages of rolling and folding. After
several passes, when the layer thickness becomes small,
the ‘‘pancake”-shaped grains become equiaxed, as
observed by plane-view and cross-section TEM anal-
yses. The transformation from elongated to equiaxed
grains is most probably due to the accumulation of
dislocations during continued deformation that form
new high-angle grain boundaries via dislocation pile-up
and subgrain formation [12]. Similar behavior has been
observed for several pure metals and binary alloys,
indicating that the observed microstructure develop-
ment is characteristic for the rolling and folding
process. These results, as well as similar results
obtained on different binary, ternary and quaternary
alloys with strongly negative heat of mixing indicate
that completely nanocrystalline composites cannot be
obtained directly by deformation processing of alloys
with a highly negative heat of mixing. In such cases, an
additional heat treatment of the amorphous phase
might induce the formation of a nanocrystalline
microstructure if the thermodynamic and kinetic con-
ditions are in favor of copious crystal formation [25].

Cu-Ni

With Cu-Ni, the thermodynamics of the system can be
approximated reasonably well by a regular solution
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model, i.e., with a constant heat of mixing that does not
depend on composition. Thus, forced mixing due to
shear and due to friction at the interfaces as well as the
reduction of the free enthalpy due to a reduction of
interfaces upon alloy formation should lead to early
mixing, that is the formation of solid solutions at small
numbers of rolling passes. The XRD spectra taken on
CugoNiy samples after different numbers of rolling
passes shown as Fig. 3 confirm this expectation. The
data clearly show a shift of the lattice parameters of the
two constituents with a more pronounced shift for the
Cu-rich solid solution, as to be expected since it is
known that Ni diffuses extremely rapidly into Cu while
Cu shows conventional diffusion behaviour in Ni [26].
After 70 rolling passes, the spectra of the two fcc-solid
solutions have completely merged, indicating complete
alloying at room temperature and the formation of an
extended solid solution. TEM analyses indicate the
formation of an ultrafine-grained microstructure at this
deformation stage (Fig. 4a). Upon continued deforma-
tion by rolling and folding, the average grain size
reaches a steady state value of 80 + 40 nm. Compared
to the minimum grain sizes obtained for the pure
elements Cu and Ni by repeated rolling and folding at
room temperature, i.e., dpn;, = 8 nm for Ni [11, 12] and
dmin = 140 nm for Cu [27], the results concerning the
grain size reduction of the Cu-Ni alloy suggests that
the steady-state grain size scales with the alloy com-
position. This result confirms that true alloying has
occurred at room temperature since the steady state
grain size of a regular solution system should scale with
the respective melting temperature. Moreover, the

o Copper
® Nickel
° o

B N . oe oe,
AN N~ 20F&R
LA\__J\_J\JL 30F&R
Counts - \*/\R
[au.] 40 F&R

SOF&R

o
R I A

1 1 1 1

20 40 60 80 100
2Theta [°]

Fig. 3 XRD theta—2 theta scans of as rolled CugNisy samples
after different numbers of rolling and folding passes. The
elemental peaks of Cu and Ni disappear during the deformation.
After 50 rolling passes, the sample appears to be completely
intermixed
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result also indicates that the steady state grain size is
controlled by the atomic mobility that, in turn, scales in
a first order approximation with the melting temper-
ature. Obviously, the thermal stability of the fine-
grained microstructure is also determined by the
atomic mobility. In principle, the steady state grain
size is thus determined by a dynamic equilibrium
between defect generation and defect annihilation. It
has been observed that even minor alloying additions,
especially those that have a strongly negative segrega-
tion enthalpy, result in a stabilization of microstruc-
tures at rather small grain sizes [28]. Yet, alloying
additions with a completely miscible component
should not effectively stabilize fine-grained microstruc-
tures. Thus, achieving smaller grain sizes via deforma-
tion processing for any given material requires either
that the deformation proceeds at a lower temperature
so that the annihilation rate is decreased, or that the
rate for defect generation is increased at constant
annihilation rate.

However, heating the material after 70 F&R passes
to 560 °C does not result in forming a coarse-grained
polycrystalline microstructure with micron-sized grains.
Instead, the grain size stays within the ““ultra-fine” size
range, i.e., it remains at about d =200 x 40 nm
(Fig. 4b). This result is astonishing, since the annealing
temperature is higher than half the thermodynamic
melting temperature, i.e., in a temperature range where
usually massive coarsening occurs. Thus, it seems that
the alloying effect is capable to allow for an increased
stability of ultrafine-grained structures, even for alloy
systems where nanocrystalline microstructures are not
obtained. In this respect, small compositional hetero-
geneities will occur necessarily during the co-diffusion
of two species with different diffusivities, which result
in the formation of localized and transient concentra-
tion gradients. Such gradients slow down the local
diffusion, leading to an effective grain size stabilization
since a non-uniform interface movement would pro-
duce additional interface coupled to an increase in free
energy, which is not favorable.

Cu-Ag

In terms of the well-known Hume-Rothery rules, the
eutectic Cu-Ag system is peculiar as the two noble fcc
metals, with atomic size difference still within the 15%
limit, are almost completely immiscible below ~650 K
[29]. The system shows a positive heat of mixing
(positive AH) in the solid as well as in the liquid state
[30]. While the atomic size mismatch of about 13%
must have contributed to the low solid solubility, this
size factor is apparently not sufficient to favor easy
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Fig. 4 Bright-field TEM
micrographs of CugoNiy after
70 rolling and folding passes,
(a) directly after the
deformation and (b) after an
additional heating treatment
(20 K/min, up to 560 °C) in
the DSC

amorphization in this system. In fact, the vast majority
of the alloys produced so far are fcc crystalline solid
solutions, even when at the eutectic composition. Here,
it is of interest to compare the grain-size reduction
behavior as well as the thermal stability of the fine-
grained material for an alloy with small positive heat of
mixing.

Figure 5 displays the XRD patterns of the cold
rolled foils after different passes. After rolling, the
main diffraction peaks (the peaks for (111) near 40° in
20) shift and merge into each other, indicating that
alloying occurred. It is interesting to note that the
intensity of the first peak is much weaker, and its width
is much wider, than those of the XRD peaks of fcc
solutions formed by deposition or ball milling (typical
full width at half maximum less than 2° in 260 [31-34].
Overlapping broad peaks from residual elements and/
or strong compositional non-uniformity in the rolled
samples would contribute to the halo-like feature.
However, this peak did not sharpen after a large
number of passes. Another possible contributing factor

Cu-Ag O Cu
o

F 0 20 passes
| M
| M

50 passes

Intensity (a. u.)

1 L 1 1
20 40 60 80 100

Two theta

Fig. 5 XRD patterns of cold rolled CugyAgyo after different
numbers of rolling and folding passes

is the existence of a broad halo from amorphous
fractions. TEM examination indeed indicate the pres-
ence of local amorphous regions in repeatedly cold-
rolled Cu—-Ag samples, as shown in the high-resolution
image of Fig. 6 that displays an area with predomi-
nantly amorphous features that are obviously different
from the lattice fringes of neighboring residual crystals
(in the middle of the upper section of the image).
There is also an apparent halo in the SAED pattern,
Fig. 6, in addition to spots/rings from the crystals.
Heating the as-rolled alloy in the DSC to different
temperatures results in decomposition into Ag-rich and
Cu-rich phases as indicated in the XRD-spectra that
were taken after the heating treatments (Fig. 7). At
260 °C, nano-grained Ag and Cu terminal phases are
clearly dominant in the sample volume.

These results indicate on one hand that under
conditions that are far from thermodynamic equilib-
rium, as sampled for example during severe plastic
deformation treatments and under the additional
boundary condition of ultra-fine—or even nanocrystal-
line grain sizes, even for alloys with a positive heat of
mixing, solid solution formation and (partial) amorph-
ization can occur. These results emphasize the findings

Fig. 6 High resolution TEM micrograph of cold rolled CugpAgao
(70 folding and rolling passes), together with selected area
electron diffraction patterns
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Fig. 7 XRD patterns of cold rolled CugyAgyp after DSC-heating
measurements to different temperatures. Prior to heating, the
samples were cold-rolled and folded for 70 times

concerning changes of the phase stability at small
system size that are also—at least partially—thermo-
dynamic in nature [7, 17]. Moreover, the response upon
heating the fine-grained/amorphous Cu-Ag mixture
indicates an unusually high thermal stability, e.g.,
compared with pure nanocrystalline Cu that coarsens
even at room temperature [35], and a decomposition/
crystallization into a nanocrystalline composite as
opposite to the formation of a polycrystalline micro-
structure with coarse grains, although the heat treat-
ment has been performed at a high homologous
temperature, i.e., at a temperature that was more than
half the value of the eutectic temperature! In fact, a
similar stabilization strategy that is based on the
immiscibility of two phases has also been shown to
hold up to high temperatures for nanostructured oxide
systems [36].

Cu—Co

The Cu—Co system has been chosen as an alloy system
with large positive heat of mixing, as also indicated by
the presence of an extended metastable miscibility gap
in the undercooled liquid state of the alloy [37]. Upon
repeated cold rolling starting from elemental foils in a
multilayer sandwich, the layer thickness is reduced by
homogenous deformation and additionally due to
pronounced multiple necking [21] that occurs as a
result of the large difference of the shear modulus
values. Within the necking regions that present regions
of high stress concentration, non-equilibrium mixing
can occur [21, 24]. However, the thermodynamics of

@ Springer

the system prevent amorphization to occur, so that the
metastable solid solution cannot reach the kinetically
arrested state of the glass. In fact, the microstructure
observed by TEM after 70 F&R passes consist of a
fine-grained nanostructure with high defect densities
(Fig. 8a). When a partial or even a complete solid
solution is obtained for a system with a high positive
heat of mixing, then upon heating the occurrence of
decomposition is highly likely. In fact, this transformation

Fig. 8 Bright-field TEM images of: (a) CugCoy49 70 times cold
rolled and folded. (b) CugyCoy4o 70 times cold rolled and folded
and annealed at 250 °C for 4 h. (¢) The same material but
annealed at 560 °C for 30 min
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should precede any coarsening or grain growth, since
the microstructure that is received after processing is
not stable and thus cannot grow. Therefore, metastable
solid solutions of immiscible alloys can be expected to
show a tendency for developing a smaller grain size
upon heating to moderate temperatures.

Such a tendency is quite unusual since convention-
ally, materials coarsen more rapidly at increased
temperatures. Yet, in cases where metastable solution
formation is obtained at a given grain size dy, the free
enthalpy, G, with: G = Gy + 4G with Gy = H-TS and
0G summarizing the thermodynamic excess due to the
supersaturation and due to interfaces and defects,
might develop a local minimum at a grain size d with
the possibility for d < dy. A requirement for this
scenario is a negligible long-range diffusion, which is
approximately fulfilled for systems with low miscibility.
With

5G:ZA,-><cri+lﬁ+AHmix (1)

A; is the total interface area of all interfaces of the
i-type that have the specific interface free energy o;. ¥
summarizes the defect contributions due to disloca-
tions (that scale with the square of the respective
burgers vectors), microstrain or non-equilibrium
vacancies. AH,;; represent the mixing enthalpy that
is released if the metastable solid solution decomposes
into the equilibrium phases. Here, we assume that the
composition of the sample is homogeneous before the
heat treatment. Due to the constraints concerning
long-range diffusion, the material cannot easily gain
AH,,ix by diffusional rearrangement but needs to form
regions of the equilibrium compositions with new
interfaces separating Co-rich and Cu-rich grains. Thus,
as a first step towards equilibrium, thermally induced
grain refinement via phase separation and precipitation
should occur!

The extent to which such a grain refinement can
occur is controlled by the counteracting contributions
from the interface free energy (that favors large grain
sizes even at supersaturation) and from the mixing
enthalpy (that favors phase separation for AH,;; > 0)
and their relative magnitude. As long as rapid diffusion
is prevented, which is the case after low-temperature
annealing that decreases the defect density, and with
the additional stabilization at small grain size due to
the higher solubility in the grain boundary volumes, the
kinetic stabilization of small grain sizes in the range of
few tens of nanometers might be effective even at
rather elevated temperatures. In order to perform an
initial test of the above-described scheme, the severely

deformed Cu—Co alloy has been heat-treated. After
annealing at low homologous temperature (i.e., at
250 °C for 4 h), clearly separated phases that are Co-
rich or Cu-rich, respectively, are observed (Fig. 8b).
Remarkably, the grain size after the annealing treat-
ment is much smaller than the grain size observed
directly after the rolling and folding deformation. In
fact, this experimental result confirms our suggestion
concerning the possibility for a thermally induced grain
size reduction. Similar results have been obtained for a
CugoFeyy alloy. If the material is heated to higher
temperatures, coarsening sets in due to the diffusional
rearrangements that can occur at elevated tempera-
tures and that are driven by the minimization of the
total free enthalpy via coarsening and grain growth.
However, even after annealing at 560 °C for 30 min,
the microstructure remains in the range of ultrafine-
grained materials with an average grain diameter of
only 110 nm (Fig. 8c). This small grain size again
demonstrates the feasibility of the stabilization strategy
that is based on immiscible alloying additions.

Pure nanocrystalline metals

In contrast to applying a two-phase approach where
stabilization is based on kinetic and thermodynamic
reasons associated with multicomponent alloy design
as described above, mono-elemental nanostructured
materials are very often described by two-phase
models with a ‘“‘grain boundary-"" and a ‘“‘core phase”
[38]. Recent investigations of deformation-induced
grain refinement leading to ultra-fine grained or even
nanocrystalline microstructures and reports that show
unequivocal evidence for strain-induced coarsening of
material with nanometer-sized grains [39] as well as the
observation of rather dissimilar thermal stabilities of
nanocrystalline material of identical grain size but
different synthesis pathway suggest that the processing
dependence of the grain boundary structure needs to
be taken into account when the thermal stability of a
nanostructured material is analyzed. Yet, the experi-
mental observations are far from being a result of
systematic studies and so far most of the aspects
remain poorly understood. In particular, two observa-
tions are revealing: (A) Nanocrystalline material when
synthesized via gas-phase processing and compaction
coarsens during plastic deformation even if the defor-
mation proceeds at low strain rate, low pressure and at
ambient temperature. (B) Nanocrystalline material
that was synthesized by severe deformation (i.e.,
rolling and folding) exhibits enhanced thermal stability
compared to material of similar grain size that has been
produced by gas-phase condensation and that shows
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considerable coarsening on a time scale of days even at
room temperature.

The rather high thermal stability of material syn-
thesized via plastic deformation is indicated in Fig. 9
that shows a comparison between pure Ni that was
rolled and folded at room temperature for 80 times [11]
(Fig. 9a), and the same material after additional high-
pressure torsion straining (HPT) [13] (5 turns under
6 GPa at 100 °C) and annealing for 30 min at 300 °C
(Fig. 9b). Clearly, the average grain diameter after the
annealing treatment is still considerably below 100 nm!
It should be noted that the grain size after HPT
processing was already increased to about 35 nm. A Ni
sample that was subjected to the identical heat treatment
directly after rolling and folding showed a larger grain
size of about 130 nm. Thus, from the two samples with

Fig. 9 (a) HR-TEM micrograph of Ni that has been rolled for 80
passes (¢ = =56). The inset at the bottom right corner shows the
FFT-pattern. (b) Dark-Field micrograph: overview showing the
microstructure of HPT-Ni after annealing at 300 °C

@ Springer

identical chemical composition and with partly identi-
cal processing history, the one with the larger defect
density (particularly with higher dislocation density)
shows a higher thermal stability. Estimates obtained
form high resolution transmission electron microscopy
images, such as published in [13], yield dislocation
density values of about 5 x 10" m™ and higher for the
material after rolling and folding and HPT. A similar
observation was made for Pd, where samples were
obtained from inert gas condensation, from cold rolling
and from cold rolling plus HPT. Also with these
samples, the material with the lowest density of
dislocations (the material synthesized by inert gas
condensation) showed the lowest thermal stability.

Interestingly, investigations concerning the impurity
level including carrier gas - hot extraction in inert gas
atmosphere have revealed that the nanocrystalline
samples that have been produced by such largely
different synthesis pathways include almost identical
impurity levels, especially with respect to O,, N, and
H,. This result eliminates explanations based on
impurity drag that is known to reduce the mobility of
grain boundaries or interfaces in general [40]. More-
over, at a grain size of 10 nm, about 12 at% of
impurities are required to form a monolayer at the
grain boundaries. Although not a complete monolayer
would be necessary to slow down the kinetics of
boundary migration considerably, it also is unlikely
that only a fraction of that value affects the kinetics
drastically. The impurity effect becomes even more
unlikely as a reason for the observed differences in
grain boundary kinetics due to the residual equilibrium
solubility in the crystalline cores of the grains and
especially in the boundaries.

However, based on the results that are available so
far, we can suggest that small grain sizes might be
stabilized, at least kinetically, by the presence of large
defect densities, especially in the region adjacent to the
grain boundaries. Actually, large dislocation densities
and “‘rough” grain boundaries have been observed for
nanocrystalline material after severe plastic deforma-
tion [13]. If the dislocation density is very high, then
the easy glide planes can get blocked, leaving the
dislocations in a ‘““locked” state, similar to the mech-
anism described as “‘exhaustion plasticity” [41]. More
work in this direction is under way. However, that
possibility entails exiting new options for adjusting the
microscopic structure of the grain boundary regions to
design the stability of nanocrystalline materials. In that
sense, proper grain boundary engineering with adjust-
ments of the structure of the boundary itself and/or the
defect structure adjacent to the grain boundaries or
with second-phase doping to immobilize the bound-
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aries seem to offer valuable perspectives for improving
the performance of nanostructured materials also
under mechanical or thermo-mechanical loading con-
ditions, thus enabling a further step with massive
nanostructured materials towards the transition from
laboratory into advanced applications.

Summary

Nanocrystalline composites have been successfully
synthesized at room temperature by repeated cold
rolling and folding of multilayered stacks of elemental
foils. The massive nano-composites are characterized
by uniform phase distributions and nanoscale grain
sizes. It is found that alloying in general leads to a
smaller grain size at similar strain if compared to pure
materials. However, for achieving grain sizes in the
range of only a few tens of nanometers and for
increasing the thermal stability of the fine-grained
microstructure at the same time, alloying with an
immiscible component with a high positive heat of
mixing is most effective. For such alloys, we proposed a
mechanism for thermally induced grain-size refinement
that is supported by the experimental results. More-
over, the thermal stability of single-phase elemental
nanocrystalline material has been discussed. The
experimental results suggest that the grain boundary
structure and the defect structure adjacent to the grain
boundaries determine the thermal stability such that
very high dislocation densities reduce the grain bound-
ary mobility. The combined results indicate that
adjustment of the defect structure at the grain bound-
aries or strategies based on second-phase doping to
immobilize the boundaries seem to offer valuable
perspectives for improving the performance of nano-
structured materials also under mechanical or thermo-
mechanical loading conditions.
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