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Under superplasticity conditions, micrograined materials (grain sizes in the range 1 ym — 10 ym) exhibit extensive neck-free
elongations during tensile deformation at elevated temperatures (T>0.5T;, where T}, is the melting point). The deformation
mechanism responsible for such behavior is based on grain boundary sliding accommodated by the generation and movement
of lattice dislocations in the grains blocking sliding. Such a mechanism is characterized by a stress exponent of 2, an activation
energy that is close to that for boundary diffusion, and a grain size sensitivity of 2. When the grain size of the material is
refined to the ultrafine-grained range (300 nm-900 nm), there is no change either in the characteristics of superplasticity or
in the details of its deformation mechanism. By contrast, when the grain size of the material is refined to the nanoscale range
(grain size <100 nm), superplasticity is lost due to the emergence of a new deformation mechanism. This new deformation
mechanism is also based on grain boundary sliding accommodated by lattice dislocations. It is characterized by a stress
exponent that is high and variable, an activation energy that is close to the activation energy for boundary diffusion but
decreases with increasing applied stress, and a grain size sensitivity of 3.
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Bnuanmne nsamenbueHns 3€PE€H Ha CBEPXMNTACTUMIHOCTD
B MCITKO3C€PHUCTBIX MaT€puaiax

B ycmoBusAX cBepXIUIACTUYHOCTY MEIKO3EPHUCTBI MaTepuabl (pa3Mep 3epeH B MHTepBasie 1—10 MKM) IeMOHCTPUPYIOT
6onble yIHeHNA Oe3 meiiky npy fedopManyy pacTs>KeHUeM IIpY BBICOKUX TeMueparypax (1>0.5Tyy, roe Ty, — Tem-
neparypa IaBjaeHys). MexannusMm feopmanny, OTBeTCTBEHHBIN 3a TaKoe MOBeJleHNe, OCHOBAH Ha 3¢pHOTPaHIYHOM IIpO-
CKaJIb3bIBaHMM, aKKOMOAMPYEMOM TeHepalueil U JBIDKEeHJeM PelIeTOYHBIX JUCIOKALUI B 3epHaX, OJIOKMPYIOMMX IIpO-
CKaJIb3bIBaHMe. TOT MEXaHU3M XapaKTepu3yeTcs IoKasaTeJleM HallpsDKEeHVA 2, aKTUBAIMOHHOI SHeprueli, kKoTopas 6/1uska
K aKTVMBAI[MOHHOI 9Hepruu gudQysun 1o rpaHuliaM, 1 9yBCTBUTEIBHOCTBIO K pa3Mepy 3epeH 2. Kornma pasmep 3epeH Ma-
Tepyaa ¥3MeIbYaeTcs 10 MHTEePBajla, COOTBETCTBYIOLIETO YIbTPaMeIKO3epHUCTHIM MaTepuanam (300—900 HM), HU B Xa-
PaKTepUCTUKAX CBEPXIUIACTUYHOCTY, HI B IeTa/IAX JedOpMalMOHHBIX MEeXaHI3MOB He IIPOVCXOAUT HUKAKNMX M3MEHEHUIL.
OpHako KOIZia 3epHa M3Me/IbYaloTCs O HAaHOPa3MepHOro YpoBHA (pa3Mep 3epeH MeHee 100 HM), CBepXIUIACTUYHOCTD Tepsi-
eTCs 113-3a NOABJICHMA HOBOTO He(OpMAaIIOHHOIO MeXaHu3Ma. DTOT HOBBII iepOpMaLIMIOHHBIII MeXaHN3M TakoKe OCHOBaH
Ha 3epHOTPaHIYHOM IIPOCKa/Ib3bIBAHNI, AKKOMOAVPYEMOM PelIeTOYHBIMM AyicToKanyaMy. OH XapaKTepusyeTcs IIoKa3aTe-
JIeM HaIIpsDKeHN A, KOTOPBIT IMeeT BBICOKOEe M3MeHAIONIeecs 3HaUeHNe, aKTYBAL[MIOHHYI0 9HEPIIUIo, KoTopas O/1M3Ka K aKTI-
BaI[IOHHOI sHepryy Audysnu o rpaHullaM, Ho YMEHbIIAEeTCs ¢ YBe/IMYeHNEM IIPYIOKEHHOTO HAIIPSDKEHUA, M 9yBCTBI-
TeIbHOCTDIO K PasMepy 3€peH 3.

KmrouyeBpble  cmoBa:  rpaHuMyHOe medopMaIIOHHbIe

YABTPaMENKO3EPHNCTBIE MaTE€PIIa/Ibl

IIPpOCKa/Ib3bIBaHNE, MEXaHI3MBbI, HaHOKPUCTAJUINYECKIE Marepuabl,

1. Introduction

Detailed studies on creep in materials are of scientific and
practical significance. From a scientific point of view, data
obtained from such studies are critical to the characterization
of creep in terms of deformation mechanisms. From a
practical point of view, information inferred from such studies

is beneficial to the design and safety of high-temperature
applications. As a result, over the past several decades, the creep
behavior of various groups of materials has been extensively
investigated. These groups include metals, solid solution alloys,
intermetallics, composites, ceramics, superplastic alloys,
dispersion-strengthened alloys, ultrafine-grained (UFG)
materials, and nanocrystalline (nc) materials. In establishing
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the creep behavior of these groups of materials, several
relationships that define the basic deformation characteristics
associated with a creep process were evaluated. Primary among
these relations are the following:

a. The relationship between strain rate and stress, 7, yields
two parameters: the stress exponent, n, and the activation
volume, v. The stress exponent, 1, and the activation volume,
v, are respectively, given by:

n:(aln}}/@lnr)m (1)
and
v=kTaln7 (2)
or

where 7 is the strain rate and k is Boltzmann's constant.

b. The relationship between strain rate and temperature,
T, at constant d, and stress, 7, provides the value of the
activation energy for creep, Q , that is given by:

Q=0ly/o(-1/RT) (3)

where R is the gas constant. .

c. The relationship between strain rate, 7, and grain size,
d, at constant temperature, T, and stress, 7, produces the value
of the grain sensitivity, s, that is defined as:

s=(8Iny/dInd),, @)

The aforementioned  relationships along  with
microstructural details have been applied to obtain guiding
information that can be used in part to examine whether
an existing deformation mechanism can explain the creep
behavior of a material or a new mechanism should be
developed to account for the behavior. In this paper, two
examples are provided for the purpose of illustration. The
first example demonstrates that the deformation mechanism
developed for superplasticity in micrograined materials can
explain the deformation behavior and substructural features
in a superplastic UFG Al alloy. The second example indicates
that information on the deformation of nc materials cannot
be accounted for either by the deformation mechanism for
superplasticity in micrograined materials or by other available
deformation mechanisms; and that a new mechanism is
required.

2. Analysis and discussion
2.1. Superplasticity in micrograined materials

Under the conditions of superplasticity, micrograined
materials (grain sizes in the range 1 ym — 10 ym) exhibit
extensive neck-free elongations during tensile deformation
at elevated temperatures (7>0.5T}y, where T}, is the melting
point). These large elongations are usually greater than
350% and sometimes in excess of 2000%. The two basic
requirements for a material to display superplastic behavior
are: (a) a fine and equiaxed grain size that does not undergo
significant growth during high temperature deformation,

and (b) high-angled grain boundaries that are mobile and
able to resist tensile separation.

The superplastic behavior of a micrograined material
where maximum ductility occurs over several orders of
magnitude of strain rate and is characterized by a stress
exponent, n (defined by Equation 1) of 1.5 to 2.5, an activation
energy, Q (defined by Equation 3) that is close to that for
boundary diffusion, and grain size sensitivity, s (defined by
Equation 4) is about 2 [1—3].

In addition, the strong sensitivity of steady-state creep
rates measured during superplastic flow to changes in grain
size along with the temperature dependence of strain rate
(Q is equal that for boundary diffusion) have indicated
that boundaries play an important role, which is related
to their ability to contribute to deformation through the
process of boundary sliding. Over the past several decades,
considerable efforts have been made to characterize the
nature and significance of such a role in terms of deformation
mechanisms. As a result of these efforts, several deformation
mechanisms were developed or speculated [4—8]. The most
successful mechanisms are based on grain boundary sliding
(GBS) accommodated by dislocation motion [5—8]. These
models are different in details and assumptions. Despite
these differences, all models based on GBS accommodated by
dislocations can be represented by the following expression:

. DGh(bY(zY -0
p=c2R (L en| 22|

where C is a dimensionless constant that can be evaluated
from the details of each mechanism, Do is the frequency
factor for diffusion, G is the shear modulus, b is the Burgers
vector, d is the grain size, s=2 is the grain size sensitivity, n=2
is the stress exponent, and Q, is the activation energy for
boundary diffusion.

As mentioned above, the models of GBS accommodated
by dislocation motion incorporate lattice dislocation activity
[5—8] as a major component in the rate-controlling process
of superplastic flow. Two detailed investigations in which
the technique of transmission electron microscopy (TEM)
wasused were carried out [9,10] in an effort to examine
whether lattice dislocations were active during superplastic
flow. In these two investigations [9,10], experiments were
conducted on the superplastic Zn-22%Al eutectoid containing
nanometer-scale dispersion particles. These particles were
introduced in the matrix of the alloy via powder metallurgy
followed by cryomilling [11]. TEM examination of specimens
deformed at a strain rate near the center of the superplastic
region have revealed the following observations [9,10]: (a)
the initial microstructure is nearly dislocation free, (a) after
deformation, only some grains contain dislocations, which
interact with dispersion particles, (c) the configurations of
the lattice dislocations in the interiors of these grains are
suggestive of viscous glide and single slip, and (d) most of
the dislocations are parallel; they tend to be long and curved;
and they appear to sweep across the grain interior one by one.
Fig. 1 provides an example for the configurations of the lattice
dislocations in the interiors of the grains of Zn-22%Al.

The above observations are consistent with the details
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Fig. 1. Configuration of dislocations during superplastic flow in
Zn-22%Al1 [9,10].

of the model of Ball and Hutchison [5] in which a group of
grains slide as a unit until blocked by an unfavorably oriented
grain, and grain boundary sliding is accommodated by
the generation and movement of lattice dislocations in the
blocking grain.

2.2. Superplasticity in ultrafine-grained materials

While superplasticity in micrograined materials (d in the
range 1 ym — 10 ym), is characterized by large elongations
that are equal to or greater than 350%, these large
elongations are usually attained at strain rates in the range
of 10°—107 s'. Such a strain rate range is too slow to be
useful for commercial forming of structural materials, which
is normally performed at strain rates >107 s'. Recent efforts
were devoted to addressing this problem. These efforts have
led to the emergence of high-strain rate (HSR) superplasticity,
which is very beneficial for commercial applications.
The concept for HSR is based on the finding [12] that the
ductility-strain rate curve of a micrograined superplastic
alloy shifts to higher strain rates with decreasing the grain
size. This finding has suggested an approach to induce high-
strain rate (HSR) superplasticity via grain refinement. For
the purpose of grain refinement, equal-channel angular
pressing (ECAP) [13], high-pressure torsion (HPT) [14],
friction stir (FS) [15] processing, and cryomilling followed
by consolidation [11] have been be used. Several examples
for HSR in ultrafine-grained alloys that were prepared by
ECAP, HPT, and SF were extensively discussed elsewhere
[16—18]. Accordingly, it seems appropriate to provide an
example for HSR superplasticity in an Al alloy [19] that was
processed via cryomilling [20].

The alloy selected for refinement was 5803 Al (Al-94.7%,
Mg-4.86%, and Cr-0.7%). The microstructure of 5083 Al
after cryomilling followed by consolidation and extrusion
exhibited an average grain size of about 305 nm [19,20]. After
annealing for 30 minutes at 673 K, an examination of the
microstructure of the alloy revealed that the grain size was
about 440 nm [19,20].

The deformation behavior and microstructural features
in 5083 Al provide an example not only for illustrating HSR

in UFG grained materials but also for demonstrating the
validity of the deformation mechanism for superplasticity in
micrograined materials to the description of the mechanical
characteristics and substructural features noted in the UFG
Al alloy. Consideration of the mechanical characteristics
of 5083 Al led to two main findings [19]. First, the creep
characteristics of 5083 Al were consistent with those
associated with HSR superplasticity. This consistency is
demonstrated by the following observation: optimum
elongations of about 400% were obtained at strain rates
>0.1 s'. Second, the creep characteristics are similar to those
reported for superplasticity in micrograined materials: (i)
a true stress exponent that is about 2, and (ii) an activation
energy that approximates to that for grain boundary diffusion.
These two characteristics were also reported for several alloys
processed by ECAP and HPT [16]. Equally important are the
substructural features observed in the alloy [19] following
deformation. These features are typical of those reported
for micrograin superplasticity in Zn-22% Al that contained
dispersion particles (introduced via cryomilling) [9,10].
First, an equiaxed grain structure was present after extensive
creep deformation. Second, there existed clear evidence of
the occurrence of grain boundary sliding and its features
such as offsets, voids, striated bands, and rotation of grains
(Fig. 2). Third, dislocations were present in only few grains
while most of the grains were found to have extremely low
dislocations density; (b) most of the dislocations were
parallel (Fig. 3) and tended to be long and curved. Finally,

Fig. 2. Evidence for boundary sliding in UFG 5083Al: grain rotation
(“C”), striated bands (“D”), formation of voids (“V”), emergence of
new grains.
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b

Fig. 3. Dislocation configurations in UFG 5083 Al prepared via
cryomilling [19].

many of the dislocations noted in the interiors of grains
were attached to dispersion particles (Fig. 3). Nano-scale
particles were naturally introduced in 5083 Al during the
process of gas atomization and cryomilling. These particles

Fig. 4. The presence of cavity stringers in UFG 5083 Al along the
tensile axis (vertical) [19].

served as a marker to monitor dislocation activity during
deformation. Finally, Cavity stringers were observed (Fig. 4),
This substructural feature is associated with superplasticity in
micrograined alloys such as Zn22% Al.

The aforementioned similarities in creep behavior and its
substructural features between UFG 5053 Al alloy and that of
Zn-22% Al containing nanometer-scale dispersion particles
indicates that the model of boundary sliding accommodated
by lattice dislocation is applicable to the description of
superplastic flow in the former material.

2.3. Superplasticity in nanocrystalline materials

Nanocrystalline (nc) materials are characterized by an average
grain size that is <100 nm. Because of this characteristic,
grain boundaries, junction lines, and nodes have significant
volume fractions — substructural features that can influence
properties far more strongly than in conventional materials
[21]. Accordingly, nc-materials offer novel properties that
may be exploited for useful application, which require high
strength and exceptional hardness. As a result of recent
investigations on nc materials, extensive experimental data
on the deformation behavior of these materials have become
available. The data show that the creep behavior cannot
be explained by Equation (5), which is applicable to the
description of superplasticity in micrograined and ultrafine
grained materials for the following reasons: (a) ductility is
very limited (less than 12%); (b) the stress exponent is high
and variable; (c) the grain size sensitivity is 3 not 2, and (d)
an activation energy that is close to the activation energy for
boundary diffusion but decreases with increasing applied
stress. Although several mechanisms [22-25] were mentioned
or developed to account for the deformation behavior of nc
materials, it has been shown that the predictions of the model
of dislocation-accommodated boundary sliding (DABS) [26]
are consistent with the above characteristics.

The basic concept used in developing the model of
DABS [25,26] is that plasticity in nc-materials is the result
of boundary sliding accommodated by the generation
and motion of dislocations under local stresses, which are
higher than applied stresses due to the development of stress
concentrations. The model, unlike that of Ball and Hutchison
[5] for superplasticity in micrograined materials, does not
involve a dislocation pile-up at the opposite boundary of the
grain blocking sliding. By considering the details of sliding
and dislocation climb along the boundary, the following rate-
controlling equation was derived [25]:

2
7=9 (éj (QZOJ exp (&J {exp (V—T) - 1} (6)
d b RT kT

The data reported for nc Ni and nc Cu were plotted [27] in

terms of the two normalized parameters: y(d/b)3(b2/ng)

and exp(v1/kT)-1, as shown in Figure 5. Also included in the

figure is a solid straight line that represents the prediction.
Correlation between the data reported for nc Ni and nc

Cu and the prediction of the model based on grain boundary

sliding accommodated by lattice dislocations of Equation
(6). It is clear that the datum points cluster about the solid
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Fig. 5. Correlation between the data reported for nc Ni and nc Cu
and the prediction of the model based on grain boundary sliding
accommodated by lattice dislocations.

line, demonstrating the presence of good correspondence
between the rate-equation representing this deformation
process and the experimental data for nc Ni and nc Cu, which
were obtained under different conditions of temperature,
grain size, and strain rates [27].

As indicated above, when the grain size decreases from
the micrograined range (1 yum — 10 um) to the UFG range
(300 nm -800 nm), the superplastic region associated with
maximum ductility is transposed to high strain rates, i.e.,
high-strain rate superplasticity is achieved. By contrast,
as available data show, when the grain size decreases from
the micrograin range to the nanograin range (d<100 nm),
ductility becomes very limited; ductility does not exceed
10%. From a mechanical point of view, such a difference can
be explained by comparing Equation (5), which represents
superplastic behavior, with Equation (6), which represents
the mechanism of DABS. Such a comparison shows while
the stress exponent for creep in micrograined superplastic
alloys, n, is equal to 2, the stress exponent for deformation
in nc materials as estimated from Equation (6), exhibits
high and variable values; for the applicable range of stresses
and strain rates, n=10—50. Accordingly, it is expected that
ductility in nc-materials would be much lower than those
characterizing superplastic flow in micrograined and
ultrafine grained alloys, since ductility depends on 1/n as
shown by the following equation [28]:

e= [exp(C/(n -1)) - 1] (7)

where C=(n—(1/n)) In(400/n). As shown in reference [25],
combining Equation (6) and (7) leads to predicting that
ductility not only is low but also is in the range 2—8% From a
microstructural point of view, the low ductility of nc materials
can also be explained in terms of the details of the concept
of DABS [27]. According to the concept, dislocations are
generated under the local stresses and move in the blocking
grains to boundaries where they are annihilated. This scheme
results in the absence of dislocation accumulation and
interactions, i.e., nanograins are not able to sustain arrays of
dislocations. This leads to loss of work hardening, which in
turn results in low ductility.

Ductility in nc materials can be improved by introducing
substructural features that impede the motion of the
generated dislocations to boundaries and enhance dislocation
interactions. These features include a bimodal grain size
distribution, deformation twins, annealing twins, or a
combination of a bimodal grain size distribution and twins
[29].

3. Summary

(1) Three severe plastic deformation techniques, ECAP,
HPT and FR have been extensively utilized in producing
ultrafine-grained materials that exhibit high-strain rate
superplastic behavior. In this paper, an example for producing
an UFG Al alloy via cryomilling followed by consolidation is
given.

(2) The deformation mechanism for high-strain rate
superplasticity in ultrafine-grained alloys is identical with that
controlling superplasticity in micrograined materials. This
conclusion is based on the evidence that creep characteristics,
mechanical and substructural, are similar in both types of
materials.

(2) Observation of superplasticity in nanocrystalline
materials has so far been unsuccessful. This can be explained
using the predictions of the mechanism of DABS: (a) the
stress exponent, n, for creep in nanocrystalline materials is
in the range 10—50; by contrast, n for superplastic flow in
micrograined and ultrafine-grained alloys is equal to 2, and
(b) the absence of dislocation accumulation and interactions,
i.e., nanograins are not able to sustain arrays of dislocations.
This leads to loss of work hardening, which in turn results in
low ductility.
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