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When polycrystalline materials are tested in tension at elevated temperatures, the flow mechanisms
depend upon various parameters including the temperature of testing, the applied stress and the material
grain size. The plotting of deformation mechanism maps is a procedure used widely in displaying
and interpreting the creep properties of conventional coarse-grained metals but there have been few
attempts to date to use this same procedure for ultrafine-grained and nanocrystalline materials produced
through the application of severe plastic deformation (SPD). This report examines the potential for
using deformation mechanism mapping for materials processed by SPD and presents examples for
materials processed using equal-channel angular pressing and high-pressure torsion.
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1. Introduction

The grain size of a polycrystalline material is an
important parameter in determining the flow properties at
elevated temperatures. Typically, when the grain size is large
the material deforms through an intragranular dislocation
process and there is no dependence on grain size but when
the grain size is small additional flow processes become
important such as grain boundary sliding, superplasticity
and diffusion creep'. In practice, it is well established
that superplasticity becomes an important flow process
only when the grain size is smaller than ~10 um'?. Using
conventional thermo-mechanical processing, it is generally
not possible to achieve grain sizes smaller than ~1 wm but
new processing techniques have become available over the
last two decades, primarily based on the application of severe
plastic deformation (SPD) to bulk solids, and these processes
provide opportunities for achieving ultrafine grain sizes
within the submicrometer or even the nanometer range*.
Typical SPD processing techniques currently in use are
equal-channel angular pressing (ECAP)’ and high-pressure
torsion (HPT)®.

When a polycrystalline metal is tested in tension using
a constant stress at elevated temperatures, the material
deforms gradually in creep until ultimately it breaks. In
practice, an understanding of the flow of metals under
creep conditions is important when metals are used in high
temperature applications. Specifically, an identification
of the flow or rate-controlling mechanism becomes an
important prerequisite in order to develop a predictive
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capability that may be used to estimate the strains attained
over long periods of time.

Since creep is a diffusion-controlled process, it becomes
important only at temperatures above ~0.57 where T is
the absolute melting temperature of the material. At these
elevated temperatures, much of the creep flow generally
occurs under steady-state conditions where the creep rate
remains constant over a long period of time. Accordingly,
much attention has been devoted to determining and
identifying the flow processes that become important within
the steady-state region.

In high temperature creep the steady-state strain rate,
¢, is generally expressed by a relationship of the form!

n
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where D is the appropriate diffusion coefficient [= D exp
(-Q/RT), where D is a frequency factor, Q is the activation
energy, R is the gas constant and 7 is the absolute
temperature], G is the shear modulus, b is the Burgers
vector, k is Boltzmann’s constant, d is the grain size,
G is the applied stress, p and n are the exponents of the
inverse grain size and the stress, respectively, and A is a
dimensionless constant. It follows from Equation 1 that the
creep mechanism is determined by the testing conditions of
temperature and stress imposed on the material and by the
initial grain size. Thus, the flow mechanisms are identified
by using Equation 1 and determining the appropriate values
for n, p and Q.
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Over forty years ago it was proposed that creep
mechanisms may be most readily identified through the
construction of deformation mechanism maps in which,
for a constant grain size, the normalized stress, 6/G, is
plotted against the homologous temperature, 7/7 , from
absolute zero to the melting temperature’. These maps
contain contiguous fields that correspond to the dominance
of a specific creep mechanism and generally strain rate
contours are superimposed on the map to provide additional
information on the creep rate. However, the maps are
difficult to construct because the field boundaries are curved
and extensive calculations are required to solve the relevant
constitutive relationships for each deformation mechanism
at a very large number of points in stress-temperature
space. Alternative and simpler maps were suggested later
including plotting the normalized grain size, d/b, against the
normalized stress, 6/G, at constant temperature®, plotting d/b
against the inverse of the homologous temperature, T /T, at
constant stress’ and plotting 6/G against T /T at constant
grain size'?. All of these alternative maps have an advantage
because they are easy to construct for high temperature creep
since the various field boundaries and strain rate contours
appear as straight lines.

Although these various types of deformation mechanism
map are well known in interpreting conventional creep
mechanisms, there have been few attempts to date to apply
the same approach to an analysis of the flow processes
occurring in the ultrafine-grained materials produced by
SPD processing. Accordingly, this paper addresses this
deficiency by examining the procedures for constructing
maps for materials processed by ECAP and HPT.

2. A Deformation Mechanism Map for
High-purity Aluminum

Creep experiments were conducted on high-purity
(99.99%) aluminum after processing by ECAP, textures
were determined using a high-pressure preferred orientation
neutron time-of-flight diffractometer and these textures were
shown to be in excellent agreement with the theoretical
textures predicted using a visco-plastic self-consistent
(VPSC) model'!. The aluminum was processed by ECAP
for 4 passes using route B. where the sample is rotated
by 90° in the same sense between each consecutive pass
through the ECAP die'>. Processing by ECAP refined the
grain size from an initial value of 1 mm to an ultrafine
grain size of ~1.4 um and this grain size is consistent with
microstructural results using electron backscatter diffraction
(EBSD) showing the grains remain equiaxed with a size of
~1.4 um up to 12 passes'.

Tensile creep tests were conducted at 473 K over arange
of stresses from 10 to 50 MPa and the experimental results
are shown in Figure 1 plotted as the steady-state creep rate
against the applied stress. Results are shown for creep testing
of both the ECAP samples and a sample in the as-received
condition. All points lie along a single line with a slope given
by a stress exponent of n = 5. This value of n suggests that
the dominant rate-controlling mechanism is an intragranular
process involving the glide and climb of dislocations.
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A deformation mechanism map was constructed by
plotting the normalized stress against the inverse of the
homologous temperature for a grain size of 10 wm as shown
in Figure 2 where this grain size was selected because grain
growth occurs at high temperatures and this is the anticipated
grain size in high-purity aluminum processed by ECAP
after heating to the creep testing temperature'. The map
in Figure 2 depicts a number of domains corresponding
to the different possible flow mechanisms. These domains
were inserted using the appropriate constants for each
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Figure 1. Creep rate versus stress for high-purity aluminum in the
as-received condition and after processing by ECAP'.
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Figure 2. A deformation mechanism map of normalized stress
versus the reciprocal of the homologous temperature for high-purity
aluminum with a grain size of 10 um'.
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separate creep mechanism in Equation 1 and full details
of the values used for the various parameters were given
in earlier reports'*". In Figure 2 the two areas labeled
Nabarro-Herring creep'®!” and Coble creep'® are based
on the theoretical relationships developed for diffusional
creep, the area labeled grain boundary sliding is based on
the theoretical model for sliding in superplasticity'® where
this mechanism has been shown to correspond closely to
the flow behavior in materials processed by ECAP and
exhibiting superplasticity,” the field labeled dislocation
creep (climb) is based on early data for power-law creep
in high-purity aluminum'®*" and the upper transition to
dislocation glide is based on a procedure developed for
the construction of the earlier deformation mechanism
maps’. The map also includes two strain rate contours for
1.0x 10 and 1.0 x 107'° s! where these rates are the lower
limiting strain rates for laboratory experiments: other strain
rate contours are easily inserted since the lines are parallel
within each field and all strain rates are equally spaced on
a map of this form.

The deformation mechanism map in Figure 2 shows field
boundaries that delineate areas within which the specified
creep mechanism is rate-controlling. Also included in
Figure 2 are the datum points corresponding to the results
presented in Figure 1 for the samples processed by ECAP
where these points are plotted by using the applied stresses
and the testing temperature. It is readily apparent that all
of these points lie within the field for dislocation climb and
this is consistent with the results in Figure 1 where the stress
exponent is n = 5. It is also possible to check the validity
of Figure 2 by using the strain rates in Figure 1. Thus the
lowest experimental strain rate for the test at a stress of
10 MPa has a strain rate slightly faster than ~10~* s and this
is consistent with Figure 2 since the strain rate contours are
displaced upwards for faster strain rates. This result confirms
the ability to construct deformation mechanism maps that
provide information on the predicted rate-controlling
mechanisms over a wide range of testing conditions.

3. A Deformation Mechanism Map for the
Superplastic Zn-22% Al Eutectoid Alloy

Processing by SPD procedures provides an opportunity
for achieving exceptionally small grains that are not easily
attained using other methods. Since superplastic flow
and high ductilities require a grain size of <10 um,?* it is
reasonable to anticipate that, provided these ultrafine grains
are reasonably stable at elevated temperatures, materials
processed by SPD will have the capability of exhibiting
excellent superplastic properties. This trend was confirmed
in an extensive review documenting more than 60 separate
reports of superplastic elongations, corresponding to
measured ductilities of >500%, in metals processed by
ECAP*. More recently, there are also reports of high
superplastic elongations in metals processed by HPT>%.

Figure 3 shows an example of the excellent superplastic
properties achieved in the Zn-22% Al eutectoid alloy after
processing by ECAP by pressing through 8 passes at 473 K
using route B ). Tensile testing was conducted at 473 K
over a range of strain rates from 1.0 x 10* to 1.0 s and the
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samples were pulled to failure. It is evident from Figure 3
that this material exhibits excellent superplastic properties
with elongations up to 2230% at a strain rate of 1.0 x 102 s,
It is important to note that this strain rate corresponds to the
occurrence of high strain rate superplasticity®. The results
in Figure 3 are consistent with an early demonstration that
superplastic flow occurs over about two orders of magnitude
of strain rate under conditions designated region II and there
are reductions in the elongations to failure at both slower and
faster strain rates in regions I and III, respectively®. It is also
apparent in Figure 3 that under optimum superplastic conditions
the samples pull out without exhibiting the development of any
necking within the gauge length: this is consistent with the basic
requirement for superplastic flow?. For these experiments, the
grain size was reduced to ~0.8 um by ECAP.

A second example for the same alloy is shown in Figure 4
where the material was processed under HPT for 5 turns at
room temperature (RT) using an applied pressure of 6.0 GPa
and a rotation speed of 1 rpm?*. The tensile tests were also
conducted at 473 K which is identical to the temperature
used for the ECAP specimens in Figure 3. Again these
samples show high tensile elongations with a maximum of
1800% at an imposed strain rate of 1.0 x 10~ s and again
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Figure 3. Superplastic flow in a Zn-22% Al alloy after processing
by ECAP and then testing at different strain rates at 473 K*.
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Figure 4. Superplastic flow in a Zn-22% Al alloy after processing
by HPT and then testing at different strain rates at 473 K*.
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there is a division into three regions of flow. The grain size
of this alloy was estimated as ~350 nm at the edges of the
processed disks after 2 or more turns®.

There are two significant differences between Figures 3
and 4. First, the maximum elongation occurs at a faster strain
rate after HPT processing and this is consistent with the smaller
grain size in HPT because, as noted in a very early report™,
a reduction in grain size displaces the optimum ductility to
faster strain rates. Second, the maximum elongation is higher
in the sample processed by ECAP although the grain size is
larger and this is due to the use of samples having different
gauge lengths and cross-sectional areas®'.

The testing temperature is 473 K for both the ECAP
samples in Figure 3 and the HPT samples in Figure 4.
Therefore, it is possible to construct a deformation mechanism
map to include both sets of data. The result is shown in
Figure 5 in the form of a map plotting the normalized grain
size against the normalized stress for a constant temperature of
473 K. This map was plotted using the theoretical models for
Nabarro-Herring and Coble diffusion creep'®'® and fields were
inserted for regions I, II and III based on experimental data
for the Zn-22% Al alloy obtained earlier using an alloy tested
in an annealed condition without any SPD processing®>*.
The datum points for the ECAP and HPT samples are
superimposed on the map in Figure 5 and they lie correctly
within the superplastic region II.

Figure 5 also includes a broken line labeled
d/b = 20 (6/G)™" which represents the relationship for
experimental measurements of the subgrain size in high
temperature creep?' except that the size of the subgrains has
been replaced by the grain size in the material, d. This line
lies very close to the field boundary marking the intersection
of regions II and III and it demonstrates, as noted earlier™,
that the superplastic region Il occurs at grain sizes which are
sufficiently small that it is not possible to form any subgrains.

4. A Deformation Mechanism Map for the
Superplastic Pb-62% Sn Eutectic Alloy

The first attempt to construct a deformation mechanism
map after SPD processing was for a Pb-62% Sn eutectic
alloy processed by ECAP®. This is a highly superplastic
alloy exhibiting tensile elongations up to >7000%%*. Later, a
deformation mechanism map was constructed for a Pb-62%
Sn alloy processed by ECAP at room temperature for 1
to 5 passes and the result is shown in Figure 657 These
specimens were processed using route A where the sample
is not rotated between each consecutive pass'?. Following
ECAP, specimens were tested in tension at 423 K using strain
rates from 1.0 X 10~ to 1.0 X 107! s™'. The grain size of this
alloy after ECAP processing was ~5.5 pm after 5 passes and
the materials exhibited excellent superplastic properties with
tensile elongations up to >2000%.

The map in Figure 6 employs the same approach as in
the construction of Figure 5 with the theoretical relationships
used for Nabarro-Herring and Coble diffusion creep'®'®
and earlier experimental data for the Pb-62% Sn alloy for
regions I, Il and ITI1**38, The experimental points are included
in Figure 6 and they lie correctly within the superplastic
region II. The line delineating the lower limiting grain size
for subgrain formation is also again in good agreement with
the boundary between regions II and III.
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Figure 5. A deformation mechanism map of normalized grain size
versus normalized stress for a Zn-22% Al alloy tested at 473 K:**
experimental points are shown after processing by ECAP* and
HPT*.
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Figure 6. A deformation mechanism map of normalized grain size
versus normalized stress for a Pb-62% Sn alloy tested at 423 K¥7.

5. Discussion

The display of flow processes on deformation mechanism
maps provides a useful tool for obtaining information both
on the rate-controlling mechanisms under any selected
experimental conditions and in providing a predictive tool
that may be used to estimate the limitations and requirements
associated with specific mechanisms. By plotting the maps in
a simplified form, as in Figures 2, 5 and 6, the use of complex
calculations is readily avoided and it is a simple process to
prepare displays that provide meaningful information on
the conditions associated with specific creep mechanisms.

In the maps presented in this report, the flow mechanisms
are based on the use of Equation 1 with appropriate values
for each of the terms within the constitutive relationship.
These relationships are identical to those developed for
the creep and plastic flow of conventional coarse-grained
materials but they also work well for materials having grain
sizes down to the submicrometer range (as in the Zn-22% Al
alloy processed by HPT to produce a grain size of ~350 nm).

It is important to note that it may be necessary to
incorporate other mechanisms in the construction of maps
for materials having exceptionally small grain sizes.* For
example, there is evidence for triple junction diffusion creep
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for materials having grain sizes smaller than ~10 nm*. A
general form of deformation mechanism map was proposed
recently which included this mechanism*' but the present
results demonstrate that the advent of any different flow
processes is not important when the grain sizes are no
smaller than in the submicrometer range. It is reasonable
to conclude, therefore, that the present approach is valid at
least for grain sizes down to ~100 nm.

6. Summary and Conclusions

Deformation mechanism maps are a valuable tool
that may be used to identify and predict flow processes
during high temperature deformation. These maps are
used extensively in interpreting the creep behavior of
coarse-grained materials but they are seldom used to
examine the flow properties of ultrafine-grained materials.
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