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Keywords: The grain size, and therefore the grain boundary density, is known to play a major role in the flow
Defgrmation mech‘ar‘ﬁsms stress of metallic materials. A linear relationship to the inverse of the square root of the grain size
Grain boundary sliding was identified about 70 years ago giving rise to the well-established Hall-Petch grain refinement
Hall-Petch . . . . . .

. . strengthening effect. Nevertheless, grain refinement softening is known to take place at high
Mechanical properties .
Superplasticity homologous temperatures and both effects have been given separate treatments. A recent model

showed that a general relationship can explain both the Hall-Petch strengthening effect at low
temperatures and superplasticity at high temperatures. The present review discusses recent ad-
vances in structural and mechanical characterization to provide an updated analysis of trends
observed in the relationship between the grain size and the flow stress. The model of grain
boundary sliding is evaluated using multiple sets of data in the literature and a general
description is provided for the transition between grain refinement hardening and grain refine-
ment softening. The analysis incorporate data from over 30 different metals and alloys with
different grain sizes and after testing at different strain rates and temperatures. Data from mo-
lecular dynamic simulations are also included and show supporting evidence to the model of
grain boundary sliding. The thermal contribution of the grain size strengthening and threshold
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stress is discussed including the trends observed in the strain rate sensitivity of fine-grained
materials.

1. Introduction

The flow stress, or the stress at which metallic materials flow and display permanent deformation, is a key parameter in the
evaluation of their mechanical behavior and it is a subject of great interest in any attempt to understand the role played by structural
features within the materials. A common research procedure includes assessing the flow stress of pure metal single crystals with low
densities of crystalline defects and then assessing the effect of defects such as impurities, dislocations, second phase particles and grain
boundaries. These studies also generally include estimates of the effects of temperature and strain rate.

The influence of each crystalline defect, such as the type and amount of impurity atoms in solid solution, the dislocation density and
size and the morphology and amount of second phase particles, are relatively well predicted and there are accepted phenomenological
explanations for these predictions. However, an understanding of the effect of grain boundaries on the flow stress is less well
developed. The main parameter associated with the grain boundaries may be the polycrystalline average grain size which provides the
density of grain boundaries in the material. It is not easy to estimate the precise origins of research on this topic but major break-
throughs took place in the early 50s, about seventy years ago.

1.1. The Hall-Petch relationship or “low temperature grain refinement hardening”

Hall [1] published a paper in 1951 on the deformation of mild steels and made the following statement:

“It is known that if a dislocation in a matrix approaches a region, such as a grain-boundary film, which has a higher yield stress than the
matrix itself, then this region constitutes an effective potential barrier for the passage of the dislocation, In other words, the dislocation
will experience a repulsion near the grain boundary interface, and dislocations will pile up along the glide plane behind the grain
boundary film, until the stress concentrations around the tip of the slip band cause the film to yield. Deformation is then transferred to the
next grain” [1].

Hall then suggested that the difference between the flow stress of a polycrystal, ¢, and the flow stress of a single crystal, o, is
proportional to the inverse of the square root of the grain size, d, such that [1]
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This relationship was further expanded in 1953 by Petch [2] to account for the cleavage strength of polycrystals and Petch also
introduced the assumption of a Frank-Read source in the center of a grain as in the following extract:

“The dislocations initially present within the crystal can probably begin to move at small stresses, lower than the conventional yield point,
but they cannot pass beyond the confines of the grain boundary. On the glide planes that contain a Frank-Read source, there will be
dislocation multiplication, and this will continue until the accumulation of the dislocations on the glide plane and the interaction between
the dislocations within the accumulation stop the multiplication for that particular applied stress” [2].

Petch suggested a quantitative explanation to the contribution of grain size to the cleavage strength, reported experimental data of
the flow stress in agreement with Hall and then presented an equation that relates the flow stress and the grain size in the format which
has become widely established within the materials science community:

6=o00+Kd'? 2

where K is a constant which later became known as the Hall-Petch constant.

Thereafter, it has become common practice to plot experimental data of flow stress as a function of the inverse of the square root of
the grain size and it is found that this relation is valid for most, if not all, metals, at least over a range of reasonable grain sizes.
However, the original explanation for the relationship was based on the concept of dislocations emitted from a Frank-Read source in
the center of a grain piling-up at the nearest grain boundary and activating slip in the neighboring grain and this does not agree with a
broad set of data for many materials. Also, different slopes have been reported in the plots of ¢ vs d~/2 for different grain size ranges in
different materials. Accordingly, many different mechanisms have been suggested to address these issues but to date there has been no
acceptable prevailing model.

The lack of consensus on this topic appears to have various reasons but a detailed discussion on this topic is outside of the scope of
this review. Nevertheless, it is important to note that a control of the grain size for experimental analysis may be more complicated
than simply controlling the impurities, dislocation density and presence of second phase particles. Any production of samples with a
broad range of grain sizes is not an easy task and the early studies on this subject made use of samples in which the minimum grain sizes
were in the range of a few micrometers. The inherent limitation on grain refinement is of particular importance since the rule is based
on the assumption that the flow stress is inversely proportional to the square root of the grain size and this means that large flow
stresses, which are required for any accurate evaluation of trends, depend upon the presence of very small grain sizes. Therefore, it is
reasonable to anticipate that the lower bound for grain size in these earlier studies will almost certainly affect the overall accuracy of
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the predictions. Although there is the occasional early report of the production of nanocrystalline materials, such as a grain size of 12
nm in nickel in 1986 [3], the extent of available data for bulk samples having ultrafine grains has only increased significantly over the
last two decades. This is illustrated in Fig. 1 where data for the flow stress, o, of aluminum is plotted as a function of the inverse of the
square root of the grain size, d"/2. These data were collected from multiple sources [4-25] and the data from papers published in the
last century are highlighted. It is readily apparent that the range of grain sizes in experiments will play a significant role in determining
the accuracy of any trend. Thus, early studies reported values for the Hall-Petch constant, K, in the range of 10 ~ 65 MPa pm'/2 [26]
whereas data reported in this century show this constant, as estimated from the slope of the plot in Fig. 1, is probably larger than ~ 100
MPa pm*/2. In fact, there may be two stages in the ¢ vs d /2 plots for aluminum so that coarse-grained samples display a lower slope
and finer grains display a larger slope.

The development of methods to produce nanocrystalline materials led to a significant step forward in this research but the early
experiments were limited to very small samples which may also contain other defects. As a consequence, there was a great deal of
dispersion in both the data and the trends. It is only very recently that methods were developed to increase the size and homogeneity of
samples with very small grain sizes, thereby providing the possibility of accurately evaluating the trends.

1.2. High temperature grain refinement softening and “the inverse Hall-Petch behavior”

If the low temperature grain refinement hardening predicted by Eq. (2) is widely known and accepted, it is also widely accepted
that the opposite trend takes place at high temperatures. This means that smaller grain sizes produce lower flow stresses at high
temperatures. At this point it is important to clarify that the notion of “high” temperature is not absolute and depends on the melting
point of the material. In the interests of simplicity, the present work considers “low” temperatures as T < 0.3 Tp,, “moderate” tem-
peratures as 0.3 Ty, < T < 0.5 Ty, and “high” temperatures as T > 0.5 Tp,, where T, is the absolute melting temperature of the material.

High temperature mechanical behavior is usually described by using creep mechanisms for which there are well-established rate-
controlling equations. The general creep equation can be written in the form [27].

- ey o)

where ¢ is the deformation rate, A is a constant, D is the relevant diffusion coefficient, G is the shear modulus, b is the Burgers vector, k
is the Boltzmann's constant, T is the absolute temperature and p and n are constants. The type of diffusion coefficient and the constants
A, n and p vary depending on the creep mechanism. Although Eq. (3) is mostly considered in any analysis of high temperature
deformation, for conditions of steady-state deformation a similar equation has been suggested [28] to explain the low temperature
deformation of ultrafine grained (UFG) metals which do not display work-hardening and also deform under steady-state conditions.
The suggested equation considered n = 8 and p = -4 which in practice predicts a Hall-Petch relationship. Some creep mechanisms such
as dislocation viscous glide or dislocation climb occur intragranularly so that the exponent p is equal to zero and therefore the grain size
has no effect on the creep rate or flow stress. But other mechanisms, such as Coble diffusion creep [29] and Nabarro-Herring diffusion
creep [30,31] and grain boundary sliding [32], occur intergranularly and have a positive exponent p which means that, for constant
temperature and strain rate, the flow stress decreases with decreasing grain size.

For example, the strain rate for superplasticity, which is controlled by grain boundary sliding, may be estimated from the rela-
tionship [33]
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Fig. 1. Flow stress of aluminum [4-25] plotted as a function of the inverse of the square root of the grain size. The data reported in the last century
are highlighted.
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where A is a constant equal to ~ 5, § is the grain boundary width which is usually taken as 2b and Dy, is the coefficient for grain
boundary diffusion. This equation can be rearranged to separate the flow stress and the grain size so that

1/2
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The validity of this relationship is illustrated in Fig. 2 which shows the flow stress normalized by the strain rate and temperature
plotted as a function of the grain size normalized by the Burgers vector for a magnesium alloy AZ31 for which there are multiple reports
in the literature [34-43] on superplasticity and grain boundary sliding. It is apparent that the stress increases linearly with increasing
grain size and the data agree fairly well with the prediction.

The first paper reporting a true superplastic behavior was published almost ninety years ago in 1934 [44]. The understanding of the
deformation mechanism during superplasticity was developed later but it is now well established that grain boundary sliding is the
rate-controlling mechanism [45]. Thus, the trends reported for low temperature flow (Hall-Petch) and for high temperature super-
plasticity are contrary and this is illustrated in Fig. 3 in which the flow stress and the grain size are plotted in arbitrary units using a
logarithmic scale. At low temperatures the flow stress is proportional to d 12 and at high temperatures the flow stress in fine-grained
samples is proportional to d under conditions in which the material undergoes superplasticity.

It is interesting to note that the different mechanisms that were proposed [33,46,47] to explain high temperature grain boundary
sliding consider the existence of dislocation pile-ups within the grains. Both Hall [1] and Petch [2] also considered the existence of
dislocation pile-ups and made reference to a paper that had been recently published in 1951 on the equilibrium of linear arrays of
dislocations [48]. Hall suggested that the pile-up would generate deformation in the neighboring grain and Petch suggested the pile-up
could initiate fracture. Ball and Hutchison [46] attributed to Friedel [49] a suggestion that the climb of dislocations into and along
grain boundaries could be caused by the concentrated stress at the head of dislocation pile-ups. Thus, both the low and the high
temperature behavior of metals may be directly affected by dislocation pile-ups.

Although it may seem intuitively contradictory that similar assumptions will generate opposite trends in the relationship between
flow stress and grain size, a recent report showed that a mechanism suggested for grain boundary sliding can explain both trends using
a single rate-controlling equation based on the material fundamental properties and without the incorporation of any adjustable
parameters [50]. By further developing this approach, the present review critically examines some models that were developed to
explain the Hall-Petch behavior such as the structural features observed during the room temperature deformation of fine-grained
samples and the overall dispersion in experimental data. This approach provides qualitative and quantitative analyses of the model
of grain boundary sliding based on a large set of data from the literature and the results demonstrate that a single model can indeed
predict both the low and high temperature effect of grain size on the flow stress for multiple sets of experimental conditions.

2. Background of the “Hall-Petch” relationship

It is important to note that the papers by Hall [1] and Petch [2] in the early 50 s are still widely cited in analyses of the relationship
between grain size and flow stress. Since then, it is common to see the flow stress plotted as a function of the inverse of the square root
of the grain size to display a linear trend for the data. Early reports [51-54] gave values of 6y and K based on experimental data for
different metals and then discussed the phenomenology behind the various relationships. More recent reviews [55-58] incorporate
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Fig. 2. Flow stress normalized by the strain rate and temperature plotted as a function of the grain size normalized by the Burgers vector. Data for
magnesium alloy AZ31 taken from the literature [34-43].
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Fig. 3. Illustration of the different trends observed at low and at high temperatures between the flow stress and grain size.

data for true nanocrystalline materials and therefore they examine more extensive sets of results. Moreover, other properties such as
the ductile to brittle transition, fatigue, fracture mechanics and strain rate sensitivity also display dependences on the inverse of the
square root of the grain size [57]. It was recently suggested that even the corrosion rate may follow a similar dependence [59].
The relationship between the flow stress and the inverse of the square root of the grain size was initially attributed to dislocation
pile-ups at grain boundaries which would activate slip across the boundary. The length of the pile-up was considered proportional to
the grain size and therefore the smaller the grain size so the shorter the pile-up and therefore the lower the stress at its head. The stress
required to activate slip across the grain boundary was considered constant which means that for smaller grain sizes a larger external
stress was required to activate slip. Following this approach, and considering the stress required to activate slip across the grain

boundary as a fraction of the shear modulus, it is possible to estimate the slope K in Eq. (2) and then reach the following relationship
[60]:

0:60+aG\/E/\/Z 6)
where a may attain a value of ~ 0.1 [60]. It is possible to reach a similar relationship, with different value for a, considering an
alternative theory in which the grain boundaries act as sources of dislocations [60]. An early report showed that the Hall-Petch effect
can also hold after the beginning of plastic deformation. Thus, a constant slope between flow stress and the inverse of the grain size can
be obtained after straining for materials displaying a yield point behavior or not [51].

Many theories were suggested over the years and they were described and critically reviewed elsewhere [55,56]. These theories are
sometimes divided into groups based on their basic mechanisms such as dislocation pile up, work-hardening and composite models.
Although the basic mechanisms in these models differ, they usually consider, at least for a range of grain sizes, a linear relationship
between the flow stress and the inverse of the square root of the grain size so that this is in agreement with the original Hall-Petch data.
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Fig. 4. Flow stress of pure magnesium plotted as a function of the inverse of the square root of the grain size. Data taken from the literature [64,66].
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The next section discusses some of these models but it is important to point out that the continuous linearity in o vs d17?
questioned by experiments in recent decades.

The more recent ability to produce samples with smaller grain sizes has provided the opportunity to expand the ¢ vs d */“ plots.
Thus, while the continuous linear trend between flow stress and the inverse of the square root of the grain size was confirmed up to the
nanometer range for some materials such as iron [61], different trends were observed at different grain size ranges for other materials
and there are many reports of a decrease in the Hall-Petch slope in nanocrystalline materials [62]. For example, it is now known that
magnesium and its alloys display a specific slope for the coarse-grained range and a lower slope in the fine and ultrafine-grained range
[63-67]. The larger slope in the coarse-grained range is attributed to twinning-controlled deformation while the lower slope at finer
grains is attributed to slip-controlled deformation [67,68]. Also, a decrease in the flow stress with decreasing grain size is observed at
very small grain sizes. These different slopes are shown in Fig. 4 in which experimental data for pure magnesium [64,66], including
samples with grain sizes smaller than 1 pm, are plotted as a function of d~/2. Thus, a higher slope is observed up to d"1/2 of ~ 0.4 and
this is followed by a reduced slope and then a negative slope at d~1/2 larger than ~ 0.8.

The decrease in flow stress with decreasing grain size is also known as the inverse Hall-Petch effect or grain refinement softening. It
is widely accepted that this effect takes place during high temperature deformation but it was also reported at room temperature in
nanocrystalline materials. A recent review discusses this topic [56]. Although there is some doubt concerning the existence of the
inverse Hall-Petch effect since defects introduced during sample preparation may interfere with the mechanical testing, there are now
large numbers of reports of this effect. A summary of experimental data on the flow stress of nanocrystalline materials and a critical
examination of different models for the deformation mechanism of these materials and the inverse Hall-Petch effect is available
elsewhere [69].

It is important to note that, in addition to the reports for nanocrystalline materials, the inverse Hall-Petch effect is widely
considered to take place at room temperature in materials having low melting points. For example, grain refinement softening was
reported in Zn in 1969 [70]. Recent reports also show grain refinement softening in other materials such as high purity Al [71], Mg
[63,64], Mg-Li [72], Al-Zn [73], Pb-Sn [74] and Bi-Sn [75] alloys. Thus, it is apparent that thermally-activated mechanisms, which
should be enhanced in low melting point materials, play a major role in the relationship between flow stress and grain size. This will be
further discussed in the next sections.

plots has been

172

2.1. Some models for the “Hall-Petch” effect

As noted earlier, a model for the Hall-Petch effect based on dislocation pile-ups may predict that the slope between o and d~/2 is
given by aGb/%. The value of the constant « depends on assumptions regarding the deformation and it is possible to reach a value of ~
0.1 [60]. Nevertheless, this relationship does not agree with the experimental data for multiple materials. Comparisons between the
experimental values of K and aGb'/? suggest that the values of the constant « may vary by up to one order of magnitude [55].

Different dislocation pile-up models have been suggested and account for some of the disagreement with the experimental data. For
example, different Hall-Petch slopes are predicted when considering concentric circular dislocation loops [76]. The Hall-Petch slope
may also be affected by the number of slip systems and dislocation locking in different materials [51]. For instance, the Hall-Petch
slope can be estimated using the following equation (7) on the basis of dislocation pile-ups [77]:

aMsGbrt, 12
2 ) @)

Kaist. pite—wp = M <T
where M is the Taylor factor, Mg is the Sachs orientation factor, 7. is the shear stress on a locked dislocation at the tip of the pile-up and
B is a function of the Poisson coefficient with a value of ~ 0.8. Good agreement between the prediction from Eq. (7) and experimental
data was reported in nanocrystalline Al, Cu and Ni [77].

Other models were developed to explain the Hall-Petch effect based on the effect of grain size on the dislocation density and work-
hardening, including a model based on the non-homogeneous deformation of materials [78]. This model considers gradients in the
plastic deformation of metals caused by the microstructure. Specifically, it considers that geometrically-necessary dislocations (GND)
are created to maintain deformation compatibility and the density of these dislocations contribute to the strength of the material. The
relationship between the flow stress and the grain size for this mechanism is then given by [78]:

0 = 0o+ CG\/be/d (€)

where Cis a constant and ¢ is the amount of plastic deformation. It follows that the slope in the 6 vs d /2 plots is then given by CG(be)'/

2 which means that it will increase with increasing plastic strain. Other models [79-81] also consider that the grain size affects the
dislocation density and the flow stress. Many studies evaluate the changes in slope between ¢ and d~'/? with increasing strain and a
recent review [55] showed that some of these studies reveal an increase in slope as predicted by Eq. (8) so that this model is the most
consistent with observations of dislocation structure in deformed coarse-grained polycrystals. It is worth noting that most of the studies
which reported an increase in the Hall-Petch slope K with increasing strain were based on coarse-grained samples that display strain
hardening behavior. It is now well known that ultrafine and nanocrystalline materials display negligible strain hardening. Accordingly,
this will affect the validity of Eq. (8) as now examined.

A rule of thumb to estimate the minimum grain size at which the material continues to display strain hardening is to place it equal
to the size of the stable sub-grain size. The stable sub-grain size, 2, is a function of the applied stress and the following relationship in
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Eq. (9) is valid for a broad range of materials including metals, ceramics and geological materials [27,82-84]:

A G
= g<;) ©)

where ( is a constant equal to ~ 20. Thus, it is necessary to estimate the relationship between the flow stress and the grain size in order
to determine the minimum grain size at which strain hardening behavior is expected. The flow stress of pure aluminum predicted by a
recent model and validated by experimental data [50] and the predictions of the stable sub-grain size from Eq. (9) for pure aluminum
are shown in Fig. 5a. The intersection between the curves reveals that a grain size of ~ 0.8 pm is equal to the sub-grain size in
aluminum at room temperature so that strain hardening is expected for grains larger than this value and steady-state deformation is
expected for smaller grains. Thus, the stress vs strain curves obtained in tensile tests for pure aluminum with different grain sizes [14]
are shown in Fig. 5b for comparison. It is readily apparent that samples with grain sizes smaller than 0.8 pm do not display any
hardening while samples with coarser grain structures display strain hardening and this is in agreement with the assumption that no
hardening is expected when the grain size is smaller than the sub-grain size.

A direct consequence of this lack of strain hardening in ultrafine and nanocrystalline materials is that there is a fundamental
disagreement with the model of non-homogeneous deformation of materials [78] as given by Eq. (8) which predicts an increase in
slope with increasing strain. As the increase in strain increases the flow stress of coarse-grained materials but does not affect the flow
stress of ultrafine-grained materials, the slope in the ¢ vs d~/2 plots can only decrease with increasing strain if a broad range of grain
sizes is considered.

It is now well established that the linearity of the relationship between the flow stress and the inverse of the square root of the grain
size is not constant for many materials over a broad range of grain sizes. Thus, the variations in the slope can be treated as a
consequence of different deformation mechanisms [85,86]. The change in slope has also been attributed to a decrease in the number of
dislocations in the pile-up with decreasing grain size [87].
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Fig. 5. (a) Flow stress for pure aluminum predicted by the model [50] plotted as a function of the grain size together with the predicted relation
between applied stress and subgrain size and (b) experimental stress strain curves for pure aluminum with different grain sizes [14].
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There are also some models that consider the structure as a composite in which the grain boundary region displays a different
behavior than the grain interior [81,88-90] and these models predict a decrease in slope in the fine grain region as a consequence of
the increase in volume fraction of the grain boundary phase. One of the models [81] considers that elastic stress incompatibilities
between different grains raise the stresses in the vicinity of the grain boundaries and thereby generate dislocations. The dislocation
density becomes larger near the grain boundaries and this increases the flow stress in these regions. The material behaves as a
composite in which the bulk material has a flow stress of o and the grain boundaries have a flow stress equal to ogg (6 > 0B).
Considering the fraction of the grain boundary volume is proportional to d'/? it is possible to reach the following relationship for the
polycrystalline flow stress:

1 (10)

6 =05+ 8w(0s —05)d""* — 160 (665 — 65)d™

where o is an appropriate fitting parameter. Thus, this model predicts a Hall-Petch relationship with the flow stress proportional to
d"1/2 in the coarse-grained regime and a decrease in slope at very small grain sizes. Theses composite models have shown good
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Fig. 6. (a) Flow stress at different temperatures for copper plotted as a function of the inverse of the square root of the grain size (data taken from
the literature [95]), Hall-Petch slope K plotted as a function of the temperature for (b) Fe [96,98,99,102-104] and (c) Mg [105,109-112].
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agreement with experimental results and reviews [56,62] on the Hall-Petch effect, focused on nanocrystalline materials, suggest they
provide the best description of the behavior in the grain size range between 100 nm and 1 pm.

2.2. The thermal contribution

It is important to point out that some of the models available in the literature do not consider a thermal contribution to the Hall-
Petch slope and this means that the temperature and the strain rate should not affect the trends. Nevertheless, some models consider
the thermal contribution. For example, a composite model considers separate effects from the grain interior and the grain boundary
volumes where the behavior of the material in the grain boundaries is thermally-activated [88-90]. This assumption enables the model
to predict an inverse Hall-Petch effect at very small grain sizes and differences in behavior at different temperatures and strain rates.
Three separate grain size regimes were suggested elsewhere [85] and different deformation mechanisms were proposed for each
regime including the prediction of grain refinement softening at very small grain sizes. The Hall-Petch slope, as given by Eq. (7) for a
dislocation pile-up model, depends on 7, which is the resistance against dislocation nucleation. It is expected that this parameter will
depend on the temperature [77]. These latter models [77,85] show good agreement with the experimental data of activation volumes
reported in the literature for ultrafine-grained materials. The storage and annihilation of dislocations at grain boundaries was
considered in a different model and compared to data for ultrafine-grained Cu and nanocrystalline Ni [28].

Thermally-activated mechanisms are usually included in analyses of the deformation mechanism of nanocrystalline materials
considering that the deformation mechanism changes in these materials. For example, the Coble creep mechanism [29] was considered
as the source of grain refinement softening in an early report of this effect [91]. A mechanisms in which the deformation rate is
controlled by the absorption of dislocations at grain boundaries was suggested to explain the transition between conventional Hall-
Petch behavior in coarse-grained materials and the inverse Hall-Petch effect in their nanocrystalline counterparts [92]. A good fit
to the experimental data for the inverse Hall-Petch effect in nanocrystalline materials was observed when considering a model for
dislocation-accommodated boundary sliding [93,94].

Experimental evidence is available showing that the temperature affects the behavior of metallic materials not only in the
nanocrystalline range but also in coarse-grained samples. The thermal contribution may be small in materials with high melting points
and therefore experiments carried out over narrow temperature ranges cannot detect a clear effect. Experiments over wide-ranging
temperatures reveal a slight decrease in the slope in ¢ vs d1/2 plots with increasing temperature in Cu [95], Fe [96-99] and Ti
[100,101]. Fig. 6a shows an example of these plots for copper tested at 77 K, 290 K and 473 K where a decrease in slope is evident with
increasing temperature [95]. The slopes, K, for iron were estimated from data in the literature [96,98,99,102-104] and are plotted as a
function of temperature in Fig. 6b where there is a clear trend of decreasing K with increasing temperature.

The change in slope is more pronounced and more easily revealed in experiments in lower melting point materials such as Al [23],
Mg [68,105,106] and Pb [107]. Fig. 6¢ shows a summary of the slopes reported in the literature for pure magnesium plotted as a
function of the testing temperature. A trend of a decrease in the value of K with increasing temperature is also noted. It was also
reported that the relationship between flow stress and grain size for magnesium depends on the strain rate [63]. Many authors
[98,99,102,105,108] report that the experimental observations of decreasing K with increasing temperature support the dislocation
pile-up model with a slope given by Eq. (7)[51]. The thermal contribution in this case is associated with the parameter 7, which is
considered a function of the temperature and strain rate.

One point to note in any analysis of the theories and models for the Hall-Petch effect is that the amount of data, materials and
testing conditions considered in the validation process is invariably very limited. In practice, any comparison with a broad range of
data from multiple materials is generally difficult due to considerations of parameters other than the material fundamental properties
and the grain size. A recent report [113] evaluated different theories and models, including pile-up, work-hardening and composite
models, and concluded that the data do not support any of them. This analysis included data fitting and Bayesian meta-analysis and the
authors questioned the exponent of —1/2 in the Hall-Petch model and suggested instead that the general size effect could explain the
relationship between grain size and strength.

It is important to remember that the amount of experimental data in studies concerning the effect of grain size on the flow stress is
large and diverse. The level of flow stress and the trends vary significantly for the same “material” in isolated studies and this
dispersion in data is discussed in a separate section. Thus, the disagreement between a model and sets of data must be considered with
care, as well as any apparent agreement. Different trends reported in flow stress vs grain size plots, in different materials and in
different testing conditions may be attributed to different deformation mechanisms operating under specific conditions. Therefore any
disagreement with an isolated set of experiments should not rule out any model or theory.

A model proposed recently [50], based on the mechanism of grain boundary sliding, attempts to address these deficiencies by
considering a thermally-activated mechanism to estimate the flow stress for a broad range of grain sizes and testing conditions and by
then providing a large amount of supporting evidence based on results available in the literature. It was later shown that this model
provides good agreement with experimental data for 26 pure metals processed by severe plastic deformation (SPD) [114] and for
magnesium alloys [67,115]. It was also shown that the model predicts the room temperature relationship between flow stress and grain
size for 16 different metals and there is also good agreement with experimental data for the strain rate sensitivity of ultrafine-grained
metals [116]. Finally, a recent paper confirmed that the model also predicts, in good agreement with the available experimental data,
the flow stress, strain rate sensitivity and apparent activation volume of a multi component high-entropy alloy having different grain
sizes, strain rates and temperatures by making use of a description of the thermal contribution of the threshold stress [117]. The next
sections describe this mechanism and provide a more comprehensive critical evaluation by considering a broader range of materials
and testing conditions.
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3. A unified model for the effect of grain size at low and high temperatures based on grain boundary sliding

Grain boundary sliding is widely known to take place during high temperature flow and its direct contribution to the deformation
rate depends on the grain size, strain rate and temperature. An early report [33] describes this mechanism and provides the rate
equations for situations in which the grain size is either smaller or larger than the stable sub-grain size. It was recently shown that a
simplification considered in the early study, which was based on the low stresses and high diffusion rates of high temperature
deformation, is not valid for lower temperatures and therefore a different equation, without any simplification, was developed [50]. It
was then suggested that the relationship between the flow stress and the grain size can be predicted for a broad range of materials,
temperatures and strain rates by essentially considering the model for grain boundary sliding [50].

The phenomenological principles of the model consider that extrinsic dislocations glide at grain boundaries causing grain boundary
sliding and building up stresses at triple junctions. These high stresses activate slip in the neighboring grain so that dislocations are
emitted from the grain boundary, glide through the grain and pile up at the opposite boundary. The dislocations are then absorbed by
the opposite boundary through climb which is assisted by the high stresses developed by the dislocation pile-up. The mechanism is
effectively illustrated in Fig. 7.

The stress at the head of the pile up, oy, is given by Eq. (11), the climb velocity, v, is given by Eq. (12) and the overall sliding rate, ¢,
is then given by Eq. (13) considering the time required for a dislocation to climb a distance h is t = h/v. and the sliding rate is b/t [50]:
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where L is the length of the pile-up, 7 is the shear stress acting on the slip plane, D is the relevant diffusion coefficient which is
considered equal to the grain boundary diffusion coefficient, Dg, and d is the spatial grain size. The length of the pile-up and the
distance a dislocation climbs depends on the grain size and it was considered that L ~ L, h ~ 0.3 L and d ~ 1.7 L, where L is the mean
linear intercept grain length. It follows that the grain size affects the deformation in opposing ways. Decreasing the grain size decreases
the climb distance and increases the contribution of grain boundary sliding to the overall deformation rate.

These effects are expected to decrease the stress required for flow which contradicts the Hall-Petch relationship. Nevertheless,
decreasing the grain size shortens the pile-up length and increases the stress required for flow which is consistent with the Hall-Petch
relationship. Thus, the mechanism has the capability of predicting, depending on the precise experimental conditions, either grain
refinement hardening or grain refinement softening. A detailed description of the assumptions and an estimation of the rate-controlling
mechanism is available elsewhere [50] where the fundamental equation for flow is given as follows:

Grain
boundary
sliding

L

Fig. 7. Tllustration of the basic principle of the mechanism of grain boundary sliding [50].
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where d; is the spatial grain size. Although the behavior in creep is usually calculated in terms of a rate-controlling mechanism, it is
important to isolate the stress, o, to provide a direct comparison with the low temperature data. Thus, Eq. (15) provides a prediction for
the stress which is given by [50]:

3GkT éd,’
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Equations (14) and (15) incorporate the spatial grain size which is a usual practice in high temperature analyses. However, many

studies consider the mean linear intercept length, dj, as the grain size in low temperature experiments. It is important to consider this
difference and thus Eq. (16) provides an estimate of the flow stress considering the conventional relationship of d; = d;/1.74 [118]:
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The contribution of the grain size to the flow stress depends on the fundamental properties of the material, such as the values of G, b
and 6Dgp, and the precise testing conditions in terms of T and é. In practice, the value within the logarithm function, ln(édf /106Dy, +1)
in Eq. (15), dictates whether superplasticity or Hall-Petch behavior may be expected and this situation is now examined.

In conditions in which the grain boundary diffusion coefficient is large and the strain rate and grain size are small, the values within
the logarithmic function decrease. An approximation of In(x + 1) ~ x can be made for very small x and then Eq. (15) becomes Eq. (4)
which is the model for high temperature grain boundary sliding and the flow stress decreases with grain refinement. This condition is
often observed in the high temperature testing of fine-grained materials and superplasticity may be observed in these situations.

By contrast, under conditions in which the value within the logarithmic function is large such as with a low grain boundary
diffusion coefficient, a high strain rate and/or coarse grain structures, an approximation can be made such that small variations in the
grain size are considered to not affect significantly its outcome. This means that under these conditions Eq. (15) and Eq. (16) predict a
Hall-Petch type of behavior given by Eq. (2) with the slopes given by the following Egs. (17) and (18) for a spatial grain size and a linear
intercept grain size, respectively. This condition is often observed in the low temperature testing of coarse-grained materials.
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It is interesting to note that the grain size remains present within the equation of the slope and this means that the slope depends on
the grain size range. A slight decrease in slope is then predicted for ultrafine and nanocrystalline materials compared with their coarse-
grained counterparts.

In addition to the mathematical description of these distinct regimes, it is important to discuss the phenomenology behind the low-
and high-temperature deformation. The mechanism of grain boundary sliding is based on the assumption that the climb of dislocations
at the tip of the pile-up plays a significant role in controlling the deformation rate. At high temperatures and low strain rates the
thermal contribution to vacancy diffusion along grain boundaries is expected to maintain equilibrium in the vacancy concentration.
However, with decreasing temperatures and increasing strain rates the thermal contribution cannot sustain the rate of diffusion and
the stress then plays an increasing role. The non-conservative climb of jogged dislocations is expected to create a supersaturation of
vacancies [50]. In practice, the flow stress increases and the strain rate sensitivity decreases with decreasing temperature and
increasing strain rate.

It is important to note that Egs. (14)-(18) are based on the fundamental properties of the materials and there are no additional
adjustable parameters. This demonstrates that the relationship between the flow stress and the grain size should not vary for different
crystalline structures but rather it should be similar in pure metals and dilute alloys provided the alloying elements introduce no
significant change in the fundamental properties of the pure material. Supporting evidence for the overall effectiveness of the pre-
dictions from this model are readily available in the literature [50,114,116,117] and will now be reviewed.

4. Structural features observed during deformation

The mechanism of grain boundary sliding introduced in the previous section involves the assumption of the glide of dislocations
unimpeded through the grain towards the opposite grain boundary. This condition is only satisfied in recrystallized samples or in
materials having grain sizes smaller than the stable sub-grain size which can be estimated using Eq. (8) in Section 2.1. Dislocation
accumulation and dislocation cells may develop in coarse-grained materials during deformation, or twin boundaries may form to
impede dislocation movement as was reported in the first experimental investigation of the role of matrix dislocations in super-
plasticity [119], and this will prevent the dislocations from moving freely throughout the grain interior. Therefore, Eqs. (10) and (11)
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Fig. 8. Examples of grain boundary offsets reported in ultrafine-grainede (a) Al [120], (b) Cu [121] and (c-f) Mg [64] and attributed to grain
boundary sliding.
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can only predict the initial flow stress of coarse-grained materials but may predict the steady-state flow stress of ultrafine-grained
materials. It is therefore important to examine any reports of structural features observed during the deformation of ultrafine and
nanocrystalline materials.

It is expected that the grain boundaries undergo a large amount of shearing due to the glide of extrinsic dislocations and this will
lead to the formation of surface steps in these regions during deformation. This is a well-known feature observed in samples which
undergo high temperature grain boundary sliding. Surface steps along grain boundaries have also been widely reported in ultrafine-
grained materials tested at room temperature. Fig. 8 shows examples of grain boundary offsets reported in ultrafine-grained samples of
(a) Al subjected to indentation [120], (b) Cu subjected to compression [121] and (c-f) Mg subjected to tensile deformation [64] which
were attributed to grain boundary sliding. Other reports are available for pure Mg [63,122] and Mg-8 % Li [72], Mg-0.3 % Bi [123],
Mg-0.65 % Mn [124], Al-30 % Zn [73,125] and Bi-42 % Sn [75] alloys.

In addition to the reports of grain boundary offsets, dislocation mediated displacements between grains along grain boundaries was
observed during in situ straining of nanocrystalline platinum [126]. High-resolution transmission electron microscopy (TEM) images of
the same area taken at different stages of deformation revealed grain rotations assisted by dislocation climb along grain boundaries.
Fig. 9 shows a sequence of images from one region of the sample at different strain levels. The grains are numbered in Fig. 9b and the
angles between the grains 1 and 2, 1 and 3 and 3 and 4 before and after deformation are reported in Fig. 9a and 9f, respectively. It was
reported that a decrease in dislocation density between grains 1 and 3 through dislocation climb caused a rotation of the grain and a
decrease in the angle between these grains [126].

Another assumption from the model is the emission of dislocations from grain boundaries to accommodate the grain boundary
sliding process. This is supported by multiple sources including TEM observations during in situ deformation of ultrafine-grained IF
steel [127] which revealed a continuous emission of dislocations from grain boundaries. Fig. 10 shows a sequence of images in which
the dislocation source is identified as “2R” in Fig. 10a and it was reported there were multiple dislocations emitted from the same

St
W r.ﬂ’

Fig. 9. High resolution TEM images of the same area at different strain levels during in situ deformation. The grains are numbered in (b) and the
angles between some of the grains before and after deformation are reported in (a) and (f) respectively. The scale bar is 2 nm [126].
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Fig. 10. Sequence of TEM images obtained during in situ compression of ultrafine-grained IF steel showing dislocation emission from a grain
boundary [127].

source during deformation [127]. Dislocation emission from grain boundaries has been reported also during in situ deformation of
nanocrystalline copper [128] and nickel [129].

Dislocation pile-ups are widely known features observed in many coarse-grained materials. Nevertheless, there is skepticism
concerning whether dislocation pile-ups take place in ultrafine and nanocrystalline materials due to the shorter available length scales
in these materials. However, in situ deformation of nanocrystalline copper revealed the development of a pile-up in a grain as small as
20 nm [128]. Fig. 11 shows a sequence of images of deformation ahead of a propagating crack and the dislocation pile-up is highlighted
using white arrows.

Although the process of dislocation climb is difficult to observe during in situ experiments, it was reported during deformation of
nanocrystalline platinum and, as shown earlier, played an important role in grain rotation [126]. It is worthwhile noting that the non-
conservative climb of jogged dislocations is expected to generate point defects within the crystalline structure of the material.
Therefore, the large plastic deformation of ultrafine-grained materials, in which the climb process is active, is expected to produce an
enhanced concentration of point defects such as vacancies which will cause an excess volume. In fact, excess free volumes and va-
cancies have been widely reported in ultrafine-grained materials subjected to processing by SPD [130-135].

This excess of free volume can be estimated directly using dilatometry. The principle of this technique is depicted in Fig. 12a where
the variation in length during heating of a specimen of material processed by SPD is illustrated by a continuous line and an undeformed
specimen by a dashed line. A deviation is observed in the material processed by SPD in which the rate of length change is reduced at a
certain temperature. This effect is attributed to the annealing of an excess volume in the processed material and it is depicted in
Fig. 12b where the undeformed sample is illustrated in white while the processed material is illustrated in gray shade. The ultrafine-
grained material processed by SPD displays an excess volume which is annealed out at a certain temperature leading to a decrease in
the sample length [133]. An example is shown in Fig. 12c for iron processed by high-pressure torsion where the processed material is
depicted by a continuous line and an undeformed material is shown as a dashed line. A clear change in volume, attributed to annealing
of an excess volume, is observed in the first cycle of heating of the processed material [136]. The occurrence of excess vacancies in
ultrafine-grained metals processed by SPD was also confirmed using a positron annihilation technique [137].

Molecular dynamics simulations have been an important tool to understand the deformation mechanism of materials with small
grain sizes. Despite the limitations of sample volume and the exceptionally high strain rates of over ~ 10% s}, these studies allow the
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Fig. 11. Evidence for the formation of a dislocation pile-up during in situ deformation of nanocrystalline copper [128].

identification, tracking and visualization of various deformation features. There are reports that confirm some of the features which
were observed during in situ experiments such as the emission of dislocations from grain boundaries [138,139]. Simulations in
nanocrystalline aluminum revealed that partial dislocations are emitted from ledges at grain boundaries during deformation and the
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Fig. 12. (a) and (b) Ilustration of the principle of the dilatometry technique for the evaluation of annealing of excess volume [133] and (c) an
example of an experiment on iron processed by high-pressure torsion [136].

source of the partials can be located in different areas of the grain boundary or even at different grain boundaries [140]. Fig. 13 shows a
3D image of a step in the simulation in which the leading partial dislocation has glided through a significant area and the trailing
partial is emitted. The stacking fault between the partials is illustrated with atoms highlighted in red, the source of the leading partial is
labeled with “LP” and the source of the trailing partial is labeled with “TP” [140]. The region where these partial dislocations were
emitted is close to a grain triple junction so that this image looks similar to the schematic illustration of the grain boundary sliding
model as depicted in Fig. 7.

Many of the deformation features suggested by the grain boundary sliding model were also observed during deformation of
nanocrystalline copper using molecular dynamics simulations [141]. Thus, simulations were conducted considering samples with
different grain sizes ranging from 5 to 50 nm and this revealed a maximum in the flow stress for grains in the range of 10 ~ 15 nm. It
follows that, while deformation was mainly concentrated along the grain boundaries in the finest grain size range, dislocation emission
from grain boundaries, dislocations pile-ups and dislocations absorbed at grain boundaries were also observed in the coarser grain
range [141]. Fig. 14 shows a 3D image of a step during deformation where a dislocation that split into partials is labeled with “A” and
pile-ups are labeled with “B” and “C”. It was reported that the pile-up labeled “B” is 35 to 40 nm in length and consists of five to six
dislocations which is in agreement with the expectations from a stress of 2 GPa [141].

Other interesting observations from molecular dynamics simulation include grain boundary migration [142] and a report of
diffusion-assisted creep mechanisms [143]. There are also reports that significant portions of the deformation is accommodated at
grain boundaries in nanocrystalline materials [144-146]. In addition, simulations in Cu and Ni [147] in which the grain sizes were in
the range of a few nanometers revealed significant deformation along grain boundaries and the emission of partial dislocations from
grain boundaries at triple junction. It was concluded that “Atomic displacement analysis shows that deformation starts at triple points, with
GB sliding followed by the creation of intragrain Shockley partial dislocations which glide on slip systems that are not necessarily those favored
by the Schmid factor” [147]. This conclusion is very similar to the description of the mechanism proposed for grain boundary sliding
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Fig. 13. Three dimensional illustration of the process of partial dislocations being emitted from grain boundaries in a molecular dynamics simu-
lation of the deformation of nanocrystalline aluminum [140].

Fig. 14. 3D image of a molecular dynamics simulation of deformation of nanocrystalline copper. The atoms at grain boundaries are darker and the
atoms at dislocation cores are lighter. Dislocation pile-ups are labeled “B” and “C” in the image [141].

[50]1.

Accordingly, it is concluded that ex situ and in situ experiments and molecular dynamics simulations provide significant supporting
evidence for all phenomena that are incorporated into the mechanism for grain boundary sliding [50]. Nevertheless, this does not
prevent other mechanisms from operating together with sliding or under specific conditions. Thus, the existence of a rate-controlling
mechanism does not prevent other mechanisms from operating but rather it allows an estimation of the strain rate or the flow stress
required for the overall deformation. The best procedure for evaluating the effectiveness of a model as the rate-controlling mechanism
is therefore to compare its prediction to a broad set of experimental data. This comparison is provided in the following sections but a
first critical discussion is needed on the significance of the dispersion in the relevant experimental data. These details are given in the
following section.
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5. Dispersion in the experimental data

As the numbers of results available in the literature increase, researchers typically try to correlate data for one material obtained
from multiple sources. This procedure allows the evaluation of trends for a broader range of grain sizes and testing conditions. It also
introduces a spread in the data. One of the difficulties in evaluating the relationship between flow stress and grain size is the disparity
between experimental data and the trends reported in isolated studies.

Thus, the method used to produce the samples is one of the main sources of dispersion, particularly for nanocrystalline materials.
Fig. 15 shows data for the flow stress plotted as a function of d /2 for Cu and Cu alloys produced using different methods and each
symbol corresponds to a different set of experiments. Following Tabor s rule [148], the values of hardness were divided by 3 to
correlate with the flow stress. Different trends are reported in different sets of experiments and in materials produced using different
techniques. It is apparent that materials produced using bottom-up techniques (gray symbols in Fig. 15), in which the sample is built
from very small pieces and then consolidated as in inert gas condensation (IGC), display lower values of strength. This can be directly
attributed to defects that are introduced during the fabrication of these samples such as porosity. Moreover, significant grain coars-
ening was observed below the tip of an indenter in pure nanocrystalline copper produced by IGC [149]. Grain growth was even more
significant at cryogenic temperatures and in samples with higher purity and it was concluded that stress-driven grain growth could
invalidate the results of some mechanical tests in nanocrystalline metals [149]. A close inspection of Fig. 15 reveals that one of the sets
of experiments depicted in samples produced using the IGC method, where the grain sizes were coarser [150], suggest a higher slope
compared to the others. Also, a set of experiments in which impurities were added to copper during ball milling [151] also suggests a
higher Hall-Petch slope compared to other bottom-up techniques. These sets are depicted using dark gray symbols.

The data from materials processed using SPD [152] (red symbols in Fig. 15) such as equal-channel angular pressing (ECAP) and
high-pressure torsion (HPT) exhibit a higher slope which is in agreement with the higher slope predicted from two set of experiments
from samples produced using a bottom-up technique which are depicted using darker gray symbols. These data include the results from
tests in bulk samples with recrystallized grain structures covering a wide range of grain sizes [153]. The SPD techniques are known as
top-down since the grain refinement is introduced in a bulk sample and therefore porosity is avoided. It is worthwhile noting that the
minimum grain size achieved using SPD is significantly smaller than achieved using conventional thermo-mechanical operations but
nevertheless it is larger than when using bottom-up techniques. The grain size introduced through SPD can be reduced by the addition
of second phase particles [154] and some impurity elements [155] which prevent grain growth during processing. An analysis of the
data shows that these defects, which are introduced to pin grain boundaries, do not alter the trends observed in the ¢ vs d /2 plots.
Finally, it is important to note that the data in Fig. 15 include the results obtained from the consolidation of particles using HPT [154]
and these data display a high slope which is similar to that obtained in bulk samples. This suggests that plastic deformation is an
effective way to consolidate particles and may reduce the numbers of defects in the finished product. Additional supporting evidence
for the effectiveness of plastic deformation in the consolidation of particles is the higher strength, in the range of ~ 1300 MPa, observed
in samples produced by the hot extrusion of particles subjected to ball milling [151]. Thus, in order to minimize the dispersion in the
collected data it is important to critically examine the method used to produce the samples and to avoid considering data that may
display lower strengths due to the defects introduced during the preparation.

A recent review provided a large collection of data from different materials and it included a description of the purity level in the
material, the fabrication method, the procedure used for estimating the grain size and the type and conditions of mechanical testing for
each set of data [51]. A few sources of scattering in the data were identified. It is reported that the purity level in each alloy can affect
significantly the data and an example is given for Nb where a dispersion of roughly 2 x is observed in the flow stress for similar grain
sizes in different reports [55]. Fig. 16 shows another example where the flow stress of titanium with different purity levels is plotted as
a function of d"1/2 [100]. These data reveal a difference of over 2 x in the flow stress for similar grain sizes depending on the amount of
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Fig. 15. Flow stress of copper plotted as a function of the inverse of the square root of the grain size. The data were collected from the literature and

include materials processed by equal-channel angular pressing (ECAP) [156-158], high pressure torsion (HPT) [153,154,159], ball milling (BM)
[128,151] magnetron sputtering (MS) [160] and inert gas condensation (IGC) [91,150,161,162].
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Fig. 16. Flow stress of titanium with different purity levels. Data taken from the literature [100].

oxygen incorporated as impurities. In practice, this difference is expected to be larger in coarse-grained samples due to the larger
contribution of the threshold stress to the overall flow stress in this range.

The & vs d~ /2 relationship can also be affected by texture and this is more significant in h.c.p. metals. For example, the constants
oo and K in Eq. (1) depend on processing and the loading directions in magnesium and its alloys. A summary of values reported for the
constant K is available [163] and differences over 2 x are reported. Experiments in which the loading direction was varied in hot-rolled
magnesium alloy revealed that 6 varies up to ~ 4 x and K varies over 2 x for the same material depending on the loading direction
[164]. A procedure was recently developed to estimate the values for these constants as a function of the texture parameters [165].
Examples of variations of over 2 x in the value of K for pure magnesium were depicted earlier in Fig. 6¢.

5.1. The estimation of the flow stress

Multiple sources of dispersion in data for different sets of experiments fall within the estimation of the flow stress. The transition
from the elastic to the plastic regime can be hard to identify in many materials and this is especially true for coarse-grained samples.
The use of a precision extensometer increases the accuracy of the measurements but it remains necessary to decide upon an appropriate
yield criterion. The most common criterion is to consider the flow stress as equal to the stress at a plastic strain of 0.002 or 0.2 %.
However, some authors report the stress at different levels of strain and many studies rely on mechanical testing without the use of
precision strain measurement devices and this causes differences in the reported trends and a dispersion in the data collected from
multiple sources.

Fig. 17 shows data for 6 vs d” /< at different levels of strain, €, for Cu-30 % Zn brass [166] and it is apparent that the stress levels and
the intercept with the stress axis, 6¢, increase with increasing strain. This effect is noticeable in coarse-grained materials that display
significant strain hardening and may play a major role in any comparison of data obtained from hardness measurements and uniaxial
loading mechanical testing. For example, a plastic deformation in the range of ~ 8 % is introduced in the material when making
hardness indentations [167] so that, in practice, hardness testing evaluates the strength of an area which was subjected to plastic
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Fig. 17. Flow stress at different strain levels plotted as a function of the grain size for Cu-30% Zn [166]. Y.P. denotes the yield point.
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deformation and if the material displays strain hardening the hardness measurements will overestimate the stress required for plastic
deformation of the material. The strain hardening has a larger effect on the constant 6y than on the slope K as observed in an example
for the Cu-30 % Zn alloy shown in Fig. 17. The disagreement between the constant 6 reported in experiments based on tensile tests and
hardness tests in niobium was clearly illustrated elsewhere [55].

Many of the techniques used to produce materials with grain sizes below 1 pm are limited to small samples. Even though there have
been many advances in scaling up the production of nanocrystalline materials, most of the results in the literature for these materials
were obtained from small samples. This situation puts a challenge on mechanical testing and, as a consequence, many reports are based
on hardness testing. As noted earlier, hardness tests can overestimate the strength of strain hardening materials. However, ultrafine-
grained materials usually do not display any significant strain hardening ability and the Tabor rule [148] relating the flow stress to the
hardness divided by 3 has been found to stand for ultrafine-grained materials [168].

The relationship between hardness and flow stress is not straight forward for situations in which the indentation is too small as in
nanoindentation. The indentation size effect is known as an increase in hardness with decreasing indentation size [169]. In practice,
the values of the hardness measured with microhardness and conventional hardness testing tend to display good correlations with the
flow stress of ultrafine-grained materials while nanoindentation experiments tend to overestimate the strength. The size effect can also
affect compression tests in nano- and micro-pillars. For example, a difference of ~ 2 times was observed in the flow stress of ultrafine
grained magnesium tested using miniature tensile specimens and micro-pillars [122].

In addition to hardness tests, some studies on ultrafine and nanocrystalline materials make use of mechanical testing using
miniature specimens. These tests provide important additional information about the mechanical behavior of these materials although
they may display less accuracy than conventional tensile testing. There are no standard specimen geometries for these tests and many
experiments are carried out without using accurate strain measurement devices. Machining and spark erosion are common methods
employed to produce these miniature specimens and special apparatus is then needed to attach them to the testing machine. The
sources of inaccuracies, therefore, will probably include the load cell range, the strain measurements, loose parts in the special
apparatus for testing and an overall poor finishing of the specimens. These inaccuracies play a significant role in any determination of
the transition between the elastic and plastic regime. As ultrafine and nanocrystalline materials usually fail to display any significant
hardening, one way to reduce the dispersion of results is to consider the flow stress in these materials as the stress after a few percent of
deformation. Also, the absence of a well-defined standard for the specimen dimensions can increase the dispersion in the elongation
measurements. However, it is important to note that the use of digital image correlation techniques can improve significantly the
accuracy of the mechanical testing of miniature samples [170,171]. Other methods to evaluate the mechanical properties of small
samples include the use of shear punch tests [172] and plane strain compression tests [173,174].

5.2. Grain size measurements

The grain size estimates are another major source of dispersion in data in the literature. Different techniques are used to reveal the
grain boundaries including the etching of polished surfaces and observations on optical or scanning electron microscopes (SEM),
determinations of crystalline orientations usings electron back scattered diffraction (EBSD) and observations of transparent lamella
using TEM. These techniques enable the observation of a 2-dimensional section of the grain structure of the material whereas the true
grains are space-filling polyhedrons [175]. It is possible to estimate the true spatial grain size from 2-dimensional sections if some
assumptions are considered regarding the grain shape. As noted earlier, a relationship between the mean linear intercept length, L, and
the spatial grain size, d;, is given by d; = 1.74 x L [118]. This difference in grain size measurement techniques clearly affects the slope,
K, of the 6 vs d"/2 plots. Other methods are also used to determine the grain size including measurements of the distance between
boundaries of individual grains followed by a calculation of the average value which may be calculated from the arithmetic average of
each count or by considering the area fraction of the grains. The estimate of grain size from TEM images is not easy since the
boundaries are not always clearly resolved and it may be difficult to differentiate sub-grain boundaries from grain boundaries.

The aspect ratio of the grains is also an important parameter which sometimes is not considered in any estimate of the grain size.
Elongated grains with large aspect ratios contain different distances between boundaries which can affect the strength of the material.
Also, the estimated grain size will depend on the orientation at which the grain structure is observed.

The grain size can be estimated also from X-ray diffraction (XRD) patterns. Specifically, the grain boundaries affect the peak
broadening and there are direct methods for estimating the grain size. Although some reports show good correlations between the
grain sizes estimated from XRD patterns and TEM observations, in general it is found that the former underestimates the grain di-
mensions. Finally, grain growth may occur during the experiments and this is well-established in high temperature testing but there are
also studies revealing room temperature grain growth during deformation of nanocrystalline Al [176,177] and Ni [178] and ultrafine-
grained Mg [122].

Finally, it is important to note that materials with similar average grain sizes can display different properties and the grain
boundary character is expected to play a significant role in the mechanical behavior. For instance, it has been reported that the fraction
of high-angle boundaries affects the stress and strain rate for superplastic flow in aluminum alloys [179-181]. It was also reported that
grain boundary relaxation can increase the stability of the grain structure [182,183]. The grain boundary stability was found to play a
significant role in the strength of a nanocrystalline Ni alloy [178]. Moreover, the grain size distribution can vary significantly in
different samples. In fact, it has been reported that the use of a volume-weighted average grain size, instead of an average grain size,
provides a better description of the Hall-Petch relationship [184]. It is therefore essential to remember that a spreading from different
sources will be always present when considering experimental data from multiple sources.
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6. Relationship between flow stress and grain size at room temperature

A large set of experimental data was collected from the literature for different materials and care was employed to avoid using data
from nanoindentation experiments or data in which the grain size was estimated solely by XRD. The collected results were aimed to
cover a broad range of grain sizes to enable a valid estimation of trends and the data were then compared to the model discussed earlier
for grain boundary sliding [50].

In order to evaluate the predictions from the model, it is necessary to also include the contributions of any other hardening
mechanisms to the flow stress. These other sources include the flow stress for the material single crystal and may include the
contribution from solid solutions in metallic alloys where, in practice, these contributions are incorporated within the parameter oy.
The overall flow stress is then given by the following Eq. (19) which considers the spatial grain size and Eq. (20) which considers the
mean linear intercept grain size:

T 23
6—60+\/3Gk ln( éd, +1> (19)
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The fundamental properties of the materials considered in the subsequent analysis are listed in Table 1 and the data are collected
from multiple sources [114,116,185-197] due to the large number of materials considered. The variation of the shear modulus, G, as a
function of the absolute temperature is estimated for some materials. The exact value for the grain boundary diffusion coefficient is not
readily available for all materials and therefore the pre-exponent and the activation energy were estimated from the general equations
[198] based on the melting temperature of the material.

Table 1
Summary of data for melting temperature (T,,), Burgers vector (b), shear modulus (G) at 298 K, pre-exponential (6D, g) and activation energy (Qgp) for
grain boundary diffusion for different metals.

Metal T (K) b (nm) [188,189,194] G (MPa) 8Dogy (10 ms ™) Qg (kJ.mol ™)
[185-187,197] [185-187,189,193,199]

Al 933 0.2864 29,500 - 13.6 x T 5[189] 84[189]

Ag 1234 0.2889 29,900 - 11.6 x T 0.45[189] 90[189]

Au 1336 0.2884 27,700 0.019[190] 112[190]

Be 1556 0.2286 150,000 1.5" 133"

Bi 545 0.3071 12,800 3.9° 45°

cd 594 0.293 27,800 5[189] 54.4[189]

Co 1768 0.2497 82,000 1.5° 151°

cr 2133 0.2498 135,000 - 29.5 x T 0.5[189] 192[189]

Cu 1357 0.2556 47,100 -16.7 x T 0.5[189] 104[189]

Fe (b.c.c.) 1809 0.248 72,600 - 28.7 x T 110[189] 174[189]

Fe (f.c.c) 1809 0.258 93,200 - 40.7 x T 7.5[189] 159[189]

Hf 2500 0.3127 56,000 35[191] 212[191]

In 429 0.3251 3700 3.9° 35°

Mg 922 0.321 19,200 -8.8 x T 500[189] 92[189]

Mo 2888 0.2725 140,000 - 19.7 x T 5.5[189] 263[189]

Nb 2740 0.2864 37,500 5[189] 263[189]

Ni 1728 0.2492 87,700 -29.3 x T 0.35[189] 115[189]

Pb 600 0.3500 5600 8[189] 66[189]

Pd 1825 0.2751 43,600 0.97" 138"

Pt 2042 0.2775 61,000 0.97" 154"

Re 3453 0.2741 181,000 1.5" 295"

Sn 505 0.3022 18,400 0.3[190] 40[190]

Ta 3253 0.2856 69,000 5.7[189] 280[189]

Ti (h.c.p.) 1940 0.2896 51,700 - 27.0 x T 450[191] 187[191]

Ti (b.c.c.) 1940 0.286 22,000 - 5.16 x T 0.0054[189] 153[189]

U 1430 0.285 75,000 3.9° 118°

\% 2175 0.2618 52,700 - 8.7 x T 5[189] 209[189]

w 3683 0.2741 165,000 - 16.6 x T 33[189] 385[189]

Zn 693 0.2665 60,000 - 35.6 x T 1.3[189] 60.5[189]

Zr 2125 0.3179 40,000 -21.2 x T 74[191] 188[191]

CrMnFeCoNi 1607 0.254 16000 14,200 [195] 221[195]

85000 1)

@ The values for 6Dy = 3.9 x 10~ % and Qg» = 82.5 x T, were estimated from average correlations [198] between bcc, fcc and hep structures.
b Adapted from the suggested general equations [198] for fcc (6Dg = 9.7 x 10715 Qg = 75.4 x Tpy) and hep (6Dp = 1.5 x 10714 Qgp = 85.4 x Ty)
metals.
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Fig. 18. Flow stress predicted by the model of grain boundary sliding plotted as a function of the inverse of the square root of the grain size.
Experimental data taken from the literature for Al [4-25], Ag [200-206], Au [207-210], Be [211-217], Co [218,219], Cr [203,220-223], Cu
[95,121,150,151,153,154,156,157,159,224-235], Fe (b.c.c) [61,96,102-104,236-248], Fe (f.c.c.) [97,237,249-255], Hf [256,257], Mg
[63,64,66,105,110-112,258 262], Mo [263-270], Nb [79,271-281], Ni [3,178,282-292], Pd [293,294], Pt [295,296], Re [297,298], Ta
[203,299,3001, Ti (b.c.c.) [101,301,302], Ti (h.c.p.) [100,303-314], V [269,300,315-320], W [321,322], Zn [51,70,325-329] and Zr [330-335].

Fig. 18 shows the flow stress plotted as a function of d 12 for 24 different metals with b.c.c. (left column), f.c.c. (middle column)

and h.c.p. (right column) structures. Experimental data was taken from the literature for Al [4-25], Ag [200-206], Au [207-210], Be
[211-217], Co [218,219], Cr [203,220-223], Cu [95,121,150,151,153,154,156,157,159,224-235], Fe (b.c.c.)
[61,96,102-104,236-248], Fe (f.c.c.) [97,237,249-255], Hf [256,257], Mg [63,64,66,105,110-112,258-262], Mo [263-270], Nb
[79,271-281],Ni [3,178,282-292], Pd [293,294], Pt [295,296], Re [297,298], Ta [203,299,300], Ti (b.c.c.) [101,301,302], Ti (h.c.p.)
[100,303-3141], V [269,300,315-320], W [321-324], Zn [51,70,325-329] and Zr [330-335]. The data for f.c.c. Fe was based on 304,
316 and 321 austenitic stainless steel, the data for b.c.c. Ti was based on the Ti-15 % Mo beta alloy and the data for Pt was based on the
Pt-5 % Ru alloy. Many of the experimental data were collected from a recent review [55].

The predictions from the model of grain boundary sliding are also shown in Fig. 18 considering spatial grain size (dashed line) and
linear intercept grain size (continuous line). The threshold stress, 6y, was estimated from best fits with the experimental data. A strain
rate of 107° s~! was considered as representative of quasi-static testing. A comparison between the predictions from the model for
some materials and the experimental data, in which the flow stress is plotted as a function of the grain size, is available elsewhere
[116].

The extent of the experimental data for Co, Hf and Re is not large but they include a broad grain size and flow stress range.
Experimental data for samples with grain sizes smaller than ~ 20 nm are available and show grain refinement hardening down to the
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Fig. 18. (continued).

nanocrystalline range for a few metals including Cr, Fe (b.c.c.), Mo and Ni. However, a peak in strength is observed at grain sizes of ~
10 nm in Mo and softening, or inverse Hall-Petch behavior, is observed at smaller grain sizes. Materials with lower melting points, such
as Mg and Zn, may display inverse Hall-Petch behavior at small grain sizes and a fairly good agreement is observed between the
experimental data and the model. Twinning-controlled deformation plays a major role in the Hall-Petch relationship of coarse-grained
Mg. As a consequence, there is a greater dispersion in experimental data for this material and the graph only shows data for grain sizes
smaller than ~ 10 pm since slip-controlled deformation is expected for the deformation in finer-grained Mg. This will be discussed
further in a later section. Overall, the predictions from the model for this broad range of materials show very good agreement with the
experimental data and this provides significant support for the validity of this approach.

The prediction for cadmium is not shown due to the limited range of experimental data [336,337] available but a plot is shown
elsewhere [116]. Other materials were also evaluated. Fig. 19 shows the predictions of the model and experimental data for uranium
[192,338] and a CrMnFeCoNi alloy [339-352] which also show good agreement despite the low symmetry of the crystalline structure
of uranium and the multi component composition of the CrMnFeCoN:i alloy.

Some materials with low melting temperatures display inverse Hall-Petch behavior at room temperature and this is also predicted
by the model. Fig. 20 shows the prediction from the model for Bi, Pb and Sn. Lead will display an inverse Hall-Petch behavior at grains
smaller than a few hundreds of nanometers at a strain rate of 10~> s~ where this is out of the range shown in Fig. 20. However, Bi and
Sn display grain refinement softening for grains in the micrometer scale and this is in agreement with experimental data for Bi-Sn [75]
and Sn-Pb [74,353,354] alloys.

Some earlier plots included data from alloys which were then compared to the predictions for pure metals showing that generally a
good agreement is observed. For example, data for austenitic stainless steel were compared to predictions for f.c.c. Fe and the Ti-15 %
Mo alloy was compared to b.c.c. Ti. Also, in order to predict [117] the flow stress of multicomponent alloys, such as the CrMnFeCoNi
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Fig. 19. Flow stress predicted by the model and data taken from the literature for uranium [192,338] and CrMnFeCoNi [339-352].
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Fig. 20. Flow stress predicted by the model for Pb, Sn and Bi and data taken from the literature for Pb [293] and Bi-Sn [75] and Sn-Pb
[74,353,354] alloys.

alloy, it is necessary to estimate the fundamental properties of the alloy. However, minor additions of alloying elements that do not
alter significantly the fundamental properties of the pure metal are not expected to change the slope of the o vs d~1/2 plots. For
example, the experimental data of Zn-22 % Al, Sn-38 % Pb and Bi-42 % Sn agree with the predictions for Zn, Sn and Bi since these are
the major phases in these eutectoid or eutectic alloys and the flow stress is mostly controlled by their deformation.

In order to further evaluate the effect of alloying elements, the experimental data for Al-Mg [22,355-358], Mg-Al [359-367], Cu-Zn
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Fig. 21. Flow stress predicted by the model and experimental data for Al [4-25] and Al-Mg [22,355-358] alloy, Cu
[95,121,150,151,153,154,156,157,159,224-235],  Cu-Zn [166,368], Cu-Al [158,369] and Cu-Ag [153] alloys and Mg
[63,64,66,105,110-112,258-262] and Mg-Al [359-367] alloy.

112
d

[166,368], Cu-Al [158,369] and Cu-Ag [153] alloys are plotted as a function of the inverse of the square root of the grain size in Fig. 21
and compared directly to experimental data for the pure metals of Al, Mg and Cu and the predictions from the model considering the
fundamental properties of the pure metals. It is observed that, as expected, the alloys follow similar slopes to the pure metals and the
main difference between the trends observed in the alloys and in the pure metals is limited to the threshold stress, 9. The alloying
elements may contribute to the strength of the material through the solid solution and this contribution is incorporated in the threshold
stress.

The model does not predict a linear relationship between the flow stress and the inverse of the square root of the grain size for all
materials and all grain size ranges. In fact, the predictions show a tendency of decreasing slope with decreasing grain size and this
tendency is more prominent in low melting point materials such that the inverse Hall-Petch behavior takes place at small grain sizes.
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Table 2
Hall-Petch constants estimated using best fits to the experimental data and estimated using Eq. (17) and Eq. (18) for testing at room temperature and
at 1073 s71. The grain size range for the calculations was 100 nm unless indicated in parentheses.

Metal 6o (MPa) Kpxp (MPa pml/z) KIGBS (MPa pml/z) Kyps. (MPa pml/z)
CrMnFeCoNi 232 415 500 648
Ag (0.3 pm) 28 150 138 173
Al (0.3 pm) 10 109 116 142
Au (0.3 pm) 3 220 185 237
Be 80 737 612 788
Bi (10 pm) - - 58 67
Cd (10 pm) 14 100 110 133
Co 153 356 416 537
Cr 406 646 628 815
Cu 24 241 210 265
Fe (b.c.c.) 64 570 395 510
Fe (f.c.c.)’ 184 406 410 529
Hf 90 454 346 449
Mg (0.3 pm) 139 20° 79 95
Mo 316 580 722 941
Nb 127 284 395 515
Ni 197 309 330 419
Pb (10 pm) 56 70
Pd 282 240 257 330
Pt* 355 579 358 464
Re 125 726 904 1180
Sn (10 pm) - - 61 72
Ta 208 495 514 671
Ti (b.c.c.)’ 800 210 197 254
Ti (h.c.p.) 230 246 287 371
U 188 370 274 348
v 138 412 393 510
w 960 854 986 1292
Zn (2 pm) 27 165° 154 185
Zr 321 214 239 310
Al-Mg alloy (0.3 pm) 100 116 142
Cu alloys 100 191 210 264
Mg-Al alloy (0.3 pm) 211 50 65 77

@ Considering austenitic stainless steel.
® Considering only d < 10 pm.

¢ Considering Pt-5% Ru alloy.

4 Considering Ti-15% Mo alloy.

¢ Considering only d > 2 pm.
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Fig. 22. Hall-Petch slopes K estimated from experimental data in the present study and in a recent review [55] and the values documented in a
recent report [370] based on experimental data from isolated studies [14,51,200,209,211,218,220,229,256,263,272,288,300,304,371-377] plotted
as a function of the theoretical values of slopes estimated using the grain boundary sliding model.
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However, the predictions are fairly linear for many materials over a broad range of grain sizes such that an approximation enables the
use of Eq. (2), considering the slope K¢ps estimated using Egs. (17) and (18). Table 2 lists the approximate values of the threshold
stress, g, and the Hall-Petch slope Ky, estimated from a best fit to the experimental data considered in the present analysis and also
shows the slopes estimated considering both a spatial grain size, Kz, and a mean linear intercept grain size, K.,;. Most of the slopes
were estimated considering a grain size of 100 nm for the range but other values, indicated in parentheses, were considered depending
on the range of data in the plots and the validity of the mechanism for lower melting point materials.

Overall, the predictions from the model of grain boundary sliding [50] agree well with experimental data from multiple materials
tested at room temperature. It is worth noting that the previous analysis was based on experimental data acquired from conventional
mechanical testing in which the strain rate is usually in the range of ~ 102 s™! and this was the strain rate used as the input in the
model. In practice, small variations in the strain rate do not affect the predictions significantly for materials with high melting points
when tested at room temperature. However, the model predicts that the strain rate plays a significant role for low melting point
materials.

In order to evaluate the effectiveness of the model, the values of the slope K estimated from the experimental data are plotted as a
function of the theoretical slopes Kgps in Fig. 22. In order to reduce the bias in selecting the experimental data, values of the slope K
estimated for different materials in a recent review [55] are also included in the plot. Moreover, values of the slope K selected for
different materials in a recent report [370], based on isolated studies in the literature
[14,51,200,209,211,218,220,229,256,263,272,288,300,304,371-377], are also shown. Black lines delineate the lower and upper
bounds predicted by the model considering the linear intercept grain size as a lower bound and the spatial grain size as an upper bound.
The plot shows that the experimental values from the present study display fairly good agreement with the values reported by other
authors. It also shows good agreement between the experimental values of K and the theoretical prediction for materials with K values
larger than ~ 200 MPa pm'/2,

Two points should be mentioned regarding the materials which display low values of K. First, some of the materials in the low K
range are Ag, Al, Mg and Zn which have relatively low melting temperatures. An analysis of the data in Fig. 18 shows that the
relationship between flow stress and the inverse of the square root of the grain size is not linear for a wide range of grain sizes in these
materials. This means that the approximation to a Hall-Petch relationship given by Eq. (2) with a fixed slope K is not accurate. The
dispersion in experimental values of K for these materials in the literature supports the assumption of varying slopes over different
grain size ranges. Although the approximation to a fixed Hall-Petch slope does not agree with the experimental K, Egs. (15) and (16)
display good agreement with the experimental data of flow stress in Fig. 18. A second point that should be mentioned is that some
materials display a lower slope in the coarse-grained region and a higher slope in the fine-grained region causing a dispersion in the
values of K in different studies and this topic will be further discussed in a later section.

The Hall-Petch relationship has also been evaluated using computer molecular dynamics simulations. However, due to computing
limitations these simulations usually consider very high strain rates, over ~ 10% s™!, and the predictions of flow stress are usually
significantly larger than the values observed in quasi-static experiments. It is interesting to note that the model of grain boundary
sliding predicts a contribution from the strain rate and therefore it is possible in practice to compare its predictions to molecular
dynamics simulations. Thus, Fig. 23 shows data from simulations for nanocrystalline Cu [141,378] and Al [379,380] together with the
prediction from the model considering a linear intercept grain size and a strain rate of 10% s71. It is important to note that the molecular
dynamics simulations usually predict grain refinement hardening followed by a maximum in strength at a very small grain size and an
inverse Hall-Petch behavior for smaller grains. Thus, the data for inverse Hall-Petch predicted in the simulations are not included in
Fig. 23 since a different mechanism is expected to then become rate-controlling. Some simulations considered slightly higher strain
rates of ~ 10! 571 and it was found that this difference by two orders of magnitude has no significant effect on the predictions from the
model. It is observed that a very high strain rate increases the slope predicted by the model of grain boundary sliding [50] for both
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Fig. 23. Flow stress predicted at a high strain rate of 10® s! compared to data taken from the literature for molecular dynamics simulations of Cu
[141,378] and Al [379,380].
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materials and a good agreement is obtained with the data from the molecular dynamics simulations. The effect of strain rate and
temperature on the relationship between flow stress and grain size is further discussed in the next section.

7. Effect of strain rate and temperature

The temperature and the strain rate play significant roles in the relationship between flow stress and grain size and their importance
appears to increase in the ultrafine and nanocrystalline ranges. In general, the flow stress decreases with increasing temperature and
decreasing strain rate but in practice the rate of softening is not straight forward for all grain sizes and different aspects of these re-
lationships are now examined. It is interesting to initially visualize a general view of the effect of strain rate and temperature as
predicted by the model of grain boundary sliding [50]. This is provided in Fig. 24 where the flow stress, o, is plotted as a function of the
strain rate, ¢, on a logarithmic scale using arbitrary units. Three general temperatures are considered in which one is representative of
low temperatures, one of moderate temperatures and the other is for high temperature testing. These three temperature regimes are
not absolute for all materials. In fact, the temperature effect is incorporated in the model by its effect on the grain boundary diffusion
coefficient which is generally a function of the material melting temperature [190,191,198]. Thus, the concepts of “low”, “moderate”
and “high” temperatures vary depending on the material. A general correlation suggests that “low” temperature behavior is observed
at T < 0.3 T, “moderate” temperature behavior at 0.3 T,;, < T < 0.5 Tp,, and “high” temperature behavior at T > 0.5 T, where Ty, is the
absolute melting temperature of the material.

Two grain sizes, d; and dy, are considered as representative of ultrafine and fine-grained materials, respectively, so that d; < da.
Thus, at low temperatures the flow stress of ultrafine-grained materials is higher than fine-grained and the material follows the
conventional Hall-Petch behavior. At moderate temperatures there is a transition in which the ultrafine-grained material may be
stronger at high strain rates and softer at low strain rates, and the ultrafine-grained material tends to be softer at high temperatures and
low strain rates. This general description suggests that the transition between grain refinement hardening (the low temperature
regime) and grain refinement softening (the high temperature regime) is incremental and depends on both the temperature and the
strain rate. It also depends on the grain size range that is under consideration.

This general view suggests that the transition between grain refinement hardening and grain refinement softening is due to a higher
slope in the curves of the samples with finer grain sizes. This slope is associated with the strain rate sensitivity, m, defined as m = dins/
dlné which plays a major role in determining the mechanical behavior. Thus, the model of grain boundary sliding predicts that the slope
of the curves increases with decreasing strain rate and with increasing temperature until it reaches a maximum of 0.5 which is the
strain rate sensitivity associated with high temperature grain boundary sliding and superplasticity [33]. This analysis then suggests
that samples with finer grains will display superplastic behavior at faster strain rates. The patterns depicted in Fig. 24 will depend also
on the strain rate range and the grain size range. It is expected that the threshold stress will also affect the predictions. This general
prediction is now compared to experimental trends and data.

Thus, the qualitative prediction from the model of grain boundary sliding [50] suggests that materials with finer grains display a
higher slope in the flow stress vs strain rate plot which is associated with a higher strain rate sensitivity. This agrees with multiple
reports of increasing strain rate sensitivity with decreasing grain size in many materials including copper [381], aluminum [382,383],
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Fig. 24. General view of the relationship between the flow stress and the strain rate for materials with different grain sizes and tested at low,
moderate and high temperatures.
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Fig. 25. Strain rate sensitivity, m, reported in the literature for Al [4,382,383,385-394] and Cu [160,395-402] plotted as a function of the grain
size. The strain rate sensitivity predicted by the model of grain boundary sliding is also plotted as a continuous line.

magnesium [63] and zinc [325]. A summary of strain rate sensitivity data reported in materials processed by SPD is available else-
where [384]. Therefore, Fig. 25 shows strain rate sensitivity data reported in the literature for aluminum [4,382,383,385-394] and
copper [160,395-402] plotted as a function of the grain size. A clear trend of increasing m with decreasing grain size is observed in
these materials. An equation for the estimation of the strain rate sensitivity for the model of grain boundary sliding is available
elsewhere [116]. In practice, the strain rate sensitivity can be estimated from the slopes of the flow stress curves plotted as a function of
the strain rate. It is important to remember that the model of grain boundary sliding only predicts the contribution of the grain size to
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Fig. 26. Strain rate sensitivity of pure aluminum with grain sizes of 1 pm and 80 pm plotted as a function of the temperature. Data from the
literature is shown for comparison [382].
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the flow stress. Other strengthening mechanisms such as a solid solution strengthening are usually considered thermally-activated and
therefore they will affect the strain rate sensitivity. Nevertheless, the contributions of these mechanisms to the flow stresses of pure
aluminum and pure copper are expected to be low. Thus, the predicted strain rate senstivities for Al and Cu, considering the linear
intercept grain size, are plotted in Fig. 25 and show good quantitative agreement with the experimental data.

Another prediction of the grain boundary sliding model [50] is that the strain rate sensitivity increases in ultrafine-grained ma-
terials with increasing temperature. This effect has been reported experimentally [403-405] and Fig. 26 shows an example for pure
aluminum in which the strain rate sensitivity, m, was determined for ultrafine-grained samples processed by ECAP and for a coarse-
grained sample with d = 80 pm [382]. The ultrafine-grained material had an elongated structure of 430 nm in the elongated direction
and 270 nm perpendicular to it and the grain size increased to ~ 1 pm upon heating to 473 K. The data show that the strain rate
sensitivity is higher in the material with the finer grain structure and increases significantly with increasing temperature. Accordingly,
the strain rate sensitivities predicted by the model are also plotted considering linear intercept grain sizes of 80 pm and 1 pm,
respectively. The predictions appear to overestimate the strain rate sensitivities at low temperatures but they generally exhibit an
overall qualitative agreement with the experimental data.

Another parameter used to evaluate thermally-activated deformation mechanisms is the apparent activation volume. This
parameter is usually estimated from the following Eq. (21) and it is related to the strain rate sensitivity [405-407] through the
expression

V= MkT% = M—kT 2n

do mo

where M is the Taylor factor which relates the shear stress acting on the slip plane and the effective stress in uniaxial loading tests.
Some authors consider the von Mises plasticity criterion (M = v/3) while some authors consider the Taylor factor such that the most
used value is M = 3.06. This parameter can be estimated from the model by considering the variations in flow stress caused by changes
in strain rate. Some interesting effects have been observed in ultrafine and nanocrystalline materials. For example, it was reported that
the apparent activation volume of ultrafine-grained materials may decrease with increasing temperature [85,403,404,408] and this
effect is predicted in these materials by the model of grain boundary sliding as reported recently for a multi-component alloy [117].

Also, it has been observed that the apparent activation volume decreases with decreasing grain size in the ultrafine grain range
[85,285,385,395,407]. Some mechanisms have been suggested to explain the Hall-Petch effect such as the mechanism of grain
boundary shear promoted by the pile-up of dislocations [85] and a mechanism in which cross-slip controls the transmission of plastic
flow across grain boundaries [77] and these mechanisms have addressed these trends and display good agreement with the experi-
mental data. It follows that the grain boundary sliding model also predicts a decrease in v with decreasing grain size. Hence, Fig. 27
shows values of v normalized by b® and plotted as a function of the grain size together with the prediction from the model for linear
intercept grain sizes considering M = 3.06 and estimating the changes in flow stress around 102 s~1. The apparent activation volume
was estimated from reports in the literature and data for Al [4,385,386,393], Cu [232,395,396,398,402,405] and Ni
[285,398,403,409-412] are also shown for comparison. The data from the literature, which were estimated considering the von Mises
criterion, were converted in order that all data presented in Fig. 27 considers the same criterion of M = 3.06. It is readily observed that
the values estimated from the model for these materials are fairly similar and show a tendency of increasing v with increasing grain
size. Generally, the values predicted by the model agree well with the experimental data.

The model of grain boundary sliding predicts an increase in the strain rate sensitivity with decreasing grain size. This prediction
agrees with the experimental observations from metals that display low threshold stresses in such a way that the strength is mainly
controlled by the grain size. This includes, for example, pure fcc metals such as Al and Cu. However, this is not the case for other metals
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Fig. 27. Apparent activation volume predicted by the model normalized by b plotted as a function of the grain size. Experimental data from the
literature for Al [4,385,386,393,413], Cu [160,232,395,396,398,402,405] and Ni [285,398,403,409-412] are also shown for comparison.
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such as those with b.c.c. structures. The relationship between m and grain size for these latter materials depends on an estimation of the
thermal contribution from the other strengthening mechanisms. Thus, it was shown that the relationship between grain size and strain
rate sensitivity differs between pure Ni and high entropy alloys and the difference was attributed to the larger lattice friction stress in
the latter [414]. Therefore, the next section evaluates the specific effect of the threshold stress.

8. Threshold stress

The contribution of different strengthening mechanisms was incorporated into a constant threshold stress and estimated empiri-
cally in Section 6 based on experimental data in the literature. However, it is important to discuss its general effect on the flow stress at
different temperatures and strain rates in order to evaluate the effective contribution of these parameters. It is beyond the scope of the
present paper to discuss the individual strengthening mechanisms for each metal and alloy. However, most of the strengthening
mechanisms are thermally-activated which means that increasing the temperature and/or decreasing the strain rate also decreases the
threshold stress. In practice, the strain rate of thermally-activated mechanisms can be approximated using Eq. (22)
[194,396,406,415,416]:

& = Eoexp (%’;(”)) (22)

where ¢, is a reference strain rate which can be considered as ~ 10° s ™! [417] and AE(s) is the activation energy which is a function of
the applied stress.

In practice, the stress contributes to the strain rate by decreasing the activation energy required for deformation. Nevertheless, the
explicit estimation of the threshold stress, as a function of strain rate and temperature, is not straight forward. An approximation,
which is valid for a range of temperatures, is given by Eq. (23) [418]:

N 1 RT . ¢
6y = aUexp< ~o51 Eln ?0) (23)

where o, is the zero temperature flow stress and R is the gas constant. A recent report [117] made use of a similar approximation and
estimated the threshold stress of a CrMnFeCoNi multi-component alloy using Eq. (23). The calculations considered ¢, = 400 MPa and
AE =110 kJ/mol. Fig. 28 shows the threshold stress estimated using Eq. (23) and appropriate experimental data [339,343,345] of the
threshold stress plotted as a function of temperature. A strain rate of 107> s! was considered for the calculation and there is good
agreement with the experimental data.

The estimation of the threshold stress at different temperatures and strain rates provides an ability to estimate the overall flow
stress of the CrMnFeCoNi alloy over a broad range of testing conditions considering the sum of the threshold stress and the stress
predicted by the grain boundary sliding mechanism [50]. Fig. 29a shows the flow stress plotted as a function of d~'/? for different
temperatures. The flow stress is then given by Eq. (19) for spatial grain sizes (dashed line) or Eq. (20) for linear intercept grain sizes
(continuous line) considering the threshold stress estimated by Eq. (23). Experimental data [339-352,419] are also shown for
comparison.

A good agreement is observed between the prediction and the experimental data including the reduced slope and inverse Hall-Petch
behavior at 1073 K. It is thus possible to estimate the strain rate sensitivity of this alloy by calculating the flow stress at different strain
rates and using an approximation of m ~ Alns/Alné. Fig. 29b shows the estimated values considering the linear intercept grain size and
also considering changes in the strain rate between 10 ™% s and 3 x 1072 s71. It follows that in this case an increase in strain rate
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Fig. 28. Threshold stress estimated considering a thermally-activated approximation and experimental data [339,343,345] from the literature for a
CrMnFeCoNi multi-component alloy plotted as a function of temperature.
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Fig. 29. (a) Flow stress plotted as a function of d'/2 considering the spatial (dashed lines) and linear intercept (continuous lines) grain sizes and the

threshold stress estimated using Eq. (16) together with experimental data from the literature [339-352,419] for the CrMnFeCoNi alloy and (b) strain
rate sensitivity predicted at room temperature together with experimental data [348,404,408,420-422] taken from the literature.

sensitivity with increasing grain size is predicted and this agrees with data from the literature for the CrMnFeCoNi alloy
[348,404,408,420-422] which are shown for comparison.

The previous analysis showed that the relationship between the strain rate sensitivity and the grain size differs between pure f.c.c.
aluminum and copper and a multi-component CrMnFeCoNi alloy which also has an f.c.c. structure. The former displays an increased
strain rate sensitivity with decreasing grain size while the latter shows the opposite trend. It follows that the trend depends on the
magnitude and sensitivity of the threshold stress. It is known that b.c.c. metals display a trend similar to the CrMnFeCoNi alloy in
which the strain rate sensitivity decreases with decreasing grain size at room temperature. It is also known that these metals display a
significant threshold stress at room temperature. This trend can be predicted by the incorporation of a thermally-activated threshold
stress into the analysis as is now examined.

The values of the threshold stress for some b.c.c. metals, estimated from experiments using single crystals or from the intercepts of
the Hall-Petch trend lines with the stress axis, were summarized elsewhere [55]. The data for Fe [96,102-104,416,423-425] are
plotted in Fig. 30a and it is observed that there is not a continuous trend. An empirical estimation based on Eq. (23), considering ¢, =
400 MPa and AE = 48 kJ/mol, was found to show good agreement with the data for temperatures over 200 K although there was a
tendency to underestimate the threshold stress at lower temperatures. Thus, the strain rate sensitivity at room temperature was
estimated for b.c.c. Fe and this is plotted as a function of the linear intercept grain size in Fig. 30b. An increase in strain rate sensitivity
with increasing grain size is predicted and agrees with the experimental trend as shown by the data taken from the literature
[236,396,406,423,426-429]. It follows that the trends of increasing strain rate sensitivity with increasing grain size observed in many
b.c.c. metals, such as V [320], Ta [430] and W [323], may be attributed to a significant contribution of the threshold stress in these
materials. Experimental data for the threshold stresses in other b.c.c. metals (Mo, Nb, Ta and V) at different temperatures are sum-
marized elsewhere [55].

Although the trend of decreasing strain rate sensitivity with decreasing grain size appears initially to contradict the general view of
the effect of strain rate and temperature on the flow stress of samples with different grain sizes as depicted in Fig. 24, it is important to
note that this trend is reversed with increasing temperature. Thus, it has been shown that the strain rate sensitivity of ultrafine-grained
Fe is larger than its coarse-grained counterpart at 473 K [431]. It was also shown that the strain rate sensitivity of the ultrafine-grained
CrMnFeCoNi alloy is significantly larger than its coarse grained counterpart at high temperatures [404]. A further evaluation of the
effect of temperature and strain rate on the flow stress requires a consideration of materials having a large set of data available in the
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Fig. 30. Threshold stress for b.c.c. Fe estimated from Eq. (23) and experimental data [96,102-104,416,423-425] plotted as a function of tem-
perature and (b) strain rate sensitivity estimated from the model of grain boundary sliding considering a thermally-activated threshold stress plotted
as a function of grain size and data taken from the literature [236,396,406,423,426-429].

literature. The next section evaluates the behavior of Al-Mg and Mg-Al alloys for which numerous studies of high temperature behavior

are now available.

9. An examination of high temperature behavior of some alloys

The general view of the effect of strain rate and temperature on the flow stress of materials with different grain sizes predicted by
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Fig. 31. Threshold stress estimated in experiments for Al-Mg [388,432] and for Mg-Al [68,106,433,434] alloys. The prediction of the threshold
stress considering Eq. (14) is also shown for comparison.
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the model of grain boundary sliding [50] was depicted in Fig. 24. In order to provide a qualitative and quantitative evaluation of these
predictions, it is necessary to gather data from multiple sets of experiments in the literature. It is fair to say that the high temperature
behavior of aluminum alloys and magnesium alloys have been extensively studied in recent years and there is a sufficient number of
results for these materials. Therefore, the following analyses will focus on two groups of alloys, Al-Mg and Mg-Al. The commercial Mg-
3 % Al-1 % Zn (AZ31) alloy is considered for the Mg-Al group since there are several studies for this alloy. However, the data were
collected for a broader range of compositions for the Al-Mg group. It is important to remember that these alloys display significant
threshold stresses at low and moderate temperatures. Therefore, a procedure similar to that adopted earlier for the CrMnFeCoNi alloy
and Fe is used to provide an empirical description of the threshold stress.

Fig. 31 shows experimental data of the threshold stress for Al-Mg [388,432] alloys and for the Mg-Al [68,106,433,434] alloy. Both
alloy groups seem to display a negligible threshold stress above a certain temperature. It follows, therefore, that Eq. (23) would tend to
overestimate the threshold stress at high temperatures and thus it is necessary to adopt a different equation for the analysis. Following
earlier reports [417,418,435], a different approximation was used to estimate the stress from Eq. (22) where the threshold stress was
expressed as

RT  &)\*°
oo_%(l(AEln‘é") ) (24)

Analysis shows that Eq. (24) has a significant disadvantage since it leads to negative values for the threshold stress at high tem-
peratures and low strain rates. To avoid this ambiguity, a limiting threshold stress of 1 MPa for Al-Mg and 0.1 MPa for Mg-Al alloys was
considered for situations where lower values were predicted. Also, a consideration of the threshold stress using Eq. (24) leads to some
sharp steps in the o vs ¢ plots. A detailed description of the threshold stress is out of the scope of the present analysis and therefore, for
the sake of simplicity, Eq. (24) was used for the following analysis. The values of o, and AE considered in this analysis were 300 MPa
and 87 kJ/mol for the Al-Mg alloys and 400 MPa and 98 kJ/mol for the Mg-Al alloys. The predictions from Eq. (24) for the Al-Mg and
Mg-Al alloys are shown as continuous lines in Fig. 31.

Accordingly, the flow stresses predicted by Eq. (20), considering the threshold stress given by Eq. (24), are plotted for the Mg-Al
alloy as a function of the strain rate for different temperatures and grain sizes in Fig. 32. Two grain sizes were selected for each
temperature based on the availability of experimental data in the literature. Specifically, the finer grain sizes for each temperature are
associated with white symbols and dashed lines while the coarser grain sizes are shown with filled symbols and continuous lines. Grain
refinement hardening is predicted at room temperature, a transition from grain refinement hardening to grain refinement softening
takes place at 423 K at low strain rates and grain refinement softening is observed at 723 K. There is a general agreement with the data
from the literature [34,39,43,359,433] which supports the assumption of a gradual transition from grain refinement hardening to
grain refinement softening with increasing temperature and decreasing strain rate.

An additional prediction by the model of grain boundary sliding is the occurrence of a gradual increase in the strain rate sensitivity
of ultrafine-grained materials with increasing temperature. This is depicted in Fig. 33 which shows the flow stress predicted by the
model for Al-Mg alloys, considering a thermally-activated threshold stress, plotted as a function of the strain rate for a large range of
strain rates. The predictions consider ultrafine-grained samples tested at different temperatures. A gradual increase in slope, which is
correlated to the strain rate sensitivity, is predicted with decreasing strain rate and with increasing temperature. The strain rate
sensitivity tends to level off at ~ 0.5 giving rise to superplasticity. Data from the literature [432,436-438] are also plotted and show a
good agreement with the predictions. It is especially interesting to note that the consideration of a threshold stress leads to a decrease
in the slope of the curves at low strain rates and low stresses. This gives rise to a sigmoidal shape in the stress vs strain rate curves which
agrees with experimental data as reported in very early experiments on a superplastic alloy [439]. Thus, the general view of the effect
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Fig. 32. Flow stress predicted by Eq. (20) considering the threshold stress predicted by Eq. (24) at different temperatures for the Mg-Al alloy with
different grain sizes plotted as a function of the strain rate. Data taken from the literature [34,39,43,359,433] is shown for comparison.
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Fig. 33. Flow stress predicted by the model for ultrafine- grained Al-Mg alloys tested at different temperatures plotted as a function of the strain
rate. Data from the literature is shown for comparison [432,436-438].

of temperature and strain rate on the flow stress depicted in Fig. 24 is supported by experimental observations.
10. The advent of extended ductility or quasi-superplasticity

The previous analysis shows that the model of grain boundary sliding can indeed predict the contribution of the grain size to the
flow stress of different materials when tested at different temperatures and strain rates. It is expected that coarse-grained materials,
with grain sizes larger than the stable sub-grain size, will undergo strain hardening and the deformation mechanism changes during
deformation. However, in situations in which the grain size is smaller than the stable sub-grain size, strain hardening can be hindered
and the material deforms under steady-state conditions. This situation is typical of creep and the mechanism of grain boundary sliding
can predict the stress at which the material will flow provided the threshold stress is known.

A direct consequence of this analysis is the notion that the strain rate sensitivity can increase with decreasing grain size and that
ultrafine-grained materials display a gradual increase in strain rate sensitivity with decreasing strain rate and with increasing tem-
perature. This effect has been widely reported in the literature [232,382,386,404,431] and this is generally considered an effective
strategy for overcoming the strength-ductility paradox [232,386,402,440-442].

The importance of the strain rate sensitivity for the ductility lies specifically in its importance in hindering localized deformation.
This has a direct impact in elongations in tension since the necking evolution is affected by the development of localized deformation.
A mathematical description of the effect of the strain rate sensitivity in the development of necking was given in a very early report
[443]. In practice, the higher the strain rate sensitivity so the higher the elongation in tension and this was shown by data collected
from multiple reports [444-446]. Fig. 34 shows a summary of elongations reported in tension plotted as a function of the strain rate
sensitivity: the original data [444] are shown in gray filled symbols, recent data
[40,72,73,75,122,232,353,386-388,402,419,436,437,447-472] were divided into tests at temperatures higher than 0.5 T, (cyan
filled symbols) and tests at T < 0.5 Ty, (red filled symbols). It is clear that the strain rate sensitivity, m, affects the elongation and an
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Fig. 34. Elongations in tension reported in the literature [40,72,73,75,122,232,353,386-388,402,419,436,437,444,447-470,473] plotted as a
function of the strain rate sensitivity parameter, m.
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empirical relationship of the type AL/Lo(%) = 20e!%™ is plotted as a continuous line.

A detailed observation of the data in Fig. 34 suggests that a value of m larger than ~ 0.4 and very high elongations, larger than ~
1000 %, are mostly observed in high temperature testing. The data from tests at a low temperature (T < 0.5 Tj,,) depicted in red
symbols are primarily concentrated at m values lower than ~ 0.4 and the elongations are lower than ~ 1000 %. The model for grain
boundary sliding [50] suggests that strain rate sensitivity values larger than ~ 0.4 should be observed at low temperatures provided
the grain size is sufficiently small and the strain rate is sufficiently low. However, in practice at least two effects set difficulties for the
success of this prediction. First, very small grain sizes tend to grow with heating and grain growth is observed in many materials at
temperatures below 0.5T;,. Second, solid solutions and second phase particles, which are used to prevent grain growth, can generate
significant threshold stresses which thereby compromise the strain rate sensitivity.

In spite of the difficulties to expand the range of conventional superplasticity, with m ~ 0.5, to lower temperatures, there have been
many reports of extraordinary elongations at T < 0.5 Tp,. For example, an early report [436] documented elongations over 100 % at
403 K (~0.43 Ty in an Al-3 % Mg alloy with a grain size of ~ 200 nm. An elongation of 202 % was reported at 773 K (~0.43 Ty, in
steel [454]. Also, an elongation of 300 % was reported at 623 K (~0.36 Ty,) in electrodeposited Ni which had an as-processed grain size
of only 20 nm [474] and later a superplastic elongation of 895 % was reported in electrodeposited Ni at 693 K (~0.4 Ty [471].
Moreover, an extraordinary elongation of ~ 5300 % was reported at a high strain rate of 107! s7! in electrodeposited Ni at 777 K
(~0.45 Ty [473]. The appearance of the specimen after pulling to failure is shown in Fig. 35.

Thus, examination of the data in Fig. 34 suggests elongations of > 100 % can be obtained in situations in which m is larger than ~
0.15. This level of strain rate sensitivity and very high elongations are readily obtained at T < 0.5 Ty, In fact, recent investigations have
shown exceptional elongations at room temperature in materials with very small grain sizes. For example, an elongation of 510 % was
reported at room temperature in a Zn-0.5 % Cu alloy [475]. Also, an elongation of 480 % was reported in an Al-30 % Zn alloy [73].
There are also many reports of high elongations in magnesium. Although coarse-grained magnesium can display brittle behavior, a
recent report showed that grain refinement improves ductility in magnesium alloys [67]. An early report suggested also that the
ductility could be enhanced significantly by decreasing the grain size in pure magnesium [476]. Furthermore, recent reports have
confirmed this trend and experimental data [63,64,72,122,124,455,476-478] of the elongations of pure magnesium and some
magnesium alloys (Mg-Li, Mg-Mn, Mg-Bi) are plotted as a function of the grain size in Fig. 36. It is clearly observed that exceptional
ductilities arise in fine and ultrafine-grained magnesium at room temperature. This high ductility is also observed in compression
[479] and even at high strain rates [123].

The phenomenon of superplasticity is widely established in the literature and has been defined as an elongation of at least 400 %
and a strain rate sensitivity of ~ 0.5 [446]. It is known that superplasticity is controlled by grain boundary sliding and is usually
observed at high temperatures in fine grained materials. The model for grain boundary sliding [50] incorporates the rate-controlling
equation for high temperature superplasticity and also predicts steady-state deformation at low and moderate temperatures for
polycrystals in which the grain is smaller than the stable sub-grain size. In these latter situations the model predicts, in agreement with
the experimental data, different strain rate sensitivities which increase with decreasing grain size, decreasing strain rate and increasing
temperature. Thus, it predicts strain rate sensitivities associated with elongations that may vary from a few percent up to extraordinary
elongations over 100 %. This phenomenon, which can be called extended plasticity or quasi-superplasticity, has been reported in
multiple materials with ultrafine-grained structure tested at low and moderate temperatures.

11. Other deformation mechanisms operating at low and moderate temperatures

The preceding analyses shows that the mechanism of grain boundary sliding [50] displays very good agreement with a broad range
of experimental data for multiple materials tested over a range of different conditions. However, careful inspection of the data shows
that other deformation mechanisms may prevail under specific conditions. An analysis of these disagreements and the possible con-
tributions from diffusion creep mechanisms are now presented.

11.1. Twinning-controlled deformation

Some metals display significant contributions from twinning to the plastic deformation and this mechanism may control the flow
stress under specific conditions. An example is shown in Fig. 37 in which ¢ vs d"'/2 data [68,359-367] for magnesium alloy AZ31 is
plotted. One set of results in which samples were compressed along the extrusion direction [68] is highlighted. This orientation seems
to favor twinning and the data display a clear linear trend with a high slope. It is expected that, as the grain size decreases, the flow
stress for slip-controlled deformation becomes lower and the alloy follows the slope predicted by the grain boundary sliding mech-
anism. This explains the multiple reports of high slopes in Mg and its alloys in the coarse-grained region. Twinning may also affect the
flow stress of other materials such as Co [218].
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Fig. 35. Appearance of specimen of ultrafine grained Ni pulled to failure at ~ 0.45Ty, at a high strain rate of 107! s~! [473].
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Fig. 36. Elongation to failure of pure Mg and some Mg alloys tested at room temperature plotted as a function of the grain size
[63,64,72,122,124,455,476-478].
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Fig. 37. Flow stress of magnesium alloy AZ31 [359-367] plotted as a function of d~'/2

is highlighted.

in which the data for twinning-controlled deformation [68]

11.2. A lower slope in some coarse-grained materials

Although the experimental data for pure aluminum demonstrate a good agreement with the model of grain boundary sliding for an
extensive set of the results, a careful inspection of isolated sets in the coarse-grained region suggests a lower slope. This is illustrated in
Fig. 38 in which the complete datum points [4-25] are displayed in (a) and a clearer view of the coarse-grained data is given in (b). The
data from isolated sets of experiments [11,13,19,25] are highlighted and clearly show a reduced slope for grain sizes larger than ~ 10
pm. This reduced initial slope is followed by an increased slope and the data then tend to agree with the predictions from the model of
grain boundary sliding at smaller grain sizes.

This change in slope has been reported in the literature [22-25,480] and it was recently shown that the addition of Mg as an
alloying element decreases the range for this reduced slope [22]. Thus, the early reports of low Hall-Petch slopes in pure aluminum
[26] may be attributed to the limited range of grain sizes evaluated. Recent experiments, in which finer grain sizes are considered,
report K slopes in the range of 116-120 MPa pm'/2 [22], 131 MPa ym'/? [24] and 215.6 MPa um'/? [23] which tend to agree with the
slopes of 116 MPa pm'/? and 142 MPa pm'/2 predicted by the model of grain boundary sliding considering linear intercept and spatial
grain sizes, respectively. This suggests that a different mechanism may control the flow stress of coarse-grained pure aluminum so that
the grain boundary sliding mechanism controls the flow stress at grain sizes below ~ 10 pm and in aluminum alloys.

A similar effect was also reported in copper and the limiting grain size for the transition in slopes was estimated as ~ 3 pm [153]. A
lower Hall-Petch slope in the coarse grained regime was also reported in IF steel [242] and Ni-Co and CoCrNi alloys [481]. An analysis
of data for pure metals and alloys also suggests upward breaks in the Hall-Petch slope in Al, Cu and Mg [482].
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Fig. 38. Flow stress of aluminum plotted as a function of d” "/ considering (a) a broad range of grain sizes and (b) coarse grain sizes. Data taken
from the literature [4-25] are shown and some experimental sets [11,13,19,25] are highlighted.

11.3. The significance of grain refinement softening and grain boundary stability

Grain refinement softening or an inverse Hall-Petch behavior has been observed in many metals and it is predicted by the model of
grain boundary sliding under specific circumstances such as a high homologous temperature, low strain rates and very fine grains.
Previous analyses showed examples of good agreement between the model and experimental data for multiple conditions. However,
careful inspection of the data revealed some reports of grain refinement softening in conditions not predicted by the model, such as the
occurrence of a few datum points in aluminum, zinc and magnesium.

A recent report [178] documented an inverse Hall-Petch behavior in electrodeposited Ni with Mo as an alloying element. The as-
processed samples displayed a maximum hardness at a grain size of 10 nm and grain refinement softening at smaller grain sizes.
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Fig. 39. Flow stress of nanocrystalline Ni-Mo alloys [178] before and after grain boundary stabilization.
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However, stabilization of the grain boundaries by annealing at low temperatures caused an increase in hardness of the nanocrystalline
Ni-Mo alloy. Fig. 39 shows the experimental data of hardness divided by 3 plotted as a function of d ! 2 [178]. The prediction from the
model of grain boundary sliding [50] for Ni is also shown and there is good agreement between the model and the experimental data
obtained in the samples in which the grain boundaries were stabilized.

It is interesting to note that mechanically driven grain coarsening was reported in the as-processed Ni-Mo alloy while grain
coarsening was suppressed in the alloys in which the grain boundaries were stabilized [178]. This suggests that a different deformation
mechanism with lower flow stress may be associated with grain boundary mobility. A decrease in hardness with concomitant grain
growth was also reported in nanocrystalline copper [149]. This suggests a parallel to observations in pure Mg since grain coarsening
was observed during room temperature deformation of ultrafine pure Mg processed by HPT [122].

A careful analysis of data from Mg shows that grain refinement softening can take place at grain sizes smaller than a few microns in
samples processed from bulk pure Mg. However, magnesium samples produced from a consolidation of powders and Mg alloys do not
appear to display grain refinement softening in this grain size range. Fig. 40 shows the flow stress of pure magnesium processed from
bulk samples [64,66,122,261] (diamond gray symbols), pure Mg processed from a consolidation of powders [258,262,483] (square
cyan symbols) and a magnesium alloy (AZ31) [359-367] (round red symbols) plotted as a function of d 1’2, An inverse Hall-Petch
behavior is observed in bulk Mg at grain sizes smaller than ~ 1 pm while high flow stresses are observed in Mg processed from
powders. It is expected that magnesium oxide is incorporated in the samples processed from powder consolidation and these particles
may pin the grain boundaries preventing grain growth during deformation. Alloying elements can also hinder grain boundary
migration and the data show good agreement between the Mg alloy and the model of grain boundary sliding. In fact, a recent paper
reported negligible grain coarsening in a magnesium alloy with a grain size of ~ 0.1 pm subjected to indentation creep at room
temperature [115].

Stress-coupled grain growth was also observed in nanocrystalline aluminum [176,177]. In addition, grain refinement softening was
reported in Al and it seems related to the purity level. Thus, softening was reported in Al with 99.99 % purity at grain sizes below ~ 1
pm [22,24,25] and the softening was observed at grain sizes even larger in Al having 99.9999 % purity [71]. Such softening is not
observed in commercial purity Al and Al alloys which also supports the assumption that grain boundary mobility plays a role in this
effect.

11.4. The significance of diffusion creep

The increase in strain rate sensitivity and the change in slope in the Hall-Petch plots for ultrafine and nanocrystalline metals is
sometimes attributed to a contribution from diffusion creep mechanisms. It is therefore interesting to evaluate the contributions of the
Nabarro-Herring creep [30,31] and Coble creep [29] mechanisms. The rate controlling equations for these mechanisms are given as.

) D,Gb b\’ /oy !

énn = 1477 (3) ) (25)
and

. an DG (N (0!

cume = 3345 (;) (3) (26)

where Dy is the coefficient for lattice diffusion.

The mechanism of Coble creep is expected to play a major role in the deformation of metals with finer grain structures because of
the higher grain size exponent. In order to discuss the contribution of diffusion creep, it is necessary to plot the predictions for con-
ditions in which experimental data are available. Fig. 41 shows experimental data for an Al alloy tested at 403 K [436], a Cu alloy
tested at 673 K [450] and a Mg alloy tested at 423 K [43]. These conditions were selected as they fall within the moderate temperature
range for these materials. The grain sizes reported were ~ 0.2 pm for the Al alloy and the Mg alloy and ~ 1 pum for the Cu alloy and
these are within the smallest grain sizes that are reasonably stable under these testing conditions. Thus, the flow stress predicted by
Nabarro-Herring and Coble creep, considering the grain sizes and temperature, are plotted as a function of the strain rate. The pre-
diction from the model of grain boundary sliding is also shown for comparison. These predictions included the contribution of the
threshold stress, given by Eq. (24), estimated for Al-Mg and Mg-Al alloys. A zero temperature stress, o,, of 100 MPa and an activation
energy, AE, of 100 kJ/mol were considered for the estimation of the threshold stress, using Eq. (23), for Cu alloys at high temperatures.

Inspection shows that, as expected, Nabarro-Herring creep should not contribute to deformation of the alloys for the conditions of
testing. However, the predictions from Coble creep suggest this mechanism may play a major role in deformation of these materials. In
fact, Coble creep should be rate-controlling for some of the testing conditions but nevertheless none of the conditions display the
expected high slope in the stress vs strain rate plot. This suggests, therefore, that there is something hindering the operation of the
Coble creep mechanism.

It has been suggested that some low energy boundaries may only act as sources and sinks for point defects above a critical threshold
stress [484]. A threshold stress for diffusional creep was also considered in the analysis of data of low temperature tensile creep testing
of electrodeposited Cu [485] although further creep testing in compression [486] failed to confirm the trend obtained in tension. It
seems that, although the predictions from the rate equation for Coble creep suggest this mechanism should play a role in the defor-
mation of ultrafine-grained materials especially at moderate temperatures, there is a lack of true experimental validation. A recent
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Fig. 40. Flow stress of pure magnesium processed from bulk samples [64,66,122,261], pure Mg processed from a consolidation of powders
[258,262,483] and a magnesium alloy (AZ31) [359-367] plotted as a function of d /2.

overview paper on creep of ultrafine-grained materials pointed out that grain growth can take place before and during creep testing
[487] and this will undoubtedly affect the occurrence of diffusion creep. Nevertheless, it is important to note that the experimental
data presented in Fig. 41 follow the predictions from the model of grain boundary sliding with fairly good agreement in terms of both
the level of the flow stress and the slope of the data.

12. General evaluation of the grain boundary sliding mechanism

It was pointed out in the introduction to this review that it is widely accepted that the flow stress increases with decreasing grain
size at low temperatures but the flow stress decreases with decreasing grain size at high temperatures. Although these opposite trends
are usually treated separately, the present analysis demonstrates that the mechanism of grain boundary sliding [50] provides an
adequate explanation for both effects. Accordingly, the general relationship between flow stress, grain size and temperature predicted
by Egs. (15) or (16) of the mechanism for grain boundary sliding is shown in a 3D graph in Fig. 42 by considering a constant strain rate.
The flow stress and the grain size are plotted using arbitrary units on a logarithmic scale and the temperature is plotted in arbitrary
units using a linear scale. Thus, at low temperatures the flow stress decreases with increasing grain size and the slope is ~ —0.5. This
agrees with the assumption of 6xd~1/2 which has been reported since almost 70 years ago. With increasing temperature, the flow stress
of all grain sizes decreases but the rate of softening becomes more pronounced with decreasing grain size. As a consequence, heating
causes a gradual transition in the relationship between flow stress and grain size such that at high temperatures the flow stress de-
creases with decreasing grain size. Eventually a relationship is observed in which the flow stress is directly proportional to the grain
size at small grain sizes. This trend is also widely reported in the literature for superplastic materials and in fact the trends reported for
low and high temperatures in Fig. 3 in the introduction are incorporated in the trend revealed by the model of grain boundary sliding
now depicted in Fig. 42.

The previous sections showed that the phenomenology of the model of grain boundary sliding [50] is supported by experimental
observations including offsets at grain boundaries during deformation, an emission of dislocations from grain boundaries, dislocation
pile-ups, an increase in the vacancy density and the absorbing of dislocations at grain boundaries. Trends associated with the strain rate
sensitivity and apparent activation volume predicted by the model also agree with experimental observations. However, the best
evaluation of the rate-controlling mechanism is from the quantitative agreement with experimental data which was shown in multiple
separate plots. In order to provide a comprehensive evaluation of the effectiveness of the model, the flow stress observed in multiple
experiments are now plotted as a function of the theoretical flow stress predicted by the model in Fig. 43.

The inputs for the prediction of flow stress were the material fundamental properties (Dgp, G, b), the grain size of the sample, the
testing strain rate and temperature and the threshold stress which incorporates the other hardening mechanisms. The room tem-
perature threshold stresses were estimated from the best fits with experimental data as previously shown in Figs. 18-21. In order to
provide evaluations of data from different strain rates and temperatures, the threshold stresses of CrMnFeCoNi, Cu alloys and Fe (b.c.
c.) were estimated from Eq. (23) and the threshold stresses for Al and Mg alloys were estimated from Eq. (24) following the procedure
described earlier. The experimental data were compared to either the flow stress predicted considering a spatial grain size in Eq. (19) or
a mean linear intercept grain size in Eq. (20). A lower bound of grain size of 10 nm was considered for all materials except Zn for which
the lower bound was 2 pm. An upper bound grain size of 10 pm was considered for the room temperature testing of Mg due to the
occurrence of twinning in coarse-grained samples as discussed previously.

Accordingly, Fig. 43 includes the data depicted in Figs. 18-21 which contain flow stresses for the room temperature testing of Ag
[200-206], Al [4-25], Au [207-210], Be [211-217], Bi alloy [75], Co [218,219], Cr [203,220-223], CrMnFeCoNi [339-352], Cu
[95,121,150,151,153,154,156,157,159,224-235], Fe (b.c.c.) [61,96,102-104,236-248], Fe (f.c.c.) alloy [97,237,249-255], Hf

40



R.B. Figueiredo et al. Progress in Materials Science 137 (2023) 101131

(@ 1000 :

Nabarro-

Herrin
100 g

s (MPa)

10 ¢

(b) 1000

Nabarro-
Herring

100 ¢

GBS

c (MPa)

10

1 = L " L
10® 107 10° 10° 104 10° 102 10" 10°

s(s™

(© 1000

100

5 (MPa)

10 ¢

Nabarro-
Herring Coble

1 . . :
10% 107 10% 10% 10* 10° 102 101

g™

Fig. 41. Flow stress predicted by diffusion creep mechanisms and the mechanism of grain boundary sliding for (a) Al, (b), Cu and (c) Mg with fine-
grained structures and tested at moderate temperatures plotted as a function of the strain rate. Experimental data from Al [436], Cu [450] and Mg
[43] alloys tested under similar conditions are shown for comparison.

[256,257], Mg [63,64,66,105,110-112,258-262], Mo [263-270], Nb [79,271-281], Ni [3,178,282-292], Pb [293], Pd [293,294], Pt
alloy [295,296], Re [297,298], Sn alloy [74,353,354], Ta [203,299,3001, Ti (b.c.c.) alloy [101,301,302], Ti (h.c.p.) [100,303-314], U
[192,338], V [269,300,315-320], W [321-324], Zn [51,70,325-329] and Zr [330-335]. It also includes data for room temperature
testing of Al [22,355-358], Cu [153,158,166,368,369] and Mg [359-367] alloys and data from molecular dynamics simulations of Al
[379,380] and Cu [141,378]. Data from high strain rate testing of CrMnFeCoNi [350,351] and an Al alloy [432], low and high
temperature testing of the CrMnFeCoNi [339-341,343,344,346,348,404,408,419,421,488] alloy and high temperature testing of Al
[432,436-438], Cu [450,489], Fe [98,99,469] and Mg [34,35,40,41,43,68,106,433,490-492] alloys are also included. The total
number of experimental datum points is>2,300 and the range of flow stresses covers approximately 4 orders of magnitude.

A very good quantitative agreement is observed between the flow stress predicted by the model of grain boundary sliding and the
values observed in experiments such that most of the points in Fig. 43 lie next to the central line which indicates perfect agreement. The
great majority of the points lie within the gray lines that limit an agreement within a factor of 2. Furthermore, most of the points
outside these gray lines are related to dispersions in experimental data for coarse-grained copper and aluminum since the difference in
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Fig. 42. General trend between the flow stress, grain size and temperature predicted by the model of grain boundary sliding [50].
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Fig. 43. Flow stress reported in experiments for a wide range of materials, grain sizes and testing conditions plotted as a function of the flow stress
predicted by the mechanism of grain boundary sliding. Over 2300 datum points were included in this analysis and their description is given in

the text.

flow stresses reported for these materials in the literature can reach up to one order of magnitude. Also, the empirical approximation
considered for the threshold stresses of Al and Mg alloys can cause larger dispersions of the data such that some points appear outside

the gray lines.

42



R.B. Figueiredo et al. Progress in Materials Science 137 (2023) 101131

13. Concluding remarks

Many advances were made in recent decades on research regarding the relationship between the grain size and flow stress at low,
moderate and high temperatures. Both the Hall-Petch relationship and superplasticity remain active topics of research even after many
decades. Furthermore, the recent ability to produce nanocrystalline materials has led to great advances in the field despite the initial
dispersion in data from different processing and characterization techniques. The advances in structural characterization, combined
with the development of molecular dynamics simulations, has enabled the observation of deformation features both ex situ and in situ.
Multiple trends were reviewed in the present study and they are discussed below.

It is not uncommon that the grain boundary strengthening contribution is considered athermal in analyses of the strength of
metallic alloys or varies only based on the variation of G with temperature. On the contrary, the present review and much experimental
evidence in the literature show it should be considered a thermally-activated contribution. Likewise, some analyses also consider the
threshold stress as a constant which means an athermal contribution although there is now much evidence that it is thermally-
activated. The notion that the flow stress can be the sum of more than one thermally-activated mechanism readily explains trends
observed in the strain rate sensitivity and apparent activation volume at small grain sizes. The empirical correlation used in the present
analysis for Al and Mg alloys permits an estimate of the threshold stress at different temperatures and strain rates and this is important
in understanding trends taking place at moderate temperatures where both the grain size strengthening and the threshold stress play
important roles. However, the dispersion of data demonstrates that it is not necessarily accurate for all conditions. This is expected
especially in Al-Mg alloys which undergo dynamic strain ageing and therefore the relationship between the threshold stress and
temperature is not straight forward.

A recent analysis [117] showed that the sum of the grain size strengthening and the threshold stress estimated by Eq. (16) for a
multicomponent CrMnFeCoNi alloy provided a good quantitative agreement with experimental data and allowed an evaluation of the
strain rate sensitivity, apparent activation volume and activation energy trends for different grain sizes, strain rates and temperatures.
There have been studies on the analysis of the contribution of the solid solution to the threshold stress of alloys [417,418,435,493] and
multicomponent alloys [194,346,494-496] and the values of the activation energy and zero temperature flow stress considered in the
present analysis and elsewhere [117] for the CrMnFeCoNi alloy are in reasonable agreement with the values determined theoretically
[346]. The overall and comprehensive analysis of data in Fig. 43 shows that the mechanism of grain boundary sliding [50] generally
provides an excellent estimation of the effect of grain size on the flow stress for multiple materials and different strain rates and
temperatures. Nevertheless, it is not expected that a single deformation mechanism will be rate-controlling for all materials and at all
testing conditions independent of all structural features but the average grain size. Thus, some disagreements were already identified.

It was shown that the model of grain boundary sliding does not agree with experimental data under some specific conditions such as
twinning-controlled deformation, some metals with coarse-grained structure and in situations in which grain boundary mobility plays
a role (see Section 11). Other deformation mechanisms may prevail under these and other circumstances that will be disclosed by
further research. Multiple models have been suggested in the literature to explain both the Hall-Petch effect and superplasticity. These
different models have shown both agreement and disagreement with the experimental data. It is expected that further advances in
structure characterization and a reduction in dispersion of the experimental data will clarify these deformation features and experi-
mental trends and therefore it will become possible to better distinguish the deformation mechanisms operating under different
conditions from low to high temperatures.

14. Summary and conclusions

1. The relationship between the grain size and the flow stress that has attracted so much attention for over 70 years is critically
reviewed in light of recent advances in data and structural characterization and the development of a phenomenological model.
This topic is usually treated within limited materials and temperature ranges but it is now expanded to include a broad set of over
30 metals and alloys and low, moderate and high temperatures. It is shown that one model [50] can indeed predict general trends
under multiple conditions including computer molecular dynamics simulations. Some disagreement with specific trends are also
documented.

2. Recent advances in structural characterization further clarify that grain boundary sliding, dislocation emission and absorption at
grain boundaries, dislocation pile-ups and excess vacancies can be observed in ultrafine and nanocrystalline materials at room
temperature. These observations support the phenomenological description of the model of grain boundary sliding.

3. Recent advances on mechanical characterization show that different trends are observed in plots of flow stress vs the inverse of the
square root of the grain size in some materials. Many of these differences in trends are associated with the homologous temperature
of testing. Also, an increased strain rate sensitivity and reduced apparent activation volume have been reported at very small grain
sizes in some materials. A pronounced increase in strain rate sensitivity with increased temperature is also reported in ultrafine-
grained materials and gives rise to extended ductility, quasi-superplasticity and even to true superplasticity. These trends are
predicted and support the model of grain boundary sliding as the rate-controlling mechanism.

4. Itis shown that the relationship between the flow stress and the grain size is thermally-activated. This notion permits a prediction of
the relationship at different temperatures and strain rates. A thermally-activated description of the threshold stress complements
the prediction and readily explains the trend of decreasing strain rate sensitivity with grain refinement reported in some materials.

5. A general description of the relationship between flow stress, grain size and temperature shows a gradual transition from grain
refinement hardening at low temperatures to grain refinement softening at high temperatures. The analysis developed in this
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review is quantitatively supported by >2,300 datum points from the literature for multiple materials, grain sizes, strain rates and
temperatures.
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