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Abstract

It was shown recently that the grain size contribution to the flow stress and strain
rate sensitivity of pure metals having different structures can be estimated by the model
of deformation by grain boundary sliding. The present research extends this earlier study
by estimating the grain size contribution to the flow stress in the CrMnCoFeNi high
entropy alloy. This alloy has attracted significant attention in recent years due to its
remarkable mechanical properties which include a higher strength compared to f.c.c. pure
metals due to a significant contribution from solid solution strengthening. The present
work demonstrates that the flow stress of the CrMnCoFeNi alloy can be readily estimated
from the sum of the contributions from solid solution and grain size strengthening. There
are some unique experimental trends observed in this alloy and these provide supporting
evidence for the assumption that the grain size strengthening is thermally-activated. The
flow stress, strain rate sensitivity, activation volume and activation energy are predicted
for different grain sizes and testing conditions as a function of the fundamental properties
of this alloy and the results show excellent agreement with the reported experimental data.
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1. Introduction

It was shown in a recent analysis [1] that an adjustment to the deformation
mechanism of high temperature grain boundary sliding [2] permits a prediction of the
deformation behavior of ultrafine-grained metals at low temperatures. Many of the
deformation characteristics of these materials, which include an absence of strain
hardening, an increased strain rate sensitivity, the presence of grain boundary offsets and
an increased vacancy concentration, are consistent with the basic assumptions of this
deformation mechanism. Specifically, the model considers that extrinsic dislocations
move along grain boundaries and activate dislocation slip in adjoining grains at places
where there are stress concentrations such as triple junctions. These newly-activated
dislocations then pile up at the opposite grain boundary and are removed by climb. Thus,
the rate of deformation is controlled by the rate of grain boundary sliding and the rate of
dislocation climb at the head of the pile up. It is well established that this mechanism
predicts the deformation behavior of fine-grained metals which display superplastic
behavior at high temperatures. Furthermore, a recent comparison of experimental data
also revealed excellent agreement for a number of different metals at low temperatures
[1].

The fundamental deformation mechanism is based on the assumption that
dislocations glide across the grains to the opposing grain boundaries. Thus, this condition
is valid only in situations where there are no dislocation sub-structures within the grain
interiors. In practice, this requirement is ready fulfilled for ultrafine and nanocrystalline
materials since the grain sizes are then smaller than the stable sub-grain size and therefore
dislocation cell formation is prevented. However, apart from ultrafine-grained metals, this
condition is observed only in annealed coarse-grained metals where a dislocation

substructure has not developed. In practice, therefore, this model can predict only the



initial flow stress in regular coarse-grained annealed metals. Nevertheless, recent analyses
[3, 4] showed that this mechanism generally provides the best agreement with
experimental data for the relationship between grain size and flow stress for a wide range
of pure metals and grain sizes. The model also explains the trend of increasing strain rate
sensitivity with decreasing grain size which is observed in most ultrafine-grained metals.

Despite the excellent agreement with experimental data for pure metals, the
behavior of complex concentrated or high-entropy alloys (HEA) has not been evaluated
using this model. In addition, most of the mechanistic predictive theories published to
date for face centered cubic (f.c.c.) HEA are focused on solid solution effects and
therefore they usually fail to include the grain size contribution in the models [5]. To
overcome this deficiency, it is noted that the fundamental properties of a material which
are used as the input parameters in the model, such as the shear modulus, the Burgers
vector and the grain boundary diffusion coefficient, are expected to vary significantly
among the different compositions of these multicomponent materials. Also, there are a
very wide variety of compositions available and this introduces an added difficulty in
attempting to compare experimental data from multiple sources.

Nevertheless, the CrMnFeCoNi alloy, known as the Cantor alloy [6] with the
components listed in ascending order according to their atomic numbers, is the most
studied of the f.c.c. HEA and it is an appropriate material for a detailed analysis. There
are also reasonable sets of data available in the literature for this alloy including
predictions of the shear modulus as a function of temperature [7] and the grain boundary
diffusion parameters [8, 9]. Accordingly, the present report concentrates exclusively on
this alloy.

It is important to note also that the model for deformation by grain boundary sliding

predicts only the effect of grain size on the deformation behavior of metals and the



incorporation of a threshold stress is required to predict the behavior of metallic materials
at low temperatures. This is of particular importance for multicomponent alloys since the
solution strengthening plays a major role in determining the value of the flow stress.
Models for the prediction of the solid solution strengthening contribution as a function of
the composition of these multicomponent alloys have been suggested and they generally
display good agreement with the experimental data [10-14].

The present analysis of the deformation behavior of the CrMnFeCoNi alloy
incorporates the conventional model of grain boundary sliding and an empirical
description of the solute strengthening effect. It is shown that this combination effectively
predicts the flow stress and the strain rate sensitivity of this alloy for a broad range of
grain sizes, testing temperatures and strain rates. It is shown also that some unique trends
reported for this alloy, including a decrease in the strain rate sensitivity and the activation
volume with decreasing grain size [15], differences in the evolution of the activation
volume with temperature for samples with different grain sizes [16] and a pronounced
increase in the activation energy for deformation with increasing temperature in a
nanocrystalline alloy [17], are in direct agreement with the predictions of the proposed
model.

2. Description of the model

The flow stress of single-phase metals depends on strengthening mechanisms which
are affected by structural parameters such as the type and amount of solid solution
alloying elements, the grain size and the dislocation density. The present analysis is
focused on the initial flow stress of the CrMnFeCoNi HEA and it will not consider the
effect of the dislocation density for hardening. Theories of the solution strengthening of
f.c.c. complex concentrated alloys are readily available [10-14] and a comparison with

experimental data suggests that it is possible to estimate the stress contribution from the



solid solution, oss, at different temperatures and strain rates using the following

relationship [18]:

Oss = Opexp (— ﬁg In (i—°)> D
where oo is the stress contribution at a temperature of 0 K, R is the gas constant, T is the
absolute temperature, 4E is the activation energy barrier, &, is a reference strain rate
(considered as 10° st in the present analysis) and ¢ is the strain rate during deformation.
The values of oo and 4E in a similar equation were determined recently for the
CrMnFeCoNi HEA as ~254 MPa and ~109 kJ mol?, respectively [13]. However, an
analysis of the experimental data suggests a larger value for the stress contribution at low
temperatures. Therefore, the present analysis considered instead the parameters estimated
directly from a best fit with the experimental data where these values are oo = 400 MPa
and 4E = 110 kJ mol™.

The effect of grain size on the flow stress, ogs, may be estimated from the

relationship [1]:
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where G is the shear modulus, k is Boltzmann’s constant, d is the spatial grain size, b is

the Burgers vector given by b = 0.254 nm [10], & is the grain boundary width and Dgp is
the coefficient for grain boundary diffusion. The grain boundary width is usually taken
as 0 = 2 x b and this agrees with the value of 6 = 0.5 nm reported in the literature [8, 9].
The shear modulus of the CrMnFeCoNi alloy was evaluated over a range of temperatures

and this gave the following relationship [7]:
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where T is the temperature in degrees K and the value of G is in GPa.

The coefficient for grain boundary diffusion is given by the following equation (4):
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where the values for the various constants were estimated for the different elements in the
CoCrFeMnNi alloy [8, 9] and these values are given in Table 1. In practice, the grain
boundary diffusion coefficient is similar for all elements at high temperatures but a lower
value is observed for the diffusion of Ni at low temperatures. Nevertheless, the differences
in the grain boundary diffusion coefficients for the different elements have no significant
effect on the predictions from eq. (2) but slightly better agreement with the experimental
data was observed when using the values of diffusion for Ni and therefore these values
were considered in the present analysis.

Thus, the flow stress, o, of the CrMnFeCoNi HEA is estimated using the following

eq. (5) which is obtained from the sum of the solid solution strengthening given by eq.

(1) and the grain size strengthening given by eq. (2):
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3. Validation of the model

Experimental data from the literature [13, 16, 17, 19-34] was used to validate the
model and these data are summarized in Table 2 where it is evident that results were
collected for a wide range of grain sizes, strain rates and temperatures. The present model
considers the spatial grain size but the majority of these data evaluate the grain size using
2D-sections so that there will be some level of inaccuracy for this parameter. Thus, the
values reported for the grain sizes were considered in the present analysis except for those
reports defining clearly the use of the mean linear intercept length and for these reports
the spatial grain size was estimated by multiplying the linear length by a factor of 1.74
[35]: these values are marked with an asterisk (*) in Table 2.

Figure 1 shows the predicted flow stress at a strain rate of 10 s? for the three

different testing temperatures of 77, 293 and 1073 K plotted as a function of the grain
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size: the experimental data are taken from the literature for similar testing conditions [13,
19-22, 24-33]. It is readily apparent that there is an excellent agreement between the
predictions from the model and the experimental data and this includes both the larger
contributions of the solid solution and grain size strengthening mechanisms at lower
testing temperatures and the occurrence of grain refinement softening at the highest
temperature.

Figure 2 shows the predicted flow stress as a function of strain rate for samples
tested with different grain sizes at three different temperatures. The predictions are again
compared with experimental data [23, 29, 30] and there is a good agreement for both the
values of the flow stress and the slopes of the curves. From these plots, the slopes of the
curves provide the values of the strain rate sensitivity, m = dlno /dIné. Thus, the model
predicts, in agreement with the experiments, a small strain rate sensitivity at room
temperature and a larger value of m for fine-grained material tested at a high temperature.
Careful inspection of the predictions of the model suggests a very small increase in the
strain rate sensitivity with increasing grain size when testing at room temperature and this
agrees with the experimental data as discussed in section 4.1. The high strain rate
sensitivity predicted for the high temperature testing of the fine-grained CrMnFeCoNi
HEA is consistent with reports of superplastic elongations under these conditions [22,
23].

The predicted evolution of the flow stress as a function of the testing temperature
is depicted in Fig. 3 for three different grain sizes together with experimental data from
the literature [16, 19]. Different trends are revealed as the nanocrystalline material with d
= 0.05 um displays a lower dependence on temperature at low temperatures and a
pronounced drop in stress at intermediate temperatures. The coarse-grained material with

d = 270 um displays a larger dependence of flow stress on temperature at low



temperatures and the slope decreases at high temperatures. The fine-grained sample with
d = 7.6 um displays an intermediate behavior. All of the experimental data are consistent
with the predictions from the model.

Figure 4 shows the flow stress predicted by the model compared with results
reported from experiments conducted with samples having different grain sizes tested at
different temperatures and strain rates [13, 16, 17, 19-34]. Two conclusions became
apparent during the analysis of the data.

First, the level of the flow stress observed in nanocrystalline CrMnFeCoNi alloys
processed by HPT [16, 17, 21, 24, 25] are consistently slightly lower than predicted by
the model and they do not follow the exact trend of grain refinement hardening observed
in coarse-grained samples at room temperature. This difference is probably associated
with the experimental determinations of grain size using 2D-images from transmission
electron microscopy (TEM) where the spatial grain size may be underestimated. Thus,
the variation of flow stress with grain size in the nanocrystalline range is steeper than in
the coarse-grained range.

Second, the levels of flow stress reported for the CrMnFeCoNi alloy tested at
moderate temperatures in the range of 473 — 873 K tend to be larger than the values
predicted by the model and this trend is more pronounced in the fine-grained samples. It
is important to note that the formation of different phases was reported in this alloy in this
temperate range and this is associated with a significant increase in strength [21].
However, such structural changes are not predicted by the model which considers only
solid solution strengthening and grain size strengthening in a single-phase alloy. Despite
these minor inconsistencies, there is generally very good agreement between the model

and experimental data as documented in Fig. 4.



4. Analysis of the deformation behavior of the CrMnFeCoNi alloy
4.1. Strain rate sensitivity

An intriguing aspect of the deformation behavior of the CrMnFeCoNi alloy is the
increase in the strain rate sensitivity with increasing grain size for tests conducted at room
temperature [15]. This trend is the opposite of that observed in conventional f.c.c. metals
[36]. It has been shown that the pronounced increase in the strain rate sensitivity of many
f.c.c. metals in the ultrafine and nanocrystalline grain size ranges is readily explained by
the mechanism of grain boundary sliding [1, 3] and the analysis in the preceding section
suggests that a similar explanation is appropriate also for the CrMnFeCoNi alloy.
However, the present analysis demonstrates that the solid solution strengthening
mechanism also plays an important role in the deformation behavior of this alloy.
Therefore, it follows that the inverse relationship between the strain rate sensitivity and
grain size may be a direct consequence of the enhanced contribution of solid solution
strengthening in CrMnFeCoNi alloys at the coarser grain sizes compared to other f.c.c.
metals. This possibility is now examined.

The present analysis is based on a combination of grain size strengthening and solid
solution strengthening and both of these mechanisms are thermally-activated and
dependent on the strain rate. In fine-grained pure f.c.c. metals tested at room temperature,
the strain rate sensitivity is basically controlled by the grain boundary sliding mechanism
given by eq. (2) which is then responsible for the grain size strengthening. This
mechanism predicts an increase in the strain rate sensitivity with decreasing grain size
whereas the solid solution strengthening is given by eq. (1) and is independent of the grain
size. The strain rate sensitivity predicted by solid solution strengthening is larger than the

value predicted by grain size strengthening for the CrMnFeCoNi alloy at low



temperatures. Thus, coarse-grained alloys display a large strain rate sensitivity due to the
large contribution of solid solution strengthening to the total strength. However, the ratio
of the contribution from this mechanism decreases with decreasing the grain size due to
the increased contribution of grain size strengthening and therefore the contribution of
solid solution strengthening to the strain rate sensitivity also decreases. This is illustrated
in Fig. 5 which shows the strain rate sensitivity predicted by the present model, for room
temperature deformation at a strain rate of 10 s plotted as a function of the grain size.
Thus, values of m ~ 0.01 are predicted for ultrafine and nanocrystalline materials but this
value increases to m > 0.02 for grain sizes larger than ~1 um. The values of the strain rate
sensitivity determined experimentally [15-17, 32, 34, 37] are also plotted in Fig. 5 and
generally they show reasonable agreement with the predictions of the model.

With increasing temperature the strain rate sensitivity predicted by the grain
boundary sliding mechanism increases significantly for small grain sizes. Ultimately, a
value of m = 0.5 is expected for this mechanism at high temperatures and low strain rates
in fine-grained materials and this is associated with the occurrence of conventional
superplasticity [38]. Therefore, the strain rate sensitivity of fine grained CrMnFeCoNi
alloys will be larger than the values reported for their coarse-grained counterparts at high
temperatures. This is depicted in Fig. 6 which shows the strain rate sensitivity predicted
by the model for the three different grain sizes of nanocrystalline (d = 0.05 pum), fine (d
= 1 um) and relatively coarser (d = 11 um) grain sizes plotted as a function of the
temperature for a strain rate of 103 s™%. Thus, the values predicted for the finer grain sizes
are smaller at low temperatures but they become significantly larger at higher
temperatures. Experimental data are also shown in Fig. 6 [16, 22, 32] and these

experimental points confirm the overall predictions. Thus, an increase in the strain rate



sensitivity up to close to m = 0.10 was reported in a nanocrystalline material tested up to
673 K [16] and this value is larger than the values reported for the coarser-grained alloy.

It is important to note also that the significant contribution of solid solution
strengthening in the CrMnFeCoNi alloy appears to compromise the maximum strain rate
sensitivity that may be achieved in this material at high temperatures. While strain rate
sensitivities in the range of ~0.4 — 0.5 are usually observed at high temperatures in fine-
grained superplastic metals, the maximum values predicted by the present model are
usually limited to m < 0.4. This is depicted in Fig. 6 where the prediction of m for a sample
with a grain size of 1 um is a maximum of m ~ 0.35 at T = 1000 K. Nevertheless, it should
be noted that this value of m is fully consistent with experimental results for a fine-grained
CrMnFeCoNi alloy where there was superplastic flow and a measured relatively low
strain rate sensitivity of m ~ 0.30 for tests conducted over strain rates of 10 — 101 s at
temperatures in the range of 873 — 1073 K [22]. In the earlier experiments the low strain
rate sensitivity recorded in an alloy exhibiting superplastic elongations of >600% was
tentatively attributed to the occurrence of significant grain growth during the tensile
testing [22] but the present analysis suggests an alternative explanation.
4.2.  Activation volume and the activation energy

In order to gain a better understanding of the deformation mechanisms, the
activation volumes and activation energies are usually determined in appropriate
experiments. The activation volume, V, may be estimated by testing at different strain

rates and using the following eq. (6):

V= VEkT = ®

It can also be estimated for the model by comparing the predictions for different testing

strain rates.

10



The present model essentially comprises a combination of two thermally-activated
deformation mechanisms. Although grain size strengthening is usually considered
athermal, some earlier reports considered this mechanism as thermally-activated [1, 3]
and this approach demonstrated an excellent agreement between the model and
experimental data for different metals at different temperatures and strain rates. Also, the
following analysis provides additional supporting evidence that the grain size
strengthening mechanism is thermally-activated.

The activation volume associated with the solid solution strengthening mechanism
is expected to be independent of the grain size. Thus, considering an athermal grain size
strengthening contribution of the type o = k’d~1/2 where k' is a constant, the activation
volume predicted by the model is independent of the grain size. For example, a value of
V = 55 b? is predicted for deformation at room temperature at a strain rate of 103 s* for
all grain sizes. However, when two thermally-activated mechanisms are summed, the
predicted activation volume becomes 1/V = 1/V; + 1/V, where Vi and V2 are the
activation volumes for each separate mechanism. Consequently, the predicted activation
volume will always be slightly smaller than the smallest value for the different
mechanisms.

The activation volume predicted by the grain size strengthening mechanism
modeled by eq. (2) decreases with decreasing grain size. As a consequence, the activation
volume predicted for the present model by eq. (5) decreases at small grain sizes but
saturates at ~55 b® at large grain sizes for deformation at room temperature as depicted in
Fig. 7a. This trend of decreasing activation volume with decreasing grain size was
observed experimentally in the reported data [15-17, 32, 34, 37] as also included by the

points in Fig. 7a that show a generally good agreement with the prediction.
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The activation volumes predicted by the present model also display different
evolutions with temperature depending upon the grain size. Although the solid solution
strengthening mechanism predicts an increase in activation volume with increasing
temperature [13], the grain size strengthening mechanism predicts different trends
depending on the grain size. Therefore, the latter mechanism plays a key role in governing
the evolution of this parameter for fine-grained materials. Figure 7b shows the predicted
V as a function of temperature considering samples with different grain sizes that may be
categorized as either nanocrystalline material with grain sizes close to ~0.05 pum or
relatively coarser-grained with grain sizes of the order of ~11 um. There is a clear increase
in the predicted values of the activation volumes with increasing temperature for the
coarser-grained material and this is in excellent agreement with the experimental data.
Conversely, a smaller and near constant value of V is predicted for the nanocrystalline
material and again this trend agrees with the experimental data.

The activation energies for deformation, Q, are also determined in experiments and
the following egs (7) and (8) are usually used for this determination by conducting tests
at different temperatures; specifically, the relationship in eq. (7) relates to testing at

constant stress and the relationship in eq. (8) relates to testing at a constant strain rate:

Q =RT?Z (7)
and
Q =nR j(’l—/T) ®)

where n is the stress exponent defined as 1/m.

Both eqgs (7) and (8) can be used to estimate the activation energy predicted by the
model and thereby they permit a direct comparison of predictions at different
temperatures for a constant grain size. In practice, the model predicts an increase in the
activation energy at low temperatures but the slope varies for different grain sizes such
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that higher slopes are predicted for smaller grain sizes. The model also predicts a
maximum value for the activation energy of ~220 kJ mol™ at high temperatures and this
is the value considered in the present model for the activation energy for grain boundary
diffusion.
Figure 8 shows the predicted activation energy for a nanocrystalline material having
a grain size of d = 0.036 nm plotted as a function of temperature and including
experimental data [17]. Thus, the prediction agrees with the experimental data for the
tests conducted at temperatures of 523 —573 K but at lower temperatures the prediction
overestimates the values of Q. It is important to note that mechanical testing of the
CrMnFeCoNi HEA at moderate temperatures may be affected by the precipitation of
different phases that will increase the strength of the material and this effect will be
observed primarily in materials having finer grain sizes. This is supported by the increase
in hardness reported in nanocrystalline samples of this alloy after heating at moderate
temperatures [16, 21]. Also, an increase in yield stress with increasing testing temperature
was reported in an ultrafine-grained sample of the alloy in the temperature range of 300
— 473 K [32]. This shows that the experimental activation energies determined by
mechanical testing at moderate temperatures may underestimate the true values due to
these microstructural changes and this will directly explain the apparent low values of the
activation energies recorded experimentally in Fig. 8 at the lower testing temperatures.
5. Summary and conclusions
1. The flow stress, strain rate sensitivity, activation volume and activation energy of
the CrMnFeCoNi high-entropy alloy were modeled by considering the
contribution of two thermally-activated strengthening mechanisms which predict
the separate contributions of solid solution strengthening and grain size

strengthening. A generally excellent agreement is observed between the model

13



and experimental data for different testing conditions including a wide range of
grain sizes, strain rates and testing temperatures. This agreement is achieved
without the use of any adjustable parameters.
2. The analysis demonstrates that the mechanism of grain boundary sliding, which
was shown earlier to give excellent agreement with data for conventional single
phase metals, agrees also with the experimental observations in this
multicomponent alloy.
3. The trend in this alloy for decreasing strain rate sensitivity with decreasing grain
size, which is the opposite to conventional f.c.c. metals, is readily explained by
the enhanced contributions from solid solution strengthening for the coarser-
grained materials and grain size strengthening for the fine-grained materials.
4. The trend observed experimentally of decreasing activation volume with
decreasing grain size is in agreement with the present model and provides
supporting evidence that the grain size strengthening is thermally-activated.
5. The model predicts an increase in the activation energy with increasing testing
temperature so that large values are predicted at moderate temperatures and this
agrees with values determined experimentally.
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Tables:

Table 1 — Grain boundary diffusion parameters for the different elements in the CrMnFeCoNi
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alloy.
ODo (102 m3/s) | Qg (kJ/mol) | Reference
Co 1.66 181.5 (7]
Cr 1.43 180.6 (7]
Fe 1.40 182.2 (7]
Mn |13 192.1 (7]
Ni 142 221 (8]

*
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Table 2 — Summary of the experimental data used in the present analysis: asterisks in the grain

size column denote the conversion from mean linear intercept to the spatial grain size.

d (um) T (K) £ (s Reference
7.7* ~270%* 77 ~ 1073 103 [18]
60.9* 77 ~ 1273 103 /101 [32]
6 77 / 293 103 [26]
0.05/10 293 103 [20]
1 873 ~ 1073 103~ 10 [21]
1.4 1023 10* ~ 101 [22]
0.88* ~ 155* 293 103 [25]
131 77 / 293 103 [33]
0.05 293~ 673 5x107? [15]
0.036 298 ~ 573 2.5x107? [16]
17 77 ~ 423 10’ [12]
0.06 293 1072 [24]
0.05 293 10* [23]
0.5 77 / 293 103 [27]
9.1 293 3x10%~2.8x 10° [28]
23.9 293 2x10*~ 9.7x10? [29]
6.8% ~52.2* 293 103 [30]
0.52/11 77 ~ 573 103 [31]
1.1*~183* 77 ~ 873 103 [19]
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Figure 1 — Predicted flow stress plotted as a function of grain size for three different

temperatures: experimental data are shown for comparison [12, 18-21, 23-32].
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Figure 2 — Predicted flow stress plotted as a function of the strain rate for three different grain

sizes and temperatures: experimental data are also shown [22, 28, 29].
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Figure 3 — Predicted flow stress plotted as a function of the testing temperature for three

different grain sizes: experimental data are also shown [15, 18].
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Figure 4 — Flow stress predicted by the model compared with the flow stresses reported from

numerous experiments [12, 15, 16, 18-33].
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Figure 5 — The strain rate sensitivity predicted for deformation at room temperature plotted as

a function of the grain size: experimental data are also shown [14-16, 31, 33, 36].
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Figure 6 — The strain rate sensitivity predicted for three different grain sizes plotted as a

function of temperature: experimental data are also shown [15, 21, 31].
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Figure 7 — Prediction of the activation volume as a function of (a) the grain size and (b) the

temperature; experimental data are also shown [14-16, 31, 33, 36].
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Figure 8 — The predicted activation energy plotted as a function of the testing temperature:

experimental data ae also included [16].
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