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Abstract. Two different alloy series (Cu-X, Ni-X) have been selected to investigate the effects 
of solutes on the saturation grain size, the thermal stability and mechanical properties after high 
pressure torsion. The results of the Cu-X series indicate that the saturation grain size does not 
correlate with the stacking fault energy but shows good agreement with solid solution hardening 
according to the Labusch model. This correlation does not only hold for binaries, but also for 
chemically complex high entropy alloys (Ni-X) in the form of (CrMnFeCo)xNi1-x, where the 
Varvenne model is used to describe solid solution hardening. The alloy series exhibit a grain size 
in the range of 50 – 425 nm after high pressure torsion and the solutes increase the strength as 
well as the thermal stability of the alloys after annealing. The nanostructured alloys exhibit an 
enhanced strain rate sensitivity exponent, as determined from nanoindentation strain rate jump 
and constant contact pressure creep testing, whereas an enhanced rate sensitivity is found at low 
strain rates. The relatively lower rate sensitivity of the alloys as well as their higher thermal 
stability indicate, that defect storage and annihilation is strongly influenced by a complex 
interaction of solutes, dislocations and grain boundaries. 

 

1. Introduction 

Severe plastic deformation methods like high pressure torsion (HPT) have been used for several decades 
to generate ultrafine-grained (UFG) or nanocrystalline (nc) bulk materials [1, 2]. Due to the quasi-
constrained condition, a high strain can be applied to the material, leading to high dislocation densities 
of at least 1014 m-2 [2, 3]. During shear deformation, the dislocations are not randomly distributed, but 
rather form dislocation cell walls or sub-grain boundaries [4-7]. With increasing strain, the average grain 
boundary misorientation increases and reaches values >15° at high strain levels. While the grain 
refinement mechanisms are well established [8], the parameters influencing the saturation grain size ds, 
i.e., the minimal achievable steady-state grain size at very large strain are not yet fully understood. The 
grain refinement can be described as a process of counterbalanced generation and annihilation (recovery, 
dynamic recrystallization) of dislocations during deformation [9-11]. From this perspective, it seems 
obvious that parameters such as the stacking fault energy (SFE) or the solid solution hardening (SSH) 
contribution play a decisive role and affect the grain refinement including the saturation grain size. It is 
known that the SFE strongly affects the grain refinement rate, especially at lower strains during HPT, 
but its effect on the saturation grain size is discussed controversially [1, 9, 12]. Investigations on a CuZn 
series showed that an increase in solute concentrations lowers the stacking fault energy substantially, 
which in turn results in a reduction in ds [13]. However, a comparison of pure fcc elements with strongly 
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varying SFE shows similar ds values after HPT deformation at the same homologous temperature [1]. 
Edalati et al. [9] empirically found a correlation between SSH contribution and ds for various binaries 
and reasoned that the saturation grain size is mainly controlled by atomic size and modulus mismatch 
effects of solutes rather than by the SFE. The authors used the classical Labusch model [14, 15] to 
describe the solute - dislocation interaction and explained this correlation by stronger localized stress 
fields, which hinder the necessary dislocation motion and cause smaller ds [9].

Bruder et al. [16] investigated a series of Cu-X alloys which, compared to each other, show either 
different SFE or SSH contributions. These results confirm the correlation given by Edalati et al. [9]. To 
further investigate the effects of solutes on the grain refinement, we go beyond the scope of the classical 
SSH models using a series of Ni-X alloys starting from pure Ni up to the equiatomic, five-component 
CrMnFeCoNi Cantor high entropy alloy (HEA) [17, 18]. This series is well suited to shed light on SSH 
effects, not only in dilute solid solutions but also in chemically complex HEAs, as the fcc crystal 
structure is present over the complete concentration interval [19-21]. For HEAs, the classical picture of 
solute and solvent species does not hold, hence, the Labusch model may not be applicable for this alloy 
class.  Varvenne et al. [22-24] proposed a more recent approach for modeling SSH in HEAs, assuming 
the HEA as a homogeneous, monoatomic matrix with average properties, in which the individual 
constituents are embedded. In contrast to the Labusch model, which describes the interaction of 
dislocations and obstacles in dilute solid solutions based on an atomic size and modulus misfit, the 
Varvenne model describes the interaction between a dislocation and solutes only by an atomic size 
difference and neglects fluctuations in shear modulus. 

This work summarizes and builds upon a series of publications by the present authors (Bruder et al. 
[16], Keil et al. [17, 18] and Minnert et al. [25, 26]) to further elucidate the effects of solutes, including 
the SFE and SSH, on the saturation grain size, the microstructural stability and the mechanical properties 
(hardness and strain rate sensitivity using advanced constant contact pressure (CCP) and strain rate jump  
(SRJ) testing) after HPT processing in binary and chemically complex alloys. 

2. Experimental procedure 

The Cu-X alloy series consists of binary Cu alloys with Al, Sn, or Zn as alloying elements. The 
concentration of the alloying elements is 5 wt.% (CuAl5, CuSn5 and CuZn5) or 30 wt.% (CuZn30). In 
addition, commercially pure Cu (99.95%) was tested for comparison. All alloys exhibit an alpha-Cu 
matrix with varying SFE and SSH contributions. The Ni-X series consists of three five-component alloys 
with the following compositions: Cr2.5Mn2.4Fe2.6Co2.9Ni89.6 (nominal Ni92), Cr10.5Mn9.9Fe10.3Co10.6Ni58.7 

(Ni60) and Cr20.6Mn19.3Fe19.9Co20.1Ni20.1 (Ni20). Pure Ni with a purity level of 99.6% were used as 
reference materials with minor solute hardening effects. The alloy designation and exact compositions 
can be seen in table 1 and table 2.

Disc shaped samples were processed by HPT at room temperature using active water cooling to an 
equivalent plastic strain of ε > 120 at the outer radius of the sample to reach the saturation state. 
Subsequent isochronal heat treatments for 1 h were performed at different temperatures up to 500°C for 
the Cu-X series and up to 900°C for the Ni-X series. Flat sections of the samples were prepared by 
polishing down to colloidal silica. For the Cu-X series, Fe-(III)-nitrate solution was additionally used 
for the final polishing step. The viewing direction for microstructural analysis and the loading direction 
of the nanoindentation system are parallel to the loading direction of the HPT press. Nanoindentation 
testing was performed at room temperature (25 °C) on a G200 nanoindentation system (Keysight) using 
a Berkovich diamond tip (Synton-MDP) at a radial distance from the center above 0.5r. The hardness 
(H) was measured at a constant indentation strain rate (CSR) of 𝜀𝜀̇ = 0.05 𝑠𝑠−1 and the strain rate 
sensitivity was measured by means of indentation strain rate jump (SRJ) and constant contact pressure 
(CCP) testing. The applied strain rate for SRJ testing was varied every 500 nm indentation depth 
between 0.05 s-1, 0.005 s-1 and 0.001 s-1. For samples showing significant material pile-up during 
indentation, the contact area was corrected according to the procedure proposed by Kese et al. [27] 
(further information regarding the correction procedure is shown in Ref. [18] for the Ni-X series). In 
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addition, indentation creep experiments were carried out using the constant contact pressure approach 
[25, 26]. The initial penetration depth at the start of the creep segment was 500 nm, the creep time was 
set to 3000 s. The contact pressure, based on the contact stiffness signal S, was reduced in a single 
unloading event and subsequently held constant by controlling P/S², where P is the applied load.

The microstructural analysis was performed using a high resolution scanning electron microscope 
(TESCAN Mira 3) in backscattered electron (BSE) contrast mode. The grain size was measured by the 
line intercept method. 

3. Results and Discussion 

3.1 Saturation grain size 

The saturation grain size after HPT deformation is derived for both alloy series from BSE images (Cu-
X: figure 1, Ni-X: figure 2) and listed in table 1 (Cu-X) and table 2 (Ni-X) together with the relevant 
material properties like SFE and SSH. Within the respective alloy series, the pure elements show the 
largest saturation grain size. The obtained values for the saturation grain size are in good agreement with 
literature values of approximately 400 nm for Cu [11] and 170 nm for Ni [28], indicating that no slip 
occurred during deformation and the steady-state condition is reached. The addition of solutes to Cu and 
Ni results in decreasing grain sizes for both alloy systems (see table 1 & 2). The decreasing grain size 
with increasing Zn content is in good agreement with earlier investigations on CuZn alloys [9, 13, 29]. 
The evaluation of the saturation grain size of the Ni-X series clearly indicates the same trend as an 
increase in solute concentration results in smaller grain sizes from 142 nm for Ni100 down to 55 nm for 
Ni20. 

Table 1. Alloy designation and composition in at.%, stacking fault energy [30-33], solid solution 
hardening contribution Δτ according to the Labusch model [14, 15], saturation grain size ds and 

hardness H of the Cu-X series after HPT deformation. 

Alloy designation and 
composition 

SFE 
mJ/m2 

τLabusch 

MPa 
ds 

nm 
H 

GPa 

Cu (99.5 at.% Cu) 45 0 425 ± 115 1.32 
CuAl5 (11.03 at.% Al) 28 24 133 ± 46 2.44 
CuSn5 (2.74 at.% Sn) 40 51 62 ± 26 3.23 
CuZn5 (4.87 at.% Zn) 43 15 304 ± 142 1.9 

CuZn30 (29.4 at.% Zn) 14 40 100 ± 50 2.40 
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Figure 1. BSE images of the Cu-X alloys after HPT deformation: a) Cu, b) CuAl5, c) CuZn5, d) 
CuZn30 and e) CuSn5. 

Table 2. Alloy designation and composition in at.%,  solid solution hardening contribution Δτ 
according to the Labusch [14, 15] and the Varvenne model [22-24], saturation grain size ds and 

hardness H of the Ni-X series after HPT deformation. 

Alloy designation and composition τLabusch 

MPa 
τVarvenne 

MPa 
ds 

nm 
H 

GPa 
Ni100 (99.6 at.% Ni) 0 0 142 ± 57 3.93 

Ni92 (Cr2.5Mn2.4Fe2.6Co2.9Ni89.6) 11 11 110 ± 45 4.30 
Ni60 (Cr10.5Mn9.9Fe10.3Co10.6Ni58.7) 33 40 62 ±  23 4.98 
Ni20 (Cr20.6Mn19.3Fe19.9Co20.1Ni20.1) 55 41 55 ±  17 4.82 
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Figure 2. BSE images of the Ni-X alloys after HPT deformation: a) Ni20, b) Ni60, c) Ni92 and d) 
Ni100. 

The SSH contributions for the binary alloys are calculated using the equations shown in Ref. [9] 
according to Labusch´s model [14, 15]. It shows that CuSn5 has an almost three times higher SSH 
compared to CuZn5, two times higher than CuAl5 and 27% higher than CuZn30 (table 1). The CuSn 
and CuZn alloys show either comparable SSH contribution (CuSn5, CuZn30) or similar SFE (CuSn5, 
CuZn5). This allows an independent analyzation of SFE and SSH on ds as well as the mechanical 
properties. For the high entropy type Ni-X series, the SSH contributions are calculated via different SSH 
models and compared to the found saturation grain size to shed light on SSH effects in HEAs. The SSH 
contributions are calculated using either the Labusch model [14,15], assuming Ni as the matrix element, 
even though this is not strictly valid for the equiatomic Ni20 alloy, or using the more recent model from 
Varvenne et al. [22-24], which is specifically developed for HEAs. For the τVarvenne calculations, the 
notations from Ref. [23] are used.

A comparison of CuZn30 and CuSn5 reveals that ds is governed by the SSH contribution but not by 
the SFE, as CuZn30 shows a much larger grain size in spite of having a three times smaller SFE. The 
proposed correlation between ds and SSH contribution [9] does hold for the complete Cu-X series (figure 
3), including different solute species (Al, Sn, Zn). On the other hand, there is no direct correlation 
between SFE and ds. The results found for the Ni-X series indicate that the empirical correlation between 
τLabusch and ds found by Edalati et al. [9] fails for highly concentrated solid solutions (figure 3 b). Ni20 
and Ni60 exhibit a similar saturation grain size, although τLabusch is 63% higher for Ni20 compared to 
Ni60. Using the Varvenne model, similar SSH effects are obtained for Ni20 (41.36 MPa) and Ni60 
(40.45 MPa), which is in good agreement with the observed ds values. figure 3 b) clearly indicates that 
the saturation grain size correlates with τ not only in the dilute solid solutions but also in chemically 
complex compositions, given that the used SSH model provides proper values. The found correlation 
between SSH contribution and saturation grain size in binaries is based on the explanation of hindered 
dislocation motion, which is necessary for dislocation recovery or grain boundary migration [9]. The 
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effect of alloying on the saturation grain size is not caused by the change in SFE, it is rather related to 
the change in grain boundary mobility [34]. In this respect, Keil et al. [18] showed that the solute content 
strongly effects the grain growth kinetics in the Ni-X system with higher thermal stability for higher 
solute concentrations. Very low activation volumes for grain growth have been found in the low 
temperature regime, which was attributed to the modification of grain boundaries during severe plastic 
deformation [18]. Such grain boundaries in the deformation-affected state show higher diffusivities and 
pronounced strain fields compared to relaxed grain boundaries [35]. Yet, only a fraction of the grain 
boundaries transforms during HPT into such a deformation affected state (≈ 20%), which leads to a 
composite structure of relaxed and deformation-affected grain boundaries [36]. This structure causes 
different properties along the boundary with locked regions of high resistance against displacement and 
thus high structural stability [36]. It is reasonable to expect that the addition of solutes further increases 
the complexity and inhomogeneity of the grain boundary structure, explaining the reduced grain 
boundary mobility and thus the smaller saturation grain size as well as the high thermal stability for 
alloys with a higher solute content. The microstructural stability can also be seen in the transient 
behavior during deformation at a change in strain rate, which is discussed in section 3.2. 

 

Figure 3. Normalized saturation grain size ds/b as a function of the SSH contribution Δτ, determined 
via the Labusch and the Varvenne model. The dashed lines are fitted to the complete data set, the dotted 
line represents only the extrapolation of Ni20 and Ni60. 

3.2 Thermal stability and deformation mechanisms 

3.2.1 Thermal stability. The thermal stability of the two alloy series is examined experimentally by the 
change in hardness after isochronal annealing. Figure 4 shows the effect of the annealing temperature 
on the nanoindentation hardness for Cu-X (a) and Ni-X (b). HPT deformation results in a significant 
increase in hardness compared to the coarse-grained states for both alloy series. The Cu-X series shows 
hardness values between 1.32 GPa for Cu and 3.23 GPa for CuSn5, whereas hardness values between 
3.93 GPa for Ni100 and 4.98 GPa for Ni60 are found for the Ni-X series (figure 4). The hardness 
depends, on the one hand, on the SSH contribution and, on the other hand, on the grain size, which in 
turn is also affected by the SSH contribution. Within both series the trend of a higher hardness with 
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increasing SSH contribution can be seen. Despite having a slightly larger ds and smaller SSH, the CuAl5 
alloy shows a similar or even higher hardness compared to CuZn30. The high hardness may be caused 
by secondary phases, even though the Cu-Al phase diagram clearly shows a single-phase field for CuAl5 
and a supposedly single-phase microstructure is observable from BSE imaging at high magnification 
(figure 1 b).

The hardness evolution with annealing temperature shown in figure 4 unveils in general a higher 
microstructural stability for samples containing a certain amount of solutes, independent of the material 
system. It can be seen that three different stages upon annealing exist, first an almost constant hardness, 
second a significant hardness drop in a material specific temperature interval and third a slight decrease 
with further increase in annealing temperature. However, the stability range of the different 
compositions is largely different, with higher absolute transition temperatures for the Ni-X sample 
series. Figure 4 a) and b) shows the hardness as a function of absolute annealing temperature, whereas 
figure 4 c) and d) show the normalized hardness change due to annealing as a function of the homologous 
temperature (T/Tm).

The first stage of a nearly constant hardness is almost not observable for pure Cu, but extends to 
about 300°C for pure Ni. The hardness of pure Cu already starts to decrease at temperatures between 
100 and 150 °C, whereas the other Cu-X compositions retain an almost constant hardness up to 
temperatures of 200 - 250 °C despite having higher driving forces (higher defect density) for grain 
growth. A significant effect on the microstructural stability by adding small amounts of solutes (8 at.%) 
cannot be seen in the present study for Ni-X, as the plateau in hardness covers the same temperature 
range as Ni100. Much higher solute concentrations (Ni20, Ni60) extend the hardness plateau to about 
450 – 500 °C. Annealing at low temperatures may cause an increase in hardness, which can be seen for 
the Ni-X series as well as for CuAl5 and CuZn5. This phenomenon can be related to a hardening by 
annealing effect [37, 38], where dislocation sources and the density of free dislocations are reduced 
without significant grain growth. The transition regime is located at only 100 – 200 °C for pure Cu and 
at higher temperatures of approx. 250 – 500 °C for the Cu based samples containing a discrete amount 
of solutes. The transition regime is clearly observable for the Ni-X series, where it is located at 
temperatures between 300 – 800 °C for the dilute solid solutions and between 450 – 800 °C for the more 
complex Ni20 and Ni60 alloys. At temperatures above 500 °C, we do not expect significant changes in 
hardness for the Cu-X series. The transition from a strongly decreasing hardness to only slight changes 
with increasing temperature takes place at 800°C for the alloys with higher Ni content (Ni60, Ni92 and 
Ni100). The Ni20 HEA still shows a large drop in hardness up to 900°C. A further decrease at higher 
temperatures is also not expected in this case, as the hardness of the Cantor alloy after 1150°C annealing 
is in the same hardness range [39].

The grain growth kinetics in alloys are typically governed by the local elemental distribution e.g. the 
presence or absence of segregations (solute drag) or secondary phases (Zener drag). The Cu-X series 
remains single-phase upon annealing, indicating that the enhanced thermal stability of the alloys 
compared to pure Cu is related to the solute content, which provides dragging forces for grain boundary 
migration. A comparison of CuZn5 and CuZn30 indicates a higher microstructural stability for CuZn5, 
as CuZn5 shows a constant hardness up to 250°C where CuZn30 already starts to soften significantly.

Analyzing the results of CuZn30 in comparison to CuZn5 using the homologous temperature (figure 
4c), a different picture emerges: Here, CuZn30 turns out to be more stable compared to CuZn5. This is 
related to the significantly reduced melting temperature of CuZn30 (Tm = 954 °C) compared to the other 
alloys, so that diffusional processes are enhanced at the same absolute T for CuZn30 in comparison to 
CuZn5. This could explain the different behavior of CuZn5 and CuZn30 at 250 °C, where CuZn5 shows 
an enhanced thermal stability compared to CuZn30 in spite of the lower SSH contribution.

In case of the Ni-X series, Ni20 as well as Ni60 show on the one hand an increased amount of solutes 
compared to Ni92 and Ni100, which may lead to a stronger solute drag. On the other hand, they exhibit 
decomposition tendencies at intermediate temperatures [18, 40], which results in additional pinning 
points by secondary particles and increased kinetic stabilization due to Zener pinning. In the CG states, 
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the alloys with higher solute content show again a higher hardness, even though the different grain sizes 
have to be considered. 

 

Figure 4. Hardness of the Cu-X (a) and Ni-X (b) series as a function of annealing temperature (1h) 
and normalized hardness change as function of the homologous temperature (T/Tm) for Cu-X (c) and 
Ni-X (d). 

3.2.2. Deformation mechanisms. The strain rate sensitivity of the two alloy series is measured by means 
of nanoindentation strain rate jump and constant contact pressure tests according to Refs. [25, 26, 41, 
42]. In figure 5, the hardness of Cu-X (a) and Ni-X (b) is plotted as a function of indentation depth and 
applied strain rate. The SRJ tests reveal an almost depth-independent hardness at indentation depths 
larger than 1000 nm but a pronounced strain rate sensitivity. 

The observed SRS results in strain rate dependent hardness values, where an increase in 𝜀𝜀̇ is 
accompanied with higher H. The variation in strain rate occurs suddenly in an SRJ test, while the 
hardness exhibits a transient behavior until a steady state in deformation behavior is reached again. 
Analyzing these transients in more detail, significant differences between the individual solid solutions 
can be observed (see enlarged section of figure 5). Changing the strain rate from 0.05 to 0.001 s-1 results 
in softening of CuSn5, Ni20 and Ni60, followed by a short period of strain hardening. This behavior is 
most pronounced for the three alloys that show the highest SSH contributions (see table 1 & 2). This 
yield point phenomenon can still be seen for Ni92 and Ni100, but it is less pronounced. Cu, CuZn5, 
CuZn30 and CuAl5, on the other hand, exhibit only monotonic softening till a nearly constant hardness 
is reached with a short transient regime for CuAl5 and CuZn30 (medium SSH) and a long transient for 
Cu and CuZn5 (low SSH). Stress reduction tests [37, 38] suggest that dislocation-based plasticity is 
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suppressed after a stress drop by temporary dislocation pinning of solutes. Consequently, thermally 
activated dislocation glide is hindered to such an extent that grain boundary-mediated mechanisms 
dominate over dislocation-based ones [37, 38]. Grain boundary-mediated mechanisms are of significant 
importance for dynamic recovery, which controls the strength by reducing the dislocation density while 
contributing to plastic strain [37, 38]. With further straining, mobile dislocations will be generated, 
which strengthens the materials till a steady state of dislocation annihilation and nucleation is reached. 
This explanation derived from stress reduction tests may also hold true for the strain hardening section 
after a strain rate jump as a reduction in strain rate is accompanied by a stress reduction and this yield 
phenomenon is only limited to alloys with a high SSH contribution. Moreover, alloys showing a very 
short transient coupled with a distinct change in hardness with changing strain rate seem to have a much 
more stable microstructure [33]. 

 

Figure 5. Indentation strain rate jump tests on HPT deformed Cu-X (left) and Ni-X (right). 

Additional CCP indentation creep experiments are performed to access information on the deformation 
response and active deformation mechanisms at low strain rates (for further information regarding the 
CCP method, the authors refer to Refs. [25, 26]). The results of indentation creep tests performed at 
various contact pressures are shown in figure 6 a) for the Cu-X series and in b) for Ni20 and Ni100 as 
the two boundary compositions, in comparison with constant strain rate (CSR) and SRJ tests discussed 
previously. The data for all materials investigated show two different regimes, with a linear correlation 
between contact pressure and strain rate in each case. In the following, the two regimes are referred to 
as high stress and low stress regime. The transition between those two regimes takes place for all alloys 
at strain rates of about 10-5 - 10-6 s-1. The slope of the linear fit, however, is significantly different for 
the two regimes indicating a change in the dominant mechanism carrying plastic deformation.

The material’s response to a transient experiment such as an SRJ or CCP tests can be analyzed by 
the strain rate sensitivity exponent 𝑚𝑚 =  𝑑𝑑(𝑙𝑙𝑙𝑙𝑙𝑙)

𝑑𝑑(𝑙𝑙𝑙𝑙�̇�𝜀)
 and the corresponding activation volume 𝑉𝑉 = 𝐶𝐶∙√3∙𝑘𝑘𝐵𝐵∙𝑇𝑇

𝑚𝑚∙𝑙𝑙
 

with C: constraint factor, kB: Boltzmann constant, T: ambient temperature of 25 °C. In particular, V 
represents a signature for the dominant deformation mechanism. A higher SRS for nc or UFG metals 
can be explained by dislocation - grain boundary interactions, which are getting more pronounced for 
small grain sizes as the grain boundary density increases [41, 42, 44, 45]. Even though indentation SRJ 
testing is commonly used, it should be noted that the microstructure may not be stable within the plastic 
zone [33]. However, it should be noted, that different deformation mechanisms can be active 
simultaneously and that thus m and V only represent average values that provide information about the 
dominant deformation process.

The strain rate coefficients and activation volumes derived from the SRJ and CCP experiments are 
summarized in table 3. Both alloy series exhibit a SRS that is decreasing with grain size. This 
phenomenon is contrary to what is expected for fcc metals [41, 44]. Activation volumes of 19-33 b³ (Cu-
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X) or 17-20 b³ (Ni-X) were determined in the high stress regime. In literature, activation volumes of 10-
100 b³ are discussed for dislocation-glide based plasticity (dislocation nucleation and/or dislocation 
cross-slip [25, 46-48]. Large stress reductions at the beginning of the CCP segment lead to a sharp drop 
in the activation volume. In the low stress regime, V values of 2 - 7 b³ where derived for Cu-X and 2 - 3 
b³ for Ni20 and Ni100, indicating dislocation annihilation and grain boundary mediated processes 
become dominant [47, 48].

The creep behavior after a stress reduction is characterized by the net flow of dislocations. It has 
been found that large stress reductions can lead to a reversal in the direction of dislocation motion, 
causing annihilation at grain boundaries [37, 38, 49-51]. As a result, the dislocation density changes 
until equilibrium between dislocation nucleation and annihilation is obtained again at the new stress 
level. In a stress reduction test, this behavior is indicated by a negative strain rate sensitivity immediately 
after a sudden stress drop, but cannot be analyzed in a CCP test since the contact pressure changes 
incrementally, so only the long-term creep behavior (2500-3000 s) can be studied.  

Table 3. SRS exponent m and activation volume V obtained by nanoindentation experiments for the 
HPT deformed Cu-X and Ni-X series at different stress levels. 

 
 

Alloy designation 

Strain rate sensitivity m Activation volume V in b3 
High pressure 

 (SRJ) 
Low pressure 

(CCP) 
High pressure 

(SRJ) 
Low pressure 

(CCP) 
Cu 0.024 0.501 33 2 

CuAl5 0.017 0.164 25 3 
CuZn5 0.037 0.318 19 3 

CuZn30 0.020 0.068 20 7 
CuSn5 0.012 0.111 23 3 

Ni 0.014 0.112 20 3 
Ni92 0.012 - 22 - 
Ni60 0.013 - 19 - 
Ni20 0.013 0.154 17 2 

 

While the Cu-X series shows in the low stress regime quite similar activation volumes but strongly 
varying strain rate sensitivity exponents, m and V are almost similar for Ni20 and Ni100, despite having 
strongly varying solute content. This behavior further indicates an unstable microstructure for Cu and 
CuZn5, but also a comparably more stable microstructure for the Ni-X series as well as for the Cu-X 
samples showing medium to high SSH. A similar activation volume suggests that similar dislocation 
mechanisms are present in the alloys, however, grain coarsening processes also contribute to plastic 
deformation and may be the cause for higher m values. The Ni-X alloy series on the other hand exhibit 
similar m as well as V values within a stress regime, which points to a higher microstructural stability 
compared to the Cu-X series. It should be noted here that indentation testing was performed at room-
temperature, which corresponds to a different homologous temperature for CuZn30 due to the lower 
melting point compared to the other Cu-X compositions. As we probe the time and temperature 
dependent material response during SRJ and CCP experiments, this has to be kept in mind. This fact 
may cause the higher activation volume for CuZn30 in the low pressure regime compared to the Cu-X 
series, indicating an easier dislocation motion at a given absolute temperature.

The change in hardness upon annealing as well as the differences in the transient and creep behavior 
at low strain rates indicate that SSH strongly affects the microstructural stability, i.e., the grain boundary 
mobility. A distinct hardness plateau to higher temperatures is observable for samples showing higher 
solute content, revealing lower grain boundary mobilities and thus higher structural stabilities. The 
indentation results regarding the transient behavior after a strain rate jump also indicate that samples 
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with medium to high SSH contributions exhibit a higher microstructural stability. The reduced grain 
boundary mobility in turn explains the differences in the saturation of grain refinement for the different 
alloys and thus the different saturation grain sizes. 

 

Figure 6. Stress dependent strain rate from nanoindentation constant contact pressure (CCP), constant 
strain rate (CSR) and strain rate jump (SRJ) testing of a) Cu-X and b) Ni20 and Ni100. 

4. Conclusion/Summary 

In summary, solid solution effects were studied for a Cu-X and a Ni-X alloy series with an emphasis on 
saturation grain size, thermal stability and corresponding deformation mechanisms. The Cu-X series 
allows a separation of alloying effects emerging from either SSH or SFE. The Ni-X sample series, on 
the other hand, targets a transition from dilute solid solutions to chemically complex HEAs in order to 
investigate solute effects in strongly varying environments.

The results indicate a strong correlation between SSH contribution and saturation grain size but not 
with the SFE in binary systems. Furthermore, this correlation holds also for chemically complex alloys 
using the Varvenne model of SSH for HEAs. The thermal stability of the different alloys after annealing 
was investigated using nanoindentation hardness testing and an enhanced stability was found for alloys 
showing an increased solute content (solute drag). For Ni20 and Ni60, Zener pinning sets in as an 
additional dragging force at intermediate temperatures due to the formation of secondary phases. 
Differences in the transient deformation behavior were observed after a strain rate jump. Alloys showing 
a high SSH contribution (CuSn5, Ni20, Ni60), exhibit a yield point phenomenon with a short strain 
hardening section, which is caused by dislocation - solute interactions. A reduced strain rate sensitivity 
with reduced grain size is observed for the Cu-X alloys, the Ni-X samples show very similar strain rate 
sensitivity exponents, despite having different grain sizes in the range from 55 nm (Ni20) to 142 nm 
(Ni100). The relatively high SRS of Cu and the CuZn alloys could be attributed to an unstable 
microstructure, whereas a low SRS in combination with reduced grain size refers to a higher 
microstructural stability. The observed activation volumes point towards dislocation-glide based 
plasticity (dislocation nucleation and/or dislocation cross-slip) being active in the as-deformed 
microstructures in the high stress range. The comparison of SRS data from different indentation methods 
reveals a transition in the dominant deformation mechanisms at strain rates of about 10-5 - 10-6 s-1.  Large 
stress reductions at the beginning of the CCP segment lead to a sharp drop in the activation volume. 
Activation volumes of 2-3 b³ were determined by CCP tests in the low stress regime. This implies that 
at low strain rates, diffusion-controlled processes and dislocation annihilation are dominating the 
deformation behavior. 
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