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Abstract
The correlation between the flow stress and grain size for severely deformed metals remains undefined because the conventional Hall-Petch relationship ignores the expected contributions from thermally-activated phenomena in nanomaterials and also it fails to explain the reported strain softening of metals having low melting temperatures. In this study, the contribution of thermally-activated creep mechanisms to the room temperature flow stress is evaluated for 31 pure metals processed by high-pressure torsion. The steady-state grain size and the hardness of these metals are first compared to theoretical predictions from high temperature creep mechanisms. It is shown that these mechanisms are not able to predict the flow stress, although the data from metals with low melting temperatures fall close to the theoretical prediction for high-temperature grain boundary sliding suggesting a possible explanation for the unusual softening of these metals. Nevertheless, a detailed analysis demonstrates that a modified model for grain boundary sliding at low temperature provides the capability of correctly predicting the flow stresses for metals having both high and low melting temperatures. The results confirm the significance of thermally-activated phenomena in determining the flow stress of nanomaterials processed by severe plastic deformation.
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1. Introduction:
An understanding of the parameters that control the mechanical strength of solid materials has been a major topic of research over many decades in materials science and engineering. It is widely understood that atomic bond parameters and crystalline structure affect some mechanical properties such as the elastic modulus. Although it is known that these parameters also affect the yield stress and plastic deformation of high purity single crystals, the correlations are not clear for polycrystalline alloys since other parameters, such as impurities, defects in the crystalline structure and second phase particles, appear to be important [1].
The generation of lattice defects by plastic deformation is a well-established strategy for controlling the yield stress but over the last two decades the introduction of severe plastic deformation (SPD) processing techniques [2-4] have provided an opportunity for producing virtually unlimited quantities of defects in the crystalline structure of materials. This could lead to an amorphization of the structure but it is now known that dynamic recovery and recrystallization takes place and controls the maximum densities of defects for each material. For example, there is a minimum grain size and a maximum steady-state strength for each material subjected to SPD [5-7]. 
Several reports have attempted to correlate the minimum grain size and the steady-state flow stress of different materials to their fundamental properties [5-9]. An evaluation of the data confirms the expected trends such that the steady-state flow stress increases with increasing atomic bond energy and the minimum grain size decreases with increasing activation energy for diffusion. Despite these reports, there is no generally acceptable correlation between the steady-state flow stress, the minimum grain size and the fundamental properties of SPD-processed materials because of uncertainties regarding the deformation mechanisms. 
The concept that materials processed by SPD reach a condition of deformation in which the rate of generation of defects equals the rate of defect recovery leads directly to the proposal that there is steady-state deformation through the occurrence of dynamic recovery and recrystallization mechanisms. Furthermore, it is widely accepted that materials undergo steady-state deformation through creep at high homologous temperatures. It is also known that thermally-activated phenomena become active at lower homologous temperatures in very fine-grained materials [10, 11] and very high diffusion rates, which are significant in the occurrence of creep, have been specifically reported in materials processed by SPD [12, 13]. Furthermore, the grain sizes of materials processed by SPD are small, usually <1 μm, and deformation mechanisms typically observed in high temperature creep, such as grain boundary sliding, have been reported extensively at low temperatures [14-17]. There are also reports of SPD-induced softening at room temperature in low melting point materials such as Al, Mg, In, Sn, Zn and Pb where this is different from the general trend of hardening observed in metals with higher melting points [18]. Although the Hall-Petch mechanism can generally explain the hardening of metals with high melting points, it cannot account for the creep-like softening phenomena reported in fine-grained metals with low melting temperatures.
Recent reports characterizing the low temperature deformation mechanisms of fine-grained materials have included in situ observations of grain rotation [19] and dislocation absorption at grain boundaries [20]. Thus, these observations confirm that creep deformation can play a significant role in the deformation of fine-grained materials even at low temperatures. 
In practice, high temperature creep mechanisms are usually described through an equation of the form [21-23]:
						(1)
where  is the strain rate, A is a constant, D is the diffusion coefficient, G is the shear modulus, b is the Burgers vector, k is Boltzmann’s constant, T is the absolute temperature,  is the effective stress, d is the spatial grain size and n and p are the stress and the inverse grain size exponents, respectively. The constants A, n and p and the type of diffusion are all dependent upon the creep mechanism. Therefore, the creep kinetics depend on the temperature, stress and grain size, the fundamental properties of the material and on the deformation mechanism in terms of dislocation climb and glide, grain boundary sliding and Coble and Nabarro-Herring diffusion creep. 
Despite the validity of Eq. (1) for a wide range of materials and creep phenomena, it was shown recently that the rate controlling equation for grain boundary sliding must be adjusted in order to reasonably account for the large stresses developed during low temperature deformation [24]. This adjustment leads to a rate equation which incorporates grain boundary diffusion, , and is written in the form [24]:
					(2)
Although there are anticipated contributions from creep mechanisms, including grain boundary sliding, to the deformation of SPD-processed metals, there have been few attempts to evaluate the steady-state flow stress of these materials by considering the creep parameters. Recognizing this deficiency, the present research was initiated to evaluate the available data from 31 different pure metals subjected to the same SPD processing technique of high-pressure torsion (HPT) and then to compare their steady-state strength to the general creep equation and to the mechanism of grain boundary sliding. Creep studies usually focus on a single material tested under different conditions of temperature and stress whereas the variables in the present work relate to the fundamental properties of the different materials. The analysis is focused specifically on materials of high purity in order to reduce any effects from impurities to the deformation behavior.  
2. Experimental data
Pure metals were selected where their steady-state hardness after HPT processing is readily available. These materials had different crystal structures including bcc (vanadium, chromium, iron, niobium, molybdenum, tantalum and tungsten), fcc (aluminum, nickel, copper, palladium, silver, platinum, gold and lead), hcp (magnesium, scandium, titanium, cobalt, zinc, zirconium, hafnium and rhenium), tetragonal (indium and tin), rhombohedral (bismuth), diamond cubic (silicon and germanium), hexagonal (tellurium and neodymium) and complex cubic (manganese). For each material, the melting temperature, Burgers vector, shear modulus, lattice diffusion and grain boundary diffusion coefficients and the steady-state grain size and strength were collected from the literature and these data are summarized in Table 1 [5, 8, 18, 25-52]. Several points should be noted regarding this summary. First, the Burgers vector of Mn is not readily available since its crystal structure is not well documented and therefore the minimum interatomic distance was taken as b for this material [52]. Second, the pre-exponential value and the activation energy for grain boundary diffusion for some materials were not readily available and therefore the present analysis considered estimated values from general trends available in the literature [49, 51]. Third, the data for the purity level, grain size and the hardness observed after HPT processing of the different materials were collected from reports published in the literature on HPT processing. 



[bookmark: _Hlk87541074]Table 1 – Summary of data for melting temperature (Tm), homologous temperature at 298 K (298/Tm), Burgers vector (b), shear modulus (G) at 298 K, pre-exponential (D0,l) and activation energy (Ql) for lattice self-diffusion, pre-exponential (δD0,gb) and activation energy (Qgb) for grain boundary diffusion, purity, grain size (ds) and hardness (Hv) for different materials processed by HPT.
	Metal
	Tm
	298/Tm
	b
	G
	D0,l
	Ql
	δD0,gb
	Qgb
	Purity
	dS
	Hv

	
	(K) [26-28]
	
	(nm)[25]
	(GPa) [26-28]
	(10-14m2s-1)
[29, 30]
	(kJ.mol-1)
[29, 30]
	(10-14m3s-1)
	(kJ.mol-1)
	(%)
	(μm)
	(GPa)[8]

	12Mg
	922
	0.32
	0.3197
	17.3
	1.75
	138
	500[31]
	92[31]
	99.9
	1.0[32]
	0.3420

	13Al
	933
	0.32
	0.2864
	26.2
	0.176
	126
	5[31]
	84[31]
	99.99
	1.9[33]
	0.313

	14Si
	1685
	0.18
	0.2352
	39.7
	20
	424
	2.25[46]
	135[46]
	99.999
	0.017[34]
	6.355

	21Sc
	1811
	0.16
	0.3256
	29.1
	0.5
	261d
	1.5a
	155a
	99.999
	---
	0.981

	22Ti
	1940
	0.15
	0.2896
	45.6
	0.66
	169
	450[47]
	187[47]
	99.4
	0.2[35]
	2.599

	23V
	2175
	0.14
	0.2618
	46.7
	0.36
	308
	5[31]
	209[31]
	99.9
	0.33[36]
	2.354

	24Cr
	2133
	0.14
	0.2498
	115
	1.6
	339
	0.5[31]
	192[31]
	99.9
	0.2[37]
	4.756

	25Mn
	1517
	0.20
	0.225b 
	79.5
	0.88
	225e
	3.9c
	125c
	99.9
	---
	4.086

	26Fe
	1809
	0.16
	0.2482
	81.6
	1.9
	240
	110[31]
	174[31]
	99.96
	0.2[50]
	3.02

	27Co
	1768
	0.17
	0.2497
	82
	0.55
	289
	1.5a
	151a
	99.99
	0.12[38]
	3.53

	28Ni
	1728
	0.17
	0.2492
	75
	1.77
	285
	0.35[31]
	115[31]
	99.996
	0.24[18]
	3.021

	29Cu
	1357
	0.22
	0.2556
	48.3
	0.35
	204
	0.5[31]
	104[31]
	99.99
	0.37[18]
	1.298

	30Zn
	693
	0.43
	0.2665
	41.9
	0.13
	92
	1.3[31]
	61[31]
	99.99
	5.1[18]
	0.362

	32Ge
	1210
	0.25
	0.2450
	29.6
	25
	318
	0.02[48]
	133[48]
	99.999
	0.024[39]
	2.986

	40Zr
	2125
	0.14
	0.3179
	35
	0.0021
	113
	74[47]
	188[47]
	99.9
	0.2[40]
	2.532

	41Nb
	2740
	0.11
	0.2864
	37.5
	1.1
	402
	5[31]
	263[31]
	99.9
	0.24[37]
	2.354

	42Mo
	2888
	0.10
	0.2725
	125.6
	2.77
	465
	5.5[31]
	263[31]
	99.9
	0.34[36]
	6.669

	46Pd
	1825
	0.16
	0.2751
	43.6
	0.205
	266
	0.97a
	138a
	99.9
	0.22[18]
	2.127

	47Ag
	1234
	0.24
	0.2889
	27
	0.278
	182
	0.45[31]
	90[31]
	99.99
	0.48[41]
	0.941

	49In
	429
	0.69
	0.3251
	3.7
	2.7
	79
	3.9c
	35c
	99.999
	320[18]
	0.014

	50Sn
	505
	0.59
	0.3022
	18.4
	10.7
	105
	0.3[49]
	40[49]
	99.9
	135[18]
	0.068

	52Te
	722
	0.41
	0.2884
	17
	130
	169
	3.9c
	60c
	99.99
	---
	0.723

	60Nd
	1294
	0.23
	0.3628
	16.3
	0.5
	186d
	3.9c
	107c
	99.9
	---
	0.720

	72Hf
	2500
	0.12
	0.3127
	56
	0.073
	174
	35[47]
	212[47]
	99.99
	0.18[42]
	3.481

	73Ta
	3253
	0.09
	0.2856
	69
	0.124
	413
	5.7[31]
	280[31]
	99.9
	0.18[37]
	4.132

	74W
	3683
	0.08
	0.2741
	160.6
	15.3
	626
	33[31]
	385[31]
	99
	0.1[43]
	9.086

	75Re
	3453
	0.09
	0.2741
	181
	1
	511
	1.5a
	295a
	99.9
	0.1 [44]
	7.262

	78Pt
	2042
	0.14
	0.2775
	61
	0.22
	279
	0.97a
	154a
	99.9
	---
	2.501

	79Au
	1336
	0.22
	0.2884
	27.7
	0.107
	177
	0.019[49]
	112[49]
	99.999
	0.52[41]
	0.804

	82Pb
	600
	0.50
	0.3500
	5.6
	1.37
	109
	8[31]
	66[31]
	99.999
	100[18]
	0.051

	83Bi
	545
	0.55
	0.3071
	12.8
	0.88
	81e
	3.9c
	45c
	99.99
	20 [45]
	0.137


aAdapted from suggested general equations [51] for fcc (δD0=9.7×10-15; Qgb = 75.4×Tm) and hcp (δD0=1.5×10-14; Qgb = 85.4×Tm) metals	
bTaken as the minimum interatomic distance [52]
cThe values for δD0=3.9×10-14 and Qgb = 82.5×Tm were estimated from average correlations [51] between bcc., fcc and hcp structures.
dAdapted from a suggested general equation [49] for hcp (D0,l=0.5×10-14; Ql = 144×Tm) 
eThe values for D0,l=0.88×10-14 and Ql = 148×Tm were estimated from average correlations [49] between bcc, fcc and hcp structures.



3. General creep analysis
Equation (1) can be rearranged to isolate the flow stress by expressing in the form:
						(3)
It is then possible to evaluate the correlations between  and the fundamental parameters b, G and the activation energy for diffusion. Thus, Fig. 1 shows the effective stress for each material after HPT processing, considered as H/3 [53] where H is the hardness, plotted as a function of these various parameters. It is reasonable to anticipate that diffusion plays a significant role in the deformation of materials processed by SPD [6-9]. The graphs show that the trends generally agree with the equation for creep since the flow stress increases with decreasing Burgers vector and with increasing shear modulus and activation energy for grain boundary diffusion. The flow stress also increases with increasing activation energy for lattice diffusion (not shown here). Nevertheless, the scatter in the  plot in Fig. 1(a) is very large since materials with similar Burgers vectors may display flow stresses that vary by up to 2 orders of magnitude. The scatter is also quite large in the  and  plots in Figs. 1(b) and 1(c), respectively. For example, Zn and Si have similar values for the shear modulus but there is an order of magnitude in difference in the flow stress for these two materials after HPT. Also, although the activation energy for grain boundary diffusion in Nb is over twice the value for Ni, the former displays a slightly lower strength than the latter. Thus, it is clear from this analysis that the strength of materials processed by HPT cannot be simply predicted by any of these parameters alone.

[image: ]
Figure 1 – Flow stress plotted as a function of (a) the Burgers vector, (b) the shear modulus and (c) the activation energy for grain boundary diffusion.

In practice, the general creep relationship at Eq. (1) can be rewritten to isolate the normalized stress in the form:
							(4)
In order to estimate the exponent n, it is useful to plot the flow stress normalized by the shear modulus as a function of the strain rate normalized by the temperature, Burgers vector, diffusion coefficient, shear modulus and grain size. Figure 2 shows examples of such plots considering (a,b) lattice self-diffusion, Dl, and (c,d) grain boundary diffusion, Dgb, and different values for the grain size exponent, p. A strain rate of 10-3 s-1 and a testing temperature of 298 K were considered for all materials in the present analysis where these values correspond to quasi-static hardness testing at room temperature (RT). Thus, in practice, the normalized strain rate accounts for the effect of the diffusion coefficients and the shear modulus from the different materials. In order to include the grain boundary diffusion, Dgb, the grain boundary width, δ, is used in place of the Burgers vector. 
The contribution of grain size to the flow mechanism is considered negligible (p = 0) in Fig. 2(a) and it is apparent that the experimental data span over a large range of values. This large range for the data is attributed to the large differences in the lattice self-diffusion coefficient of the different materials. Inspection of the data suggests two basic trends. For normalized strain rates lower than 1020, which mainly correspond to metals with low melting temperatures, the normalized stress increases with an increase in the normalized strain rate and it is possible to estimate a value of n ≈ 15 in this range. This corresponds to a strain rate sensitivity of ~0.07. The normalized stress saturates at ~0.02 for materials with normalized strain rates larger than ~1020 and this suggests a negligible strain rate sensitivity so that the contribution from thermally-activated phenomena appears to be negligible for metals located in this range. The value of n is larger than the values usually observed in creep mechanisms since a value of n ≈ 4.5 is typical for a dislocation climb mechanism [22, 54]. 
The normalized stress is plotted as a function of normalized strain rates considering the contribution of the grain size in the plots in Figs. 2(b), 2(c) and 2(d). Figures 2(b) and 2(c) investigate the contribution of grain boundary sliding considering coarse grains and fine grains, respectively. It has been shown that grain boundary sliding in coarse-grained materials, designated GBScg, is associated with lattice self-diffusion, an inverse grain size exponent of 1 and a stress exponent of 3 whereas grain boundary sliding in fine-grained materials, designated GBSfg, is associated with grain boundary diffusion, an inverse grain size exponent of 2 and a stress exponent of 2 [21]. The theoretical predictions for these mechanisms are also plotted for comparison. It is apparent that the experimental data do not follow a constant trend in these plots and they do not, in general, agree with the theoretical predictions for high temperature grain boundary sliding. However, the data for metals with low melting points fall close to the theoretical predictions for grain boundary sliding in fine-grained materials which suggests that grain boundary sliding should at least partly contribute to the flow stress and the documented softening behavior of these materials.
Finally, the data are plotted as a function of the normalized strain rate considering grain boundary diffusion and a grain size exponent of 3 in Fig. 2(d) where this is similar to the behavior expected for diffusion creep according to the Coble mechanism [55]. Again, the data do not follow a constant trend and they do not agree with the theoretical predictions but, as in Fig. 2(c), the data for metals with low melting points fall closer to the theoretical line for Coble creep.


[image: ]
Figure 2 – Normalized stress plotted as a function of the normalized strain rate using the general creep equation by considering (a) p = 0 and Q = Ql for dislocation climb, (b) p = 1 and Q = Ql for grain boundary sliding in coarse-grained materials, (c) p = 2 and Q = Qgb for grain boundary sliding in fine-grained materials and (d) p = 3 and Q = Qgb for Coble creep.

4. Grain size contribution
Some high temperature creep mechanisms are not dependent upon grain size (p = 0) while others display positive values for p, where positive values of p mean that the flow stress increases with increasing grain size. However, the present data shows that the grain size follows an inverse trend in relation to the flow stress. For example, in Fig. 3 the grain sizes of the different materials processed by HPT are plotted as a function of the shear modulus and the activation energy for grain boundary diffusion. This shows that the grain size decreases with increasing G and Qgb where these trends are the opposite to those observed with the flow stress. 

[image: ]
Figure 3 – Grain size plotted as a function of (a) the shear modulus and (b) the activation energy for grain boundary diffusion. 

The inverse trends between flow stress and grain size, although contradicting the high-temperature creep mechanisms, are expected for low temperature grain boundary sliding and the explanation is given in the next section. The mechanism of grain refinement during SPD processing is attributed to the formation of dislocation cells which gradually evolve to subgrain boundaries and then to high-angle grain boundaries with increasing deformation. Additional grain refinement may take place due to geometrical distortions of the grains caused by the continuous shearing. Therefore, the final grain sizes are expected to be similar to, or possibly smaller than, the average stable subgrain sizes. It is now well-established that the average subgrain size, λ, is inversely proportional to the applied stress so that the following relationship is valid for many materials [56, 57].
							(5)
Therefore, the grain size of a material processed by HPT is expected to be inversely proportional to its strength. Figure 4 shows the normalized flow stress plotted as a function of the normalized grain size. The prediction from Eq. (5) is also shown for comparison. The results demonstrate that the majority of materials follow the expected trend such that the grain sizes are similar to, or smaller than, the stable subgrain size. Five materials, Bi, In, Pb, Sn and Zn, display grain sizes larger than the stable subgrain size. This is attributed to the occurrence of grain boundary migration and grain growth after HPT processing. These materials have low melting points so that processing at RT is compatible with high temperature processing. In addition, it should be noted that grain boundary migration is expected to be especially fast in these materials due to their high purity and low melting point.
Careful inspection of Fig. 4 shows that materials with high melting temperatures, such as Co, Re and W and the materials with covalent bonding (Ge and Si), have grain sizes that are significantly smaller than the stable subgrain size. This suggests that the rate of recovery is lower in these materials.    
    
[image: ]
Figure 4 – Normalized stress plotted as a function of the normalized grain size.

5. Comparison to the mechanism for grain boundary sliding
The analysis so far shows that the flow stress data for the different materials follow the expected trends with respect to b, G and Qgb. However, the data for any grain size do not follow the expected trend for high temperature creep in which grain refinement is usually associated with softening. Inspection of Fig. 4 shows also that the normalized stress decreases with increasing normalized grain size and this is in agreement with the well-known trend of grain refinement hardening that occurs in most materials at RT. Therefore, the deformation mechanism associated with the steady-state deformation of materials processed by HPT should incorporate this trend of grain refinement hardening at RT. 
It was shown earlier that the mechanism of high-temperature grain boundary sliding [21] may be adapted to account for the large stresses during low temperature deformation [24]. This mechanism is based on the assumption that grain boundary sliding activates slip systems in adjacent grains at triple junctions of grain boundary ledges. In the absence of any barriers due to subgrain boundaries, these dislocations then glide and pile up to the opposite grain boundary so that the rate-controlling event is the climb of dislocations at the head of the pile-up. At high temperatures, the occurrence of fast grain boundary diffusion prevents a large increase in the density of defects generated by the climb of dislocations. This condition is associated with the exponents of n = 2 and p = 2 in the general creep relationship given by Eq. (1). However, the conditions of slower diffusion and high stresses at low temperatures can increase the density of defects generated by the climb of dislocations and the rate-controlling mechanisms is no longer described by the general creep equation. The flow stress for this mechanism is estimated from the relationship [24]:
					(6)
It follows that, under conditions of large strain rates, large grain sizes and/or low coefficients of grain boundary diffusion, the value within the logarithmic ln function is large so that small variations in grain size have little or no effect on the outcome of this function. In this case, it follows that the flow stress is approximately proportional to the inverse of the square root of the grain size so that this is the expected trend for room temperature deformation of most materials. By contrast, the flow stress is proportional to the grain size under conditions where  which is usually observed during the high temperature deformation of fine-grained materials. It is important to note that low melting point materials display reasonably large coefficient of grain boundary diffusion at RT and this means that the mechanism of grain boundary sliding can predict grain refinement softening at RT for these materials. This is consistent with reports of grain refinement softening in Al [58, 59], Mg [17, 60-62] and Zn [63]. 
Figure 5 shows the flow stress of the different materials plotted as a function of the right-hand side of Eq. (6). It is observed that the data follow a single trend and they also agree with the estimated values from the mechanism of grain boundary sliding where this agreement is achieved without the use of any adjustable parameters. This agreement confirms that a single mechanism can fully explain de deformation behavior of multiple materials having different crystalline structures and different fundamental properties. 
It should be noted that the agreement with the theoretical prediction is very good despite inaccuracies in the determinations of the grain size. It is important to note that the prediction from Eq. (6) considers the spatial grain size whereas most experimental techniques are based on two-dimensional evaluations which usually underestimate the true grain sizes. The flow stress often contains a contribution of a threshold stress at low temperatures where the threshold stress varies depending on the material. The contribution from the threshold stress to the overall flow stress is expected to be larger in samples having larger grain sizes. Also, the relationship  is expected to provide a good estimate of the flow stress in fine-grained materials which do not undergo strain hardening. However, the grain sizes are larger than the subgrain sizes in materials with low melting temperatures and these metals are expected to display some strain hardening. Therefore, the slightly larger values of the experimental flow stresses in Bi, In, Pb and Sn are attributed to the significance of a threshold stress and the hardness test effect.
Taken altogether, the current study confirms that the creep parameters and thermally-activated phenomena have a considerable contribution to the flow stress of nanomaterials processed by SPD. This conclusion provides a clear explanation for the softening behavior observed in metals with low melting points [18]. This conclusion is in line with the reported low temperature superplasticity in SPD-processed materials [14-17] as well as with in situ observations of thermally-activated phenomena in nanomaterials [19].
[image: ]
Figure 5 – Flow stress plotted as a function of the predicted flow stress for the mechanism of grain boundary sliding as given in Eq. (6).

6. Summary and conclusions
1.  The experimental hardness and grain size data from 31 different pure materials processed by HPT were used to evaluate the occurrence of steady-state deformation by considering the creep parameters.
2.  The flow stress follows the expected trends from creep mechanisms where it increases with decreasing Burgers vector and with increasing shear modulus and activation energy for diffusion.
3.  The grain size follows different trends to that observed for the flow stress. This is the opposite of the expected trend in high temperature creep but agrees with the predictions of low temperature grain boundary sliding. The general inverse relationship between the normalized grain size and the normalized flow stress also agrees with the usual observation of grain refinement hardening for most materials at RT.
4.  A comparison between the steady-state grain size and hardness with predictions from high temperature creep mechanisms, shows that the data for metals with low melting temperature fall close to the theoretical prediction for high-temperature grain boundary sliding suggesting a possible explanation for the softening of these metals.
5.  In general, the results show there is excellent agreement between published experimental data for all materials and the predictions from the mechanism of low temperature grain boundary sliding.
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