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Abstract 22 

It is well known that a balance between the generation of low angle and high angle grain 23 

boundaries (LABG and HAGB) is achieved in materials undergoing a severe plastic 24 

deformation (SPD) process. It is also observed that most annealed materials evolve from a 25 

substantial fraction of LAGB at the early deformation steps towards a steady state in which an 26 

equilibrium between LAGB and HAGB fractions is attained. In the present work, such a 27 

balance is analyzed for different alloys, i.e., Cu, Al, and Fe based. A mathematical expression 28 

is proposed for the amount of LAGB and HAGB as a function of the strain impaired which in 29 

turn can be used to predict the number of passes (especially for ECAP) or the amount of total 30 

deformation for any SPD process necessary to attain a steady microstructure. The model seeks 31 

to serve as a first approximation of the mechanical and microstructural properties of ultrafine 32 

grain metal materials. 33 

Keywords: High angle grain boundaries (HAGB); low angle grain boundaries (LAGB); 34 

continuous dynamic recrystallization (CDRX); grain size; dislocations, severe plastic 35 

deformation (SPD) 36 
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I. Introduction 37 

Recrystallization is a well-known microstructural phenomenon that can happen either during 38 

plastic deformation or with annealing heat treatments. For that reason, it is very important to 39 

know its evolution because many properties of metallic materials can be modified through 40 

this process [1, 2]. The most popular concept of recrystallization involves the occurrence of 41 

nucleation and growth. During nucleation, new grains appear in the microstructure whereas 42 

during the growing phase the newly formed grains replace the deformed ones [3, 4, 5]. When 43 

recrystallization takes place concurrently with the deformation process is called “dynamic”. 44 

This process is modernly named Discontinuous Dynamic Recrystallization (DDRX) [6, 7, 8]. 45 

During DDRX processes, high and low angle grain boundaries migrate through atomistic 46 

processes that occur near grain boundaries. The migration mechanisms depend on several 47 

parameters including the structure of the boundary itself (orientation and plane of the 48 

boundary), the temperature, the nature and magnitude of the forces at the boundaries, and 49 

finally point defects such as solutes and vacancies [1]. Although, the basic process during 50 

boundary migration is the transfer of atoms from and to the grains adjacent to the boundary, 51 

many aspects of grain boundary migration can also be interpreted in terms of dislocations 52 

theory [6]. 53 

On the other hand, in the absence of thermal activation, the generation and accumulation of 54 

dislocations are the only effective mechanism concerning dislocation motion. However, in the 55 

case of severe plastic deformation (SPD) processes such dislocation agglomeration can lead to 56 

another recrystallization process named Continuous Dynamic Recrystallization (CDRX) 57 

(which is similar but not identical to the recrystallization process observed in high stacking 58 

fault energy materials (ferrite, aluminum alloys, and so on) when deformed at high 59 

temperature) [9, 10, 11]. In this case, in the early stages of straining, dislocations create walls 60 

of high dislocation density. Then, as strain progresses, these walls recombine as low angle 61 

grain boundaries (LAGB). Further deformation promotes some rotation of these sub-grains, 62 

and the former LAGB becomes high angle grain boundaries (HAGB) [12, 13, 14, 15, 16, 17]. 63 

The resulting microstructure is formed by newly refined grains, but without following the 64 

classical nucleation and growing steps.  65 

The CDRX processes can promote very fine grain sizes (providing nanostructured metals), in 66 

contraposition with DDRX where grains sizes are rarely below 1-5 micrometer. According to 67 

various researchers [12, 18], during CDRX, crystallites are sub-divided by emerging new 68 

boundaries, without nucleation of new grains. The responsible mechanisms for the new 69 
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boundaries have been associated to a) dislocation cell walls which convert from LAGB into 70 

HAGB, b) progressive misorientation increments by absorption of dislocations and c) 71 

continuous lattice curvature which can be removed by grouping geometrically necessary 72 

dislocations into new walls [19, 20]. 73 

Accordingly, the extraordinary mechanical properties noticed in nanostructured materials 74 

after SPD  (as well as functional properties, such as electrical, magnetic, and so on) strongly 75 

depend on the amount and balance between LAGB and HAGB [21, 22, 23]. It has been 76 

reported that most metallic materials undergoing SPD display a  steady grain size, in such a 77 

way that no matter to introduce extra strain, as the grain size (and balance between LAGB and 78 

HAGB) remains constant [24]. In this moment, no further refinement is observed, even 79 

though more strain is added.  80 

Given the importance of the high and low angle grain boundaries fractions on the mechanical 81 

response, especially in pure materials where there is no other contribution to their hardening 82 

than interactions between dislocations and dislocations with grain boundaries, it would be 83 

advantageous to predict the microstructural and mechanical properties achieved after applying 84 

a SPD process to establish the amount of strain imposed on the material to attain the proposed 85 

mechanical resistance. As well, this prediction would indicate the practical limit beyond 86 

which there is no sense to continue applying deformation as the material has attained a steady 87 

state. For this purpose, an expression predicting the amount of high and low angle grain 88 

boundaries become necessary. Therefore, this work is focused on deriving such expression, 89 

first from a theoretically point of view, then fitting the model with own experimental results, 90 

and finally extending it to results reported in the literature. Since the grain boundaries 91 

evolution follows different mechanisms depending on the stacking fault energy, alloying 92 

elements, and processing conditions, the model presented in this manuscript serves as a 93 

qualitative tool for the microstructural properties evolution of metallic materials processed 94 

using SPD techniques. 95 

II. Experimental procedure 96 

An Armco iron was selected as based material for this study [25], and Equal Channel Angular 97 

Pressing (ECAP) was chosen as the technique to apply SPD. Samples having lengths of 98 

~60mm and diameter of 8mm were deformed by ECAP at room temperature following route 99 

Bc. Previous to the ECAP processing, samples were annealed at 930 °C for 20 min. The die 100 

used in this study was fabricated from an insert tool steel with two channels intersecting at an 101 
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inner angle of Ф = 90º and an outer angle of ψ = 37º (Figure 1 (a)), resulting in a strain of ~1 102 

per pass. Molybdenum disulfide was used as the lubricant. Samples were subjected up to 16 103 

ECAP passes.  104 

The microstructural characterization of the samples was performed by Electron Back-105 

Scattered Diffraction (EBSD). For this purpose, samples from the center of the billets (TD 106 

plane, Figure 1 (b)) processed by ECAP were conventionally polished until 0.02µm colloidal 107 

silica suspension.  108 

The HKL CHANNEL 5 software was used to analyze EBSD results by measuring grain sizes 109 

and fractions of HAGB and LAGB. Regions separeted by boundaries having misorientation 110 

angles (θ) greater than 15° were defined as grains, while subgrains had boundaries with 111 

misorientation angles within the range of 2° and 15°. The EBSD system was coupled to a 112 

scanning electron microscope (SEM) JEOL JSM-7001F operating at an accelerating voltage 113 

of 20 kV, using a step size of 0.03 µm. 114 

 115 

Fig. 1- (a) ECAP configuration. (b) TEM and EBSD samples. 116 

 117 
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For the observation of finer microstructural features, a transmission electron microscope 118 

(TEM) FEI-TECNAI G2 S-TWIN was used. It operated at 200 kV, to which it was coupled an 119 

orientation-phase mapping precession unit NanoMEGAS ASTAR that makes use of the 120 

electron-beam together with recognition of electron diffraction spot patterns, offering the 121 

opportunity to perform Automated Crystal Orientation Mapping (ACOM).  122 

TEM samples were initially obtained by cutting billets in the extrusion direction (TD plane, 123 

Figure 1 (b)). Then, thin foils were produced by electropolishing using a STRUERS Tenupol-124 

3 machine operating at a voltage of 20 V, applying a current of 0.05 A during 1.5 min. In this 125 

study, a mixture of 6% perchloric acid (HClO4) + and 94% glacial acetic acid (CH3COOH) 126 

was used as an electrolyte at room temperature. 127 

III. Results and discussion 128 

A. Microstructural characterization  129 

 130 

Figure 2(a)-2(f) shows the microstructural evolution for the different ECAP passes together 131 

with the Grain Orientation Spread (GOS) evolution, highlighting the reduction in grain size 132 

from the initial condition (coarse grains) to the one corresponding to sixteen passes (ultrafine 133 

grains). The initial annealed microstructure consists mainly of equiaxed grains, with an 134 

average grain size of ~72µm. It is evident that grain refinement took place, i.e., from 72 µm in 135 

the annealed condition to ~360 nm after sixteen passes. On the other hand, other authors have 136 

reported even smaller grain sizes for iron processed by different SPD techniques, e.g. Tejedor 137 

et al. [26] and Casas et al. [27] obtained grain size values of ~200 nm. In those cases, the 138 

greater grain size reduction can be attributed to the deformation techniques used by the 139 

authors (High Pressure Torsion (HPT) and mechanical milling respectively), which are well 140 

known by their capacity to generate more dislocations at high deformations.     141 
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 142 

Fig. 2- GOS evolution maps for Armco iron after (a) 0, (b) 1, (c) 2, (d) 4, (e) 8, (f) 16 ECAP 143 

passes and (g) GOS values plot. 144 

 145 

The GOS values correspond with the average deviation orientation between each point in a 146 

grain and the average orientation of the grain [28]. Figure 2(g) shows that the highest GOS 147 

value of 27° was found in the material with one ECAP pass, indicating the substantial amount 148 

of defects introduced in the material, which creates significant orientation differences (more 149 

than 76% of the grains present GOS values higher than 6°), taking into account that the initial 150 

material (annealed condition with very low defects density) presented a maximum GOS value 151 

of 2.3° (99% of the grains showed GOS values lower than 6°). 152 

 153 

The GOS maps in Figure 2(a)-2(f) seem to indicate that the homogenization of microstructure 154 

(more grains with GOS values lower than 6°-blue color) proceeds regularly with an increasing 155 
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number of ECAP passes following a tendency to increase until the first ECAP pass. While 156 

with the subsequent ECAP passes the GOS values decrease continuously until the sixth pass 157 

where a tendency to level out around 7° is observed (see Figure 2(g)). This behavior in the 158 

material, trying to return to a steady state like the initial microstructure, can be interpreted as a 159 

microstructural regeneration with a smaller grain size due to the occurrence of CDRX.  160 

The results obtained for the present Armco iron subjected to ECAP show that in the initial 161 

five ECAP passes (Figure 3) the LAGB fraction is more predominant. This behavior is in 162 

accordance with the literature [29]. The increase in the fraction of LAGBs or the reduction of 163 

HAGBs in stage I can be attributed to the development of dense dislocation walls (DDWs), 164 

dislocation tangles (DTs) in the original grains and the refined cells followed by the 165 

transformation of DDWs and DTs into sub-boundaries with small misorientations separating 166 

individual sub-grains (Figure 4). 167 

It can also be seen in Figure 4(a) that the fraction of HAGB begins to saturate with the 168 

increase in the number of passes. As further deformation is introduced in the material, more 169 

DDWs and DTs are created increasing the misorientation in the grains due to the evolution of 170 

LAGB into HAGB (Figure 4(b)-4(e)), allowing the grain refinement. However, by increasing 171 

the strain, the rate of dislocation generation is reduced, reaching a saturation value because 172 

the grain size starts to limit the free path for the movement of the dislocations [25].  173 

 174 

The microstructural characteristics resulting from ECAP processing was also studied by 175 

transmission electron microscopy (TEM). During the first ECAP passes (less than 4 passes), a  176 

morphology of elongated grains and several regions in the material with significant 177 

dislocation density were observed (see Figure 3 and Figure 4(b)-4(e)). After sixteen ECAP 178 

passes it occurs a shift from elongated grains and subgrains to more equiaxed ones. The final 179 

state highlights the gradual transition from the initially predominant arrangement of low angle 180 

grain boundaries to a dominant state of high-angle grain boundaries, as shown in Figure 3. 181 
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 182 

Fig. 3- HAGB evolution calculated by EBSD and TEM for all ECAP passes.  183 

 184 

On the other hand, LAGB and HAGB fraction values calculated by TEM (Figure 3) follow 185 

the same trend than when calculated by EBSD, with some minor differences for the initial 186 

stages. These differences can be explained by the dimensions of the grains, which are of the 187 

order of few microns, being almost the size of the thin area, thus reducing the number of 188 

observable grains and not allowing obtaining statistically sound data for analyses.  189 

As mentioned before, the characteristic of CDRX is that nucleation and growth stages of 190 

DDRX do not occur. Instead of that, deformation bands, where the number of sub-boundaries 191 

(2°-5° misorientation) is higher than in the surrounding material, are developed during 192 

deformation, as shown in the sketch of Figure 4(a). Along with the continuous deformation, 193 

sub-boundaries turn into LAGB (5°-15° misorientation) via dislocation motion and develop 194 

into high angle boundaries by merging of lower angle boundaries, as shown in Figure 4(a) 195 

(green arrow). 196 

 197 
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Therefore, it can be understood that larger areas with fractions of high angle boundaries are 198 

obtained by increasing the number of dislocations stored in cells, which will finally form 199 

subgrain boundaries. Thus, an increment in the level of deformation increases the probability 200 

of activation of mechanical annihilation processes, which according with Muñoz et al. [30] 201 

results in larger orientation differences between angles of the boundaries. 202 

 203 

Fig. 4- CDRX occurrence, (a) HAGB and LAGB evolution for Armco iron processed by 204 

ECAP, (b) microstructure evolution after 1pass indicating the formation of DDWs (yellow 205 

arrows), DTs (red arrows) and grain boundaries (Light blue arrows), (c) after 4 passes, (d) 206 

after 6 passes and (e) after 16 passes. 207 

 208 

B. Model description. 209 

As already stated, the dependence of the HAGB and LAGB fraction with the number of 210 

ECAP passes (i.e., strain) displays two stages as illustrated in Figure 4(a) for the present 211 

Armco iron. The first and shorter stage is characterized by a sharp increment in the LAGB 212 
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fraction (or heavy diminution of the HAGB fraction). The second stage however displays a 213 

gradual diminution of the LAGB until attaining a sort of steady state. These results agree with 214 

the literature [31, 32], although, depending on the initial microstructural state and the SPD 215 

method, stage I can be very short or even absent [33]. 216 

This shape reminds the flow curves of materials displaying DDRX. Typical DDRX flow 217 

curves exhibit a single peak stress followed by a gradual fall towards a steady state stress. In 218 

this curve, and at low strains, the deformation controlling mechanism are strain hardening and 219 

softening by dynamic recovery (DRV). When DRX is activated, an evident additional 220 

softening after the peak stress in the flow curve is observed. From the first studies of Ludwik 221 

[34], Hollomon [35] and Bergström [36] until the most recent studies of Estrin et al. [12, 37, 222 

38] among others, the different plasticity models have used exponential type functions to 223 

describe the dislocation evolution as well as the flow stress. Various models [39, 40, 41] have 224 

been proposed to describe metals undergoing DDRX exclusively. The model proposed by 225 

Estrin and Mecking [38] and Bergström [36] to predict the flow curve 𝜎-𝜀 states the following 226 

relation between stress and strain: 227 

𝜎2 = [𝜎𝑠
2 + (𝜎𝑜

2 − 𝜎𝑠
2) ⋅ 𝑒−𝛺𝜀] 

 

(1) 

 228 

where 229 

𝜎𝑜 = 𝛼 ′𝜇𝑏√𝜌𝑜 

 

(2) 

 230 

and     231 

𝜎𝑠 = 𝛼 ′𝜇𝑏√𝑈 𝛺⁄  

 

(3) 

              232 

Assuming that yield stress σo at high-temperature conditions can be neglected, equation (1) 233 

becomes: 234 

𝜎2 = 𝜎𝑠
2 ⋅ (1 − 𝑒−𝛺𝜀) 

 

(4) 

 235 

here 𝛼 ′ is a geometric constant, 𝜇 the shear modulus, 𝑏 the burgers vector, 𝑈 and 𝛺 the 236 

characteristic parameters describing the work hardening and DRV behavior respectively, and 237 

𝜎𝑠 the extrapolated saturation stress in the absence of DDRX. 238 
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The modeling of DDRX can be accomplished by treating it as a solid-state transformation. In 239 

this case, the kinetics of DDRX can be represented by an Avrami equation [41]. Assuming 240 

that the mechanical softening is proportional to the recrystallized volume fraction 𝑋 the 241 

constitutive equation that applies after the onset of DDRX is given by: 242 

𝜎 = 𝜎𝑠 − (𝜎𝑠 − 𝜎𝑠𝑠)𝑋 
 

(5) 

 243 

The recrystallization volume fraction, in turns, follows an Avrami kinetics: 244 

𝑋 = 1 − 𝑒(−𝐵𝑡𝑘) 

 

(6) 

 245 

where 𝐵 is a constant, 𝑡 the time and 𝑘 the Avrami exponent, where, at a constant strain rate, 246 

the time becomes equal to the ratio strain/strain rate.   247 

Equations (1) to (8) represent the flow behavior of the material, although some rate 248 

controlling equations to quantify and 𝜎𝑠𝑠, 𝑋, 𝑈 and 𝛺 must be provided. When these are 249 

available, the flow stress can be expressed as an explicit function of temperature T, strain rate 250 

ε̇, and strain ε.  251 

When analyzing the evolution of LAGB and HAGB in Figure 4(a), it is clear that the function 252 

correctly describing the evolution of LAGBs is similar to the one that predicts flow stresses. 253 

This similarity, in turns, sounds logic assuming that HAGBs and LAGBs are proportional to 254 

the dislocation density involved, which in turns, according to equation (2) is proportional to 255 

σ
2
. Consequently, the dependence of LAGB on strain must be similar to equations (1) to (6). 256 

Accordingly, the following relation is proposed:  257 

 258 

𝐿𝐴𝐺𝐵 = 1 − 𝐻𝐴𝐺𝐵 = 1 − [𝐻𝐴𝐺𝐵0𝑒−𝜆∗𝜀 + 𝐻𝐴𝐺𝐵𝒔𝒔(1 − 𝑒−𝜑∗𝜀𝑛
)] 

 

(7) 

 259 

where 𝐻𝐴𝐺𝐵0 corresponds to the fraction of HAGB for the deformation-free material, while 260 

𝐻𝐴𝐺𝐵𝑠𝑠 is the saturation value of HAGB reached by means of the deformation process. Here, 261 

𝑛 corresponds to the growth exponent of the HAGB fraction. This exponent shows how easy 262 

it is for a material to reach a saturation value of the HAGB fraction after SPD, i.e., the grade 263 

of the material reaching full CDRX. The term 𝜆 is denominated as the exponent for LAGB 264 

generation, whereas 𝜑 is referred to as the generation exponent of HAGB or the probability of 265 

converting LAGBs into HAGB due to the CDRX process by which the sub-grains become 266 
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grains (see Figure 5). As can be seen in equation (7), the second term is quite similar to the 267 

Avrami equation where the B and k constants were related with nucleation and growth rates, 268 

whereas in this model the constants 𝜑 and 𝑛 explain the ease and the capacity to transform 269 

LAGB into HAGB.  270 

 271 

Fig. 5- Model description.  272 

 273 

It is worth mentioning here that although some authors have proposed in the literature that 274 

when large plastic strains are involved, the Hencky definition of strain should be used instead 275 

of the equivalent Von Mises values, here, the later will be used for comparison purposes 276 

because most of the experimental results reported in the literature consider equivalent Von 277 

Mises expressions.     278 

 279 

In the same way that the model to describe DDRX establishes a direct relation between the 280 

recrystallized fraction and the flow stress, equivalents relations between CDRX and the flow 281 

stress have been established by Hughes et al. [42]. These authors proposed that the hardening 282 
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effect or the flow stress after significant deformations can be obtained as the contribution of 283 

both LAGB and HAGB fractions (equation (8)).  284 

 𝜎 = 𝜎0 + 𝜎𝐺𝐵 + 𝜎𝑆𝐺𝐵 
 

(8) 

 285 

where 𝜎𝐺𝐵 and 𝜎𝑆𝐺𝐵 are the strengthening contributions from HAGB and LAGB, respectively 286 

and can be calculated by the following equations:  287 

𝜎𝑆𝐺𝐵 = 𝛼′𝜇𝑀𝑏√𝜌0 + 𝜌𝐿𝐴𝐺𝐵  

 

(9) 

  288 

𝜎𝐺𝐵 = 𝑘′ (
𝐻𝐴𝐺𝐵

𝑑
)

1/2

 

 

(10) 

 289 

with  𝜌𝐿𝐴𝐺𝐵 =
3(𝐿𝐴𝐺𝐵)�̅�𝐿𝐴𝐺𝐵

𝑏𝐿
, where 𝐿 represents the sub-grain size, �̅�𝐿𝐴𝐺𝐵 the average 290 

misorientation of the LAGB, 𝑀 the Taylor factor (3.02 for Armco iron), 𝜌0 the dislocations 291 

density for the annealed condition, 𝑑 the grain size, 𝑘′ the Hall-Petch constant (0.36 MPa m
1/2 

 292 

for Armco iron [25]) μ the shear module (80 GPa for Armco iron), and α′ a material constant (0.3 293 

for Armco iron). The model proposed by Hunghes was applied before in a previous study [43] 294 

indicating a good correlation with the experimental data. 295 

Thus, considering that the values of 𝜎0 and 𝜌0 are small with respect to the 𝜎𝑆𝐺𝐵 and 𝜌𝐿𝐴𝐺𝐵 296 

magnitudes, the flow stress can be approximated by mixing equations (8), (9) and (10) as 297 

follows: 298 

𝜎 ≈ √1 − 𝐿𝐴𝐺𝐵
𝑘′

√𝑑
+ √𝐿𝐴𝐺𝐵 ∙ 𝛼′𝜇𝑀𝑏√

3�̅�𝐿𝐴𝐺𝐵

𝑏𝐿
 

 

(11) 

 299 

C. Model validation 300 

Taking the HAGB values calculated through the EBSD measurements, the model fitting 301 

presents a good correlation with the present experimental values (Figure 6(a)). In Figure 6(a)-302 

6(c) the application of the model using different data of materials processed by severe plastic 303 

deformation has also been adjusted. The model fitting procedure uses the highest 304 

experimental value of HAGB as first approximation, and after some iterations, it calculates 305 
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the n, , and φ parameters. Then, the model recalculates the HAGBss value according to the 306 

new n, , and φ values to obtain the best fitting and the convergence criteria. In the case that 307 

convergency is not reached, a new initial value for HAGBss is used, and the fitting process 308 

starts again. The final value of the exponents is defined by fixing each one and looking at how 309 

the other parameters change after some iterations, so the final values are chosen when after 310 

fixing each exponent, the other values do not change more than 10%. 311 

The values of the different parameters obtained by adjusting the HAGB model are shown in 312 

Figure 7 and Table 1 for each one of the materials analyzed in Figure 6. The evolution of 313 

model parameters presented in Figure 7(a)-7(b) as a function of transition deformation (i.e., 314 

the deformation at the lowest LAGB fraction), indicates that values of λ and φ exponents are 315 

higher for materials processed by ARB, followed by materials deformed by ECAP, while, 316 

materials processed by HPT show lower values. On the other hand, in Figure 7(c) the opposite 317 

happens with the evolution of the n exponent. The highest values were obtained for materials 318 

processed by HPT followed by ECAP and ARB. This explains why the materials processed 319 

by ARB and ECAP can transform LAGB into HAGB faster than HPT, but neither ECAP nor 320 

ARB can reach a complete saturation in the final fraction of HAGB as HPT. This is coherent 321 

with the fact that combining deformation processes (i.e., ECAP + HPT) promotes the increase 322 

in the fraction of HAGB and the reduction of the grain size.  323 
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 324 

Fig. 6- Model fittings, (a) ECAP processed (Cu-0.2Mg [32], Pure Cu [31], AA8079 [48], Al-325 

0.13Mg [48], AA6060 [50], pure Al [51])  ), (b) ARB processed (Armco iron [44], IF Steel 326 

[49], Trip steel [46], Stainless steel [47], AA1050 [52], Al/SiC composite [52]) and (c) HPT 327 

(AA6061 [53], Cu-0.17Zr [54], Cu-Ni-Si [55], pure Cu [45], Pure Mg [56]) processed 328 

materials.  329 

Comparing the same material processed by different techniques (Armco iron processed by 330 

ECAP (this study) and Armco processed by ARB [44]), it can be observed that the λ and φ 331 

values are higher for the ARB processing, while the value of the n exponent is similar for both 332 

cases. This shows that the ARB process can convert LAGB into HAGB faster than ECAP, but 333 

both processes get similar values of saturation of the HAGBs. Similar behavior was observed 334 

with pure copper processed by ECAP [31] and copper processed by HPT [45]: higher values 335 

of λ and φ were obtained for copper processed by ECAP, while copper processed by HPT 336 

presented a higher value of n. In other words, materials with higher values of λ and φ could 337 

indicate the faster and easier occurrence of CDRX, and the higher values of n would indicate 338 

an efficiency of the CDRX giving rise to smaller grain sizes.   339 
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 340 

Fig. 7- Model parameters evolution, (a) λ, (b) φ and (c) n exponents for different materials 341 

and SPD techniques.  342 

One important characteristic of λ and φ exponents is that the values of the λ exponent tend to 343 

be higher than φ values. Such characteristic is not only coherent with the fact that the highest 344 

amount of LAGBs are present at lower values of deformations but also with the feature that 345 

the multiplication rate of the dislocations is also high during the initial stages of deformation 346 

[25].  347 

Figure 7(a)-Figure 7(b) demonstrate that high λ and φ values are related to deformations 348 

values smaller for the ECAP and ARB than the HPT process, which corroborates the faster 349 

transition from stage I to stage II after ECAP and ARB processing. On the other hand, Figure 350 

7 (c) plots the n exponent as a function of the maximum deformation applied in each process. 351 

In this way, the n exponent for the HPT process shows higher values than ECAP and HPT as 352 

a consequence of the significant deformation differences introduced in each process. 353 

Analyzing materials with low Stacking Fault Energy (SFE), TRIP steel [46] and stainless steel 354 

[47] processed by ARB, they present similar values in all three exponents (λ, φ and n). 355 

Besides, the values of the n exponent were the lowest, together with the one for Cu-0.2Mg 356 



17 
 

[32] processed by ECAP between the others materials. Such behavior is coherent with the one 357 

observed for materials presented in Figure 6(a) and 6(b) from which one may perceive no 358 

significant increments in the HAGB fraction in stage II, which is also related to the fact that 359 

CDRX occurs more readily in materials with high SFE, as Gourdet et al. [19] indicated in 360 

their CDRX model. On the other hand, materials like Al-0.13Mg [48], IF steel [49] and pure 361 

Cu [45] processed by ECAP, ARB and HPT respectively, displayed the highest values of the 362 

exponent n. However, the grain boundaries evolution in materials with low SFE follows a 363 

more complicated pathway due to the alloy elements that give rise to additional hardening 364 

mechanisms. Therefore, the present model results can be interpreted qualitatively. 365 

The application of the model for each deformation process is shown in Figure 8(a)-8(c). It can 366 

be seen a similar trend, where, for the HPT process, the n exponent presents the highest value 367 

(Figure 8c), whereas after ARB deformation the highest values were obtained for the λ and φ 368 

exponents (Figure 8(b)). The ARB process also showed less data scattering and presented a 369 

smaller action zone (shaded areas in Figure 8(d)) as compared to ECAP and HPT. Such an 370 

observation is coherent with the fact that ECAP and HPT involve higher hydrostatic pressures 371 

that allow the introduction of further deformation. For that reason, HPT showed a larger 372 

action zone during material processing. Additionally, Figure 9 and Table 2 display the model 373 

application following equations (9) to (11) and the comparison with the experimental yield 374 

stress values for the Armco iron processed by ECAP. The experimental and theoretical values 375 

keep a good correlation, demonstrating the model is also a useful tool to predict the 376 

mechanical behavior of metallic materials after the SPD process.  377 

Based on the results of the model, it can be demonstrated that the most important parameter 378 

during the evolution of the HAGB is the mode of deformation (i.e., the used SPD technique). 379 

Processes like ECAP and ARB showed faster transitions from LAGB (stage I) to HAGB 380 

(stage II) (higher values of the λ and φ exponents) while the HPT processing proved to be the 381 

most efficient method to obtain HAGB (i.e., more continuous dynamic recrystallization) 382 

showing the highest values of the n exponent.     383 
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 384 

Fig. 8- Overall model fitting, (a) ECAP process, (b) ARB process, (c) HPT process and (d) 385 

approximated action zones for each process. 386 

 387 

 388 
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 389 

Fig. 9- Comparison of the model yield stress prediction and the comparison with the 390 

experimental values for Armco iron processed by ECAP.  391 

 392 

IV. Conclusions 393 

Armco iron with grains ranging in micrometer size was processed by ECAP to obtain a 394 

nanostructured material. Different techniques, such as EBSD and TEM, confirmed the grain 395 

refinement. The occurrence of CDRX was corroborated by GOS maps that showed how the 396 

microstructure was regenerated with smaller grain size, leading to GOS values quite similar to 397 

the annealed material (0 passes).      398 

Armco iron processed by ECAP at a different number of passes was used as reference 399 

material to develop a new model which could predict the HAGB evolution as a function of the 400 

deformation introduced in the material during severe plastic deformation processing at room 401 

temperature. The model showed good correlation with the experimental data obtained from 402 

the EBSD measures as well as with different experimental data of materials deformed by 403 

different SPD techniques.  404 

The model pretends to serve as a first qualitative approximation of the CDRX. The model can 405 

establish which method can produce a faster conversion from a microstructure dominated by 406 

the LAGB fraction towards one dominated by HAGB (larger λ and φ exponents) and which 407 
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processes are more efficient to reach higher HAGB fractions during plastic deformation 408 

(larger n exponent).  409 

The model also gave an approximation of the action zones for the ARB, ECAP and HPT 410 

processes, indicating that HPT presents a larger range followed by ECAP and ARB.  411 

The new model indicates a good correlation between the theoretical and experimental yield 412 

stress and works as a connection between the microstructural characteristics (mainly, grain 413 

size and LAGB fractions) and mechanical properties of metallic materials after severe plastic 414 

deformation. 415 
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 427 

 428 

Figure captions: 429 

Figure 1. (a) ECAP configuration. (b) TEM and EBSD samples. 430 

Figure 2. GOS evolution maps for Armco iron after (a) 0, (b) 1, (c) 2, (d) 4, (e) 8, (f) 16 ECAP passes 431 

and (g) GOS values plot. 432 

Figure 3. HAGB evolution calculated by EBSD and TEM for all ECAP passes. 433 

Figure 4. CDRX occurrence, (a) HAGB and LAGB evolution for Armco iron processed by ECAP, (b) 434 

microstructure evolution after 1pass indicating the formation of DDWs (yellow arrows), DTs (red 435 

arrows) and grain boundaries (Light blue arrows), (c) after 4 passes, (d) after 6 passes and (e) after 16 436 

passes. 437 

Figure 5. Model description. 438 

Figure 6. Model fittings, (a) ECAP processed (Cu-0.2Mg [32], Pure Cu [31], AA8079 [48], Al-439 

0.13Mg [48], AA6060 [50], pure Al [51])  ), (b) ARB processed (Armco iron [44], IF Steel [49], Trip 440 

steel [46], Stainless steel [47], AA1050 [52], Al/SiC composite [52]) and (c) HPT (AA6061 [53], Cu-441 

0.17Zr [54], Cu-Ni-Si [55], pure Cu [45], Pure Mg [56]) processed materials. 442 

Figure 7. Model parameters evolution, (a) λ, (b) φ and (c) n exponents for different materials and SPD 443 

techniques. 444 

Figure 8. Overall model fitting, (a) ECAP process, (b) ARB process, (c) HPT process and (d) 445 

approximated action zones for each process. 446 

Figure 9. Comparison of the model yield stress prediction and the comparison with the experimental 447 

values for Armco iron processed by ECAP. 448 

 449 

Table captions: 450 

Table 1. Model parameters and grain size reported before and after deformation. 451 

Table 2. Model validation parameters 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 
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 461 

Figure 1. (a) ECAP configuration. (b) TEM and EBSD samples. 462 

 463 
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 467 

Figure 2. GOS evolution maps for Armco iron after (a) 0, (b) 1, (c) 2, (d) 4, (e) 8, (f) 16 468 

ECAP passes and (g) GOS values plot. 469 

 470 

 471 

 472 
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 473 

Figure 3. HAGB evolution calculated by EBSD and TEM for all ECAP passes.  474 

 475 

 476 

 477 
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 478 

Figure 4. CDRX occurrence, (a) HAGB and LAGB evolution for Armco iron processed by 479 

ECAP, (b) microstructure evolution after 1pass indicating the formation of DDWs (yellow 480 

arrows), DTs (red arrows) and grain boundaries (Light blue arrows), (c) after 4 passes, (d) 481 

after 6 passes and (e) after 16 passes. 482 
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 490 

Figure 5. Model description.  491 

 492 
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 494 

Figure 6. Model fittings, (a) ECAP processed (Cu-0.2Mg [32], Pure Cu [31], AA8079 [48], 495 

Al-0.13Mg [48], AA6060 [50], pure Al [51])  ), (b) ARB processed (Armco iron [44], IF 496 

Steel [49], Trip steel [46], Stainless steel [47], AA1050 [52], Al/SiC composite [52]) and (c) 497 

HPT (AA6061 [53], Cu-0.17Zr [54], Cu-Ni-Si [55], pure Cu [45], Pure Mg [56]) processed 498 

materials.  499 

 500 
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 501 

Figure 7. Model parameters evolution, (a) λ, (b) φ and (c) n exponents for different materials 502 

and SPD techniques.  503 

 504 
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 505 

Figure 8. Overall model fitting, (a) ECAP process, (b) ARB process, (c) HPT process and (d) 506 

approximated action zones for each process. 507 

 508 
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 509 

Figure 9. Comparison of the model yield stress prediction and the comparison with the 510 

experimental values for Armco iron processed by ECAP.  511 

 512 
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Table 1. Model parameters and grain size reported before and after deformation. 526 

Material HAGB0 λ ϕ n HAGBSS 
Grain size (initial-

final) [µm] 
Reference 

ECAP Processed materials 

This study 95.40 3.83 0.09 1.54 72.30 (70-0,35)   

Cu-0.2Mg 88.00 3.51 0.14 0.56 67.00 (670-0,31) [32] 

Pure Cu 94.00 1.17 0.12 1.57 67.00 (5-0,45) [31] 

AA8079 87.00 7.60 0.37 1.31 80.00 (1000-0,51) [48] 

Al-0.13Mg 88.00 1.40 0.02 2.46 80.00 (1000-0,68) [48] 

AA6060 62.00 1.12 0.18 1.32 59.00 (52-0,47) [50] 

Pure Al        * 90.00 3.30 0.15 1.01 80.00 (1000-1,2) [51] 

ARB Processed materials 

Armco iron 80.00 4.47 0.27 1.61 63.00 (15-0,58) [44] 

IF steel 80.00 1.68 0.12 1.94 90.00 (33-1) [49] 

Trip Steel 97.00 3.17 0.87 0.67 50.00 (35-0,3) [46] 

Stainless 
steel 

80.00 3.50 0.84 0.70 75.00 (10-not specified) [47] 

AA1050 84.00 4.27 0.42 1.36 73.00 (14-0,3) [52] 

Al/SiC 
composite 

86.00 4.77 0.45 0.97 85.00 (12-0,19) [52] 

HPT Processed materials 

AA6061 95.00 0.30 0.14 0.97 65.00 (150-0,52) [53] 

Cu-Ni-Si 80.00 0.90 0.02 1.71 70.00 (20-0,2) [55] 

Cu-0.17Zr   * 90.00 0.27 0.05 1.55 82.00 (not specified-0,2) [54] 

Pure Cu      * 90.00 0.70 0.01 3.02 69.00 (not specified-0,47) [45] 

Pure Mg     * 90.00 0.56 0.14 1.48 84.00 (not specified-<0,6) [56] 

*The value of HAGB0 was assumed to be ~90% since it was not specified in the paper, but the authors indicated a previous 527 
heat treatment before the respective SPD process.  528 
 529 

 530 

 531 

 532 
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Table 2. Model validation parameters 536 

ECAP 
passes 

Subgrain 
size 

[µm] 

Grain 
size 

[µm] 
LAGB 

 
[rad] 

ρLAGB                      

[m-2] 
σSGB                      

[MPa] 
σGB                      

[MPa] 

σy 
experimental 

[25]                     
[MPa] 

0 72.42 90.12 0.046 0.011 8.53E+10 19.2 37.0 204 

1 1.08 2.71 0.912 0.045 4.54E+14 392.9 62.9 441 

2 1.13 2.55 0.82 0.059 5.28E+14 423.9 92.2 506 

3 0.34 0.8 0.67 0.029 7.47E+14 503.9 212.1 579 

4 0.27 0.66 0.577 0.026 7.26E+14 496.9 274.3 703 

5 0.23 0.77 0.41 0.026 7.28E+14 497.3 283.4 715 

6 0.27 0.51 0.42 0.027 5.57E+14 435.1 371.7 752 

7 0.25 0.49 0.327 0.025 4.81E+14 404.4 396.8 774 

8 0.26 0.51 0.405 0.026 4.25E+14 380.3 404.8 747 

16 0.29 0.42 0.246 0.021 2.43E+14 287.7 471.2 844 
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