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Quantitative Comparison of the Recrystallization Kinetics of two 12 

Industrially Processed 5xxx Aluminum Alloys 13 

Abstract 14 

The annealing kinetics of cold-rolled AA5182 and AA5657 aluminum alloy sheets have been 15 

investigated and compared. The microstructures of a series of partially recrystallized samples 16 

are characterized by electron back scattered diffraction and key stereological parameters 17 

including volume fraction recrystallized, interfacial areas and contiguity are determined. The 18 

overall recrystallization kinetics as well as the nucleation and growth rates are thereby 19 

quantified. The results reveal that the nuclei develop in clusters. This matches well with the 20 

observation of a low kinetics exponent n =2 in AA5182. Much more surprising is that n is 2.8 21 

in AA5657, even though the nucleation is clustered. Also, it is higher than almost all 22 

recrystallization kinetics investigations which generally find values significantly below 3. 23 

Effects of nucleation rate, spatial distribution of nuclei and growth rate are discussed and used 24 

in a quantitative analysis of recrystallization kinetics in the two alloys.  25 

Keywords: recrystallization kinetics; aluminum; Avrami exponent; nucleation; growth 26 

1.  Introduction  27 

Annealing is of key importance for industrial thermochemical processing of the 5xxx 28 

aluminum alloys. These alloys were developed to achieve sheet aluminum with high 29 

strength and good formability, which is also weldable and has good corrosion 30 

resistance [1]. Understanding of recrystallization is essential to achieve the optimal 31 

combination of strength and formability. 32 
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The kinetics of recrystallization is known to depend critically on nucleation 33 

and growth of new, almost defect free grains within a deformed matrix. Qualitatively 34 

recrystallization is therefore somewhat similar to phase transformation and the classic 35 

model derived for phase transformations by Avrami (1939) [2] and Kolmogorov (1937) 36 

[3] is commonly used also to describe recrystallization kinetics. Johnson and Mehl 37 

were the first to use it for recrystallization studies [4]. In the recrystallization field, the 38 

model is known as the JMAK model and the key equation is  39 

𝑉𝑉 = 1 − exp(−𝐵𝑡𝑛) (1) 40 

where VV is the volume fraction of recrystallized material, t is the annealing time, and 41 

B and n are two constants describing the nucleation and growth conditions. Essential 42 

assumptions in the JMAK model are that the nucleation sites are randomly 43 

distributed, and the grains grow with a constant rate in 1, 2 or 3 dimensions. When 44 

fitting equation (1) to experimental data, generally the format  45 

log( ln
1

1−𝑉𝑉
) = 𝑛 ∙ log 𝑡 + log𝐵 (2) 46 

is used, whereby a straight line fit is expected in a double log plot of − ln(1 − 𝑉𝑉) 47 

versus t. The parameter, n, in equation (1) and (2) is referred to as the Avrami 48 

exponent and it depends on both the nucleation and growth of the grains during 49 

recrystallization: if site saturation applies, i.e. all nuclei form essentially 50 

instantaneously when the annealing is started, and the grains grow in 3 dimensions 51 

(conditions often fulfilled in pure aluminum [5]), n is predicted to be equal to 3 52 

according to the JMAK model. If the nucleation occurs at a constant rate instead of by 53 

site saturation, n should in this case be equal to 4. If the growth dimensionality is 2D 54 
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or 1D, n will be reduced by 1 or 2, respectively.  55 

The JMAK equation is easy to use. For a set of partially recrystallized samples 56 

annealed isothermally for different times, VV is determined either directly by 57 

microscopy [6–9] or indirectly by e.g. measurements of hardness [10] or electrical 58 

resistivity [11] and the data are fitted to equation (1) or (2). Also the interpretation of 59 

the fitted n-value is straight forward as given by the theoretical expectations outlined 60 

above. 61 

The JMAK model has been used to analyze recrystallization kinetics in 62 

numerous studies, but to our knowledge, only in one publication it is reported to 63 

represent the data well [4]. In all other cases the experimental data can either not be 64 

fitted to equation (2) by one straight line, rather 2 or 3 lines are needed [12] or an n-65 

value below 3 is found even though the grains grow in three dimensions [5]. Reasons 66 

discussed to explain the deviation are many; these include concurrent recovery [13,14], 67 

clustered nucleation [15,16], decreasing growth rates [17], heterogeneously distributed 68 

stored energies [18] and other complex growth patterns [19]. Additionally, if 69 

precipitation occurs during recrystallization, this will affect the process [20–23]. New 70 

analytic methodologies and models have been developed to take such effects into 71 

account [13,14,24–26], but none of these are frequently used, and JMAK is still the most 72 

commonly applied tool to describe recrystallization, possibly supplemented by 73 

microstructural path modelling (MPM) [15,25,27], which we shall also use here. 74 

It is clear, that no matter whether the nucleation and growth processes follow 75 

the JMAK assumptions or not, these processes are governed not only by the annealing 76 
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conditions but also by the deformation microstructures (including second-phase 77 

particles) in which they occur. The aim of our work is therefore to investigate effects 78 

of different deformation microstructures on the nucleation and growth and on the 79 

resulting overall recrystallization kinetics. Whereas most papers reporting on the 80 

recrystallization kinetics deal with relatively simple model alloys, we have here 81 

chosen two industrially processed alloys, namely aluminum AA5182 and AA5657 82 

with markedly different microstructures. AA5182-O (full-soft/recrystallized) sheets 83 

are used for deep drawn car body parts [28,29], while AA5657-H24 (work-hardened and 84 

partially annealed), a higher base purity alloy, is widely used in bright and anodized 85 

sheet products [30]. The present comparative analysis of the recrystallization kinetics is 86 

therefore not only of scientific importance but also of significant industrial relevance. 87 

2.  Material and methods 88 

2.1.  Materials description 89 

Two commercial aluminum alloys, AA5182 and AA5657, in the form of sheets are 90 

used for the present study. The two alloys were supplied by Novelis, Kingston 91 

(Canada) Operations. The chemical compositions are given in Table 1.  92 

Table 1. Chemical composition for the investigated AA5182 and AA5657 (wt.%). 93 

Alloy Si Fe Cu Mn Mg Cr Al 

AA5182 0.12 0.18 0.03 0.22 4.50 0.02 Bal. 

AA5657 0.05 0.01 0.04 0.01 0.85 0.00 Bal. 

For the present investigation, the AA5182 sheet was first hot rolled to 4 mm, 94 

and subsequently cold rolled to 1 mm (75% reduction) on industrial rolling mills. The 95 

AA5657 sheet was first hot rolled to 6 mm, then cold rolled to 3.5 mm followed by 96 

inter-annealing at 320-345oC for 100 minutes. Finally, the sheet was cold rolled to 97 
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0.76 mm (78% reduction) followed by 235-240oC batch annealing (recovery 98 

treatment) for 3 hours. This will be referred to as the initial conditions for the two 99 

alloys. Specimens were cut from both alloy sheets and annealed isothermally at 245oC 100 

and 300oC respectively for various durations, ranging from 5 minutes to 1440 minutes 101 

in an air furnace. Thereby a series of partially recrystallized specimens were obtained.  102 

2.2.  Microstructure characterization  103 

2.2.1.  Initial microstructure characterization 104 

An AURIGA (Zeiss) scanning electron microscope (SEM) and a high-voltage 105 

transmission electron microscope (TEM), FEI Talos F200S G2 both equipped with 106 

energy disperse spectroscopy (EDS) were used to reveal the initial microstructures of 107 

both alloys. The SEM characterizations were carried out at 10 kV and the TEM was 108 

operated at 200 kV. The longitudinal plane containing the rolling direction (RD) and 109 

the normal direction (ND) was investigated. To obtain adequate surface quality for the 110 

SEM measurements, the specimens were prepared by mechanical polishing down to 111 

30 nm diamond paste and finally electropolished in STRUERS A2 electrolyte at 0oC 112 

for 15 seconds with an electric potential difference of 20 V. The foils for TEM 113 

measurement were prepared by the twin-jet electro-polishing with 70% CH3OH and 114 

30% HNO3 solution at -30oC after mechanical polishing to 60 µm. 115 

2.2.2.  Partially recrystallized microstructure characterization 116 

A TESCAN MIRA3 scanning electron microscope equipped with the Oxford 117 

Instruments Channel 5.0 EBSD system was used to characterize the partially 118 
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recrystallized microstructures. The microscope was operated at 20 kV. The 119 

longitudinal plane was inspected. The specimens were prepared for EBSD by 120 

mechanical polishing down to 1 µm diamond paste and finally electropolished in 121 

STRUERS A2 electrolyte at 0oC for 90 seconds with an electric potential difference 122 

of 20 V. The step sizes for EBSD scanning were chosen to be 0.5 µm and 1 µm for the 123 

AA5182 and AA5657 specimens, respectively. To cover many grains in each partially 124 

recrystallized sample, areas about 500x500 µm2 and 1300x600 µm2 were chosen for 125 

AA5182 and AA5657, respectively. In these maps, line scans of equal length along 126 

RD and ND were performed. The total line length was 10000 µm (10 mm) for 127 

AA5182 and 16000 µm (16 mm) for AA5657. The following stereological parameters 128 

of importance for recrystallization were determined: 129 

𝑉𝑉 =
∑𝜆𝑖

𝐿
 (3)

 
 130 

𝑆𝑉 = 2𝑛𝐷𝑒𝑓𝑅𝑒𝑥/𝐿 (4) 131 

𝑆𝑉,𝑅𝑒𝑥𝑅𝑒𝑥 = 2𝑛𝑅𝑒𝑥𝑅𝑒𝑥/𝐿 (5) 132 

where VV is the recrystallized volume fraction, 𝜆𝑖 is the measured recrystallized 133 

grain intercept length, i.e., the chord length of grain i intersected by a test line where L 134 

is the total test line length; SV is the interfacial area between the recrystallized grains 135 

and the deformed matrix per unit volume, 𝑛𝐷𝑒𝑓𝑅𝑒𝑥 is the number of interfaces 136 

between the recrystallized grains and deformed matrix on the test line L; and 137 

𝑆𝑉,𝑅𝑒𝑥𝑅𝑒𝑥 is the interfacial area per unit volume between recrystallized grains, 138 

𝑛𝑅𝑒𝑥𝑅𝑒𝑥 is the number of interfaces between impinged recrystallized grains on the 139 

test line L. Based on the VV and SV values determined by equations (3-5), the 140 
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contiguity as well as the nucleation and growth characteristics are calculated by the 141 

following equations: 142 

𝐶𝑅𝑒𝑥𝑅𝑒𝑥 = 2𝑆𝑉,𝑅𝑒𝑥𝑅𝑒𝑥/(2𝑆𝑉,𝑅𝑒𝑥𝑅𝑒𝑥 + 𝑆𝑉,𝐷𝑒𝑓𝑅𝑒𝑥) (6) 143 

𝑁𝑉 = 16𝑉𝑉/9𝐷
3 (7) 144 

𝐺𝐶−𝐻 = (𝑑𝑉𝑉/𝑑𝑡)/S𝑉 (8) 145 

where CRexRex is the contiguity ratio, i.e., a measure of the fraction of impinged 146 

recrystallized boundaries among the total recrystallized boundary length; NV is the 147 

nuclei density (the number of recrystallized grains per unit volume), D is the average 148 

linear intercept length of the recrystallized grains; GC-H is the Cahn-Hagel boundary 149 

migration velocity which is impingement corrected [31]. 150 

3.  Results 151 

 152 

Figure 1. Optical micrographs of (a) cold rolled AA5182 and (b) cold rolled and 153 

recovered AA5657. Black spots represent constituent particles. 154 

In the initial condition both alloys showed highly elongated grains typical of 155 

rolled products (see Figure 1). The more detailed microstructural characterization of 156 

the two alloys in their initial conditions reveal large (1-10 µm) constituent phases e.g., 157 

Alx(Fe, Mn)ySi, Al6(Fe, Mn) in AA5182 (see Figure 2(a) and 3(a)) while only a few 158 
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Fe-containing particles are present in AA5657 (see Figure 2(d) and (e)). The volume 159 

fraction of these phases is approximately 0.5% in AA5182 and less than 0.1% in 160 

AA5657. In Al-Mg alloys with Si impurities, Mg2Si is present in the ingot after 161 

casting. At low Mg levels small amounts of Si can easily be dissolved by 162 

homogenization at ~510oC prior to rolling. At higher Mg levels, the solubility of Si is 163 

too low to completely dissolve Mg2Si. For AA5182, with 4.5%Mg, the solubility of Si 164 

is ~0.05 wt.%. Consequently we observe Mg2Si particles in the microstructure of 165 

AA5182 as a major constituent [30] (see Figure 2(a) and (c)). During homogenization 166 

at 500-530oC, fine Mn-rich dispersoids of about 0.1-0.4 µm are formed in AA5182 [32] 167 

(see Figure 2(b) and 3(b)). These dispersoids increase the strength of the alloy and 168 

serve to retard recrystallization and grain growth during annealing. The low Mn 169 

content in AA5657 will result in a negligible volume fraction of dispersoids in the 170 

microstructure in this alloy (see Figure 2(d) and 3(d)). 171 
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 172 

Figure 2. Backscatter electron (BSE) images of initial conditions - (a) (b) cold rolled 173 

AA5182 and (c) recovered AA5657. (d) and (e) are the EDS mappings of the areas 174 

marked by a red box in (a) and a green box in (c), respectively. The red and green 175 

arrows shown in (a) represent Mg2Si and Al-Fe-Mn constituent particles, 176 

respectively. 177 
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 178 

Figure 3. TEM micrographs of initial conditions of (a) (b) AA5182 and (c) (d) 179 

AA5657. EDS mappings of the particle marked in (a) are shown in (b) for AA5182 180 

and some tiny dispersoids of AA5657 are visible in (d). 181 

Zooming further in, the TEM results (Figure 3(a) and (c)) show one of the 182 

most crucial differences between the initial microstructures of the two alloys. The 183 

AA5182 specimen has an extremely high dislocation density with no evidence of 184 

recovery. In the RD-ND section, numerous Al-Fe-Mn constituent phases were 185 

observed surrounded by deformation zones [33]. By contrast, the AA5657 exhibited 186 

well-developed subgrains, 1-2 µm in size, typical of recovery in relatively high-purity 187 

aluminium alloys. Despite the recovery treatment given to the AA5657, no 188 

recrystallization was observed prior to the laboratory anneals. 189 

For AA5182 8 recrystallization states were characterized, while 7 states were 190 

used for AA5657. Recrystallization fractions from 0.05 to 0.92 were thereby covered. 191 

Some examples are shown in Figure 4. The figure clearly reveals how the 192 
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recrystallization is progressing in the two alloys. In AA5182 many nuclei develop and 193 

grow only marginally even after longer annealing times. In the fully recrystallized 194 

state, the grains are almost equiaxed with an aspect ratio of 1.4 (RD/ND) and have an 195 

average size of 8 µm. To investigate if precipitation occurs during annealing in both 196 

alloys, ex situ SEM measurements were conducted. As shown in APPENDIX (Figure 197 

A1), precipitated dispersoids < 0.1 µm in size, smaller than pre-existing ones, were 198 

observed on shear bands and original grain boundaries in AA5182. While in AA5657, 199 

no precipitation was observed.  200 

 201 

Figure 4. Crystallographic orientation maps of partially recrystallized AA5182 and 202 

AA5657 specimens where green lines represent low angle boundaries (2-15o) and 203 

black lines represent high angle boundaries (>15o). (a)(b)(c) Partially recrystallized 204 

AA5182 annealed at 245oC (a) for 160 minutes to VV=0.08; (b) for 360 minutes to 205 

VV=0.34; (c) for 1440 minutes to VV=0.92. (d)(e)(f) Partially recrystallized AA5657 206 

annealed at 300oC (d) for 40 minutes to VV=0.05; (e) for 80 minutes to VV=0.29; (f) 207 
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for 240 minutes to VV=0.92.  208 

In AA5657 the nucleation frequency is much lower and grains grow 209 

preferentially along RD to an average size of 24 µm with an aspect ratio of 1.8 when 210 

fully recrystallized. Because of this marked difference along RD and ND in AA5657, 211 

we have chosen to analyze the kinetics separately along these two directions for both 212 

alloys. 213 

The recrystallization kinetics results are shown in Figure 5(a) and (b). For both 214 

alloys the data are fitted well by equation (2) with one straight line for all except the 215 

last data point. This last point corresponds to a recrystallization fraction of 0.92 in 216 

both alloys. That this final state of recrystallization cannot be fitted well expresses 217 

that boundary migration driven by the remaining stored energy in the not 218 

recrystallized matrix is severely hindered. Furthermore, in the AA5657 specimens, 219 

grain growth is actually dominating at this stage. 220 

 221 

Figure 5. Evolution of the recrystallized volume fraction (VV). Avrami plot showing - 222 

ln(1-VV) as a function of annealing time in a double logarithmic plot for (a) AA5182 223 

and (b) AA5657. 224 

The n value obtained when fitting all but this last data point to equation (2) is 225 
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2 for AA5182 and 2.8 for AA5657. In particular the result for AA5657 is remarkable 226 

because such high n value is rarely found, for recrystallization (e.g. [34]). 227 

In both alloys, the data points for RD and ND are almost identical (Figure 228 

5(a)(b)). This is reasonable, because the line intercept method used in this work give 229 

an unbiased estimation of the volume fraction recrystallized [35]. It also indicates that 230 

the sampling size is large enough. 231 

To understand the different n values in the two alloys, the nucleation and 232 

growth conditions have to be analyzed. Information about the spatial distribution of 233 

the nuclei, may be obtained from the free to migrate (un-impinged recrystallized 234 

boundaries) surface area of the recrystallizing grains which is given by SV (equation 235 

(4)). When plotted against VV, SV first increases due to more nucleation occurring and 236 

growth of the grains. Later SV decreases because of impingement between the grains, 237 

and these impinged boundaries are no longer free to migrate driven by the stored 238 

energy in the not recrystallized matrix. For a random distribution of the recrystallizing 239 

grains the maximum in SV is at VV  0.5, but depends on nucleation rate: the 240 

maximum SV is predicted to occur at VV=0.49 or 0.53 for cases in which a fixed 241 

number of nuclei pre-exist (site saturation) or form at a constant nucleation rate, 242 

respectively [36]. If the nucleation is clustered, many of the recrystallized grains will 243 

impinge upon each other earlier than for random nucleation, and the peak in SV will 244 

then be at lower values of VV. For the present alloys, the maxima are found to be 0.53 245 

for the ND line scan in AA5657, whereas values 0.45, 0.49 and 0.47, all below 0.5, 246 

are found in all other cases (see Figure 6(a)(b)).  247 
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  248 

Figure 6. Evolution of the interfacial area between recrystallized grains and the 249 

deformed matrix per unit volume (SV) as a function of VV in (a) AA5182 and (b) 250 

AA5657.  251 

Another way to address if the nucleation sites are clustered, is to determine the 252 

contiguity ratio (CRexRex) using equation (6). When plotting CRexRex as a function of VV, 253 

a straight line connecting the points (0,0) and (1,1) is often considered to describe 254 

random nucleation [16] (the solid blue line in Figure 7(a)(b)). However, according to 255 

Rios’s analysis [26], the correct theoretical expression for the random nucleation case 256 

has a more sophisticated analytical form, below but still close to the solid blue line in 257 

Figure 7(a)(b). If nucleation is clustered, the CRexRex points will be above the curve. 258 

The present data suggests clustered nucleation for the AA5182 (see Figure 7(a)), 259 

whereas a more random distribution is observed for AA5657 in particular in the ND 260 

direction (see Figure 7(b)) in agreement with the SV versus VV results.  261 
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  262 

Figure 7. Evolution of the contiguity ratio CRexRex in RD and ND as a function of VV in 263 

(a) AA5182 and (b) AA5657. The solid blue line represents CRexRex = VV and is to a 264 

first approximation the value expected for random nucleation. 265 

More information about the nucleation is obtained from the EBSD data using 266 

equation (7) and (8). The nuclei density (NV) is plotted in Figure 8(a)(b). NV increases 267 

rapidly in AA5182 to a saturation level already at VV around 0.2, whereas nucleation 268 

appears to continue during the entire annealing period in AA5657.  269 
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 270 

Figure 8. Nucleation and growth results measured along RD and ND of both alloys. 271 

The nuclei density NV as a function of annealing time in (a) AA5182 and (b) AA5657. 272 

NV was determined by equation (7). The Cahn-Hagel boundary migration velocity 273 

(GC-H) as a function of annealing time in (c) AA5182 and (d) AA5657. GC-H was 274 

determined by equation (8) and (9). 275 

To determine the Cahn-Hagel boundary migration velocity (GC-H), i.e. the 276 

impingement corrected average growth rates along ND and RD using equation (8), an 277 

equation for the evolution of VV as a function of t is needed. It is found that for the 278 

present data, VV(t) can be sufficiently well described over the entire annealing time 279 

period by a power law as suggested in reference [12]: 280 

log ln (
1

1−𝑉𝑉
) = 𝐴 + 𝐵(log 𝑡) + 𝐶(log 𝑡)2 + 𝐷(log 𝑡)3 (9) 281 

The results are shown in Figure 8(c)(d). The growth rates are seen to decrease with 282 
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annealing time except in the RD direction in AA5657. In the latter case the growth 283 

rate is constant during the entire recrystallization process. To quantify the growth rates 284 

further, the data are fitted to the equation suggested in [37]:  285 

𝐺𝐶−𝐻 = 𝑘𝑡−𝛼 (10) 286 

where k and  are fitting constants. Equation (10) are found to describe the present 287 

data well with  values in the range from 0 to 0.51 (see Figure 8(c)(d)). 288 

4.  Discussion 289 

4.1.  Nucleation and growth as seen along RD and ND 290 

Due to rolling, the deformation microstructures of the two alloys are clearly elongated 291 

along the RD direction (see Figure 1). For AA5182 also many of the large second 292 

phase particles are aligned along RD [38]. As these large particles stimulate nucleation 293 

via particle stimulated nucleation (PSN) [33], it is not surprising that there is a 294 

preference for nuclei to form in clusters seen as short strings along RD (see Figure 4). 295 

This is typical for many aluminum alloys [10,39,40]. As a consequence of the RD 296 

elongated deformation microstructures and the alignment of large particles, it is not 297 

surprising that the SV versus VV curves for the RD scans peak at lower VV values than 298 

the ND scans (see Figure 6(a)(b)) and the CRexRex RD data in all cases are above the 299 

ND data (see Figure 7(a)(b)). Only for AA5657, the CRexRex data measured along ND 300 

match reasonably well with the assumption of a random distribution of nuclei. 301 

Together this means that the spatial distribution of the nuclei in both the present alloys 302 

is well described by a model suggested in [27] where the nuclei form on randomly 303 
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distributed, RD aligned, short lines with a higher density of nuclei on these lines than 304 

elsewhere. Only rather few nuclei, of the order of 5-20, are typically observed on each 305 

of these short lines. If there were many more nuclei on each of these lines, the 306 

deviation from the random case in the RD SV versus VV and CRexRex curves would have 307 

been significantly larger. 308 

The number of nuclei is significantly higher in AA5182 than AA5657. This is 309 

reasonable as: (i) PSN dominates recrystallization in AA5182 and (ii) the pre-310 

recovery of AA5657 potentially eliminates otherwise effective nucleation sites in this 311 

alloy. It is interesting to note that NV reaches its maximum already at VV=0.2 in 312 

AA5182 whereas new nuclei continue to form in AA5657 although at a decreasing 313 

rate.  314 

The AA5182 is designed with many dispersoids to pin the boundaries and 315 

thereby reduce growth [30]. Additionally, the fine dispersoids which precipitated 316 

concurrently during the recrystallization annealing may also contribute to the pinning 317 

of the migrating boundaries in this alloy. It is therefore not surprising that the Cahn-318 

Hagel growth rates are significantly lower both along RD and ND in this alloy 319 

compared to the purer AA5657 (see Figure 8(c)(d)), even though the stored energy is 320 

reduced in AA5657 by the pre-recovery. More surprising is the observation that the 321 

growth rate along RD is constant in AA5657, whereas all the other curves and the 322 

literature generally reveal decreasing recrystallization growth rates in aluminum 323 

[5,17,41]. Clearly the present pre-annealing of AA5657 may have an effect, but as the 324 

growth rate along ND does decrease this can clearly not be the full explanation. 325 
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Another or an additional explanation relates to the elongated deformation 326 

microstructure: A faster growth rate and a less severe decrease in growth rate with 327 

time along RD than along ND, is related to the fact that growth is easier along RD in 328 

such elongated deformation microstructures [42]. Growth along ND has a larger 329 

tendency to be limited by the recrystallizing grains meeting unfavorable deformation 330 

microstructures happening when the grains grow from one band in the deformation 331 

microstructure to another (compared to growth along RD). This leads to the 332 

accumulation of recrystallizing boundaries, which are not impinged and thus ‘free’ to 333 

move but have low migration rates. Thereby severely decreasing GC-H values will be 334 

observed [19]. A consequence of these mechanisms, is elongated recrystallized grains 335 

which are also observed for the present alloys (see Figure 9).  336 

 337 

Figure 9. Aspect ratios (DRD/DND) of recrystallized grains as a function of the 338 

recrystallized volume fraction (VV) in both alloys. 339 

It is interesting to understand why the grain aspect ratio in AA5657 only 340 

increases up to VV around 0.3 and then decrease slightly for higher VV , while the 341 

difference in growth rates along RD and ND constantly increase with time (see Figure 342 

8(d)). Important here is that only the free-to-migrate boundaries are included in the 343 
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growth rate calculation. This means that as soon as the early impingement sets in 344 

between the nuclei formed on each short line (see discussion above), it is essentially 345 

only the “end-nuclei” which are free to grow and in RD direction only. All the nuclei 346 

will on the other hand still be free to grow along ND, thus reducing their aspect ratio 347 

with time. 348 

4.2.  Analysis of recrystallization kinetics and comparison between the two alloys 349 

AA5182 and AA5657 show different Avrami exponents, which is attributed to 350 

different nucleation and growth conditions of recrystallized grains in the two alloys. 351 

To quantify effects of nucleation and growth, the analytical MPM model, proposed by 352 

Vandermeer et al [25] is applied. This model was initially proposed for recrystallization 353 

with (i) nuclei distributed randomly in space and (ii) shape-preserved growth. The 354 

second condition is largely fulfilled in the present alloys as the average aspect ratios 355 

of recrystallized grains do not change too much (Figure 9). The condition of random 356 

distribution of nuclei is, however, not fulfilled, effects of which will be discussed later 357 

in this section.  358 

In the MPM, it is suggested that both the nucleation rate �̇� and the average 359 

boundary migration velocity GC-H can be described using power law equations: 360 

�̇� = 𝑁1𝑡
𝛿−1 (10)  361 

𝐺𝐶−𝐻 = 𝑟𝑃𝑡𝑟−1 (11) 362 

where t is the annealing time and N1, δ, r and P are constants. The Avrami exponent n 363 

is then given as a function of δ and r: n=δ+3r. 364 

The relations between these parameters will in the following be analysed 365 
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averaging over the results for the RD and ND direction scans. The value of r can be 366 

estimated from a log-log plot of Cahn-Hagel migration rate GC-H vs. time. The data 367 

follow roughly a straight line except the last points for both samples. The slopes of the 368 

fitted lines are -0.43 and -0.18, respectively for AA5182 and AA5657 (see Figure 369 

10(a) and (b)), which corresponds to r values (see equation (11)) of 0.57 and 0.82, as 370 

listed in Table 2.  371 

Figure 10(c) and (d) show the nuclei density NV as a function of annealing 372 

time t on a log-log scale, and the data also follow roughly a straight line except the 373 

last point for both samples. The slopes of the fitted lines are 0.41 and 0.49, 374 

respectively for AA5182 and AA5657. The slopes of the fitted lines might be 375 

considered as an approximation of δ in equation (10). To understand this, we first 376 

have to look at the integral of the nucleation rate �̇� over time, which gives the 377 

extended nuclei density𝑁𝑉𝑒𝑥:  378 

𝑁𝑉𝑒𝑥 = ∫ 𝑁1𝜏
𝛿−1𝑑𝜏

𝑡

0
=

𝑁1

𝛿
𝑡𝛿      (if 𝛿 ≠ 0) (12) 379 

The extended nuclei density is the imaginary nuclei density obtained when nucleation 380 

is assumed also to occur within already recrystallized regions. When the recrystallized 381 

volume fraction is not too high, 𝑁𝑉𝑒𝑥 and NV may be considered to be approximately 382 

equal, although the real nuclei density NV of course deviates towards lower values 383 

compared to 𝑁𝑉𝑒𝑥 as the recrystallized volume fraction increases. When the two 384 

values deviates significantly will depend on the nucleation and growth conditions of 385 

the given samples. For the present ones, it is found that the values of 𝑁𝑉𝑒𝑥 and NV 386 

are only significantly different for VV larger than 0.7 (see the APPENDIX Figure A2). 387 
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Therefore, 𝑁𝑉 ≈ (𝑁1 𝛿)⁄ 𝑡𝛿  for VV smaller than 0.7 and the slopes of the fitted lines 388 

in Figure 10(c) and (d) give a good approximation of δ. 389 

 390 

Figure 10. The Cahn-Hagel boundary migration velocity (GC-H) as a function of 391 

annealing time in (a) AA5182 and (b) AA5657 and the nuclei density NV as a function 392 

of annealing time in (c) AA5182 and (d) AA5657. In this figure the average result of 393 

the RD and ND scans (shown in Figure 8) are plotted. 394 

With the values of r and δ determined from Figure 10, δ+3r are found to be 395 

2.12 and 2.95, respectively for AA5182 and AA5657 (see Table 2), which agrees well 396 

with the observed Avrami exponents. It can thus be concluded that the difference in 397 

the Avrami exponents of the two alloys mainly is attributed to the dependence of the 398 

average boundary migration velocity on time (i.e. on the r values): for AA5657, the 399 

average boundary migration velocity decreases more slowly over time, and results in 400 
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a larger Avrami exponent.  401 

For both alloys, δ+3r is slightly higher than n. This difference is likely to be an 402 

effect of the clustered nucleation, since the analytical MPM model is based on the 403 

assumption of randomly distributed nuclei, but the nuclei in both the present samples 404 

are clustered to certain extends (Figure 7). Effects of clustered nucleation on Avrami 405 

exponent is difficult quantify with analytical models, but has been studied by full-406 

field simulations [43].  407 

Table 2. Summary of observed Avrami exponents, and fitted values for δ and r using 408 

equation (10-11), and comparison with the analytical MPM model [25].   409 

Alloys n r δ δ+3r δ+3r-n 

AA5182 2 0.57 0.41 2.12 0.12 

AA5657 2.8 0.82 0.49 2.95 0.15 

5.  Conclusions  410 

The recrystallization kinetics in cold-worked sheets of two industrial 5xxx aluminum 411 

alloys have been determined.  412 

1. The recrystallization behavior of both alloys deviated from standard JMAK 413 

model predictions, with a low Avrami exponent (n) close to 2 for the particle-414 

containing AA5182 sheet. Even though a surprisingly high n value, close to 3, 415 

was observed for the more pure AA5657, the kinetics still deviated from JMAK.   416 

2. Quantitative analysis showed that the divergence from the JMAK predictions is 417 

due to three factors. (1) While nucleation was continuous for both alloys, the 418 

nucleation rates decreased with time. (2) The nucleation sites were not randomly 419 

distributed and clustering resulted in early impingement of the growing nuclei. 420 
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(3) The growth rates of the new grains decreased with time.  421 

3. The effects of these 3 factors were comparatively stronger in AA5182 than in 422 

AA5657 and contributed to the lower Avrami exponent in AA5182. Dispersoids, 423 

both the pre-existing ones and those precipitating concurrently, in AA5182 424 

undoubtedly play a role in retarding nucleation and growth rates while large 425 

constituent particles promote many of the observed (clustered) nucleation sites in 426 

this alloy. 427 

4. The nucleation and growth behavior for both alloys differ in the rolling and 428 

normal directions of the sheet. Nuclei tend to cluster along the RD which is 429 

explained by the elongated rolling microstructures (in both alloys) and some 430 

alignment of the large second phase particles (in AA5182). Growth is retarded 431 

along ND because unfavorably oriented deformed bands (in both alloys) and 432 

layers of pre-existing and concurrently precipitated dispersoids (in AA5182) will 433 

pin the grain boundaries and hinder their migration in this direction.  434 

It is worth noting that for the classical JMAK model, an Avrami exponent of 3 435 

is expected for site saturated nucleation and 3D growth, but as shown here for 436 

AA5657, an Avrami exponent around 3 does not necessary mean that the nucleation 437 

condition is site saturation. A detailed analysis of nucleation and growth (as done in 438 

the present work) is needed to describe the recrystallization process, rather than 439 

simply drawing conclusions from the Avrami exponent alone.  440 
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7.  APPENDIX 451 

7.1.  Ex situ measurements of both alloys 452 

To investigate if precipitation occurs in the two alloys, we conducted ex situ SEM 453 

measurements with the same annealing temperatures (245oC for AA5182 and 300oC 454 

for AA5657) as the isothermal annealing used for the kinetics investigations. As 455 

shown in Figure A1, some tiny dispersoids with size of < 0.1 µm, smaller than pre-456 

existing ones, on shear bands and original grain boundaries were observed in 457 

AA5182. While in AA5657, no precipitation was observed. As the TEM mapping 458 

shows, the tiny precipitates are mainly Mn-containing. 459 
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 460 

Figure A1. Backscatter electron (BSE) images of ex situ AA5182 with (a) (c) as-rolled 461 

state and (b) (d) annealing for 300 minutes at 245 ºC, and AA5657 with (e) as-462 

recovered state and (f) annealed for 80 minutes at 300 ºC. Some tiny precipitated 463 

dispersoids are marked in yellow dotted box in (b) and (d). TEM micrograph of (g) 464 

AA5182 with annealing for 360 minutes at 245 ºC, EDS mappings of the particles 465 

marked in (g) are shown in (h) and some tiny precipitated dispersoids along RD are 466 
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mainly Mn-containing. 467 

7.2.  Comparison of nuclei density and extended nuclei density 468 

The extended nuclei density 𝑁𝑉𝑒𝑥 is the imaginary nuclei density found when 469 

nucleation is assumed to occur both in unrecrystallized and in already recrystallized 470 

regions. It can be calculated as the integral of the nucleation rate �̇� over time. The 471 

real nuclei density NV includes only nucleation in the unrecrystallized regions and 472 

thus there is a need to exclude any nucleation within the recrystallized regions. If the 473 

nuclei are randomly distributed, the possibility that a nucleus is located in 474 

unrecrystallized regions is proportional to the volume fraction of the unrecrystallized 475 

material, 1-VV. Thus, the real nucleation rate,𝑑𝑁𝑉/𝑑𝑡, equals to �̇�(1 − 𝑉𝑉). 476 

If �̇� and VV are expressed as follows: 477 

�̇� = 𝑁1𝑡
𝛿−1 (A1)                                                                              478 

𝑉𝑉 = 1 − exp(−𝐵𝑡𝑛) (A2)                                                                479 

𝑁𝑉𝑒𝑥 and NV can be written as: 480 

𝑁𝑉𝑒𝑥 = ∫ �̇�𝑑𝜏
𝑡

0
= ∫ 𝑁1𝜏

𝛿−1𝑑𝜏
𝑡

0
=

𝑁1

𝛿
𝑡𝛿      (if 𝛿 ≠ 0)    (A3) 481 

𝑁𝑉 = ∫ �̇�(1 − 𝑉𝑉)𝑑𝜏
𝑡

0
= ∫ 𝑁1𝜏

𝛿−1exp(−𝐵𝜏𝑛)𝑑𝜏
𝑡

0
     (A4) 482 

The second integral is not straight-forward to solve analytically, but can be calculated 483 

numerically. The values of N1, δ, B and n determined from the slopes and intercepts of 484 

the fitted lines in Figure 10(c) and (d) and Figure 5(a) and (b) are used in equation (A3) 485 

and (A4) to find the differences between 𝑁𝑉𝑒𝑥 and NV for the two alloys studied in this 486 

work. As shown in Figure A2, it is seen that the differences between the calculated 487 

𝑁𝑉𝑒𝑥  (dashed red lines) and NV (solid blue curves) are not significant before 600 488 
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minutes for AA5182 and 120 minutes for AA5657, which correspond to 489 

recrystallization fraction of around 70% for both alloys. 490 

 491 

Figure A2. Comparison of NV and 𝑁𝑉𝑒𝑥 for (a) AA5182 and (b) AA5657. 492 
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