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Abstract 

An ultrafine grained Al-0.3wt. %Cu has been produced by cold rolling to a thickness 

reduction of 98% (εvM=4.5). The deformed structure is a typical lamellar structure with 

a boundary spacing of 200nm as characterized by transmission electron microscopy 

(TEM) and electron backscatter diffraction (EBSD). Coarsening of the deformed 

structure to recrystallization is achieved by heat treatment in the range of 100~300℃. 

Good thermal stability has been observed up to 175℃ with some segregation of Cu to 

the boundaries as observed by 3D atom probe characterization. Tensile tests have 

shown a flow stress (0.2% offset) of 198MPa with continuous flow with no yield drop 

and Lüders elongation. To quantify the contribution of boundary strengthening to the 

flow stress, dislocation strengthening and solid solution hardening have been calculated 

and subtracted from the flow stress. It has been found that boundary strengthening can 

be expressed by a Hall-Petch relationship and that these constants in this equation are in 

very good agreement with precious observation of recrystallized pure polycrystalline 

aluminium with a grain size in the tens of micrometer range. Thereby the Hall-Petch 

relationship of aluminium can be extended an order of magnitude from the micrometer 

to the sub-micrometer range, which is of both scientific and technical importance. 

 

Keywords: Ultrafine grained, Thermal stability, Strengthening, Ductility, Hall-Petch slope 
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1.  Introduction 

The flow stress of polycrystalline metals and alloys increases with decreasing grain 

size as formulated in the Hall-Petch relationship [1-4]: 

σ(𝜀) = 𝜎0(ε) + 𝑘(𝜀)𝑑
−0.5                             (1) 

where d is the grain size and 𝜎0(ε) and 𝑘(𝜀) are constants independent of the grain 

size. Eq. (1) has guided extensive research and development to increase the strength of 

metallic materials by reducing the grain size, with an increase in strength following the 

structural refinement as predicted by Eq. (1) [4-8]. However, when the grain size is 

reduced to the micrometer/sub-micrometer scale, it has been found that 𝑘(𝜀) is no 

longer independent of the grain size. Examples are Al [9-12] and IF steel [9, 13, 14] 

deformed by accumulative roll bonding (ARB) and spark plasma sintered Al [15, 16] 

and Cu [17, 18]. The effect of a reduction in grain size in the 

micrometer/sub-micrometer scale has been related to strengthening mechanisms other 

than boundary strengthening that can raise 𝑘(𝜀). Such mechanisms can be a reduced 

density of mobile dislocations or an increase in the dislocation source strength. We 

suggest also that the flow of material during a tensile test may have to be considered. 

This is because samples showing a deviation from Eq. (1) show discontinuous flow 

during tensile testing, giving rise to yield drop and Lüders elongation. In the present 

study we have therefore examined the grain size strengthening in a material with an 

ultrafine grain size which shows continuous flow in tension. This material is pure 

aluminum (99.9996%) alloyed with 0.3%Cu, where it has been found that the 

stress-strain curves are continuous over the grain size range from 0.2 to 50 μm [19], 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 
 

stabilized by the Cu content in the structure. Samples with different small grain sizes 

can therefore be produced allowing a validation of Eq. (1). Such a validation requires 

that the strength contribution from boundaries 𝜎   can be estimated independently of 

other contributions to the strength such as dislocation strengthening，solid solution 

strengthening and particle hardening. An important part of the study is therefore a 

quantification of the different strength contributions based on quantification of 

strengthening parameters by transmission electron microscopy (TEM), electron 

backscatter diffraction (EBSD) and three-dimensional atom probe (3DAP) 

investigations. As to the purity of aluminum, we have chosen super pure aluminum 

(99.9996%) to remove effects caused by the presence of impurities. The samples are 

tested in tension, also including a determination of the uniform elongation before 

necking.  

Based on the quantification of microstructure, texture, chemistry and mechanical 

behavior, the following will be addressed: (i) the effect of adding 0.3%Cu in solid 

solution on the structural and mechanical stability of super-pure Al, (ii) strengthening 

mechanisms and their contributions to the macroscopic flow stress of deformed and 

annealed samples, and (iii) Hall-Petch strengthening related to the presence of 

deformation induced boundaries compared with boundary strengthening in 

polycrystalline Al [3]. The mechanical behavior has been analyzed by tensile testing at 

room temperatures at a strain rate which allows a direct comparison with a previous 

study [3] of Hall-Petch strengthening in polycrystalline pure aluminium.  
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2. Materials and experimental procedure 

The original material used in this study is an Al-0.3%Cu alloy ingot, which was 

produced by combining ultra-high purity (99.9996%) Al with 0.3 wt.% OFHC Cu. The 

ingot was hot-isostatic pressed at 200 ºC into a thick plate, from which a slab of 

dimensions of 300×300×50 mm
3
 was cut and then cold-rolled to a thickness 

reduction of 98% (corresponding to εvM=4.5). After each rolling pass, the sample was 

quenched into liquid-nitrogen-cooled alcohol to limit the influence of heat generation 

during rolling. The cold rolled sample was annealed for 1 h at temperatures between 

100 and 300 ºC to obtain samples with different boundary spacings/grain sizes. The 

deformed and annealed microstructures were characterized by TEM and EBSD. Foils 

for TEM investigation were prepared by twin jet electropolishing [20] and were 

examined using a JEOL JEM2100 electron microscope operated at 200 kV. An online 

Kikuchi-line analysis system [21] installed in the microscope with a misorientation 

resolution of 0.1º was used for crystallographic orientation measurements. Samples for 

SEM investigation were polished in a 1:9 (volume fraction) HClO4:C2H5COOH 

solution at −20 ºC and 20 V for 45 ∼ 60 seconds and studied using a FEI Nova400 

FEG-SEM equipped with a Channel5 EBSD system. All the TEM and SEM 

observations were made in the longitudinal section (containing the normal direction, 

ND and rolling direction, RD). 

The microstructure and misorientations of the as-deformed and 

low-temperature-annealed samples were also investigated using transmission Kikuchi 

diffraction (TKD) using an Oxford Instruments AZtec system equipped on a JOEL 
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7800F FEG-SEM, to take advantage of the higher spatial resolution of this technique. 

The distribution of elemental Cu was characterized by 3DAP analysis. The 3DAP 

samples were prepared by electropolishing and characterized using a CAMECA 

LEAP4000HR equipment. 

Tensile specimens (gauge dimensions of 26.25 mm long, 12.25 mm wide and 1.00 

mm thick) were machined from the as-deformed and annealed samples. Tensile tests 

were carried out using a SHIMAZU AG-X10 electronic universal testing machine at an 

initial strain rate of 2×10
-4 

/s at room temperature. The tensile elongation was measured 

using an extensometer of gauge length 25 mm. 

 

3. Results 

3.1. Microstructure and microstructural evolution 

3.1.1. Deformation microstructure and parameters 

Fig. 1 shows the microstructures in the deformed state as seen in a TEM. A fine 

lamellar structure is observed with extended boundaries parallel to the rolling plane. 

Between these boundaries that interconnecting dislocation boundaries can be observed. 

The two types of boundaries have been dubbed geometrically necessary boundaries 

(GNBs) and incidental dislocation boundaries (IDBs) [22]. The GNB spacing (D
GNB

) 

was measured using an intercept method along the direction perpendicular to the GNBs 

from TEM images, with a resulting average spacing of about 200 nm, which is similar 

but slightly lower than values reported for commercial purity AA1100 and AA1050 
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deformed by 6 cycles ARB processing (εvM=4.5) [9, 10, 12, 23]. The boundary spacing 

between the IDBs (D
IDB

) was measured along the direction parallel to the GNBs, giving 

an average IDB boundary spacing of 780 nm. Boundary misorientations across both the 

GNBs and IDBs were measured using the online Kikuchi-line analysis system in the 

TEM. An example set of data is given in Fig. 1, showing both a TEM micrograph of an 

investigated area (Fig. 1a) and a sketch illustrating the boundary misorientation in the 

same area (Fig. 1b). In the sketch, thin red lines, thin solid lines and thick solid red lines 

indicate boundaries with misorientation angles θ < 3°, 3° ≤ θ ≤ 15° and 15° < θ, 

respectively. The long straight lamellar boundaries (GNBs) are predominantly high 

angle boundaries, and most of the interconnecting boundaries (IDBs) are dislocation 

boundaries with misorientations below 15°. The distributions of misorientation angle 

across GNBs and IDBs are shown in Figs. 1c and 1d. The data demonstrate that the 

GNBs are medium to high angle boundaries, whereas IDBs mostly are boundaries with 

misorientation angles lower than 5°. The average misorientation of IDBs is determined 

as 3.6°. Both IDBs and GNBs appear as very narrow boundaries when viewed edge on. 

No accumulation of dislocations at GNBs is observed.  

Between the GNBs and IDBs, isolated dislocations were also observed. The 

dislocation density varies from crystallite to crystallite. Typically, dislocations only in 

one row of lamellar grains were clearly observed at a selected two-beam condition, due 

to the fact that there is a large difference in orientation across the lamellar boundaries, 

but only small orientation difference between the interconnecting boundaries in a given 

lamella. The dislocation density was estimated therefore from the dislocation spacing 
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measured from 20 ~ 30 images, with the sample thickness measured using a convergent 

beam electron diffraction (CBED) method. The density of these isolated dislocations 

was determined to be 1.75×10
14

 m
-2

, which is referred to as  0 in the calculation of 

strength from dislocation contribution (see Section 4). 

To clarify the distribution of elemental Cu, 3DAP characterization was performed. 

The images in Fig. 2 show the distribution of Cu in a volume with a dimension of 

65×69×475 nm
3
. In Fig. 2a, blue dots show Al atoms and red dots show Cu atoms. Fig. 

2b shows more clearly that the Cu element is distributed non-uniformly. In particular, a 

very high concentration of Cu segregation is observed in a linear feature, which is 

interpreted as a grain boundary segregation. The presence of a grain boundary was 

confirmed by analysis of crystallographic poles obtained from the two sides of the 

boundary. Near the boundary, a low concentration area of Cu can also be seen from Fig. 

2b, but only on one side. At the other side of the boundary, the concentration of Cu is 

similar to that of the matrix. To illustrate the Cu distribution, a line analysis along the 

sample (indicated by the black dashed line in Fig. 2b) was made. The result (Fig. 2c) 

shows that the Cu concentration at the grain boundary is close to 3.6 wt.%, which is 

about 12 times the nominal concentration (0.3 wt.%). Similar observations of Cu 

segregation at a grain boundary have also been reported in a nanostructured Al-2.5%Cu 

alloy [24]. 

3.1.2. Microstructural evolution during annealing 

To investigate the thermal stability of the ultrafine grained Al-0.3%Cu and to obtain 

samples with different grain sizes, the as-deformed samples were annealed at 
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temperatures between 100 and 300 ºC for one hour and the structural evolution was 

examined. Fig. 3 illustrates by EBSD maps the structure of the samples after annealing 

at 100, 175, 200 and 225 ºC. It was found that, after annealing at 100 ºC (Fig. 3a), the 

major change is structural coarsening without a significant change in the lamellar 

morphology. It can be clearly seen that the lamellar boundaries are not as straight as 

those in the deformed structure, and that the lamellar grains have become more 

equiaxed. As shown in Table 1, also the density of dislocations between boundaries, 0 

shows a decrease. Fig. 3b shows the microstructure after annealing at 175 ºC where 

some recrystallization grains can also be found in the recovered lamellar structure. The 

volume fraction of the recrystallized grains is about 14%, and their distribution in the 

structure is inhomogeneous. A cause may be the non-uniform deformation structure, 

where the stored energy depends on the crystallographic orientation of the individual 

grains [25, 26]. After annealing at 200 ºC (Fig. 3c), the microstructure is still partially 

recrystallized, and consists of large recrystallized grains (typically a few µm in size) in 

a recovered microstructure. The volume fraction of the recrystallized grains is ∼ 90%. 

The recovered areas have a subgrain size near to 1 µm, and the sub-grains are equiaxed. 

After annealing at 225 ºC and higher temperatures, the samples are fully recrystallized. 

The recrystallized grain structure observed in the sample annealed at 225 ºC is shown in 

Fig. 3d. 

From the above analysis, the microstructural evolution during annealing can be 

classified into three stages, namely recovery at temperatures below 150 ºC, nucleation 

and partial recrystallization in the range of 175 - 200 ºC, and full recrystallization at 
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temperatures higher than 225 ºC. 

Values of D
GNB

 and D
IDB

 were measured for the samples annealed up to 175 ºC. At 

least 500 measurements were obtained for each sample. The variation of average values 

as a function of annealing temperature is shown in Fig. 4. The differences between 

D
GNB

 and D
IDB

 are relatively large in the as-deformed and recovered states, as the 

lamellar grains have an elongated shape along the RD. It can be seen that both D
GNB

 and 

D
IDB

 increase only slowly with increasing temperature. Note that the D
GNB

 values are 

all less than 1 µm at this stage. Based on the values of D
GNB

 and D
IDB

, an equivalent 

boundary spacings (DE) can be calculated and treated as grain size of the lamellar 

structure. The method for calculation of DE is given in section 4.1. For the fully 

recrystallized conditions, the grain sizes were measured by an intercept method with 

randomly oriented lines on EBSD maps. After partial recrystallization when annealing 

at 175 - 200 ºC, the samples have a bimodal microstructure. Therefore the sizes of the 

recrystallized grains and the recovered sub-grains were accordingly measured 

separately. Then, the DE of the partially recrystallized structure can be calculated based 

on the value of the DE of the non-recrystallized area, grain size of the recrystallized 

grains and their volume fraction. The measured and calculated grain size/DE are listed 

in table. 1.  

 

The misorientation angles across boundaries of the samples annealed at temperatures 

up to 175 ºC were measured by TEM Kikuchi diffraction. Among the IDBs, there are a 

large number of low angle boundaries. The fraction of low angle boundaries (< 3º) in 
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the GNBs and IDBs, and their average misorientations are shown in Table 1. Note in 

this table that the structural coarsening is reflected in the increasing value of      and 

in the slow decrease in the fraction of IDBs with     . It follows that both GNBs 

and IDBs contribute significantly to the flow stress in the recovery region. 

The dislocation density between the GNBs and IDBs ( 0)  of the 100 - 175 ºC 

annealed samples was also measured by TEM. For every sample, 3 ∼ 5 measurements 

were made at different areas. The average values of dislocation density and their 

standard deviations are shown in Table 1. It can be seen that the dislocation density 

decreases slowly with increasing annealing temperature. An illustration of the structural 

stability in this material is a high dislocation density   .        −  after 

annealing at 150 ºC. This means that  0  a l so  contributes significantly to the 

strength of recovered samples.  

3.1.3. Texture 

Texture was characterized by EBSD for all the samples. After cold rolling, a 

typical rolling texture of Al composed of Brass ({110} (112)), Copper ({112} (111)) 

and S ({123} (634)) [27] was observed. The near-center layer is dominated by Brass 

texture components (~ 60%), and the surface regions have comparable volume 

fractions of Copper, S and Brass, see also Refs. 25 and 26. After low temperature 

annealing the texture does not change significantly, but when the annealing 

temperature is increased to above 225 ºC, a strong Goss ({011} (100)) texture has 

been developed in the center regions. 
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Taylor factors (assuming tensile deformation along RD) for the as-deformed and 

150 ºC -annealed samples were both calculated to be 3.05. For the partially 

recrystallized sample (annealed at 175 ºC), the Taylor factor was calculated as 3.18. 

The influence of the Taylor factor on the flow stress is considered in Section 4.2. 

3.1.4. Particles 

From the TEM images (Fig. 1a), it can be seen that there are very few second phase 

particles present in the Al matrix. The average distance of the particles is larger than a 

few micrometers, and it follows that most of Cu is present in solid solution. The 

particle density has not been measured precisely due to the small number. 

Nevertheless, after annealing at temperatures higher than 200 ºC, a large number of 

particles have precipitated in the matrix and at the grain boundaries [28]. The particle 

density of the 250 ºC annealed sample was measured from SEM electron channeling 

contrast (ECC) images and the average spacing between the particles was determined 

to be ~ 1.9 µm. 

3.2. Mechanical properties 

The stress-strain curves of the as deformed and annealed samples are summarized 

in Fig. 5. The as-deformed sample has a flow stress (0.2% offset) of 198 MPa, a UTS 

of 224 MPa and a total elongation of ~ 5%. The strength is close to that seen in 

nanostructured AA1050 and AA1100 with 0.5 ~ 1.0 percent of impurities produced 

by accumulative roll bonding (ARB) [9, 29]. The elongation is slightly lower than the 

reported value for these alloys (~ 7%). However, the gauge length of the tensile 

specimen (26 mm) used in the present study is much larger than that used for the 
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tensile testing of AA1050 and AA1100 in the previous studies (10 mm). As an 

increase in gauge length may affect the total elongation negatively [30], it is 

concluded that the tensile ductility of the present ultrafine grained Al-0.3%Cu alloy is 

comparable to that of the previously studied nanostructured AA1050 and AA1100 

samples. 

For the samples annealed with increasing temperature in the low temperature range, 

the strength gradually decreases, but a yield drop and Lüders elongation, as seen in 

AA1050 or AA1100 [9, 29], are not observed. This is discussed in Section 5. 

After annealing at medium temperatures (175 - 200 ºC), where partial 

recrystallization of the samples takes place, the flow stress decreases, and the tensile 

elongation (both uniform and total elongation) increases. Similar to the recovered 

samples, the tensile stress-strain curves show a continuous work hardening behavior. 

After annealing at 190 ºC for one hour, the total elongation reaches more than 15% 

with the flow stress maintaining a value of about 100 MPa, illustrating the significant 

effect of the Cu present in the matrix. For the fully recrystallized samples (annealing 

at temperatures higher than 225 ºC), the mechanical behavior is very similar to that of 

other coarse grained pure and commercial pure Al materials. The flow stress 

decreases very slowly with increasing grain size and the elongation barely changes. 

In Table 2 the summary of mechanical properties shows that the flow stress 𝜎0.  

of Al-0.3%Cu can be increased 7 ~ 8 times by cold rolling. And, only 25% of this 

strength is lost by annealing at 150 ºC, illustrating the stability of the alloy by the 

extended window for recovery.  
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4. Analysis 

4.1 Structural parameters 

The parameters to be considered include the grain size/boundary spacing, the 

boundary misorientations, the dislocation density, and the Cu concentration in the 

matrix. 

The dislocation density between the boundaries  0 is measured directly, and is 

given in Table 1. However, a large part of the total dislocation content is stored in the 

low angle dislocation boundaries. A former study [11] shows that the critical 

misorientation angle between grain boundary strengthening / Hall-Petch strengthening 

and dislocation strengthening / Taylor strengthening in Al can be estimated to be 2 ∼ 3º. 

In this study, we chose 3º as the critical misorientation, and accordingly boundaries 

with misorientations below and above 3º are treated separately. The fraction of 

boundaries with misorientation below 3º in the IDBs is defined as     
    and their 

average misorientation as        
   . In the GNBs, the boundaries with misorientation 

below 3º are relatively few and classified as     
    with an average misorientation 

       
   . 

The surface area of the GNBs and IDBs, can be expressed as follows [31]: 

  
   =

 

    
                                 (2) 

  
   =

 

     
                                 (3) 
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Then, the total surface area per unit volume with misorientation lower than 3º, can be 

expressed:  

  
   =

    
   

    
+
     

   

     
                             (4) 

And, the surface area of the boundaries above 3º is: 

   
  =      

   =
 −    

   

    
+
 ( −    

   )

     
                       (5) 

The dislocation density (   ) stored in the boundaries with misorientation angles 

below a critical angle (θc) can be calculated as follows: 

    = ∫     
  

0
𝑑                               (6) 

where    is the surface area of boundaries with a misorientation of  , and    is the 

dislocation density per unit area of boundary, which is proportional to the 

misorientation angle across the dislocation boundary. For a mixed tilt and twist 

boundary,    can be expressed as [32]: 

  =  .   ⁄                                (7) 

where   is misorientation angle across the boundary and b is Burgers vector (0.286 nm 

for Al). From Eq. (5), (6) and (7), the density of the dislocations which are stored in the 

low angle boundaries     can be written as: 

   =
 .5    

          
   

     
+
 .5     

          
   

      
                        (8) 

For the as deformed and recovered structure, an equivalent boundary spacing can be 

calculated from the density of GNBs and IDBs, in which the low angle (< 3º) 

dislocation boundaries should be omitted. For an equiaxed grain structure, the total 

surface area per volume can be expressed as   =    ⁄ , where    is the grain size. 
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An equivalent boundary spacing (  ) of the lamellar structure can therefore be 

calculated by the relationship: 

  =
 

  
                                    (9) 

For the partially recrystallized samples, the surface areas of the recovered and 

recrystallized volumes are calculated separately. Since the recrystallized grains are 

almost equiaxed, the total surface area of the partially recrystallized samples can be 

written as: 

  =   
  (      ) +

 

    
                         (10) 

Where DRex is the average size of the recrystallized grains. 

The values of     for the partially recrystallized samples can be calculated in the 

same way as described above by application of Eq. (8), though it should be noted that 

for this we only use data for the non-recrystallized (i.e. recovered) volumes. 

The calculated values of    and     are listed in Table 1. The error bars given are 

based on the accuracy of the misorientation measurements by Kikuchi diffraction 

(0.1º). 

The average Cu concentration in the matrix ( 0) has been obtained by 3DAP. In this 

study, boundary segregation of Cu has also been observed, which will lower the 

average value of  0 in the matrix. The values of  0 for the as-deformed, 100, 150, and 

200 ºC annealed sample obtained from the 3DAP data are 0.20, 0.18, 0.13 and 0.11 

wt.%, respectively. 
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4.2. Strength calculation 

The Hall-Petch relationship shows large variations both in 𝑘(𝜀) and σ0(𝜀).  when 

the grain sizes are refined to the sub-micrometer level. Such variations may be caused 

by additional strengthening mechanisms besides boundary strengthening, to be taken 

into account. In Al-0.3%Cu such mechanisms are dislocation strengthening and solid 

solution strengthening. Additionally, in the fully recrystallized samples, there is also a 

strength contribution from dispersed particles (negligible in the as-deformed and 

recovered samples). The flow stress of Al-0.3%Cu can therefore be expressed [4, 33]: 

𝜎 = 𝜎0 + 𝜎  +𝜎   + 𝜎  + 𝜎                     (11) 

where 𝜎0 , 𝜎  , 𝜎   , 𝜎   and 𝜎  are contributions from the lattice friction, grain 

boundaries, dislocations, elements in solid solution and particles, respectively. All 

contributions resist dislocation glide and we apply simple superposition based on a 

quantification of these contributions. To apply simple superposition as a mean to 

underpin the development of strong metals for engineering applications has been 

discussed (see for example ref. [34]). It can also be noted that superposition in line with 

Eq. 1 has been addressed [35] by separating boundary strengthening from contribution 

from other sources in aluminum.  

  For the 99.999%Al, the friction stress 𝜎0 =  .      was determined 

experimentally for pure aluminum [3]. In the as-deformed sample, 𝜎    and in the 

fully recrystallized samples 𝜎     . 

Strengthening due to Cu in solid solution can be expressed as [36]: 

𝜎  =    0
  ⁄

                                (12) 
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where A is a constant (=12.4 for Cu in the Al matrix [36]) and  0 is the concentration 

of the solute in weight percent. 

The strength from dislocation contribution can be expressed as proportional to the 

square root of the total dislocation density (Taylor strengthening) [37]: 

𝜎   =     √ 0 +                             (13) 

In this equation, M is the Taylor factor. G is the shear modulus (=26 GPa for Al).  0 is 

the dislocation density between the dislocation boundaries and     is the density of 

dislocations stored in low angle boundaries, when IDBs are present in a large density.   

is a constant (0.24) which has been obtained for coarse grained aluminum tested in 

tension [38] to different strains.   decreases with increasing strain and 0.24 is an 

average. The decrease in   relates to an increase in the dislocation density causing a 

decrease in ln(  ⁄ ), where R is the cutoff distance [37], which decreases as the 

dislocation density is raised. In Table 1 the dislocation density ( 0 +    ) is high of 

the order as in the tensile deformed aluminum [38], thus  =  .   is considered to be 

a good estimate of this empirical parameter. 

After annealing at 200 ~ 250 ℃, precipitation has been observed. The contribution from 

particle strengthening can be calculated by [39-41]: 

𝜎 =  
  

  

 

   
ln(    ⁄ )                          (14) 

where B is a constant equal to 1 for edge dislocations and to  (   )⁄  (where   is 

Poisson's ratio) for screw dislocations, and     is the average particle spacing on the 

surface, which can be measured from SEM-ECC images. 
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The calculated results of 𝜎  , 𝜎    and 𝜎  are plotted in Fig. 6. Note that for the 

partially recrystallized sample, the calculated value of 𝜎    has been multiplied by a 

factor of (1     ). Based on the above, the strength contribution arising only from 

boundary strengthening can be calculated. For the as-deformed and recovered samples, 

𝜎  = 𝜎0.  𝜎0 𝜎   𝜎   , and for the fully recrystallized samples, 𝜎  = 𝜎0.  

𝜎0 𝜎   𝜎 . The calculated 𝜎   is also plotted in Fig. 6. 

 

5. Discussion 

The addition of 0.3% Cu to super-pure aluminum has increased the mechanical and 

thermal stability in a way that an ultrafine structured strong material can be produced 

by cold rolling to large strain. When deforming this material in tension the plastic flow 

is continuous without a yield drop and/or Lüders elongation. The material is therefore 

suitable for an analysis of both stabilizing and strengthening mechanisms, which will 

be addressed under the following themes: (i) stabilizing effect of Cu in solid solution, 

(ii) strengthening mechanisms (solid solution strengthening, dislocation strengthening 

and boundary strengthening) and (iii) Hall-Petch relationship. 

5.1. Stabilizing effect of Cu in solid solution 

In the processing of nanostructured material by plastic deformation to high strain, it 

is important to limit dynamic and static recovery mechanisms. Such an effect can be 

achieved through addition of alloying element or small particles. The efficiency of Cu 

is demonstrated by a summary of literature data given in Table 3, where the efficiency 
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can be demonstrated by a fine boundary spacing (𝑑 ) and high density of dislocations 

( 0) stored in the volume between deformation induced boundaries. This comparison 

shows that except for the Al-1%Si [42] and AA8011 [43], which contain a large 

number of nano-particles to stabilize the microstructure, the boundary spacings of the 

Al-0.3%Cu, AA1100, AA1050, 99.99%Al and Al-2.5%Cu [24] alloys, can all be 

related to Cu concentration. With higher Cu concentration, the grains can be refined to 

a smaller size by plastic deformation to a comparable strain. The stabilizing effect of 

Cu also remains during annealing: after 1h at 175 ºC,  0 is still high ( .         − ) 

whereas commercial purity (99.5%) Al,  0 at the end of recovery is one or two orders 

of magnitude smaller [12]. 

The stabilizing effect of adding solute atoms to a pure metal may have its cause in 

segregation to, and pinning of, structural defects as dislocation, dislocation boundaries 

and high angle boundaries. Such segregation is observed by 3DAP and an example of 

segregation to a single grain boundary is given in Fig. 2. Additionally, a large number 

of boundaries have been characterized and it appears that there is a strong tendency for 

Cu to segregate at medium angle dislocation boundaries and high angle boundaries. It 

is also observed that the concentration of Cu between the boundaries decreases with 

increasing annealing temperature, although it is still significant both in deformed and 

recovered samples. 

Besides its thermal stability, Al-0.3%Cu also exhibits a good mechanical stability. 

This is demonstrated through the tensile behavior shown in Fig. 5, where tensile 

elongation with increasing strain without the presence of a yield drop and/or Lüders 
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elongation is seen. This is in strong contrast to the mechanical behavior of commercial 

purity aluminum deformed to high strain and subsequently annealed. The tensile 

behavior of such samples have no elongation in the deformed state and show a yield 

drop and Lüders elongation after annealing [9, 29]. Note that all the samples in Fig. 5 

show strain hardening with a uniform elongation that increases with annealing 

temperature to 2 ~ 3%. The observed mechanical stability of Al-0.3%Cu may have its 

cause in the stability of the dislocation structure that evolves in the volume between the 

lamellar boundaries. The large density of dislocations (  0 +    ) can supply 

dislocation sources and mobile dislocations, thereby stabilizing the mechanical 

behavior. It is therefore achieved by plastic deformation to large strain to produce a 

high strength light material which is both mechanically and thermally stable combined 

with good ductility.  

5.2. Strengthening mechanism 

5.2.1. Solid solution strengthening 

Solid solution strengthening comes from the resistance of the solute atoms to 

dislocation glide, and is controlled by the concentration ( 0) of solute atoms in the 

matrix. Assuming all the Cu atoms (0.3%) are in solid solution, the strength 

contribution calculated from the solid solution strengthening is 11.2 MPa. However, 

due to the segregation of Cu atoms to the grain boundaries, as shown in Fig. 2, the 

actual concentration of Cu in the solid solution is lower than 0.3%. As a consequence, 

the solid solution strengthening is expected to be less than 11.2 MPa. Based on the 

estimated Cu content in the solid solution for the as-deformed sample and the annealed 
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samples, the solid solution strengthening was calculated, showing a variation of 5.4 ~ 

8.9 MPa (Fig. 6). 

5.2.2. Dislocation strengthening 

Table 3 shows that the contribution of 𝜎    for the deformed and recovered structure 

is significant. The reason for this is the high density of dislocations between the 

boundaries, which is typical for ultrafine grained metals such as AA1050 [12], AA1100 

[9] and interstitial free steel [5, 9] produced by deformation to large plastic strains. 

Nevertheless, the dislocation density in these ultrafine grained metals decreases very 

fast during annealing, which causes a very fast decrease of the flow stress. In the 

present Al-0.3%Cu alloy, the dislocation density still remains at a high level after 

annealing. This lower rate of dislocation annihilation causes a slower decrease of the 

yield strength compared to other plastically deformed metals, and therefore a larger 

window of recovery. Thus, the effect of Cu is marginal on solid solution strengthening, 

but it is significant on dislocation strengthening through pinning of a high density of 

dislocations in the volume between the lamellar boundaries. 

5.2.3. Boundary strengthening 

The contribution of the boundary strengthening to the flow stress depends on the 

spacing between boundaries and their resistance to dislocation glide. The spacing is 

calculated based on the assumption of a critical angle (~ 3º) above which the 

boundaries are assumed to be impenetrable to dislocations (see Eq. 9). As to the 

boundary resistance to dislocation glide, it may be affected by the extensive 
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segregation of Cu to the boundaries. However, the boundary resistance in Al is 

relatively small due to the high stacking fault energy [44]. This means that pile up 

stresses can easily be relaxed by cross-slip of dislocations near boundaries into the 

parent grain or in the neighboring grain. We may, therefore not expect a significant 

effect of segregation on the boundary resistance to dislocation glide. In this context it is 

noteworthy that precise measurement of the Hall-Petch slope in pure (99.99%) and 

impure (99.5%) aluminum shows a lower Hall-Petch slope in the latter [3], where some 

boundary segregation of elements such as Fe and Si must be expected. 

5.3. Hall-Petch relationship 

The Hall-Petch relationship as expressed in Eq. (1) was proposed in 1962 [45] to 

relate the flow stress at a given strain to the reciprocal square root of the grain size. This 

formulation together with an equation relating the yield stress and fracture stress to the 

grain size [1,2] has since been debated and many alternative relationships have been 

proposed. Examples are a replacement of the grain size with the dislocation density in 

the deformed grains [46, 47] where good correlations have been obtained. A discussion 

of such alternative formulations is however outside the scope of the present study 

where parameters and methodology have been chosen to validate the contribution of 

grain boundaries strengthening to the flow stress of a polycrystalline material as 

expressed in Eq (1). However, when using this equation to different systems large 

variations have been observed in both 𝜎0(𝜀) and 𝑘(𝜀). Examples are aluminum and 

interstitial free steel deformed to large strain and subsequently recovered, where 𝜎0(𝜀) 

and 𝑘(𝜀) may change significantly when the boundary spacing is reduced to the 

https://www.baidu.com/link?url=ckZbAvjSNRRssZJbtAlOXhWwuTJ33RbmdflcLqwJPtvEEcbV-SGQaEDscnYrf3px5Pvn3pRlCsnrr8u4IgUDgkxE94sxh6AK8uVYkTvJjbG&wd=&eqid=c05dfc89000094a5000000055b1959b7
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sub-micrometer level [9-11, 48, 49]. Variations in 𝜎0(𝜀) and 𝑘(𝜀) may have their 

cause in strengthening mechanisms that contribute to the flow stress in addition to 

boundary strengthening. In the present study we have assumed that such mechanisms 

are lattice strengthening, solid solution strengthening, dislocation strengthening and 

particle strengthening. Eq. (1) can therefore be rewritten as follows [50]: 

𝜎(𝜀)  𝜎0 𝜎   𝜎    𝜎 = 𝑘𝑑
−  ⁄             (15) 

Based on the values in Table 3, the reduced flow stress is plotted in Fig. 7 against the 

reciprocal square root of the equivalent boundary spacing. This figure shows a slope of 

  .         ⁄  and a flow stress of about zero at an infinite boundary spacing. This 

finding is in very good accordance with observations showing a slope of 

          ⁄  in pure aluminum and           ⁄  in 99.5% aluminium [3]. We 

have also calculated the slope for offset other than 0.2%, see Fig. 8. The good 

agreement observed in Fig. 7 and Fig. 8 between the strength contribution for 

boundaries and the reciprocal square root of the equivalent boundary spacing, and the 

agreement with previous observation in polycrystalline aluminum, support an 

extension of the Hall-Petch relationship from the micrometer to the sub-micrometer 

scale. This is a novel finding of both scientific and technological importance. 

 

6. Conclusions 

Al-0.3% Cu has been cold-rolled to a reduction of 98% (𝜀  =  . ) to produce an 

ultrafine structure subdivided by dislocation boundaries and lamellar, medium to high 
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angle boundaries. Deformed samples have been annealed to recovery and 

recrystallization and tested in tension. The conclusions are the following: 

1. The addition of 0.3% Cu to super-pure Al (99.9996%) stabilizes the deformation 

structure allowing the grain size to be reduced to the sub-micrometer scale. By atom 

probe analysis it has been found that there is a strong segregation of Cu to medium and 

large angle boundaries to a concentration 10 times larger than in the surrounding 

matrix. 

2. Tensile straining of deformed and annealed samples shows good mechanical 

stability with no yield drop and Lüders elongation and both deformed and annealed 

sample show strain hardening with a uniform elongation increasing with annealing 

temperature to 2~3%.  

3. The combination of mechanical and structural stability has allowed a 

quantification of structural parameters and a calculation of solid solution strengthening 

and dislocation strengthening. Thereby it has been possible to calculate the 

contribution from boundary strengthening in the submicrometer polycrystalline 

structure.  

4. The contribution of boundary strengthening is proportional to the reciprocal 

square root of the equivalent boundary spacing. The observed slope is in accordance 

with the Hall-Petch relationship established in polycrystalline aluminum, thereby 

widening the application of the Hall-Petch equation (Eq. 1) scaling the flow stress to 

the grain size one order of magnitude from the micrometer to the sub-micrometer scale. 
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Table 1 

Treatment DGNB (µm)�
��°
��� (%) �

��°,
�
���  (°) DIDB (µm) �

��°
�
� (%) ���°,
�

�
�  (°) 
��
�

����
 �� (µm) a 

��	(10
��	���) ���	(10

��	���) b 

As deformed 0.20 3.7 1.94 0.78 67.2 1.63 3.4 0.36 1.75 ± 0.05 2.34 ± 0.12 
100 ℃ 0.32 8.2 2.13 0.98 60.0 1.73 3.1 0.57 1.44 ± 0.14 2.02 ± 0.09 
150 ℃ 0.51 1.1 2.07 1.23 45.5 1.52 2.4 0.77 1.21 ± 0.10 0.85 ± 0.01 
175 ℃ c 0.65 0 0 1.37 41.5 1.80 2.1 1.49 0.65 ± 0.09 0.78 ± 0.02 
250 ℃ - - - - - - - 28.0 - - 

a Equivalent boundary spacing 

b Density of dislocations stored in low angle boundaries (< 3°) 
c non-recrystallized area 
 
Table 1. Structural parameters in the cold rolled and annealed samples 
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Table 2 

 σ0.2 (MPa) σUTS (MPa) euniform (%) etotal (%) VRex (%) 

As-deformed 198.1 224.2 2.3 4.3 0 
100 ℃ 169.3 199.9 2.5 5.0 0 
150 ℃ 139.3 155.0 3.0 5.0 0 
175 ℃ 104.8 122.8 5.6 12.8 14 
250 ℃ 25.0 69.6 27.5 28.2 100 

 
Table 2. Mechanical properties of cold rolled and annealed samples 
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Table 3 

Alloy Purity (%) Cu concentration (wt.%) Treatment Strain dt (µm) a 
��	(10

��	���) σ0.2 (MPa) 

Al-1%Si [36] 99 <0.0005 98% cold rolling 4.5 0.23 0.6 210 
99.99%Al [11] 99.99 0.001 6 cycles ARB 4.8 0.43 0.12 96.8 
AA1050 [12] 99.5 0.003 6 cycles ARB 4.8 0.40 1.0 135 
AA8011 [37] 98.6 0.01 8 cycles ARB 6.4 0.32 - 200 
AA1100 [9] 99.2 0.11 6 cycles ARB 4.8 0.19 1.3 234 
Al-0.3%Cu 99.7 0.3 98% cold rolling 4.5 0.20 1.75 198 

Al-2.5%Cu [23] 97.5 2.5 12 cycles ARB+150 ℃ aged 9.6 0.46 8.1 365 
a Boundary spacing measured along the ND for the rolled samples or random spacing for the ECAP sample 
 
Table 3. Effect of Cu concentration on grain size and dislocation density 
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Fig. 1. Al-0.3%Cu cold rolled to 98%: a) TEM micrograph taken from the 

longitudinal (ND/RD) section b) Sketch showing lamellar boundaries (GNBs) and 

interconnecting incidental dislocation boundaries (IDBs) c) misorientation angle 

distribution of the IDBs and d) misorientation angle distribution of the GNBs. 
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Fig. 2. 3DAP map of 98% cold rolled Al-0.3%Cu alloy: a) atom probe reconstructions 

with Al atoms shown in blue and Cu atoms in red b) atom probe reconstructions 

showing only Cu atoms as viewed from a direction with the grain boundary 

perpendicular to the paper surface c) Cu concentration along the dashed line indicated 

in b).  
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Fig. 3. EBSD maps of the samples annealed at different temperatures for 1 hour: a) 

100 � b) 175 � c) 200 � d) 225 �. 
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Fig. 4. Effect of annealing temperature on GNBs spacing and IDBs spacing, note that 

for the 175 ℃ annealed sample, only data for non-recrystallized area are given. 
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Fig. 5. Stress-strain curves of the as deformed and annealed Al-0.3%Cu alloy. [19] 
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Fig. 6. Effect of annealing temperature on strengthening contributions from different 

mechanisms.  
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Fig. 7. The calculated grain boundary strengthening contribution to strength VS. the 

reciprocal square root of the equivalent boundary spacing. 
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Fig. 8. Hall-Petch plot for different offset strain of Al-0.3%Cu. The Hall-Petch slopes 

show a slight increase with offset strain. 


