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Abstract. Accumulative Roll Bonding (ARB) does not require any special equipment and enables 

the production of large amounts of ultra-fine grained (UFG) materials. Grain refinement is thermally 

stable in materials with finely dispersed particles such as twin-roll cast (TRC) aluminium alloy sheets, 

favourable materials for manufacturing UFG sheets. The results of a study of the effect of ARB 

temperature on bonding quality, structure and properties of TRC AA8006 sheet are presented. 

Examinations by light and transmission electron microscopy, positron annihilation spectroscopy 

(PAS), hardness and tensile tests were used in the study. After two cycles at 200°C, mean grain size 

of 0.4 - 0.8 µm is achieved, but areas with extremely fine grains of 0.1 to 0.3 µm in diameter are also 

observed. Hardness increases significantly after two cycles and it rises a little in subsequent cycles. 

Processing at higher temperatures (up to 350°C) results in better bonding but it produces smaller 

increase in hardness. Significant increase of dislocation density is observed by PAS after the first 

cycle at 250°C but it does not continue during subsequent cycles. Partial recrystallization occurs in 

samples processed at temperatures above 250°C explaining the smaller increase in hardness. 

Softening level depends on both ARB temperature and number of cycles. The thermal stability of 

refined structures produced by ARB at 250°C is better than these formed at higher temperatures.

Introduction

Accumulative Roll Bonding (ARB) is a new promising process of grain refinement by severe plastic 

deformation. ARB does not require any special equipment and enables the production of large 

amounts of ultra-fine grained (UFG) materials. These features favour the application of ARB in 

industrial practice. ARB was successfully applied in the manufacturing UFG sheets from several 

aluminium alloys and pure Al produced from ingot cast materials [1, 2]. However, it is well known 

that the efficiency of grain refinement, strain hardening and thermal stability can be improved using 

materials with fine particles and small grain size. Such microstructures are intrinsic for continuously 

twin-roll cast (TRC) aluminium alloy sheets. The first results about ARB processed continuously 

cast AA8006 alloy were reported in [3]. An investigation aimed at studying the effect of ARB 

processing temperature on the quality of bonding, microstructure and properties of a commercial 

TRC AA8006 sheet was undertaken later. This paper presents results obtained by light (LM) and 

transmission electron microscopy (TEM), positron annihilation spectroscopy (PAS), and hardness 

and tensile tests on samples processed in the temperature range from 200 to 350°C.

Experimental

Commercial TRC AA8006 sheet (Table 1) of 2.0 mm in thickness was used as input material. Fully 

recrystallized sheets were prepared by annealing for 0.5 h at 450°C. ARB processing consisted in the 

repetition of 5 steps: i) degreasing in 4-chlorethylene and wire-brushing with stainless steel 0.3 mm 
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wire brush; ii) stacking of pieces of 300×50×2 mm
3
; iii) joining by Al wires; iv) heating to 200, 250, 

300 and 350°C, respectively; v) rolling with 50% reduction without lubricant. The temperature 

increase in the samples prepared for ARB, after they were put in preheated furnace, was calibrated in 

time. That way, the input rolling temperature was always exactly determined. Roll diameter of 

340 mm and peripheral speed of 0.7 m·min
-1

 were applied. In order to prevent propagation of edge 

cracks, specimen edges were trimmed and smoothed down after each ARB cycle.

Chemical composition of AA8006 alloy [wt.%].

Table 1

The initial and deformed microstructures were examined after anodising in Barker reagent under 

polarised light. LM observations were carried out in long transverse plane (TD-plane). Grain size lL
was measured by chord intercept method in rolling (RD) and normal (ND) directions. The grain size 

qh"vjg"kpkvkcn"CC:228"ujggvu"ycu">42"たo"kp"TF"cpf">37"たo"kp"PF"*Vcdng"4+0"VGO"hqknu"qh"5"oo"kp"
diameter were prepared by electrolytic twin-jet polishing (-30°C, 30 V) using 6% solution of HClO4

in methanol and observed at 200 kV. Vickers hardness measurements performed on sheet surface 

were used for fast evaluation of work hardening in ARB materials. Positron lifetime (PL) 

measurements [5] were used to estimate dislocation density and arrangement in both input and ARB 

samples. A fast-fast PL spectrometer [6] with timing resolution of 160 ps (FWHM 
22

Na) at 

coincidence count rate of 120 s
-1

 was employed. Tensile tests at initial strain rate of 8.3×10
-4

 s
-1 

were 

carried out on samples of 20 mm in gauge length cut in TD. The thermal stability of ARB processed 

samples was evaluated by isochronal 1.8 ks annealing at temperatures from 200 to 450°C, hardness 

measurements and microstructure examinations.   

Results and Discussion

The results of ARB processing at 200°C and 350°C are reported in [3, 4] and are compared with 

the results of ARB at 250 and 300°C in this paper. Fig. 1a shows hardness evolution as result of 

ARB processing at all checked temperatures. It can be seen that ARB at 200°C results in hardness 

increase from 28 to 60 (after two cycles) and rises a little during subsequent cycles.

Fig. 1 Variation of hardness with number of ARB cycles in samples processed at 200 to 350°C (a); 

Hardness evolution in cold rolled and ARB processed samples (b). 

Better roll bonding is obtained when the sheets are processed at temperatures > 200°C but smaller 

increase in hardness is achieved. At 250°C, HV10 increases from 30 to 50 during the first cycle. No 

increase is observed after the second cycle (Fig. 1a). At higher temperatures the hardness increases 

only in the first cycle and decreases in subsequent cycles. Fig. 1b compares hardness evolution in 

samples conventionally cold rolled (CR) to equivalent strains g corresponding to strains induced by 1 
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to 4 ARB cycles. It can be seen that the work hardening by CR at small strains (g?20:) is similar to 

this produced by ARB but at higher stains the hardening by ARB at 200°C is larger.  

Fig. 2 shows the variation of ultimate strength and elongation with increasing number of ARB 

cycles at temperatures from 250°C to 350°C. As in the case of hardness, the strength of samples 

processed at 250°C is higher than this of samples processed at higher temperatures and accordingly, 

the elongation is lower. Strength increase is observed in all cases in the first ARB cycle, for 

processing at 250°C Rm increase continues at moderate rate up to the 3
rd

 cycle, whereas at higher 

temperatures a decrease is observed. The tensile elongation drops in the first cycle for all processing 

temperatures and keeps almost constant with further ARB cycles increase.      

Fig. 2 Variation of ultimate strength Rm (a) and elongation (b) with number of ARB cycles of 

samples processed at 250 to 350°C. 

Light microscopy and TEM examinations indicated that samples ARB processed at 200°C exhibit 

deformed grain structure typical for heavily cold rolled aluminium sheets [3]. The grain size (in ND-

rncpg+"chvgt"vjg"hktuv"CTD"e{eng"xctkgu"htqo"207"vq"307"たo0"Fwtkpi"uwdugswgpv"rtqeguukpi."vjg"uk¦g"qh"
vjg"oclqtkv{" qh" itckpu" ku" kp" vjg" tcpig" htqo" 206" vq" 20:" たo" *Vcdng" 4+0" Kp" ]6_." vjg"oketquvtwevwtg" qh"
samples ARB rolled at 200°C and 350°C was compared. Coarser grains form during processing at 

temperatures above 200°C (Table 2). It was found out that recrystallization and grain coarsening 

occurs during heating before ARB and by this the grain size keeps constant with increasing number 

of cycles. Moreover, due to pre-rolling recrystallization, low hardening is achieved by ARB 

processing at 350°C (Fig. 1a and Fig. 2a). 

Grain size of initial and ARB processed samples [in om].

      Table 2

TEM micrographs of samples ARB processed at 250°C are in Fig. 3. The upper and lower figures 

show the view from ND and TD, respectively. The view from ND shows nearly equiaxed grains 

during the whole processing. After the 1
st
 cycle, both grains with diffuse boundaries and tangles of 

dislocations in their interiors and grains without or with very low dislocation density in deformation 

cell interiors are observed (Fig. 3a). Heating to 250°C and additionally during rolling probably causes 

the observed recovery. Grains oh" ogcp" uk¦g" qh" 304" たo" hqto" kp" vjg" 3" e{eng" *Vcdng" 4+0" Itckp"
morphology as observed from ND is almost unchanged after subsequent cycles. However, the grain 

uk¦g"fgetgcugf"vq"3"たo"cpf"ujctr"cpf"engcp"egnn"dqwpfctkgu"hqto"*Hki0"5d+0"Dgukfgu"vjg"3"om grains, 

fine grains of 500 nm in diameter were occasionally found in some regions. At higher strains (g"œ"
3.2), predominantly grains with well-defined boundaries form the microstructure and the average 

lL (initial, LM) dsubgrain (ARB processed, TEM)ARB 

Temperature RD ND 1 cycle 2 cycle 3cycle 4 cycle 5 cycle 6 cycle

200°C 15 12 1.0 1.0 0.6 0.6 0.5 -

250°C 15 12 1.2 - 1.0 - - 1.2

350°C 19 14 1.3 - 1.3 1.3 1.3 1.3
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itckp"uk¦g"kpetgcugu"vq"304"たo"*Hki0"5e+0"Vjg"qdugtxgf"tgeqxgt{"and coarsening of the grain structure 

correspond to the evolution of hardness and strength of the material (Fig. 1a, Fig. 2a).

Fig. 3 TEM micrographs of sheets ARB processed at 250°C. View from ND: (a) 1 cycle, (b) 3 

cycles and (c) 6 cycles. View from TD: (d) 1 cycle, (e) 3 cycles and (f) 6 cycles.

TEM observations from TD reveal a lamellar boundary (LB) structure, especially after the third 

cycle (Fig. 3e). The mean LB spacing after 3 cycles is of 550 nm. LB structure is typical for heavily 

deformed materials. It is well established [2] that heavy cold rolling and ARB processing result in 

grain subdivision by low-angle boundaries and that they convert to high-angle grain boundaries with 

increasing strain. Bands with much finer grains (80 to 250 nm in ND) were found in the sample 

processed by 6 cycles. Fig. 4 shows a general view of such band, the selective area diffraction pattern 

and corresponding band area. The thickness of these fine-grained bands varies from 200 nm to 3.5 

たo0"Vje occurrence of such UFG regions was reported in [3] for the material processed at 200°C. 

Itckpu" qh" 203" vq" 205" たo" kp" fkcogvgt" *xkgy" htqo"PF+"ygtg" qdugtxgf0" Kp"citggogpv"ykvj" ]4_." kv" ku"
assumed that bands of extremely refined grains are situated at the interface of bonded pieces and 

form due to the intensive friction and shear deformation involved in surface brushing. Thus, it can be 

concluded that ARB sheets are by their nature composite materials consisting of layers of nano-sized 

and sub- micrometer grains. The thickness of nano-sized layers is determined by the conditions of 

surface brushing preceding the bonding in each ARB cycle, i.e. by the load applied on sheet surface.

The positron lifetime spectra of ARB samples could be fitted by two exponential components with 

lifetimes of v1, v2 and relative intensities I1, I2 (I1 + I2 = 100%). The shorter lifetime v1 corresponds to 

free positrons, the longer one v2 is a contribution of positrons trapped at defects. The development of 

lifetimes and I2 with increasing ARB cycles is in Fig. 5a and Fig. 5b, respectively. In the first 

cycle"v2 increases, whereas subsequently it becomes constant and lies close to 243 ps, which 

corresponds to dislocations in Al [7]. It indicates that positrons are trapped at dislocations

introduced by ARB processing.
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Fig. 4 Band of very fine grains in sample after 6 ARB cycles:  (a) general view; (b) selective area 

(SA) diffraction pattern; and (c) corresponding size of the SA aperture. View from TD.

The increase of dislocation density is reflected by a significant increase of I2 as compared to the 

initial material. In the same time, v1 decreases according to the two-state trapping model [5]. The 

next ARB cycles do not lead to further dislocation density increase and even a moderate I2 decrease 

occurs. Thus, there is a rapid increase of dislocation density in the 1
st
 cycle, while further cycles do 

not cause any significant change. Similar changes were observed in ARB deformed 4N Al [8]. Fig. 

5b shows that I2 … 60 % for the initial material, i.e. there is a large fraction of trapped positrons in 

the non-deformed alloy, contrarily to high purity Al, cf. [8]. Moreover, v2 for the initial material (Fig. 

5a) is lower than that corresponding to dislocations in Al. It indicates that the defects in the initial 

material are not the same as these introduced by ARB (i.e. dislocations). A definite conclusion about 

the nature of defects in the initial material can not be made at present. Nevertheless, one can expect 

positron trapping in second-phase particles and/or at particle-matrix interfaces. Preliminary 

investigations performed by coincidence Doppler broadening support such a picture. The application 

of the two-state trapping model [5] to the data reveals that dislocations in ARB samples are 

distributed non-homogeneously, i.e. they are arranged in cell or subgrain boundaries. This hypotesis 

was verified by TEM examinations (Figs. 3 and 4).

Fig. 5 Variation of positron lifetimes (a) v1 (free) and v2 (trapped) and intensity of the dislocation 

component of positron lifetime (b) with increasing number of ARB cycles at 250°C. 

Fig. 6 shows hardness changes due to annealing. Small softening occurs at 200°C but hardness 

drops more rapidly above this temperature. Up to 300°C, HV decrease rate is smaller in samples 

ARB processed at 350°C and it depends on the induced strain. Up to 300°C, the sample processed at 

250°C by 6 cycles softens more rapidly as compared to this with 2 cycles. The samples processed at 

300°C and 350°C with 2 and 6 cycles behave in the same manner. LM examinations revealed that at 

temperatures < 350°C, only partial recrystallization occurs in annealed samples. The recrystallized 

fraction depends on both temperature and ARB cycles. At temperatures œ"572̇E." vjg" ucorngu"ctg"
fully recrystallized. Non-uniform grain size with coarser grains at bonded interface is observed in 
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samples processed by 2 ARB cycles. However, much more uniform grains form at annealing of the 

samples with 6 cycles. The finest and most uniform grains form in the samples ARB processed by 6 

cycles at 250°C and the coarsest but uniform grain are in ARB samples with 6 cycles at 350°C.   

Fig. 6 Hardness variation of samples ARB processed at temperatures between 250°C and 350°C and 

then annealed for 1.8 ks at temperatures from 200°C to 450°C: a) 2 cycles; b) 6 cycles. 

Summary

An investigation aimed at studying the effect of ARB temperature on the quality of bonding, 

microstructure and properties of TRC AA8006 sheet was carried out. It is demonstrated that 

materials with grains refined to submicrometer size (down to 80 nm in ND) can be prepared by ARB 

processing at 200°C or 250°C. Hardness and dislocation density increase significantly during 1-2 

cycles and rise a little during subsequent cycles. Processing at higher temperatures results in better 

bonding but it produces smaller increase in hardness and thermally less stable refined grains. 
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