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Abstract 

In this study, the fracture toughness of the multi-layered commercial pure aluminum samples 

(AA1050) prepared by warm accumulative roll bonding (WARB) was investigated for the first 

time. Based on the ASTM E561 standard, the R-curve method was utilized to measure the plane 

stress fracture toughness. Compact tension (CT) samples were prepared from the sheets that were 

processed by different ARB cycles. Mechanical properties, microstructure, and fracture surfaces 

of the CT samples were studied by uniaxial tensile test, electron backscatter diffraction (EBSD), 

and scanning electron microscopy (SEM), respectively. By increasing the number of WARB 

cycles, fracture toughness increased; after five cycles, 78% enhancement was observed 

compared to the pre-processed state. A correlation was seen between the fracture toughness 

variations and ultimate tensile strength (UTS). WARB enhanced UTS up to 95%, while the grain 

size showed a reduction from 35 to 1.8 μm. Measured fracture toughness values were compared 

with the room temperature ARB outcomes, and the effective parameters were analyzed. 

mailto:alavi495@basu.ac.ir


2 

 

Fractography results indicated that the presence of tiny cliffs and furrows and hollow under 

fatigue loading zones and shear ductile rupture in the Quasi-static tensile loading zone. 

Keywords: Warm ARB, Fracture toughness, Tensile strength, SEM fractography, AA1050. 

1. Introduction 

Severe plastic deformation processes (SPD) have attracted the attention of researchers due to the 

extraordinary features and ultra-fine grain structure (UFG). In this regard, numerous studies have 

been conducted on various types of SPD, such as equal channel angular pressing (ECAP)[1,2], 

high-pressure torsion (HPT)[3], constrained groove pressing (CGP)[4], simple shear extrusion 

(SSE)[5], and accumulative roll bonding (ARB)[6-9]. 

Among these processes, ARB, which was developed by Saito et al. [10], rapidly found its place 

among researchers and industrialists. The fast and low-cost processing of ARB has introduced it 

as one of the best technique to produce metallic sheets with UFG structure. Numerous studies 

have addressed the mechanical properties and microstructural alterations of metals and different 

alloys such as aluminum, copper, nickel, steel, and titanium [11-13,7,14,15]. Qualitative and 

quantitative investigations indicated a decrease in the grain size as well as wide variations in the 

dislocation density and other microstructural parameters, an increase of strength and hardness, 

brittleness enhancement, and edge cracking in the prepared samples [16-18]. 

On the other hand, aluminum has always been focused on attention due to its unique properties 

and extensive applications. ARB-produced aluminum sheets have managed to reinforce these 

properties. Su et al. [19] conducted five cycles of ARB at room temperature on AA1050 sheets 

and compared their strength properties and microstructure with the ECAP-processed samples. 

Their results showed far higher strength of the ARB-produced specimens. Wang et al. [20] 

investigated the microstructure, texture, and mechanical properties of ARB-produced AA1060 
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sheets at cryogenic temperatures. They repeated successive cycles in these samples that resulted 

in a significant increase in the tensile strength along with a dramatic decline in the elongation. 

In general, investigation on the fracture behavior of metals under SPD, along with the 

conventional strength and stiffness examination, can offer valuable information that can be used 

in their application in engineering structures [21]. Some of the studies in this regard indicated 

that the fracture toughness could exhibit various behaviors under SPD as it sometimes increased 

and sometimes decreased. For instance, the titanium sample prepared by the ECAP method 

showed lower fracture toughness compared to its pre-treated state [22], while the same process 

on AA7075 enhanced the fracture toughness [23]. 

So far, a limited number of studies have addressed the fracture toughness of the ARB-produced 

sheets from several alloys [24,14,25,26]. These studies have shown that the ARB process has a 

significant effect on the fracture toughness. Rahmatabadi et al. [24] exclusively examined the 

fracture toughness of room temperature ARB-produced AA1050 and proved that the plane stress 

fracture toughness could significantly increase by raising the number of the process cycles. After 

the five ARB cycles, the fracture toughness 142% increased. Despite the valuable results offered 

by the previous studies on the fracture toughness of ARB sheets, there is still some lack of 

information. For instance, providing the grain size or boundary misorientation would help in a 

deeper understanding of the fracture toughness variations. Besides, the grain size of initial 

samples was not reported before the ARB process, while a simultaneous comparison of fracture 

toughness and grain size in the first and last cycles can present valuable information about the 

relationship between the grain size and fracture toughness. Additionally, they tested CT samples 

by the tensile test with no fatigue pre-crack creation, whereas the test related to the fracture 

toughness measurement will offer more precise results by fatigue pre-crack creation [27,28]. In 
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the previous studies, the ARB process was limited to room temperature, and they did not address 

the effect of elevated temperature. 

In the current study, the effect of WARB on the fracture toughness of pure commercial 

aluminum was investigated for the first time. Moreover, it was tried to resolve the gaps in the 

previous studies. The ARB process was carried out in five cycles at elevated temperatures. 

Fracture properties, strength behavior, and microstructural evolutions of the samples were 

analyzed and compared before and after the different cycles using EBSD, plane stress fracture 

toughness test, fractography, tensile test, and atomic force microscopy (AFM). 

 

2. Experimental procedure 

2.1. Materials and ARB processing 

A commercial pure AA1050 alloy was utilized in this research. Pieces with dimensions of 250 

mm × 80 mm × 2 mm were cut in a direction parallel to the sheet rolling direction. The as-

received strips were annealed at 380 °C for 2 hours for homogenization. 

Fig. 1 indicates the schematic of the ARB method. The following steps were completed for the 

surface preparation in this investigation. Initially, the specimens were cleaned. After that, a 

stainless steel brush with wires of 0.3 mm diameter was used to wire-brush them. Finally, an 

acetone bath was used to degrease the samples. No lubricant was utilized in the ARB procedure. 

Two strips were treated using a laboratory rolling mill with two rolls of 230 mm diameter. They 

stacked together by riveting their ends under a loading capacity of 20 tons and a rolling speed of 

50 rpm. After cutting the rolled specimens sheets to two halves and cleaning their surfaces, the 

specimens were stacked together again. The samples were heated in a furnace at 180 oC, and 
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afterwards, they were instantly roll-bonded under given conditions to create a proper bonding 

between strips. This process was repeated until five cycles with a 50% decrease at every cycle 

(total equivalent strain accumulated equals to 4). The equivalent strain (εeq) during the ARB 

procedure can be calculated as follows [10]: 

Ɛ𝑒𝑞 = 2√3 𝑛 𝑙𝑛 𝑡0𝑡 =  2√3 𝑛 𝑙𝑛 11 − 𝑟 
(1) 

where t0, t, r, and n indicate the initial thickness, the thickness after roll-bonding, the relative 

decrease in thickness per cycle, and the number of ARB cycles, respectively. The application of 

50% decrease in every ARB cycle results in an equivalent strain of around 0.8 per cycle. 

As-received annealed sample (C0) and produced sheets from 1st (C1), 3rd (C3), and 5th ARB 

cycle (C5) were prepared to examine the microstructural and mechanical investigations. 

 

Fig. 1. Schematic design of the WARB procedure. 
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2.2. Microstructural and roughness characterizations 

The electron backscatter diffraction (EBSD) analysis was used to characterize the microstructure 

of the specimens in a field emission scanning electron microscope (FE-SEM, JEOL JSM7001F). 

Microstructural investigations were done on the perpendicular plane to both the rolling direction 

(RD) and normal direction (ND) along the transverse direction (TD). Following steps were 

performed for preparing the specimens suitable for the EBSD measurements. First, sandpaper 

was employed to polish the strips longitudinally normal to the transverse direction. Afterwards, a 

solution of 10% HClO4 and 90% C2H5OH were used to electro-polish the strips at 15 V for 15-

25 s at -20ºC. EBSD investigations were done using an FE-SEM equipped with an EBSD 

detector using a step size of 0.5 μm at the accelerating voltage of 15 KV. The EBSD results were 

analyzed using the OIM (TSL) software. The size of grains was measured using the linear 

intercept method. 

To investigate the fracture surfaces, they were characterized using a scanning electron 

microscope (SEM, JEOL JSM840A) after the CT tests. 

An atomic force microscope (AFM, ARA Research) was used to perform the surface roughness 

measurements. Silicon nitride was utilized as the microscope cantilever. The curvature radius of 

the tip was in the nanometer range. 

2.3. Mechanical properties evaluations  

For utilizing tensile tests, the ARB processed strips were cut and machined according to the 

ASTM E8 standard. The preparation of the samples was performed with caring to make the 

tensile direction parallel to the strips’ rolling direction (RD). The gauge width and length of the 

tensile samples were 5 ± 0.1 and 15.5 ± 0.1 mm, respectively. The tests were conducted by a 
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STM-50 tensile testing system having a fixed crosshead with a speed of 1 mm/min. Also, the 

difference between the gauge lengths before and after the test was used for determining the total 

elongation of all samples. Three tensile tests were performed for each sample to confirm the 

results’ accuracy.  

 

2.4. Fracture toughness measurements 

For evaluating the capability of the replication of the fracture toughness results, plane stress 

fracture toughness tests were performed for three specimens after various ARB cycles and in the 

initial stage. ASTM-E561 standard was utilized to introduce standard compact tension (CT) 

specimens. A wire cut machine was employed to prepare the specimens and to make pre-cracks 

in the specimens. As shown in Fig. 2, the specimens were of dimensions 22.5 mm×21.6 mm×2 

mm. A thin slit was induced in the specimen by machining. In addition, a 60° v-notch was 

created. The notch machining was performed perpendicular to the loading axis and at the equal 

distance from the top and bottom edges of the specimen. The notch tip can initiate fatigue pre-

crack. Consequently, the v-notch tip was further expanded up to 1.5 mm. The wire-cut 

machining using a wire with a radius of 250 µm was utilized to conduct this extension. Notably, 

the exclusively Mode I loading condition was applied to the CT type specimen. A tensile 

oscillation load of 20 Hz frequency was applied by Zwick/Roell machine to expand the pre-crack 

fatigue by at least 0.65 mm for achieving a finely sharp crack tip. In line with the ASTM-E561 

standard, it was suggested that more than 5000 cycles should be applied to complete the finishing 

stage. 
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The displacement control at a constant rate was utilized to perform all of the fracture tests. The 

experimental arrangement of the CT specimens can be observed in Fig.3. A moving head speed 

of 0.06 mm/s was used to load the specimens quasi-statically. 

 

Fig. 2. (a) Dimensions of CT sample according to ASTM E561 standard (all dimensions in mm) and (b) 

one sample made by Wire-cut 
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Fig. 3. Experimental setup of the CT test in Zwick/Roell machine. 

3. Results and discussion 

3.1. Microstructural evaluations 

The EBSD analysis was executed at the thickness points representing the RD×ND plane centers. 

The grain boundary maps (GB map), as well as RD inverse pole figure (IPF) maps are 

represented in Fig. 4. 

In the GB maps, black lines show the high angle grain boundaries (HAGBs) with the 

misorientation angle greater than 15º, while red lines indicate low-angle grain boundaries 

(LAGBs) with the misorientation angle in the range of 2–15º. Boundaries were having angles 

smaller than 2º were ignored for eliminating the inaccuracy of EBSD measurements [29]. 
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As shown in Fig. 4, elongated initial grains (C0) subdivided by dislocation boundaries in most 

microstructures after different ARB passes (C1, C3, and C5). The GB maps indicate that 

boundaries normally have low angle misorientations and a tendency for aligning in RD. In the 

IPF map, every point’s color is related to a crystallographic direction corresponding to the RD of 

the ARB processed sheets consistent with the stereographic triangle legend.  

Measured points which had confidence indexes (CI) smaller than 0.1 were removed before 

performing EBSD analysis. These points are represented with black color in the maps. As shown 

by Fig. 4, some samples have broad bands occupied by several black zones. These are the 

bonded interfaces. 

Up to five cycles, the grain size decreased by increasing the number of ARB cycles. The 

annealing process led to recrystallization and creation of the equiaxed grains from deformed 

structures. The size of the annealed sample’s grains was 35 μm that reduced to 1.8 μm after the 

five cycles due to the grain refinement in the ARB process. 

C5 C3 C1 C0  
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Fig. 4. Boundary misorientation map (GB) and RD inverse pole figure maps (IPF map) of WARB-ed 

sheets after different cycles. 

 

Fig. 5 shows the high angle grain boundary fraction (fHAGBs) as well as the mean misorientation 

angle (θm) of each specimen. The low fHAGBs and θm values of 40% and 8.41º which were 

obtained after one cycle of ARB were increased to 56% and 16.42º, respectively, after five 

cycles. It can be concluded from these results that the subgrain misorientations were elevated, 

resulting in a balance in the distribution of the low angle and high angle boundaries. Both high 

angle boundary fraction and mean misorientation angle were increased by increasing the strain in 

the ARB procedure. 
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The EBSD analysis indicated the replacement of LAGBs by HAGBs and the development of the 

fHAGBs when ARB cycles increased from one to five. According to the conventional dislocation 

theory, a number of dislocations are created during the first phase of deformation resulting in an 

intra-granular structure with thick wall cells and low angle misorientations. The cell walls’ 

thickness is decreased by increasing the strain. Grain boundaries are formed from these walls, in 

turn, resulted in the creation of ultrafine grain arrays having imbalanced HAGBs [30]. 

   

 

Fig. 5. Histogram of misorientation angle distribution of WARB-processed AA1050 at (a) 1, (b) 3 and (c) 

5 cycles. 

The AFM was utilized for evaluating the variation of surface roughness of the specimens during 

the ARB process. Fig. 6 represents the AFM images of the specimens after 1, 3 and 5 cycles of 

the ARB process. The comparison of average surface roughness (Ra) for the studied specimens is 

provided in Fig. 7. As depicted in Fig. 7, increasing the number of cycles resulted in the 

reduction of average surface roughness. The surface roughness (Ra) reached approximately 172 

nm after 5 cycles, which was equal to 49% reduction compared to the 1 cycle of the ARB 

process. 

(a) (b) (c) 
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Previous surface roughness measurements on rolled aluminum sheets after the first cycle proving 

that the roughness of the strip nearly conforms to the roll surface. Afterwards, surface roughness 

decreases in subsequent cycles [31]. Accordingly, with increasing the number of cycles, the 

effectiveness of the roller on the plate surface decreases gradually. Therefore, increasing the 

cycles number of ARB process tend to directly decrease the average surface roughness of the 

sheets. 

   

Fig. 6. AFM images of the (a) C0, (b) C3 and (c) C5 specimens. 
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Fig. 7. The variation of average surface roughness (Ra) vs. WARB cycle. 

 

3.2. Mechanical properties  

Fig. 8 shows the evolution of mechanical properties of AA1050 specimens with the increase of 

the WARB process cycle numbers. Up to 5 cycles, there is an increasing trend for strength. 

Greater strength, and less elongation of these specimens after the ARB process are regarded as 

the natural behavior of the metals [32,20]. Also, up to five cycles, yield (YS) and ultimate tensile 

strengths (UTS) are enhanced as the cycle’s number increases.  

The first cycle has an important effect on the mechanical characteristics of the specimen. After 

one cycle of ARB process over the annealed specimen, the YS and UTS have been enhanced 

from 36 MPa and 83 MPa to 127 MPa and 142 MPa, representing the enhancement by 252% for 

YS and 71% for UTS, respectively. Besides, the values of 146 MPa and 161.5 MPa are obtained 

for these parameters through five cycles of ARB, indicating the increases by 305% and 95%, 

respectively, compared to the annealed specimen. These trends prove that the material strength is 
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remarkably augmented through the ARB process. An important factor utilized to specify the 

specimen strength is the interlayer bond strength. In the primitive process cycles, there is not a 

sufficient bonding strength between the Al layers, and lots of porosities and discontinuities exist 

in the interfaces. These defects magnify the tri-axial stresses as well as stress concentrations in 

the strip resulting in a declined yield stress. As the number of process cycles increases, the 

bonding quality between the layers is promoted, leading to greater strength in the specimen 

[33,34]. It can be concluded from Fig. 8 that strain hardening or dislocation strengthening plays a 

significant role in the strength augmentation in the primary cycles of ARB. Also, the formation 

of submicron subgrains or dislocation cells can influence this strength enhancement. 

Fig. 8 indicates a substantial reduction of elongation value from 46% to 17% (63% reduction) 

that is realized in one cycle of ARB.  A significant decline in failure strain at the first cycle is due 

to material strain history and fewer changes in the subsequent cycles are due to concurrently 

effect work hardening and mechanical recovery [35]. A declining trend in the elongation can be 

seen for the further cycles of the ARB process, reaching 12% after five cycles of the ARB 

process. The decreased ductility can be mainly ascribed by the strain hardening, in turn resulting 

in a declined mobility of dislocations, and therefore, the consequently reduced ductility [36,32]. 

Additionally, interface debonding play a significant role in this reduction. The significant growth 

in the number of interlayer bonds adversely affects the sheet elongation (debonding). During the 

tensile test, these weak interfaces cause cracks to be nucleated and propagated. 
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Fig. 8. Changes in the mechanical characteristics with the number of WARB cycles (0 cycle represent as-

annealed state). 

3.3. Fracture toughness 

Regarding the thin thickness of the ARB-processed samples, the plane stress fracture toughness 

(KC) was determined by the R-curve method. Consistent with the ASTM-E561 standard, the R-

curve can be utilized in situations where a material displays slow, and stable crack propagation 

under growing crack driving force, which can be seen in relatively tough materials under plane 

stress crack tip circumstances. 

Based on the ASTM-E561 standard, prior to the test, a fatigue pre-crack should be created in the 

CT samples to make sure of the sharpness of the progressive crack tip. For this purpose, 

Zwick/Roell device was employed to create a fatigue load with a stress ratio of 0.1 and a 

frequency of 20 Hz. To obtain a proper pre-crack, the loading should be continued for at least 

5000 cycles or more. The mean fatigue force (Pm) of the specimens can be calculated by Eq. (2) 

based on the ASTM E1820 standard [28]: 
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𝑃m = 0.4𝐵𝑏02𝜎y2𝑊 + 𝑎0  (2) 

In which, B and W show the sample thickness and width, respectively. b0 is the width of the 

notch-free zone, 𝜎y denotes the yield stress, and a0 represents the distance between the center of 

pins and the end of the notch. 

In this method, after the test, the variations in the crack length should be continuously calculated 

relative to the force variations. The changes in the length of the crack were visually measured 

using a high-resolution camera (48 Megapixel). For better detection and visualization of the 

fatigue crack, graphite coating was used due to its high light absorption and minimum reflection. 

In the R-curve method, the fracture toughness can be obtained at the point where R-curve and 

applied-curve are tangential. Based on the ASTM E561 standard, these values can be determined 

for CT samples using the following equations [24,25]: 

𝐾𝑟𝑖 = 𝑃𝑖𝑏√𝑤 × 𝑓𝑖 (𝑎𝑤) (3) 

 

𝑓𝑖 (𝑎𝑤) = [ 2 + (𝑎 𝑤⁄ )(1 − (𝑎 𝑤⁄ ))3 2⁄ ] × [0.886 + 4.64 (𝑎𝑤) − 13.32 (𝑎𝑤)2 + 14.72 (𝑎𝑤)3 − 5.6 (𝑎𝑤)4] (4) 

 

In the above equations, a shows the crack length relative to the applied force (Pi), and b and w 

are the thickness and width of the CT sample, respectively. 

Fig. 9 demonstrates examples of the fractured samples. Plane stress fracture toughness was 

determined based on Eq. 3 for each cycle of ARB. Fig. 10 shows the R-curve for the first, third, 



18 

 

and fifth cycles of WARB as well as the initial sample before the processing. Additionally, Kr is 

plotted for three fixed forces as a function of the crack length (dashed line). The intersection of 

the R-curve with the constant lines indicates the value of Kc. This means that when the stress 

intensity factor is equal to the fracture resistance, the crack will unsteadily start to grow. In Figs. 

10(a-d), one step increment after the intersection of the two curves leads to a situation in which 

the stress intensity factor supersedes the resistance of the substance indicating the unsteady 

growth of the crack. 

To assess the reproducibility of the results and their validation, each state was tested three times. 

Fig. 11 depicts Kc values of each cycle for three replicates as well as their mean values. As seen, 

the results of all three cycles were close to each other, showing a relative consistency. 

After the first WARB cycle, fracture toughness increased from 12.85 to 18.11 MPa.m½, showing 

a 41% increment, which can be assigned to the increase of the strength after the first cycle as 

compared to the base state (C0). The increasing trend of the fracture toughness continued with 

the progress of ARB cycles, and at the fifth cycle, the fracture toughness showed a 78% 

increment compared to the annealed sample. In metallic materials, strength and ductility can 

remarkably affect the fracture toughness variations. ARB process often involves an increase in 

the strength while ductility experiences a decline. Studies have shown that the effect of strength 

increase is more dominant compared to the declining trend of ductility [24,26]. In the present 

work, during the first to fifth cycles, fracture toughness increased with raising the strength. Such 

a trend was previously observed in the case of copper samples under the CGP process [37]. This 

trend was, however, different in the case of the ECAP process in a way that the fracture 

toughness of aluminum and nickel samples declined after the first pass of the ECAP process, 

which turned into an ascending trend from the second pass [38,23]. 
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On the other hand, the grain size decreased by increasing the number of WARB cycles (Fig. 4), 

and the grain size reached 1.8 μm after the fifth cycle. Therefore, it can be said that from the 

third cycle onwards, the effect of cold work decreases and grain refinement increases the fracture 

toughness in the last cycles. 

As the UFG materials are associated with higher grain boundaries, volume fraction, crack tip 

blunting, and crack arrest have much more main contributions in fracture resistance, which in 

turn result in the augmentation of fracture toughness [23]. Based on the claims and according to 

Figs. 4 and 5, a severe increase in the fHAGBs  and the raise in the θm were the main reasons for 

fracture toughness increase in the C5 specimens. 

Moreover, the decrease in the grain sizes intensifies some mechanisms like grain boundary 

accommodation, grain boundary triple junction activity, grain nucleation, as well as grain 

rotation [24]. An increase in the fracture toughness is anticipated to occur after grain refinement, 

as the rate of the nano-scale plastic energy release is controlled by these mechanisms [39,23]. 

Some experimental studies on metals proved that after grain refinement, the hardening region 

such as the plastic zone is enlarged [40,41]. This can be considered as a reason for fracture 

resistance improvement detected in the UFG materials, among others. 

To the best knowledge of authors, Rahmatabadi et al. [24] were the only group who calculated 

the fracture toughness of ARB-processed AA1050 sheets. After five ARB cycles at room 

temperature, they reported that the plane stress fracture toughness (Kc) reached 24 MPa.m½, 

exhibiting a 142% increase compared to the initial sample (before ARB). This increase was, 

however, different in this study as a 78% rise was observed in Kc in the fifth cycle, which is 

remarkably lower than the 142% increase in [24]. For explaining this difference, three points 

should be mentioned: 
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i. As mentioned before, during the ARB process, the increasing trend of strength is closely 

related to the rise in fracture toughness. In the current study, as ARB was carried out at 

elevated temperatures, although rolling caused grain refinement and severely decreased 

the grain size, some grain growth occurred due to the high temperature. Thus the grain 

size is expected to be larger than the case of room temperature rolling. This caused an 

increase in the strength of the samples in the work of Rahmatabadi et al.[24] up to 200 

MPa, while this value was 161.5 MPa in the present research. 

ii. Rahmatabadi et al. [24] reported the Kc value of the initial sample as 9.9 MPa.m½, which 

is 12.85 in the current study. The lower value of Kc of the annealed sample (which is the 

base of the comparison) resulted in the relative difference of toughness of 142% in their 

work. The important point is that Kc=9.9 MPa.m½ for the annealed sample is directly 

related to the grain size of the initial samples. Their report contained no information 

about the grain size investigations. Probably, the precursors' preparation method and then 

annealing condition resulted in the drastic growth of grain size, giving rise to a coarser 

structure compared to the C0 sample of the present research. According to Fig. 4, the 

annealed sheet of the current study had the mean grain size of 35 μm and UTS of 83 

MPa, while this value was 61 MPa in the work of Rahamtabadi et al. [24], Which 

justifies the above argument. 

iii. Based on the ASTM E561 standard, fatigue load should be applied at the beginning of the 

test to create the pre-crack. The presence of this fatigue pre-crack results in uniform and 

proper rupture of the CT sample during the tensile test due to the sharp tip of the crack. 

The fatigue pre-crack was not created in the work of Rahamtbadi et al. [24], and only 

simple stretching was applied. This could be another reason for the deviation of the 
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results, as in the absence of sharp-tip pre-crack, more tensile force will be used for the 

opening of the notch. According to Eq. (3), the increase in the initial force can enhance 

the value of Kc, which seems to occur in their work. 

According to the mentioned reasons, it can be claimed that the 78% increase in Kc (compared to 

that of the C0) is close to reality and can be documented. 

 

 

Fig. 9. Some of the fractured CT specimens (C0, C1, C3 and C5 corresponds to annealed and WARB-ed 

samples at 1, 3 and 5 cycles, respectively). 

 

  

(b) (a) 
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(d) (c) 

Fig. 10. R-curves for AA1050 processed by WARB at (a) 0, (b) 1, (c) 3 and (d) 5 cycles (0 cycle 

represent as-annealed state). 

 

 

Fig. 11. Fracture toughness variations in different cycles of the WARB process (C0, C1, C3 and C5 

corresponds to annealed and WARB-ed samples at 1, 3 and 5 cycles, respectively). 
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3.4. Fractography 

SEM imaging of the CT samples after the loading can remarkably help to understand the failure 

mechanisms of these samples. Therefore, the cross-section of the samples was investigated after 

the fracture. Fig. 12 shows the fracture surface of the sample after one ARB cycle. Based on the 

ASTM E561 standard, two types of loading were applied to the CT samples to determine the 

fracture toughness. First, an oscillating loading was applied to create fatigue pre-crack until the 

crack tip is sharpened and then a constant tensile loading in a quasi-static manner. In Fig. 12(a), 

zone 1 and zone 2 show the oscillating and constant loading regions, respectively. As seen, the 

fatigue cracks fully encompassed the thickness of zone 1 and were uniformly distributed. In 

Zone 2, however, a ductile rupture can be seen, which resulted in the substance flow from the 

sides to the center (necking) and hence the ultimate failure of the sample along a relatively 

narrow line. It is expected that this relatively narrow failure line in the center of the zone 2 

broadens by increasing the number of ARB cycles and hence the rise in the strength and stiffness 

of the samples giving rise to milder ductile rupture. 

Fig. 12(b) shows more details of the fatigue crack propagation area at higher resolution; 

numerous fine ripple veins can be seen in this region, indicating the mild crack propagation. 

Moreover, tiny cliffs can be observed parallel to the crack propagation with regular arrangement 

relative to a specific orientation. The distance between these tiny cliffs or saw-teeth is a function 

of oscillating loading frequency as their distance declined by increasing the frequency and vice 

versa [42]. The oscillating load frequency was 20 Hz in this study. This phenomenon could also 

be assigned to the lateral sliding of the crack tip during the growth of the fatigue cracks. During 

this path, the resistance against crack growth increased and led to expandable difficulties. 

Moreover, some deformations may occur in grain boundary junction, which is a part of grain 
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layer fracture [43]. Fig. 12(c) depicts zone 1 at lower magnification in which furrow and hollow 

can be observed. This phenomenon can be due to the adjacent crack grow up, giving rise to 

tearing and then resulting in a furrow and hollow in the fractured surface because of the 

continuous movement of crack during its closing and opening. 

Fig. 12(d) illustrates the central part of zone 2. Here, a layered bond can be observed after the 

failure. As the sample experiences one ARB cycle, only one inter-layer line can be seen, 

indicating the delamination in the bond interfaces. Fig. 12(e) shows some of the dimples in zone 

2 at high magnification in the fractured surface created by the tensile load. These dimples should 

be investigated in terms of shape, elongation, size, and depth to determine the ductile rupture 

properties.  

 

Fig. 12. A comprehensive view of the CT specimen fracture surface after 1 cycle WARB. 
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Fig. 13 depicts the shear zones and dimples, which are the major characteristics of a ductile 

fracture after compact tension test. Ductile fracture often occurs in several stages, including the 

initial nucleation from microvoids, their growth, and finally their combination along a central 

line [44,45]. Ductile fracture generally occurs in metals with high toughness and proper 

flexibility, including AA1050 alloy. Hemispherical and equiaxed dimples and gray fibrous are 

among the characteristic features of this failure. The dimples can be discussed in terms of 

elongation, size, and depth. This trend is often observed in FCC crystals [46,47]. 

Fig. 13(a) shows the initial sample before the WARB process indicating larger, deep, equiaxed, 

non-elongated, and semi-spherical dimples. A closer look in Fig. 13 shows that as WARB 

process cycles went on, the dimples got smaller, more elongated, and shallower, indicating shear 

ductile rupture (Fig. 13(b-d)). The appearance and orientation of the dimples determine the 

tensile loading and the growth direction on the fractured surface. More elongated, shallower, and 

smaller dimples can be attributed to non-uniform plastic strain on the fractured surface due to the 

shear stresses [45,48]. In fact, elongated voids and their parabolic dimples all suggest shear 

stress-induced failure whose maximal condition can be observed after five cycles in Fig. 13(d) 

which enhanced the tensile strength while decreasing the elongation. 

 

  10 μm 
10 μm 
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(b) 
 

(a) 
 

  
(d) (c) 

Fig. 13. High magnification of CT specimen fractured surface after (a) annealing, (b) 1, (c) 3 and (d) 5 

cycles WARB process. 

 

4. Conclusions 

In the present research, for the first time the influence of warm accumulative roll bonding on the 

plane stress fracture toughness of AA1050 sheets was investigated in various cycles. For a better 

understanding of the variations of fracture toughness, mechanical behavior, microstructural 

evolution, and CT specimen fracture surface were examined. The results can be summarized as: 

1. The results indicated that an increase in the number of cycles enhanced the fracture 

toughness in such a way that the Kc of the final cycles (22.85 MPa.m½ ) showed a 78% 

increase compared to the initial sample (12.85 MPa.m½ before the processing. The first 

cycle caused a severe increase in Kc (41%). 

2. Fracture toughness changes and UTS, and fHAGBs are closely correlated. WARB enhanced 

the UTS by 95%, and fHAGBs experienced an ascending trend and reached 56% in the fifth 

cycle. On the contrary, WARB decreased the grain size from 35 to 1.8 μm. 

10 μm 10 μm 
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3. A comparison between the present work and previous studies showed a proper 

consistency between the variation trend of fracture toughness during warm and cold ARB 

as both of these processes enhanced the fracture toughness. Despite their consistency, the 

differences in the results can be assigned to the temperature of the process, grain size, and 

the strength of the raw materials, as well as the fatigue pre-crack creation in the CT 

specimens before the test. 

4. SEM images were taken for the first time from the fracture surface of WARB-process CT 

samples (aluminum). Two separate zones can be observed on the fracture surface: fatigue 

pre-crack propagation area, which was related to the oscillating loading (Zone 1), and 

quasi-static tensile area (Zone 2). Tiny cliffs and furrow and hollows were the dominant 

phenomena in zone 1, while zone 2 exhibited strong signs of shear ductile rupture. After 

several cycles, elongated, shallow, and parabolic dimples emerged in this zone.  

5. The repeating of the ARB process was found to significantly contribute to a decreased 

surface roughness of the samples, and the AFM images showed that the average 

roughness at the fifth cycle was 49% lower than that of the first cycle. 

The authors believe that this research can be further developed in the future. The next step could 

be developing the method for other aluminum alloys or even other metals. Also, in the 

continuation of the present study, it is interesting to investigate the effect of different 

temperatures in the WARB process on the final fracture toughness. 
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Figures

Figure 1

Schematic design of the WARB procedure.



Figure 2

(a) Dimensions of CT sample according to ASTM E561 standard (all dimensions in mm) and (b) one
sample made by Wire-cut



Figure 3

Experimental setup of the CT test in Zwick/Roell machine.



Figure 4

Boundary misorientation map (GB) and RD inverse pole �gure maps (IPF map) of WARB-ed sheets after
different cycles.



Figure 5

Histogram of misorientation angle distribution of WARB-processed AA1050 at (a) 1, (b) 3 and (c) 5
cycles.

Figure 6

AFM images of the (a) C0, (b) C3 and (c) C5 specimens.



Figure 7

The variation of average surface roughness (Ra) vs. WARB cycle.



Figure 8

Changes in the mechanical characteristics with the number of WARB cycles (0 cycle represent as-
annealed state).



Figure 9

Some of the fractured CT specimens (C0, C1, C3 and C5 corresponds to annealed and WARB-ed samples
at 1, 3 and 5 cycles, respectively).



Figure 10

R-curves for AA1050 processed by WARB at (a) 0, (b) 1, (c) 3 and (d) 5 cycles (0 cycle represent as-
annealed state).



Figure 11

Fracture toughness variations in different cycles of the WARB process (C0, C1, C3 and C5 corresponds to
annealed and WARB-ed samples at 1, 3 and 5 cycles, respectively).



Figure 12

A comprehensive view of the CT specimen fracture surface after 1 cycle WARB.

Figure 13

High magni�cation of CT specimen fractured surface after (a) annealing, (b) 1, (c) 3 and (d) 5 cycles
WARB process.


