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ABSTRACT

Sheets of AA1200 and AA3103 aluminium alloys were roll bonded at room temperature and the bond strength across the interface was tested in tension mode. Aluminium rods were glued to the two faces of a coin sample machined from the roll bonded sheet and the whole combination was pulled in tension to open up the bonded interface. The bond strength was calculated from the load required to cause failure at the bonding interface. Studies were carried out on the roll bonding of sheets in the H19 temper and in the O temper. The effects of thickness reduction and annealing treatment on the bond strength were evaluated. As opposed to the conventional shear tests showing a clear threshold deformation, a gradual increase in bond strength with increasing rolling reduction is observed.
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INTRODUCTION
Cold roll bonding is the process of bonding together sheets of metal in the solid state by plastic deformation during rolling of the stacked sheets at room temperature. In response to the rolling deformation, there occurs expansion of the surfaces in contact which breaks up the surface layer or the thin film of oxides and contaminants. The normal pressure from the rolls causes extrusion of the virgin material through the cracks and brings it within atomic distances thus resulting in bonding. 
A number of parameters like the deformation, the strength and the hardness of the starting material, temperature and time of roll bonding and surface normal pressure are reported to affect the strength of the bond by 
 ADDIN EN.CITE 
Jamaati and Toroghinejad (2010a, b)
. Additionally, L.R.Vaidyanath and D.R.Milner (1960) have studied the influence of surface preparation prior to cold pressure welding  and concluded scratch brushing to be an effective method of surface preparation.  While the influence of these parameters on the bond strength has not been completely investigated, finding a method to precisely assess the strength of the bond has also remained a challenge. 
Buchner et al. (2008) have discussed that a qualitative index of the bond strength can be obtained by the reverse bend test, where a specimen is bent alternately to +/-90º until delamination occurs at the interface or fracture occurs in the sheet. Based on the EN ISO 7799 standard for reverse bend test of metallic materials, the bond strength is assessed in this test based on the number of bendings before failure.
To obtain a slightly more quantitative measure of the bond strength, many researchers including Danesh Manesh and Karimi Taheri (2003) and 
 ADDIN EN.CITE 
Jamaati and Toroghinejad (2010a, b)
 have used the peel test. This test involves peeling open the two parted ends of a roll bonded sheet in a tensile testing setup. Based on the ASTM 1876 -72 standard, this method has been borrowed from the adhesive testing methods. The outcome of this test is the average peel strength calculated from the average peel force. Since the peeling force may vary along the length of a bonded specimen, the peel test is based on average values of the peeling force. The outcome of this test cannot be related directly to one specific bonding property. This is a qualitative test useful for identifying the critical rolling reduction for bonding between the sheets to occur. It can also be applied to rank the bond strengths for various surface preparations. However, if the rolling reduction is varied, the final thickness should be identical to avoid comparing different contributions from the plastic and elastic parts of the involved deformations. By the same reasons the peel strengths of two different materials, or even for different tempers of the same alloy, cannot be used as direct measures for a comparison of their bond strengths. Since the thickness of the two peeled sheets is about half of the sheet thickness, an upper limit exists for the tensile force that can be applied in this test before a failure occurs in one of these. 
Another method for assessing the bond strength used by L.R.Vaidyanath et al. (1959) and  discussed by Buchner et al. (2008) is the shear test.  This involves a tensile specimen, where offset slots normal to the bonded interface are machined on opposite sides of the roll bonded material with a certain spacing between them in the tensile direction. The bonded surfaces between the slots are subjected to a shear load during the pulling of the specimen. The outcome of this test is an estimate of the shear strength of the bond.  The shear test warrants very precise machining of slots across the interface and thus sample preparation becomes challenging. The test is sensitive to the thickness of the material and involves significant plastic work due to bending and unbending during the measurement of bond strength. Due to this bending, the calculated shear stress is not the pure shear stress but a shear stress component where other stress components are considerably smaller. Hence, the shear test too does not provide results that can be directly compared with the inherent strength of the material. In the shear test specimen, if the spacing between the slots is too long, the material outside the shear region will deform plastically. Hence, a short distance between the slots is needed to measure high strengths. On the other hand it has to be larger than at least a few sheet thicknesses in order to avoid undesired large influence on the slots. Hence, this test is limited to measure small shear stresses compared to the yield stress of the material.   
The need for an ideal testing method to assess the bond strength in tension was thus recognised, and in this work the tensile bond strength test was developed. It makes use of an epoxy adhesive to rip open the roll bonded sample in the tensile mode using a conventional tensile testing machine. 
MATERIAL AND EXPERIMENTS
The materials used for this study were AA1200 and AA3103 alloys cold rolled from a thickness of 20 mm to 2.0 mm and 1.9 mm respectively corresponding to the H19 temper. The width of all the sheets was maintained at 20 mm. Half of the cold rolled AA1200 and AA3103 sheets were subjected to a softening annealing treatment to achieve a recrystallized O temper prior to the cold roll bonding. The sheets were heated from room temperature to 450°C over three hours, held at that temperature for another 1.5 hours and finally cooled in air.
All the sheets of the AA1200 and AA3103 alloys in the H19 and O tempers were subjected to roll bonding at room temperature. Roll bonding was carried out only between sheets of the same alloy type and dissimilar combinations were not prepared.  The thickness reduction was varied in roll bonding of a stack of two identical sheets of total initial thickness 
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. The bonding surfaces were first degreased with acetone and then subjected to wire brushing using a carbon steel brush (brush diameter: 100 mm, wire diameter: 0.3 mm, speed: 3800 rpm).  The samples were subjected to cold roll bonding in a 2-high rolling mill (roll diameter 205 mm, speed 27 mm/s) within two minutes after wire brushing. All the samples were roll bonded in the same roll setup and it was ensured that lubrication conditions were uniform for all the trials. 
After the tensile bond strength test, the parted surfaces were observed in a Carl Zeiss - Ultra 55 Scanning Electron Microscope. Surface topographic features were assessed with reference to the increasing deformation.

THE TENSILE BOND STRENGTH TEST

Coin samples of 15 mm diameter were machined out from the roll bonded sheets. The thickness of the coin samples was same as the thickness of the roll bonded sheets. The faces of the coin samples were degreased and then roughened over an emery sheet. The two faces of the sample were glued to two aluminium rods of 15 mm diameter using Loctite Hysol 9466 A & B epoxy glue. For better adhesion, the combination of rods glued to the samples was left to cure within grips for 1 day and then outside the grips for 2 days.  This combination was later pulled in tension in a MTS 810 tensile testing machine at a crosshead speed of 0.2 mm/min. Fig.1 shows the assembly of coin samples and the aluminium rods. The bonding line is marked on the coin sample between the rods.  The load at which failure occurred in the coin sample was recorded and the tensile bond strength was calculated. 
In TBST experiments with samples subjected to higher reductions in the roll bonding stage, all the samples that failed above a stress of 40 MPa exhibited failure in the glue. The tensile strength of the glue is specified to be 32 MPa in the material data sheet for Loctite Hysol 9466 A & B. However, the strength of glue films is greatly influenced by the preparation done on the surfaces to be glued. An increase in the surface roughness by grinding on emery paper greatly increases the adherence of the glue.  Due to the limitations imposed by the glue strength, this test could determine the strength of bonds below 40 MPa only. Hence, it could cater mostly to the lower levels of deformation. Nevertheless, the test exposed new limits of bond strengths that could be tested, which have otherwise not been observed in the shear or peel tests. 

[image: image51.png]45

©3103'0'
40 A3103'H19'
]
+1200'0'
35
m1200 'H19' n
g
é 30
g .
225
&
2 ]
=
g2
2 » ] *
° A
2
£15 A -
5
2
L] °
10 - -
n
A . °
5 A .
. s
-
0
25.0% 30.0 % 35.0% 40,0 % 45,0 %

Rolling reduction (%)

50.0 %




Fig. 1. The tensile bond strength test specimen showing the coin sample and its alignment between Al rods. The bonding line is marked with dashed red lines.
RESULTS

The results of the tensile bond strength tests are plotted in Fig.2. It can be observed that irrespective of the type of the alloy and the pre-roll bonding condition, the tensile bond strength increases monotonically with increasing deformation. A close look at the tensile bond strength results reveals that the tensile bond strength in the H19 temper is higher than in the O temper for both AA1200 and AA 3103 alloy for approximately the same deformation. The results also show that there is a certain spread in the tensile bond strength measured at the same rolling reduction.  
Topographical observation of the parted surfaces is presented in the Figs. 3-5. The parted surfaces generally reveal an area fraction of coalesced virgin material and un-welded regions. Fig.3.a shows the AA1200 sheet in the H19 temper subjected to 33 % reduction. The metal bonding has occurred along so called stretch lines or stretch lips clearly visible in Figs. 3-5. The stretch lines correspond to cracks in the oxide layer at the bonding interface, where exposed base metal has coalesced. With an increase in the rolling reduction, the proportion of the stretch lips increases, i.e. the number of lines on the parted surface where the material was originally bonded increases. This can be observed in Fig.3.b, which presents a parted surface in an AA1200 sheet in the H19 temper subjected to 38.8 % reduction. Similarly, Fig. 4.a and Fig. 4.b show a significant difference in the proportion of stretch lips in the parted surfaces as the reduction increases from 31.6 % to 35.7 % in the AA3103 alloy sheet in the H19 temper. Another interesting observation from Fig.3.a-b and Fig.4.a-b is the directional relationship between the stretch lips and the rolling direction. The stretch lips, visible as long flow lines corresponding to the virgin material, are mostly perpendicular to the rolling direction. 


[image: image4]
Fig. 2.  Comparison of tensile bond strengths of all roll bonded AA1200 and AA3103 in the O and H19 tempers.

[image: image52.png]o @NTNU




[image: image5]  
[image: image6]
[image: image53.png]km)




        


[image: image7]

[image: image8]  
[image: image9]
[image: image54.png]


[image: image55.png]




[image: image10]
DISCUSSION
A basic requirement for metallic bonding is direct metallic contact between the surfaces at sufficiently high pressure. Bonding during cold rolling occurs in two stages. First, there is macroscopic contact between the surfaces. This is aided by the surface roughness introduced by scratch brushing. Due to increased friction with increased normal pressure, the surface oxide film and the contaminant film on the scratch brushed surfaces joins together to act more or less as a single brittle layer as discussed by L.R.Vaidyanath and D.R.Milner (1960). Properly degreased surfaces with little degreasing agent left behind is beneficial. As the roll bonding process proceeds, the elongation in the rolling direction causes this brittle layer to crack and for a thick oxide layer or a narrow crack, extrusion of virgin metal into the cracks may occur. Once a sufficient normal pressure is reached, this extrusion brings virgin material together from opposite sides, i.e. microscopic contact and bonding occurs. As the surface expansion increases, the cracks open more, making it easier to bring together the virgin metal from the two sides. If bonding occurs with formation of a small number of cracks through the adjacent oxide layers, the cracks will open at low rolling reductions and lead to early bonding, whereas the extrusion of virgin material into a large number of initial cracks will require a higher normal pressure. The minimum rolling reduction for bonding to occur depends on the thickness and brittleness of the oxide layers. The deformation mode in rolling, where the interfacial surfaces are forced to expand in the rolling direction, influences strongly the fracture mode of the oxide layers. These processes make the different stages of roll bonding as discussed by  N.Bay (1983). 
The general trend of start of bonding at a critical deformation followed by increase in bond strength with further increasing deformation is observed in both AA1200 and AA3103 in Fig. 2. The increase in bond strength with deformation can be attributed to the increase in the surface expansion causing cracking of the brittle interface layers, extrusion of virgin material and greater proportion of virgin metal coalescence where the exposed metal surfaces overlap. The peel test results by Jamaati and Toroghinejad (2010b) show that the bonding is not uniform across the length of the sample. Reproducibility of the TBST is dependent to a great extent on sampling and a certain scatter should always be expected. The spread in the results of the TBST can thus be explained. The topography of the parted surfaces from Figs. 3-5 reveals stretch lips that are characteristic of metallic bonding and subsequent ductile failure. Each stretch lip corresponds to a tip of a ductile fracture where metallic bonding has occurred across the oxide layer crack. The original bonded areas can be traced back by closely inspecting the stretch lines -from the top and further down along the two sides of the lip, as indicated in Fig.5. A closer look at Figs. 3a, b and 4a, b shows that with increasing deformation, the proportion of the parted surface that is covered with stretch lips increases and thus the average fraction bonded area increases. This explains the general trend of increase in bond strength with increasing deformation. 
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In roll bonding, the surface expansion is in the rolling direction, and the surface expansion is defined as.
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Here 
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 are sheet lengths before and after the rolling. Consequently, cracks in the oxide film and stretch lines of extruded virgin metal will mainly be normal to the rolling direction. Hence, the peel test and the shear test suffer from a directional dependence on the bond strength. Since the sample geometry in the tensile bond strength test is circular and the test mode is tension in the normal direction, any chance of this directionality affecting the bond strength is eliminated. 

According to the numerical model for cold welding of metals by Zhang and Bay (1996), the maximum bond strength in a roll bonded material, 
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Here 
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 is the effective normal pressure locally where the bonding occurs, and 
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 is the overlapping surface exposure. The optimal condition for bonding is when all the cracks overlap, which corresponds to 
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 for the case of roll bonding. As the cracks get wider with increasing rolling reduction, the part of the normal pressure related to the extrusion into narrow cracks become small, and 
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 can be taken as a rough estimate of the normal pressure in roll bonding, where 
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 is the yield stress of the base material. 
Eq.2 clearly indicates that the bond strength is a function of both the surface expansion and the yield strength of the base material. The yield strength of the base material can have a two – fold influence. First, it determines the extrusion pressures and hence the normal pressure required for causing the extrusion of virgin material through the oxide layer cracks during the roll bonding stage. In particular this is the bottleneck at small strains where the surface expansion is limited and the cracks are still narrow. Secondly, it determines the actual strength of the bonds of the area fraction of bonded interfaces in the final roll bonded sheets. It has been suggested by Zhang and Bay (1996) that the effective normal pressure contributing to the bond formation is the remainder of the deformation pressure after counteracting the extrusion pressure. This means that not only does the material needs to be brought together by the extrusion, but also at a pressure that is sufficiently high for bonding to occur. At room temperature the extruded material work hardens locally in the extrusions contributing both to increasing the bond strengths and to delaying the initial bonding as the extrusion through narrow cracks become difficult. This locally increased strength of the bonded material scales with the higher normal pressure required to perform the rolling. For annealed alloys the work hardening is strong and the highly deformed metal in the extrusions may be significantly stronger than in the matrix. 
In the H19 temper AA3103 sheets have ultimate yield strength 
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=280MPa, as compared to 
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=175MPa for the AA1200 sheets. Still Fig.2 shows that the tensile bond strength of the former is lower than the latter for any rolling reduction. The curves somehow converge at the smallest rolling reductions. The stage IV work hardening of the H19 sheets is small and similar for both alloys. The fracture properties of the oxide layers seems to be similar, since the scanning electron microscopy investigations did not reveal qualitative differences between the parted surfaced of the two alloys, as illustrated in Fig.3 and Fig. 4. The poorer bonding of the AA3103 then must be due to the contribution of yield strength of the base material to the bond strength, which may be reduced by imperfect bonding caused by a high density of dispersoids present in AA3103.
From Fig.2, it can be observed that in both AA1200 and AA3103 sheets, the O temper has a lower bond strength than the H19 temper. This is in contrast to results of peel tests on an AA1100 alloy, where pre roll bonding annealing is reported to result in higher peel strengths by Jamaati and Toroghinejad (2010b). The base material in the annealed sheets is much softer. If the results of the tensile bond strength reported here are not considered, the apparently stronger bonding of the annealed sheets in the peel test could be wrongly attributed to a higher overlapping surface exposure 
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 or a better bond quality in the bonded areas. However, the new tensile bond strength results reported here suggest that it is due to the differences in the plastic deformation involved in this test caused by the considerable differences in the yield stress and work hardening, since in both the peel test and in the tensile bond strength test the failure mode is approximately the same in the tension mode. This example illustrates that precautions should be taken when comparing materials of different strength by the peel test. 
In Fig. 6 the tensile bond strength normalized by the von Mises yield stress is plotted as a function of the rolling reduction. For the case of rolling the surface expansion 
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 equals the rolling reduction. The yield stress is estimated from tensile tests, where the von Mises strain of the rolled sheet is 
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and ε is assumed to correspond to the true tensile strain. For the O temper power law curves for the tensile stress , 
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, are fitted to match the ultimate nominal stress 
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and the ultimate tensile strain 
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, which are listed in Table 1 for each of the tensile tests, i.e. 
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. Since the strains involved in the roll bonding are slightly beyond necking, the curves are extrapolated. Still they provide a reasonable estimate for the considered strains. For the H19 tempers the stage IV work hardening is very low and the true ultimate tensile stress 
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 is used as an estimate for the yield strength
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, independent of the further degree of rolling during the roll bonding. The von Mises strain was used when calculating the strain required for calculating the yield stress used for the normalised bond strength in Fig.6. 

The normalised bond strength curves in Fig.3 are well fitted by the following relation.
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Here 
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 are constants that depends on the sheet material and the preparation of the welded surfaces and are also listed in Table 1. The fitted curves are shown in Fig.6. Since the yield stress 
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, the tensile bond strength here may be regarded as a function of the von Mises strain only. However, the surface expansion and the von Mises strain can both be expressed by the thickness ratio and their influences cannot be distinguished in this entirely phenomenological equation. Zhang and Bay (1996) have considered a parameter for ductility of the cover layer while developing their numerical model for cold welding of metals. It is to be noted that the equation 3 is a pragmatic fit to the experimental results and does not consider the ductility of the cover layer as no specific investigations have been made on such ductility limits in this empirical approach. This empirical approach should be developed and tested for other alloys for which TBST may be carried out.  
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When it comes to the increase in bond strength with increasing rolling reduction in Fig 6, the softest material - AA1200 in the O temper has the highest exponent
[image: image49.wmf]2

K

, but also the AA1200 in H19 temper has a high exponent as compared to AA3103 with an exponent about six for both tempers, indicating that this exponent might be more sensitive to the difference in the alloy composition than the difference in temper. The difference between the O and H19 temper is mainly that the H19 tempers have a higher coefficient
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, i.e. a similar effect of increasing the rolling reductions but with a relatively stronger bond. Results from peel tests by Jamaati and Toroghinejad (2010b) claimed that the effect of pre-roll bonding annealing is pronounced only at higher rolling reductions, whereas Fig. 6 shows that here it is the case at all reductions. Hence, the tensile bond strength test can better distinguish the results at the low levels of deformation where bond initiation and early weak bonding occur. 
A critical reduction of about 13 % has been reported by Le et al. (2004) to be sufficient to cause extruded metal to penetrate through the oxide layer in cold roll bonding of Aluminium. The levels of reduction in this work are well above 25 % indicating that there has been enough deformation to cause considerable extrusion of virgin material through the oxide layer. Further, according to  L.R.Vaidyanath et al. (1959), when a roll bonded sample is tested in tension across the interface, the bonded material will not yield at the same stress as in pure tension of a continuum due to constraining effects of bulk metal around causing local stress localisation and tri-axiality. Despite all these, the strengths measured in the tensile bond strength test are quite low. This can be explained by the low levels of deformation considered here and hence a very low fraction of virgin metal bonding at the interface. However, the levels of deformation considered here are quite close to the critical deformation for bonding reported by a number of researchers including L.R.Vaidyanath et al. (1959),  N.Bay (1983) and Jamaati and Toroghinejad (2010b). Hence, it is a clear indication that the strengths measured in this deformation regime represent the formation – to – development stage of bonding at the interface before the bonds attain considerable strengths. It is to be noted that an extrapolation of the bond strengths by equation (3) would approach zero asymptotically and would not strictly define a critical threshold deformation. Consequently, there is a need for reviewing the notion of a fixed threshold deformation for bonding in soft alloys considered by Bay et al. (1985), 
 ADDIN EN.CITE 
Jamaati and Toroghinejad (2010a, b)
 and L.R.Vaidyanath et al. (1959)  considering the fact that bond formation and development occur over a broad range of deformation. However, a practical limit for bond strength can be defined as a certain percentage of the yield stress of the base material or simply by a minimum strength.
CONCLUSIONS

The proposed tensile bond strength test can be used to study bond strengths up to 40 MPa, limited by the quality of the glue. This enabled investigation of bonding strengths at low rolling reductions for AA1200 and AA3103 alloys in different tempers. For most metals this test can be used as an exclusive test for studying bond initiation and development. The new test provides results that can be directly compared to the tensile strength of the material. It is a well-defined test for normal tensile stress limit which can directly be applied as a parameter for design and selection of relatively soft alloys. 
Pre-rolling of the sheets prior to roll bonding has a positive influence on the bond strength, and also on the bond strength relative to the yield stress of the base material. The AA3103 has lower relative bond strength than the AA1200. The relative bond strength was fitted by a power law dependency on the ratio between the sheet thickness after and before the roll bonding. The AA1200 had a higher exponent than AA3103 in both H19 and O tempers, i.e. the increase in bond strength with increased thickness reduction during the roll bonding pass is higher. The O tempers had lower power-law coefficients than the H19 tempers. The conceptual idea of a fixed threshold deformation needs to be reviewed as the tensile bond strength test reveals a broad range of deformations over which bonding progressively occurs. Rather, the threshold limit needs to be specified as a minimum bonding strength. 
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FIGURE CAPTIONS

Fig. 1. The tensile bond strength test specimen showing the coin sample and its alignment between Al rods. The bonding line is marked with dashed red lines.
Fig. 2.  Comparison of tensile bond strengths of all roll bonded AA1200 and AA3103 in the O and H19 tempers.
Fig. 3.  a. Parted surface of an AA1200 roll bonded sheet in H19 temper - 33% reduction, b. Parted surface of an AA1200 roll bonded sheet in H19 temper– 38.8 % reduction.
Fig. 4.  a. Parted surface of an AA3103 roll bonded sheet in H19 temper – 31.6% reduction, b. Parted surface of an AA3103 roll bonded sheet in H19 temper– 35.7 % reduction.
Fig. 5.  Stretch lips representative of ductile failure in previously bonded areas and the trace of the originally bonded area highlighted in AA1200 sheet in H19 temper after 38.8 % reduction.
Fig. 6.  Normalised tensile bond strength   plotted as a function of the rolling reduction (which equals the surface expansion) for AA1200 and AA3103 in the O and H19 tempers.
TABLE CAPTION

Table 1.  Ultimate tensile stress and strain from tensile tests of the material used for roll bonding and constants K1 and K2 used for fitting the normalised bond strength curves.
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Fig. 3. a. Parted surface of an AA1200 roll bonded sheet in H19 temper - 33% reduction, b. Parted surface of an AA1200 roll bonded sheet in H19 temper– 38.8 % reduction.
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Fig. 4. a. Parted surface of an AA3103 roll bonded sheet in H19 temper – 31.6% reduction, b. Parted surface of an AA3103 roll bonded sheet in H19 temper– 35.7 % reduction.





Fig. 5.  Stretch lips representative of ductile failure in previously bonded areas and the trace of the originally bonded area highlighted in AA1200 sheet in H19 temper after 38.8 % reduction 








Table 1.  Ultimate tensile stress and strain from tensile tests of the material used for roll bonding and constants K1 and K2 used for fitting the normalised bond strength curves.





Fig. 6.  Normalised tensile bond strength   plotted as a function of the rolling reduction (which equals the surface expansion) for AA1200 and AA3103 in the O and H19 tempers.
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