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Abstract.  In this study, the effects of the simulated isothermal soaking time 

on the mechanical properties of AA3003mod cladded with AA-4045 alloy 

(9031-H24 tube stock) used for automotive heat exchangers were 

investigated. The high-strength 4045/3003mod clad sheets were fabricated 

by the roll bonding process and further cold-rolled down to the thickness of 
0.3 mm. Intermediate annealing (IA) was conducted during cold rolling at 

270~350 �qC. The tensile test was performed with the clad sheets before and 

after brazing heat treatment. The fractographs of tensile-test specimens were 

analysed using scanning electron microscopy (SEM). The effect of soaking 

time on the mechanical properties of the cold rolled and annealed (CRA), 
and brazed alloy are presented. Amongst all the samples soaked at different 

times, cold-rolled and annealed (CRA) specimens showed a higher yield 

strength of 167MPa and UTS of 276 MPa than the brazed specimens. Post 

brazing UTS remained in the range of 90 to 152 MPa. The tensile and yield 

strength of samples preheat treated at 505�qC for longer residence times of 

40 hrs, then cold rolled and annealed was found to be on the lower end of 
the 9031-H24 specification. The fracture morphology of the CRA specimen 
was dominantly dimple fracture, typical of ductile fracture. 

1 Introduction  

Aluminium roll bonded sheets are utilized in the automotive sector for producing components 

in heat exchangers [1]. They possess favourable strength characteristics, exhibit good 

resistance to corrosion, and are easily deformed, making them suitable for surface brazing at 

approximately 600 �qC [1]. One of the requirements in the specification of materials meant 

for automotive tube stock clad, AA4045/AA3003 are the mechanical properties of the 

finished product before the tube forming process and brazing. This ensures that the tubes do 

not collapse during the manufacturing process and that they can also withstand internal 

stresses in service [2]. The mechanical properties specifications for the modified AA3003 
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(i.e. 9031-H24) tubestock for automotive brazing sheet, the minimum tensile yield strength 

(%PS) is 145 MPa and the ultimate tensile strength (UTS) range is between 190 and 230 MPa 

[3-5]. The properties of the material post-brazing are affected by every stage of production, 

including the final cold rolling processes. Tube materials usually fall within a thickness range 

of 0.2 to 0.5 mm, posing challenges for conducting different mechanical tests. Mechanical 

strength is crucial in structural or load-bearing applications as it is necessary for providing 

support. Similarly, the tubestock for automotive heat exchangers used under tensile stress 

(i.e., pressure) needs to possess much higher strength than the stress they will experience 

during service to cater for the factor of safety. 

Many researchers [6-10] performed mechanical tests on aluminium brazing sheets for the 

assembling of heat exchangers and observed that the ratio of ductility to strength of the final 

gauge largely depends on the solid solution and precipitation state of the alloying elements 

Fe and Si. The solute level should remain low for processing purposes. This indicates that 

while solid solution hardening has a limit to its strengthening effect, dispersion hardening is 

the main mechanism for strengthening, with solutes also playing a role. Hence, the volume 

fraction, size and distribution of the dispersoids are an important factor in dispersion 

strengthening. 

Grain size has a minimal effect on strength, but significantly affects ductility, with finer 

grain size resulting in increased ductility. Therefore, in order to attain an ideal equilibrium 

between toughness and shapeliness in the end gauge product, it is necessary to undergo 

recrystallization to create a fine, consistent grain structure [10]. Muggerud et. al. [11] 

indicated that with a good combination of time and annealing temperature, the mechanical 

properties of the 3xxx series can be significantly increased with higher Mn and Si 

concentrations. Mn is the predominant alloying element in the 3xxx series of non-heat-

treatable aluminum alloys. Mn has an essential effect on the behavior of recrystallization, 

which influences the mechanical properties [12]. This research aimed to explore how soaking 

time affects the mechanical properties of cold rolled and annealed products. This study 

examines the fracture morphology and strength of 4045/3003mod Aluminium clad sheets 

before and after brazing through tensile testing and scanning electron microscopy (SEM). 

2 Methodology  

2.1 Materials  and m ethods  

The materials utilized in this study were a customized AA3xxx Al-Mn-Fe-Si alloy, provided 

by Hulamin Rolled Product. Table 1 presents the weight percentages of the modified alloy's 

chemical composition as provided by the supplier [3-5]. 

Table 1. Composition of the AA3003mod core, and AA4045 Al cladding material (wt.%). 

Material 
Elements wt.% 

Si Fe Cu Mn Mg Cr Al 

AA3003 0.06 0.20 0.42 1.50 0.21 0.01 Bal 

AA4045 10.1 0.15 - 0.02 0.01 - Bal 

The AA4045/AA3003 packs were heated from ambient temperature to 505°C (±5 °C) at 

a heating rate of 60°C/h until they reached the soaking temperature. The AA4045 clad alloy 

and AA3003 core alloy were pre-heated for three different soaking durations of 20, 35, and 

40 hours. The stack was first roll-bonded at a high temperature to a thickness of 3 mm, then 

further cold rolled to a final thickness of 0.3 mm. The cold roll bonded sheets were 

subsequently subjected to annealing at 330 °C for 3 hours in the furnace with circulating air. 

The cold rolled and annealed sheets were cleaned effectively in an ultrasonic bath with 
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ethanol, then dried and inserted into a controlled atmosphere brazing (CAB) furnace. The 

substance was warmed to a temperature of 605 �qC and left to sit for 3 minutes. Afterwards, 

it was cooled using a predetermined ramp of 30�qC per minute inside the furnace. 

Tensile specimens were produced in th rolling direction according to ASTM E8-04, 

Standard Test Methods for Tension Testing of Metallic Materials [13]. Since there is 

anisotropy in the microstructure in the rolled AA3003mod alloy, the samples were only tested 

in the rolling direction to allow for a simple comparison of tensile properties in the different 

specimens. The Al clad sheet was machined into tensile specimens of the shape and size as 

shown in Figure 1. Three tensile specimens were produced on each cold rolled and annealed 

(CRA) and cold rolled and annealed and brazed (CRA-B) samples, Figure 1(a-d), to evaluate 

the tensile properties of the proposed materials with increasing preheating time in the furnace. 

Tensile tests were performed at a cross-head speed of 5mm/min at room temperature using 

an Instron tensile tester Model No 1175 to determine the mechanical properties and to 

evaluate the effect of extended soaking times on modified AA3003 (Alloy 9031).  The 0.2% 

PS and UTS were all measured except for % elongation. Scanning electron microscopy 

(SEM) with an energy dispersive spectrometer (EDS) was used to observe the fracture 

morphologies. 

 
Fig. 1. Photograph of tensile samples machine according to ASTM E8 showing (a and c) AA3003 

shiny/smooth surface and (b and d) brazed AA4045 with rough surface finish. 

3 Results and d iscussion  

3.1 Mechanical properties  of 4045/3003mod Al clad sheets  

Tensile testing was performed to determine the effect of soaking time on the tensile 

properties, especially for the CRA and the results are given in Tables 2 and graphically 

presented in Figures 2 to 4. Other tensile test results are included for comparison purposes. 

Also, included is the AA3003mod (AA9031) tubestock mechanical properties specification 

(with the elongation 8% min). The elongation for all the samples was not determined as the 

samples failed outside the marked gauge length. 

Table 2. Mechanical properties of roll bonded AA4045/AA3003mod aluminium brazing sheets. 

Material 

Mechanical properties (MPa) 

CR CRA CRA + Brazed 

%PS (Rp0,2) UTS (Rm) %PS (Rp0,2) UTS (Rm) %PS (Rp0,2) UTS (Rm) 

AA3003mod spec N/A N/A 145min 190 - 230 N/A N/A 

AA3003_20hrs 185 257 150 270 22 111 

AA3003_35hrs 174 252 167 276 27 109 

AA3003_40hrs 191 336 141 251 30 147 

(a) 

(b) 

(c) 

(d) 
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There is a significant difference in the yield and tensile strength in both cold-rolled (CR) 

and cold-rolled and annealed (CRA) samples as shown in Figures 2 and 3. Amongst all the 

samples soaked at different times, the cold rolled and annealed (CRA) specimen showed a 

higher yield strength and ultimate tensile than the cold rolled, annealed and brazed (CRA+B) 

specimens shown in Figure 4. This is because when a metal has been plastically deformed, 

cold rolled in this instance, it has an increased number of dislocations and their interactions, 

increasing the subsequent stress required to cause slip in the metal [14]. The interactions and 

entanglements of dislocations with each other a barriers which impede their motion causing 

work hardening. Hence high yield strength and ultimate tensile strength in cold rolled (CR) 

conditions before annealing is expected. However, this increase in dislocations leads to a 

decrease in elongation because the materials are unable to deform. 

Annealing at 330 ºC (H24-temper) led to reduced yield strength and tensile strength 

(UTS), see Figure 3. This decrease in strength is as expected and Gottstein and Shvindlerman 

[14] have indicated that dislocations are lattice defects that are not in equilibrium, so the 

material must eliminate them to reach thermodynamic balance. Therefore, heating the 

samples to 330 ºC leads to recovery recrystallization and softening of the material. It may 

also be due to the rearrangement of the microstructure at this temperature. After the brazing 

process, the yield and tensile strength were reduced significantly. This is because brazing 

was carried out at a temperature near the melting point of the AA4045 clad material and this 

can lead to grain growth and a decrease in strength. An increase in the grain size leads to a 

reduction in strength as per the Hall-Petch equation [15]. Therefore, recrystallization 

resistance is required. Brazing does increase the elongation of the material because the heat 

during this process relieved the distorted, dislocated lattice structure and allowed it to reform 

into relatively undislocated planes again, restoring ductility at the cost of the strength. The 

elongation increase is shown in Figure 4. Nonetheless, the sheets are predominantly utilized 

or provided in cold rolled and annealed (CRA) states, so the study's main focus was on the 

impact of soaking time on the mechanical properties of the cold rolled and annealed (CRA) 

product. 

This study revealed that the mechanical properties of the CRA specimens that were 

initially soaked for 40 hrs during processing did not meet the targeted specification since they 

spent excess time in the preheat furnace at temperatures over 505 �qC.  Microstructural 

analysis that was reported by Moema et al. in their published work [3, 4] revealed that the 

sample had large and coarse Mn dispersoids that formed during preheating. The results show, 

that longer preheat stage residence times lead to the coarsening of Mn-bearing dispersoids, 

causing early recrystallisation during temper annealing, resulting in reduced mechanical 

properties. This study was undertaken to understand the influence of soaking time on the 

cold-rolled and annealed (CRA) product’s mechanical properties. It has been found that 

soaking for a longer period such as 40 hr is detrimental to the mechanical properties of 9031-

H24 tubestock for automotive brazing sheet, i.e. AA3003mod. 
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Fig. 2. Plots of engineering stress – strain curves for cold-rolled (CR - 76% reduction) AA4045/ 

AA3003mod aluminium brazing sheets 

 

 

Fig. 3. Plots of engineering stress and strain curves for cold-rolled and annealed (CRA) AA4045/ 

AA3003mod aluminium brazing sheets. 
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Fig. 4. Plots of engineering stress – strain curves for cold rolled, annealed and brazed (CRA-B) 

AA4045 / AA3003mod aluminium brazing sheets. 

 

3.2 Fracture morphology of 4045/3003mod Al clad sheets  

Figures 5 and 6 show the fracture morphology of the AA4045/AA3003mod Al cad sheet 

before (CRA) and after brazing (CRA+B). As may be seen, the fracture morphology is 

different, especially near the clad layer. Fig 5 shows the entire cross-section of the fracture 

surfaces of the tensile specimens, where dense dimple fracture was observed in all samples, 

cold rolled, annealed, typical of ductile fracture. 

Both materials exhibit a ductile fracture with a combination of large deep and smaller 

dimples, both before and after brazing. Constituent particles that make up the whole were 

seen on the surface that has been broken. The fracture surface exhibited two types of dimples: 

a low amount of large dimples and a higher quantity of small dimples, as shown in Fig 6. 

The longer soaking times resulted in the formation of more intermetallic Al -Mn-Fe phase 

which negatively affects the mechanical properties. These particles were observed in the 

fracture surfaces, blue arrows in Figure 6. Lloyd et al. found that the fracture of roll-bonded 

clad sheet materials in tensile test always takes place in the lower strength materials because 

plasticity predominantly occurs in the softer alloy (red arrows), and failure occurs when this 

reaches its ultimate tensile strength [16]. These findings are consistent with the present study 

where failure was initiated on the side of AA4045 clad material, Fig 5. 
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Fig. 5. Fractography of AA4045/AA3003mod Al clad sheet in various conditions: (left) cold-rolled 

and annealed state (unbrazed); (right) brazed state. Red box showing a cladded side of the sheet. 
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Fig. 6. Fractography of AA4045/AA3003mod Al clad sheet in various conditions: (left) cold-rolled 

and annealed state (unbrazed); (right) brazed state 
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4 Conclusion  

The impact of the duration of isothermal soaking on the mechanical characteristics of 

AA3003mod coated with AA-4045 alloy (9031-H24 tube stock) was investigated and the 

following conclusion can be drawn: 

�x The Rp0,2 and Rm of the specimen after soaking for 20 and 35 hours, CRA and then 

tensile testing meet the requirements for the AA3003 alloy, which has a yield 

strength of around 145 MPa and an ultimate tensile strength of 190 - 230 MPa. 

�x Both the yield and tensile strength of CRA stock decreased with an increase in the 

simulated resident soaking time. Overall, it was found that the mechanical properties 

of the stock substantially began to decline after 35 hours of soaking at elevated 

temperatures (505 °C). 

�x All tested materials show a ductile fracture with a mixture of large deep and smaller 

dimples. Constituent particles were also observed on the fracture surface. 

�x The longer soaking time resulted in an increased amount of intermetallic Al-Mn-Fe 

phase as evident on fractured surfaces, which negatively affected the mechanical 

properties. 
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