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Abstract: The processing of aluminum alloys from primary stages to the final product is inherently associated with a 

large number of metallurgical phenomena. These phenomena promote microstructural changes, which directly affect the 

mechanical properties, characteristics and performance of the final component. In an effort to design related material 

processing routes for such alloys, the correlation between material processing, microstructural features and overall 

mechanical properties is required. Aiming at contributing on this subject, this work investigates the correlation between 

microstructural characteristics and related mechanical properties of laminated sheets of 3104-H34 aluminum alloy. 

Microstructural characterization is carried out using metallographic analysis and XRD technique. Mechanical 

properties are assessed by means of micro indentation and simple tensile tests. Microstructural characterization 

demonstrates that A112Fe3Si and Al6Fe intermetallic precipitates phases are present in the alloy metallic matrix. The 

Al6Fe-type intermetallic precipitates volumetric fraction in the cross section is higher than in the longitudinal section, 

which slightly increases the material hardness. The yield tensile strength, ultimate tensile strength and fracture tensile 

present it maximum values for specimen oriented at 45 ° in relation to the rolling direction, decreasing as the orientation 

decreases towards 0° and increases to 90°. Young's modulus values showed this same trend. The studied material 

presented a high normal anisotropy and a low planar anisotropy coefficients values, confirming its suitability for 

application as a raw material in deep drawing operations. Finally, the values of strength coefficient and strain hardening 

exponent obtained indicate the studied material high formability, and its lower propensity to suffer fracture during 

forming. 
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1. INTRODUCTION 
 

In 1997, the Kyoto protocol established global deadlines and targets for reducing greenhouse gas emissions levels – 

GHG, especially with regard to carbon dioxide (CO2) and methane (CH4) emissions. With a bold and challenging 

proposal, it was established that up the 2012 year, the reduction in the GHG world average emissions should reach values 

about of 5.2% in relation to the levels registered in 1990, even with the expansion of the economy, population increase 

and the consequent increase in the world vehicle fleet. In this sense, considering that CO2 - the main gas involved in the 

greenhouse effect problem - is a gas produced from the fossil fuels burning, it is necessary to reduce the energy demand 

for this matrix, so that the reduction of GHG occur consistently (Magnusson and Magnusson, 2000).  

In the mobility sector (automobiles, road, agricultural, rail and other vehicles), the main way to promote it is to seek 

to increase the vehicles energy efficiency, aiming to reduce fuel consumption, mainly by reducing their mass. To achieve 

this goal, one of the commonly adopted procedures is the use of thinner sheet metal in the production of its components. 

However, such changes must be made taking into account the cost, safety and performance criteria’s (Lajarin, 2012). 

Another alternative to achieve the required mass reduction corresponds to the use of aluminum (Al) and its alloys to 

replace steel in vehicle components (Ramalho et al., 2019). In this sense, excellent results can be achieved through the 

use of thin Al alloy sheets in the production of automotive parts, which has generated its growing use in the mobility 

sector over the past few years (Filleti, 2010). 

In this context, 3XXX series aluminum alloys (AA) have been widely used in such applications, due its high 

mechanical and corrosion resistance, and good formability and weldability. Among the AA of these series, class AA 3104 

is widely used in motor vehicle components that are in contact with chemical products, as fuel tanks; and exposed to high 

temperatures, as heat exchanger components (The Aluminum Association, 1998).  
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As a result of the need to reduce the mass of automotive vehicles components, the thickness of the sheets used in their 

manufacture is becoming increasingly smaller. Thus, a better manufacturing operations planning is required, in order to 

avoid raw material wasting during the production processes execution; and optimize the manufactured component 

properties. This need has led to the development of many studies aimed at improving manufacturing operations, including 

the aluminum sheets forming. The forming of aluminum alloys is inherently associated with a large number of 

metallurgical phenomena. These phenomena promote microstructural changes, which directly affect the mechanical 

properties, characteristics and performance of the final component. In an effort to design related material processing 

routes for such alloys, the correlation between material processing, microstructural features and overall mechanical 

properties is required. Aiming at contributing on this subject, this work investigates the correlation between 

microstructural characteristics and related mechanical properties of AA 3104-H34 rolling sheets. 

 

2. MATERIALS AND METHODS 

 

Table 1 shows the chemical composition of the Al alloy used in this research, provided by the material supplier. The 

Mn and Mg contents are consistent with those indicated by the Aluminum Association for the AA 3104 alloy (Mn between 

0.8 and 1.4%; Mg between 0.8 and 1.3%, Cu between 0.05 at 0.25% and maximum contents of 0.8% Fe and 0.6% Si). 

This material was supplied in cold-rolled plate format with a thickness of 2.5 mm. This AA has H34 work hardening, that 

is, after hardening the material was stabilized to an intermediate strength value between annealed (O) and totally hard 

(H19). 

 

Table 1. Chemical composition of AA 3104 alloy. 
 

Chemical element Mn Mg Cu Si Fe Al 

Aluminum Association 0.93 1.14 0.24 0.1 0.13 Balance 

 

Specimens were laser machining from the commercial plate according to the geometry and dimensions indicated in 

Figure 1a, aiming to carry out the tensile tests. The informed geometry and dimensions were adopted in order to meet the 

ABNT NBR 6673, ASTM E 646 and DIN EN 10 002-1 standards. This was possible, since none of the three standards 

establish exact dimensions for the specimens, but minimum and maximum values, within which the specimens meet the 

test requirements. Specimens were machined at angles of 0, 30, 45, 60 and 90° in relation to the rolling direction (Figure 

1b). Before carrying out the tensile tests, the specimens were submitted to a finishing operation by manual sanding. 

 

 
 

Dimensions given in mm. 

 

(a) 
 

(b) 
 

Figure 1. (a) Specimens shape and dimensions adopted aiming to meet the ABNT NBR 6673, ASTM E 646 and 

DIN EN 10 002-1 standards for the tensile test execution. (b) Specimens orientation regarding the rolling 

direction. 

 

The uniaxial tensile tests were carried out in a universal testing machine EMIC® DL100, being executed adopting a 

standard deformation speed of 0.5 mm/min, in accordance with previously mentioned standards. The programming of the 

testing machine and obtaining the load and deformation values were performed using the Tesc Emic software installed 

on a microcomputer interfaced to the universal testing machine. The specimens were uniaxial tensioned until rupture to 

obtain the engineering tension-deformation curve. With the data of the curve, using the procedures suggested by 

Garcia et al. (2012), were determined the yield (e) and ultimate (u) strength, the Young's modulus (E) and the 

percentage elongation (%Al). The procedure for determining the strength (n) and the strain hardening (K) coefficients was 

performed following the ASTM E-646 standard. To determine the anisotropy indexes, the procedure established by the 

ASTM E-517 standard was followed. The presented results of the mechanical, conformability and anisotropic properties 

correspond to the average value of three readings. 

The specimens’ microstructure and microhardness were also characterized. Using the usual metallographic 

preparation procedures, samples of untested specimens were prepared through sanding and polishing operations using, in 

this order, silicon carbide sandpaper of 1200 mesh (due to the used raw material being cold-rolled, it already had a good 

finish), and metallographic alumina with 1.0 µm size. After preparation, the samples were attacked using Tucker reagent 

(200 ml of HCl; 200 ml of HNO3; 200 ml of HF and 200 ml of H2O), and their microstructure analyzed using an JEOL 

JSM 6360 scanning electron microscope (SEM). Chemical composition maps were obtained using a BrukerNano 
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Compact energy dispersive X-ray (EDS) spectroscopy system. These same samples were used to perform the Vickers 

microhardness measurements, which were performed using a Shimadzu HMU-2 microhardness meter. The microhardness 

measurements were performed using a 300 gf load, with a 15 s load application time. The determination of the phases 

present was carried out using a Bruker D8 Advance X-ray diffractometer, with CuK radiation ( =  1.5406 Å), in the 

Bragg-Brentano (for 2 angle varying on the 20-110° range) XRD configurations, using scanning speed of 1°/min. 

 

3. RESULTS AND DISCUSSION 

 

In Figure 2 are presented the microstructure of the AA 3104-H34 plate (a) plane and (b) cross-section. It is possible 

to identify the occurrence of precipitated particles dispersed in the metallic matrix. According to Connolly et al. (1997), 

the fine particles correspond to A112(Fe, Mn)3Si (precipitates type ) and the coarse particles constitute Al6(Fe, Mn) 

(precipitates type ), intermetallics that precipitate during the hot rolling operation. Note that the fine intermetallic 

particles frequency of occurrence is higher than that of coarse particles, indicating that the volumetric fraction of A112(Fe, 

Mn)3Si is higher than that of Al6(Fe, Mn). According to Coutinho (1980), the intermetallic particles precipitated that have 

a Cu-based constitution are light colored, those based on Mn have a shaded appearance and those based on Fe have a 

brownish-black color. Based on this, it can be inferred that the particles visualized in the micrographs of Figure 2 

correspond to the intermetallic A112Fe3Si and Al6Fe. It is also possible to note that the intermetallic distribution is random. 

It is also possible to assess that coarse particles tend to have a more elongated geometry with rounded tips, and fine 

particles have a different shape (elongated or equiaxed). Comparing the cross-section and longitudinal micrographs, it is 

observed that in the cross-section the coarse particles of the supposed intermetallic Al6Fe present symmetry with faceted 

tips, and a greater volume fraction of the A112Fe3Si precipitates is observed. It is also noticed a tendency of Al6Fe 

precipitates to align in the rolling direction (longitudinal axis). The A112(Fe, Mn)3Si-based precipitates have high hardness 

compared to Al6(Fe, Mn) (Fogazzi et al., 2007), which corroborates the statement that the particles elongated in the rolling 

direction are Al6Fe and the not elongated A112Fe3Si. 

 

 
 

Figure 2. Microstructure of the AA 3104-H34 plate (a) plane and (b) cross-sections. 

 

The X-ray diffraction pattern of AA 3104-H34 is shown in Figure 3. Via a comparison of ICDD (International Centre 

for Diffraction Data) PDF cards, it can be concluded that the present phase are -Al, Al6Mn and A112Fe3Si, corroborating 

the previous discussion related to the intermetallic phases present in the material's microstructure. 
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Figure 3. X-ray diffraction pattern of the AA 3104-H34 specimens. 

 

Figure 4 shows the microhardness values measured in the longitudinal and cross sections of the specimens extracted 

at different angles regarding the rolling direction of the aluminum plate. The average hardness values for each orientation 

were very close both in the plate plane and in it cross-section, showing variations in the interval between 84 to 92 HV0.3 

in the first and 89 to 94 HV0.3 in the second. These values are similar to those reported in the literature for the AA 3104-

H19, which has an average hardness of around 88 HV (Martins, 2004). Although the mean hardness values measured in 

the plane and cross-section are statistically equal, it is verified that in all rolling directions the hardness in the plate cross-

section is on average higher than that of the plate plane. This is possibly related to the higher volume fraction of A112Fe3Si 

intermetallic precipitates observed in the cross section micrograph (Figure 2). 

 

 
 

Figure 4. Hardness measured in the plane and cross-section of the samples extracted in different directions 

regarding the rolling direction of the AA 3104-H34 specimens. 

 

In Figure 5 the engineering stress vs. strain curves for the specimens extracted at (a) 0°, (b) 35°, (c) 45°, (d) 60° and 

(e) 90° regarding the rolling direction are presented. In Figure 5 (f) is presented a comparison among all orientations. 

Although slight variations are observed between the curves for the same evaluated condition, in general these variations 

are small, within the expected interval (15%, according to Garcia et al., 2012). It is worth mentioning the occurrence of a 

serrated profile, observed in the segment of the engineering stress vs. strain curves in the uniform work hardening regime. 

This phenomenon characterizes the occurrence of heterogeneous deformations and is commonly referred to as the 

Portevin-LeChatelier – PLC effect (Tu et al., 2014; Cottrell, 1953). The PLC effect can be attributed to the influence of 

intermetallics on the discordance movement during the plastic deformation process that occurred in the uniaxial tensile 

test (Krishna et al., 2015; Huskins et al., 2010). During rolling, the intermetallics precipitated in the matrix are fragmented 
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into small particles. As shown in Figure 2, the spacing between these intermetallic particles is relatively small and 

therefore discordances can be trapped with them. This effect gives rise to the serrated pattern observed in engineering 

stress vs. strain curves of Figure 5 (Tian et al., 2019).  

The analysis of Figure 5 also allows us to observe that there is no visible change in the profile of the engineering 

tension vs. deformation curves in the transition among elastic to plastic deformation regimes. For the case of some metals, 

such as low and medium carbon steels, the elasto-plastic transition is well defined and occurs abruptly, an event called 

the yield strength limit phenomenon (Callister and Rethwisch, 2012). For the case of aluminum and its alloys, however, 

the profile of the engineering tension vs. deformation follows that of the curves in Figure 5, as can be confirmed in a 

specific literary framework (Tian et al., 2019; Krishna et al., 2015; Huskins et al., 2010). 

 

 

 

 
Figure 5. Engineering stress-strain curves for the specimens extracted at (a) 0°, (b) 30°, (c) 45°, (d) 60°, and (e) 

90° regarding the rolling direction of the AA 3104-H34 specimens. In (f) the comparison between the curves is 

shown. 
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In the Table 2 the values of some mechanical properties determined from the stress vs. strain curve are compiled. The 

values of yield stress (e) and tensile strength (u) are slightly different from those indicated by Barbosa (2014) for class 

3104 alloy submitted to H19 treatment (260 and 290 MPa, respectively). With regard to the Young's modulus (E), the 

values obtained here are equivalent to those reported by the cited reference. In the case of elongation (%Al), the values 

obtained correspond to approximately twice that value reported by the referred reference for 3104-H19. These variations 

in the e, u and %Al values can be credited to the differences between the treatments applied in the material studied here 

(H34) and that used in the material of the cited reference (H19).  

 

Table 2. Mechanical properties regarding the rolling direction of the AA 3104-H34 alloy. 
 

 
 

Table 3 presents the values of the true deformations in thickness and width (rb and rt, respectively) and the anisotropy 

indices calculated from these values. The plastic anisotropy index (r) values for the 0°, 45° and 90° orientations are similar 

to those reported in the literature (Chaimongkon et al., 2019; Barony, 2019; Mohanraj et al., 2021). With regard to the 

normal anisotropy index (𝑟̅), the value obtained here (0.847) is of the same order as that obtained by Barony (2019) but 

higher than that specified by Mohanraj et al. (2021) (in this order, 0.885 and 0.626). Regarding the planar anisotropy 

index (Δr), the value obtained in this work (0.143) is close to that indicated by Mohanraj et al. (2021) and well below the 

value reported by Barony (2019) (0.131 and 0.213, respectively). 

 

Table 3. Measured plastic anisotropy indexes regarding the rolling direction of the AA 3104-H34 alloy. 
 

 

 

Comparing the data presented in Table 2, it is possible to observe a clear tendency to increase the values of E, e and 

u as the specimens cutting orientation deviates from the rolling direction until the angle of 45°, with further decrease as 

it grows up to the angle of 90°. As detailed by Callister and Rethwisch (2012), plastic deformation in metals is mainly 

due to the discordance movement through slip systems. Although the stress generated in the uniaxial test is purely tensile 

stress, shear stress components are formed in all directions, with the exception of the directions parallel and perpendicular 

to the direction of the tensile stress. The values of the shear stresses differ in each slip system present in the metal 

crystalline lattice, having their maximum value in the direction of 45° in relation to the direction of load application 

(critical shear stress), and gradually reducing towards the 0° and 90° orientations. Thus, considering that the elongation 

produced by the rolling guides the slip systems in the direction of plastic deformation, it is assumed that for the specimen 

extracted at an angle of 0° regarding to the rolling direction, its slips systems are aligned with the direction of load 

application in the uniaxial tensile test, being subjected to critical shear stress. On the other hand, for the direction of 90° 

regarding to the rolling direction, the critical shear stresses tend to cause the atomic planes separatiom than their slipping. 

Under this reasoning, the lowest values of the critical shear stresses would occur in the orientation of 45°, thus justifying 

the supposed greater resistance to plastic deformation indicated in the data in Table 2. 

Table 3 presents the result of the anisotropic properties determination. The values of the anisotropy indices for each 

direction (r), and the mean (𝑟̅) and planar (r) anisotropy coefficients obtained here are similar to those reported by 

Martins et al. (2016) and Ren et al. (1994) for grade 3104-H19 aluminum alloy. According to Bresciani Filho et al. (2011), 

high values of 𝑟̅ indicate that the material will resist deformation in the thickness direction, while low values of r indicate 

that the material will behave similarly in different deformation directions and, therefore, will have a lower tendency of 

earring-type defect formation. Based on this, the ideal materials for deep drawing process should have the lowest possible 

value r and, at the same time, the highest possible value of 𝑟̅, thus suggesting that it will have a low tendency to form 

"ears" and will resist deformation in its thickness, delaying the occurrence of breakup. Considering that the material here 

characterized presented a low r value and a high 𝑟̅ value, it can be stated that it is suitable for applications in deep 

drawing operations. 
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Table 4. Strength (n) and strain hardening (K) coefficients values regarding the rolling direction of the AA 3104-

H34 alloy. 
 

 
 

By definition, the K value quantifies the level of resistance that the material exerts against its deformation, that is, the 

higher its value, the greater the effort required to promote its permanent deformation. The n value, on the other hand, 

represents the material's ability to distribute deformation throughout its volume. Thus, materials with a low n value tend 

to localize work hardening in small volume portions, causing low levels of deformation to bring the material to conditions 

closer to fracture than those observed in materials with higher work hardening coefficients. In addition, low n values 

characterize large strain variations promoted by relatively small variations of the stress in the plastic zone 

(GARCIA et al., 2012). It is important to clarify that both coefficients are dependent on the thermal, mechanical and/or 

chemical treatments performed on the material; for this reason the divergence between the values obtained here in relation 

to those reported for the same alloy submitted to another mechanical treatment, and in relation to annealed aluminum. It 

is worth mentioning that the lowest K values obtained indicate that the AA 3104-H34 alloy studied here indicates its 

lower resistance to plastic deformation, evidencing its better formability in relation to the same alloy submitted to the 

H19 treatment. In turn, the highest value of n identified for the alloy submitted to the H34 treatment evidences its greater 

capacity to distribute the work hardening over a larger volume of material, reducing the material's tendency to fracture 

during the deep drawing operation. 

From the results obtained above, the n and K values were substituted in the Hollomon equation, in order to describe 

the real plastic behavior of the studied alloy in each orientation. In this way, it is possible to know in an approximate way 

what the behavior of the material if the “bumpiness” were corrected and the continuation of work hardening due to the 

deformation could be expressed by the test. In Table 5it is possible to observe the resulting equations for the true stress 

as a function of the strain in each direction. 

 

Table 5. Hollomon equations to describe the plastic behavior of class the AA 3104-H34 regarding its rolling 

direction. 
 

 
 

As expected, it is noted in Figure 6  the continuation of the stress increase with the strain increase, for all orientations, 

due to work hardening. Although the curves profile is similar for all the rolling orientations, there is a small difference 

between the maximum stress found for the different orientations, since the test piece oriented at 45° regarding to the 

rolling direction had a K slightly higher than the others, a fact reflected in its true stress vs strain curve as shown in Figure 

6. 

 

 
 

Figure 6. True stress–strain curves of AA 3104-H34 alloy. 
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4. CONCLUSIONS 

 

From the analysis and discussion of the presented results, it is possible to list the following conclusions:  

 The microstructure of AA3104-H34 is constituted by fine particles of A112Fe3Si precipitates and coarse particles 

of Al6Fe precipitates, randomly distributed in the metallic matrix;  

 A112Fe3Si-type intermetallic precipitates have a more elongated geometry with rounded ends in the longitudinal 

section and faceted ends in the cross section; while Al6Fe-type intermetallic precipitates exhibit equiaxed 

symmetry both in cross-section and longitudinal;  

 The Al6Fe-type intermetallic precipitates volumetric fraction in the cross section is higher than in the longitudinal 

section, which slightly increases its microhardness;  

 The yield stress and tensile strength have their maximum value for the specimen oriented at 45° regarding the 

rolling direction, decreasing as the orientation decreases towards 0° and increases to 90°. Young's modulus 

values showed this same trend;  

 The material presented a high mean anisotropy coefficient (𝑟̅) and a low planar anisotropy value (r), confirming 

its suitability for application as a raw material in deep drawing operations;  

 The obtained values of strength and strain hardening coefficients indicate the high formability of the material 

studied, and the lower propensity to suffer fracture during its formation; and,  

 The true stress vs. strain curves show a similar behavior between the different evaluated conditions, indicating a 

slightly greater resistance to deformation in the 45° orientation regarding to the rolling direction.  
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