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Abstract 

A series of extrusion trials were conducted with AA6xxx aluminum alloys with different 

Copper (Cu) levels to understand the influence of alloy content, die geometry, extrusion ratio and 

extrusion process parameters (ram speed) on surface cracking and extrudability. In addition, a 

mathematical model was developed of the extrusion process to complement the experimental trials 

and provide quantitative information on the thermal mechanical history experienced by the 

material as a way to help understand the linkages between the extrusion process history, the 

microstructure formed and surface cracking. 

The extrusion trials were conducted at Rio Tinto’s facility in Jonquiere, Quebec using their 

instrumented extrusion press to produce an extruded rod. In these trials, dies with different die 

bearing geometries and different extrusion ratios were used and the ram speed was increased until 

surface cracking occurred. These trials were conducted for two (0.6% and 0.9%) of the three 

different compositions of AA6xxx aluminum alloys with different levels of Cu. 

The experimental results indicate that die geometry significantly affects surface 

morphology and crack occurrence. The trials with dies with different die bearing geometries, 

reveals that choked dies enabled crack-free extrusion at higher speeds, particularly the 12 mm 

choked die with a 1° angle, outperforming the 25 mm flat die and zero-bearing die. The 35 mm 

choked die achieved crack-free extrusion even at maximum press speed, yielding smoother 

surfaces than the other dies. The trials using dies with a higher extrusion ratio generate surface 

cracks at a lower extrusion speed than the trials using dies with a lower extrusion ratio; this has to 

do with the higher temperatures that occur at these higher extrusion speeds due to a great amount 

of work imparted to the material. Finally, the material with higher Cu addition shows surface 

cracks occur at a lower extrusion speed compared to the material with lower Cu addition.  
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The mathematical model of the extrusion process was developed using the commercial 

Finite Element Method (FEM) package DEFORMTM 2D. The results from the model predictions 

were verified by comparing them to the measured extrusion load and temperature. Using a 

combination of model results and experimental measurements a threshold was determined by 

analyzing the tensile stress and temperature on the extrudate surface, beyond which surface 

cracking occurs for different die geometries. This threshold can also be applied to the effect of Cu 

on the surface cracking. However, for the effect of Cu, the temperature in the extrusion process 

plays a more important role in surface cracking occurrence. 

Finally, the extrusion limit diagrams were also constructed based on both the simulation 

results and the extrusion trial data. The extrusion limit diagram shows the influence of the die 

bearing geometry, extrusion ratio and Cu content and provide guidance for choosing appropriate 

extrusion parameters for future studies. 
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Chapter 1 Introduction 

The focus on low carbon emissions in recent years is driving customers to move away from 

high fuel consumption and heavy vehicles. Energy-saving and lightweight automobiles are 

becoming more and more popular. The government-mandated Corporate Average Fuel Economy 

(CAFE) also set the new standard of reaching the average fuel economy of 54.5 mpg (23.2 km/liter) 

by 2025 compared to 36.7 mpg (15.6 km/liter) in 2017 [1]. Both factors have driven automotive 

manufacturers to seek ways to improve the fuel economy of vehicles. From the perspective of 

material manufacturers, one of the easiest ways to reach these targets and improve fuel efficiency 

is to develop lighter weight materials with high strength and acceptable ductility. 

Aluminum alloys have been widely used in many car parts, such as wheels, bumpers, 

suspension parts and the body parts [2] in recent years and the percentage of aluminum usage in 

vehicles continues to increase. Figure 1- shows the anticipated future amount of aluminum used in 

vehicles in North America [3]. It has been reported that every 10% reduction of vehicle weight can 

improve the fuel economy by 7%, which will also reduce the greenhouse gas emissions [4]. The 

2015 Ford-150 pickup truck is an example of using AA6xxx aluminum alloys in its body to reduce 

the weight of the truck by about 300kg [5]. 
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Figure 1-Usage of aluminum’s volume share in body and closure components of vehicles in 

North America in recent years and the anticipated usage in the future [6]. 

 

Extrusion is a process of producing products with a constant cross-sectional profile. This 

method has been extensively used in the production of aluminum car parts, such as extruded tubes 

and multi-hole profiles for engine, extruded hollow profiles for structural components[7]. 

With the aim of further reducing the weight of vehicles, it is anticipated that the amount of 

aluminum used in cars will increase in the future. To support this growth, the development and use 

of a comprehensive process model which links the microstructure and the mechanical properties 

to the extrusion process can help further alloy development and understand their manufacturability. 

Currently, the most widely used aluminum alloys in car manufacturing are the AA6xxx 

alloys due to their low density, good formability, high corrosion resistance, and high 

strength/weight ratio [8]. These alloys are age hardening aluminum alloys that obtain their high 

strength by artificial aging and their main alloy elements are Mg and Si. Their mechanical 
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properties depend on the detailed chemical composition, microstructure, manufacturing methods 

and heat treatment [9]. Table 1-1 shows the mechanical properties of some common AA6xxx 

alloys in the T6 condition. AA6082 has a relatively high yield strength and ultimate tensile strength 

compared with other AlMgSi alloys, such as AA6063 and AA6016 that have trace Cu or no Cu in 

their chemical composition, while AA6066 with Cu (1%) addition has much higher yield strength 

and ultimate tensile strength. 

 

Table 1-1 Mechanical properties of some common AA6xxx alloys (T6) [10]. 

Material Y.S.(MPa) U.T.S.(MPa) EL. (%) 

AA6063  214 235 11 

AA6016 210 280 11 

AA6053 220 255 13 

AA6082 (no Cu) 260 310 10 

AA6066 (0.7-1.2% Cu) 360 388 12 

 

Rio Tinto also has done some development work by examining a series of water quenched 

AA6xxx and AA7xxx alloys for both yield strength and the true strain to fracture, which is shown 

in Figure 1-1. Both series of alloys can obtain yield strength above 350 MPa and fracture strain 

greater than 0.2 indicated by a blue box in the figure. 

This research will focus on the AA6xxx alloys with Cu additions as they are easy to cast 

and extrude, are corrosion resistant and the addition of Cu means they can attain higher strength. 

Specifically, AA6066 and AA6056 both with a Cu addition are high-strength AA6xxx alloys of 

interest. Referring to Table 1-2, the chemical compositions of AA6066, AA6056 and AA6082 are 
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given and as can be seen the chemical compositions of the three alloys are similar except for the 

addition of Cu in AA6056 and AA6066, which is in the range of 0.5-1.2%. 

Based on the work done in Rio Tinto and the aim to improve the strength of the next-

generation aluminum alloys, four different materials with different Cu additions were developed 

by Rio Tinto. Study was done on these materials to show the effect of Cu at each step of the 

manufacturing process to produce an extruded product. 

 

Table 1-2 Chemical composition of AA6056, AA6066 and AA6082 (%) [10–12]. 

Alloys Si Mg Cu Mn Cr Fe Other  

AA6056 0.7-1.3 0.6-1.2 0.5-1.1 0.4-1 ≤0.25 ≤0.5 Bal. 

AA6066 0.9-1.8 0.8-1.4 0.7-1.2 0.6-1.1 ≤0.4 ≤0.5 Bal. 

AA6082 0.7-1.3 0.6-1.2 ≤0.1 0.4-1.0 ≤0.25 ≤0.5 Bal. 
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Figure 1-1 Experimental data from Rio Tinto on the fracture strain vs. yield strength (YS) for a 

wide range of aluminum alloys, including AA6xxx and AA7xxx (WQ = water quench) [13]. 

 

This research is a collaborative research and development project involving the University 

of Waterloo (UWaterloo) in Waterloo, ON, the University of British Columbia (UBC) in 

Vancouver, BC and Rio Tinto in Jonquiere, Quebec with the goal to develop a thorough process 

model of the homogenization, extrusion, quenching and artificial aging for AA6xxx alloys 

containing different Cu additions. 

Extrusion is a complicated material process in which the material undergoes a large amount 

of plastic deformation. There are many parameters that can influence the extrusion process and the 

final extruded material properties including: die geometry, ram speed, extrusion ratio, extrusion 

temperature and the material being extruded. This research will focus on understanding the effect 

of Cu additions to the AA6xxx aluminum alloys and die geometry on the extrusion process and 

microstructure in the final extrudate produced and the material extrudability.  
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Chapter 2 Literature Review 

This chapter includes the current state of knowledge regarding extrusion of AA6xxx 

aluminum alloys, hot deformation behavior and constitutive models of these alloys, finite element 

analysis of extrusion process and construction of the extrusion limit diagram (ELD). Based on the 

literature, research knowledge gaps in these areas are indicated. 

2.1 Extrusion process of AA6xxx aluminum alloys 

AA6xxx alloys are typical heat treatable alloys with medium strength and are widely used 

for production of extrusion products due to their good formability and machinability. About 80% 

of the extruded aluminum parts are made of 6xxx series aluminum alloy [14]. The detailed 

chemical composition, second phases and heat treatment methods have a close relationship with 

the extrusion process parameters, the extrusion mechanical properties, and extrusion defects. 

 Extrusion process 

Manufacturing associated with the extrusion process of aluminum alloy involves several 

steps, which are shown in Figure 2-1 [15]. The temperature history that the material experiences 

in different process steps is shown in Figure 2-2. The extrusion process starts with melting, in 

which all the chemical substances and grain refiners are added into the melting mold. The chemical 

composition of the material is established in this step. The following steps are the Direct Chill (DC) 

casting and homogenization. 
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Figure 2-1 Process steps related to manufacturing an extrusion part from aluminum [15]. 

 

 

Figure 2-2 Sketch of temperature history in each step of the extrusion process [15]. 

 

In the DC casting step, the molten metal mixture is poured into a DC casting mold cooled 

by water and solid ingots, either billets or rectangular ingots, are formed. Billets are commonly 

used during extrusion and come in a variety of sizes with diameters in the range of 2-20 inches 

(50-500 mm) and lengths of 160-320 inches (4-8 m) [16]. The DC casting process typically 

produces equiaxed grains that has a size of ~100 um with a dendritic structure that has a secondary 
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dendrite arm spacing (SDAS) of about 20 um[17], as shown in Figure 2-3, which is a typical 

equiaxed grain microstructure with dendrite structure of as-cast AA6082. 

 

 

Figure 2-3 Typical grain structure of as-cast Al-Mg-Si alloy [17]. 

 

The as-cast material from DC casting process shows microstructural inhomogeneities, 

including alloying elements segregation into the inter-dendritic region and the grain boundaries, 

and the formation of the low-melting eutectics and intermetallic compounds due to the non-

equilibrium characteristic of DC casting [18], all of which harm the extrudability of the as-cast 

billet. Figure 2-4 (a) shows a typical as-cast optical microstructures of Al-Mg-Si alloys, where the 

primary matrix of α-Al, eutectic Si phase and Mg2Si intermetallic phase could be observed [19]. 

With Cu added as shown in Figure 2-4 (b), Cu containing Q intermetallic phase and θ intermetallic 

phase can also be observed. It is also observed that with the further increasing of Cu addition, the 

volume of Mg2Si intermetallic phase decreases, while the fraction of Q and θ phases increase. 

When the Cu in Al9Si0.5Mg reaches 0.85%, there is hardly Mg2Si observed, which is due to the 

consumption of Mg and Si when Q phase is formed. 
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Figure 2-4 Microstructures of as-cast Al9Si0.5Mg alloys by SEM with (a) 0% Cu, (b) 0.4% Cu, 

(c) 0.85% Cu, and (d) 1.25% Cu. [19]. 

 

 Intermetallic phases formation in DC casting 

Solidification of AA6xxx alloys takes place dendritically with Mg2Si, AlFeSi phase and 

some eutectic phases, such as Al-Mg2Si and Al-Si depending on the alloy chemical composition 

[20]. The Mg2Si phase usually forms during the solidification. Its amount and morphology depend 

on the specific chemical composition and the cooling rate during the solidification [21,22]. The 

nonequilibrium solidification rates during casting can result in the formation of coarse eutectic 

Mg2Si particles [23]. 
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Another common element in Al-Mg-Si alloys is Fe that is present at a trace level as an 

impurity. Fe has a low solubility in aluminum. It can combine with Al and Si to form brittle and 

hard Fe containing intermetallics, which exist mostly within the inter-dendritic region. The Fe 

bearing phase can exist commonly in two forms: α-AlFeSi and β-AlFeSi [24]. As shown in Figure 

2-5, α-AlFeSi is commonly observed to have a cubic structure and Chinese-script morphology, 

while β-AlFeSi usually has a monoclinic structure and platelet-like morphology, which is more 

detrimental to the extrudability by inducing cracks and surface defects and lowering the 

mechanical properties such as ductility and strength [18,25,26]. 

Some AA6xxx aluminum alloys also contain Mn and Cr. Both of them have a relatively 

low diffusion rate and are prone to segregate into the inter-dendritic region and grain boundaries 

in the solidification process [27]. 

 

 

Figure 2-5 Chinese-script α-AlFeSi (left) and plate-like β-AlFeSi (right) [25]. 

 

When Cu is added in the Al-Mg-Si alloys, the solidification process can be affected in two 

ways primarily. Addition of Cu decreases the solidus temperature and the eutectic point of the 

alloy [28]. Cu also promotes the formation of new phases such as θ (Al2Cu) and/or Q phase or the 



11 

 

metastable Q’ phase (Al-Cu-Mg-Si). The exact stoichiometry of the Q/Q’ phase is still debatable 

and may have the following possible forms: Al5Cu2Mg8Si6, Al4CuMg5Si4, Al4Cu2Mg8Si7 and 

Al3Cu2Mg9Si7 [29]. Dong et al. [19] studied the effect of different Cu content on the as-cast 

microstructure of the AA6xxx alloys, as shown in Figure 2-4. As the Cu content increases from 0-

1.25%, the volume fractions of Q and θ increase. The formation of Q phase consumes Mg which 

makes the volume fraction of Mg2Si phase decrease. 

 Homogenization 

The manufacturing step following DC casting is homogenization. This homogenization 

process involves heating the ingot to a predetermined temperature, usually 20-50°C below the 

solidus temperature [30], holding at this temperature for a certain period of time (usually 2-4 hours), 

and then cooling at a controlled rate [31]. 

The metallurgical changes that occur during homogenization include decreasing the 

element micro-segregation, dissolution of low-melting eutectics, transformation of Fe-containing 

intermetallic phase to rounder phase, dissolution of Mg2Si phase, and precipitation of Mn/Cr 

containing dispersoids. Industrial extrusion trials have shown that the homogenized billet can be 

extruded more easily compared to simply extruding the preheated as-cast billet. The extruded 

surface condition is also improved with less pick-up defects after homogenization [32]. After 

homogenization, a more uniform microstructure is obtained, by which the good extrusion surface 

finish and mechanical properties can be achieved. 

Dissolution of Mg2Si phase 

One of the main roles of the homogenization process is to dissolve the Mg2Si particles into 

the solid solution. The undissolved Mg2Si precipitates can cause eutectic melting of Al and Mg2Si 

during extrusion, which can result in surface defects and limit the extrudability. On the other hand, 
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a microstructure with Mg and Si fully dissolved into the Al matrix is also not desired because the 

extrusion pressure can increase significantly due to solid solution strengthening [33]. The size and 

number of Mg2Si precipitates can be controlled via the cooling rate after homogenization. The 

most desirable structure after homogenization is one in which there are as many Mg2Si precipitates 

that have formed as possible but they can also be easily redissolved during extrusion to achieve 

good surface quality and high extrudability [31]. 

The number and size of the Mg2Si precipitates are sensitive to the cooling rate during 

homogenization. A slow cooling rate is likely to form coarse Mg2Si particles. Coarse Mg2Si 

particles are hard to solutionize during preheating before extrusion and can lead to incipient 

melting and surface tearing defects during extrusion. This gives the extrusion a poor surface finish 

and tensile properties. A fast-cooling rate after homogenization tends to trap the Mg and Si with 

little Mg2Si precipitates. The solid solution strengthening effect increases the material flow stress 

and thus the pressure during extrusion [31]. Sun et al. [33] revealed that the Mg2Si increases both 

in size and number as the cooling rate decreases as shown in Figure 2-6. The Mg2Si precipitate 

number and size are relatively small in the water quenched sample because most of the Mg2Si is 

retained in the Al matrix with a fast-cooling rate. In contrast, the furnace cooled sample shows a 

relatively high density of Mg2Si particles and the Mg2Si particles have relatively larger size due to 

the long cooling time. The larger Mg2Si precipitates formed at a slow cooling rate in the sample 

may still exist after extrusion and decrease the strengthening extent of the Mg2Si compared to that 

cooled by water quenching and air cooling. 
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Figure 2-6 Microstructure of homogenized AA6005 at different cooling rate: (a) water quenching 

(~500000 ℃/h); (b) air cooling (3000 ℃/h); (c) furnace cooling (130 ℃/h) [33]. 

 

Transformation of Fe-containing intermetallic phase 

Another aim of the homogenization is to modify the phase type and morphology of the Fe 

bearing intermetallics to improve the extrudability. In the Al-Mg-Si alloys, two dominant Fe 

bearing intermetallics are α-AlFeSi and β-AlFeSi formed during DC casting. The α-AlFeSi is more 

compact and spherical and is less harmful to the extrusion process and the mechanical properties 

of the products, while β-AlFeSi shows a platelet-like morphology with sharp edge that is especially 

detrimental and can cause surface tears during extrusion and affect the mechanical properties of 

extrusion products [25]. The homogenization treatment can transform the β-AlFeSi phase into α-

AlFeSi [30]. The alloying element Mn/Cr can also accelerate this transformation [34]. 

The soaking temperature and cooling rate during homogenization affect the transformation 

of β-AlFeSi to α-AlFeSi. Birol [31] studied the soaking temperature and time on the transformation 

of Fe bearing phases. As shown in Figure 2-7, at soaking temperature of 540°C, the dominant Fe 

bearing phase is still β-AlFeSi after 6 hours. While when the soaking temperature is 580°C, the 

platelet like β-AlFeSi phase becomes the minor phase and shows a “necklace” configuration in the 

grain boundary after 2 hours. This means that soaking temperature and time affect the 

transformation of β-AlFeSi to α-AlFeSi. 
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Figure 2-7 The microstructure of AA6063 samples soaked at 540-560°C for different times: 2 

hours, 4 hours and 6 hours [31]. 

 

Mn/Cr dispersoids 

Another transformation during homogenization is the formation of Mn/Cr containing 

dispersoids. The dispersoids can inhibit the recovery, recrystallization, and grain growth during 

extrusion thus improve the properties of the alloys [35,36]. 

Cu containing Q/Q’ and Al2Cu phases 

When Cu is added, the Q/Q’ phase and the Al2Cu phase formed during solidification 

dissolve or partially dissolves into the Al matrix during homogenization depending on the 

homogenization temperature and time [37–39]. There is little information available on the effect 

of Cu on other phases during the homogenization process. 
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2.2 Material flow and microstructure during extrusion 

Extrusion is a manufacturing process which involves a ram pushing a billet through a die 

with a smaller opening and a certain cross-sectional profile. Figure 2-8 shows a diagram of the 

simple bar extrusion. The billet undergoes severe plastic deformation due to the interaction 

between the material and the tooling. This technology has been used for more than 100 years and 

still attracts the interest of the manufacturing industry due to its advantages like the ability to 

produce complex cross-section parts, low cost, and continuous production. The parameters that 

can affect the extrusion process including the material chemical composition and starting 

microstructure, extrusion type, length of billet, the extrusion temperature, extrusion ratio (ER), 

extrusion speed and the die geometry [40], where the combination of material type, extrusion ratio, 

and die geometry has not been comprehensively explored. 

 

 

Figure 2-8 Schematic diagram of a simple bar direct extrusion [41]. 

 

Extrusion is a thermal mechanical process in which the material being extruded undergoes 

severe plastic deformation at elevated temperature due to the force exerted on the billet by the 
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tooling. Figure 2-9 shows how the material flows into the die in the flat die extrusion process. The 

material in different areas has different flow velocities and a dead metal zone (DMZ) is formed 

between the die face and the container wall. The material between the DMZ and the flowing part 

of the billet undergoes severe shear deformation due to the different flow velocities. 

 

 

Figure 2-9 Material flow pattern of AA6061 during extrusion (DMZ indicates the dead metal 

zone) [42]. 

 

Schikorra et al. [43] classified the material near the die into four different zones, as shown 

in Figure 2-10. Zone I is the dead metal zone and the material in that zone experiences no 

deformation, but it still endures high hydrostatic pressure and high temperature. Materials in Zone 

II undergo the most severe shear deformation and the grains here are rotated and elongated with 

the material flowing into the die orifice, so the strain and strain rate is also high in this area. The 

material in zone III almost flows directly into the die and as the material gets closer to the die, the 

strain and strain rate increases rapidly. Zone VI is the area inside the die. Because material from 

the other three zones meet here, the microstructure can be dramatically different in different 

regions of zone VI. The temperature close to the die bearing in this area is high and recrystallization 

can also occur. 
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Figure 2-10 Four different zones formed during the extrusion of AA6082 [43]. 

 

2.3 Extrusion defects 

There are numerous defects occurring during the extrusion of aluminum alloys due to a 

variety of reasons. The defects that are most relevant to this research are surface cracks. Some 

research has been done on the extrudate surface cracks and they primarily focused on the AA7xxx 

alloys. A few pieces of literature are on the surface cracking of AA2014 and AA5456. There is 

little information in the literature about the surface cracking of AA6xxx alloys. 

Ngernbamrung et al. [44] studied the surface cracking in the extrusion of AA7075. In this 

research they indicate that the surface cracking is caused by melting at high temperature coupled 

with surface tension stress and zinc-segregated concentration at the grain boundary, which 

increases the sensitivity of surface tearing. Funazuka et al. [45] also reported that surface cracking 

of AA7075 is prone to happen at high temperature and high extrusion speed and caused by 

localization of zinc similarly. 

Peng and Sheppard [46] applied quite a few crack criteria by finite element method to 

explain the surface cracking that occurred in AA2014 alloy, among which only the temperature 
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criteria and the empirical criteria could predict the surface cracking well. The same empirical 

criteria is also applied to predict the surface cracking behavior of AA5456 [47]. This empirical 

criterion is a function of extrusion speed and extrusion temperature. 

Arif et al. [48] reported that surface cracking arises from localized tensile failure occurring 

in regions where melting happened. The initiation of the tearing usually occurs at the die edge and 

then propagates into the surface. Sheppard and Terry [30] also mentioned that surface cracking is 

closely related to the extrudate surface temperature rise when extruded at high speed. Surface 

cracking is caused by the tensile stress present at the edge of the die bearing, where local melting 

occurs. 

From the above literature, it can be concluded that the extrusion speed, temperature, and 

the stress can all affect the occurring of the surface carking during extrusion for the aluminum 

alloy studied. The high temperature caused mainly by high extrusion speed leads to the local 

melting of the material, and the local melting often happens at the grain boundary of the material. 

This melting plus the tensile stress at the edge of the die causes the initiation of the surface cracking. 

Subsequently the cracks propagate into the extrusion profile. However, little study was done on 

the surface cracking of AA6xxx alloys. 

Different crack criteria have been developed to predict the occurrence of surface cracks. 

Pend and Sheppard [46] used different crack criteria to predict the surface cracks of AA2014. 

Those criteria include Oyane criterion, Cockcroft and Latham criterion, Normalized Cockcroft 

criterion and Latham criterion, Ayada criterion, Freudenthal criterion, temperature criterion, and 

the empirical criterion, among which only the temperature criterion and the empirical criterion can 

successfully predict all the four phenomena in the extrusion. The four phenomena are: 1) the cracks 

only appear on the profile surface; 2) high temperature can result in more severs cracks; 3) the 
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crack is getting more serious as the extrusion keeps going; 4) the cracks in indirect extrusion are 

less serious. The criteria used in the literature are usually one of the criteria mentioned above or 

one that incorporated some variables in it. Wang et al. [49] thought that when the extrusion profile 

surface temperature of AA2195 Al-Li alloy is high, and the accumulated plastic work reached a 

critical value the surface cracks will occur. Subsequently they change the Freudenthal criterion to 

incorporate the temperature and strain rate into it to predict the surface cracking. Kim et al. used 

the Cockcroft and Latham criterion to predict the fracture initiation in the extrusion of AA7075 

alloy. Duan et al. [50] used the normalized Cockcroft and Latham criterion to predict the surface 

cracking sensitivity of AA2014 with different die geometry. They found that the choked die shows 

the least possibility of surface cracking. 

The literature mentioned above is mainly about AA7xxx AA2xxx alloys, and a few 

AA5xxx alloys. Little research was done on the surface cracking criteria of AA6xxx alloys. 

2.4 Extrusion limit diagram (ELD) 

In the extrusion process, it is important to use the proper process variables to ensure a high-

quality product that satisfies the strict geometric, cosmetic and property requirements. The process 

variables that can be controlled in the extrusion process include the extrusion ratio, extrusion speed, 

and the initial billet temperature. The adjustment of those process variables is limited by two 

factors: the extrusion press capacity and the maximum temperature that can be tolerated by the 

material. The load needed to push the material cannot exceed the upper limit of the extrusion press 

capacity. The highest temperature during extrusion must be lower than the incipient melting 

temperature of the billet material, otherwise the surface quality and the mechanical properties of 

the extrusion will be affected [30]. 
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The ELD that presents the two limits on one diagram was first proposed by Hirst and Ursell 

[51] and is schematically shown in Figure 2-11, where the pressure line is the limit of the press 

capacity and the surface locus represents the limit where surface defects occur. lnR in the diagram 

can be the extrusion ratio or the extrusion speed. 

 

 

Figure 2-11 Schematic Extrusion Limit Diagram (ELD) proposed by Hirst and Ursell [51]. 

 

Based on the limit diagram proposed by Hirst and Ursell, the ELDs of different materials 

were developed. Figure 2-12 shows the ELD of AA6063, AA5456, and AA2014 at a ram speed of 

14 mm/s in direct extrusion [52]. The line on the left represents the limit of the pressure and the 

line on the right is the boundary showing where surface tearing occurs. Notably, AA6063 has a 

large process window for extrusion relative to the other alloys, which makes it a highly extrudable 

material. This is because AA5456 and AA2014 are heavily alloyed alloy and lots of low melting 

phases present. In addition, AA6063 is easier to recover than the other two alloys. 
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Figure 2-12 Extrusion limit diagram of AA6063, AA5456, and AA2014 [52]. 

 

Kim et al. [53] investigated the effect of scandium (Sc) additions on the hot extrudability 

of AA7075 alloys by experiment and numerical modelling. The ELDs is presented in Figure 2-13. 

The symbols ‘×’  and ‘○’  indicate the occurrence of surface cracking and a good extrusion 

condition, respectively. The black dash line between symbols ‘×’ and ‘○’ is the extrusion limit line 

obtained from simulation and the vertical dash line is the incipient melting temperature. The result 

shows that the surface crack occurred more easily to the material with a higher Sc content. 
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Figure 2-13 Extrusion limit diagram of AA7075 alloys with different Sc additions: 0% Sc (left), 

0.11%Sc (middle), 0.3%Sc (right) [53]. 

 

Some extrusion limit diagrams incorporating other information were also developed. Clade 

and Sheppard [52] developed an ELD that contains the contour maps of the subgrain and surface 

roughness to describe how the extrusion process variables affect the microstructure and the surface 

quality of the extrusion profile. Donati and Tomesani [54] investigated the correlation between the 

die geometry and the production limit. The feeder dimensions (cross section areas of 13000 mm2 

and 7000 mm2) and welding chamber heights (10 mm, 23 mm, and 36 mm) were investigated in 

this literature. The ELD is shown in Figure 2-14, where the defect limit curves were obtained by 

those experimental points with defects labeled by red circle. The bigger feeder size can make the 

material extrude at a higher extrusion speed. When the feeder size is constant, a larger chamber 

height allows higher extrusion speed. 
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Figure 2-14 ELD for small feeder (left) and big feeder (right) [54]. 

 

Except aluminum alloy, ELD was also constructed for other material to guide the 

parameters choosing during the extrusion process. Sun et al. constructed an ELD for the superalloy 

Inconel 690 with a high nickel content, based on hot processing map. Bai et al.[55] constructed 

the ELD for magnesium alloy by using artificial neural network method. YeLapovok [56] built the 

ELD of AZ31 by FE simulations and the extrusion speeds and ratios were qualified as a function 

of the initial billet temperature. Barnett et al. [57] built the ELDs of Mg-Al-Zn alloys using the 

empirical models. It was found that a higher Al content shrank the extrusion process windows by 

comparing the limit diagrams of the alloys with different Al contents. Wang et al. developed the 

ELDs for AZ31 and AM30 by using their flow stress data and found that AM30 shows a better 

extrudability than AZ31. Lee et al. [58] constructed the ELD for AZ91–0.9Ca–0.6Y–0.5MM alloy 

using the extrusion data and when the material is extruded using the parameter with the safe 

extrusion zone, products with high surface quality were obtained. 
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In conclusion, most of the literature on ELDs are focused on magnesium alloy. A few 

pieces of the literature are about aluminum alloy. However, little work was done on the ELD of 

AA6xxx, especially AA6xxx alloys with Cu additions. 

2.5 Hot deformation behavior and constitutive models for Al-Mg-Si-Cu 

alloys 

A good understanding of the hot deformation behavior and accurate constitutive model of 

the material is needed to understand the deformation in the actual manufacturing process. The 

constitutive model fitted from the hot deformation behavior is a necessary input for mathematical 

modelling. During the hot extrusion process, homogenized billets are preheated to a high 

temperature and then extruded immediately. The material goes through significant deformation 

during a very short time. 

 Hot deformation behavior of AA6xxx aluminum alloys with Cu additions 

Much research has been done on the hot deformation behavior of AA6xxx alloys [59–62]. 

The flow stress of the material is closely related to the detailed chemical composition and initial 

microstructure and is also very sensitive to the temperature and strain rate. The flow stress usually 

increases quickly with the increase of the strain and reaches a peak flow stress at a small strain. 

For AA6xxx aluminum alloys, a flow stress close to steady follows the peak stress due to the high 

stacking fault energy of aluminum that is favorable to dislocation glide or slip [63], which 

counteracts the strain hardening effect during the deformation. 

Xu et al. [64] studied the hot deformation behavior of Al-0.85Mg-1.0Si-0.44Cu alloy 

containing Mn and Cr. The material was obtained by DC casting, and then homogenized at 560°C 

for 4 hours followed by air cooling. Hot compression tests were carried out using the GleebleTM 
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3500. Referring to Figure 2-15, the flow stress increased with the decrease of the temperature and 

increase of the strain rate. The flow stress shows a steady state after the peak stress at deformation 

temperatures higher than 500°C. 

 

 

Figure 2-15 Measured stress-strain curves for Al-Mg-Si-Cu alloy at different temperatures and 

strain rates [64]. 

 

Yang et al. [65] studied the hot deformation behavior of 6A82 containing 0.46% Cu. The 

material was homogenized at 560°C for 6h followed by water quenching. The flow stress curves 

showed a similar trend as that of Xu [64]. Wang et al. [66] studied the hot deformation behavior 

of AA6061(1.08Mg-1.06Si-0.34Cu) that was homogenized at 555°C for 6h followed by air 

cooling as shown in Figure 2-16. The true stress reaches a plateau following the rapid increase at 
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the initial stage of the deformation. The plateau is due to the equilibrium between the work 

hardening and dynamic softening. 

 

 

Figure 2-16 Measured flow stress curves of AA6061 at different deformation temperatures and 

strain rates [66]. 

 

In summary, some research has been done to measure the hot flow stress curves of Al-Mg-

Si-Cu alloys, and at a higher deformation temperature, the flow stress curves reach a steady state. 

However, the effect of different levels of Cu in these alloys on the hot flow stress has not been 

systematically investigated. 

 Constitutive equations 

Choosing the right constitutive model is important to understand the flow behavior of the 

material and model the manufacturing process the material undergoes accurately. During the 

extrusion process, the AA6xxx alloys experience high temperatures that can be up to 600°C and 

high strain rates [67]. Many different constitutive models have been developed to predict the 

plastic flow behavior of the 6xxx aluminum alloys at different temperatures and strain rates. 
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According to their construction processes and principles, those models can be classified into three 

categories: physical models, artificial neural network (ANN) models, and phenomenological 

models. The physical model mainly considers the effect of microstructure evolution on the 

mechanical properties [68,69]. The ANN models usually use artificial intelligence methods to 

simulate the complex nonlinear deformation behavior of the material [70]. The phenomenological 

models usually use empirical equations to describe the relationship between the flow stress and 

the deformation parameters, including the strain rate, the deformation temperature, and the strain. 

The material constants in the equation are few and can be obtained using mathematical methods 

easily. So, the phenomenological models are widely used. The most common phenomenological 

models include Johnson-Cook (JC) model, modified JC model, Arrhenius-type model, strain-

compensated Arrhenius-type model, and Sellar-Tegart hyperbolic sine-type model. In aluminum 

alloys, two commonly used empirical constitutive models are Johnson-Cook model [71] and 

Sellar-Tegart model [72]. 

Johnson-Cook (JC) Model 

JC model was first proposed by Johnson and Cook in 1983 and is widely used due to its 

mathematical simplicity and high accuracy, which can be expressed as the form: 

 𝜎 = (𝐴 + 𝐵휀𝑛)(1 + 𝐶𝑙𝑛
휀̇

휀0̇
)(1 −

𝑇 − 𝑇𝑟
𝑇𝑚 − 𝑇𝑟

)𝑚 2-1 

Where σ is the flow stress, ε is the plastic strain, 휀̇is the plastic strain rate, 휀0̇  is the 

reference strain rate, 𝑇𝑚 and 𝑇𝑟 are melting temperature and room temperature respectively, A, B, 

C, n and m are material constants. In this model the first expression is the strain hardening effect, 

the second expression represents the strain rate hardening effect and the third expression accounts 

for the thermal soft effect. This model is good for describing the constitutive behavior of material 
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experiencing large deformation, high strain rate and high temperature [73]. The parameters in this 

model are coupled due to the multiplicative nature of the model [74]. Three effects are independent 

of each other from Eq. 2-1. Based on this model, lots of modified JC model have been developed 

[73,75,76] and can predict the flow stress more accurately. 

Sellars-Tegart model 

The constitutive model proposed by Sellars and Tegart [72] can be used to describe the 

steady state deformation behavior of material and is expressed as the Eq.2-2: 

 휀̇ = 𝐴[sinh(ασ)]𝑛exp(−
𝑄

𝑅𝑇
) 2-2 

Where 휀̇ is the strain rate of deformation, A, n and α are material constants, Q is the 

deformation activation energy (kJ/mol), R is the gas constant (8.318 J/mol/K), T is the absolute 

deformation temperature (K). The Zener-Holloman parameter is the temperature compensated 

strain rate and can be expressed as Eq. 2-3 

 𝑍 = 휀̇exp(
𝑄

𝑅𝑇
) 2-3 

By combining Eq. 2-2 and Eq. 2-3, the final expression of Sellars and Tegart is shown in 

Eq. 2-4, which can be used on a wide range of strain rates and temperatures [72]. 

 𝜎 =
1

𝛼
ln[(

𝑍

𝐴
)
1
𝑛 + ((

𝑍

𝐴
)
2
𝑛 + 1)

1
2] 2-4 

This model has been successfully used to predict the steady state flow stress influenced by 

strain rate and temperature for aluminum alloys [61,77]. Some literature also incorporated other 

factors into the model. Langkruis et al. [78] determined the parameter A in the model as a function 

of the amount of Mg and Si in solid solution of the AA6xxx alloys that went through different 

pretreatment conditions. Haghdadi et al. [79] developed the constitutive model of A356 aluminum 
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alloy based on the Sellar Tegart model. They believed that the deformation activation energy and 

other material constants were strain dependent and incorporated strain into the model. 

2.6 Modeling of AA6xxx alloy extrusion process 

The extrusion process is very complicated and can be affected by many factors, such as the 

chemical composition of the billets, the microstructure before extrusion, the initial billet 

temperature, ram speed, and die geometry, etc. Modeling is an effective way to reveal in a 

quantitative way how these parameters can influence the temperature distribution, strain and strain 

rate experienced by the material in this process. 

Many studies have been done on the thermomechanical modeling of extrusion process of 

aluminum alloys, including AA1xxxx, AA2xxx, AA3xxx, AA6xxx, AA7xxx [80–87], especially 

for AA6xxx alloys. The temperature history, material flow speed, load, strain, and strain rate 

during extrusion process could be determined via mathematical modeling. Figure 2-17 

demonstrates the model predicted temperature and strain rate of a bar extrusion using the zero-

bearing die and the choked die. 
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Figure 2-17 Model predicted temperature and strain rate distribution during a bar 

extrusion [87]. 

 

In addition, the extrusion modeling could also be used to optimize the die geometry [88], 

and study the effect of different extrusion speeds and initial billet temperature on the extrusion 

process [81]. 

Two important parameters during extrusion process are the heat transfer coefficient and 

the friction coefficient between the billet and the tooling. The heat transfer coefficient is considered 

to be in the range of 11-25 kW/(m2·K) and the convective heat transfer coefficient usually takes 

the value of 10 W/(m2·K) [50,81]. Friction exists between the billet and the tooling, which can 

affect the load needed, the temperature distribution and the material flow pattern. The friction has 

not been studied thoroughly and its quantitative expression is still not clear. Different friction 

coefficients have been used in literature. Some researchers [50,81,89] considered the friction 

between the billet and the container as shear friction and the friction coefficient is 0.8-0.9, whereas 
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some consider the contact relationship as sticking [90]. For the friction between the billet and the 

die, the friction coefficient is between 0.3-0.4 [50,81,90,91]. 

Much research has been done on the simulation of extrusion by using commercial finite 

element software, such as DEFORMTM, FORGETM, HyperXtrudeTM [50,81,83,89,91]. 

DEFORMTM is a popular one in all of the software. 

2.7 Summary 

Significant research work has been done on the extrusion of AA6xxx alloys with and 

without Cu additions. However, most of the work for the Cu containing AA6xxx alloys has focused 

on the microstructure changes and mechanical properties after different heat treatment methods. 

Some work has been done on the effect of different Cu additions in AA6xxx alloys on the hot 

deformation behavior of the material. The surface defects, especially the surface cracking of the 

AA6xxx alloys during the extrusion process using different die geometries, are not studied 

systematically. The impacts of Cu addition in AA6xxx alloy, die geometry, and extrusion ratio on 

the extrudability of the materials are not studied systematically yet. 
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Chapter 3 Scope and Objectives 

Currently the most widely used AA6xxx aluminum alloy in the automotive industry with 

the highest extrusion strength is AA6082, which is processed to have an un-recrystallized, fibrous 

microstructure. This alloy has a yield stress of 320 MPa and a true strain to failure of 0.6. This 

research is being conducted with the aim of developing extruded AA6xxx aluminum alloys with 

higher strength while maintaining satisfactory ductility to satisfy the future market demand for 

aluminum alloy extrusions. The overall scope of this research is to study the effect of different Cu 

additions and die geometries on the extrudability of AA6xxx alloys. To better understand the effect 

of Cu, it is necessary to perform a series of experiments and develop and verify a mathematical 

model of the extrusion process.  

This research focuses on understanding the effect of Cu and die geometries on the 

extrudability of AA6xxx alloys. A more scientific objective of this research is to gain a better 

understanding of the conditions that lead to surface cracking during the extrusion of AA6xxx 

aluminum alloys The research includes experiments in the form of extrusion trials, numerical 

modelling of the extrusion process using DEFORMTM 2D, and characterization of the extruded 

material. With different percentages of Cu added into AA6xxx alloys, the properties of each 

material are different, which influences the variables during extrusion. In addition, a variety of die 

bearing geometries were used to produce the same final extrudate shape to understand how the 

local strain rate, stress, and temperature affect surface cracking of these alloys. Although some 

research has been done on the effect of Cu on the mechanical properties and microstructure, little 

research has been done on the modelling and the construction of extrusion limit diagram with 

various Cu additions or different die geometries. The detailed objectives of this work are as follows: 
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• Measure the solidus temperatures of the materials with different Cu levels and develop 

constitutive models for each material to represent the material behavior by hot compression 

test on GleebleTM 3500 and cam plastometer. 

• Run extrusion trials for materials with A612 (0.6% Cu) with the extrusion ratio of 70:1 and 

17:1, run extrusion trials with different die geometries to see how the die geometries affect 

the extrusion process with A612 (0.6% Cu), run extrusion trials using 25 mm flat die and 

35 mm choked die with A612 (0.6% Cu) and A613 (0.9% Cu) respectively to see how the 

Cu additions affect the extrudability. 

• Examine the surface characteristics of the extrudates with different Cu contents and the 

extrudates extruded by different die geometries. 

• Develop and verify FEM models to represent the extrusion trials for the AA6xxx aluminum 

alloys with varying Cu levels and the extrusion trials with different die geometries. 

• Construct and verify the ELD to show the impact of extrusion ratio, Cu levels, and die 

geometries on the extrudability of AA6xxx aluminum alloys. 

• Understand the stress and temperature distribution where surface cracking is experienced 

during extrusion in the trials with different Cu additions in AA6xxx alloys and the different 

die bearing geometries and extrusion ratios. 
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Chapter 4 Materials and Methodology 

4.1 Start material 

The materials studied in this research were all provided by the Rio Tinto Alcan’s Research 

and Development center (ARDC) in Arvida, Quebec. Three different Al-Mg-Si-Cu alloys were 

cast into extrusion billets with 101.6 mm in diameter and 200 mm in height. The chemical 

compositions of these alloys are listed in Table 4-1. This research focuses on the study of A611, 

A612, and A613 with Cu additions of 0.3%, 0.6%, and 0.9%, respectively. The optical 

microstructures and SEM images of the three materials are shown in Figure 4-1 and Figure 4-2. 

The as-cast aluminum alloys show a dendritic structure with the micro-segregation of constituent 

particles in the inter-dendritic area. The SEM images in Figure 4-2 were obtained by our co-

workers at UBC. 

 

Table 4-1 Chemical compositions of different Al-Mg-Si-Cu alloys (wt.%) used in this research. 

Alloys Cu Fe Mg Mn Si Ti Cr V Al 

A576 0 0.19 0.69 0.52 1.01 0.02 0.15 0.01 Bal. 

A611 0.3 0.20 0.71 0.51 1.04 0.02 0.15 0.01 Bal. 

A612 0.59 0.20 0.69 0.51 1.02 0.02 0.15 0.01 Bal. 

A613 0.9 0.22 0.70 0.51 1.03 0.02 0.15 0.01 Bal. 
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Figure 4-1 Optical microstructure of as-cast materials with different Cu additions. 

 

 

Figure 4-2 Constituent particles of as-cast materials characterized by FEG-SEM. 

 

The as-cast billets were homogenized before extrusion [92]. The homogenization 

temperature was chosen so that it is below the solidus temperature of the bulk material and above 

the solvus temperature of the Mg2Si so that Mg2Si can go into the solid solution. Thermo-CalcTM 

software was used to calculate the Mg2Si solvus temperature and melting temperature of different 

alloys studied in this work. The solvus temperatures of Mg2Si and the predicted melting 

temperatures for the different alloys are shown in Table 4-2. The homogenization temperature was 

chosen based on the Thermo-Calc results. The thermal history of the homogenization process is 

shown in Figure 4-3. The billets were heated to 500°C at the rate of 250°C /h, and then heated up 

to 550°C at a heating rate of 50°C /h. The billets were held at 550°C for 2h. Then the billets were 

water-quenched immediately to maintain the homogenized microstructure. This procedure was 
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done at UBC to provide samples for characterization but also at Rio Tinto for any billets that were 

subsequently extruded. Both UBC and Rio Tinto used the same material. 

Figure 4-4 are the microstructures of the billets with different Cu additions after 

homogenization. Notably, less dendrites were observed after homogenization. 

 

Table 4-2 Calculated Mg2Si solvus temperature and melting temperatures of different alloys via 

Thermo-Calc using the TTAL6 database. 

Alloys A576 A611 A612 A613 

Mg2Si solvus temperature (°C) 540.1 543.9 538.9 538.9 

Equilibrium melting point (°C) 592.9 583.9 578.9 571.9 

 

 

Figure 4-3 Thermal history of the homogenization process used on the billets (WQ = water 

quench). 
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Figure 4-4 Microstructure of the billets after homogenization with different Cu contents: 

(a)A611, (b) A612, and (c) A613. 

 

4.2 Characterization 

 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is a thermal analytical technique in which the 

difference in heat to increase the temperature of the sample and the reference material is measured 

as a function of temperature. The heat absorbed or released is indicated in the form of endothermic 

or exothermic peaks, from which the solidus temperature can be determined. 

In order to obtain the solidus temperature of the homogenized material and analyze the 

phase change before and after homogenization, DSC tests were done on both the as cast and 

homogenized A576, A611, A612, and A613 using NETZSCHTM DSC 404C Pegasus thermal 

analyzer. The A576 is included to provide a baseline result with no Cu. There are two crucibles in 

the equipment chamber, one for the sample and the other for the reference sample. In this research, 

the empty crucible was used as the reference. The machine was calibrated using high-purity 

material (Indium) prior to the measurements. 
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As shown in Figure 4-5, the received billet has a diameter of 101.6 mm. One slice around 

3 mm was taken from one end of the billet first, then two samples ~50 g were taken out from the 

slice, one from the center and one from the edge of the billet. Samples were cut from the bulk 

material and ground so that the material can fit in the crucible and touch the crucible bottom well. 

Argon gas was used as protective gas. After the sample was placed into the DSC machine, the 

chamber was evacuated twice before it was refilled with argon gas. The sample was heated at the 

rate of 10°C/min up to 700°C under the protection of argon atmosphere and the flow rate of the 

protection gas is 150 ml/min. Three tests were repeated for each location. 

 

                 

Figure 4-5 Schematic showing DSC sample locations on the billet. 

 

 Hot compression test 

To obtain the true stress-true strain curves of the alloys, hot compression tests at the strain 

rates of 0.1/s, 1/s and 10/s and the deformation temperatures of 450°C, 500°C, and 550°C were 

conducted on the GleebleTM 3500 thermal-mechanical testing machine at the University of 
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Waterloo. The tests at strain rates of 50/s and 100/s and a deformation temperature of 550°C were 

performed on the cam plastometer at the University of Tokyo in Japan. 

For the compression tests on the GleebleTM 3500, since the testing temperature was at or 

greater than 500°C, a low force jaw setup was used since it can measure the force more accurately 

for low force conditions. A thermocouple was welded in the middle of the test sample to monitor 

the temperature change during the test. A C-strain dilatometer was used to record the change of 

the sample in diameter during compression, as shown in Figure 4-6. A certain amount of nickel 

paste as lubrication was manually and uniformly applied between the anvils and the specimen to 

reduce the friction. The dimensions of the hot compression samples are 8 mm in diameter and 12 

mm in height. All test samples were heated up at the rate of 250°C/min to the test temperature, and 

then held for 1 min to ensure the temperature distribution of the sample is uniform before being 

compressed, as shown in Figure 4-7. Hot compression tests were conducted on the homogenized 

A611, A612, and A613. The true strain and true stress were calculated using the following 

equations: 

 휀 = 𝑙𝑛(
𝑑0

𝑑0 + 𝛥𝑑
) 4-1 

 
𝜎 =

𝐹

𝜋(𝑑0 + 𝛥𝑑)2

4

 
4-2 

Where ε and σ is the true strain and true stress, 𝑑0 is the initial sample diameter before 

compression, 𝛥𝑑 is the change in diameter and 𝐹 is the force applied to the sample. 
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Figure 4-6 Schematic of the jaw set for high temperature compression test done using the 

GleebleTM 3500 with dilatometer to measure the change in diameter for the sample. 

 

 

Figure 4-7 Temperature history of the sample when tested on GleebleTM 3500 and cam 

plastometer. 

 

During the extrusion process the material goes through large deformation in a short period 

of time, which means the material deforms at strain rate that can reach serval hundreds per second. 
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The maximum strain rate the GleebleTM 3500 can obtain is typically 10/s, while Cam plastometer 

testing machine can operate at a true strain rate of up to 200/s. With both the low strain rate and 

the high strain rate compression data, a more precise constitutive model can be obtained. 

For the compression test on the cam plastometer, the sample size is the same as that of the 

sample for the GleebleTM 3500 test. Before compression, a K-type thermocouple is welded in the 

middle of the sample to monitor the temperature. Then the sample is heated up at a rate of 

250C/min to the test temperature, held for 1 min before being compressed. The sample is protected 

by Nitrogen to avoid oxidation on the sample surface. The total compression is 8 mm, as shown in 

Figure 4-8. Because the C gauge dilatometer is not used, the equations that are used to calculate 

the true stress and true strain are different from the ones that are used for the test on GleebleTM 

3500. The assumption is that the volume of the sample keeps constant during the test. The 

equations used to calculate the true stress and true strain are as following: 

 휀 = 𝑙𝑛(
𝑙0

𝑙0 − 𝛥𝑙
) 4-3 

 
𝜎 =

𝐹

𝜋𝑑0
2𝑙0

4(𝑙0 − 𝛥𝑙)

 
4-4 

Where ε and σ is the true strain and true stress, 𝑑0 is the initial sample diameter before 

compression, 𝑙0 is the initial height of the sample, 𝛥𝑙 is the change in height and 𝐹 is the force 

applied to the sample. 
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Figure 4-8 Schematic of the compression sample used for the cam plastometer. 

 

Table 4-3 summarizes the tests that were run on the GleebleTM 3500 and the cam 

plastometer. For each condition, three tests are repeated. 

 

Table 4-3 Summary of the compression tests on GleebleTM 3500 and cam plastometer. 

 Tests on GleebleTM 3500 Tests on cam plastometer 

Material 

Temperature 

(°C) 

Strain rates 

(1/s) 

Temperature 

(°C) 

Strain rates 

(1/s) 

A611 (0.3%Cu) 450, 500, 550 0.1, 1, 10 550 50, 100 

A612 (0.6%Cu) 450, 500, 550 0.1, 1, 10 550 50, 100 

A613 (0.9%Cu) 450, 500, 550 0.1, 1, 10 550 50, 100 

 

4.3  Extrusion trials 

Three extrusion trials were run at Rio Tinto Alcan’s Arvida Research and Development 

Center (ARDC) in Jonquiere, Quebec. A 750-ton extrusion press was used. A schematic view of 
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the setup of the extrusion process and the water quench tank is shown in Figure 4-9. For all the 

extrusion trials, the billets have a diameter of 101.6 mm, and a length of 400 mm or 200 mm. 20 

mm of the billet was scraped to avoid back-end defects. A certain amount of the front extrusion 

bar was cut for scrap. The water quenching tank is located 2.5m away from the die exit. The 

purpose of these extrusion trials was to help understand the conditions under which surface 

cracking will occur for each of the alloys, die configurations and extrusion conditions. Hence for 

each of the extrusion trials the extrusion speed was increased to try and induce surface cracking. 

 

 

Figure 4-9 A schematic view of the extrusion setup, water quenching tank, and the sample 

location. 

 

  Die configurations 

There are five parts in the extrusion process as shown in Figure 4-10, which is a schematic 

view of the extrusion process. There are five main parts in the extrusion process, and they are ram, 

ram, die, billet, container, and feeder. The red line in the figure indicates the die bearing. In this 

work different die bearing geometries were used. 
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Figure 4-10 A schematic view of the extrusion process with five parts including ram, die, billet, 

container, and feeder. 

 

The die geometries used for the different extrusion trials and the thermocouple locations in 

the die bearing regions are shown in Table 4-4. 

In extrusion trial #1, the billet length is 400 mm, and the feeder has a diameter of 60 mm 

and height of 25 mm. The extrusion bar diameter is 12.5 mm. The die bearing length is 12 mm. In 

extrusion trial #2, four different die geometries are used, which are 25 mm flat die, 35 mm choked 

die with 3 degrees choked angle for half of the die bearing close to the die front, zero-bearing die, 

and 12 mm choked die with a 1 degree choked angle for half of the die bearing close to the die 

front. The extrusion bar diameter is 25 mm, and the feeder size is 100 mm in diameter and 25 mm 
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in height. Both the extrusion trial #1 and #2 use A612 material and there is no stopping during the 

whole extrusion process. In extrusion trial #3, 35 mm choked die and 25 mm flat die are used. The 

extrusion material is A613. The feeder size is the same as that in extrusion trial #2. 

For each extrusion trial, four starting extrusions were run to warm up the extrusion press 

After extrusion the profiles were water quenched in the water tank to the room temperature, and 

then cut to 1m length to be shipped to University of Waterloo to be examined and characterized. 

 

Table 4-4 Die bearing geometries (blue lines) used for different extrusion trials and illustrations 

showing the locations of the thermocouples (green dots) for the different die geometries (TC = 

thermocouple). Extrusion direction is from top to bottom, and red line is the die bearing. 
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 Extrusion parameters 

Table 4-5, Table 4-6, and Table 4-7 show the extrusion billet temperature, extrusion speed, 

and material used for each extrusion trial. For extrusion trial #1, the initial billet temperature and 

the container and die temperature was both 475°C and the extrusion speed is from 4 mm/s to 10 

mm/s. The extrusion ratio is 70:1. For extrusion trial #2, four different die geometries were used. 

The initial billet temperature was all set to be 500°C and the container and die temperature were 

both 480°C. The extrusion ratio is 17:1. Both the extrusion trial #1 and #2 used the A612 material. 

Extrusion trial #3 was conducted on A613 using both the 25 mm flat and 35 mm choked dies. 

 

Table 4-5 Extrusion parameters for extrusion trial #1 (Extrusion ratio = 70:1). 

No. Material 
Billet temperature 

(°C) 

Extrusion speed 

(mm/s) 

1 A612 475 4 

2 A612 475 5 

3 A612 475 6 

4 A612 475 7 

5 A612 475 8 

6 A612 475 9 

7 A612 475 10 
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Table 4-6 Extrusion parameters for extrusion trial #2 (Extrusion ratio = 17:1). 

25 mm flat die Material 
Billet temperature 

(°C) 

Extrusion speed 

(mm/s) 

1 A612 500 20 

2 A612 500 22 

3 A612 500 24 

4 A612 500 26 

5 A612 500 28 

6 A612 500 31 

35 mm flat die Material 
Billet temperature 

(°C) 

Extrusion speed 

(mm/s) 

1 A612 500 22 

2 A612 500 24 

3 A612 500 26 

4 A612 500 28 

5 A612 500 30 

6 A612 500 32 

7 A612 500 34 

8 A612 500 36 

9 A612 500 38 

10 A612 500 40 

12 mm choked die Material 
Billet temperature 

(°C) 

Extrusion speed 

(mm/s) 

1 A612 500 24 

2 A612 500 26 

3 A612 500 28 

4 A612 500 28 

5 A612 500 30 

6 A612 500 29 

7 A612 500 27 

8 A612 500 26 

Zero-bearing die Material 
Billet temperature 

(°C) 

Extrusion speed 

(mm/s) 

1 A612 500 26 

2 A612 500 28 

3 A612 500 30 

4 A612 500 32 

5 A612 500 28 

6 A612 500 34 

7 A612 500 27 

8 A612 500 36 

9 A612 500 38 
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Table 4-7 Extrusion parameters for extrusion trial #2 (Extrusion ratio = 17:1). 

25 mm flat die Material 
Billet temperature 

(°C) 

Extrusion speed 

(mm/s) 

1 A613 500 10 

2 A613 500 15 

3 A613 500 20 

4 A613 500 15 

35 mm choked die Material 
Billet temperature 

(°C) 

Extrusion speed 

(mm/s) 

1 A613 500 5 

2 A613 500 10 

3 A613 500 20 

4 A613 500 30 

5 A613 500 40 

6 A613 500 15 

 

4.4 Mathematical model 

 Thermo-mechanical model 

The commercial software DEFORMTM 2D is used to simulate the extrusion process for the 

different die geometries and different materials. DEFORMTM 2D, based on the Lagrangian 

approach has the advantage of modelling the large-scale deformation with the ability of remeshing 

and being able to simulate both the transient phase when the billet breaks though the die and the 

subsequent steady state. 

The geometry and mesh of the extruded bar (using the 12 mm flat die simulation model as 

an example, others are similar as this one) are schematically shown in Figure 4-11. The 

DEFORMTM 2D model consists of five objects: ram, billet, die, feeder, and container. Since the 

round bar is axisymmetric, only half of the bar is needed in the model. The billet is assumed to be 

a rigid-viscoplastic material, and the tooling is defined to be rigid. The billet features a finer mesh 

closer to the die corner, transitioning into a gradually coarser mesh as it moves away from the die 
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corner. This design has the potential to enhance both the accuracy and speed of the extrusion 

process. All other objects are also meshed due to the calculation of the heat transfer between tools. 

 

 

Figure 4-11 Schematic of the bar extrusion (left) and the model and mesh in DEFORMTM 2D 

(right). 

 

4.4.1.1 Finite Element formulation 

For the 2D axisymmetric modelling of extrusion of round bars, the billet was meshed with 

four-node quadrilateral elements, as shown in Figure 4-11. The metal flow in DEFORMTM 

simulation is founded upon the minimum work rate principle, which is the velocity distribution 

that anticipates the lowest work rate represents the most accurate approximation of the actual 

velocity distribution. This principle states that the material always flows in the path of least 

resistance. The minimum work rate principal can be expressed mathematically by Equation 4-5 

and Equation 4-6. Equation 4-5 describes the work difference between the body forces and the 

surface tractions, where ∫ 𝜎
𝑉

휀̅̇𝑑𝑉 represents the work that is done by the body force or plastic work, 

and ∫ 𝐹𝑖𝑆
𝑢𝑖𝑑𝑆 represents the work done by surface traction. Equation 4-6 demonstrates the way 
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used to solve for the velocities. The velocities are determined by identifying when the variation in 

the function becomes zero. This is achieved by integrating the volumetric strain rate and 

multiplying it with a substantial constant. As the overall solution should equate to zero, it tends to 

minimize the volumetric strain rate to minimize this integral value. 

 𝜋 = ∫ 𝜎
𝑉

휀̅̇𝑑𝑉-∫ 𝐹𝑖𝑆
𝑢𝑖𝑑𝑆 4-5 

 𝛿𝜋 = ∫ 𝜎
𝑉

𝛿휀̅̇𝑑𝑉-∫ 𝐹𝑖𝑆
𝛿𝑢𝑖𝑑𝑆 + 𝐾 ∫ 휀�̇�𝑉

𝛿휀�̇�𝑑𝑉 = 0 4-6 

The solutions in Equation 4-6 are the velocities at the nodes, which are four corners of the 

quadrilateral elements. The velocities can be solved by solving a simultaneous set of equations 

using a Newton-Raphson iteration method. The convergence criteria were established by 

considering both velocity and force convergence, with a velocity error limit set at 0.001 and a force 

error limit set at 0.01. 

For the heat transfer analysis in the finite element analysis, the energy balance equation 

can be written as Equation 4-7, where 𝑪 is the heat capacity matrix, 𝑲𝑪 is the heat conduction 

matrix, 𝑸 is the heat flux vector, 𝑻 is the vector of nodal point temperatures, and �̇� is the vector of 

nodal point temperature rate. The 𝑸 includes a few components and can be expressed with the 

interpolation function 𝐍 as Equation 4-8. The first item on the right is the heat generated by plastic 

deformation inside the deforming body with 𝑘 being the heat generation efficiency of the heat 

transferred from mechanical energy to heat. 𝑘  is usually with a value of 0.9. The second item is 

the heat radiated from the environment to the deforming body, where 𝜎is the Stefan-Boltzman 

constant, 휀 is the emissivity, 𝑇𝑒 is the environment temperature, 𝑇𝑒 is the surface temperature. The 

third item describes the heat convected from the deforming body to the environment, where ℎ is 

the convection coefficient. The fourth item is the heat transferred from the deforming body to the 

tooling through the interface, where 𝑇𝑤 is the workpiece temperature, 𝑇𝑑 is the tooling temperature, 
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and ℎ𝑙 is the heat transfer coefficient. The last item is the heat generated by friction between the 

workpiece and the tooling. The thermal equation is also solved by the Newton-Raphson iteration 

method with an error limit of 0.00001. [93] 

 𝑪�̇� + 𝑲𝑪𝑻 = 𝑸 4-7 

 
𝑸 = ∫𝑘(�̅�휀 ̅̇)𝐍𝑑𝑉 +

𝑽

∫ 𝜎휀(𝑇𝑒
4 − 𝑇𝑠

4)𝐍𝑑𝑆 +
𝑺𝒓

∫ ℎ(𝑻𝒆 − 𝑻𝒔)𝐍𝑑𝑆
𝑺𝒕

+∫ ℎ𝑙(𝑇𝑑 − 𝑇𝑤)𝐍𝒅𝑆 +
𝑺𝑪

∫ 𝑞𝑓𝐍𝑑𝑆
𝑺𝑪

 

4-8 

Both the metal flow equation and the heat transfer equation are solved at each step until 

the finish of the simulation. The data at the end of each step is saved and used as the initial value 

for the next step. 

4.4.1.2 Material properties 

The material data needed in the mathematical model is listed in Table 4-8. 

 

Table 4-8 Material data requirements for extrusion process simulation [94]. 

 Billet Tooling 

Flow stress √  

Heat capacity √ √ 

Thermal conductivity √ √ 

Emissivity √ √ 
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In this research, the commonly used constitutive model proposed by Sellars and Tegart [72] 

is used to describe the relationship of the steady flow stress, strain rate and temperature in the 

simulation of hot extrusion, as is shown in Equation 4-9: 

 𝐴[sinh(𝛼𝜎)]𝑛 = 휀̇ 𝑒𝑥𝑝( −
𝑄

𝑅𝑇
) 4-9 

Where 휀̇ is the strain rate, 𝜎 is the flow stress (MPa), 𝑇 is the deformation temperature (K), 

Q is the activation energy (kJ/mol), 𝑅 is the gas constant (J/mol/K), A, α, and 𝑛 are the material 

constants. The material constants required in this equation were determined from our experimental 

data, which is in Chapter 5. 

The thermal physical properties of AA6xxx and the tooling material H13 are from the 

material library of DEFROMTM 2D. The thermal physical properties of the studied material and 

die material are listed in Table 4-9 and the volumetric heat capacity is shown in Figure 4-12, which 

is the function of the temperature. 

 

Table 4-9 Material thermal physical properties used in the model [94]. 

Material Thermal conductivity/(W/m/K) 

AA6xxx 180.2 

H13 24.3 
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Figure 4-12 Volumetric heat capacity of aluminum alloy and tooling material H-13 [94]. 

 

4.4.1.3 Boundary and initial conditions 

Two important boundary conditions in the finite element model of extrusion are the friction 

between billet and the tooling and the thermal exchange between billet and its surrounding 

environment. Friction is a complicated physical phenomenon. It depends on the material to be 

extruded and the material of the die, and the interface roughness as well as lubrication and 

temperature. To model the friction between billet and the tooling, a constant shear friction model 

was used. The frictional force in the constant shear definition is defined by Eq. 4-10 [94]: 

 𝑓𝑠 = 𝑚𝑘 4-10 

Where 𝑓𝑠 the is frictional stress, 𝑘 is the shear yield stress, 𝑚 is the friction factor, which 

usually varies between 0 (frictionless condition) and 1 (full sticking condition). In the simulation, 

different friction coefficients were defined in the die bearing for different die geometries, which is 

explained in the friction coefficient justification section 4.4.1.5. The remaining interface of the 
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billet and tooling used a friction coefficient of 1. The heat transfer coefficient between the billet 

and the tooling is assumed to be 25 kW/m2/K. The convective heat transfer coefficient with air is 

0.02 kW/m2/K [94]. It was assumed that 90% of the mechanical work was converted to heat. 

4.4.1.4 Mesh size sensitivity 

Mesh size is one of the parameters in the FEM simulation that needs to be determined. If 

the mesh size is too big, the simulation results are not accurate enough. While smaller size will 

take longer computation time. It is necessary to study the mesh sensitivity to determine the most 

suitable element size, at which the accuracy of the simulation results such as temperature, strain 

rate and extrusion load in this research are not affected significantly by a further decrease of the 

mesh size and in the meanwhile the results can be obtained in reasonable time. 

In this study, the smallest elements are positioned in the die bearing corner, which 

experiences high strain rates and temperatures as the material passes through. Consequently, 

several simulations were conducted using various element sizes at the die corner. The die 

employed is the 25 mm flat die. As depicted in Figure 4-13 mesh windows have been applied to 

the billet at the die corner. In this arrangement, there are three mesh windows near the die corner, 

and the ratio between the sizes of adjacent mesh windows remains constant. The innermost mesh 

window possesses the smallest mesh size. Specifically, minimum element sizes of 0.1 mm, 0.15 

mm, 0.25 mm, and 0.5 mm were selected. Figure 4-14 illustrates the effect of the element size on 

and the predicted load from the initial stage of the extrusion to a specific stroke and the temperature 

distribution from the billet’s center to its surface at the die corner. It was observed that the element 

sizes showed almost no effect on the predicted load, whether it was the initial breakthrough load 

or the load during subsequent stages of the extrusion process. 
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Figure 4-15 Effect of minimum element sizes on the predicted effective strain rate (left) 

and effective strain (right).displays the variations in predicted effective strain rates from the center 

to the surface of the billet at the die corner. Notably, as the element size increases, there is minimal 

alteration in the effective strain rates when the distance from the center of the billet is less than 10 

mm. On the other hand, as the position approaches the surface, there is an increase in the effective 

strain rate as the minimum element size decreases. The highest effective strain rates at the surface 

are as follows: 153/s for an extrusion with a minimum element size of 0.1 mm, 150/s for 0.15 mm, 

135/s for 0.25 mm, and 106/s for 0.5 mm. When comparing the effective strain rate between a 0.25 

mm element size and a 0.1 mm element size, there is an approximate 10% change in the effective 

strain rate. Conversely, the effective strains displayed on the right side of Figure 4-14 exhibit 

nearly identical values for minimum element sizes of 0.1 mm, 0.15 mm, and 0.25 mm. Given 

computational efficiency concerns, a minimum element size of 0.25 mm has been selected for all 

the simulations done for this research. 
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Figure 4-13 Mesh windows at die corner. 

 

 

Figure 4-14 Model-predicted temperature from the center to the surface of the bar at the die 

corner (left) and model-predicted breakthrough load (right) showing the influence of minimum 

element size. 
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Figure 4-15 Effect of minimum element sizes on the predicted effective strain rate (left) and 

effective strain (right). 

 

4.4.1.5 Friction coefficient justification 

Frictional force is described as the force that hinders the relative motion of two objects in 

contact. During the extrusion process, frictional forces come into play between various 

components: the billet and the dummy block, the billet and the container, and the billet and the die 

bearing. The frictional force between the billet and the dummy block is often less scrutinized due 

to its limited impact on the extrusion process. Typically, the contact condition between the billet 

and the container is assumed to be sticking [41,95]. The friction condition at the die bearing is 

complex and depends on the specific die geometries. The die geometries have been categorized 

into three groups by Sanabria Rosas [96], as illustrated in Figure 4-15, with each group 

corresponding to different frictional conditions. In the case of a choked die bearing, depicted in 

Figure 4-15 (a), a portion of the bearing adheres to the billet, and the extent of this adherence is 

dependent on the overall length of the die bearing. For the flat die, as seen in Figure 4-15 (b), slip 
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conditions are typically encountered. Figure 4-15 (c) illustrates that in the relief die bearing 

configuration, there is no contact between the components. 

 

 

Figure 4-16 Three types of die geometries and their contact condition with the billet: (a) choked 

die bearing, (b) flat die bearing, (c) relief bearing [96]. 

 

4.4.1.5.1 Friction coefficient of the flat die 

Referring to the literature [96], to determine the proper friction coefficient at the die bearing 

region for the flat die, it started from the 25 mm flat die, and two friction coefficients were chosen 

that are 0.7 and 0.3. Subsequently, two separate simulations were conducted, maintaining all other 

conditions, such as extrusion speed, billet temperature and tool temperature, consistent with the 

original extrusion trial. The predicted loads and temperatures, extracted from DEFORMTM, were 

then compared to the measured data, as shown in Figure 4-16. 

When the friction coefficient was set to 0.7, both the predicted load and temperature 

exceeded the measured values, with percentage differences of approximately 10% and 4%, 

respectively, at a stroke of 150 mm. Conversely, when the friction coefficient was reduced to 0.3, 

the percentage differences between the predicted load and temperature and the measured data were 
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both less than 2% at the same stroke. Consequently, a friction coefficient of 0.3 was selected for 

all flat dies. 

 

 

Figure 4-17 Comparisons of the measured loads (a) and temperatures (b) to the measured load 

and temperature at an extrusion speed of 26 mm/s for the 25 mm flat die respectively (Extrusion 

ratio = 17:1 and A612 material). 

 

4.4.1.5.2 Friction coefficient of the choked die 

For the choked die, the contact condition at the die bearing is more complex compared to 

that for the flat die bearing. In the literature the researchers either observed it was a combination 

condition of sticking-slipping or simply slipping with a certain friction coefficient at the die 

bearing [87,96,97]. In this research, as it is not feasible to physically cut the die in order to observe 

the die bearing surface, our approach to address this challenge is to determine an average friction 

coefficient that best replicates the real-world conditions. This will be achieved by comparing the 

predicted loads and temperatures to their corresponding measured values. Three distinct scenarios 

were taken into account: a) A uniform friction coefficient of 0.3 along the entire die bearing; b) 
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The choked section of the die bearing featuring a friction coefficient of 0.5, while the flat section 

retains a friction coefficient of 0.3; c) The choked portion exhibiting adhesion, while the flat 

portion maintains a friction coefficient of 0.3, as illustrated in Figure 4-18. 

 

 

Figure 4-18 Three friction conditions along the die bearing of the 35 mm choked die (Extrusion 

ratio = 17:1). 

 

Figure 4-19 and Figure 4-20 present a comparison between the measured load history and 

predicted load histories, as well as the measured temperature history and predicted temperature 

histories, under varying friction conditions. These experiments were conducted at an extrusion 

speed of 26 mm/s using a 35 mm choked die. 

When the entire bearing employs a friction coefficient of 0.3, both the predicted load and 

temperature are lower than the measured values. However, when a sticking condition is applied to 

the choked part of the die, the predicted load and temperature significantly exceed the measured 

ones. Notably, the predicted data for friction condition (b) closely aligns with the measured data. 

Consequently, friction condition (b) has been selected for the die bearing region of both the 35 mm 

choked die and the 12 mm choked die in our simulations. 
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Figure 4-19 Comparison of the measured load history to the model predicted load history using 

different friction conditions at the extrusion speed of 26 mm/s for the 35 mm choked die. 

 

 

Figure 4-20 Comparison of the measured temperature histories at the (a) TC1 and (b) TC2 to the 

model predicted temperature histories using different friction conditions at the extrusion speed of 

26 mm/s for the 35 mm choked die with material A612 respectively. 
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 Experimental verification of the model 

Figure 4-21 presents a detailed comparison between the predicted load and temperature 

values obtained through numerical simulations with the corresponding measured values obtained 

at a given extrusion speed when the stroke reaches 150 mm for different die geometries. Figure 

4-21 (a) and (b) illustrates the contrast between a representative predicted temperature history and 

the actual measured temperature history, as well as a representative predicted load history and the 

actual measured load history for the 25 mm flat die with an extrusion speed of 26 mm/s, 

respectively. The results show strong agreement between the measured and the predicted curves. 

Figure 4-21 (c) shows the calculated error between predicted temperatures and loads compared to 

the corresponding measured values for all dies at the stroke of 100 mm. The figure showcases two 

to three extrusion speeds for each die, with the error for both the temperatures and loads being 

measured within 8%. The results clearly show that the model’s predicted data exhibits excellent 

agreement with the measured data, providing a reliable basis for further analysis and interpretation 

of the extrusion process under different conditions and die geometries. 
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Figure 4-21 Model verification for different die geometries at varying extrusion speeds by 

comparing the measured load and temperature to the predicted load: (a) and (b) show the 

comparisons of a typical predicted and measured temperature history and a typical predicted and 

measured load history, respectively, for the 25 mm flat die with an extrusion speed of 26 mm/s, 

and (c) presents the calculated error between the predicted temperatures and loads and the 

corresponding measured values for all dies at a stroke of 150 mm. The data incorporated 2-3 

different extrusion speeds. 

  



64 

 

Chapter 5 Results and Discussion 

This chapter presents the findings from the experimental trials and model predictions 

conducted using various die geometries, Cu levels, and different extrusion speeds. The work 

focuses on evaluating their impact on surface cracking, surface temperature, and loads. Initially, 

this chapter begins by presenting the experimental results, specifically highlighting the influence 

of Cu levels on both solidus behavior and hot compression characteristics. 

5.1 Material properties 

 DSC 

5.1.1.1 DSC results 

Figure 5-1 to Figure 5-4 displays the DSC traces of A576, A611, A612 and A613 under 

the conditions of as cast and homogenization respectively. The positions of the samples do not 

affect the overall trend of the measurement much, which implies there is no significant macro 

segregation along the radius of the billet. The curves of the as-cast and homogenized samples show 

similar trends with a large melting peak appearing at approximately 650°C, at which the bulk 

material melts. 

After homogenization some additional peaks emerge on the DSC trace between 200°C and 

300°C, prompting further investigation using C80 calorimetry for precise analysis. Here only A612 

is further analyzed. To achieve this, the samples were cut, ground, and cleaned so that the sample 

could fit in and contact with the bottom of the crucible properly during testing. Pure aluminum 

was used as the reference, having the same weight as the sample. The sample was heated up at the 

rate of 1°C/min from room temperature to 300°C. The DSC curve obtained from this analysis is 
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shown in Figure 5-5. From the curve, three main exothermic reactions are identified and labeled 

as I, II and III. Reaction I occurs at around 125°C and is attributed to the formation of the early 

stage of Si/Mg clusters and nucleation of Guinier-Preston (G.P.) zones. Reaction II and III occur 

at about 210°C and 250°C respectively, indicating the precipitation of β’’ and/or β’, Q’ or some 

other metastable phases. The result is in good agreement with the measurement by Bryant for 

AA6111 [98]. 

 

 

Figure 5-1 DSC traces of the as-cast A576 material and the homogenized A576 material. 
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Figure 5-2 DSC traces of the as-cast A611 material and the homogenized A611 material. 

 

 

Figure 5-3 DSC traces of (a) as-cast A612 material and (b) the homogenized A612 material. 
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Figure 5-4 DSC traces of (a) as-cast A613 material and (b) the homogenized A613 material. 

 

 

Figure 5-5 Measured DSC curve of homogenized A612 obtained from the C80 calorimeter. 

 

5.1.1.2 Determination of the solidus temperature 

Usually, the classical onset temperature of the melting peak on the DSC curve is regarded 

as the melting temperature of the pure material because it is less dependent on the heating rate and 

the sample mass, as shown in Figure 5-6 (b). The classical onset temperature is the temperature at 
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which the base line and the tangent of the peak front intersect. However, for alloys with a broad 

melting interval, there might be some incipient melting at the onset temperature, which is adverse 

to extrusion defects [30]. To account for this, the user-defined method to determine the solidus 

temperature of the alloys was applied in this work [99]. The temperature at which the peak front 

on the DSC curve deviates from the base line is taken as the solidus temperature for the extrusion 

material. The baseline is part of the DSC curve and shows no phase transformation. Using this 

method, the solidus temperatures of the alloys depend on the view scale. For all the curves a 

temperature range of 550-700°C and a DSC range of -0.5 to 0.5W/g are defined for this research. 

Taking A612 as an example, the solidus temperature of the material was found to be approximately 

590°C, as shown in Figure 5-6 (b). 

Using this technique, the solidus temperatures of the as cast and homogenized material are 

summarized in Table 5-1 and the effect of Cu contents on this is shown in Figure 5-7. As the Cu 

content increases from 0 to 0.9, the average solidus temperatures of the as cast materials decrease 

from 597.9°C to 581.3°C, and the average solidus temperatures of the homogenized materials 

decrease from 601.7°C to 583.3°C. Generally, the solidus temperatures of the homogenized 

materials are higher compared with that of the as-cast material. This is because during the 

homogenization process dissolution happens to most of the second phases, which makes the start 

of the melting peak begins at a higher temperature [100]. The solidus temperature is also compared 

with the thermo-calc simulation results of the homogenized material calculated by co-workers at 

University of British Columbia and the simulation results show the same trends and are lower than 

both the as cast and homogenized experimental results. 
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Figure 5-6 DSC results and determination of the solidus temperature of the homogenized 

material: (a) shows the DSC traces of both samples from the edge and center of the billet going 

from room temperature to melting; (b-c) shows how the solidus temperature is determined for the 

material [99]. 
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Table 5-1 Estimated solidus temperature of each material based on DSC tests (°C). 

As-cast Edge Center Avg. Homo. Edge Center Avg. 

A576 

(0% 

Cu) 

597.9 597.9 597.9 A576 600.9 602.4 601.7 

A611 

(0.3% 

Cu) 

591.2 592.3 591.8 A611 592.6 594.2 593.4 

A612 

(0.6% 

Cu) 

589.0 588.9 589.0 A612 590.5 589.4 590.0 

A613 

(0.9% 

Cu) 

581.2 581.4 581.3 A613 583.3 583.3 583.3 

 

 

Figure 5-7 Comparison of the estimated solidus temperature as a function of Cu content for as-

cast and homogenized A576, A611, A612 and A613 from center of the billet and model-

predictions using thermo-calc. 

 



71 

 

 Hot deformation behavior 

5.1.2.1 Hot compression test 

Compression tests were done on GleebleTM 3500 and cam plastometer. For the tests on 

GleebleTM 3500 the test temperatures are 450°C, 500°C and 550°C and the test strain rates are 

0.1/s, 1/s, and 10/s. Three tests were repeated for each condition. Some high strain rate tests were 

done on Cam plastometer considering that the material in the extrusion process goes through high 

deformation, and the accuracy of the constitutive model could be improved by including some 

high strain rate flow stress data. The test temperature is 550°C and the test strain rates are 50/s and 

100/s on the cam plastometer. Three tests were also repeated for each condition for the tests on the 

cam plastometer. 

Figure 5-8, Figure 5-9 and Figure 5-10 shows the true stress-true strain curves of the three 

materials at the deformation temperature of 450°C, 500°C, and 550°C and at the strain rates of 

0.1/s (black), 1/s (red), and 10/s (blue). Figure 5-11 presents the true stress-true strain curves of 

the three materials on Cam plastometer at the deformation temperature of 550°C and the strain 

rates of 50/s (black) and 100/s (red). The solid curve, dash curve, and dot curve curves represent 

the A611, A612, and A613, respectively in all the true stress-true strain curves. 

Notably the flow stress for all the material exhibits a rapid increase to a peak stress level 

due to work hardening. Subsequently stress decreases at a relatively slow rate or stays steady due 

to dynamic softening. It is noteworthy that aluminum alloys, characterized by their high stacking-

fault energy, tend to experience substantial dynamic softening during hot deformation [101]. 

For specific material, as the temperature decreases and the strain rate increases, the flow 

stress tends to rise. Furthermore, dynamic softening, which occurs after reaching the peak stress, 
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tends to manifest at lower strain rates. This is because lower strain rates provide an extended period 

for dynamic softening to take place. Conversely, at higher strain rates, the flow stress tends to 

stabilize as the rate of work hardening due to deformation is balanced against the rate of recovery. 

When comparing the flow stress of the three materials under similar deformation 

conditions, their differences appear relatively minor. Table 5-2 summarized the average flow stress 

data from the true strain of 0.1 to 0.4 for A611, A612, and A613 at varying deformation 

temperatures and strain rates. Taking the flow stress data at 500°C as an example, at strain rates of 

0.1/s, 1/s, and 10/s, the variations in average flow stress between true strains of 0.1 to 0.4 between 

A611 and A612, as well as A612 and A613, are less than 6%. So in this study, a constitutive model 

specifically for A612 was developed and utilized to represent all three materials. 

 

 

Figure 5-8 Measured flow stress at the deformation temperature of 450°C for three materials 

with varying Cu contents (solid line: A611, dash line: A612, dot line: A613) at different strain 

rates (0.1/s-black, 1/s-red, and 10/s-blue) on GleebleTM 3500. 
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Figure 5-9 Measured flow stress at the deformation temperature of 500°C for three materials 

with varying Cu contents (solid line: A611, dash line: A612, dot line: A613) at different strain 

rates (0.1/s-black, 1/s-red, and 10/s-blue) on GleebleTM 3500. 

 

 

Figure 5-10 Measured flow stress at the deformation temperature of 550°C for three materials 

with varying Cu contents (solid line: A611, dash line: A612, dot line: A613) at different strain 

rates (0.1/s-black, 1/s-red, and 10/s-blue) on GleebleTM 3500. 
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Figure 5-11 Measured flow stress at the deformation temperature of 550°C for three materials 

with varying Cu contents (solid line: A611, dash line: A612, dot line: A613) at different strain 

rates of 50/s (black) and 100/s (red,) on cam plastometer. 

 

Table 5-2 Average flow stress data calculated between the true strain of 0.1 to 0.4 for A611, 

A612, and A613 at different deformation temperatures and different strain rates (MPa). 

 450°C 500°C 550°C 

 0.1/s 1/s 10/s 0.1/s 1/s 10/s 0.1/s 1/s 10/s 50/s 100/s 

A611 41.4 50.9 66.1 28.5 39.9 51.4 21.5 25.4 43.8 52.3 54.3 

A612 41.6 54.2 66.4 39.5 41.6 54.8 21.7 26.0 45.2 51.8 54.9 

A613 43.5 55.7 71.8 29.4 42.6 57.4 22.1 29.0 45.8 52.0 58.6 

 

5.1.2.2 Constitutive model 

The Sellars-Tegart constitutive model is commonly used to describe the relationship among 

the flow stress (σ), strain rate (휀̇) and temperature (T). The equation is described as 
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 𝜎 =
1

𝛼
ln[(

𝑍

𝐴
)
1
𝑛 + ((

𝑍

𝐴
)
2
𝑛 + 1)

1
2] 5-1 

 𝑍 = 휀̇exp(
𝑄

𝑅𝑇
) 5-2 

Where 휀̇ is the strain rate of deformation, A, n and α are material constants, Q is the deformation 

activation energy (kJ/mol), R is the gas constant (8.318 J/mol/K), T is the absolute deformation 

temperature (K). The parameters needed for the Sellars-Tegart constitutive model were fitted using 

the average flow stress listed in Table 5-2. 

To determine 𝛼, another set of equations are needed as 

 휀̇ = 𝐴𝑓(𝜎)exp(
−𝑄

𝑅𝑇
) 5-3 

 𝑓(𝜎) = {
𝜎𝑛1(𝛼𝜎 < 0.8)

𝑒𝑥𝑝(𝛽𝜎)(𝛼𝜎 > 1.2)

[𝑠𝑖𝑛ℎ(𝛼𝜎)]𝑛(𝑓𝑜𝑟𝑎𝑙𝑙𝛼𝜎)

 5-4 

 α = β/n1 5-5 

Where β and n1 are all material constants. Substituting Equation 5-4 to Equation 5-3, and then 

take natural logarithm on both sides of the equations, the following equations can be obtained. 

 𝑙𝑛휀̇ = 𝑙𝑛𝐴 + 𝑛1𝑙𝑛𝜎 −
𝑄

𝑅𝑇
 5-6 

 
𝑙𝑛휀̇ = 𝑙𝑛𝐴 + 𝛽𝜎 −

𝑄

𝑅𝑇
 

5-7 

 
𝑙𝑛휀̇ = 𝑛𝑙𝑛[𝑠𝑖𝑛ℎ(𝛼𝜎)] −

𝑄

𝑅𝑇
 

5-8 

Then n1, 𝛽, n can be obtained by the following equations. 

 
𝑛1 = (

𝜕𝑙𝑛휀̇

𝜕𝑙𝑛𝜎
)𝑇 

5-9 
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𝛽 = (

𝜕𝑙𝑛휀̇

𝜕𝜎
)𝑇 

5-10 

 
𝑛 = (

𝜕𝑙𝑛휀̇

𝜕𝑙𝑛[𝑠𝑖𝑛ℎ(𝛼𝜎)]
)𝑇 

5-11 

Through Eq. 5-9, Eq. 5-10, and Eq.5-11, whose figures are shown in Figure 5-12 (a), (b), 

and (c), respectively, the values of n1, 𝛽 and n can be obtained by taking the average slope values 

in the corresponding figure. To calculate Q, first transforming Equation 5-8 into 

 
𝑄 = 𝑛𝑅(

𝜕𝑙𝑛[𝑠𝑖𝑛ℎ(𝛼𝜎)]

𝜕(1/𝑇)
)�̇� 

5-12 

Then Q can be obtained by taking the average slope values in Figure 5-12 (d). Then take 

natural logarithm on both sides of 5-3 

 
𝑙𝑛[𝑠𝑖𝑛ℎ(𝛼𝜎)] =

𝑙𝑛휀̇

𝑛
+

𝑄

𝑅𝑇𝑛
−
𝑙𝑛𝐴

𝑛
 

5-13 

By plotting 𝑙𝑛[𝑠𝑖𝑛ℎ(𝛼𝜎)] vs. 𝑙𝑛휀̇ and fitting linearly, the interception of the lines (I) can be 

calculated. Then A is calculated by the following equation 

 
𝐴 = 𝑒𝑥𝑝(

𝑄

𝑅𝑇
− 𝑛𝐼) 

5-14 

The calculated values of the constitutive model parameters are listed in Table 5-3. 
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Figure 5-12 Relationship of (a) lnε̇ vs. lnσ; (b) lnε̇ vs. σ; lnε̇ vs. ln[sinh(ασ)]; (d) ln[sinh(ασ)] 

vs. 1/T. 

 

The model predicted values of the flow stress are compared with the measured data of all 

three alloys, which is shown in Figure 5-13. The differences between the model predicted flow 

stress and the measured flow stress for all three materials all fall into the ±10% range. So, this 

model was used to represent three materials with different Cu additions in the modeling work. 
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Table 5-3 Constitutive model parameters of A612. 

Material model parameter Value 

A 1.23x1015/s 

α 0.023/MPa 

n 5.99 

Q 225kJ/mol/K 

R 8.314J/mol/K 

 

 

Figure 5-13 Comparison of model predicted flow stress and measured flow stress for A611, 

A612, and A613. The dotted lines represent +/- 10% of the measured data. 

5.2 Extrusion trials 

 Measured load and temperature 

The load histories of the extrusion trials were obtained from the extrusion press and the 

temperature histories of the extrusion trials were measured by the thermocouples located in the die 

bearing. The locations of the thermocouples can be found in Section 4.3. 
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Figure 5-14 shows the typical temperature and load histories of the extrusion trials at 

different extrusion speeds for the 12 mm flat die using the A612 material with an extrusion ratio 

of 70:1 in extrusion trial #1. The left figure shows the measured temperature histories at the 

extrusion speeds of 4 mm/s, 5 mm/s, and 6 mm/s. Referring to Figure 5-14 (a), the temperature 

rises rapidly to 570°C at a stroke of ~25 mm. As the stroke continues to increase the temperature 

rise is relatively small and approached a steady state value of ~570°C for all speeds. The measured 

temperatures increase as the extrusion speed increases because more heat is generated due to the 

faster deformation of the material at a higher extrusion speed. The corresponding measured loads 

are shown in the right figure. Referring to Figure 5-14 (b), the load increases fast to the peak load 

at the stroke of around 20 mm, during which the billet is filling the container, and then the load 

reaches the maximum value when the material breaks out of the die. After reaching the peak value, 

the load decreases smoothly until the end of the extrusion due to the contacting area reduction 

between the billet and the container and reduced friction force. As speed increases there is an 

expected increase in both the breakthrough load and subsequent loads because the material goes 

through a higher strain rate as the extrusion speed increases. 
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Figure 5-14 Typical measured temperature (a) and load (b) histories of the extrusion trials at 

different extrusion speeds for A612 material and with an extrusion ratio of 70:1 in extrusion trial 

#1. 

 

 Extrudate characterization 

All the as-extruded surfaces were characterized by both visual observation and micro-

observation. Micro observation was performed by scanning electron microscopy (SEM) for high 

magnification images of the as-extruded surfaces. This was done at the Zeiss UltraPlus FESEM. 

The peripheral coarse grain (PCG) layers in the cross-section area along the extrusion direction 

were observed by using the microscope with polarized light. In addition, the Keyence VK-X250K 

laser scanning microscope was used for 2D and 3D surface profilometry to measure the surface 

roughness of the extrudates produced by different die geometries with the extrusion ratio of 17:1 

and by different materials A612 and A613 with the 25 mm flat and 35 mm choked dies. The 

samples were prepared from either the front, middle, or back sections of the extrusion profile, as 

shown in Figure 5-15. 
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Figure 5-15 Schematic sample locations from the extrudate for analysis. 

 

Figure 5-16 presents the visual observations of the extrudate surfaces for A612 using a 12 

mm flat die with an extrusion ratio of 70:1. In Figure 5-16 (a), we examined the surface images of 

the extrudates with samples from the back of the extrusion at varying extrusion speeds, ranging 

from 4 mm/s to 10 mm/s. Notably, the extrusion speed has a significant influence on the surface 

morphology, particularly regarding the formation of cracks. Evidently, when the extrusion speed 

is set at 4 mm/s, 6 mm/s, and 8 mm/s, no surface cracks are observable. However, at extrusion 

speeds of 9 mm/s and 10 mm/s, surface cracks begin to manifest. Comparing these two speeds, it 

becomes apparent that at 10 mm/s, the cracks are more pronounced and larger in size. 

In Figure 5-16 (b) and (c), we observe the evolution of the extrudate surface throughout 

the extrusion process, specifically at extrusion speeds of 9 mm/s and 10 mm/s, respectively. At the 

extrusion speed of 9 mm/s, there are no apparent cracks on the surface at the beginning of the 

extrusion, but as the process progresses, surface cracks become evident, particularly on the back 

of the extrudate. Conversely, at the extrusion speed of 10 mm/s, visible surface cracks are 

observable nearly throughout the entire extrusion. The final five bars of the image exhibit 

substantial and densely distributed cracks on the extrudate surface. This surface crack formation 
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at higher extrusion speeds can be attributed to the accelerated temperature increase within the die 

bearing and the elevated strain rate when using a higher extrusion speed. 

 

Figure 5-16 Visual observation of the extrudate surfaces extruded by the 12 mm flat die with an 

extrusion ratio of 70:1, the material is A612: (a) the as-extruded surface images of the extrudates 

from the back of the extrusion with the extrusion speed change from 4-10 mm/s; (b) and (c) 

show how the extrudate surface changes from the beginning to the end of the extrusion process at 

the extrusion speed of 9 mm/s and 10 mm/s respectively. 

 

Figure 5-17 presents the surface morphology by SEM of the samples from the back of the 

extrudates produced by a 12 mm flat die using A612 with an extrusion ratio of 70:1 at varying 

extrusion speeds, with figures (a) to (f) representing the extrusion speeds of 4 mm/s, 6 mm/s, 7 

mm/s, 8 mm/s, 9 mm/s, and 10 mm/s respectively. For figure (a) to (c), the extrusion direction is 
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from the top to the bottom of the figures, and for figure (d) to (f), the extrusion direction is from 

the left to the right of the figures. The lines along the extrusion direction are die lines. As the 

extrusion speed increases, certain changes in the extrudate surface become evident. At lower 

speeds (figure a and b), the extrudate appears smooth and exhibits no surface cracks under SEM. 

However, as the speed increases (c to f), the surface exhibits progressively larger surface cracks, 

indicating clear damage to the extrudate surface during the extrusion process. This can be 

attributed to the faster temperature rise caused by greater work input at higher extrusion speeds. 

Additionally, higher extrusion speeds subject the material to a higher strain rate, resulting in 

increased tensile stress experienced by the material [48]. 

 

 

Figure 5-17 Surface morphology of the back of the extrudates produced by a 12 mm flat die with an 

extrusion ratio of 70:1 using A612 at varying extrusion speed: (a) 4 mm/s, (b) 6 mm/s, (c) 7 mm/s, (d) 8 

mm/s, (e) 9 mm/s, and (f) 10 mm/s by SEM. (ED = Extrusion Direction). 

 

The appearance of the Peripheral Coarse Grain (PCG) growth structure poses a significant 

challenge by introducing microstructure imperfections that notably impact the machinability, 
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mechanical properties. This phenomenon is predominantly observed in high-strength aluminum 

alloys and is intricately linked to the nature of the extrusion process, which involves elevated 

temperatures and significant levels of strain and strain rates. Consequently, this process greatly 

increases the likelihood of forming a coarse grain structure on the surface of the extruded material 

[102]. 

Figure 5-18 illustrates the presence of the Peripheral Coarse Grain (PCG) layer within the 

cross-sectional area perpendicular to the extrusion direction of the extrudates. These extrudates 

were produced using a 12 mm flat die with A612 alloy, with extrusion speeds ranging from 4 mm/s 

to 10 mm/s. This observation was conducted using a microscope equipped with polarized light and 

performed by a colleague at Rio Tinto. 

The thickness of the PCG layer demonstrates an increasing trend as the extrusion speed 

rises. This phenomenon can be attributed to the concurrent rise in strain rate, accumulated strain, 

and temperature rise associated with higher extrusion speeds. This outcome is advantageous for 

promoting grain growth, as discussed in reference [103,104]. However, it is worth noting that the 

PCG layer thickness at an extrusion speed of 6 mm/s deviates from this pattern. This exception 

primarily results from elevated temperatures within the die bearing specifically at this speed, as 

demonstrated in Figure 5-19, even when the extrusion speed remains steady throughout the entire 

extrusion process. 
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Figure 5-18 PCG layer in the cross-section area along the extrusion direction of the extrudates 

produced by the 12 mm flat die with A612 at varying extrusion speed: (a) 4 mm/s, (b) 6 mm/s, 

(c) 8 mm/s, (d) 9 mm/s, (e) 10 mm/s by microscope with polarized light. 

 



86 

 

 

Figure 5-19 Correlation of the measured temperature in the die bearing when the stroke is 150 

mm and the PCG layer thickness of the extrudates produced by the 12 mm flat die using A612 at 

various extrusion speeds using A612. 

 

To examine how the extrusion speed affects the size of the surface cracks, extrudates 

produced by the 25 mm flat die with the material of A612 at various extrusion speeds were 

examined. Four of the longest cracks and four of the widest cracks were picked for measurement 

for each extrusion speed as shown in Figure 5-20. The crack sizes were plotted against the 

extrusion speeds in Figure 5-21. The length and the width of the surface cracks increase fast as the 

extrusion speed increases.  

 



87 

 

 

Figure 5-20 Surface cracks picked from the extrudates generated by the 25 mm flat die with the 

material of A612 and the extrusion speed ranging from 20 mm/s to 31 mm/s for measurement of 

the crack size. 

 

 

Figure 5-21 Surface maximum cracks change with extrusion speed in length (a) and width (b). 

 



88 

 

Figure 5-22 took the natural logarithm of the sizes of the longest and the widest surface 

cracks at different extrusion speeds and plotted them as the function of the extrusion speeds 

respectively. The figure shows that the natural logarithm of the sizes of the surface crack, either 

the width or the length, changes linearly with the extrusion speed. This can be attributed to both 

the temperature rise caused by greater work input at higher extrusion speeds and the higher strain 

rate the material is subject to at a higher extrusion speed, resulting in increased tensile stress 

experienced by the material. 

 

 

Figure 5-22 Relationship between the natural logarithm of (a) the maximum crack length width 

and the extrusion speeds, and (b) the maximum crack width and the extrusion speeds. 

 

Figure 5-23 presents the Electron backscatter diffraction (EBSD) inverse pole figure (IPF) 

map in RD-ND plane of the extrudates produced by zero-bearing die at an extrusion speed of 28 

mm/s using A612 material. This sample was chosen because the surface crack in this extrusion 

penetrates deep to the inside of the extrusion bar and can be observed clearly. It can be observed 

that the big surface crack propagates along the grain boundary and forms a 45° angle compared to 
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the extrusion direction. There are also some small cracks close to the extrudate surface and they 

also initiate from the grain boundary. 

 

 

Figure 5-23 Electron backscatter diffraction (EBSD) inverse pole figure (IPF) map in RD-ND 

plane of the extrudates produced by a zero-bearing die at an extrusion speed of 28 mm/s using 

A612 material. 

 

5.2.2.1 Surface visual observation 

5.2.2.1.1 Effect of extrusion ratio 

Figure 5-24 provides a visual assessment of the extrudate produced using two distinct die 

configurations: (a) a 12 mm flat die with an extrusion ratio of 70:1 and (b) a 25 mm flat die with 

an extrusion ratio of 17:1 using A612 material. These samples were obtained from the back of the 

extrusion. In Figure 5-24 (a), featuring the extrusion ratio of 70:1, no visible cracks are evident on 

the bars within the extrusion speed range of 4 mm/s to 8 mm/s. Surface cracks become apparent at 

extrusion speeds of 9 mm/s and 10 mm/s. Conversely, in Figure 5-24 (b), where the extrusion ratio 
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is 17:1, no visible cracks are observable on the extrudate surface as the extrusion speed varies 

between 20 mm/s and 26 mm/s. However, small visible cracks do appear at extrusion speeds of 28 

mm/s and 31 mm/s. 

Notably, the extrusion ratio shows a significant influence on the extrusion speed at which 

surface cracks occur. Higher extrusion ratios lead to the occurrence of surface cracks at lower 

extrusion speeds. This phenomenon arises due to the higher extrusion ratio, which subjects the 

material to increased strain, strain rate and temperature [105]. All of these factors accelerate the 

occurrence of surface cracks at a lower extrusion speed at the higher extrusion ratio. 

 

 

Figure 5-24 Surface visual observations of the samples from the back of the extrudates produced 

with A612 at various extrusion speed by dies with different extrusion ratios: (a) extrudates 

produced by 12 mm flat die with extrusion ratio of 70:1, (b) extrudates produced by 25 mm flat 

die with extrusion ratio of 17:1. 
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5.2.2.1.2 Effect of die geometry 

Figure 5-25 illustrates the visual inspection of extrusion profile surfaces produced using 

four different die geometries, with (a) 25 mm flat die, (b) 35 mm choked die, (c) zero-bearing die, 

and (d) 12 mm choked die, all under the same conditions: a consistent extrusion ratio of 17:1 and 

utilizing A612 material. Across each die type, multiple extrusion speeds were tested, and all 

samples were prepared from the back of the extrusion. The initial billet temperatures of the trials 

from which the samples were prepared are all between 485°C and 495°C, falling slightly below 

the predetermined billet temperature of 500°C. 

Regarding the 25 mm flat die in Figure 5-25 (a), extrusion speeds ranging from 20 mm/s 

to 31 mm/s were investigated. Notably, no visible surface cracks were observed within the speed 

range of 20 mm/s to 26 mm/s. However, small visible surface cracks began to show at an extrusion 

speed of 28 mm/s and 31 mm/s. For the zero-bearing die in Figure 5-25 (c), the extrusion profile 

surfaces were examined at extrusion speeds of 26 mm/s, 28 mm/s, and 29 mm/s. Among these, no 

surface cracks were observed at the extrusion speed of 26 mm/s, while small visible surface cracks 

significant visible cracks were exclusively observed at an extrusion speed of 28 mm/s and 29 mm/s 

respectively. 

As for the 35 mm choked die in Figure 5-25 (b), no visible surface cracks were evident 

until reaching the maximum extrusion speed of the extrusion press, which is 40 mm/s. For the 12 

mm choked die, the extrusion profiles at speeds of 28 mm/s, 32 mm/s, and 34 mm/s were inspected, 

and no cracks were observed at all speeds. 

From the above analysis it is clear that the die geometry plays a significant role in the 

extrusion surface crack occurrence. For both the 25 mm flat die and the zero-bearing die without 
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choked angle at the die corner, visible surface cracks were observed at the same extrusion speed. 

While for both choked dies no surface cracks were observed at the examined extrusion speeds. 

 

 

Figure 5-25 Surface visual observation of the samples from the back of the extrusion profiles 

extruded by four different die geometries at varying extrusion speed with the same extrusion 

ratio of 17:1 using A612: (a) 25 mm flat die, (b) 35 mm choked die, (c) zero-bearing die, and (d) 

12 mm choked die. 

 

5.2.2.1.3 Effect of Cu 

Figure 5-26 illustrates the surface characteristics observed in samples extruded using a 25 

mm flat die with varying Cu contents in the material. All samples were extracted from the back of 

the extrusion process. The extrusion direction is from the left to the right of the figure. Subfigure 
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(a) of Figure 5-26 displays the extrusion surface produced with material A612, where the extrusion 

speeds ranged from 20-31 mm/s. In contrast, Subfigure (b) of Figure 5-26 exhibits the extrusion 

surface generated with material A613, involving extrusion speeds varying from 5-20 mm/s. 

Evidently, the material composition exerts a discernible influence on the quality of the 

extruded surface. In Figure 5-26 (a), extrudates remain free of visible surface cracks at speeds up 

to 26 mm/s. However, when the extrusion speed reaches 28 mm/s and 31 mm/s, small visible 

cracks become apparent. Conversely, Subfigure (b) of Figure 5-26 shows no visible cracks at 

extrusion speeds of 5 mm/s and 10 mm/s. As the extrusion speed escalates to 15 mm/s, small 

visible cracks begin to emerge, and further increasing the speed to 20 mm/s results in prominent, 

visible cracks. 

Notably, both minor and major visible cracks occur at lower extrusion speeds in the case 

of A613 when compared to the extrusion speed at which A612 displays only minor visible surface 

cracks. This suggests that addition of Cu content makes the material more susceptible to surface 

cracks, which manifest at lower extrusion speeds while all other conditions keep almost constant. 
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Figure 5-26 Surface visual observation of the samples from the back of the extrusion profiles 

extruded by 25 mm flat die using materials with different Cu contents: (a) A612 with extrusion 

speed varying from 20-31 mm/s, and (b) A613 with extrusion speed varying from 5-20 mm/s. 

 

5.2.2.2 Surface observation by SEM 

In this section, we exclusively focus on the impact of die geometry and Cu content on the 

SEM images of the extrudate surface. As for trials involving various extrusion ratios, their SEM 

images are not compared here due to the considerable variation in extrusion speeds, making a 

direct comparison less meaningful. 

5.2.2.2.1 Effect of die geometry 
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Figure 5-27 displays the surface morphology of the samples from the back of the extruded 

length produced by the 25 mm flat bearing using A612, with figures (a) to (f) representing 

extrusion speeds of 20 mm/s, 22 mm/s, 24 mm/s, 26 mm/s, 28 mm/s, and 31 mm/s, respectively. 

The extrusion direction is from the bottom to the top of the images. The longitudinal lines along 

the extrusion direction are die lines. As the extrusion speed increases, certain changes in the 

extrudate surface become evident. At lower speeds (a and b), the extrudate appears smooth and 

exhibits minimal irregularities, with the surface morphology being characterized by small micro-

cracks that are not visible to the naked eye. However, as the speed increases (c to f), the surface 

exhibits progressively larger surface cracks, indicating clear damage to the extrudate surface 

during the extrusion process. 

To gain a more comprehensive understanding of the extrudate produced at the highest 

speed (31 mm/s), Figure 5-27 (g-i) show the surface morphology from different positions on the 

sample: front, middle, and back, respectively. These figures reveal variations in the extrudate's 

surface texture and defect evolution along its length. The front portion has a smooth and relatively 

defect-free surface morphology compared to the more pronounced irregularities at the middle and 

back sections. This observation suggests that the surface quality deteriorates towards the middle 

and back regions. While the strain rate remains constant at a particular extrusion speed, the 

temperature is the primary factor that changes. Initially, the temperature rises rapidly, eventually 

reaching a nearly steady state [41]. This observation suggests that the extrusion process, at an 

initially lower temperature, does not lead to any apparent surface defects but as the surface 

temperature of the extrudate increases as it approaches the middle and back sections, with the 

stresses near the die outlet acting on the surface, distinct surface features begin to appear, as clearly 

seen in Figure 5-27. 
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Figure 5-27 Surface morphology of extrudates produced by a 25 mm flat die using A612 with an 

extrusion speed of (a) 20 mm/s, (b) 22 mm/s, (c) 24 mm/s, (d) 26 mm/s, (e) 28 mm/s, and (f) 31 

mm/s. Figures (g-i) show the surface morphology of the extrudate from the front, middle, and 

back of the sample produced with an extrusion speed of 31 mm/s, respectively. Extrusion 

direction from bottom to top. 

 

Figure 5-28 shows higher magnification images of the surface at the back of extrusions 

produced by a 25 mm flat die at two different extrusion speeds using A612: (a) 20 mm/s and (b) 

26 mm/s. The observations suggest that surface cracking predominantly occurs along the exposed 

grain boundaries of the extrudates. 
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Figure 5-28 Surface crack locations of the extrudate produced by a 25 mm flat die using A612 at 

an extrusion speed of (a) 20 mm/s and (b) 26 mm/s, suggests that surface cracking occurs at 

exposed grain boundaries. 

 

Figure 5-29 shows the surface morphology of extrudates produced by a 35 mm choked 

bearing at various extrusion speeds (ranging from 22 mm/s to 40 mm/s) using A612. No surface 

cracking was observed for any of the extrudates, regardless of the extrusion speed. This is in 

contrast to the previous findings with the 25 mm flat bearing, where significant surface cracking 

was evident. 
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Figure 5-29 Surface morphology of extrudates produced by a 35 mm choked die using A612 

material with an extrusion speed of (a) 22 mm/s, (b) 26 mm/s, (c) 30 mm/s, (d) 34 mm/s, and (e) 

40 mm/s. 

 

Figure 5-30 and Figure 5-31 present a comparative analysis of the surface morphology of 

extrudates produced by the 12 mm choked and zero-bearing dies, respectively using A612. Notably, 

similar to the 35 mm choked die, the 12 mm choked die exhibits resistance to surface cracking, 

regardless of the extrusion speed. In Figure 5-30 (a-c), where extrusion speeds range from 28 mm/s 

to 34 mm/s, there is a consistent absence of surface cracks in all extrudates. 

In contrast, the extrudates produced with the zero-bearing die (Figure 5-31) reveal a 

different behavior. At slower extrusion speeds (26 mm/s), the surface morphology in Figure 5-31 

(a) appears relatively smooth, showing relatively minimal defects. However, as the extrusion speed 

increases, Figure 5-31 (b-c) display a pronounced presence of cracks on the surface. At high speeds, 

the cracks become more significant and extensive, compromising the overall quality of the 

extrudate. These observations imply that the zero-bearing die design is less effective in mitigating 
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stress concentrations, especially at higher extrusion speeds, leading to the development of surface 

cracks. 

 

Figure 5-30 Surface morphology of extrudates produced by a 12 mm choked die using A612 

with an extrusion speed of (a) 28 mm/s, (b) 32 mm/s, and (c) 34 mm/s. 

 

 

Figure 5-31 Surface morphology of extrudates produced by a zero-bearing die using A612 with 

an extrusion speed of (a) 26 mm/s, (b) 28 mm/s, and (c) 29 mm/s. 

 

The comparison between the various die designs clearly demonstrates the superior 

performance of the choked dies in preventing surface cracking of AA6xxx alloys during extrusion, 

even under varying extrusion speeds. The choked die’s ability to maintain a controlled extrusion 

process and distribute stress more evenly ensures a defect-free surface in the extrudates. In contrast, 

the flat die and the zero-bearing die show a vulnerability to surface cracking, particularly at higher 

extrusion speeds, indicating the importance of selecting appropriate die designs to achieve high-

quality extruded products with AA6xxx alloys. 
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Figure 5-32 provides a comprehensive comparison of the as-extruded surface morphology 

of samples from the back of the extrudates produced using the four different die geometries 

discussed earlier, at a constant extrusion speed of 26 mm/s (28 mm/s for the 12 mm choked die) 

using A612 material. To capture the maximum damage in the extrusion profile’s surface 

morphology, the samples were taken from the back of the extrudate. The observations in the figure 

shed light on the performance of each die design in terms of surface morphology and integrity. At 

the specified extrusion speed, both the 25 mm flat die and the zero-bearing die exhibit surface 

cracks on the as-extruded profiles (Figure 5-32 a & c). These cracks are clear indicators of stress 

concentration and potential material defects, which could compromise the overall quality and 

structural integrity of the extrudates. In contrast, the extrusion profiles produced using the two 

choked dies show a markedly different behavior. While there are no visible cracks on the surfaces 

of these extrudates, grain boundaries are also clearly discernible at this magnification (Figure 5-32 

b & d). This suggests that the choked dies successfully prevent surface cracking, highlighting their 

superior ability to maintain a stress distribution that prevents surface defects from forming during 

the extrusion process. 
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Figure 5-32 Surface morphology comparison of extrusion profiles produced by four die 

geometries from the back of the extrudates and at a similar extrusion speed using A612 material: 

(a) 25 mm flat die at 26 mm/s; (b) 35 mm choked die at 26 mm/s; (c) zero-bearing die at 26 

mm/s; and (d) 12 mm choked die at 28 mm/s. Extrusion direction from bottom to top. 

 

5.2.2.2.2 Effect of Cu  

Figure 5-33 shows the surface morphology of extrudates produced using materials with 

different Cu contents. In Figure 5-33 (a) and (b), the extrudates were produced using the 25 mm 

flat die and at an extrusion speed of 20 mm/s, utilizing the A612 and A613 respectively. Small 

micro-sized cracks scattered across the surface were observed in Figure 5-33 (a), with the cracks 

appearing along the boundaries of individual grains, as shown by Figure 5-33 (a1). In contrast, the 

extrudates generated with a higher Cu content material A613 using the same flat die and extrusion 

speed in Figure 5-33 (b) exhibited notably larger surface cracks when compared to the A612 
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extrudates. The cracks were again predominantly concentrated along the grain boundaries as 

evidenced by Figure 5-33 (b1). The addition of Cu lowers the solidus temperature of the material, 

which is mentioned in literature [106,107] and also observed in the DSC tests conducted in this 

work, where the A612 material had a solidus temperature of around 590°C while the A613 sample 

showed a lower solidus temperature of about 583°C. When the extrusion speed is the same, both 

materials reach the same or similar maximum temperature during the extrusion process. However, 

for A613 a larger portion of the grain boundaries melted, which makes the extrusion with A613 

can induce surface cracks easier when the stress of the material went through is the same. 

The extrudates produced using the 35 mm choked die showed that both the A612 samples 

Figure 5-33 (c)and the A613 samples Figure 5-33 (d) had no visible surface cracks, indicating that 

even with higher Cu content, the 35 mm choked die cannot induce surface cracks. Clear grain 

boundaries can be observed in both the figures, with the one extruded from A613 showing a bigger 

grain size. 
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Figure 5-33 Surface morphology of extrudates produced using materials with different Cu 

contents. (a) and (b) are surface morphology images of A612 and A613, respectively, extruded 

by a flat die at an extrusion speed of 20 mm/s, (a1) and (b1) are the high magnification images of 

(a) and (b) showing the crack location respectively; (c) and (d) are surface morphology images of 

A612 and A613 extruded by 35 mm choked die at an extrusion speed of 22 mm/s and 20 mm/s 

respectively. 
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5.2.2.3 PCG layer 

This section discussed the effect of die geometry and Cu content on the extrudates. The 

effect of the extrusion ratio is not discussed because in the extrusion trials using dies with different 

extrusion ratios the extrusion speed is totally different, which makes it is meaningless to compare 

the microstructure. 

5.2.2.3.1 Effect of die geometry 

Figure 5-34  presents microstructure images of cross sections perpendicular to the extrusion 

direction of the extrudates from the back of the extrusion. These were obtained from various die 

configurations using A612 material: (a) a 25 mm flat die, (b) a zero-bearing die, (c) a 12 mm 

choked die, and (d) a 35 mm choked die . The extrusion speed was set at 26 mm/s for all dies, 

except for the zero-bearing die, which used an extrusion speed of 28 mm/s, which is in order to 

make the starting billet temperature keep similar for all dies. 

The microstructural observations reveal that both the 25 mm flat die and the zero-bearing 

die produce a PCG layer with similar thickness. Comparatively, the PCG layer from the 12 mm 

choked die is slightly thinner than those produced by the 25 mm flat and zero-bearing dies. The 

35 mm choked die yields the thinnest PCG layer. 

In a related study by Mahmoodkhani et al. [87], extrusion trials were conducted using both 

the zero-bearing and 35 mm choked die under the same extrusion conditions. The results indicated 

a close connection between the PCG layer thickness and the stored energy within the extrudates. 

The equation they used to calculate the stored energy is proportional to the flow stress of the 

material. By using FEM they calculated that the zero-bearing die exhibited a higher stored energy 

(approximately 5%) across the extrudate radius compared to that of extrudates produced by the 35 

mm choked die. 
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Our results align with the result of this research. The extrudates produced by the 35 mm 

choked die experience a lower stress at the die corner compared to the 25 mm flat and zero-bearing 

dies, which results in a thinner PCG layer. This is discussed in detail in Section 5.3. It can also be 

concluded that as the choked angle increases, the PCG layer thickness decreases when comparing 

the PCG layers from both the choked dies. 

 

 

Figure 5-34 Microstructure images of the cross section perpendicular to the extrusion direction 

of the back extrudates produced by: (a) 25 mm flat die (b) zero-bearing die, (c) 12 mm choked 

die, and (d) 35 mm choked die at an extrusion speed of 26 mm/s for all die except the zero-

bearing die (28 mm/s) using A612. 

 

5.2.2.3.2  Effect of Cu 
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Figure 5-35 depicts the PCG layer microstructure of the cross section perpendicular to the 

extrusion direction of the samples from back of the extrusion extruded by two dies, with each die 

two materials A612 and A613 being extruded at the same and/or similar extrusion speed. In Figure 

5-35 (a) and (b), it shows the microstructure images of A612 and A613, respectively, which were 

extruded using the 25 mm flat die at an extrusion speed of 20 mm/s. It is noteworthy that the 

samples from A613 exhibit a slightly thicker PCG layer compared to A612. When the extrusion 

condition is the same, the strain, strain rate and the temperature that the material goes through are 

the same. Because A612 exhibits a higher solidus temperature than A613, the temperature increase 

percentage of A613 is higher than that of A612 compared to the solidus temperature at the same 

stage of the extrusion. Higher temperature during the extrusion process is beneficial to 

recrystallization, which is probably the reason for a thicker PCG layer in A613. 

In Figure 5-35 (c) and (d), it presents microstructure images of samples prepared from 

A612 and A613 extrudates, extruded by the 35 mm choked die at extrusion speeds of 22 mm/s and 

20 mm/s, respectively. The microstructure of A612 shows an obvious thinner PCG layer compared 

to that of A613. This can be attributed to the slightly higher starting billet temperature (~10°C) for 

A613 on one side; on the other side A613 has lower solidus temperature and can be reached at a 

relatively stage of the extrusion. Both the reasons result in a much thicker PCG layer in Figure 

5-35 (d). No matter which die is used, the increase in Cu content promotes the formation of PCG 

layer and a thicker PCG layer is observed in the extrudates with a higher Cu content. 

However in some literature, it is mentioned that Cu content increases the retarding force of 

recrystallization by increasing the number of intermetallic particles and dispersoids [108,109]. So 

Cu has a negative effect on the formation of PCG layer. The effect of Cu on the intermetallic 
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particles and dispersoids in the microstructure has not been studied yet in this research, but it is 

believed that the solidus temperature plays a more important role in the formation of the PCG layer.  

 

 

Figure 5-35 Microstructure images of the cross section perpendicular to the extrusion direction 

using materials with different Cu contents: (a) and (b) are microstructure images of A612 and 

A613, respectively, extruded by a flat die at an extrusion speed of 20 mm/s; (c) and (d) are 

microstructure images of A612 and A613 extruded by choked die at an extrusion speed of 22 

mm/s and 20 mm/s respectively. 

 

5.2.2.4 Surface roughness 

5.2.2.4.1  Effect of die geometry 
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Figure 5-36 presents a comparison of surface roughness for extrudates produced by the 

four different die geometries using A612, at a similar extrusion speed. The roughness values for 

each die configuration are as follows: 0.77μm for the 25 mm flat die, 0.43μm for the 35 mm choked 

die, 0.61μm for the zero-bearing die, and 0.40μm for the 12 mm choked die. A lower roughness 

value indicates a smoother surface. Accordingly, the two choked dies exhibit relatively lower 

roughness values compared to the 25 mm flat die and the zero-bearing die. 

The variation in surface roughness can be attributed to the observed cracking behavior in 

the extrudates. As Figure 5-36 reveals, surface cracks are evident in the extrusion profiles produced 

by the 25 mm flat die and the zero-bearing die. These cracks contribute to increased surface 

roughness due to the disruption of the smooth surface, introducing irregularities and imperfections. 

In contrast, the extrusion profiles generated by the two choked dies show significantly smoother 

surfaces with minimal or no surface cracks, resulting in lower roughness values. This observation 

further emphasizes the importance of die geometry in influencing not only surface cracking but 

also the overall surface quality of the extrudates. 

The data from Figure 5-36 reinforces the correlation between die design, surface cracking 

behavior, and surface roughness of AA6xxx alloy extrudates. The choked dies exhibit superior 

performance in achieving smoother surfaces, which is advantageous for applications requiring 

high-quality extruded products. The reduced surface roughness achieved by the choked dies is a 

result of their ability to mitigate stress concentrations and prevent surface cracking, underscoring 

the importance of proper die design to optimize product quality. These results provide valuable 

insights into the selection and optimization of die geometries for extrusion processes involving 

AA6xxx alloys, ultimately enhancing the quality and performance of the final extrudates. 
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Figure 5-36 3D surface roughness and laser confocal micrography images showing the 

comparison of extrusion profiles produced by four die geometries using A612 at a similar 

extrusion speed: (a) 25 mm flat die at 26 mm/s; (a) 35 mm choked die at 26 mm/s; (a) zero-

bearing die at 26 mm/s; and (a) 12 mm choked die at 28 mm/s. Extrusion direction is from the 

bottom to the top of the figure. 

 

5.2.2.4.2 Effect of Cu 

Figure 5-37 presents the measured surface roughness images of the extrudates produced 

with materials with different Cu contents. The samples were all taken from the back of the 

extrudates. In Figure 5-37 (a) and (b), the extrudates were produced using the 25 mm flat die and 

at an extrusion speed of 20 mm/s, utilizing the A612 and A613 respectively. The surface roughness 
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images of the 3D profilometry images show roughness values of 0.41μm and 1.73μm for A612 

and A613, respectively. The big difference in surface roughness values is mainly caused by the 

big difference in surface crack size. 

Figure 5-37 (c) and (d) show the surface roughness images of the extrudates produced with 

A612 and A613 using a 35 mm choked die at extrusion speed of 22 mm/s and 20 mm/s respectively. 

These two images have a roughness value of 0.47μm and 0.86μm, respectively, clearly showing 

that the extruded surfaces get rougher with the addition of Cu. This is because the temperature is 

closer to the solidus temperature of the material with a higher Cu addition. 

 

 

Figure 5-37 Surface roughness images of the samples taken from the back of the extrudates with 

different Cu contents: (a) and (b) are surface roughness of A612 and A613, respectively, 

extruded by a flat die at an extrusion speed of 20 mm/s; (c) and (d) are surface roughness of 

A612 and A613 extruded by choked die at an extrusion speed of 22 mm/s and 20 mm/s 

respectively. 
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5.3 Model predictions 

In the Finite Element Method (FEM) modeling, the constitutive model based on A612 was 

applied to all three materials with varying Cu content. This decision was made due to the minimal 

effect Cu appeared to have on the high temperature flow stress behavior. Consequently, the model-

predictions for stress, temperature and load are the same for all three materials when subjected to 

similar extrusion conditions, including die geometry, extrusion speed and billet temperature. As a 

result, this section is primarily dedicated to the analysis of stress and temperature variations arising 

from different extrusion ratios and die geometries. 

Considering that the material goes through the most severe plastic deformation at the die 

corner, and the extrudate surface then continues to interact with the die bearing, the numerical 

modelling analysis was therefore focused on the stress and temperature distribution at the die 

corner and along the die bearing. 

 Effect of extrusion ratio 

Figure 5-38 shows the distribution of all the calculated stress components at the die corner 

from the center to the surface of the billet for the dies using A612 with an extrusion ratio of 17:1 

in Figure 5-38 (a) and extrusion ratio of 70:1 in Figure 5-38 (b) at the same extrusion speed of 6 

mm/s, while Figure 5-39 shows the corresponding temperature distribution. The stress curves 

change from negative value (indicating a compressive load) to positive value (indicating a tensile 

load) from the center to the surface of the billet with the maximum value being reached at the 

surface, implying that the surface of the sample is prone to cracking. The following stresses have 

been calculated and shown in the figure: σR is the radial stress, σRZ is the shear stress, σθ is the 

hoop stress, and σZ is the longitudinal stress. 
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Figure 5-38 Model-predicted stress components from the center to the surface at the die corner at 

an extrusion speed of 6 mm/s for dies with an extrusion ratio of: (a) 17:1, (b) 70:1 at a stroke of 

150 mm using A612. 

 

Figure 5-38 (a) shows the stress component distribution of the die with an extrusion ratio 

of 17:1. σθ, σR and σZ change in a similar trend from the center to the surface of the billet, among 

which σZ is the highest and is approximately 50 MPa. σRZ is almost entirely below zero, which 

implies that this is a compressive stress and therefore does not contribute to the formation of 

surface cracks. Figure 5-38 (b) shows the stress component distribution of the die with an extrusion 

ratio of 70:1. σRZ in this figure is similar as than in Figure 5-38 (a) and almost fully below zero. 

σθ, σR and σZ show the same trend as the same stress in Figure 5-38 (a), and the magnitude of them 

are also close. A higher extrusion ratio means a smaller opening at the die exit. When the billet 

diameter is the same, the billet that goes through a smaller opening gets to be extruded to a longer 

profile, which implies that the material experiences a higher stress along the extrusion direction. 

At the same time the temperature is also higher due to more work input, which is shown in Figure 

5-39. 
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Figure 5-39 shows the corresponding temperature distribution across the billet from the 

center to the surface at die corner for dies with different extrusion ratios at an extrusion speed of 

6 mm/s and a stroke of 150 mm using A612. The temperature consistently rises from the billet’s 

center to its surface due to material deformation and interaction with the die bearing. Obviously, 

the temperature for the die with the extrusion ratio of 70:1 is much higher than the temperature for 

the die with the extrusion ratio of 17:1 due to more severe deformation the material experienced 

when the material passed through a smaller die exit. 

 

 

Figure 5-39 Model-predicted temperature distribution from the center to the surface of the billet 

at die corner at an extrusion speed of 6 mm/s by dies with an extrusion ratio of 17:1 and 70:1 at a 

stroke of 150 mm. The starting billet temperature is 480°C and material is A612. 

 

Figure 5-40 (a) and (b) depict contour maps of σZ (stress), while Figure 5-40 (a1) and (b1) 

provide corresponding contour maps of temperature. These maps related to dies with extrusion 
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ratios of 17:1 and 70:1, respectively. The material used is A612. The results indicate a common 

trend for both dies: stress and temperature exhibit pronounced concentration primarily at the die 

corner. Notably, in the die with an extrusion ratio of 17:1, the stress is similar to that of the die 

with an extrusion ratio of 70:1, but the temperature level at the die bearing region is lower 

compared to the die featuring an extrusion ratio of 70:1. 
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Figure 5-40 Model-predicted σZ and temperature contour map at the die bearing region for die 

with extrusion ratio of 17:1 (a and a1) and 70:1 (b and b1) at the extrusion speed of 6 mm/s at a 

stroke of 150 mm with A612. 

 

Figure 5-41 provides insight into the distribution of σZ and temperature along the die 

bearing for dies with different extrusion ratios using A612. As identified in the contour maps, 

Figure 5-41 confirms that in both dies, the highest stress and temperature point were at the die 
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corner. Both the stress and the temperature are higher for the die with a smaller extrusion ratio. 

This outcome aligns with the stress contour map showcased in Figure 5-40Figure 5-44. 

 

 

Figure 5-41 Model-predicted (a) σZ and (b) temperature distribution along the die bearing for 

dies with extrusion ratio of 17:1 and 70:1 at a stroke of 150 mm at the extrusion speed of 6 mm/s 

with material A612. 

 

 Effect of die geometry 

Figure 5-42 shows the distribution of all the calculated stress components for different dies 

using A612 at the die corner from the center to the surface of the billet at the same extrusion speed 

of 26 mm/s, with Figure 5-43 showing the corresponding temperature distribution. All the stress 

curves have a negative value (indicating a compressive load) or change from a negative to positive 
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value (indicating a tensile load) from the center to the surface of the billet with the maximum value 

being reached at the surface, implying that the surface of the sample is prone to cracking. The 

following stresses have been calculated and shown in the figure: σR is the radial stress, σRZ is the 

shear stress, σθ is the hoop stress, and σZ is the longitudinal stress. 

Figure 5-42 (a) shows the stress component distribution of the 25 mm flat die. σZ is the 

highest among them and it is approximately 50 MPa. σRZ is almost entirely below zero, which 

implies that this is a compressive stress and therefore does not contribute to the formation of 

surface cracks. Figure 5-42 (c) shows the stress component distribution of the zero-bearing die. 

When comparing Figure 5-42 (a) to (c), the results show that each stress component is very similar 

to its counterpart. σZ in Figure 5-42 (c) is also the highest close to the surface. Both the extrudates 

of the 25 mm flat die and zero-bearing die showed surface cracks at this speed and the size of the 

cracks were observed to be very similar. It is reasonable to conclude from the results that σZ is the 

main stress factor that causes the surface cracks. This observation is in agreement with the 

literature [50]. Figure 5-42 (b) and (d) show the stress component distribution of the 35 mm choked 

die and 12 mm choked die, respectively. The stress close to the surface for the 35 mm choked die 

was much smaller compared to the 25 mm flat die and the zero-bearing die. In fact, the stress 

components were either all negative at the surface or they had a relatively smaller value, which is 

the reason why no cracks were observed for the 35 mm choked die. σZ in Figure 5-42 (d) was also 

smaller when compared to that of the 25 mm flat die and the zero-bearing die, calculated to about 

40 MPa at the surface, explaining why no surface cracks were observed for the 12 mm choked die 

at the same extrusion speed. However, at a higher extrusion speed of 36 mm/s, surface cracks were 

observed for the 12 mm choked die. 
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Figure 5-42 Model-predicted stress components from the center to the surface at the die corner at 

an extrusion speed of 26 mm/s for: (a) 25 mm flat die, (b) 35 mm choked die, (c) zero-bearing 

die, and (d) 12 mm choked die using the material A612 and a starting billet temperature of 

500°C. 

 

Figure 5-43 shows the corresponding temperature distribution across the billet from the 

center to the surface at die corner for different dies using A612 during extrusion at a speed of 26 

mm/s. The temperature consistently rises from the billet’s core to its surface due to material 

interaction with the die and intense deformation. Notably, the results show that the surface 

temperature of the 25 mm flat die and the zero-bearing die were nearly identical. These 

temperatures remain well below the solidus temperature, which is predicted to be around 570°C. 

Comparatively, the surface temperature of the 35 mm choked die and the 12 mm choked die were 

slightly higher, about 10°C, than that of the non-choked dies. However, even with the elevated 

temperature, the relatively lower σZ stress at the die corner for the 12 mm choked die was 
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insufficient to induce surface cracks. The extrusion trials verify the numerical results, as surface 

cracks were only observed for the 12 mm choked die when the extrusion speed exceeded 36 mm/s, 

which induced a high enough stress at the surface to cause cracking. 

 

 

Figure 5-43 Model-predicted temperature distribution from the center to the surface of the billet 

at die corner for all die geometries using A612 at an extrusion speed of 26 mm/s. 

 

Figure 5-44 (a-d) illustrates contour maps of σZ, for the 25 mm flat, 35 mm choked, zero-

bearing, and 12 mm choked dies using A612, respectively. Additionally, the temperature 

distribution is shown in a1-d1 for the corresponding dies. The results show that for the 25 mm flat 

and the zero-bearing dies, the stress is concentrated predominantly at the die corner. However, the 

zero-bearing die exhibits a larger region with the stress exceeding 15 MPa compared to the 25 mm 

flat die. The material right at the die front near the die corner has a sticking condition with the die. 

When the material just exits the die corner, the friction within the die bearing in the 25 mm flat die 

hinders material flow, which results in reduced displacement of the material compared to the 

material that has s sticking condition with the die. This contrasts with the zero-bearing die, where 
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material flow encounters no restriction when the material has moved past the die corner. In contrast, 

the results show that the stress contour patterns for the 35 mm choked die and the 12 mm choked 

die are completely different. In the case of the 35 mm choked die, the upper part of the die mainly 

exhibits compressive stress with a very small area showing lower tensile stress close to the die 

corner, while the lower part is under tension. Notably, only a minimal area exhibited stress values 

exceeding 15 MPa compared to the other three dies. For the 12 mm choked die, two stress 

concentration regions were observed along the bearing, i.e., one at the die corner and the other at 

the middle of the die bearing. In both regions the area where the stress was above 15 MPa was 

relatively small compared to the 25 mm flat and zero-bearing dies, again explaining why the 

choked die bearings are more resistant to cracking. 
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Figure 5-44 Model-predicted σZ and temperature contour map at the die bearing region for the 

different die types using A612: the 25 mm flat die (a, a1), the 35 mm choked die (b, b1), the 

zero-bearing die (c, c1), and the 12 mm choked die (d, d1) at a stroke of 150 mm. 

 

Figure 5-45 (a) provides insight into the distribution of σZ along the die bearing for all four 

dies using A612. As identified in the contour maps, Figure 5-45 confirms that in the case of the 25 

mm flat and zero-bearing dies, the highest stress point was at the die corner. In contrast, for the 12 

mm choked die, which features a 1° choke angle, the stress concentration was still present at the 

die corner, but with a significantly reduced magnitude. A different trend was observed for the 35 

mm choked die, which was characterized by a 3° choked angle. The maximum stress was moved 

away from the die corner to the middle of the die bearing, and its magnitude was lower than that 

observed in the other three dies. This outcome aligns with the stress contour map showcased in 

Figure 5-44. 
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Figure 5-45 Model-predicted (a) σZ and (b) temperature distribution along the die bearing for all 

four dies using A612 at the stroke of 150 mm at an extrusion speed of 26 mm/s. 

 

Upon examining the temperature contour map shown in Figure 5-44 (a1-d1), it is evident 

that both the 25 mm flat and zero-bearing dies exhibited comparatively lower temperatures in the 

die bearing region, which contrasted with the choked dies. Clearly, the highest temperature was 

observed at the die corner for the 25 mm flat die and the zero-bearing die, while the temperature 

along the die bearing area was slightly elevated for the zero-bearing die when compared to the flat 

die. This distinction was also captured in Figure 5-45 (b). The explanation for this phenomenon is 

that even though friction at the die bearing generates heat concurrently, the die bearing of the 25 

mm flat die absorbs a portion of the heat produced on the surface of the extrudates. In contrast, for 

the choked dies, the temperatures along the bearing were much higher and the temperature was 

observed to reach the solidus of the material. For the 12 mm choked die, the maximum temperature 
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occurred at the die corner, while the maximum temperature of the 35 mm choked die was observed 

at the middle of the die bearing. The results show that when the choke angle increases, the location 

of the maximum σZ and the maximum temperature shifts from the die corner to the middle of the 

die bearing. Additionally, an increase in the choke angle corresponds to a reduction in the 

maximum σZ while at the same time leading to an elevation in the peak temperature. 

 Stress and temperature conditions that lead to cracking 

Figure 5-46 displays the model prediction for temperature and the corresponding σZ at the 

die corner at varying extrusion speeds all four dies with four dies (25 mm flat die, zero-bearing 

die, 12 mm choked die and 35 mm choked die) with an extrusion ratio of 17:1 and one die (12 mm 

flat die) with an extrusion ratio of 70:1 using A612. The colors used in the figure represent the 

surface morphology observed in the extrusion trials: Green signifies an absence of surface cracks, 

Orange indicates the presence of micro cracks, and Red denotes the visibility of surface cracks. 

The dash line is an approximate line that separates the areas where there are surface cracks and 

there are no surface cracks. 

In each extrusion speed for die with an extrusion ratio of 17:1, data regarding the 

temperature and σZ values at the front, middle, and back of the extrusion are extracted through 

post-processing of the simulation results. In the case of the 35 mm choked die, the figure displays 

both temperature and σZ values at both the die corner and the middle of the die bearing. This is 

due to the behavior observed in this die, where both the maximum temperature and maximum σZ 

have shifted towards the middle of the die bearing. Notably, among all four dies, the highest stress 

is observed in both the 25 mm flat and zero-bearing dies. Micro cracks start to appear at 

approximately 563°C for the 25 mm flat die and around 570°C for the zero-bearing die. The 

temperature difference is because for the 25 mm flat die, the simulation data from the extrusion 
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speeds of 22 mm/s, 24 mm/s, 26 mm/s and 28 mm/s is plotted, while for the zero-bearing die, the 

simulation data from the extrusion speeds of 24 mm/s, 26 mm/s and 28 mm/s is plotted. In contrast, 

the 12 mm choked die exhibits relatively lower stress levels, and surface cracks only become 

visible at the back of the extrusion when the temperature reaches the solidus temperature. However, 

in the case of the 35 mm choked die, stress levels are significantly lower compared to the other 

three dies, especially the data at the bottom of the figure extracted from the die corner. 

The surface cracks tend to occur at the up-right corner of the σZ-temperature figure, where 

both the stress and temperature are relatively high compared to the lower left corner of the figure 

for all the dies except the 35 mm choked die. For the 35 mm choked die, although the temperatures 

reach the solidus temperature for some conditions, cracking is not initiated due to the lower stress. 

Therefore, both the temperature and the stress state play important roles in surface crack formation. 

The dash line separates the areas where there were observed and micro cracks (above the line) and 

the region where no surface cracks were observed (below the line). The relationship between the 

stress and temperature is provided in Equation 5-15: 

 𝜎𝑍 = −0.65𝑇 + 422.6 5-15 

For each extrusion speed for die with an extrusion ratio of 70:1, only the data regarding the 

temperature and σZ values at the back of the extrusion are extracted through post-processing of the 

simulation as this is where observations were made. For the extrusion trial without surface cracks, 

the predicted stress and temperature falls below the dash line, while for the extrusion trial with 

surface cracks, the corresponding predicted stress and temperature  are above the dash line. 

However, for certain die except the 35 mm choked die, it is evident that stress levels alone 

do not reliably distinguish between scenarios with and without cracks. Instead, temperature 
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emerges as the more critical factor contributing to the occurrence of surface cracks. Therefore, the 

temperature is used as a criterion to help construct the extrusion limit diagram. 

 

 

Figure 5-46 Model predicted temperature and corresponding σZ at the die corner at varying 

extrusion speeds for all die geometries for A612. For die with ER=17:1 the data at the front, 

middle and back of the extrusion is extracted. For die with ER=17:1 the data at the front, middle 

and back of the extrusion is extracted. Different colors refer to the corresponding surface 

morphology observed in the extrusion trial with Green indicating no surface cracks, Orange 

indicating micro cracks, and Red indicating visible surface cracks. For the 35 mm choked die, 

both the data at the die corner and middle of the die bearing is plotted. 

 

Figure 5-47 presents the model prediction for surface temperature using a homologous 

temperature so that alloys with different Cu levels and different solidus values could be compared 

on a similar graph. The corresponding σZ at the die corner for varying extrusion speeds and all for 
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A612 and A613 using the 25 mm flat die with “■” representing A612 and “□” representing A613. 

As expected for both the materials the predicted stress is essentially the same but does decrease 

very slightly as the temperature increases. Referring to Figure 5-47, we can see that as we increase 

the temperature and get beyond ~0.95Thomologous, which is 560.5°C for A612 and 553.9°C for A613, 

surface cracks start to appear and become more pronounced as the surface temperature continues 

to increase. The extrusion speeds do not show an obvious effect on the predicted stress because 

when the extrusion speed increases, the stress decreases due to the rise in temperature. 

 

 

Figure 5-47 Model predicted z at the die corner and temperature (corresponding homologous 

temperature) at the die corner at varying extrusion speeds for materials A612 and A613 using the 

25 mm flat die. 
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5.4 Construction of extrusion limit diagram (ELD) 

The extrusion limit diagram (ELD) graphically defines a workable area (i.e., the process 

window) for an extrusion process. It can be used to provide guidelines for the choice of extrusion 

parameters that can be used for a given alloy. To illustrate how they are developed, we can use the 

A612 material and the 25 mm flat die as an example to explain this method. 

Utilizing the verified mathematical model of the extrusion process as a foundation, a series 

of numerical simulations for different extrusion speeds and starting billet temperatures were run 

first. For uniformity, the tooling temperature remained constant across all billet temperature 

variations. Specifically, the container, feeder, and die were maintained at a temperature of 480°C, 

while the dummy block was set to 450°C. We selected three distinct billet temperatures, namely, 

475°C, 500°C, and 525°C. At each of these billet temperatures, we opted for three different 

extrusion speeds. A concise summary of the chosen billet temperatures and extrusion speeds for 

the simulations can be found in Table 5-4. 

 

Table 5-4 Extrusion simulations run for 25 mm flat die (A612) to construct ELD. 

Billet temperature (°C) 475 500 525 

Extrusion speed (mm/s) 20, 25, 30 15, 20, 25 10, 15, 20 

 

After completing the simulations, the maximum surface temperature achieved during each 

extrusion simulation was retrieved at a 150 mm stroke through post-processing in DEFORMTM 

2D. These results were then plotted in Figure 5-48. Notably, it becomes apparent that, under 

specific starting billet temperatures, the anticipated maximum temperature at a 150 mm stroke 



128 

 

exhibits a linear correlation with the extrusion speed. Should a particular maximum temperature 

be desired at the same stroke and starting billet temperature, one can determine the required 

extrusion speed using this linear relationship. 

For the purposes of this study, three maximum temperature thresholds were selected to 

represent conditions where surface cracking may occur, serving as upper processing limits: the 

solidus temperature, solidus temperature minus 10°C, and solidus temperature minus 20°C. In the 

context of A612, these three maximum temperature limits equate to 570°C, 580°C, and 590°C, 

respectively. For each of these temperature limits, the necessary extrusion speeds were calculated 

and summarized at various starting billet temperatures, as detailed in Table 5-5. 

 

 

Figure 5-48 Model predicted relationship between the predicted maximum temperature and the 

extrusion speed at the stroke of 150 mm for different starting billet temperature by 25mm flat die 

using A612. The symbols represent the model predicted. 
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Table 5-5 Model predicted maximum extrusion speed (to reach the temperature limit) for 

different starting billet temperature by 25mm flat die using A612 material. 

Temperature limit 

Billet temperature 

570°C 580°C 590°C 

475°C 21 mm/s 32 mm/s 43 mm/s 

500°C 11 mm/s 19 mm/s 28 mm/s 

525°C 7 mm/s 11 mm/s 15 mm/s 

 

To determine the maximum achievable speed for a specific extrusion press under a given 

initial billet temperature, the breakthrough load was extracted for each combination of billet 

temperature and extrusion speed as outlined in Table 5-4 through post-processing in DEFORMTM 

2D. Subsequently, the material's mean effective strain rate was calculated for each extrusion 

condition using the following Equation 5-16: 

 휀̅̇ =
6𝑉𝐷𝐶

2𝑡𝑎𝑛𝛼

(𝐷𝐶
3 − 𝐷𝐸

3)
2ln

𝐷𝐶
𝐷𝐸

 5-16 

Where V is the extrusion speed, 𝐷𝐶  is the container diameter, 𝐷𝐸  is the extrusion profile diameter, 

𝛼 is the dead-metal zone semi angle, which is taken as 45° in this case. With the mean effective 

strain rate and the billet temperature, the mean flow stress of the material at certain billet 

temperature and extrusion speed can be calculated by the material constitutive model in 5.1.2.2. 

Then the relationship of the breakthrough loads, and the corresponding calculated material mean 

flow stresses can be plotted as Figure 5-49. Their relationship exhibits a linear relationship. When 

the extrusion press maximum force is known, because the maximum breakthrough load is equal to 

the extrusion press maximum force, the corresponding mean flow stress can be obtained by using 
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the linear relationship from Figure 5-49, and then the mean effective strain rate for each billet 

temperature can be got by using the constitutive model again. Finally, the extrusion speed can be 

calculated by Equation 5-16. 

 

Figure 5-49 Model predicted linear relationship between the breakthrough load and the 

corresponding mean flow stress at the same starting billet temperatures and extrusion speeds by 

25mm flat die using A612 material. 

 

The obtained temperature limit and extrusion press limit can be graphically represented in 

Figure 5-50. In this figure, you can observe two distinctive black curves, one solid and the other 

dashed, which signify the theoretical extrusion press limitations. For instance, if the billet 

temperature is set at 440°C and the extrusion speed exceeds 30 mm/s, the extrusion press becomes 

incapable of extruding the material due to the force required surpassing the press limit of 600MPa. 

Meanwhile, three colored lines are utilized to depict the temperature constraints. 
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Figure 5-50 Model predicted ELD for an A612 alloy using the 25 mm flat die with the 

temperature limits: 590°C (Red line), 580°C (Orange line), and 570°C (Green line) and the 

extrusion press limits: 700MPa (Black solid curve) and 600MPa (Black dash curve) 

 

Because the same constitutive model was used for all the three materials with Cu, the load 

limit curves on the ELD for the same die would be the same, and they can be adjusted according 

to the extrusion press capacity. 

 Effect of die geometries on ELD 

In order to identify the temperature thresholds associated with distinct surface conditions 

for each die, a visual and SEM examination of the extrusion profile surfaces was conducted with 

the samples from the back of the extrusion process for all four dies. Subsequently, the surface 

morphology conditions were summarized in Table 5-6. These surface conditions were categorized 
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into three types: good surface conditions, surfaces displaying microcracks, and surfaces exhibiting 

visible cracks, represented by the colors green, orange, and red in Table 5-6, respectively. 

 

Table 5-6 Summary of the extrusion profile surface quality at different extrusion speeds for 

different die geometries with the same extrusion ratio 17:1 and the same material A612, Green 

means good surface, Orange means micro crack, Red means visible cracks. 

25 mm flat die Zero-bearing die 12 mm choked die 35 mm choked die 

Billet 

T(°C) 

Speed (mm/s) 

Billet 

T(°C) 

Speed (mm/s) 

Billet T 

(°C) 

Speed (mm/s) 

Billet 

T 

Speed (mm/s) 

485 20 511 24 513 26 491 22 

488 22 491 26 480 28 511 24 

483 24 488 28 484 34 493 26 

479 26 516 28 527 30 503 28 

495 28 502 30 511 27 489 30 

495 31 488 29 515 28 500 32 

  501 27 503 38 487 34 

  492 29 485 36 503 36 

    489 32 492 38 

      499 40 

 

The corresponding starting billet temperature and extrusion speed of these data were 

plotted in the ELD constructed using the method mentioned above, as shown in Figure 5-51. In 
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the figures the temperatures at which the same surface morphology conditions start showing are 

different for different die geometries.  

For 25 mm flat die, micro cracks occur when the temperature is higher than 570°C. For 

zero-bearing die, micro cracks appear when the temperature reaches 580°C. The cracking 

phenomenon is a little different for the 12 mm choked die. There is no micro crack below the 

solidus temperature and, and visible cracks almost show at all the speed at which the maximum 

temperature reached the solidus temperature. For the 35 mm choked die, there is no surface crack 

at any extrusion speed within the limit of the extrusion press, which is 40 mm/s. 
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Figure 5-51 Model predicted ELDs (lines and curves) and experimental observations of surface 

morphology conditions (“x”) for A612 at the back of the extrudate with the same extrusion ratio 

of 17:1 for different die geometries: (a) 25m flat die, (b) zero-bearing die, (c) 12 mm choked die, 

and (d) 35 mm choked die. 

 

Referring to Figure 5-52, it becomes evident that the die geometry has a significant impact 

on surface cracking behavior. Notably, the 35 mm choked die demonstrates the capacity to extrude 

the material at exceptionally high temperature, even exceeding the solidus temperature, yet it 

exhibits no observable surface cracks were evident. Likewise, the 12 mm choked die also exhibits 



135 

 

the ability to extrude the material at a higher temperature, reaching the solidus temperature before 

surface cracks emerge, in comparison to the 25 mm flat die and the zero-bearing die. This is 

because the choked angle in both the 35 mm choked die and the 12 mm choked die lowers the 

stress experienced by the material when the material passes through the die corner, which is 

analyzed in 5.3.2. 

Conversely, the 25 mm flat die is constrained to run at the lowest extrusion speed because 

of the higher stress experienced as the material passes the die corner, and the 570°C temperature 

defined the effective working area and extruding the samples at a temperature greater than that 

would result in cracks. Considering that the zero-bearing die shows similar surface crack sizes as 

the 25 mm flat die at the same extrusion speed and the similar longitudinal stress at the die corner, 

it is reasonable to use the same temperature to define the working area. The results showed that 

the working area for the 25 mm flat die was slightly smaller than the zero-bearing die because of 

the friction force acting at the 25 mm flat die bearing, which results in more heat generated at the 

extrudate surface. The excess temperature causes the crack temperature to be reached faster for the 

25 mm flat die compared to the zero-bearing die during the extrusion process. Nonetheless, the 

extrudates produced using the 25 mm flat die and the zero-bearing die show similar extrudability 

such that the material can only be extruded at a limited extrusion speed, while the choked dies 

greatly improved the extrudability of the samples at high extrusion speed without any apparent 

surface defects, which improves the extrusion efficiency. 
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Figure 5-52 The effect of die geometries on the extrudability of A612 with black represents 25 

mm flat die, red represents zero-bearing die, blue represents 12 mm choked die, and white 

represents the 35 mm choked die. 

 

 Effect of extrusion ratio on ELD 

To investigate the impact of the extrusion ratios on the extrudability, the ELDs for two flat 

dies using A612 material featuring distinct extrusion ratios were constructed: 70:1 and 17:1. 

Initially, the surface characteristics of the extruded materials generated by these two dies were 

assessed. The surface morphology evaluations for both dies are presented in Table 5-7, where 

“green” designates a favorable surface condition, “orange” denotes surfaces with microcracks, and 

“red” signifies surfaces displaying visible cracks. Then the ELDs of the two flat dies with different 

extrusion ratios are constructed using the method described in the beginning of Section 5.4. 
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Referring to Figure 5-53, both figure (a) and (b) feature temperature limit lines, where red 

corresponds to 590°C, orange to 580°C, and green to 570°C. A notable observation when 

comparing the lines that represent the same temperature in Figure 5-53 (a) and (b) is the substantial 

difference in the area beneath these lines. Specifically, the die with an extrusion ratio of 17:1 

exhibits a significantly larger area below the temperature limit lines compared to the die with an 

extrusion ratio of 70:1. This discrepancy indicates that, with a smaller extrusion ratio, the 

temperature escalates more rapidly during the extrusion process when both the initial billet 

temperature and tooling temperature remain constant. 

In Figure 5-53 (a) and (b), the extrusion data derived from trials with both dies is 

graphically represented by “x” marks. These points are color-coded, with “red” indicating the 

presence of visible surface cracks, “orange” signifying the occurrence of microcracks, and “green” 

denoting a desirable, smooth surface finish. For both dies, the extrudates exhibit visible cracks 

before the temperature reaches the solidus point, while microcracks start to appear around the 

orange line, which corresponds to a temperature of 580°C. However, in the case of the die with an 

extrusion ratio of 70:1, when the temperature during the extrusion process remains below 580°C, 

the extrudates display a good surface finish. Conversely, for the die with an extrusion ratio of 17:1, 

none of the extrudates achieve a good surface quality. 

Considering that the microcracks on the extrudates at an extrusion speed of 20 mm/s are 

already quite minimal, it can be believed that the temperature threshold at which no surface cracks 

are observed should be approximately aligned with the green line, which represents a temperature 

of 570°C. 
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Table 5-7 Summary of the extrusion profile surface quality at different extrusion speeds for the 

two flat dies with different extrusion ratio and the same material A612, “Green” means good 

surface, “Orange” means micro crack, “Red” means visible cracks. 

25 mm flat die (Extrusion ratio = 17:1) 12 mm flat die (Extrusion ratio = 70:1) 

Actual billet T (°C) Speed(mm/s) Billet T (°C) Speed(mm/s) 

485 20 500 4 

488 22 500 5 

483 24 500 6 

479 26 500 7 

495 28 500 8 

495 31 500 9 

  500 10 

 

 

Figure 5-53 Model predicted ELDs (lines) and experimental observations of surface morphology 

conditions (“x”) extruded by flat dies using A612 with extrusion ratio of (a)17:1 and (b)70:1. 
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Figure 5-54 provides a comparison of temperature limit lines, specifically those situated 

below which surface cracks do not manifest. These lines are derived from the green line in Figure 

5-53 (a) and the orange line in Figure 5-53 (b). The trend that emerges is quite evident: as the 

extrusion ratio increases, the limit line descends, resulting in a reduced workable area beneath the 

line. Consequently, the maximum achievable extrusion speed, without incurring surface cracks, 

diminishes at specific starting billet temperatures. 

This phenomenon can be attributed to the fact that, under the same starting billet 

temperatures, higher extrusion ratios subject the material to greater stress and strain rates, 

generating more heat in the process. Consequently, the temperature escalates more rapidly, 

surpassing the critical crack temperature sooner than in the case of dies with lower extrusion ratios. 

 

Figure 5-54 Model-predicted ELD for A612 extruded using the flat die showing the effect of 

extrusion ratio with the black-shaded area representing the workable area of the die with an 

extrusion ratio of 17:1 and the red-shaded area representing the workable area of the die with an 

extrusion ration of 70:1. 
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 Effect of Cu content on ELD 

To explore the influence of Cu content on the material’s extrudability, extrusion trials using 

both A612 and A613 materials through a 25 mm flat die were conducted. Subsequently, the surface 

morphology conditions of the extrudates were examined, as presented in Table 5-8. Here, “green” 

indicates a desirable no crack surface condition, “orange” signifies surfaces featuring microcracks, 

and “red” represents surfaces exhibiting visible cracks. 

Figure 5-44 illustrates the ELDs, constructed as outlined in Section 5.4. These ELDs are 

distinguished by colored lines representing temperature limits ("red" denoting the solidus 

temperature, "orange" indicating a temperature 10°C lower than the solidus temperature, and 

"green" signifying a temperature 20°C lower than the solidus temperature). Additionally, two load 

limit curves are on the graph. Extrusion trial data is designated by the symbol “x” in the graph. It 

is important to note that the load limit remains consistent for both materials since the same 

constitutive model is employed in the simulation. 

The extrusion trial data falls within the range of billet temperatures spanning from 480°C 

to 520°C for both materials. Notably, for both materials, when the temperature falls between the 

red line and the orange line, visible cracks become apparent on the extrudates. Furthermore, when 

the temperature resides between the orange line and the green line, microcracks are observed on 

the extrudates. In the case of A613, when the initial billet temperature is lower than the green line, 

it results in the attainment of a favorable extrudate surface. From these observations, it can be 

concluded that the temperature during the extrusion process exerts a significant influence on the 

surface crack condition. 
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Table 5-8 Summary of the extrusion profile surface quality of A612 and A613 at different 

extrusion speeds extruded by 25 mm flat die, green means good surface, orange means micro 

crack, red means visible cracks. 

A612 (0.6% Cu) A613 (0.9% Cu) 

Actual billet T (°C) Speed(mm/s) Actual billet T (°C) Speed(mm/s) 

495 20 486 5 

491 22 492 10 

493 24 512 15 

486 26 505 20 

495 28   

495 31   

 

 

Figure 5-55 Model predicted ELDs (lines and curves) and experimental observations of surface 

morphology conditions (“x”) at the back of the extrudates extruded using the 25 mm flat die 

with: (a) material A612 and (b) material A613. 
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For all three materials, the temperature limit line was established as the solidus temperature 

minus 20°C, below which it is anticipated to achieve a favorable extrudate surface during the 

extrusion process. A comparative analysis of these limits is presented in Figure 5-56. It is evident 

that as the Cu content rises, the temperature limit line descends. The progressive increase in Cu 

content within the AA6xxx alloy results in a reduction of the available extrusion workspace. 

 

Figure 5-56 Comparison of the model predicted ELD for three materials with different Cu 

additions extruded using the 25 mm flat die. 
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Chapter 6 Summary, Conclusions, and Future Work 

6.1 Summary 

The main objective of this research was to understand how the additions of Cu to AA6xxx 

alloys, die geometries and extrusion ratios affect the extrudability of the material using both 

experiments and numerical modelling. The modelling work has been done using a commercial 

FEM code DEFORMTM to calculate the temperature and stress distribution during the extrusion 

process. 

The research focuses on AA6xxx materials with three Cu additions: A611 with 0.3% Cu, 

A612 with 0.6% Cu, and A613 with 0.9% Cu. The dies with different extrusion ratios are 12 mm 

flat die with an extrusion ratio of 70:1 and 25 mm flat die with an extrusion ratio of 17:1. The dies 

with the same extrusion ratio (17:1) but different die bearing geometries are: 25 mm flat die, zero-

bearing die, 12 mm choked die (1° choked angle), and 35 mm choke die (3° choked angle). 

The experimental work consisted of conducting three extrusion trials using the fully 

instrumented extrusion press at Rio Tinto Alcan’s Arvida facility located in Jonquiere, Quebec. 

Subsequently samples were prepared from the extrudates for surface and microstructure 

examination. Three extrusion trials were performed in total. First is on the effect of extrusion ratios. 

One billet temperature (500°C) and a series of extrusion speed were chosen for both the 12 mm 

flat die and the 25 mm flat die. The second trial is on the effect of die geometries and one billet 

temperature (500°C), and a series of similar extrusion speeds were chosen for each die geometry. 

The third trial is on the effect of Cu contents and one billet temperature (500°C), and different 

extrusion speeds were chosen for the A612 and A613 materials by using the 25 mm flat die and 
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the 35 mm choked die. The surface cracking morphology, roughness, and microstructure of the 

extrudates were examined using SEM, 3D profilometer and microscope respectively. 

For the modelling part, mesh sensitivity, friction coefficient justification and model 

verification were conducted first. Then the numerical simulation was used to help construct the 

extrusion limit diagrams to see how the extrusion ratios, die geometries and the Cu contents affect 

the extrudability. The stress and the temperature in the extrusion process using different die were 

also analyzed. 

6.2 Conclusions 

Experimental work and numerical modelling have been successfully utilized in this 

research to investigate the effect of extrusion ratios, die geometry and Cu contents on surface 

morphology and surface cracking. The following conclusions can be drawn from the analysis that 

has been done: 

Effect of die geometry 

1. For the trials using dies with different die bearing geometries and the same extrusion ratio, 

the 25 mm flat die and zero-bearing die exhibit surface cracks at relatively lower extrusion 

speeds, with cracks appearing from the middle of the extrusion process at a certain speed. 

In contrast, the 12 mm choked die shows cracks at higher extrusion speeds, while the 35 

mm choked die avoids surface cracks even at the maximum extrusion speed of 40 mm/s. 

Die bearing geometry, in particular the introduction of a choke angle, had a significant 

effect on the tendency for cracking with the critical speed increasing in the sequence flat 

and zero bearing, 12 mm choke and 35 mm choke. 
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2. Numerical modelling indicates that the introduction of a choke angle changes the stress 

state at the die corner: the flat and zero bearings introduce a tensile stress along the 

extrusion direction, the 12 mm choke results in a reduced tensile stress and the 35 mm 

choke produces a compressive stress covering most of die bearing. 

3. Although a simple bas was extruded for different die geometries, the stress and temperature 

conditions that lead to surface cracking is summarized, which provides guidance for more 

complex extrusion. 

Effect of Cu additions 

1. Hot compression tests reveal that the flow stress curves of AA6xxx alloys with different 

Cu additions do not exhibit a significant difference. DSC tests show that as the Cu content 

increases, the solidus temperature of the material increases slightly. 

2. For the trials for the materials with different Cu additions, when using a flat die, materials 

with higher Cu content exhibited larger surface cracks at the same extrusion speed, whereas 

the samples produced using a choked die did not show any surface cracks, regardless of 

the Cu content. 

3. A higher Cu content in AA6xxx alloys results in a relatively thick PCG layer when using 

the 35 mm choked and 25 mm flat dies. 

4. Numerical modelling shows that when the temperature during the extrusion process 

reaches ~0.95Thomologous, surface cracks (micro cracks) start to occur regardless of the die 

geometries, which provides guidance for more complex extrusion. 

Effect of extrusion ratios 
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1. By examining the extrudate surfaces from the dies with different extrusion ratios, it can be 

seen that with higher extrusion ratio, the extrudates tend to show surface cracks at a much 

lower extrusion speed. 

2. The simulation results show that at the same extrusion speed, the predicted maximum 

temperature at die corner is much higher for the smaller extrusion ratio due to the more 

severe deformation. However, the predicted stress that the material experiences is not 

significantly different for both dies. 

Extrusion limit diagram 

1. Extrusion limit diagrams were constructed based both the experimental and simulation 

results using the temperature as a criterion. 

2. The extrusion limit diagrams show the effect of die geometry, Cu content, and extrusion 

ratio on the extrudability. Choked die, low Cu content and high extrusion ratio are preferred 

regarding extrudability. 

6.3 Future Work 

1. For all extrusion trials, only one starting billet temperature was chosen for this work. The 

constructed extrusion limit diagrams are also based on limited extrusion trial data and work 

for a small range of billet temperatures. In order to expand the extrusion limit diagram and 

provide guidance for choosing extrusion parameters over a large range of billet 

temperatures, trials at varying billet temperatures need to be done. 

2. This study focused on the surface morphology of the extrudates extruded by dies with 

different extrusion ratios, dies with different die bearing geometries, and materials with 
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different Cu additions. However, the influence of these parameters on the mechanical 

properties of the extrudates has not been studied yet. 

3. The effect of Cu on the intermetallic particles and dispersoids in the microstructure also 

needs to be studied systematically in the future to help understand the microstructure 

changes in the extrudates. 
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