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This study presents and investigates the effect of processing variations and alloy additions 

on the 6xxx series aluminum automotive alloy AA6111. 6xxx series aluminum alloys play an 

integral role in the automotive industry. Current developments are centered around maintaining 

high strength while improving bendability and crash performance. AA6111 contains intentional 

additions of manganese and unintentional additions of chromium which help control the grain 

structure by forming a population of fine dispersoid particles during high temperature 

homogenization. These dispersoid particles act as grain boundary pinning particles during 

recrystallization, which occurs during final solution heat treatment. It is also theorized that these 

fine dispersoid particles also more evenly distribute strain during deformation, improving 

formability. Vanadium, like manganese and chromium, will also form dispersoid particles in 

aluminum. This study aimed to evaluate how modifications to high temperature homogenization 

time and vanadium additions affect the microstructure and resulting properties of AA6111. 

Thermodynamic calculations were used to optimize the homogenization temperature and 

predict the amount of dispersoid formed during this treatment. Optical Microscopy (OM), 

Scanning Electron Microscopy (SEM), and Electron Backscatter Diffraction (EBSD) techniques 

were used to characterize and quantify the dispersoid particles and grain structures. 
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Optical microscopy was used to evaluate the various samples in the as-homogenized 

condition. After etching the samples, the etch pits give an initial indication of amount of 

dispersoids present even though this technique does not have high enough resolution to image the 

dispersoids themselves.   

SEM images were randomly captured on all samples in the as-homogenized condition and 

used to calculate area fraction of dispersoid present. Vanadium additions led to an increased area 

fraction of dispersoids when given a 24-hour homogenization treatment. Additionally, scanning 

electron microscopy energy dispersive spectroscopy (SEM-EDS) identified vanadium in solid 

solution, in constituent particles, and in dispersoids.  

EBSD measured the area-weighted grain size of the samples in the final T6 temper to assess 

the effect of homogenization time and cold work level on final grain size. In all conditions 

regardless of cold work, the vanadium additions were able to further reduce the grain size by 2 to 

4 microns depending on the condition. 
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1.0 Introduction 

Currently, the majority of automotive aluminum sheet that is generated is either AA5xxx 

or AA6xxx, trending towards increased volumes of AA6xxx due to its higher versatility [7]. 6xxx 

series aluminum alloys are characterized by their major alloying elements, magnesium, and silicon. 

These alloys are known for being heat treatable, having good strength values, moderate 

formability, dent resistance, corrosion resistance, and weldability [1]. This alloy series’ ability to 

have high formability in the T4-type tempers and good strength and dent resistance in the aged 

tempers is the reason why it is so widely used in different automotive applications. According to 

the American National Standard Alloy and Temper Designation Systems for aluminum, 

H351./H35.1(M), The Aluminum Association, 2017 edition, (May 12, 2017), the T4 temper is the 

condition following a solution heat treatment plus natural aging [2]. Additionally, the use of 

aluminum allows for light weighting vehicles which increases the fuel efficiency. Figure 1 shows 

formability vs strength for 5xxx, 6xxx, and 7xxx series aluminum alloys [7].  As shown by this 

figure, 6xxx series aluminum alloys typically fall in the high strength range while still maintaining 

moderate formability.  

Today, the 6xxx series aluminum alloys used most in the automotive industry are AA6016, 

AA6111, AA6022, and AA6061, however, the main limitation of these current high strength 6xxx 

series alloys are their limited, moderate formability [1]. According to the literature, typical 

property values for AA6111 are: TYS ~150 MPa (T4), elongation 26% (T4) TYS ~340 MPa (T6), 

and elongation 12% (T6) [9]. AA6111 is represented by the yellow circle superimposed on Figure 

1.   
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Figure 1 Plot showing formability vs tensile yield strength (TYS) for various aluminum alloy series. Yellow 

circle represents current AA6111 and purple circle represents AA6111 with increased formability [7].  

 

One of the key microstructural features of aluminum automotive alloys is grain structure 

as it can affect many different aspects of the materials performance. Depending on the application, 

AA6111 can be riveted in the T6-temper, which is why controlling grain structure is important 

when trying to manipulate formability. One way to control the grain structure is by manipulating 

the size and distribution of the dispersoid particles formed during homogenization. Dispersoids are 

high temperature precipitates that form during purposefully designed homogenization treatments 

[9]. Dispersoids act as grain pinning particles during solution heat treatment that inhibit the 

development and growth of new grains during recrystallization.  

There is limited precedence in the literature discussing the use of vanadium in 6xxx series 

aluminum as a dispersoid forming element. In aluminum, vanadium participates in a peritectic 

TYS (MPa) 
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reaction with aluminum, and hence tends to be enriched in grain interiors. Vanadium, like 

manganese and chromium, can also both be present in constituent particles and act as a dispersoid 

forming element when added to aluminum.  Available literature discusses the presence and effect 

of vanadium in the large constituent particles but fails to discuss the role of vanadium in the much 

smaller, more prevalent dispersoid particles. If the vanadium is present in these dispersoid particles 

and leads to an increased number of these particles in the microstructure, it could be beneficial by 

decreasing grain size and improving forming properties by more evenly distributing strain during 

deformation. An in-depth study of these particles and their effect on microstructure and mechanical 

properties is necessary to more fully understand the role of vanadium in 6xxx series aluminum 

alloys. 

The purpose of this study is to produce and examine AA6111 with and without vanadium 

additions. This study will evaluate the impact on size, distribution, and amount of dispersoids 

formed in different homogenized conditions and measure the various grain structures these 

produce with differing amounts of cold work. Tensile properties, including n-value, TYS, UTS, 

and elongation will be used to evaluate impact on strength and formability. 
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2.0 Background 

AA6111 is a high strength 6xxx series aluminum alloy. The main alloying elements in 

6xxx series aluminum are magnesium and silicon. Magnesium and silicon are present and form 

the main strengthening phases during aging. According to the literature, the precipitation sequence 

in 6xxx series aluminum alloys begins when silicon and magnesium clusters form from the solid 

solution in what are known as GP zones. These GP zones then form needlelike β' (Mg2Si) which 

at higher temperatures will undergo diffusion-less phase transformation to the rod-shaped β 

(Mg2Si) [9]. The β' Mg2Si phase is the main strengthening phase in 6xxx series aluminum has the 

greatest impact on the material’s TYS and UTS. Furthermore, the literature shows that copper 

additions also play a role in 6xxx series aluminum alloys’ strengthening behavior. During aging, 

formation of the copper based, lathlike Q' phase forms during peak aging, suggesting there is 

copper remaining in solid solution that can increase the strength via solid solution hardening. 

Additionally, copper creates a finer precipitate structure which leads to increased strength after 

artificial aging [21]. Other alloying elements are also added in various smaller amounts. The main 

phase formed when manganese and chromium additions are present is the α-Al12(Mn,Fe,Cr)3Si 

which can appear as both constituent and dispersoid phases. The α-Al12(Mn,Fe,Cr)3Si phase has a 

cubic structure, a space group of Pm3, 138 atoms in the unit cell, and a lattice parameter of a = 

12.68 x 10-10m (Figure 2) [22].  
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Figure 2 Crystal structure of α-Al12(Mn,Fe,Cr,X)3Si dispersoid. This dispersoid has a cubic structure, a space 

group Pm3, 138 atoms in the unit cell, and a lattice parameter a = 12.68 x 10-10m [25]. 

 

  Iron is present as a normal impurity in aluminum. The presence of iron has deleterious 

effect on mechanical properties and corrosion, but it would be economically prohibitive to 

eliminate it all together.  

The processing of aluminum plays a critical role in the resulting microstructure. The cast 

structure of aluminum contains both soluble and insoluble constituent in the interdendritic regions. 

During homogenization of the ingot, soluble constituents dissolve and dispersoids form. 

Dispersoids tend to be somewhat non-uniform because of solute partitioning during solidification. 

The purpose of the dispersoids is to control grain structure, not necessarily to provide strength. 

The ingot then goes through a combination of hot rolling and cold rolling. An intermediate anneal 
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between hot rolling and cold rolling can be used depending on the desired final grain size and 

texture. A solution heat treatment is used to dissolve soluble phases which have precipitated during 

hot rolling to utilize all the Mg and Si possible for strengthening. Recrystallization also takes place 

during the solution heat treatment. The size and amount of dispersoids present will affect the final 

grain size through Zener drag or Zener pinning [19]. This concept suggests that the higher the 

amount of evenly dispersed second phase particles and the finer their size, the smaller the expected 

grain size. This final grain structure has a direct impact on the performance of the material [11].  

There is limited precedence in the literature describing the impact of vanadium in 6xxx 

series aluminum alloys. The purpose of this research was to add vanadium to AA6111 and 

document the effects. For example,  Meng et al., 2013, researched the effect of vanadium on the 

microstructures and mechanical properties of Al-Mg-Si-Cu-Cr-Ti alloy. In this work Meng et al., 

2013 created two Al-4 weight percent vanadium master alloys by adding Al-50V to high purity 

(99.99 weight percent) aluminum. Master alloy A was prepared with fast cooling while master 

alloy B was prepared with slow cooling. The main V-containing phase in master alloy A was Al3V, 

while the main V-containing phase in master alloy B was Al10V. Three experimental alloys were 

then created. The first was the baseline alloy (Al-1.6Mg-1.2Si-1.1Cu-0.16Cr-0.03Ti) which 

contained no vanadium additions. The second experimental alloy was the baseline alloy combined 

with master alloy A to achieve a baseline composition with 0.15 weight percent vanadium 

additions. The third experimental alloy was the same as the second but used master alloy B to 

achieve the desired vanadium content. The ingots were then homogenized at 540ºC for 24-hours 

before being extruded and aged to the T6 temper. In the as-cast condition, vanadium was identified 

using EDS in the constituent phase located on the grain boundaries. Al(V,Cr,Ti)Si dispersoids 

were identified using TEM in the baseline alloy with vanadium additions from master alloy A, but 
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not in the baseline alloy with vanadium additions from master alloy B. Meng et al., 2013 discusses 

that the dispersoids present in the alloy with vanadium additions from master alloy A will make 

the distribution of dislocations more homogenous and reduce the number of nucleation sites for 

recrystallization. The small sizes and high number densities create small inter-particle spacing, 

which will pin the subgrains and inhibit recrystallization [20]. The conclusion of this work is that 

vanadium additions using master alloy A result in increased strength by extrusion effects, solution 

strengthening, and dispersion strengthening. While this work was able to identify Al(V,Cr,Ti)Si 

dispersoids, there was no work to identify the impact of those particles on grain structure in a final 

product. 

Lech-Grega et al., 2015, evaluated the mechanical properties of Al-Mg-Si-Cu aluminum 

alloys with 0.1 and 0.2 weight percent additions of vanadium. The ingots in this work were not 

homogenized before extrusion and were solution heat treated and artificially aged to multiple 

tempers. TEM identified V containing precipitates (Al-Si-Fe-Cu-Cr-V, Al-Mg-V, and Al-Cu-Fe-

Si-V) ranging in size from 50nm to 500nm, but these are not quantified and their influence on 

mechanical properties is not discussed. Conclusions of this work state that vanadium additions 

slightly reduce the mechanical properties (TYS, UTS, and elongation) of the alloy [15]. In this 

work the presence and role of dispersoid particles is not mentioned. In this study, there was no 

homogenization treatment, thus the relatively short time spent at elevated temperature in 

preparation for extrusion appears to have been sufficient to bring out the vanadium-bearing 

dispersoids. The fine vanadium-containing particles again were not quantified nor their role in 

inhibiting recrystallization or potential contributions to increased strength discussed.  

Lastly, Lech-Grega et al., 2012, studied vanadium additions of 0.2 and 0.4wt.% to a 6xxx 

series aluminum alloy. Ingots were homogenized for 8, 24, and 100 hours at 570ºC. They observed 
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large angular Al18Mg3V2 precipitates that formed during solidification. They reported that 

homogenization had no effect on the morphology of these large (50µm) vanadium bearing 

constituent particles. Lech-Grega, 2012 reported that prior to homogenization, the vanadium free 

alloy had slightly higher yield strength, but after homogenization the vanadium-bearing alloy had 

the higher yield strength [16]. While this paper is studying the effect of homogenization when 

vanadium is added to a 6xxx series aluminum alloy, the formation of dispersoid particles during 

homogenization is not evaluated.  

Although there are numerous authors in the literature that have studied the effects of 

vanadium additions to 6xxx series aluminum, there is limited understanding of the impact of 

vanadium additions on the type, size, and amount of additional dispersoids produced and their 

impact on grain structure and properties in the final product, hence this study will address those 

questions. This study will evaluate the as-cast, 2-hour homogenized, 24-hour homogenized, and 

T6 microstructures of AA6111 and AA6111 + 0.1wt.% vanadium. In the homogenized condition, 

this study will quantify and compare the size distribution and area fraction of dispersoids present 

in all homogenization conditions for both alloys. The grain structure will be measured in the T6 

condition to evaluate the grain pinning effectiveness of the dispersoids that are formed. TYS, UTS, 

elongation, and n-value will also be compared in the T6 temper for both alloys and all 

homogenization conditions to evaluate any differences in mechanical properties. This study will 

fill the gaps in the current literature that currently exist when studying vanadium additions to 6xxx 

series aluminum alloys. 
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3.0 Experimental 

Thermo-Calc was used as a preliminary prediction tool to give initial insight on which 

phases would form and in what amounts in each alloy of interest. First, a Scheil solidification 

calculation was run on the compositions given in Table 1 to determine how much solute would 

remain in the matrix after solidification and hence would be available to form dispersoids during 

homogenization.  

 

Table 1 Standard AA6111 sales limits and the measured compositions for AA6111 and AA6111 + V. 

Alloy Composition (wt%) 

Alloy Si Fe Cu Mn Mg Cr V 

AA6111 limits 0.6-1.1 0.40 max 0.50-0.90 0.10-0.45 0.50-1.0 0.10 max 0.15 max 

AA6111 0.96 0.27 0.70 0.21 0.80 0.08 - 

AA6111+V 0.96 0.27 0.67 0.21 0.82 0.09 0.11 

 

Both compositions are within the sale limits of AA6111. Chromium and iron additions 

were intentionally added in the laboratory casting as these elements would be expected due to 

scrap reuse in industry. After this, an equilibrium calculation was run on the matrix composition 

after Scheil solidification to determine which phase or phases are present and in what amounts. 
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3.1 Sheet Fabrication 

For this investigation, 12” long x 3.5” wide x 2.5” high ingots were cast and their 

compositions are listed in Table 1. These compositions were obtained by quantometer analysis. 

Two ingots were cast of each composition. The ingots were then scalped. 

After machining, a hole was drilled ¼” deep into two ingots, into which thermocouples 

were placed and secured. The ingots were then loaded into a furnace for homogenization treatment. 

For this experiment, two homogenization times were chosen to represent the shortest reasonable 

industrial homogenization practice, two hours, and a long industrial homogenization practice, 24 

hours. From room temperature, the furnace was programmed to follow a 16-hour logarithmic heat 

up schedule, representative of the heat-up rate expected in an industrial size ingot, to a 

homogenization temperature of 560˚C (1040˚F). Once this temperature was reached, one ingot of 

each composition was homogenized at 560˚C (1040˚F) for two hours before they were removed 

from the furnace and allowed to air cool. The remaining two ingots were left in the furnace and 

homogenized at 560˚C (1040˚F) for a total of 24 hours before they were also removed from the 

furnace and allowed to air cool. Concurrently, small ingot slices received the same homogenization 

practice as the full ingots - but received a cold-water quench when removed from the furnace to 

freeze the high temperature microstructure for evaluation using optical metallography and 

scanning electron microscopy. This was done to avoid the precipitation of coarse Al-Mg-Si-Cu 

particles which would occur in slow, air cooling of the ingots and would make it difficult to image 

the dispersoids that formed during homogenization. A thermal trace for the ingot homogenization 

temperature versus time can be seen in Figure 3. 
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Figure 3 Thermal traces of the homogenization practice used for the AA6111 and AA6111 + V ingots. Ingots 

were given a 16-hour logarithmic heat up representative of a production scale heat up, 2-hour and 24-hour 

homogenization, and air-cool. 

 

In industry, an ingot would typically be taken directly from the homogenization furnace to 

be hot rolled. To mimic this, the homogenized ingots were reheated to 560˚C and allowed to 

stabilize for one hour before hot rolling. Each ingot was then removed from the reheat furnace one 

at a time and placed on the rolling mill. Each piece was rolled from 63.5mm (2.5”) down to 

6.35mm (0.250”) using eight passes. Each 6.35mm thick piece was cooled and cut in half. One 

half was then reheated to 560˚C and further hot rolled from 6.35 to 3.56mm (0.140”). This was 

repeated for all four ingots resulting in eight total pieces. All eight pieces were subsequently cold 

rolled to a final thickness of 2.03mm (0.080”), providing two cold work percentages for each 

condition: 43% and 68% (Table 2).  
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Table 2 Description of alloy, homogenization time, hot roll gauge, and total cold work percentage. 

Sample ID Alloy Homogenization 

Time 

Hot roll gauge 

(in.) 

Cold Work 

Percentage 

7072810 AA6111 2 hours 0.240” 68% 

7072811 AA6111 2 hours 0.140” 43% 

7072812 AA6111 24 hours 0.240” 68% 

7072813 AA6111 24 hours 0.140” 43% 

7072814 AA6111 + V 2 hours 0.240” 68% 

7072815 AA6111 + V 2 hours 0.140” 43% 

7072816 AA6111 + V 24 hours 0.240” 68% 

7072817 AA6111 + V 24 hours 0.140” 43% 

 

The metal was then cut into 304.8mm (12”) long x 101.6mm (4”) wide sections for solution 

heat treatment. The furnace was set to 560˚C and once it reached temperature, sections were placed 

into the furnace and solution heat treated for eight minutes. After eight minutes, the sections were 

removed from the furnace and cold water quenched. This process was repeated for all the sections. 

Specimens were then sheared from these sections and allowed to naturally age for 7 days prior to 

tensile testing. According to the American National Standard Alloy and Temper Designation 

Systems for aluminum, H351./H35.1(M), The Aluminum Association, 2017 edition, (May 12, 

2017), this condition is  referred to as the T4 temper [2]. 

The remaining sections were then precipitation strengthened by placing them in a hot 

furnace set to 180˚C for eight hours. According to the American National Standard Alloy and 

Temper Designation Systems for Aluminum, H351./H35.1(M), The Aluminum Association, 2017 

edition, (May 12, 2017), this condition is  referred to as the T6 temper [2]. Specimens were also 

sheared in this temper for SEM electron back scatter diffraction analysis and tensile testing.  
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3.2 Metallographic Examination 

The ingot slices that were homogenized and cold water quenched were prepared for optical 

metallography and SEM evaluation. The samples were mounted and polished following standard 

aluminum polishing procedures. Prior to optical metallography evaluation, the mounts were etched 

in 0.5% HF for 25 seconds. Representative images were taken at various magnifications to show 

the effects of the different homogenization times. Additional as-polished samples were examined 

in the SEM. Images for particle analysis were collected by setting up an 81-image grid on the 

specimen. Each image had a -300% overlap at 2000X magnification to ensure particles would not 

be captured in multiple images. Twenty-four random images were captured from the larger 81-

image grid. Additionally, energy dispersive x-ray spectroscopy (EDS) was conducted on the 

samples to identify the constituent phases present on the grain boundaries. Representative 

dispersoid images were also captured at 5000X and 10000X to get a better understanding of size 

and morphology of these particles (Figure 4 and Figure 5).  
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Figure 4 Representative SEM secondary (a,c) and backscattered electron (b,d) images of dispersoid particles 

present in AA6111 (a,b) and AA6111 + V (c,d) after 24-hour homogenization, captured at 5000X 

magnification. 
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Figure 5 Representative SEM secondary (a,c) and backscattered electron (b,d) images of dispersoid particles 

present in AA6111 (a,b) and AA6111 + V (c,d) after 24-hour homogenization, captured at 10000X 

magnification. 

 

Additionally, the as-polished samples were used to identify vanadium in solid solution, in 

constituent particles, and in dispersoid particle which will be discussed in further detail later. 

The image sets collected during SEM analysis were used for dispersoid particle analysis in 

the various homogenized conditions. Five to ten images per condition were analyzed, purposefully 

avoiding images of grain boundary areas that are void of dispersoid particles due to the large 

constituent particles on the grain boundaries removing solute from the aluminum matrix. The five 

to ten selected images were processed and analyzed within ImageJ. The pixel size used for this 
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analysis was 21nm so each pixel represents an area of 441nm2. A minimum of five-pixel units, or 

2205 nm2, was set for a particle to be identified. This analysis produced data to calculate area 

percent of the dispersoids, effective dispersoid diameters, and dispersoid size distributions, where 

the effective dispersoid diameter is the diameter of a circle having the same area as an individual 

dispersoid. This process was repeated on every image and the data was then averaged for all the 

five to ten images.  

Specimens collected in the T6 condition were prepared for electron backscattered 

diffraction (EBSD) analysis. This analysis gave insight on grain size and shape of the different 

conditions of the material. EBSD measures grain size and shape by using a critical 

misorientation angle. If the misorientation angle is higher than the critical misorientation angle, 

the software recognizes this as a grain boundary. The software then analyzes the pixels and their 

misorientation angles to create grains. With this information, the software can then calculate 

grain size and its shape can be determined by analysis of the map. In this work, the area weighted 

measure of grain size was utilized. “Area weighted average grain size” is calculated by the 

following equation: 

                                                     d-bar = (∑ 𝐴𝑖𝑑𝑖)/(
𝑛

𝑖=1
∑ 𝑑𝑖
𝑛
𝑖=1  )                                           (3-1)                                      

 

Here, Ai is the area of each individual grain and di is the calculated individual grain size 

assuming the grain is a circle and d-bar is the area-weighted average grain size. In conjunction 

with EBSD, x-ray diffraction (XRD) Guinier analysis was conducted on both compositions in the 

24-hour homogenized condition to confirm the phases predicted by Thermo-Calc are the phases 

present in the material. Guinier analysis is an XRD method where the result is an XRD scan that 

is interpreted by analyzing diffraction peaks, like conventional XRD. Guinier analysis uses a 
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strip of film as the detector and collects all the x-rays at once. The x-rays appear as lines on the 

film which are digitized and the diffraction peaks are analyzed. Guinier analysis was chosen for 

this experiment over traditional 2-theta analysis because of its higher phase sensitivity, or ability 

to identify components with low concentrations more easily.  

Tensile testing was conducted per ASTM E8/E8M-16a and B557-15 in the longitudinal 

direction for both the T4 and T6 tempers for all four conditions of both compositions. Specimens 

were standard dog-bone type, 225.4mm (8.875”) long by 22.2mm (0.875”) wide with a 12.7mm 

(0.5”) wide gauge section. 
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4.0 Results 

The Scheil calculation run within Thermo-Calc predicts which phases and their volume 

percentages would form during solidification, more importantly showing the amount of dispersoid- 

forming elements (Mn, Cr, and V) remaining in solution. The amount of dispersoid forming 

elements available in the aluminum matrix composition after solidification in AA6111 is 0.141 

weight percent Mn and 0.080 weight percent Cr. Similarly, the amount of dispersoid forming 

elements available in the aluminum matrix composition after solidification in AA6111 + V is 0.140 

weight percent Mn, 0.079 weight percent Cr, and 0.098 weight percent V (Table 3).  

 

Table 3 Scheil solidification predictions of the aluminum matrix composition after solidification of the 

compositions given in Table 1. 

Aluminum Matrix Composition After Solidification (wt%) 

Alloy Si Fe Cu Mn Mg Cr V 

AA6111 0.255 0.010 0.253 0.141 0.425 0.080  

AA6111+V 0.236 0.010 0.207 0.140 0.421 0.079 0.098 

 

The Scheil calculation indicates that in both compositions roughly 0.07 weight percent Mn 

will be used to form either Al6(Fe,Mn) or α-Al12(Fe,Mn)3Si constituent. Equilibrium calculations 

predict 0.13 mole percent, or roughly 0.11 volume percent, α-Al12(Fe,Mn,X)3Si dispersoid phase 

formation during homogenization in AA6111 (Figure 6) and 0.11 mole percent α-

Al12(Fe,Mn,X)3Si dispersoid phase formation during homogenization in AA6111 + V, where X is 

Cr and possibly other transition elements, like V, which may be present and could substitute for  
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Fe or Mn in the α-Al12(Fe,Mn,X)3Si phase.  

 

 

Figure 6 Thermo-Calc equilibrium phase fraction predictions for homogenization of AA6111 at 560˚C 

(1040˚F), based on the matrix composition of AA6111 given in Table 2. 

 

Thermo-Calc predicts an additional phase, CrSi2, in AA6111 + V where V can substitute 

for Cr and Al can substitute for Si. Since the Thermo-Calc database does not have the 

(Al,Zn)18Mg3(Cr,X)2 phase, known as E phase (Figure 7), in its database for the Al-Mg-Cr system, 

it is likely that the CrSi2 phase is equivalent to (Al,Zn)18Mg3(Cr,X)2.   

 

Equilibrium Phase Fraction at 560˚C (1040˚F) (mol %) 

Alloy Al13Cr4Si4 Al15Si2M4 CrSi2_C40 Al9Fe2Si2 

AA6111  0.13%   
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Figure 7 Crystal structure of α-Al18Mg3V2 dispersoid. This dispersoid has a cubic structure, a space group 

Fd3m, 184 atoms in the unit cell, and a lattice parameter a = 14.60Å [13]. 

 

This phase is predicted to be an additional 0.13 mole percent dispersoid phase in 

AA6111+V (Figure 8).  
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Figure 8 Thermo-Calc equilibrium phase fraction predictions for homogenization of AA6111 + V at 560˚C 

(1040˚F), based on the matrix composition of AA6111 + V given in Table 2. 

 

For these predictions it was determined that mole percent and volume percent are roughly 

equivalent for this alloy system. 

Constituent and dispersoid phases were identified by a combination of x-ray diffraction 

Guinier analysis and SEM-EDS. EDS confirmed that there is one main constituent phase on the 

grain boundaries in both compositions. The main constituent phase that appears most prominently 

in both compositions contained Al, Fe, Mn, Si, and Cr and is likely to be the α-Al12(Fe,Mn,X)3Si 

phase (Figure 9) and in AA6111 + V in (Figure 10). 

Equilibrium Phase Fraction at 560˚C (1040˚F) (mol %) 

Alloy Al13Cr4Si4 Al15Si2M4 CrSi2_C40 Al9Fe2Si2 

AA6111 + V  0.11% 0.13%  
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Figure 9 SEM-EDS image suggesting the presence of α-Al12(Fe,Mn,X)3Si constituent in AA6111. 

 

Element Weight Percent Atomic Percent 

Aluminum 67.0 76.7 

Silicon 9.3 10.2 

Chromium 1.4 0.8 

Manganese 5.4 3.1 

Iron 14.3 7.9 

Copper 2.6 1.3 
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Figure 10 SEM-EDS image suggesting the presence of α-Al12(Fe,Mn,X)3Si constituent in AA6111 + V. 

 

Additionally, XRD indicated the presence of an additional phase in AA6111 + V (Figure 

11), which is expected to be E-phase.  

 

Element Weight Percent Atomic Percent 

Aluminum 67.0 76.5 

Silicon 9.9 10.8 

Chromium 0.0 0.0 

Manganese 6.2 3.5 

Iron 14.0 7.7 

Copper 2.9 1.4 
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Figure 11 X-ray diffraction obtained from samples of AA6111 and AA6111 + V showing the various peaks. 

The large peaks at roughly 38.5˚ and 45˚ are the aluminum peaks and are present in both samples. The peaks 

present in both samples at roughly 19˚, 20˚, 22˚, 25.5˚, 27.5˚, 31.5˚, 36.5˚, 42˚, and 43˚ are the α-

Al12(Fe,Mn,X)3Si peaks representing the constituent and dispersoid. The peaks at 41˚ and 43.5˚ in AA6111 + 

V, but not in AA6111 match two of the major E-phase peaks, however the minor E-phase peaks are not 

identifiable and the presence of E-phase cannot be confirmed with XRD. 

 

SEM maps and SEM-EDS identified V in solid solution, as V-bearing constituent, and as 

V-bearing dispersoids which can be seen in Figure 12, Figure 13, and Figure 14 respectively.  
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Figure 12 SEM map showing the presence of vanadium in grain interiors. 
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Figure 13 SEM-EDS showing the presence of V-bearing constituent on grain boundary. 

Elemental mass percent measured for spots 1-5 

 

Al Si Mn V Cr Fe Cu Mg 

Spot 1 52.01 8.76 5.50 0.69 1.65 26.02 2.49 0.21 

Spot 2 56.38 8.27 4.83 0.69 1.43 25.36 2.52 0.53 

Spot 3 92.96 2.04 0.34 0.00 0.34 0.28 2.13 1.92 

Spot 4 94.22 1.70 0.16 0.08 0.00 0.23 1.78 1.84 

Spot 5 92.19 2.55 0.27 0.07 0.00 0.18 2.46 2.27 
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Figure 14 SEM map showing presence of V-bearing dispersoid particle. 

 

Optical metallography was utilized to observe the dispersoid distribution in the 0.5% HF 

etched condition. Etch pits provide an indication of where the dispersoid particles are, even though 

the resolution of optical metallography is not sufficient to image the dispersoids themselves. For 

both compositions, it appears the dispersoid particles are less prevalent in the 2-hour 

homogenization condition than in the 24-hour homogenization condition, as expected. 
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Additionally, in both compositions a “cored” microstructure can be observed where the areas 

around the grain boundaries have no dispersoids. There are multiple explanations for this 

observation. First, this behavior could be due to solute partitioning during solidification. During 

solidification the elements which participate in a eutectic reaction with aluminum (Cu, Fe, Mn, 

Mg, Si) are concentrated in the grain boundary areas which are the last to solidify. Similarly, the 

elements which participate in a peritectic reaction with aluminum (Cr, V) are depleted in these 

regions, contributing to the “coring” behavior that is observed. Secondly, the “coring” behavior 

could be due to solute depletion because of constituent formation on the grain boundaries, leaving 

no dispersoid forming elements in solution in these areas. (Figure 15). 
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Figure 15 Optical metallography of (a, b) AA6111 and (c, d) AA6111 + V samples given (a, c) 2h and (b, d) 24 

h homogenization practices, revealing etch pits associated with heterogenous dispersoid population. 

 

Quantification of dispersoid particles was conducted on backscattered electron (BSE) 

images. An example BSE image used for this analysis can be seen in Figure 16. 
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Figure 16 Representative SEM-BSE image from AA6111 with a 24-hour homogenization used for dispersoid 

quantification using ImageJ software. 

 

 Experimental measurements of the average dispersoid effective particle diameter in the 

base alloy, AA6111, were larger (0.131µm) for the 24-hour homogenization than for the 2-hour 

homogenization (0.107µm). Experimental measurements of the average dispersoid effective 

particle diameter in AA6111 + V were also larger (0.131µm) for the 24-hour homogenization than 

for the 2-hour homogenization (0.099µm) (Figure 17). 
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Figure 17 Average dispersoid effective particle diameter for the AA6111 and AA6111 + V given a 2-hour and 

24-hour homogenization. Comparison shows a statistically significant difference in effective particle diameter 

within each alloy for the two different homogenization practices. Error bars reflect one standard deviation. 

 

 Additionally, experimental measurements of the area percent dispersoid in the base alloy 

AA6111 were slightly higher (0.612%) for the 24-hour homogenization than for the 2-hour 

homogenization (0.564%). Experimental measurements of the area percent dispersoid were also 

collected from AA6111 + V and the measurements were noticeably higher (0.694%) for the 24-

hour homogenization versus the 2-hour homogenization (0.428%) (Figure 18).  
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Figure 18 Comparison of total dispersoid percent area in AA6111 and AA6111 + V homogenized for 2-hours 

and 24-hours. Comparison shows a statistically significant increase in dispersoid percent area between 

AA6111 homogenized for 2-hours and 24-hours. Error bars reflect one standard deviation. 

 

Effective dispersoid size, for this study measured as effective dispersoid diameter, was 

another key variable that was analyzed with respect to its effect on grain size and comparisons to 

what has been observed in the literature. According to the measurements shown in Figure 19 and 

Figure 20, the main average dispersoid population in both alloys and homogenizations is roughly 

80 nanometers, with many of the dispersoids in the size range of 80 nm to 200 nm. 
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Figure 19 Histogram showing the amounts of particles measured in AA6111 when homogenized for 2-hours 

and 24-hours. Comparison shows both homogenizations yield similar particle size populations in differing 

amounts. Error bars reflect one standard deviation. 
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Figure 20 Histogram showing the amounts of particles measured in AA6111 + V when homogenized for 2-

hours and 24-hours. Comparison shows both homogenizations yield similar particle size populations in 

differing amounts. Error bars reflect one standard deviation. 

 

This size range is consistent with those reported in the literature where they evaluated 

dispersoids formed from Mn additions only [10] [18]. However, they did not provide histograms 

of the particle size ditributions. In all conditions and compositions the longer 24-hour 

homogenization results in a slightly decreased grain size, independent of cold work percentage.  

SEM-EBSD analysis was run to evaluate and compare area-weighted grain sizes as an 

effect of increased dispersoid grain pinning particles. For a given cold rolling reduction, increases 

in homogenization time led to slightly reduced grain size (Figure 21 and Figure 22, Table 4). In 

the case of 43% cold rolling reduction for the baseline alloy AA6111 and alloy AA6111 + V, grain 
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size was reduced from 53 to 51µm and from 49 to 47µm respectively (figure 21, Table 4). For 

68% cold rolling reduction for the baseline alloy AA6111 and alloy AA6111 + V, grain size was 

reduced from 49 to 44µm and from 45 to 42µm, respectively (Figure 22, Table 4). 

For a given homogenization time and level of cold rolling reduction, the impact of V was 

to reduce grain size. For example, in the case of 43% cold rolling reduction and 2-hour 

homogenization, the impact of V was to reduce grain size from 53 to 49µm (Figure 21, Table 4). 

Similar reductions were observed for the longer homogenization time and for higher cold rolling 

reductions. 

For both alloys and homogenization times, the grain size was reduced with higher levels 

of cold work. In the case of the baseline alloy AA6111, grain size was reduced from 53µm to 49µm 

when increasing cold rolling reduction from 43% to 68% for the 2-hour homogenization and from 

51µm to 44µm when increasing cold rolling reduction from 43% to 68% for the 24-hour 

homogenization (Figure 21 and Figure 22, Table 4).  
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Figure 21 EBSD images of (a, c) AA6111 and (b, d) AA6111 + V samples all given 43% cold work reduction 

and (a, b) given 2-hour homogenization and (c, d) given 24-hour homogenization showing slight grain 

refinement with the addition of vanadium. 
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Figure 22 EBSD images of (a, c) AA6111 and (b, d) AA6111 + V samples all given 68% cold work reduction 

and (a, b) given 2-hour homogenization and (c, d) given 24-hour homogenization showing slight grain 

refinement with the addition of vanadium. 

 

Likewise, for the alloy AA6111 + V, grain size was reduced from 49µm to 45µm when 

increasing cold rolling reduction from 43% to 68% for the 2-hour homogenization and from 47µm 

to 42µm when increasing cold rolling reduction from 43% to 68% for the 24-hour homogenization 

(Figure 21 and Figure 22, Table 4). Overall, the impact of increased homogenization time, 
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increased cold rolling reduction and the addition of V was to reduce the grain size. These effects 

were small but consistent across all comparisons. 

 

Table 4 SEM-EBSD area-weighted grain size measurements for AA6111 and AA6111 + V given two 

homogenization treatments and two levels of cold work, then processed to T6 temper. 

Alloy Homogenization (h) Percent cold work Area weighted grain size 

AA6111 2 43% 53 

AA6111 2 68% 49 

AA6111 24 43% 51 

AA6111 24 68% 44 

AA6111 + V 2 43% 49 

AA6111 + V 2 68% 45 

AA6111 + V 24 43% 47 

AA6111 + V 24 68% 42 

 

X-ray diffraction Guinier analysis identified significant amounts of the alpha phase, 

Al12(Fe,Mn)3Si in both AA6111 and AA6111 + V. In AA6111 + V XRD detected small amounts 

of an additional phase that was not present in AA6111 (Figure 11). Additional peaks are observed 

at 41˚ and 43.5˚ in the XRD results for AA6111 + V, indicating the possibility of an additional 

phase. These two peaks match with two of E-phase’s primary peaks, however this is not strong 

enough evidence to conclude that E-phase is present because the lower intensity peaks for E-phase 

were not observed. 

Overall, the tensile results show no major impact with the addition of vanadium on the 

tensile yield strength (TYS), ultimate tensile strength (UTS), or total elongation with either 
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homogenization practice, cold work amount, or composition modification in the T4 or T6 temper 

(Table 5). In the T4 temper the TYS of AA6111 varied from 171 MPa to 178 MPa, UTS varied 

from 316 MPa to 322 MPa, and total elongation varied from 25.1% to 28.4% across the different 

homogenization practices and cold rolling reduction studies. Similarly, the TYS of AA6111 + V 

varied from 173 MPa to 180 MPa, UTS varied from 320 MPa to 324 MPa, and total elongations 

varied from 25.6% to 27.0%. Similar observations were made in the T6 temper. In the T6 temper 

the TYS of AA6111 varied from 365 MPa to 370 MPa, UTS varied from 388 MPa to 393 MPa, 

and total elongations varied from 9.8% to 12.8% across the different homogenization practices and 

cold rolling reductions studies. In the T6 temper the TYS of AA6111 + V varied from 368 MPa to 

375 MPa, UTS varied from 394 MPa to 399 MPa, and total elongations varied from 9.5% to 12.7%. 

Differences of a few MPa may be within measurement error or expected lot-to-lot variation.    

 

Table 5 Tensile test results for the AA6111 and AA6111 + V sheet, given two homogenization treatments and 

two levels of cold work, then processed to T4 and T6 tempers. 

 

 

Alloy Homogenization
Cold Work 

Percentage
Temper TYS (Mpa) UTS (MPa) UTS-TYS

Uniform 

Elongation

Total 

Elongation

n-value 

(4-6%)

n-value 

(10-20%)

AA6111 2 hour 43% T4 178 322 144 22.4 25.5 0.247 0.251

AA6111+V 2 hour 43% T4 176 322 147 22.4 25.7 0.249 0.250

AA6111 2 hour 68% T4 176 320 143.5 23.75 28.4 0.251 0.250

AA6111+V 2 hour 68% T4 180 324 144 22.5 25.6 0.244 0.247

AA6111 24 hour 43% T4 171 316 144 23.4 28.2 0.253 0.252

AA6111+V 24 hour 43% T4 173 320 147 22.9 26.7 0.252 0.253

AA6111 24 hour 68% T4 174 320 146 22.5 25.1 0.256 0.255

AA6111+V 24 hour 68% T4 173 320 147 23.1 27.0 0.253 0.251

AA6111 2 hour 43% T6 370 393 23 7.7 12.0 0.061 -

AA6111+V 2 hour 43% T6 370 394 24 8.0 11.1 0.062 -

AA6111 2 hour 68% T6 365 388 22 8.0 10.9 0.062 -

AA6111+V 2 hour 68% T6 375 399 24.5 7.5 10.9 0.059 -

AA6111 24 hour 43% T6 369 393 24 8.0 12.8 0.062 -

AA6111+V 24 hour 43% T6 372 395 23.5 7.0 9.5 0.060 -

AA6111 24 hour 68% T6 369 392 23 7.5 9.8 0.062 -

AA6111+V 24 hour 68% T6 368 394 26 8.2 12.7 0.063 -
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Overall, there was no impact on n-value with either homogenization practice, cold work 

amount, or composition modifications in the T4 or T6 temper (Figure 23 and Figure 24). The strain 

hardening exponent (n-value) evaluated over the strain range from 4 to 6% varied from 0.247 to 

0.256 in the T4 temper and 0.061 to 0.062 in the T6 temper in AA6111. Similarly, the 4-6% strain 

hardening exponent (n-value) varied from 0.244 to 0.253 in the T4 temper and 0.059 to 0.063 in 

the T6 temper of AA6111 + V.  

 

 

Figure 23 Comparison of the n-value (4-6%) of AA6111 and AA6111 + V given a 2-hour homogenization, 

43% and 68% cold work reductions, and aged to the T4 condition. Values show no significant benefit to n-

value by adding vanadium to AA6111. Error bars reflect one standard deviation. 
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Figure 24 Comparison of the n-value (4-6%) of AA6111 and AA6111 + V given a 24-hour homogenization, 

43% and 68% cold work reductions, and aged to the T6 condition. Values show no significant benefit to n-

value by adding vanadium to AA6111. Error bars reflect one standard deviation. 
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5.0 Discussion 

The size, amount, and distribution of dispersoid particles in 6xxx series aluminum alloys 

plays an integral role in the resulting microstructure. Studying the effect of adding an additional 

dispersoid forming element to a known automotive composition to evaluate the resulting 

microstructure and properties showed some positive impact on grain size reduction, but overall 

had minimal effect on performance. 

Thermo-Calc was used to predict phase formation during solidification and equilibrium. 

Thermo-Calc predicted the formation of an additional dispersoid phase with the addition of 

vanadium and use of a 560˚C homogenization. The prediction of this additional phase and overall 

greater phase fraction in the AA6111 + V composition led to interest of the impact on 

microstructure and properties. 

Thermo-Calc predictions can be seen for AA6111 in Figure 7 and AA6111 + V in Figure 

8. Thermo-Calc uses a public database for its predictions, which means there is a possibility for 

different notations for different phases. For example, Thermo-Calc predicts Al15Si2M4 as this is 

the standard alpha phase in the database for the Al-Mn-Si ternary system. Upon further evaluation 

using SEM-EDS and XRD, this phase was assumed to be α-Al12(Fe,Mn,Cr)3Si. Additionally, 

Thermo-Calc predicts that an additional dispersoid phase, CrSi2, will be present in AA6111 + V. 

Due to the differences in the phase notations, Thermo-Calc does not have E phase, Al18Mg3V2, in 

the Al-Mg-Cr ternary system. Instead, it has a phase called CrSi2 where V can substitute for Cr 

and Al can substitute for Si. Since Thermo-Calc does not have the E-phase in the Al-Mg-Cr system 

it is likely these are equivalent phases. Predictions for both alloys show Al15Si2M4 dispersoid 

phase. Precedence from the literature by Lodgaard and Ryum, suggests that this phase is an α-
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Al(Mn,Cr,Fe)Si dispersoid [18]. XRD analysis also confirmed this phase to be α-Al12(Fe,Mn)3Si. 

Additionally, XRD analysis identified two additional peaks in AA6111 + V that match two of E-

phase’s major peaks. 

Homogenization time played a significant role in the resulting distribution of dispersoids 

for both compositions. Figure 18 shows the measured dispersoid percent areas as a function of 

composition and homogenization time. For AA6111 these measurements show that a 2-hour 

homogenization at 560˚C is sufficient to reach equilibrium and there is no significant increase in 

the amount of dispersoid area with the 24-hour homogenization. However, these measurements 

also show that for AA6111 + V there is a significant increase in the dispersoid amount with the 

24-hour homogenization. The results observed here make sense given the different dispersoid 

forming elements that are involved. Both compositions rely on Mn diffusion during 

homogenization to form dispersoids but AA6111 + V is also impacted by V diffusion. The 

diffusion coefficient of manganese in aluminum at 560˚C is 7.42 x 10-16 m2/s, while the diffusion 

coefficient of vanadium in aluminum at 560˚C is 1.73 x 10-19 m2/s [8]. Since manganese is a much 

faster diffusing element in aluminum, the results show that the manganese diffusion and 

precipitation of dispersoids in AA6111 reaches or almost fully reaches equilibrium with a 2-hour 

homogenization. Conversely, the dispersoid percent area results for AA6111 + V show a 

significant increase in dispersoid area with a 24-hour homogenization. These results are also 

consistent with the fact that vanadium is a much slower diffusing element in aluminum. The longer 

homogenization practice allows additional time for the vanadium to diffuse and the dispersoids to 

precipitate, resulting in an increase in dispersoid percent area. 

Not surprisingly, the increased cold rolling reduction successfully reduced the grain size. 

In every condition (different homogenization times and different cold work levels), the addition of 



 

 44 

vanadium appears to produce a slightly finer grain size than traditional AA6111. However, there 

was no observed difference in particle morphology or a clear distinction in size distribution 

between the α-Al12(Fe,Mn,X)3Si dispersoid and the additional dispersoid formed. Furthermore, 

SEM-EDS was able to identify a vanadium-bearing dispersoid particle, but they were less 

prevalent than expected. There are multiple explanations for why the vanadium-bearing 

dispersoids were not easily identified by SEM-EDS. First, it is possible that the 24-hour 

homogenization was not long enough for the vanadium to diffuse and form large amounts of E-

phase. Since vanadium is such a slow diffuser in aluminum, it is possible that a 24-hour 

homogenization was simply insufficient. Second, the vanadium could have diffused and 

substituted into the α-Al12(Fe,Mn,X)3Si phase where vanadium substitutes in for X. In this case it 

is likely there would be no difference in size or morphology of the dispersoid particles and may be 

difficult to identify using SEM-EDS. It may be that SEM-EDS does not have sufficient resolution 

to adequately identify the small vanadium-bearing dispersoids, but a technique such as 

transmission electron microscopy (TEM) could more effectively identify and quantify these 

dispersoids. Based on the similar dispersoid area percents measured for both alloys, it is fair to 

assume AA6111 + V contains mostly α-Al12(Fe,Mn,X)3Si with a smaller population of an 

additional dispersoid  phase seen in the longer homogenization. Understanding this, the addition 

of vanadium resulted in a slightly reduced grain size in all conditions compared to AA6111. 

The concept of Zener drag, or Zener pinning, likely contributed to the slightly refined grain 

sizes with vanadium additions [19]. Zener drag is the idea that the smaller the spacing between 

dispersed second phase particles, the smaller the expected grain size [11]. Smaller interparticle 

spacings are realized with either higher amounts of particles or reductions in the size of those 

particles. This experiment attempted to compare a 2-hour and 24-hour homogenization of two 
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alloys with different amounts of dispersoid forming elements and evaluate if the addition of 

vanadium would have a significant effect on Zener drag, thus producing a finer grain size. These 

particles act as barriers for grain boundary motion. When grain boundaries encounter these 

particles, new grain boundary area must be created which requires a much higher energy state. 

Since this process is energetically unfavorable, it is an effective method of pinning grain boundary 

movement which has a large influence on recovery, recrystallization, and grain growth [11]. One 

way to plot the Zener drag effect is to plot grain size as a function of f/r, where f is the fraction of 

dispersoid particles (area percent divided by 100), and r is particle radius. This calculation was 

completed to analyze the effect of Zener pinning in AA6111 and AA6111 + V and the results can 

be seen in Figure 25.  
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Figure 25 Area weighted grain size versus f/r parameter for both compositions, homogenization times, and 

cold work levels. The f/r parameter provides a representation of Zener drag in the material. The baseline 

AA6111 material does not follow the expected result that an increase in f/r value should increase the Zener 

drag effect and decrease grain size. AA6111 + V does follow the expected trend. 

 

AA6111 + V follows the expected trend where grain size decreases with increasing f/r. 

This can be explained by the formation of an additional dispersoid phase with vanadium additions, 

creating more pinning particles. However, the baseline AA6111 does not follow the expected 

trend. One possible explanation for this could be that a 2-hour homogenization is sufficient to form 

the equilibrium amount of α-Al12(Fe,Mn,X)3Si dispersoids. When this material is given a 24-hour 

homogenization, there is no additional phase or additional α-Al12(Fe,Mn,X)3Si being formed. 

Increasing particle radius via particle coarsening with no change in f leads to a decrease in f/r with 
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increased homogenization time. In AA6111 + V, the 2-hour homogenization is sufficient to begin 

forming α-Al12(Fe,Mn,X)3Si dispersoids, but does not form much, if any, vanadium-bearing phase 

due to the slow diffusion rate of vanadium. The 24-hour homogenization results in a significant 

increase in dispersoid percent area, which in turn increases the value of f. Even though the average 

radius of the particles is statistically the same for both alloys in each homogenized condition 

(Figure 17), this increase in f for AA6111 + V, but not AA6111 is the reason why AA6111 + V 

follows the expected f/r prediction but AA6111 does not. It is fair to conclude that the larger 

increase in dispersoid area was able to be captured in the particle measurements for AA6111 + V, 

but since the dispersoid percent areas were so similar in the 2-hour and 24-hour homogenizations 

for AA6111, the differences were not distinguishable in the dispersoid measurements. 

5.1 Mechanical Properties 

The manipulation of the dispersoid populations in AA6111 and AA6111 + V had no 

significant improvement in T4 or T6 strength, n-value, UTS-TYS, or elongation. While there is 

precedence in the literature stating that vanadium additions to 6xxx series aluminum alloys 

improves the mechanical properties, that was not observed in this study [4] [14] [15] [16] [20]. No 

additional strength benefit from these dispersoids is not surprising. There are two main 

strengthening mechanisms that could potentially be affected by the amount of dispersoids present: 

dispersion strengthening and grain size strengthening. First is the contribution that could come 

from dispersion strengthening, i.e., Orowan looping. In 6xxx series aluminum the main strength 

contribution comes from aging the material and precipitating out β'' and Q' particles. A paper by 

Wang et al., 2013 examined these strengthening particles in AA6111 in the T6 temper. These 
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particles are much smaller (~1-3nm radius) and appear in large number densities (75 to 200 x 

103/µm3 for β'' and 1 to 4 x 103/µm3 for Q') [24]. The Orowan looping mechanism can provide 

additional strengthening when small particles act as barriers to dislocation motion and cause the 

dislocations to shear or bypass the particles. When compared to the much larger 50-65nm radius 

of the dispersoids the expected increase in strength from the dispersoid precipitates is negligible.  

Additionally, little to no strength benefit is expected in these alloys due to a more refined 

grain size in AA6111 + V. The Hall-Petch equation is based on the theory of grain boundary 

strengthening. Grain boundaries act as pinning locations for dislocation movement. With a more 

refined grain size, there is more grain boundary area, which in theory should help increase the 

strength of the material. The Hall-Petch equation is defined as: 

                                                                 σy = σ0 + kyd
-1/2                                                    (5-1)                                                 

where d is the average grain diameter and σ0 and ky are material specific constants [5]. Based on 

this equation, strength should increase with decreasing grain size. Figure 26 shows yield strength 

data compiled by Burger et al., 1995 of a 6xxx series aluminum alloy in the T4 temper. This study 

did not show an increase in strength for samples whose grain size varied from about 27 to 46µm. 

Although the data show what appears to be a slight decrease in strength with reductions in grain 

size, Burger et al., 1995 explain that the slope of the trend line is not statistically significant from 

zero, indicating no strength increase in strength is observed over the grain size range plotted. Based 

on this data we would not expect to see a notable increase in strength associated with a reduction 

in grain size from 51 to 42µm as observed in the AA6111 and AA6111 + V samples in the current 

study. 
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Figure 26 Yield strength variation in a 6xxx series aluminum alloy in the T4 temper compiled by Burger et 

al., 1995. The slope of the trendline was found to not be statistically significant from zero, indicating no 

strength increase due to grain size reduction from 46 to 27µm [6]. 
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6.0 Conclusions 

This study provided a detailed analysis of the effects of vanadium additions to the 

aluminum automotive alloy AA6111. Based on this investigation there are multiple conclusions 

that can be made. 

The addition of vanadium resulted in slight grain a slight grain refinement of 2-4µm 

depending on the processing path. All samples showed a fully recrystallized grain structure in the 

T4 and T6 temper as expected. 

SEM evaluation identified the presence of vanadium in multiple locations in the 

microstructure. Even after a 24-hour homogenization treatment, SEM identified much of the 

vanadium in the grain interiors, suggesting the 24-hour homogenization was still insufficient for 

the vanadium to diffuse and reach an equilibrium state. SEM also identified vanadium in 

constituent particles suggesting some vanadium was tied up in these particles during the 

solidification process. SEM did identify a vanadium-bearing dispersoid particle, however these 

particles were not as prevalent as expected or the resolution of the SEM was not quite high enough 

to identify these particles. 

The vanadium additions did not result in measurable increases to either the tensile yield 

strength or the ultimate tensile strength. The main strengthening mechanisms in aluminum alloys 

were discussed and based on these strengthening mechanisms it is not surprising that no increase 

was observed. 

The vanadium additions showed no measurable improvements in either total elongation or 

n-value. It was hypothesized that an increase in dispersoid particles could help more uniformly 
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distribute strain and this would be evident through increased total elongations and n-value, 

however this was not observed in this study.  
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7.0 Recommendation and Future Work 

Overall, the addition of vanadium to the automotive alloy AA6111 yielded a slightly finer 

grain size but did not have an impact on tensile yield strength, ultimate tensile strength, elongation, 

or n-value. The longer 24-hour homogenization was sufficient for some vanadium diffusion and 

precipitation of a vanadium-bearing dispersoid phase which slightly refined the grain size in this 

alloy. Although the addition of vanadium presents the benefit of slightly refining grain size, the 

effect is so small that no other performance benefits were observed. The use of vanadium may not 

be a realistic recommendation for improving AA6111, especially in production where the residual 

vanadium content would be harmful to the reuse of scrap material.  

Further study on the effect of vanadium in solid solution could provide important additional 

information on the role vanadium plays in aluminum alloys. A full natural aging curve could be 

compiled to study the effect of vanadium on the precipitation kinetics of the strengthening phases 

when vanadium is present in solid solution. 

Thin foil TEM could be conducted on the 24-hour homogenized samples from this study 

to characterize and quantify the vanadium-bearing dispersoid formed. Additionally, longer 

homogenization treatments could be designed and tested to evaluate the impact on E-phase 

formation and alloy performance.  

New alloy investigation could minimize the amount of other dispersoid forming elements, 

namely manganese and chromium, to solely evaluate the behavior of vanadium in a 6xxx series 

aluminum alloy and its impact on performance. Formability testing could be included to determine 

if that aspect of performance is affected. 
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