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Abstract

The homogenization of billets in the aluminum extrusion industry is a critical step
that removes chemical segregation from casting, dissolves low melting point phases,
forms nanoscale dispersoid phases, and promotes the 3 = o transformation of iron
particles in the matrix. With ever increasing use of aluminum extrusion in the automotive
industry there is a constant need for increased efficiency and consistency in processing of
extruded aluminum. The work in this thesis explores the effects of 10°C differences in
the homogenization temperature on the formation of dispersoids in 6082 alloys used in
the automotive industry. The role of dispersoids is to prevent the recrystallization of
grains during extrusion giving a more uniform grain structure, improved mechanical
properties, and improved corrosion resistance when compared to dispersoid-free alloys.
This work found a 10°C increase in homogenization temperature resulted in a 5-15%
decrease in dispersoid density, 5-10% increase in dispersoid size, and noticeable effect on
mechanical and chemical properties. This effect was maintained regardless of the holding
time, temperature, or ramp rate used for homogenization. Additional studies on the
effects of two-step homogenizations found similar results on the variation in dispersoid
density but had improved properties when compared to one-step homogenization cycles
currently used in industry, shedding light on the importance of dispersoid nucleation
mechanism in developing improved thermal processing of billets.

Vi



1 Introduction and Overview

1.1 Understanding Extruded Aluminum

Extruded aluminum is a ubiquitous engineering and architectural material that can take
many different forms thanks to the unique process that is used to create it. Extrusion
allows for the creation of long, continuous sections of metal with constant cross-sectional
shapes. This process is used in the production of parts that could not be produced by
nearly any other means and are heavily relied upon by numerous engineered products. In
the United States, extruded products account for 28% of wrought aluminum consumption
in 2015 according to a USITC report [1]. Aluminum extrusion has innumerable uses such
as automotive body components, tubular commercial window framing, heat exchanges,
hand rails, bicycle frames, piping or tubes, acrospace components, and consumer
products to name a few [2], [3]. Production of extruded products is quite simple and has
little variation between alloys and the shape of the extrusion. Extruded material begins as
a cast billet of metal that is heat treated prior to extrusion process. Immediately before
extrusion, the billet is preheated to a high temperature, around 450-500°C, which softens
it considerably allowing for extrusion. The billet is placed in an extrusion press and
forced into a die immense force, forcing the material through the die and shaping it into
the final extrusion. Dies can be a variety of complex shapes including hollow tubes and
very thin sections which is part of the versatility of the extrusion process [4]. A basic

diagram shows this in Figure 1. While the process itself is quite simple, control over the



process parameters such as heat treatments, alloy chemistry, die design, extrusion
temperature, and more create a near infinite number of variables that need to be

considered for a quality extrusion.

DIRECT EXTRUSION

Die Billet

e e

Extrusion

Figure 1. Basic diagram of the direct extrusion process [5]

1.2 Applications of Extruded Aluminum

As mentioned previously, extruded products account for 28% of wrought aluminum
consumption in the United States. In industrial and commercial applications, where parts
are often created on a large scale, the use of aluminum extrusions is prolific and plays a
major role in the manufacturing of unique parts that would otherwise be costly or
impossible to create. The ongoing work focused on light weighting vehicles has led to a
major increase in the use of aluminum in the automotive industry. The ability to create
complex hollow structures through aluminum extrusion has been used to lightweight
body structures while simultaneously increasing the stiffness through design of these new

structures [6]. While the automotive industry has only recently seriously considered the



applications of extruded aluminum, other industries have been using these same
advantages for some time now. Many bicycle frames, from recumbents to mountain
bikes, make use of extruded aluminum tubing that can take many shapes for optimized
stiffness and lightweight design while keeping production costs low [7]. The flexibility in
design of extruded aluminum makes it an incredibly attractive manufacturing process d
that has proven its worth in many industries by making parts that no other methods can

match.

1.2.1 Motivations for this work

With increasing use of aluminum extrusions in many industries there is a constant push
for improving the quality, consistency, and reliability of this process. As with any large-
scale production technique, consistency is the heart of creating a valuable end product.
Improved process control is fundamental to this idea. There are many steps that influence
the performance of extrusion, and these are detailed in the following section. In this study
the focus is on the homogenization step which has many effects and is closely tied to
extrusion performance and final quality of the extrusion. In alloys such as 6082 the
formation of dispersoids occurs during homogenization which give the alloy the higher
strength, corrosion resistance, and ductility that it is known for [8]. To better control the
extrusion process, there is the need for better control over the heat treatment and
formation of dispersoid particles. Temperature control is the more difficult half of the
time-temperature dependence of any thermal processing in materials. This is exacerbated

with increasing temperature where thermal variation can occur quickly and be difficult to



measure. Achieving tight temperature tolerance at the industrial scale of homogenization
can be challenging and it has been observed that even small variations in temperature can
have significant effect on dispersoid formation [9]-[11]. It is the purpose of this work to
investigate and understand the effects of small temperature variations in homogenization
furnaces to help refine industry practices. If the homogenization temperature of two 6082
type aluminum alloys is varied by 10-20°C then the observed dispersoid density will
decrease by a significant amount because the higher temperatures will increase diffusion

rate and dissolution of dispersoids.

1.3 The Life of a Billet

From casting to extrusion, the thermal history of an extruded part is vast but quite
consistent between alloys. As shown in Figure 2, the thermal history of a part can be
broken into 4-5 sections all which depend on the previous for producing high quality
extrusions. Process variation, whether it be time, temperature, or speed, is unavoidable in
every step but is considerably more important in some more than others. The effects of

each step and the interactions it has with other steps is explained below.
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Figure 2. Thermal History of a 6082 Extrusion. Adapted from Reiso [12].

1.3.1 Casting

The complex geometries created by extrusion all start with the same indistinct cast
cylindrical billets. Aluminum billets are typically cast using direct-chill casting, or DC
casting, where the billets are vertically cast and drawn out through a water-cooled mold
by a hydraulic ram which starts at the bottom of the mold. This casting method is
extremely common in extruded aluminum and even beyond extrusion as majority of
aluminum produced in the United States is produced by DC casting [13]. One undesirable
effect of most casting processes, DC casting included, is segregation of alloying elements
during solidification [14]. This segregation can lead to the formation of non-equilibrium
phases and inconsistent chemistry, and thus chemical properties, across the radius of the
billet [15], [16]. As solute atoms are rejected from the first to form dendrites of a-Al, the
interdendritic region is enriched and upon solidification forms secondary intermetallic

phases that are present throughout the microstructure.



1.3.2 Homogenizing

Homogenization is the step where billets are heat treated to form a microstructure that
contains the desirable phases and is useable for extrusion. Homogenization begins with
the slow ramping of the billets to the desired holding temperature, typically 500°C-600°C,
where it is held for the desired homogenization time, typically 2-6 hours. Cooling is seen
to have an effect of the precipitation of Mg>Si and forced air is typically used to control
the cooling of the billet over the course of multiple hours. Controlled heating and cooling
rates are necessary for a homogeneous, uniform microstructure for good extrudability [4],
[17]. The primary effects of homogenization is to reduce as-cast chemical segregation,
dissolution of secondary phases, transformation of 3 2 o AlFeSi, and, in some alloys,
form intermetallic nano-scale dispersoids [4], [18], [19]. The visible change in the

microstructure from the as-cast state to homogenized can be seen in Figure 3.
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Figure 3. 6082 billet microstructure in (a) as-cast state and (b) after a standard
homogenization cycle showing the dissolution of many phases



Reduction of chemical segregation occurs during the homogenization process as elements
go into solid solution and diffuse to create a more uniform distribution in solid solution.
Complete dissolution of some phases occurs, leaving a fraction of the as-cast phases in
the final microstructure, as shown in Figure 4. Presence of these soluble, low melting
point phases, such as Mg>Si, during the extrusion process is undesirable as high
temperature deformation can cause local melting and tearing of the material, known as
hot tearing [4]. During the formation of nano-scale dispersoids, presence of local
chemical inhomogeneities can influence the formation of these particles creating an
uniform distribution of dispersoids [20], [21]. The B = o transformation of large, primary
AlFeSi particles can improve overall extrusion performance and product quality by
changing the morphology of sharp, stress concentrating 3-AlFeSi into rounded a-AlFeSi

[22].

While the significance of each effect varies from alloy to alloy the overall importance of
homogenization is the same. A tightly controlled homogenization process gives a high
level of control over the microstructure and resulting properties of the billets during
extrusion. It is for this reason there is an ongoing effort to better understand and optimize

the homogenization process [16].
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Figure 4. Modeled effect of homogenization on Mn and concentration across grains in 6082.
By Sarafoglou et al [23].

1.3.3 Preheat/Extrusion

Prior to extrusion, the billets are heated to the ‘preheat temperature’ which is usually the
extrusion temperature, Figure 2 shows the thermal history of billets including preheat, in
which dissolution of naturally precipitated Mg>Si occurs. Incomplete dissolution of
Mg>Si can lead to hot tearing during extrusion so billet preheating times and
temperatures need to be tightly controlled. Consistent billet preheating is crucial for

maintaining a high quality, repeatable operation with maximum efficiency [24].

Small amounts of Mg>Si will precipitate during cooling of homogenization but are
controlled so preheating during extrusion redissolves them into the matrix. During
extrusion, thermomechanical deformation during extrusion can lead to local increases in
temperature up to 600°C causing melting of undissolved Mg>Si phases [25]. During this

time, intense deformation coupled with high temperatures can lead to dynamic



recrystallization. The presence of dispersoids in certain alloys can prevent
recrystallization during extrusion resulting in a fibrous texture. Immediately after
extrusion, the extrudate is typically water quenched to limit precipitation of strengthening

phases for subsequent artificial aging [26].

1.3.4 Aging

The final step in thermal processing of extruded aluminum is typically artificial
aging. After extrusion of 6000 alloys, it is desired that magnesium and silicon are fully
dissolved in the microstructure as a solid solution. Artificial aging involves holding the
material at ~185°C for ~6 hours to produce the optimum precipitation of the finely-
dispersed Mg>Si strengthening phase [26]. If water quenching after extrusion is not
performed a solutionizing heat treatment to redissolve naturally precipitated Mg>Si can
be performed prior to aging. This artificial aging treatment is what gives the 6000 series

aluminum alloys most of their strength.

1.4 6082 Alloy Microstructure

The processing of the 6000 alloy series has been explained in a general, but within the
6000 series there are many variations in the processing, design, and use of specific alloys.
6082 and 6110 alloys are higher alloy content 6000 alloys that are commonly used in the
automotive sector due to their high strength and extrusion performance that can be
controlled through the aforementioned dispersoid formation process during

homogenization [27]. Control over the microstructure of these alloys is a complex



balance of maintaining extrusion performance and mechanical properties through
optimized heating and cooling rates to meet customer specifications. No longer is the
transformation and dissolution of phases the predominant process during
homogenization, but in dispersoid containing alloys the formation of dispersoids has an
equally important role in identifying the idealized heat treatment [21]. While higher
temperatures can promote faster B = a transformation and dissolution of phases it can
also coarsen the dispersoid phases, reducing their effectiveness is stabilizing grain size
and the impact of the alloy strengthening additions. It is necessary to find a balance
between these competing processes to create the desired microstructure and properties for

extrusion [15], [28].

1.4.1 Grain Structure

A defining characteristic of a dispersoid-containing extruded alloy is the unique fibrous
structure that forms during the intense deformation. During extrusion there is sufficient
deformation and heat that complete recrystallization and grain growth can occur leading
to large, equiaxed grains. Additions of Mn and Cr creates dispersoids during
homogenization which inhibit recrystallization and with sufficient dispersoid density can
prevent it entirely, leading to a structure consisting of elongated grains with a ‘fibrous’
appearance. Experiments by Bru demonstrate the transition from a fibrous microstructure
to a recrystallized one in Figure 5 [29]. The intense deformation and elongation of the
original microstructure during the extrusion process are responsible for the elongated

grains of the fibrous microstructure [15]. In Figure 6 that flow of material and the

10



resulting effect this has on the grain structure can be seen through a . This effect may be
lost on the surface where the friction from the die surface and the shear forces acting on
flowing metal can create much higher temperatures and strains. This increases the
recrystallization driving force at the surface leading to a phenomenon known as
‘peripheral coarse grains’, PCG’s, that recrystallize and grow exclusively at the surface of
the extrusion [26]. The presence of PCG can cause issues during corrosion, bending,
fatigue, and even issues surface finish [30], [31]. With a fully fibrous structure the
toughness, ductility, and corrosion resistance of the extruded material increases
significantly [15], [29], [32]. However, the presence of dispersoids in these alloys also
increases quench sensitivity, work hardening, and flow stress during extrusion [27], [33],
[34]. Thus, the ideal dispersoid density must balance optimized extrusion performance
and grain structure. Once this criterion has been met, consistency in the homogenization
process is needed to avoid variation in the dispersoid density which may influence

extrudability and properties.

Figure 5. Extruded material etched to show various levels of recrystallization and
fibrous structure, by Bru [29]

11



Figure 6. A half extruded billet showing material flow and grain structure changes that
occur during extrusion. (Printed with permission from Dr. Trond Furu)

1.4.2 Mg:Si

Like all of the 6000 series alloys, the strengthen of 6082 alloys comes from the
precipitation hardening of Mg>Si, which can occur naturally at room temperature or
during artificial/elevated temperature aging. The prerequisite for precipitation is a
supersaturated solid solution of Mg and Si, achieved by solutionizing to fully dissolve the

Mg and Si and quickly quenching to trap these solute atoms within the matrix.

12



Solutionizing occurs in both homogenization and preheating prior to extrusion while
quenching typically occurs immediately after exiting the die [35]. Diffusion kinetics of
magnesium and silicon are sufficiently fast that even at room temperature there is
appreciable natural precipitation and strengthening possible. This aging process is
optimized at higher temperatures in artificial aging to increase strength and shorten the
aging times to hours. Mg>Si does not refer to a single phase but rather as series of phases
the evolve during the aging process with continual nucleation and growth [36]. The full
evolution of Mg>Si is quite complex and involves 5 different metastable phases before
forming equilibrium Mg>Si [15]. It is beyond the scope of this work to focus on the exact
precipitation kinetics and processes involved with the aging of 6082 material. In the as-
cast state, however, the dissolution of Mg»Si is important for extrusion performance and
successful homogenization practices. Fortunately, in industrial practice where billets are
larger and homogenization times are longer, the dissolution of Mg>Si is often faster than
the B = a transformation given the high solubility and high diffusion rate of magnesium

and silicon [15].

1.4.3 a/BR-AlFeSi Phase

The most abundant secondary phase in 6082 alloys by volume fraction is the AlFeSi iron
phase. In this work this refers to the o & 8 forms of AlFeSi which can take many
morphologies depending on the processing and alloy content. Iron itself has extremely
low solubility in aluminum and will form intermetallic phases with silicon, aluminum,

manganese, and chromium upon solidification. Upon casting, the AlFeSi intermetallic

13



often takes the deleterious monoclinic 3 form, AlsFeSi, which has sharp corners that can
cause cracking and reduce extrudability [17], [23]. Upon homogenization, as-cast 3
transforms to the a form, which is most often reported as simple cubic or body centered
cubic depending on chemistry and cooling rate [37], [38]. While the most commonly
reported forms of AlFeSi are a and B, based on stoichiometry other phases that have been
reported across alloy systems and formation is highly dependent on processing and alloy

composition.

1.4.4 Dispersoids and their Role

Dispersoids in the 6000’s series alloy system refers to high-temperature, nanoscale,
intermetallic precipitates that form during the homogenization process. Dispersoid
formation in an alloy is usually dependent on the Mn and Cr content that leads to
formation of Mn and Cr containing dispersoid phases during homogenization. On the
scale of 5-200 nanometers in length, dispersoids form throughout the microstructure and
can have a significant effect on the mechanical properties of an alloy. The main value in
dispersoids is their high thermal stability which at temperatures where thermomechanical
processing is performed. Homogeneously distributed dispersoids throughout the matrix
can limit, or completely prevent, recrystallization during extrusion. The mechanism relies
on creating a more homogeneous dislocation distribution that reduces nucleation points at
dislocation pile-ups, and additionally, by prevents sub-grain growth through grain
boundary pinning. The effect of dispersoids on hindering recrystallization is estimated

using the Zener pinning pressure,

14



P, = 312:—’;]/ , Equation 1
in which Fy is the dispersoid volume fraction, y is the interfacial energy between the
matrix and the dispersoids, r is the radius assuming a round particle, and P, is the total
Zener pressure opposing recrystallization [39]. This equation has been modified and used
in many ways to consider shape, size distribution, and recrystallization driving force to
better describe recrystallization behavior [38], [40], [41]. While no model has fully
describes recrystallization behavior, it has been widely understood that increased

dispersoid density can limit both recrystallization and growth during extrusion [21], [26],

[29], [41]-[43].

1.4.5 Dispersoid Formation

The nucleation of these phases is first distinguished by the type of dispersoid forming,
whether it be Cr or Mn containing, as these have proven to have unique nucleation routes.
Work by multiple groups on the formation of Mn dispersoids has shown that 3’-Mg>Si
phase acts as a nucleation site during homogenization. Considering the growth of Mg>Si
phase at lower temperatures, it was determined by Hu and Lodgaard that the heating rate
during homogenization determines the growth, dissolution, and diffusion of Mg>Si thus
strongly influences the nucleation of Mn dispersoids on these particles. High heating
rates during homogenization were shown to cause large dispersoid free zones (DFZ’s)
and form larger needle shaped dispersoids that were less effective at preventing
recrystallization. Slower heating rates, coincidentally aligned with that seen in industrial

large billet furnaces, favors a uniform distribution of fine Mn dispersoids in the

15



microstructure. Research on the formation of Cr dispersoids alone is limited compared to
what is known on the formation of Mn-containing dispersoids. The diffusion kinetics of
Cr 1s much slower than that of Mn and Cr dispersoid formation is often studied
simultaneously with Mn dispersoids. Lodgaard found could not determine a clear
formation route for Cr containing dispersoids, AICrSi. There is increasing evidence of an
intermediate phase, called the ‘u-phase’, which serves as a nucleation point for Cr
dispersoids before dissolving during further homogenization [20], [41]. Understanding
the nucleation of dispersoid phases is critical to controlling their size and number density
with designed homogenization practices. However, in both Cr and Mn containing
dispersoids, the nucleation and growth of these particles is difficult to study and remains

a topic for further research for improving homogenization practices.

Measurement of dispersoid phases is most often accomplished using transmission
electron microscopy (TEM) as they can as small as 5 nanometers in size. In many studies
backscatter electron (BSE) mode on a Field Emission Scanning Electron Microscope
(FESEM) is an alternative to TEM analysis for dispersoid characterization. This method
is cheaper, faster, and easier to produce samples as compared to TEM. Recent work by
Liu has found that for negligible difference between FESEM and TEM analysis [38].
Perhaps the largest issue with dispersoid measurements, regardless of the instrument
used, are the frequently encountered issues with thresholding and image analysis; sample
preparation, background noise, variations in brightness and contrast, minimum size

threshold, variations in particle brightness, interaction volume, and particle shape all
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complicate automated image analysis of dispersoids [37], [43], [44], [45]. From study to
study it is unreasonable to expect similar measures of dispersoids given the number of
variables, so fair comparisons are only possible within a single study or research group.
One method that has only seen very limited use is etching for revealing and analysis
dispersoid size and density. To the knowledge of the author, few papers have shown the
use of etched dispersoid pits for analysis as it is mostly used to identify Dispersoid Free
Zones (DFZ) with optical microscopy [8], [47]. Due to the somewhat unpredictable
nature of etchants, especially at the nanoscale, it is preferrable to use BSE mode if sample

preparation allows for it.

1.5 Alloying Elements

In the 6xxx alloy system the principal alloying elements are magnesium and silicon,
which are employed for precipitation strengthening during artificial aging. Other
additions such as iron, manganese, copper, and chromium have significant effects on the

properties of the extruded materials through more complex relationships.

1.5.1 lIron

Iron is an intrinsic impurity in nearly every aluminum alloy due to the difficulty
associated with removing it and its progressive accumulation during recycling of
aluminum [48]. With very low solubility in aluminum even at high temperatures, iron
typically forms intermetallic phases with Al and Si in the 6000’s series alloys. The most

common phases are the a/B-AlFeSi that are formed during solidification [16]. Iron also is
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found in dispersoid phases and plays an important role in deterimineing dispersoids and
AlFeSi crystal structure [49]. It’s been found that multiple AlFeSi phases can occur in the
6082 microstructure depending on the heat treatment and variations in the Fe content
[37], [38]. Controlling the iron content of an alloy is important for controlling the
secondary phases and dispersoids which have a significant role on the extrusion and final

properties of the material.

1.5.2 Magnesium

Magnesium, along with silicon, are the primary alloying addition for precipitate
strengthening in the 6000 series. Magnesium has significant solubility in aluminum and
when in solution provides solid solution strengthening, like in the 5000 series which uses
up to 5x as much magnesium as 6082. When silicon is in solid solution with magnesium
the two will combine and grow to form various Mg:Si phases through natural aging. The
effect in solid solution, even for the 6000 series, needs to be considered for understanding
the flow stress during extrusion. When magnesium and silicon are not in solution during
extrusion and are instead precipitated as Mg>Si, they can melt during the extrusion and

lead to tearing.

1.5.3 Silicon

Silicon, unlike magnesium, has a role in multiple phases that are present in the
6082 alloy microstructure. Silicon levels in many alloys account for this by having excess

beyond the 2:1 ratio that would be required for Mg>Si formation. In the as-cast state
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silicon is found in Mg>Si, pure Si, and AlFeSi phases [37], [38]. During homogenization,
dissolution of pure Si occurs as it goes into solid solution. According to Reiso, while in
solid solution silicon provides strengthening that increases the required pressure for

extrusion [4].

1.5.4 Manganese

Critical for dispersoid formation, manganese is intentionally added to alloys like
6082, 6005, and 6110. Other extruded alloys have some allowable levels of manganese
but do not intentionally form dispersoids or derive any significant effect from them.
Manganese is added for dispersoid formation but has other effects on alloy properties
during extrusion. Increased Mn additions lowers extruded and aged material strength
according to Bru and Furu [29], [50]. The most recent evidence by Furu finds that
increased precipitate free zones, PFZ’s, around dispersoids decreasing the available
volume for Mg>Si strengthening precipitates to form [50]. The benefits provide by
dispersoid formation through manganese additions far outweighs the slight decrease in
strength. Manganese also increases the quench sensitivity of extrusions, requiring fast

cooling following extrusion to prevent Mg>Si nucleation and growth on dispersoids [51].

1.5.5 Chromium

Similar to manganese, chromium is added for dispersoid formation during the
homogenization treatment. Cr has been found to be less effective than Mn in forming

dispersoids and is typically alloyed simultaneously with Mn. When alloyed with Mn, Cr
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does not form Mn free dispersoids and instead only precipitates with Mn in the form of
Al(FeMnCr)Si. Knowledge of the effect of Cr on dispersoid formation is still limited
compared to Mn and research purposefully investigating the precipitation of Cr

dispersoids has not always been successful [20], [52].

1.5.6 Copper

A minor alloying addition, in low amounts copper has been reported to drastically
increase corrosion rate and provide some solid solution strengthening [15], [53]. The
effect of copper on corrosion of 6000 alloys is severe in some cases as can lead to
increased intergranular corrosion through the formation of a copper-rich film at grain
boundaries. High amounts of thermomechanical processing, specifically extrusion, has
been reported to limit the harmful IGC effect of Cu in 6082 alloys while simultaneously

increasing strength [54].
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2 Materials and Methods

Outlined below are the analysis methods used in this work. A general overview of
the analysis performed is given here, while specific details on some methodologies are
detailed in appendices. Restrictions on published information relevant to company

sponsored materials and/or practices limit the specifics that can be given.

2.1 Billet Material and Cut Plan

Two 6082 type as-cast 8 diameter billets were supplied by Hydro’s casthouse in
Henderson, KY. Alloy chemistry range is provided in Table 1. These two compositions,
henceforth alloy 14 and alloy 16, had slices taken for heat treatment and the rest was kept
for subsequent extrusion trials. The sampled slices were 35 mm thick for alloy 4 and 50
mm thick for alloy 6. For homogenization, the slices were cut into 20 pie-shaped sections
of equal size; 15 were for one-step homogenization, three for 2-step, one kept as-cast, and

one extra.

Figure 7. As-cast billets from Henderson (a) billet cut plan with 3 slices cut (b)
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Thermocouple holes were drilled at the % radius approximately halfway into the
samples for monitoring the homogenization temperature. Type K thermocouple wire was
twisted to a junction and inserted into the drilled hole. To limit measurement error,
aluminum foil was packed behind the wire to ensure contact between the thermocouple
and the billet material. Readings without foil, depending on how they were secured in the
hole, occasionally read the air temperature of the furnace, which was noticed when it

changed faster than the billet slice temperature.

Table 1. Alloy Chemistry Range

Cast Si Fe Cu Mn Mg Cr
14 1.16 0.22 0.33 0.59 0.81 0.15
16 1.09 0.22 0.07 0.53 0.68 0.15

Following heat treatment, the samples were further sectioned for metallography,
conductivity, hot compression, and XRD intermetallic phase analysis (Figure 5). For
sample 14, a section was cut from the billet outer diameter using wire EDM to identify
phases formed due to rapid surface cooling. Metallography samples were taken from the
72 radius area immediately next to the thermocouple reading. A 3 mm thick section was
also cut from the entire surface of the wedge for conductivity measurements. Sample cut
for metallography were mounted in epoxy and polished using the methods listed in

section 2.3, Table 3.
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Hot compression Metallography XRD Material

XRD Material =
(14) Vs

Figure 8. Sectioning plan for wedge sample. Section taken from the full surface plane
for conductivity is not pictured.

2.2 Homogenization Plan

To assess the effect of minor oven temperature variations on the homogenization
effectiveness, three different temperatures were tested at five different times, giving 15
one-step homogenization cycles (Table 2). Variations in production oven temperature
(hot and cold spots) were used to determine the range of the homogenization
temperatures, while times were based on common error states. The samples were put into
a preheated furnace and soaking time was started when the measured temperature within
5°C of the setpoint. The heating time was not constant; 500°C was reached in 20-25
minutes and setpoint was reached typically within 50-60 minutes. Additionally, two-step
homogenizations were tested to understand the benefit of distinct nucleation and growth

temperature settings. The first soak temperature was 250°C for all samples, and the
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second soak was at the same temperatures used for the one-step. (Table 3). After soaking
for the listed time, the samples were removed from the furnace and quenched in water.

The “zero” hour samples were quenched immediately after reaching the homogenization

temperature.
Table 2. Homogenization Temperatures and Times
_Temp 550°C 560°C 570°C
Time
0 hr
’h Insufficient soak time, does not meeting industry standard
r
4 hr Excess Furnace Temperature due to
Target . ,
Hotspots
8 hr Excess soak time
12 hr Billets held in furnace due to unexpected delays on mill floor
Two-Step Homogenization
Controlled Ramp to 250°C, 2 hr hold, Ramp to...
550°C, 3 hr 560°C, 3hr 570°C, 3 hr

2.3 Sample Preparation

Metallographic samples cut from the homogenized slices were taken from the 2
radius at the center of the thickness. They were mounted in cold-set epoxy resin in sets of
three to limit the number of samples and maintain consistent surface area in polishing.
Sample preparation for dispersoid analysis must be highly controlled as it can lead to
differences in the measured dispersoid density. 9 samples were polished using a Leco
AP-300 Autopolisher, with all materials and settings listed in Table 3. Between polishing

steps, the samples were ultrasonically cleaned for 5-10 seconds in distilled water and then
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immediately rinsed with ethanol. Samples were intended to be ultrasonically cleaned in
ethanol but sufficiently large containers to fit the polishing head and ultrasonic bath could
not be found and adding ethanol directly into the ultrasonic bath was a safety hazard.
After 1um polishing the samples were removed from the autopolisher and final polishing
was done by hand as this step had the most significant effect on the quality of the
polished surface and the apparent dispersoid density. The chemical-mechanical action of
the oxide polishing solutions (OP-S) etches while polishing the surface leaving a nearly
perfect finish but can lead to dispersoid pull out or etching at long times. After final
polishing the pad was rinsed with DI water for 5 seconds at most to remove the OP-S, the
sample surface was immediately wiped clean of OP-S using DI water and a clean glove
and rinsed with ethanol. OP-S solution dries quickly and any that is remains the sample
surface will cause serious issues with both the BSE and SE SEM analysis. For dispersoid
analysis and phase identification, the samples were etched with a 0.5% HF solution for 7

seconds before being rinsed with DI water and ethanol.

Cylindrical samples for hot compression were cut on a mill with an annular cutter to
according to the sample plan (Figure 5). The freestanding samples, still attached at the
bottom, were sectioned off at 22 mm using an abrasive cutoff saw. The ends were then
turned flat using a miniature metal lathe to approximately 21mm in length, giving right
cylinders with a final diameter of 14 mm and a height of 21 mm and an aspect ratio of

1:1.5.
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Table 3. Metallographic polishing materials and settings

Pad/Abrasive Lubricant Time, Pressure Speeds
320 Grit SiC Water Until plane, 4 Ib/sample 200 rpm, co-rotate
600 Grit SiC Water 1 minute, 4 1b/sample 200 rpm, co-rotate
800 Grit SiC Water 1 minute, 4 1b/sample 200 rpm, co-rotate
9 um, TexMet-C Allied 3 minutes, 5 Ib/sample 200 rpm, co-rotate
RedLube
3 um, TexMet-C Allied 4 minutes, 5 Ib/sample 180 rpm, counter
RedLube
1 um, TexMet-C Allied 5 minutes, 5 Ib/sample 150 rpm, counter
RedLube
0.05 um Colloidal None By hand, 45 seconds, light- 150 rpm, counter

Silica

moderate pressure

2.4 Metallographic Analysis

Following polishing and etching, samples were analyzed for AlFeSi with light

optical microscopy using a Nikon Eclipse MA100 and a Zeiss Axiomat at 500x for

analysis of the secondary phase fraction and morphology. Images were taken from the
unetched area for automated images analysis. Etched areas were used for phase ID in the
as-cast and short homogenization time conditions. The software used for image analysis
was Olympus Stream (Olympus Scientific Solutions Americas Inc.). Five images were
taken per sample with similar conditions, autocorrected for contrast and flatness, and

analyzed using an automated routine that measured 9 different metrics for the AlFeSi

26



morphology. The morphology metrics were particle count, total area, area fraction,
elongation, shape factor, sphericity, perimeter, mean diameter, and max extent. Max
extent was the maximum measure from one end of a particle to another. Mean diameter
measured the diameter of a circle that was fit to the edges of a particle. Samples with
additional intermetallic phases had their routines adjusted to avoid detecting these phases.
Minimum object thresholds were set based on the observed particle sizes and the images
were manually checked after automated analysis.

Scanning Electron Microscopy Energy Dispersive Spectroscopy, SEM EDS, was
performed on the as-cast and homogenized samples for chemical analysis of phases that
could not be identified with optical microscopy. An FEI Philips XL 40 Environmental
Scanning Microscope was used at an accelerating voltage of 15kV to perform the EDS
analysis. Dispersoid analysis was performed in the etched conditions using a Hitachi S-
4700 at Michigan Technological University. Etching for 7 seconds with HF removes the
dispersoids leaving holes that can be easily observed in SE mode. This time and
concentrations were selected because they gave the closest match to the measures
obtained in BSE mode. The BSE detector on this machine is not well suited for imaging
nanoscale dispersoids at low accelerating voltages, and SE images could be acquired
much faster with less setup and analyzed more consistently. To confirm the accuracy of
the SE method, areas marked with microhardness indents were analyzed with BSE,
etched, imaged in SE mode and then the images overlaid (Figure 6). This confirmed the
size and location of dispersoids observed in BSE were those etched for measurement SE
mode. After confirming the accuracy of the SE method, 10 images were taken per sample
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with the settings in Table 4.Table 4. FE-SEM Operating Conditions for Dispersoid

Imaging.

Hitachi S-4700 FE-SEM
Operating Conditions

Beam Mode UHR-A

Accelerating Voltage 3.0kV

Working Distance 10mm

Emission Current 10 nA

Condenser Lens 1 7

(Spot size)

Detector Lower SE

Image Resolution 2560 x 1920,
8 bit Greyscale

Capture Time 80 seconds

Stage automation was not available on the Hitachi S-4700, so 10 locations were
selected randomly, by hand, for every image on all 36 samples. To account for variable
brightness and contract (BC) during imaging, an ImageJ plugin, Stack Contrast
Adjustment Plugin, was used to normalize all images to a reference image [55]. Image
analysis was done using Trainable Weka Image Analysis through Imagel Fiji [56], and
multiple images were used to train the classifier using an image set from which the

reference image was taken,
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(e)
Figure 9. Unetched BSE image (a) Etched SE image of same area revealing
dispersoids, note other phase unetched (b) Etched SE image of high dispersoid density
(c). Etched SE image of low dispersoid density (d) SE Image before segmentation (e)

Binarized image segmented by Weka
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2.5 Hot Compression

The sample location for hot compression samples is detailed in Figure 5, with final
slug height and diameter measured prior to compression in an Instron 4206 with a 10,000
pound load cell and long extensions so the platens could be held within a tube furnace.
This setup is shown in Figure 11. The samples were held in the preheat furnace at 550°C
for a minimum of 20 minutes and up to 40 minutes for the last samples to be tested. A
thick aluminum plate with holes drilled to fit the slugs was used to limit heat loss during
opening of the furnace. The tube furnace was preheated to 550°C, but after loading the
sample and beginning the test the platen temperature was a consistent 530°C. The first
samples tested were the 0 hour to limit the time it was held near homogenization
temperature. After loading, the compression tests were performed at a strain rate of 102 s”
!until an engineering strain of 0.6 was achieved. Samples were immediately quenched

after compression.

(b)
Figure 10. Compression samples before (a) and after (b) testing
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Figure 11. Hot Compression etu with tube furnace raised and
removed for clarity

2.6 XRD Intermetallic Phase Extraction
To a facilitate a higher fidelity analysis of the intermetallic phases present in the as-
cast billet, the molten phenol method for chemical extraction of intermetallics from the

matrix was used. It was originally developed by Sato and Izumi [57], and progressively
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refined by multiple researchers [47], [58]—[61]. Small chips of the as cast material were
prepared by end milling at low RPM, creating chips approximately 1”” long and 0.05
grams each. This method was found to be easier than the more standard microtome
preparation. The chips were washed in ethanol and acetone using ultrasonic cleaning.
Solid phenol (60 g) was melted in a round bottom flask with a condenser flowing cooled
air attached to the top. A stirring bar was added, the phenol was heated to 170°C, and
chips were slowly added to the round bottom flask to dissolve over 20 minutes. After full
dissolution the heat was turned off, 100 ml of benzyl alcohol was added, and the mixture
was placed in a Legend X1D centrifuge and spun at 8,000 rpm for 10 minutes. This
process was completed with the assistance of colleagues in the Michigan Tech Chemistry
Department who provided access to their centrifuge and materials. Excess solution was
removed by pipetting and replaced with more benzyl alcohol. Centrifuging and adding
more solution was then repeated twice with methanol. This method deviated from most as
it allowed the solution to cool before centrifuging, but no issues were encountered due to
the formation of aluminum phenolate that was encountered by other researchers. It was
found that the presence of any water, as reported by Panahi recently and Satu and Izumi
originally, is the most common issue with contamination of this experiment. The excess
solution was extracted for the last time by pipette, and the intermetallic powder that
settled at the bottom was allowed to dry naturally in open air. This powder was mixed
thoroughly in a small container before packing onto a zero background powder holder for
x-ray diffraction. XRD was performed on a Scintag Inc. (Division of Thermo ARL,
Dearborn, MI) XDS-2000 ®/® powder diffractometer. The beam used was Cu-K,
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radiation with nominal tube settings of 45kV and 35mA. Beam slits were 1-2 mm and
receiving slits were 0.3-0.5mm with a graphite crystal monochromator. A scan was
performed over a range of 10-70° with a step size of 0.01° and a count time of 10
seconds/step. The total scan time was 17 hours. The pattern was then analyzed using MDI

Jade for background removal, peak identification, and phase matching.

(b)
Figure 12. Glassware setup for intermetallic dissolution (a) and solution after addition
of benzyl alcohol (b).
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2.7 Conductivity

Conductivity was measured on a 4 mm thick slice taken from the homogenized
sample surface. Conductivity was measured on all samples on the same day a minimum
of 3 weeks after homogenization to allow for natural aging to stabilize the microstructure.
Measurements were taken using a Sigmascope SMP10. Samples and the Sigmascope
conductivity gage were allowed to come to thermal equilibrium with the room for 24
hours before testing was performed at 24.6°C. Three measurements were performed at

the center of each sample.
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3 Results

3.1 Phase Identification

Phases in the as-cast state were evaluated to understand the baseline material prior to
changes that occur during homogenization. The results of XRD, optical microscopy, and
SEM analysis are presented here. This data, combined with information found in

literature, gives a full picture of the as-cast microstructural state of the alloys.

3.1.1 XRD

Initial evaluation of the as-cast material was performed with phase identification via
x-ray diffraction of the extracted intermetallic phases. After the phases had been
identified, whole pattern fitting (WPF) was performed to estimate the volume fraction of
the phases of both alloys (Figure 9). From the scan, 51 significant peaks were identified
in alloy 16 and of those, 47 of the largest were matched to phases. The good fit of phases
matched to the peaks allowed for WPF to be performed giving an estimate of the volume
fraction, crystallite size, and goodness of fit. The volume fraction of the intermetallics
extracted from could not be provided for either sample because half of the solution was

lost when some test tubes broke during initial centrifuging.

In alloy 16 the WPF revealed 76.9 wt% of the intermetallics to be a-AlFeSi, 13.4
wt% to be Mg>Si, elemental Si to be 8.8 wt%, and the remaining fraction to be
unidentified phases. The R/E ratio, a fitting metric in MDI Jade, was given as 1.4

indicating a high quality of fit, where a value of 1 indicates a perfect fit. The fit was
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improved by splitting the a-AlFeSi into two distinct phases. A body centered cubic form
and simple cubic form, both containing Mn, were found to provide the best fit. The exact

phases used for fitting are provided in the Table 5 and Table 6.

For alloy 14, there were a total of 57 identified and of those, 7 were not identified but
were found to be close fits with oxides. Mg>Si and elemental Si were identified as they
were in alloy 16. a-AlMnSi was found to be the primary intermetallic phase. In alloy 14
WPF revealed 91.9 wt% a-AlFeSi, 9.3 wt% Mg»Si, and 2.3 wt% silicon. The R/E ratio
was 1.33 indicating a good fit. In both alloys the presence of B-AlFeSi was not detected
in the XRD scans. Multiple phases of the form AlsFeSi, AloFe>Si, were tested but
significant peaks could not be found in either scan. The only phases identified with

significant volume fraction were a-AlFeSi, Mg>Si, and elemental Si.

The third sample tested was alloy 16, with a 2-step homogenization finishing at
550°C. This test was performed to understand if full dissolution of secondary phases such
as Mg>Si and elemental Si occurred during the homogenization treatment and to
determine if any additional phase phases were forming. The pattern for this scan is shown
in the appendix. The only phases that were identified in this scan were a-AlFeSi with the
SC and BCC forms. No Mg»Si, elemental Si, or any previously detected phases were

present in the pattern.
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Table 5. Alloy 14 Phases identified by XRD

Alloy 14 Intermetallic XRD Phase Identification

Phase Wt% PDF # Bravais Unit Cell
(Stoich.) (ESD) Database Lattice A
o-AlMnSi 79.8 01-087-0528 SC 12.604
Aly0:MnSi 74 (2.5)
a-Al(FeMn)Si 12.1 01-071-4015 SC 12.619
(Al19F e MnSiz)s 31 (03)
MeSi 5.6 04-002-0150 FCC 6.354
£2 (1.4)
Si 2.5 04-001-7247 FCC 5.432
(0.2)

Table 6. Alloy 16 phases identified by XRD

Alloy 16 Intermetallic XRD Phase Identification

Phase Est. PDF # Bravais Unit Cell
(Stoich.) Wt% Database  Lattice A
a-Al(FeMn)Si 213 01-087-0528 SC 12.58
(Al19FesMnSiz)s 31 (28)
a-Al(FeMn)Si 55.6 04-009-3712 BCC 12.60
Mn sFe;2Al17.1S119 (1.9)
Mg>Si 13.4 04-002-0150 FCC 6.35
(0.3)
Si 8.8 98-000-0396 FCC 5.43
(0.2)
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(d)
Figure 13. XRD pattern of extracted intermetallics for as-cast alloy 14 (a) and alloy 16
(b) 16 2-Step 550°C (c) and overlaid B-AlsFeSi peaks on the as-cast 16 pattern
showing the lack of B8

65 70
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3.2 Optical Microscopy and SEM EDS

Optical microscopy allowed for identification and morphological analysis of multiple
phases in the as-cast material. Etching helped to distinguish phases that otherwise could
not be seen. SEM EDS was used to check the chemistry and confirm phases which could
not be identified by optical microscopy alone. In alloy 14, four categories of phases were
identified: Mg>Si, AlFeSi, Si, a less common grey phase which could not be identified
through optical microscopy alone, and various regions that appeared to be ternary or
quaternary reactions. The measurement of the AIFeSi morphology were complicated by
additional phases present in the microstructure. The as-cast morphology of Mg»>Si and
other phases was not measured, as they were seen to dissolve into the matrix during the
2-step homogenization x-ray analysis above. The morphology is presented in Figure
15and Figure 16 using various metrics used to describe the a-AlFeSi. This analysis could
not be done on the as-cast samples due to the presence of other phases that could not be
separated using thresholding. Various magnifications and areas containing multiple
phases within the microstructure can be found in Figure 14. Annotations show the phases

that were identified optical microscopy and SEM EDS [37].
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(© (d)

(e) ()
Figure 14. Optical microscopy after etching with 0.5% HF for 7 seconds: 14 as-cast

with brown a-AlFeSi, black Mg;Si, grey Si (a), 16 as-cast (b), 14 as-cast (c), 16
as-cast (d), unetched 14, 2-step 550°C (e) unetched 16, 8 hours 550°C (f) both
homogenized showing only a-AlFeSi All scale bars are 10 pm.
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Measurements taken on the AlFeSi phase in the homogenized condition are

presented in Figure 15 and Figure 16. Comparisons are made between conditions of the

same time and varying homogenization temperature. It is observed that little to no change

occurs in these measurements regardless of the time or temperature of the

homogenization condition. A small, but insignificant, increase in the mean shape factor is

observed for both alloys correlated with increasing homogenization time. Decreasing

perimeter and max extent was observed in both alloys but was also insignificant between
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Figure 15. AlFeSi phase measurements for Alloy 14 in the homogenized condition.
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Alloy 16 AlFeSi Phase Analysis
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Figure 16. AlFeSi phase measurements for Alloy 16 in the homogenized condition.

SEM EDS of multiple areas was performed on the as-cast samples to identify the

phases. Elemental maps were used to identify element distribution between phases while

point scans gave approximate composition of the individual phases. In the as-cast state,

the AlFeSi phase in alloy was found to contain Al(FeMnCr)Si but the composition could

not be accurately determined. The interaction volume of the beam was larger than the

phases being scanned giving high aluminum content for all phases. The approximate

composition was found to be 15 wt% Fe, 10 wt% Mn, 5 wt% Si, and 70 wt% Aluminum.

Some scans also indicated 1-2 wt% Cr. Alloy 14 was also found to have a AICuMgSi

phase with approximate composition of 10 wt% copper, 8 wt% magnesium, 10 wt%
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silicon, and the remainder being aluminum. Finally, small round phases that contained
most alloying additions were present in both alloy 14 and 16. From the EDS analysis it
was determined both alloys contained Al(FeMnCr)Si, Mg»Si, elemental silicon, and
round multiphase phases. The as-cast state of Alloy 14 was found to have a CuMgSi

phase that was not seen in alloy 16.

3.3 Dispersoid Measurements

Dispersoid measurements are presented as an equivalent circle diameter (ECD),
which is the diameter of a circle with equivalent area as the particle measured. The
minimum dispersoid size analyzed was limited to 30 nm ECD to avoid contributions
from noise or polishing artifacts that were included in the image segmentation. A
minimum size of 30 ECD was found to be near the minimum size observed in this alloy
and this may be linked to the resolution limitations of the BSE or etching technique used
to analyze it. Dispersoids are presented as histograms to show the distribution of
dispersoid sizes and the number density as a function of time and temperature. Error is
given as a 95% confidence interval for the mean dispersoid size in the histogram
distribution and the dispersoid count in the number density. Two-step homogenizations
are also presented with other conditions of the same temperature. The number density
shown in Figure 17 is plotted with increasing homogenization temperature, rather than
homogenization time, which is already well known to affect dispersoids. The 95%
confidence interval for number density was calculated from the standard deviation of the

dispersoid count from the 10 images.
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To determine a mean dispersoid size, distribution width (s, sigma), and 95%
confidence interval a logistic fit was applied in MATLAB using FitDist. While other
researchers found a log-normal distribution to fit better, the limitations in measuring the
smallest particles or the high heating rates used may have influenced the particle size
distribution shape. This was found to give the best fit to the shape of the dispersoid
distribution for most homogenization conditions. The two-step homogenizations are
presented at the bottom as the slower controlled ramp rate, second soak, and overall time
at temperature cannot be accurately compared to the one step conditions. The logistical
function fit to the distributions provided a mean, sigma (scale parameter), and a 95%
confidence interval for both. The sigma parameter describes the spread in the distribution

and shape of the fit used. This shows the range of dispersoid sizes against the average.
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Figure 18. Dispersoid size distribution by count for alloy 14.

Mean dispersoid size and

standard deviation (s) 95% CI are annotated in each graph.
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Alloy 16 Dispersoid Distribution, by ECD
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Figure 19. Dispersoid size distribution for alloy 16. Mean dispersoid size and standard
deviation (s) 95% CI are annotated in each graph.

3.4 Hot Compression
Flow stress for the homogenized condition was measured with hot compression at
550°C. Testing consistency was complicated by temperature loss in the test apparatus

while reloading samples. The compression platens were not perfectly parallel and
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sometimes loosened between tests leading to nonuniform deformation, so steady state
flow stress could not be achieved for all samples. Deformation was not uniform after the

test and some samples showed asymmetric deformation as seen in Figure 16.

Figure 20. Concentric, uniformly deformed hot compression saimple
(left) and significant side slip and asymmetric material flow (right).

This non-uniform deformation of the samples made calculation of the true stress
and strain inaccurate. Samples that exhibited uniform and concentric deformation showed
a relatively flat steady state flow stress, but this was not the case for most samples. Due
to issues with uniform deformation after yielding, only the yield strength and highest
recorded flow stress were used to compare the hot compression strength of the samples.
True stress and strain were used for this comparison. Samples were tested in sets of three
with the intent to minimize the differences between samples at the same homogenization
time. Samples in the 4 hour condition are shown in Figure 21 while other comparisons
can be found in Appendix A, Hot Compression Results. The yield and approximated

steady state flow, which was taken as the highest stress before the stress began to dip, are
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tabulated in Table 7. An engineering strain of .6 was used to mark the end of test

allowing for significant deformation in the samples. This was intended to induce

recrystallization in the samples and give information on the recrystallization behavior

based on dispersoid density. It was found that there was insufficient strain rates and total

deformation for recrystallization to occur, even in samples with the lowest dispersoid

density. Higher total strain and higher strain rates may allow for this to occur and serve as

an additional method for analyzing recrystallization behavior, similar to extrusion.
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Figure 21. Hot compression true stress, true strain curves for alloys 14 and 16 plotted
as a function temperature (a-d) and time (e-f)
The red line in (f) represents the point where flow stress was taken to avoid issues with
non-uniform deformation that changed the calculated flow stress.
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While the results of the hot compression are not entirely satisfactory, since true
flow stress should have a flat steady-state region, conclusions can still be draw from the
differences between the curves of the same homogenization times. The max true stress
for the 5 different homogenization times, compared against the increasing
homogenization temperature, shows Figure 22. The maximum true stress was taken as the
highest value measured under .1 true strain, which is where deviation from regular
deformation began to occur. A 95% CI could not be calculated as only one test could be
performed with the available material. Alloy 16 was observed to have a higher flow stress
than alloy 14, despite having a lower copper level which would lower solid solution
strengthening. Alloy 16 testing was performed prior to alloy 14, and tests were performed
at slightly lower temperatures, increasing the necessary stress for deformation. Alloy 14
had very consistent testing and a slightly higher temperature, which likely lowered the

measured flow stress.

Table 7. Alloy 14 Max True Flow Stress under 0.1

(MPa)
550°C 560°C 570°C
26.3 22.7 20.8
25.6 23.3 21.5
25.4 22.0 17.5
24.0 21.9 20.8
23.8 21.6 22.8
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3.5 Conductivity Measurements

Conductivity measurements were performed on all samples at the half radius as it
was found that the measured value could change depending on location, likely due to
differences in heating rates and quench rates at the surface and thinner areas of the slice.

The three measurements taken are presented as a single average.
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4 Discussion

The primary objective of this analysis is to better understand the effect of
homogenization parameters on dispersoid density, however, many other observed effects
can be seen and correlated to this. Further, the addition of two-step homogenization
practices allows for investigations into the effect of heating rate, holding time, and other
phase transformations during standard homogenization treatments. Numerous studies
over the years have analyzed dispersoid formation at various temperatures and times to
explain the complex mechanics of dispersoid nucleation [20], [38], [45], [62]. Few,
however, have looked specifically at the variation in dispersoid size at small differences
in homogenization temperature as done in this study. Well below both the critical
nucleation temperature of Mn (400°C — 460°C) and Cr (490°C — 580°C) containing
dispersoids, the size and density is likely to be tied to growth and coarsening
mechanisms[20]. However, given the high heating rates and wide range of holding times
for the single step homogenization, nucleation will dominate for the shortest times while

growth is more significant at the longest soak times.

4.1 Phase Transformation and Dissolution

4.1.1 XRD Analysis of as-cast Phases

XRD analysis of the extracted intermetallic powder from the as-cast material gave
comprehensive understanding of the microstructure and phases present. In many 6000
series alloys, the transformation from 3 2 o AlFeSi is critical for producing quality high

speed extrusion and determines the minimum homogenization time [15], [28]. The XRD
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analysis found that in both as-cast alloys the B-AlFeSi phase was not present at any
detectable level. Multiple powder data files (PDF’s) for the B phase were tested,
including AlsFeSi and AlgFe>Si,, but no matching peaks were found in either sample. Use
of the phenol intermetallic extraction method in other literature has documented its
success in isolating the B-AlFeSi phase if present [47], [57], [58]. It is possible that the
formation B-AlFeSi phase was suppressed during casting due to the high Mn content,
high Mn:Fe ratio, and high cooling rates associated with DC casting of aluminum [63],
[64]. Higher Mn contents primarily has been seen to promote the formation of a-AlFeSi
during casting even with high Si content, which stabilizes 3 [65]. Here, where the Mn
content is significant for the formation of dispersoids, it appears the formation of B3-
AlFeSi was suppressed to a level that was not detected in the XRD analysis. The
sampling for alloy 16 was taken at the center of the billet, with the slowest cooling rate,
while alloy 14 was taken at the surface where cooling would be nearly instantaneous. In
alloy 16 the best fit was found using a simple cubic and body centered cubic a-AlFeSi
phase while alloy 14 was best fit using only a SC a-AIMnSi phase. It has been reported
that the a-AIMnSi phase is isostructural with a-AlFeSi and a wide range of chemistries is
possible; thus the phases observed here are likely to be varying ratios of Fe:Mn
depending on the cooling rate and local chemistry [66]. The BCC phase, however, was
determined to be present given the additional reflections it presented in the diffraction
pattern not observed in the SC phase. The other phases present in the as-cast structure,
Mg>Si and elemental Si, have significant volume fraction and are only observed in the as-
cast structure. During homogenization, dissolution of Mg>Si and Si occurs quickly, and
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rapid cooling prevents precipitation of Mg>Si. With the apparent lack of 3-AlFeSi phase
in the cast structure, the minimum homogenization time for the alloys can instead be
determined by Mg>Si dissolution, rather than the = a transformation that governs
homogenization times in other alloys. No other significant phases were found in either
alloy, but some small peaks that best matched to various oxides, were present at very low
volume fraction. This was seen more in alloy 14 where sampling was done at the surface
of the cast billet. Alloy 14 also appeared to contain far less silicon and have the primary
AlFeSi particles had a smaller unit cell after fitting was performed. This is believed to be
caused by the higher cooling rates preferring the formation of a Mn rich AlFeSi phase
rather than the balanced AlFeMnSi phase observed in alloy 16. In both as-cast samples
some unknown peaks were present that could not be identified. The source of these was
unclear but the assumed to be residual contamination from the extraction process. The
size of the peaks was small and caused no significant issues with pattern fitting or phase

fraction analysis.

The lack of Mg>Si, elemental Si, and other phases in the post-homogenization scan
indicate the heating rates and soak times are sufficient for full dissolution. The peaks
identified for the a-AlFeSi were also found to be unchanged in their position suggesting
the lack of any phase transformation occurring during the homogenization process. This
analysis was not performed on the single step homogenization samples because the
heating rates were dependent on the size of the sample and are unrepresentative of the

heating rates that could be used in industrial applications. The slow heating of the two-
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step homogenization, however, were similar to that which is used in industrial practices.
An additional discovery made in the analysis of the homogenized two-step sample was
the possible presence of dispersoid particles in the extracted powder. The peaks fit to the
AIMnSi phase were much broader than the Al(FeMn)Si phase or those found in the as-
cast samples. WPF showed the estimated crystallite size to be around 160nm compared to
the > 1000nm estimated for all other phases. While crystallite size estimates can have
considerable error, the magnitude smaller size and crystal structure suggesting greater Mn
contents would imply the observed particles here are dispersoids. Observations of the
powder in using an FE-SEM seemed to confirm this. Various submicron particles were
found throughout the powder dispersoid on carbon tape and matched the shape which
was seen in dispersoid analysis. Previous use of the phenol extraction method considered
it impossible to analyze submicron particles however the methods and results here show
that it is possible and estimates of the size can be achieved with XRD or FE-SEM
observation [58]. It is possible that the size of the particles makes them subject to
Brownian motion so they cannot be separated from solution unless bound to a larger
particle or the solution is boiled, where they may be found on the edge of the container in

a fine layer. A picture of the extracted dispersoid particles is shown below.
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Figure 24. FE-SEM images of possible dispersoids extracted from a homogenized
sample on carbon tape. Particles stuck to unknown material, possibly contamination
(left) and larger dispersoid directly on the carbon tape (right)

4.1.2 Optical Microscopy Phase Analysis

Microstructural evolution was analyzed using image analysis to quantify the phase
fraction of Mg>Si and AlFeSi during homogenization trials. The Si phase could not be
identified through optical microscopy and was found with some difficulty in SEM since
BSE mode showed little contrast difference between Si and Al. The as-cast Mg»>Si
remained in the homogenized billets for all times under 4 hours, and very small amounts
were found in the alloy 14 after 4 hrs at 550°C in optical microscopy and confirmed by
SEM EDS. In Figure 25 micrographs of undissolved Mg>Si are shown. The dissolution of
Mg>Si during homogenization of 6082 was modeled by Sarafoglou who found good
agreement with experimental results. For an estimated grain diameter of 20-200 pm and
an initial Mg>Si volume fraction of 0.31 - 0.36%, the model estimated full Mg,Si

dissolution in slightly under 3 hours at 560°C but experimental results in this study found
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traces of Mg Si in the 4-hour homogenization. Mg>Si dissolution in this system is limited
by solute diffusion rather than phase dissolution [23]. The results of this modeling and
experimental testing are in good agreement with the observations in this work. The Mg>Si
fraction in these alloys is likely to be higher than what was modeled by Sarafoglou, a
consequence of the higher Mg and Si content in the current study alloys. This would
suggest a slightly longer time for complete dissolution, possibly approaching the 4-hour

mark, which matches the observations for the 2 and 4-hour conditions.
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(a) (b)
Figure 25. Undissolved Mg>Si (black) in (a) 0 hour samples (b) 4 hour sample at
550°C. 500x

According to the XRD phase analysis, no 3 2 o AlFeSi transformation occurred in
either alloy, and the metrics used to evaluate AlFeSi phase morphology are consistent
with this observation. During homogenization coarsening or rounding of the primary
AlFeSi phase may occur causing some change in morphology and resulting in a
dispersoid free zone (DFZ) around the primary particles, which is observed at longer
times. This effect may be observed in the increasing shape factor, decreasing perimeter,

or decreasing max extent with increasing homogenization time. This was not observed
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for changes in homogenization temperature and the changes for homogenization time
were small and not statistically significant. The relative consistency in all AlFeSi
measurements across the 15 different homogenization conditions does support the

absence of B-AlFeSi consistent with XRD phase identification results

4.2 Dispersoid Structure

The immediate effects of temperature on the appearance of the dispersoids in the
matrix were not clear, however time made an obvious and gradual difference. The 0-hour
homogenization showed a high dispersoid density which decreased significantly with 2-
and 4-hour homogenizations. Large, elongated dispersoids were also found in every
sample and were confirmed as dispersoids with EDS. These large particles were around
DFZ zones that formed in grain interiors as opposed to the DFZ that form at grain
boundaries near primary AlFeSi. These were not, however, found in the 2-step
homogenization sample which showed a uniform, homogeneous dispersoid distribution
throughout (Figure 26). DFZ’s are typically found around primary AlFeSi particles where
dissolution of dispersoids leads to coarsening of the primary particles. This was observed
in both one and two-step samples. However, the high heating rate of the one-step
conditions led to the formation of DFZ at grain centers as well due to the inhomogeneous

distribution of /’ during high heating rates.
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Figure 26. Homogenization at 0 hour (a) 4 hours (b) 12 hour (c¢) and coarse dispersoids
at grain interior in DFZ for 8 hour sample (d)

The effect of temperature on dispersoid density can be observed as a function of
homogenization time as originally shown in Figure 17. For every 10°C increase in
temperature there was a 5-15% drop in dispersoid number density. This was not
consistent in alloy 14, but the trend was present in alloy 16 for all times and temperatures
except the 2-step treatment. For temperatures that did show a decrease in dispersoid
density it was found to be statistically significant. The increase, or lack of change, in
some conditions is most likely caused by limitation in imaging and sampling. Sampling

error originating from low dispersoid density in DFZs. Purposefully omitting these areas
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and trying to focus on areas with high dispersoid density created issues with biased

sampling so a random sampling strategy was maintained.

4.3 Homogenization Ramp Rate Effects

Coarse, elongated dispersoids were found in all samples except the 2-step conditions,
regardless of the soak time or temperature. The heating rate of the homogenization
treatment is well known to affect the nucleation and later distribution of the precipitates.
Nucleation of Mn-containing dispersoids occurs on 3’- Mg>Si precipitates that form
during ramping. Excessive heating rates prevent uniform precipitation of the 3’ phase
which can lead to non-uniform dispersoid distribution, a larger range of dispersoid sizes,
and formation of large DFZs near grain centers. This effect was first documented by
Lodgaard and Ryum and later investigated further by Hu and is confirmed in this work.
While faster ramp rates were chosen to highlight the differences in soak times and
minimize the influence of heating, it did lead to some non-uniform dispersoid formation

throughout the microstructure as in Figure 26.

The two-step homogenizations, however, were heated with controlled ramp rates
that would be similar to those for commercial billet homogenization. The 2-step
homogenization first soaked at 250°C allowing diffusion and precipitation of the B’ phase
prior to dispersoid formation. The intent of this was to increase dispersoid uniformity,
increase dispersoid nucleation, and reduce final soak time while maintaining dispersoid
count. The difference in dispersoid uniformity is obvious as seen in Figure 27. The 2-step

dispersoid number density was the second highest, behind the 0-hour homogenization,
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despite having a total time above dispersoid nucleation temperatures exceeding that of the

4-hour samples.

54700 3.0kV 10.2mm x600 SE(U) 50.0um

(b)

Figure 27. Uniform dispersoid distribution in alloy 14 2-step at 550°C observed using
SEM (a) DFZ and coarse dispersoids in a sample with rapid heating rate in alloy 14, 8
hour, 550°C (b).

Red arrows point to DFZ near primary particles (a) and at grain centers in one-step (b)

4.4 Dispersoid Density

The general trend of decreasing dispersoid density with higher times and temperatures
is expected and can be explained by nucleation and growth kinetics. The two-step
treatment, which cannot be compared easily to other conditions, also would follow the
same mechanisms. The effect of dispersoid size and number density with respect to
homogenization time and temperature has been studied in many alloys and homogenization
conditions. Mn-containing dispersoids begin nucleation at 400°C while Cr-containing
dispersoids begin at 490°C with slower kinetics, resulting in lower overall Cr dispersoid
formation [20]. The soak temperatures here far exceed the dispersoid nucleation range
shifting the predominant homogenization to growth instead of nucleation. The 0-hour

samples had the highest density and smallest dispersoid size by a large margin. With
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increasing temperature, dissolution and coarsening of dispersoids occurred resulting in
lower number density, larger average size, and a range of sizes (sigma). The difference in
heating time between the 3 temperatures for the 0-hour condition was minimal yet the
lower dispersoid density for higher temperatures was significant. This same trend was
observed for all temperatures where the heating time was insignificant compared to the
soak time. This suggests that dispersoid nucleation occurs entirely within the ramping
period and any subsequent soaking is coarsening the nucleated phases. This would explain
the nearly identical trend in dispersoid density for homogenization at all times in alloy 16.
Increasing homogenization temperature increases the diffusion rate of Fe and Cr [20], [23].
Increasing homogenization temperature also will lower the driving force for any dispersoid
nucleation that occurs at the soak temperature. Thus, an increase in temperature has a two-
fold effect on the dispersoid density: increasing diffusion rate of the slow diffusing Fe and
Mn phase in the matrix and lowering the driving force for nucleation of dispersoid phases.
A general, but inconsistent, decrease in volume fraction was observed with convergence of
volume fraction for all temperatures at the 12-hour condition. This metric is complicated
by the etching procedure used, the irregular shape of some larger dispersoids, and
variability in sampling due to DFZ’s present. The similar area fraction of the 12-hour
condition could be explained by higher hold times leading to convergence of dispersoid
size as the phase fraction approaches equilibrium and coarsening slows due to decreased

surface area of dispersoids.
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4.5 Conductivity, Flow Stress, and Dispersoid Correlations

Both conductivity and flow stress followed the trends observed with the dispersoid
density and size. These metrics are more difficult to tie directly to homogenization time
and temperature and are best explained by the effect changing dispersoid density has on
the overall system microstructure. Conductivity in aluminum is lowered by any solid
solution alloying elements that exist within the matrix, with precipitation of secondary
phases gradually increasing conductivity. The 12-hour samples had the highest
conductivity, in which excessive soak times allowed for more coarsening to occur and the
Mn and Cr content begins to reach equilibrium values [34]. The increase in conductivity
with temperature can be attributed to the increased diffusion rate and the increased
solubility of precipitate forming elements, particularly Mn and Cr, as the solubility and
contribution of Fe is negligible, as explained by Liu [47]. During shorter homogenization
times where smaller dispersoids are dissolving there is constant diffusion of these
elements and upon quenching, the solute atoms in transport become trapped in the matrix.
Conductivity was also found to increase with lower homogenization temperature for all
times since the solubility of elements is decreasing and lowering the total content in
solution at any given time [52]. Mg>Si was still present in the 0- and 2-hour samples but
dissolved into the matrix with longer times. The conductivity contribution of Cr and Mn
leaving solution is somewhat offset by the increasing Mg and Si in solution at greater
times and temperatures. The two-step samples had conductivity similar to that of the 12-
hour condition, the highest of all conditions. It is thought that the additional low
temperature soak and slower heating rate to the second soak allowed for more time in the
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precipitation regime of the #” phase which led to increased precipitation of dispersoids.
The increased precipitation of dispersoids decreased the Mn concentration within the
matrix, lowering the overall conductivity. Since the soak temperature is primarily
coarsening dispersoids, rather than precipitation of Mn dispersoids from the matrix, it
would follow that the Mn content would lower with the heating conditions in the two-step

samples.

Despite difficulties in the compression testing, use of a maximum flow stress under
0.1 strain was found to have good correlations with homogenization time and especially
temperature. Testing was performed in such a way that samples homogenized at the same
temperature were tested in close succession. Flow stress alone is complex and difficult to
model with dispersoids microstructures, particularly at high temperature where additional
deformation mechanisms are active [38]. Interactions between conductivity and flow
stress are plotted against dispersoid size, count, sigma, homogenization time, and
temperature. The initial assumptions were that increasing dispersoid density would
increase conductivity and flow stress, but the relationship to dispersoid size, distribution,
and area fraction was unclear. Due to the etching procedure used, the measured area was
a function of the size of the etched dispersoids which could overestimate smaller particles
and complex shapes. An estimated area fraction was calculated using the mean dispersoid
size and the dispersoid count for each homogenization condition and will be labeled
calculated area. The difference between the calculated area and the true measured area

can be found in the Appendix . Interaction plots of dispersoid size, area fraction, and
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dispersoid count were made with conductivity, estimated flow stress, and sigma. Time
and temperature interactions for both alloys were clear, as longer times and higher
temperatures leads to increased dispersoid size and lower number density. Alloy 14
interactions for time, temperature, conductivity, and flow stress are in Figure 28.

Interaction Plot of Flow Stress vs Time & Temp for Alloy 14
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Figure 28. Interaction plot of time, temperature, and flow stress for Alloy 14. Higher
temperatures and longer times decrease flow stress

Flow stress and conductivity, which are likely to be a function of dispersoid density,
are well correlated to time and temperature but the underlying mechanisms are not clear.
Increasing homogenization temperature lowered flow stress, which correlates with the
decrease in dispersoid density and increased size as seen previously in Figure 17 and
Figure 19, while longer times seems to have the same effect but are less significant.

Breaking these effects down further it is possible to generate basic models for estimating
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flow stress and conductivity of the material using the time and temperature alone. With a
5 x 3 matrix of time and temperature, a response surface regression can be generated. A
model using the factors of time and temperature to predict dispersoid density and size
was created. Time was the most significant factor for both models which is expected
given the extended range of times used in the homogenization treatments. Temperature
was only significant in alloy 16 where the trends in dispersoid size measurements was
stronger. For alloy 16 dispersoid count and size the adjusted R? value of 91.8% and
89.7%, respectively. In alloy 14 the R? values were 82.9% and 91.0% for count and size,
respectively. The low significance of temperature in alloy 14 is likely due to sampling
error in dispersoid measurements rather than actual differences in dispersoid formation.

The graphs for alloy 14 can be found in C

(response is coun.t, o= 0.95) (response is size, a = 0.05)
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Figure 29. Alloy 16 pareto charts of dispersoid size (a) and count as a function of time
and temperature (o = .05). Temperature and time were observed to be significant in
both cases. Temperature was more significant in count.
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Other responses can be related to dispersoid count and size, and interactions plots

of conductivity, flow stress, and calculated area grouped by homogenization temperature
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were created to understand the connections dispersoid measurements and other metrics.

These interaction plots are shown in Figure 30 and Figure 31
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Figure 30. Alloy 16 interactions (a) stress vs count (a) conductivity vs calc area
(b) sigma vs count (d) conductivity vs calc area (d), by temperatures.

The correlations for alloy 14 were not as strong as in alloy 16. This was also
observed in earlier measurements with dispersoid density and size, and this weaker signal
produces noisier trends. Once again, the calculated dispersoid area is well correlated with

the total dispersoid count as the area is derived from the count and average size.
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Calculated Dispersoid Area %

The estimated flow stress was found to have a strong interaction with the total
dispersoid count when grouped by homogenization time in both alloys. Dispersoid size
had weaker correlation in alloy 14 but similar correlation to count. The increase in high
temperature flow stress with increasing dispersoid density can be explained by assuming
Orowan strengthening, where the presence of intermetallic phases within the matrix
serves as obstacles to dislocations increasing the stress for during deformation. This
effect is diminished at higher temperatures where dislocation climb is more prevalent

however some strengthening remains even at higher temperatures [38]. The effect of
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solid solution strengthening in aluminum is well studied, but the combined contribution
by dispersoids and solid solution strengthening by Mn, Si, and Mg in solid solution is
difficult to properly analyze and model [67], [68]. In this analysis the basic assumptions
of increased strength with higher dispersoid density and higher solute concentration
explain the trends quite well. It is unclear the degree to which the solid solution
strengthening of Mn vs Mg has on the flow stress. In solid solution, the Mn content is
expected to decrease with time and temperature while Mg and Si are thought to increase,
at least for the 0 — 4 hr homogenization conditions. The inverse relationship of these
elements in solution complicates understanding the flow stress. For the longer
homogenization times where Mg>Si was fully dissolved, the contribution to flow stress
would remain constant yet the dispersoid density and flow stress continue to decrease
with increasing temperature. The dispersoid contribution to flow stress through Orowan
strengthening would be more significant than the effect of Mg, Si, and Mn solid solution
strengthening, at least within the accuracy of the tests that were performed here.
Increasing time significantly decreased the dispersoid count and increased size, but only
lead to a minor decrease in the flow stress over the 5 homogenization times suggesting
the total strengthening by dispersoids is small. Work to explain these multiple effects in a
comprehensive model of flow stress is an active area of research but a challenging task.
Deformation mechanisms based on solute concentration, primary intermetallic size and
volume fraction, additional testing temperatures, and strain rate sensitivity all must be
considered for a more accurate model depicting the flow stress of this material [8], [47],
[69]. Nonetheless, a clear trend of decreasing flow stress with increasing homogenization
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temperature and total dispersoid count was observed in both alloys at temperature

increments of 10°C.

Conductivity in aluminum is known to be heavily dependent on the alloying
elements present in solid solution, volume fraction of secondary phases, grain boundaries,
solute clusters, and other microstructural components. Elements in solid solution play a
significant role in precipitation alloys like 6082, so elements as Mn, Mg, Si, Fe, and Cr,
will change the conductivity of the alloy during heat treatments and precipitation of
secondary phases. Based on dispersoid density and size observed here, it was thought that
nucleation occurs quite quickly during heating, drawing Mn, Fe, and Si out of solution to
form dispersoids, and then following this coarsening occurs, decreasing the particle
count. As homogenization temperature increases the diffusion rate and solubility, the rate
of dispersoid growth increases as well. At the end of the homogenization cycle when the
samples are quenched any alloying elements remaining in solution will become trapped
forming a supersaturated solid solution. The increased conductivity with longer
homogenization times can be attributed to the solid solution content and dispersoid phase
fraction approaching equilibrium values as coarsening slows. The constant dissolution of
small dispersoids during this time frame will decrease the resulting conductivity. One
unavoidable consequence of the short homogenization times is the presence of Mg»Si in
samples with 0- and 2-hour cycles. This would decrease the conductivity as dissolution
occurs but the increase associated with the precipitation of dispersoids, has a greater

significance than Mg and Si in solution for the alloying content being studied here [70].
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No interaction between sigma and the measure conductivity or flow stress could
be found that was not adequately described by the dispersoid size and number density
already. Sigma was well correlated with the measured dispersoid size and density. The
width of the dispersoid size distribution, denoted as sigma in the logistic model used to fit
them, decreased with higher dispersoid densities i.e., lower times and temperatures. There
was also noticeable increase in sigma with increases in temperature in the interaction
plots. It follows that with increased temperature, diffusion kinetics, and growth, the
coarsening of the particles will lead to a greater distribution of sizes as small particles
dissolve and decrease in number while large particles remain. This trend fits well with the
mechanisms used to describe the conductivity, dispersoid size, and number density

previously.

4.6 2-step Homogenization Significance

The 2-step homogenization conditions were not used when creating the interaction
plots or models. The slow heating rate and additional soak of the 2-step cycle resulted in
outliers when comparing all conditions based on soak time, soak temperature, or
dispersoid number density. The same trend relating the decreased dispersoid density with
increased temperature remained, however. It can be concluded, then, that the small
increase in homogenization temperature is not dependent on the heating rate of either the
single step or 2-step homogenizations. The mechanisms are likely entirely growth
controlled where higher temperatures will increase diffusion and growth kinetics of

dispersoids. The overall dispersoid count and size was comparable to that of the 2-hour
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homogenization despite holding for twice the time. The slower ramp rates resulted in a
more uniform dispersoid distribution, which may create an artificially higher dispersoid
density when compared to a sample which had large DFZ or exceedingly large, needle-
like dispersoids formed by the higher heating rate. However, if areas only containing high
dispersoid density with uniform distribution are counted in both samples it is still found
that number density is higher in the 2-step homogenization. The average dispersoid size
in the two-step samples was greater than that of equivalent temperatures in 2 hour one-
step samples which is expected for the longer soak time of 3 hours. The higher dispersoid
density and simultaneously increased dispersoid size supports the claim that slower
ramping and additional low temperature soaking can increase dispersoid density and high
temperature soak only results in coarsening of dispersoids. In industrial one-step
homogenization, the time spent in the dispersoid nucleation and growth temperature
regime is much higher due to the much slower heating of large billets before soaking is
started. Consequently, the dispersoid density measured in the 0, 2, and 4 hour samples
here should be higher than samples using slower, more realistic ramp rates. Yet, the 2-
step homogenization, which used heating rates from industry, defied this and showed the
second highest dispersoid density of all samples. Recent work by Remee found that high
heating rates, slightly slower than what was used here, resulted in a higher dispersoid
density for 6082 alloys suggesting that nearly complete precipitation of dispersoids does
occur. The dispersoid nucleation on B’ precipitates and significance of heating rates in B3’
precipitation regime, originally presented by Lodgaard and Ryum and later investigated
by Schiffl for 2-step homogenization, support the findings here [20], [27].
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4.7 Conclusions and Applicable Results

The results of this experiment have provided guidance on optimizing the
homogenization process, specifically in high strength 6082 alloys. An etching method
was developed and compared against standard BSE imaging of dispersoids and was
found to give similar but not identical results on the dispersoid count and size. This
technique can serve as an alternative to BSE dispersoid imaging or help distinguish
dispersoids from other high content phases that may appear in BSE imaging. Maximizing
dispersoid density and reducing size is possible with lower temperatures and times as
variations of 10-20°C can significantly reduce the dispersoid content and properties. The
minimum homogenization time for this alloy specifically can be set by the dissolution of
Mg>Si and element Si phases as no as-cast 3 2 o AlFeSi transformation was observed,
and minimal morphological changes occurred in the a phase even at 12-hour
homogenization times. Application of intermetallic particle extraction using the phenol
dissolution technique was successful, and new observations on this techniques were
reported. For modifying billet homogenization procedures, the minimum soak time and
ramping rate are dependent on billet dimensions and other physical constraints.
Excessively fast heating will result non-uniform dispersoid distribution, but such heating
rates are unrealistic beyond laboratory testing, yet the effect of soak temperature
variations on dispersoid density remains and appears to occur regardless of the heating
rate. Experiments using 2-step homogenization processes to promote higher dispersoid

density with shorter soak times were tested. These yielded novel experimental results on
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the effects of a two-step process with varied homogenization temperature and the effects

it has on the unique two-step homogenization process.
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	1 Introduction and Overview
	1.1 Understanding Extruded Aluminum
	Extruded aluminum is a ubiquitous engineering and architectural material that can take many different forms thanks to the unique process that is used to create it. Extrusion allows for the creation of long, continuous sections of metal with constant c...

	1.2 Applications of Extruded Aluminum
	As mentioned previously, extruded products account for 28% of wrought aluminum consumption in the United States. In industrial and commercial applications, where parts are often created on a large scale, the use of aluminum extrusions is prolific and ...
	1.2.1 Motivations for this work
	With increasing use of aluminum extrusions in many industries there is a constant push for improving the quality, consistency, and reliability of this process. As with any large-scale production technique, consistency is the heart of creating a valuab...


	1.3 The Life of a Billet
	From casting to extrusion, the thermal history of an extruded part is vast but quite consistent between alloys. As shown in Figure 2, the thermal history of a part can be broken into 4-5 sections all which depend on the previous for producing high qua...
	1.3.1 Casting
	The complex geometries created by extrusion all start with the same indistinct cast cylindrical billets. Aluminum billets are typically cast using direct-chill casting, or DC casting, where the billets are vertically cast and drawn out through a water...

	1.3.2 Homogenizing
	Homogenization is the step where billets are heat treated to form a microstructure that contains the desirable phases and is useable for extrusion. Homogenization begins with the slow ramping of the billets to the desired holding temperature, typicall...
	Reduction of chemical segregation occurs during the homogenization process as elements go into solid solution and diffuse to create a more uniform distribution in solid solution. Complete dissolution of some phases occurs, leaving a fraction of the as...
	While the significance of each effect varies from alloy to alloy the overall importance of homogenization is the same. A tightly controlled homogenization process gives a high level of control over the microstructure and resulting properties of the bi...

	1.3.3 Preheat/Extrusion
	Prior to extrusion, the billets are heated to the ‘preheat temperature’ which is usually the extrusion temperature, Figure 2 shows the thermal history of billets including preheat, in which dissolution of naturally precipitated Mg2Si occurs. Incomplet...
	Small amounts of Mg2Si will precipitate during cooling of homogenization but are controlled so preheating during extrusion redissolves them into the matrix. During extrusion, thermomechanical deformation during extrusion can lead to local increases in...

	1.3.4 Aging
	The final step in thermal processing of extruded aluminum is typically artificial aging. After extrusion of 6000 alloys, it is desired that magnesium and silicon are fully dissolved in the microstructure as a solid solution. Artificial aging involves ...


	1.4 6082 Alloy Microstructure
	The processing of the 6000 alloy series has been explained in a general, but within the 6000 series there are many variations in the processing, design, and use of specific alloys. 6082 and 6110 alloys are higher alloy content 6000 alloys that are com...
	1.4.1 Grain Structure
	A defining characteristic of a dispersoid-containing extruded alloy is the unique fibrous structure that forms during the intense deformation. During extrusion there is sufficient deformation and heat that complete recrystallization and grain growth c...

	1.4.2 Mg2Si
	Like all of the 6000 series alloys, the strengthen of 6082 alloys comes from the precipitation hardening of Mg2Si, which can occur naturally at room temperature or during artificial/elevated temperature aging. The prerequisite for precipitation is a s...

	1.4.3 α/ß-AlFeSi Phase
	The most abundant secondary phase in 6082 alloys by volume fraction is the AlFeSi iron phase. In this work this refers to the α & ß forms of AlFeSi which can take many morphologies depending on the processing and alloy content. Iron itself has extreme...

	1.4.4 Dispersoids and their Role
	Dispersoids in the 6000’s series alloy system refers to high-temperature, nanoscale, intermetallic precipitates that form during the homogenization process. Dispersoid formation in an alloy is usually dependent on the Mn and Cr content that leads to f...
	,𝑃-𝑧.= ,3,𝐹-𝑣.𝛾-2𝑟. ,     Equation 1
	in which Fv is the dispersoid volume fraction, γ is the interfacial energy between the matrix and the dispersoids, r is the radius assuming a round particle, and Pz is the total Zener pressure opposing recrystallization [39]. This equation has been mo...

	1.4.5 Dispersoid Formation
	The nucleation of these phases is first distinguished by the type of dispersoid forming, whether it be Cr or Mn containing, as these have proven to have unique nucleation routes. Work by multiple groups on the formation of Mn dispersoids has shown tha...
	Measurement of dispersoid phases is most often accomplished using transmission electron microscopy (TEM) as they can as small as 5 nanometers in size. In many studies backscatter electron (BSE) mode on a Field Emission Scanning Electron Microscope (FE...


	1.5 Alloying Elements
	In the 6xxx alloy system the principal alloying elements are magnesium and silicon, which are employed for precipitation strengthening during artificial aging. Other additions such as iron, manganese, copper, and chromium have significant effects on t...
	1.5.1 Iron
	Iron is an intrinsic impurity in nearly every aluminum alloy due to the difficulty associated with removing it and its progressive accumulation during recycling of aluminum [48]. With very low solubility in aluminum even at high temperatures, iron typ...

	1.5.2 Magnesium
	Magnesium, along with silicon, are the primary alloying addition for precipitate strengthening in the 6000 series. Magnesium has significant solubility in aluminum and when in solution provides solid solution strengthening, like in the 5000 series whi...

	1.5.3 Silicon
	Silicon, unlike magnesium, has a role in multiple phases that are present in the 6082 alloy microstructure. Silicon levels in many alloys account for this by having excess beyond the 2:1 ratio that would be required for Mg2Si formation. In the as-cast...

	1.5.4 Manganese
	Critical for dispersoid formation, manganese is intentionally added to alloys like 6082, 6005, and 6110. Other extruded alloys have some allowable levels of manganese but do not intentionally form dispersoids or derive any significant effect from them...

	1.5.5 Chromium
	Similar to manganese, chromium is added for dispersoid formation during the homogenization treatment. Cr has been found to be less effective than Mn in forming dispersoids and is typically alloyed simultaneously with Mn. When alloyed with Mn, Cr does ...

	1.5.6 Copper
	A minor alloying addition, in low amounts copper has been reported to drastically increase corrosion rate and provide some solid solution strengthening [15], [53]. The effect of copper on corrosion of 6000 alloys is severe in some cases as can lead to...



	Figure 1. Basic diagram of the direct extrusion process [5]
	Figure 2. Thermal History of a 6082 Extrusion. Adapted from Reiso [12].
	Figure 3. 6082 billet microstructure in (a) as-cast state and (b) after a standard homogenization cycle showing the dissolution of many phases
	Figure 4. Modeled effect of homogenization on Mn and concentration across grains in 6082. By Sarafoglou et al [23].
	Figure 5. Extruded material etched to show various levels of recrystallization and fibrous structure, by Bru [29]
	2 Materials and Methods
	Outlined below are the analysis methods used in this work. A general overview of the analysis performed is given here, while specific details on some methodologies are detailed in appendices. Restrictions on published information relevant to company s...
	2.1 Billet Material and Cut Plan
	Two 6082 type as-cast 8” diameter billets were supplied by Hydro’s casthouse in Henderson, KY. Alloy chemistry range is provided in Table 1. These two compositions, henceforth alloy 14 and alloy 16, had slices taken for heat treatment and the rest was...
	Thermocouple holes were drilled at the ½ radius approximately halfway into the samples for monitoring the homogenization temperature. Type K thermocouple wire was twisted to a junction and inserted into the drilled hole. To limit measurement error, al...
	Following heat treatment, the samples were further sectioned for metallography, conductivity, hot compression, and XRD intermetallic phase analysis (Figure 5). For sample 14, a section was cut from the billet outer diameter using wire EDM to identify ...

	2.2 Homogenization Plan
	To assess the effect of minor oven temperature variations on the homogenization effectiveness, three different temperatures were tested at five different times, giving 15 one-step homogenization cycles (Table 2). Variations in production oven temperat...

	2.3 Sample Preparation
	Metallographic samples cut from the homogenized slices were taken from the ½ radius at the center of the thickness. They were mounted in cold-set epoxy resin in sets of three to limit the number of samples and maintain consistent surface area in polis...
	Cylindrical samples for hot compression were cut on a mill with an annular cutter to according to the sample plan (Figure 5). The freestanding samples, still attached at the bottom, were sectioned off at 22 mm using an abrasive cutoff saw. The ends we...

	2.4 Metallographic Analysis
	Following polishing and etching, samples were analyzed for AlFeSi with light optical microscopy using a Nikon Eclipse MA100 and a Zeiss Axiomat at 500x for analysis of the secondary phase fraction and morphology. Images were taken from the unetched ar...

	2.5 Hot Compression
	The sample location for hot compression samples is detailed in Figure 5, with final slug height and diameter measured prior to compression in an Instron 4206 with a 10,000 pound load cell and long extensions so the platens could be held within a tube ...

	2.6 XRD Intermetallic Phase Extraction
	To a facilitate a higher fidelity analysis of the intermetallic phases present in the as-cast billet, the molten phenol method for chemical extraction of intermetallics from the matrix was used. It was originally developed by Sato and Izumi [57], and ...

	2.7 Conductivity
	Conductivity was measured on a 4 mm thick slice taken from the homogenized sample surface. Conductivity was measured on all samples on the same day a minimum of 3 weeks after homogenization to allow for natural aging to stabilize the microstructure. M...


	Figure 7. As-cast billets from Henderson (a) billet cut plan with 3 slices cut (b)
	XRD Material
	(14)
	Figure 8. Sectioning plan for wedge sample. Section taken from the full surface plane for conductivity is not pictured.
	Table 2. Homogenization Temperatures and Times
	Figure 9. Unetched BSE image (a) Etched SE image of same area revealing dispersoids, note other phase unetched (b) Etched SE image of high dispersoid density (c). Etched SE image of low dispersoid density (d) SE Image before segmentation (e) Binarized image segmented by Weka 
	Figure 10. Compression samples before (a) and after (b) testing
	Figure 12. Glassware setup for intermetallic dissolution (a) and solution after addition of benzyl alcohol (b).
	3 Results
	3.1 Phase Identification
	Phases in the as-cast state were evaluated to understand the baseline material prior to changes that occur during homogenization. The results of XRD, optical microscopy, and SEM analysis are presented here. This data, combined with information found i...
	3.1.1 XRD
	Initial evaluation of the as-cast material was performed with phase identification via x-ray diffraction of the extracted intermetallic phases. After the phases had been identified, whole pattern fitting (WPF) was performed to estimate the volume frac...
	In alloy 16 the WPF revealed 76.9 wt% of the intermetallics to be α-AlFeSi, 13.4 wt% to be Mg2Si, elemental Si to be 8.8 wt%, and the remaining fraction to be unidentified phases. The R/E ratio, a fitting metric in MDI Jade, was given as 1.4 indicati...
	For alloy 14, there were a total of 57 identified and of those, 7 were not identified but were found to be close fits with oxides. Mg2Si and elemental Si were identified as they were in alloy 16. α-AlMnSi was found to be the primary intermetallic phas...
	The third sample tested was alloy 16, with a 2-step homogenization finishing at 550 C. This test was performed to understand if full dissolution of secondary phases such as Mg2Si and elemental Si occurred during the homogenization treatment and to det...


	3.2 Optical Microscopy and SEM EDS
	Optical microscopy allowed for identification and morphological analysis of multiple phases in the as-cast material. Etching helped to distinguish phases that otherwise could not be seen. SEM EDS was used to check the chemistry and confirm phases whic...
	Measurements taken on the AlFeSi phase in the homogenized condition are presented in Figure 15 and Figure 16. Comparisons are made between conditions of the same time and varying homogenization temperature. It is observed that little to no change occu...
	SEM EDS of multiple areas was performed on the as-cast samples to identify the phases. Elemental maps were used to identify element distribution between phases while point scans gave approximate composition of the individual phases. In the as-cast sta...

	3.3 Dispersoid Measurements
	Dispersoid measurements are presented as an equivalent circle diameter (ECD), which is the diameter of a circle with equivalent area as the particle measured. The minimum dispersoid size analyzed was limited to 30 nm ECD to avoid contributions from no...
	To determine a mean dispersoid size, distribution width (s, sigma), and 95% confidence interval a logistic fit was applied in MATLAB using FitDist. While other researchers found a log-normal distribution to fit better, the limitations in measuring the...

	3.4 Hot Compression
	Flow stress for the homogenized condition was measured with hot compression at 550 C. Testing consistency was complicated by temperature loss in the test apparatus while reloading samples. The compression platens were not perfectly parallel and someti...
	This non-uniform deformation of the samples made calculation of the true stress and strain inaccurate. Samples that exhibited uniform and concentric deformation showed a relatively flat steady state flow stress, but this was not the case for most samp...
	While the results of the hot compression are not entirely satisfactory, since true flow stress should have a flat steady-state region, conclusions can still be draw from the differences between the curves of the same homogenization times. The max tru...

	3.5 Conductivity Measurements
	Conductivity measurements were performed on all samples at the half radius as it was found that the measured value could change depending on location, likely due to differences in heating rates and quench rates at the surface and thinner areas of the ...


	/
	(d)
	Figure 13. XRD pattern of extracted intermetallics for as-cast alloy 14 (a) and alloy 16 (b) 16  2-Step 550°C (c) and overlaid ß-Al5FeSi peaks on the as-cast 16 pattern showing the lack of ß
	α-AlFeSi
	Mg2Si
	Si
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	Ternary
	Figure 15. AlFeSi phase measurements for Alloy 14 in the homogenized condition.
	Figure 16. AlFeSi phase measurements for Alloy 16 in the homogenized condition.
	(a)
	4 Discussion
	The primary objective of this analysis is to better understand the effect of homogenization parameters on dispersoid density, however, many other observed effects can be seen and correlated to this. Further, the addition of two-step homogenization pra...
	4.1 Phase Transformation and Dissolution
	4.1.1 XRD Analysis of as-cast Phases
	XRD analysis of the extracted intermetallic powder from the as-cast material gave comprehensive understanding of the microstructure and phases present. In many 6000 series alloys, the transformation from ß ( α AlFeSi is critical for producing quality ...
	The lack of Mg2Si, elemental Si, and other phases in the post-homogenization scan indicate the heating rates and soak times are sufficient for full dissolution. The peaks identified for the α-AlFeSi were also found to be unchanged in their position su...

	4.1.2 Optical Microscopy Phase Analysis
	Microstructural evolution was analyzed using image analysis to quantify the phase fraction of Mg2Si and AlFeSi during homogenization trials. The Si phase could not be identified through optical microscopy and was found with some difficulty in SEM sinc...
	According to the XRD phase analysis, no ß ( α AlFeSi transformation occurred in either alloy, and the metrics used to evaluate AlFeSi phase morphology are consistent with this observation. During homogenization coarsening or rounding of the primary Al...


	4.2 Dispersoid Structure
	The immediate effects of temperature on the appearance of the dispersoids in the matrix were not clear, however time made an obvious and gradual difference. The 0-hour homogenization showed a high dispersoid density which decreased significantly with ...
	The effect of temperature on dispersoid density can be observed as a function of homogenization time as originally shown in Figure 17. For every 10 C increase in temperature there was a 5-15% drop in dispersoid number density. This was not consistent ...

	4.3 Homogenization Ramp Rate Effects
	Coarse, elongated dispersoids were found in all samples except the 2-step conditions, regardless of the soak time or temperature. The heating rate of the homogenization treatment is well known to affect the nucleation and later distribution of the pre...
	The two-step homogenizations, however, were heated with controlled ramp rates that would be similar to those for commercial billet homogenization. The 2-step homogenization first soaked at 250 C allowing diffusion and precipitation of the ß’ phase pr...

	4.4 Dispersoid Density
	The general trend of decreasing dispersoid density with higher times and temperatures is expected and can be explained by nucleation and growth kinetics. The two-step treatment, which cannot be compared easily to other conditions, also would follow th...

	4.5 Conductivity, Flow Stress, and Dispersoid Correlations
	Both conductivity and flow stress followed the trends observed with the dispersoid density and size. These metrics are more difficult to tie directly to homogenization time and temperature and are best explained by the effect changing dispersoid densi...
	Despite difficulties in the compression testing, use of a maximum flow stress under 0.1 strain was found to have good correlations with homogenization time and especially temperature. Testing was performed in such a way that samples homogenized at the...
	Flow stress and conductivity, which are likely to be a function of dispersoid density, are well correlated to time and temperature but the underlying mechanisms are not clear. Increasing homogenization temperature lowered flow stress, which correlates...
	Other responses can be related to dispersoid count and size, and interactions plots of conductivity, flow stress, and calculated area grouped by homogenization temperature were created to understand the connections dispersoid measurements and other me...
	The correlations for alloy 14 were not as strong as in alloy 16. This was also observed in earlier measurements with dispersoid density and size, and this weaker signal produces noisier trends. Once again, the calculated dispersoid area is well correl...
	The estimated flow stress was found to have a strong interaction with the total dispersoid count when grouped by homogenization time in both alloys. Dispersoid size had weaker correlation in alloy 14 but similar correlation to count. The increase in ...
	Conductivity in aluminum is known to be heavily dependent on the alloying elements present in solid solution, volume fraction of secondary phases, grain boundaries, solute clusters, and other microstructural components. Elements in solid solution pla...
	No interaction between sigma and the measure conductivity or flow stress could be found that was not adequately described by the dispersoid size and number density already. Sigma was well correlated with the measured dispersoid size and density. The w...

	4.6 2-step Homogenization Significance
	The 2-step homogenization conditions were not used when creating the interaction plots or models. The slow heating rate and additional soak of the 2-step cycle resulted in outliers when comparing all conditions based on soak time, soak temperature, or...

	4.7 Conclusions and Applicable Results
	The results of this experiment have provided guidance on optimizing the homogenization process, specifically in high strength 6082 alloys. An etching method was developed and compared against standard BSE imaging of dispersoids and was found to give s...
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