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ABSTRACT

Hetefogeneous .deformation is present in most of the metal forming processes,
especi_élly those which involve high amdunts of plastic strain. This strain localization is
res;;onsible for the‘ formation of | microstructural gradients. These gradients are
manifested in terms of variations in grains’ size, shape, mechanical properties, and L
éﬂenta{ion. These characteristics are measﬁred by light optical microscopy (LOM),
microhardness tests, énd, electron ba:ckscatter diffraction (EBSD).

" The microstructural characterization and evaluation was performed on three
different samples. Th_é first .shape was a. solid extrudate with a non-uniform cross
 sectional profile. This piece has a heavy section attached to two thin legs. Geometrical
variat'i'ons are a source of localized deformation. Structural variations were observed
vfrom the outside surface to the center of the heavy secltion.‘ Observations were also made
of areas from the legs, which underwent high localized strain. Two extrusion-welded
samples were examined to investigate the localized deformation in the vicinity of the
longitudinal weld. Qne sample was a simple rectangular profile, which was extruded
with a very low extrusion ratio using controlled, test parameters. The other extrudate was
‘a complex shape that was deformed under typic‘al industrial conditions.

The propensity of the grains to recrystallize was heavily dependent upon the
localized strain. Recrystallization occurred at very high localized deformation whereas
grain growth occurred for low deformations. Areas that had an intermediate level of
deformation possessed the deformed microstructure. This behavior is due to the comple)i

interaction of the thermal and mechanical processes.

1



1.0 INTRODUCTION

1.1 Aluminum Extrusion Background

L1.1 Extrusion Process Fundamentals
Forming processes aré neceséary to convert cast ingots into basic forms that have
typical wrought microstructures. The shape of the metal piece is changed by plastic .
defonnatioh. This deformation must be induced by an external stress, the magnitude of
which must exceed the yield strength of the material. Duqtil_e metals have the ability to
flow plastically in the solid state. The force required to deforrh a material is dependent
on tile amount of deformation required and also the geometrybf the workpiece.'2
Extrusion is the forming process whereby a block of material (usually called a
billet) is reduced in-cross section by forcing it to ﬂbW, under high pressure, through an
opening in a die. The billet is continuously deformed into a long length of material with
a uniform cross section. The extruded piece that emerges has the desired shape, which is
defined by the die orifice. The reduced cross sectional area leads to a large increase iﬁ
the length of the part in relation to the starting billet. Depending on the material, cross
séctions of varying complexity can be extruded. The products of the extrusion process,
known as extrudates, are long straight pieces that may take the form of strips, wires, bars,
solid shapes, tubes’, or hollow proﬁles. These products requiré minimal finishing;

therefore, extrusion is a “near net shape” process with little waste.>®



In extrusion, an imposed hydrbstatic compression stress is developed by the
reaction of the workpiece (billet) wiih the container and die.‘ Unequal compressive
stresses are used to create shear stresses. ~ The comi)ined_ compressive stresses are
effective in reducing the clracking‘ of the billet during'the deformation proeess.‘ iThus
large plastic deformations are possible without f:;\;ilure.1

When deformation is achieved et a temperature above that at which
reerystallization occurs, the process is termed hot working; otherwise it is cold working,
Most metels ere extruded hot to facilitate plastic deformation. With increasing
temperature there is a decrease in flow stress or deformation resistance. The deformation
energy requirements are less than for cold _working and large strains are possibvle.
Because of the extensive deformation produced in extrusion, considerable internal
~ heating of the metal also results.?
| The two main types of extrusion processes are indirect (also called back or
inverted) and direct (forward) extrusion; they are both illustrated in Figure 1. For indirect
extrusion, there is no relative displacement betWeen the billet and the container. Thus
the process is relatively time independent. Typie'ally,' for most indirect extrusion
processes, the die is at the ram end of the stock and the product travels in the direction
opposite that of the ram, either around the ram or up through the center of a hollow ram.
However, there are novel approaches where the container and billet move into a fixed
~die. This is still considered an indirect process becauee friction is eliminated at the billet-

container interface.
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Figure 1: Diagrams of the (a) direct and (b) indirect extrusion processes.*

For direct extrusion, the metal billet is placed in a container of an extrusion press -
and forced directly through the die by the ram. The dje and ram are at opposite ends of
the extrusion stock, and the direction ‘of final producf’s metal flow is in the same
direction as ram travel. During this process, the billet slides relative to the walls of the

'container.. The friction decreases as time increases thus making this a time dependent
process."3 5

The _actual application of extruded sections depends upon the 'mecham'cal‘
properties of the rnaterial employed. Wifh modern technology, a wide variety of
materials can be extruded, from the very soft and ductile plastics to hard and strong
refractory ceramics. Whether any metal or alloy can be extruded depends upon its
malleability at the working temperature. This mateﬁal spectrum, which covers the full

- Tange of metals, is classiﬁed'on the basis of working temperature.

Room temperature and low temperature extrusion (0-300 °C) is pefformed on low

melting point metals and alloys including: lead, tin, bismuth and their alloys, as well as

some aluminum alloys, and the soft solders. AThe use of these very ductile metals is often
4
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Figure 1: Diagrams of the (a) direct and (b) indirect extrusion processes.”

For direct extrusion, the metal billet is placed in a container of an extrusion press
and forced directly through the die by the ran‘1. The die and ram are at opposite ends of
the extrusion stock, and the direction of final product’s metal flow is in the same
direction as ram travel. During this process, the billet slides relative to the walls of the
container. The friction decreases as time increases thus making this a time dependent
process.””

The actual application of extruded sections depends upon the mechanical
properties of the material employed. With modern technology, a wide variety of
materials can be extruded, from the very soft and ductile plastics to hard and strong
refractory ceramics. Whether any metal or alloy can be extruded depends upon its
malleability at the working temperature. This material spectrum, which covers the full
range of metals, is classified on the basis of\.vorking temperature.

Room temperature and low temperature extrusion (0-300 °C) is performed on low
melting point metals and alloys including: lead, tin, bismuth and their alloys, as well as

some aluminum alloys, and the soft solders. The use of these very ductile metals is often
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limited because théy cannot sétisfy the desired mechanical. propertieé for engineering
structures. Low deformation tempefatures (300-600 °C) are used for most aluminum,
' magnesilim, zinc, and solder alloys. Copper, titanium, and zirconium alloys, as well as
precious metals, can be extruded with moderate deformation temperatures (600-1000 °C).
High defonnat-ionvtemperatmes (1000-1800 °C) are required to extrude nickel alloys,
sfeels, cast _irons, cobalt alloys, aﬁd high melfing point metals (chromium, molybdenum,
tungsteﬂ, niobium,v and tantalum). Due to the intense. 'temperature -and pressure

requirements, these high deformation temperature extrusions are very rare.®

1.1.2 Aluminum Alloy Extrusions

The exﬁusion of aluminum sections represents advanced extrusion technoiogy in
terms of alloy making, press design, tooling, and die design. All commercially available
aluminum wrought alloys can be extruded.. However, dilute aluminum alloys are the
most suitable for extrusion, while high strength alloys are difficult to process. |

‘To extrude aluminum alloys, the starting material, kno@ as billets, are cut from
round, and occasidnally,ﬂat, cast logs. The cast billets are usually homogenized before
extrusion because the as-cast condition gives a product of unsatisfactory quality and has a
lower workability. The billet chemistry determines the type of alloy and its applications.
The type and amounts of the elements added to the aluminum, either as alloying elements
or as additions, are the first criterion in recognizing the specific alloy. The effects of the
alloying elements on the properties of aluminum do not depend only on the nature and

the quantity of the alloying element, but also on the way in which it combines with the



aluminum and interacts with it in\ the nﬁCrostfucuite. Incneasing percentages by weight
increases the hardening capacity of the alloy.”

The alloys covered by standards can be divided and ponsideied in two main
groups, namely those used for caéting and those to be'fabricated into wrought forms. The
introduction of an International Alloy Designation System (IADS) waé deveioped in

1970 and has been accepted by most countries for the‘ designation and naming of
aluminum alloy systems. The IADS gives each wrought alloy a four-digit number, of
which, the first digit is assigned on the basis of major alloying element(s), as listed in
Fignre 2. The major additions are used foi strengthening, however, other elements. are
| used to obtain specific struc-:turaldstates. These conditions include: finer grains, higher
critical reciystallization temperature, or blocking the effects of certain impurities, etc.

For 1xxx, the third and fourth digits indicate the degree of pnrity of aluminum. In
all other series, these two numerical indices are a serial nnmi)er identifying the individual
alloys within the group. The second digit indicates a close relationship or modification of
the original alloy (which is given the index zero).® Fof example, 6105 and 6005 are
aluminum-silicon-magnesium alloys that differ only slightly in composition from each
other. This is shown later in Table I

In order to specify the mechanical propertigs of an alloy and the way these
propertieé were achieved, a system of temper nomenclature has also been adopted as part
of the JADS. This takes the form of letters and digits that are added as suffixes to the
alloy number. The system deals separately with the strain hardening alloys and heat
treatable alloys. These essential features are also outlined in Figure 2. Alloys supplied in
the as-fabricated or annealed conditions are desigxlated with the suffixes F and O

6 .



respectively. Strain hardened alloys are designated with the letter H. For heat treatable

alloys, tempers other than O are denoted by the letter T followed by one or more digits.®

Alur'_ﬁinium alloy and temper designation systems

Figure 2: Diagram of aluminum alloys and temper designations.

i . * Temper designations
; ?‘ml gtarms {Added as suffix lettars of digits 10 the alloy aumber) '
‘ Sutfix letier First suffix digit Second sufhix digit
FOHTor W Indicates secondary For condition
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* 1.1.3 6xxx Aluminum Alloys
| The moét Widely used series of commercial aluminum extrusion alloys is the 6xxx

éeries: alloys based on the aluminum-magnesium-silicon (Al-Mg—Si) system. Several
million tons of 6xxx alioys are produced every year and are used for metal fabrication
and aréhitectural purposes. The wide variety of possible applications includé anything
from simple bars and rods, to intricate shz'ipes' such as door and window frames,
automobile trim, building structures; electrical bus bars, heat exchangers and sé on.

Al{Mg-Si alloys have good extrudability, yielding p;)ssible high extrusion speeds -
as well as the ability to form hollow and complex shapes. These alloys have medium
strength, with ’a decorativé appearance (potential .anodizing abiliﬁes) and good surface
quality,'while rheeting narrow dimensional toierances. Additibnal advantages include
good electriéal COndﬁctivity, weldability; corrosion resistance, an immunity to stress
‘corrosion cracking, and simplicity in vheat treatment. >

Equilibrium diagrams represent' the 'relatidnships betweeh tempergture and
composition of the phases in an alloy system in equilibrium,; i.e. which phases are stable. .
Although most alloys in practice are not at equilibrium conditions, the diagrams provide
valuable guidance to their behavior. The aluminum-rich region of the ternary Al-Mg-Si
phase diagram is shown in the Figure 3. This is the solvus phase diagram, which reports
the solid solubilities of the major alloying elements at various temperatures; The solvﬁs
diagram is extremely important for age hardening alloys because it iists the temperature
above which an alloy of certain composition must be held at before quenching to form a

supersaturated solid solution.
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Figure 3: Al-Mg-Si solvus phase diagram."’

The propertigs of an alloy are determined by its microstructure, which depends on
température and may include a number bf phases differing in ‘composition. For 6xxx
aluminum alloys, the controlling phzise for the age hardening process is fnagnesium
silicide, Mg,Si. Aluminum and the consﬁtuent MgZ.S.i form a quasi-binary system, at
magnesium to silicbn ratios of 1.73:1.00 wt % (2 atoms of Mg [2x24.32] to 1 a’;om Si
[28.06]). A ﬁne at this ratio divides the ternary system into two pérts, where there is
either éxcess magnesium or excess silicon. The binary Al-Mg,Si phase diagram, showh
in Figure 4 is very useful because it predicts the approximate solubility of the precii)itate

in the aluminum matrix at various temperatures.
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Figure 4: Pseudobinary Al-Mg,Si phase diagram.'

Alumihum—magnesium—silicon alloys are formulated to make use of fhe solﬁbili;y
of Mg,Si and thereby utiiize precipitation hardening. As noted in Figure 4, the solubility
of Mg,Si in oc-alumihum decreases as the temperature is lowered. QuenchingvAl-Mg-Si
commercial alloys from high temperatures producés a supersaturated solid solution of
magnesium and silicon in o-aluminum. The aluminum is solid solution strengthéned by
’the excesé silicon or magnesium compared with the stoichiometric ratio. However, the
major contribution to hardening and the improvements in mechanical properties is due to
the dispersion of MgZSi precipitates. These particles may be coherent with the matrix or
produce hardening by partial coherency stresSing, and by dispe:rsi.on.13 An example of an

Mg,Si precipitate is shown in Figure 5. These particles tend to align with the matrix

<100> directions.
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- Figure 5: SEM image of Mg,Si precipitates in 6xxx alloy.

Heat treatmenfs are. designed to promote a very high density of precipitates that
strongly interact wifh dislocations and theréby increase the yield strength of the alloy. A
typical heat treatment prograrh for precipitation hardened alloy systems consists of an |
initial solution heat treatment that dissolves the particular élloying elements; The single-
phase is quehched to form a supersaturated solid solution. The supersaturated state is
non-equilibrium, and possesses a high level of alloying elements in solution; this
concentration exceedé the amount allowed for thé particular temperature. Over time, the
solution seeks to attain the equilibrium, multi-phase state. Excess alloying additions form
precipitates, which strengthen the material. This process may be accelerated by giving
the alloy an artificial heat treatment to achieve the required temper and mechanical
properties. Significant improvements in the properties may also occur through natural or
room temperature aging. For normal precipitation hardening of 6xxx Al alloys , the

following sequence takes place:
| | 11



INTENTIONAL SECOND EXPOSURE

Figure 5: SEM image of Mg,Si precipitates in 6xxx alloy.

Heat treatments are designed to promote a very high density of precipitates that
strongly interact with dislocations and thereby increase the yield strength of the alloy. A
typical heat treatment program for precipitation hardened alloy systems consists of an
initial solution heat treatment that dissolves the particular alloying elements. The single-
phase is quenched to form a supersaturated solid solution. The supersaturated state is
non-equilibrium, and possesses a high level of alloying elements in solution; this
concentration exceeds the amount allowed for the particular temperature. Over time, the
solution seeks to attain the equilibrium, multi-phase state. Excess alloying additions form
precipitates, which strengthen the material. This process may be accelerated be giving
the alloy an artificial heat treatment to achieve the required temper and mechanical
properties. Significant improvements in the properties may also occur through natural or
room temperature aging. For normal precipitation hardening of 6xxx Al alloys , the

following sequence takes place:
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supersaturated o.-aluminum solid solution - semicoherent " rods -

semicoherent B' needles > semicoherent B plates > noncoherent 3-Mg,Si 10

Although, the reaction Between magnesium and ‘silicon is a balanced one, it
requires an excess of either magnesium or silicon for its completion. Excess magnesium
causes a rapid lowering of the solubility of Mg,Si at high temperatures, while excess
silicon, on the other hand, haé little effect on the solubility of Mg,Si. Therefore, extra
silicon is addéd and will appear as a micro-constituent in the alloys. Silicon promotes an
additional reéponse to age hardening by both refining the size of the Mg,Si -particleé and
precipitating as silicon. 0.2% excess Si increases strength significantly but greater
amounts -are lless beneficial. However, silicon may also reduce the ductility and cause
intergranular embrittlement, as it segregates to.the grain boundary. 214 |

By including additional elements, it is possible to improve the mechanical
properties of ‘Al-Mg-Si alloys; Additions of manganese, chromium, and zirconium
counteract the effect of silicon embrittling the grain boundaries by inhibiting
recrystallization during solution ﬁeaMent. Manganese reduces the preferential
precipitation on grain boundaries, thus promoting a fine grain size. Chromium does the
same but is twice as effective by weight. Copper increases the stress hardening effect and
also incfeases the strength in the T6 temper. Lead and bismuth can be added to improve
machining characteristics.*">'* Tron often appears in Al-Fe-Si intermetallics at the grain
boundaries. It oﬂginates from the process of mining aluminum from the ore. Parts

requiring a good surface finish must have low iron contents.
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Because it is relatively easy to work §vith .,6xix alloys, dévelopment of many
derivatives of 6xxx alloys continﬁes in order to ’fulﬁll the requirements éf different
customer appiications throughout the world. Some 6xxx alloys have a higher level of |
alloyiﬁg elements to achieve higher strengtii for structural and | semistructural
applications. Other alloys are more dilute for increased extrudability |

Commercial Al-Mg-Si alloys can be divided into 3 groups. Thé first group

contains balanced amounts of magnesium and silicon adding up to less than 1,2. wt. %.
Because ease of extrusion is a prime requirement for many shapes, 6063 was introduced
for the applications where mechanical strength réquirements were less stringent. These
- alloys have low quench sensitivity; the critical cooling speed is such that thin sgctions
need not be quénched in water, but can be air-cooled. Alloys within the second group
contain additions of Mg and Si excecdihg 1.2 wt. % and may contain other additions such
as 0.3% Cu. These alloys, such as 6061, require a higher solution treating temperature
than the first group and are quench sensitive. Higher alloy contents necessitate a faster
rate of cooling to obtain maximum hardenability. The importance of a good quench is
increased with thicker wall sections. The third group of alloys contains an amount of
Mg,Si overlapping the first two, but cohtains substantial excess silicon. 60»05 is an
example of an excess silicon alloy.*®

There are hundreds of aluminum Wrought alloys, however, the majority of

extrusions produced invblve just a few Al-Mg-Si alloy compositions. These .allloys are
among the most promising to meet ever increasing demands, and are widely used based
on their having the best technical and economic characteristics. Among the most
common are 6005, 6061, and 6063. The composition ﬁmits of these 3 alloys are listed in
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Table I along with 6105, a variation of 6005. Aluminum constitutes the remainder of the

composition.

Table I: Composition Limits of Four Aluminum Alloys: 6005, 6061, 6063, and 6105 **
Alloy | Si Fe Cu Mn | Mg G | Zn | T
6005 | 0609 | 035 | 010 | 0.10 | 04006 | 010 | 010 | 0.10

6061 | 0.40-0.8| 0.7 | 0.15-040 | 0.15 | 0.8-1.2 | 0.04-0.35 [ 0.25 | 0.15
6063 0.2—0.’6 0.35 0.10 ' 0.10 | 0.45-0.9 0.10 0.10 | 0.10

6105 | 0.6-1.0 | 0.35 0.10 | 0.15 { 0.45-0.8 0.10 0.10 |- 0.10

" Extrusion technology has been furthered by continuing demands forbnew shapes
and improved product quality. The main areas of application, including architecture,
vehicle construction, and smalI machined components, concentrate on seiecfed alloys that
are suitable for the final application and can be ‘produced.and worked at a reasonable cost.
Many complex shapes are extruded that would either be impossible or difficult to
produce by rolling or drawing. This fact, together with the ease at which profiles can be
produced by extruding, accounts for the increased popularity of the process.”*

* The most important aluminum extrqdatés are standardized according to product
group: tubes, bar, and shapes. Heat treatable alloys are more importaﬁt for extrusion
" because of their ability to fbrm complex shapes vbefére they are precipitation
strengthened. They are then age hardened to achieve the desired mechanical properties.
Diverse sections are naturally associated with varying degrees of difficulty in extrusion-
and die manufacture. Alumihum extruded profiles have been systematicaily classified
according to their shape and difficulty to produce, as seen in Figure 6. Actual billet

temperatures and extrusion speeds vary with product complexity.’
14
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Figure 6: Classification of alurmnum extruded sections according to their production
degree of difficulty.’

1.2 Extrusion Die Design

1.2.1 Die Fundamentals

Forming processes all involve the interaction of a workpiece (the starting
material) with some form of tooling to produce a change in shape.! To meet quality
requirements, the performance of the extrusion die is critical; it is the heart of the
extrusion process. " Even the most sophisticated press will not be capable of making

acoeptable products without proper dies. Die performance impacts product design,
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quality, productivity, and recovery. The three basic goals of extrusion die design are:‘fo
provide for relative ease of metal flow, dimensional stability, and desirable surface
finish.? |

A die is a complex mechanical piece. The extrusidn‘ tool assembly package is

illustrated in Figure 7. It consists ofa die, die ring, backer, and bdlsters.

Sub-bolster

“Bolster

~
Backer

Die holder slide

Figure 7: Parts of an extrusion die.”

Extrusion dies are made of particularly hard and expensive material. The die is
subjected to elevated temperatures and high stresses, which it must be able to endure
without fracturing under the thrust of the press. For aluminum extrusions, the most

frequéntly used die-material worldwide is the well-established hot die steel AISI H13.”’
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1.2.2 Die Classifications
Extrusion dies may be divided into simple ones used for open, solid sections and
those with welding chambers (porthole, spider, and bridge dies) for semihollow and
hollow shapes. Extrusion dies can be categorized into three fundamental classes, shqwn
| in Figure 8. They are qiassiﬁed based upon the die semi-angle, a, which is the angle
between the die face and the direction of metal ﬂdw. The majority of dies used for the
extr_usion. of dluminum are flat faced (a), meaning the die face is perpendicular (o = 90°)
to the direction of the metal flow. Conical or conéave dies (b) make an acute anglé

(a0 <90°) and novel convex dies (c) have an obtuse angle (a. > 90°).

— ‘
(@) | (b) | ©

Figure 8: Extrusion dies: (a) flat-faced, (b) conical, (c) convex.

| 1.2.2 Die Bedring Lands
The most important element of the die is the bearing land. These are the surfaces
that are either parallel, or near parallel to the direction of metal flow. The function of the
bearing land is to control the size, shape, ﬁﬁish, and speed of the éxtrusion. To
-manufacture a sound extrudate w1th certain physical properties, the whole product needs

to undergo similar process conditions such as strain rate and temperature. Die design can
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correct the differences in these conditions caused by localized strain.‘ The velocity
' _distn'bution of the extruded metal_y should be balanced both within the die orifice and in
front of it. Ideally, there should be laminar flow of the metal through the die.. Proper die
“ ‘design will manipulate the shape of the die bearing lands by changing their léngth and/or
angle to produce unifdrm conditions. Friction at the bearing fand is the dominant factqr
for controlling the metal flow.

Three different die bearing lands dre shown in Figure 9. Typically, parallel
bearing lands are used. These working surfaées are flat, square with the die face, and are
parallel to the metal flow. If die correction is needed, different land lengths may bé used.
Shorter bearing lands will decrease frictional forces whereas longer lands will slow‘ the
metal down. Relief bearing lands widen in the direction of the metal flow allowing slow

H rhetal volumes to “catch up” to faster moving material. Choke bearing lands have the
opposite effect, becoming narrower in the flow direction; they are comparable to a wire
drawi;lg' die. The added surface friction increases the drag force, retarding the metal flow

and thus slowihg a faster moving volume of the metal.'®

decreasing friction

. increasing speed

(@) (b) -

Figure 9: Bearing lands: (a) choke, (b) parallel, (c) relief.
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Proper die design is necessary to produce sound flow propérties and ultimately a
qﬁalify product. Geometrical differences inherent to the shape of a part (for example, a
thick section adjacent to a thin area) result in metal flow variations. The resistance to .
metal flow is greatest{in the narrow parts of the die, and therefore small, thin sections
naturally flow with slower velocities. These regions of a part, with a high surface area to
volume ratio (S/V), are often extruded through relief beaﬁng lands or shortened parallel
bearing lands. This approach allows these slow-flowing proﬁie sections fo catch up to
the faster moving material that fdrms the other regions of the part. Large cross secti§na1
areas (those with low S/V) e);trude relatively more quickly. These sectioné are ,oﬁén
checked by extruding them through a choke bearing land. Therefore, a die used to
extrude one profile may have_ several variations iﬁ the die bearing lands. |

The extfusion ratio of a proﬁlé élso affects the metal flow and speed. The
extrpsion ratio, R, is defined as the cross sectional area of the billet divided by the cross
sectional area of the extrudate.® A large R defines high deformation, whiéh requires a
larger forming pressure, and results in a slower extrudate exit-velocity thah _a»lower ratio.

In front of a flat-faced die, a feeder plate or straight cavity (welding pocket) may
exist to help control the metal flow, often assisting in the extrusion of difficult profiles.
Also known as a minicontainer'’ or piastrina'®, these pockets are used to reducé the heat
generation that 2 longer béaring land would create. They can also have a significant
effect on the extrusion pressure and exit speed.'” The feeder plates can be considered as
an extension of the bearing or an auxiliary pocket that surrounds the profile shape
partially or totally. Depending on the desired effect, it must be located at a certain
distance from the bearing edge and have a certain height. |
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1.3 Extrusion Welds

1.3.1 Longitudinal Welds

There are various methods to extrude tubes and hollow shapes in the industry,

based on the requirements of the product and the limitations of the alloy being eXtruded. :

Two different methods to produce hollow shapes are seamless extrusion and extrusions
with welding joints. Seamless profiles are produced from ingot by extrusioh' over a
central mandrel. The ingots may be cast as solid cylinders and then bored to take a
mandrel; or they may be pierced at the extrusion pfess by forcing a short cylindrical plug,
slightly largcr than the mandrel diameter, ahead of the ma»m.drel.13 '

Thin walled hollow sectiohs may also be extruded from solid ingots through
specially designed hollow dies. These dies make use of longitudinal welds to form the
final profile shape. This method is often used for aluminum and some of its alloys since

these materials can be easily deformed and welded at typical extrusion temperatures. At

high temperatures, plastic deformation of the metal under high pressure in the welding

chamber allows solid bonding of the extruded aluminum.”® Flow through a hollow die is
much more complex than that through a solid die. Typically, when tubes and hollow
sections are extruded, a di‘é determines thé outer shape while a mandrel, located in the
apertur9 of the die, determines the inside shape. Together, the gap detenninés the section
thickness. There are many variations of hollow die designs in the aluminum extrusion

industry, such as porthole, spider, and bridge dies. These dies are shown in Figure 10.
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Figure 10: Hollow dies: (a) porthole, (b) spider, (c) bridge.®

Metal flow through aporthole die is shown in Figure 11. Fo;' hollow extrusions,
the formaﬁon of the final profile shape may be divided into four stages. Initially, the
billet material fills in the ports located at back of the die face. Secondly, the metal
streams are split by the bridges of the die, and flow tangentially around the mandrel
suppyorts. Upon entering tﬁe weld chamber, the surfaces of two or more plastic streams
slide together, fhen stick,' and ultﬁnately weld. Finally, the material is extruded through
the gap between the mandrel and the die orifice.”’ The mandrel and the die form the
inside and thF outside dimensions of the extruded hollow shape respectively. The metal
that exits from the die as a hollow shape has one or more seams that lie along the product
length, whiéh are referred to as longitudinal welds. Welding occurs because clean oxide-

free metal is brought together at elevated temperatures under high pressure.>** -
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Figure 11: Complex porthole die displays the four stages in producing a longitudinal
weld seam.”!

Akeret describes the longitudinal welding process as a joining of two éeparéte
extrusi’ons; consisting of the less-worked core and much more heavily worked peripheral
zonfa.‘21 Figure 12 illustrates thié concept in the fonnation of seam welds. The
microstructural characteristics of the welded material may include the absence of a proper
~grain structure and the random distribution of the intermetallic particles. Even
macroscopically, the “unstructured” weld zones in the etched section of hollow shapes

contrast with the more fibrous material in the core of each part of the shape.”!

core
peripheral zone

| weld line

Figure 12: Two simple rectangular shapes flow through the pockets of a ‘pc}rthole die
and form an extrusion weld.
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The strength of the e);trusion weld depends on se&eral factors, among which tﬁe
~most critical are temperature, pressure,' metal cleannéss, roughness of ’the welded
interfaces, and the vefocity of the metal .ﬂowing through the welding chamber.. In
practice, the selection bf process parameters, such as billet ter-rxpefatlue aﬁd extrusion
ratio, is critical to assure a good, qualityv bond. The mechanical properties of the
extrusion welds and of the neighboring material can differ from those of the metal at
greater distanées from the weld. These diffefences may be in terms of grain size, local

strain, or orientation of subgrains and grains.?!

1.3.2 Transverse Welds

The other type of ,extrusion welding is transverse or billet-to-billet welds. Billet-
to-billet ¢xtrusion is a special method for .alloys that easily weld together at the extrusion
temperature. Wélding can occur with a feeder plate (weld pocket) or not. Using this
process, shown in Figure 13, continuous lengths can be produced by discontinuous

extrusion. Typically, the welded region possesses inferior mechanical properties and is

discarded.’

@) | (b)

Figure 13: Transverse welding: (a) without and (b) with a weld pocket.®
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1.4 | Localized Deformation

1.4.1 Heterogeneo_us Strain

Localized deformation is present in most of the metal forming processes.
Industrial practices involve large-scale plastic deformation that becomes heterogeneous at
high plastic strain.?* The change in mechanism from a dominantly homogeneous one to a
lqcalized form of deformation, increases  with increasing strain. Therefore, larger
extrusion ratios produce a higher amount of heterogeneous localized deformation. The
generation and development of localized deformation from metal forming process exis't’ |
on different scales. Shear bands, Luder bands, and microcracking all form at the micro
level and can also be combined to form meso-defects. Macro shear localization is
exhibited in méchanical property gradients. |

During the extrusion process, large pléstic stfain is needed to forrﬁ the part int_o_ its |
final shape. The deformation is non-uniform and varies as a function of position. Material
towards the perimeter of the ‘extruded part undergoes significant shearing; whereas, billet
material at the centerline of the die orifice travels in a straight line relatively undisturbed.
The shear deformation at the centerline of the extrudate is zero and increases as one
moves outwards; Therefore, strain localization and the am'ount of redundant deformation
increases for grains located further from the center of the profile.® Figure 14 presents an
image from a visioplastic modeling experiment. Alternate layers of different colored
plasticine were extruded in order to analyze the material’s flow. The flow lines are
easily extrapolated from the interfaces of the different colors. The path lehgth of the
outer material is longer and has a slower speed as illustrated in Figure 15. In this

diagram, the thickness of the lines is proportional to the relative extrusion speeds.
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Figure 14: Visioplastic model of the metal flow in the extrusion process.

B
R

Figure 15: Paths of metal flow from the billet through the die.”®

Figure 16 summarizes that material from the outside of the billet forms the’
exterior of the profile. C‘loser to the billet surface, thé material has a longer path to travel
. and is heavily deformed. Metal from the shear zone flows through the die and forms the
outer layers of the profile. The extrudate surface grains e;(perience higher strain than
material towards the center of the part. The visioplastic model and deformation

presumptions are verified by examining the photograph of the partially extruded billet
25



that is found in Figure 17. Material near the edge of the billet flows along the outside,

then past the dead metal zone and into the intensive shear metal zone.

increasing
deformation

" billet ' R extrudate

Figure 16: Illustration displaying that material towards the exterior of the billet will
form the surface layers, which are heavily de_formed.27

Dead
Metal Zone

I :
Intensive
Shear Zone

III
Main
Deformation Zone

Di Billet Centerline
ie

Orifice

- Extrusion Direction

Figure 17: Macroetched half of a partially extruded 6105 billet displaying metal flow
patterns.?® '

26



Heterogeneous deformation also occurs due to differences in geometrical
dimensions. Complex partsy with varying section sizes develop regions of highly
localized strain. Consequently, structural differences often appear across the profile of a

finished product.

1.4.2 Surface Defects

| The large local deformation near the surface can also be attributed to another
factor. Extfeme tensile forces are} formed at the surface due to the materials’ interaction
with the die bearing land. The surface material travels alongside the quick moving
central metal volumes. However, at the surface, this material is restrained by the
frictional forces from its interaction with the die.”

' The surface quality of the extrudate is one of the limiting factors of the extrusion
procesé. This is shéwn in the extrusion forming limit diagram in Figure 18. At elevated
temperatﬁres, 1arge extrusion ratios or high speeds will cause surface Cracking, incipient
'melting,' or recrystallization, which‘ will all limit the possible extrusion speed and the

- formability.
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Figure 18: Forming limit diagram for extrusion.*

The crystal orientation and _surface roughness control the surface appearance. ‘If
grain structure or orientations vary significantly, constant surface properties are no longer
obtained. The quality of finishing processes, such as anodizing or painting, depends
heavily on the surfacé texture. Upon anodizing, the etching response depends on texture,
grain structure, and particle distribution. Locai variations in these parameters, caused by
complex dies, can the_refore lead to inconsistent surface appearances.’! ™
The term “surface texture” is primarily used to describe the variation in surface
- roughness of the part. However, here, in this researcﬁ, surface texture is used to indic;ate :

the orientation of the grains at the surface and just beneath to a depth of approximately

250 pm.
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1.4.3 Microstructural Gradients

The final extrudates' microstructure is the result of the metal flow, which is
controlled by extrusion parametérs and die design. In these experiments, multiple régions‘ |
from the same profile were examined to eliminate variations in process conditions. This
will also discard deviations that exist in niultiple exfruéion runs, or even from the front to
the back of an extrudate. By doing this, for} each extrudate studied, thé extrusion process
parameters, such as temperature and extrusion épeed, were held constant. Therefore, the
microstructufal responsé to these parameters are neglected, and the effective changes to |
the microstructure can be isolated. The response of thé material is evaluated as being a
function of either ggometﬁcal differences or die design.

Localized deformation contributes to the development of material anisotropy by
'creating structural differences that appear across the profile of finished complex parts.
The microStructure within the localized zone is usually distinctively different from the
other sections of the product. Therefore microstructural gradients are created and are
manifested in terms of differences in grain sizes, shapes, mechanical properties, and
crystallographic orientations. Characterization of these physical qualities was performed
using light optical microscopy (LOM), nﬁcrohardness tests, and electron backscatter
diffraction (EBSD). LOM was used to m;aasure grain size/shape variations while the
microhardness tests were used to evaluate the relative strength of the individual grains.
EBSD was used for microtextural determination and can also be used for grain size/shape
measurements.

During the hot extrusion of aluminum, the cast microstructure is changed. Some
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the recrystallization may be suppressed or partly suppressed. Therefore, microstructural
discrepahcies can result from differences in metallurgiCal states that may exist: as-
deformed, recovered, and recrystallized. In heat treatable aluminum alloys, a non-

recrystallized grain structure possesses higher mechanical properties in the extrusion

- direction than recrystallized material.*?

The analysis of the size and shape of the grains, in. conjunction with
microhardness measurements, were used to study the recryStalliéation behavior of the
grains, as well as Kikuchi pattern quality indices from EBSD. The pattern quality and
confidence index used by the EBSD system indicates the amount of strain present in the
grain. A higher strain will be the result of a higher disloéation density resulting in low
pattern quality. For deformed microstructures, a higher index may designate grains that
have recoVered and decreased their strain. Lastly, the nﬂcrotexfure of specific small
regions may indicate a prgferred recrystallization texture. Significant arﬁounts of the
cube texture may be retained during the hot deformation of aluminum alloys. Alumihurri
alloys, which possess high stacking fault energy, often possess a cube component of
textﬁré upon rec.rystallization.”'34 The size and shape of the grains are a g'qod indication

of whether or not grain growth had occurred.

1.5 Material Anisotropy

1.5.1 Texture
The texture is the preferred grain orientation — one or more specific orientations
which appear with a higher than average probability in a sample population of

orientations.”*  Texture determinations examine the direction dependence of the
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material’s anisotropy, a result of its structure. The actual orientation distribution in a
- polycrystal is the result of the manufacturing process ;nd thus texture contains detailed
| info_rmation‘about the production histbry of a workpiece.

In general, casting and solidification processes produce a randomly oriented or
weakly textured material. As a result of deformation, the grains are not randomly
oriented. The crystallographic orientatidn distributions- of the grains exhibit a tendency
for alignment with a specific, dominant direction in the bulk Iﬁaterial, commonly felated
to the diredtion of Working. The texture is a function of the metal forming process and
theréfore the orientations of the deformed grains depend on the die design and process
pérameters, such as state of stress, temperature, strain, and strain rate‘.zs‘

On the other hand, .t’exture is important for the physical behavior of the material,
and has a strong effect on physical properties. Therefore,'fhe texture contains easily
accessible information on the interrelation between processing parameters and materials’
performance. | The microstructural elements responsible for énisotropy are not so much
scale as morphology; the size df the grains in a polycrystalline aggregate is much less
important than th;i;' shape and orientation. In polycrystals, many macroscopic physical
properties are anisotrdpic. They depend on the orientation of the grains relative to the
- load direction. Such properties include: Young’s modulus, strength,vand ductility;

The recrystallization texture is strongly dependent on the pre-existing deformation
texture, as nuclea.t;ion and growth are influenced by the orientatidns of adjacent regions of
the microstructure.’®> The combined effect of deformation and recrystallizatioﬁ on the
microstructure of a workpiece is due td complex interplay between the thermal and E
mechanical processes.
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Several theories on the relationship between texture -and plasticity have been
developed. The most recogrlize_ﬁd full constraints model by Taylor, .predicts a rotation
towards the <111>‘or/ <100> orientatioh for FCC metals. A <100> fiber deformation
texturé has been reported after axisynﬁmetric compression, whiie a mixture of <111> and
'<100> are seen in extruded rods.*® | |

Microtexture is a population of . orientations Vmeasured on a grain-by-grain basis.37
This is in contrast to an average texture meaéured from a bulk sample, obtained vié
techniques‘ such as traditional x-ray difﬁa‘ction (XRD). The microtexture can be
* measured by electron vbackscatter diffraction (EBSD) in the scanning electron microscope

(SEM) or by either selected area diffraction (SAD) or convergent beam electron

diffraction (CBED) in the transmission electron microscope (TEM).

1.5.1 Texture Measurement Using Electron Backscatter Diffraction (EBSD)

EBSD, also known as backscatter Kikuchi diffraction (BKD), is a'difﬁaction
technique for obtaining microtexturai information from thin (near-surface) layers of bulk
samples in the SEM. The microtexture is obta}ined by summing the orientations of the
individual grains and is important for the analysis of loéalized deformation; 'EBSD is
able to generate important information about the size, shape, and orientation of the grains
with accuracy and speed. This diffraction technique, combined with the imaging
capabilities of the SEM, enables the user to directly relate the crystallography to
deformed microstructure. |

EBSD is a powerful tool- used for the characterization of deformed
microstructures. For this research, EBSb has been used to folloW, in detail, the
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orientation aspects of the deformed grains and the metal flow in several aluminum
extrudates. The extrudates’ microstructilres provide insight into the materials’ responses
to the intricate dies.

The EBSD patterns (EBSP) are pro'daced virhen high-eriergy ‘electrons are
elastically scattered by atomic planes in a crystalline sample. The incident electrons are
scattered by the crystal lattice according to Bragg reflection. Because this technique is
based upon crystallography and not visual observatidns, such as LOM, the grain
measurements are very accurate and even low angle grain boundaries can be identified.
The ability to measure microtexture is a major advantage over XRD, which reports an
average texture. ’

An additional Beneﬁt is that EBSD combinés the important crystaliographic
information with the powerful imaging capabilities of the SEM. This combination is
possible in the TEM, however, the volume of material studied is severely limited. Also,
thin TEM foils require arduous sample preparation. Traditional metallographic sample
preparation is all that is required for EBSD. The samples are polished flat with a
minimum of mechanical deformation on the surface layer.

The EBSD system hardware. can be retrofitted to nearly any SEM, which, until
recently has not been well suited for performing diffraction‘exi)eriments. A diagram of
the hardware setup is illustrated in Figure 19. The components of an EBSD system are:
the sample at a 70° tilt angle, a phosphor screen, lead glass window, camera, and a

computer equipped with orientation imaging microscopy (OIM). A 70° tilt is used to

- increase the intensity of the backscattered signal. After diffracting within the sample, the
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electrons impinge on a phosphor screen within the sample chamber. The patterns are

~ captured by a charge-coupled device (CCD) or low-light-level video camera.>®

incident bh hor ¢
electron pnosphor Scre_en
beam
o 'ﬁ el camera
AR lead glass
. diffracted .
crystallme/y electrons window
sample

Figure 19: Illustration of the EBSD technique.

The acquifed patterns resemble those produced by electron cﬁanneling
experiments, and thus are often referred to as backscattered Kikuchi diffraction patterns
| (BKP). These patterns contain information regarding the symmetry and alignmem of the
probed crystal. The patterns are a “map” of the angular relationships between the atomic
planes. The patterns .are readily indexed by the computer, which simply notes the major
symmetry elements of the patterns as well as the positions of the intersecting Kikuchi
lines forming poles.

An example of a diffracted pattérn and how the computer indexes the poles is
shown in Figure 20. The index determines the crystallographic orientation of the
individual grain and, in turn, its relationship to neighboring gfains. Using a high quality
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~ CCD camera, phase identification cah be determined by the precise ldcation of major
poles as well as the thickness of Kikuchi bands. These band widths are inversely |

proportional to the planar lattice spacing.

: F‘iglire 20: EBSD pattern and the identifying index by the computer.

The orientation of large areas can be determined. Many grains can be
characterized by scanning the electron beam continuously across the sample in straight

* Instantaneous patterns are analyzed at each point illuminated by the incident

lines.
electron beam. The computer records the three calculated Euler angles, which describe
the orientation of the particular grain with respect to fixed reference axes. In addition,
pattern quality and confidence index parameters are liste(i. These two indices are related
to the quality of the lattice from where the diffraction pattern originated. Highly strained

regions will have low quality and a low confidence index. In addition to orientation

measurements, observation of the sample yields information on microstructure including
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~ phase information, grain size, grain boundaries, precipitates, é.nd impurity 'elements. The
good spatial resolution of the SEM allows grains smaller than 1 um t§ ‘be e:xamined.35

The diffraction data and texture information can be summarized | in several
different output forms: pole.ﬁgures (PF), inverse pole figures (lPF), and orientation
distribution functions (ODF). These ﬁgurés are plots of the frequency with which a |
speciﬁé direction coincides with one of the specimen axes.>> The strength of the texture
is determined by éxamining the peaks (high intensity areas) and by noting the. maximum
values found.in the scale.

The pole figure represents the distribution of a specific family of lattiée planes in
the stereographic projection, a two-dimensional image of the three-dimensional
orientation space. The specified crystal axes are given with respect to a sample reference

frame. Pole figures are yiewed asbone would view a globe at the equator level. The horth
‘and south poles correspond to the + and — direction. The textﬁre is determined by
analyzing these figures. Grain orientations are indicated by the positions of the plane
normals, also called poles, on the projection. By calculating thé angles between these
directions and the origin of the coordinate system, which is placed at the center, the
orientation is determined.*

Additional texture information and grain structure (size/shape) are given by
inverse pole figure grain maps. This is a simulated microstructure generated by. the
computer, which assigns different colors to grains based upon their orientation according
to a color coded invers¢ pole figure key (shown in Figure 21). Similarly orientated
grains have like colors. Definitive texture detenhinations are found by analyzing the pole

figures and confirming the information with the orientations shown in the grain maps.
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Figure 21: Ihverse pole figure color key used to identify orientations of grains in an IPF
grain map. -

The texture informatibn is correctly analyzed when the orientation of the grains _
are understood relative to known axes. The relationship between the crystallographic

directions, e,’, and the sample directions, e, is very im ortant and is illustrated in
p

Figure 22.
e :
Ff\ c o
Rl
¢ '

Figure 22: Relationship between the crystal orientation, e,°, and sample axes, e."!
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The sample directions (e°, &%, es°) are perpendicular to each other and are fixed
by the sample’s positiori’in the SEM. This is shown in Figure 23. The normal direction
(ND) is perpendicular to the sample, whereas the réference direction (RD) and transverse
direction (TD) lie in the plane of the sample surface. The RD points down the sample
and the TD (coming out of the page in the diagram) is parallel to the sample tilt axis.
Because these directions are fixed, it‘ is useful fo position the sample in such a way that
these directions coincide with the difgctions of the metal forming process. For instance,
‘when examining the cross section of an extrudate, the normal direction will coincide with
the extrusion direction. For longitudinal sections, to make the analysis simple, the

extrusion direction should be aligned parallel to the TD or RD.

Detector

Figure 23: Sample orientation in the microscope. Definition of sample axes: _ND, RD,
and TD (coming out of the page)."!
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1.5.2 EBSD Limitations

EBSD samples must be crystalline; i.e. they mﬁst have a regular lattiee‘ ﬁhat
diffracts the incident electron beam. Samples must also be free of high dislocatien'
densities (large amounts of plastic strain), since Kikuchi patterns are washed out et Iﬁgh
local deformation. Tﬁe pattern quality is dictated by the conditions at the surface.
Crystallographic imperfections; either inhereﬁt to the sample or caused by preparation
| techniques, degrade the quality‘of the patterns.

’Careful sample preparation is therefore essential for good results. Thorough final
polishing using a fine (0.05 uin or less) non-diamond medium and a final etch yield good
results.*? This etchant paﬁially removes the surface deformation layer created by
mechanical polishing. Without it, the large amount of disiocations will diffuse the
backscattered pattern and deteriorate its quality. Electr’opolishing or lapping will improve
sample preparation end the resulting pattern signal. |

Pattern quality is further marred by the strain already present in a deformed
sample. Although the aluminum samples that were analyzed are hot deformed, extrusion
involves a heavy amount Qf deformation that caﬁ not be totally alleviated due to the speed
of the process. With careful selection of temperature and time, the material could be
recovered without recrystallizing. This would preserve the grain orientation, but lower
the dislocation density.

The extrudates tested were made of aluminum, a low atomic nu;nber element.
Pattefn quality is improved for heavier atomic elements, which have a higher

backscattered electron yield.* Because the sample is at a 70 degree tilt, some diffraction
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patterns are partially shaded as a consequence of surface relief, 'I‘hus,.it is important that
the sﬁface be completely vﬂat.24

Grain boundaries, whicﬁ separate' two grains, are a stack of misfit dislocations and
. are regions of highly-cdncentrated Strain. At the boundary, two EBSD patterns may exist
at the same time (one for each grain) or a diffuse pattern will ‘appear because of the high
dislocation density. OIM may have difﬁcillty indexing tﬁe boundé.ries and these points
will appear darker or in different colors to the surrounding areas. Figure 24 shows two
ovérlapping patterns.from adjacent grains. A large beam should be used to provide
adequate current needed to produce good contrast EBSP’s. However, a small beam is

desired to avoid overlapping patterns at the grain boundaries.

Figure 24: EBSD image showing two overlapping patterns that occur at a grain
boundary.
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2.0 EXPERIMENTAL PROCEDURE

2.1 Experimental Setup

2.1.1 Coordinate System

Initially, cross sectional samples, nofmal to the extrusion direction, were extracted
.from the extrudates and examined. Longitudinal sections were then cut to examin¢ the
sample from the transverse and/or reference direction. Planar samples from two ,
perpendicular directions will yield a three dimensional representation of the grain shap¢

~and size.

Before beginning, it is important ;[0 establish a system of axes to remain consistent
in all exp‘erim‘ents. For all samples, the axes are setup such that the cross section of the
extrudate lies in the yz plane normal to the x-axis (defined as [100]), which is the
extrusion direction. For EBSD investigations (see Figure 23), when examining the cross
section, the extrusion direction may also be classified as the normal direction (ND).
When analyzing these pole figures, the z-direction [001] will be defined as the reference
direction (RD); the y-axis [010] is known as‘ the transverse direction (TD). Things get
more complicated when inspecting the longitudinal sections. Thé ND is no longer
coincident with the x-axis, [100]. extrusion direction, but is rotated 90° depending on
which directioh (v or z) is normal to the specimen surface plane. Similarly, the pole

~ figures of the longitudinal sections are also rotated from thé' cross section ﬁgures to

account for the new specimen orientation in the microscope.
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2.1.2 Experimental Spécimens ~

The influence of localized deformation was studied fo.r various types of samples,
one solid extrudate and two differcnt samplés containing longim&mal welds. One of the :
welded samples was a simplé rectangle profile extruded using controlled test conditions;
whereas, the other was a complicated shépe'produced under typical industrial conditions."
Geometrical variations concentrate deformation in certain areas, particularly where the
surface area to volume ratio is the highest. For heavy extrusions, the shear localization
will be at a 'maximurﬁ near fhe surface of the profile. For longitudinal extrusion seam-
welding, the variation of localized deformation is similarly complex. Microstructural

gradients occur due to geometrical differences and are also influenced by the weld zone.

2.1.3 Investigation Approach

The samples were initially examined under low magnifications (1-7X) using the
stereomicroscope. When the capabilities of this instrument were exhausted, a light
optical microscope with higher magrﬁﬁcations was used. This microscope had possible
magnifications of 50, 100, 200, and 400X. All grains were easily distinguishable at
400X; therefdre, a 1000X vmagniﬁcation was not needed. SEM imaging was similarly
discarded as unnecessary. All images were digitally recorded using the Paxit image
acquisitioﬁ program. This program waé_ used to add the micron bars to ensure accurate -
* dimensional measurements. Most images were recorded at magnifications of 100X, a
good compromise between field of view and magnification. The size and shape of the

grains were observed from these images.
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Microhardness tests were performed on all three extrudéd'samples. This was done
10 'investi_gate the reiative variation in mechanical properties, which are deﬁved, from the
microstructural gradients due to localized strain. A Knoop, elongated diamond:indentér
was ‘used with a dweil time of 15 seconds. For the solid exfrudate'a 50g load was used,
whereas ‘a 25g load was used for thé welded specimens. A cdmputer was used to
measﬁre the indent spacing that was then correlated to a Knoop microhardness (HK)
value and a Roékwell A scale (HRA).

In genéral, tensile tests are used to. evaluate the strength of a inaterial.
Mic;rphardness tests are useful when tensile specimens are difficult to prepare due to .
section geométry.44 In addition, tensile tests, record an averagé strengfh of the
~ polycrystal, rather than of a specific region. Microhardness gives a good indication of the
individual strength of .the grains, neglecting thé contributions to strengthening from the
grain .boundaries. Low hardness readings may indicate a low dislocation density
specifying grains that have recrystallized. -

Frequent microhardness tests were conducted in straight lines across the safnplés at
regular interiréls. This is to gaih an accurate depiction of the gradients that occur from
the surface of a part to its center or across a weld region. The average measurements are

reported as well as the standard deviations.

2.1.4 Sample Preparation
. After the samples were sectioned they were prepared using traditional

metallographic techniques. Initially, the complete samples were ground up to 600-grit
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silicon carbide paper and then macroetched in Tuckér’s Etchant (15% I-E, 45% HCI,
15% I-II\TOg,-and 25% HéO). This revealed flow lines and some grain structure.

After examining these piéces.‘ under the stereomicroscbpe,. the samples were
reduced in size and mounted in époXy to aid in future preparation work. The ﬁoMted
samples were mechanically ground and'polished. An alumina (Al;Os) intermediate |
polish was used to remové the heavy remnant surface damage from the silicon\ carbide
grinding papers and the initial polishing using a diamond péste. A final polish of
0.05 pm Masterprep solution (colloidal silica ‘[Si02] and alumina mixture) was used. For
microstructural analysis, the samples were etched using a 5% solution of hydrofluoric
acid (remainder H,0). This etchant is effective in outlining the grain boundaries, useful
- for grain size/shapé analysis. For several samples, this etchant was not effective enough
and Barker’s-reégent (2.5% HB4, 97.5% H,0) was used instead. Using this etchant,
| grains contrast is achieved with polarized light. For microhardness tests, the delineation
of grains is essential. Measurements should be taken within the grain to avoid the
strengthening component of the boundaries.

EBSD is very sensitive to mechanical deformation and it was found that a thin
deformation layer stili exists on the surface even after the final polish. Prior to using the
electron microscope, the samples were etched ﬁsing 5% HF. In addition to outlining the
grain boundaries; this etchant removes surface deformation induced by the mechanical
polishing, and reduces the oxide layer thickness. One'way to improve EBSD pattern
quality would be to electropolish the sam}ple} dr use a lapping machine; these are
defbrmation—free preparation techniques; Electropolishing was not used because the

chemical solution'commonly used for aluminum involves perchloric acid, which is highly

44



explosive. A lapping machine was not available at the preparation facilities. A chemical
polish was later used to avoid deformation, but it had é similar effect as the HF solution.
The chemical polish consists of 25% H,SOy, 70 % H3PO,4, and 5% of HNO;. The

samples were polished at 85 °C for 25 seconds.

2.1.5 Electron Backscatter Diffraction (EBSD)

The EBSD system used for this research was manufactured by TexSem
Laboratories (TSL). Initial trials were performed using this hardware integrated with a
Philips (FEI) Electroscan 2020 environmental scanning electron microscope (ESEM).
This sysfem, with' a short objective lens, did not provide | the optimum 6perating
-_conditions and thé EBSD system was transferred to a Philips XL.30 ESEM.

In order to analyze a larger area, the experiments were performed at low
magnifications (50-400X). The sample was aligned such thét the scanned area was a thin
| rectangle with the larger dimension parallel to the TD, tilt axis of the stage (see
Figure 25). The large sample tilt (70°) needed for EBSD investigations dictates that the
electron beam will only be in focus for a limited range in height (z-direction, RD) unless
" the dynamical focus of the microscope is implemented.*® For surface texture, actual
EBSD measurements were taken between 0 a.nd.250 pum from the surface, as shown in
Figure 25. Large-area EBSD scans were recorded across the.weld region, including the

grains within the weld, as well as many grains on either side.
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Investigated
area

Figure 25: Typical area tested was a rectangle elongated in the transverse direction.

Initially, a focused i'mage of the sample was obtained lising the seycondary electron
detector. The specific areas of interest ‘, ‘were identified, and a backscattered Kikuchi
diffraction pattern was acquired on tﬁc phosphor screen. The automated crystallographic
orientation measurement (ACOM) Soﬁware was set up to scan a selected area. The data
was aﬁalyzed with thé OIM software. The intensity pole figures revealed the orientations _
of llighes't" probability and were compared with the textures displayed in the IPF grain

maps.

2.2 Solid Extrudate

2.2.1 Extrusion Process Parameters

The first sample analyzed for this research was the solid extrudate pictured in
Figure 26. This 6105 aluminum alloy was manufactured under normal industrial process
conditions. Typical composition limits of 6105 alloys were previously shown in Table 1.
The proﬁl¢ was extruded through a two-hole dig with an extrusion ratio, R, equal to 52
For one orifice, the heavier portion of the profile is oriented toward the center (the' sample

used for this experiment), and the other orifice has the legs toward the center. The die is
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laid out in such a manner to optimize handling, not die performance. The exit speed was

’ approximafely 355 mm per second.*

- Heavy section

%) | Thin legs ——

10 mm

Figure 26: Solid extrudate used to study microstructural gradients due to geometrical
differences.

ThlS solid extrudate has a “heavy” section with a low S/V attached to two thin
“legs” with a high S/V. To slow the metal flow in the heavy region, a choke bearing land
with an angle of oné degreé over 25.4 mm was used. For the profile’s legs, zero relief
(parallelybea‘ring land) was built into the die; however, under extrusion pressure some
relief will occur as the die deflects. Bearing lengths for the legs are 3.56 mm and
2.16‘ mm at the tips of the legs.‘ Starting stock was a cast, homogenized ingot, and the

company reported that it did not have any strong texture.*®

2.2.2 Profile Sectioning and Sample Definitions
The cross section of the thin legs was examined but little variation was found in the
microstructure.  Significant - gradients due to localized deformation appeared at the
“heavy” region, which includes the large upper rectangular section. This extrudéte was
initially sectioned into eight separate samples for LOM and microhardness analysis. The

dashed lines in Figure 27 indicate where the cuts were made. This figure indicates the
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surfaces that were being investigated, as well as defining the observation directions
(normal to the sectioned plane).  The sample was examined from all three orthogonal

directions (X,y,z).

f

Observation Direction

1<
N
i<

Figure 27: Profile of the solid extrudate indicating where the part was sectloned
(dashed lines) and the observation directions (eye symbol)

The cross section (yz planc_a) was examined to understand the microstructural
. gradients occurring from the exterior to the center of the profile when ldokjng down the
extrusion direction (x-axis). Longitudinal pieces were cut (as shown) to examine the
material from the top (z) and side (y). Samples 2, 3, 4 and 5 are from 1, 6, 12 and 20 mm
beneath the top surfacé. Samples 6, 7, and 8 Were sectioned parallel to the side 1, 6, and
12 mm from the edge. These measurements. are summarized in Table II. Separate |

samples were cut for the legs; three in total, one for each of the orthogonal directions.
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Table II: ‘Summary of solid extrudate sample locations

Sample | Sectioning Observation Distance from Dis@ce from
4 Plane Direction | top surface side edge
(mm) (mm)
Heavy solid profile
1 yz X - -
"2 Xy z 1 -
3 Xy z 6 -
4 Xy - Z 12 -
5 Xy z 20 -
6 XZ y -
7 XZ y - 6
8 XZ y - 12

For the surface texture investigation smaller samples were sectioned and used so

that they fit easily in the SEM chamber. These different sémplgs studied with EBSD are

illustrated in Figure 28. Longitudinal sections were prepared to examine the surface

texture from additional directions. Once again, the heavy section and thin legs were the

areas of interest. The influence of the two different die designs (choke and parallel

bearing lands) was investigated.

low S/V

X [010]
[100]

Figure 28: Indication of areas tested for surface texture analysis of the solid extrudate.
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A total of five ‘samples' were prepared for EBSD investigation. - SamplevA
indicated the microstructural variation that occurs from thé side and top surface. Two
different longitudinal sections (C&D) were needed to view those same variations. Two
samples were prepared for the leg: B from the cross section and E was a longitlidinzil
sample examined down the z-axis. Longitudinal samples were used to confirm the initial
EBSD résults from the cross éection specimens. “The grain maps from longitudinal
samples givev an indication of elongation of the grains in the extrﬁsion direction that was

also diéplayed by the LOM images.

2.3 Experimental Extrusion Weld

2.3.1 Extrusion Process Parameters

The objective of studying this extrudate is to assist in the understanding of
extrusion-welding phenomena. The major difficulty during normal industriél processes is
a iack of data related to pressure and temperature within the welding chamber. A special
weld—integﬁty test-die, shown in Figure 29, was designed, built, and tested. | Th; die
allowed the investigation of Weld integrity as a functioﬁ of the die gedmetry and process
parameters, such as extrusion temperature, pressure, and speed. The solid bonding taking

place in the extrusion of hollow sections was adequately simulated by this die.”’
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Figure 29: Test die used to form longitudinai welds in rectangular extrudates.”’

Thesé extrusion runs, used fof testihg, were performed under controlled
conditions where the parameters were accurately recorded. The initial billet diameter
was 229 mm defining an extrusion ratio of 9.2. The ram speed was 6.35 min/s. The
billet preheat tempefature was 516 °C with an exit temperature of 520 °C for the front of
the extrudate and 532 °C for the back end.

There are four orifices in the test die. | Location 2 and 3 produce simple
rectangular shapes that have the weld located in the center of the profile, as shown in
Figure 30. Samples used for the analysis presented in this paper were extruded through

the orifice at location 2. Location 1 and the corresponding location on the opposite side
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of the die i)roduce solid extrudates that do not contaih welds. There a:re.tWo such
locatioﬁs td maintain balance of the métal flow through the die. These extrudates were
- "produced for a separate investigation. The mechaﬁcal pfoperties of the welded and non- _
welded samples wefe compared to determine v;/hether the extrusion weld is a source of

weakness.

10 mm

NG

Figure 30: Experimental extrusion weld sample.

The extrudate, which is shown in Figure 30., is a 6061 alloy and has a rectangular |
Cross séction with dimensions 51 x 22 mm. Sample sectioning is shown in Figure 31;
sample 9 was taken of the cross section. Because the profile was large, it was cut to a
width of 28 mm (with the weld in the center) in order to fit into a standard 38 mm
metallographic mount; the full height was unaltefed. Longitudinal samples 10, 11, and
12 were sectioned parallel to the top surface at depths of 1, 6, and 11 mm. They were
examined from above, along the z-axis. Because the weld is situated in the xz plane, the
sample was not examined from the y-axis. To observe the weld from this direction, many
successive polishing steps would be needed. A summary of the sample locations is listed

in Table II1.
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10 mm

Figure 31: Samples used for die weld integrity studies.

- Table III: Summary of experimental weld sample locations

Sample - | Sectioning | Observation Distance from DlsFance, from
v e top surface side edge
# Plane Direction . .
: in. (mm) in, (mm)
. Rectangular welded extrudate
9 yzZ X - -
10 Xy z 1 -
11 Xy z 6 -
12 Xy z 11 -

2.4 Industrial Extrusion Weld

2.4.1 Definition of Producf Geometry

The other extrusion-welded sample being stgdied, shown in Figure 32, was part of
an actual extrusion run, conducted with typical industrial parameters. The part shbwn is
one quarter of the complete complex shape that uses a porthole die to produce the hollow
sections. As revealed by the macroetch in Figure 33, the weld line is located along the |
entire length of the piece, from the top of the “arrow” to the edgé of the hole at the

bottom of the figure. EBSD was used to analyze the grain orientations across the weld.
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Figure 31: Samples used for die weld integrity studies.

10 mm

Table III: Summary of expérimental weld sample locations

- . Distance from [ Distance from
Sample | Sectioning | Observation .
. top surface side edge
# Plane Direction . .
in. (mm) in. (mm)
Rectangular welded extrudate
9 yzZ X - -
10 Xy z 1 -
11 Xy z 6 -
12 Xy z 11 -

2.4 Industrial Extrusion Weld

2.4.1 Definition of Product Geometry

The other extrusion-welded sample being studied, shown in Figure 32, was part of
an actual extrusion run, conducted with typical industrial parameters. The part shown is
one quarter of the complete complex shape that uses a porthole die to produce the hollow
sections. As revealed by the macroetch in Figure 33, the weld line is located along the
entire length of the piece, from the top of the “arrow” to the edge of the hole at the

bottom of the figure. EBSD was used to analyze the grain orientations across the weld.
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The results were compared to the experimental weld to see if any discrepancies exist.
The extrusion ratio was the critical variable that differed between these two profiles as

well as the simple vs. complex geometries.

Figure 32: Section of a complex extrudate containing a longitudinal weld.

Figure 33: Section of industrial welded sample after macrbetching.
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The results were compared to the experimental weld to see if any discrepancies exist.
The extrusion ratio was the critical variable that differed between these two profiles as

well as the simple vs. complex geometries.

Figure 33: Section of industrial welded sample after macroetching.
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The cross section of the sample was seétioned and is shown in Figure 33. In
addition, a longitudinal samplebwas cut at the approximate mid section of the weld area,
labeled M. LOM hﬂages were captured at three different locations of the cross section:
the top near the arrow, the bottom near the hole, and across the mid seqtion, M. Some
pictures were taken of the longitudinal sample as well. Microhardness measurements
were taken from the longitudinal section across the weld from one side of the part to the
other. The grains of the longitudinal samples are slightly elongated, which made
placement of the Knoop indentier easier. However, the primary focus of studying this part
was to determine the orientation .of the wéld and the surrounding areas. Orientation

(EBSD) scans were recorded across the entire width of the weld at the location M. The

cross section was examined so that the ND was aligned with the extrusion axis.
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3.0 RESULTS

3.1 Solid Extrudate

3.1.1 LOM Investigation
The solid extrudate sample contained a thick section that was coupled to two thin
legs. For the heavy region, thér’e wés significant variation in size and microhardness
from the surface of the part, with the highest amount of kdeformation, to the center région
graihs, which resemble those of the original, cast structure. Macrophoto'graphs were
takén using a stereomicroscope, and there appeared to be several distinct structural
regions that Were further revealed by the higher magnification LOM images.
Figure 34 presents an image of the macroetched solid extfudate upon inspection
using the stereomicroscope capable of low rriagniﬁcations (1-7X). Figure 35 presents
higher magnification images of the two majof areas studied: the heévy region and the thin

legs. After etching, microstructural gradients are evident from the grain contrast.

Figure 34: Macroetched sample of the solid extrudate.

56




WY surface of
M heavy region
[ (low S/V)

thin leg
(high S/V)

Figure 35: Higher magnifications of selected areas identified in Figure 34.

The same profile was etched in 5% HF acid for gfain size/shape rnicro.analysis.
The cross section in Figure 36 displays a bright ring (labeled as region IT) just beneath the
outer surface that contrasts with the adjacent material. There appears to be five distinct
regions of microstructural features. Figure 37 presents a longitudinal view of sample 2;
this picture has the same grain-contrast variation that was previously shown. Even using
this low magnification, some of the large grains can Be resolved. To get a better

understanding of the grain structure and gradients higher magnifications are needed.
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[ center-line ' 12 mm surface

Figure 37: Longitudinal macro image of the sample 2 edge.
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Figure 38 presents an'imége near the surface of Sample 2 at higher magnification.
The individual grains of the first threé regions with varying .contrast can now be
~discerned. There are small grains at the surface that are adjacent to large grains elongated
in the extrusion diréc'tion (vertical for this picture). These }grains decrease in size further
away from the edge. Figure 39 displays a similar location at double the magnification.

The gfains just beneath the surface are very large relative to the surface microstructure.
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Figure 38: Edge of sample 2 displaying three different microstructural zones.
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Figure 39: Edge of sample 2 at twice the magnification of Figure 38.

In fhese pictures, the extrusion direction is vertical and the surface ai)pears to the
right. Along the edge, there is a thin band, a rdw or two deep, of small grains (<50 pm)
that penetrates less that 100 pum into the sarhple. These grains comprise the area
previously described as Region I. Region II, adjacent to these grains, consists of very
large grains; some of which were -disceméble in the macrophbtographs. These grains
average 150-250 pm wide, ére elbngated; and extend uﬁ t