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Processing of Aluminum Alloys Containing
Displacement Reaction Products

Michael T. Stawovy

(ABSTRACT)

Aluminum and meta-oxide powders were mixed usng mechanicd adloying. Exothermic displacement
reactions could be initiated in the powders ether by mechanica aloying done or by hest tregting the
mechanicdly aloyed powders. Exponentid relationships developed between the initiation time of the
reection and the mechanicd dloying charge raio. The exponentid relaionships were the result of
changes in the intengty and quantity of collisons occurring during mechanica dloying. Differentid
thermd andyds of the mechanicaly aloyed powders indicated that increased milling time inhibited the
initiation of the displacement reactions. It is believed that the reactions were inhibited because of hesat
disspation from reacting oxide paticles into the surrounding metd. Determining the effects of
mechanica dloying on displacement reactions will lead to a more thorough understanding of the kinetics
of mechanicd dloying.

Reacted powders were densified by uniaxial compaction and extruson. Metdlographic andysis of the
reected specimens confirmed the findings of the themd andyss. Increased mechanica dloying
inhibited the chemica reactions. Dendfied specimens from longer-milled mechanicdly dloyed
specimens showed finer, more uniformly dispersed reaction products. These samples dso showed
increased mechanica properties as a result of their finer microgtructure.  Current particle strengthening
models were used to accurately predict room temperature properties. Because of the fine
microdiructures produced, it may be possble to use smilar techniques to yield new high-temperature

duminum dloys.
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Chapter 1 Introduction

Mechanicd dloying (MA) has been employed for the production of various powder metdlurgy dloys
for over 25 years [1-2]. Over that period, however, limited work has been done to understand the
mechanisms that occur during the process[3-7]. Oneissue of particular interest has been the kinetics of
physicd and chemica changes occurring during MA. By studying exothermic chemica reactions that
occur during MA milling, it was possible to make advances in the understanding MA kinetics.

Chemical reactions that take place during MA have been termed mechanochemica reections. Severd
different reactions have been documented in the literature to take place during MA [8-10]. Of these
various types of reactions, probably the best understood are displacement reactions. A displacement
reaction is areaction in which ameta oxide (MO) is reduced by areactive metd (R) to form the metd
(M) and the reactive metd oxide (RO). These “thermite-type’ reactions are exemplified by the
reduction of Fe,0, or SO, by duminum as described by equations 1 and 2.

2Al +FeO, ® 2Fe+Al,Q, (1.1)

4Al +390, ® 39 +2A1,0, (1.2)

In the current work, mixtures of duminum and Fe;O; or SO, were produced usng MA at various
milling conditions. Displacement reactions were initiated by continued MA milling or pos-MA heat
treetments.  Reaction initiation times during milling were determined by monitoring the presence of
reaction products by xray diffraction. Using these reactions, it was possible to develop relationships
between chemigry, MA milling time and MA chargeratio (aratio of the mass of the milling mediato the
powder charge). Also, Differentid Therma Anayss (DTA) was used to monitor the reaction
temperatures upon hegating. This made it possble to determine if MA caused changes in the chemicd
reaction mechanisms by determining the apparent activation energies of the reactions. This work is a
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prelude to determining the energy that is imparted to the powder during MA. Determination of whichis
criticd in understanding the kinetics of MA.

In pardle with studying the kinetics of MA, the same displacement reactions were applied as a means
to disperson strengthen auminum. There has been an increased desire for high temperature duminum
dloys that could replace sted and titanium in gpplications in the 200°C - 400°C temperature range.
Such high temperatures necessitate the use of disperson strengthening as the primary srengthening
mechanism. At high temperatures, dispersed ceramic or intermetalic particles are better able to inhibit
the primary deformation mechanisms than precipitates. At those temperatures, precipitates tend to
coarsen or dissolve into the matrix limiting their effectiveness @mpared to dispersoids, which are

generaly more stable [11].

Current disperson strengthened dloys are usudly produced using a powder metalurgy route such as
mechanicd dloying. The fracturing and welding that occur during MA create a fine and uniform
disperson by blending surface oxides or added oxides into the metd. In contrast to cresting
dispersoids by the addition of oxides, this study created dispersoids in-situ via chemicd displacement
reaction. Sdlection of the Al-Fe,O3 displacement reaction system for thisinitid work was important for
two reasons. In addition to providing the most detailed background on displacement reactions, the Al-
Fe,O; sysem yidds Al -Fe reaction products. The Al-Fe system is dso the most widdy studied
system with regard to the production of high temperature duminum aloys. Numerous studies have been
performed on experimenta and production aloys based on the Al-Fe system [12-13].

Mixtures of duminum and Fe,0O3; were produced usng MA a severa milling conditions. Following
MA, exothermic displacement reactions were initiated by heet treatments. Reacted powders were
andyzed for reaction product structure, particle size, and chemistry. The reacted powders were
dengfied uang uniaxid compaction or warm extruson and the resulting materid was andyzed for
microgtructure, chemistry, and room temperature mechanica properties. Because of the non
goichiometric nature of the mixtures, there was an excess of Al present to react with the liberated Fe.
Intermetallic phases, predominantly Al,sFe,, formed and provided particle strengthening along-side the
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AlLO; paticles that also formed during the resction. Based on the microstructura features, current
materid strengthening models were gpplied and compared to experimental vaues.  Strengthening
models indicate that the reaction products are responsible for providing increased strength at room
temperature. Future effortswill include determination of the high temperature mechanica properties and
assessing the viability of these dloys for high temperature aloy production.
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Chapter 2 Historical Background

2.1. Mechanica Alloying

Mechanicd Alloying (MA) is a room temperature powder processng technique utilizing high energy
colligons of bal milling media to initiate structurd changes and or chemicd solid-state reactions. The
repeated mechanica impacts produce intimate mixing or dloying of the powders. It is gpplied anywhere
from the laboratory scale of a few grams of powder to commercia processes where one ton powder
charges can be produced. MA has been gpplied in the processing of metdls, intermetallics[1-4]
ceramics [5], and polymers [6] with a variety of gpplications in permanent magnets [7], high
temperature plasma sprayed coating powders [8], immisible and amorphous dloys [4], and solid sate
chemicd reactiong 9-19].

2.1.1. Oxide Dispersion Strengthened Alloys

Mechanicd Alloying was developed by Benjamin [1] as a process by which to produce oxide
disperson grengthened (ODS) dloys. The fracturing and welding of ductile materids and the fracturing
of brittle materias, which occur during MA, cregte a fine and uniform digtribution of oxide particles,
which provide the srengthening in these dloys. Commercidly, a range of nicke-, iron-, and duminum
based ODS dloys are produced for gpplications in turbine blades, gas turbine vanes and high

temperature corrosion resstant plates [20].

2.1.2. Metal-Metd Alloying

Mechanicd dloying is capable of cregting severd useful materid characteristics. It leads to a very
uniform mixing of the dloying materids. It leads to a very uniform paticle sze. MA is a high energy
process that can accelerate solid state or chemica reactions.  Lastly, mechanicd dloying is done at
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room temperature o it can be used to produce metastable components which may undergo changes at
higher temperatures [21]. Severa smultaneous actions are taking place during the mechanica dloying
process. As powder particles become trapped between the milling media, the high energy impact can
weld the particles together as depicted in Fig. 1la  Also, didocation strain hardening occurs in the
particles which leads to their eventud fracture. The combination of welding and fracture leads to a
kneading action which produces MA's homogeneous structures.  Initidly, the welding and fracture lead
to the development of a lamdlar sructure as shown in Fg. 1b. As milling continues, the lamdla
thickness decreases until eventudly a homogeneous mixture is produced as represented in the basic
relationship shown in Fg. 1c. Another advantage of MA is the uniform particle Sze digtribution which it
produces. Asthe MA process proceeds, a steady State occurs between the fracture and welding of the
particles. The seady state leads to particle size sabilization of the product.

Lamélar Thickness

Milling Time

a b. C.

Fig 1. a Fracture and welding occur as the result of powder being trapped between milling balls
[21]. b. As a result of welding and kneading, a lamellar structure develops [21]. c¢. As milling
continues, the lamellar thickness decreases exponentially until ahomogeneous mixtureis produced.

Since MA is a s0lid state room temperature process, it alows many processes and reactions to occur
that are difficult to achieve through conventiond processing and synthesis techniques. An example might
be production of aloys which are immisible in the solid phase. Iron and copper undergo massve
segregation when cooled from amelt. When the two congtituents are combined by mechanicd dloying,
a homogeneous distribution can be produced [22]. High differences in melting temperatures between
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the two elements is another instance when MA is useful. Nb;Snh is a superconducting ntermetallic

which is difficult to produce by melt processes because of differences in melting temperatures [23].

MA, once agan, can produce the desred homogenety. MA adso has the ability to cause
amorphization. After forming an dloy of two different dements, repested mechanica dloying, in some
systems, can lead to disorder and amorphization [4].

2.1.3. The Physics of Mechanica Alloying

Mechanicd dloying has dways lacked clear scientific explanations of the mechanisms of the process.
Severd atempts have been made to modd the mechanical aloying process and to explain the
mechanisms which result in its unusua products. Early work by Gilman and Benjamin established
estimates for the number of collisons individud particles experience based on fixed milling conditions
[24]. They found for a typicd SPEX mill with a 5g powder charge, there were gpproximately 76.8
collisongparticle/15 minutes of mill operation. Schwarz and Koch [25] andyzed temperature
increases which result from the shearing of powders trapped between two colliding bals. They
developed ardationship:

1
Fé D
DT =—-é———0 2.1)
2 @Okor oSl
F=s,-n, (2.2)

where DT isthe temperature increase, s , isthe norma stress due to ahead on collison, n; isthe reive
preimpact velocity of the bals, Dt is the stress state lifetime, 1, is the powder particle density, k, isthe
therma conductivity of the powder, and G is the specific heat of the powder. Schwarz estimated a
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collison velocity of 2 m/s and a dress date lifetime of ~2.1ns. For most milling conditions, this
corresponds to a bulk powder temperature increase of less than 50°K.

Davis et.d. [26] looked at severd brittle materid systems in an attempt to aso determine the average
temperature increase and ball velocity during mechanicd dloying. Using a 76mm x 57mm tool sted vid
and 7.9mm diameter 440C ganless sed milling balls with a 5:1 charge ratio, estimates for maximum
bal velocity were st a 18.7 nv/s. At that maximum velocity, the bal would impart ahigh kinetic energy
impact in the range of 10" J. Davis et.d. satistica calculations showed that the mgjority of collisions
occurred with avelocity of 6 m/s and a kinetic energy dissipation of < 107 J. They aso determined that
the temperature increase per powder particle during milling was less than 300°K. Ancther criticd

agoect of their work involved video andysis of the MA process using a trangparent milling vid. By
sudying colligons during milling, they determined a quantitative number of bal to bal collisons that
occurred during aset milling time and placed estimates on the energy associated with each impact. Only
0.4 percent of dl recorded collisions occurred as high energy ( >102 J) head-on or near head-on

(£10°) callisions.

Maurice and Courtney have done extensive work on the physics and mechanics of mechanica aloying
[21,27-31]. In thar firg atempt to explain the physics of MA, they dso studied the preimpact ball
velocity and temperature rises which could occur during MA. In addition, they looked &t the affects of
the volume of powder involved in impacts milling time, charge ratio, and different MA milling
equipment. In their Hertzian approach, they viewed impacts during MA as miniature powder forging
events. The prempact velocity of the bals was estimated by assuming that a SPEX mill operated as a
lineer harmonic device and using the vid dimensions and cydlic frequency of the mill, a velocity of 3.9
m/s was determined. Temperature increases during milling were calculated based on the assumption
that heat generated during MA impacts was Smilar to heet crested during other metal forging events.
The resulting equation for temperature increase per collison was.
1 4
DT = C_[S e K™ ((n+D)]

max
p

(2.3)
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where DT is the temperature increase, C, is the specific heat of the powder, emy is the maximum
powder gtrain per collison, n is the strain hardening coefficient of the powder, and s, and K are
congants.  Using this equation, Maurice and Courtney calculated temperature increases as high as
630°K for niobium powder milled usng a SPEX mill a a 10:1charge ratio with 0.64 cm balls. For
auminum, however, the temperature increase using the same milling conditions was estimated to only be
8°K.

2.1.4. Mechanochemical Reactions

A ggnificant amount of work has been done on the effect of MA on chemica reactions. Of particular
interest has been the research into mechanicd dloying and displacement reactions. Schaffer and
McCormick have discovered that CuO could be reduced by Causng MA as the initiation mechanism.
In addition, they discovered that b’ -brass could be formed by using Cato reduce a mixture of CuO and
ZnO [9,10]. Since those discoveries, numerous other investigations have been performed using MA in
conjunction with displacement reactions. CuO has been reduced by Al, Mg, Ti, Mn, Fe, or Ni [11-
13]. Ti was used to reduce ZnO [14]. A nice review of this work was done by McCormick [15] Of
particular interest to thiswork, Al has been used with MA to reduce Fe,O3; [16-18] and SO, [19].

Schaffer and McCormick used the work with digplacement reactions to begin to investigate the kinetics
of mechanicd dloying [12-13]. They tried to look at how factors such as defect structures and
dengities, loca temperatures, high reaction interface areas, and product morphology influenced diffusion
rates. Their work with the CuO + Fe displacement reaction showed that there was a decrease in the
heat-treatment-induced reaction ignition temperature with increesng MA milling time. The decrease of
the reaction ignition temperature was further enhanced by increasing the charge ratio. For reactions
occurring during milling, they showed an inverse relationship between charge ratio and reection ignition
time. They were unable, however, to determine a specific energy input from mechanicd aloying [12].
Schaffer and McCormick’s explanation for the changes in reaction ignition were based on the premise
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that mechanica dloying changes the dominant rate-contralling step for displacement reactions from bulk
lattice diffuson to diffuson down short-circuit pathways. Ther evidence was a Sgnificant decrease in
the gpparent activation energy caculated from differentia thermd analysis results for reactions following
mechanicd dloying [13].

2.2 Displacement Reactions

A digplacement reection is a chemica reaction in which ametal oxide is reduced by a reactive metd to
form the metd and the reactive metd oxide. Some displacement reactions are aso self-propagating,
i.e., when reagents are ignited, they spontaneoudy react to form products. These reactions are highly
exothermic and, hence, supply the energy necessary to drive the reaction to completion. The term
“thermite’ reaction has been gpplied to such reactions. Typicd thermite reactions are exemplified by the
reduction of Fe,05 or SO, by auminum as described by equations 2.1 and 2.2.

2Al + Fe 0O, ® 2Fe+ Al,C, (1.1
4Al +350, ® 39 +2Al,G, (1.2
Thermite reactions have higoricaly been wsed in many engineering applications. Goldschmidt and co-
workers, who coined the term thermite, were using the reactions as a reducing agent to form chromium,
manganese and other metals as early as 1898 [32-33]. The redive energy involved in a thermite

reaction can be seen in Fg. 2 where a mixture of Al and Fe,O; are mixed and the reaction is initiated
[34].

CHAPTER 2 HISTORICAL BACKGROUND 9



a b. C.

Fig. 2. Basic thermite process. a. Mixture of Al and Fe,Os. b. During reaction. c. After completion
of reaction [34].

Because the thermite process is a rdaively low cogt option in terms of equipment and materids, it has
become popular in goplications such asral welding [35] and in the synthesis of new materids[36].

Sdf-propageting  high-temperature synthesis (SHS) reactions are close cousins of displacement
reactions. The SHS process was origindly developed in Russa in the 1960's and was recently
introduced in the U. S. by Lockheed Martin Corp. as the XD™ (eXothermic Dispersion) process. In
XD, a reactive metd is mixed with various other precursor materias.  Then, the highly exothermic
reectionisinitiated. The resulting product is a disperson of fine particlesin amatrix. An example of the
processis the mixing and reaction of Ti, Al and B to formaTiB, - reinforced TiAl composite [37].

2.3. Strengthening Mechanismsin Aluminum

There are 5 principle mechanisms which can contribute to increased srength in duminum and other
metalic materid sysems. These mechaniams can be active as individual components or work together
in combination to increase strength. With the exception of composite strengthening which is primarily a
mechanica load transfer, the key room temperature principle is to inhibit didocation glide. At devated
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temperatures, where other deformation mechanisms may be active, inhibiting the primary deformation
mechanism is the key. Since the focus of the work was to provide high temperature strength, dloy
selection and processing focused on activating mechanisms which were mogt effective at strengthening at
high temperatures.

2.3.1. Didocation Work Hardening

The most basic strengthening mechaniam in any metdlic sysem is didocation work hardening. As a
metd is deformed, massive quantities of didocations are produced. With so many didocations moving
throughout the metd, it is inevitable that they will intersect. These interactions limit a didocations
mohbility and result in a srengthening effect.

The flow gtress of a pure metd is often estimated using the Taylor Relation [38] shown in Equation 2.3.

s =aGhr V? (2.4)

where s isthe flow gtress, a isacongtant which is~ 0.2 for fcc metals, G is the shear modulus, b isthe
burgers vector and r is the didocation dengty. For annedled duminum, a minimum flow dress of 4.72
MPa is estimated using vaues of r =1 x 10° m?, b = 2.86 x 10°m, G = 26.1 GPaand a = 0.2.
For heavily cold worked auminum, a maximum flow-stress of 106 MPa can be estimated using a
didocation density of r = 5 x 10" m?. Work hardening can therefore be considered a significant
contributor to increased strength in duminum. However, the maximum estimated flow srength vaues
are below many typicad engineering requirements. Other strengthening mechanisms are necessary in

conjunction with work hardening to improve room temperature strength vaues.
Beyond the inability to achieve desired strength levels done, cold working is an ingppropriate approach

for achieving any portion of drengthening in high temperature duminum aloys. Consdering that high
temperature dloys are used at or above 1/2 the homologous meting temperature, the unstable nature of
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cold work becomes problematic. At those elevated temperatures, the processes of recovery and
recrystdlization will remove the effects of cold work. The stored energy of cold work is the primary
driving force for both of these processes. Recovery can basicaly be defined as the reduction of the
didocation line energy stored during deformation. The reduction occurs by the polygonization into
subgrains and annihilation of didocations. Recrysdlization is the nuclestion and growth of new grains
but can dso include the codescence of polygonized cells. Both recovery and recrystdlization lead to
reductionsin strength. It is therefore necessary to avoid cold work in high temperature aloys.

2.3.2. Solid Solution Strengthening

There are two basc types of solid solutions, subgtitutional and interdtitial. Both create locdized stress
fields which are caused by differences in the atomic size between the solute and solvent aloms. When
just considering moving didocations, it is the gress fidds and contributions from moduli differences
between solute and solvent atcoms which inhibit didocation motion and cause strengthening. Mott and
Nabarro [39] developed a reationship for strengthening which incorporated the amount of the interna
dressfidds as afunction of the change in the lattice parameter of the solid solution caused by the atomic
concentration of solute. Fleisher [40] later added to the rdationship by including a contribution due to
the shear modulus of the solute atoms. Equation 2.4 shows both of these contributions:

_laglao, 1a8Go
Dt =—¢—+F+—¢c—~ (2.5)
agedcg Gadcg

where a is the lattice parameter of the solid solution, da/dc is the change in the lattice parameter with
respect to the concentration d solute, G is the shear modulus of the solute atom, and dG/dc is the
change in the shear modulus of the solution with respect to the solute concentration. For both
contributions, the solid solubility (solute concentretion) is critical. In the current work, the solubility of
iron, slicon, and oxygen in duminum, the magjor eements present, is extremey limited (<0.1 wt%). As
aresult, 0lid solution strengthening will most likely be limited.
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Subgtitutiond solid solution strengthening in duminum is generdly low. Thisis because of itsfcc crystd
gructure and the symmetrica nature of the corresponding subdtitutiona atom sites. In fec crydas, the
dress fidd created by a subgtitutional aom is symmetrica. Symmetrical stress fields will only interact
with edge didocations and thus limit the possible strengthening. When the stress fidld for solute eiomsiis
non-symmetrica, as for carbon in iron, both screw and edge didocations will interact. This leads to a
much stronger strengthening effect [41].

2.3.3. Boundary Strengthening

Mogt metds show a strong relationship between grain Size and strength. The smdler the grain Size, the
higher the associated flow stress. An empirical relationship between flow dress and gran sze,
smultaneoudy developed by Hall [42] and Petch [43], is shown in Equation 2.5.

s =s, +kd ' (2.6)

In the Hal-Petch equation, as Equation 2.5 is commonly known, s is the flow stress, s, and k are

congants taken from lineer fitting of the experimental data and d is the average grain diameter.

Hal and Petch rationdlized that in order for deformation to occur via didocation motion, didocations
had to propagate from a deformed grain to an undeformed grain with grain boundaries acting as
obstacles to this motion. Didocations would pile-up a a gran boundary leading to a dress
concentration at the boundary. This pile-up would lead to the development of a stress concentration in
an adjacent grain with a magnitude which corresponds to the number of didocations in the pile-up.
Therefore, fine-grained materids would have a smdler number of didocations piled-up a the
boundaries leading to reduced stress concentrations in adjacent grains and the ability to sustain a greater

applied stress.

CHAPTER 2 HISTORICAL BACKGROUND 13



When compared to other metds, the grain Sze strengthening effect in duminum is very smdl. The Hall-
Petch congants for pure duminum as wel as copper, titanium and Armco iron are shown in Table 1.
The k term is essentidly a measure of the extent to which ddocations are piled up at the grain
boundary. The s, congtant is a measure of the stress required to push didocations againgt the
resstance of impurities, particles and the Peerls force. One explanation for the smal Hall-Petch
condants is that cross dip is eader in fcc materids such as duminum and copper, thus dlowing
didocations to easlly bypass impurity particles and reduce piling up a grain boundaries [44]. Utilizing
the Table 1 vaues for duminum in Eq. 2.5 with an average grain diameter of 100 mm, the flow stress
would be 22.5 MPa. For an average grain diameter of 1 mm, the flow stress would be 83.9 MPa. The
key agpects for utilizing the boundary srengthening effects with high temperature dloys is to fird,
achieve a fine grain structure and second, prevent its growth. Thisis one area where the utilization of a

mechanica aloying method in combination with digperson strengthening will become advantageous.

Table 1. HAl-Petch congtants for severa common metas

Metal So k
(MPa) (MPasmm®?)
Aluminum 15.7 2.16
Titanium 78.5 12.75
Armco Iron 74.5 18.44
Copper 255 3.53

2.3.4 Particle Strengthening

There are two different particle - didocation interactions which lead to strengthening; particle shearing
and paticle looping. Particle shearing occurs in the case of very smdl (soft) particles which maintain a
coherent interface between themsdves and the surrounding matrix materid. Didocations will glide
through the particle as shown in Figure 3 [45]. In generd, the Strengthening provided is dependent on
the sze, shagpe, and volume fraction of particles. However, there are numerous specific mechanisms

which may or may not be present with shearable particles induding chemicd strengthening, modulus
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mismatch, lattice mismaich, order strengthening or stacking fault energy mismatch. Each mechanism and
its corresponding smplified explanation are shown in Table 2.

Matrix Matrix Matrix
b
—+ L o
Precipitate Precipitate Precipitate
(a) (b) (c)

Fig. 3. Propagation of an edge dislocation through a shearable precipitate particle. a. dislocation
approaches particle. b. Dislocation enters particle. c. Dislocation has passed through particle and
continuesto glide [45].

Table 2. Strengthening mechanisms for shearable particles

Mechanism Explanation

Chemical Strengthening Strengthening results from the energy required to create additional surface area in the
sheared particle.

Order Strengthening Strengthening results from the energy required to create an anti-phase boundary in an
ordered particle.

L attice Mismatch Stress fields caused by the coherent particle-matrix interfaces result in elastic dislocation
interactions.

Modulus Mismatch Shear modulus differences between particles and the matrix result in elastic dislocation
interactions.

Stacking Fault Energy Mismatch  Stacking fault energy differences between particles and the matrix result in elastic
dislocation interactions

Nembach [46] developed a basic rdationship for shearable particle strengthening which for many

sysemsis of the form

t,= CD**(rfl29"2 (2.7)

where C is a condant, D isafunction which specifies the srengthening mechanism which is active in the
materid system, r is the average particle radius, f isthe particle volume fraction, and Sisthe didocation

CHAPTER 2 HISTORICAL BACKGROUND 15



line tendon. For asngle type of particle, numerous mechanisms may be present in a Sngle systlem and
the strengthening would be additive.

As a coherent shearable particle grows in size, the strains associated with lattice parameter mismatch
become greet enough to creste accommodation didocations dong the particle/matrix interface. Thisis
known as a semi-coherent interface.  Eventudly, the particles grow to szes where there is little
coherency between the matrix and particles and the resulting interface is commonly referred to as
incoherent, athough there till remains some coherency between the two interfaces .

Particle looping, in most cases, occurs with incoherent particles. 1t can also occur in coherent particles
which are non-shearable (hard) because the stress required to shear the particle is greater than the
dress to loop it. As a didocation glides through the matrix, it encounters the incoherent interface.

Since it cannot continue to pass through the particle, the didocation begins to bend around the particle.
Eventudly the didocation bends to the point where aloop is left behind surrounding the particle and the
didocation can continue to glide. Subsequent didocations which interact with this same particle must
not only bypass the particle by looping, they must also accommodate for the effects of the didocation
loop which isdready present. The steps of the looping mechanism are shown in Fig. 4 [47]

® & i
T T T T—
& & @

Fig. 4. Orowan looping of non-shearable particles [47]

The looping mechanism was first described by Orowan [48] who estimated the strength contribution
from such a mechanism to be related to the shear modulus, burgers vector, and the interparticle spacing.
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Numerous modifications have been made to Orowan’s origina relationship and one currently accepted
versgon isknown asthe Ashby - Orowan relationship [49]:

0.81Gb Infer, /r,)

Dt =

2p(L-u)’ T B (2.8)
ﬁ) 61/2
| :1.25rpg3—f§j - 242131, (2.9)

where G is the shear modulus, b is the burgers vector, v is the Poisson’srétio, ry, is the particle radius,
I, is the didocation core radius, | « is the caculated effective particle spacing , and f is the volume
fraction. Therefore, as the number of loops around a particle increase, the particle spacing is reduced
and grengthening increased.

Kely has made a modification to Equation 2.7 which corrects for non-spherica rod shaped particles
which is known as the Ashby-Orowan-Kelley equation [50]:

o a+(/1 )0
& 0.81Gb ( eﬁ)_ in(t/r, )

D = éZplUllz_ w5
o %
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where G isthe shear modulus, b is the burgers vector, v isthe Poisson'sratio, | isthe particle length, t is

(2.10)

(2.11)

QIIO

the particle thickness, r, is the didocation core radius, | « is the particle spacing , and f is the volume
fraction.

For particles to have a sgnificant contribution to strengthening by didocation looping mechanisms, ther

sze should be less than Inm. As particle Sze increases (1 mm < p.s. < 10 mm) didocation interactions
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decrease and srengthening can occur by grain sze refinement.  The particles can act to pin grain

boundaries resulting in asmdl average grain Sze.

2.34.1. Precipitation Strengthened Alloys

A large portion of the duminum dloys usad in engineering applications fal into the category of
precipitation strengthened dloys. Most are produced by hesat treating and quenching to produce a
supersaturated solid solution. Then, they are aged to create the precipitates. As the precipitates form,
they maintain a coherent interface with the matrix. In most cases, the coherent precipitates will behave
as shearable particles. As the precipitates grow, coherency is lost and strengthening occurs by particle
looping. One requirement for precipitation strengthening is the ability to create a supersaturated solid
solution of high enough concentration that a significant volume fraction of precipitates can be formed
during aging. Inthe cases of the Feand S in All, there is very little solubility even a high temperatures,
based on binary phase diagrams. As aresult, the ability to precipitation strengthen will be limited.

Ancther negative attribute of precipitation strengthening is the therma ingtability of precipitates. In high
temperature applications, most precipitates will rapidly coarsen and lose their strengthening potentid.

As a result, precipitation strengthening was historically avoided for high temperature applications
involving duminum. Recently, however, extensve research has been performed on precipitation
grengthened duminum aloys which have been able to avoid the problems of thermd stability and limited
solubility. These dloys have been based in the Al-Fe system [51-56].

Al-Fe intermetallic compounds, such as AlisFe, and AlsFe, have ardatively low permesbility (1.12x10°
> &t.% cnf/s) compared to compounds commonly used for precipitation strengthening such as Al,Cu
(1.60x10™ at% cn¥/s). A low permesbility (the product of maximum solid solubility and diffusivity a
the maximum use temperature) is necessary to resst particle coarsening at elevated temperatures.

However, with the low permegbility comes the problem of low solid solubility and the inagbility of
solutionizing and aging to creste precipitates. Researchers have successfully produced Al-Fe based
precipitates by using rapid solidification techniques. Rapid solidification, like mechanicd dloying, can
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extend solubility limits. At Alcoa, an Al-Fe-Ce dloy, produced using gas atomized powder and
powder metalurgy (P/M) techniques, is capable of extended service temperatures to ~300°C [51]. An
dloy formerly produced by Allied Signd (dloy 8009) and patented by the Universty of Virginia [52]
was produced by planar flow casting of ribbon, communition into powder, and densfication by PIM
techniques [53]. In aloy 8009, very fine Aljx(FeV)s;S precipitates (20-50 nm) provide improved
elevated srength and thermd stability to temperatures in excess of 425°C [54-56).

2.3.4.2. Disperson Strengthened Alloys

Incoherent particles can aso be produced in the matrix by methods other than particle coarsening.

Particles can be mixed into the matrix using powder metdlurgy techniques, or produced usng in-gtu
chemicd reactions. In these cases, the particles will be termed dispersoids, and will be considered to
be inert, thermaly stable within the matrix, and non-shearable. Disperson strengthening has been

around amogt as long as metalurgy itself. Copper awls which are gpproximately 9000 years old were
produced by a repeated forging, hammering and welding process which resulted in a layered structure
of copper reinforced by oxide inclusons [57]. More modern examples of diperson strengthening can
be traced to patents by Schmid in 1924 for the sintering of a mixture of Al and Al,O3 particles [58].
This led, in the 1940's, to commercid manufacture of SAP (sintered auminum product) aloys
produced by gntering powders which were bal milled in oxidizing amospheres [59]. Theoretica
treatments did not begin to appear until the 1950’'s and 1960's [49,60-62]. In all cases, the chdlenge
of disperson grengthening is to produce a fine, uniform digtribution of particles in the matrix. One
technique which has been successfully utilized is mechanicd dloying. Commercidly, arange of nickd-,
iron-, and duminum-based oxide dispersion strengthened (ODS) dloys are produced for gpplicationsin
turbine blades, gas turbine vanes and high temperature corroson resstant plates. More recent
techniques have utilized mechanicd aloying in combination with chemical reactions to creste Al dloys
containing dispersoids of Al,O3 and Al,Cs. These DISPAL™ dloys show promise for achieving good
high temperature properties [63].
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2.3.5. Composite Strengthening

Composite materids have a long and varied hisory. Nature provides us with many examples of
composites. Wood can be consdered a composte of cdlulose fibers reinforcing a lignin matrix.
Probably the fird man-made composites were building bricks made of mud and straw [64]. The
beginnings of modern composites can be traced to the extensive research on disperson strengthened
dloys In these dloys, small precipitates or non-metdlic indusons (< 1 mm) inhibit didocation motion
and lead to gtrengthening of the dloy. These materiads can be dassfied as matrix strengthening aloys
but in generd are not consdered in composite strengthening modds [57]. Although some contributions
to srength can occur with sphericad particles, in generd as the reinforcement aspect ratio (the
reinforcement length divided by the diameter) deviates from unity, a Sgnificant amount of load transfer
from the matrix to the reinforcement can occur. It isthisload transfer concept, occurring during eastic
and plagtic deformation, which generdly separates composite materids from dispersion strengthened
dloys.

In the 1960's, interest in fiber reinforced meta matrix composites grew. Research efforts from this
period resulted in the development of boron fiber reinforced duminum and directiondly solidified
eutectic in Situ composites among others. In the 1970's and 1980's, fiber composite research shifted
towards higher temperature materiads. Asaresult, avariety of titanium and nickel dloy matrix materids
were produced [57].

Mogt recently, a resurgence in particulate and whisker reinforced MMC's has occurred. This can be
explained in part by the shortcomings of fiber reinforced MMC's. Mainly, particulate composites are
chegper to produce, they are compatible with existing metallurgy equipment and they are eesier to join
together. Examples of these developments include duminum reinforced with SIC and Alumina whiskers
[57]. The developments in composite materids have occurred very rgpidly with the mgority of the
work being dne only in the last 30 years. By comhbining technologies from al areas of materids

science, composites should continue to enjoy the same kind of future growth.
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Strengthening in metdl matrix composites is predominantly mechanica in nature. High giffness - high
grength fibers are added to a ductile matrix to improve the composite modulus and strength.  For short
fiber or discontinuous composites, the matrix plays a much more important role in the mechanica
properties.  There are numerous models for estimating composite srengthening.  Two of the more
popular ones used with discontinuous composites are the shear lag modd and the Eshelby moddl. The
shear lag model was developed by Cox [65] with derivations for both stiffness [66] and yield strength
[67]. Inthe modd, load transfer occurs between a fiber and the matrix by shear stresses acting at the
matrix-fiber interface. 1t is successful a estimating properties for continuoudy reinforced materias but
tends to be less accurate with low aspect ratio reinforcements. In generd, the modd is good for crude
estimates of stiffness for composites, however due to its smplified gpproach, more rigorous modds are

required where multiaxial stresses are incorporated.

Beginning in the 1950's, J.D. Eshelby developed a modd to characterize the stresses in an lipsoidal
incluson [68]. The modd is based on the assumption that an dlipsoidd incluson with uniform
noneladtic strain is embedded in an infinite dastic body. Based on this doquent work, Mori and Tanaka
were able to modify the basic modd to include multiple inclusons and their interactiong69]. Eshelby
type models give much more accurate estimates of composite stiffness compared to the shear lag modd.

Both shear lag and Eshelby modds are drictly mechanica and do not take into account any physica
changes which the reinforcements may induce in the mairix. Arsenault [70] has worked extensively on
incorporating srengthening effects from resdual stresses caused by differences in the thermd
coefficients of expansion of the particles and the matrix. The resdud stresses in the matrix lead to
increases in the didocation dendity. A commonly used relationship for the increase in srength is shown
in Eq. 2.12:

Dscre=a’ G (2fepcre/1-)Y2 RY? (1+2/R)¥? (LV)Ye (2.12)
epcre = DCTE DT/2 (2.13)
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where a’ is a congant, G is the shear modulus, f is the volume fraction, R is the aspect ratio, V is the
paticle volume, DT is the temperature change during processing, and DCTE is the difference of the
therma coefficient of expansion between the matrix and reinforcement.

2.3.6. Strengthening at Elevated Temperatures

With dl of these strengthening mechanisms available, it seems that there should not be a problemin
producing a high-grength high-temperature duminum aloy. The problem is, however, that most of the
srengthening mechanisms previoudy discussed rely on didocation glide being the means of deformation.
At devated temperatures, other deformation mechanisms can be active including didocation creep,
Coble creep, Herring-Nabarro creep, and grain boundary diding. Didocation creep, dso known as
power law creep, occurs as the result of didocation climb aided by diffuson of vacancies. High
temperature didocation cregp occurs as the result of diffuson of vacancies through the lattice. Low
temperature didocation creep is believed to occur by diffusion of the vacancies aong didocation cores.
Coble and Herring-Nabarro creep, aso known as diffusona flow, occur via mass transport. For
Herring-Nabarro, trangport is through the lattice. While for Coble creep, transport occurs dong grain
boundaries. The key to high-temperature strengthening is determining which deformation mechanism
will dominate. A convenient method for this is deformation mechanism maps. They incorporate dl the
relaionships for creep and combine them on a chart of stress and temperature. A deformation
mechanism map for pure duminum with agrain 9ze of 10 mMmisshownin Fig. 5[71].
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Fig. 5. Deformation mechanism map for pure aluminum with a10 mnm grain size[71].

In powder metdlurgy aloys, very fine grain and subgrain sructures are produced. As aresult, diffuson
distances are smdl and an interface controlled deformation mechanism may dominae. If diffusond

creep occurs by the generation or absorption of vacancies by didocations in the interface, then the
interface didocations should be mobile. If, however, the motion of the boundary didocationsis
impeded by fine, closdy spaced particles, the deformation by diffusona creep would be dowed.

Therefore, drengthening methods which block didocation motion may be effective at devated
temperatures dso.  Some evidence of this can be seen for some oxide disperson srengthened aloys

[72] aswdll asthe newer rapidly solidified Al-Fe based alloys discussed earlier [51].

2.4 Dengification of Aluminum Powders

There are numerous conventional and nove techniques for the dendfication of metal powders. The
conventional methods require pressing of powder followed by high temperature sintering. Pressing is
accomplished by uniaxid die compaction or cold isodtatic pressing. Newer methods of densfication
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include hot isostatic pressing, powder extrusion and explosive compaction. The two techniques used in
thiswork will briefly be discussed.

2.4.1. Uniaxia Die Compaction

Uniaxid compaction using hard tooling in a hydraulic or mechanicd press is the most common method
of densfying metd powders. This type of compaction alows for pressng of parts to very close
dimensiond tolerances. However, dendity gradients can develop in the pressed parts due to die wal
fricion. Dengty gradients will lead to variation in shrinkage and digtortion of the compact during
gntering. In generd, dengty gradients can be reduced if alow profile compact with a smal height to
diameter retio is pressed. Uniaxid die compaction is, therefore, not practical for the production of rod

shaped parts[73].

Uniaxia compaction is not capable of producing fully dense parts, and a subsequent sintering operation
is required. Sintering is the welding of particles together a high temperatures.  Sintering is normaly
accomplished at temperatures well below the melting point. 1t occurs by mass transport to regions of
contact between particles. The driving force is the dimination of the high surface energy of powder
materids [74-75]. 1t isthrough the process of pressng and sintering that the mgjority of powder meta
products are manufactured.

2.4.2. Powder Extrusion

Powder extrusion is a ussful method for the production of full dendty rod shaped parts. Powders are
degassed and vacuum sedled in a suitable metd can. The can is then heated and forced through asmadll
die opening. A schemdic drawing of powder extruson is shown in Fig. 6. The technique is useful for
densfication of materias such as mechanicdly dloyed or rapidly solidified powders where other
techniques such as high temperature sintering may dter the desired structure.
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Fig. 6. Schematic of process for densification by extrusion of canned powder metal.
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Chapter 3 Al-Fe-Si Material System

Because sgnificant amounts of Fe and S impurities are present in al commercid Al dloys, the Al-Fe-S
ternary system is of technological importance. As aresult, numerous studies have been performed to try
and completdy understand this system [1-8]. Unfortunately, there is a generd lack of agreement on
many of the reactions and ternary phases which are formed. Some of the confusion is rooted in the fact
that numerous metastable phases are easily formed as opposed to equilibrium phases. Another area of
confusion is that many of the intermetdlic compounds have large unit cells with very complicated crysta
dructures. Thisleadsto difficulty in identification by sandard x-ray or eectron diffraction.

Of the many reviews of the Al-Fe-S system, probably the most comprehensive are those of Rivlin and
Raynor [1-3]. However, even these reviews leave many questions about the crystalographic
information of many phases. Table 3 ligs dl of the confirmed solid phases, both equilibrium and
metastable, which are present a various temperatures in the Al-Fe-S sysem. As is easly seen,
compiling thermodynamic information or performing calculations with such alarge number of phasesisa
daunting task.

3.1. Binary Systems

In dl three cases, the binary diagrams are very well understood. Each system will be reviewed for

future reference to experimentd results.

3.1.1 Al-Si System

The Al-S system is a Smple eutectic sysem containing two phases, fcc Al and diamond cubic S. The
binary phase diagram is shown in Fig. 7. Solubility of S in Al is approximatdy 1.5 at% at the eutectic
temperature of 577°C[9]. The solubility of Al in S isextremdy limited. Most authors quoteit as being
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less than 0.1 at% [1]. There are severd factors which are important in predicting whether a binary
system will have extensve solid solubility. They should have the same crystd ructure, Smilar atomic
radii, a smdl difference in dectronegativities and a smilar dectron vaence dructure.  These are
commonly referred to as the Hume-Rothery rules for subdtitutiond solid solution.  Vaues for these
determining factors are listed for the Al-Fe-Si system in Table 4. In the case of Al and S, the crystd
structures are the most important determining factor. Aluminum is fcc with a coordination number of 12.
Silicon is diamond cubic with a coordination number of 4. By atempting to subgtitute S in Al or Al in
S leads to a highly undesirable Stuation for ether of these atloms with S attempting to bond with 12
nearest Al neighbors and Al attempting to bond with only 4 nearest S neighbors.  This explains the
extremdy limited solid solubility in this sysem.
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Table 3. Crystdlographic Datafor Phases Formed in the Al-Fe-S System

Phase Name(s) Crystal Symmetry L attice Parameters (A) Reference
1 Al fcc 404 9
2 g-AlsFe C-centered monoclinic &1549, b=808, c=1248, 910
AljsFe, , (Al, Si)gFe b=107.75°
3. Al Fe (metastable) body centered tetragonal a=8.84,c=21.6 11
4. AlgFe (metastable) C-centered orthorhombic a=6.49, b=7.44, c=8.79 9
5. Al,Fe (metastable) - - 11
6. AlgFe (metastable) monoclinic a=8.9, b=6.35, c=6.32, 9
b=93.4°
7. h-AlgFe, orthorhombic a=7.68,b=6.4, c=4.2 9
8. z-Al,Fe - - 9
9. eAlsFe, cubic - 9
10. b2-AlFe ordered cubic B2 a=2.909 9
11 bl-AlFe; ordered cubic DO3 a=b.79 9
12. adFe bce a=2.8665, a=2.9323 9
13. gFe fcc a=3.647 9
14. b2-Fe ordered cubic B2 a=2.866-2.81 9
15. bl-Fe;S ordered cubic DO3 &5.66 9
16. b3-Fe,S - - 9
17. k-FesS3(h) hexagonal a=6.755, c=4.72 9
18. r-FeS (e cubic B20 a=4.49 9
19. wh-FeSi,-h tetragonal - 9
20. W-FeSi,- (2) tetragonal a=2.69, c=5.133 9
21. S cubic A4 (diamond cubic) 9
22, Al FesSis (Ko, 1), 9 cubic a&16.03 1
23. Al o(Fe,TM).S cubic a=12.56 10
(Kg,a4,C,tg)
(stablewith TM)
24. AlFeSi (g1, a“) C-centered orthorhombic &12.7,b=36.2, c=12.7 11
25. g2-AlFeS monoclinic a=125 b=123, =193 11
b=109°
26. a-AlgFe,Si (a') hexagonal a=12.3,¢c=26.2 12
27. AlgFe,S5 (Kg, b, tg) monoclinic &6.12, b=6.12, c=415, 1
b=91°
28. AlzFeSi (9) C-centered monoclinic a178, b=1025, =89, 12
(metastable) b=132°
29. Al S Fe, AlsFeSs, tetragonal &6.16, c=9.49 1
(Kgd, ty,)
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Fig. 7. Al-Si binary phase diagram [13].
Table4. Hume-Rothery rule vduesfor the Al-Fe-S system
Al Fe Si
Crystal Structure fce bcc diamond cubic
Coordination Number | 12 8 4
Atomic Radius (A) 1.43 1.24 1.18
Vdence 3 2 4
Electronegativity 1.5 1.7 1.8

3.1.2. Al-Fe System

The Al-Fe system is much more complex than the Al-Si sysem. The binary phase diagram is shown in
Fig. 8. The sysem forms numerous equilibrium intermetalic phases as wdl as saverd metagtable
phases. Solid solubility of Al in Feis extensve and reaches 45 at% at 1310°C. Solid solubility of Fein
Al, however, is extremdy limited and estimated a less than 0.1 at% a 600°C. The explanation of solid
solubility is dightly more complicated in the Al-Fe system. An appreciable amount of Al issolublein Fe
while little Fe is soluble in Al. W. Hume-Rothery et. a. noticed a trend whereby, other things being
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equd, it is common for eements with a lower vaence to dissolve dements having a higher vaence than
vice versa [14]. An excess of dectrons present in the higher vaence dement atomsis amore favorable
gtuation for the dissolving species. In the Al-Fe case, Table 4 shows the dectronegativity and atomic

gze are very smilar while the valence of Feislessthan Al.
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Fig. 8 Al-Fe binary phase diagram [13].

The Fe-Al system contains two ordered structures, Fe;Al and FeAl, which form from the Fe rich solid

solution. The system aso contains four equilibrium and four metastable intermetalic compounds. These
are dl liged in Table 3. Of dl of these phases, the most important for our work are those on the
aduminum rich sde, spedificaly Al;Fe.

3.1.3 FeS System

The Fe-S sygem is amilar in complexity to the Al-Fe diagram. The binary phase diagram is shown in
Fig. 9. Solid solubility of S in Fe extends to gpproximately 20 at% at 1300°C. The solid solubility of
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Fein S isnegligible. The solid solubility schemeis Smilar to the Al-Fe system. It can also be described
by the Hume-Rothery observation of the lower vaence Fe being able to dissolve the higher vdence S.
In addition to the two solid solutions, the system contains two ordered phases and 5 additiona
intermetallic phases. Because most this experimenta work was performed in the Al rich region of the

ternary system, complete experimenta results for this system were not researched.
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Fig. 9 Fe-Si binary phase diagram [13].

3.2. Ternary System

As dready dated, the ternary system has been a source of numerous contradictory reports. This should
come as no surprise based upon the complexity of the binary diagrams and the phases which are formed
in them. Much of the confusion rises form factors such as supercooling, incomplete reactions and
metastability. Fortunately for the present work, nogt studies are confined to the Al rich dloys. This
builds confidence in the results of that section of the diagram. Of the reported ternary phases, Sx are
very well understood and easily confirmed. Some authors have reported as many as ten ternary phases.
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Eight ternary phases are listed in Table 3. One of the listed phases is metastable. One of the listed
phases, Al,,(Fe, TM);S, isacubic phase which is only stable if asmal amount of trangtion meta (TM)
impurity is present [1]. This phase is commonly reported in the literature as being a pure ternary phase.
The commonly accepted equilibrium diagram a room temperature is shown in Fig 10. The phaseslisted
in the diagram are smilar to those listed in Table 3. Because of numerous notations and a range of
compositions for each compound, it may be difficult to identify a phase without some persstent and

careful research.

Al-Fe-Si Fe 25°C (208 K)

- 1 Al;FeSi

- 2 AlsFeSi;

- 3 Al.FegSi

- 4 Al']FegSi
?AlgFeSig
7Al3FesSiz
7Al FeSi
?A19F65si5
?Al]gF&gSis
?Al;sFﬁoSi.’)

Fig. 10 Al-Fe-Si isothermal ternary diagram at 25°C [15].

The Al-Fe-S ternary system has traditionaly been known as a source of confusion and controversy.
Although this work was concentrated on asmdl region in the Al rich corner, the work lends evidence to

the accuracy of the currently accepted ternary equilibrium diagram. In addition, it is encouraging that in
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the binary systems and the ternary system, the experiments led to the formation of equilibrium phases as

opposed to metastable phases which is the case in much of the literature.
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Chapter 4 Experimental Techniques

4.1 Production of Precursor Powders via Mechanical Alloying

Aluminum, Fe,05 , and SO, powders with purities of 99.8 a.% each were placed in a65 cn™ sainless
ged mixing vid and milled in a SPEX™ 8000 mixer/mill. Chemistry of the powders was varied between
1.75 and 43 mol% oxide powder with the baance being duminum. Stearic acid (2 wt.%) was added
to the via as a process control agent to prevent powder from adhering to the via. The powder charge
was maintained a approximately 10g. The charge ratio (mass of the milling media to the mass of the
powder mixture) was varied between 1:1 and 6:1 by changing the number of milling balls in the vid.

Between 2 and 11 dtainless sted 11-mm-OD balswere used. The vids were seded in an argonHfilled

glove box to minimize oxidation.

4.2 Initiation of Displacement Reactions

4.2.1 Initiation via Mechanica Alloying

Under certain conditions, a thermite reaction would occur during mechanica dloying. To sudy this,
samples were milled for times of 0.5 — 50 hrs. At 0.25 hr increments, the samples were analyzed using

x-ray diffraction to determine if reactions had occurred.
4.2.2 Initiation viaHeat Treatment

Thermite reactions could dso be initiated via heat treatment. For these experiments, samples were
mechanically aloyed for fixed times. The samples were then hest treated a 400° - 600°C under argon.
X-ray analyss was performed to determine if reactions had occurred.
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4.2.3 Therma Analysis of Reactions

As ameansto study reaction temperatures and reaction kinetics, differentid thermd andyss (DTA) was
performed on the milled powders usng a Perkin Elmer DTA-1700. An argon purge with a 40ml/min
flow rate was utilized. A range of heating rates from 2-20°C/min were used.

4.2.4 X-ray Andyds

Confirmation of reaction and andyss of phases present was performed usng a Scintag X-ray
diffractometer with a liquid nitrogen cooled germanium detector. Theta-theta scans were performed
usng Cu-Ka radiation.

4.2.5 Thermodynamic Predictions for Reactions

Thermodynamic ca culations were performed using a FORTRAN based SOLGASMIX software. The
molar quantities of the garting phases aong with thermodynamic information were put into the program.
The equilibrium phases which should be present a a given temperature and pressure were then
determined. The cdculations were based upon the experimenta parameters used during mechanica
dloying. ldentica volumes of Al, Fe, O and Ar as those used experimentally were put into the program.
The equilibrium phases were computed at temperatures of 300, 873, and 1273°K and atmospheric
pressure.  In addition, a constant volume caculation was performed by using the parameters of the

SPEX mill mechanicd dloying equipment.

CHAPTER 4 EXPERIMENTAL TECHNIQUES 37



4.3 Densgfication of Reacted Powders

4.3.1 Cold Pressing and Annealing

Following milling and reaction via annealing, powder sampleswere cold pressed in a2.54 cm die a 620
MPausng aTinius-Olsen press. Samples were then annedled under argon at 550°C for 1 hour.

4.3.2 Extrusion

Al-1.75mol% Fe,O3 1/2 hr mill and the Al-3.5mol% samples milled for 1/2 and 5 hours were reacted
by annedling a 550°C for 5 hours. The Al-1.75mol% Fe,O3 5 hour milled sample had to be reacted at
600°C for 5 hours. The four powder samples were each encapsulated in 6061 duminum cans. The
cans were vacuum degassed at 500°C for 4 hours and extruded at 500°C with a 12:1 extrusion rétio.
Extrusions were performed in the Metals Processing Laboratory at Oak Ridge National Lab.

4.4 Analyssof Bulk Samples

4.4.1 Optical Microscopy

Optica microscopy was performed on al powder and densified samples using a Jena Neophot 21

microscope. Samples were etched using a mixture of 10 vol %HF and water.
4.4.2 Electron Microscopy

Scanning el ectron microscopy was performed using a JEOL Superprobe 442 equipped with EDXS and
both secondary and backscatter electron detectors. An accelerating voltage of 20 keV was used.

Transmisson eectron microscopy was performed usng a Philips EM-420 scanning-transmisson

electron microscope with an acceerating voltage of 100keV. Samples were prepared by grinding athin
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foil of pressed and sintered materid to a thickness of ~75 microns. 3 mm discs were punched from the
fail. A Gatan dimple grinder was then used to thin the center of the sample to ~40 microns. A Gatan

Duo-mill ion mill was used to thin the samples for microscopy.
4.4.3 Hardness Testing

Rockwell indentation hardness and Knoop microhardness readings were performed o dl dengfied
samples. For Rockwell, tests were performed using the A and F scales with a diamond indenter. For
Knoop microhardness, a 500 gf load was used with 15 second hold at load.

4.4.4 Mechanica Testing

Tendle tests were performed on specimens machined from the extruded samples. Tests were
performed using an Insron machine using a srain rate of 0.026/min.

445 Chemicd Andyss

Bulk densfied samples were andyzed for compostion of duminum, iron, silicon, carbon, and oxygen.

4.4.6 Dendty Measurements

Archimedian density was measured on the extruded samples according to ASTM B311.
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Chapter 5 Displacement Reactions. Resultsand Discussion

5.1 ReactionsInitiated by Mechanical Alloying

Mechanica dloying (MA) was used to blend Al with Fe;O3 or SO,. It was found that displacement
reactions could be initiated smply with MA for the Al-Fe,0O; sysem. Fig. 11 shows the bal milling
results for the 15 and 20 mol% Fe,O3; samples. As the concentration of Fe,O; is decreased, the

“milling reaction time” is increased. Complete reactions in the Al-Fe,O; system occurred in only afew
seconds and the “milling reaction time” was consdered as an incubation and completion time for the
reaction. Initiation and completion of a reaction was determined by xray andyss of samples taken
from the powder charge at regular time intervals. Representative x-ray diffraction patterns for 15 mol%
Fe,O; samples before and after reaction are shown in Fig. 12. The primary phases present after
reaction are Al, AlsFe,, and a-Al,O;. Beow acritical composition, no reaction was observed during
milling. The critical vaue lies between 10 and 15 mol% Fe,O,. There gopears to be aminimum milling

reaction time of ~2 hrs for the 15 and 20 mol% Fe,O3 specimens. More importantly, an exponentid
relationship devel ops between the charge ratio (ratio of the milling media mass to the powder mass) and
the milling reaction time. Asthe charge ratio decreases, the milling reaction time exponentidly increases.
A best fit to the data can be described by the equation:

t=a+be"’ (5.2

weret ismilling reection time, r isthe chargeratio and a & b are constants.
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Fig. 11. Bal milling timevs. chargeratio for Al - Fe,Oj.

A dmilar rdaionship was shown by Schaffer and McCormick to occur for the initiation of reactionsin
the CuO-Fe system [1]. They contended that combustion during milling occurred when the ignition
temperature of the powder was reduced to the temperature which occurs localy at impacts between
bals. They dated that the charge ratio did not affect the reaction temperature, it only changed the time
required to achieve that temperature. Also, they concluded the product of charge ratio and milling
reaction time was a congtant. The results from Fig. 11 show that the product of charge ratio and milling
reaction time are not a congtant and that a different mechanism than described by Schaffer must be

occurring.

Schaffer and McCormick have adso shown that actud physica changes in powder particles can be
produced by modifying ether the charge raio or milling time. Both increased charge ratio and milling
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time result in amore rapid reduction of powder particle Sze and distribution of starting components [1].
As ether milling time or charge ratio increases, the amount of energy which isimparted into the powder
charge is increased, yidding an increased absorption of energy per particle [1]. The increased energy
absorption results from a higher number of collisons between milling media and powder particles. Ina
model developed by Aikin et d. [2] for meta-metd dloying sudies, it is believed that it is the energy
absorption done which determines the powder characterigics. In the study by Schaffer and
McCormick [1] on chemica reactions during MA, it was determined that it was both the energy
absorbed and the number of collisons which determine the powder characteristics and the resulting
reaction Kinetics.

The occurrence of a solid state digolacement reaction is enhanced by mechanica dloying in three
important ways. As milling time or charge rétio are increased, the reactant particle Sze is reduced
leading to an increase in the overdl surface area. The increased surface area means more interfacia
contact fr the different reactant species. In addition, the continued MA repeatedly exposes new
unreacted surfaces with its blending and kneading action. As a result, barriers produced by product
phases are reduced. Lastly, MA produces numerous defects in metallic materids. The massve
quantities of defects enhance diffuson in MA processed powders [3]. In generd, as milling time or
charge ratio is increased, the reactivity of the mixture is increased. It has been stated by Forrester and
Schaffer [4] that reactions during MA are controlled by diffuson down short-circuit pathways. Along
amilar lines, we can date that the reactions shown in Fig. 11 are being controlled by enhanced diffusion
as the result of deformation induced defects in the powders. Some evidence of this can be seenin Fg.
13 which shows the effective cryddlite Sze vs milling time for duminum from a mixture of Al - 3.5
mol% Fe,0O; which was milled a a 6:1 chargeratio. Effective cryddlite Sze was cdculated from x-ray
diffraction of duminum (110) pesks usng the Scherrer formula and accounting for insrumentd line
broadening [5]. Direct examination of 15 or 20 mol% Fe,O3 powders a long milling times was not
dlowable due to the pyrophoric nature of those blends. In the figure, the effective cryddlite sze is
rapidly reduced with milling time. A decreased effective crystdlite Size is associated with a decreased
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gran, subgrain or cdl sze [5]. It is the increase in boundary area resulting from the formation of
additiona grains or subgrains which is a route for short-circuit diffuson. The results shown in Fg. 13
correspond well with the results of smilar experiments performed on the CuO-Fe system by Schaffer
and McCormick [1].

Da-Al,O, m Al ;Fe, Following reaction by ball milling

1 & Al e Fe,O,
> | *
Q ] D e Hg D
S -
£ 7
3
=
% ] . M B efore reaction
¥ _| . .
L S B}
i el A . .
T T T T T
30 40 50 60 70 80

Degrees 2q

Fig. 12 Represantative xray diffraction patterns for 15 mol% Fe,O; samples before and after

reaction by mechanical alloying.
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Fig. 13. Effective crystallite size calculations at various milling times for Al (110) peaks from a
mixture of Al-35mol% Fe,O; milled at a6:1 chargeratio.

Although work by Hida and Lin demongrated that reactions could be initiated in mixtures of Al and
SO, [6], the current work could not repeat those results. Mixtures of Al with 15, 20 and 43 mol%
SO, were milled for times up to 50 hrs with no evidence of a displacement reaction. The reactions
could only be initiated by subsequent heet treatment. One explanation for the difference between this
work and the work of Hida and Lin could be the MA equipment. Hida and Lin utilized an attritor type
mill which uses a shearing action to mix the powders. In the current work, a SPEX-type sheker mill
was used to mix the powders. Impacts in a shaker mill are predominantly compressive in nature and

may have a different effect on reaction initiation.
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5.2 ReactionsInitiated by Heat Treatment

5.2.1. Al-Fe,0;

In addition to reactions initiated by bal milling, reactions were aso initiated by therma means. To study
the reections, differentid thermd andyss (DTA) was used. Powder samples containing various
amounts of Fe&,03 (1.75, 3.5, 7.5, 10, 15, and 20 mol% Fe,O3) were mechanicdly dloyed using two
different charge ratios (1:1 and 6:1) for 1/2 hr. DTA scans for the 7.5 -20 mol% Fe,O3 at a10°C/min
hesting rate and a 1:1 charge ratio are shown in Fig. 14. It can be seen that as the composition of
Fe,Os is increased, the exothermic reaction temperatures are increased. The increase in reaction
temperature is again explained as resulting from effects of the mechanicad dloying process. During the
MA process, the duminum powders are being fractured and welded together while the Fe,O3 isbeing
fractured and blended into the more ductile duminum. The two materids eventualy become very
intimatdy mixed such that a high amount of interfacia contact between the reactants is achieved.

Neglecting short-circuit diffuson paths and focusing on the actua average diffusion distance between the
two different reactant particles, as more interfacid contact is achieved, the reactions should be
propagated more readily [7]. As Fe,O3 percentages increase, the efficiency and completeness with
which the oxide can be blended into the matrix is reduced. Therefore for higher percentage mixtures,
the reaction is not as eadly propagated and the exothermic reaction temperature is increased. The
endothermic peek in the figure indicates the melting temperature of the duminum.
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Fig. 14. Differential therma analysis of the 1:1 charge ratio samples milled for 0.5 hr heated at
10°C/min.

Fig. 15 shows the DTA scans for the 6:1 charge ratio samples. In these samples, there is dso an

upward shift of the reaction temperature with the increasng Fe,O3; concentration. 1t can be explained
amilarly to the 1:1 charge ratio samples. As the concentration of Fe,O3 increases, the mixing becomes
more dilute and reaction temperature increases. Comparing the 6:1 ratio with the 1:1 results, a dramatic
decrease in the reaction temperature is seen for the 6:1. As expected, the higher charge ratio alowed
for better and more complete mixing thus leading to the reaction temperature decrease.  Another

observation from Fig. 15 isthat the reaction temperature for the three lowest concentrations is preceded
by the mdting of duminum. It is surmised thet the formation of a smal amount of molten duminum

facilitated the reaction.
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One mgor difference between the 1:1 and 6:1 charge ratio DTA scans seems to be the change from a
single reaction peak in the 1:1 samples to two reaction pesks for the 6:1 samples. What seems more
likely is that for both charge ratios, there are two peaks present. In the 1:1 charge ratio, however, the
two peaks may be very close in temperature. As the charge ratio is increased, one of the reactions is
more strongly affected by the mechanica dloying process. As a result, a slit of the two reaction

temperaturesis seen.
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Fig. 15. Differential thermal analysis of 6:1 charge ratio samples milled for 0.5 hr heated at 10°C/min.

If there are two digtinct chemical reactions and one is more strongly affected by mechanicd dloying,
increased charge ratio or increased milling time should lead to a visble change in the reaction pesk
location as determined with therma andyss. Figure 16 shows DTA traces for Al-3.5 mol% Fe,O;
which was milled a a 6:1 chargeratio for /2 hr and 5 hr. It can be seen from the longer milled sample
that the lower temperature peak has shifted from ~550°C down to ~225°C. X-ray diffraction
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performed on specimens heated above the first reaction peaks for the 0.5 and Shr milled conditions has
confirmed that it is the same reaction occurring in both specimens.
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Fig. 16. DTA for 3.5 mol% Fe,O; milled at a 6:1 charge ratio and heated at 5°C/min.

X-ray diffraction has been able to provide vauable information about the nature of the reactions which
are occurring during therma andysis. Powder samples were heated under high purity argon to 500°C,
600°C, and 900°C a 5°C/min and then furnace cooled. Fig. 17a shows xray diffraction for Al -
3.5mol% Fe,O; which was milled a 6:1 for 0.5 hrs and then hest treated at 500°C. The dominant
phases present are Al, and Fe,O; (hematite). Fig. 17b shows x-ray diffraction for Al - 3.5mol% Fe,0O;
which was milled at 6:1 for 5 hrs and then heat treated at 500°C. The phases present are Al and Fe;0,
(magnetite). Fig. 17c shows x-ray diffraction for Al - 3.5mol% Fe,O; which was milled a 6:1 for 0.5
hrs and then hesat treated at 600°C. The dominant phases present are Al and Fe;0, (magnetite).
Hgure 17d shows x-ray diffraction for Al - 3.5mol% Fe;O; which was milled a 6:1 for 5 hrs and then
heat treated at 600°C. The phases present are Al and Fe;O, (magnetite). Figures 17e and 17f show
x-ray diffraction for Al - 3.5mol% Fe;Os; which was milled a 6:1 for 0.5 and 5 hrs, respectively. Both
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figures show the dominant phases as Al and AlysFe,. The results of the x-ray diffraction are summarized
in Table5. From thisdata, it is believed that the low temperature reaction is the conversion of Fe,Os to

Fes0,, and the higher temperature reaction is the reduction of Fe;O4 and formation of Al;sFe,.

Degrees 2q

Fig. 17a X-ray diffraction for Al - 3.5mol% Fe,O; which was milled at 6:1 for 0.5 hrs and then heat
treated at 500°C
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Fig. 17b X-ray diffraction for Al - 3.5mol% Fe,O; which was milled at 6:1 for 5 hrs and then heat
treated at 500°C
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Fig. 17c X-ray diffraction for Al - 3.5mol% Fe,O; which was milled at 6:1 for 0.5 hrs and then heat
treated at 600°C
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Fig. 17d X-ray diffraction for Al - 3.5mol% Fe,O; which was milled at 6:1 for 5 hrs and then heat
treated at 600°C
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Fig. 17e X-ray diffraction for Al - 3.5mol% Fe,O; which was milled at 6:1 for 0.5 hrs and then heat
treated at 900°C
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Fig. 17f X-ray diffraction for Al - 3.5mol% Fe,O; which was milled at 6:1 for 5 hrs and then heat
treated at 900°C

Table 5. Dominant phases present after various heet treatment temperatures for Al 3.5mol% Fe,Os
milled a 6:1 chargeratio. Table summarizes datafrom Fig. 17.

Temperature
500°C 600°C 900°C
0.5hr mill Al & Fe,0, Al & Fe;0, Al & AlsFe,
5 hr mill Al & Fe;0, Al & Fe;0, Al & AlsFe,
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Kissnger [8] determined that the gpparent activation energies of the reactions can be found by
performing DTA at different heeting rates. By determining the peek locations at the different rates, an
Arrhenius plot can be produced. For each reaction, the apparent activation energy can be found from
the dope of the line. Figure 18 shows DTA data for Al-3.5mol% Fe,O3; milled at 6:1 charge ratio for
0.5 hrs and using hesting rates of 2, 5, and 10°C/min. Figure 19 shows the corresponding Arrhenius
plots for both 1/2 hr and 5hr milled samples. The corresponding apparent activation energies (Q) are
aso included in thefigure.

10°C/min

5°C/min

Relative Temperature Difference

2°C/min

T T T T T
200 300 400 500 600 700 800

Temperature °C

Fig. 18. DTA scans performed at 2, 5, and 10°C/min for Al -3.5mol% Fe,O; which was mechanically
aloyed for 0.5 hr with a6:1 chargeratio.
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Fig. 19. Arrhenius plots for Al-3.5mol% Fe,O; milled for 0.5 and 5 hrs. Also included are the
activation energies (Q) of the reactions. Reaction A corresponds to the high temperature reaction
while Reaction B corresponds to the low temperature reaction.

A reduction of the activation energy for the low temperature Fe,O3; to FesO, reaction from 123.9
kJmal a 1/2 hr of milling to 94.9 k¥moal at 5hrs of milling is akey observation. Forrester and Schaffer
[4] saw smilar decreases during solid state reduction of CuO by Fe which had been enhanced by
mechanicd dloying. Ther concluson was that the reduced activation energy was the result of achange
in the rate limiting step of the reaction. Namdly, that ionic diffusion was increased due to the presence

of deformation induced defectsin the particles. A smilar conclusion can be drawn in this case.
As for the high temperature reactions, it is not completely understood why the activation energy is

increasing with increased milling time. 1t may be that the occurrence of the mdting of Al is affecting the
ability to accurately measure reaction temperatures. 1t may dso be possible that increased MA milling
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time is actudly inhibiting the reaction. In many cases with combustion-type exothermic reactions, it has
been inferred that heat dissipation is important for controlling reaction rates [9]. As the reaction is
initiated, a certain amount of heet is required for the reaction to sdf-propagate. If the heat is rapidly
drawn away from the reaction region, the reaction will be inhibited. For the case of Shr milled samples,
the iron oxide reactant is distributed uniformly throughout the Al matrix. Any heat which isformed from
a reaction a the iron oxide interface could be rgpidly drawn away into the auminum preventing the
reaction from sdlf-propagating.

522. Al-SO,

As previoudy mentioned, mixtures of Al and 15, 20, and 43mol% SO, were processed using
mechanicd aloying at a 6:1 charge ratio for times up to 50 hours with no evidence of reaction during
milling. Samplesof Al - 15mol% SO, milled 5 hrsat 6:1 CR were annealed in argon a 600°C for one
hour with a furnace cool. Under these conditions, the displacement reaction could be initiated. Figure
20 shows x-ray diffraction of samples before and after reaction. The product phases following reaction
aeAl, S, and a-AlLOs.
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Figure 20a. X-ray diffraction of Al-15mol% SO, milled for 5hrsat 6:1 CR.

S
. " ALO,
- D Al

Fig. 20b X-ray diffraction of Al-15mol% SO, milled for Shrsat 6:1 CR and heat treated at 600°C for
1hr.

5.3 Thermodynamic Predictions for Reaction Products

In an effort to understand what phases are thermodynamicaly stable in the Al -Fe,O; materid system,
caculations were made using the SOLGASMIX-PV program. SOLGASMIX was developed at Oak
Ridge Nationd Lab [10] to caculate the equilibrium phases formed in a reaction based upon
thermodynamic principles. The program determines the amounts of each stable phase present by
minimizing the tota Gibbs free energy of the sysem. By using the program, comparisons can be drawn
between ca culated equilibrium phases and those formed experimentaly.

Table 6 shows the equilibrium amounts of each phase which should be present in the Al-10 mol%
Fe, 05 system before and after reaction at room temperature (300°K). These amounts are the results

of the SOLGASMIX cdculaions. The results are amilar to the experimenta results.  Both the
experimenta results and the SOLGASMIX caculations show the formation of the Al;Fe intermetallic
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compound aong with metdlic Al. In addition to the formation of Al;sFe, and Al, the program predicts
the formation of Al,O;. The formation of Al,O5 should come as no surprise. By looking &t the

Ellingham diagram for the formation of oxides shown in Figure 21, it is easly seen that the free energy of
formation for Al,O5 is much lower, at the calculated temperatures, than any of the Fe-O compounds.

Table6. SOLGASMIX results for 300°K and a constant pressure of 1 atm.

Compound Amount Before Reaction Amount After Reaction
(moles) (moles)
Ar 1 1
o, 0.000835 0
Al,Oq 0 0.0005567
Fe 0.00446 0
Al 0.3058 0.29131
AlsFe, 0 0.00446

Table 7 shows results of the SOLGASMIX cdculations performed a an eevated temperaure of
873°K. This gpproximates the temperature in one of the experimenta heet treating operations. The

results are amilar to the room temperature cal culaions.

Table7. SOLGASMIX resultsfor 873°K and a constant pressure of 1 atm.

Compound Amount Before Reaction Amount After Reaction
(moles) (moles)
Ar 1 1
0, 0.000835 0
Al,Oq4 0 0.0005567
Fe 0.00446 0
Al 0.3058 0.29131
AlzFey 0 0.00446
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Figure 21. The standard free energy of formation (Ellingham Diagram) of many metal oxides as a
function of temperature [11].

Table 8 shows results of the SOLGASMIX caculations performed a 300°K and a congtant volume of
65 cn® (volume of a SPEX milling vid). This approximates the temperature and volume present during
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the mechanicd dloying operation. The results are identicd to the room temperature caculations at

constant pressure.

Table 8. SOLGASMIX results for 300°K and a constant volume of 65 cnrr.

Compound Amount Before Reaction Amount After Reaction
(moles) (moles)
Ar 0.00244 0.00244
o, 0.000835 0
Al,Oq 0 0.0005567
Fe 0.00446 0
Al 0.3058 0.29131
AlsFe, 0 0.00446

The experimental results were confirmed by caculations performed usng SOLGASMIX. Thisindicates
that the reactions are forming the equilibrium compounds rather than intermediate compounds.

5.4 Chapter 5 Summary

Reactions for the Al-15mol% and Al-20mol% Fe,O3; samples could be initiated by mechanica aloying
done. Thereisan exponentia relationship between the time of reaction and the charge ratio used during
mechanica dloying. The exponertid relationship develops because of changes in the number and
energy of bl callisons during milling.

Thermd analysis combined with xray diffraction shows that the reactions in the Al-Fe,0O; system are a

two step process where first, Fe,0; is reduced to Fe;O, and then, the Fe;0O, isreduced by Al to form
AlizFes.  Increased mechanicd aloying time lowers the reaction temperature for the converson of
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hematite to magnetite. The reduction in temperature is the result of increased surface area of reactant

particles and increased diffusion via deformation induced short-circuit pathways.

The exothermic sdf-propagating reduction of magnetite to form AlysFe, is dowed by increased milling

time. This may be due to increased heat disspation for the isolated particles of a more uniformly

distributed reactant mixture.

Thermodynamic caculations utilizing the SOLGASMIX-PV program indicate that the products formed

during the reactions are the thermodynamically favored phases.
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Chapter 6 Dendfied Sample Analysis. Resultsand Discussion

6.1. Pressed and Sintered Parts

Mixtures containing Al and 1.75 or 3.5mol % Fe,O; were mechanicdly aloyed a a 6:1 chargeratio for
times between 0.5 and 10 hrs. The mixtures were then hest treated at severd temperatures for different
times in argon to initiate displacement reactions and to study the reaction phase morphology and
gability. Densfied samples were produced by pressing powder in a 254 cm die & 620 MPa.
Samples were then sintered in argon at 550°C for 1 hr.

6.1.1. Microscopy

Typica microgtructures for the 1.75 mol% Fe,O; mechanicaly aloyed powders prior to reection are
shown in Figs. 22 and 23. Similar microstructures were produced in the Al-3.5mol% Fe;Os. samples
and are shown in Figs 24 and 25. In dl 4 figures, the light regions are primarily duminum and the
darker regions are rich in Fe,0O3 particles. Figures 22 and 24 have a didtinctive lamellar appearance
which istypicd for the early stages of mechanicd dloying (MA). The structure develops as the result of
repeated fracture and welding of the Al dong with trgpping of Fe,O3; particles in between the Al

patides As MA milling continues, the lamdlar dructure is eventudly diminated and a uniform
digtribution of Fe,O3 particlesis created.
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Fig. 22. Optical micrograph of Al-1.75mol% Fe,O; after 1/2 mill

40 pm

Fig. 23. Optical micrograph of Al-1.75mol% Fe,O; after 5 hr mill
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CHAPTER 6.

Fig. 25. Optical micrograph of Al-3.5mol% Fe,Os after 5 hr mill
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Although the increased milling time is markedly changing the microstructure of the powders, it is not
affecting the Fe,O; particle size. Figure 26 shows a plot of the Fe,0O; particle size as a function of
milling ime for Al - 3.5 mol% Fe,O; samples. The 1/2 and 5hr sizes were determined from scanning
electron microscope (SEM) images. The initid Fe,O3 particle Sze was determined using a laser light
scattering particle Sze andyzer. Most of the reduction of Fe,0O; particle size has occurred in the first
1/2 hr of MA milling. The additiond milling time is Smply leading to a more uniform digtribution of the
darting materids.

Particle Size (mm)

0 T T T T T T
0 1 2 3 4 5 6

Milling Time (hrs)

Fig. 26. Fe,0; particle sizefor Al-3.5mol% Fe,O; samples milled at 6:1 chargeratio for 1/2 and 5 hrs.
The 1/2 and 5hr measurements were made from SEM micrographs. The 0 hr measurement was made
using alaser light scattering particle size analyzer.

Following milling the pressed samples were heat trested to initiate reactions. Furnace temperatures and
times were based on xray diffraction and differentid thermd andyss (DTA) results. Pardlding the
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DTA work, optical micrographs show that, after longer milling times, the displacement reaction to form
AlzFe, seemsto be impeded. An example of thisis seen in Fig. 27, where Fig. 27ashowsan Al - 3.5
mol% Fe;0s - 1/2 hr milled sample which was hest treated a 500°C for 5 hrs and has reacted to form
Al and AlysFes. Figure 27b shows a 3.5 mol% Fe,O3 - 5 hr mill sample which was hest trested dong
with the /2 hr mill sample. The micrograph and xray diffraction confirm Fe;O, has been formed but
no reaction to Al,sFe, has occurred.

Fig. 27a. Optical micrograph of Al - 3.5 mol% Fe,O; - 1/2 hr milled sample which was heat treated at
500°C for 5 hrsand has reacted to form Al and Al sFe,,
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Fig. 27b. Optica micrograph of Al - 3.5 mol% Fe,O; - 5 hr milled sample which was heat treated at
500°C for 5 hrs and has reacted to form Fe;O, but not AlsFe,

Further hest treatments at 550°C for 5 hrs show the formation of Al;sFe, in both the 1/2 hr and 5 hr
milled samples. However, the reactant Sze in the Shr sample is much smaler than the 1/2 hr sample,
again indicating that the reaction is being inhibited in the 5 hr milled sample. Figures 28a and 28b show
optical micrographs of the 1/2 hr and 5hr following that heet treatment.
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Fig. 28a. Optical micrograph of Al - 3.5 mol% Fe,O; - 1/2 hr milled sample which was heat treated at
550°C for 5 hrs and has reacted to form AlsFe,

Fig. 28b. Optical micrograph of Al - 3.5 mol% Fe,0s - 5 hr milled sample which was heat treated at
550°C for 5 hrs and has reacted to form AlysFe, but at much smaller size compared to the 1/2 hr
milled sample.
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The reduction in product particle S9ze with increasng milling time levels off a about the same time a
which a homogeneous mixture is produced. Figure 29 shows a plot of AlizFe, product size as a
function of MA milling time.  Samples were al hesat treated together to 650°C at a hesting rate of
20°C/min and then furnace cooled. The large devidtion in particle Szes is a result of usng a linear

intercept method to measure a high aspect ratio particle.

Particle Size (mm)
o]
1

0 T T T T T
0 2 4 6 8 10 12

Pre-Heat Treatment Milling Time (hrs)

Fig. 2. Resultant AlsFe, particle size for Al-3.5mol% Fe,O; samples following heat treatment at
650°C for O hrs.

Although the inhibition of the displacement reactions is not completdy understood, the phenomenon was
utilized to attempt to produce smal (<2mm) incoherent particles to act as strengthening agents in the
materid. The Al-3.5mol% Fe,O; -1/2 hr and 5hr - hest trested at 550°C for 5hr conditions were
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selected for further studies. Based on the optical micrographs shown in Fig. 28, average particle sizes,

volume fractions and aspect ratios were measured and recorded in Table 9.

Table 9. Physcd parameters for Al-3.5mol% samples determined from optica

micrographs shown in Fg. 28.

AlsFe, Volume Particle
Particle Size Fraction Aspect Ratio
(mm) (%) (I71)
Al-3.5% 12 hr mill 0.29 82
Length 425+26.7
Thickness 52430
Al-3.5% Shr mill 2.8+05 0.30 ~1

X-ray microprobe anaysis was performed on the Al-3.5mol% Fe,O; - 550°C 5hr sample to determine

Al and Fe concentrations throughout the sample. Figure 30a shows Al concentrations with the color

white being the highest concentration. The next highest concentration would be red with concentration

decreasing through the visible spectrum down to violet. It can be seen that there is some gradient in the

concentration around the formed particles.

boundaries.
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Fig. 30a X-ray microprobe map for Al in a Al-3.5mol% Fe,O; 5hr milled sample heat treated at 550°C
for 5 hrs. Concentrations are highest at white and then red and then down through the visible
spectrum to violet.

Figure 30b shows a smilar x-ray map for iron concentrations. Again, there are smilar gradients in the
concentration with Fe content increasing towards the center of the particles. The gradient could be
caused by a large sub-surface sampling volume of the incident eectron beam. However, if a true
gradient does exigt, it shows that the reactions have not proceeded to completion.
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Fig. 30b X-ray microprobe map for Fein a Al-3.5mol% Fe,O; 5hr milled sample hest treated at 550°C
for 5 hrs. Concentrations are highest at white and then red and then down through the visible
spectrum to violet.

Transmisson electron microscopy (TEM) was performed on the Al-3.5mol% 1/2 hr and Shr milled -
550°C 5hr samples. In Fig. 313, the 1/2 hr milled sample shows light colored regions of Al separated
by darker regions filled with smdl particles. In the 5 hr sample shown in Fig. 31b, the digtribution of
particles is more uniform. The more uniform digtribution of particles should lead to higher strengths and
hardnesses when consdering an Orowan type sirengthening modd.  Although dectron diffraction was
performed on the particles, they could not be readily indexed to the obvious possihilities of AlysFe, or
AlLOs. Atthispoint, it isonly important that they are smdl incoherent particles.
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Fig. 31a. TEM micrograph of Al-3.5mol% Fe,O; - 1/2hr mill - heat treated at 550°C for 5 hrs.
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Fig. 31b TEM micrograph of Al-3.5 mol% Fe,O; - 5hr mill - heat treated at 550°C for 5 hrs.
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Rockwell hardness was performed on the pressed and sintered parts and recorded in Table 10. As

expected from the TEM images, a significant increase in hardness was seen for the 5hr milled sample,

Table 10. Rockwell hardness vaues for the 3.5mol% pressed and sintered samples

Rockwell Hardness

(HR)
3.5mol% Fe,O; 1/2hr 75.3t16
3.5mol% Fe,0, Shr 82.0+3.9

6.2. Extruded Parts

Al-1.75mol% Fe,O; 1/2 hr mill and the Al-3.5mol% samples milled for /2 and 5 hours were reacted
by annedling at 550°C for 5 hours. The Al-1.75mol% Fe;O3 5 hour milled sample had to be reacted at
600°C for 5 hours due to inhibition of the displacement reaction and failure to react at 550°C. The four
powder samples were each encapsulated in 6061 auminum cans. The cans were vacuum degassed at
500°C for 4 hours and extruded at 500°C with a 12:1 extrusion ratio. The Al-3.5mol% Fe,O; 1/2 hr
mill sample did not extrude to form a uniform continuous extruded materiad. This may have been caused
by the materid itself, or smply an anomaly of the extruson process. As a consequence, tendle results

could not be obtained for this sample.
6.2.1. Microscopy

Scanning dectron microscopy (SEM) using a backscatter eectron (BSE) detector was used to analyze
the microstructure of the 1.75 and 3.5 mol% extruded samples. Micrographs of the samples are shown
in Figs. 32&33. Similar to the results from the pressed and sintered samples, the 3.5 mol% samples
shown in Fig 32 have a marked decrease in particle Sze as aresult of the increased milling time. Again,
this can be attributed to the disspation of hest away from reacting particles which suppresses the sdf-
propagation of the reaction [1].
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Fig. 32b. SEM BSE micrograph of Al-3.5mol% Fe,O; 5hr mill extruded sample
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The Al - 1.75 mol% Fe,O3; samples differ dightly from the 3.5mol% samples. The 1/2hr mill sample
shown in Fig 33a has large eongated AlisFe, particles which would be anticipated from the pre-
reaction microgtructure shown in Fig. 22. The 5 hr milled sample particles shown in Fig. 33b, however,
seem larger and further spaced with alower volume fraction than what would be anticipated. It is most
likely the result of the increased temperature required to initiate reactionsin this powder. Because of the
ingbility to initiate reactions in the 1.75mol% 5 hr powders at 550°C, the powders were reacted at
600°C. At the devated temperatures, the reacted particles will coarsen and be reduced in number
leading to the appearance of alower volume fraction.

Fig. 33a. SEM BSE micrograph of Al-1.75mol% Fe,O5 1/2hr mill extruded sample
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Fig. 33b. SEM BSE micrograph of Al-1.75mol% Fe,O, 5hr mill extruded sample

6.2.2. Density

Denstiesfor the 4 extruded samples were determined using an archimedian measurement. The resulting

values are recorded in Table 11.

Table11. Dengty vauesfor extruded samples

Sample Density
(g/ce)
Al - 1.75mol% Fe,O; /2 hr mill 281+0.01
Al - 1.75mol% Fe,O; 5 hr mill 278+0.01
Al - 3.5mol% Fe,O; 1/2 hr mill 277+0.01
Al - 3.5mol% Fe,O; 5 hr mill 2.84+0.01

Density value for pure Al = 2.70 g/cc
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6.2.3. Mechanica Properties

Following extrusion, tensile specimens were machined such that the gage section reveded the powder
metdlurgy (P/M) section of the extruson. This left the grip sections of the soecimens as an exterior
coating of the 6061 Al can surrounding the PIM materid gage section. Because of the excdlent
bonding of the can to the PM materid and because an extensometer was used to determine Strain
vaues, it is believed that this sample arrangement had very little effect on the measured properties.
Representative engineering stress-strain curves for the extruded samples are shown in Fig. 34. Average
yidd drength, ultimate tendle strength, Young's modulus, and dongation to falure vaues were
determined from the tensile tests and are recorded in Table 12. Also included in Table 12 are Rockwell

and Knoop hardness values measured on transverse sections of the extrusions.

600

500 - Al - 35 mol% Fe,O, Shr mill
~ 400 1 Al - 1.75mol% Fe, O, /2 hr mill
o
=3
2 300 - Al - 1.75 mol% Fe,0, 5hr mil
o
(o))
E
3 200
c
S
C
L

100

0 T T T T T T T
0 1 2 3 4 5 6 7 8

Engineering Strain (%)

Fig. 34. Representative engineering stress-strain curves for tensile tests performed on extruded
samples.
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Table 12. Mechanical properties for extruded samples

Sample Rockwell Knoop 0.2% Ultimate  Young's Elongation
Hardness Hardness Yied Tensile  Modulus
Strength  Strength
(HRa) (HkN) (MPa) (MPa) (GPa) (%)
Al - 1.75mol% Fe,O; 1/2 hr mill 39.1+1.3 125+6 340+2.8 374+6.4 51.2+24 1704
Al - 1.75mal% Fe,O; 5 hr mill 39.6+04 11743 325+4.2 354+2.9 59.5+6.0 6.6+1.3
Al - 3.5mol% Fe,O; /2 hr mill 41.1+0.6 116+6 - - - -
Al - 3.5mol% Fe,Os 5 hr mill 48.9+0.3 152+3 433+106  457+350 65506 1.0+0.3

From the SEM micrographs shown in Figs. 32 and 33, saverd key eements were measured and
recorded in Table 13. These include the average particle sSze, volume fraction, and particle aspect ratio.
From these vaue, estimates can be made for various strengthening mechanisms which may be present in

the system.
Table 13. Vdues determined from SEM micrographs
AlsFe, Particle Volume Fraction Particle Aspect
Size Ratio
(Mm) (17t)
Al-1.75% 1/2hr mill 0.21+0.08 42
Length 47421
Thickness 1.1+0.2
Al-1.75% 5hr mill 2.0+0.9 0.13+0.08 ~1
Al-3.5% 1/2 hr mill 0.31+0.09 27
Length 8.9+4.9
Thickness 3.3t1.2
Al-3.5% 5hr mill 16+05 0.33+0.13 ~1

Based on the observed microstructures, the materias seem to behave in a manner consstent with
current strengthening theories.  Using the Ashby-Orowan equation (Eq. 2.8)[2], the Ashby-Orowan-
Kédly equation (Eq. 2.10)[3], and an equation for critical resolved shear stress (Eq. 6.1) shown below,
estimates were made and recorded in Table 6 on the effects of the large AlisFe, particles and smdler
particles seen during TEM on the yield strength of the materid asit relates to incoherent particles.

Ds =MDt (6.1)
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In Eq. 6.1, Ds theincrease in the applied stress, Dt isthe increase in the resolved shear dtress, and M is
the Taylor factor (reciproca of the Schmid factor) which for an FCC polycrysta has been estimated to
be M = 3.1 [4]. Also included in Table 6 are caculated vaues for srength effects from differencesin
thermal expansion based on the equations of Arsenault [5].

Table 14. Possible contributions to strength increase between 3.5 mol% 1/2 hr and 5
hr milled samples

M echanism Estimated Contribution to Strength Increase

1.75% 1/2hr 1.75% 5hr 3.5% 1/2hr 3.5% 5hr
Incoherent Particles (Orowan)

AlsFe, 11.8 MPa 9.6 Mpa 7.1 Mpa 24.5Mpa

TEM Particles - - Minimal 76 MPa
Enhanced Work Hardening (Composite)

DCTE 2.0MPa 1.4 MPa 1.7 MPa 2.8 MPa
Grain Size/Subgrain Size Minimal Minimal Minimal Minimal
Solid Solution Strengthening

Fein Al Minimal Minimal Minimal Minimal

OinAl Minimal Minimal Minimal Minimal
Work Hardening Minimal Minimal Minimal Minimal

Based on these edtimates, several conclusions can be drawn. Foremogt, at their current Sze, the
reaction product particles (AlsFe;) will have limited impact on the overdl srength of the materias.
Also, looking at the 3.5 mol% samples and the limited mechanica properties, it seems that increased
MA milling timeisleading to higher hardness vaues and this would in turn mean higher srengths. Based
on the results of Table 14, the higher hardness values are likdly the result of the fine incoherent particles
seen in the TEM micrographs.
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6.2.4. Chemicd Analysis

Results from chemica andysis are shown in Table 15. Chemicd analyss was performed as a means to
evaduate chemica contamination from the bal milling process and process control agents. Because the
concentretions of Cr are below detectable levels, it is believed that contamination from the stainless stedl
milling mediais minimd.

Table 15. Chemicd analyss results for extruded samples

Element Al -1.75mol% Fe,0; 6:1 Al -1.75mol% Fe,O; 6:1 Al - 3.5mol% Fe,0; 6:1

1/2hr 5hr 5hr
(Wt%) (Wt%) (Wt%0)

Al Balance Balance Balance

Fe 4.65+0.09 4.46+0.09 9.72+0.19

S 0.24+0.01 0.130 0.14

Ni 0.07 0.16 0.08

Po 0.05 0.04 0.05

Sn 0.03 0.03 0.03

Cr <0.01 <0.01 <0.01

6.2.5. Particle Coarsening Anaysis

If it is assumed that the Al;sFe, particles are forming and then growing to some sze an evaduation of
their coarsening behavior may yield vauable information for future work. Based on the coarsening rate,
an edimate of the initid particle Sze can be made. From that Sze, estimates on the strengthening
behavior can be determined. Figure 35 shows the Al;sFe, particle Sze as a function of time a 550°C.
Based on linear extrapolation of Figure 35, it gppears that the finest particles that could be formed arein
the 2 nm range, not much different from the 3 mm particles obtained for 5hrs at 550°C in the pressed

and sintered samples.
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Fig. 35. AlsFe, particle size for Al-3.5mol% Fe,O; 6:1 5hr milled samples heat treated at 550°C for
varioustimes.

6.3. Chapter 6 Summary

Microstructurd evidence confirms that the chemicd reection forming AlisFe, was being inhibited by
increased MA milling time. As aresult, finer, more uniformly digtributed particles were formed. These
particles, as well as particles revealed during TEM analysis were most likely the reason for increased
mechanica properties in the 3.5mol% samples. A smilar trend was not seen in the 1.75m0l% samples
because the samples did not respond to heat trestments in a Smilar manner.  This again was atributed
to the inhibited chemical reactions.

In the Al-3.5mol% Fe,O; system, linear extrapolation indicated that the minimum AlzFe, product
particle size would be in the range of 2 mm. Particles of this Sze would provide some amount of
grengthening (~20 Mpa), however, the dramatic reduction of particle Sze as a result of mechanica
dloying was of primary interest. Increased MA milling time lead to the reduction in the Al;sFe, product
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paticle 9ze. The smdler particle Sze resulted from the dissipation of heat away from reacting particles
which suppressed the displacement reaction.

Fine incoherent particles as seen in TEM images were responsible for most of the strength and hardness

increases observed in the Al-3.5 mol% Fe,Os; — 5hr mill dloy.

The room temperature mechanica properties of the 1.75mol% 5 hr mill sample were comparable to or
better than many 3000 or 5000 series duminum aloys. Table 16 shows a comparison of severd of
these dloys againg the 1.75mol% 5 hr mill sample.

Table 16 Comparison of severd duminum dloys

Alloy Temper Condition 0.2% Yield Ultimate Tensile Elongation to
Strength Strength Failure
(MPa) (MPa) (%)
Al = 1.75m0l% Fe,0; 325 34 7

3003 H18 186 200 4

3004 H38 248 283 5

5083 H343 283 359 8

5456 H343 297 386 8
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Chapter 7 Conclusions

Reactions for the Al-15mol% and Al-20mol% Fe,O3; samples could be initiated by mechanicd aloying
done. There was an exponentia relationship between the reaction initiation time and the charge ratio
used during mechanicd dloying. The charge retio is areflection of energy input in the form of number
and intengty of collisons occurring during the milling.

Thermd andysis combined with xray diffraction showed that the reactions in the Al-Fe,O; system
were a two step process where fird, Fe;0O; (hematite)was reduced to Fe;O, (magnetite) and then,
Fe;O, was reduced by Al to form AlsFes. Increased mechanicd aloying time lowered the reaction
temperature for the converson of hematite to magnetite.  The reduction in the reaction initiation
temperature was the result of increased surface area of the reactant particles and increased diffusion via

deformation induced short-circuit pathways.

The exothermic sdlf- propagating reduction of magnetite to form AlysFe, was dowed by increased milling
time. This may be due to increased heat disspation from the isolated particles of a more uniformly
digtributed reactant mixture. Microstructura evidence confirms that the displacement reaction was
being inhibited by increesed MA milling time.  As a reault, a finer and more uniformly distributed
paticles were formed. These paticles, as wdl as particles reveded during TEM andyss were
responsible for increased mechanica properties in the 3.5mol% samples. A similar trend was not seen
in the 1.75 mol% samples because the samples did not respond to hesat treatments in a Ssmilar manner.

Thisagain is dtributed to the inhibited displacement reactions.

Increased MA milling time led to the reduction in the product particle sze. In the Al-Fe,O3; system, the

minmum product particle size was in the range of -2 nm. Paticles of this Sze will provide some
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amount of strengthening (~20 MPa), however, the dramatic reduction of the AlsFe, product particle
sze asaresult of mechanicd aloying was of great sgnificance.

The room temperature properties of the 1.75mol% Fe,O; — Shr mill sample are comparable to many

3000 and 5000 series duminum dloys. Should an dloy with this strength maintain those strengths a
elevated temperatures, it would show great promise for many applications.
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Chapter 8 FutureWork

Mechanica Alloying and Chemica Reactions

Numerous studies have been undertaken to understand the mechanics and physics of mechanica
dloying with respect to metd-meta aloying and disperson drengthening.  Very little, however, has
been done on understanding the effects of MA on chemicd reactions. Based on the initid work
accomplished here, arelationship could be developed between energy input (charge ratio) and the effect
on reaction kinetics. As a result, predictions could then be made on the effects of mechanicd dloying
on a variety of other reaction sysems. The work could be expanded to include other aspects of
mechanica dloying such as variations in milling temperature, milling equipment, and pre-reaction particle
digribution. Including these other variaions would further expand and solidify the knowledge of the
kinetics of MA.

Incressed MA milling time resulted in a more uniform distribution of reectant particles. The resulting
product particles were dso more uniformly distributed. At the same time, the reaction temperature of
the powder mixtures increased with milling time.  This effect was atributed to heat dissipation into the
isolated reacting particle surroundings.  Other materid systems could dso benefit from this type of
occurrence.  Caculaions to determine therma conductivity with respect to volume fraction, particle

sze, and spacing would be helpful in determining the necessary parameters of a precursor mixture.
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High Temperature Aluminum Alloys

The room temperature mechanica properties of the Al-1.75mol% Fe,O; sample showed great promise
for continued work with this sysem. However, future work must incorporate the ability to achieve finer
reection particle sizes to more strongly enhance strength and alow for a better chance to achieve high
temperature strength.  In the current work, the formed particles were unstable at elevated temperatures
and rapidly coarsened. Modifications to the dloy chemistry may aid in maintaining particle stability. In
addition, it would be of interest to study a system where the reaction product would be more resistant to
paticle coarsening.  This includes the Al-Si-Fe-V system and dso systems which would form steble
ceramic particles or carbides such as Al-Si-C, Al-Ti-C, or Al-C.
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