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Preface

The research contained in this PhD Thesis is mainly based on experimental work
carried out in the Mechanical and Manufacturing Engineering Department at the
University of Cyprus during the period from October 2007 to December 2012. This
project was devoted to the synthesis of reactive structures using two processes: Ball
Milling (BM) and Ultrasonic Powder Consolidation (UPC), the major and minor parts
of this thesis, respectively. Part of the work on UPC was carried out in the Mechanical
and Industrial Engineering Department at Northeastern University, Boston/USA, in
April and May 2011. The work on BM was funded through a Marie Curie Excellence
Team Award from the European Commission for 27 months and through an industrial
collaboration with Stuckenbrock Medizintechnik GmbH, Tuttlingen/Germany, for 2
months, while work on UPC was funded by the Cyprus Research Promotion Foundation
for 12 months via its Framework Programme for Research, Technological Development
and Innovation, co-funded by the Republic of Cyprus and the European Regional

Development Fund.

This study was mainly directed towards finding a way of approaching nanoscale
multilayer films/foils (MFs) exothermic behaviour (i.e. starting the self-propagating
exothermic reaction, SPER, by using a low energy spark from a battery) by producing
reactive compacts using BM and UPC, in an approach to decrease costs. MFs are
mainly produced through sputtering, which is a relatively expensive and time
consuming Physical Vapour Deposition (PVD) method for large scale manufacturing.
Therefore, their use is limited to specialty applications which warrant their cost. MFs
have been industrially used for many years, especially for the bonding of different
materials (e.g. ceramic on metal). Potential applications include soldering, adhesive
bonding, polymer memory devices, lab-on-a-chip and hyperthermia for cancer

treatment.

Previous work on BM has been mostly focused on High-Energy BM (HEBM),
where the high impact energies rapidly produce well-mixed powders within minutes,
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and intermetallic phase formation (e.g. in the Al-Ni system) during BM or after by
uniform heating (e.g. using a hot plate) of green compacts. However, the high local
heating during each impact event due to plastic deformation can cause mass diffusion,
producing solid-state solutions at interfaces, thus reducing the overall available
enthalpies, or increase contamination originating from the steel or tungsten carbide balls
used during the process. It is highly desirable to retain most of the reactivity and purity
of the powders so that the ignition threshold is sufficiently low, which would enable
local ignition with a low-energy spark from a battery as opposed to uniform heating.
This is especially important if the materials to be joined cannot be uniformly heated to
the required temperatures. Low-Energy BM (LEBM) employed in this study is a viable
approach to circumvent this problem by reducing the energy of individual impact events
at the expense of processing time. Experiments were carried out in the AI-Ni system,
because both powders are relatively inexpensive, and their reactions are highly

exothermic and well characterized.

UPC, a relatively new processing technique, was mainly used for the synthesis of
Al/Fe;O3 and Al/Cu,O compacts over a wide range of powder ratios at room
temperature, but also for the fabrication of Al-Ni compacts at various temperatures and

pressures.

The research objectives included:

» Implement BM and UPC to create compacts that exhibit exothermic reactions,

with desired structures controlled by the processing conditions.

» Develop well-consolidated compacts that allow for easier ignition and maximum

heat release.

» Optimize BM and USC parameters to enhance the resultant heat-release upon
ignition.

» Evaluate the structural, chemical and thermal properties of powder compacts.

» Study the thermal evolution of ignited powder compacts through Infrared
Camera monitoring of the reaction, and evaluate the reaction front propagation

using high speed camera analysis.
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This work has resulted in the following highlights:

>

Self-propagating high temperature reactions in compacted pellets of interrupted
and continuous low-energy ball milled Al and Ni powders at a composition
corresponding to AlINis, and continuous ball milled powders at a composition of
AINi.

Formation of a bi-modal structure with nanoscale lamella of Al and Ni with

increasing milling time for both AINi3; and AINi.

Ball milled powders cold-pressed into pellets have similar characteristics to MFs

in terms of phase formation sequence and exothermic peak shifts.

LEBM of Al/Ni particles with an overall composition of NiAl can produce
powders, which upon cold-compaction into pellets can be locally ignited (in the
same way as MFs) using a low energy spark and react in a self-propagating

manner with uniform thermal fronts having velocities up to 0.24 m/s.

Ball milled powders can potentially be incorporated into pure foils or surfaces
using rolling to generate thick reactive foils suitable for large scale bonding and

can be ignited away from the weld interface using a spark.

Development of Al-based thermite composites, Al/Fe,O3 and Al/Cu,0, over a
wide range of powder ratios at room temperature by UPC. Short processing
times and non-requirement of special processing conditions make this process

very promising.

The work in this thesis has resulted in six papers to date (four main- and two co-

authored); more are planned:

1) Synthesis of Reactive Al/Ni Structures by Ball Milling

A. Hadjiafxenti, I.E. Gunduz, C. Tsotsos, T. Kyratsi, C.C. Doumanidis and C.
Rebholz
Intermetallics, vol. 18, p. 2219, 2010
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2) The Influence of Structure on Thermal Behavior of Reactive Al-Ni Powder
Mixtures Formed by Ball Milling
A. Hadjiafxenti, .E. Gunduz, C. Tsotsos, S.M. Aouadi, T. Kyratsi, C.C.

Doumanidis and C. Rebholz

Journal of Alloys and Compounds, vol. 505, p. 467, 2010

3) Exothermic Reaction Characteristics of Continuously Ball Milled Al/Ni
Powder Compacts
A. Hadjiafxenti, I.E. Gunduz, T. Kyratsi, C.C. Doumanidis, C. Rebholz

Vacuum (under revision)

4) Fabrication, Characterization and Applications of Novel Nanoheater
Structures
Z. Gu, Q. Cui, J. Chen, J. Buckley, T. Ando, D. Erdeniz, P. Wong, A.
Hadjiafxenti, P. Epaminonda, I.E. Gunduz, C. Rebholz and C.C. Doumanidis
Surface Coatings and Technology, 2012 (in press);
http://dx.doi.org/10.1016/j.surfcoat.2012.06.095

5) Spark Ignitable Green Compacts of Continuously Ball-Milled Al/Ni
Powders at NiAl Composition
A. Hadjiafxenti, .E. Gunduz, C.C. Doumanidis and C. Rebholz

Scripta Materialia (under review)

6) Ultrasonic Consolidation and Ignition Characteristics of Thermite
Composites
S. K. Pillai, A. Hadjiafxenti, T. Ando, C.C. Doumanidis and C. Rebholz
International Journal of Applied Ceramic Technology, vol. 9, p. 206, 2012

The author’s contribution to the papers

In Papers 1-3, | planned and performed all synthesis, completed all the ignition tests
using IR and HS cameras, performed all the characterization using SEM, XRD, and

DSC, carried out the evaluation/analysis and wrote the papers.
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In Papers 4-5, | planned and performed the synthesis and the analysis based on the Ball
Milled experiments, i.e. | performed all the ignition tests using HS camera, performed
all the characterization using SEM, XRD, and DSC, carried out most of the evaluation

and finally contributed to writing the papers.

In Paper 6, I helped planning the experiments, contributed to the ignition tests using HS

cameras and performed the characterization using SEM, XRD and DSC.
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Abstract

Nanoscale and microscale heating sources, produced by methods such as sputtering,
chemical reduction and electrochemical deposition, have received increasing attention
in recent years as enabling tools for nanofabrication/-manufacturing. These exothermic
materials consist of heterostructures made of reactive multi-material systems, e.g.
bimetallic aluminum (Al) and nickel (Ni) networks, which upon external ignition

release locally concentrated exothermic heat.

Sputter deposited nanoscale multilayer films/foils (MFs) employed as nanoheater
sources appear very promising in thermal nanotechnology, since they are stable,
reliable, can be ignited relatively easily with a low-energy spark from a battery, and
show self-propagating exothermic reactions (SPER). However, the usage of MFs is
restricted due to their high production costs (mainly using Physical Vapour Deposition).
This thesis was directed towards finding a way of approaching the exothermic
behaviour of MFs by producing reactive compacts using mainly Ball Milling (BM), and

to a lesser extent Ultrasonic Powder Consolidation (UPC).

Although BM has been used extensively to produce materials Al/Ni compounds
with superior high-temperature mechanical properties, here the use of low-energy
interrupted and continuous BM to synthesize materials that exhibit SPER is reported.
Low—Energy BM (LEBM) was used to mix Al/Ni powders with molar ratios of 1:3 and
1:1, to refine the composite particle microstructures up to the formation of nickel
aluminides, and to determine the critical milling time in order to produce ignitable
compacts. Experiments were carried out in the Al-Ni system, because both powders are
relatively inexpensive, and their reactions are highly exothermic and well characterized.
The milled powders were cold-compacted into pellets and ignited along their edges
using either a small propane flame source or a low energy spark from a 9 V battery. The
reactions were investigated using high-speed optical and infrared cameras to measure
the thermal front velocity, local ignition and maximum pellet temperatures, overall
sample temperatures during ignition and the time required for ignition. The pellets were
characterized using Differential Scanning Calorimetry (DSC) to measure the overall



reaction enthalpies. DSC scans were interrupted between the exothermic peaks. X-Ray
Diffraction (XRD) was used to determine the phases that form before and after ignition,
and for the interrupted DSC scans to compare the pellet thermal response and the phase

evolution to those of vacuum deposited MFs.

LEBM experiments performed on Al/Ni powder mixtures at an atomic ratio of 1:3
showed that highly reactive compacts with nanoscale lamellae can be produced that
exhibit similar thermal and phase formation characteristics to MFs with nanoscale
bilayer thicknesses, albeit at lower thermal front velocities. Ignition experiments
indicated near adiabatic reactions occurring within the pellets, which could be relatively
easily ignited with a locally applied small propane torch. LEBM of Al/Ni particles with
an overall composition of NiAl can produce powders with similar lamella structures,
which upon cold-compaction into pellets can be locally ignited using a low energy spark
from a battery and react in a self-propagating manner with uniform thermal fronts
having velocities up to 0.24 m/s. The powders can be incorporated into pure foils or
surfaces using rolling to generate thick reactive foils suitable for large scale bonding
and can be ignited away from the weld interface using a spark. In summary, similarities
between BM powder pellets and sputtered MFs were observed. BM has therefore the
potential for a novel and economical processing route for generating powders that can
be shaped into useful geometries (such as rolled into thin sheets) for thermal
manufacturing applications, and they can be an alternative to MFs used for bonding

applications.

UPC was mainly used for the synthesis of Al/Fe,O3; and Al/Cu,O compacts over a
wide range of powder ratios at room temperature. Powder consolidation was achieved
by a multistep procedure involving simultaneous application of pressure and ultrasonic
vibrations. The observed reaction characteristics of the composites (ignited using a
plasma source) are similar to those of previously reported thermite compacts prepared
by a traditional powder metallurgy method. Short processing times and non-requirement
of special processing conditions make the ultrasonic powder consolidation process very
promising. While further work is necessary to develop this process into a full-fledged
powder metallurgy method for reactive powder systems, it is believed that this
technique can be used as effectively as that of the existing ultrasonic consolidation

methods that are used in layered manufacturing techniques.
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2ovoyn

IInyéc evépyslog otn vavo-KAHOKO KOl OTN MIKO-KALOKO, TOPAYyOVIOL LE
puebodovg Ommg PouPopdicpd pe cOUATIOW, YNUIKN OVOY®YN Kol NAEKTPOYMUIKN
evamobeon, Kol £YOVV EAKVGEL TO EVOOPEPOV T TEAELTOiN YPpdVIO ®G TOAVE KavE
EPYOAEIN OTY VOVO-KOTOOKELGTIKY] KOU HIKPO-KATOCKEVOOTIKN. Avtd To e£mBepua
VMKA amoTeEAOVVTOL OO ETEPOOOUES PTILYUEVES OO OVTIOPACTIKO GUCTHLOTO TTOAADV
VAKOV, .Y, detodlkd olovpivio (Al) kot datdéeic vikediov (Ni), ta omoia petd omd

eEwtepkn avdereln, anelevfepmdvovy eEwBepikd, Tomkd cvyKEVTPp®UEVT) BepproTnTal.

Ynep-Aentd (otn vavo-kiipaxa) toAv-otpouatikd vuévio (ITY) ta omoia &govv
evamotefel pe PouPapdiopd, ypnowomorovvior cav  vovo-Oepuikég mnysg, Ko
eppaviCovioar oAy vrooydueva otn Bepuik] vavoteyvoioyia, agov eivar otabepd,
a&omota, Propovv vo, dieyepfohv GYETIKA EVKOAN e YOUNANG EVEPYELNG oTiBa amd o
umotopio Kot ekBétovy avtidpaoels eEdOepung avtd-otddoong (AEAA). Qotdco, 1
yonon ITY mepopileton  Ady®w  T0L  vynAod  kdotovg  mopoyoyng  (kvpiomg
ypnopomowwvtog Pvokny Evomobeon Atpod). Avti n datpiPfn gixe coav otdxo v
avalntnon evog tpomov mpocEyyons e e€mbepung ocvumeprpopds tov ITY pe v
TOPOYMOYT OVTIOPOVGAV CLGCOUATOUATOV YPNCIULOTOIOVTAS KVpiwg Mnyavikn Aleon

(MA), xat og Myotepo Pabpo Yrepnymrikr Zvvévoon Koveov (YEK).

[Taporo mov n MA éyer ypnoworomBel oe peydro Pabud yu 1 mopoymyn
perypdtov Al/NI pe avdtepeg unyovike 1010TNTEG 08 VYNAEC DEpLOKPAGIES, GE QLT TN
UEAETN, YIVETOL OVOLPOPE GTN YPTOT CLVEYOUEVNG KOl SIOUKOTTOUEVNC YOUUNANG EVEPYELOG
MA. H yapning evépysia MA €yt ypnoipomomBel yio tv avéapeién Al/Ni kovewv, pe
AOyo popuokng ovykévipoong 1:3 ko 1:1, ywo tov ekientuoopd tov popiov mov
ATOTEAOVV TNV UIKPO-O0Un HEXPL TNV ONovpYic SOPUdV GAOVUIVIOIOV VIKEAIOV, KOl TOV
kaBopiopd 1OV Kpioov YPOVOL GAECNG YO TNV TAPUY®YY] CUCOMUATMOGEMY TOL
pmopovv vo. avapiexfovv. Iepdpota pe to cvommua Al-Ni éxouvv ekteleotel, Ady®
TOv OTL 01 dVO OKOVES €ivol OYeTIKA @OONVEG, Kol Ol OVTOPAGELS TOVG €ivol TOAD
eEwBepukéc ko kKadd meprypapopeves. Ot adeouéveg okoveg elyav cvooopatwdel o

Oeppokpacia dwpatiov oe oceopidlr kot eiyav  avagieyfel o©10  AKpO  TOLG
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APNOLOTOIDVTAG €ite pia PKpn @AOYa mpomaviov eite por omiBo younAng evépyelog
amod o protapio 9 V. O avudpdosig giyav peietndel ypnoLOTOIdVTOG LYNANG-
TayOTNTOG KOUEPO Kol LETEPLOPN KAUEPO YIOL TOV VLIOAOYICUO TNG TOXVTNTOC TOV
Oeppikovd  petdmOL, TNV TOMIKNG Ogpuokpociog avaeAieing kot TG UEYIOTNG
Beppokpaciag tov oeapdiov, ™G olkng Oepuokpaciog tov deiypotog kKatd TN
dlapKeLa TG ovAPAEENS KAl TOL ¥POVOL OV YPELIGTNKE Yol TN avaeAesn. Ta cpaipidta
€yovv yapokmnplobei pe ) ypnomn Arpopikng Availvong Oepudopétpnong (AAO) yo
TOoV VTOAOYIGUO NG evBuATiog TV avtidpdoewv. AAG &eiyxe yivel pe d10KOT oVALESH
Tov eEdbeppmv kopvemv. Atdbraon pe Axtives-X (AAX) eixe ypnoonombel yuo to
KaBopiopd TtV @acewmv ot omoieg &xovv Omuovpyndel mpv ko petd omd khde
avaeieln, kot yia ) dtokontopevn AAG® yua T cOyKpion ¢ Oepuikng avtidpaong Kot

TOV QACEDV GE GYEOT LE AVTA TV LITO-KeVO-gvamotiBépevoy ITY.

[Mepdpota yapming evépyetog MA ektedéotniay og avapetypéveg okoveg Al/Ni
pe atopukd mnAiko 1:3, kot £xovv dei&el 6Tl umopovv va TopayHovv CLGCMUATMOTO
OV OMOTEAOVVTOL OO AEMTA-GTPOUATO GTY] VOVOKAILOKO Kot To. otoio. £(0VV VYNAN
avTPAoTIKOTNTA. AVTEG Ol OGKOVEG £XOVV YOPOKINPIOTIKE Tapdpole o€ Oeplikn
avAmTLEN Ko yNUKS oynuoticpd pe ovtd tov ITY ta omoia £govv SUTAOGTPOUOTIKG
VUEVIOL OTY] VOVOKAMUOKO, HOAOVOTL HE YOUNAOTEPES TOYVTNTEG OEpUIKOV UETOTWV.
[Tewpapata Beppukng avdereing €xovv ocilet Ot oYedov adlafatikés avTdploelg
UTOPOLV VO GUUBOVV GTO GLUGCMOUATAOUOTO, TO OTOlR LITOPOVV VO OVAPAEYHOVV GYETIKA
€0KOAOL LUE TNV EPAPUOYN TOTIKE £VOG LKPOV Tupcod mpomaviov. Topotid Al/Ni and
yopnAng evépyelag MA pe ocuvolkny ovvleon NIAl puropodv vo mapdyovv okdveg pe
TAPOUOL. AETTO GTPMOUOTE GTN OOUN TOLG, TO Omoie WHETH Amd CLGCMOUATMON GE
Beppokpacio dopatiov pmopodv vo avaeAEXBOVV TOTMIKA HE TN YPNON YOUNANG
evépyelog omifag amd po pmotapio, Kot vo OvVIOPAGOLV HE TPOTO aVTO-d1000MG LLE
opotopopeo. Oepikd pétmma tor omoia Eyovv Toyvnteg uéypt 0.24 m/s. Ov okodveg
umopoHv vo eveopat®wfoiv péca e VUEVIA 1| EMPAVELEG YPNOLULOTOIOVTOG KOAIOT Y
N dNpovpyic avTOPACTIKGOV VUEVIOV HEYEAOD TOYOVS Ta omoia elval KOTAAANAQ Yol
GLYKOAAMOELG UEYOANG KAILOKOG Kot TO OToiol HTopovV Vo ava@Aexfovv pokpld amd
™V EMEAVEIL CLVEVOONS YPNOoToldvTag Mot omiba. Zvvoyiloviog, OpoldTNTEG
peta&y tov kévewv MA kol tov ITY mov éyovv evamotebel pe BouPapdiocpnd £xovv
nmapotnpnOel. Emopévmg, 1 MA eivor por duvopikn, véa Kot otkovoptk] péfodog yia

dnpovpyia kKOvemv ot omoieg o damhactodv o€ ¥pNolEg YempeTpieg (0mmg 1 KOAoN
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oe AemTd VUEVID) YO €QOPUOYEG OTN OEPUIKN KOTOOKELOOTIKY, KOlU HTOPEL va

avtikataotioet ta [TY o6Tig cuykoAAoELs.

H pébodoc YEK ypnouonomdnke koping yo tn ovvleon Al/Fe,03 kat
Al/Cu,0 cveocopotopdtov o€ to evpeia KAipoka avaioyiog kOvemv og Beppokpacio
dopatiov. H cuvévmon kovewv glye emtevydei oe pa dtodikacio ToAl®v fnpdtov n
omoia eVETAEKE TAVTOYPOVN EPAPLOYT TIEGNS KO LITEPNYNTIKAOV Kupdtmv. Ta
YOPOKTNPIOTIKA TOV OvVTIOPAcE®Y TV oOVOETOV KOVE®V OV TTapotnpOnkay (To onoia
AVOQAEYNKOV LE TTNYH TAACUOTOC) EIVOL OO0 UE CLEGCOUUTMUOTO BEPUITMOV 0TO OTTOTa,
£yve avapopd Kot To 0701l £Y0VV ETOLACTEL LE TOPASOCIOKES TEXVIKEG LETOAAOVPYIOG
Koévewv. O pikpdg xpovog emeEepyasiog Kot 1 U avoyKotdTnTo EWIKOV cuvOnKoOV
eneEepyaoiag kKavouv v YZK pa pébodo moAid vrooydpevn. Kabbg nepartépm Epgouva
elvar amapaitn yo v avdntuén g pebodov o pia pébodo petarlovpyiog KOVE®V
Y10 OVTIOPAGTIKA GUGTNUOTO, TIGTEVETE OTL 0V TN 1 LEB0JOG umopet va, ypnotpomombet
OTOTELECUATIKA OTTMG 01 AN VIAPYOVGES LEBOSOVE VILEPNYNTIKEG CUVEVMGELS Ol OTTOTES

YPNOLOTOLOVVTOL GE TEYVIKEG KATATKEVOGTIKES OCTPOUATOV.
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Part |

1 INTRODUCTION

Self-Propagating Exothermic Reaction (SPER) was firstly observed and
developed in the Former Soviet Union. SPER is also called Self-Propagating High-
Temperature Synthesis (SHS), since initially it was used mostly for material
synthesis. Members of the Institute of Chemical Physics, in 1967, discovered the
phenomenon of igniting titanium-boron mixtures, where they observed a luminous
front propagating and clearly separating the initial reactant mixture from a hot solid
product [1]. Interpretation and further study of the phenomenon concluded that
materials of different chemical character are able to interact under SPER. These
materials may be solid, liquid, gaseous or even mixed, and form hard refractory
products by self-heating even at very high temperatures. In the 1960’s, the
identification of material systems that exhibited SPER was a success, before realising
that there were so many reactive systems [2, 3, 4]. According to scientists, most
interesting were the initially solid substances, which became the objective of research
due to velocities and mass transfer differences, with parallel explosive behaviour and
lack of gaseous products involved.

Useful refractory compounds like borides, carbides, and silicides were then easier
to produce without any special efforts. As expected, the products from the beginning
exhibited a notable hardness, allowing for a new approach to the problem of
refractory compound synthesis, with high purity products compared to those produced
by other methods such as furnace synthesis, but with lower porosity. Moreover, the
non-metal and metal compounds, stable at high temperatures, evolved structurally
with temperature during the process. Following that realization, there was refractory

compound production on the industrial scale, stimulating further development of



technological work, even though the compounds required different processing
conditions. In 1975, scientists started combining SPER with metallurgy and machine-
building technology for sintering, hot-pressing, extrusion, rolling and welding in order
to synthesise parts and products of elaborate shape and suitable size with the desired

properties.

The interest of scientists in SPER increased between the 70’s and the 80’s, where
the number of exothermic-behaviour-related products increased suddenly to over 400
[1]. The unique properties of SPER such as the extremely high temperature, fast
heating rates and short reaction times caused interest in the synthesis of materials,
especially with potentially controllable microstructure. Synthesis mechanisms and
microstructure forming processes were studied, which in some cases included post-
combustion treatment, with the purpose of producing materials with desired
properties. The mostly used treatment is annealing at temperatures between 800°C
and 1200°C, since thermal stresses become minor especially in brittle materials. Of
importance are considered the characteristics of green mixture reaction conditions,
which are related to the reactant particle size, the particle morphology and size
distribution, the stoichiometry, the initial density, the sample size, the initial
temperature and the gas pressure. Mostly studied are the front propagation velocity,
the temperature as a function of the time profile, and the maximum temperature, with
the latter attracting the maximum attention. Ideally, heat losses would be considered
negligible and hence complete conversion of reactants would take place, with the
maximum temperature reaching the adiabatic temperature. However under non-ideal
conditions, the maximum temperature depends on the experimental parameters and

the material-particle characteristics.

Experiments indicated that self-propagating reactions are highly exothermic and
self-sustaining. However, they do not self-initiate typically without an external
ignition source. Another approach is to heat the entire sample up to a certain
temperature at which the reaction becomes spontaneous. In the latter case heat-wave
propagation is not observed, but the reaction takes place nearly simultaneously
everywhere in the reactant mixture. Hence, the reaction characteristics of the
concerned materials have to be studied according to the experimental and material

parameters for a complete study of the behaviour of the sample during reaction.



Additionally, information of the sample after reaction might also be valuable, since
theoretical expectations were eliminated during studies, indicating that modelling
oversimplifies the reaction characteristics. One example is the fact that the expected
defects and impurities due to the high temperature gradients are not formed during

experiments.

The investigation of the ignition of metal porous substances in nitrogen led to the
theory of filtration, which exhibited the oscillatory and spin waves of the ignition,
important for the chemical stability processes. A stationary interlayer reaction is not
trivial and propagates with spatial inhomogeneities. The layer to layer reaction
propagation consists of characteristic modes, i.e. the oscillatory and the spin mode.
The former is characterised by rapid cyclic displacements and stops, flashes and
extinctions, whereas the latter propagates at constant velocity along definite encircling
trajectories at one or more reaction spots [5, 6]. Later it became clear that both
regimes were manifestations of an unstable condition, due to sensitivity to
longitudinal minor perturbations and to transverse perturbations for oscillatory and
spin regimes respectively, in general called thermal instabilities [7]. In both cases the

layer ahead is heated due to the heat transferred [6].

SPER features are attractive for commercial synthesis with the potential for new
materials and lower costs compared to conventional methods of furnace synthesis.
The apparatus needed for synthesis is relatively simple, since no equipment is
required for bulk heating of the materials, while significant reduction of workspace
makes this synthesis feasible outdoors. Additionally, there is a notably small amount
of impurities, even lower than those of the initial material, which shows that the
material self-purifies. Synthesis temperatures might be higher in comparison to
conventional furnaces, which, in addition to the short reaction time, introduce the
production of materials and articles directly during reaction. Additionally, the high
temperatures result in melting of products presenting more dense products. However,
materials synthesis using SPER is favourably lower in cost since synthesis is simple
with no additional equipment. Even low-cost materials can be ignited/processed with
significant reduction in workspace requirements. The power consumption is the

minimum since it utilises heat solely from chemical reaction with no external source,



hence feasible outdoors. Presence of metastable phases and unique structures were

observed.

For the above reasons, SPER is used for the formation of
a) Abrasive tools, cutting tools and polishing powders
b) Resistive heating elements
c) High-temperature lubricants
d) Neutron attenuators
e) Shape memory alloys
f) High-temperature structural alloys
g) Steel processing additives
h) Electrodes for electrolysis of corrosive media
i) Coatings for containment of liquid metals and corrosive media

j) Powders for ceramic



2 FABRICATION OF REACTIVE STRUCTURES

Modern fabrication technology in the micro- and nano-scale has introduced novel
materials with unique geometrical and material structures and capabilities. However, a
limitation to future development are the often expensive materials, the toxic
chemicals, the requisite research lab-grade instrumentation, the necessary cleanroom
environment, the little flexibility and environmental safety. These industrial
limitations restrict the utilization of nanostructures and inherit the old technology to

the new microscale devices with nanoscale features.

Reaching down to the nano-world, self-assembly of atomic and molecular
complexes yields a large variety of random branching trees, such as grain structures in
metals and alloys, crystalline dendrites of oxide nano-rods, block copolymers, star
fractal polymer networks, and biomolecular constructs of proteins and DNA [8].
Some of them are reactive and could be used in thermal nanotechnology, such as
metal and metal oxide nano-powders, sol-gel systems, nanocomposites obtained from

mechanical alloying and sputtered multilayer films [9, 10].

The most notable reactive structures are multilayer foils (MFs). Nano-composite
foils are manufactured via vapor deposition techniques, e.g. physical and chemical
vapor deposition, via electrochemical deposition, mechanical fabrication, evaporation,
and magnetron sputtering (the most common technique). Sensitivity of multilayer
foils to fabrication of chemically distinct layers is known, which is attributed to the
atomic fluxes from each source of layer deposition, while biaxial stresses need to be
controlled. Film ignition characterization should follow that of overall thickness, and
the thickness of each layer individually. According to Gunduz et al., [11], during
ignition of very thick bilayers (thickness in the order of microns), the thermal distance
ahead of the flame front becomes comparable to the overall foil size. This leads to the
requirement of bulk heating of the foil to start the reaction in the thermal explosion
mode for thick bilayers, which was observed experimentally [12, 13]. By adjusting
the bilayer thickness, the reaction velocity can be varied between 0.01-30 m/s. The
application of MFs as heat sources has been prohibited so far, mainly due to limited

control of the heat generation rate.



Most attention has been directed to titanium and molebdenium silicides which have
excellent oxidation resistance, high melting points, low density and high electrical and
thermal conductivities. Intermetallics of Ti with Ni, Co and Fe require low increase
above room temperature to initiate self-sustained reaction. They have shape memory
characteristics and have been used in industrial production of sheets, tubes and wires
with shape memory in Russia. Aluminides were composed using Ni, Ti, Zr, Cr, Co,
Mo, and Cu, with the first two to receive most of the attention. Aluminides have been
used as binder for carbides and borides, and on the other hand they have been utilised
as intermetallics since they possess high heat of formation and can be produced by
exothermic regimes. Aluminides have high plasticity at the reaction temperature, and
hence pore-less aluminides can be produced with different methods like hydraulic hot
pressing, hot rolling under vacuum, dynamic densification and super-plastic

consolidation [1].

Anodized alumina templating offers an affordable non-clean room high rate
patterning technique for deposition of nanorods in dense arrays across the layer
thickness [14]. Such anodized aluminum oxide membrane display uniform, densely
packed hexagonal arrays of cylindrical nanopores with thickness up to 500 um and
diameters up to 250 nm [8]. These nanopores arrays can be used as templates for
fabrication of various metallic nanorods. Successive films can be deposited in
alumina. Bilayer Al-Ni nanorods were deposited and could be ignited as Al-Ni MFs
[14].

Carbon nano-network deposition was shown to produce fractal tree structures with
trunks, branches and leafages made of carbon allotropic forms. Branching carbon
nanotubes using Ni nanoparticles as active catalyst, was the result with different
reaction rates [8].

Nanoheaters of different heterostructures made of reactive multi-materials systems
were fabricated by different processing techniques. External ignition allows release of
concentrated exothermic heat. Such thermally active structures were fabricated by roll
bonding of alternating metal foils stacks and by ball milling or ultrasonically

consolidating powders [15, 16]. However, bulk heating of the specimens is required



since the layer thicknesses of multilayer foils could not be approached. Metal oxide
nano-powders are more widely used compared to the metal powders. The thermite
reaction leads to the formation of a more stable oxide and metal composites.
However, their processing is difficult due to difficulties in homogeneous mixing, low
compressibility, passivation and abnormal self-ignition. Micro-sized powders exhibit
intense interaction when the melting of Al is reached, whereas nano-powders are
fairly active in solid-state reactions as well. It was observed that the fraction of active
aluminum decreases from 99.5% for 20 nm particles to 44% for 30 nm particles,

hence decreasing the maximum temperature reached [9].

Sol-gel systems also exhibit exothermic behavior. The advantages of sol gel
systems are homogeneous mixing, thin layer formation, short cooling times and
higher burning rates from metal and metal oxide nano-powders due to lower
conductivity. Disadvantages are the large amount of gas phase products, and the low

burning temperatures [9].

By observing the different scientific methods of advanced material formation and
the design of very small devices, two different approaches can be presented; the “top-
down” and the “bottom-up” approach. The first approach takes a block of material
and whittles it away to the object that is wanted; for example, melting metal into
shapes. The second approach handles individual atoms and molecules to an assembly,
as if creating an atomic building. Having comprehended how mechanisms in nano-
and micro-world could work through chemical, physical and biological understanding
and the development of new structures of nano-fabrication [17], both approaches
could be precise. In this research, the fabrication of cost-effective reactive structures
is required and the replacement of the existing relatively expensive structures, i.e. thin
films, by low cost structures. Hence, the replacement of a “bottom-up” method, i.e.
sputtering, by two, less expensive “top-down” methods, i.e. Ball Milling and

Ultrasonic Consolidation, is required.

The advantage of a cost-effective structure of the “top-down” technique intrigues
research. However, the disadvantage of a non-controllable technique, which cannot be
studied in detail in-situ, might restrict straightforward results. In contrast, a bottom-up

technique might be more controllable and the observation of potential problems is



more possible, while a top-down technique, like BM, could not be so precise in
overcoming the questions that arise through the studies. Hence, the assumption is that
cost-effective advanced materials could be formed for industrial applications although
parallel difficulties while lowering the scale might result in not well-described

materials.

The issues of process robustness, flexibility, throughput, efficiency, affordability,
health, safety and environmental sustainability are central in technologies and
manufacturing. Regarding yielding low production costs in industrial realization, the
non-cleanroom, robust, affordable, continuous manufacturing processes are designed

for low infrastructure needs, and for scale-up to multiple parallel production lines.



3 BACKGROUND ON SELF-PROPAGATING REACTION

3.1 Heat Wave-front Characteristics and Reaction Propagation

SPER is characterised by a heat wavefront travelling across the material. The
reaction is followed by zones of chemical reactions and various physicochemical
conversions, stable or unstable. The temperature profiles of the heat wave-front carry
information for the process and the material, and hence scientists devoted effort on the
characterisation of the temperature profiles using thermocouples and optico-spectral
methods, indicating four types of temperature profiles. These profiles are named
narrow zones, wide zones, chemical stages and phase transition as illustrated in Figure
1 [6]. The first case, the Narrow zone (Type 1), is the most common theoretical
approach, where the wave propagation consists of a heated layer and a narrow
reaction zone. The Wide zone (Type Il) consists of two subzones, the propagation and
the post-reaction where the first one promotes the wave-front displacement. The
Chemical stages (Type Ill) are characterised by two zones of chemical reactions,
where the wave-front propagation is affected only by the first zone. Type 1V, the
Phase transitions, is characterised by the presence of an isothermal region, a plateau

that results from chemical reaction and parallel phase transitions, e.g. melting.
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Figure 1: Temperature profiles associated with the heat wave-front [6]



Type | is completely different than the other three profiles, since there is
complete conversion of the substance, and the maximum temperature is evaluated by
thermodynamic calculations assuming negligible heat losses. In contrast to the other
three types, the front velocity depends on the partial conversion of the substance at
temperatures lower than the adiabatic temperature. Heat losses and incomplete
conversion of the initial reactants affect the temperature, until complete conversion of
reactants results due to the presence of a narrow reaction zone. It has to be noted that
the temperature profiles cannot completely describe the wave structure, since other

parameters are also important to describe during experiments [6].

The last three profiles inhibit the reaction: Type Il with the product layers, Type
Il with phase transformations where the melting point is equal to the temperature that
the conversion initiates, and Type IV with multistage spatially separated reactions as
complex reactions. The actual temperature profiles may be a combination of several
elemental ones. Some computer simulations indicated that the reaction synthesis
might be described by initiation of the reaction with a sudden peak which briefly
exceeds the adiabatic temperature. However, these profiles resemble early works in

reaction of gasses where an ignition model was used [18].

The reaction after igniting a system is a chemical reaction localised in the vicinity
of the heat wave-front and propagates throughout the reaction media, converting the
reactants into products. Two groups of reaction waves exist; continuous and discrete.
The first one can be assumed when the size of heterogeneity is small compared to the
thickness of the reaction wave, whereas the second one is characterised by large
scales of heterogeneity. During both cases of reaction waves, space distributions of
temperature, concentration and density are present, and cannot be described as
homogeneous. Nevertheless, the reaction propagates through such systems in a wave-
like manner with approximately constant velocity. According to the homogeneous
theory, the velocity is constant and slow due to inter-diffusion of the components,
while the temperature profile shifts, maintaining its shape. The velocity and the

temperature of the reaction wave define the behaviour of the system (e.g. spin).
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3.2 Reaction Propagation

Initially, the external heat source is applied at one end of the compact, thus
raising the temperature in the immediate layer to the ignition temperature. Once the
reaction occurs, the external energy source serves no further purpose and can be
switched off. The heat that evolves from the reaction heats up the adjacent reactant
layer to the ignition temperature and hence a reaction wave travels through the
compact on its own, consuming reactants and forming products. Since some of the
heat of the reaction can be self-sustained, and the heat of reaction is used to heat up
the adjacent layer, the adiabatic temperature will not be reached. If the reaction is not
self-sustained, the compact must be heated to a higher temperature and then the heat
which will be needed to raise the temperature of the adjacent layer is reduced, thus
promoting self-propagating. However, a reaction might be restricted from being SPER
if the heat is conducted away from the adjacent layer before it has time to reach the
ignition temperature, usually with reactants with high thermal conductivities and high

densities.

Chemical and structural transformations progress during the ignition, while
chemical and phase compositions proceed behind the reaction. The phases formed can
be characterised by the phase diagram of the system, either as intermediate products
or either as final products at the state of local equilibrium. Typically during solid-
phase reactions, low reaction velocities correspond more clearly at the phase diagram
of the system. The products are mostly in the metastable state, since the reaction
velocities are of the order of few millimetres per second, and after sequential chemical
conversions, chemical completion away from the heat front forms the final structure.
Hence the products do not reflect the phase diagram, since equilibrium phases may
form in small amounts or may not form at all. The time of reaction completion is
increased when more homogeneous products are formed. Hence, rapid SPER indicate
experimentally a non-equilibrium condition which was not described adequately
mathematically, since morphology, sample porosity, chemical and phase
inhomogeneity and microstructure effects should be taken into account during layer-
to-layer reaction. For example, intentional decrease of the maximum temperature

results in a flake-structure which is inhomogeneous across the thickness.
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Through years of study, researchers noted that the satisfactory operation
properties of final products can lead to the chemical products of desired compositions,
simple and multi-component materials of desired structure, samples of definite size
and form, and products of required operational characteristics [19, 20, 21, 22].
Utilisation of cheap chemical energy instead of electrical energy, and of fast bulk self-
heating rather than slow heating through the substance surface, could best describe
SPER.

3.3 Microstructure and Reaction

SPER constitutes a gasless synthesis where the product is weakly influenced by
changes of the environment, i.e. pressure or inert gases, and depends greatly on the
material concentration ratios, reactant particle size, green density and maximum
temperature. Microstructural models have also been studied, with variables including
the reactant particle size and distribution, the product layer thickness and the
combustion characteristics, including the speed and the maximum temperature. The
first models that were developed considered that the elementary reaction cell consists
of alternating lamellae of the two reactants which diffuse through a product layer to

react.

Comparison of the micro-structural characteristics and the reaction wave
indicated that coarse powders, larger than 40 um, approximately correspond to the
number of hot spots. In contrast, in case of finer Ti particles, every 3-5 particles form
a hot spot. This is a first indication that several parameters of the wave-front strongly
depend on the number, size and location of the Ti particles. Of importance is the fact
that the typical lifetime of hot spots is at least ten times shorter than the time between
consecutive appearances of hot spots in the same area, whereas larger particles cause
a delay due to the requirement of preheating. Finally, hot spots have shorter lifetimes
in dense samples. Hence, a decrease in reactant particle size does not lead to a quasi-

homogeneous reaction; instead, the opposite holds true [23, 24].

The interstices between the zones can be divided according to the
physicochemical nature of the initial and final product structures. The driving force of
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the whole process is the reduction of Gibbs free energy resulting from the formation
of new chemical bonding, even at the presence of non-equilibrium conditions. At the
final stage of the reaction, the free energy reduces further due to interfacial surface
reduction, determining the crystal structure. These physical effects are completed at
the end without further chemical compositional changes, and at the presence of quasi-
equilibrium conditions. In general, it can be argued that the initial product structure
may be defined as that formed during the chemical reaction in the proper zone, which
becomes the starting point of the final structure that yields the desired product in the

post-reaction Zone.

The major physicochemical processes occurring during reaction according to
Varma et al.. [1] are:
1. Heat transfer from the reaction zone to the unreacted particles ahead of the
reaction front
. Phase transitions
. Formation of eutectic melts and contact melting

. Melting of reactants

g B~ W N

. Spreading of melting phase under the action of capillary forces and due to the
reduction of surface tension

6. Coalescence of fused particles

7. Gasification of volatile impurities and reactants

8. Chemical reaction with initial product formation

9. Melting of intermediate products

10. Melt crystallization upon cooling

11. Crystal growth

12. Phase transitions in solid products during cooling

13. Ordering of the crystal structure.

Up to the ninth process the temperature increases, and the other four take place
behind the reaction front. Since the velocity is approximately constant, the conditions
of product formation in the combustion zone are not significantly influenced by the
heat losses. Further studies for the structure and material progress during reaction
have been done by quenching specimens. Results have shown that there is a rapid

increase in grain size that approaches a constant value in the post-reaction zone.

13



Examination of the NizAl system has own that Ni,Als and NiAl layers initially appear
at the surface of the Ni, and then the NisAl product is formed. However, studies of a
quenched Ni/Al system have shown that Ni and Al melt simultaneously and coalesce
in the reaction zone, resulting in the appearance of NiAl crystals in the volume of
melt. Homogenization of the chemical composition occurs at the post-reaction zone,

and was named reaction coalescence mechanism by Rogachev et al. [25].

Theoretical results indicated that heterogeneous reaction results in at least one
component to remain solid. Heterogeneous reactions occur by diffusion of the
components through the solid layer of the product formed along the boundary
between the reactants. However, solid state diffusion limited the diffusion rate, but
thermal conductivity in the bulk solid material is considered to be significant for the
heat transfer of the reaction. The experimental results discussed above indicated that
diffusion controlled by mass transfer of the liquid is only observed at a small portion

of the systems during the experiments.

The heterogeneous reaction initiates at a temperature related to the melting point
of one of the reagents or to its dissociation, and hence is related to the reagent phase
transformation and not to any ambient conditions. This correlation is strongly related
to the enhancement of diffusion between the reagents. Thus, the thermal and chemical
heterogeneity of the reaction media are important to describe the reaction wave
propagation of the system, though there are no algorithms, homogeneous or
heterogeneous, allowing precise calculations of the reaction velocity of the micro-
mixtures without using a fitting parameter. Many of the existing theoretical results
explain the experimental data, but none of them provide comprehensive patterns for

this complex reaction.

Aleksandrv and Korchagin [26], trying to study the SPER, investigated the
reaction between one film and one particle of different systems. They concluded that
in all cases melting of the less refractory element initiates the reaction and hence there
is not solid-solid reaction. Hence, they proposed the mechanism at which the melting
of the less refractory element or eutectic mixture initiates diffusion of the atoms of the
molten element into the more refractory elements forming intermediate phases. The

reaction continues by the dissolution of phases at the liquid intermediate-phase
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boundary, with the processes progressing simultaneously and consuming more and
more refractory element, while the intermediate phases remain constant. When the
concentration represents a saturation level, the final product is reached. Hence, the
rate of reaction is governed by the diffusion and formation of intermediate and final

products.

It was determined that the interaction between particle-foil components initiated
after the appearance of a liquid phase that diffuses into the solid phase. Hence, a
primary product layer allows the solid to pass to the liquid phase by dissolution. It is
very important that diffusion coefficients of the liquid component exceeded the
known values for the bulk bimetallic samples. Structural results are similar to those
detected in the quenched reaction zone, which show that fine grains form at the early
stages of experiments, followed by coarsening of grains, which takes place in a few
seconds. Their agreement suggests that the particle and foil experiments simulate

particulate reactant interaction within pressed compacts.

3.4 SPER and different parameters

SPER can occur in two modes, the SHS and the volume synthesis. When heated
by an external heat source, the exothermic reaction system initiates through local
heating, or uniform heating for the latter one (volume synthesis). SPER is considered
to be a well organised wavelike propagation of the exothermic chemical reaction
through a heterogeneous medium, followed by desired products, with peak
temperatures up to 4000K [18]. The volume reaction requires the sample to be heated
uniformly until the reaction initiates, usually for weakly exothermic reaction that refer
to preheat requirement before reaction starts. Volume reaction synthesis via various
heaters was used in the past to synthesise weakly exothermic systems. Both modes are
characterised by extremely high temperatures, fast heating rates and short reaction
times. There is no precise tailoring of the product microstructure based on the

synthesis mode, the process or the reaction.

The main characteristics that affect the reaction include mean reactant particle
size, morphology, size distribution of the reactant particles, reactant stoichiometry,
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initial density, sample size, initial temperature, and dilution if present. The most
commonly described reaction characteristic, which depends on the above main
characteristics and on the amount of reacted material, is the maximum temperature.
The maximum reached temperature can be assumed equal to the adiabatic temperature
if there are negligible heat losses and if there is complete conversion of the reactants,

which rarely occurs.

The dependence of the velocity on the particle size of the reactants has been
examined by Naiborodenko and Itin [27] for the case of synthesis of NiAl, and it was
concluded that the lack of dependence of the velocity on the particle size of Al
implies that this element is in the liquid state during reaction. In a subsequent
investigation, the same authors [28] suggested that the particle size of both reactants
(A1l and Ni) is important in determining the velocity of reaction, despite their
conclusion that both metals are molten in the reaction zone. Both observations were
summarised at the observation that the wave velocity decreases with increasing Al
size for fine Ni particles, and is independent of Al size if coarse particles of Ni are

used.

Different laboratory techniques have been designed to study the velocity and the
temperature distribution of the samples which exhibit SPER. These methods include
pyrometers, heating apparatuses, and pressure and density variation measurements.
However, little improvement was observed since difficulties include date acquisition,
control, and analysis of the techniques. Merzhanov [29] and Rice [30] generalised
several experimental results, and Varma et al., [18] generalised the relationships of
Figure 2. It is observed that both reaction temperature and velocity have maximum

values when

the green mixture has the most exothermic reaction
e the initial reactant particle size decrease

e there is no inert diluent

e there is maximum initial temperature

e the sample is larger than a critical value
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Figure 2: Reaction temperature and heat wave-front velocity as a function of sample
parameters i.e. reactant mixture composition, reactant particle size, dilution, initial

temperature, initial sample density and sample diameter [18]

Many exceptions have been observed and, hence, it is important to consider each
system individually. For example, as shown in Figure 2e, the green density effect on
the reaction propagation rate indicates that the reaction velocity increases as density
increases, or has a maximum value. Different explanations have been suggested with
most scientists attributing the main role to the effect of thermal conductivity, while
others suggest the effect of diffusivity to be greater. The reaction propagation rate
constantly increases when intimate contact between the reactant particles increases
and, hence, velocity increases [23]. Merzhanov et al., [6] suggested that the velocity
observed as a function of the green mixture density has a maximum at some
intermediate value. As the density is increased the contact between the particles
increases, which favours the reaction and propagation. However, as thermal
conductivity increases, more heat is lost due to the conduction from the reaction zone
to the unreacted area, inhibiting the propagation. These assumptions, even though
theoretically based, have not been proven experimentally, but are only based on
experimental considerations of the velocity increasing as a function of the green

density [1].

Observation of the dependence of wave front velocity as a function of green

density of the Ni/Al system for pre-heat treatment and for no previous heat treatment
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indicates that the samples that were not heat-treated exhibit a maximum, whereas in
non- heat-treated samples the velocity increased with increased density. This
behaviour changed for different stoichiometric ratios and for different materials. For
example, for the same Ni/Al system at a ratio of 3:1, a monotonic increase was
observed. The requirement of heat treatment was attributed to different adsorbed gas
impurities. In the same experiment, dependencies also included the initial temperature
of the sample, which increases the velocity monotonically with increasing initial
temperature of the sample. This is due to greater melting and coalescence of particles

in the reaction zone, which also increases the sample permeability.

In an early work on the Ti-C, Nb-B and Ti.B systems, it was observed that
densities between 0.38 and 0.56 are characterised by a SPER, whereas an oscillatory
mode is observed for higher densities. For relative low sample densities, escaping of
desorbed gases during the combustion wave is not limited by permeation and occurs
without the destruction of the reactant medium structure. By increasing the density,
thermal diffusivity increases and hence the velocity increases. At higher densities,
adsorbed gases are unable to escape due to low thermal permeability and as a
consequence gases are trapped inside the pores, lowering thermal conductivity and
forming cracks. On the contrary, in pellets with higher initial densities, the passage of
expanding contaminant gases during sample preheating was restricted due to lower
permeability, resulting in lower final product density. At lower densities, expanding

gases are expelled more easily, increasing the density.

From another point of view, the application of pressure during the reaction or

immediately afterwards has shown that high density products are obtained by

a) reaction hot pressing / reactive sintering under compression

b) reaction hot isostatic pressing

¢) shock and dynamic compaction

d) high pressure reaction sintering

e) powder injection molding

f) Exo-Melt process for melting and casting

g) reaction infiltration

h) hot extrusion reaction synthesis

1) microwave combustion synthesis
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3.5 SPER through modelling

In this project, no theoretical calculations were considered, since for the
calculations the complex estimation that involves diffusion control, phase transitions,
and multistage reactions result in a complex heat release function. One of the mostly
studied subjects, heat wave-front velocity, indicated that heat conduction occurs much
faster than mass diffusion. As a result, mass transfer by diffusion may be neglected at
the macroscopic scale and an average reactant distribution in the local region may be
used. Usually, in computational simulations, thermal and physical properties are the
average of reactant and product values. The chemical reaction during the exothermic
reaction is controlled only by heat evolution and heat transfer from the reaction zone
to the unreacted mixture. Additionally in the heat estimations, melting and
evaporation of the reactant might be introduced as a negative heat source, with the

phase transformation to be taken into account.

Not many theoretical and experimental results converge to the reaction
propagation characteristics, since different experimental conditions correspond to
different characteristics. The conclusion is that the unique conditions of reactions
lead to very high rates of chemical interaction. Due to the extremely fast heating rates
there is not enough time for the completion of the reaction, and intermediate products
form with various percentages of chemical conversion [18]. The one reactant melts
and spreads out on the surface of the second, which increases the common surface of
the two reactants and hence the reaction rate. If the reaction temperature is much
higher than the melting point of both reactants, then the reaction rate approaches a
critical heating rate. Under those critical heating rates the chemical reaction is
relatively slow, since it proceeds by diffusion of melted reagent though the solid layer

of the product formed at lower temperatures.

Modelling of only binary elemental systems have been studied extensively [11,
31, 32]. If a binary system of powder mixtures is considered, it can be observed that
one substance covered by layers of the others, provides large reactive surface if the
particles are small. The real mixtures are more complicated, since the surface of
contact is small between the particles, thus failing to provide purely solid state
reaction. In the case of a melting agent, the reaction-rate increases due to the melting
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in the preheating zone and the wettability under the action of capillary forces. The
melted agent spreads over the surface of the other agent particles, raising the rate of
the reaction process. If the elements do not melt, then solid state diffusion might take
place, and the mass transfer of the reactions is compensated by the large contact

surface promoting high-rate reaction [3, 33, 34].

Steady state propagation is observed when optimum experimental parameters
describe a constant temperature profile. However, when they move away from the
optimum, there are unsteady propagation regimes that are described by oscillating and
spin reaction synthesis. The reaction regimes are important since they do not only
influence the product microstructure but also the properties of the product. Thus,

modelling is more complex.

3.6 A closer observation

One restriction to the study of the reaction in detail, could be the thermocouple
size, which was shown that it should have a thickness of much less than the width of
the reaction in order to be able to characterise the thermal structure, i.e. it should be
less than a few micron meters, since the scale of heterogeneity is on the order of the
precursor dimensions. In general, an apparatus that could observe the spatial
resolution on the micron level and time scale in microseconds should be used, for
example high resolution pyrometers. The resolution of the systems for
characterisation should be able to test the hypothesis that a flat reaction wave-front
propagates in a steady state manner. However, monitoring of the same process with a
video camera with micron-resolution indicated that the reaction front has an irregular
shape and propagates in a sequence of rapid jumps and long hesitations [23, 24]. It is
observed that in conventional magnification, the wave-front appears flat and linearly
propagating, whereas at a closer observation it is revealed that the wave front is
irregular with convexities and concavities. Results have shown that the microstructure
of the combustion front is comparable to the particle shape and size. Heterogeneity
increases by increasing the reactant particle size and sample porosity, which makes
the sample wave front characteristics more complex. The difference is shown in

Figure 3, where the obvious difference indicates the discrete manner propagations
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during monitoring at different resolutions. Difficulty in measuring the velocity of the
wave-front supports the conclusion that the different wave-front points travel with
different velocities and hence observed bulk estimated velocity is an average value.
According to Mukasyan et al., [23] this indicates that the reaction hesitates most of
the time. This concept affirms that the process of reaction is in two steps, a) rapid
reaction of the specific local area and b) long ignition delay during which the next
reaction cell is preheated. Therefore, while the one region preheats the other
propagates, and hence this is named “relay-race”.

2.5 mm 100 um
— [ —

ﬂ

Direction Of Combustion Wave Propagation

Figure 3: Wave-front propagations [23]

Observation by micro-video analysis also indicated that the temperature is non-
uniformly distributed, and there are small bright hot spots randomly spread at the
vicinity of the reaction front. This indicated that there are local regions of high
temperatures, leading to a virtual propagation of high-temperature along a lateral
direction of the front. Hence, the hot regions exceed the average temperature of the
reaction front and the reaction rate is much higher. Hot spots were suggested to be
present at the locations of the most refractory reactant at the melting point of the other

reactant, e.g. at the Ti-Si system, the Si melted at the solid porous media and spread
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over the surface of Ti. Mukasyan et al., [23] pointed out that the melting point is
indicative of the ignition temperature of the system, and while the reaction time is
small, the generated heat does not have enough time to dissipate from the local area,
causing hot spots which might be greater than the adiabatic temperature of the system.
For this reason, criticism has been made of theoretical results, indicating that
according to the fundamental theory, the ignition temperature is determined by the
balance between reaction heat evolution and heat losses, which can vary from one

experiment to the other, and hence the ignition temperature is not a constant value.

The characteristics of the reaction wave front, including velocity and maximum
temperature, are affected by the processes that occur during the reaction and are
shown in Figure 2 above. The different zones that characterise SPER have been
experimentally determined by analysis of the temperature profiles using a
thermocouple. The studies have shown that the length of preheating zone varies from
0.05 mm to 0.3 mm, and can reach 20 to 30 mm for multistage reactions. The reaction
time can reach 10 s and the temperature up to 3000K. Hence, for these systems SPER

is characterized by fast heating rates, short reaction times and very high temperatures.
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4 THRESHOLD FOR THE IGNITION OF MATERIALS

4.1 Activation energy

SPER can be initiated in MFs by applying locally a small pulse of energy. The
energy can be supplied electrically using a spark of a current pulse, thermally using a
filament or a hotplate, or optically by using a laser pulse. If sufficient energy is
supplied, chemical mixing of layers will accelerate, and heat will be generated fast
enough for the reaction to propagate across the specimen. In an alternative method of
ignition, a sample can be heated uniformly until a state is reached where the reaction

can initiate as self-sustaining.

Activation energy (AE) is the energy required to initiate the reaction, and hence it
is leading the chemical reaction of the reaction wave. Thus, it is related to the
diffusion in the substance, i.e. high diffusion rate causes a high AE. AE was shown
theoretically to increase with temperature increment. However, experimental results
indicated initially that intermetallic systems have higher AE than other systems.
Furthermore, Knyazik et al., [35] indicated that a reaction of high AE exists below the
melting point, of Ti and C systems, and essentially of zero AE above the melting
point, which could not be established experimentally. Further study of the AE
indicated that a quasi-homogeneous model predicts independence of the sample
porosity, since it is related to the elemental process and atomic diffusion in the

sample.

AEs vary according to the different methods of the preparation of diffusion
couples [36]. Intermediate layer formation, since it includes nucleation and growth,
results in higher AEs, whereas bulk diffusion couple studies might also give different
results than thin film diffusion couples. Hence, for Ni,Al; the reported AE varies
between 98,6 kJ/mol and 126 kJ/mol, whereas NiAl; AE varies between 119 kJ/mol
and 167 kJ/mol. Additionally, AE varies according to the method and the materials
used, for example the AE of Ni,Al; of thin films [37] was reported to be 136 kJ/mol.
V. Filimonov et al., [38] reported the lowest activation energy for NizAl powder,
which was 4.4 KJ/mol, in contrast to previous reported values of 330 kJ/mol and

155kJ/mol. However, the powders processed by this research team were mechanically
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alloyed, which through plastic deformation of the mixture resulted in a large decrease
of the ignition temperature and AE. Other research teams also observed a decrease of

AE due to BM, with the decrease to reach almost half of the raw materials [39].

4.2 Adiabatic temperature

A very important parameter is the adiabatic temperature of the reaction, which is
the temperature reached under adiabatic conditions. However, the adiabatic
temperature value depends on the temperature at which the heat is released and hence
it should be specified when reporting the adiabatic temperatures (usually reported at
room temperature). The adiabatic temperature exhibits a roughly linear relation to the

. .. AH L e e e
enthalpy over heat capacity ratio, i.e. —2% . This linearity indicates low sensitivity
p298
to heat capacity [7]. Empirically it has been demonstrated that reactions are self-
sustained if the adiabatic temperature is higher that 1800K, which is related to ratio

AH o / y .

—28 greater than 2000K. Estimation of the adiabatic temperature should take into
p298

account melting of the compound, partially or wholly, and phase changes while the

related heat capacity is taken into account. The lower adiabatic temperature can be

attributed to the dissociation of the formed nickel aluminides and the consequent

reduction in overall heat generation.

The adiabatic temperature can be established experimentally only if adiabatic
conditions are present. However, heat losses are usually significant and the measured
temperatures can be several hundred degrees lower that the estimated adiabatic
temperature. An important deviation from adiabatic conditions relates to the geometry
of the sample, since it is observed that by increasing the diameter of a cylindrical
sample, the temperature increases up to a plateau value and then becomes constant
with increasing sample diameter further. Hence, in Figure 4 it is observed that TaC
and NiAl have a critical diameter of approximately 15 mm, while MoB has a critical
diameter around 25 mm. Increasing the sample diameter increases the ratio of
volumetric heat generation to surface heat losses. By increasing the diameter above a

critical value the maximum temperature approaches the adiabatic value and the
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propagation velocity becomes constant. Incomplete reaction often occurs which leads

to undesirable product phase composition.
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Figure 4: Maximum temperature as a function of sample diameter [7]

The dependence of the heat-wave front is illustrated in Figure 1 and is
characterised by a maximum at some intermediate value. However, theory suggests
that the velocity under adiabatic conditions should increase with increasing density,
since there is a higher thermal conductivity between the particles. This controversy
has been explained by various scientists. Varma and Lebrat [1] proposed that two
competing phenomena exist, but they were not verified experimentally. As the density
increases, intimate contact between the reactant particles increases, which enhances
both reaction and front propagation, while an increase in thermal conductivity at
higher densities, causes more heat to be lost from the reaction zone, inhibiting the
front propagation. Another hypothesis was suggested by Kirdiyashkin et al., [40] who
suggested that capillary spreading may control the reaction process due to the molten

material.
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5 THE AL — NI BINARY SYSTEM

The Ni-Al binary phase diagram contains AlsNi, AlsNiz, AlsNis, NiAl and NisAl,
as shown in Figure 5 [41]. Among those, NiAl and NisAl have the highest melting
points and have received the scientific attention due to their relative low densities,
good strength, high temperature corrosion, and oxidation resistance. Hence, they are
considered candidate materials for high temperature structural and coating
applications. An economic route for the production of these phases considered of
industrial interest is via SPER. Non-requirement of external pressure, very short
processing times, and low temperatures, compared to the melting points of these
phases, result in energy savings and thus economic benefits for the industries. The
mechanical properties of the intermetallics produced with SPER are equivalent to
those by other processing techniques. Experimental and modelling studies of
intermetallics keep growing, since the properties of nickel aluminides, in addition to
the intermetallic nature, are attractive. Disadvantages of this technique are a) porosity
of the products and reactants and b) the limited process control especially due to the
very high temperatures reached [41].
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Figure 5: The Al-Ni phase diagram [41]

26



An important parameter in the reaction synthesis is the adiabatic temperature. The
reaction that converts the reactants into products is exothermic and reaction rates can
be high enough to assume adiabatic conditions. Therefore, the heat of formation raises
the temperature to the adiabatic temperature with zero heat losses. However, when the
maximum temperature is measured experimentally, it is found to be equal to or lower
than the theoretical predicted adiabatic temperature. Heat losses can be attributed to
incomplete reactions, reduced rates, large reactant particles sizes and radial heat
losses from compact. The adiabatic temperature is useful in clarifying the reactants
and products state. For temperatures lower than the melting points of the products, the
reaction occurs in solid state, whereas for higher adiabatic temperature of one of the
products, the reaction is in solid-liquid state. For temperatures lower than the boiling
point of the reactants the reaction is termed gasless. Thermodynamic parameters of
some Al-Ni phases are shown at Tables 1 and 2, whereas Figure 6 indicates the

dependence of enthalpy on temperature.

Table 1: Enthalpy of formation, melting temperatures, adiabatic temperatures and

ratio of heat capacities for Al-Ni compounds [41]

Compound | AH; Tm (K) | Tag (K) C(R)IC(P)
Al;Ni -150.624 1127 1127 0.24
Al;Ni, -282.42 1406 1406 0.2

NiAl -118.407 1911 1911 0.48
NisAl -153.134 1668 1586.5 0.23

Table 2: Specific heat capacity for Al-Ni compounds [41]

Compound | Specific heat capacity
Al;Ni 43.144+138.406x10°T+14.611x10°T2-67.314x10°T?
Al3Ni, 106.067+34.303x10°T-0.001x105T 2+0.003x10°T?
NiAl 41.925+13.6x10°T-0.033x10°T2+0.1x10°T?
Ni;Al 88.491+32.218x10°T+0.001x10°T2-0.001x10°T?

From X-ray analysis it was determined that the sequence of reaction in the
formation of the aluminied includes

3AI+Ni=Al3Ni

NisAl+Al =NisAl,

3NizAl>+9Ni =6AINis
with the main reaction being AI+3Ni=AlNi;. Experimental results, for example
studying Ni-Al joints, indicated that in some cases NiAl, NisAl and NisAl; phases are
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not observed [36]. In other cases, for example in powders, only NisAl; was not
observed, indicating the dependence of the results and the diffusivity variation on the
processes. These phases, metastable or not, are followed by the main reaction which
takes place above the eutectic temperature, 640°C and includes a liquid phase

component. Liquid phase reactions lead to more dense products.

AH (Tigr= - [H(R) + H(P)] Reactants

ENTHALPY (J)
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Figure 6: Enthalpy of Al-Ni as a function of temperature [41]

The reaction initiates first by the formation of a transient liquid phase, typically a
eutectic or aluminium [12] (eutectic forms at 640°C and aluminum melts at 660°C).
The transient liquid then spreads through the compact consuming both the nickel and
aluminum. Low heating rates can give rise to the formation of aluminum-rich
intermetallics prior to the liquid formation. The melting of aluminum is inevitable in
the successful reaction synthesis of Ni—Al, as the melting point is only 20°C higher
than the eutectic temperature. The presence of a liquid phase (eutectic or aluminum)
during the Ni—Al reaction was found to have a prominent effect on the density of the

final product.

Since a liquid is required for SPER initiation, it is important for the low melting
point phase (Al) to be interconnected throughout the compact. Liquid causes
densification by particle re-arrangement and capillary forces. If there are areas
without Al, porosity will arise in areas in which there is no liquid phase at the reaction
temperature. This is additionally due to the fact that capillary action of the transient
liquid phase will not ensure interconnectivity and promote densification. It is accepted
that due to rapid spreading of the liquid Al, pore formation at prior particle sites is

common, especially at areas with large aluminum sections and large exotherms.
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Hence, it was suggested that the reactant particle size should be chosen correctly in
order to have complete reaction [42]. Biggs and Bhattacharya [43] indicated that
aluminum should be 2.5 times smaller than the size of nickel particles, hence for
NizAl composition, volume fraction of aluminum should be 34%. Similar results were
indicated for foils [12].

Although the eutectic Al/Al3Ni precedes the reaction, thermal analysis indicated
that the reaction can proceed at temperatures considerably lower than the eutectic.
This is attributed to solid state inter-diffusion which forms predominantly aluminium-
rich compound i.e. AlsNi and Al3Ni,. These reactions are exothermic and take place at
lower than the eutectic temperatures for high heating rates [44] resulting in higher
porosity due to the liquid spread. Morsi [41] suggested that phases like NizAl that
have less Al, have detrimental effects on the ignition temperature, whereas NiAl that

have more Al, results in dilution of the exothermic reaction.

The lower the heating rates, the more likely the solid state inter-diffusion occurs.
The higher the heating rates, there is loss of process control, and the external surface
of the compact is heated more rapidly than the interior. Hence, the reaction initiates at
the surface, moving into the interior. Additionally it was observed that:

a) Vacuum gives the best results since it reduces the heat loses to the surroundings,
thus maintaining the ignition temperature for slightly longer times [45]
b) The adiabatic temperature increases if melting of one of the products (NiAl) is

caused since the reaction kinetics is accelerated [46]
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6 BALL MILLED SAMPLES: MICROSTRUCTURES,
CHEMISTRIES AND GEOMETRIES

6.1 Introduction

Over the past few decades, Ball Milling (BM) has been used due to its simplicity
and inexpensiveness for the production of solid state materials. It is a processing
technique that has not totally been characterised, and which can create amorphous
materials, nanostructure phases and at its simplest form to mix materials that consist
of fine microstructure particles. The power that is given during BM process is
capable of mixing powders even of incompatible materials, like Al, Ni, Ti and Fe
[47], establishing a simple way for the creation of superalloys of unique
microstructure. This power/force is given by rotating the vial that contains the
powders-under-process and some balls. Thus, energy is delivered at very high rates
via the powder-ball-vial collisions.

BM is also named Mechanical Activation, because it is based on balls that in a
vial act as millers due to the huge power density that is provided to the materials [48,
49]. Arrested reactive milling and mechano-chemical activation are also some names
that can be found in the literature and which combine the mechanical energy given,
the chemical mixing and the activation of atoms due to the energy provided [3, 48].
The power is large enough to refine powders to even nanometer scales and hence mill
the powder. This power is delivered as energy to the powder, and as a consequence
the results depend on the energy given to the powder. BM is an alternative technique
for producing metallic and ceramic powders in the solid state. Using this technique, it
was discovered in 1986 [50] that non-equilibrium phases can be produced and even

amorphous phases which attracted much attention.

Research on BM has mainly been carried out from the mechano-chemistry
viewpoint, which in modern history starts at the end of nineteenth century by Carey-
Lee, who had shown that the decomposition and sublimation of mercury and silver
halcides is different upon heating and duration in a vial [3]. BM initiated as a way to

disperse fine oxides particles in a nickel matrix, and immediately the advantage of
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producing amorphous phases was observed. Additionally, BM was utilised as a way
to extend solubility limits and to prepare intermetallic compounds and amorphous

alloys. Nanocrystalline alloys were first observed in high energy millers [51].

The first solid-state reaction was proposed by Goldschmidt in 1885 [3], where a
metal oxide was reduced with aluminium in the so-called thermite reaction. The
process takes place in a mixture of powder and is initiated by either a high
temperature reaction or an electrically heated wire. Merzhanov [52] in 1967 started a
more systematic research for SPER for the preparation of refractory compounds. The
studies were mostly based on the fact that SPER influences the reaction velocity and
product uniformity, and hence in combination with BM the advantage of each method
is utilised. In 1982 Chakurov [3] investigated milled powders, Zn, Cd, In, Sn, and Pb,
and the abrupt temperature increase inside the vial. Thermite reactions were
investigated by Schaffer and McCormick as published in 1991 [53]. They assumed
that the powder charge is characterised by an ignition temperature that decreases with
milling duration without relating with other quantities. However, further studies
indicated that processing the same mixture under different milling conditions helps
classify macroscopic aspects of the process. Few reactions have shown unexpected
features in the kinetics of SPER within the vial and composition dependence on the

ignition time [54].

BM induces chemical reactions and hence mechano-chemical energy results in
unique and metastable materials that cannot be prepared by conventional techniques.
Parallel BM induces self-sustaining reactions in many exothermic powder mixtures.
In the systems of interest initiation of the exothermic reaction does not happen at the
beginning of the milling process, but a certain time of milling is required before an
exothermic reaction is observed, called activation period. Size reduction, mixing and
increase of the chemically active defect sites are comprised during activation period.
A critical state is reached and then ignition takes place which propagates throughout

the powder.

The easiest published way for detecting ignition is to monitor the temperature
evolved inside the vial. Different positions of the thermocouple inside the vial result

in different values of the monitored maximum temperature within the same time. The

31



most sensitive and convenient position for placing the thermocouple is in the middle
of the top surface, although, the temperature increment measured depends on the
temperature distribution within the vial. The main difference with typical SPER is that
this is performed in a bulk powder compact, with relatively little heat loss to the
environment, while the powder in the ball mill is in close contact with the milling
tools, and heat loss to the vial and the balls may inhibit the formation of a self-

sustaining reaction front. Additionally, SPER outside the vial can be preheated.

The first metal-metal reaction observation within the vial was in 1990 from M.
Atzmon, who combined Ni and Al powders to form NiAl [54]. In his experiment the
ignition could not be observed upon continuous milling, but after half hour of cooling
period, during interrupted milling. Ignition occurred within one minute resulting in an
“interrupted reaction effect” [54]. The reaction could also be observed if a small
percentage of Al was replaced with Ti or Fe. Most metal-metal systems are not
exothermic enough, as for example CaAl, which has —AH /C =2980K, exhibiting
softness and good heat conductivity of the components.
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Figure 7: Temperature inside the vial as a function of milling time [3]

The ignition of a system was first detected by measuring the temperature inside a
milling vial. Figure 7 shows the temperature increment observed inside a vial milling
magnetite-zirconium powders. The reaction can be divided into three steps, (a) the
first ~100s that size reduction and mixing take place until a critical state is reached,

(b) ignition initiation results in heat release and hence abrupt temperature increase and
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finally, (c) incomplete reaction of the product, which needs more milling in order to

result in a homogeneous product.

BM was used mainly as a way to improve product uniformity, and lower the
ignition temperature [55]. BM is a helpful mechanism for further understanding the
kinetics and in general the process of milling. Additionally, nanocomposites can be
prepared during BM, which are destroyed if high temperature reaction takes place,
since it results in large crystallites. Of importance is the conclusion that in order to
avoid ignition, energetic materials should be prevented from igniting and hence

reacting inside the vial.

Nowadays, the study of material reactivity is taken into consideration not only
during milling but also upon milling. Pellets of reactive powder mixtures can be
ignited by heating the whole sample uniformly or by local heating that results in a
reaction front travelling along the sample. In both cases the ignition temperature is
reached in order to initiate the reaction, while the ignition temperature and the
propagation velocity can be influenced by mechanical activation. This was observed
in different materials like Cr,O5 and Al, where the mechanical activation reduced the
reaction below the melting point of Al. Similarly, Mo-Si reduced the initiation of the
reaction temperature from 800 °C to 1200 °C. Hence, BM reduces the energy and the
equipment cost, by reducing the grain size, formation of lamellar and uniform
structures. It could be suggested that BM provides sufficient increase of the material

reactivity even at ambient temperatures.

6.2 Diffusion during Ball Milling

Diffusion is a fundamental process during BM. Two mechanisms of diffusivity of
atoms take place within the solid at the room or sub-ambient temperatures carried
within the vial. Substitutional atoms diffuse by a vacancy mechanism, whereas
smaller interstitial atoms migrate by forcing their way between the larger atoms
interstitially. Hence, the diffusion process depends on the type of site occupied in the
lattice until new alloys are formed. Defect density increases during BM, and

therefore, contributes to the homogenization of kinetics.
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Diffusion can be presented mathematically by assuming Fick’s second law

2 2 2
€ _p 5C,p ., p 0
dt ox oy oz

where C is the concentration of the solute atom element, D the diffusivity at each
direction of the solute atom in each direction and t the diffusion time. Hence, the
diffusion rate is proportional to diffusivity, which according to Arrhenius depends on

temperature
-E
D=D exp(—
A p(RT)

where D, is the materials constant, E is the activation energy, R is the universal gas
constant and T is the temperature. For a two element system the diffusivity is a

function of the two diffusivities.

During diffusion, an interstitial atom is moved to an adjacent interstice. Thus,
high energy barriers must be overcome. The increase in free energy is referred to as
activation energy, which for diffusion is equal to the sum of the activation energy to
form a vacancy plus that to move the vacancy. During BM, the total activation energy
is decreased to the energy of vacancy movement, since the energy of vacancy

formation is obliterated.

Diffusivity is greater along a free surface, less along a grain boundary and smaller
along a defect-free lattice. Hence, the atoms can migrate easier along a free surface.
This is also demonstrated in Figure 8 which shows the diffusion via the surface
(smallest slope), the grain boundary and the lattice (largest slope). The surface tends
to be a region of relatively high disorder, and hence activation energy is low while
lattice activation energy has the highest value. In contrast, diffusion dominates at the
surface and is lower in the lattice. As the temperature increases, grain boundary

diffusion increases and at higher temperatures lattice diffusion dominates.
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Figure 8: Diffusivity as a function of inverse temperature [56]

BM is a process of repeated cold welding and fracturing of powder particles,
which results in a large number of defects and microcracks. Due to the former, the
activation energy for diffusion is decreased, and due to the latter, the increased free
surfaces cause an increase of the internal energy. A decrease of activation energy is
caused also by a temperature increase. BM decreases activation energy by the
formation of more free surfaces and grain boundaries, which is equivalent to an
increase of diffusion temperature. It can be concluded that a decrease in activation

energy and change in diffusion mode are very important for the process.

6.3 Particles and Microstructures

Another phenomenon observed during milling is the grain refinement. As shown
in Figure 9, the grain size is reduced from 25 um to 45 nm after 250 minutes of
milling. The results shown indicate Ni and Al mechanical alloying using XRD
measurements. Diffusivity increases as the size is decreased, with a dramatic change
when the crystalline size reaches nanometres. The diffusivity was estimated by Lu et
al., [56] to increase approximately 8 times if the grain size decreased from 20um to
2um for the same system and approximately the same temperature. It was estimated
by the same authors that diffusivity is the same for a grain size of 25 pm at 1166K and
for grains of 55 nm with diffusion temperature of 400K. Due to the decrease of grain
size the mode of diffusion changes from surface and grain diffusion to lattice

diffusion. Additionally, the thermal diffusion is a steady diffusion process which in
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addition to the dynamic diffusion process of BM results in continuous diffusion
processing. The inter-diffusion layer is soon broken by the alloying process and new
surfaces are formed with increased diffusion areas and hence enhanced diffusion
kinetics. Thus, an increase of diffusivity is a physical effect, which during BM causes
a difference in atom concentration and hence diffusivity changes. It has to be
emphasised that due to the dramatic decrease in diffusion temperature and increase in
diffusion area, it is possible for some elements, which are very difficult to be diffused
using the ordinary powder metallurgy method, to be alloyed at relatively low

temperature.
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Figure 9: Effective crystalline size as a function of milling time [56]

Solid state reactions involve the formation of one or more product phases. The
reaction rates depend on the initial contact area, the diffusion of reactants through the
product phases, and on the temperature. BM induces reactions since it was observed
that the reaction rates increase with increasing alloying duration [56]. This is due to
the repeated fracturing and re-welding of the powder particles which results in an
increased contact area and hence an increased reaction area. During BM, a ductile

material is usually used which acts as a binder to bind the powder particles together.

Local melting might be achieved by high collision energy. Schaffer an
McCormick [53] pointed out that BM minimises the effect of product barriers in the
reaction Kkinetics and hence alloying provides the conditions required for the

promulgation of solid state reactions at low temperatures. The maximum temperature
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monitored inside the vial until 1997 was only 120°C. Hence, the temperature
generated by collision was not a dominant factor and is far from reaching the

diffusion temperature.

Powder particles during BM are subjected to high energy collision which causes
cold welding and fracture. Cold welding and fracture enable the power of contacts
with  atomically clean surfaces and with minimal diffusion distance.
Microstructurally, the BM process can be divided into three stages:

a) The powder particles are cold welded to form a laminated structure. At this

stage the chemical composition of the particles varies significantly;

b) The laminated structure is further refined and fracture keeps taking place. The
laminated structure becomes even finer and a very fine crystalline size can be
observed;

c) The lamellae become finer until they disappear. The chemical composition is
achieved for all particles, which finally results in a new alloy with a
composition related to the initial powder mixture.

Therefore, it can be argued that BM increases chemical reactivity, even in cold BM

which is usually the case.

6.4 Particles and Exothermic Reaction

BM was first applied to metallurgical systems, and nowadays is used to induce
chemical reaction to a variety of powder mixtures in a dry or wet processing
environment and at different atmospheres. In investigating SPER through BM, three
important points [3] should be noted: applications, nanocomposites and mechano-
chemical aspects. From an application point of view, BM is useful due to the
valuable materials produced as refractory materials and ceramic-metal composite
powders. Considering the nanocomposite side, there is more success using BM, but
grain growth has to be avoided. Consequently, in the case where materials are
characterised by SPER, measures have to be taken in order to prevent ignition during
milling which causes grain growth. A new phase is formed by localised ignition of
the grains, revealing that SPER comprises not only the wave propagation that is

observed, but also multiple reaction effects [57].
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BM has been studied extensively, aiming to describe it experimentally and
computationally. It has been shown that relaxation of the powders inside the vial,
even for thirty minutes, had as a result the change of the sample reactivity [54], and
resuming of BM has as a result yielded an exothermic reaction, in contrast to non-stop
BM. This change can be explained qualitatively, but not yet quantitatively, and for
this reason, scientists tend to admit that the results have not yet totally been
understood [3]. Hence, many experiments are published based on BM, showing the
different behaviour of materials, the effect of size and relative quantities at mixing
and creation of alloys. The dissimilar actions of materials can also be considered in
discrete materials. For example, a change in BM parameters, such as the size of the
balls, has as a result the creation of crystalline rather than amorphous material.
Hence, powder materials, BM, relaxation time and hence temperature, are factors that

have to be taken into account for the complete description of a BM process.

In general, the initial product structure may be defined as that formed during the
chemical reaction through this reaction, which becomes the starting point of the final
structure formation in the post-reaction zone during multistage reactions. A. Varma et
al., [18] divided the physicochemical processes before, during and after the reaction in
5 zones, the green mixture, the preheating zone, the reaction zone, the post-reaction
and structure formation zone and the final product. Those include heat transfer to
green mixture, phase transitions, eutectic melts and melting of reactants, spreading of
the molten phase under the action of capillary forces, coalescence of fused particles,
gasification of impurities, chemical reaction with initial product formation, melting -
crystallization - crystal growth — phase transitions and ordering of crystal structure for

the final product formation.

All processes prior to and including the chemical reaction proceed during the
rapid temperature increase, as well as during the possible melting of product. The fast
progression of the reaction led to quenching methods to study the intermediate
processes; methods like quenching in liquid, with shock waves and with copper block.
Quenching of 3Ni-Al in Al melt showed that Ni,Al; and NiAl layers initially appear
on the Ni surface, followed by the formation of NizAl [58]. The conclusion for Ni-Al
was that Ni and Al particles melt simultaneously and coalesce, resulting in the

appearance of NiAl crystals [59]. The results demonstrated that the final product for
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NiszAl is preceded by NiAl and Ni,Als, whereas for Ni-Al the initial product has the

same overall phase composition as the final product.

6.5 Modelling and Characterization

Since SPER constitutes gasless synthesis, its theory is based on the comparison of
the mass and thermal diffusivities of the solid reactant. The heat conduction, and
hence thermal diffusivities, must be much faster than the mass diffusion and hence
diffusion at the macroscopic level can be neglected, and an average concentration of
the reactant may be used. As a consequence, an average of reactant and product
values can be used for physical and thermal properties. Thus, SPER is controlled by
heat evolution from the exothermic reaction, and heat transfer from the reaction zone
to the initial-unreacted material. Experimentally, the phase transformations have been
proven secondary and supplementary to significant thermal effects like melting and
evaporation, though they introduce negative heat sources. Heat losses may also be due

to convection and radiation.

Various types of kinetics have been introduced through different approaches. The
reaction synthesis involves various processes including diffusion control, phase
transitions, and multi-stage reactions. If the conversion during the reaction rate is
ignored, which is reasonable since the temperature dependence of the reaction rate
prevails over concentration dependence, an expression is derived which has been
published by Zeldovich and Frank-Kamnetskii in 1938 [60]. The formula determining

the effective kinetic constants from experimental data is

In(g) ___E +const.
T, 2RT,

where U is the heating rate, R is the gas constant and T, is the peak temperature and E

is the AE, which can be estimated from the inclination by plotting In(_llf—) as a

c

: 1 - .
function of = However, it is not clear if these reported values correspond to actual

c

elementary processes or whether they are the result of complex interaction between

transport and reaction phenomena during heat release.
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Microstructure models take into account the reactant particle size and distribution
and the product layer thickness. The reaction Kinetics is implemented through
elementary reaction cells consisting of alternating lamellae of the two reactants with
diffusion and reaction through a product layer. Flat, rounded, and rounded with solid
reactant surfaces (round on a square) cells have been taken into account, trying to
analyse the redistribution of energy and the local features of the reaction medium.
Novozilov [61] and many others afterwards concluded that the current theoretical
results cannot be compared quantitatively with experimental data, since the
description mechanism has been oversimplified. For example, most theoretical studies
assume an infinitely narrow reaction zone, while the majority of the computations
were performed on one- step reactions, along with the fact that the thermo-physical
and Kkinetic knowledge cannot be associated to the heat-wave during the reaction.
Hence, A.Varma et al., [18] concluded that new experimental results have to bridge
the gap between the mathematical approach and the experimental reality of the

process.

Different models were proposed for the explanation of ignition during BM. The
characterisation of the powder was mostly related to the temperature at which the self-
sustaining reaction initiated upon heating. The kinetic energy of the balls is used to
increase the temperature of the powder caught between the colliding surfaces of two
balls, and a ball which hits the vial. The highest temperature estimated during the
models is the melting temperature of the samples. Schaffer and McCormick [62]
suggested that the ignition temperature is larger than the melting temperature, and the
ignition does not occur immediately. When the ignition temperature is decreased upon
milling, and the ignition temperature reaches a value lower than the melting point,
then the reaction starts upon first collision. Several factors contribute to the ignition
temperature decrease, such as the decreased particle size, the reactant mixture that
reaches a fine scale, the chemically active defects site formation, the dislocations

formed, and the interfaces that provide fast diffusion pathways.

Several details have to be taken into account for the reaction model. One factor is
the coverage of the balls with a compacted layer of powder. Additionally, calorimetric

investigations of the intermetallics or the phases formed during thermally induced
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reactions have to be studied. Ignition temperature is considered a complex quantity
itself, and hence prediction of its value can be related to the determination of the
maximum temperature occurring during collisions, the powder properties and the

modification of the powder properties during collisions.

Experimental investigations indicated that the temperature decreased during BM,
which is a sign that the reaction kinetics cannot be characterised only by a single
ignition temperature. Furthermore, the reaction rate also increases gradually along
with the heating rate and heat transfer to the environment. The maximum temperature
can be characterised by a single value during reaction. Therefore, it is suggested that

deeper understanding can emerge from connecting theoretical results with empiricism.

BM and the ignition of a self-sustaining reaction are very complex processes. A
full understanding of the process has to include the mechanical operation of the
miller, mechanics of individual collisions, chemical processes, structural changes and
defect formation. Different approaches were attended, especially for processing of a
broader variety of materials and approaching the high exothermicity. Takacs [3]
parallelises the problem as a “miniforging event” that follows compression of the
powder, thermal and chemical processes. The mechanisms of the mill have to
encounter and to relate the global motion of the miller and the motion of balls inside
the milling container, rotation or slip, and the mechanics of an individual collision

including elastic and plastic deformation of the powder.

BM is hence a complex process that requires understanding of the mechanical
operation of the mill, the mechanics of individual collisions, the chemical processes,
the structural changes, and the defect formation. L. Takacs [3] “miniforging event”
has two outcomes.

a) ignition which leads to SPER — a single agglomerate or a powder layer

initiates the reaction;

b) activation of the powders due to collision — comminution, mixing and defect

formation take place.

All the parameters have to be taken into account since even a single collision

might affect the later course of the process. This problem was initially studied through
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planetary millers, which through rotation and slip during collision have to be
described considering viscoelastic properties as well. This is important considering
the viscous resistance of the floating powders and the powder layer of the coating
balls. Even the powder layer coating of the balls, frequency of collisions with specific
relative velocities and impact parameters, and temperature change during collisions
have to be taken into account. The complexity can be also described by the fact that
collisions take place between two balls, or one ball and the wall. However, the
different assumptions lead to different results, for example, 82K temperature
difference was estimated due to different assumptions for the same powder, steel ball
and velocity of the ball [50, 63]. Description of the chemical effects should include
properties of the powder like the heat capacity, the latent heat of phase formation, the
heat conductivity, and the kinetics of the system. However, all these attributes change
according to the particle size and the porosity of the particles which change during

mechanical activation.

Courtney [64] considered ductile metals important for the development and
refinement of a layer structure. Of importance is the fact that trying to model the
ignition, one of the most dominant models with predictive ability, assumed that
ignition takes place in the miniforging volume, which was assumed to be represented
by a thin, flat disk of reactant powder mixture [64]. The assumption did not include
the confinement that the collision would create between the surface of the milling
balls or a ball and the vial. The model considered that the layer of powder is hit by a
ball and the kinetic energy is transferred to the powder as heat increasing the
temperature. Mechanical collision takes place while the affected area of the flat-
powder-layer is about 0.1 mm. Temperature distributions are limited by the energy
balance equation, while density and specific heat, which depend on porosity,

incorporate the layer thickness also.

The reaction takes place at the interface, and its rate depends on the specific
interface area. Inter-diffusion is a possible reaction mechanism, but the situation is
seriously complicated by mechanical activation. Transports along defects can short
circuit intrinsic diffusion, drastically increasing the reaction rate. Fresh surfaces are
created and brought together repeatedly, making a nucleation and growth mechanism

possible. Heat transfer and heat loss also take place, while nonuniformity of the
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powder is important. The stresses inside the powder are not uniform, but concentrate
randomly at points. Those point form hot spots, where the reaction can start even if
the average temperature of the powder is not sufficient to initiate a reaction front [65].
It was implicated that any chemical reaction is initiated thermally. However, models
considered that the kinetic energy of the balls, which result in local temperature
increase, are not sufficient for chemical changes, and only an elevated temperature
alone brings about chemical changes. This is not true for mechanical activation.
Hence, experimental conditions should be studied for understanding the activation

phase which might be related to ignition time.

The theoretical methods that were proposed have been considered incomplete
since parameters that are not taken into account include material stuck on the vial and
on the balls, while the threshold of individual reaction and material to react as a whole
has not been set. In order to verify a theoretical method, experimental results can
provide the guidelines not only for utilisation of materials, but also for a complete
description of the powder reactivity through a complete characterisation.

6.6 Different Experimental Approach

Vibratory and planetary mills are considered suitable for the research at hand,
since milling intensity, frequency of vibrations and rotations may vary easily.
Chakurov et al., [66], while studying the ignition time at his vibratory mill, observed
that the ignition time is about 2.6 times longer with lower intensity, while the
temperature was about twice as large as the one with higher intensity. The milling
intensity is adequately characterised by ball-to-powder ratio, which is proportional to
energy input. Mechanical activation is related to the amount of absorbed mechanical
energy. When the powder is sufficiently activated, statistically there is always a hot
spot where ignition initiates. Hence, the ignition time is related to the rate of
activation. The inverse proportional relationship between the charge ratio and the
ignition time was initially confirmed by Schaffer and McCormick [53],
experimentally proved, as shown in Figure 10, that there is also little dependence on
the ball material. The experiments took place for TiC and CuO with Fe. However,

later they [67] have shown that for alumina and agate the reactions remain gradual,
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showing that the ball material is also a variable parameter. Possible reasons why
there is a difference between the ball-materials is that the impact of lighter materials is
weak, and the stress in the reactants is such that they could not be excited, while there
might be greater heat losses even if conductivity is greater. However, more

experimental studies should take place.
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Figure 10: Ignition time as a function of charge ratio [3]

The most important material property is the adiabatic temperature (Tog) or AH/C.
Hence, it is suggested that the most exothermic materials will have higher T4 and
hence higher AH/C. Materials with similar reaction heats, adiabatic temperatures,
crystal structures, and hence mechanical properties, phase diagrams, e.g. Zr and Hf,
are expected to have similar chemical behaviours. However, the study of these
elements indicated that the ignition time shortens, with the difference sometimes to be
more than one order of magnitude high. This could be explained by studying the
diffusion of the nonmetal in the product phase. The difference in diffusion properties

can be rationalised by analysing the atomic structure of the relevant compounds.

The dependence of velocity and temperature over reactant particle size was
studied above. However, even though the results have shown that the velocity
decreases as the particle size increases, the proportionality varies to the diameter as

%, ~ diz or ~ dTlxz The difference was explained by comparing the adiabatic
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temperature. The former (inverse linear) proportionality describes systems that have
lower adiabatic temperatures than the melting points of the particles, like Ta-C, Ta-B
and Nb-B. Systems that the adiabatic temperature is higher than the melting point of
one of the reactants are characterised by the second variation (inverse square), like Ti-
C, Ti-N, and Ni-Al. For these systems, it was shown that for rather small metal
particle size the dependence is different than large metal particle sizes. The latter
group (inverse square root dependence) includes mostly intermetallic systems in
which the adiabatic temperature is higher than the melting points like Ni-Al and Ni-
Ti, and Co-Ti [18].

Reactant particle size has not been studied extensively, even though it is
considered important since the wave front velocity decreases while increasing particle
size. Some systems, e.g. Ta and TaN, are characterised by independence of the
particle size over the velocity and the temperature. This is explained by highly porous
and large surface area that act as a large number of discrete nonporous-like fine
particles, resulting in the same velocity of fine and coarser particles. The relative low
maximum temperature compared to the melting point of the Ta and TaN, constrained
the writers to attribute the system behaviour not on the particle size, but on the fact
that the coarser particles were more porous with larger surface area at the same time.
On the contrary, it has been also experimentally shown, that the ratio of the reactant
particle sizes influences the microstructure of the final product. In the 3Ni-Al system,
when Ni was 3 to 4 times larger than Al particle size, the microstructure was optimal,

which was equivalent to dense final product and maximum material conversion.

One of the most effective and commonly used procedures to modify the synthesis
conditions is to dilute the initial mixture with a chemical inert compound. Dilution is
an example whereby the reacted system strongly affects the results. The maximum
temperature and the heat wavefront velocity are decreased as the amount of dilution is
increased for the Hf-B system. However, an exception is the Ni-Al system where a
decrease is also noted but with a different trend, since an intermediate area for
maximum temperatures indicates that the temperature is constant to the melting point
of NiAl for dilution between 11.5% and 35.5%. Even the particle size of the inert

diluent influences the reaction characteristics.
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Interruption and room temperature aging can significantly alter the kinetics of
some mechano-chemical reactions. The interrupted effect was firstly observed by M.
Atzmon [54], who indicated that if equimolar mixtures of Ni and Al powders are
milled continuously, NiAl forms in a gradual process and no abrupt temperature
increase is observed. However, if they are milled and then interrupted, after being
aged at room temperature, a SPER ignited within one minute upon resuming milling.
Many others indicated this for different materials [53, 68]. However, in some
materials, for example the Ti-Si system, the reaction initiated only after two
interruptions, i.e. interruptions after 60 hours, again interruption after 48 hours, and
then the reaction was observed after 32.5 hours [69]. The interrupted milling depends
on the atomic level changes during room temperature ageing. This is explained by the
fact that the critical size of the nuclei changes according to the temperature. For
higher temperatures the critical size is larger, and hence during cooling at room
temperature, the critical size decreased. Therefore, these nuclei growth is aided by the

high mobility along defects.

Investigating the defect structure is difficult. An indirect method is to perform
thermal analysis after mechanically activating the powder. Forrester and Schaffer [70]
have shown that the energy activation of CuO and Fe decreased from 575 kJ/mol to
199 kJ/mol upon milling, suggesting a change from intrinsic diffusion to diffusion
along defects. The activation of the powder can be characterised by the mechanical
dose (absorbed energy per unit mass) received over a large number of collisions.
Therefore, activation can be investigated by evaluating the energy balance of the
milling process. Clear understanding of energy transport/dilution is important, as the
effects of milling depend both on the total amount of energy transferred to the powder

(activation) and the energy involved during collisions (ignition).
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7 ULTRASONIC POWDER CONSOLIDATION

Ultrasonic Welding (USW) is a solid state welding process that produces welds
by local application of high —frequency vibratory energy. The workpieces to be
welded are held together under pressure, and the ultrasound is applied parallel to the
work piece surface. Welding is achieved by diffusion of particles from each piece to
the other. Among the advantages of USW is the non-requirement of special conditions

such as inert gases, which makes this process preferable thanks to its rather low costs.

The ultrasonic vibration is generated in the transducer of the device and is
transmitted to the sonotrode tip, until it finally reaches the samples, which are directly
in contact with it. The difference between bonding with ultrasonic waves can be
observed by studying the material flow. Application of the ultrasonic energy results in
material flow, which is increased as the time increases, while gradual bonding
between the surfaces to be bonded is achieved. The vibratory action removes surface
contaminants to expose fresh material, and the centre of the bond area remains
undisturbed to finally achieve a reliable bond. Oxidation and organic membranes on
the material break down and disperse by the energy of vibration [71], resulting in a
decrease of the process cost.

Ultrasonic welding involves parameters such as
e Static clamping force
e The oscillating shear forces and

e The low temperature rise in the welding zone.

The above parameters depend on factors such as
¢ the thickness of the welded specimen
¢ the surface conditions and

o the mechanical properties of the workpieces.
Even if the clamping force is applied perpendicular to the interface, the
contacting sonotrode tip oscillates parallel to the surface, resulting in a combination of

static and oscillating shear forces. Therefore, dynamic internal stresses are created in
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the workpiece, having as a consequence elasto-plastic deformation and hence
roughening of the surface welded area. Elastic deformation results in reversible metal
deformation, whereas plastic deformation results in dispersion of surface films,
permitting metal to metal contact at many points, which grow into physically

continuous weld areas.

USW takes place at room temperature and produces localized temperature rise.
The local temperature increase depends on the machine settings and more precisely on
the power provided to the specimen. In contrast, by increasing the clamping force, the
temperature decreases and hence appropriate machine settings can be achieved. The
low local temperature increment most times results in advantageous non-formation of
intermetallics, which is important for keeping the properties of the specimen
unchanged. The temperature rise during USW, is higher in metals with low thermal
conductivity, and hence less energy is necessary for metals. Aluminium, which is soft
and has a high thermal conductivity, is utilised widely as a material binder, and was
used in this study for bonding with the harder nickel. Other soft materials can be used
as well for good joining, since the lower the hardness, the more efficient is the

transfer of the welding energy [72].

Among the advantages of USW is that the pressure requirements are not high, the
welding times are very short and the thickness deformations are lower. Disadvantage
of USW is the inability to weld thick layers. Hence, the quality of welding depends on
the variables of USW like ultrasonic power, clamping force, welding time, ultrasound
amplitude, frequency, base metal, and temperature change. All these determine the
bonding achieved between the joint surfaces caused by considerable frictional heat

from both sliding between the mating surface and ultrasonic vibration.

Metallographic examination of the ultrasonic welds reveals the phenomena that
are involved during welding, such as interfacial phenomena, plastic flow and the heat
effects that cause recrystallization and diffusion. During welding, atomic diffusion
occurs across the interface and the metal recrystallizes to a very fine structure having
the properties of moderately cold-worked metal. The two clean surfaces cause the
atoms to attract one other and the vibration attains linkages between atoms. A

transition layer is created, which can be also referred to as diffusion layer. Hence,
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welding is achieved by mutual bonding of the materials through atom flow and
induced vacancies at the joint boundary. Gunduz et al., [73] state that at the point of
welding, the high vacancy concentration observed may enhance diffusion at the weld
interface by many orders of magnitude. However, vacancy concentration reaches
steady state only in a few micro-seconds, and hence the value of diffusivity might be

assumed constant.

Ultrasonic welding has emerged as an effective and potential joining process for
several dissimilar or multiphase materials [74], and thus it is used for applications
involving monometallic and bimetallic joints. The process is used to produce lap
joints between sheets and foils, wires or ribbons and flat surfaces. USW is a
production tool in the industry, mainly for aluminium parts and for sealing of parts
that cannot be processed by high-temperature joining methods. Spot welding, ring
welding, line welding; and continuous seam welding, are the four kinds of ultrasonic

welding which can be extended to micro-electronics.

Diffusivity of atoms and the plastic deformation of the particles are the two
properties of welding that were utilised for consolidation of powders. This is a new
utilisation of USW and a unique way to consolidate aluminium and nickel. During
the experiments performed, the soft Al deforms to cover Ni grains by filling the voids
to achieve full consolidation. Parallel diffusivity is favoured by ultrasonics which
increases bonding between the two elements, favouring higher energy release through
SPER.

Diffusivity increases at higher temperatures, and as a result full consolidation can
be achieved only at higher temperatures. At lower temperatures, full consolidation is
far from being observed, and only if the right temperature is approached the
consolidation results can be considerable. Theoretical estimations based on Ni and Al
atoms indicated that efficient intermixing can only occur at high temperatures which

follow after a prior melting step [75].

Ni consolidation is hard to be achieved, and hence it can be argued that in lack of
soft Al, consolidation cannot be achieved. This was experimentally observed at the

BM powders, where it was observed that the processed powder could not be
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consolidated. The Al embedded inside Ni to form lamellar structures could not be
utilised as a binder for consolidation. Hence, by increasing the Al amount inside the

powder, consolidation might be effected.

Therefore, it can be argued that USW can be used for Ultrasonic Powder
Consolidation (UPC) easily for the production of pellets with the desired density
properties. The short duration times, the non-requirement of special conditions and
any special surface treatments are advantageous. A prerequisite, but not a
disadvantageous one, is the placement of the anvil and sonotrode below and above the
powder, for powder-preservation purposes due to the high energy waves, aluminium
or nickel foils. The foils can be thick and are removed from the pellets after ultrasonic
processing. However, a small amount of particle diffusion is present, but it cannot be

argued that this is essential for the thermal stability results.
Advantage is the fact that only consolidated nano-foils could be ignited using a

spark [76]. Hence, the pellets characterised for micro-structure could only be ignited

using a torch, indicating that controllable ignition could not be achieved successfully.
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8 SUMMARY OF INCLUDED PAPERS

The experimental investigations, results and conclusions are presented in detail in

the appended papers. Here follows a summary of the main results.

Paper 1:
A. Hadjiafxenti et al., Journal of Alloys and Compounds, vol. 505, p. 467, 2010

Paper 1 compares the formation of microstructural refinement and the reactivity
of the samples during interrupted BM runs. The increased plastic deformation results
in increased grain boundaries and dislocation, which is expected as the number of
energy through collision increases. A critical milling time between 10 h and 20 h is
believed to offer the reactivity that approaches thin films due to the differences
between the two samples. The 10 h sample is characterised by fine lamellar structure
and can be ignited within 4.25 s after a small propane torch ignited it at the edge of
the pellet. A heat wave-front that requires 0.7 s to travel across the pellet characterises
the reactivity of the 10 h sample. In contrast, the 20 h sample cannot be ignitedand
only the part of the sample in contact with the flame reaches high temperatures. It is
more likely that the formation and refinement of the lamellar structure permit the
rapid initiation of SPER during the collision events. It has been speculated that ball
milled powders equivalent to the 20 h samples in this study show the formation of a
single phase AINi3; with the absence of superlattice peaks, which is then attributed to

this phase being disordered.

Closer examination of the XRD results reveals that the samples milled for up to
10 h are characterised by Al and Ni before ignition tests. The aluminum and nickel
peaks are increasingly broadened due to the formation of the fine lamellar structure
and the internal stresses. After ignition tests, the powder compacts rapidly react and
melt partially at the interfaces to form AINi, which is followed by excessive

aluminum diffusion into the nickel layers to form AlNiz and extended solid solutions.

Thermal analysis indicated exothermic peaks at low temperatures. The increasing

milling time results in the formation of additional peaks and peak shifts towards lower
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temperatures, related to further mixing and lamellae refinement. The 5 h sample
shows two peaks, the 7 h milled sample exhibits three peaks and the 10 h milled
sample shows four major peaks indicating that the lamellar structure. The 20 h milled
sample shows only one small peak which might correspond to a relaxation process
such as stress relief or recrystallization. All the samples show the large endothermic

peak associated with the melting of AlNis.

The low ignition sensitivity of the samples milled for up to 10 h, compared to
sputtered nanoscale multilayer foils, is probably due to the remaining nickel particles
which might act as heat sinks, as well as persisting voids, lack of good thermal

contact during cold compaction of the powders into pellets.

Paper 2:
A. Hadjiafxenti eta al., Journal of Alloys and Compounds, vol. 505, p. 467, 2010

Paper 2 is a more detailed study of interrupted BM and indicated that two
categories of samples are present. The first category includes samples milled for up to
14 h. Reaction was only observed after sample temperature (ST) reached values in the
vicinity of initial temperature (IT). The recorded maximum temperature (MT) was
near the maximum calibration limit of the IR camera. The second group of samples
consist of pellets ball-milled for more than 14 h. These samples exhibited SPER
relatively fast without requiring a substantial increase in ST with IT values near the
melting temperature of Al. The reaction modes observed using an IR camera indicated
that for the first category, the temperature of the entire pellet reached high
temperatures before the reaction initiated, indicating the requirement of preheating. In
contrast, the second category was characterised by a sharp flame front that travelled

rapidly across the pellet.

The microstructure of samples milled for less than 14 hours indicated that
initially the softer Al particles mechanically mixed with micro-welded Ni fragments,
fragmentation of the Ni particles follows parallel to more boundary welding and shear
deformation. Further milling results in finer microstructure features due to the

hardening of the Al-rich matrix, and hence more efficient load transfer to the Ni
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particlesl. Longer milling durations, above 14 h, resulted in finer lamellar structures,
composed of thin layers of Al and Ni along with the remaining larger highly deformed

Ni particles, as also described in Paper 1.

By correlating ignition tests and microstructure, it is indicated that increasing
milling time resulted in a substantial decrease in the required ignition time due to
smaller diffusion distances across the more refined lamellar structures. The first
category of samples is observed for microscale sputtered multilayers and powder
mixtures, where the large diffusion distances prohibit a sustained reaction. In the
second category of samples, observed in sputtered nanoscale multilayers, the flame-
front is able to self-propagate due to shorter diffusion distances across adjacent layers
and faster intermetallic growth.

Ignition results in the formation of AINi and AINis intermetallic compounds. The
relative peak intensities of the intermetallics vary with milling time. For lower milling
times, the local composition within lamella are closer to AINi composition as some of
the Ni remains separate, which would reduce the formation of AINis. With increasing
milling time, more of the Ni is incorporated into the lamellae through mixing,
increasing the local compositions closer to AlNis, resulting in increased amounts of
this phase. Ni peaks remain in all of the ignited samples, so the phase transformation

is never complete after the reactions.

DSC traces show that increasing milling time results in additional peaks as well
as a general peak shifting trend towards lower temperatures, related to further mixing

and lamellae refinement, as discussed in Paper 1.

The flame front velocities measured for the second set of ball milled samples
indicated that increased pellet density, due to better thermal contact between particles,
results in a weak exponential increase in velocity. The lower porosity not only directly
increases the rate of heat transfer due to reduced thermal resistance between particles,
but also the diffusive mass transfer across particles. Of importance is the fact that
there was no dependence of the MT on the measured densities, suggesting that

reaction heats are not affected and the effect is only Kkinetic.
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Paper 3:

A. Hadjiafxenti et al., Vacuum (under revision)

Paper 3 investigates continuous BM of Al/Ni at a ratio of 1:3. SEM, BSEM and
profilometry images indicated that increasing the milling time resulted in particle size
reduction, accompanied by the refinement of the microstructures with decreasing
amount of pure Ni layers. Increased mechanical mixing consequently results in more
uniformly distributed lamella, possibly due to the formation of Ni-rich solid solutions
with Al as the solute, which, as stated in Papers 1 and 2, are work-hardened by the

impact events during BM.

Ignition tests revealed that all samples had IT values higher than the melting
point of the Al eutectic at around 900K, indicating that the reactions did not start until
an Al-rich liquid formed. A reduction in ST at ignition and MT was observed with
milling time. The images of the samples milled for 5 to 7 h indicate that the cooling
due to the sample support was significant enough to affect the thermal wave front,
which lost its uniformity when it passed beyond the halfway point on the pellets. The
observed decrease in thermal front velocity with milling time can be attributed
primarily to two counteracting effects. The refinement of the lamellar microstructure
with increasing milling time, which increases the overall reactive surface area and
decreases the diffusion distances across lamellae, increases the thermal front velocity,
as observed in multilayer foils. The decreasing overall sample temperatures required
for the ignition of the samples with increasing milling times results in higher thermal

gradients ahead of the front and this cooling effect reduces its velocity.

Of importance is the fact that even if there is particle size reduction with
increasing milling time, the densities quickly reach a steady average value of ~4.7
g/cm® beyond 2 h of milling (nominal density = 7.35 g/cm?®). Therefore, the effect of
particle size on densities was negligible for most of the samples and the velocity
decrease with milling time can be attributed to enthalpy losses during milling due to

solid-state diffusion.

XRD analysis of the samples was performed before and after ignition tests.

Before ignition tests, only Al and Ni was observed for samples up to a milling
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duration of 8 h, which also contained small amounts of AINi, indicating that the
particles partially reacted during milling. The Al peaks in the XRD spectra broadened
significantly with increasing milling time indicating nanoscale refinement of their
grains. This was also accompanied by a decrease in peak sizes, before vanishing
revealing that almost the entire Al had to be mixed into the Ni-rich solid solution
before AINi could form. This indicates significant amounts of mixing beyond the
equilibrium solubility limits occurring and that the nucleation of the AINi phase is
preceded by the formation of the Ni-rich solid solution. XRD patterns after ignition
tests point out to a mixture of Ni, AINi and AINisz in different proportions with no
remaining Al. Samples with low milling time had the highest amount of Ni with some
AINi and traces of AINiz. The amounts of Ni and AINi decreased, whereas the amount
of AlNis increased with increasing milling time, similarly to interrupted BM (Papers
1 and 2).

Thermal analysis indicated that all samples exhibited numerous exothermic peaks
which shifted to lower temperatures with milling time up to 4 h, and remained
stationary afterwards with diminishing heat outputs. Interrupted DSC analysis was
performed on the samples to identify the phase formation. Before the first exothermic
peak only Al and Ni are present. The available pure Al decreased, while Al3Ni, AINi
and AINi3 consequently are formed, followed by endothermic peaks corresponding to

the melting of the remaining phases, AINi3 and Ni.

Paper 4:
Z. Gu et al., Surface Coatings and Technology, 2012 (in press)

Paper 4 is a joined publication on nano-heaters, which demonstrates reactive
nanostructures that can generate localized heat through controlled ignition. In this
paper, demonstration of (a) synthesis of Al-Ni bimetallic nanoparticles by a galvanic
replacement reaction method using Al nanoparticle templates, (b) fabrication of Al-
Ni nanowire structures by a two-step process involving electro-deposition and thermal
evaporation, (c) fabrication of AI-Ni composites by a novel ultrasonic powder
consolidation method, using Al and Ni nanoparticles as source materials, and (d)

55



synthesis of nanostructured AI-Ni powders by low energy ball milling with

microscale Al and Ni powders. The author of this thesis mainly contributed to part d.

In Paper 4, continuous BM of Al and Ni at ratios of 1:3 and 1:1 is compared.
Both compositions indicate that most of the plastic deformation initially occurs within
the softer Al matrix, into which thinner sections of Ni shear off and mix under intense
ball impact events. The Al matrix eventually hardens sufficiently to transfer impact
loading into Ni layers, which results in their deformation and thickness reduction.
Powder mixtures with 1:3 molar ratio show the formation and relatively rapid
refinement of lamellae, consisting of alternating layers of the constituents. Further
milling results in a slower gradual refinement of the lamellae, but some thicker Ni
layers remain until NiAl starts to form after 8 h. Powder mixtures with 1:1 molar ratio
show a similar evolution but at a slower lamella refinement rate. This composition can
be milled for much longer, up to 13 h, until NiAl formation is present. This can be
attributed to the higher amount of aluminum that can accommodate the plastic

deformation.

Continuous DSC scans of the samples up to 1773 K are observed. Samples with
an overall composition of NizAl exhibited various exothermic peaks followed by
endothermic peaks starting at around 1653 K, corresponding to the melting of the
remaining Ni-rich solid solution and NizAl. Samples with the NiAl composition show
similar exothermic peaks, which tend to move to lower temperatures with more
milling time. However, in contrast to the 1:3 molar ratio, they lack the endothermic
peaks at the highest temperature measured, indicating that no pure Ni or Ni-rich solid

solution remains and the transformations to the NiAl phase is complete.

XRD analysis of as-milled powders for different durations for 1:1 and 1:3 molar
ratios indicated that both samples exhibit sharp peaks at low milling times, indicating
they have relatively large grains up to this point. With increasing milling time, the
peaks widen for both Al and Ni, as their grain sizes decrease due to lamellae
formation upon deformation. Further milling results in intensity reduction of Al peaks
while Ni peaks remain unaffected. This is possibly due to solid state diffusion of Al
into Ni, forming Ni-rich solid solutions. For the 1:3 molar ratio sample, Al peaks

totally disappear after 6 h due to the higher amount of Ni present, which can
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accommaodate the entire Al. First signs of NiAl peaks appear after 7 h, which are more
clearly visible at 8 h. The solid state diffusion is more limited for the 1:1 ratio
samples, where some Al remains up to 13 h when NiAl starts forming during milling.
Therefore, substantial solid diffusion of Al into Ni appears to be necessary to start
forming the NiAl phase during milling. Furthermore, the overall composition does not

seem to have an effect on phase selection.

Paper 5:

A. Hadjiafxenti et al., Scripta Materialia (under review)

Paper 5 is based on continuous BM of AI/Ni at ratios of 1:1, investigating the
observations of Paper 4 in more detail,

XRD analysis of as-milled powders indicated that there are only Al and Ni
present for the samples milled up to 13 h of milling time. Further milling indicated
that there is significant broadening in the Al and Ni peaks, pointing to grain
refinement and increasing amounts of strain. A rough estimation using Scherrer's
formula revealed that average grain sizes of Al and Ni can go below 10 nm. The Al
peaks are still present when NiAl starts forming during milling, revealing that there is
a solubility limit to how much Al can be incorporated into the Ni-rich phase.

DSC scans showed results similar in terms of phase formation sequence to other
studies using high-energy BM and magnetron sputtered foils In contrast to
experiments with an AI/Ni ratio of 1:3, there is phase formation before the first
exothermic peak. NiAls is the first phase to form, whereas as the milling time is
increased, the concurrent formation of Ni,Alz and NiAl occurs. Samples milled for
more than 6 h fully reacted up to 1100K, whereas up to 1700K only AINi is present
for all the samples. No endothermic peaks for Ni were observed, indicating full

transformation to the AINi phase.

Using different heating rates, Kissinger analysis was performed to determine the
activation energies for the first peaks of the specimens milled for 10 h, 11 h and 12 h,

which yielded 108.8, 101.9 and 100.0 kJ/mole. The peak maximum temperatures
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could be lower by almost 20 degrees, and closer to those in magnetron sputtered foils
with bilayer thicknesses of 40 nm. Therefore, it appears that although the kinetics of

growth are similar, the reaction barrier is lower.

0.0s 0.07s 0.14s 0.21s 0.245s 0.315s 0.385s 0.425s

Figure 11: High-speed camera images of the thermal front for a spark-ignited pellet
(Al/Ni 1:1, BM for 11 h)

The 11 and 12 h powder-pellets could be ignited using a spark from a 9 V battery.
The formation of a self-propagating thermal front traveling between 0.2 and 0.24 m/s
among different BM runs is shown in Figure 11 for the 11 h specimen. The pellets
were fragile and edges tend to fall apart during handling. The 12 h samples had lower
velocities around 0.14 m/s. The front velocity is considerably smaller than in
multilayer foils, which can be expected as the cold-compacted pellets have no
metallurgical bonding and have very low thermal conductivities. Furthermore, the
porosity within the pellet (32 %) would reduce the volumetric energy density. Of
importance is the fact that ignition using a spark, as for thin films, is achieved. The
velocities in Al/Ni thin films vary from 0.01-30 m/s, whereas the velocities in BM-

powder compacts (11 h and 12 h) vary between 0.1-0.24 m/s.

Paper 6:
S. K. Pillai et al., International Journal of Applied Ceramic Technology, vol. 9, p.
206, 2012

In Paper 6 powder mixtures of Al/Fe,O3; and Al/Cu,O at varying compositions
were ultrasonically consolidated at different equivalence ratios. It was observed that
for mixtures with Al >75 wt%, single welds were sufficient to form homogenous
powder consolidates, for 50 < wt%, Al<75, double weld were required, and for lean

mixtures of Al, 30 <wt% Al <50, the process was repeated three times to form dense
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structures. SEM images of Al/Fe,O3 and Al/Cu,O compacts indicate that Fe,O3; and

Cu,0 particles are uniformly distributed in the Al matrix.

The ignition of the pellets was characterized by a significantly large emission of
light, indicating very high temperatures. The reaction velocities of Al/Fe,O3 are
observed to increase and then to decrease, as the Al weight percentage increased. The
propagation velocities upon ignition of the Al/Cu,O compacts were found to be larger
than that of the Al/Fe,O3; compacts of same equivalence ratio, by an order of 10.

SEM observation of the samples after ignition test indicated needle-like single
crystals, believed to be resulting from the vaporization and solidification of iron
among thermite reaction. XRD analysis of the ignited Al/Fe,O3 samples, indicated the
presence of hercynite (FeAl204), along with a-Al,O3 and a-iron. XRD analysis of the
ignited Al/Cu,0, revealed the presence of CuAIO,.

In contrast to BM-samples, the thermal stability of the compacts did not indicate
any exothermic peaks at low temperatures. The first peak observed was an
endothermic peak occurring at around aluminum melting point, followed by the

exotheric peaks at temperatures above 1100K.
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9 UNPUBLISHED RESULTS

9.1 Ball Milling Experiments

Experimental observations indicate the uniqueness of each material system
individually. The variety of experimental results published in literature arise through
the different milling parameters which include the properties of the materials (particle
size, hardness), the quantity of the materials, ball to material ratio and the materials
used for milling (tungsten, steel or aluminum). Additionally, they arise from the
properties of the systems which include rotational speed and duration in a dual or
single vial system. These differences reinforced the scientists’ efforts to quantify the
results which indicated a detailed description that could only characterize the
sensitivity of the system. Equations consider only the kinetic energy of the balls
aiming to study the impact of the balls on the powder. Furthermore, the overall impact
of the balls on the powder, the degree of filling of the vial, the velocity, the energy
during collision events and, finally, the overall energy is considered [77, 78].

The effort to quantify the results during the experiments was unsuccessful since
the materials that stuck in the vial were an indication that the energy given could not
be estimated precisely since the material quantity decreased. This was further verified
when observing the differences between the experiments between Paper 1 and Paper
2, since the energy given to the 4 h samples in both experiments was estimated to be
equal. However, there were vast differences between the two specimens which
indicated that even the interruption and the material removed during processing
affected the correlation of the experiments and the precise quantification of the

energy.

Literature indicates that the structural, chemical and thermal behaviour of the
materials produced could have similarities with other materials produced under
different conditions. Correlation between the experimental results observed using
High-Energy BM (HEBM) and Low-Energy BM (LEBM) could not be doubted. The
small duration of the experiments performed using HEBM resulted in high energy
impact on the materials, in contrast to the ones that required long processing times

using LEBM, which gradually milled the processing materials. The different energy
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input reveals properties of the materials which cannot be observed unless a step-by-
step procedure is followed. For example, a simple observation of thermal analysis
graphs between the papers published by Cardellini et al., [79] and Hadjiafxenti et al.,
[80, 81] indicate that there is a similarity in the thermal behaviour of some specimens
but with different energy input. Additionally, some characteristics of the materials

that might be of interest could be skipped.

The results observed through this study do not cancel those of HEBM but
reinforce the utilisation of a step-by-step observation using LEBM. Furthermore, the
results could be extended to HEBM for manufacturing in industry. Relatively short
synthesis durations can be achieved through HEBM and can result in an even less
time-consuming and cost-effective product. A possible fabrication restriction could be
the requirement of pure inert atmosphere in order to decrease the contamination

during milling.

Summarizing, the results observed in the BM experiments showed that the excess
energy provided to the powders allow plastic deformation and formation of
dislocations and defects. The consequence of this mechanical energy is a lamella
structure and smaller activation energy due to the surplus diffusion. BM decreases the
ignition temperature, expands the flammability limits, favours complete reaction of
reagents to products, exhibits repeatable results without the influence of ageing
parameters, and releases energy through nano-structure and oversaturated solid
solutions. The energy provided cannot be quantified due to the material stuck on the
vial walls. The powder studied and analysed did not include material removed from
the vial walls. Only loose powder from the vial was studied.

9.2 Ultrasonic Powder Consolidation

Introduction

Ultrasonic welding (USW) facilitates rapid joining of materials without
requirements of special conditions like inert air, vacuum or excessive heating.
Ultrasonic powder consolidation (UPC) is an USW technique applied to create

compacts of particulate materials, producing green compacts that do not require
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further sintering at elevated temperatures for full metallurgical consolidation, or any
other special treatment, since ultrasonic vibrations fracture and displace surface
contaminants such as oxide layers on Al powder, allowing metal surfaces to come in

contact and form a metallurgical bond.

Preliminary UPC experiments with Al and Ni powders indicated that full
densification and metallurgical consolidation is possible for Al/Ni 1:1 only at 90MPa
and 300°C [15]. The objective of this study was to evaluate the UPC processing
conditions for Al/Ni at ratios 1:3 and 1:2 such as full density-consolidated compacts
are formed. For achieving this purpose, compact specimens were produced at various
pressures and temperatures, both with the application of ultrasonic vibrations.
Differences in the density of the compacts are discussed with respect to processing

conditions.

Experiments

The materials used in this study were 325 mesh aluminum (99.5% pure) and 325
mesh nickel (99.8% pure) powders, respectively. UPC experiments were performed
with the experimental setup depicted in Figure 12, which consisted of a die and a
punch, both made of a 0.78 mm think steel sheet, placed on a hot plate. The die hole
and the punch had a diameter of 3.40 mm. Powders, placed in the preheated die and
held under a desired uniaxial pressure normal to the die for 30 s, were subjected to
ultrasonic vibrations in open air for 1 s using a STAPLA Condor ultrasonic welding

unit, at a fixed frequency of 20 kHz with amplitude of 10 um.

Apply force & ultrasonic
frequency to punch

Powder

Punch

‘ Heater Plate

Figure 12: Experimental set-up [16]
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Results

Table 3 indicates some of the parameters used for the Al/Ni 1:3 consolidation. It
is observed that full consolidation occurs only at 450°C and 500°C at 84.2 MPa. In
Figure 13, the compacted sample microstructures under 84.2MPa are shown. The two
samples were compacted at temperatures 450°C and 500°C, and have densities of
98.5% and 99.6% respectively.

Table 3: Summary of consolidation experiments

300°C | 350 °C | 400 °C | 450 °C | 500°C

250 Ibs- 84.2 MPa X X X v \Y

300 Ibs- 101.1 MPa | x X X X X

98.5% density 99.6% density

Figure 13: Microstructure of samples consolidated at Al/Ni ratio of 1:3

Powder compacts with mixtures of Al/Ni 1:2 were also compacted at 84.2 MPa

and 500°C. Previous experiments with a ratio of 1:1 indicated compaction at 90 MPa
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and 300°C [15, 16]. The significance temperature difference, with the experiments at
ratio of 1:2 and 1:3, is attributed to the amount of Ni. The soft Al-particles are easier
to be compressed in contrast to the hard Ni-particles. This can be observed in the last
two fully-compacted samples, which have few areas of Ni-particles connected,
reinforcing the opinion that mostly Al is acting as binder. Experiments with nano-
particles were also performed. Unfortunately, in contrast to the ratio 1:1, those
samples were not consolidated, but easily broke. This is attributed to the lack of Al-
bonding-particles, which “hold” the particles together.

A really interesting experiment was the effort to consolidate BM powder. The
milled sample is shown in Figure 14 (Al/Ni, at ratio 1:3, milled for 4 hours). The
laminated structure did not allow consolidation of the sample, indicating work-
hardened milled samples. The fact that the milled sample is not consolidated indicates
that during milling the small and hard pieces of Ni embedded in the soft Al matrix
allow hardening of the powder. Additionally, the dislocation generation within the
crystal structure of the materials results in an increasingly saturated material with new
dislocation which prevents nucleation. The Al atoms take positions in the Ni non-
brittle lattice, which, due to the severe plastic deformation, exhibit a structure with
increased number of dislocations. Plastic deformation occurs as a consequence of
work done on the material through consequence collisions and impact. Hence, the
energy provided to the materials results in a work-hardened structure which cannot be

bonded due to lack of a soft bonding agent.

The milled sample, at a ratio 1:3, was mixed with Al, which is the most common
bonding agent for the compact total ratio to be 1:1. Unfortunately, this sample reacted
during UPC, indicating the reactivity of the sample formed. Hence, the combination
of BM and UPC methods was not successful, since the energy from the sample was
not released at the moment it was required, but during processing and, therefore, this

approach cannot be utilized for nano-heater purposes.

Conclusions
UPC was applied to produce AIl-Ni composites from elemental powders. The

results showed that the residual porosity in Al-Ni consolidates decreased with
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increasing temperature and pressure. Al/Ni compacts were fully densified with good
interparticle metallurgical bonding at temperatures of 450°C and 500°C with uniaxial
pressures as low as 84.2 MPa. The composite microstructure consisted of Ni particles
distributed in an Al matrix. Powder compacts are low-cost and capable for

infrastructure, health-safe and environmentally friendly.

SEM HV: 20.00KV  WD: 11.4670 mm
View field: 240.97 pm  Det: BSE Detector 100 pm VEGAW TESCAN gt
Name: 500C-90MPA-240.97 tif Digital Microscopy Imaging n

Figure 14: Ball milled samples after compaction — High in porosity
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10 SUMMARY & CONCLUSIONS AND
FUTURE RESEARCH & POTENTIAL APPLICATIONS

10.1 Summary & Conclusions

A major target of this thesis was to produce reactive Al-Ni compacts through Ball
Milling (BM), to refine their particle microstructures up to the formation of nickel
aluminides, and to determine the critical milling time necessary to produce compacts
with lamella structures, similar to the nanoscale structures observed in sputtered
multilayer films/foils (MFs), ignitable using a low-energy ignition. For this purpose,
low-energy interrupted and continuous BM was carried out on Al/Ni powders with
molar ratios of 1:3 and 1:1 to synthesize materials that exhibit self-propagating
exothermic reactions (SPER). Low-Energy BM (LEBM) was selected in this study as
a viable approach to reduce the energy of individual impact events at the expense of
processing time. Additionally, LEBM was employed since it is highly desirable to
retain most of the reactivity and purity of the powders so that the ignition threshold is
sufficiently low, which can enable local ignition with a low-energy spark from a
battery, as opposed to uniform heating. This is especially important if the materials to
be joined cannot be uniformly heated to the required temperatures.

Initial studies on BM of Al/Ni with a ratio of 1:3, where some powders from the
mixture were removed after certain intervals, in interrupted BM runs, the total mass
was reduced with each sampling point. Such changes increase the ball to powder mass
ratio, affecting the reproducibility of the results and complicate comparisons of
equivalent milling energy with other work. BM of Al and Ni causes extensive
mechanical mixing and the formation of nanoscale lamellar microstructures with
increasing milling time. With a ball to material weight ratio of 5.1:1 and a rotational
speed of 300 rpm, 16-18 h of milling time produce easily ignitable powder mixtures
(using a small propane torch) with little intermetallic formation that exhibit self-
propagating reactions, comparable to magnetron sputtered nanoscale multilayers. The
reaction velocity increases with compacted pellet density due to enhanced thermal

contact among the particles.
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Following up these initial studies, continuous BM of Al/Ni with a ratio of 1:3
were carried out for different durations, where the ball to powder mass was held
constant. Results showed that reactive compacts can be formed that exhibit similar
thermal and phase formation characteristics to sputter deposited MFs with nanoscale
bilayer thicknesses, albeit at lower thermal front velocities. BM produces near
optimum microstructures after 4 h of continuous milling under the selected milling
conditions, with nanoscale lamellae and some remaining relatively thick Ni layers,
suggesting that the thermal characteristics of the powders can be improved by using
smaller Ni particles in the starting mixture. BM beyond the optimum point increases
the solid-state diffusion of Al into Ni-rich solid solutions that negatively impacts the
heat output and the thermal wave velocity. The ignition experiments indicate near
adiabatic reactions occurring within the pellets milled at 4 h, which can be relatively
easily ignited with a locally applied heat source (using a small propane torch). It was
suggested that an overall composition of AINi could be potentially behave identical to

MFs, ignitable using a low energy spark.

Additional continuous BM experiments were carried out on powders with an
overall composition of AINi. The results showed that microstructural refinement with
increasing milling times increases reactivity, and pellets produced using 11 and 12
hours milled powders can be ignited locally using a low energy spark from a battery
and react in a self-propagating manner with uniform thermal fronts having velocities
up to 0.24 m/s (for a pellet porosity of 32 %). Using different heating rates for the 10
h, 11 h and 12 h samples, Kissinger analysis was performed to determine the
activation energies for the first exothermic peaks, which yielded 108.8, 101.9 and
100.0 kJ/mole, which are close to values published very recently for high-energy ball
milled powders. However, the peak maximum temperatures were lower by almost 20
degrees (~500 K), and closer to those in MFs with bilayer thicknesses of 40 nm (~498
K). Therefore, it appears that although the kinetics of growth are similar, the reaction
barrier is lower. This might be due to less interfacial mixing compared to the high-
energy ball milled powders. This would also explain the higher ignitability of low-
energy ball milled powders in this study, where the relatively sharper interfaces can

promote phase nucleation.
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In summary, similarities between low-energy ball milled Al/Ni powder pellets
and sputtered MFs were observed. BM has therefore the potential for a novel and
economical processing route for generating powders that can be shaped into useful
geometries (such as rolled into thin sheets) for thermal manufacturing applications,

and they can be an alternative to MFs used for bonding applications.

As a second powder processing method, Ultrasonic Powder Consolidation (UPC)
was used in this work to mainly produce thermite composites with a wide range of
Al/Fe;O5 and Al/Cu,O ratios by the application of ultrasonic energy as cylindrical
pellets with a clean, safe and efficient consolidation process at ambient conditions.
For oxide-rich compositions, multiple welds were used to synthesize dense pellets.
The observed reaction velocities and the reaction products of the composites prepared
by this fast process were found to be in good agreement with that of a prior research

on compacts of similar compositions and geometry.

Initial work on UPC of Al/Ni powders with a molar ratio of 1:3 showed that full
consolidation occurs only at 450-500°C and an applied pressure of 84.2 MPa. This is
in contrast to powders with an overall composition of AINi, where full consolidation
occurs under similar applied pressures at already 300°C. This big temperature
difference is attributed to the larger amount of Ni, since the soft Al particles are easier

to be compressed in contrast to hard Ni particles.

The exothermic reaction provides utilization of internal energy of the system for
heat release. The reaction takes less than a second and results in a high-purity product.
The short duration of the reaction does not allow change of the specimen shape, even
if melting is believed to take place at some of the powder compacts. The density of
the products changes by only ten per cent after reaction and, hence, the slight compact
growth can be taken into account if the specimens are used in sensitive components.
The non-involvement of gaseous product could be a benefit despite the fact that
particle spreading is observed during the reaction of the spark-ignitable compacts. In
contrast, materials that can be ignited using a small torch do not exhibit particle
spreading, but require flame utilisation, whereas possible preheating might restrict

their usage in industry. However, it can be argued that each specimen produced could
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be used in industry if the temperatures necessitated reflect those of the specimen (IT
and MT).

Focusing on the spark-ignited specimens, the functionality problem of the
compacts might be their fragility. The utilisation of these specimens could be broader
if the non-requirement of a flame is taken into consideration, but their handling could
be easier if fragility is overcome. Additionally, for industrial usage, the temperature of
the specimens should be precisely calculated parallel to the velocity evaluation,
reaction time and ignition delay time. These powder compacts could be produced in
industry in an inert atmosphere, either by LEBM, which takes a few hours, or by

High-Energy BM (HEBM), which needs only a few minutes.

10.2 Future Research & Potential Applications

Further research could be focused on some of the following topics:

» Decrease processing times of LEBM by using smaller Ni powder sizes, since
most of the mechanical energy in the initial stages goes to reducing the harder
Ni particle sizes (the softer Al particles readily experience severe plastic flow).
This increases the required milling times for mixing. Preliminary results with
smaller Ni particles (3-5 um) in the initial mixture with an overall composition
of AINi have showed that the required milling times can be reduced to 6 h as

opposed to 12 h to form similar structures.

» Carry out detailed studies on the effect of pellet porosity on thermal front
velocities. The front velocity of continuous LEBM experiments on powders
with an overall composition of AINi was found to be considerably smaller
than in MFs, but this was expected as the cold-compacted pellets have no

metallurgical bonding and can have very low thermal conductivities.

» Compare the microstructural refinement with increasing BM times and the
reactivity from low-energy and high-energy ball milled powders, to better
understand the effect of the local heating during each impact event due to

plastic deformation, which can cause mass diffusion and produce solid-state
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solutions. This might include Transmission Electron Spectroscopy (TEM)

studies.

» Use spark ignitable low-energy BM Al/Ni powder mixtures cold-pressed into
pellets for bonding trials; compare their properties to MFs.

» Incorporate powders into pure foils or surfaces using rolling to generate thick
reactive foils suitable for large scale bonding, ignitable away from the weld

interface using a spark.

» Study in more detail the influence of powder shapes/sizes and processing
parameters for UPC. Initial studies have shown that Al/Ni flake composites,
which exhibit a uniform distribution of Ni flakes in a fully densified Al matrix,

can be produced at 250°C and 80 MPa uniaxial pressure in 1 second.

In terms of potential applications, reactive nanostructures that can generate
localized heat through controlled ignition can be applied to a wide range of
applications where spatial and temporal control of heat can allow for thermal
actuation-based processing improvements or enable new features or abilities. Besides
the widely used sputtered MFs with multiple alternative AI-Ni layers, various new
nanostructures have been fabricated in the last several years using, for example, BM
and UPC, as employed in this study. In general, applications for reactive

nanostructures can be classified into joining, melting, and ablation.

Potential applications include:

» Bonding/joining of different materials and sealing for microelectronics and

power applications.

» Self-sintering powders (with pre-mixed BM Al-Ni particles) under electrical
actuation, etc.

» Reactive nanostructures embedded into polymer films, fibers or rods to allow
for melting and reshaping parts as part of new functions or for degradation,
e.g. in disposable self-heating fabrics and membranes for military materials,
biocatalytic processing substrates, and self-repairing polymer-matrix

composites.
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> Ablation of biomaterials (e.g. cancer cell walls and cauterizing blood vessels)

through the use of created intense heat.

> Energetic materials for defense applications, which bring to fruition the

promise of nano-materials for a unique contribution to this field.
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