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1. EXECUTIVE SUMMARY 

j 

In the cutrent project, phase transformations and precipitation behavior in age-hardenable 

nanoscale materials systems, using binary aluminum alloys as model materials, were studied. A major 

objective was to estabUsh a basic understanding of the evolution of structural changes within 

individual nanoparticles of these aUoys, as well as of the structural and physical characteristics of 

consolidated bulk pieces produced therefrom. 

Nanoparticles of bulk Al-4.4 wt.% Cu and Al-15 wt.% Zn were synthesi2ed by rapid 

plasma ablation foHowed by rapid quenching and the aging behavior of these particles was studied 

using x-ray diffraction, conventional and high-resolution transmission electron microscopy and 

nanoprobe energy dispersive x-ray analysis. The particles were found to be in the supersaturated 

f.cc. state in both cases, but displayed a variation in the individual particle composition (0.5 to 4.5 

wt.% Cu, 15-40 wt.% Zn) when compared with the preciirsor bulk alloys. All the particles were 

found to contain a 2-5 nm thick adherent aluminum oxide scale, which prevented further 

oxidation. On aging the Al-Cu nanoparticles, a precipitation sequence consisting of, nearly pure Cu 

precipitates to the metastable 6' to equiHbrium G-AkCu was observed, with all three forming along 

the oxide-particle interface. The structure of 6' and its interface with the Al matrix has been 

characteri2ed in detail. In the Al-Zn alloy, a spinodal structure was noted in the as-synthesi2ed 

particles. The spinodal structure coarsened on aging into an f.cc. twinned platelet structure that 

contains h.c.p. precipitates also in twin relation. Nearly pure Zn precipitates, with an h.c.p. 

structure, also formed along the oxide-particle interface and consumed the spinodal structure with 

time. Ultra fine Al-Cu nanoparticles (5-25 nm dia) were synthesi2ed by inert gas condensation 

(IGC) and their aging behavior was studied. These particles were found to be quite stable against 

precipitation. 

Finally, the sintering and consolidation behavior of aluminum nanoparticles were studied. It 

was found that nanopowders of Al could be processed via thermal and thermo mechanical means to 

bulk structures with high hardness and density. Temperature and time of sintering were found to 

have a dominant effect. The sintering process led to breakup of the oxide scale, leading to an 

interesting nanocomposite composed of 100-200 nm Al oxide dispersed in a bimodal nanometer- 

micrometer si2e Al matrix grains, which retained high hardness. Cold rolling and hot rolling were 

effective methods for attaining fuU densification and high hardness. 
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2.       INTRODUCTION AND OBJECTIVES 

Nanoscale materials have the potential to enable the significant leaps requited in the science, 

technology and application of new lightweight, high-strength, high conductivity, medium- 

tetnperature materials in ever-demanding energy, transportation, propulsion, space, and structural 

systems. Although there has been considerable research on nanoscale materials in recent years and 

discoveries made of new phenomena and novel properties, such as enhanced strength compared 

with their bulk counterparts [1-13], the behavior of nanoscale alloys and related materials that are 

compositionaUy metastable and hence vulnerable to solid-state phase changes during thermal or 

other treatments, is, however, far from being known, both within the individual "nano" building 

blocks, as well as in bxJk consolidated forms composed of these nanoentities. 

In the current project, we have focused on binary aluminum alloys as model materials for 

the study of phase transformations and precipitation behavior in age-hardenable nanoscale materials 

systems [14-17]. A major objective was to establish the science-based understanding of the 

evolution of structure and chemistry of the fundamental nanoscale particles, the interfaces between 

them, as well as of the structural and physical characteristics of the consolidated bulk pieces. In 

particular, we investigated basic science issues related to the precipitation behavior when the 

supersaturated parent phase grain or particle size approaches the same nanoscale (1-lOOnm) 

dimensions as critical nuclei and transition phases Uke GP zones. The issue of whether spinodal 

decomposition can occur at tiaese "nano" lengtii scales, along witii effects of variation in tiie grain 

or particle size on this process, was also studied. Binary age-hardenable Al-Cu and Al-Zn alloys that 

allow us to probe the effects of lattice mismatch and spinodal decomposition on the precipitation 

behavior was the primary focus of the work. In addition. Inert Gas Condensation (IGC) was used 

to synthesize ultra fine nanoparticles of Al-Cu and the aging behavior of tiiese particles was studied. 

Lastiy, the processing of nanoscale powders of aluminiim to biolk structures was investigated. 

3.        ACCOMPLISHMENTS 

The accomplishments of the present project are covered in three parts, as described below 



3.1. Synthesis of Al-Cu and Al-Zn Nanoparticles and Their Aging Behavior 

Synthesis of Nanoparticles and Chatacteri2ation Methods 

Ingots of two alloy compositions were initially made, namely, Al-4.4 wt%Cu alloy and Al- 

15 wt%Zn. As discussed below, the compositions of the particles were found to be modified (after 

converting to the nanocrystalline state) when compared with the original bulk compositions. Ultra 

high purity (5-9's) raw materials (~300g) were melted under clean nitrogen PlasmaAirtorch* 

atmosphere in a graphite crucible. The alloys were cast into 2" dia. x 2" long ingots. The Al-Cu 

ingots were solution heat treated at 545°C for 50 hrs, whereas the Al-Zn ingots were solution heat- 

treated at 450°C for 50 hrs. The ingots were next sent for making the nanoparticles.* Although 

conditions under which the particles were made were proprietary, the following details could be 

surmised. The process for the synthesis of nanoparticles relies upon a "plasma gun" for creating an 

arc between two electrodes, to produce a metal vapor plasma, which is rapidly quenched to form a 

gas phase suspension of nanoscale metal particles (Figure 1). The power discharge typicaUy is 

30-100 MW per shot and .the nanoparticles produced are collected in the ESP. The company 

normally manufactures oxide and other non-metallic powders, typically 10- 50nm diameter in size. 

The mean particle size from BET measurements and the corresponding amount of material is given 

in Table 1 below for the Al alloy nanoparticles synthesized for this study. 

X 
High 

Vohage 

Reaction 
Chamber 

ESP 

Powder Collectdt 

Vacuum 

Gas 

Pigure 1—Schematic of plasmas ablation process for the synthesis of nanoparticles (from Nanotechnologiers, Inc., 

Austin, TX). 

' The PlasmaAirtorch is a trade mark of MHI Inc. Cincinnati, OH 45208 
* The particles were made by Nanotechnologies, Inc., Austin, TX 78758 



Average Collection in the 
Particle Size, ESP per run, mg 

run 

136 656 
130 587 
86 80 
92 482 

The particles were examined in the as-received ^^^^^ ^ ^^^ ^-^^^ collection ofnano 

(caUed as-synthesized in tiie rest of the text) condition particles per run. 

and in the aged condition. Aging was conducted by 

heating the particles in evacuated and Argon back fiUed 

capsiiles, which also had a thin titanium strip placed in 

them that was heated with a oxyhydrogen torch to 

getter oxygen. For the Al-Cu particles, aging was 

conducted at 130°C and 190°C for times ranging feom 1 

to 10 h. The Al-Zn were aged at 65, 130 and 190°C, again for durations ranging fcom 1 to lOh. 

The nanoparticles were characterized by x-ray diffraction, SEM, TEM and energy dispersive 

x-ray spectroscopy (EDS) in tiie TEM. Prior to TEM observations, tiie nanoparticles were 

dispersed in methanol in an ultrasonic unit and then deposited onto carbon-coated nickel grids 

using a pipette. TEM observations were performed using a Philips CM20/CM200 (LaBe and PEG 

sources) microscope operated at 200kV under bright field (BF) dark field (DF) conditions and 

selected area diffraction (SAD) modes; the HRTEM observations were performed using a JEOL- 

4000EX operated at 400kV and JEM-1000 ARM operated at IMeV. For determining die chemical 

compositions of the particles, x-ray spectra were recorded using ultra-thin window EDS systems 

fitted to the TEM; standardless analysis was used to ascertain particle/phase compositions. 

Microstructure of As-synthesized Nanoparticles 

The as-synthesized Al-Cu and Al-Zn alloy particles were single-phase f.c.c wida a lattice 

parameter of ~0.404nm, ranged in size from 20-150nm (average of -90 nm) and faceted along 

{111} planes (Fig. 2(a,b)). Occasionally, particles witii diameters greater than 200 nm wee noted. 

An adherent oxide scale 2-4 nm in tiiickness was enveloped the particles, as revealed by HRTEM 

(Figs. 2(c,d)). This oxide was amorphous. EDS analysis revealed considerable variation in the 

amount of Cu (firom 0.5 to 4.5 wt% Cu) and amount of Zn (from 24-62 wt.% Zn), in tiie Al-Cu 

and Al-Zn particles, respectively. Typical EDS spectra are shown in Figure 3. Altiiough tiie Al-Zn 

particles were all single phase (supersaturated), the microstructure was noted to be mottied inside 

the particles (indicative of spinodal decomposition), with tiie mottling becoming more apparent in 

higher Zn concentrations particles. Occasionally, pme Zn particles were also noted. No dislocations 

were seen in any of the particles. 



Figure 2—BFTEM (a,b) and HRTEM (c,d) micrographs of as-synthesit^d nanoparticles oj 
(a,c) Al-Cu and (b,d) Al-Zn. Note defects due to radiation damage in (c). 
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Pigifre 3—Typical EDS spectra recorded from as-synthesi^ed (a) Al-Cu and (b) Al-Zn nanoparticles. Note: 
Ni peaks come from the supporting grid. 



Aging Behavior of Al-Cu Nanopatticles 

Upon aging at 130 and 190°C, plate-shaped ptecipitates, with length of about 20-40nm and 

thickness of about 5-20 nm, appeared within Ih (Figure 4). Analysis of EDS spectra indicated that 

many of the precipitates were highly enriched in Cu (80-95 wt.%), whereas others had lower Cu, 

between 35-55 wt.%, near that of AbCu (the composition of equilibrium 6 and of the metastable 

6'). The beam size of the electron probe was about 2-5nm, so some sampling from the adjacent 

regions may be expected. In all cases, the precipitates formed at the aluminum oxide/particle 

interface. Aging for longer times led to the appearance of larger number of precipitates within the 

particles (Fig. 2(b)) and the compositions of most of these were between 35-55 wt.% Cu, i.e. near 

that of AbCu. The particle matrix was largely depleted of Cu, containing about 0.2-0.4 wt.%. At 

short times, the precipitate-matrix interface appeared quite sharp/straight (and apparendy 

coherent), but became curved at longer times, presumably due to loss of coherency. 

-pigure 4—W images of Al-Cu nanoparticks aged at 130°C for (a) 1h and (h) 10h and at 
190°C for (c) 1h and (d) 10h. Note the appearance of the second phase precipitates within the 
particles (indicated by arrows) along the oxide-particle matrix interface. 
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Pignre 5—Typical EDS spectra recorded from aged Al-Cu nanoparticles. (a) Cu-rich precipitates and (h) 
precipitates with composition nearAkCu. Note: Ni peaks come from the supporting grid 

The highly Cu-dch 

precipitates   appeared   to 

be GP zones, though their 

structure   has   not   been 

determined yet. However, 

it was noteworthy and the 

thickness of these is over 

an   order   of   magnitude 

greater than diose of GP 

zones    in    conventional, 

coarse-grained    materials. 

Many of the precipitates 

with    compositions    near 

AbCu were determined to 

be   e'.   [010]   and   [110] 

CBED   patterns    recorded 

with a very fine probe from 

regions     including     these 

precipitates and the matrix 

are shown in Figs. 6(a) and 
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Figure 6—CBED patterns (a) [010] AllB' and (b) [110] AllQ' and 
computer-simulated diffraction patterns (c) [010] and (d) [110] identifying 
the d'precipitate in particles aged at 190°C, 1h; in (c,d) the solid circles 
denote matrix reflections, the open circles 6' reflections and shaded circles 

double diffraction reflections. 



6(b), respectively. By means of computer simulations, Figs. 6(c) and 6(d), the patterns could be 

indexed on the basis of a body centered tetragonal structure with lattice parameters a=4.04 A and 

c=6.075 A and orientation relationship of (001) Al // (001) 6' and [010] Al // [010] 6'. It should 

be noted that the c-parameter determined 

differed slightly from the value of 5.8A 

reported for 6' in bulk, coarse-grained 

aged Al-Cu alloys [18], whereas the a- 

parameter was the same. As a result the 

(006) reflection of 6' nearly coincides with 

the (004) of Al and the mismatch with the 

matrix along the c-axes is reduced. In bulk 

Al-Cu, the 9' is fully coherent along the 

broad faces (i.e. (001) plane), but semi- 

coherent along the edges [18]. 

An HRTEM micrograph recorded 

along the [110] beam direction. Fig. 7(a), 

shows the structure of the 6', the matrix 

and  the   interface   between   them.   The 

interface consists of terraces parallel to the 

(002) plane interspersed with ledges -1-2 

(002) planes tall at which extra half planes 

corresponding to dislocations are present, 

i.e. the broad faces are coherent, but the 

edges  are  semi-coherent.   When  viewed 

along the [010] direction. Fig. 7(b), the 6' 

and a-Al matrix appear perfecdy coherent 

across the   (002)   interface   plane,   along     Figure 7—HRTEM micrographs recorded along the 
(a) [110] Al/d' (aged at 190°C, 1h) and (b) [010] 

widi perfect matching of die (200) planes.     ^^^Q ^^^^^ ^^ ^^QOQ ^J^J ^.^^^-^^ ^^^ structure of the 

WhHe die interface is for the most part     a-Al matrix, the B'precipitate and interface between 
them in a nanoparticle. 

straight,   long   and   sharp,   atomic   scale 



facets with steps or ledges 1-2 (002) planes taU between facets can be seen in some parts. In this 

case, the 9' spans across the peripheral length of the parent matrix particle, with the edges 

contacting the outer Al oxide. The misfit dislocations expected along the edges (parallel to the 

(200) plane) to accommodate the mismatch in 

the [001] direction are not seen and 

presumably the amorphous Al oxide 

accommodates the entire mismatch. In 

addition to 6', some of the precipitates were 

determined to be the equilibrium B-AlaCu 

phase (Fig. 8). Misfit dislocations coxild be     'Figure 8—(a) BF micrograph and (h) [001]  CBED 
.   .       r paffem identifyin? the equilibrium O-AhCu precipitate 

seen along the precipitate-matnx mtertace. '^ j, ■    AI%        \ ^-1     „.^^^ion°rih ^       r      i- (arrowed) in Al-Cu nanoparticles aged at lyU C, Ih. 

Aging Behavior of Al-Zn Nanoparticles 

The Al-Zn alloy showed motded structures, especially in the higher Zn particles even in the 

as-synthesized condition (Fig. 2(b)). Figs. 9(a,b) show the wide variation in microstructures 

observed for this alloy following aging for Ih. Most of die particles displayed two types of features: 

, (a) a striated structure in two orientations, and (b) a much coarser precipitate tiiat formed along the 

oxide/particle surface. Analysis of EDS spectra (Fig. 10 (a) indicated tiiat die latter were nearly 

pure Zn (85-95wt%), and diffraction analysis indicated tiiat tiie structure was h.c.p. (Fig. 9(c)). No 

low-index OR could be ascertained for tiiese h.c.p. Zn-rich precipitates witii tiie matrix, suggesting 

they are incoherent. EDS analysis indicated tiiat tiie striations consisted of high and low zinc rich 

regions, but tiie structure was fee with some evidence for splitting of reflections along tiie < 111 > 

directions (Fig. 9(d)). Analysis of EDS spectra (Fig. 10(b)) of regions including tiie striations and 

the surrovinding matrix gave a typical composition of 35-45 wt% Zn. The striated structure 

evolved into a structure composed of platelets in fee. twin relationship, witiiin which were 

contained precipitates also in twin relationship (Fig. 11(a)). This morphology gave rise to complex 

diffraction effects (Fig. 11(b)). Analysis suggested tiiat the precipitates witiiin tiie fee twin-related 

regions have an h.c.p. structure. At long times, tiie platelet structure yielded to tiie pure Zn 

precipitates, whose number increased over that observed after shorter time aging. 



Figure 9—Al-Zn particks aged at 130°C. (a) 1h, BF image; (b) 10h, BF image; (c) [11-20] CBED pattern 
establishing the hep structure of the Zn-rich precipitates, and (d) [011] SAD pattern from striated strurture within the 
particles. Note the two types features in the particles, vi^, Zn-rich precipitates labeled A and the striated (spinodal) 
structure labeled B and splitting of reflections along <111> in (d)from this structure. 
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Figure 10—Typical EDS spectra recorded from agedAl-Zn nanoparticles. (a) Zn-rich precipitates and (b) 
striated structure + matrix. Note: Ni peaks come from the supporting grid. 
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Figure 11—(a) BF micrograph, (h) 
[Oil] SAD pattern from particle in 
(a) containing platelets; and (c) DF 
showing fine-scale fee twins+twin- 
related hep platelets taken from Al-Zn 
particles aged at 190°C, 1h. 

Discussion 

The as-synthesized nanoparticles of the alloys were single phase and except for some 

mottling noted in the Al-Zn alloy particles no other featiares such as dislocations or grain 

boundaries were observed. AU particles were coated with a 2-4 nm thick amorphous aluminum 

oxide layer. After the heat treatment, a common feature noted in both alloys was that the 

precipitation appeared to initiate at the aluminum oxide/particle interface. Normally only one 

precipitate per particle was noted after aging. 

On aging, the supersatmated Al-Cu nanoparticles appeared to follow a decomposition 

sequence normally noted in bulk alloys [18,19], although some clear differences were noted,    hi 

11 



bulk alloys, the ptecipitation at 130°C (generally inferred from hardness measurements) begins in 1 

hr and reaches a peak at 100 hrs with a plateau region in the 10 hr range. During this process, 

initially the GP zones nucleate on defects such as dislocations or collapsed vacancy clusters and 

then further possibly coarsen to 6", while metastable Al-Cu regions (called 0') also begin to appear. 

The GP zones and 6" display coherency with the matrix and are associated with some lattice strain. 

At the lOOh time exposure, the volume fraction of such precipitates is high [19,20]. The GP zones 

are about l-3nm in thickness and 10 nm in diameter. The distance between individual GP zones in 

bulk aUoys is about 2-4nm and about 10^4 -10^5 zones are formed per mm^, i.e. a cube with a lOnm 

edge, would be expected to contain roughly one GP zone. The distance between the G" precipitates 

is larger, being -20-1 OOnm. Eventually at very long times or higher temperatures, the equilibrixim 

AbCu precipitates appear, which are incoherent with the matrix. The appearance of the GP zones 

is associated with an increase in the hardness of the alloy; peak hardness is normally seen when 6' 

appears; the equilibrivim phase is normally associated with a drop in hardness of the alloy. 

In the Al-Cu nanoparticles, the sequence of precipitation was inferred to be: supersaturated 

solid solution to very high Cu concentration precipitates to 0' precipitates to precipitates with 

compositions and structure corresponding to die equilibriiim G-AlaCu. For the nanoparticles aged 

at 130°C and 190°C for 1 hr, tiie plate-shaped Cu-rich regions were noted to form in thicknesses 

much larger than conventional GP zones (10-20nm vs.l-3nm). Generally, only one precipitate per 

particle was noted and these appeared with a straight, sharp interface and coherent with the Cu 

depleted matrix. The 0'-matrix interface consisted of terraces parallel to the (002) plane 

interspersed with ledges -1-2 (002) planes taU at which extra half planes corresponding to 

dislocations are present, i.e. the broad faces are coherent, but the edges are semi-coherent, as in the 

case of coarse-grained aged materials. On the other hand, the degree of misfit between the 0' and 

the Al matrix along the [001] direction appeared to be lower in the nanoparticle case compared 

with the situation in bvdk, coarse-grained aged alloys and there was evidence that this misfit was 

partially accommodated by the outer amorphous alimiinum oxide layer in contact with these 

precipitates. These observations are unusual compared with alloys in bulk form when similar heat 

treatments are carried out; as mentioned earlier, the 0' precipitates are always seen with a ring of 

surrounding dislocations. Once the precipitation began in the particles, the matrix was quickly 

depleted in Cu (within 1 hr) and remained so during subsequent aging. 

12 



In the Al-Zn alloy case, one key observation was that the nanoparticles were significantly 

enhanced in zinc content when compared with the parent ingot. It appears that die Zn may have 

vaporized in larger quantities during die ablation process and when the particles were cooled, the 

excess zinc was trapped in the nanoparticles. A spinodal-Hke microstructure was observed withm 

the as-synthesized nanoparticles. For compositions greater tiian 30-wt%Zn, spinodal 

decomposition is expected firom thermodynamic considerations [21,22]. Again, differences in the 

rate of formation and decay of tiie spinodal were observed in tiie nanoparticles when compared 

with bulk alloys. The spinodal structure evolved during aging into a striated composed of Al-nch 

and Zn-rich regions witii an f.c.c. structure and parallel to {111} planes. SpHtting of reflections in 

the SAD patterns along the <lll>-£c.c directions suggests that the initial composition fluctuations 

also develop along tiiese directions. The mottied/spinodal structure in tiie as-syntiiesized particles 

displayed an average wavelength of about 7nm, and tiie treatment at 130°C (1-10 hrs) showed 

striated structures witii wavelengtiis in the 10-20nm range. As tiie zinc content of tiie particles 

varied considerably when compared witii tiie bulk ingot, it was difficult to compare tiiese results 

with tiiose inferred firom early stage spinodal tiieory [22]. Occasionally, tiie striated structure 

appeared in the form of thin platelets in f.c.c. twin relationship witiiin which were contained 

platelets with an h.cp. structure also in twin relationship. Apart firom these features, zinc-rich (85- 

95 wt% Zn) precipitates, apparentiy incoherent, also formed during aging at the aluminum 

oxide/particle interface and eventually replaced tiie striated spinodal structure. It should be noted 

that in bulk Al-Zn alloys with high Zn, spinodal decomposition occurs rapidly and tiie modijlated, 

spinodal structure is replaced by a product composed of alternate Al-rich and Zn-rich plates 

originating firom a cellular reaction that commences at die grain boundaries. A paper based on tiiese 

various results is about to be submitted to Acfa Materialia [15]. 

3.2. Synthesis and Aging Behavior of Ultra-Fine Nanoparticles of Al-Cu 

It is clear from the preceding that the nanoparticles produced by the plasma ablation process 

were generally large, with an average size of -90 nm, a size much larger tiian the typical dimensions 

of GP zones or other transition phases. Thus, in order to study tiie precipitation behavior when the 

length scales of the primary particle approached tiiose of GP zones, tiie IGC facihty at Argonne 

National Lab was used to syntiiesize ultra fme nanoparticles of Al-Cu. Several experiments were 
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performed to establish the optimvim conditions, namely, evaporation temperature, chamber 

pressure, evaporation time and chamber venting, for synthesizing the nanoparticles of Al-Cu. Since 

ultra fine Al nanoparticles are susceptible spontaneous oxidation and conflagration, considerable 

care had to be exercised while admitting air into the chamber after the nanoparticles had been 

scraped firom the cold finger and collected. Venting the chamber to atmosphere had to be done 

extremely slowly (over several hours) to form only an outer layer of oxide around the particles and 

prevent subsequent/complete oxidation. 

TEM analysis of material made by vaporizing an Al-4Cu charge revealed that Al 

nanoparticles 5-25 nm in diameter were produced, but very little Cu was present in the particles. 

This was not surprising, since the vapor pressure of Al is nearly ten times that of Cu near the 

melting temperature of 

Cu. Consequendy, in 

subsequent experi- 

ments, piire Cu was 

added to the Al-4Cu 

charge to bring the 

overall composition to 

-30 wt.%Cu, melted 

and vaporized together 

and the nanoparticles 

collected. TEM analysis 

revealed that Al-Cu 

alloy nanoparticles (5- 

25 nm dia), with 3-7 

wt.% Cu resulted (Fig. 

12); in addition,   ~8 jr^^^^^ ^2-(a) BF micrograph, (b) DF micrograph from (111 ) Al reflection and (c) SAD 
t %Si      was      also P^"^"' ^"^ (^^ HRTEM along [011]frc (inset FFTJfrom Al-Cu nanoparticles synthesized 

^ ■ ° ^ by IGC using Al-4Cu + pure Cu (overallAl-30 wt.% Cu) charge. 
present       in        the 

particles (the latter may have come firom the alimiina/muUite crucible used to melt the charge in 

the IGC). It is interesting to note, however, that the particles still had a single-phase £c.c structure 
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with lattice patameter neat that of Al and supersaturated in Cu and Si. The particles were 

encapsulated in quartz under Argon and aged at 190°C and 300°C. Observations of tiie aged 

particles by conventional TEM (Fig. 13) revealed tiiat otiier than some particle coarsening, no 

precipitation occurred within the particles for times as long as lOOh at these temperatures. HRTEM 

observations are being conducted to confirm tiiese findings. A paper based on these results, 

including explanations for the absence of precipitation, is in preparation for submission to App. 

Phys. Lett. [16]. 

Figure 1 i-lGC-synthesit^ed and then aged Al-Cu nanoparticks. (a) SAD and (b) DF micrograph from (111) 
reflection from particles aged at 190°C, lOOh; (c) SAD pattern and (d) DF micrograph from (111) reflection 
from particles aged at 300°C, lOOh. 
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3.3 Processing Bulk Structures from NanoPowders of Aluminum 

The aim of this part of the project was to study the ability to consolidate nanoscale powders 

to bulk structures by combinations of sintering and cold/hot rolling operations and to ascertain the 

mechanisms of sintering and the extent to which the initial nanoscale particle si2e could be 

preserved. 

For this study, pure Al nanopowders that had been produced by the exploding wire method 

were purchased from Argonide Inc. (Sanford, FL). The powders were cold-compacted in a stainless 

steel die under a pressure of 370 MPa held for 2 minutes. The effect of sintering temperature (500- 

650°C), sintering time (l-3h), cold rolling and hot rolling (200-400°C) on compact density, 

hardness and microstructure were studied. Microstructures were examined by SEM and TEM. 

The as-received powders ranged in 

diameter from 50-150 nm, with an |^ !"'*'»« 

average arovind lOOnm (Fig. 14). A few 

larger particles ranging in size from 1-5 jxm 

were also present. Macro photographs of 

the compacts after various processing steps 

are shown in Fig. 15, and the 

corresponding changes in density, 

microhardness and microstructure are 

displayed in Figs. 16 and 17. Figure 14—SEM micrograph of as-received Al nampowders. 

I'V',  ■■''  
1cm 

■kffCli   55(fOlb    6Q(fQ1h   65(rC,-1h lifesiiilf 

Cold'Rolled, 30%    ( 0 . Ro   , 60 
h ■ ' 

A ^ 
'' 2oo^c m,    m^c swL." /■.- I'^M^C/m.^ 

Figure 15—Macrophotographs of compacts ofAl nanopowders following various indicated processing steps. 
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The density and hardness increased with an increase in the sintering temperature, with 

values approaching 97% theoretical and 100 HV, respectively, at 650°C (Fig. 16). The oxide scale 

present initiaUy around the particles was intact until 500°C (Fig. 17(b), but became breached at 

higher sintering temperatures (600-650°C), resulting in a very interesting nanocomposite composed 

of Al oxide particulate in the Al matrix. Figure 17(c,d), both having nanoscale dimensions. 

Correspondingly, the density and hardness also increased. TEM examination (Fig. 18) revealed that 

the nanoscale grain si2e of the Al was retained after sintering, though tiiere was also evidence for 

some grain growth. There was also evidence tiiat tiie Al grains were deformed (i.e. changed shape) 

and in some cases contained twins, which is unexpected for aluminum. 

160 

140 

120 

100 

80 

60 

40 

20 

0 

-A A A A- 
Hardness 
Relative density 

h 
i    i 

I 
Sinter 

550°C,1h 

Sinter Sinter 
As-     500°C,1h eOO'Clh 

compacted 

i 
i   I 

Sinter 
650°C, 1h 

Sinter 650°C        Sinter 600°C 
Cold Rolled Hot Rolled 300°C 

Sinter 600°C Sinter 600°C Sinter 600°C 
Cold Rolled Hot Rolled 200°C      Hot Rolled 400°C 

100 

90 

80 

70 

60 -g 

«^ 50 IJ 
■e 

40 "I 

30 

20 

10 

0 

Processing condition 

Figure 16—Changes in relative density and microhardness following various indicated processing steps. 

Cold rolling was even more effective for attaining full densification (100%) and high 

hardness (-140 HV). The sintered compacts could be cold rolled successfully to as high as 60% 

reduction   without   macroscopic   failure   (Fig.   19(a)).    However,   examination   at   very   high 
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Tigure 17—SEM. micrographs showing microstructure of compacts ofAl nanopowders following various 
processing steps, (a) cold-pressed; (b) cold-pressed + 500°C, 1h; (c) cold-pressed + 600°C, 1h; and (d) 

cold-pressed + 650°C, 1h 

magnifications revealed the presence of nanoscale cracks. Hot rolling of the sintered compacts, on 

the other hand, led to crack-free material (Fig. 19(b), but a sHght decrease in hardness, coupled 

with some grain growth (Fig. 20). These various results indicate that nanoscale powders can be 

successfully consolidated to bxilk structures by thermal and thermo mechanical processing. The 

nanoscale dimensions of the original particles are largely retained, and simultaneously unique Al-Al 

oxide nanocomposites are produced with potentially attractive properties. A paper based on these 

results is in preparation for submission to MetalL Mater. Trans. [17]. 
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Figure 18. Alnanopowders compacted and sintered at 600°C, 1h. (a) BF TEM image; (b) DF from (111) Al 
reflection in inset SAD pattern showing nanoscak Al grains (evidence for grain growth present); and (c) BF 
micrograph showing fragmentation (arrows) of Al oxide layer into nanoscale oxide particles. 

Figure 19. SEM micrographs of compacts sintered at 600°C, 1h and then (a) cold rolled 60% reduction and (h) hot 
rolled at 400°C, 70% reduction. Note nanocracks (encircled) in 'a'hut none in V. 
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^.   ' SOdttngf; 

fi^/^« 2ft BF and DF TEM micngraph pairs showing microstmctun of compacts sintered at 600°C, 1h and then 
(a,h) hot rolled 30% reduction at 200°C and (c,d) hot rolled at 400°C, 70% reduction . Note bitnodal distribution 
of grains (0.5-1 urn and 100-300 nm sit^e). 
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5.    NEW DISCOVERIES, INVENTIONS OR PATENT DISCLOSURES 

The following are the major new findings resulting from this project. 

Nanoparticles of Al-Cu and Al-Zn were synthesized by a plasma ablation process and the 

transformation behavior within these particles on aging was studied. 

The particles were in the supersaturated f.c.c. state, but displayed a variation in the 

individual particle composition compared with the precursor ingots. 

The particles were often faceted along {111} planes and were free of dislocations; all 

particles were covered with a 2-4 nm Al oxide layer that protected them fcom further 

oxidation. 

During aging of the Al-Cu particles, nearly pure Cu precipitates form first along the oxide- 

particle interface and these transform to 0' followed by equilibrium S-AbCu. 

The structure of 6' and interface with the Al matrix were established by HRTEM. 

A spinodal structure was noted in tiie Al-Zn particles, which coarsened on aging into a 

striated fee. twinned platelet structure that contained h.c.p. precipitates also in twin 

relation. Nearly pure h.cp. Zn precipitates also formed along the oxide-particle interface. 

Ultra fine Al-Cu nanoparticles were synthesized by IGC; these nanoparticles were found to 

be quite stable against precipitation during aging. 

NanoPowders of Al could be processed via thermal and thermo mechanical means to bulk 

structures with high hardness and density; temperature and time of sintering have a 

dominant effect. 

The sintering process led to breakup of the oxide scale, leading to an interesting 

nanocomposite composed of 100-200 nm amorphous Al oxide dispersed in a bimodal 

nanometer-micrometer size Al matrix grain matrix. Ultra fine (10-20 nm size) Al oxide 

particles were also present and effectively pinned the grain boundaries. 

The sintered compacts could be successfully cold and hot rolled to high reductions in 

miiltiple passes, and these procedures gave full densification and high hardness. Nanocracks 

were observed in the cold rolled materials, but were absent in the hot rolled materials. 
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6.       TRANSITIONS/INTERACTIONS 

The nanoparticles studied herein wete synthesi2ed by Nanotechnologies, Inc., Austin, TX. 

In addition, ultra fine nanoparticles of Al-Cu alloys were synthesized with the help of Dr. Jeff 

Eastman and his IGC equipment at ANL. Meetings have been held with scientists at AFRL prs. 

D. Dimiduk, D. Miracle and K. Williams) to discuss the project goals and results. Part of the 

electron microscopy work was performed using the facilities available at the Ait Force Research 

Laboratory, Materials Directorate, WPAFB, Dayton, OH; the Argonne National Laboratory, 

Electron Microscopy Center, Argonne, IL; and the National Institute of Materials Science, 

Nanomaterials Laboratory (Dr. Kazuo Furuya), Tsukuba, Japan. The project results have also been 

disseminated through publications (1 published, 1 close to submission and 2 under preparation) and 

through invited and contributed talks at universities, national/international technical conferences 

and at the annual AFOSR Metallic Structural Materials Workshop. 
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