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ABSTRACT 

As particle size reduces from the micron- to the nano-scale, physical properties of 

the material can be affected and impact thermal and reaction dynamics of the particles. In 

the case of nano-aluminum particles encased in an alumina passivation shell, as particle 

size decreases, the shell strength approaches theoretical. Also, nano particles can exhibit 

a melting temperature depression following the Gibbs-Thomson relationship based on 

surface tension effects. Understanding how shell strength and surface tension influence 

each other is an objective of this study.  Specifically, the effect of the alumina shell on 

the nano aluminum melting temperature depression is examined using thermal analysis 

techniques. Nano aluminum particles of various particle sizes ranging from 17 to 108 nm 

having virtually undamaged alumina shells were selected for this study. Melting 

temperatures for each of these powders were measured using differential scanning 

calorimetry. These measured values were compared with theoretical melting temperatures 

calculated using the Gibbs-Thomson equation. It was observed that the melting 

temperatures of alumina encapsulated nano-aluminum particles matched qualitatively 

with the theoretical trend but not quantitatively. For example, melting temperatures of 

nano-aluminum particles with undamaged shells exhibited melting temperatures on 

average 5 K greater than theoretical predictions. 

The alumina shells of these particles were then damaged mechanically by 

grinding them between two cylindrical dies in Hydraulic-press. Melting temperatures of 

the mechanically damaged particles were measured using differential scanning 

calorimetry and found to have reduced melting temperatures when compared to 

undamaged particles. The melting temperatures of nano-aluminum particles with 
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damaged shells were in better agreement with theoretical values. Using the difference in 

melting temperatures of damaged and undamaged powders, pressure build-up within the 

aluminum core was calculated and compared with the pressures calculated using 

elasticity theory. The comparison showed that the pressure build-up in most of the 

particles was due to the interfacial surface energies between alumina-aluminum, alumina-

air and solid-liquid aluminum.  
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CHAPTER I 

INTRODUCTION 

1.1 Surface Effect in Small Particles 

The atoms that comprise the inside of a particle are either attracted or repelled 

from all directions by other atoms surrounding them and remain in a state of equilibrium 

as illustrated in Figure 1.1. Surface atoms are attracted to other atoms from their sides 

and towards the interior of the particle only (Figure 1.1). Because one surface is exposed, 

surface atoms are in a state of higher energy as compared to interior atoms. This excess 

energy can be described in terms of energy per unit surface area (J/m2 or erg/cm2) and is 

called surface energy.   

 

Figure 1.1 Interior atoms are attracted from all directions.  
Surface atoms are attracted to the sides and inward  
(“Surface Tension and Temperature”, August 2003.) 

The existence of surface energy manifests itself in the form of surface tension. 

Surface energy is excess energy that is minimized by minimizing the surface area of a 

liquid droplet, thus giving it the spherical shape. The surface atoms of a liquid can realign 

themselves to come to a state of minimum energy, but that is not possible for the surface 

atoms of a bulk solid. For bulk solid particles the number of surface atoms is extremely 

 1



Texas Tech University, Garima Chauhan, December 2007 

small compared to the number of interior atoms. This is illustrated by the graph in Figure 

1.2 that shows the increase in surface area to volume ratio with decrease in particle 

diameter.  
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Figure 1.2 Surface to volume ratio as a function of particle diameter 

As particle size decreases more surface atoms per unit volume promote higher 

levels of surface energy and the effects of surface tension are no longer negligible. This is 

further shown by the data in Table 1.1. As the particle diameter approaches 1 nm the 

percentage of surface atoms becomes 99 %. 

Table 1.1 Ratio of surface atoms to total atoms in a single particle 
(Ichinose, Ozaki & Kashu, 1992) 

 
 

Particle Diameter 
(nm) 

 
Total Atom Count 

 
Surface Atoms 

(%) 
10 30,000 20 
5 4000 40 
2 250 80 
1 30 99 

 
 2
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As the particle size approaches nano particle range (1 to 100 nm), solids can 

change their external form in order to reduce surface energy (Ichinose, Ozaki & Kashu, 

1992). In other words, the surface atoms of nano particles can acquire greater mobility as 

compared to larger solid particles, facilitating melting. Thus, surface effect influences 

surface tension and reduces the melting temperatures with particle size. 

1.2 Size Dependent Melting Temperature Depression 

The dependence of melting temperature on particle size is not restricted to any 

particular material; rather, it encompasses a wide variety of materials from metals to 

semiconductors and to molecular organic crystals (Dick, Dhanasekaran, Zang & Meisel, 

2001). Size dependent melting temperature depression has been demonstrated in many 

materials such as tin (Wronski, 1967; Bachels, Guntherodt & Schafer, 2000), gold (Dick, 

Dhanasekaran et al., 2001; Buffat & Borel, 1976; Castro, Reifenberger et al., 1990), lead 

(Peters, Chung & Cohen, 1997; Peters, Cohen & Chung, 1998), silver (Castro, 

Reifenberger et al., 1990), indium (Dippel, Maier et al., 2001), and aluminum (Eckert et 

al., 1992; Jang et al., 1990; Patterson et al., 1992; Trunov, Umbrajkar et al., 2006). Buffat 

et al. (1976) experimentally studied the effect of particle size on the melting temperature 

of gold particles. They measured the melting temperatures of gold particles ranging from 

50 Å to 20 Å in diameter using a scanning electron-diffraction technique. They reported a 

melting temperature reduction of about 600 K for 20 Å particle size as compared to the 

bulk melting temperature. According to Eckert et al. (1993) aluminum also exhibits a size 

dependent melting temperature depression reaching a minimum value of 836 K for 13 nm 

particles as compared to the bulk melting temperature of 933K.  The measurements for 

melting temperatures were made using differential scanning calorimetry in a helium 
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atmosphere at a heating rate of 20 K/min. One explanation for this size dependent 

melting temperature depression is the increased ratio of surface to volume atoms 

(Ichinose, Ozaki & Kashu, 1992). 

1.3 Influence of Alumina Shell on Nano-Aluminum Melting 

The size dependent melting temperature depression for small particles can be 

described using classical thermodynamic approach based on the equality of the chemical 

potentials of the solid and liquid phases using Laplace’s formula (Gibbs, 1948; Defay & 

Prigogine, 1967; Wunderlich, 1980). This is called the Gibbs-Thomson model and the 

form of the Gibbs-Thomson equation for spherical particles is: 

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

∞Δ
∞

−∞=
rH

TTrT
sf

slm
mm ρ

σ
)(
)(2)()(                                       (1.1) 

Where, 

• Tm(r) = Melting temperature for a particle size of radius r 

• Tm (∞) = Bulk melting temperature 

• ΔHf (∞) = Bulk latent heat of fusion 

• ρs = Solid phase density 

• σsl = Solid – Liquid interfacial energy 

• r = radius of the particle 

According to this model an infinitely thin liquid layer forms on the solid core and 

continues to grow till the whole particle melts. Ideally, nano particles should behave in 

accordance with the theoretical behavior. But for nano particles embedded in a matrix of 

another material with a higher melting temperature, deviations from theoretical melting 

 4
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temperatures have been observed (Dippel et al., 2001; Mei et al., 2005; Chatopadhyay & 

Goswami, 1997; Trunov, Umbrajkar, Schoenitz, Mang & Dreizin, 2006).  

Trunov et al. (2006) studied the melting behavior of 44, 80 and 121 nm aluminum 

powders covered with a 1.8-3.5 nm thick passivation alumina layer using differential 

scanning calorimetry. They observed that the melting of nanopowders starts at a lower 

temperature compared to bulk aluminum, however, the depression in melting temperature 

corresponds to a theoretical trend only qualitatively. Mei et al. (2005) studied the 

superheating phenomenon in partially oxidized nano aluminum particles well 

encapsulated in thick alumina shells using XRD analysis. They started with 80 nm 

aluminum powder and oxidized it in air at elevated temperatures and obtained three 

samples with different oxide shell thicknesses: Sample A oxidized at 873 K for 1 hour, 

sample B at the same temperature for 3 hours and sample C at the same temperature for 6 

hours. Their experimental results revealed that the encapsulated aluminum nanoparticles 

with different alumina shell thicknesses can be superheated to 7-15 K beyond the bulk 

equilibrium melting temperature of aluminum. Sun et al. (2007) studied the melting 

behavior of aluminum nanopowders with a weight average particle radius ranging from 8 

to 50 nm covered with alumina passivation shells. They reported a size dependent 

melting temperature depression but the melting temperatures were found to be higher 

than those reported in other studies. They argued that this elevation in melting 

temperatures was due to the compressive pressure exerted by the alumina shell. After 

correcting for this pressure effect, their data agreed well with values reported in literature.  

A thick and rigid alumina shell and a large difference between the thermal expansion 

coefficients of aluminum and alumina create a pressure build-up in these particles. Mei et 
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al. (2005) calculated the elevation in melting temperatures from Clausius – Clapeyron 

equation and found it to be in agreement with the experimentally observed superheating.  

This demonstrates that the superheating observed in the Al/Al2O3 system is a pressure 

induced phenomenon.  

Mei et al. (2005) investigated the effect of pressure in partially oxidized samples by 

growing the alumina shells to a considerable thickness (e.g. 18 nm for Sample B), but for 

commercially available aluminum particles covered with thin alumina passivation shells 

the effect of pressure on size dependent melting behavior has not yet been studied 

quantitatively. Trunov et al. (2006) observed that the melting temperature depression 

corresponds to theoretical trend only qualitatively; further quantitative investigation of 

this phenomenon is required. Sun et al. (2007) suggested a pressure build up within the 

aluminum core, but an experimental verification of this pressure effect on melting 

temperature has not been done yet. 

Levitas et al. (2006) showed that in aluminum nanoparticles covered by a thin 

alumina shell pressure on the order of 0.1-4 GPa are possible. This magnitude of pressure 

build-up is made possible by the high strength of the alumina shell. At a critical 

threshold, further increases in internal pressure result in the complete shatter and 

spallation of alumina shell. The unbalanced pressure between the core and exposed 

surface creates an unloading wave that disperses the molten core via atomic scale 

clusters. This mechanism for ignition and reaction is based on a dispersion rather than 

diffusion mechanism, illustrated in Figure 1.3. This theory holds only for fast heating 

rates.  
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Figure 1.3 Melt Dispersion Mechanism (Levitas et al., 2006) 

For slow heating rates the alumina shell goes through a series of phase transitions 

promoting a diffusive reaction mechanism. Trunov et al. (2006) showed using thermo-

gravimetric analysis that the oxidation of aluminum nanoparticles at slow heating rates is 

a step wise process. In the first step the amorphous alumina shell grows in thickness at 

low temperatures, in the second step it transforms into a denser γ – Al2O3 polymorph. 

This phase transformation reduces the thickness and the diffusion resistance of the oxide 

layer. Thus, in the next step, the rate of oxidation accelerates rapidly until a continuous, 

polycrystalline layer of γ – Al2O3 is produced. As the temperature continues increasing, 

the layer of the γ – Al2O3 grows until crystallites of an even denser α– Al2O3 start 

forming. Formation of a higher density polymorph once again results in a reduction in the 

overall oxide thickness and the diffusion resistance of the oxide layer. An accelerated 

oxidation continues until the oxide layer transforms into a polycrystalline film. 

 7
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Rai, Lee, Park & Zachariah (2004) did a qualitative study on the importance of 

melting of aluminum in oxidation of aluminum nanoparticles using hot-stage TEM 

imaging to observe melting behavior and single particle mass spectrometry (SPMS) to 

study oxidation behavior of nano aluminum particles. While Trunov et al. (2005) used 

slow heating rates (1 and 5 K/min) for their study, Rai et al. (2004) used a heating rate of 

about 33 K/min and found that aluminum melting causes rupture of the oxide shell, and 

may be the primary initiator in the oxidation (and ignition) of aluminum nanoparticles. 

These studies indicate that the oxidation mechanism for nanoparticles can depend upon 

heating rates: diffusive and stepwise for slow heating rates and dispersive for fast heating 

rates.  

The melt dispersion mechanism (MDM) for fast oxidation of aluminum nanoparticles 

suggests a high pressure build-up within the aluminum core. Although measuring internal 

core pressures of nano-scale particles is beyond the diagnostic capabilities of today, there 

are other experimental approaches that can be implemented in an effort to confirm this 

new melt dispersion theory. 

This study investigates the influence of thin alumina passivation shells on the size 

dependent melting behavior of aluminum nano particles. Virtually defect free alumina 

shells will allow pressure build-up inside the nano aluminum particle and induce 

suppression in melting temperature depression following the Clausius – Clapeyron 

equation.  Creating imperfections in the alumina shell should reduce the pressure build-

up and cause the melting temperature of aluminum nano particles to reduce to 

theoretically predicted melting temperatures.  
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Based on this hypothesis, nano aluminum particles of various diameters and shell 

thicknesses have been investigated for this study. Melting temperatures of these particles 

have been determined using Differential Scanning Calorimetry (DSC) and compared to 

the Gibbs-Thomson model for size dependent melting temperature depression. Figure 1.4 

shows melting temperatures as a function of diameters using the Gibbs-Thomson 

equation (Eq. (1.1)) with Tm (∞) = 933 K, ρs = 2530 kg/m3 (Levitas et al., 2006), ΔHf (∞) 

= 396 J/g (Weast, 1973), σsl = 199 mJ/m2 (Jian, Kuribayashi & Jie, 2002). The effects of 

imperfections in the oxide shell on melting temperatures have been studied by 

mechanically damaging the oxide shell of nano particles having a defect free oxide shell 

(i.e. undamaged particles). 

In addition, nano-scale aluminum powders with virtually no oxide shell were also 

examined. These passivation free particles should not build up pressure and are predicted 

to exhibit melting behaviors similar to particles with mechanically damaged shells, 

because no pressure build-up will ensue upon heating. 
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Figure 1.4 Melting temperatures as a function of particle diameter  

calculated from Gibbs-Thomson Model 
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CHAPTER II 

EXPERIMENTAL 

2.1 Differential Scanning Calorimetry Background 

2.1.1 Introduction 

Differential scanning calorimetry is a technique for measuring the energy 

necessary to establish a zero temperature difference between a substance and a reference 

material against either time or temperature, as the two specimens are subjected to 

identical temperature regimes in an environment heated or cooled at a controlled rate 

(Pope & Judd, 1977). Differential scanning calorimetry uses a differential method of 

measurement which is defined as: a method of measurement in which the measurand is 

compared with a quantity of the same kind, of known value only slightly different from 

the value of the measurand, and in which the difference between the two values is 

measured (Hohne, Hemminger & Flammersheim, 1996). 

2.1.2 Types of DSC 

There are two types of Differential Scanning Calorimeters (DSC): 

1. The power compensation DSC 

2. The heat flux DSC 

In the power compensation DSC (Figure 2.1) the sample and reference holders are 

situated in separate but identical furnaces and their temperatures are controlled 

independently. The sample and the reference are maintained at same temperature by 

varying the power supply. The energy required to maintain this zero temperature 
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difference between the two furnaces is indicative of the enthalpy change in the sample in 

comparison to the reference. 

 

 

Figure 2.1 Power Compensation DSC  
(“Differential Scanning Calorimetry”, Sept. 18 2007) 

 

The heat flux DSC (Figure 2.2) consists of an arrangement where both the sample 

and the reference are enclosed in the same furnace.  They are connected to each other and 

the furnace through a high conductivity heat flux plate which is usually made up of 

metals, quartz or ceramics. The temperature sensors are attached to this plate.  In case of 

a thermal event the temperature of the sample changes. The difference between the 

sample temperature and reference is recorded and correlated with the enthalpy change in 

the sample based on calibration experiments. 

 11
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Figure 2.2 Heat Flux DSC  
(“Introduction to DTA and DSC (1)”, Sept. 18 2007) 

 

This study used NETZSCH STA 409 PC Luxx differential scanning calorimeter 

integrated with a Thermo-Gravimetric Analyzer (TGA) (Figure 2.3) that measures mass 

change during reaction. The uncertainty in measurements for the DSC was ± 0.2°C, and 

for TGA it was ± 0.3%. 

 

Figure 2.3 NETZSCH STA 409 PC Luxx DSC/TGA  
 

 12
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Figure 2.4 DSC Schematic Diagram (“STA 409 PC Luxx Manual”) 

2.1.3 Calibration of DSC 

There are two types of calibration exercises required for a DSC analysis: 

1. Temperature Calibration 

2. Enthalpy Calibration 

Temperature calibration means the unambiguous assignment of the temperature 

“indicated” by the instrument to the “true” temperature (Hohne, Hemminger & 

Flammersheim, 1996). The accuracy of temperature measurements with thermal analysis 

instruments can be affected by changes in the apparatus. Some of the reasons for these 

deviations are long-time drift of electronic amplifiers and the aging process of 

thermocouples. The dynamics of these changes are primarily dependent on the number of 

 13
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measurements and the measurement conditions. With temperature calibration, those 

deviations which are assumed to be constant in a measurement are eliminated. 

Temperature calibration is performed by measuring melting temperatures of a set of 

materials for which the melting temperatures are known with sufficient accuracy. This 

calibration is specific to carrier type, carrier gas and gas flow rate. For this study the 

calibration was carried out using ASTM metal standards whose melting temperatures 

were known. The metals used for this purpose were Aluminum, Gold, Indium, Tin and 

Zinc Figure 2.5 shows heat flow curves of these metals.  

 

Figure 2.5 DSC heat flow curves for standard metals used for  
temperature calibration   

Figure 2.6 shows the temperature calibration curve, generated by NETZSCH Proteus 

software using nominal (Tnom – melting temperatures from ASTM standards) and 

 14
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experimental temperatures (Texp – melting temperatures measured from DSC curves). 

This curve is stored in the computer and used for all future measurements. 

 

Figure 2.6 DSC Temperature Calibration Curve   

Sensitivity calibration is done to relate the temperature difference between the sample 

and the reference to the enthalpy changes in the sample. Sensitivity calibration for this 

study was carried out by using a standard 0.25 mm thick sapphire sample for which the 

specific heat and mass is known. A curve between sensitivity (μV/mW) and temperature 

(Figure 2.7) is generated and used for any future sample measurements. 

 15
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Figure 2.7 Sensitivity Calibration Curve 

Samples are measured using these two calibration files. In addition, a baseline 

correction is generated by running a specific heating program with an empty sample and 

reference crucible (Figure 2.8). Ideally this curve should be a straight line but due to 

electric noise and thermal drift it is not. The correction curve value is subtracted from the 

true sample DSC curve to obtain a heat flow curve without the effect of thermal drift or 

electric noise.  

 16
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Figure 2.8 Baseline Correction Curve 

The goal of the correction curve is to increase the measurement accuracy by 

subtracting from the real measurement with sample, a measurement without sample that 

has been carried out under identical measurement conditions. Sample (bottom) and 

reference (top) crucible (Figure 2.9) made of platinum and lined with alumina cups were 

used for these tests. 

 

 

 

 

 

Figure 2.9 Reference and sample crucible 
in sample carrier 

 17
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2.2 Aluminum Melting Temperature Depression Study 

2.2.1 Aluminum Powders 

Powder Aluminum samples ranging from 17 to 108 nm in particle diameter were 

selected for this study. The powder characteristics and manufactures are listed in Table 

2.1, where M is the ratio of aluminum core radius (rc) to the oxide shell thickness (δ). 

Table 2.1 Powder Characteristics 

Particle 
Diameter, 

D 
(nm) 

Manufacturer Alumina shell 
thickness, δ 

(nm) 

M (rc/δ) Active 
aluminum  

content 
(%) 

108 Technanogy 3.9 12.84 72.7 
80 NovaCentrix 2.04 18.60 80 
50 NovaCentrix 1.65 14.15 75 
40 NovaCentrix 1.7 10.76 69 

24.9 Technanogy 1.77 6.03 53.8 
17 Technanogy 1.9 3.47 37.7 

 
18 

Nanostructured & 
Amorphous 

Materials Inc. 

 
0.7 

 
11.8 

 
99.9 

 
All average particle diameters were calculated from BET (Brauner, Emmett, and 

Teller) surface area analysis (nitrogen gas adsorption method). Other material properties 

were evaluated using x-ray diffraction (XRD), scanning electron microscopy (SEM), and 

transmission electron microscopy (TEM). The active aluminum content data for all 

powders was provided by the respective manufacturer. Alumina shell thicknesses for 80 

nm, 50 nm, 40 nm, 24.9 nm, 18 nm and 17 nm were calculated using Figure 2.10 and 

Eqs. (2.1) and (2.2). 108 nm alumina shell thickness data was provided by Technanogy 

Inc. 
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Figure 2.10 Aluminum particle 
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Where, 

• rc =  Radius of aluminum core 

• R = Total radius of aluminum particle 

• C = Pure aluminum content 

• 
32OAlρ  = Density of Al2O3 (3970 Kg/m3) 

• Alρ = Density of Al (2700 kg/m3) 

Size distributions in the powders were studied with SEM images. Figure 2.11 shows 

representative image for 108 nm aluminum particles size distribution. All samples consist 

of spherical particles with narrow size distributions. Most of the particles lie close to the 

average particle size provided by the manufacturer. A representative SEM image was 
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also taken for damaged 108 nm particle (Figure 2.12) which shows that damaging the 

oxide shell did not alter the shape of the particles and the average particle size. 

 
Figure 2.11 SEM image for undamaged 108 nm aluminum powder 

 
Figure 2.12 SEM image for damaged 108 nm aluminum powder 
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2.2.2 Thermal Analysis of Aluminum Particles 

Melting temperatures were measured for each aluminum sample using a constant 

heating rate of 10 K/min. Five milligrams of each sample was measured with a digital 

scale up to an accuracy of one decimal place and placed in the sample crucible made of 

platinum, such that the entire base of the crucible was evenly covered with the sample 

ensuring good thermal contact. The sample and reference crucibles were covered with a 

platinum lid containing a pin hole. The pinhole provides a dual purpose of improved heat 

containment, with a provision for gas escape upon phase change or reaction produced 

from the sample.  

The STA 409 PC was evacuated up to a pressure of less than 1.9E-4 mBar and 

backfilled with argon at a purge gas flow rate of 50 ml/min and a balance protection gas 

flow rate of 30 ml/min. The measurement was a ‘sample + correction’ type, which means 

that the baseline correction curve is subtracted from the sample heat flow curve to 

remove the error due to electric noise and thermal drift in the instrument. The sample was 

heated with a temperature program which consisted of a dynamic heating segment from 

20 to 800°C. The sample was heated at a heating rate of 10 K/min. The heat flow curves 

for all the samples were measured.  

Melting temperature is defined as the extrapolated onset temperature which is the 

point where the auxiliary line through the descending peak slope intersects the baseline. 

This definition for melting temperature is used because the value is less dependent on 

heating rate and sample properties, such as thermal conductivity, mass, and sample 

thickness (Hohne, Hemminger & Flammersheim, 1996). The STA 409 PC Proteus 

software was used to measure the extrapolated onset temperature from the heat flow 
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graph. A representative DSC/TGA heat flow curve for 40 nm undamaged particle is 

shown in Figure 2.14, the sudden valley like drop in the heat flow curve (solid curve) 

represents melting of aluminum. Since the aluminum sample was heated in an Argon 

atmosphere, the thermo-gravimetric curve (dotted curve) shows that there is no mass 

change in the sample. More representative curves are attached in Appendix A. 

 

Figure 2.13 DSC (solid) / TGA (dotted) curves for 40 nm undamaged particles 

 2.2.3 Thermal Analysis of Mechanically Damaged Aluminum Particles 

In order to create imperfections in the alumina shell the particles were damaged 

mechanically. A thin layer of aluminum powder was placed between two cylindrical dies 

(Figure 2.15). The dies are 7 cm X 10 cm and are composed of iron. The dies were placed 

on the press bed of the ENERPAC Hydraulic-Press (Figure 2.16) and a vertical load of 

1000 lb was applied to the powder with the single acting cylinder of the press. The top 
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cylindrical die was rotated by 45 degrees repeatedly (Figure 2.17) to create imperfections 

in the alumina shell. 

 

 

Figure 2.14 Cylindrical Die Assembly 

 

 

 

 

Figure 2.15 ENERPAC H-Press 
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Figure 2.16 Powder was mechanically damaged using the  
cylindrical dies with a load of 1000 lb  

The mechanically damaged powder was scraped out of the die and 5 milligrams 

was tested in the DSC.  Before conducting each test all the necessary calibration 

exercises were performed. The mechanically damaged powder was placed in the sample 

crucible and the DSC was evacuated to a pressure of 1.9E-4 mBar. The heating chamber 

was then filled with argon with a combined flow rate of 80 ml/min (30 ml/min for 

balance protection gas and 50 ml/min for purge gas). Again the ‘sample + correction’ 

measurement was carried out with a temperature program which consisted of a dynamic 

heating segment from 20 to 800°C. The sample was heated at a heating rate of 10 K/min. 

The heat flow curves for all the samples were measured and melting temperatures 

determined. 

2.2.4 Validation of Mechanical Damage in Alumina Shell 

Limitations in the resolution of the SEM facilities did not enable observation of 

fractures, imperfections and damage to the alumina shell. As an alternative approach to 

validate shell damage, a further series of heat flow curves were produced. In this series of 
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experiments the aluminum particles were heated at 10 K/min in an oxygen environment. 

A comparison was then made between the amount of exothermic energy associated with 

the Al-oxygen reaction for undamaged and damaged particles. Trunov et al (2004) 

showed that fractures within the alumina shell will expose small portions of the 

aluminum core to surrounding oxidizer such that a diffusion reaction will ensue. In this 

process the shell ‘heals’, thickens, and the active aluminum content decreases. In this 

way, the amount of aluminum available for the aluminum-oxygen reaction is reduced 

such that the corresponding heat of reaction will also be reduced. By comparing the heats 

of reaction for undamaged and damaged particles, the degree of shell damage can be 

inferred by the reduced magnitude of the heat of reaction associated with less aluminum 

content. Also, the percentage of mass gain in the TG curve will be indicative of the mass 

increase due to formation of alumina which in turn indicates the percent of aluminum 

reacted.  

Five milligram samples from each particle size were heated in the STA 409 PC in 

an oxygen environment with a heating rate of 10 K/min from 20 to 1350˚C with a gas 

flow rate of 80 ml/min (30 ml/min for balance protection gas and 50 ml/min for purge 

gas). Heat flow and mass loss curves for damaged and undamaged powders were 

measured and compared. 
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CHAPTER III 

RESULTS AND DISCUSSION 

3.1 Undamaged Particles 

The melting temperatures for aluminum nanoparticles were observed to reduce as 

the particle size decreases (Figure 3.1). As Table 3.1 shows, there was a 14.1 K reduction 

in the melting temperature of the sample of smallest particle size (919.2 K) as compared 

to bulk melting temperature of aluminum (933.3 K). 
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Figure 3.1 Aluminum Melting Temperature Depression 
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Table 3.1 Melting Temperature Data for undamaged Particles 

Particle 
size 

(nm) 

M (r/δ) Melting 
Temperatures 

(K) 

Difference from bulk 
melting  

temperature 
(933.3 K) 

 
108 12.84 933.2 0.1 
80 18.60 929 4.3 
50 14.15 926.1 7.2 
40 10.76 924.6 8.7 

24.9 6.03 927.9 5.4 
17 3.47 919.2 14.1 

 
Here M is the ratio of the particle radius to oxide shell thickness. A comparison of 

experimental melting temperatures with Gibbs-Thomson model (Figure 3.2) reveals that 

the measured values are higher than theoretical values, and the results are only in 

qualitative agreement with the model, which is consistent with Trunov et al (2006) and 

Sun et al (2007).  
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Figure 3.2 Comparison between undamaged and  

theoretical melting temperature depression curves  
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3.2 Mechanically Damaged Particles 

Damaging the alumina shell of aluminum nano particles reduced the measured 

value of melting temperatures. Figure 3.3 shows a better agreement of melting 

temperature data to Gibbs-Thomson model for damaged particles compared to 

undamaged. Table 3.2 lists the difference between melting temperatures of mechanically 

damaged particles and bulk aluminum. 
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Figure 3.3 Diameter versus onset melting temperature - a comparison between undamaged, 
mechanically damaged and theoretical curves for aluminum nano – particles. Curve (1) is 
the curve fit for melting temperatures of undamaged partilces, curve (2) is the curve fit for 

melting temperatures of damaged partilces and curve (3) is the curve for melting 
temperatures calculated using Gibbs-Thomson model with surface energy from literature 

respectively. 
 

 

 28



Texas Tech University, Garima Chauhan, December 2007 

Table 3.2 Melting Temperature Data for Mechanically Damaged Particles 

Particle size 
(nm) 

M (r/δ) Melting 
Temperatures 

(K) 

Difference from bulk melting 
temperature 

(933.3 K) 
 

108 12.84 931.6 1.7 
80 18.60 927.2 6.1 
50 14.15 919.6 13.7 
40 10.76 922.6 10.7 

24.9 6.03 925.8 7.5 
17 3.47 912.5 20.8 

 
Table 3.3 shows a tabular comparison between theoretical melting temperatures 

and the melting temperatures of undamaged and mechanically damaged particles.  

Table 3.3 Comparison between theoretical melting temperatures and the melting 
temperatures of undamaged and mechanically damaged particles. 

 
Onset Temperature  

(K) 
 

 
Particle 

Size 
(nm) 

 
 
 

M (r/δ) 
 

 

Theoretical
 

Undamaged 
Particles 

 

Mechanically 
Damaged 
Particles 

 

Difference 
Between 

Undamaged and 
Mechanically 

Damaged 
Melting 

temperature 

108 12.84 926.13 933.2 931.6 1.6 
80 18.60 923.73 929 927.2 1.8 
50 14.15 918.17 926.1 919.6 6.5 
40 10.76 914.46 924.6 922.6 2 

24.9 6.03 903.22 927.9 925.8 2.1 
17 3.47 889.38 919.2 912.5 6.7 

 
The elevated melting temperatures for undamaged particles can be explained with 

Clausius – Clapeyron equation, which describes the relationship between pressure build-

up and the elevation in melting temperatures: 

⎥
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Where, 

• ΔP = (P – 1 atm), P is the pressure build-up 

• ΔT = Difference between melting temperatures of particles and theoretical 

melting temperatures 

• Tm (∞) = Bulk melting temperature for aluminum. 

• ΔHf (∞)= Latent heat of fusion 

• ρs = Solid phase density 

• ρl = Liquid phase density 

Due to the difference between the thermal expansion coefficients of aluminum 

and alumina, a pressure is generated within the aluminum core, which causes a reduction 

in melting temperature. When the alumina shell is damaged by grinding, the effect of 

pressure build-up decreases. As a result the melting temperatures also reduce and 

approximate the theoretical values.  

Pressure build-up inside the aluminum particles was calculated based on the 

difference in measured melting temperatures and theoretical melting temperatures, using 

Clausius – Clapeyron equation, shown in Table 3.3. 

Table 3.4 Pressure build-up in undamaged aluminum nano particles 

Diameter 
(nm) 

M (r/δ) Theoretical Melting 
Temperature, Tt (K) 

ΔT (K) Pressure, P 
(GPa) 

108 12.84 926.13 7.06 0.12033 
80 18.60 923.73 5.26 0.089727 
50 14.15 918.17 7.93 0.135048 
40 10.76 914.46 10.13 0.172642 

24.9 6.03 903.22 24.67 0.420285 
17 3.47 889.38 29.81 0.507795 
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The values for pressure obtained from Clausius – Clapeyron equation were 

compared to the pressure values calculated using the equation for pressure in the 

aluminum sphere, p, based on elasticity theory (Eqs. 3.2 and 3.3). These equations were 

derived by Levitas et al. (2006).  
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(3.2) 

For this derivation an aluminum particle of radius r covered with an alumina shell 

of thickness δ is considered, such that the total radius of the sphere becomes R = r + δ. 

The reason for the appearance of internal stresses is a difference in inelastic 

strains ( )ii
12 εε − . The subscript 1 denotes alumina and 2 aluminum.  is the surface 

tension at aluminum-alumina interface and 

1Γ

2Γ is the surface tension between alumina and 

air. Here m=1+δ/r = 1+1/M, G and K are shear and bulk moduli,  

is the bulk modulus of the Al melt – solid mixture, subscripts s and m are for solid and 

melt phases, and strain 

( ) sm KffKK 11 1−+1 =

( )( )2
3

121
3 143 KmGKKmH −++= 2 K . Inelastic strains can be 

given by: 

( ) ( ) ( ) ( )( )
( )022

1101 ;1

TT

fTTfTTfTT
i

m
m

m
m

s
m

s
l

i

−−=

+−+−−+−−=

αε

εαααε
        (3.3) 

Where α is the linear thermal expansion coefficients, T0 is the temperature at 

which the alumina shell was formed, Tm is the bulk melting temperature, f is the volume 

fraction of melt and 3 is the volumetric expansion during melting of aluminum. 

Assuming T = T0 and considering f = 0, the equation reduces to: 

mε
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Appendix B contains the material parameters used for calculating pressure values 

for all particle sizes. Table 3.4 gives a comparison between pressures calculated with 

Clausius – Clayperon equation (Eq. 3.1) and elasticity theory (Eq. 3.4). Here Pelastic is the 

pressure calculated using elasticity theory, and Pcc is with surface energy value 

corresponding to the Gibbs-Thomson curve fit to our data.  

Table 3.5 Comparison of pressures calculated with Clausius – Clayperon  
equation and elasticity theory 

Diameter  
 

(nm) 

M (r/δ) Undamaged 
Particle Pcc 

(GPa) 

Damaged 
Particle Pcc 

(GPa) 

Pelastic  
 

(GPa) 
108 12.84 0.12033 0.093082 0.063 
80 18.60 0.089727 0.059073 0.09 
50 14.15 0.135048 0.024353 0.136 
40 10.76 0.172642 0.138582 0.166 

24.9 6.03 0.420285 0.384522 0.239 
17 3.47 0.507795 0.393694 0.312 

 
Pressure build –up in aluminum particles covered with alumina shell could be 

because of one or a combination of the following factors: surface energy at the interface 

of air-alumina, surface energy at the interface of alumina-aluminum, surface energy at the 

interface of solid-liquid aluminum, due to volumetric expansion during melting and due 

to difference in thermal expansion coefficients of aluminum and alumina. Eq 3.4 gives a 

pressure value due to surface energy at the interface of air-alumina and surface energy at 

the interface of alumina-aluminum. Figure 3.4 shows a comparison between pressures 

calculated using elasticity theory, Clausius – Clayperon pressures for undamaged and 

damaged particles. The fact that Clausius – Clayperon pressures for all particle sizes, 
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except 17 and 24.9 nm are in good agreement with pressures calculated using Eq. 3.4 

suggests that the pressure in these particles is due to surface energy at the interface of air-

alumina, alumina-aluminum and the solid-liquid surface energy of aluminum only (solid-

liquid surface energy is included in Gibbs-Thomson equation). The pressure due to 

volumetric expansion during melting and due to difference in thermal expansion 

coefficients of aluminum and alumina appears to be relieved in these particles. One 

explanation for this could be that during slow heating the molten aluminum diffuses into 

the cavities of amorphous alumina crystal and relieves some pressure. However in 17 and 

24.9 nm particles this pressure is not completely relieved. The reason for this could be 

lower M values for these particles compared to others. Lower M value means thicker 

alumina shell and more pressure build up can be expected for particles with thicker 

alumina shells. Damaging the oxide shell exposes aluminum to atmosphere in some 

locations. This relieves the pressure due to surface energy at the interface of air-alumina 

and alumina-aluminum. This can be seen as reduction in pressure for damaged particles 

in Figure 3.4. The reduction in pressure due to damaged alumina shell depends on the 

degree of shell damage. The damage of alumina shell cannot be controlled so a greater 

reduction in pressure indicates a higher degree of shell damage and vice versa.  

Sun et al. (2007) calculated pressure build-up in the aluminum particles and 

corrected their melting temperature data using these values in Clausius – Clayperon 

equation. However, they did not consider the pressure build up due to the interfacial 

energies between aluminum-alumina and between aluminum-air, which according to our 

study are the major factors contributing to the pressure build up with in the aluminum 

core.   
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Figure 3.4 Comparison between pressures calculated using elasticity theory,  
Clausius – Clayperon pressures for undamaged and damaged particles 
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Figure 3.5 Comparison of Undamaged, damaged and 
corrected undamaged melting temperatures 

 34



Texas Tech University, Garima Chauhan, December 2007 

 35

Figure 3.5 shows the data points for corrected melting temperatures of undamaged 

particles. Delta T was calculated with Calusius – Clayperon equation using the pressure 

values from elasticity theory. These values of delta T were subtracted from the melting 

temperatures of undamaged particles to obtain the corrected undamaged particle melting 

temperatures. 

Another interesting observation for mechanically damaged particles was that the 

melting temperature of freshly grinded 17 nm sample was much lower (912.5 K) as 

compared to a mechanically damaged 17 nm sample which was stored for a few weeks 

(919.3 K). The melting temperature of the stored sample was almost the same as the 

melting temperature of undamaged 17 nm particle, which implies that the damaged shell 

healed itself over time and created the same pressure induced increase in melting 

temperature as that observed in undamaged particles. This type of storage effect was not 

observed in larger particles. 

3.3 Validation of Damage in Alumina Shells 

To validate shell damage, undamaged and mechanically damaged particles were 

heated in the DSC in an oxygen environment and heat flow curves generated. Figure 3.5 

shows energy liberated during oxidation for damaged and undamaged 17 nm particles 

evaluated as the area under the heat flow oxidation curve. The area under the curve for 

damaged particles is less than that for undamaged particles, which indicates that less 

aluminum is present in the damaged particles to react with oxygen compared to 

undamaged particles. Reduced aluminum content in the damaged particles indicates 

healing of the damaged oxide shell, validating shell damage.  
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Figure 3.6 Heat flow curves for undamaged and damaged 17 nm Al particles 
 

 Shell damage was also validated by comparing TG graphs for undamaged and 

damaged particles. Figure 3.6 shows graphs for mass change with respect to time. 

Undamaged particle shows a 2.4 % more mass change than damaged particles, which 

means more aluminum was present in the undamaged particles to react with oxygen. Less 

aluminum content in damaged particles show the effect of ‘healing’, that caused some 

aluminum to react with air. 
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Figure 3.7 Thermo-gravimetric curves for undamaged  
and damaged 17 nm Al particles 

3.4 Other Observations 

 Classical diffusion mechanism traditionally applied to micron scale particle 

combustion is based on the theory that upon melting, the alumina shell ruptures such that 

molten aluminum can diffuse outward. The molten alumina flows and fills up the voids 

between the particles and results in an overall reduction in volume of the powder. This is 

called sintering. It was observed that after heating in the DSC the shrinkage in powders 

due to sintering was more pronounced for larger particles compared to smaller particles. 

It can be seen from Figure 3.7 that the shrinkage is negligible for 17 nm particles while it 

is considerably high for 108 nm particles. This suggests that the alumina shell ruptures 

during slow heating for larger particles but not for smaller particles even after complete 

melting. The rupturing of the alumina shell in larger particles is indicative of a diffusive 
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mechanism. While negligible shrinkage in small particles lends an argument to the 

dispersion theory of Levitas et al. (2006) which suggests a complete shatter and spallation 

of alumina shell due to high particle pressures upon complete melting for fast heating 

rates in small particles.  

Before heating d=17nm, M=4.47 d=24.9nm, M=7.03

d=50nm, M=15.15 d=108nm, M=13.8d=80nm, M=19.6

d=40nm, M=11.76

 

Figure 3.8 Shrinkage in powders due to sintering was more pronounced  
for larger particles compared to smaller particles 

 
 Another interesting observation was the unexpected low melting temperature 

obtained for 18 nm unpassivated particles. According to Gibbs-Thomson equation (Eq. 

1.1) the melting temperature for 18 nm particle size should be 893.32 K. However, the 

melting temperature obtained by DSC heat flow curve is 845.8 K which is around 47.5 K 

lower than the theoretical value. The low melting temperature could be because at this 

temperature only surface pre-melting occurs and stops. The first sharp valley in the 
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Figure 3.8 corresponds to pre-melting and the second broad peak corresponds to 

completion of melting.  

 

Figure 3.9 Heat flow curve for 18 nm unpassivated aluminum particles 

 

This type of melting behavior could be explained by considering a different melting 

model which takes into account the finite thickness of liquid layer which is formed during 

pre-melting. Lai et al. (1998) studied the melting behavior of 6 to 50 Å thin aluminum 

films using an ultra sensitive thin-film differential scanning calorimeter. They used the 

liquid-skin model to describe the melting behavior of unpassivated aluminum particles 

deposited onto a Si3N4 surface. Liquid-skin model describes the relation between melting 

temperature for a solid particle covered with a liquid layer. According to this model the 

surface of solid particle begins to melt below the bulk melting temperature forming a 

liquid shell surrounding the solid core (Buffat et al., 1976, Wronski, 1967). Once the 

liquid layer thickness exceeds a critical value “t” the whole particle melts 
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homogeneously. The expression for melting temperature as a function of particle size, 

according to this model, can be written as (Buffat et al., 1976, Wronski, 1967): 
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Where t is the critical thickness and lρ is the density of liquid aluminum. Critical liquid 

layer thickness for 18 nm particles was calculated based on the proportionality of heat of 

fusion with radius and was found to be 2.13 nm which lies in the range of 1.2 to 3 nm 

obtained by Lai et al. (1998).  
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CHAPTER IV 

CONCLUSIONS 

Melting temperatures of undamaged nano-aluminum particles have been measured and 

found to have a size-dependent depression in melting temperatures, consistent with 

previously reported studies. However, the melting temperature depression was found to 

be in agreement with the Gibbs-Thomson model only qualitatively. Damaging the 

alumina passivation shell reduced the measured value of melting temperatures and 

approximated theoretical values quantitatively. The difference between the theoretically 

predicted and experimentally determined melting behavior is attributed to pressure build-

up within the aluminum particles and is explained using Clausius – Clapeyron equation. 

Pressure build-up within the aluminum nano particles is calculated for all particle sizes 

and found to be in good agreement with the pressures calculated using elasticity theory. 

This comparison suggests that the pressure in these particles is due to surface energy at 

the interface of air-alumina, alumina-aluminum and the solid-liquid surface energy of 

aluminum only. The pressure due to volumetric expansion during melting and due to 

difference in thermal expansion coefficients of aluminum and alumina is relieved in these 

particles. One explanation for this could be that during slow heating the molten aluminum 

diffuses into the cavities of amorphous alumina crystal and relieves pressure. 

 According to diffusion mechanism, upon melting, the alumina shell fractures such 

that molten aluminum can diffuse outward. This results in an overall reduction in volume 

of the powder. Along similar lines, a size dependent sintering was observed for samples 

after heating in the DSC. The shrinkage in powders due to sintering was negligible for 
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smaller particles but was comparatively large for larger particles suggesting that the 

alumina shell fractures during slow heating for larger particles but not for smaller 

particles even after complete melting. This lends an argument to the melt dispersion 

mechanism of Levitas et al. (2006) which suggests a complete shatter and spallation of 

alumina shell upon melting for fast heating rates. 

Unpassivated 18 nm aluminum particle was found to exhibit a two-stage melting 

behavior, with first stage showing a pre-melting and the second stage showing 

completion of melting. Lai et al. (1998) studied the melting behavior of 6 to 50 Å thin 

aluminum films using an ultra sensitive thin-film differential scanning calorimeter. They 

used the liquid-skin model to describe the melting behavior of unpassivated aluminum 

particles deposited onto a Si3N4 surface. For 18 nm unpassivated aluminum particles also 

the melting behavior can be explained by Liquid-skin model which describes the relation 

between melting temperature for a solid particle covered with a liquid layer. 
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APPENDIX A 

DSC/TGA Curves for Aluminum Melting 
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Parameters Used In Calculating Pressure with Elasticity Theory

APPENDIX B 
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