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oxide, 2) the produced oxide must be more stable than the sacrificial oxide, which means 

that the free energy of formation of the product oxide must have a more negative 

value than that of the sacrificial oxide at the transformation temperature, and 3) the 

processing temperature must be higher than the melting point of the reductive metal but 

lower than its boiling point, and it must be lower than the melting point of both the 

sacrificial and product oxides. The report concludes that Al2O3-Al IPC’s can be 

manufactured by reacting aluminum with a number of different oxides at 1273 K and 

2073 K, and that several other ceramic-metal IPC combinations can be produced at the 

same temperatures. However, details including material properties, free energy of 

formation values, and calculations were not provided. The following shows that the Al-

SiO2 reaction will produce an IPC according to the above criteria. 

Criterion 1

From Table 2-5, the molecular weight of SiO2 = 60.08 g/mol, the molecular 

weight of Al2O3 = 101.96 g/mol, the density of SiO2 = 2.2 g/cm3, and the density of 

Al2O3 = 3.98 g/cm3. Taking a 100 gram basis of SiO2 and an excess of Al for the reaction 

in Eq. 1-2, the following calculations can be made: 

Volume of SiO2: 
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Volume of Al2O3: 

Therefore, the volume of the product oxide (Al2O3) is smaller than the volume of the 

sacrificial oxide (SiO2) and the first criterion is met.

Criterion 2

From Fig. 2-2 it is clear that the free energy of formation is more negative for 

Al2O3 than SiO2 values given for the temperature range of 250 K and 2500 K. This meets 

the second criterion for all applicable temperatures.

Fig. 2-2: Free energy of formation for oxides.22
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2.3.3. RMP Temperature Considerations 
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Phase Stability
Lattice 

Parameters
(Å)

Space Group
Crystal 

Structure

R c

C m

γ47 Metastable a ≈ 7.9 Fd m 
(Defect Cubic 

Spinel) 

P

 Metastable 
a ≈ 7.9 
c ≈ 23.7 

P41 Tetragonal 
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2.4.2. Alloying Aluminum with Iron and Silicon 





Table 2-2: Crystal Structure and Lattice Parameters of Pure Metals (Room 
Temperature) 

Phase wt.%Al wt.%Fe wt.%Si Space 
Group

Lattice 
Parameters 

(Å) 
 

Fm m
Im m
Fd m



Table 2-3: Crystal Structure and Lattice Parameters of Common Al-Fe and Al-Si Binary 
Phases 

Phase wt.%Al wt.%Fe wt.%Si Space 
Group

Lattice 
Parameters 

(Å) 
 

Cmcm
a = 6.49 
b = 7.44 
c = 8.79

Pm m

Cmcm
a = 7.65 
b = 7.41 
c = 4.22

C m

a = 1.549 
b = 8.08 
c = 12.48 
β = 107.72°

 

Fm m

Fd m



Table 2-4: Crystal Structure and Lattice Parameters of Common Al-Fe-Si Ternary 
Phases 

Phase at.%Al at.%Fe at.%Si Space 
Group

Lattice 
Parameters 

(Å)

A a

P

I mcm

Cmma

Cmcm

P mmc



2.5. Physical and Mechanical Properties of Select Materials 

Table 2-5: Mass and Thermal Properties of Select Compounds 

Aluminum Iron Silicon Fused 
Silica

99.9% 
Al2O3

Atomic 
Weight
(g/mole)
Density 
(g/cm3)

Melting Point 
(°C)

Boiling Point 
(°C)

Thermal 
Conductivity 

(W/m K)

Table 2-6: Mechanical Properties of Select Materials at Room Temperature 

Al-1100
Al-4032

Al-356.0 Fused 
Silica

99.9% 
Al2O3

Yield 
Strength 
(MPa)
Tensile 

Strength 
(MPa)

Percent 
Elongation
Modulus of 
Elasticity

(GPa)
Poisson’s 

Ratio
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Chapter 4:  Results 

4.1. Macroscopic Observation 
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Fig. 4-1: Stereo-OM micrographs showing the polished cross-sections of the Al (a) and 
Al-7.5wt.%Fe (b) samples. The micrographs reveal a Y-shaped feature symmetrically 
positioned relative to the corners and edges of the samples. The symmetry is partially 
broken due to the fact that the top of the sample at the z-end was cut off during 
sectioning. Bright columns perpendicular to the sample edges are also observed in both 
samples. Dark striations consistent throughout the bulk of the Al-7.5wt.%Fe sample are 
not present in the Al sample. 
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Fig. 4-2: Illustration depicting the Y-shaped boundary (black lines) observed in the Al 
and Al-7.5wt.%Fe samples designated for OM/SEM/EDS analysis. The boundary extends 
continuously throughout the material. The top of the sample was cut at the z-end during 
sectioning thus breaking the symmetry of the “Y” in the x-z and y-z planes. For 
information regarding how the sample was obtained from the original material refer to 
Fig. 3-1.

4.2. Microscopic Observation

Brightfield optical micrographs taken in the x-y-plane of the Al sample are 

shown in Fig. 4-3. Isolated voids of various sizes (indicated by arrows) are apparent 

throughout the sample. The optical micrograph in Fig. 4-3(b) shows a homogenous 

structure that contains two co-continuous phases, later identified as aluminum and 

alumina by EDS and XRD analysis. The backscatter electron micrographs in Fig. 4-4 

were taken of the same area as the optical micrographs. Elemental contrast achieved by 

backscatter electron imaging confirms the presence of the two phases. Fig. 4-4(b), which 

was taken at a higher magnification, clearly shows the Al2O3-Al network. It is evident 
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that mechanical polishing preferentially removed the softer Al phases causing a “dishing 

effect”. This effect is difficult to avoid because of the large difference in hardness 

between the alumina and aluminum. From microscopic observation in the x-y plane, it 

appears that the Al2O3 phase occupies a larger volume than the Al phase. This is 

consistent with previous findings.1,2,13 The width of Al2O3 grains are on the order of a few 

microns (typically 3-5 μm). They appear to branch randomly in all directions, at least in 

the x-y plane. 

 

Brightfield optical micrographs of the Al-7.5wt.%Fe sample and backscatter 

electron micrographs from the same area are displayed in Figs. 4-5 and 4-6, respectively. 

Based on microscopic observation, it appears that there are a greater number of voids in 

the Al-7.5wt.%Fe sample as compared to the Al sample. Further testing is necessary to 

determine unambiguously that the Al-7.5wt.%Fe in fact contains a greater volume of 

porosity. The Al2O3-Al network observed in the Al sample is also present in the Al-

7.5wt.%Fe sample, but with the addition of the striated regions previously observed by 

stereo optical microscopy. The striations, which appear as bright areas in the optical and 

electron microscopes, were determined to be Fe-rich by EDS and XRD analysis. From 

the scanning electron micrographs it is clear that the striations are interconnected with the 

other phases. Based on microscopic observation, it appears that the dimensions and 

directions of the Al2O3 grains were not significantly affected by the iron addition. 
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Fig. 4-3: Brightfield-OM micrographs showing the Al sample at low (a) and high (b) 
magnifications.1 The micrographs reveal a homogenous structure consisting of two 
phases and some porosity, which appear as black spots. Some of the larger pores are 
indicated by arrows. 
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Fig. 4-4: SEM backscatter micrographs of the Al sample at ×500 (a) and ×3000 (b). The 
micrographs show an interconnected network of Al (light gray) and Al2O3 (dark gray) 
phases. They also reveal some porosity (black).
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Fig. 4-5: Brightfield-OM micrographs showing the Al-7.5wt.%Fe sample at low (a) and 
high (b) magnifications.1 The micrographs reveal bright striations and porosity 
throughout the sample. The porosity, indicated by black spots, is more prevalent than in 
the Al sample. At higher magnification, it is clear that the striations are not continuous, 
but are interconnected with two additional phases. 
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Fig. 4-6: SEM backscatter micrographs of the Al-7.5wt.%Fe sample at ×500 (a) and 
×3000 (b). The micrographs show striations comprised of an Fe-rich (white) phase 
interconnected with the network of Al (light gray) and Al2O3 (dark gray). Some porosity 
(black) can be observed.
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Fig. 4-7 is a three-dimensional reconstruction of the Al-7.5wt.%Fe sample using 

backscatter micrographs from the x-z, y-z, and x-y planes. It shows that the striations are 

actually plate-like features that, in this volume, contain the z-axis within their mean 

planes. Orientation with respect to x and y varies within the sample. The 3D 

reconstruction denotes a microstructural growth in the z-direction. 

 

 

Fig. 4-7: A 3D reconstruction representing an approximate 1.5 mm × 1.5 mm × 1.5 mm 
volume of the Al-7.5wt.%Fe sample compiled from SEM backscatter micrographs, ×50 
magnification.1 The Fe-rich (white) phases are plate-like features that stretch in the z-
direction. Orientation with respect to x and y varies within the sample. These features are 
characteristic of areas where penetration is unidirectional (i.e. areas away from the 
sample corners).
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4.3. Phase Indentification 

4.3.1. Energy Dispersive Spectroscopy (EDS) 
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Fig. 4-8: EDS spectra from the light gray (a), dark gray (b), and white (c) regions of the 
Al-7.5wt.%Fe sample. The characteristic x-ray peaks indicate an Al metal phase, Al2O3 
phase, and an Al-Fe-intermetallic phase. Trace amounts of Si are detected in the Al and 
Al-Fe spectra. 



 

72 
 

 

Fig. 4-9: EDS elemental map of the Al-7.5wt.%Fe sample relating to Fig. 4-6(b). The 
map shows the distribution of O - red, Al - green, Fe - yellow, and Si - blue.

 

Fig. 4-10: Phase cluster analysis (PCA) using EDAXTM software of the elemental map 
shown in Fig. 4-9. Al2O3 - red, Al - green, Si - blue, Al-Fe - yellow, Al-Fe-Si – cyan, and 
Al-Fe-Si-O - magenta phases were identified.
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4.3.2. X-ray Diffraction (XRD) 
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Fig. 4-11: 
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4.3.3. Transmission Electron Microscopy 

et al
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Fig. 4-12: (a) S/TEM darkfield micrograph showing the TEM Al-7.5wt.%Fe sample 
prepared by focused ion beam (FIB).5 The change in contrast across the sample relates to 
differences in thickness. The bright regions represent Fe-rich phases. (b) STEM darkfield 
micrograph depicting an Fe-rich region at high magnification. The numbered phases were 
examined using EDS and their corresponding spectra are shown on the right. The Al-Fe 
(1) phase belongs to a larger micron-sized grain. The Al-Fe-Si (2) and Al-Fe-Si-O (3) 
phases possess nano-scale features and form along the outer edges of the larger Fe-Al 
grains. 
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4.4. Investigation of Observed Features 

4.4.1. Al2O3 Colonies 

he bright columns 

observed by stereo-OM were further investigated using SEM. Fig. 4-13 depicts seven 

enumerated regions that correspond to these columns in the Al sample. The columns’ 

unique reflective properties can be attributed to different orientations of the Al2O3 phase, 

which is correlated with the findings of XRD. It appears that the RMP process produces 

Al2O3 colonies that are characterized by the orientation of their grains. The colonies 

propagate with the reaction front, or perpendicular to the edges, but are not perfectly 

parallel. From the two-dimensional micrographs, it is difficult to determine if the early 

termination of some colonies is due to the intersection with other colonies or if the path 

continues along a three-dimensional vector. The same discrepancy applies to colonies 

that appear to initiate in the middle of the sample. 2D observation of the 3D structure also 

limits the ability to determine the colony dimensions and the degree by which they vary. 

 

The enumerated colonies from Fig. 4-13 are examined more closely in Fig. 4-14. 

With increased magnification, the different orientations among the Al2O3 colonies 

become evident. The Al2O3 phases stretch mainly in the direction perpendicular to the 

sample edges and exhibit some branching. This is the mechanism of formation that gives 

the material its three-dimensional structure. Relating to the 3D reconstruction in Fig. 4-7, 

the manner in which the Al2O3 phase forms forces the metallic features to be elongated in 
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the z-direction, paralleling the elongated Al2O3 colonies. Regions 2-7 are similar in 

structure, though comparison is limited by 2D observation. Region 5 contains some 

alumina grains that have slightly larger widths than those found in the other regions. 

Region 1 is a smaller feature and has a microstructure unlike the other six regions. 

Structures similar to region 1 do not exist in the Al-7.5wt.%Fe sample and are found 

along the Y-shaped boundary feature near the corners of the Al sample. In region 1, the 

Al2O3 phase is finer and does not exhibit branching as observed in the other regions. 

 

.  

Fig. 4-13: SEM secondary electron micrograph showing the Al sample at ×150 
magnification. Seven different regions corresponding to the bright columns observed in 
stereo-OM are numbered. The columns are related to the orientation of the Al2O3 grains. 
Regions 2-6 have similar microstructures with an overall growth in the z-direction. 
Region 5 contains some Al2O3 grains that are wider than those from the other regions. 
Region 1, which is near the Y-shaped border, has a finer microstructure and a different 
growth direction. 
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Fig. 4-14: SEM secondary electron micrographs, ×1000 magnification, showing the 
seven regions in Fig. 12. Regions 2 through 7, (b)-(g) respectively, have similar 
microstructures but with slightly different orientation. Region 1 (a) is near the Y-shape 
and has a structure that is dissimilar to the other six regions. The Al2O3 phase (light gray) 
has an overall growth in the z-direction with some branching in the x and y directions. 
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4.4.2. Y-shaped Boundary 

These features contain a dense alumina phase that stretches linearly and 

does not exhibit the typical branching associated with the three-dimensional network. The
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Fig. 4-15: SEM backscatter micrographs, ×50 magnification, showing the series of voids 
along the boundary feature in the Al (a) and Al-7.5wt.%Fe (b) samples. At ×1000, the 
SEM secondary electron micrograph of the Al sample (c) and SEM backscatter 
micrograph of the Al-7.5wt.%Fe sample (d) shows that that the “voids” are not entirely 
empty but contain an interconnected network of some phase or phases.
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Fig.4-16: Illustration depicting the area examined in Figs. 4-17, 4-18, 4-19.

 

Fig. 4-17: SEM secondary electron micrograph, ×100 magnification, showing the Y-
shaped boundary feature near a corner of the Al-7.5wt.%Fe sample. The boundary 
feature, accentuated by a series of voids (black), is uniform throughout the entire sample. 
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Fig. 4-18: Brightfield OM micrograph showing the Y-shaped boundary feature near a 
corner of the Al sample. Near the corners, the boundary feature exhibits defects, 
cracking, and features that exhibit dense Al2O3 microstructures. 

 

 

Fig. 4-19: SEM secondary electron micrograph at ×1000 magnification showing the 
intersection of two dense Al2O3 phases (light gray) along the Y-shaped boundary of the 
Al sample. The microstructure of these features is vastly different than the rest of the 
material. 
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4.5. Focused Ion Beam Polishing 
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Fig. 4-20: SEM secondary electron micrographs, ×4000 magnification, showing FIB 
polished areas of the Al sample (a) and an iron-less region of the Al-7.5wt.%Fe sample 
(b). The Al (gray) - Al2O3 (light gray) network contains small particles of precipitated Si 
(dark gray) that are barely visible at this magnification. Some of the Si particles are 
marked by arrows. The horizontal lines are defects created during the ion milling process. 
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Fig. 4-21: (Top) SEM secondary electron micrograph, ×35,000 magnification, showing 
an area of the FIB polished Al-7.5wt.%Fe sample that contains precipitated Si particles. 
(Bottom) EDS analysis identified an Al phase (gray), Al2O3 phase (light gray), and a Si-
rich phase (dark gray). 
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Fig. 4-22: SEM secondary electron micrograph, ×20,000 magnification, of a FIB polished 
area from the Al sample. The Al2O3 phase (light gray) shows extensive cracking. 
Precipitated Si particles (dark gray) are contained within the Al phase (gray). 

 

 

Fig. 4-23: FIB secondary electron micrograph, ×20,000 magnification, showing Al 
partially filling a crack in the Al2O3 phase. This indicates that the cracking observed in 
the Al2O3 phases occurred during the RMP processing. 
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Fig. 4-24: FIB secondary electron micrograph of the FIB polished Al sample tilted to 
induce ion channeling. Ion channeling exposed submicron-sized grains in the Al phase. 

 

 In an attempt to better understand the distribution of phases, the FIB polished 

SEM micrographs in Fig. 4-25 have been converted into grayscale images. The Al2O3 

and Al phases and voids are each represented by a gray-level. Histograms of the images 

were calculated using Image-J software88 and were used to approximate the volume of 

the three components. The results from the image analysis are shown in Table 4-1. In 

both samples, the percent area of Al2O3 and Al is about 65% and 35%, respectively. This 

relates well to the expected volumetric distribution. 
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Fig. 4-25: 8-bit color images of the FIB polished surface from the Al (left) and Al-
7.5wt.%Fe (right) samples representing the distribution of Al2O3 (white), Al + Si (black), 
and voids (gray). 

 
Table 4-1: Image Analysis 

  

White (Al2O3) Black (Al + Si) Gray (Voids) Total 
Al Sample  

727233 391843 2204 1121280 
64.9 34.9 0.2 100.0 

 

Al-7.5wt.%Fe 
Sample

  

1979 1118720 
0.2 100.0 

 
 
 
4.6. Vickers Indentation Hardness 

 

 The results of the Vickers hardness testing are displayed in Table 4-2. The 

average hardness of the Al and Al-7.5wt.%Fe samples is 468.2 HV and 485.5 HV, 

respectively. The large standard deviations, 41.2 for Al and 63.2 for Al-7.5wt.%Fe, make 

the averages statistically indistinguishable, though it was expected that the Al-7.5wt.%Fe 

have a slightly higher hardness due to the iron rich phases. The hardness is an average of 

the combined phases since the indentation is much larger than the individual grains, 
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illustrated in Fig. 4-26. There was no attempt to include or exclude the iron-rich regions 

in the Al-7.5wt.%Fe sample; therefore, the hardness value represents random sampling. 

Of the 25 indentations made in each sample, 3 in the Al sample and 2 in the Al-

7.5wt.%Fe were deemed unacceptable due to either excessive cracking or an 

asymmetrical indentation. Statistical analysis was performed on the calculated HV 

values. As a result, one additional indentation was excluded from each sample because 

they were statistical outliers, as demonstrated by the boxplots in Fig. 4-27. Histograms 

showing the distribution of data are displayed in Fig. 4-28. Fig. 4-29 plots the hardness 

values versus their distance from the outer edge. The graph indicates that the materials 

have a slightly lower hardness less than 1 mm from the edge, while the bulk of the 

sample contains a more uniform distribution. A common flaw during mechanical 

polishing is a slight rounding of the sample edges. If this occurred, the resulting uneven 

surface can explain the decrease in hardness near the edges. 

 

Table 4-2: Vickers Indentation Hardness Results 
Al Al-7.5wt.%Fe
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Fig. 4-26: SEM secondary electron micrograph, ×1000 magnification, showing a Vickers 
hardness indentation. The hardness represents an average of the entire material since the 
indentation is much larger than the individual phases. 

 

 

Fig. 4-27: Boxplots from Vickers indentation hardness (HV) data. The outliers, indicated 
by a dot, were omitted from the calculations. 
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Fig. 4-28: Histograms showing the distribution of Vickers indentation hardness data for 
the Al (a) and Al-7.5wt.%Fe (b) samples. 
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Fig. 4-29: Graphical representation of the HV measurements taken from the Al and Al-
7.5wt.%Fe samples. The data indicate that in both samples the hardness is slightly less 
near the edges compared to the bulk. 

 

4.7. Supplementary Materials 
 

4.7.1. Al-7.5wt.%Fe Melt Sample 

 

 The melt sample pertaining to the Al-7.5wt.%Fe transformation was examined 

using SEM, Fig. 4-30 and EDS, Fig. 4-31. The SEM micrograph in Fig. 4-30(a) shows 

that large needle-shaped Fe-rich phases exist in an Al matrix. At increased magnification, 

shown in Fig. 4-30(b), smaller Fe-rich phases and particles of Si can be observed. This 

confirms that Si is diffusing away from the reaction front and into the metal bath. The Si 

particles are small, so it cannot be determined if the Al peak in the EDS spectrum belongs 

to the neighboring metal or if an Al-Si intermetallic has formed. 

H
V

Distance From Outside Edge (mm)

Vickers Indentation Hardness of Al and Al-7.5wt.%Fe Samples
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Fig. 4-30: (a) SEM backscatter micrograph, ×50 magnification, showing large Fe-rich 
(white) needle shaped phases. (b) SEM backscatter micrograph, 750× magnification, 
showing smaller similarly shaped Fe-rich (white) phases and precipitated Si particles 
(labeled). The large black areas are voids. 
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Fig. 4-31: EDS spectra from the dark gray (a), light gray (b), and white (c) regions of the 
Al-7.5wt.%Fe melt sample. The characteristic x-ray peaks indicate an Al metal phase, a 
Si-rich phase, and an Al-Fe-intermetallic phase. 

 
 
4.7.2. Al-25wt.%Si Sample 

 

 To offer a third comparison to the Al and Al-7.5wt.%Fe samples, a brief 

investigation of the Al-25wt.%Si sample was conducted. The stereo optical micrograph, 
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Fig. 4-32, shows that the Y-shaped boundary feature and Al2O3 growth colonies observed 

in the first two samples are also exhibited in the Al-25Si sample. In addition, dark 

clusters can be observed throughout the sample bulk. Examination of the Y-shaped 

feature shows that the series of voids along the boundary lines reported in the other 

samples is absent. Instead, the boundary feature is formed solely by the borders of the 

Al2O3 colonies, as illustrated by Fig. 4-33. Based on microscopic analysis, the Al-

25wt.%Si sample contained significantly less porosity than the Al and Al-7.5wt.% 

samples. EDS elemental mapping, seen in Fig. 4-34, shows that the clusters observed by 

stereo optical microscopy are Si-rich. It is likely that these clusters contain essentially 

pure Si since solubility of Si in Al is extremely low at room temperature. 

 

 

Fig. 4-32: Stereo-OM micrographs showing a polished cross-section of the Al-25wt.%Si 
sample revealing the Y-shaped boundary feature and bright columns, which were also 
detected in the Al and Al-7.5wt.%Fe samples. Dark clusters consistent throughout the 
sample bulk can be observed. 
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Fig. 4-33: (a) SEM secondary electron micrograph of the Al-25wt.% sample, ×250 
magnification, showing the formation of the Y-shaped boundary feature by the 
intersection of Al2O3 growth colonies. (b) SEM secondary electron micrograph, ×1000 
magnification, showing the Al2O3 (light gray) – Al (gray) network with an overall growth 
in the z-direction. Interconnected Si-rich (dark gray) phases can also be observed. 
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Fig. 4-34: (a) SEM secondary electron micrograph of the Al-25wt.%Si sample taken at 
×150 magnification. (b) EDS elemental map showing the distribution of O – red, Al – 
green, and Si - blue in the micrograph above. The Si-rich phases correspond to the dark 
clusters observed in stereo-OM. 
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4.7.3. Partially Transformed Al(2hr) Sample 

 

 The Al(2hr) sample, which was stopped after 2 hours of reaction, is useful for 

examining the transformation mechanisms during RMP processing. Stereo optical 

microscopy, Fig. 4-35, shows the development of the bright Al2O3 growth colonies and 

Y-shaped boundary-like feature. A strip of untransformed clear fused quartz preform 

remains symmetrically positioned at the center of the sample. Brightfield optical 

microscopy, shown in Fig. 4-36, highlights the reaction interface and demonstrates that 

the reacted zone is not a flat layer. Instead, pockets of reacted materials form along the 

reaction front. The reaction interface was analyzed using polarized optical microscopy 

and the morphology of the interface is displayed in Fig. 4-37. Polarized microscopy 

reveals an uneven layer that forms between the pockets and the transformed product. The 

contrast achieved by polarized light microscopy shows that the pockets and the layer are 

anisotropic materials, which indicates that they are at least partially crystalline with a 

non-cubic structure. Furthermore, the morphologies of the pockets and the layer are 

dissimilar suggesting that they are different in some way. 

 

 The product phases immediately near the transition zone have a different structure 

than those away from the reaction front, see Fig. 4-38. The Al2O3 phases near the reaction 

front have sharper features and are jagged in nature. The areas away from the reaction 

front maintain Al2O3-Al structures equivalent to those in the Al, Al-7.5wt.%Fe, and Al-

25wt.%Si samples. The SEM backscatter micrograph in Fig. 4-39(a) shows a contrast 

difference between the pockets and the transition layer. The layer exhibits minimal 
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cracking compared to the extensive cracking found in the pocketed areas. An aggregated 

boundary has formed between the transition layer and the transformed product.  

 

Phase cluster analysis was performed on the transition zone, shown in Fig. 4-

39(b). As expected, a large amount of displaced Si is detected near the reaction front in 

the pockets, layer, and transformed areas. From the phase map it appears that overall the 

Si is quite disperse with a few regions of high concentration. A positive identification of 

the pocketed and layered phases can not be determined by EDS. The only conclusion that 

can be made is that the phases contain varying amounts of Al and O with appreciable 

amounts if Si interspersed throughout. Further investigation to determine the exact 

composition of these phases will be crucial in understanding how ceramic-metallic IPC’s 

are produced by RMP processing, and may offer insight into predicting how preform and 

alloying additions can alter the final products. 
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4.8. Discussion

 

 The results provided by the analysis of the Al and Al-7.5wt.%Fe samples present 

the opportunity for further discussion of certain topics. One aspect that deserves extra 

attention is the transformation mechanism that produces the interconnect network. The 

results presented in this work are in disagreement with the “cracking” mechanism 

presented by Breslin et al.17 (see section 2.3.2.) for a number of reasons. First, the 

colonies of differently orientated Al2O3 phases are indicative of a growth pattern rather 

than systematic cracking. The overall consistency in the phases’ shape, size, and 

geometry and smooth features are uncharacteristic of cracking. For example, the cracking 

in the Al2O3 phases observed in the FIB polished area of the Al sample does not resemble 

the channels formed by the microstructure. In addition, the direction and size of the 

cracking documented in pocketed transition areas of the Al(2hr) sample could not have 

formed the columnar Al2O3 phases present in the TCON samples. Furthermore, one 

would expect to see the layered area between the pockets and transformed material to 

show some sort of branched cracking, however, cracking of the layer is minimal. Finally, 

the large amounts of Si dispersed throughout the pocketed and layered transition zones 

suggests that the chemical reactions associated with the IPC microstructure are more 

complex than a simple displacement reaction. 

 

 The results from this experimentation coincide more closely with the results and 

explanation provided by Rapp et al.43 (see section 2.3.2.). The observed reaction front in 

the Al(2hr) sample is clearly uneven, which is the prerequisite for Rapp’s theory. Also, 
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the jagged features of the Al2O3 phases near the reaction interface are better explained by 

the growth of the microstructure compared to a microstructure that forms by cracking. 

For instance, if it is hypothesized that the transport of O through Si is the limiting factor 

for Al2O3 growth, it would be reasonable to assume that the jagged features result from 

the O slowly collecting and reacting at the tips of the previously formed Al2O3 grains. 

Based on the PCA analysis of the Al(2hr), it can be theorized that some Al-Si-O 

compound or compounds have formed, either as a reaction step or during cooling. This is 

further supported by Rapp’s report that a NiFe2O4 layer formed at the reaction interface 

between Fe and NiO, which also formed an IPC. A plausible explanation is that the Al2O3 

network will form after enough Si diffuses away from the reaction front. While the 

information provided in this report cannot provide a definite reaction mechanism, it does 

provide a solid groundwork for future investigation. 

 

 Another feature that requires further discussion is the series of voids that form 

along the Y-shaped boundary in the Al and Al-7.5wt.%Fe samples. A proposed 

explanation is that the voids are formed by the volumetric contraction of the metallic 

phase during the cooling process. It is know that Al undergoes an approximate 6.6% 

volumetric contraction during freezing.59 Therefore, if the metal phases cool and solidify 

from the outer edges first, then the volumetric contraction will pull molten metal from the 

inner core. Eventually, the solidification process will reach the middle of the sample and 

there will be no metal left to fill the voids resulting in pore formation. To further support 

this claim, it is known that Si content reduces the volumetric contraction of Al-Si alloys 
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during freezing,55 and it has been shown that the Al-25wt.%Si sample does not contain 

the series of voids at the boundary feature. 

 

 The role of Si in Al-Si alloys might help explain the differences in porosity 

throughout the bulks of the samples, as well. Al-Si alloys are often used in intricate 

casting processes because Si increases the fluidity and wetting properties of Al.54 

Consequentially, the Al-25wt.%Si sample showed the least porosity based on 

microscopic observation. This can be attributed to the combination of reduced volumetric 

contraction and better flow properties from the Si addition. On the other hand, based on 

microscopic observation the Al-7.5wt.%Fe showed the most porosity throughout the bulk 

of the material, refer to Fig. 4-5(a). From the Al-Fe binary phase diagram it is evident 

that several Fe-Al phases can solidify at higher temperatures than pure Al. The 

solidification of such phases can block the fluid flow of Al during cooling, and as a result 

the voids left by volumetric contraction cannot be filled by the remaining molten metal. 

In fact, many of the larger voids observed in Fig. 4-5(a) are surrounded by Fe-rich 

phases. The addition of alloying Fe has previously shown to improve the mechanical 

properties of Al2O3-Al based IPC’s,8 but these results also show that it is important to 

consider the implications Fe has on metal flow during processing. 
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