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Fabrication of Porous Metals via Selective Phase Dissolution of an Al -Cu Alloy

ABSTRACT
Through free corrosion in sodium hydroxide , @ new porous material was
successfully fabricated by removing a single phase of the aluminum -copper

alloy. This selective phase dis solution was performed for the eutectic
composition of the aluminum -copper binary system and additionally for two
hypereutectic compositions. The porosity of the material depends on the
microstructure formed in the solidification process. For this, several
solidification methods were analyzed in order to define the most convenient in

terms of uniformity and refinement in the pore and ligament sizes. The
concentration of the solution was determined by observing the effectiveness

of the process during and aft er the corrosion, when the 10% v/v aqueous
solution of sodium hydroxide was used better results were observed. The
porosity was calculated after the selective dissolution through analysis of
images obtained from a scanning electron microscope. In addition, the average
pore and ligament size was measured for each composition. Finally, the
effectiveness of the process was verified using x -ray diffraction, which showed
that under the proposed methodology there was complete removal of one of

the phases of the a lloy.
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RESUMEN

Mediante la corrosion libre en hidréxido de sodio, se fabrico de manera exitosa
un nuevo material poroso através de la eliminacion de una fase de una aleacion de
aluminio y cobre. Esta disolucién selectiva de fase se realiz6 para la composicion
eutéctica del sistema binario de aluminio -cobre y adicionalmente para dos
composiciones hipereutécticas. La porosidad del material depende de la
microestructura formada en el proceso de solidificacion. Para esto, se analizaron
varios meétodos de solidificacion con el fin de definir el mas conveniente en términos
de uniformidady  refinamiento en los tamafios de poro y ligamento. La concentracion
de la solucién se determin6 observando la efectividad del proceso durante y después
de la corrosion . Cuando se usaron soluciones acuosas al 10% v/v de hidréxido sédico,
se observaron mejores  resultados. La porosidad se calculé después de la disolucion
selectiva a través del analisis de imagenes obtenidas a partir de un microscopio
electrénico de barrido. Ademas, se midi6 el tamafio medio de poro y ligamento para
cada composicion. Finalmente, s e verificé la efectividad del proceso usando difraccion
de rayos X, lo que demostré que bajo la metodologia propuesta se elimind por

completo una de las fases de la aleacion.
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1. INTRODUCTION

1.1. JUSTIFICATION

Precursor alloys for nanoporous metals (NPMs) are materials mainly constituted
of two phases, in which one of them is removed by dealloying processing (selective
dissolution). This process can be carried out by chemical or electrochemical corrosion
[1] .

These materials present important properties such as high adsorption capability,
high s electivity, favorable adsorption kinetics, good stability, durability, and good
mechanical properties, among others. In most cases, the pore size determines the
performance of the material, for example the selectivity of an adsorbent depends of
this factor [2] . Moreover, some properties are determined by the elements that make
it up, as the NPMs are formed by the alloy of two or more metals such as gold, silver,
copper, aluminum, etc.

There is a large number of applications of nanoporous metals. Some are
employ ed in catalytic and optical applications [3] , including nanoporous gold (NPG)
obtained by electrochemical dealloying. The same set of NPG possesses important
optical behavior because of the pores that can be modified by adjusting the pore size.
Other applications can be found in biotechnology, sensing, energy -saving, and

energy -generation technologies, among others [4] .
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Dealloying of metals has been studied as part of corrosion science, which
considers at least nine forms: uniform, intergranular, galvanic, crevice formation,
pitting, erosion, stress corrosion cracking, biological and selective leaching [5] .
Furthermore, corrosion can present itself in more than one of those forms at the

same time. In addition, for dealloying to occur two metals must be present, one

nobler than the other. Consequently, the first dealloying studies focused on
nanoporous gold, platinum, and silver [4] , i.e. noble but expensive metals. For this
reason, in the last years the research focus swi tched to less expensive metals such

as aluminum, copper, zinc, nickel, magnesium. Unfortunately, dealloying of the latter

is not as simple as in gold, silver, or platinum. Therefore, the ensuing methods of
solidification and thermal treatments of the precu rsor alloys become more elaborate.
Recently, researchers became interested in the dealloying of Al T Cu alloys [6] T[12] .
However, there are many factors that affect this dissolution process, such as, alloy
composition, solidification method, thermal treatment, type and concentration of

chemical solution, corrosion temperature, and electrical potential applied. These
factors are to be studied in this research to determine the optimal convergence of

those factors to form nanopores in Al i Cu alloys.

1.2. LITERATURE REVIEW

Nanoporous metals can be obtained from selective diss olution, which is also
called ideal | oThis progess needs at least two phases in the alloy, in which one
of those is removed, generating the pores. The remaining phase forms a ligament
network, causing the sample to retain the initial volume, but its weight decreases

naturally as the surface area increases.
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Historically, selective dissolution was used primarily for chemical catalysis
applications, e.g. in catalytic reduction of carbon oxides in the hydrocarbon
production process, where heat transfer is very important. This led Philip White in
1944tocreatea M Raney cat al y[E,sascalledfbecausewfthe Murray Raney
patentin 1925 [14] . White was able to create this surface with alloys such as nickel T
aluminum, cobalt T aluminum or nickel T cobalt i aluminum, where the aluminum phase
could be replaced by silicon. The prefe rred composition range was between 35 - 65
weight percent of removable material, dissolved by an alkaline solution. White
achieved a better heat transfer due to his new catalytic material, whereas Raney
produced it for more general purposes, such as fi h y dyenation of animal, vegetable
and fish oils, waxes, fats, hydrocarbon oils, and the like .0

In 1963 Pickering and Swann [15] were, perhaps, the first ones to create
nanoporous gold (NPG) in an attempt to study stress and corrosion cracking, using
copper 1 gold. Through a transmission electron microscope (TEM) they recorded pores
of up to 10 nm. The NPG study continued, this time on gold T silver alloy with 50:50
composition, using nitric acid as electrolyte for short times (60 s) and high
temperatures (720 K) [16] .

As the years passed, the selective dissolution studies expanded, for instance on
iron 1 chromium 1 molybdenum alloys. In 1979 Leygraf et al [17] evaluated the surface
enrichment of Cr and Mo polarized at constant potentials. In addition, constant
current density applied to gold T silver alloys rendered smaller gold disperse particles
formation [18] .

As part of corrosion science, in the last years the dealloying process has

achieved good results using gold, silver, platinum, and palladium, i.e. noble metals.
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For instance, researchers used aluminum T gold i platinum allo y to create nanopores
of gold i platinum (NPGPt) [19] , employing hydrochloric acid (HCIl) and sodium
hydroxide (NaOH) with concentrations of 5 and 20 weig ht percent, respectively. This
study also used corrosion at high temperatures (90 °C) leading to ligament I pores
sizes of 5.2 and 3.3 nm. Using the same electrolytes (HCI and NaOH) nanoporous

silver (NPS) was obtained [20] , and the removed element was aluminum with
compositions between 15 1 60 atomic percent. However, the pores size, between 90 |
500 nm was much higher than in NPGPt. Moreover, platinum was used to create
nanoporous platinum (NPPt) [21] , bearing ligament sizes of 7.2 nm.

To date, NPG has been the nanoporous metal with the best results with respect
to ligament/pore size. Continuous research of this material encompassed different
alloys, compositions, corrosion environment, applied potential, and, obviously, its
applications. To form NPG the best way is starting from binary alloys, such as
aluminum 71 gold [22], [23] ,tin T gold [24] and silver -gold [3], [25] 7 [28] , which are
etched in alkaline and acid solutions as HCI, NaOH and HNO 3. Others precursor binary
alloys used to create nanoporous metals we re nickel i manganese [29] and
aluminum 1 magnesium [30] ; in the first one nanoporous nickel (NPN), with pores up
to 5177 nm were obtained, by corrosion in (NH 4)2S0, at different temperatures and
long annealing times.

In the selective dissolution process, ternary alloys have also been used in
innovative techniques encompassing various successive steps. For instance, NPG
fabrication from aluminum 7 palladium 7 gold [31] , started with dealloying to remove
Al>(Au,Pd) with NaOH, to form a Pd T Au nanoporous composite. The second dealloying

stage with HNO 3 solution, rendered an Au 1 rich nanoporous str ucture. In another
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multi T step process researchers develop  ed nanoporous CuO ribbons [32] from an
aluminum 1 gold 7 copper ternary alloy, producing nanoporous copper (NPC) first with
some particles of gold by dealloying in NaOH. Subsequently, they performed s urface
oxidation and calcination.

Dealloying not only creates nanopores, but also other structures such as titania
nanotubes [33] by using, titanium, aluminum, iron, molybdenum, and vanadium
etched with NaOH anodized in H 3P0Os. The resulting nanotubes were in a range
between 40 1 80 nm.

Recently, nanoporous copper, mostly from binary alloys, has attracted much
attention. For instance, copper 1 manganese [34] corroded at various solution
concentrations of HCI resulted in pore sizes between 15 1 200 nm. Using alloys from
the copper -zinc bin ary system can produce pores among 200 1300 nm [35] ,107 150
nm [25] and microporous copper (MPC) of 2 um [36] . Physical vacuum dealloying
generated large -size pores, without chemical dissolution.

The most used alloys to form NPC are aluminum T copper ones, usually corroded
in an alkaline medium, e.g. NaOH, to remove the aluminum. Nevertheless, acid
medium (HCI) and neutral solution (NaCl) have also proved effective. Both etchants
have been employed at different concentrations with the precursor alloy composition

from 25 to 50 ato  mic percentage of copper. These results are summarized in Table

Upon dealloying, the precursor grain size affects the pore/ligament size in the
resu lting nanoporous metals. As a consequence, the solidification process of the
precursor alloy becomes relevant to adjust the optimal grain size of that alloy. For

this reason, rapid solidification is the most used method to achieve small grain sizes.
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One re markable tool is the single roller melt spinning apparatus that allows samples

of a few tens of micrometers [8] 7 [11] . When the precursor ingots were prepared,
they are annealed to form stable phases [6] . Other me thod used to control the grain
size is mechanical alloying via ball T milling to form the Al ,Cu intermetallic phase to

produce NPC [12] .

Table 1: Summary of NPC from Al I Cu binary alloy

Precursor alloy (at %) Solution Pore size (nm)  Ligament size (nm) Reference

Al75Cuzs & Als7Cuss NaCl 50 i 200 ~ [6]

Al7sCuzs NaOH 10 7 50 10 7 50 [7]

AlgsCuis HCI ~ 60 i 120 [8]

Al1ooT XxCux, x= 33,35,40,50 NaOH 20 7 200 20 7 200 [9]

Al1ooT XxCux, x= 33,35,40,50 HCl & NaOH ~ 100 1 500 [10]

AlesCuss NaOH ~ 25 7 350 [11]
NaOH 25+ 20 30+20 [12]

In other works on NPC the authors used ternary alloys such as aluminum |
copper T magnesium [37] and aluminum 7 copper i hafnium [38] . The first compared
the effect of nickel as aggregate at three atomic percent; this method permitted to
reduce the pore/ligament size from 20 i 30 to 10 7120 nm. Moreover, the alloy
containing hafnium attained pore sizes between 15 T 140 nm.

In all research reported thus far, when aluminum was present it was the
sacrificial element. One report described nanoporous aluminum (NPAI) formation [39]
with pores with less than 100 nm in diameter using HNO 3 under an applied electrical
field.

Currently, nanoporous metals (NPMs) continue to be widely studied due to their
previously mentioned properties and applications, along with other nanoporous

materials, as shown in Figure 1. In summary, great strides have been made in
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Materials Science, where the NPMs are part of a relatively new branch with few

decades of development. Accordingly ,

this literature review demonstrates that

nanoporous metals have not been previously prepared from intermetallic phases in

precursor aluminum

binary Al T Cu alloys having an intermetallic Al

2Cuphase

(e)

I copper alloys. A new material could be produced starting from

appropriately similar volume fractions. Obtaining such a porous material may lead to

an innovative catalyst with properties never seen before.

Organic:
polymer

Inorganic oxides

Silica, alumina,
titania, zirconia, etc.

Nanoporous
Materials

Binary/multi
compounds other
than oxides

aluminophosphate,
titanate nanotube,
BN nanotube, etc.

Inorganic

Carbonaceous
materials

Activated carbon
(fibers), templated
carbon, etc.

Single component
materials other
than carbon

Nanoporous
metals , nanoporous
silicon, etc.

Figure 1: Classification of Nanoporous Materials [40]
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1.3. OBJECTIVES

The present research seeks to formulate a porous metal through selective
dissolution of aluminum  -copper alloys bearing different compositions as precursors.
The solidification process was also studied to analyze the effect of the precursor
microstructure in the dissolution process under free corrosion. This helped determine
the optimal values of the solidification and corrosion factors that affect the formation
of pores and ligaments of homogeneous size in the porous metal. In closing, the
project sought to establish a methodology to attain nanoporous metals with relatively

low cost of fabrication.

1.3.1. Specific Objectives

w Determine the optimal composition of a precursor binary Al - Cu alloy that renders
high porosity inthe  porous metal.

w Establish the effect of the solution concentration on the final pore and ligament
sizes in the nanoporous material.

w Design the solidification method that renders an alloy with a fine microstructure,
adequate for the selective dissolution process.

w Characterize the samples by x -ray diffraction (XRD) to determine the
effectiveness of the dissolution process.

w Characterize the dealloyed samples by optical microscopy and scanning electron

microscopy (SEM) to determine the average ligament and po re size.
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1.3.2. Structure of the thesis

Chapter 2 provides the theoretical background concerning corrosion in metals
and a short overview about eutectic st ructures present in the Al -Cu system. Chapter
3 details the experimental procedure implemented to prepare nanoporous metals
from Al -Cu alloys. Chap ter 4 describes the effect of solidification methods and the
subsequent annealing process over the alloy microstructure. 5 delineates the
corrosion process as it was used in the selective dissolution of one phase from Al -Cu
alloys. This chapter also presents preliminary work on to selective dissolution from
direc tionally solidified samples with eutectic composition. The selective dissolution is
explained for three different compositions solidified in copper molds; also the
obtained pore and ligament size in this process is analyzed. Finally, the conclusions

and su ggestions for future work are included in Chapter 6.
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2. THEORETICAL BACKGROU ND

2.1. CORROSION IN METALLIC MATERIALS

2.1.1. Forms of corrosion

As aforementioned, metallic materials may be affected by eight forms of

corrosion [5], [41]

Uniform corrosion

This may be the simplest form of corrosion observed in metals. In this
mechanism, it is enough for the material to be exposed to a corrosive environment,
which can simply be air. This makes the oxygen present react with the metal and
corrodes uniformly its surface. In metals like aluminum, the surface corrosion leads
to a passivating oxide that protects the metal underneath from furt her corrosion by
isolating it from the oxidizing medium. However, in metals such as steel, the metal
oxide layer becomes porous causing the rest of the material to be exposed to the
corrosive environment and in this way the process continues until all the metal is

oxidized.

10
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Intergranular corrosion

This localized corrosion occurs on the grain boundaries and quickly spreads

through the material, causing fractures and metal failure.

Galvanic corrosion

It occurs when two metals have electrical contact under the same corrosive
environment (electrolyte, e.g. air or sea water). The different electrochemical nature
of the metals leads to a potential difference between those two, causing the less
noble elemen t to be corroded (losing electrons). This type of corrosion is quite
common, since in many industries metals of different nature are used in a single
assembly or part. For instance, aluminum structures can be in contact with galvanized
steel reinforcements . In this case, the steel is less noble than aluminum, causing the
light metal to lose electrons over time, which becomes detrimental to the structural
mechanical properties. Table 2 shows the descending order of the nobility of some

metals, according to the galvanic series.

Table 2: Galvanic series [42]
Magnesium (less noble) Zinc (2™ less noble) Beryllium
Cadmium Uranium Aluminum
Indium Tin Lead
Iron (cast) Copper Chromium
Tantalum Tungsten Niobium
Yellow Brass Brass (plated) Bronze 220
Red Brass Molybdenum Bronze

11
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Silver Gold Graphite (most noble)

Figure 2: Representation of galvanic corrosion [43]

Crevice corrosion

As in intergranular form of corrosion, this is a localized corrosion, caused by
narrow gaps or openings formed between metals and another type of non  -metallic
material. Corrosion occurs due to differences in oxygen concentration as the metal
oxide is deposited adjacent to the non -metallic material on the metal surface ( Figure
3). This type of corrosion is considered much more harmful than uniform corrosion,

as it occurs at faster speeds (between 10 -100 times faster).
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Figure 3: Representation of crevice corrosion [43]

Pitting
This highly localized corrosion occur s when a metal becomes exposed to a
corrosive medium (e.g. , steel in contact with or immersed into sea water) and a
defect appears in the protective layer or surface. This defect can be a small hole,
through which the corrosion leads to a tiny but deep hole that increases with time.
This causes a significant loss in the thickness of the metal, compromising its
mechanical properties. Since it is a highly localized type of corrosion, it is difficult to

find it by ocular inspection.
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Figure 4: Representation of pitting corrosion [43]

Erosion corrosion

It occurs when a corrosive liquid flows through a metal pi pe, in which the speed
of the fluid displacement plays an important role, since the relationship between this
factor and corrosion by erosion is directly proportional. The laminar flow becomes
less destructive, as the turbulent one increases the contact of the liquid with the

metal surface.

Stress corrosion cracking

When a metal is exposed to a corrosive environment as a force is applied to it,
stress corrosion cracking may occur. The conditions for metal failure also depend on
the pH of the corrosive envir  onment, the metal susceptibility, and the mechanical
stress level. During the corrosion process, fine cracks penetrate from the metal

surface to the stress points and can spread via intergranular regions.
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Fez03, Fes0y Fez03, Fes04
{Corrosion products) (Corrosion products)
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Tensile force #—— —» Tensile force

Advancing crack tip

Figure 5: Stress corrosion cracking representation [44]

Selective leachin g

This process occurs intentionally (unnaturally) when a metal or phase in a metal
alloy is removed selectively, as the other metal or the other phase remains
untouched. This creates a network of ligaments of the remaining phase. In the review
of the liter ature and the development of this thesis this is the type of corrosion

sought.

2.1.2. Dealloying

This is a form of selective leaching where an element present in a metal alloy is
removed regardless of whether it is in a primary or intermetallic phase. Erlebacher
[1] mentions four characteristics that alloys must have to achieve dealloying .Ifthe se
four conditions do not occur, corrosion may be removing not only the less noble
metal :
a. There must be a significant difference in potential between the elements that

are to be dissociated.
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b. The composition must be rich in the element that remains, that is , the nobler
element.

c. The diffusion of the element in the electrolyte must be fast enough.

d. The alloy should be sufficiently homogeneous and ideally stress -free.

The porosity evolution is illustrated in Figure 6. Initially the alloy is exposed to
the corrosive medium (electrolyte) and the less noble element begins to react
chemically with such electrolyte, causing it to dissolve in it, forming a pit. As the
atoms of the less noble element are removed, free atoms of the nobler element
(adatoms) remain, which by diffusion are agglomerated in certain regions with other
atoms of the same element. When the pit grows, the adatoms are accommodated in
new reg ions, as larger distances reduce the diffusion process. New atom clusters
form and create a network of interconnected ligaments as the detachment of more

atoms of the less noble element evolves.

B B
oy
A
a) b) c)
Figure 6: Evolution  of nanoporosity during dealloying [1]
Thanks to diffusion during the porosity evolu tion in the dealloying process, some

alloys can change crystalline structure, e.g. nanoporous copper, in which initially two
phases co-&xi snALCW® Inthis case, the sacrificial element is Al, since it is

the less noble of those two. The other phase, i.e. Al ,Cu, has a tetragonal structure
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and by removing the aluminum from both the primary and intermetallic phases,

copper adatoms form the FCC structure characteristic of copper.

2.1.3. Selective Dissolution

Dealloying is a type of selective leaching. In this process the removed phase is
not necessarily made up of a single element. Similarly, the remaining phase can also
be an intermetallic (not of a pure element or a solid solution of a given element) as
in the dealloying case.

Generally, selective dissol ution is achieved through free or spontaneous
corrosion. Thus, an applied electrical potential may not be necessary to favor the
process, as one of the phases and the electrolyte react chemically. Hence, this phase
dissolves into the electrolyte as the oth er phase remains. As in the dealloying process,
the four aforementioned aspects are also needed in an effective selective corrosion
process. Yet, in selective dissolution, the fourth characteristic is even more important
because electrical potential is not applied, and the reduction process is not favored.
In other words, diffusion does not occur and more mass can pass into the electrolyte,
causing that at the end of the corrosion process, the sample can be destroyed.

As no diffusion occurs in this process, in the end the metal microstructure
defines the resulting material porosity. Hence, it is preferable that only two phases
be presentin the alloy; otherwise, more phases would involve more complex chemical

reactions in which the process may not be selecti ve.

17
Juan Carlos Vargas Martinez



Fabrication of Porous Metals via Selective Phase Dissolution of an Al -Cu Alloy

2.2. EUTECTIC MICROSTRUCTU REINAL -CUSYSTEM

In this research, samples with compositions close to the eutectic point of Al -Cu
alloy were corroded. Therefore it was important to characterize the eutectic
structures that can appear after the solidification of the metal, since such structure
determines the ligaments morphology and the final porosity of the material.

In the Al -rich side of the Al -Cu binary system, the type of eutectic structure is
l aminar, constituted bFgurdl7). la thid regulareltect.ete  (
volume fractions of both eutectic phases are similar, with the lamella of both phases
bearing similar thicknesses. This means that th e interlaminar distance tends to be
uniform. However, phase growth will not always occur as a eutectic plane front.

Further, the solidification microstructure can be eutectic cells or eutectic grains [45] .

y

(Liquid Region)
A B

(B-phase) (a-phase) (0-phase)

Figure 7: Sketch of the interface shape of steady untilted eutectic growth [46]
The difference between the three types of eutectic structures in Figure 8
depends on the impurities present in the material [45] and/or on the critical rate of

solidification [47] . The proeutectic primary dendrites shown in the figure correspond

to aAl if the composition is hypoeutectic or
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a) b) c)
Figure 8: Solidification of eutectics in hypoeutectic alloy, a) eutectic plane front,
b) eutectic cells, and c) eutectic grains [45]
19
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3. EXPERIMENTAL PROCEDU RE

3.1. OVERVIEW OF THE EXPERIMENTAL PROCEDURE

Figure 9 provides the overarching procedure usedin the presentresearch.

Casting '— Melt 3 different alloy compositions =0
]
Solidification '— Quench samples —e
I
Sam ple preparation '— Cut samples of 10 x 10 x 2 mm and polish each =0
] Annealing of all sa  mples in order to stabilize phases
Annealing present in the material, which are, (Al) and &-Al,Cu '
Etching NaOH etching =0
Microstructure Observation by optical and electronic microscopy —
analysis
\
Free corrosion in NaOH at standard conditions
Free corrosion '- —
' Material s characterization by:
o Scanning electron  microscopy (SEM)
Characterization l— T _ ) —e
V 1 X-ray diffraction (XRD)
Figure 9: Overall procedure
This was the final methodolog, which required several steps. Casting is
described in this section  ; solidification and annealing are detailled in the nextsec  tion.
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Etching was performed to reveal the sample microstructure observed using optical
microscopy. Furthermore , free c orrosion process was performed for extended

periods , namely 24 hours. Additionally, materials ¢ haracterization is described below .

3.2. SELECTION OF CHEMICAL COMPOSITIONS

As already mentioned, solidification affects the samples corrosion as, under free
corrosion, the sample porosity will depend on the microstructure of the alloy. Further,
assuming total dissolution of one alloy phase, the minimum theoretical volume of the
remaining phase should be at least a fifty volume percent. We believe that this would
be the limit ing compositionto avoid sample crumbling. Inanaluminum 71 copper alloy,
this can be achieved using the 33.2 wt% Cu eutectic composition.

In the Al -Cu partial p hase diagram in  Figure 10, the three compositions studied

are shown. These were selected based on their &
55, and 60 volume percent in the compositions Al -17.52 at% Cu, Al -19.17 at% Cu,
and Al -20.80 at% Cu respectively. Hereinafter, we call these compositions: EC, HC -

1 and HC -2. The main goal is to increase the sample area as much as possible.
Therefore, in theory, the eutectic composition should be the most porous sample.
However, this composition is the limit for the formation of ligaments, which must be
interconnected to avoid sample destruction. For this reason, other two compositions

with a higher volumetric percent of the remaining phase were studied.
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Figure 10 : Aluminum -rich side of the Al - Cu equilibrium phase diagram (48], [49]

3.3. MELTING AND SAMPLE PREPARATI  ON

The three aforementioned compositions were melted in a graphite crucible at

about 800°C for about 30 minutes using an Al - 33 wt% Cu master alloy obtained from
Milward Alloys, Inc. To adjust the allo y compositions, we added pure copper metal
chunks .

In order to obtain a fine microstructure, three solidification methods were
tested: directional solidification, quenching in graphite mold, and solidification in
copper molds. After all those treatments an d to stabilize the microstructure, the
samples were annealed at 400°C for 24 hours. The portions that solidified in direct
contact with the molds were discarded, since they can present a very different
microstructure (chilled regions), causing non -uniformi ty in pore and ligament sizes
within each sample. Subsequently, the annealed samples were cut as 10 x 10 x 2

mm specimens to be polished with a 0.1 Tm f
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3.4. FREE CORROSION PROCES S

In this process, each sample was placed in a 100 ml NaOH solution with different
concentrations, i.e. from 1 to 25 vol%, at room temperature. The samples were kept
in the corrosive medium for at most 24 hours or until no bubble formation was
observed. This would indicate that the oxidation process had stopped. Thereupon,
the samples were removed, placed in distilled water in a sonicator for 20 minutes,
and immediately immersed into ethanol for 5 minutes in the same sonicator to stop
the corrosive process. Finally, the samples were placed in an oven at 100°C for 8

hours to remo ve any moisture present.

3.5. CHARACTERIZATION

To characterize the new material, we used x -ray diffraction, optical microscopy,
and scanning electron microscopy. XRD was used to determine and corroborate the
phases present in the material before and after corro sion. This was done in a Siemens
D500 x -ray diffract ometer with a copper target and operated with sampling 2 g angles
between 10° and 80°.

Additionally, the samples were observed in a metallographic optical microscope

and in an SEM to determine the porosity of the material. This allowed measuring the
pore size and ligament. The SEM used was a JEOL JSM -7610F FEG -SEM.
23
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4. EFFECTS OF SOLIDIFIC ~ ATION AND ANNEALING

In selective dissolution, the attained porosity depends directly on the
microstructure  of the parent (precursor) alloy. In addition, the best way to simplify
the subsequent chemical reactions is by having only two phases present in the alloy.
Thus, for the studied compositions, a primary aluminum phase and the intermetallic
Al>Cu coexist. These two phases are stable according to the Al - Cu equilibrium phase
diagrams. However, the type of solidification and the subsequent thermal treatment

determine the final volume fractions of these phases and their chemical stability.

4.1. SOLIDIFICATION ISSUES

During solidification, several issues can arise as a consequence of a high
temperature gradient and significant cooling rates. Such circumstance makes the
present phases in the material lack an ideal formation as the equilibria phase diagram
indicates. Fo rmation of precipitates from solid solution is one of these issues. In
principle, one can attribute these happenings to the compromised diffusion during

solidification and cooling.
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4.1.1. Diffusion during solidification

In the Al -Cu system, eutectic Al and Al  »,Cu lamellas grow in a cooperative
manner. This growth is subject to the rapid diffusion in the liquid adjacent to the
solidification front. This governs then the lamellar spacing. Generally, a small
interlaminar spacing leads results from rapid growth [50] . Further. several

solidification instances can be considered depending on the cooling rate.

Equilibrium solidification

In this case we can assume an infinitely slow solidification cooling rate . Hence,
the compositions of phases follow strictly the phase equilibria diagram. Because there
is an extended solidification, the diffusion is favored and the alloy composition
satisfies the lever rule. Figure 11 shows this case, where C | is the liquid composition;
Cs, the solid phase composition; and C 0, the alloy nominal composition. In this figure,
X represents the position of the solidification fron t, assuming unidirectional growth.
Complete equilibrium (infinitely slow solidification) of the eutectic alloy renders wide
lamellar formation. For this reason, this solidification method was not selected for

this research.
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Figure 11 : Unidirectional solidification of Alloy C o with planar interface (above),

and its corresponding composition profile (below). Assuming complete
equilibrium [50]

In this case, one can assume conservation of solute atoms and define an
expression for the solid conc  entration in any region of T* ( Figure 12).

#wE #YE n xEOEAE £ »p 0

where A and A are the mass fraction of solid and liquid . thus, the solid

composition is:

Et

T EE

Equation (2) assumes m  m, but when these densit  ies are not equal,

" PP MIm E B
P p P EmIm ¥E °
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Figure 12 : Schematic phase diagram used to define equilibrium solidification
[51] .

No diffusion in the solid and perfect mixing in liquid

On the other hand, solidification with perfect mixing (infinite diffusion) in the

liquid would allow a finer microstructure. However, in solid solution the concentration

of solute changes through the advancing solidification front. Figure 13 depicts this
case, where k represents the partition coefficient, defined as k = C s/C L. To promote
homogeneity in the liquid phase, this type of solidification requir es a vigorous stirring,

which is quite complicated to carry out when solidification takes place.
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Heat Solid Liquid
X—
Cip
O o N
kCsf-" |
X —
Figure 13 : Planar solidification front of alloy with nominal compaosition C 0
assuming no diffusion in solid, but complete mixing in the liquid [50] .

Assuming this case, the solute is rejected at solidification front , raising the
solute concentration in  the liquid p hase. The n, the mass fraction is changing as the
solidification front  advances :

# # NWE p AEMNE 1

After mathematical manipulation, the concentration of solid phase becomes:

# BE# p £ v

No diffusion in solid and diffusional mixing in liquid

Without stirring or convection in liquid phase, the solute rejected in the interface
raises its concentration ahead of the solidification front, as depicted in Figure 14.This
case somewhat resembles real solidification conditions of the present study. The
solidifying phase  starts with a solute concentration of kC o and increases until reaching

the composition C . At that point a steady state begins, i.e. the composition in the

solid phase remains constant. When the solidification front is forwarding in the steady
state zone, the composition ahead of the solidification front is steady at C o/k. When
28
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the solidificat ion front reaches the limit, the composition increases up to the eutectic
alloy composition, C e. Hence, the solid phase formation does not have a uniform
diffusion of solute along the local solidification direction. This brings forth an issue
relatedtoth e corrosion susceptibility, as the chemical reactions will be different under
distinct solute concentrations. Furthermore, this alloy would not be sufficiently
homogeneous to render a stress -free specimen. This latter problem could cause the

sample to have a detachment of ligaments, in spit of the selective corrosion process.

Co/k+
ol \
kCo-
Solid Liquid
. I -CE
Initial transient Final transient —__
O, ) R “L-
kCo- :
° Steady state :
Distance
Figure 14 : Planar front solidification of alloy C o assuming no diffusion in solid
and no stirring or convection in liquid. Above: front in the steady state region.
Below: final transient [50]
Assuming constant density and diffusivity and unidirectional solidification, the

equation that describes the diffusion process is:

T
T

T#
I{'F_(A) 0)

&+ o

H
o

Bl o

The solution for the equation (6) is:
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) .6
# #up p EACPELD X

Where V and D represents the velocity and diffusion coefficient respectively
[51] .

The mathematical mod el for temperature along the solidification direction
(Figure 15) can be described taking in account other assumptions [52] T [54] :

1. The conductive flow is unidimensional.

2. The material properties are invariant within the same phase.

3. Inthe liquid only, conductive flow is considered.

With th ese conditions, the temper  ature in solid is:

4 4 . . @ cgM1AD
4 4 < A O A———re
A OE ¢1A10 O v
In the mushy zone:
4 4 . @ clB ] AIO
4 4 = NAORE AOA——n— w
AogE AO& ¢lAnd O

The temperature in  liquid becomes :

4 4 . D ¢ 1TAO
‘¢4 rram e AR Ree P
where,
A Thermal diffusivity (m  2/s)
i Constant of metal = ATA 7 (dimensionless)
) Constant of metal = ATA T (dimensionless)
0 Time
4 Temperature of mold (K)
5 Solidification constant (dimensionless)
Subscripts:
1. Solid metal
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2. Mushy zone

3. Liguid metal

To

Solid Mushy zone Liquid
Ss S, X
Figure 15 : Thermal profile during the solidification process [54] .
4.1.2. Formation of precipitates from solid solution

When we use liquid quenching or rapid solidification, the resulting
microstructure may not be the two stable phases already mentioned, as some
metastable phase or precipita  tes could form. Those metastable precipitates could, for
instance, be Guinier 1 Preston (GP) zones or other binary structures. As depicted in
Figure 16, depending onthe heat -treating temperature, different material properties
can be achieved. For instance, after quenching some Al -Cu alloys can be hardened
by aging at relatively low temperatures, normally lower than 200°C.

The GP solvus indicates that this metastable precipitate can form depending on
the temperature after solidification by quenching or also rapid solidification. This
causes the alloy to retain a different composition than those indicated by the

equilibrium phase diagram. Therefore, through ageing and depending on its
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temperature, there is a metastable precipitiation
[ 49] . Only wupon overageing t hQu) femsalowever,gchase @&
accelerate the process of achievi ratgredalhberaissdabl e p
to favor the diffusion process. Normally, such annealing treatment is applied to

aluminum alloys between 260 to 440°C and is used to improve the material ductility.

The treatment not only improve s this property, but it could also help s tabilize the

microstructure of the alloy by forming the stable phases (according to the equilibrium

phase diagram), lowering its corrosion susceptibility [55] . However, one must notice
that the annealing temperature should not be too high, i.e. close to th e eutectic
temperature,as Al -Cu al l oys tend to form Acoringo for |

in the solid [50] . The homogenization via annealing could also result in excessive

grain gro wth that would defeat the purpose of this treatment for our intended
application.

o

2

o —

0| GP (2)solvus Homogenizing

£ Xi """""""""""""""""""""""

= e Annealing

K Ageing
GP (1) solvus

Composition

Figure 16 : Temperature ranges for heat treatment and relevant solvus lines for
binary aluminum alloys in a schematic phase diagram [56]

32
Juan Carlos Vargas Martinez



Fabrication of Porous Metals via Selective Phase Dissolution of an Al -Cu Alloy

4.2. SOLIDIFICATION METHOD S IMPLEMENTED

There are several solidification processes available for these alloys. The ones
selected were those that render finer microstructures in order to produce finer pores

after selective dissolution of the precursor alloy.

4.2.1. Quenching in cold water

Upon liquid quenching the melt w as poured directly into water or other liquid so
that a high solidification rate was attained by fast heat extraction. Nevertheless, this
process is not efficient to grant a large enough thermal gradient, as evidenced by
prior results on the dendritic grow th of an Al -Zn alloy [39] . In that research,
guenching in liquid nitrogen caused larger interdendritic spacing than in cold water
guenching. This was likely due to t he formation to a sheath of nitrogen gas enclosing
the hot specimen, which prevented faster heat transfer. Even so, in this research we
tested this type of solidification and found it inconvenient since the solidified sample
ended up with excessive porosit y (mostly due to fast vaporization of the liquid). Such
porous precursor specimen was inadequate for the corrosion process, as the area

exposed to the electrolyte was extreme, leading to pitting corrosion (not selective)

as well as to sample brittleness. Therefore , liquid quenching was discarded for this
study.
4.2.2. Directional solidification
Figure 17 and Figure 18 are micrographs of eutectic Al - Cu samples directionally

solidified, in which the solidification direction of the main branches is shown. Via the
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directional solidification method, the grain gro wth direction can be controlled, which

is useful in adjusting the pore structure. In the longitudinal view ( Figure 17) there
are different thicknesses of eutectic lamellar structure, with finer lamellae at the
center of the colonies in Figure 18.Inthese photographs, the light areas correspond
to the aAl-phase, and the dark ones to the Al >Cu-intermetallic phase. Furthermore,

at the center of the colonies, formation of thin eutectic lamellas can be seen. Whereas
the border of the colonies for both phases, a structure with thicker phase areas than

the center is presented. Still, the pore and ligament sizes presented have too large a

variability, making it difficult to analyze the actua | solidification effect.
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Figure 17 : Optical micrograph of EC sample directionally solidified (longitudinal
section).
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Figure 18 : Optical micrograph of EC sample directionally solidified (cross
sectional  view).

4.2.3. Quenching in a graphite mold

Hereafter, rapid solidification was carried out by only regular quenching, i.e.
without pouring the melt into a liquid. This was done by pouring the crucible content
into a mold at the same temperature (~800°C) and imme rsing it immediately into

cold water (~5°C). This procedure eliminated the porosity problem in the precursor

alloy. The microstructure, however, continued not to be fine enough ( Figure 19).
Using this method, directional and non -directional solidification processes were
carried out.

For this process, we heated a graphite mold at the same temperature as the
molten alloy, i.e. 800°C. This was a cylindrical graphite mold with a 25 mm diameter

to hold the molten sample as the entire array was immersed in cold water (~5°C).
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This setup attained a fast cooling rate without exposing the melt directly to a cold

liguid. The mold shape and the direction and magnitud e of the heat transfer
generated anon - uniform microstructure: finer near the mold walls and thicker in the

ingot center. As a result, we ruled out this solidification method since it could not

render a homogenous pore size due to the heterogeneous micros tructure throughout

the sample. Additionally, the lamellar spacing achieved was too large for hanopores.

Figure 19 : Optical micrograph of EC sample solidified in a graphite mold.

4.2.4. Solidification in copper molds

Copper bears high thermal conductivity [57] , which allowed for a solidifying
sample in copper molds to lose hea t rapidly. In this set of experiments, the molten

alloy near 800°C was poured into a pure copper mold ( Figure 20). A copper sheet at
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room temperature and bearing similar dimensions was placed onto the mold to
reduce the solidification time and obtain a fine microstructure. Therefore, in place of

a cylindrical mold, a shallow copper mold was used. Here the solidified specimen was

a thin sheet with a more homogeneous growth. This enhanced the possibility of
producing uniform porosity and ligament sizes after selective dissolution.

To secure microstructure stability, we used an annealing treatment, as

described in Methodology section. Hence, in the alloy on ly two phases were present:
a primary Al phase and a eutectic mixture of aluminum and Al 2Cu.
50
v
< J_s
t

RS pe—

Figure 20 : Mold used in solidification process , all units in mm
As expected, the EC sample shows a lamellar structure, as one can see in Figure
21, which presents the specimen after corrosion. This was completed in a 10 vol%

NaOH aqueous solution for 24 hours. Without corrosion the microstructure was not
clearly visible in the SEM images. An overall view of the microstructure is depicted in
this SEM image, where different local solidification directions can be obser ved,
leading to an equiaxed structure. This image also demonstrates that this method of

solidification is more effective (in terms of uniformity and refinement) than the ones
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already described in sections 4.2.2 and 4.2.3 . Consequently, after annealing, the

precursor microstructure still remains fine, and pores are not apparent.

10pm UPR-IFN
1.00kV SEI CGB HIGH WD 8.4mm 12:24:56

Figure 21:SEMimage ofa n EC sample solidified in a co pper mold and corroded
for 24 hours in 10 vol% NaOH aqueous solution.

HC- 1 samples do not show dendritic formation as one would have expected from
the equilibrium phase diagram. This composition is too close to the eutectic
composition, i.e. in the couple d zone, where the type of solidification (assuming high
undercooling in this research) can lead to the eutectic cells formation. This could
occur because the eutectic grows more rapidly than dendrites of Al 2Cu phase [58] .
Figure 23 shows a sample of Al -Cu with hypereutectic composition with
proeutectic Al »Cu. This is surrounded by eutectic regions. Therefore, in this sample
there are regions with dendrites of different sizes, those of the eutectic region and

those of the primary formation regions.
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4.0kvV LEI SEM WD 7.7mm 3:23:07

Figure 22 :SEM image of a HC -1 sample solidified in a copper mold and after
corroded for 24 hours in 10 vol% NaOH aqueous solution.

10um UPR-IFN 3/7/2017
1.00kV SEI GB_HIGH WD 8.3mm 3:07:56

§

Figure 23 :SEM image of a HC -2 sample solidified in a copper mold and after
corroded for 24 hours in 10 vol% NaOH aqueous solution.
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4.3. ANNEALING EFFECT

Due to the solidification method used, likely the diffusion process was affected,
causing the microstructure not to be homogeneous. To en hance diffusion and
stabilize the microstructure, a 400°C annealing was carried out for several time
periods. This procedure caused the directional solidification microstructure to be lost.
In effect, according to the literature, the type of microstructure observed is
susceptible to fragmentation, spheroidization, and even coalescence of eutectic
particles [59] . These process can be caused by Oswalt ripening, where diffusion
occurs from high to low curvature phases [60] . The spheroidization has been studied
in aluminum -silicon systems with aggregates of sodium and strontium [61] . Also in
aluminum -nickel alloys, the thermal treatment can lead to globularization in eutectic
regions. In this system, Belov et al . discovered that when there is a colony structure,
the globularization occurs more easily than other structures [62] .

Annealing requires hightem  peratures to activate the diffusion. At the same time
the Oswalt ripening mechanism is activated as well. The samples with directional
solidification present high variations in curvature between the central and external
regions of each colony. These great differences favor diffusion, because the driving
force for ripening process increases with high curvature differences, causing the
disappearance of the smaller regions. Figure 24 shows a magnified area of the
longitudinal section of a eutectic sample solidified directionally. On the right of the
image, finer formations are noted. On the contrary, on the left of this image a
perimeter of a colony is obse rved where the morphology presents bigger formations.
Microstructural alterations of the directionally solidified samples are detected after a

4 hour annealing ( Figure 25). Most lamellae were destroyed or fragmented.
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Figure 24 : Optical micrograph of Al
longitudinal section view magnified more than in
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Figure 25 : Optical micrograph of eutectic Al
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After the 24 hour annealing, the as cast microstructure was completely
modified. Now the morphology is quite uniform without eutectic lamellas ( Figure 26).
The microstructural shape variations only occurred in samples with directional
solidification. In samples solidified in copper molds, the annealing did not alter the
overall structure morphology since these samples present an interface between
phases wi th much less curvature than the eutectic colonies. In other words, smooth
planar surfaces avoid the fragmentation during heat treatments even at temperatures

near the equilibrium solidus line [59] .

Figure 26 : Optical micrograph of EC directionally solidified and annealed at
400°C for 24 hours.
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5. SELECTIVE DISSOLUTIO N PROCESS

In this research segment we tested corrosion by sodium -hydroxide (NaOH) and
nitric -acid (HNO 3) to discover whether these chemicals compounds were effective in
removing the Al phase. This process was carried out by free corrosion because it is
inexpensive and relatively simple.

There are several factors that affect this corrosion type, such as temp erature,
pressure, electrolyte concentration, and exposure time. Thus, the corrosion
procedure took place at room temperature and atmaospheric pressure to expedite the
fabrication process for this material. Therefore, only the effects of electrolyte

concent ration and exposure time on the sample structure were studied.

5.1. FREE CORROSION OF DIR  ECTIONALLY SOLIDIFIE D SAMPLES

Free corrosion in NaOH was performed at different hydroxide aqueous solution
concentrations, namely 1, 10 and 25 vol%. Table 3 presents a summary of the

results.

Table 3: Observed reactions for samples directionally solidified in NaOH at
different concentrations.

NaOH Concentration Corrosion observation
1 vol% Slow reaction, selective dissolution at long time.
10 vol% Fast corrosion, selective dissolution at controlled periods of time.
43
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25 vol% Very fast and aggressive reaction, no selective dissolution.

The 25 vol% aqueous solution completely dissolved the sample, which was
destroyed by the electrolyte in a relatively short time. The 1 vol% NaOH
concentration produced a similar result as 10 vol% but at a much longer time. Optical
microscopy observations d  emonstrated that selective dissolution of the Al phase
became apparent. Since the selective dissolution process using a 1 vol% NaOH
solution took too long (more than 48 hours ), thereafter the study focused only on
the 10 vol% concentration.

Under these conditions, apparent selective dissolution was achieved with
controlled exposure time. This meant that the sample must be removed from the
solution when chemical reactions were still occurring; otherwise. the sample would
be fully dissolved by the electrol yte, as in the case of the 25% solution.

The samples prepared following the procedure in section 3.3 were subject to a
treatment in100 ml of 10 vol% NaOH aqueous solution. This concentration allowed

maintaining a stable reaction rate. This reaction is presented in Equation (1):

2Al(s) + 2NaOH(aq) + 6H 0 A 2Na*(aqg) + 2[AIOH)  4]- + 3H »(g) 1)

According to this reaction, tetrahydroxyaluminate ([AI(OH) 4]°), ionic sodium,

and hydrogen gas are the reaction products. Hydrogen is responsible for the bubble

formation, which has been used to monitor visually the chemical reaction progress.
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5.1.1. Samples without annealing

The samples exposed for 4 hours to the corro sion medium did not show
microstructural variations, as revealed by Figure 27. Likely, selective dissolution
occurred as the intermetallic phase remain ed. In other words, Al  »,Cu did not react
with the NaOH solution. Figure 27 shows that the colony structure of a lamellar
eutectic achieved by directiona | solidification was preserved when compared with the

unetched microstructure in Figure 18, i.e. before corrosion.

SEl 20kV WD10mmSS55 x2,000 10pm
Universidad del Turabo Aug 11, 2015

Figure 27 :SEM image of Al  -Cu eutectic directionally solidified and corroded in 10
vol% NaOH aqueous solution for 4 hours.

Figure 28 shows the lamellar stru  cture of a center of a colony formed by
directional solidification. Pores of approximately 400 nm were obtained. However,

this pore size can vary depending on the local thermal gradient and local solidification
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time. In  Figure 29 we observe the perimeter of a n eutectic colony in which voids of
around 2 um are much larger than those present in interlamellar regions. These SEM
images demonstrate that 4 hou rs sufficed to achieve selective dissolution using a 10
vol% NaOH solution. Thereupon, the intermetallic phase would begin to react with

NaOH. Alternatively, those ligaments could detach due to brittleness upon removal

of ma ss, as indicated in  Figure 30.

SEl 20kV WD10mmSS55 x5,000 5um
Universidad del Turabo Aug 11, 2015
Figure 28 :SEM image of Al - Cu eutectic colony in a directionally solidified
specimen corroded in 10 vol% NaOH aqueous soluti on for 4 hours.
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SElI 20kV WD10mmSS55 5um
Universidad del Turabo Aug 11, 2015

Figure 29 : SEM image of the perimeter of Al - Cu eutectic colony in a directionally
solidified specimen corroded in 10 vol% NaOH aqueous solution for 4 hours.
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SEl 20kV WD11mmSS55 x4,500 S5um
Universidad del Turabo Aug 11, 2015

Figure 30 :SEM image of a ligament detachment of in a eutectic Al - Cu specimen
directionally solidified and corroded.
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5.1.2. Annealed samples

The directionally solidified samples were annealed and then corroded under the
same conditions as the samples without annealing. However, the exposu re time to
the corrosive medium was shorter in these samples, since at 4 hours upon corrosion,
significant detachment of the intermetallic phase fragments occurred. This phase did
not react initially with NaOH. This process may occur because the annealing caused
a microstructural change, in which likely there is not an interconnected ligament
network. Figure 31 shows a sample corroded for one hour and Figure 32, a magnified
area of the same sample. These photographs suggest selective dissolution of the Al
phase, although there was no improvement with r espect to the samples without

annealing, in which, the average pore size is smaller.

Figure 31 : Optical micrograph of an EC sample corroded by 1 hour in NaOH
(magnified 50X)
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Figure 32 : Optical micrograph of an Al - Cu eutectic sample corroded by 1 hour in
NaOH with higher magnification than Figure 31.

5.2. SELECTIVE DISSOLUTION OF SAMPLE S SOLIDIFIED IN COPP ER
MOLDS

The results of the directionally solidified samples demonstrate that the 10 vol%
NaOH aqueous solution is effective for this process. Consequently, the samples
solidified in copper molds were corroded with this solution concent ration. The
chemical reaction produced is the same as that described in section 5.1, in which
tetrahydroxyaluminate  , Na *(aq), and hydrogen gas are the reaction products. Again,
the evolution of hydrogen gas has been an indicator of ongoing corrosion in the
sample. Thus, if this bubble formation is not exhibited after 24 hours corrosion one
can assume that the reaction stopp ed or, at least, slowed down significantly. At the

end of this process the sample maintained the initial dimensions with enough
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structural integrity (no crumbling). Change in the sample coloration was observed,
now brown copper (as seen in Figure 33), and the surface of the sample is still

reflective as before corroding.

a) b)
Figure 33 : Photographs of a HC -2 sample, a) be  fore and b) after corrosion in 10
vol% NaOH for 24 hours.
This technique is assumed to lead to selective dissolution , in which the NaOH
reacts with Al , and the €& phase remains as
Now, the process does not depend on controlling the exposure time. Instead, the

samples remained submerged during noticeable bubble evolution. Thus, the process
was reproducible.

The selective dissolution was carried out on the three Al - Cu alloy compositions
described in section 3.2 . The three different compositions presented similar behavior
during corrosion, starting with a relatively fast reaction until dissolution stopped

before 24 hours.

5.2.1. SEM study

From the SEM images, the porosity of the samples was determined, as well as

the pore and ligament size after corrosion. The porosity analysis was performed in
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MATLAB®, whereas pores and ligaments size were measured using ImageJ [63] . For
this characterization, several images were considered in order to have reliable

statistics.

Sample porosity

Figure 34 and Figure 35 reveal the surface of the samples for the HC -2and EC
respectively. A finer grain is observed in the EC sample than in the HC -2 sample, but
they keep the same microstructure features. This ca uses the surface to turn rough

leading to a larger surface area of the sample, more than expected. The specimens
displayed this feature throughout the entire surface in the eutectic laminae in all

three compositions.

Figure 34 : Surface of HC -2 sample after corrosion.
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