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Abstract: Prolonged exposure to low pH conditions affects the durability of concrete. In this
work, the effect of mullite, aluminum silicate, on the strength and the acid corrosion of mortar and
concrete under induced accelerated conditions in sulfuric acid solutions at pH of 0.25 and 1 was
studied. The characterization of physicochemical changes was performed using techniques including
compressive strength, scanning electron microscopy, micro-X-ray fluorescence spectrometry, and the
Vickers hardness test. The results indicate that the addition of mullite does not have any significant
effect on the overall strength of mortar and concrete samples, while it significantly increases their
resistance to corrosion caused by sulfate attack by 90%, therefore, it is expected to increase the life
span and decrease the maintenance costs of concrete pipes subjected to acid corrosion in sewer
environments. The inhibition efficiency is observed to be sensitive to acid concentration and was
improved with increase in the amount of mullite in samples.

Keywords: corrosion inhibition; mullite; concrete corrosion; durability; acid corrosion

1. Introduction

Concrete durability depends on the environment that it is exposed. Concrete corrosion has
been identified as one of the significant factors that affects the durability and integrity of a concrete
structure. Sewer systems, underground structures, roads, culverts, marine and hydraulic structures
are among the most critical infrastructure assets for modern urban societies and are highly affected
by concrete corrosion [1-4]. Acid attack, a form of the chemical attack on concrete subjected to low
pH environments, causes microstructural changes in concrete due to the dissolution and leaching
of acid-susceptible elements from the cement paste [4,5]. Acid attack on concrete structures might
occur either in the form of chemical attack or microbiological activity. Chemical attack on concrete,
such as slabs, floors and concrete overlays, can be due to the exposure to acidic rainwater in that the
dissolution of CO,, SO, and NOy in rainwater reduces the pH to 4-5 [1,6]. In sewer pipes, the chemical
attack happens mainly below the water lines and is due to the presence of acids and other chemicals
in the waste stream, in addition to the acidic rainwater [2,6]. The biogenic acid attack causes failure
of the concrete and is the main complex attack in the sewage systems, industrial wastewater tunnels
(above the water lines and the crown areas) and treatment plants, agricultural silos and fermenters,
and cooling towers at power plants [1,7,8]. The reaction between the calcium hydroxide and other
products of hydration with acid produces soluble salts [5,9-12], which are easily removable from
the cement paste [13-15]. This can lead to a loss of bonds between the coarse aggregate particles
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and the cement paste most analogous to the osteoporosis [16], which can eventually increase the
risk of structural failure. The maintenance and retrofitting of degraded concrete structures cost a
huge amount of money yearly, due to, for instance, sulfuric acid (H,SO4) attack on concrete [17].
In particular, H,SOy is the most aggressive mineral acid found in the natural environment, that not
only produces highly soluble calcium salts but also initiates the sulfate attack, another form of chemical
attack. The expansive reactions of the sulfate salt materials in the concrete lead to the deterioration
trend of concrete strength and finally to structural failure [18].

Microbiologically generated sulfuric acid can attack concrete in a multi-stage biodegradation
process and consists of the involvement of various microorganisms which results in the corrosion of
concrete and reinforcement [4,7,8,19-22]. Sulfate-reducing bacteria, which are heterotrophic bacteria
found in almost any environmental sample, have the capability to convert sulfate into hydrogen sulfide
(HS) [20]. The H,S and carbon dioxide as well as other substances with acidic properties interact at
the concrete surface to lower the pH of concrete at about 12.5 to ~9. Previous findings suggested that
neutrophilic sulfur oxidizing bacteria (SOB) can oxidize H,S and other reduced sulfur compounds
to sulfuric acid (H,SO4) and polythionic acids [Sn(SO3;H),, where n > 2] which, in turn, decrease the
pH to <5.0 [21]. Different types of SOB are involved in sulfur oxidation process that influenced the
production of H,SOy4 and eventually result in a decrease of pH to about 1.0 [21,22]. This type of attack
is the leading source of structural failure in gravity sewer pipes. If not controlled, the corrosion rate can
be several millimeters per year [6,23,24]. On average a sewer pipe corrodes at a rate of 1-3 mm per year.
The concrete corrosion can cost hundred million dollars in Australia alone. Management of long-term
concrete corrosion is a major challenge to water utilities and they are continuously attempting to extend
wastewater assets’ service life and to lower the rate of corrosion through reduction of the humidity
and H,S gas levels, treatment of the wastewater or surface treatment of the concrete pipe, and the
installation of more durable pipes [25,26]. A low water to cement (w/c) ratio and lower permeability can
make concrete more durable. The optimization of the concrete mix design and reducing the availability
of Ca(OH); and tricalcium aluminate (C3A) in hydrated concrete, when used in locations routinely
exposed to low pH conditions and sulfate ions, can also help make concrete more robust [27,28].
This optimization can be through using cement with suitable chemical compositions (such as sulfate
resisting cement), using aggregates with minimal risk of alkali-silica reaction, using admixtures (such
as water-repellent additives, air-entraining additives), using supplementary cementitious materials
(such as fly ash and silica fume), and using polymer modified binders [1,12,14,17].

Changing the chemistry of the clinker (e.g., addition of the limestone to reduce the C3A) and the
use of alternative cements, i.e., sulfate resistance cement, calcium sulfoaluminate cement, are effective
approaches in improving the resistance of concrete to lower pH [29-33]. The addition of supplementary
cementitious materials (SCMs) to concrete mix, however, have been highlighted as the most promising
approach in enhancing concrete durability when exposed to low pH environments. Materials such as
fly ash, slag, silica fume and high alumina cement can improve concrete properties such as compressive
strength, abrasion resistance and resistance to sulfate and acid attack [34-40]. Mineral admixtures
can fill in the matrix voids due to their smaller size and have the pozzolanic activity with the ability
to produce the additional calcium silicate hydrate (C-5-H) gel in later stages. Therefore, the use of
mineral admixtures in concrete results in a denser structure and a slower rate of external invasive ions
ingress [37]. The partial replacement of cement with mineral admixtures also reduces the hydration
products susceptible to corrosion. Fly ash which is mainly made of oxides of silicon, aluminum, iron
and calcium, is a popular SCM for durability improvement in concrete and comes in two forms: Class
C and Class F [34,40]. The main difference between Class C and F is the quantity of calcium, silica,
alumina, and iron content in the ash. The Class F fly ash provides good sulfide and sulfate resistance
to concrete due to low calcium ash, while Class C has higher calcium contents and good pozzolanic
properties which can improve the early strength properties of the concrete [34,40]. A ground granulated
blast-furnace slag (GGBS) contains a large number of alumina and can minimize the adverse impact of
free chlorine ions on the corrosion reinforcement thus improving the resistance to seawater corrosion
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of the marine structures [41]. Using silica fume (SF), submicron particles of silicon dioxide, in concrete
have multiple benefits from improving early compressive strength to resistance of chemical attack
of, instance, chlorides and acids. The silica fume influences the thickness of the transition phase
between the aggregate particles and cement paste thus strengthening the cement-aggregate bond.
It can also influence the orientation of the CH crystals resulting in a less porous and more homogenous
microstructure in the interfacial region [33,41,42]. Calcium aluminate cement (CAC) consists mainly
of calcium aluminate (CA) and calcium dialuminate (CA2) phases and have proven resistance to
sulfate attack due to the presence of a protective coating of alumina gel. In addition, the reaction
products of CAC with sulfate have low reactivity and do not contain Ca(OH),. The reaction between
the available Ca(OH); in hydrated cement matrix with sulfate produces gypsum (calcium sulfate
dihydrate), and leads to softening and loss of concrete strength [36,37].

The longevity of Roman structures is due to its concrete mixture and it’s high durability is due
to the presence of phillipsite and aluminous tobermorite crystals [43,44]. These crystals are formed
due to the chemical reaction between cement and aluminium silicates, and the only component of
Roman concrete composing aluminium silicates is the volcanic ash which significantly consists of
aluminous tobermorite. The presence of these crystals account for the high durability and possible
compressive strength [43,44]. Previous study showed that the addition of amorphous alumina silicate
to concrete has multiple benefits [45], from increasing concrete’s compressive strength, freeze-thaw
resistance, density, and the reduction of water absorption. The use of zeolites, hydrated crystalline
aluminosilicates with three-dimensional framework, in concrete have recently gained attention in
increasing concrete resistance to sulfate attack and freeze/thaw [46,47]. This technique has been
shown to reduce the porosity in concrete and hence produced a denser matrix. Cenospheres [48] and
mullites [49] are also two materials made largely of silica and alumina. We chose mullite (3A1,03-25i0,
or AlgSipOq3) as it can be found both in natural as well as in synthetic forms and has high temperature
and corrosion stability, and high electrical resistivity. Unlike other minerals, Natural mullite is an
uncommon material which was discovered on the Island of Mull (Inner Hebrides, Scotland) and can be
found in other parts of Europe (Ireland, Italy, Germany, Russia), and South Africa. Synthetic mullite,
however, is a popular material in refractories and the steel industries are largest consumers, followed
by glass and the ceramic industries.

The aim of this study was to reduce or ideally inhibit the corrosion of concrete caused by sulfuric
acid attack by repurposing mullite as a prospective corrosion inhibitor. We investigated the addition of
5% and 10% (parts by weight) of synthetic mullite to mortar and concrete formulations. Within the
scope of this study, changes in water absorption, compressive strength, elemental composition, rate of
corrosion, microstructural and hardness of the cement-paste of mortar and concrete specimens exposed
to sulfuric acid at pH of 0.25 and 1 are measured at different time intervals.

2. Materials and Methods

Cement type General Purpose (GP) from Bastion (Independent Cement & Lime, Australia, properties
are described in Table 1), white washed sand and coarse aggregate (~7 mm?> dimension) from Building
Materials, were all obtained from Bunnings Warehouse Australia (Australia). Sulfuric acid of purity
95-97% and aluminum silicate/Mullite (3Al,03 25i0,, CAS 37287-16-4) were supplied by Sigma-Aldrich
(USA). Epofix Resin and Hardener were obtained from Struers ApS (Ballerup, Denmark). Tap water of
pH =~ 7.8 (properties are described in Table 2) was used for the duration of the study.

Mix proportions: Three mortars and three concrete mixtures have been used in this study,
as presented in Table 3. A laboratory designed mortar and concrete formulation was used as a guideline
for preparation of control (ctrl) samples (F1 and F4):

e  Control concrete: cement, sand, and aggregate (ratio 3:2:5) and water.
e  Control mortar: cement, sand (ratio 3:7), and water.
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Mullite (aluminum silicate) was added at the ratio of 5% and 10% of the proportion of the masses
of cement to these formulations, as shown in Table 3. None of these two formulations contained
special-purpose admixtures for improving the resistance of the concrete to sulfuric acid attack. The casting
of specimens into cubic molds (50 x 50 x 50 mm?) and cylindrical molds (75 mm X 150 mm) was started
immediately upon completion of mixing. A shaker was used to reduce air bubble content trapped
within the cement mixture. Specimens were demolded 24 h after casting and then immersed in a water
bath for the duration of 28 days. Cubic samples were used for SEM, u-XRF, and hardness tests while
cylindrical specimens were used for the compressive strength tests.

Table 1. Chemical and physical properties of the cement binder provided by the manufacturer.

Properties Test Method Results

Si0, AS2350.2 19.10%
AL, O3 AS2350.2 5.10%
Fe;O3 AS2350.2 3.00%

CaO AS2350.2 63.60%
MgO AS2350.2 1.40%
Na,O AS2350.2 0.50%
Equivalent Loss on Ignition AS2350.2 4.20%

Fineness Index Normal AS2350.8 375 mz/kg

Chloride Ion BH-TM-0507 0.01%

Table 2. Chemical and physical properties of the tap water.

Parameter Unit AI’* mg/L Ca?>* mg/L Fe?* mg/L Mg** mg/L Si**mg/L pH Temperature °C
Results 0.257 265.624 0.0282 14.730 3.535 7.8 23

Table 3. Mortar and concrete formulations (in percentage by weight) for the preparation of mortar and
concrete samples.

Mortar Concrete

Material/ID
F1 F2 F3 F4 F5 F6
Cement 30 25 20 30 25 20
Sand 70 70 70 20 20 20
Aggregate - - - 50 50 50
Mullite - 5 10 - 5 10
Total 100 100 100 100 100 100
Water 13 18.7 19.7 12.5 16 16.6

The concentrated sulfuric acid was diluted with water to the desired pH and cubic samples were
tested under static accelerated acid corrosion in the sulfuric acid solution of pH 0.25 for 2 weeks,
and another set of samples in pH 1 for varying durations of 1 month and 3 months. After each test
cycle, each sample was washed thoroughly with water and dried at room temperature. A visual
inspection was performed to assess any physical change in the sample and the depth of corrosion was
measured before mechanical and microanalysis assessment.

Equipment: The compression test of cylindrical specimens was conducted following ASTM
C39/C39M-18 Standard [50] using an Instron 8036 Testing Machine (Instron, USA) with a 10,000 kN
static compressive load. The loading rate was 0.25 + 0.05 MPa/s. The tests were conducted at ambient
temperature, and the averaged results of three samples were recorded. The sectioned cores were
imaged, and elemental distribution maps were collected using a scanning electron microscope (SEM)
and X-ray fluorescence (XRF) techniques. A Phenom XL Benchtop scanning electron microscope
(Thermo Scientific, Waltham, MA, USA) with a Cerium Hexaboride (CeB6) electron source was used
for microstructural analysis (resolution < 20 nm, electron magnification range: 80-100,000x, detectors:



Corros. Mater. Degrad. 2020, 1 286

BSD (backscattered), SED (secondary) and EDS). Micro-XRF (u-XRF) mapping was performed using an
M4 Tornado Brucker (Bruker, Billerica, MA, USA). The M4 Tornado was equipped with a Rh anode tube
and measurements were conducted at 50 kV and 199 pA, with 35 pm pixel size, and with the samples
under 4.9 mbar vacuum. The Advanced Mineral Identification and Characterization System (AMICS)
software (Bruker Corp., Billerica, MA, USA) compared the X-ray spectra from each pixel with spectra
from pure mineral standards and assigned a mineralogical identity to each pixel. The hardness of
specimens (set in EPOFIX epoxy resin) was measured using micro/macro hardness tester “DuraScan 20”
(Struers A/S, Copenhagen, Denmark) with objective lens 20x (HV2-HV3) and 40x (HV0.3-HV1) and a
test load range 0.098N-98.1N method. Dissolved mineral levels in the tap water were measured using
a Varian Vista AX CCD inductively coupled plasma atomic emission spectrometry (ICP-AES, Varian,
Mulgrave, Australia) and standard procedures. Corroded byproducts obtained from the bottom of the
acid bath were analyzed using a Nicolet iD5 ATR Fourier transform infrared (FTIR) Spectrophotometer
(Thermo Scientific, Waltham, MA, USA) over wavenumber range of 500 to 4000 cm~L,

3. Results and Discussion

Samples containing 5% and 10% of mullite, see Table 3 formulation guideline, needed more water
to meet the same consistency of F1 and F4 samples (based on ASTM C187-16 [51] method, data not
reported). This is in contrast to the previous study [45] that demonstrated the use of amorphous
Al-Si resulted in low water absorption. Unlike the Nagrockiene et al. study, the present study did
not use any superplasticizer. There is a significant difference between the water absorption of the
control (0%) and the 5% mullite samples of both mortar and concrete formulations, but there was less
than 5% difference between the water absorption of F2 and F3 and also between F5 and F6 samples.
Mortar samples, in general, required more water compared to concrete samples since as the sand
particles have more surface area compared to coarse aggregates.

According to the previous studies, higher aluminum and silica content corresponds to higher
strength in concrete [45,52,53]. However, the compression test on cylindrical samples containing 0, 5,
and 10 weight percent mullite (Figure 1) showed no significant strength improvement by using mullite.
The use of excess water in preparing samples and the absence of superplasticizer are two contributing
factors to this finding. These test results can be further explained with the expectation of that by
Abram’s Law [54], the increase in w/c ratio is inversely proportional to the strength. While concluding
that there is no significant strength improvement with the addition of mullite, the test results remained
relatively consistent, regardless of the increased wjc ratio (Figure 1). Thus, indicating mullite has some
strengthening effect towards mortar and concrete but would however require further experimentation.

It takes a reasonably long time for changes in pH levels at the concrete surface and the subsequent
initiation and progress of concrete corrosion caused by sulfide induced concrete corrosion due to the
SOB activity. Therefore, accelerated corrosion was used to reduce the time of testing. To simulate
resistance to sulfuric acid attack, an induced accelerated corrosion technique was used by immersion
of samples containing 0%, 5% and 10% mullite in sulfuric acid of pH 0.25 and 1. Previous studies have
indicated that 35 days immersion of a concrete sample in an acid bath of pH 1 gives rise to a level of
corrosion equivalent to about 20 years’ service in an ordinary combined sewer [55]. The SOB was not
presented in this study in order to reduce the complexity of the system for evaluation of the corrosion
properties of mortars and concrete samples.

Immersion in sulfuric acid of pH 0.25 for two weeks was performed to evaluate the corrosion
resistance properties of samples containing mullite. Concrete hardly ever experiences such a harsh
environment in its service life. Control samples containing 0% mullite (F1 and F4) dissolved in acid
media, as expected. Samples containing 5% and 10% mullite, in contrast, survived in such a harsh
condition. The images of the survived samples are shown in the first row of Figure 2. Both mortar and
concrete samples containing 10% mullite have a thinner white layer (<2 mm) which is attributed to a
corrosion zone as compared to the 5% samples.
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Figure 1. Compressive Strength (MPa) of mortar and concrete samples with 0, 5 and 10 weight percent
of mullite.
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2 Weeks in pH 0.25

1 Monthin pH 1
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Figure 2. Images of mortar and concrete samples containing 0%, 5% and 10% mullite immersed in
the acid bath pH 1 for the duration of 1 and 3 months and in the pH 0.25 for the duration of 2 weeks.
Control samples containing 0% mullite were dissolved in the acid bath of pH 0.25 in 2 weeks, therefore
there are no pictures being display. * Golden brownish areas (as shown by black arrows in 1M and 3M
mortar samples) are iron rich zones.

A proper experiment was designed to study the corrosion properties of samples in the acid
bath by using a solution of diluted sulfuric acid of pH 1. The pH was continuously and manually
monitored by adding a diluted sulfuric acid solution to keep the pH constant for the duration of
3-month test. Samples were rotated occasionally so all surface directions were exposed to a similar
acidic environment.
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The release of the entrapped air from the sample pores and the CO, bubbles from the sample
surface started almost immediately, after samples were submerged in the acid bath and lasted for a few
hours. The reaction between the sulfuric acid and the calcium carbonate forms CO, bubbles and the
carbonate dissolves of in favor of the formation of sulfates. We observed precipitation of corroded
byproducts on the bath floor starting from the third week. Gypsum (CaSO4-2H,0) was detected
in the sediments based on the absorption peaks and corresponding chemical bonds measured FTIR
spectroscopy (data not provided). Discoloration and whitening of control samples (F1 and F4) were
noticeable on the surface of samples inside the acid bath from the second week and other samples
containing mullite from the third week. The findings from one of our previous studies showed that
the discoloration and dissolution of materials in the acid bath is due to the partial loss of calcium
caused by the penetration of sulfur into the sample, and formation of gypsum (CaSO,4-2H,0) due to
the reaction of the sulfur with the remaining calcium in the cement paste. Corrosion byproducts have
weak cohesive strength properties; thus, they detach easily over time. The gypsum in the bath can
also form as the result of the reaction between the leached calcium and the sulfate in the bath and the
presence of gypsum in the bath is connected to the level of H*.

Samples were removed from the bath after periods of 1 and 3 months, washed thoroughly with
water and dried. They were then visually inspected for any change in their external appearance.
These samples were then cut in half and the depth of corrosion was determined visually (Figure 2).
All samples have a thin white layer, corrosion zone, surrounding the grayish area, the intact zone.
The corroded layer can be clearly seen to be a much lighter color than the bulk concrete cement-paste.
The corrosion zone progressed with time in control samples (F1 and F4), as measured by the thickness
of the white layer, while there are no changes in the corrosion zone of 1M and 3M immersed samples
(Figure 2).

False color elemental maps produced from our u-XRF data, Figure 3, show the distribution of S
(red), and Ca (blue) in the present work. The color and intensity of a pixel in an image is proportional
to the elements present in that pixel and their concentration. The color and intensity of a pixel in
an image is proportional to the elements present in that pixel and their concentration. Thus, when
there is an even distribution of Ca and S, the area looks purple. The presence of Ca in the uncorroded
areas of samples is seen to be higher than the corroded areas. Sulfur can be seen to accumulate mainly
in the outer corroded zone, and the thickness of the S-rich zone increases with immersion duration.
The comparison of the visual color changes (Figure 2) and the elemental maps (Figure 3) reveals that the
degree acid attack corresponds to the visual color changes in the specimens. Although the results of the
elemental maps of Fe, Al and Mg are not shown, a lower concentration of those elements was found in
the corroded zone of all samples and iron is seen to exist in a zone between the sulfur and calcium (the
golden brownish ring highlighted in Figure 2). We infer that the color changes in the corroded zone
can also be correlated to the absence of elements such as Ca, Mg, Fe (in addition to the formation of
gypsum). We considered the area with visible color changes as the “corrosion front” and then measured
the progress of the depth of this area, using optical microscopy. This measurement was performed
from the exposed surface of the concrete to the color changes (from light purple to intense blue) with
considering the extent of the lost matter. The thickness of corroded layer in accelerated conditions is
plotted in Figure 4 as a function of time. The rate of corrosion was found to be 0.060 mm/day in the
first month and then reduced to 0.035 mm/day from the second month for both control mortar and
concrete samples (F1 and F4). Linear fitted line obtained with R2 value shows that there is a good
correlation between the immersion time and the corrosion rate (R2 > 0.7). Mortar samples containing
mullite were corroded at the rate of 0.005 mm/day in the first month and then 0.002 mm/day from the
second month, and concrete samples containing mullite were corroded at the rate of 0.004 mm/day in
the first month and then 0.002 mm/day from the second month.
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Mortar Concrete
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Figure 3. p-XRF (50 kV tube voltage, 35 um pixel size, 3.5 mm/S stage speed, and pixel time of
10 ms/pixel) false color elemental mapping of calcium (blue) and sulfur (red) in mortar and concrete
samples containing 0%, 5% and 10% mullite immersed in the acid bath pH 1 for the duration of 1 and
3 months and in the pH 0.25 for the duration of 2 weeks. Control samples containing 0% mullite were
dissolved in the acid bath of pH 0.25 in 2 weeks, therefore there are no pictures being display. Note:
A sample thickness measurement of the corroded area with visible color changes (used for calculation
of the rate of corrosion) is shown in 1M and 3M mortar samples.
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Figure 4. The thickness of the corroded layer and the depth of visible color change (corrosion) due to

penetration of sulfur (red) obtained from u-XRF false color elemental mapping (Figure 3). The inset is
the magnification of the F2, F3, F5, F6 trend. All regression lines are meant as a visual guide only.

Acid corrosion involves a series of chemical reactions that can lead to the formation of phases with
characteristic morphologies. Further analysis was performed using SEM for a higher magnification
examination of the morphological structure of corroded specimens, as shown in Figures 5 and 6.
Morphological differences are evident between the surface and sub-surface layers compared to the
bulk (intact zone). All samples were affected by the extrinsic acid attacks [56] at the surface zone
(0 to ~300 um), while the thickness of the corroded areas (with distinct crystalline morphology) were
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dissimilar in all samples. In the formulations with 10% mullite (F3 and F6), the thickness of the
corroded zone was limited to the first 100 um? from the surface. The corroded area in the 5% mullite
formulations (F2 and F5) was around 1000 pm?. The depth of the corrosion in the control samples,
F1 and F4 with no mullite in their formulations, were greater than 4000 um in both mortar and concrete.
Based on the visual examinations and the observation of a gray cement paste from this depth onward,
it was assumed that this area was uncorroded. The SEM micrograph showed that the gray color in
control samples doesn’t always represent the uncorroded zone. The presence of excess voids, cracks,
and the detachment of sand grains/aggregates from the cement matrix were characteristics of the
corroded areas.
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Figure 5. SEM micrograph (BSD, 10 kV, 770x) of the surface zone (0 to ~300 um) versus the intact zone
(>5000 pm) of mortar samples containing 0%, 5% and 10% mullite and immersed in the acid bath pH 1
for the duration of 3 months (scale bar: 100 pm).
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Figure 6. SEM micrograph (BSD, 10 kV, 770x) of the surface zone (0 to ~300 um) versus the intact zone
(>5000 um) of concrete samples containing 0%, 5% and 10% mullite and immersed in the acid bath pH 1
for the duration of 3 months (scale bar: 100 um). The observed cracks in the intact zone of samples
were formed during sample cutting by diamond saw.
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Based on the SEM-EDX (data not shown) and p-XRF analysis together with visual inspection
of samples, a conceptual model of acid corrosion of concrete without and with 10% mullite is
developed and pictured in Figure 7. The dissolution of Ca?* and other hydration products (from
the cement-paste) and the ingress of S~ (from the acid bath) resulted in the formation of rectangular
gypsum (CaSOy4-2H;0), the secondary ettringite (3Ca0-Al,03-3CaS04-32H,0), and the calcite (CaCO3)
crystals, observed at the corroded zone [2,57-60]. In samples with high aluminum content, the corroded
byproducts had shorter calcium sulfate crystals. Examination of the white spots on the SEM image
by the Energy-dispersive X-ray spectroscopy (data not shown) revealed that there were areas of high
aluminum content. The silica-alumina gels have much lower solubility compared to calcium salts and
can act as a partial inhibitor to the overall process of corrosion by blocking tiny passage in the cement
paste through which the water flows. This reduces the amount of calcium salts that enter into the
solution and delays the overall process.

Immersion Duration
W1 >W12 Immersion Duration

JUOI,] UOISOLIO)) JO $SIF0I]

Progress of Corrosion Front

Control Sample Sample Containing
0% Mullite 5% or 10% Mullite

Figure 7. Schematic of progress of corrosion in concrete without and with 5% or 10% mullite immersed
in the sulfuric acid bath pH 1; white area represents the corrosion front, and light gray area is the
transition zone, the intact concrete is shown with darker gray color.

Finally, apparent hardness values were measured using a microindentation Vickers hardness
testing device. The measurement was performed from the surface zone (exposed to the acid solution)
to a depth of 12 mm, Figure 8. The obtained hardness values show the severity of the acid attack and
the softness of the corrosion byproducts demonstrating that the mix design can play a key role in the
durability of concrete exposed to a harsh environment. The depth of softness in control mortar and
concrete samples (F1 and F4) with 0% mullite is up to 6 mm. This softening can be correlated to calcium
depletion (Figure 3). The surface of mortar and concrete samples with 5% and 10% mullite is slightly
softer than the intact zone, however, the overall strength did not significantly alter from the surface to
the bulk. This indicates that the dissolution of calcium hydroxide (C-H) from the cement-paste and the
loss of calcium did not occur in samples containing a high amount of aluminum silicate in the form of
mullite [61]. The intact zone (depth of 10-12 mm) of control, F1 and F4, samples have a higher strength
than samples with 5% and 10% mullite.

The rate of corrosion and hardness results confirm that mullite can reduce the rate of corrosion by
almost 90% (the service life of a pipe is expected to be increased by a factor of 3). In this study, we only
focused on the sulfate attack. Given the complicated nature of concrete corrosion, we cannot simply
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calculate the service life extension using our limited data, but we can expect that the maintenance costs,
due to acid corrosion, will be reduced tremendously when mullite is used in the concrete formulation.
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Figure 8. Hardness profile of mortar (a) and concrete (b) samples after immersion in the acid bath over
a duration of 3 months.

4. Conclusions

This study demonstrated that the use of mullite in concrete has technical and economic benefits.
It can inhibit the progress of corrosion, the penetration of sulfur and the loss of calcium, and maintain
the overall hardness of mortar and concrete samples. This is due to the lower solubility of silica-alumina
gels formed at the surface of samples with a high amount of aluminum silicate that prevent the leaching
of calcium salts and consequently delay the overall corrosion process. From this study, it can be
concluded that the concrete mix design plays a key role in the rate of corrosion over time. Both control
mortar and concrete samples (F1 and F4) were corroded at the rate of 0.035 mm/day, while 5% and 10%
concrete and mortar samples showed a corrosion rate of 0.002 mm/day from the second month.

m  The presence of Ca in the surface zone of 5% and 10% corroded samples is seen to be higher
than in the control corroded samples. The extrinsic acid attack promotes decalcification of
calcium-silicate-hydrate (C-S-H) and leaching of free Ca®*, thus the corroded areas are depleted
in Ca and appeared whiter. The formation of silica-alumina gels in 5% and 10% mortar and
samples seems to slow than this process and protect the samples from the ingress of invasive ions
and rapid break down.

m  The depth of microstructural changes, due to the formation of corrosion byproducts, in the control
samples (F1 and F4, 0% mullite), was greater than 4000 um, while in the 5% mullite formulations
(F2 and F5) was around 1000 um?, and in the 10% mullite formulations (F3 and F6), the depth of
microstructural changes was limited to the first 100 pm? from the surface.

m  With the increase of immersion time, control samples became softer at surface. This can be due to
the formation of corrosion byproducts (such as gypsum) as well as decalcification of cement-paste.
On average we detected a significant change in hardness as a function of depth in control mortar
and concrete samples (0% mullite) with approximately 60% decrease in the hardness at the surface
exposed to acidic media, and the depth of softening in three months corroded samples was almost
up to 6 mm. Samples containing 5% and 10% mullite had a smaller corroded area compared to
control samples, and that hardness did not really change with depth in those samples.

Results of this investigation can be used to improve the performance of concrete structures
exposed to low pH environments. Mullite has great potential to be used as a corrosion inhibitor for
cementitious products used in harsh environments such as the sewer system as by using mullite the
life span of a pipe is expected to be increased and the maintenance costs are anticipated to be reduced.
Further studies are required to determine the optimum amount, the alternative domestic natural
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minerals, and the most cost-effective method of fabrication of corrosion-resistant concrete. Economic
concerns have been identified in using pure mullite. Thus, future studies will focus on examining the
use of alternative minerals with high aluminum silicate content such as topaz and marginal bauxite
deposits within Australia and the fabrication of cement-based coatings containing mullite for the lining
of concrete products. However, if we consider the fact that mullite reduced the rate of corrosion by
90% in this study, the gross benefit of the addition of mullite to asset owners is reduction in asset life
cycle costs.
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