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Abstract. The main aim of this study was to investigate the effect of 1%, 3% and 5% content of ethanolamine
(EA) and nano-TiO2 (NT) on the corrosion resistance properties of ferrocement composites exposed under tap
water, saline water and sulphuric acidic solution environments. The corrosion behaviour composites were
assessed through potentiodynamic polarization technique. Besides, the effect of EA and NT on the fresh,
hardened, microstructural and mineralogical properties of cementitious composites were evaluated by conducting setting time, compressive strength, SEM, EDX and XRD studies. The corrosion resistance properties of
ferrocement composites were found to be improved with the addition of both EA and NT. The corrosion
inhibition efﬁciency of EA was observed to be increasing up to 3% but decreased at 5% dose, whereas it was
increasing with increasing the content of NT in all the three exposure environments. The EA and NT were found
to be acting as retarder and accelerator, respectively. The addition of EA led to decrease the 28-days compressive strength of mortar, however the addition of NT showed an opposite effects. Similar impacts on the
180-days compressive strengths mortars exposed under tap water, saline water and acidic solution were also
observed. The SEM and XRD analyses revealed that EA caused adverse impacts on the microstructure and
hydration products of OPC, though NT enhanced the microstructure and the quantities of desirable hydration
products.
Keywords. Ethanolamine; nano-TiO2; corrosion resistance; setting time; compressive strength;
microstructural properties.

1. Introduction
Until the mid-1970s, steel reinforced cement concrete
structures were assumed to be maintenance-free for an
indeﬁnite period. On the contrary, subsequently several
durability associated problems have been emerged mainly
caused by aggressive agents such as chlorides, carbon
dioxide, sulphates and acids [1]. Generally, the carbon
dioxide and chlorides corrode the steel. Carbon dioxide
creates an environment favourable to corrosion of steel by
reacting with hydration products of cement and reducing
the alkalinity of concrete [2–4]. Chlorides attack the steel
reinforcement by passing through the pores of the concrete
but usually do not attack the concrete integrity [5–7]. In
contrast, acids and sulphates mainly degrade the integrity of
concrete by reacting with the hydration products of cement
[8–10].
Of all the problems related to the durability of reinforced
concrete structures, the corrosion of the steel reinforcement
*For correspondence

was recognized as the main cause of the deterioration.
Usually, steel does not oxidize in dense concrete due to the
high pH of pore solution containing NaOH, KOH and
Ca(OH)2 [11]. Under such environmental conditions, an
oxide ﬁlm (c-Fe2O3H2O) on the surface of steel is formed
due to the reaction between steel and dissolved oxygen.
This ﬁlm is very thin (about 10 nm), passive, insoluble,
dense and impenetrable. This passive ﬁlm considerably
decreases the corrosion of steel by acting as a barrier to the
oxidation reaction. This ﬁlm is recognized as the engineer’s
dream layer owing to its self-formation and maintenance in
the presence of alkaline environment [12, 13]. Under such
circumstances, generally there is low risk of corrosion of
steel or corrosion initiation time is prolonged. Though,
protection presented by this passive ﬁlm declines in the
presence of hostile agents. For example, when the passive
layer gets damaged because of the presence of hostile
species (primarily chlorides) then pitting corrosion may
take place at some zones on the steel surface. This type of
corrosion is limited to a small area and produces cavities or
holes in the steel bars and thus, causes local failures in the
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structural components. Therefore, the pitting corrosion is
known to be more dangerous than generalized form of
corrosion. Generally, the corrosion of steel forms expansive
corrosion products that create cracks in concrete and leads
to spalling and delamination of cover concrete and eventually increases the rate of corrosion [14, 15]. As a result,
steel corrosion is known as one of the most common causes
of degradation of steel-reinforced cement concrete structures [16].
Various methods have been developed in the past to
reduce the corrosion of steel reinforced cement concrete
structures. Some of the techniques comprise addition of
chemical corrosion inhibitors [17–22], use of mineral
additives in concrete [23–29], surface treatment of concrete
[30–33], surface treatment of steel [34–37], electrochemical
chloride extraction [38–40] and cathodic protection
[41–43]. Besides, several research articles recently reported
the potential use of various nanoparticles as an additives for
cementitious composites. Most of the studies have revealed
that incorporating nanoparticles into cement-based composites can improve the strength and durability properties
[44–51]. For example, the addition of 5% nano-TiO2 into
self-compacting mortar caused to enhanced the 28-days
compressive strength by 13% and electrical resistivity by
257% and reduced the water absorption by 11% and the
chloride permeability by 58% [47]. As far as fresh properties are concerned, it was found that the addition of nanoTiO2 substantially reduced the workability and setting time
of cementitious composites [52].
Since corrosion of iron is an electrochemical process,
hence oxidation reaction occurs at anode (Fe ? Fe?2? 2e-) and reduction reaction occurs at cathode (2H2O ? O2 ? 4e- ? 4OH-). To keep electrical neutrality,
the Fe?2 ions move through the pore water of concrete to
the cathodic zones and combine with OH- to produce iron
hydroxides [53]. As a result, various electrochemical
techniques such as Tafel potentiodynamic polarization
measurement [54, 55], open circuit potential measurement
[56, 57], linear polarization resistance measurement
[58–60], surface potential measurement [61], galvanostatic
pulse transient [62–64] and electrochemical impedance
spectroscopy [65–67] have been developed to assess the
corrosion behaviour of steel reinforced cementitious composites. As compared to other methods, Tafel potentiodynamic polarization technique is quick and easy to execute,
provides a range of electrochemical parameters such as
corrosion current, corrosion potential, linear polarization
resistance, etc.
In this study, the effect of one of the renowned chemical
admixtures, i.e., ethanolamine (EA) and a nanomaterial,
i.e., nano-TiO2 (NT), on the corrosion resistance behaviour
of the ferrocement composite in different environments,
namely tap water, saline water and acidic solution have
been investigated. In addition, the corrosion state of ferrocement composites was assessed using Tafel potentiodynamic polarization technique. Besides, the effect of EA
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and NT on the microstructural, fresh and hardened characteristics of cementitious composites were investigated.
Hence, various experiments such as setting time, compressive strength, microstructural and mineralogical analysis were conducted.

2. Experimental procedure
2.1 Materials and their properties
In this investigation, ordinary Portland cement (OPC) of
43-grade and ﬁne aggregates (FA) of ﬁneness modulus
(FM) of 2.65 was used [68]. NT with average particle size
of 30 nm (as speciﬁed by supplier) was used. The EA
(H2N–CH2–CH2–OH) was used as corrosion inhibitor. The
ferrocement composites were made by embedding mild
steel (MS) bar of 3 mm diameter into cement mortar. Tap
water with pH of 7.11 was used as mixing water and
exposure medium. On the other hand, saline water (3.5 %
NaCl solution) with a pH of 7.27 and acidic water (1%
H2SO4 solution) with a pH of 1.12 were exclusively used as
exposure environments.
The microstructural properties and elemental compositions of the OPC, NT and MS were determined by scanning
electron microscope (SEM) and energy-dispersive X-ray
spectroscopy (EDX) techniques, respectively. Mineralogical properties of the OPC, NT were characterized using
X-ray diffractometer (XRD) technique. Figure 1a, b show
SEM images of OPC and NT, respectively. It can be seen
that OPC particles have rough surfaces and irregular shapes
and sizes. This suggests that there are probabilities of
inﬁlling the spaces amongst OPC particles using some ﬁner
particles. Also, it can be seen that NT particles are very
small in size and almost spherical in shape. Figure 2a, b
show EDX spectrums of OPC and NT, respectively. The
SEM image and EDX spectrum of MS are shown in ﬁgure 3a, b, respectively. Figure 4a, b show XRD conﬁgurations of OPC and NT, respectively. The XRD conﬁguration
of OPC is quite complex due to overlapping of large peaks
and coexistence of polymorphs and thus, it is very difﬁcult
to identify the polymorphs of OPC. Though, the chief
compounds of OPC i.e., dicalcium silicate (C2S), tricalcium
silicate (C3S), tricalcium aluminate (C3A) and tetracalcium
aluminoferrite (C4AF) can be seen in most prominent peaks
of XRD conﬁguration. The XRD conﬁguration of NT
speciﬁes its crystalline structure.

2.2 Mixture proportions of mortars and pastes
Mixture proportions of the mortars and pastes are listed in
table 1. For mortars, the ratio of binder (OPC ? NT) to FA
was taken as 1:3 and water/binder ratio was ﬁxed to 0.45
for all mixtures. The dosage of both EA and NT was taken
as 1%, 3% and 5% by weight of OPC. However, NT was
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Figure 1. (a) SEM image of OPC and (b) SEM image of nano-TiO2..

Figure 2. (a) EDX spectrum of OPC and (b) EDX spectrum of nano-TiO2..

Figure 3. (a) SEM image of steel and (b) EDX spectrum of steel.

added as a replacement of the OPC. Both admixtures were
mixed thoroughly in the water. In addition, NT admixed
water was stirred by the magnetic stirrer for 10 minutes to
get the proper dispersion. The mortar mix proportions were
used for compressive strength, SEM and corrosion analysis.
Moreover, the OPC paste (P-X0), 5% EA-admixed paste
(P-EA5) and 5% NT-admixed paste (P-NT5) were exclusively used for XRD analysis.

2.3 Corrosion investigation
2.3a Preparation of ferrocement specimen: To evaluate the
corrosion activities of ferrocement composites by Tafel
potentiodynamic polarization method, 9 cylindrical specimens with centrally embedded MS bar of size 30 mm
diameter and 42 mm height for each mixture were prepared.
The MS bar was positioned in such a way that it projected
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Figure 4. (a) XRD pattern of OPC and (b) XRD pattern of nano-TiO2.

Table 1. Mixture proportions of composites.
Mixture components (%)
Composite
Mortars

Pastes

Designation

OPC

FA

EA

NT

Water

Control (X0)
EA1
EA3
EA5
NT1
NT3
NT5
Control (P-X0)
P-EA5
P-NT5

100
100
100
100
99
97
95
100
100
95

300
300
300
300
300
300
300
0
0
0

0
1
3
5
0
0
0
0
5
0

0
0
0
0
1
3
5
0
0
5

45
45
45
45
45
45
45
33
33
33

from the top of the mould by 30 mm and also providing a
uniform clear cover of 13.5 mm from the sides and bottom
of the specimen. This projected part of the MS bar was
wrapped with insulating tape. This tape has been detached
for electrical connection at the time of testing. In addition,
the actual exposed length of MS bar has been taken as 10
mm (surface area of about 1 cm2). On the remaining portion of MS bar, red oxide and enamel coating were applied
and after that a protecting tape was wrapped. The schematic
diagram of the test specimen with details is shown in ﬁgure 5. After 24 hours of casting, the specimens were cured
in tap for 28 days. After that, 3 specimens of each mixture
were exposed under tap water, 3 specimens of each mixture
were exposed under saline water and 3 specimens of each
mixture were exposed under acidic solution. These test
solutions were renewed in every two weeks. In addition, the
specimens were monitored continuously with bimonthly
wetting and drying cycle in order to accelerate the corrosion process. The specimens under investigation are shown

Figure 5. Schematic illustration of test specimen.

in ﬁgure 6. Potentiodynamic polarization test was conducted after 180 days of exposure duration.
2.3b Potentiodynamic polarization technique: Potentiodynamic polarization measurements of the ferrocement
specimens were carried out using Applied Corrosion
Monitoring (ACM) instrument. The polarization measurements were made to assess the various corrosion kinetic
parameters such as corrosion potential, corrosion current,
etc. Investigations were carried out in a conventional three
electrode cell assembly with ferrocement test specimen was
used as working electrode (WE), a saturated calomel
electrode (SCE) as standard reference electrode (RE), and a
rectangular Pt foil as the counter electrode (CE). In addition, a working sense (WS) was connected to WE. The
exposure mediums (test solutions) were used as an electrolyte of the cell. A schematic illustration of the test set-up
and ACM instrument during test is shown in ﬁgure 7a, b,
respectively. A time interval of 20 minutes was given for
each test to achieve the steady state open circuit potential
(EOC). The polarization was carried out from a cathodic
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Figure 6. Test specimens during dry cycle.

potential of -300 mV (vs SCE) to an anodic potential of
?300 mV (vs SCE) at a sweep rate of 60 mV/minute.
The polarization curve i.e., a plot of the potential (E) vs.
the logarithm of the current density (log |i|) is obtained from
the potentiodynamic polarization test. From this curve,
anodic Tafel slope (ba), cathodic Tafel slope (bc), corrosion
potential (Ecorr) and corrosion current density (icorr) were
calculated as shown in ﬁgure 8. Besides, corrosion rate
(C.R) and linear polarization resistance (LPR) can be
assessed.
In addition, the corrosion inhibition efﬁciency (I.E) in
percentage can be calculated using the following In addition, the corrosion inhibitionformula:


CRa  CRp
I.E ð%Þ ¼
 100
ð1Þ
CRa
Where CRa and CRp are the C.R of the specimens in the
absence and presence of admixtures, respectively.

2.4 Setting time investigation
The effect of EA and NT on the initial setting time (IST)
and ﬁnal setting time (FST) of OPC was determined using
Vicat’s apparatus in accordance with IS: 4031 (Part 5) [69].

Figure 8. Exploration of Tafel curve.

The dosage of both EA and NT admixtures was taken as
1%, 3% and 5% by weight of OPC. Before mixing the
admixtures into OPC, they were mixed thoroughly in the
mixing tap water. In addition, NT was dispersed through
magnetic stirrer.

2.5 Compressive strength investigation
For each mixture, 12 mortar cubes of dimensions 70.6 mm
9 70.6 mm 9 70.6 mm [70] were made for determining the
compressive strength. After 24 hour of casting, the specimens were detached from the mould and exposed to tap
water curing for 28 days. After 28 days of curing, 3 specimens of each mixture were exposed under tap water, 3
specimens of each mixture were exposed under saline water
and 3 specimens of each mixture were exposed under acidic
solution. These specimens were tested for compressive
strength after the exposure period of 180 days. The
remaining 3 specimens of each mixture were tested for
compressive strength using compression testing machine
(AIMIL Ltd., capacity = 1000 kN and least count = 1 kN)
by applying uniform and steady load until the failure.

Figure 7. (a) Illustration of test arrangement. (b) Potentiodynamic polarization test using ACM instrument.
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2.6 Microstructural examination
The microstructural and elemental analysis of X0, EA5 and
NT5 mortar specimens were carried out by SEM and EDX
techniques using JSM-6510LV (JEOL) microscope,
respectively. For both SEM and EDX analysis, the small
fragments (approximately 10 mm diameter and 5 mm
thickness) obtained from the middle part of the mortar
cubes after 28 days compressive strength test. The surface
of samples was made ﬂat and regular in shape in order to
avoid any misleading results. In order to stop hydration
reaction through elimination of free water content, the
samples were dipped in the pure alcohol for 3 days, and
then were dried at 80°C for 8 hours.

2.7 Mineralogical examination
For mineralogical analysis, P-X0, P-EA5 and P-NT5 pastes
samples of size 20 mm 9 20 mm 9 20 mm were prepared.
After 24 hours of casting, each sample was kept in the
separate container (containing tap water) for curing. After
28 days of curing, the hydration of the pastes was stopped
by submerging the samples in pure alcohol for 3 days, and
then the specimens were kept in the oven at 50°C for 4
hours to dry and were then kept at room temperature for 3
days to cool. Afterward, the specimens were transformed to
powder form in order to carry out the XRD analysis using
Bruker X-ray D8 Advance diffractometer (XRD) with CuKa (k = 1.54187 Å) radiation at room temperature. The
data was collected with the step-length of 0.02°, scanning
rate of 2°/min and 2h range of 10°–80°.

3. Results and discussion
3.1 Corrosion investigation
The Tafel potentiodynamic polarization curves of all the
specimens exposed under tap water, saline water and acidic
solution are shown in ﬁgures 9, 10 and 11, respectively.
The corrosion kinetic parameters such as anodic Tafel
constant (ba), cathodic Tafel constant (bc), corrosion
potential (Ecorr), corrosion current density (Icorr), linear
polarization resistance (LPR) and corrosion rate (C.R) of
different specimens as obtained from their respective
potentiodynamic polarization curves are presented in
table 2. The corrosion inhibition efﬁciencies (I.E) of different content of EA and NT were also calculated and are
presented in table 2.
A substantial reduction in the corrosion rate of ferrocement specimens exposed to tap water were observed with
the addition of EA. However, it has been observed that the
corrosion inhibition effectiveness of EA rises with the rise
in the dose up to 3%, and reduces at 5% dose. Similar
trends of efﬁciency of EA were noticed in case of specimens exposed under saline and acidic environments. Thus,
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the optimum quantity of EA may be assumed as 3%. The
efﬁciency of EA in inhibiting the corrosion of steel may be
owing to the development of a layer around the steel [22]. It
can be seen that NT admixed specimens exhibited lower the
corrosion rates as compared to the control specimens
exposed under tap water. Similar effects were observed in
case of the specimens exposed to saline and acidic environments. Moreover, the corrosion inhibition efﬁciency of
NT rises with the rise in the dose. The corrosion inhibiting
effectiveness of NT may be due to its ﬁller property that
produced dense ferrocement composite and reduced the
ionic transport.
Furthermore, the corrosion rate of all the specimens
exposed in saline solution was found to be substantially
higher than the corresponding specimens exposed in tap
water. On the other hand, the corrosion rate of all the
specimens exposed in acidic solution was found to be
marginally lower than the corresponding specimens
exposed in tap water. This contrary effect may be due to the
formation of gypsum and ettringite within the pores of
mortar in the presence of H2SO4 that reduces the ingress of
aggressive ions.

3.2 Setting time investigation
The effect of different percentages of EA and NT on the
IST and FST of OPC pastes is shown in ﬁgure 12. The IST
as well as FST of OPC pastes was observed to be increased
with the addition EA. For 1%, 3% and 5% EA addition, the
increment in IST was 4.7%, 8.1% and 13.9%, while in FST
it was 2.7%, 6.3% and 10.4%, respectively. Since EA
increased the time to ﬁnish the hydration process of OPC
paste, therefore, it can be assumed that EA acts as a
retarding agent. In contrast, it has been observed that the
IST and FST of OPC pastes was reducing with increasing
the NT percentages. The addition of 1%, 3% and 5% NT
decreased the IST by 6.8%, 17.4% and 23.3% respectively;
and decreased the FST by 3.6%, 6.8% and 12.7%, respectively. Thus, it can be said that NT acts as accelerator and it
may be owing to high speciﬁc surface area of NT that rises
the overall wettable surface area. Consequently, the rapid
reduction of free water content may possibly speed up the
bridging process of gaps that lead to rise in the viscosity
and speedy solidiﬁcation.

3.3 Compressive strength investigation
Figure 13 shows the results of average compressive
strength of 0%, 1%, 3% and 5% EA and NT admixed
mortar after 28 days of tap water curing. The compressive
strength of mortar was observed to be decreasing with
increasing the EA percentages. The reductions in strength
of mortar containing 1%, 3%, and 5% of EA was found as
0.5%, 4.6% and 9.4% respectively, compared to control
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Figure 9. Tafel curves of (a) EA-admixed specimens. (b) NT-admixed specimens exposed under tap water.

Figure 10. Tafel curves of (a) EA-admixed specimens. (b) NT-admixed specimens exposed under saline water.

Figure 11. Tafel curves of (a) EA-admixed specimens. (b) NT-admixed specimens exposed under acidic solution.

mortar. These reductions may be owing to adsorption of EA
on the surface of OPC particles that interrupt the hydration
process [71]. On the other hand, an upward trend in compressive strength of mortars with the increase in amount of
NT was observed. The enhancements in strength of mortar
containing 1%, 3% and 5% of NT was was found to be
8.9%, 10.3% and 11.7% respectively, as compared to

control mortar. These enhancements in strength may be due
to the smaller particle size and higher reactivity of NT that
produces dense and homogeneous microstructure of
cementitious composites [72, 73].
The mortar cube specimens after 180 days exposure
under tap water, saline water and acidic solution are shown
in ﬁgure 14. There is no obvious deteriorations on the
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Table 2. Electrochemical parameters from polarization measurement and calculated values of inhibition efﬁciency of EA and NT.
Specimen
name

ba (mV/
dec)

-bc (mV/
dec)

Ecorr
(mV)

Icorr (mA/
cm2) 9 10-3

C.R (mm/
year) 9 10-3

X0T-180
EA1T-180
EA3T-180
EA5T-180
NT1T-180
NT3T-180
NT5T-180
Saline water
X0S-180
EA1S-180
EA3S-180
EA5S-180
NT1S-180
NT3S-180
NT5S-180
Acidic solution X0A-180
EA1A-180
EA3A-180
EA5A-180
NT1A-180
NT3A-180
NT5A-180

581.20
541.35
624.46
596.02
683.76
562.49
699.28
444.19
445.13
258.89
373.71
458.14
293.64
375.28
499.91
586.86
593.91
576.57
470.84
493.56
526.41

173.65
199.35
96.14
156.51
160.38
124.58
107.25
137.55
135.81
201.19
192.69
124.09
197.59
242.01
187.25
123.93
54.63
109.30
91.39
95.44
96.60

-764.13
-320.45
-128.90
-269.91
-138.59
-125.82
-202.45
-663.06
-610.94
-481.76
-493.41
-614.57
-539.54
-405.44
-281.69
-217.78
-50.25
-148.66
-75.55
-91.41
-142.94

2.982
1.054
0.045
0.564
0.525
0.233
0.070
41.127
27.125
10.272
16.090
24.432
18.045
5.441
0.491
0.072
0.011
0.039
0.035
0.031
0.017

34.555
12.211
0.522
6.533
6.090
2.704
0.816
476.665
314.380
119.051
186.487
283.169
209.142
63.056
5.691
0.832
0.128
0.446
0.401
0.360
0.198

Exposure
medium
Tap water

Compressive strength (MPa)

Mortar with EA

50

0, 43.5
0, 43.5

LPR
(X cm2)

–
64.66
98.49
81.09
82.38
92.18
97.64
–
34.05
75.02
60.88
40.59
56.12
86.77
–
85.39
97.75
92.16
92.96
93.68
96.52

19497
60127
805020
95609
107500
190070
574540
1110.3
1667.9
4791.9
3435.4
1737.6
2845.8
11757
120630
619930
1969500
1037300
962890
1120600
2078300

Mortar with NT
5, 49

3, 48

1, 47.5
1, 43.5

I.E
(%)

3, 41.5

5, 39.5

40
30
20
10
0
0

1

3

5

Admixture content (%)

Figure 13. 28-days compressive strength of EA and NT admixed
mortars.

Figure 12. IST and FST of OPC pastes containing different
percentages of EA and NT.

surface of any specimens exposed under tap and saline
water were found by visual inspection. On the contrary, all
the specimens exposed under acidic solution showed clear
deteriorations on the surfaces. These damages are as a
result of the reaction between hydration products of OPC
and sulphuric acid that eventually forms of ettringite and
gypsum. However, it can be seen that NT-containing
specimens showed fewer signs of corrosion than other
specimens. Thus, NT exhibited resistance to acid attack. In
contrast, EA did not show effectiveness against acid attack.

The effects of EA and NT on the compressive strength of
mortar specimens after 180 days exposure under tap water,
saline water and acidic solution are shown in table 3. It has
been observed that the strength was reducing with
increasing the content of EA in all the three exposure
environments. On the contrary, NT was found to be
effective in enhancing the strength and the higher NT
dosage, the greater the strength in all the three exposure
environments.
All the specimens exposed under saline and acidic
solution showed lesser compressive strengths as compared
to the corresponding specimens exposed under tap water. In
saline environment, the decrease in strength is because of
the formation of calcium chloroaluminate hydrate and the
consumption of calcium aluminate hydrate. Apart from this,
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Figure 14. Mortar cubes exposed under different solutions after 180 days.

it can be due to crystallization of salt in pores, which can
develop stresses and cause micro-cracks [74]. In acidic
environment, the loss in strength is more than the in saline
environment and it attributed to the reaction between
H2SO4 and Ca(OH)2 that produce gypsum. The gypsum
also reacts with calcium aluminate (C3A) to form ettringite.
The volume of gypsum and ettringite is signiﬁcantly higher
than the initial compounds. This causes inner pressure in
mortar leading to the development of cracks [75]. Besides,
specimens containing EA exhibited greater strength
reduction than the control specimens. On the other hand,
specimens containing NT showed considerably lower
strength loss compared to the control specimens. This
ultimately showed that NT is effective in limiting the diffusion of aggressive agents into the mortar.

3.4 Microstructural examination
SEM images of X0, EA5 and NT5 mortars at the magniﬁcation of 1000 and 10,000 times were taken as shown in
ﬁgure 15a–c, respectively. The EDX spectrums of X0, EA5
and NT5 mortars are shown in ﬁgure 16a–c, respectively.
The EA5 image depicts more quantity of pores and
calcium aluminate trisulphate hydrate (C-A-S-H) than the
X0 image. Since pores and C-A-S-H undesirable, therefore
it can be said that the high percentage of EA may adversely
affect the strength and microstructural properties of mortar.
Hence, the above-mentioned compressive strength test
results are completely validated by these microstructural
analysis results. In addition, the existence of EA in the
mortar can be conﬁrmed from results of EDX analysis that

Table 3. Compressive strength of mortar specimens after 180 days exposure under tap water, saline water and acidic solution.

Exposure medium
Tap water

Saline water

Acidic solution

Mix designation
X0
EA1
EA3
EA5
NT1
NT3
NT5
X0
EA1
EA3
EA5
NT1
NT3
NT5
X0
EA1
EA3
EA5
NT1
NT3
NT5

Compressive
strength (MPa)
47.1
46.2
44.4
43.1
51.8
53.8
54.4
40.6
39.3
37.4
36.0
47.2
49.8
50.3
38.2
37.4
35.7
34.4
42.4
45.6
46.9

% Variations w.r.t. control
specimen
–
-1.91
-5.73
-8.49
9.98
14.23
15.50
–
-3.20
-7.88
-11.33
16.26
22.66
23.89
–
-2.09
-6.54
-9.95
10.99
19.37
22.77

% Variations w.r.t. the
corresponding specimens
exposed in tap water
–
–
–
–
–
–
–
-13.80
-14.94
-15.77
-16.47
-8.88
-7.43
-7.54
-18.90
-19.05
-19.59
-20.19
-18.15
-15.24
-13.79
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Figure 15. SEM images of (a) X0 mortar, (b) EA5 mortar and (c) NT5 mortar.

shows the presence of an additional carbon element. The
image of NT5 exhibits a distinct kind of microstructure
containing an ample amount of calcium silicate hydrate gel
(C-S-H) and a little quantity of C-A-S-H (Ettringite) and
pores. Thus, it is obvious that the strength and
microstructural properties of mortars is enhanced by the
addition of NT. These enhancements might be because of
the improvements in particle-packing density, reduction in
the porosity and development of intact bonds in the presence of NT. Furthermore, the EDX analysis conﬁrmed the
existence of NT in the mortar.

3.5 Mineralogical examination
XRD conﬁgurations of P-X0, P-EA5 and P-NT5 pastes are
shown in ﬁgure 17a–c, respectively. The XRD conﬁgurations of control and admixed OPC pastes can be described
through well-known hydration reactions of OPC. The calcium exists in the hydration products of OPC either as C-SH gel or as Ca(OH)2 (Portlandite) or as C-A-S-H because
the over-all mole amount of calcium is constant. Normally,
the amount of C-A-S-H is much lower than the C-S-H gel
and Portlandite (C-H). Indeed, a lower quantity of C-H

Sådhanå (2020)45:86
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speciﬁes the presence of C-A-S-H. Accordingly, the higher
quantity of EA addition may adversely affect the desirable
properties of cementitious composites. In contrast, the XRD
conﬁguration of P-NT5 presented signiﬁcantly lower
intensity peaks of C-H as compared to P-X0. This conﬁrms
that the addition of NT caused consumption of C-H crystals. Such consumption may lead to increase the quantity of
desirable C-S-H gel and consequently improve the
microstructural and engineering properties of cementitious
composites.

4. Conclusions

Figure 16. EDX analysis of (a) X0 mortar, (b) EA5 mortar and
(c) NT5 mortar.

corresponds to a higher amount of C-S-H gel. In general,
the quantitative analysis of C-S-H gel cannot be carried out
by means of XRD results owing to poorly crystalline
ﬁbrous structure of C-S-H gel and that is perhaps not
reﬂected in XRD conﬁguration. Since there is no direct
technique for the assessment of C-S-H gel quantity, hence it
can be estimated indirectly by determining the amount of
C-H. Several investigators reported that the C-S-H concentration is inversely related to that of C-H concentration
[76–78]. Accordingly, the smaller peaks of C-H in XRD
conﬁguration indicates the higher C-S-H gel concentration.
The presence of C3S (1), C2S (2), C-H (3) and C-A-S-H
(4) can be seen in the results of XRD analysis of P-X0,
P-EA5 and P-NT5 pastes. Since C-H peaks is considered as
the principal performance indicator of OPC pastes, therefore it can be used for approximate calculation of C-S-H gel
quantity. The XRD conﬁguration of P-EA5 exhibited a
number of low intensity and overlapping peaks that

The main aim of this study was to compare the effects of
ethanolamine (EA) and nano-TiO2 (NT) on the corrosion
resistance properties of ferrocement composites. However,
their effects on the other properties of cementitious composites were evaluated. The EA was found to be effective in
reducing the corrosion rate of ferrocement composites as
observed in potentiodynamic polarization studies. However, the corrosion inhibition efﬁciency of 3% EA was
found to be higher than the 5% content in all the three
exposure environment. Thus, optimum content of EA was
3%. The corrosion rate exhibited by the NT admixed
specimens was found to be signiﬁcantly lower than the
control specimens. The corrosion inhibition efﬁciency was
observed to be increasing with the increase in the dosage of
NT in all the exposure conditions. The optimal effectiveness was found at 5% content of NT. The LPR values of
saline water exposure specimens was found very much
lower than that of tap water/acidic solution. This is mainly
because of the presence of chloride ions in saline water.
The setting time of the OPC was increased with
increasing EA content. However, it was decreased with
increasing NT content. The 28-days compressive strength
of EA admixed mortar was found to be slightly less than the
control mortar. This decrease was greater at the higher EA
dose. When NT was added, a signiﬁcant improvement in
28-days compressive strength of mortars was observed.
This improvement was higher when larger amounts of NT
were added. The 180-days compressive strength of the EA
admixed mortar exposed under tap water, salt water and the
acidic solution was found to be considerably lower than that
of the control mortars. This was more pronounced at higher
amounts of EA. However, with the addition of NT, a substantial increase in 180 days-compressive strengths was
observed for all the exposure environments.
The SEM micrograph of EA admixed specimen showed
more amount of C-A-S-H and pores compared to control
specimen. This stipulates that the microstructural properties
of cementitious composites may be adversely affected at
higher percentages of EA. On the other hand, the SEM
micrograph of NT admixed specimen exhibited a low
amount of pores and C-A-S-H, and a large amount of C-S-
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Figure 17. XRD conﬁgurations of (a) P-X0, (b) P-EA5 and (c) P-NT5.

H gel. The XRD conﬁguration of EA admixed OPC paste
presented numerous lower intensity and overlapping peaks
that show the existence of C-A-S-H. As a result, the
strength and durability characteristics of cementitious
composites may adversely affected at the higher dose of
EA. In contrast, the XRD conﬁguration of NT admixed
OPC paste exhibited lower intensity peaks of C-H and
consequently higher amount of desirable C-S-H gel. This
suggests that the addition of NT may lead to improve the
microstructural and durability properties of cementitious
composites.
Finally, it can be concluded that the NT was found to be
effective in improving the compressive strength and corrosion resistance properties of ferrocement composites. The
strength of the NT admixed mortar specimens was found to
be signiﬁcantly higher than the EA admixed specimens.
Besides, the corrosion inhibition efﬁciency of NT was
found to be quite comparable to the EA.
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