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Abstract

Air-foamed low-density calcium aluminate phosphate (CaP) cement slurry was prepared by mixing it with chemical foaming

reagent at room temperature without any pressure, followed by autoclaving at 200 �C. When the porosity, compressive strength,
and water permeability of the autoclaved CaP foam cement made from a 1.22 g/cc slurry density was compared with those of

N2 gas-foamed Class G cement made from a slurry of similar density under high pressure and hydrothermal temperature at

288 �C, the CaP cement revealed some advanced properties, such as a higher compressive strength and lower porosity. These
advanced properties were due to the hybrid formation of three crystalline hydrothermal reaction products; hydroxyapatite, boehm-

ite, and hydrogarnet phases. However, one shortcoming was an increase in water permeability because of the formation of an unde-

sirable continuous porous structure caused by coalesced air bubble cells, suggesting that an appropriate lesser amount of foaming

reagent be used to create a conformation in which fine discrete air-bubble cells are uniformly dispersed throughout the slurry. For

non-foamed cement, three major factors contributed to protecting carbon steel against corrosion: (1) good adherence to steel,

reflecting a high extent of coverage by the cement layer over the steel�s surfaces; (2) retardation of cathodic corrosion reactions;
and, (3) minimum conductivity of corrosive ionic electrolytes. However, adding an excessive amount of foaming reagent did not

offer as effective corrosion protection as that of non-foamed cement.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In pumping and circulating a cement slurry of typical

density, 1.9–2.0 g/cc, used in geothermal wells, there is a
considerable risk of creating undesirable fracture zones

in a weak unconsolidated rock foundation with very

fragile gradients due to the high hydrostatic pressure
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that is required to circulate such dense slurry, thereby

causing the problem of lost circulation. Thus, it is very

important to use cement slurry with the minimum den-

sity responsible for reducing this hydrostatic pressure,
so minimizing the possibility of experiencing lost

circulation.

There are three ways to prepare the low-density

slurries with calcium aluminate phosphate (CaP) geo-

thermal well cement: First is to incorporate pressure-

and high temperature-resistant hollow ceramic-shelled

microspheres, with a density of �0.7 g/cc and a particle
size of 75–200 lm, into the slurry; the second is to dis-
perse fine N2 gas bubbles created by injecting highly
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pressured N2 into a slurry containing the foaming addi-

tive; and, the third is to introduce small, fine air bubbles

into the slurry by adding a foaming reagent to it. For the

first method, we reported that among the various cera-

mic microspheres available, an aluminosilicate-shelled

hollow microsphere was most suitable for the CaP ce-
ment; it provided a low-density slurry of �1.3 g/cc in
conjunction with a compressive strength of more than

6.89 MPa [1]. Regarding the second method, the N2
gas-foamed CaP cement slurry was successfully placed

in Coso geothermal wells at temperature range of 160–

200 �C in the USA by a reverse circulation placement

technique (RCPT) in 2002. Almost two years after it

was placed, Moore, et al. reported that this foamed ce-
ment retained its integrity by showing a great adherence

to the casing pipes, and displaying both good mechani-

cal and physical behavior [2]. In addition, the N2-

foamed cement served as an excellent thermal insulator

and corrosion inhibitor for geothermal steam produc-

tion pipes [3].

Although the N2-foamed CaP cement slurry has of-

fered very promising results thus far, the third method
using a simple foaming reagent was thought of as the

most cost-effective and inexpensive technology because

it eliminated the use of expensive ceramic microspheres

and the time-consuming, complicated N2-injection pro-

cess. The microscale air bubble cells are simply created

within the slurry by adding a certain amount of foaming

reagent to it, and can be dispersed uniformly in it by

mixing in a shear blender at room temperature. Using
the same foaming technology, an aerosol foam cement

in terms of the cellular cement containing air bubbles

of more than 50% of the volume was widely applied to

the building materials encompassing lightweight cores

in a sandwich structure, thermal insulators, sound barri-

ers, fire wall, structural backfill, and foundations be-

cause of its good creep resistance, high specific stiffness

and strength [4–6], low thermal conductivity [7], and
good freeze–thaw durability [8]. However, there are four

important issues to be addressed before this technology

is applied to geothermal wells: The first concerns the sta-

bility of air bubble cells dispersed in the slurry under a

high hydrothermal temperature; second are the changes

in the mechanical and physical properties of set foam ce-

ment as a function of the extent of foaming; third is

whether the crystalline phase composition responsible
for strengthening the cement is changed by varying the

content of foaming reagent; and, fourth is the effective-

ness of foamed cement in mitigating corrosion of carbon

steel casing pipes.

In response to these questions, we established six

research objectives (1) to determine the changes in

porosity, water permeability, and compressive strength

of autoclaved foam cement as a function of content of
foaming reagent, (2) to identify the crystalline phases

formed in the non-foamed and foamed cements after
autoclaving, (3) to explore the microstructure developed

within foamed cement, (4) to use the DC electrochemical

potentiodynamic polarization test on carbon steel cou-

pons covered with foamed cements, (5) to measure the

ionic conductivity of foamed cement layers deposited

on the steel�s surfaces by AC electrochemical impedance
spectroscopy (EIS), and (6) to determine the adherence

of foamed cement to the surface of steel.
2. Experimental procedure

2.1. Materials

Halliburton supplied the cocoamidopropy dimethyl-

amine oxide-based foaming reagent under the trade

name ‘‘ZoneSealant 2000’’. Calcium aluminate cement

(CAC, Secar 60) and type F fly ash, used as the solid

reactants, were obtained from the Lafarge Aluminate

Corp., and Pozament Corp., respectively. A 25 wt.% so-

dium polyphosphate –[-(NaPO3�)n�, NaP], supplied by

the Aldrich Chemical Company Inc., was used as the ce-
ment-forming liquid reactant for modifying the CAC-

blended fly ash solid reactant. The solid reactant, made

up in a twin shell dry blender, had a constant ratio of

CAC/fly ash of 60/40 by weight. The weight ratio of

the 25 wt.% NaP solution to the blend cement for the

original cement slurry was 0.5. In preparing the foamed

slurries, 0, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 10.0,

15.0, and 20.0% foaming reagent by weight of total
water in the 25 wt.% NaP solution was added to the ori-

ginal slurry, and then was mixed by shear-blender. This

shear mixing led to the aeration of slurry by increasing

the incorporation of air bubbles into the slurry, and

we observed that the originally stiff slurry was converted

into a smooth creamy one.

2.2. Measurements

The density, g/cc, of the foamed cement slurries was

determined 10 min after mixing using the fluid density

balance. Then, the slurries were poured into two different

cylindrical sized molds: One was 30-mm diameter· 60-
mm long for measuring compressive strength and poros-

ity; the other was 30-mm diam. 33-mm long for testing

water permeability. The slurry-filled molds were left for
24 h at room temperature, and then the hardened cement

specimens were removed from the molds and autoclaved

for 24 h at 200 �C, which is the maximum temperature at
location that the formed CaP cements were placed in

geothermal wells thus far. The porosity of autoclaved ce-

ments was measured by helium comparison pyconome-

try. Water permeability through the cylindrical cement

specimens under the pressure of 202.65 kNm�2 was
determined by the Ruska liquid permeameter. The re-

sults of these tests and measurements are the average
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from three specimens. Changes in the crystalline phase

composition of autoclaved cements with different con-

tents of foaming reagent were studied by X-ray diffrac-

tion (XRD). Scanning electron microscopy (SEM) was

used to explore the microstructure developed in the

foamed cements, and to reveal the morphological fea-
tures of the underlying steel�s surfaces after physically
removing the autoclaved cement layers. For the latter,

the chemistry of their surface was surveyed by the

energy-dispersive X-ray spectrum (EDX) to obtain infor-

mation on the extent of adherence of the foamed cement

to steel�s surface. DC electrochemical testing for corro-
sion was performed with the EG & G Princeton Applied

Research Model 362-1 Corrosion Measurement System.
The electrolyte was a 1.0 M sodium chloride. The speci-

men was mounted in a holder, and then inserted into an

EG & G Model K47 electrochemical cell. The test was

conducted under an aerated condition at 25 �C, on an
exposed surface area of 1.0 cm2. The polarization curves

were measured at a scan rate of 0.5 mVs�1 in the corro-

sion potential range from �1.35 to �0.75 V. AC electro-
chemical impedance spectroscopy (EIS) was used to
evaluate the ability of the exposed cement layers to pro-

tect the steel from corrosion. The specimens were

mounted in a holder, and then inserted into an electro-

chemical cell. Computer programs were prepared to cal-

culate theoretical impedance spectra and to analyze the

experimental data. The specimens with a surface area

of 13 cm2 were exposed to an aerated 1.0 M sodium chlo-

ride electrolyte at 25 �C, and single-sine technology with
an input AC voltage of 10 mV (rms) was employed over a

frequency range of 10 KHz to 10�2 Hz. To estimate the

protective performance of the coatings, the pore resis-

tance, Rp, (Xcm
2) was determined from the plateau in

Bode-plot scans that occurred in low frequency regions.
3. Results and discussion

3.1. Mechanical and physical properties

Table 1 lists the changes in slurry�s density, and in the
porosity, compressive strength, and water permeability
Table 1

Changes in the density of the slurries, and in the porosity, compressive strengt

function of the content of the foaming reagent

Foaming reagent,

wt.%

Density of slurry,

g/cm3
Porosity of autoclaved

cement, %

0 1.91 10.94

1 1.65 27.80

3 1.43 38.50

5 1.34 43.80

10 1.22 49.30

15 1.11 54.35

20 1.01 60.49
of autoclaved non-foamed and foamed cements as a

function of the content of foaming reagent. The data

showed that the slurry�s density sharply dropped

between 0 and 5 wt.% contents of the foaming reagent;

beyond that, it gradually declined with an increase in

the reagent�s content. In fact, the density of non-foamed
slurry fell as much as 30% to 1.34 g/cc when a 5 wt.%

foaming reagent was added. Adding 20 wt.% reagent

led to a considerable reduction in density to 1.01 g/cc;

however, this value was only �25% lower than that of

the 5 wt.% reagent. Nevertheless, this foaming reagent

significantly reduced the density of the CaP cement�s
slurry. After the foamed slurries were autoclaved for

24 h at 200 �C, all the air bubble cells were converted
into copious pores that were distributed throughout

the set cements. Thus, the porosity of autoclaved ce-

ments depended primarily on the slurry�s density; their
porosity increased with reducing density. The porosity

of 10.9% for the non-foamed cement rose more than five

times when 20 wt.% reagent was added. Correspond-

ingly, the water permeability of the autoclaved cements

was strikingly enhanced with an increasing content of
foaming reagent. The non-foamed cement made from

the slurry density of 1.91 g/cc had a very low water per-

meability of 2.0 · 10�5 Darcy. When the slurry was

foamed by adding 1.0 wt.% reagent to give a 1.65 g/cc

density, it still retained water permeability at a low level

of 4.9 · 10�5 Darcy. However, adding a 3.0 wt.% re-

agent accompanying the 1.43 g/cc density engendered a

notable increase in the extent of water transport; in fact,
its permeability was nearly two orders of magnitude as

high as that of the 1.0 wt.% reagent. A further reduction

of the slurry�s density allowed the water to permeate
more easily through the cement; thus, adding more than

5 wt.% of reagent led to a very high permeability of 10�2

Darcy. As expected, the compressive strength of 200 �C-
autoclaved lightweight cements weakened with decreas-

ing density of slurries because of the increase in porosity.
The compressive strength of non-foamed cement fell

�40% to 43.4 MPa with 1 wt.% reagent. A further

reduction to 24.1 MPa was observed from the 3 wt.%

reagent-foamed cement. With the addition of more than

5 wt.%, the developed strength was less than 20 MPa.
h, and water permeability of 200 �C-autoclaved CaP foam cements as a

Compressive strength of

autoclaved cement, MPa

Water permeability of

autoclaved cement, Darcy

72.8 2.0 · 10�5

43.4 4.9 · 10�5

24.1 1.6 · 10�3

18.5 2.0 · 10�2

14.7 4.9 · 10�2

11.0 7.6 · 10�2

6.8 8.7 · 10�2
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Hence, the cement made with the lowest density of

1.01 g/cc had a very low compressive strength of

6.8 MPa.

Using N2-foaming technology, Harms and Febus sta-

ted that the 1.2 g/cc density-derived Class G foam ce-

ment used in the steam injection wells had a porosity
of 75% and compressive strength of 8.3 MPa after 20

days exposure at 288 �C [9]. Montman et al. reported

that a 1.2 g/cc density-derived Class H foam cement pos-

sessing a water permeability of 2.3 · 10�3 Darcy was
successfully used in oil wells [10]. With a lower density

Class H cement slurry of 0.96 g/cc, the set cement had

a compressive strength of 4.5 MPa and a water perme-

ability of 3.1 · 10�2 Darcy after exposure for 3 days at
60 �C [11]. Relating this information to our data, the

shortcoming of air-foamed cement was its higher water

permeability compared with that of N2-foamed cement,

although the hydrothermal temperature, exposure time,

and cement species were different. For instance, the

water permeability of the air-foamed CaP cement made

from �1.2 g/cc slurry density after 1 day exposure at
200 �C was 4.9 · 10�2 Darcy, corresponding to almost
the one order of magnitude higher than that of N2-

foamed Class G cement made with the same slurry den-

sity after 20 days at 288 �C. However, the compressive
strength and porosity of air-foamed CaP cement was

somewhat higher and lower, respectively, than those of

N2-foamed Class G cement.

3.2. Development of microstructure

Our attention next focused on exploring the micro-

structure developed in the foamed cement. The ideal

microstructure of foamed lightweight cement in mini-

mizing the extent of water transportation would be to

have a uniform distribution of discrete micro-size pores

generated from the fine air-bubbles in the slurry. In con-

trast, it appears that the coalescence of many large-size
Fig. 1. SEM images of the fractured surfaces of foam cements m
pores may create an undesirable microstructure, causing

a high degree of water transportation. To validate this

concept, we explored by SEM the fractured surfaces of

the two foamed cements made with the slurry densities

of 1.43 and 1.11 g/cc, respectively (Fig. 1). With a

1.43 g/cc, the image (left) revealed a microstructure con-
sisting of uniform distribution of discrete pores, ranging

from as large as �290 lm to as small as �40 lm. In con-
trast, a quite different microstructure was observed in

the cement made with the 1.11 g/cc (right). The image re-

vealed that the undesirable coalescence resulted in a con-

nected pore structure, allowing water to permeate easily

through the cement. One possibility for the development

of such an undesirable pore structure was the incorpora-
tion of excessive numbers of air bubble cells after adding

an excess of reagent to the slurry, leading to the coales-

cence of the bubbles. Relating this information to the ce-

ment�s mechanical and physical properties, it is possible
to assume that the bubble cells created by the N2 gas-

foaming technology under a high pressure probably

are smaller than the air-foamed bubble cells generated

without pressure, thereby minimizing the extent of their
coalescence.

3.3. Phase identification

One concern in using the chemical foaming reagent

was whether it would change the composition of the

crystalline phases as hydrothermal reaction products

responsible for strengthening the set CaP cement. To
obtain this information, XRD was used to identify the

phases assembled in the non-foamed cement, and in

the 5 and 20 wt.% reagent-foamed cements after auto-

claving at 200 �C. Fig. 2 depicts the XRD traces for

these powder samples. For non-foamed cement, the

XRD pattern (a) showed that the cement was composed

of three crystalline hydration reaction products:

hydroxyapataite, [Ca5 (PO4)3(OH), HOAp]; boehmite,
ade from slurry densities of 1.42 (left) and 1.11 g/cc (right).



Fig. 2. XRD patterns for (a) non-foamed cement, and (b) 5 wt.%, and

(c) 20 wt.% reagent-foamed cements after autoclaving at 200 �C.
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(c-AlOOH); and hydrogarnet, (3CaO Æ Al2O3 Æ 6 H2O,
C3AH6). These reaction products appear to act as

cementitious phases, and bind together all the non-

reacted and partially reacted cement particles into cohe-
sive mass, thereby developing the strength of autoclaved

cement. There also were five remaining non-reacted

phases originating from the two solid counter reactants

to the liquid NaP reactant: quartz (SiO2) and mullite

(3Al2O3 Æ 2SiO2) arose from the Class F fly ash; and

monocalcium aluminate (CaO Æ Al2O3, CA), gehlenite
(2CaO Æ Al2O3 Æ SiO2, C2AS) and pervoskite (CaTiO3)

from the Secar 60 CAC. The features of the XRD pat-
tern (b) from the 5 wt.% reagent-foamed cement closely

resembled that of the non-foamed cement, except for the

growth in line intensity of the non-reacted monocalcium

aluminate (CA) phase. Since the major phase in the

Secar 60 CAC reactant is CA, it is possible to rationalize

that adding foaming reagent to the cement slurry re-

strains the reactions between the CA and the NaP solu-

tion that form HOAp, c-AlOOH, and C3AH6. In fact, as
more foaming reagent was incorporated up to 20 wt.%,

the line intensity of CA became much stronger than that

seen in 5 wt.% foaming reagent, while the same reaction

products as those from the non-foamed and 5 wt.%

foamed cements were formed as demonstrated in the

XRD pattern (c). Nevertheless, the foaming reagent ap-
pears to inhibit the reactions between CA and NaP.

However, it is very difficult to determine the extent of

its inhibition as well as to understand its inhibiting

mechanisms from this limited information.

3.4. Corrosion protection

Based upon our results showing that the degree of

water permeability and the development of undesirable

continuous pore structure depended mainly on the con-

tent of foaming reagent, a considerable attention cen-

tered on assessing the ability of foamed cements to

protect the underlying carbon steel against brine-in-

duced corrosion. This information was obtained by
three methods: (1) Tafel extrapolation technique on

DC potentiodynamic polarization diagrams; (2) image

and chemical analyses of the interfacial steels� surfaces
by SEM–EDX; and, (3) AC electrochemical impedance

spectroscopy (EIS) to determine the extent of ionic

conductivity.

For the first assessment, the cement-coated carbon

steel test panels were prepared in the following sequence:
First, 65 mm · 65 mm panels were cleaned by an alka-

line solution at 70 �C; second, the alkali-cleaned panels
were dipped in the non-foamed and foamed cement slur-

ries and then withdrawn; third, the slurry-covered panels

were exposed for 24 h in a steam at 200 �C; and finally,
the autoclaved cement coatings were left for 24 h in

atmospheric environment before the DC potentiody-

namic polarization test. The thickness of all the coatings
ranged from �0.4 to �0.55 mm. Fig. 3 gives the typical
cathodic-anodic polarization curves plotting the polari-

zation voltage, E, versus current density, A/cm2, for

the steel panels covered with the non-foamed cement

and the foamed cements made with 3 and 20 wt.% re-

agent. The shape of the curves shows the transition from

cathodic polarization at the onset of the most negative

potential to the anodic polarization curves at the end
of positive potential. The potential axis at the transition

point from cathodic to anodic curves is normalized as

the corrosion potential, Ecorr. When compared with

the non-foamed cement-coated steel denoted as

0 wt.%, there are two noticeable differences in the

curves� features for the steel panels coated with foamed
cements: One was a shift in the Ecorr value to a more

negative site with a greater content of foaming reagent,
and the other was an enhancement of cathodic current

density (A/cm2) with an increase in its content in the po-

tential region between �0.75 and �0.95 V. Difference (1)
directly reflects the extent of coverage of the cement

coating over the entire steel surface; namely, the good

coverage by a continuous void-free coating layer is

responsible for moving the Ecorr value to a more positive

site. Hence, the resulting shift to negative site of Ecorr
demonstrated that the extent of coverage by the foamed

cements became poor as the content of foaming reagent



Fig. 3. Potentiodynamic cathodic-anodic polarization diagrams for a non-foamed cement, and 3 wt.% and 20 wt.% reagent-foamed cements.

Fig. 4. Typical Tafel plot from a polarization experiment.
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was increased. This might suggested that the cement

layer formed over the steel�s surfaces was faulty and
non-continuous because of its porous structure. For dif-

ference (2), the indication of high value of cathodic cur-

rent density signifies that the cathodic reaction at the
corrosion site of steel is accelerated, particularly the

oxygen reduction reaction, 2H2O + O2 + 4e
� ! 4OH�.

Hence, such a reaction, which leads to the corrosion

of steel, appears to be promoted by depositing the

foamed cements on the steel�s surfaces. Correspond-
ingly, an increase in the content of foaming reagent fur-

ther accelerated the rate of this reaction, meaning that

adding a respectable amount of foaming reagent did
not achieve the ultimate corrosion-protective perfor-

mance of cement.

On the basis of the interpretation of this potentio-

dynamic polarization curve (Fig. 4), we determined the

absolute corrosion rates of steel, expressed in the con-

ventional engineering units of milli-inches per year

(mpy). The Eq. (1) proposed by Sterm and Geary[12],

was used in the first step:

Icorr ¼ ba � bc=2:303ðba þ bcÞRp ð1Þ

where Icorr is the corrosion current density in A/cm
2, ba

and bc having the units of V/decade of current refer to
the anodic and cathodic Tafel slopes, respectively, which

were obtained from the log I vs. E plots encompassing

both anodic and cathodic regions, and Rp is the polari-

zation resistance which was determined from the corro-

sion potential, Ecorr. When Icorr was computed through
Eq. (1), the corrosion rate (mpy) can be obtained from

the following expression:

Corrosion rate ¼ 0:13 I corrðEWÞ=d ð2Þ
where EW is the equivalent weight of the corroding spe-

cies in g, and d is the density of the corroding species in

g/cm3.

Table 2 gives the Icorr and corrosion rate from this

Tafel calculation for steel panels coated with the non-

foamed cement, and the cements foamed by incorporat-

ing 3, 5, 10, and 20 wt.% reagents. The corrosion rate of

the steel for non-foamed cement (0 wt.% foaming re-
agent) was 23.90 mpy accompanying Icorr of 5.23 ·
10�5 A/cm2. These values tended to rise when the con-

tent of foaming reagent was increased; in fact, the

36.74 mpy and 8.04 · 10�5 A/cm2 for the cement with
20 wt.% reagent corresponded to an increment of

�54%, compared with those of the non-foamed cement.
This finding strongly demonstrated that adding an

excessive foaming reagent, which leads to the formation



Table 2

Tafel analyses of potentiodynamic polarization curves for steel panels covered with foamed and non-foamed cements

Foaming reagent, wt.% Ecorr (I = 0), (V) ba, (V/decade) bc, (V/decade) Icorr, (A/cm
2) Corrosion rate, (mpy)a

0 �0.6326 0.1291 2.707 5.23 · 10�5 23.90

3 �0.6987 0.0879 0.4569 5.53 · 10�5 25.28

5 �0.7074 0.0960 0.4094 6.06 · 10�5 27.72

10 �0.6898 0.1016 0.5144 7.01 · 10�5 32.04

20 �0.714 0.1705 0.3565 8.04 · 10�5 37.74

a mpy: milli-inches per year.
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of cement with a higher porosity, diminished the maxi-

mum effectiveness of the autoclaved cement in protect-

ing the underlying steel against corrosion.

Fig. 5 compares the morphological features of the

interfacial steel surfaces after physically removing the

non-foamed cement, and the 3, 5, and 20 wt.%

reagent-foamed cements at the cement/steel joints, then

blasting the surfaces with air compressed at 0.7 MPa.
The SEM images revealed that the extent of the surfaces�
asperities depends on the content of reagent; its extent

seems to decline with an increasing content of reagent.
Fig. 5. SEM images of interfacial steel sites after physically removing the fol

and (D) 20 wt.%-reagent foamed cements.

Fig. 6. Highly magnified SEM and EDX spectra of interfacial st
The steel dislodged from the 20 wt.% reagent-foamed

cement was characterized by divulging a very smooth

texture, compared with the roughness of the interfacial

steel surfaces from which the non-foamed and 3 wt.%

reagent-foamed cements were removed.

To obtain more detailed images and information on

the chemistry of the microstructures developed at inter-

faces between the cement and steel after autoclaving,
each of these interfacial steel surfaces was closely exam-

ined by SEM-EDX. Fig. 6 shows the magnified SEM

image of the steel site delaminated from the non-foamed
lowing cements: (A) non-foamed cement, and (B) 3 wt.%-, (C) 5 wt.%-,

eel site removed from underneath the non-foamed cement.
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cement. The image highlights two distinctive areas: One

is a prominent portion denoted as area ‘‘A’’, and the

other is a relatively smooth area at location ‘‘B’’.

The EDX spectra for both areas ‘‘A’’ and ‘‘B’’ included

the dominant peak of Fe as the principal element, and

weak peaks of Ca, P, Si, Al, Na, and O as the minor ele-
ments. Since the penetration depth of the X-rays emitted

from EDX is around 2 lm, the atomic fraction com-
puted from the peak counts for each of respective

elements is the average percentages of all elements excit-

ing in �2 lm subsurface layer. We can assume that the

Fe atom originates from two resources; the Fe in the

oxide compounds occupying the outermost surface sites

of steel, and the elemental Fe in the steel. All the other
atoms appear to belong to the CaP cement, underscor-

ing the fact that although the layer had been removed,

some cement still remained on the steel�s surface. Thus,
we believe that the non-foamed cement adhered well to
Fig. 7. SEM close-examination and EDX spectrum of interfacial ste

Fig. 8. SEM-EDX analysis of interfacial steel site remove
the steel, thereby representing that the interfacial bond

failure at steel/cement joint took place in the cement

layer. A similar image was obtained from the interfacial

steel side removed from the 3 wt.% reagent-foamed ce-

ment (Fig. 7). Although a substantial penetration depth

of the X-ray depended on the difference in porous struc-
tures, the EDX spectrum taken from the site ‘‘C’’

showed that the total amount of cement-related atoms

was only 5.81%, corresponding to more than two times

less than that on the steel�s surface from non-foamed ce-

ment. So few cement remnants on the steel�s surface can
be interpreted as demonstrating that the cement foamed

by 3 wt.% reagent does not adhere as effective as does

the non-foamed cement. A further impairment of its
adherent property was observed from the 5 wt.%

reagent-foamed cement/steel joints. In fact, the EDX

analysis for the interfacial steel site revealed no

cement-related elements in some areas (Fig. 8). As
el site removed from beneath 3 wt.% reagent-foamed cement.

d from beneath the 5 wt.% reagent-foamed cement.



Fig. 9. SEM-EDX analysis of interfacial steel site at 20 wt.% reagent-foamed cement/steel joint.
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evident from the image of a very smooth texture, the

adherence of the 20 wt.% reagent-foamed cement was

extremely poor (Fig. 9); no cement-related elements

were detected over the entire surfaces. Relating these

findings to the results from the potentiodynamic polari-
zation study, the fact that the adherence of cement de-

creased with an increasing content of foaming reagent

was one of the major reasons why exceedingly foamed

cement caused a notable shift in Ecorr value to a more

negative site. This means that there was a lower cover-

age by cement�s remnants over the steel, and less activity
in inhibiting the cathodic corrosion reaction, thereby

diminishing the effectiveness of cement in preventing
the corrosion of the steel. In contrast, the non-foamed

cement better adhered to the steel, suggesting that a

strong interfacial bonding of cement developed at the

interfaces might act as a barrier layer to minimize the

transport of brine to the underlying steel.

Another important factor affecting the mitigation of

corrosion by cement is its conductivity of corrosive elec-

trolytes; namely, the extent of the uptake of electrolytes
by cement plays a pivotal role in inhibiting or accelerat-

ing the corrosion of underlying steel. To obtain this

information, thick layers of non-foamed and foamed ce-

ments (�1.0 mm to �1.2 mm) were deposited on the
65 mm · 64 mm steel panels using the same coating

process as that employed in the potentiodynamic polar-

ization test, but repeating it three times. The cement-

coated steel panels were mounted in a holder, and then
inserted into an flat electrochemical cell. The coated

panels with a surface area of 13 cm2 were exposed to

an aerated 1.0 M sodium chloride electrolyte at 25 �C
for 10 min before the EIS test. As is well documented

by several investigators [13–15], the EIS was used exten-

sively for studying the hydration process of cement

pastes and the microstructure of porous cementitious

systems by measuring the conductivity of pore fluid con-
taining ionic species in the porous cementitious struc-

ture. The EIS also was applied to monitoring the

corrosion process of reinforcing steel by penetrating
chlorides through the porous concrete [16]. In this study,

the semicircle diameter at a low-frequency range of 1

mHz to10 Hz in the Nyquist diagram was targeted to

determine the pore resistance, Rp, of concrete; namely,

the decrease in Rp value corresponded to the increasing
rate of corrosion of the reinforcing steel. Based upon

this information, we employed frequency range of 10

KHz to 10�2 Hz and tried to obtain the Rp value from

the Bode-plot diagram. Fig. 10 compares the Bode-plot

features [the absolute value of impedance jZj(Xcm2) vs.
frequency (Hz)] of the panels coated with non-foamed

cement, and 1, 3, and 20 wt.% reagent-foamed cements.

Particular attention in the overall EIS curve was given
to the Rp, which can be determined from the peak in

the Bode-plot occurring at sufficiently low frequency

between 10�1 and 10�2 Hz [17]. For the non-foamed

cement-coated panel, the Rp value was 3.1 · 102 Xcm2.
When the 1 wt.% reagent-foamed cement was deposited

on the panel�s surface, the Rp value declined somewhat
to 2.4 · 102 Xcm2. A further decline to 1.3 · 102 Xcm2

was noted from the 3 wt.% reagent-foamed cement,
while the 20 wt.% foamed cement showed a very low

Rp value of more than one order of magnitude lower

than that of the non-foamed cement. Since the Rp value

reflects the magnitude of ionic conductivity generated

by the NaCl electrolyte passing through the coating

layers, such a falling value represented that the uptake

of electrolytes by the cement coating was increasingly

enhanced as more foaming reagent was added to the
cement. Although the Bode-plot curves of 5 and

10 wt.% reagent-foamed cements did not represent

in Fig. 10, the Fig. 11 shows the values of Rp value

for 0, 1, 3, 5, 10, and 20% foaming reagents. The data

clearly verified that an increase in the extent of foam-

ing allowed electrolytes to permeate more easily through

the cement layers because of a lowering of Rp with

increasing reagent content. In the other words, the
enhanced extent of foaming progressively diminished

the cement�s maximum efficacy as corrosion-preventing

barrier layer.



Fig. 10. AC electrochemical impedance curves for carbon steel coated with non-foamed cement, and 1, 3, and 20 wt.% reagent-foamed cements.
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Fig. 11. Changes in pore resistance, Rp, of foam cement-coated steels

as a function of the content of foaming reagent.
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4. Conclusions

The chemical foaming reagent, which incorporates

fine air bubble cells into the cement slurry, significantly
contributed to reducing the density of the calcium alu-

minate phosphate (CaP) geothermal well cement slurry.

Using such low-density cement slurry would resolve the

problem of lost circulation. When the foamed CaP ce-

ment slurries were autoclaved at 200 �C, most of the
air bubbles dispersed throughout the slurry led to the

development of a porous structure exhibiting a uniform

distribution of discrete pores (ranging from �290 lm to
�40 lm) in the set foam cement. Although the foaming

reagent acted to inhibit the extent of reactions between
monocalcium aluminate (CaO.Al2O3) as the major

phase in the calcium aluminate cement (CAC) solid

reactant, and sodium polyphosphate (NaP) liquid

reactant, the three crystalline phases, hydroxyapatite
[Ca5(PO4)3(OH), HOAp], boehmite, (c-AlOOH), and
hydrogarnet, (3CaO.Al2O3.6H2O, C3AH6), as hydro-

thermal reaction products at 200 �C, were responsible
for strengthening the foamed CaP cement. These reac-

tion products offered the improved compressive strength

and reduced porosity of the foamed cement, compared

with those of N2 gas-foamed Class G cement made from

slurry of similar density. However, adding an excessive
amount of foaming reagent dispersed undesirable coa-

lescent bubble cells in the slurry, reflecting the confor-

mation of continuous pore structure in set foam

cement. This finding also suggested that the size of bub-

ble cells created by the N2 gas-foaming technology

under high pressure probably was smaller than that of

air bubble cells made under no pressure. Thus, one

major issue was the increase in water permeability of
the cement along with the reduction in the slurry�s den-
sity, raising concern that the maximum efficacy of ce-

ment in mitigating the corrosion of carbon steel well

casing pipes was diminished. For non-foamed CaP ce-

ment with a porosity of less than 11% and minimum

water permeability, the three factors contributed to alle-

viating the brine-caused corrosion of carbon steel; (1)

the excellent adherence of the cement layer to steel, pro-
viding a high coverage over the entire steel�s surfaces at
the interfacial contact zone between the cement and

steel, (2) its retardation of the cathodic corrosion reac-

tions, and, (3) its minimum conductivity of corrosive

ionic electrolytes. Unfortunately, such efficacy of the
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cement in mitigating corrosion was diminished by

increasing the extent of its foaming. The most effective

amount of this foaming reagent in minimizing this loss

of effectiveness and in reducing the slurry�s density was
3% by weight of total water in the slurry. Adding this

amount gave a slurry density of 1.43 g/cc, which is
25% lower that that of non-foamed slurry, good com-

pressive strength of 24.1 MPa, low water permeability

of 1.6 · 10�3 Darcy, and moderate adherence to steel.
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