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ABSTRACT

Deterioration of cement/casing adhesion in welllsm@narios can result in unwanted and
potentially harmful leakage with the potential efisus repair costs. In this work, the authors
explore the use of self-healing polymers addedtwentional wellbore cements as a way to
bring about self-healing and readhering (to caspmgperties to the composite. Self-healing
capability was demonstrated by permeability analghiowing that polymer-cement composites
reduce flow by 50-70% at cement bulk and at theer#fsteel interface. Use of atomistic
simulations imply that these polymers have goodingproperties on the steel surfaces.
Interactions between steel/polymer and cement/patyare complementary, resulting in a wider
range of bonding patterns. Cracks seem to expadertooordinated sites that result in more
bonding interactions, which agrees well with thenpeability measurements showing high
degree of healed cracks and cement-steel interigmps together with an overall increased in

structural integrity of these advanced polymer-aeneemposite materials.

K ey words: cement-casing; bond strength; polymers; compositeyell cement; geothermal
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1 Introduction

Wellbore integrity is a significant environmentainsideration in industries which use
deep production wells such as in geothermal engrgguction. During wellbore construction,
cement and cement composites are injected intarthelus between the geologic formation and
the wellbore casing to hydraulically isolate prowe zones from overlying aquifers[1]. When
applied using strict industry standards, cementcamlent composites can extend the life of a
producing well as well as protect the near suriEaogronment. The potential for short life of
wells and expensive remediation costs can hinded#velopment of geothermal energy despite
of the fact that a large number of reserves ofdlgan energy alternative exist in the United
States and around the globe[2]. A study of ové),380 wells worldwide found that nearly 7%
of wells experience wellbore failure[3] with onetbé main reasons being the high temperature
(up to 400 °C), thermal cycles, and chemically asive (typically hypersaline, G@nd BHS
rich) environments[4] typical of low and high temateire geothermal systems. Failure of the
wellbore cement can be due to a combination of atedrdegradation, fracturing, and deboning

from the host rock or well casing.

Wellbore integrity issues are most common in thhenfof leakage pathways allowing for
unwanted fluid migration. Cement bonding to theiface of both the casing and host rock has
been identified as one of the most significant laak integrity issues[5]. This can be the result
of extreme chemical and physical conditions of geohal and oil and gas environments. With
exposure to typical hypersaline, €&nd HS rich environments significant corrosion of theest
casing can occur[6]. This corrosion has been detraied to escalate by the high temperatures
and by high chloride concentration of natural brveger and from drilling fluids[4]. Extreme

temperatures and temperature variations due tmjghetion of cool fluids into the high
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temperature subsurface (thermal shock) can indeberdling of cement to casing[4]. Portland
cement has a low bond strength with steel whichdedoond due to thermal shock resulting in
fluid migration pathways[7], and in a reduced poessequired to induce fractures[8]. Thermal

shock has been found to reduce bond strength 6@%ofor cement to casing[9].

To improve wellbore cement integrity the authorgehdeveloped a self-healing polymer-
cement composite (composite 1) to be used in gauotievellbore applications at different
temperatures. Composite 1, which consist in a mextti cement H and silica flour with 10 wt%
of a crosslinked thermoset epoxy resin, was deeeldpr temperatures of up to 200 °C and
recently reported to have self-healing capabiliyffactures and openings in the cement
matrix[10, 11]. The thermoset resin is crosslinketh pentaerythritol tetrakis(3-
mercaptopropionate) via S-S bonding, and distridbtheoughout the cured cement. In the
presence of a fracture, the polymer flows intoftheture interface strongly but reversibly
anchoring through hydrogen bonding and ionic Cae@ds. In addition, it was found that the
polymer S-S groups undergo reversible sulfur exghamhese polymer-cement and polymer-
polymer reversible and dynamic interactions arpaasible for the self-healing capability of this

novel polymer-cement composite 1[11].

A number of reports on the effect of using polymersicrease adhesion to steel exist in
the open literature [12-14]. For example, the addiof a different vinyl acrylic-based polymer
to coat steel rebars have been studied as a wagrgase cement-steel adhesive strength [13].
Other approaches introduce polymers directly incément slurry. For instance, it has been
shown that polyacrylic esters, poly(vinylidene c¢ide-vinyl chloride), and chloroprene rubber
(CR) latexes interact with Calcium ions and Ca(@stirfaces forming chemical bonds and

increasing cohesive forces in the cement matrixaadithg to adhesive strength at cement-steel



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

interfaces [14]. The objective of this paper wasiestigate adhesive bond strength and bond
strength recovery to steel wellbore casing of twtymer-cement composites developed by this
research group; the above described composite 4 aadond polymer-cement composite
(composite 2). Composite 2, which is obtained lisontucing 10wt% of Poly(ethylene-co-
acrylic acid) zinc salt and 5wt% of equimolar quiges of Bisphenol A diglycidyl ether, N,N-
Dimethylethylenediamine, poly(ethylene glycol) gigidyl ether, and Ethylenediamine to
conventional cement H, was designed to be apptiggothermal wellbores with temperatures of
up to 300 °C. The first component, Poly(ethyleneacoylic acid) zinc salt, was chosen to
provide reversible coordination bonds with Calciumeement, similarly to what this group
demonstrated between alkoxides and Calcium in Ceiteob[11, 15]. The other four monomers,
which include two amines and two epoxides will faamrosslinked polymer by amine-driven
ring-opening of the epoxides. This second crosstinkolymer should enhance the adhesive
strength to steel as previously reported. In essamines are known to chemisorb to metal
surfaces as well as promote partial dissolutiothefsurface oxide and/or hydroxide metallic
layer. Then, metallic ions diffuse through the poér layer and react with amine groups to form
an organo-metallic complex by coordination bondi®j. The self-healing as well as adhesive
properties to steel casing of the above descriweccomposites were evaluated by means of
shear bond strength (SBS) tests [9, 16] and perifitgamalysis[10]. In addition, similar tests
were conducted after exposing the cement compsaitgles to relevant geothermal conditions
demonstrating the potential of these fit-for-pugosment composites for application in high

temperature geothermal wellbores.

2 Methods

2.1 Materials
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Class H cement was supplied by LaFarge from thpal&pant. Silica flour (200 mesh)
was obtained courtesy of U.S. Silica and measureginent using XRD and EDS in previous
related published work to be quartz[10]. Silicaufleis commonly added to wellbore class G or H
cement as a pozzolanic material to increase miséahllity. Thioplast EPS 25 (EPS 25) (640
g/1 equivalent epoxide) was supplied by Akzo Nobaet] 4-dimethylaminopyridine (DMAP),
poly(ethylene glycol) diglycidyl ether (PEO) (25Q.gquivalent epoxide), pentaerythritol
tetrakis(3-mercaptopropionate) (4SH), Poly(ethyleaeacrylic acid) zinc salt powder (Zn-salt),
Bisphenol A diglycidyl ether (BPA) purchased fromgi@a-Aldrich, N,N-
Dimethylethylenediamine (NND), Ethylenediamine (EBigre purchased from Sigma-Aldrich.

All materials were used as received.

Base cement samples were synthesized by mixingalss H cement powder (157.5 g)
and silica flour (67.5 g) in a 600 ml poly(propy&rbeaker, then adding 85.5 g of DiGHand
mixing to obtain a homogeneous cement slurry. Céman mixed with a Caframo overhead

mixer with a 2-inch blade 4x impeller for a totélld minutes.

Polymer-cement “composite 1” samples were synteédiallowing previous work by
this group [10] by mixing the polymer precursorsi(§ EPS 25, 8.4 g PEO, 5.7 g 4SH) in an Al
pan, followed by adding the homogeneous organiatieol to the cement slurry prepared as
described above but using 112.5¢g of water insté&%.&g. Samples were cured to a maximum
temperature of 200 °C as described in the nextswations. This temperature was chosen since
thermogravimetric analysis on the polymer showsdaction in mass at about 260 °C

potentially due to thermal degradation.

Polymer-cement “composite 2” samples were syntleddizy mixing monomers (BPA

4.8 g, PEO 4.8 g, NND 1.5 g, ED 0.2 g) in an Al jpawil homogeneous. Separately, Zn-salt

6
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powder (22.5 g) was added to the cement dry mirqisting in class H cement powder, 157.5 g;
and silica flour, 67.5 g) and mixed with 85.5¢g ddter to make the slurry. After the first 10
minutes of mixing the Zn-salt modified cement sjuthe mixture of BPA, PEO, NND, and ED
monomers were added to the slurry to generate csitep®. This procedure was found to
provide a homogeneous slurry with no phase separat opposed to adding all polymer
precursors at the same time. Samples were cur@dnaximum temperature of 300 °C as
described in the next two sections. This tempeeattas chosen since thermogravimetric
analysis on the polymer shows a reduction in maabaut 380 °C also potentially due to

thermal degradation.

2.2 Shear Bond Strength

Adhesion and re-adhesion were tested in triplioateg a confined method similar to
previously performed tests[9, 16]. For this test pipes were aligned with their sides parallel to
each other in an end cap jig. The inner pipe, nfiaae either 316 stainless steel or carbon steel,
(212.7 mm diameter and 50.8 mm long) and outer (no1d) pipe, made from 316 stainless steel,
(38.1 mm diameter x 38.1 mm) are placed insidd@fend cap, which was machined so that the
top of the inner tube and outer tube sit on an kegual (Figure 1). Once the cement slurry was
prepared it was poured into the annulus formed éetvthe inner and outer pipes. After pouring
the cement into the annulus, the system was tamapkeee any trapped air. Using a trowel,
excess cement was scraped off the top of the asgehtte samples were cured at room
temperature for 24h in 100% relative humidity (RféJlowed by a second curing period of 24h
at 85 °C and 100% RH, and a third and final cupagod of five days at 200 °C in a Parr
reactor at 100% RH. Once the curing process waplabed, the samples were carefully

removed from the bottom end cap (Figure 1). Shead strength (SBS) testing was performed
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by fabricating a test jig and using a test frameledd/TS 50Kip in conjunction with Bluehill by
Instron controls and data acquisition software. @amwere placed inside of the test jig with the
inner pipe protrusion up. Force was applied at@a 041,800 Ib/min, with the maximum load
defined as the force required to cause the inmer f initially slip. Once the test was completed
the sample was inverted and the inner steel pipgoessed back to its original position for the
second “after heal” test. The samples were reacttond time at 200 °C in a Parr reactor at
100% RH after which the adhesive bond strengthtested a second time. The shear bond

strength is calculated following API Specificatidi®A, using equation 1:

P
SBS =~ [1]
Where:
SBS= shear bond strength (MP& 3= maximum load (Ibf)A = area of bonding surface f)n

2.3 Permeability tests

Saturated permeability was conducted to test tiigeyafor the cement polymer
composites to heal and reduce flow through aperfirese tests evaluated the changes that
occur in cement fracture or in the micro-annulusveen the cement and the casing. In this case
the debonded micro-annulus aperture was evaluatédtavas equivalent to a fracture in the
cement. All permeability tests were conducted iplitate and were conducted in a similar

fashion to previously published work on flow thrdugactured rock and cement[17, 18].

Cement-casing samples were prepared and curecgeasbeel in the previous section (2.2

Pipe-shear test). After curing, the cement was deéo from the pipe casing by pushing the
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cement half-way out of the pipe three times. Thae® was then reset to the original position

for the permeability tests.

Cement fracture test samples were prepared byrmmpaement slurry into tube molds
creating monoliths with an average length of 4 o diameter of 2.5 cm. Similarly, to the
cement-casing samples, the cement monoliths weralincured at room temperature for 24h in
100% relative humidity (RH), followed by a seconding period of 24h at 85 °C and 100% RH,
and a third and final curing period of five day2@0 °C (composite 1) and 300 °C (composite 2)
in a PARR reactor at 100% RH. Cured samples weneved from molds and cut to length with
a rock saw, and the sides bound with heavy-dutytag-seal heat-shrink tubing after removing
glue from the tubing. These monoliths were thergilaupright in a hydraulic press. Tension in
the center of the cylinder was applied until sammlecked across the length of the sample

generating a longitudinal fracture.

Both fractured cement monoliths and cement-casangpges were fixed with end caps.
Permeability was tested using the saturated coniséaa method [19] where constant head
pressure was maintained by keeping the reseneatdd vessel) at a constant air pressure (10
kPa) and the discharge was measured at atmoshessure. Reynolds equation (Equation 2)
[17] for flow through fractured (cylindrical cememonoliths) or debonded media (cement-
casing samples) was arranged to solve for thetaféefracture aperture (Equation 3). This
aperture could be translated to a representatirragability by using the relationship in Equation

4.

Q , [2]
_WD® (F, — Py
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[3]

k; [4]
b 2

Where:
Q = discharge (cfhs™); W = estimated fracture width for cement fracture eespipe inner
circumference for cement casing interface test (brs)aperture (cm) = dynamic viscosity
(Pa-s)P, = pressure from pump (P&®i = pressure from atmosphere (Ray;length of sample
(cm); ki = permeability.

Once initial permeability values were determinée, $amples were cured (healed) again
at 200 °C (composite 1) and 300 °C (composite 8)189% RH for 5 days in a Parr reactor. The
permeability of the samples after this second guperiod were tested for a second time as

described above.
2.4 Exposure tests

Similar cement-casing samples were prepared foe-gifear testing as described to
evaluate the cement-steel adhesive strength akposeare to thermal and chemical stress
regimes representative of geothermal environmdtkposure tests included: 1) thermal shock,
2) CO, exposure, 3) BBOs exposure. Triplicate samples were fabricated &mheexposure test.
For the chemical exposure tests ¢C&hd HSQO,) “imperfections” were engineered into the
cement using 0.5 mm stainless steel wires. Theswirere positioned to generate 4 holes along
the length of the inner steel pipe-cement interf&igure 2). Once the cement was set, the wires
were pulled from the cement leaving a void for gasl liquid to enter the full length of the

10
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cement-steel interface. The cement and polymer-genmmposite samples were cured at room
temperature for 24h in 100% relative humidity (Rf)lowed by a second curing period of 24h
at 85 °C and 100% RH, and a third and final cupgegod of five days at 200 °C for base cement

and composite 1 and 300 °C for composite 2 in areactor at 100% RH.

Exposure tests were performed at the National Bnargl Technology Laboratory in
Albany, Oregon. For thermal shock tests, the sasnplere subject to six thermal shock cycles.
Each cycle consisted in heating the samples to@%0fd maintaining this temperature for 24
hours followed by a 5-minute quenching period withlli Q water at 22°C followed
immediately by the next heating cycle at 250°CZ4érhours. For C@exposure tests, the cured
cement and polymer-cement samples were immersgdvinn% NaCl brine and pressurized with
20.7 MPa of supercritical GCat 90°C for one week. With 80, exposure tests, samples were
kept at ambient pressure at 90°C and in a brinbad6 NaCl with HSO, at pH = 2. For this

test the fluid was replaced daily with 650 ml of§#brine.

2.5 Tomography

Tomography of cement samples were conducted atBotronmental and Molecular
Sciences Laboratory (EMSL; Richland WA) and at$f#X Beamline (Brookhaven NY). At
EMSL a X-ray computed tomography (XCT), Nikon XTE@225 was used to obtain 3D
volume data at up to 20-50 pum resolution on sestafrcement cores (depending on specimen
size), which can then be viewed as sliceable imagake computer and analyzed for structural
and density changes. XCT images of each piece eadiected at high resolution, so that each
exposed and unexposed sample could be compare@Drtata on the cement was then
processed in ImageJ [ImageJ: Image Processing aalygs in Java. Available from:

http://imagej.nih.gov/ij/ (2017)] to enhance costtal he density or structural changes were

11
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emphasized with the WEKA segmentation tool in Indgg. The different colors of the

segmentation classes’ show were the treatmenttefiiee samples.

2.6 Density functional modeling

A series of density functional calculations weré@aned to examine the bonding motifs
of a cement/polymer/steel interface. The cementaiwds based on a form of calcium silicate
hydrate (CSH). These authors adopted the CSH nusael in our recent study[1, 16], while the
steel surface was represented with hematite — e dorm of iron, as used in the literature[20].
The (0001) surface of hematite with the Fe-termamafstoichiometric) was chosen since it is a
stable structure in a normal atmospheric envirortrfit]. For the polymer, the method adopted

was the one used in our previous work[11].

In our CSH and hematite slab models, hematite menugo with 4 layers (480 atoms)
while CSH is made up with 678 atoms. The 2D uriitise3.04 x 1.75 nrh For the geometry of
the polymer on a hematite surface, the 2D unitafdhis system is 1.52x1.75 Apmade up

with 356 atoms (116 polymer atoms and 240 hematdms).

Spin-polarized density-functional theory calcudas were used, with the
antiferromagnetic phase of hematite[22]. The dg#fsimctional PBE[23], with the D3
correction[24], in the CP2K package[25], was empthyAb initio molecular dynamics (AIMD)
simulations were carried out at 300 K, within théTNensemble, the time step for equations of
motion integration was set at 0.5 fs. Due to theeeringly large supercell size of the hematite-
steel interface, these authors just consider gjaticnetry optimizations here. However, as
shown below, information about the bonding pictatr¢éhe interface can already be unveiled. For
the polymer-steel systems, due to the flexibilityr@ polymer and the computationally

affordable system size, a NVT MD run of 10 ps wasied out.
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3 Resultsand Discussion

3.1 Adhesion bond and bond recovery

The initial adhesion bond of cement to steel watetkby using SBS measurements
between cement and steel pipe (Figure 3). Staistes$ as well as carbon steel were used in the
tests since both type of materials are used inbeedl casing. When comparing the SBS values
between stainless steel and carbon steel, adhescanbon steel was higher than to stainless
steel for base cement and for both cement compositethermore, base cement showed the
highest adhesive strength to both, carbon steeB (#®a) and stainless steel (7.9 MPa). Of the
two composite cements tested, composite 2 shoveeliginest adhesive strength to both

stainless steel and carbon steel with values of#R@ and 9.2 MPa, respectively (Figure 3).

Recovery of adhesion was evaluated by determimegdtio of second SBS test (post-
healing) to initial SBS. For stainless steel adhesbase cement and composite 2 showed an
adhesive strength recovery of 0.5 (50% of origBRE values). Composite 1 had an adhesion
recovery ratio of 1.7 (the second adhesive strewgfine was higher than the initial value), but its
average initial SBS was only 0.5 MPa. For carbeerls$BS the bond strength recovery of the
composites was similar, 0.5 for composite 1 and@.@omposite 2. The highest SBS recovery

was obtained with base cement to carbon steel wiadha ratio of recovery of 0.7.

Cement adhesion to wellbore casing in a confinatesy is a function primarily of the
different surface interactions cement and steelldvdavelop over the lifetime of the wellbore.
The adhesion may be also affected by the conficamglitions where any expansion or
contraction of the cement would change the corsiaidaice at the cement-steel interface

providing a change in spatial growth of crystallgteictures with the resulting decrease or

13
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increase in cement’'s SBS with the steel surfackleTh shows the change in dimensions of
unconfined cylindrical samples of base cement amiposites 1 and 2. The results on Table 1
show that, with exception of the length of comp®4itshowing a reduction of -0.87% post-

curing, in all cases the material undergo mininmairking post-curing (< 0.25 %).

During the curing process, the presence of watgowen the 100% relative humidity
environment and the GGrom air results in carbonation of cement alonthveorrosion of steel
generating species such as Fg@@d CaCQ@[6] forming a strong OFe covalent bond between
casing and cement. These type of bonding is pé#atigiexpected between cement and carbon
steel and seem to explain the significantly highB6 values between cement and carbon steel
(Base cement: 15.4 MPa, composite 1: 5.8 MPa, ceitgd: 9.2 MPa; Figure 3b) as compared
to the SBS values of cement and stainless steek{Ba9 MPa, composite 1: 0.5 MPa,
composite 2: 4.6 MPa; Figure 3a). In addition, rti@e reactive surface of the carbon steel
generates additional surface area and surface mesgh26] which would contribute to higher
cement-steel SBS. Though this would seem like &fiteand might suggest that carbon steel
would make for a preferred wellbore material, ceiwa of the casing is a very significant
problem affecting the lifetime of wellbores in geetmal and fossil energy recovery. The fact
that the polymer migrates to the steel surfacét (@sl be shown in Section 3.4) is advantageous

since it could bring about corrosion-inhibiting pesties to steel casing.

We have previously demonstrated that the preseingelymer in the cement matrix
brings about autonomous healing to the composigetaltihe reversible and dynamic polymer-
cement and polymer-polymer interactions[10, 11}tf@rmore, it was recently reported that the
polymer acts as a temporary barrier for the hydratif cement aiding to the

deployment/pumping of cement without the use ofeesve retarders[27]. Therefore, a

14
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contributing factor for the lower SBS values of ttmenposite cements respect to base cement
both cured for only five days could be associatethé following two phenomena; 1) the fact

that the polymer acts as a retarder reducing tireeneand cement-steel reaction (curing) rates,
2) the strength of the polymer-steel bonds (OFd,%e, and H bonds) described in the previous

section may be lower than the OFe bond strenghiasé cement to steel.

When the cement-stainless steel samples were defactnger times, such as in the
case of the thermally- and chemically-exposed sasnfas it will be discussed in detail in
Section 3.3), all the composites showed signifigamgher values than their unexposed
counterparts in agreement with the above hypothBeigertheless, the reduction of adhesive
strength during short curing times in compositeanals can be mitigated reducing the
concentration of polymer. For example, a recerdysfaund that when the polymer
concentration is equal or lower than 0.4 wt.% thegressive strength and SBS is similar to
unmodified cement[22]. However, such lower conaidns of polymer will not produce ductile
and self-healing materials, of critical importaricewellbore and other applications. A more
detailed discussion of material’'s performance aftermal and chemical stress is described in

Section 3.3.

3.2 Permeability Analysis

To evaluate the ability of cement and cement comg®$or autonomous self-healing,
permeability tests were conducted through cemawtures or through a micro-annulus (channel
created from deboning of cement from casing) bedoik after a five-day reaction/curing period

at temperature (Figure 4). For fractured cemengre/lapertures averaged 85 um (range 63-100

15
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pm), there was a significant reduction in permégiplost-healing of composite 1 with a
resultant reduction of 70% of the original fractaneermeability (Figure 4a). Composite 2 also
seems to show a decrease in fracture permeabilihealing. However, the permeability

values are not statistically different to thosdéase cement (Figure 4a).

Permeability through the micro-annulus (cementistasing interface) yielded a
different result where composite 2 had a signifiegaduction, over 50% after a healing event.
Base cement showed no healing capability and arabah increased in permeability post
healing (Figure 4b). Composite 1 did not show siginfsacture healing at the steel interface like
composite 2 did but there was significant scattéhe data with the possibility of some
indication of healing in one of the samples. Therape of the micro-annulus was calculated as
average 10 um (range 4-24 um). Figure 4 also shimatdase cement does not exhibit

autonomous healing at either bulk cement or cerstat-interface.

As has been reported in our previous work[10, 28fhe presence of a fracture nearby
polymers imbedded in the cement matrix will debdrahsport into the fracture, and bond back
sealing the fracture. This self-healing process¢bald occur multiple times throughout the
lifetime of the composite is associated to the dyisaand reversible polymer-cement and
polymer-polymer interactions that occur at tempeefi0, 11]. The polymers in the cement are
readily available to flow into interfaces due teitthomogeneous distribution throughout the
cement matrix as can be seen by the XCT mappipglgmer aggregates discussed in Section
3.4. Since polymer moieties are also present atdhgosite-steel interface and that similar
reversible composite-steel bonding at the interfaere unveiled by atomistic simulations (see
discussion in next section), all seems to inditad these composite materials could seal

cement-steel gaps.
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The aperture of the fracture as well as the comagonh and mobility at temperature of
the polymer may all play a role in the extent atohita bulk fracture or (cement-steel) interfacial
gap is sealed. The aperture can be estimated tisrigeynolds equation [Egn 2]. In this study
the fracture apertures averaged 85 um in the mrheat matrix (Figure 4a) and averaged 10 um
at the steel-cement interface (Figure 4b). The &atpre-dependent mobility of the polymers in
the cement matrix is associated, among other ptiepeto their molecular mass and degree of
crosslinking, which is difficult to estimate in tpelymer-cement composite. However, from the
self-healing capability of composite 2 at the steghent interface, one could hypothesize that
Zn salt polymer has a higher mobility (hence a lomelecular mass) than the highly
crosslinked EPS25[10]. However, this is ruled outhe fact that Composite 1 outperforms
Composite 2 when self-healing bulk cement fractiFggure 4a). Then, the fact that Composite
2 outperforms Composite 1 for self-readhering (ingglat the interface cement-steel seems to be
due to the presence of a second polymer systeadldition to the Zn salt polymer. This second
polymer system obtained by the reaction of two @ammnomers NND and ED with two
epoxides BPA and PEO contains amine and hydroxylstionalities known to enhance
adhesive strength to steel via chemisorption tahsetrfaces as well as the formation of organo-
metallic complexes by coordination bonding[12]. 3&@uthors hypothesize that this is the main
reason why Composite 2 outperforms Composite &lirreadhesion to steel casing with the

corresponding larger reduction in permeabilityhat $teel-cement interface.

3.3 Adhesion strength after exposureto thermal and chemical stresses
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371 To examine how cement’s adhesion to steel cassmprels under thermal and chemical
372 stresses typical of geothermal environments, expdssts simulating thermal shock and

373  chemical exposure were performed (Figure 5).

374  3.3.1 Thermal shock

375 The repeated heating and rapid cooling from theshatk resulted on cement-steel samples
376 resulted in an average SBS of 0.87 MPa for basectand 4.67 MPa for composite 2 (Figure
377  5a). The reduction of initial SBS for base cemeas significant after six thermal shock cycles
378 compared to the equivalent non-exposed base cesasgle (Figure 5a). After a curing/healing
379  process the recovery of SBS yielded a significaataase for thermal shocked base cement (5.84
380 MPa). However, it is important to mention that tagiability of SBS values post-healing was
381  significant, demonstrating that base cement islighinerable to thermal shock cycling (Figure
382  5a). Moreover, thermal shock of base cement gegebratlial fractures (Figure 6a). In the case
383  of composite 2, the material not only showed highesive strength to stainless steel after six
384 thermal shock cycles, but also demonstrated sulistegradhesion (healing) capability with a
385 recovery of SBS of over 150% (Figure 5a). Furtheemoomposite 2 did not show evidence of
386 radial fractures after thermal shock cycles (Figisedemonstrating the positive impact that the
387  polymer has, not only in bringing about re-adhesasteel casing, but also in maintaining intact

388 the integrity of the cement matrix.

389  Polymer addition to the cement then seems to maittta original cement-steel adhesive
390 strength and also buffer against the formatioradfal fractures commonly found in geothermal
391  and unconventional oil/gas wellbores. This abiliyabsorb the strain of the thermal shock could

392  be due to the increased ductility of the polymemrdified cement material[28]. After the healing
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(re-adhesion) reaction, the adhesive strength (&B&s) of base cement and composite 2 was
restored and even increased compared to the drigaihge. However, SBS values for base
cement showed high variability. For the base cement OFe covalent bonds would have been
formed, perhaps from calcite formation. The 150%sease in SBS by composite 2 could be due
to a combination of the cement-steel OFe bondsgaldgth the covalent bonds between polymer
O and hematite Fe pairs (OFe), polymer S and he&arfagi pairs (SFe), and H-bonds between the

(O)H atoms of the polymer and hematite O pair &glitbe discussed in Section 3.5.

3.3.2 Chemical exposure

Samples of base cement and composite 2 were ghesed to chemical stresses. Chemical
exposure to B0, and CQ seems to promote an increase in cement-stairtiesis3BS for both,
base cement and composite 2 as compared to SB&\athtained from unexposed samples
(Figure 5b and 5c). This was particularly evidemtdamples exposed to @@here the value of
SBS was three times higher than the unexposed ¢estem samples (Figure 3a and 5b). In
addition, base cement and composite 2 have stallgtsimilar SBS values post-G@xposure.
When it comes to re-adhesion (healing) the cemiamtisss steel interfacial bond, it was
observed a statistically similar and partial recy\d the SBS for both, base cement and
composite 2 (Figure 5b and 5c). It is worth notiagecdotally, that both thermal shock and,CO
exposure base cement samples were quite brittleranabled when tests were dismantled,

whereas all K50, samples and thermal shock and@0@mposite 2 remained intact.

The exposure to C{has been reported to alter the elemental distabuif both base
cement and polymer-cement composite[29] and ledldet@reation of three distinct zones with

calcite formation and dissolution throughout thacten zones, as consistent with those
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described in Kutchko, Strazisar, Dzombak, Lowry &hdulow [30]. Gil et al[29] showed that
these carbonation reactions were particularly entidebase cement and thiagé presence of the
polymer in the composite partially buffers the caration reactionThe increase of SBS in base
cement after C@exposure could be due to the formation of cakitehe interface as previously
reported. The growth of calcite crystals would lkecrease the number of OFe bonds at the
steel interface, The increase in SBS on the cortg@ssteel samples could be the result of both,
longer curing times (like in the case of thermaldhexposure) and, to a lesser extent, calcite
formation. Re-adhesion (healing) was statisticsailiyilar for base cement and composite 2 and
below 50% recovery for both materials. It is imaottto mention that, although the composite-
steel bonds may not be as strong as base cemehbatwls, it is clear that polymer migrates to
the steel-cement interface sealing gaps as dematestoy the permeability analysis discussed in

the next section.

As in the case of C&£brine exposure, the values of SBS significantbréased for both,
base and composite cements, after exposurgS@HnN brine. In this case, the formation of
gypsum is expected to take place from the reactidt,SO, with Ca(OH) as previously
reported. Ettringite is also a product formed fribr@ continuous reaction of sulfuric acid with
cement[31]. Gypsum and ettringite are mechanictigng (and may be the reason why the
adhesive strength increases in both materialsoAlih stainless steel is corrosion resistant, a
combination of sulfuric acid pH=2 with brine is hig corrosive, particularly at high
temperatures (90 °C in our study). However, thevglssolution rates (~0.1mm/year) for
stainless steel under these conditions would plapsignificant role given the fact that chemical
exposure only lasted 7 days[32]. Nevertheless dlbare applications where the average

lifetime is 30 years, corrosion of the casing israportant issue and cement-steel adhesion plays
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a critical role in preventing fluids flow into theterface and the associated corrosion of the
casing. As in the case of post-exposure SBS, pesletl adhesive strength at the interface was
statistically similar between base cement and caip@. In both material the adhesion
recovery after mechanically-induced debonding wedev 50% after 5-day healing reaction.
Once again, the migration of polymer to the censteel interface evidenced in Figure 7 would

play a critical role in preventing the formationflfid pathways.

In summary, all HSOy-brine exposed samples showed no significant chemgedhesive
strength as compared to the as-prepared matedialte other hand, base cement samples were
quite brittle and crumbled when tests were disnegindifter exposure to both thermal shock and
COy-brine. In contrast, composite 2 exposed to theshatk and C@remained intact, once
again demonstrating the significant benefit thatgblymer brings about to the cement matrix in

terms of structural integrity as well as self-hegland re-adhering capability.

3.4 Tomography

Tomography was used to investigate the presencdiatribution of polymer throughout
the cement composite matrix as well as to deterithi@enaterial’s porosity (Figure 7, Table 2).
Grey scale XCT images show no difference amongdemsity components, such as polymer
and air (Figure 7, top row). However, with usemBbe J software, density contrast can be
enhanced enabling the production of the images shiowthe bottom row of Figure 7. These
false color images correspond to as synthesizesld&Esent and polymer-cement composites 1
and 2 used for adhesion tests (Figure 7). Frometfedse color images, air-filled pore volume

and polymer volume was calculated (Table 2).
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As expected, the images show no trace of polynmetisel base cement sample (Figure
7a), while in the polymer-cement composites, thigmer is distributed throughout the matrix of
the cement (Figure 7b and 7c). The polymers appeaggregate in distributed pockets. These
aggregations generally account for most of therpelyadded with composite 1 having 7.7 vol%
of polymer (10 wt% polymer is originally added)datomposite 2 having 13.3 vol% of polymer
when 15 wt% polymer was originally added (TableR2phm the color images it can also be seen
that the polymer for both composite 1 and compdsitan be found in the interface between
cement and casing. This can be seen on the cueetidrss of the samples where the cement had
previously been in contact with the inner and optpes (Figure 7 b and c, bottom row). The

cement was removed from the annulus of the pipEsdenaging.

3.5 Density functional modeling of steel/cement and steel/polymer interfaces

Atomistic simulations of the steel/cement and gpedymer interfaces were conducted to
obtain information about atomic interactions angety of bonding. In Figure 8(a), it is shown a
relaxed atomic structure at the CSH/hematite iat&rf which are used to model the cement/steel
interface. There is significant atomic re-arrangeta the interface indicating strong
interactions, between Ca atoms of CSH and O atdrneroatite, as well as O of CSH and Fe of
hematite. These interactions are depicted by thgpated radial pair distribution functions in
Fig. 9(b). In fact, the OFe pair g(r) shows tharéhare OFe covalent bonds between CSH and

hematite.

The peak position at about 2 A is similar to Fe@dtengths of the hematite. For the
CaO pairs, it was found a peak at about 2.5 A, rcslightly larger than CaO distances in

CSH, (about 2.3 A). It is not surprising that tineaslest distance between cationsGand F&*
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at the interface is about 2.9 A, which is consitlréarger than the sum of their ionic radii of ~

1.9 A

In a second simulation, these authors examinethtamctions between polymer and
hematite, shown in Figure 9(a). During the simolatime of 10 ps, the polymer is shown to
relax and wet the hematite surface, see Fig. @{dsidering the atomic density along the z
direction normal to the hematite surface, the hdghsity double peak extending to about 5 A
from the hematite surface, is indicative of straaidpesion of the polymer to the surface. To
understand the bonding motif between the polymdrthe hematite surface, the radial pair
distribution function was also calculated, Fig.)9¢ sharp peak at 2.1 A indicates covalent
bonds between polymer O and hematite Fe pairsl@lgithe peak at 2.5 A between polymer S
and hematite Fe pairs also indicates covalent ctetaalbeit a weaker one. Finally, it was also
observed weak H-bonds between the (O)H atoms gidhener and hematite O pair, at about
2.2 A, implying that hydrogen bonding between tbe/mer and the hematite surface also

stabilize this interaction.

In summary, base (unmodified) cement-steel intevadtkes place via two main bond
motifs, OFe (O of cement and Fe of hematite) an@ @alcium of cement and Oxygen of
hematite) while in the polymer-cement compositepgblymer brings about three additional
polymer-hematite interactions with the stronger bamg OFe (oxygen of the polymer with iron
of the hematite). This particular polymer-hematitends seems to be stronger than cement-
hematite bonds, based on bond distance. Howeveedlan the SBS results previously discussed
where cement-steel adhesive strength is highdydthr stainless steel and carbon steel compared

to composite-steel values, additional interactimay play a role in the adhesive properties of
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these materials. Nevertheless, atomistic simulatiepresent a powerful tool to design and

predict macroscopic properties of advanced cemaitdnmals.

5 Conclusion

Debonding of wellbore cement at the casing-cemdstface results in leakage pathways
with the potential for unwanted fluid migration. Besion was proven to be stronger for cement-
carbon steel as compared to cement-stainlessastdes hypothesized to be due to the higher
reactive nature of the carbon steel in extremedsdre (high RH and temperature)
environments. Atomistic simulations show the forioaiof OFe bonds between cement and steel
and OFe, SFe, and H-bonds between polymer andistded cement composite materials. The
simulations indicate that the presence of polym&pduces bonding interactions with the casing
at distances where there are fewer/weaker interatvith the cement. Adhesion to stainless
steel after exposure to thermal shock shows todaker in the case of base cement as compared
to polymer-cement composite 2. However, polymeremincomposite 2 shows a consistent
recovery (150% of the original) of adhesive streanmist-healing as compared to base cement .
Cement-stainless steel adhesion post-exposure #b@@ and mineral acid/brine was
statistically similar for base cement and compagit€he recovery of adhesive strength (re-
adhesion) after debonding and healing was statiBtisimilar for both base cement and

composite 2.

Permeability studies before and after curing a ikoigignal fracture showed that
composite 1 exhibits self-healing capability withegluction in permeability of 70% post-
healing. Re-adhering capability to stainless stasing was also studied by micro-anulus

permeability analysis before and after curing aoteled cement-steel interface. The results

24



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

showed that composite 2 exhibits an average remtuagtipermeability of over 50% post-healing.
Base cement does not exhibit autonomous healiagter bulk cement or cement-steel interface
based on permeability analysis. In summary, theselrpolymer-cement composites bring
about self-healing and re-adhering (to steel cagngperties compared to conventional wellbore
cement. This was particularly evidenced by thénfijlof fractures and interstitial gaps as

demonstrated by tomography and permeability results
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626 Tablesand Figures

627 Tablel. Average % of change in dimensions (diameter angthg of cylindrical cement

628 monoliths for base cement, composite 1, and cortgasi

Sample Average length  Average

change (% of diameter change

total) (% of total)
Base -0.13% -0.22%
Composite 1 -0.87% 0.01%
Composite 2 0.07% -0.02%

629

630 Table?2. Porosities calculated from 3D XCT images for besment, composite 1, and

631 composite 2.

Sample Volume air Volume polymer
void (% of (% of total)
total)

Base 0.06 No polymer
Composite 1 0.24 7.70
Composite 2 14 13.3

632

633
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Figure 1. Set up for pipe-shear test: a) test base jigphjiced cement-pipe system on top of
base (note cement composite is in annulus betwiges)pc) pipe shear test being performed in

hydraulic press.

Figure 2. Pipe shear samples with “imperfections” engineénézisamples. a) “Imperfections”
were from 0.5 mm stainless steel wire hung at Akyggpaced positions along the 1.27 cm
diameter inner pipe before poring cement slurryMre was removed after cement was set

leaving holes that ran the length of the cement mperface.
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649  Figure 3. Shear bond strength for base cement, composited t@mposite 2 for initial

650  conditions and after healing for: a) 316 stainkeel, and b) carbon steel. Error bars represent
651 one standard deviation calculated from triplicatengles. Letters not shared on graph (above

652  bars) are significantly different via multiple-coanson Fisher's method.
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Figure 4. Ratio change of permeability;Jlcomparing before and after 5-day reaction at 200C
for base cement, composite 1, and composite 2aefuired cement permeability; b)
permeability at interface of cement composite ab@l fainless steel after bond was broken.
Negative values signify a reduction in permeabilibst-healing. Error bars represent one
standard deviation calculated from triplicate saapLetters not shared on graph (above bars)

are significantly different via multiple-compariséisher's method.
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Figure 5. Shear bond strength for base cement and com@&it816 stainless steel pipe after
exposure to representative geothermal conditigriali condition) and after a second reaction
(healing) period for: a) thermal shock, b) £&xposure, and ¢) 430, exposure. Error bars
represent one standard deviation calculated frgoticate samples. Letters not shared on graph

(above bars) are significantly different via mukgjgomparison Fisher's method.
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668
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669

670 Figure6. Image of cement adhesion samples after thermakshbere: a) base cement shows
671 radial fracture and b) cement composite 2 had niceeble radial fractures. Dark staining on
672  cement composite 2 is polymer mobilized during tiea¢ which is responsible for self-healing

673 and re-adhering capability.

674

675

676  Figure7. 2D XCT images of as-prepared cement samples fipmshear experiments with
677  stainless steel pipes: a) base cement; b) comphsifecomposite 2. Top row images are XCT

678  grey scale images, paired images on bottom roviadge color classification of XCT. Grey scale
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679 images: black = air and polymer, grey = cementtevhisilicate minerals. Color images: purple

680 = air, yellow = polymer, blue = cement, pink = hegldensity cement.
681
(a) (b)
1.5
CaFe
. 1

CaO

hem ite
Ca 0.5 [
Y 0
« S L . ..’
.,

% i hematlte
o 0.5 |
[0}
0
1.5
OFe
H 1 sn X .
hematite
A ”
Y . 1 /\W
Fe 1 2 3 4 5
r(A
682 (4)

683 Figure 8. (a) Relaxed CSH-hematite interface, and (b) tgmh& distribution function between

684 atoms of CSH (Ca, O) and that of hematite (Fe,ig iat the interface.
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Figure 9. (a) Polymer/hematite structure at 10 ps of th®iBlsimulation, (b) atomic density

along the z direction of the polymer/hematite systd 0 and 10 ps of the AIMD simulation, (c)

radial pair distribution function between atoms &,and H of CSH and Fe, Fe, and O of

hematite, respectively.
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