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ABSTRACT 20 

Deterioration of cement/casing adhesion in wellbore scenarios can result in unwanted and 21 

potentially harmful leakage with the potential of serious repair costs. In this work, the authors 22 

explore the use of self-healing polymers added to conventional wellbore cements as a way to 23 

bring about self-healing and readhering (to casing) properties to the composite. Self-healing 24 

capability was demonstrated by permeability analysis showing that polymer-cement composites 25 

reduce flow by 50-70% at cement bulk and at the cement/steel interface. Use of atomistic 26 

simulations imply that these polymers have good wetting properties on the steel surfaces. 27 

Interactions between steel/polymer and cement/polymer are complementary, resulting in a wider 28 

range of bonding patterns. Cracks seem to expose under-coordinated sites that result in more 29 

bonding interactions, which agrees well with the permeability measurements showing high 30 

degree of healed cracks and cement-steel interfacial gaps together with an overall increased in 31 

structural integrity of these advanced polymer-cement composite materials. 32 

Key words: cement-casing; bond strength; polymers; composite; oil well cement; geothermal 33 
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1 Introduction 34 

Wellbore integrity is a significant environmental consideration in industries which use 35 

deep production wells such as in geothermal energy production. During wellbore construction, 36 

cement and cement composites are injected into the annulus between the geologic formation and 37 

the wellbore casing to hydraulically isolate production zones from overlying aquifers[1]. When 38 

applied using strict industry standards, cement and cement composites can extend the life of a 39 

producing well as well as protect the near surface environment. The potential for short life of 40 

wells and expensive remediation costs can hinder the development of geothermal energy despite 41 

of the fact that a large number of reserves of this clean energy alternative exist in the United 42 

States and around the globe[2].  A study of over 380,000 wells worldwide found that nearly 7% 43 

of wells experience wellbore failure[3] with one of the main reasons being the high temperature 44 

(up to 400 °C), thermal cycles, and chemically corrosive (typically hypersaline, CO2 and H2S 45 

rich) environments[4] typical of low and high temperature geothermal systems. Failure of the 46 

wellbore cement can be due to a combination of chemical degradation, fracturing, and deboning 47 

from the host rock or well casing.  48 

Wellbore integrity issues are most common in the form of leakage pathways allowing for 49 

unwanted fluid migration. Cement bonding to the interface of both the casing and host rock has 50 

been identified as one of the most significant wellbore integrity issues[5]. This can be the result 51 

of extreme chemical and physical conditions of geothermal and oil and gas environments. With 52 

exposure to typical hypersaline, CO2 and H2S rich environments significant corrosion of the steel 53 

casing can occur[6]. This corrosion has been demonstrated to escalate by the high temperatures 54 

and by high chloride concentration of natural brine water and from drilling fluids[4]. Extreme 55 

temperatures and temperature variations due to the injection of cool fluids into the high 56 
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temperature subsurface (thermal shock) can induce debonding of cement to casing[4]. Portland 57 

cement has a low bond strength with steel which can debond due to thermal shock resulting in 58 

fluid migration pathways[7], and in a reduced pressure required to induce fractures[8]. Thermal 59 

shock has been found to reduce bond strength up to 69% for cement to casing[9]. 60 

To improve wellbore cement integrity the authors have developed a self-healing polymer-61 

cement composite (composite 1) to be used in geothermal wellbore applications at different 62 

temperatures. Composite 1, which consist in a mixture of cement H and silica flour with 10 wt% 63 

of a crosslinked thermoset epoxy resin, was developed for temperatures of up to 200 °C and 64 

recently reported to have self-healing capability for fractures and openings in the cement 65 

matrix[10, 11]. The thermoset resin is crosslinked with pentaerythritol tetrakis(3-66 

mercaptopropionate) via S-S bonding, and distributed throughout the cured cement. In the 67 

presence of a fracture, the polymer flows into the fracture interface strongly but reversibly 68 

anchoring through hydrogen bonding and ionic Ca−O bonds. In addition, it was found that the 69 

polymer S−S groups undergo reversible sulfur exchange. These polymer-cement and polymer-70 

polymer reversible and dynamic interactions are responsible for the self-healing capability of this 71 

novel polymer-cement composite 1[11].  72 

A number of reports on the effect of using polymers to increase adhesion to steel exist in 73 

the open literature [12-14]. For example, the addition of a different vinyl acrylic-based polymer 74 

to coat steel rebars have been studied as a way to increase cement-steel adhesive strength [13]. 75 

Other approaches introduce polymers directly in the cement slurry. For instance, it has been 76 

shown that polyacrylic esters, poly(vinylidene chloride-vinyl chloride), and chloroprene rubber 77 

(CR) latexes interact with Calcium ions and Ca(OH)2 surfaces forming chemical bonds and 78 

increasing cohesive forces in the cement matrix and aiding to adhesive strength at cement-steel 79 
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interfaces [14]. The objective of this paper was to investigate adhesive bond strength and bond 80 

strength recovery to steel wellbore casing of two polymer-cement composites developed by this 81 

research group; the above described composite 1 and a second polymer-cement composite 82 

(composite 2). Composite 2, which is obtained by introducing 10wt% of Poly(ethylene-co-83 

acrylic acid) zinc salt and 5wt% of equimolar quantities of  Bisphenol A diglycidyl ether, N,N-84 

Dimethylethylenediamine, poly(ethylene glycol) diglycidyl ether, and Ethylenediamine to 85 

conventional cement H, was designed to be applied in geothermal wellbores with temperatures of 86 

up to 300 °C. The first component, Poly(ethylene-co-acrylic acid) zinc salt, was chosen to 87 

provide reversible coordination bonds with Calcium in cement, similarly to what this group 88 

demonstrated between alkoxides and Calcium in Composite 1[11, 15]. The other four monomers, 89 

which include two amines and two epoxides will form a crosslinked polymer by amine-driven 90 

ring-opening of the epoxides. This second crosslinked polymer should enhance the adhesive 91 

strength to steel as previously reported. In essence, amines are known to chemisorb to metal 92 

surfaces as well as promote partial dissolution of the surface oxide and/or hydroxide metallic 93 

layer. Then, metallic ions diffuse through the polymer layer and react with amine groups to form 94 

an organo-metallic complex by coordination bonding [12]. The self-healing as well as adhesive 95 

properties to steel casing of the above described two composites were evaluated by means of 96 

shear bond strength (SBS) tests [9, 16] and permeability analysis[10]. In addition, similar tests 97 

were conducted after exposing the cement composite samples to relevant geothermal conditions 98 

demonstrating the potential of these fit-for-purpose cement composites for application in high 99 

temperature geothermal wellbores.  100 

2 Methods  101 

2.1 Materials 102 
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Class H cement was supplied by LaFarge from the Joppa Plant. Silica flour (200 mesh) 103 

was obtained courtesy of U.S. Silica and measured in cement using XRD and EDS in previous 104 

related published work to be quartz[10]. Silica flour is commonly added to wellbore class G or H 105 

cement as a pozzolanic material to increase mineral stability. Thioplast EPS 25 (EPS 25) (640 106 

g/1 equivalent epoxide) was supplied by Akzo Nobel, and 4-dimethylaminopyridine (DMAP), 107 

poly(ethylene glycol) diglycidyl ether (PEO) (250 g/1 equivalent epoxide), pentaerythritol 108 

tetrakis(3-mercaptopropionate) (4SH), Poly(ethylene-co-acrylic acid) zinc salt powder (Zn-salt), 109 

Bisphenol A diglycidyl ether (BPA) purchased from Sigma-Aldrich, N,N-110 

Dimethylethylenediamine (NND), Ethylenediamine (ED) were purchased from Sigma-Aldrich. 111 

All materials were used as received.  112 

Base cement samples were synthesized by mixing the class H cement powder (157.5 g) 113 

and silica flour (67.5 g) in a 600 ml poly(propylene) beaker, then adding 85.5 g of DI H2O and 114 

mixing to obtain a homogeneous cement slurry. Cement was mixed with a Caframo overhead 115 

mixer with a 2-inch blade 4x impeller for a total of 15 minutes.  116 

Polymer-cement “composite 1” samples were synthesized following previous work by 117 

this group [10] by mixing the polymer precursors (8.4 g EPS 25, 8.4 g PEO, 5.7 g 4SH) in an Al 118 

pan, followed by adding the homogeneous organic solution to the cement slurry prepared as 119 

described above but using 112.5g of water instead of 85.5g. Samples were cured to a maximum 120 

temperature of 200 °C as described in the next two sections. This temperature was chosen since 121 

thermogravimetric analysis on the polymer shows a reduction in mass at about 260 °C 122 

potentially due to thermal degradation. 123 

Polymer-cement “composite 2” samples were synthesized by mixing monomers (BPA 124 

4.8 g, PEO 4.8 g, NND 1.5 g, ED 0.2 g) in an Al pan until homogeneous. Separately, Zn-salt 125 
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powder (22.5 g) was added to the cement dry mix (consisting in class H cement powder, 157.5 g; 126 

and silica flour, 67.5 g) and mixed with 85.5g of water to make the slurry. After the first 10 127 

minutes of mixing the Zn-salt modified cement slurry, the mixture of BPA, PEO, NND, and ED 128 

monomers were added to the slurry to generate composite 2. This procedure was found to 129 

provide a homogeneous slurry with no phase separation as opposed to adding all polymer 130 

precursors at the same time. Samples were cured to a maximum temperature of 300 °C as 131 

described in the next two sections. This temperature was chosen since thermogravimetric 132 

analysis on the polymer shows a reduction in mass at about 380 °C also potentially due to 133 

thermal degradation. 134 

2.2 Shear Bond Strength 135 

Adhesion and re-adhesion were tested in triplicate using a confined method similar to 136 

previously performed tests[9, 16]. For this test two pipes were aligned with their sides parallel to 137 

each other in an end cap jig. The inner pipe, made from either 316 stainless steel or carbon steel, 138 

(12.7 mm diameter and 50.8 mm long) and outer (confining) pipe, made from 316 stainless steel, 139 

(38.1 mm diameter x 38.1 mm) are placed inside of the end cap, which was machined so that the 140 

top of the inner tube and outer tube sit on an equal level (Figure 1). Once the cement slurry was 141 

prepared it was poured into the annulus formed between the inner and outer pipes. After pouring 142 

the cement into the annulus, the system was tamped to free any trapped air. Using a trowel, 143 

excess cement was scraped off the top of the assembly. The samples were cured at room 144 

temperature for 24h in 100% relative humidity (RH), followed by a second curing period of 24h 145 

at 85 °C and 100% RH, and a third and final curing period of five days at 200 °C in a Parr 146 

reactor at 100% RH. Once the curing process was completed, the samples were carefully 147 

removed from the bottom end cap (Figure 1).  Shear bond strength (SBS) testing was performed 148 
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by fabricating a test jig and using a test frame model MTS 50Kip in conjunction with Bluehill by 149 

Instron controls and data acquisition software. Samples were placed inside of the test jig with the 150 

inner pipe protrusion up. Force was applied at a rate of 1,800 lb/min, with the maximum load 151 

defined as the force required to cause the inner pipe to initially slip. Once the test was completed 152 

the sample was inverted and the inner steel pipe compressed back to its original position for the 153 

second “after heal” test. The samples were reacted a second time at 200 °C in a Parr reactor at 154 

100% RH after which the adhesive bond strength was tested a second time. The shear bond 155 

strength is calculated following API Specifications 10A, using equation 1: 156 

��� = �
�         [1] 157 

 158 

Where: 159 

SBS = shear bond strength (MPa); P = maximum load (lbf); A = area of bonding surface (in2) 160 

2.3 Permeability tests 161 

Saturated permeability was conducted to test the ability for the cement polymer 162 

composites to heal and reduce flow through aperture. These tests evaluated the changes that 163 

occur in cement fracture or in the micro-annulus between the cement and the casing. In this case 164 

the debonded micro-annulus aperture was evaluated as if it was equivalent to a fracture in the 165 

cement. All permeability tests were conducted in triplicate and were conducted in a similar 166 

fashion to previously published work on flow through fractured rock and cement[17, 18].   167 

Cement-casing samples were prepared and cured as described in the previous section (2.2 168 

Pipe-shear test). After curing, the cement was debonded from the pipe casing by pushing the 169 
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cement half-way out of the pipe three times. The cement was then reset to the original position 170 

for the permeability tests. 171 

Cement fracture test samples were prepared by pouring cement slurry into tube molds 172 

creating monoliths with an average length of 4 cm and diameter of 2.5 cm. Similarly, to the 173 

cement-casing samples, the cement monoliths were initially cured at room temperature for 24h in 174 

100% relative humidity (RH), followed by a second curing period of 24h at 85 °C and 100% RH, 175 

and a third and final curing period of five days at 200 °C (composite 1) and 300 °C (composite 2) 176 

in a PARR reactor at 100% RH. Cured samples were removed from molds and cut to length with 177 

a rock saw, and the sides bound with heavy-duty moisture-seal heat-shrink tubing after removing 178 

glue from the tubing. These monoliths were then placed upright in a hydraulic press. Tension in 179 

the center of the cylinder was applied until samples cracked across the length of the sample 180 

generating a longitudinal fracture. 181 

Both fractured cement monoliths and cement-casing samples were fixed with end caps. 182 

Permeability was tested using the saturated constant head method [19] where constant head 183 

pressure was maintained by keeping the reservoir (sealed vessel) at a constant air pressure (10 184 

kPa) and the discharge was measured at atmospheric pressure. Reynolds equation (Equation 2) 185 

[17] for flow through fractured (cylindrical cement monoliths) or debonded media (cement-186 

casing samples) was arranged to solve for the effective fracture aperture (Equation 3). This 187 

aperture could be translated to a representative permeability by using the relationship in Equation 188 

4: 189 

             [2] 190 

 191 

b= ���	
�
� 
 �

������
�

 

�
= −���

12� ��� − ��
�   



10 

 

          [3] 192 

 193 

          [4] 194 

 195 

Where:  196 

Q = discharge (cm3 s-1); W = estimated fracture width for cement fracture test or pipe inner 197 

circumference for cement casing interface test (cm); b = aperture (cm); µ = dynamic viscosity 198 

(Pa·s); P₀ = pressure from pump (Pa); Pi = pressure from atmosphere (Pa); l = length of sample 199 

(cm); ki = permeability. 200 

Once initial permeability values were determined, the samples were cured (healed) again 201 

at 200 ºC (composite 1) and 300 °C (composite 2) and 100% RH for 5 days in a Parr reactor. The 202 

permeability of the samples after this second curing period were tested for a second time as 203 

described above. 204 

2.4 Exposure tests 205 

Similar cement-casing samples were prepared for pipe-shear testing as described to 206 

evaluate the cement-steel adhesive strength after exposure to thermal and chemical stress 207 

regimes representative of geothermal environments. Exposure tests included: 1) thermal shock, 208 

2) CO2 exposure, 3) H2SO4 exposure. Triplicate samples were fabricated for each exposure test. 209 

For the chemical exposure tests (CO2 and H2SO4) “imperfections” were engineered into the 210 

cement using 0.5 mm stainless steel wires. The wires were positioned to generate 4 holes along 211 

the length of the inner steel pipe-cement interface (Figure 2). Once the cement was set, the wires 212 

were pulled from the cement leaving a void for gas and liquid to enter the full length of the 213 

"�
= �	

12 
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cement-steel interface. The cement and polymer-cement composite samples were cured at room 214 

temperature for 24h in 100% relative humidity (RH), followed by a second curing period of 24h 215 

at 85 °C and 100% RH, and a third and final curing period of five days at 200 °C for base cement 216 

and composite 1 and 300 °C for composite 2 in a Parr reactor at 100% RH. 217 

Exposure tests were performed at the National Energy and Technology Laboratory in 218 

Albany, Oregon. For thermal shock tests, the samples were subject to six thermal shock cycles. 219 

Each cycle consisted in heating the samples to 250°C and maintaining this temperature for 24 220 

hours followed by a 5-minute quenching period with milli Q water at 22°C followed 221 

immediately by the next heating cycle at 250°C for 24 hours. For CO2 exposure tests, the cured 222 

cement and polymer-cement samples were immersed in 1 wt.% NaCl brine and pressurized with 223 

20.7 MPa of supercritical CO2 at 90°C for one week. With H2SO4 exposure tests, samples were 224 

kept at ambient pressure at 90°C and in a brine of 1wt.% NaCl with H2SO4 at pH = 2. For this 225 

test the fluid was replaced daily with 650 ml of pH=2 brine.  226 

2.5 Tomography 227 

Tomography of cement samples were conducted at both Environmental and Molecular 228 

Sciences Laboratory (EMSL; Richland WA) and at the SRX Beamline (Brookhaven NY). At 229 

EMSL a X-ray computed tomography (XCT), Nikon XTH 320/225 was used to obtain 3D 230 

volume data at up to 20-50 µm resolution on sections of cement cores (depending on specimen 231 

size), which can then be viewed as sliceable images on the computer and analyzed for structural 232 

and density changes. XCT images of each piece were collected at high resolution, so that each 233 

exposed and unexposed sample could be compared. The 3D data on the cement was then 234 

processed in ImageJ [ImageJ: Image Processing and Analysis in Java. Available from: 235 

http://imagej.nih.gov/ij/ (2017)] to enhance contrast. The density or structural changes were 236 
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emphasized with the WEKA segmentation tool in ImageJ/Fiji. The different colors of the 237 

segmentation classes’ show were the treatment effects the samples. 238 

2.6 Density functional modeling   239 

A series of density functional calculations were performed to examine the bonding motifs 240 

of a cement/polymer/steel interface. The cement model was based on a form of calcium silicate 241 

hydrate (CSH). These authors adopted the CSH model used in our recent study[1, 16], while the 242 

steel surface was represented with hematite – an oxide form of iron, as used in the literature[20]. 243 

The (0001) surface of hematite with the Fe-termination (stoichiometric) was chosen since it is a 244 

stable structure in a normal atmospheric environment [21]. For the polymer, the method adopted 245 

was the one used in our previous work[11].   246 

In our CSH and hematite slab models, hematite is made up with 4 layers (480 atoms) 247 

while CSH is made up with 678 atoms. The 2D unit cell is 3.04 x 1.75 nm2. For the geometry of 248 

the polymer on a hematite surface, the 2D unit cell of this system is 1.52x1.75 nm2, made up 249 

with 356 atoms (116 polymer atoms and 240 hematite atoms). 250 

 Spin-polarized density-functional theory calculations were used, with the 251 

antiferromagnetic phase of hematite[22]. The density-functional PBE[23], with the D3 252 

correction[24], in the CP2K package[25], was employed.  Ab initio molecular dynamics (AIMD) 253 

simulations were carried out at 300 K, within the NVT ensemble, the time step for equations of 254 

motion integration was set at 0.5 fs. Due to the exceedingly large supercell size of the hematite-255 

steel interface, these authors just consider static geometry optimizations here.  However, as 256 

shown below, information about the bonding picture at the interface can already be unveiled. For 257 

the polymer-steel systems, due to the flexibility of the polymer and the computationally 258 

affordable system size, a NVT MD run of 10 ps was carried out.  259 
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3 Results and Discussion 260 

3.1 Adhesion bond and bond recovery 261 

The initial adhesion bond of cement to steel was tested by using SBS measurements 262 

between cement and steel pipe (Figure 3). Stainless steel as well as carbon steel were used in the 263 

tests since both type of materials are used in wellbore casing. When comparing the SBS values 264 

between stainless steel and carbon steel, adhesion to carbon steel was higher than to stainless 265 

steel for base cement and for both cement composites. Furthermore, base cement showed the 266 

highest adhesive strength to both, carbon steel (15.8 MPa) and stainless steel (7.9 MPa). Of the 267 

two composite cements tested, composite 2 showed the highest adhesive strength to both 268 

stainless steel and carbon steel with values of 4.7 MPa and 9.2 MPa, respectively (Figure 3).  269 

Recovery of adhesion was evaluated by determining the ratio of second SBS test (post-270 

healing) to initial SBS. For stainless steel adhesion, base cement and composite 2 showed an 271 

adhesive strength recovery of 0.5 (50% of original SBS values). Composite 1 had an adhesion 272 

recovery ratio of 1.7 (the second adhesive strength value was higher than the initial value), but its 273 

average initial SBS was only 0.5 MPa. For carbon steel SBS the bond strength recovery of the 274 

composites was similar, 0.5 for composite 1 and 0.6 for composite 2. The highest SBS recovery 275 

was obtained with base cement to carbon steel which had a ratio of recovery of 0.7. 276 

Cement adhesion to wellbore casing in a confined system is a function primarily of the 277 

different surface interactions cement and steel would develop over the lifetime of the wellbore. 278 

The adhesion may be also affected by the confining conditions where any expansion or 279 

contraction of the cement would change the contact surface at the cement-steel interface 280 

providing a change in spatial growth of crystalline structures with the resulting decrease or 281 
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increase in cement’s SBS with the steel surface. Table 1 shows the change in dimensions of 282 

unconfined cylindrical samples of base cement and composites 1 and 2. The results on Table 1 283 

show that, with exception of the length of composite 1 showing a reduction of -0.87% post-284 

curing, in all cases the material undergo minimal shrinking post-curing (< 0.25 %). 285 

During the curing process, the presence of water vapor in the 100% relative humidity 286 

environment and the CO2 from air results in carbonation of cement along with corrosion of steel 287 

generating species such as FeCO3 and CaCO3 [6] forming a strong OFe covalent bond between 288 

casing and cement. These type of bonding is particularly expected between cement and carbon 289 

steel and seem to explain the significantly higher SBS values between cement and carbon steel 290 

(Base cement: 15.4 MPa, composite 1: 5.8 MPa, composite 2: 9.2 MPa; Figure 3b) as compared 291 

to the SBS values of cement and stainless steel (Base: 7.9 MPa, composite 1: 0.5 MPa, 292 

composite 2: 4.6 MPa; Figure 3a). In addition, the more reactive surface of the carbon steel 293 

generates additional surface area and surface roughness [26] which would contribute to higher 294 

cement-steel SBS. Though this would seem like a benefit and might suggest that carbon steel 295 

would make for a preferred wellbore material, corrosion of the casing is a very significant 296 

problem affecting the lifetime of wellbores in geothermal and fossil energy recovery. The fact 297 

that the polymer migrates to the steel surface (as it will be shown in Section 3.4) is advantageous 298 

since it could bring about corrosion-inhibiting properties to steel casing. 299 

We have previously demonstrated that the presence of polymer in the cement matrix 300 

brings about autonomous healing to the composite due to the reversible and dynamic polymer-301 

cement and polymer-polymer interactions[10, 11]. Furthermore, it was recently reported that the 302 

polymer acts as a temporary barrier for the hydration of cement aiding to the 303 

deployment/pumping of cement without the use of expensive retarders[27]. Therefore, a 304 
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contributing factor for the lower SBS values of the composite cements respect to base cement 305 

both cured for only five days could be associated to the following two phenomena; 1) the fact 306 

that the polymer acts as a retarder reducing the cement and cement-steel reaction (curing) rates, 307 

2) the strength of the polymer-steel bonds (OFe, and SFe, and H bonds) described in the previous 308 

section may be lower than the OFe bond strength of base cement to steel.  309 

When the cement-stainless steel samples were reacted for longer times, such as in the 310 

case of the thermally- and chemically-exposed samples (as it will be discussed in detail in 311 

Section 3.3), all the composites showed significantly higher values than their unexposed 312 

counterparts in agreement with the above hypothesis. Nevertheless, the reduction of adhesive 313 

strength during short curing times in composite materials can be mitigated reducing the 314 

concentration of polymer. For example, a recent study found that when the polymer 315 

concentration is equal or lower than 0.4 wt.% the compressive strength and SBS is similar to 316 

unmodified cement[22]. However, such lower concentrations of polymer will not produce ductile 317 

and self-healing materials, of critical importance for wellbore and other applications. A more 318 

detailed discussion of material’s performance after thermal and chemical stress is described in 319 

Section 3.3. 320 

 321 

3.2 Permeability Analysis 322 

To evaluate the ability of cement and cement composites for autonomous self-healing, 323 

permeability tests were conducted through cement fractures or through a micro-annulus (channel 324 

created from deboning of cement from casing) before and after a five-day reaction/curing period 325 

at temperature (Figure 4). For fractured cement, where apertures averaged 85 µm (range 63-100 326 
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µm), there was a significant reduction in permeability post-healing of composite 1 with a 327 

resultant reduction of 70% of the original fracture’s permeability (Figure 4a). Composite 2 also 328 

seems to show a decrease in fracture permeability post-healing. However, the permeability 329 

values are not statistically different to those of base cement (Figure 4a).   330 

Permeability through the micro-annulus (cement-steel casing interface) yielded a 331 

different result where composite 2 had a significant reduction, over 50% after a healing event. 332 

Base cement showed no healing capability and an actual an increased in permeability post 333 

healing (Figure 4b). Composite 1 did not show signs of fracture healing at the steel interface like 334 

composite 2 did but there was significant scatter in the data with the possibility of some 335 

indication of healing in one of the samples. The aperture of the micro-annulus was calculated as 336 

average 10 µm (range 4-24 µm). Figure 4 also shows that base cement does not exhibit 337 

autonomous healing at either bulk cement or cement-steel interface. 338 

As has been reported in our previous work[10, 28], in the presence of a fracture nearby 339 

polymers imbedded in the cement matrix will debond, transport into the fracture, and bond back 340 

sealing the fracture. This self-healing process that could occur multiple times throughout the 341 

lifetime of the composite is associated to the dynamic and reversible polymer-cement and 342 

polymer-polymer interactions that occur at temperature[10, 11]. The polymers in the cement are 343 

readily available to flow into interfaces due to their homogeneous distribution throughout the 344 

cement matrix as can be seen by the XCT mapping of polymer aggregates discussed in Section 345 

3.4. Since polymer moieties are also present at the composite-steel interface and that similar 346 

reversible composite-steel bonding at the interface were unveiled by atomistic simulations (see 347 

discussion in next section), all seems to indicate that these composite materials could seal 348 

cement-steel gaps. 349 
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The aperture of the fracture as well as the concentration and mobility at temperature of 350 

the polymer may all play a role in the extent at which a bulk fracture or (cement-steel) interfacial 351 

gap is sealed. The aperture can be estimated using the Reynolds equation [Eqn 2]. In this study 352 

the fracture apertures averaged 85 µm in the bulk cement matrix (Figure 4a) and averaged 10 µm 353 

at the steel-cement interface (Figure 4b). The temperature-dependent mobility of the polymers in 354 

the cement matrix is associated, among other properties, to their molecular mass and degree of 355 

crosslinking, which is difficult to estimate in the polymer-cement composite. However, from the 356 

self-healing capability of composite 2 at the steel-cement interface, one could hypothesize that 357 

Zn salt polymer has a higher mobility (hence a lower molecular mass) than the highly 358 

crosslinked EPS25[10]. However, this is ruled out by the fact that Composite 1 outperforms 359 

Composite 2 when self-healing bulk cement fractures (Figure 4a). Then, the fact that Composite 360 

2 outperforms Composite 1 for self-readhering (healing) at the interface cement-steel seems to be 361 

due to the presence of a second polymer system, in addition to the Zn salt polymer. This second 362 

polymer system obtained by the reaction of two amine monomers NND and ED with two 363 

epoxides BPA and PEO contains amine and hydroxyls functionalities known to enhance 364 

adhesive strength to steel via chemisorption to metal surfaces as well as the formation of organo-365 

metallic complexes by coordination bonding[12]. These authors hypothesize that this is the main 366 

reason why Composite 2 outperforms Composite 1 in self-readhesion to steel casing with the 367 

corresponding larger reduction in permeability at the steel-cement interface. 368 

  369 

3.3 Adhesion strength after exposure to thermal and chemical stresses 370 
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To examine how cement’s adhesion to steel casing responds under thermal and chemical 371 

stresses typical of geothermal environments, exposure tests simulating thermal shock and 372 

chemical exposure were performed (Figure 5).   373 

3.3.1 Thermal shock 374 

The repeated heating and rapid cooling from thermal shock resulted on cement-steel samples 375 

resulted in an average SBS of 0.87 MPa for base cement and 4.67 MPa for composite 2 (Figure 376 

5a). The reduction of initial SBS for base cement was significant after six thermal shock cycles 377 

compared to the equivalent non-exposed base cement sample (Figure 5a). After a curing/healing 378 

process the recovery of SBS yielded a significant increase for thermal shocked base cement (5.84 379 

MPa). However, it is important to mention that the variability of SBS values post-healing was 380 

significant, demonstrating that base cement is highly vulnerable to thermal shock cycling (Figure 381 

5a). Moreover, thermal shock of base cement generated radial fractures (Figure 6a). In the case 382 

of composite 2, the material not only showed high adhesive strength to stainless steel after six 383 

thermal shock cycles, but also demonstrated substantial re-adhesion (healing) capability with a 384 

recovery of SBS of over 150% (Figure 5a). Furthermore, composite 2 did not show evidence of 385 

radial fractures after thermal shock cycles (Figure 6b) demonstrating the positive impact that the 386 

polymer has, not only in bringing about re-adhesion to steel casing, but also in maintaining intact 387 

the integrity of the cement matrix.  388 

Polymer addition to the cement then seems to maintain the original cement-steel adhesive 389 

strength and also buffer against the formation of radial fractures commonly found in geothermal 390 

and unconventional oil/gas wellbores. This ability to absorb the strain of the thermal shock could 391 

be due to the increased ductility of the polymer-modified cement material[28]. After the healing 392 
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(re-adhesion) reaction, the adhesive strength (SBS values) of base cement and composite 2 was 393 

restored and even increased compared to the original value. However, SBS values for base 394 

cement showed high variability. For the base cement new OFe covalent bonds would have been 395 

formed, perhaps from calcite formation. The 150% increase in SBS by composite 2 could be due 396 

to a combination of the cement-steel OFe bonds along with the covalent bonds between polymer 397 

O and hematite Fe pairs (OFe), polymer S and hematite Fe pairs (SFe), and H-bonds between the 398 

(O)H atoms of the polymer and hematite O pair as it will be discussed in Section 3.5.  399 

3.3.2 Chemical exposure 400 

Samples of base cement and composite 2 were also exposed to chemical stresses. Chemical 401 

exposure to H2SO4 and CO2 seems to promote an increase in cement-stainless steel SBS for both, 402 

base cement and composite 2 as compared to SBS values obtained from unexposed samples 403 

(Figure 5b and 5c). This was particularly evident for samples exposed to CO2 where the value of 404 

SBS was three times higher than the unexposed cement-steel samples (Figure 3a and 5b). In 405 

addition, base cement and composite 2 have statistically similar SBS values post-CO2 exposure. 406 

When it comes to re-adhesion (healing) the cement-stainless steel interfacial bond, it was 407 

observed a statistically similar and partial recovery of the SBS for both, base cement and 408 

composite 2 (Figure 5b and 5c). It is worth noting, anecdotally, that both thermal shock and CO2 409 

exposure base cement samples were quite brittle and crumbled when tests were dismantled, 410 

whereas all H2SO4 samples and thermal shock and CO2 composite 2 remained intact.  411 

The exposure to CO2 has been reported to alter the elemental distribution of both base 412 

cement and polymer-cement composite[29] and lead to the creation of three distinct zones with 413 

calcite formation and dissolution throughout the reaction zones, as consistent with those 414 
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described in Kutchko, Strazisar, Dzombak, Lowry and Thaulow [30]. Gil et al[29] showed that 415 

these carbonation reactions were particularly evident in base cement and that the presence of the 416 

polymer in the composite partially buffers the carbonation reaction. The increase of SBS in base 417 

cement after CO2 exposure could be due to the formation of calcite at the interface as previously 418 

reported. The growth of calcite crystals would likely increase the number of OFe bonds at the 419 

steel interface, The increase in SBS on the composite 2-steel samples could be the result of both, 420 

longer curing times (like in the case of thermal shock exposure) and, to a lesser extent, calcite 421 

formation. Re-adhesion (healing) was statistically similar for base cement and composite 2 and 422 

below 50% recovery for both materials. It is important to mention that, although the composite-423 

steel bonds may not be as strong as base cement-steel bonds, it is clear that polymer migrates to 424 

the steel-cement interface sealing gaps as demonstrated by the permeability analysis discussed in 425 

the next section.  426 

As in the case of CO2-brine exposure, the values of SBS significantly increased for both, 427 

base and composite cements, after exposure to H2SO4 in brine. In this case, the formation of 428 

gypsum is expected to take place from the reaction of H2SO4 with Ca(OH)2 as previously 429 

reported. Ettringite is also a product formed from the continuous reaction of sulfuric acid with 430 

cement[31]. Gypsum and ettringite are mechanically strong (and may be the reason why the 431 

adhesive strength increases in both materials. Although stainless steel is corrosion resistant, a 432 

combination of sulfuric acid pH=2 with brine is highly corrosive, particularly at high 433 

temperatures (90 °C in our study). However, the slow dissolution rates (~0.1mm/year) for 434 

stainless steel under these conditions would play an insignificant role given the fact that chemical 435 

exposure only lasted 7 days[32]. Nevertheless, in wellbore applications where the average 436 

lifetime is 30 years, corrosion of the casing is an important issue and cement-steel adhesion plays 437 
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a critical role in preventing fluids flow into the interface and the associated corrosion of the 438 

casing. As in the case of post-exposure SBS, post-healed adhesive strength at the interface was 439 

statistically similar between base cement and composite 2. In both material the adhesion 440 

recovery after mechanically-induced debonding was below 50% after 5-day healing reaction. 441 

Once again, the migration of polymer to the cement-steel interface evidenced in Figure 7 would 442 

play a critical role in preventing the formation of fluid pathways.  443 

In summary, all H2SO4-brine exposed samples showed no significant change in adhesive 444 

strength as compared to the as-prepared materials. On the other hand, base cement samples were 445 

quite brittle and crumbled when tests were dismantled after exposure to both thermal shock and 446 

CO2-brine. In contrast, composite 2 exposed to thermal shock and CO2 remained intact, once 447 

again demonstrating the significant benefit that the polymer brings about to the cement matrix in 448 

terms of structural integrity as well as self-healing and re-adhering capability.  449 

3.4 Tomography 450 

Tomography was used to investigate the presence and distribution of polymer throughout 451 

the cement composite matrix as well as to determine the material’s porosity (Figure 7, Table 2). 452 

Grey scale XCT images show no difference among low density components, such as polymer 453 

and air (Figure 7, top row). However, with use of Image J software, density contrast can be 454 

enhanced enabling the production of the images shown in the bottom row of Figure 7. These 455 

false color images correspond to as synthesized base cement and polymer-cement composites 1 456 

and 2 used for adhesion tests (Figure 7). From these false color images, air-filled pore volume 457 

and polymer volume was calculated (Table 2).  458 
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As expected, the images show no trace of polymers in the base cement sample (Figure 459 

7a), while in the polymer-cement composites, the polymer is distributed throughout the matrix of 460 

the cement (Figure 7b and 7c). The polymers appear to aggregate in distributed pockets. These 461 

aggregations generally account for most of the polymer added with composite 1 having 7.7 vol% 462 

of polymer (10 wt% polymer is originally added), and composite 2 having 13.3 vol% of polymer 463 

when 15 wt% polymer was originally added (Table 2). From the color images it can also be seen 464 

that the polymer for both composite 1 and composite 2 can be found in the interface between 465 

cement and casing. This can be seen on the curved sections of the samples where the cement had 466 

previously been in contact with the inner and outer pipes (Figure 7 b and c, bottom row). The 467 

cement was removed from the annulus of the pipes before imaging. 468 

3.5 Density functional modeling of steel/cement and steel/polymer interfaces  469 

Atomistic simulations of the steel/cement and steel/polymer interfaces were conducted to 470 

obtain information about atomic interactions and types of bonding. In Figure 8(a), it is shown a 471 

relaxed atomic structure at the CSH/hematite interface, which are used to model the cement/steel 472 

interface. There is significant atomic re-arrangement at the interface indicating strong 473 

interactions, between Ca atoms of CSH and O atoms of hematite, as well as O of CSH and Fe of 474 

hematite. These interactions are depicted by the computed radial pair distribution functions in 475 

Fig. 9(b). In fact, the OFe pair g(r) shows that there are OFe covalent bonds between CSH and 476 

hematite. 477 

The peak position at about 2 Å is similar to FeO bond lengths of the hematite. For the 478 

CaO pairs, it was found a peak at about 2.5 Å, which is slightly larger than CaO distances in 479 

CSH, (about 2.3 Å). It is not surprising that the smallest distance between cations Ca2+ and Fe3+ 480 
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at the interface is about 2.9 Å, which is considerably larger than the sum of their ionic radii of ~ 481 

1.9 Å. 482 

In a second simulation, these authors examined the interactions between polymer and 483 

hematite, shown in Figure 9(a). During the simulation time of 10 ps, the polymer is shown to 484 

relax and wet the hematite surface, see Fig. 9(b). Considering the atomic density along the z 485 

direction normal to the hematite surface, the high-density double peak extending to about 5 Å 486 

from the hematite surface, is indicative of strong adhesion of the polymer to the surface. To 487 

understand the bonding motif between the polymer and the hematite surface, the radial pair 488 

distribution function was also calculated, Fig. 9(c). A sharp peak at 2.1 Å indicates covalent 489 

bonds between polymer O and hematite Fe pairs. Similarly, the peak at 2.5 Å between polymer S 490 

and hematite Fe pairs also indicates covalent character, albeit a weaker one. Finally, it was also 491 

observed weak H-bonds between the (O)H atoms of the polymer and hematite O pair, at about 492 

2.2 Å, implying that hydrogen bonding between the polymer and the hematite surface also 493 

stabilize this interaction.  494 

In summary, base (unmodified) cement-steel interaction takes place via two main bond 495 

motifs, OFe (O of cement and Fe of hematite) and CaO (calcium of cement and Oxygen of 496 

hematite) while in the polymer-cement composite the polymer brings about three additional 497 

polymer-hematite interactions with the stronger one being OFe (oxygen of the polymer with iron 498 

of the hematite). This particular polymer-hematite bonds seems to be stronger than cement-499 

hematite bonds, based on bond distance. However, based on the SBS results previously discussed 500 

where cement-steel adhesive strength is higher for both stainless steel and carbon steel compared 501 

to composite-steel values, additional interactions may play a role in the adhesive properties of 502 
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these materials. Nevertheless, atomistic simulations represent a powerful tool to design and 503 

predict macroscopic properties of advanced cement materials. 504 

5 Conclusion 505 

Debonding of wellbore cement at the casing-cement interface results in leakage pathways 506 

with the potential for unwanted fluid migration. Adhesion was proven to be stronger for cement-507 

carbon steel as compared to cement-stainless steel and is hypothesized to be due to the higher 508 

reactive nature of the carbon steel in extreme/corrosive (high RH and temperature) 509 

environments. Atomistic simulations show the formation of OFe bonds between cement and steel 510 

and OFe, SFe, and H-bonds between polymer and steel in the cement composite materials. The 511 

simulations indicate that the presence of polymer introduces bonding interactions with the casing 512 

at distances where there are fewer/weaker interactions with the cement. Adhesion to stainless 513 

steel after exposure to thermal shock shows to be weaker in the case of base cement as compared 514 

to polymer-cement composite 2. However, polymer-cement composite 2 shows a consistent 515 

recovery (150% of the original) of adhesive strength post-healing as compared to base cement . 516 

Cement-stainless steel adhesion post-exposure to CO2/brine and mineral acid/brine was 517 

statistically similar for base cement and composite 2. The recovery of adhesive strength (re-518 

adhesion) after debonding and healing was statistically similar for both base cement and 519 

composite 2. 520 

Permeability studies before and after curing a longitudinal fracture showed that 521 

composite 1 exhibits self-healing capability with a reduction in permeability of 70% post-522 

healing. Re-adhering capability to stainless steel casing was also studied by micro-anulus 523 

permeability analysis before and after curing a debonded cement-steel interface. The results 524 
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showed that composite 2 exhibits an average reduction in permeability of over 50% post-healing. 525 

Base cement does not exhibit autonomous healing at either bulk cement or cement-steel interface 526 

based on permeability analysis. In summary, these novel polymer-cement composites bring 527 

about self-healing and re-adhering (to steel casing) properties compared to conventional wellbore 528 

cement. This was particularly evidenced by the filling of fractures and interstitial gaps as 529 

demonstrated by tomography and permeability results.  530 
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Tables and Figures 626 

Table 1. Average % of change in dimensions (diameter and length) of cylindrical cement 627 

monoliths for base cement, composite 1, and composite 2. 628 

Sample Average length 

change (% of 

total) 

Average 

diameter change 

(% of total) 

Base -0.13% -0.22% 

Composite 1 -0.87% 0.01% 

Composite 2 0.07% -0.02% 

 629 

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

composite 2. 631 

Sample Volume air 

void (% of 

total) 

Volume polymer 

(% of total) 

Base 0.06 No polymer 

Composite 1 0.24 7.70 

Composite 2 1.4 13.3 

 632 

  633 
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 634 

Figure 1. Set up for pipe-shear test: a) test base jig, b) confined cement-pipe system on top of 635 

base (note cement composite is in annulus between pipes), c) pipe shear test being performed in 636 

hydraulic press. 637 

 638 

 639 

 640 

Figure 2. Pipe shear samples with “imperfections” engineered into samples. a) “Imperfections” 641 

were from 0.5 mm stainless steel wire hung at 4 equally spaced positions along the 1.27 cm 642 

diameter inner pipe before poring cement slurry. b) Wire was removed after cement was set 643 

leaving holes that ran the length of the cement pipe interface. 644 
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 648 

a)  

b)  

Figure 3. Shear bond strength for base cement, composite 1 and composite 2 for initial 649 

conditions and after healing for: a) 316 stainless steel, and b) carbon steel. Error bars represent 650 

one standard deviation calculated from triplicate samples. Letters not shared on graph (above 651 

bars) are significantly different via multiple-comparison Fisher's method. 652 
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a)  

b)  

Figure 4. Ratio change of permeability (ki) comparing before and after 5-day reaction at 200C 654 

for base cement, composite 1, and composite 2: a) fractured cement permeability; b) 655 

permeability at interface of cement composite and 316 stainless steel after bond was broken. 656 

Negative values signify a reduction in permeability post-healing. Error bars represent one 657 

standard deviation calculated from triplicate samples. Letters not shared on graph (above bars) 658 

are significantly different via multiple-comparison Fisher's method. 659 
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 662 

Figure 5. Shear bond strength for base cement and composite 2 to 316 stainless steel pipe after 663 

exposure to representative geothermal conditions (initial condition) and after a second reaction 664 

(healing) period for: a) thermal shock, b) CO2 exposure, and c) H2SO4 exposure. Error bars 665 

represent one standard deviation calculated from triplicate samples. Letters not shared on graph 666 

(above bars) are significantly different via multiple-comparison Fisher's method. 667 
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 668 

 669 

Figure 6. Image of cement adhesion samples after thermal shock where: a) base cement shows 670 

radial fracture and b) cement composite 2 had no noticeable radial fractures.  Dark staining on 671 

cement composite 2 is polymer mobilized during reaction, which is responsible for self-healing 672 

and re-adhering capability.  673 

 674 

 675 

Figure 7. 2D XCT images of as-prepared cement samples from pipe shear experiments with 676 

stainless steel pipes: a) base cement; b) composite 1; c) composite 2. Top row images are XCT 677 

grey scale images, paired images on bottom row are false color classification of XCT. Grey scale 678 
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images: black = air and polymer, grey = cement, white = silicate minerals. Color images: purple 679 

= air, yellow = polymer, blue = cement, pink = higher density cement. 680 

  681 

 682 

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

atoms of CSH (Ca, O) and that of hematite (Fe, O) right at the interface. 684 

  685 
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 686 

 687 

Figure 9. (a) Polymer/hematite structure at 10 ps of the AIMD simulation, (b) atomic density 688 

along the z direction of the polymer/hematite system at 0 and 10 ps of the AIMD simulation, (c) 689 

radial pair distribution function between atoms O, S, and H of CSH and Fe, Fe, and O of 690 

hematite, respectively.  691 
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