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Uptoo, New York 11973
zgposis. . The feasibility of using the products of free-radical
copolymerization of cyclic ‘and linear organosiloxanes in-the fotmation of
polymer concrete (PC) composites for use in the completion of geothermal
wells has been demonstrated. - The PC contained a mixture of
tetramethylvinylcyclotetrasiloxane ‘and polydimethylsiloxane used in

conjunction with aggregate materials such as silica flour and portland

cement. The use of thesefcompounds resulted in composites with high

strength and with thermal and hydrolyticsstability;

fhermogravimetric analyses and compreséion strength'tests at
elevated temperatures have been csed to determine the tﬁermal stability
of the composites. ‘The'results:from these studiesrindicate;that over the
tehperature range 25°;to-350°C,fthe compressive strength'is.essentially '
constant at a value of ~72 MPa and‘there'isralso a relatively low weight.
loss of polymer (~1.0 wtZ).

" The hydrolytic stability of‘the composites was determined by using

_infrared’ spectroscopy on a variety of free. and bonded OH functional-

groups before and after the -samples were exposed to:a 252 brine solution'
at 3oo°c. These‘resultS'showed-thatfthe 1nclusion‘of various additives
such as Ca or: Mg compounds in the 1norganic phase affects the

hydrothermal stability.




Pumpability tests were also performed, and the results indicated
that . a PC slurry containing 35.5 wtZ organosiloxane mixed with 64.5 wtZ
silica flour and cement asran aggregate dia not.changé viscosit§ at
Eemperatures of 150° to 165°C and a pressuré of 36.5 MPa for at least 4.5
hr. Increasing the temperature to'205°c resulted in increased viscosity
after 4 hr. The results from these studies‘indicated that this system
cén be used as a geothermal we11~comp1§tion material.

Arkadf N. Zeldin received his M.S. in polymer technology from Moscow
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.temperature'polymer and copolymer systems for.qse in‘c;mbination with
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research 1s in the field of polymer chemistry with the objective to find
a high temperature polymer system that can be used to cement geothérmal

wells.



INTRODUCTION

The ayailability of durable and economic construction materials for
handling hot brine and steam is‘a serious problem in the development of
geothermal energy. To date,‘corrosion and'scale incrustations have been
encountered in all geothermal plants and, to various degrees, have
adversely affected plant life times and power output (1)

The durability of the cementing materials used in the completion of'
geothermal wells is often the controlling factor in the operating life of
a geothermal well. Therefore, the economics of geothermal power could be,
improvedvsignificantly if better well-cementing materials were developed.

In an attenmpt to solve this problem, a research program to develop
high-temperature polymer cements (PC) for use in well-completion systems
has been in progress at Brookhaven National Laboratory since 1976. The
”goals of,the”program are to develOp thermallyfand hydrolytically stable

PC systems with low permeability (<0.1 millidarcy) to water, andphaving-
ninimum compressive‘strengths;and shear bond strengths to steel well |
casing of 6.9 Mfa and 69,kPa; respectively; atlan}age ofi24 hr. ‘

PC consists of a solid phase filler miXed'with a liquid phase
binder. After curing, high—strength durable composites are produced. To
date, polymer binding materials such as polyester, polyurethane,
polymethylmethacrylate, and polystyrene have‘generally been used in PC
(2-5). - Copolymers formed from mixtures of monomers such as styrene,
‘acrylonitrile, acrylamide, divinylbenzene, and trimethylolpropane

trimethacrylate have also been used.




'The network 6f all these coﬁponents consists of C-C bonds. Since
cleavage of these bonds occurs at temperatures near 250°C, the hsé‘of'
organic binders in PC is limited to temperatures below 250°C. Above this
ﬁemperature‘the specimens become soft and crack or swell because of fhe
evolution of gas.

In this paper, experime;ts with semi-inorganic polymer compositions
(éiloxanés) are deécr;bed. These materials confain a network of'Si—O;Si-
bonds. The dissociation enérgy for these bonds at 25°C is 190.9 £ 2
kcal/mol éompared with 145.5 kcal/mol for‘C—C'bonds. In addition, the
molecular chains of siloxanes‘are more rigid than Ehose'of oiganic
polymers (6). ‘ o .

| CHEMICAL SYSTEMS'

Siloxanes are a class of high-temperature poiymers that appear to
have important chemic;l #nd physical properties which can Be utilized in
PCs for geothermal environments.

Mixture# of siloxanes having unsaturated and saturated organic
groups in their molecular chains weré evaluated. One material,
tetramethyltetravinylcyclotetrasiloxane (RZ), has a cyclid structure and

contains one vinyl group for each silicon unit. This structure is shown

below.
CH3 CHj
CHy = CH - li —_—0 ii - CH = CHp
CHy = CH -~ li _ 0 li = CH = CHy
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The second monomer used in this study was polydimethylsiloxane

(V-47). 1ts structure is as follows: -

" 'CH
— Li‘ O—d.._

Hy

~.x7 D . E L
The cross-linking of vinyl-substituted cyclic siloxanes with V~47
occurs through the vinyl and methyligroups via the formation of a
trimethylene bridge as shown below (6).

e c——

- CHj | CHy - . G

L‘, Sy ,,.l LT initiator = .-

-§1~0 - f-84-0- — =y -St-0-
N 1

LH'= CHy ' iLH3 ' ‘ ‘ B ’ LH

Polymerization of thefmagerials was initiated using di-tert-butyl
.peroxide (DTEP).
| | EXPERTMENTAL RESULTS
A‘mixtuie'bf silica flour sand and portland”céﬁent was selected as
the filler material forjthevorganoéiloxané'polymer‘cdnctéteV(OSPC);
Proéedures for mixing and placément of the OSPC and thé‘test’mech6ds for

property measurements were published earlier’(&).]‘




Optimization of Monomer Composition

Varioﬁs copolymers were made and teéted for thérmal stabiiity.
Thermogravimetric analysis measurements were performed in nitrogen gas at
a heating rate of 10°C/min and the results are given in Figure; 1 and 2.
Infrared anaiysis data are given iﬁ Figure 3. As cah be seen in Figure
1, when the cyclic siloxane RZ was mixed with the lineat siloxane‘V-47,
méximum sﬁability occurred at an RZ concentrétioﬁ in the range of 97
wtZ. All data points on the curves represeﬁt the averages from four test
" samples.

In Figure 2, the effect of the DTBP initiator concenﬁration on the
thermgl étability at 300°C of three RZ - V=47 copolymers ‘is shown. Over
a DTBP concentration range from 0.25 tbll.o wt%, the thermal stability
increased with increased initiator concentration, probably because of the
higher degree of conversion from monomer to poiymer.

The hydrolytic stability of a 97 wtZ RZ - 3 wtZ V=47 copolymer was
determined after exposure for 360 hf to a 257 brine solution at 250°C.
NO'apprégiable weight loss or deterioration was noted. Infrared (IR)
analyses before and after exposure (Figure 3) showed the formation of
free OH groups, indicating some hydrolysié. IR peaks at 1650 to 1600
cm,'_'1 which correspond to CH gréups, decreased after exposure to brine.
Both changes were very small and can be reduced essentially to zero
during the formation of OSPC.

Optimization of Filler Composition

Sand Size--It was shown earlier (7) that the particle size of sand
has an effect on the properties of PC and is dependent upon the viscosity

of the monomer composition. For organic binders with viscosities close
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to the‘vigcosity of water, the best results were obtained using a mixture
of sand sizes (3,7). In ;hese cases,‘:hé';dw-viscosity monomers could
eaéily be mixed ﬁi:h the_fille: to wet the_particles gnd to fill the
voids in the aggrégaée.' » |

It has also been shown (8) that as the viscoéity of the monomer

mixture is increased, the percentége‘of fiiler that the monomer wvets .

‘ decreases. This results in nonuniform polymer loading which decreases

the PC strength and durability.

Similar studiés have been performed with org#npsiloxane materials
(7). fhese feSults 1ndicétéd that maximum strength,was‘obtaipgd’when
silica flour eand péssing a 3Q-um sigve was used in cbnjunqtioﬁ witﬁ
portland cement. ) |

,"Cement Type4-1t is’veliAknown that_tﬁe inClus;on of portland cément
in'PC imprpvés thé¢strength and durabiiity., As a rgéulﬁ, studies were
performed‘to'determine the effects qfrconcentration‘and cément type on |
fhe properties of OSPC.

Four cgmm;rcially avaiiable cements‘wége'tested as partial
constitugn;s of the #ggrggatg_sysiem,fo;‘QSPC. :The gompdsitions_of thesg‘
cements are givéﬁ in Iable },.

The~pfop¢rties of OSPC:QS a function of cement type are summarized
in Taﬁie 2 and Figure &. VThe_;esults‘iﬁd§¢gt§d'thgt OSPC samples
cohtainiﬁg Type I1 porfland cement had the hiéhest compressive stfength
and that a cemént ffs;licg:flour sand ratio in the 9:1 range was |
optimum. Stress-strain curves (Figuré 5) indicated that OSPC sampies _
;ontainingrtype I orrlI‘cement were more bri;tlg-fhan specimens
cdntaining Typg_IIi,o; V; The'reasoh for these variations may be the

differences in the chemical composition of the cements.




Figures 6 to 9 summarize tesc'data from OSPC after exposure in briﬁe
at 300°C for 60 days. Samples containing silica sand and Type III cement
mixed i{n a ratio of 9:1 h#d the highest stfength and lowest water
absorption.

Sand-Cement Ratio--Studies were performed to determine the optimum
ratio of sand to cement that should be used in the formation of OSPC.
composites. 'Ihe results from compressive strength tests‘mad; before énd
after exposure of samples to brine at temperatures of 275°'éﬁd 300°C are
summarizedqin Table 3 and Figure 10. The data 1ndicateq that OSPCs
containing cement up to a concentration of ~15Z are stable after exposure
to 275°C brine. At 300°C, only samples containing up to IOZ'cemeAC were
' stable.

Electron microscope techniques were used to study the fracture
‘surfaceé of the OSPC before and after brine expoaﬁre. No qhanges in
structure or composition were noted.. OSPC samples after exposure for 30
days to 300°C brine are shown in Figure ll.

Strength test results from OSPC samples as a function of time,
cement type, and cement content, before and after 300°C brine exposure,
are summarized on Figure‘12. The results indicated that a system
consisting of 97 wtz-RZ - 3 wtZ V=47, in conjunction with silica flour -
type III portland cement in the ratio of 9:1, had the greatest
hydrothermal stability.

Additives—--Based upon the results from the studies described above,
work was performed to make further improvements in the mechanical
properties of OSPC and to reduce the small amount of hydrolysis that

occurred. In this work, various additives were included in the inorganic



phase and their effects on the properties determined. These results,
given in Figure 13, indicate that significant improvements in the

hydrothermal stability can be obtained by the addition of MgSiO3, CaSio3,
and Fe2013. ' ‘

'WELL-CEMENTING PROPERTIES

In addition'to strength and"durability; there are other equally
importantbproperties'thatla'well cement must exhibit. These include low
permeability, adequate bond strength to steel casing, and ‘a curing rate
which allows the’ cement to be pumped into a well. Tests to measure these
characteristics were performed. |

Permeability—-The OSPC formulation given below was selected for use
in permeability tests. ’ 7 J 7 o

37 wtz monomer (97 wt? RZ = 3 wt% V=-47) - 63 wt% filler

(90 wt? silica sand --10 th Type III portland cement) .

‘ The tests ‘were conducted in accordance with the American Petroleum
Institute s (API) recommended practice for testing oil-well cements and
cement additives (9). Samples were.evaluated before and after exposure
to brinevat 300°¢C faiﬁiio days. After 48 hr in the permeability test
equipment with a pressure differential of 344 5 kPa, no water penetration
was measured. Earlier data for organic PCs indicated permeabilites in
the range 0 001 to 0.02 millidarcy. |

Bond Strength to Steel--Currently there are no ASTM™ standards for
measuring the shear bond strength of PC materials. The,procedure ‘used’ at

BNL was as follows’




The mold for preparing the bonding strength samples consisted of a
base made of wood, carbon steel pipe measuring 42 mm x 100 mm long, and a
glass tube measuring 58 mm x 100 mm. The steel pipe waé‘Piaced inside
the glass tube aﬁd both were sealed to the base with silicone rubber
cement. PC slurry was poured into the annulus between the giass and the
steel. Thehfilled mold‘wés pléced in an oven at the requi:edrq;ring
_ temperature to form PC composite bondé& to the outer surface of the pipe.

The bonding strength test was performed by placing a metal ring on
the PC ﬁortioﬂ of thg test sample and applying a load on the.pipelin a
copp;ession,tester. The load was recorded and‘the stress was calculated
b} taking the area of the ﬁipe surface that was covered with PC and
dividing it into the load.

Bond strengths for the ‘OSPC ranged.between 150 and 200 kPa, values
greater than those specified by the design criteria, but considerably
below the 3,000 to 4,000 kPa normally exhibited by organic PC.

Pumpability Tests--Two types of tests were performed to determine
the pumpability of the OSPC formulation. Before initiating thesé tests,
wak was conducted to reduce the viscosity of the formulation to a value
of 20 to 40 units of consistency (cP), the approximate initial viscosity
of inorganic cement slurries used in the completion of oil and geothermal
wells. This was accoﬁplished by increasing the monomer copcentration in
the OSEC formulation to 35.5 wtZ. To meet the pumpability requirements,
it is essential that the viscosity of the slurry remain <100 units of 7
consistency for ~4 hr at the placement temperature and pressure

conditions.

-10-



‘Preliminary tests were performed in a p;eggure_vessgl;gquipped with
a;stifrer, ;o obtain data on thevcuring‘tide as a function of pressure’
and temperature. Thesg :esults,igdicated little chagge in viscosity
after 4 hr at 149°C and 68 MPa.

On the basis of these data, API pﬁmbabilicy tests were performed
uéing a high-pressure consistometer at the Dowell Division of Dow
'Cheﬁical U.S.A. The results from;theée,tests, given in Figures 14 and
15, indicated that withoﬁt an 1nitia£6r the viscosity remained constaﬁt
at temperaturés in the range 149° to 163°C and a pressure of 36.5 MPa for
at least 4.5 .hr. vIncfeasing'the temperature to 204°C resulted in a
viscosity change after 4 hr. | |

.CONCLUSIONS

A number of moﬁqme:s, organic aﬁd seﬁi—indrganic, in conjﬁnction
with varying types of cemeﬁt and saqd particie sizes have been studied
for their potentiql as geothermal well éementing matéfials. The go#l of
this study’was.to de&elop thermally and chemically stable composites that
can withstand highly reactive geb;hermal'én?ironments and are also.
pumpable; Two yéars of ;#botatofy‘study‘indicate that PC consisting of a
mixture of high molecular weight siloxane cdﬁqumer as a binder éﬂd '
silica sand - cement mixtures as a filler, meet the design criteria.

Major eﬁphasis in this study was to determine thé monomer ratio
kbasedlonithe'¥eactivi§y‘o£ each component in the monomér mixture as well
laé the sand - cement fatio; The objective of these experiments'was to
optimize the conditions whenrthe combination of polymer andvfillef fdrmé

thermally‘and hydrolytically stable composites with thtee-dimensidnal

structures.

-117




From the laboratory evaluation, an inorganic PC formulation based on
97 wtZ RZ - 3 th'V-47,Vin combination with a mixture of sand flour and
cement at a ratio of 9:1, appears suitable for use as a'well—cementing
materiél for high-temperature applications (~3009C). Continued

- evaluation is in progress at the National Bureau of Standards.

-12-
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Table 1

Compound Composition of-Portlandeemenﬁs'

Compound Composition, wt?

Loss on Calculated compounds?

‘ _ ignition,
Cement S10,  Aly03  Fe03 Ca0  Mg0 SO % C38  C38 C3A  CuAF
Type I - 19.9 7.31 2.72 - 62.8 2.9 3.0 1.3 43.9 22.4 14.4 8.2
Type II  21.3  4.18  3.43  61.8 4.2 2.5 1.5  49.4 23.9 5.3 10.4
Type III  19.1 7.11 2.65 61.8 2.8 3.7 1.4 44.7 20.8 4.4, 8.1
Type V 23.4 3.40  3.45 64.4 1.6 1.9 1.4 51.6 27.0 3.2 10.5

4In the abbreviated formula, C = Ca0; S = Sioz; A= A1203; F = Fe03.

:



Table 2

Properties of OSPC as a Function of Cement Type

Agpregate composition, , Boiling Compressive Modulus of
, wt’ Cement Hy0 . - gtrength, elasticity,
Sand?® Cement type absorption, ¥ =  MPa MPa
95 ' -5 1 0.06 ' . 81 -_—
‘ 1I 0.09  111.2 -
II1 0.1 70.5 —
v -7 0.09 . 49,1 . C—
90 ' 10 1 0.07 106.9 6826
o SOOI 7 0.08 .7 101.6 T
- III 0.05 52.9 6791
| 0.11 74.39 7526
85 .15 T 0.11 86.1 ° -
) ‘ 11 : 0.08 - 102.9 -
IIr - 0.08 . 72.2 -
v o 0.13 T 70.85 Sm—
80 ' 20 I 0.22 ) 47.5 -
\ 11 0.12 " 71.6 —
I1X 0.19 -~ 72.7 _
v 0.14 - 68.2 -_

a, Particle size, sieve opening <30um
~ Monomer composition, 97 wtZ RZ - 3.0 wtZ V-47
Curing agent, 1.0 wtZ di-tert-butyl peroxide
Curing condition, 110°C 18 hr; 135°C 3 hr; 170°C 2 hr
Monomer concentratioen, 35 wtZ




Table 3

Sand-Cement Ratio for Systém RZ - V-47 (Ratio 97:3)

Aggregate ratio, wtZ Compressive strength, MPa, after Modulus of elasticity
Boiling water 30 days 30 days after exposure to hot
absorption, in autoclave 1in autoclave brine for 30 days
Sand® CementP wt? boiling water at 275°C at 300°C at 300°C
100 0 0.02 49.9 48.3 —_— —_—
95 5 0.08 74.2 - 55.9- 79.6 8845
90 10 0.07 90.2 69.7 57.1 7963
85 15 0.04 36.2 40.6 -_ -—
80 20 0.54 15.2 weak - -_— -
70 30 0.69 34.2 weak -_ -
95¢ 5 0.09 89.1 - 48.5 60.9 9100
90¢ 10 0.12 - 46.4 107.2 62.8 5460

Initiator 1/2 wt% DTBP; 1/2 wt? Silane A-174
Curing condition: 125°C, 16 hr;

150°C, 3 hr;

180°C, 3 hr.

aparticle size, sleve opening <30um.

bportland cement Type III.

CThese samples were made by adding a wetting agent.
Monomer concentration, 35 wtZ. )
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~ FIGURE CAPTLONS

The effect of varlious ratlos of RZ and V=47 organosiloxanes on.
the thermal stabllity of tha polymer at 300°C.

Tha effect of Initiator concentration on the thar ~a] s*auility

of RZ and V=47 organosilozanas at 300°cC.

Infrared ‘spectra of polymar ‘before and after ezpo.ur5 to 250°¢C
brine. Organosiloxane mixture of 97 wtZ RZ - 3 wti V-47,

&, after exposure; b. beto*e evposure.

y Co“pr ssive strenoth and boiling water absorptlon as a function

of cement type. Monomer composition, 97 wt% RZ - 3 wt? V-47.
Sand-cement ratio: (1) 95:5; (2) 90:10; (3) 85:15.

Cdmpressive stress-strain curves for OSPC after preparatioa as

a-function of cement type. Monomer composition 97 wtZ RZ - 3
wt% V-47. Aggregate composition, 90 wtZ flour sand - 10 wtZ

cement. (1) Type I cement; (2) Type II Cement; (3) Type III
Cement; (4) Type V Cement.

Compressive strength and absorption of OSPC after exposure to

" . brine at 300°C. OS composition, 97% RZ - 3% V-47. Aggregate

composition, 95% sand -~ 5% cement; (I) Type I cement; (II)
Type II'cement; (III) Type III cement; (V) Type V cement.

Compressive strength and absorption of 0SPC after exposure to

brine at 300°C. Aggregate composition, 90% sand - 10% cement;
Mbnomer composition and type of portland cement same as in.

Figure 6.

Compressive strength and absorption of OSPC after exposure to
brine at 300°C.. Aggregate composition 85% sand - 157 cement.
Monomer composition and type of portland cement same as in
Figure 6.

'jCompressive'strength énd“aﬁéorptibn of 0SPC after‘eprsure to

brine at 300°C. Aggregate composition, 80% sand - 20% cement.
Monomer composition and ‘type of Portland cement same as in

Figure 6.

Compressive. strength as a function of sand-cement ratio.

Monomer composition: 97 wt% RZ - 3 wt?% V-47; Accregate composi—
tion: sand-sieve opening <30 pm: cement-type ITI. (1) after
boiling water; (2) after exposure to brine at 275°C; and (3)

- after exposure to brine at 300°cC..

'Organosiloxane PC samples from RZ and V-47 after exposure in

brine at 300°C for 30 days.

_15_




Figore

12,

13.

14,

15,

Compressiye strengths of 0SPCs, after exposuras to briae at
3007C as a function of cement type and concentration. Sumrary

of rasults,

tatdrTad

The effects of zdditives on the hydrolytic stability »f 23PCs
after exposura to brine at 300°C for 30 days. :

API thickeniny time test., Monomer couposition 97 wt% 12 - 3 wt%
V-47; temperatura 190°C.

APTL thickening time test, Monomer composition 97.wt% RZ - 3 wtZ
V-47; temperature 204°C.
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