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A NEW, NOVEL WELL-CEHENTING POLYMER-CONCRETE COMPOSITE 

I A.N. Zeldin, L.E. Kukacka, and 
L Process Sciences Division 

Oepartment of Energy and Environment 
Brookhaven Natidnal Laboratory 

Upton, New Pork 11973 

The feasibility of using the products of free-radical Synpogis: 

copolymerization of cyclic and linear organosiloxanes in the formation of 

polymer concrete (PC) composites for use in the completion of geothermal 

wells has been demonstrated. 

tetramethylvinylcyclotetrasiloxane and polydimethylsiloxane used in 

conjunction with aggregate materials such as silica flour and portland 

cement. 

strength and with thermal and hydrolytic stability. 

' 

The PC contained a mixture of 

The use of these-compounds resulted in composites with high 

Thermogravimetric analyses and compression strength tests at 

elevated temperatures have been used to determine the thermal stability 

of the composites. 

temperature range 2S0 to 35OoC, the compressive strength is essentially 

constant at a value of -72 MPa and there is also a relatively low weight 

loss of polymer (-1.0 w t % ) .  

The results from these 

The hydrolytic stability of the composites was determined by using 

infrared spectroscopy on a variety of free atld bonded OH functional 

groups before and after th 

at 3OOOC. These-results showed that 

such as Ca or Mg compounds in the inorganic phase affects the 

hydrothermal stability. 

samples were exposed to a brine solution 



Pumpability tests were a l s o  performed, and the results indicated 

t h a t  a PC s l u r r y  containing 35.5 w t %  organosiloxane mixed with 64.5 we% 

si l ica f lou r  and cement as an aggregate did not change v i scos i ty  a t  

temperatures of l S O o  t o  165OC and a pressure of 36.5 MPa f o r  a t  least 4.5 

h r  

a f t e r  4 hr. 

can be used as a geothermal well-completion material. 
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INTRODUCTION 

The a v a i l a b i l i t y  of durable and economic construction materials f o r  

handling hot br ine and steam is a ser ious problem i n  the development of 

geothermal energy. To date ,  corrosion and scale incrustat ions have been 

encountered in a l l  geothermal plants  and, t o  various degrees, have , 

adversely affected plant  l i f e  times and power output (1). 

The durab i l i t y  of the cementing materials used i n  the completion of 

geothermal w e l l s  is of t en  the control l ing fac tor  in the operating l i f e  of 

a geothermal w e l l .  Therefore, the economics of geothermal power could be 

improved s ignif icant ly .  if b e t t e r  well-cementing m,terials were developed. 

. I n  an attempt t o  solve t h i s  problem, a research program to  develop 
4 I ,  

high-temperature polymer cements (PC) f o r  use in well-completion systems 

I ,  has been in  progress a t  Brookhaven National' Laboratory since 1976. The 

goals of the program are t o  develdp thermally and hydrolyt ical ly  s t ab le  

PC systems with low permeability (<0.1 millidarcy) t o  water, and having 

minimum compressive s t rengths  and shear bond s t rengths  to  steel w e l l  

casing of 6.9 MPa and 69 kPa, respectively,  a t  an,age of 24 hr. 

PC cons is t s  of a so l id  phase f i l l e r  mixed with a l iqu id  phase 

binder. After curing, high-strength durable composites a re  produced. To 

date,  polymer binding materials such as polyester,  polyurethane, 

polymethylmethacrylate, and polystyrene Mve generally been used in PC 

(2-5). 

ac ry lon i t r i l e ,  acrylamide, divinylbenzene, and trimethylolpropane 

trimethacrylate have a l s  

Copolymers formed from mixtures of monomers 
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The network of all these components consists of C-C bonds. Since 

cleavage of these bonds occurs at temperatures near 25OoC, the use of 

organic binders in PC is limited to temperatures below 25OOc. 

temperature the specimens become soft and crack or swell because of the 

evolution of gas. 

Above this 

In this paper, experiments with semi-inorganic polymer compositions 

These 'materials contain a network of Si-0-Si (siloxanes) are described. 

bonds. 

kcal/mol compared with 145.5 kcal/mol for C-C bonds. 

molecular chains of siloxanes are more rigid than those'of organic 

polymers (6). 

The dissociation energy for these bonds at 25OC is 190.9 * 2 
In addition, the 

CHEMICAL SYSTEMS' 

Siloxanes are a class of high-temperature polymers that appear to 

have important chemical and physical properties which can be utilized in 

PCs for geothermal environments. 

Mixtures of siloxanes having unsaturated and saturated organic 

groups in their molecular chains were evaluated. 

tetramethyltetravinylcyclotetrasiloxane (E), has a cyclic structure and 

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

below. 

One material, 

%"' 
CH3 

CH2 = CH - /i - 0 - [ - CH f CH2 

CH2 * CH - s i - 0 - 
6, 
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The second monomer used in this study was polydimethylsiloxane 

(V-47). Its structure is as follows: 

. -  

The cross-linking of vinyl-substituted cyclic siloxanes with V-47 
' occurs through the vinyl and methyl groups via the formation of a 

trimethylene bridge as shown below (6). 

a 3  
initiator ' . 
.-& - L o -  L 

n h 
& 

- B i - . o  - 
L3 

~-~ CH2 ' !;-:I A 

Polymerization of the materials was initiated using di-tert-butyl 

peroxide (DTBP). 

EXPERIMENTAL RESULTS 

A mixture of silica flour sand and portland cement was selected as 

the filler material for the organosiloxane 

Procedures for mixing and placement of the OSPC and the test methods for 

property measurements were published earlier (4). 



Optimization of Monomer Composition 

Various copolymers were made and tes ted f o r  thermal s t a b i l i t y .  

Thermog'ravimetric analysis  measurements were performed i n  nitrogen gas at 

a heating rate of 10°C/min and the r e s u l t s  are given i n  Figures 1 and 2. 

Infrared analysis  data  are given i n  Figure 3. As can be seen i n  Figure 

1, when the cyc l i c  si loxane RZ w a s  mixed with the l i n e a r  si loxane V-47, 

maximum s t a b i l i t y  occurred a t  an RZ concentration i n  the range of 97 

wt%. 

samples. 

A l l  da ta  points on the  c u k e s  represent the averages from four test 

In Figure 2, the  e f f e c t  of the DTBP i n i t i a t o r  concentration on the  

thermal s t a b i l i t y  a t  3OOOC of three KZ - -V-47 copolymers -is shown. 

a DTBP concentration range from 0.25 t o  1.0 w t X ,  the  thermal s t a b i l i t y  

increased with increased i n i t i a t o r  concentration, probably because of the 

higher degree of conversion from monomer t o  polymer. 

Over 

The hydrolytic s t a b i l i t y  of a 97 w t %  RZ - 3 w t %  V-47 copolymer w a s  

determined a f t e r  exposure f o r  360 hr  t o  a 25% brine solut ion a t  25OoC. 

No appreciable weight loss  or  de te r iora t ion  was noted. Infrared ( I R )  

analyses before and a f t e r  exposure (Figure 3) showed the formation of 

f r ee  OH groups, indicat ing some hydrolysis. I R  peaks a t  1650 t o  1600 

cm-l which correspond t o  CH groups, decreased a f t e r  exposure to  brine. 

Both changes were very small and can be reduced e s sen t i a l ly  to  zero 

during the formation of OSPC. 

Optimization of F i l l e r  Composition 

Sand Size--It w a s  shown earlier (7) t ha t  the particle s ize  of sand 

has axi e f f e c t  on the propert ies  of PC and is dependent upon the v iscos i ty  

of the monomer composition. For organic binders with v i s c o s i t i e s  c lose 
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t o  the v i scos i ty  of water, the best r e s u l t s  were obtained using a mixture 

of sand sizes (3,7). 

e a s i l y  be mixed with the f i l l e r  t o  wet the particles and to  f i l l  the 

voids in the  aggregate, , 

In  these cases, the low-viscosity monomers could 

It has a l s o  been shown ( 8 )  t h a t  as the v i scos i ty  of the monomer 

mixture is increased, the percentage of f i l l e r  t h a t  the monomer w e t s ,  

decreases. 

the  PC s t rength  and durabi l i ty .  

This r e s u l t s  i n  nonuniform polymer loading which decreases 

Similar s tud ies  have been performed with organosiloxane materials 

These r e s u l t s  indicated th& maximum strength was obtained when (7). 

silica f l o u r  sand passing a 30-vm sieve vas used in conjunction with 

portland cement. 

Cement Type--It is w e l l  known tha t  the inclusion of portland cement 

in PC improves the  s t rength  and durabi l i ty .  As a r e s u l t ,  s tud ies  were 

performed to  determine the e f f e c t s  of concentration and cement type on 

. the  proper t ies  of OSPC. 

Four commercially ava i lab le  cements we're tes ted  as partial 

cons t i tuents  of the aggregate system f o r  OSPC. The compositions of these 

cements are given in Table 1. 

The proper t ies  of OSPC as a function of cement type are summarized 

in Table 2 and Figure 4. 

containing Type I1 portland cement had the highest compressive s t rength  

and tha t  a cement -. si l ica  f l o u r  sand r a t i o  in the 9 : l  range was 

optimum, S t res  s t r a i n  curves (Figure 5) indicated t h a t  OSPC samples 

pe I o r  I1 cement were more b r i t t l e  than specimens 

containing Type I11 o r  V. The reason fo r  

differences in the chemical composition of the cements. 



Figures 6 t o  9 summarize test da ta  from O S P C  a f t e r  exposure in  brine 

Samples containing si l ica sand and Type 111 cement a t  3OO0C f o r  60 days. 

mixed i n  a r a t i o  of 9 : l  had the highest s t rength  and lowest water 

absorption. 

Sand-Cement Ratio--Studies were performed to  determine the' optimum 

r a t i o  of sand t o  cement that should be used i n  the formation of OSPC 

composites. The r e s u l t s  from compressive s t rength  tests$ made before and 

a f t e r  exposure of samples t o  brine at temperatures of 275O and 30O0C are 

summarized i n  Table 3 And Figure 10. 

containing cement up t o  a concentration of -15% are s t ab le  a f t e r  exposure 

t o  2 7 5 O C  brine.  

s tab le .  

The data indicated tha t  O S P C s  

At 3OO0C, only samples containing up t o  10% cement were 

Electron microscope techniques were used to study the f r ac tu re  

surfaces of the  O S P C  before and a f t e r  brine exposure. No changes i n  

s t ruc tu re  o r  composition were noted. 

days t o  3OO0C brine are shown i n  Figure 11. 

OSPC samples a f t e r  exposure for  30 

Strength test r e s u l t s  from OSPC samples as a function of t i m e ,  

cement type, and cement content, before and a f t e r  3OO0C brine exposure, 

are summarized on Figure 12. The r e s u l t s  indicated tha t  a system 

consisting of 97 w t %  RZ - 3 w t %  V - 4 7 ,  i n  conjunction with silica f lou r  - 
type I11 portland cement i n  the r a t i o  of 9:1, had the g rea t e s t  

hydrothermal s t a b i l i t y .  

Additives--Based upon the r e s u l t s  from the s tudies  described above, 

work w a s  performed t o  make fu r the r  improvements i n  the mechanical 

properties of OSPC and t o  reduce the small amount of hydrolysis tha t  

occurred. I n  t h i s  work, various addi t ives  were included i n  the inorganic 
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phase and t h e i r  e f f e c t s  on the properties determined. 

given in Figure 13, ind ica te  tha t  s ign i f icant  improvements in the  

hydrothermal s t a b i l i t y  can be obtained by the addi t ion of MgSiO-3, CaSiO3, 

and Fe2O3. 

These r e su l t s ,  

WELL-CEMENTING PROPERTIES 

In addi t ion t o  s t rength and durabi l i ty ,  there  are other  equal ly  

important propert ies  tha t '  a w e l l  cement must exhibi t  ., These include low 

permeability, adequate bond s t rength to  steel casing, and a curing rate 

which allows the cement t o  be pumped i n t o  a w e l l .  

cha rac t e r i s t i c s  were performed. 

Tests to  measure these 

# .  

Permeability-The OSPC formulation given below was selected fo r  use 

in permeability tests: 

37 w t %  manomer (97 w t %  RZ - 3 w t %  V-47) - 63 wtX f i l l e r  

(90 w t %  silica sand - 10 w t %  111 portland cement). 

I n s t i t u t e ' s  (MI) recommended pra 

. .. 

cement addi t ives  (9). Samples re evaluated before and a f t e r  exposure 

t o  br ine a t  3OO0C f o r  120 days. 

equipment with. a 

w a s  measured. Earlier data  f organic PCs indicated permeabilites in 

After 48 hr  in t 

e d i f f e r e n t i a l  of 344.5 kPa, no water penetration 

t o  0.02 m i l l i  

r en t ly  there  are n 

nd s t rength of PC materials. 

standards f o r  

The procedure used'at 
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The mold f o r  preparing the bonding s t rength samples consisted of a 

base made of wood, carbon steel pipe measuring 42 mm x 100 mm long, and a 

g lass  tube measuring 58 mm x 100 mm. T6e steel pipe was placed ins ide  

the g l a s s  tube and both were sealed t o  the base with s i l i cone  rubber 

cement. PC s l u r r y  was poured in to  the annulus between the g lass  and the 

steel. The f i l l e d  mold was placed i n  an oven a t  the required curing 

temperature t o  form PC composite bonded to  the outer  surface of the pipe. 

The bonding s t rength  test was performed by placing a metal r ing on 

the  PC portion of the test sample and applying a load on the pipe in a 

compression tester. 

by taking the area of the pipe surface tha t  wqs  covered with PC and 

dividing it i n t o  the load. 

The load w a s  recorded and the stress w a s  calculated 

Bond s t rengths  f o r  the.OSPC ranged between 150 and 200 kPa, values 

grea te r  than those specif ied by the design cri teria,  but considerably 

below the 3,000 t o  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 i n i t i a t i n g  these tests, 

work w a s  conducted t o  reduce the v iscos i ty  of the formulation to  a value 

of 20 t o  40 u n i t s  of consistency (cP),  the approximate i n i t i a l  v i scos i ty  

of inorganic cement s l u r r i e s  used i n  the completion of o i l  and geothermal 

w e l l s  This was accomplished by increasing the monomer concentration in 

the  OSPC formulation t o  35.5 wtX. 

i t  is essen t i a l  t ha t  the v iscos i ty  of the s lu r ry  remain <lo0 u n i t s  of 

To meet the pumpability requirements, 

consistency f o r  -4 hr  a t  the placement temperature and pressure 

conditions. 
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Preliminary tests were performed i n  a pressure vessel  equipped with 

a,stir 'rer, t o  obta ln  da ta  on the curing tirde as a function of pressure '  

and temperature. These r e s u l t s  indicated l i t t l e  change i n  v i scos i ty  , 

a f t e r  4 h r  a t  149OC and 68 MPa. 

On the basis o f .  these data,  API pumpability tests were performed 

using a high-pressure consistometer at  the  Dowel1 Division of Dow 

Chemical U.S.A. The r e s u l t s  from, these tests, given i n  Figures 14 and , 

15, indicated that without an i n i t i a t o r  the v i scos i ty  remained constant 

'at temperatures i n  the  range 149O t o  163OC and a pressure of 36.5 MPa for  

a t  least 4 .5 .k .  

v i scos i ty  change a f t e r  4 hr.  

Increasing the temperature t o  204OC resulted i n  a 

I CONCLUSIONS 

A number of monomers, organic and semi-inorganic, i n  conjunction 

with varying types of cement and sand particle sizes have been studied 

f o r  t h e i r  po ten t i a l  as geothermal w e l l  cementing materials. 

t h i s  study was t o  develop thermally and chemically s t ab le  composites t h a t  

can withstand highly reac t ive  geothermal environments and are a l so  

pumpable. 

1 .  

The goal of 

Two years of laboratory study ind ica te  t h a t  PC consisting of a 

mixture of high molecular weight siloxane copolymer as a binder and 

s i l ica  sand - cement mixtures as a f i l l e r ,  meet the design criteria. 

Major emphasis i n  t h i s  study was to  determine the monomer r a t i o  

based on the r e a c t i v i t y  of each component i n  the monomer mixture as w e l l  

as the sand - cement ratio.  The objective of these experiments was to 

optimize the conditions when the combination of polymer and f i l l e r  forms 

thermally and hydro ly t ica l ly  s t ab le  composites with three-dimensional 

s t ruc tures .  



From the laboratory evaluation, an inorganic PC formulation based on 

97 w t X  RZ - 3 ut% V-47, in combination with a mixture of sand flour and 
cement at a ratio of 9:1, appears suitable for use as a well-cementing 

material for high-temperature applications (-3OO0C). 

evaluation is in progress at the National Bureau of Standards. 

Continued 
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Table 1 

Compound Composition of Port land Cements 

Compound Composition, wtX 

Loss on Calculated compoundsa 
i g n i t i o n ,  

Cement Si02 A1203 Fez03 CaO NO SO3 x; C3S C2S C3A C4AF 

Type 1 19.9 7.31 2.72 62.8 2.9 3.0 1.3 43.9 22.4 14.4 8.2 ' 

Type 11 21.3 4.18 3.43 61.8 4.2 2.5 1.5 49.4 23.9 5.3 10.4 

Type I11 19.1 7.11 2.65 61.8 2.8 3.7 1.4 44.7 20.8 4.4 8.1 

S P e  v 23.4 3.40 3.45 64.4 1.6 1.9 1.4 51.6 ,27.0 3.2 10.5 



Table 2 

Properties of OSPC as a Function of Cement Type 

Aggregate composition, Boiling Compressive Modulus of 
w t %  Cement H20 . . strength,  e las t ic i ty ,  

Sanda Cement type absorption, % MPa MPa 

- 95 5 I 0.06 . 81 - I1 0.09 111.2 - 111 0.1 70.5 . . 
V 0.09 ._ 49.1 . -- 

10 I 0.07 106.9 6826 

I11 0.05 52.9 . 6791 
V 0.11 74 . 39 7526 

- 90 
I1 0.08 . 101.6 

- 85 I 0.11 86.1 
I1 . 0.08 102.9 - 

0.08 72.2 - 
V 0.13 70.85 -.- 

I11 

-- 47.5 
11 0.12 71 -6  

. _ _ -  - - 80 20 - I 0.22 - 
0.19 72.7 - 
0.14 68.2 - I I1 

V 

a ,  Pa r t i c l e  s i ze ,  s ieve openfng <36pm 
Monomer composition, 97 w t %  RZ - 3.0 w t %  V-47 
Curing agent, 1 . 0  w t %  di-tert-butyl - peroxide 
Curing condition, l l O ° C  18 hr;  135OC 3 hr; 17OoC 2 h r  
Monomer concentration, 35 w t %  



Table 3 

Sand-Cement Ratio f o r  System RZ - V-47 (Ratio.97:3) 

Aggregate r a t i o ,  w t %  Compressive s t rength ,  MPa , a f t e r  
Boiling water 30 days 30 days 

_ _ - -  

Modulus of e l a s t i c i t y  
a f t e r  exposure t o  hot 

absorpt ion,  i n  autoclave i n  autoclave br ine  fo r  30 days 
Sanda Cementb w t %  boi l ing  water a t  275OC a t  3OO0C a t  3OOOC 

100 0 
95 5 
90 10 
85 15 
80 20 
70 30 
95c 5 
9oc 10 

0.02 
0.08 
0.07 
0.04 
0.54 
0.69 
0.09 
0.12 

49.9 
74.2 
90.2 
36.2 
15.2 
34.2 
89.1 
46.4 

I n i t i a t o r  112 w t %  DTBP; 112 w t %  S i lane  A-174 
Curing condition: 125OC, 16 hr ;  

150°C, 3 hr ;  
18OoC, 3 hr .  

48.3 
55.9 
69.7 
40.6 
weak 
weak 
48.5 

107.2 

I 

79.6 
57.1 - - - 

, 60.9 
62.8 

- 
884 5 
7963 -- -- -- 
9100 
5460 

a P a r t i c l e  s i z e ,  s i eve  opening <30pm. 
bportland cement Type 1x1. 
CThese samples were made by adding a wetting agent.  
Monomer concentrat ion,  35 w t % .  



FiZurr! t. Tho, e f f e c t  of varlous ratios of RZ and V-47 orgwosi~oxanas or?. 
the thenaal s t a b i l i t y  of tha polymer a t  300°C. 

The eEfect of i n i t i a t o r  concent ra t ion  on the tli-.c-:z.aI. s t a b i l i t y  
OP RZ and V-47 orgdnosi loxmes a t  300°C. 

In f r a red  spec t r a  of p o l p e r  t e f x z  and a f t e r  ci:po:;ure t o  250°C 
br:LD.s. 
a. aEt3.r exposure; b. beEvra exposure. 

Compressive s t r e n g t h  and boiling qJater absorp t ion  a3 a funct ion  
0 5  eza2nt type. 
S.-tQd-camt r a t i o :  (1) 95:s; (2) 9O:lO; (3) 85:15. 

Coaprcssive stress-strain curves for OSPC after p repa ra t ioa  as 
a . f u n c t i o n  of cement type. 
w t %  V-47. Aggregate composition, 90 wtX flour sand - 10 w t X  
Cement- (1) q p e  I cement; (2) Type If Cement; (3) Type I11 
Cement; (4) Type V Cement .  

Compressive strengt) and absorp t ion  of OSPC after exposure t o  
. *  * brine a t  30OoC. 

composition, 9fX sand - 5% cement; (I) Q p e  I cemmt; (11) 
QPe fI.cement; (111) Type 111 cement; (V) Type V cement, 

Compressive s t r eng th  and absorp t ion  of OSPC after exposure t o  
b r i n e  at 300%. 
Efonomer composition and type of, por t land  cment same as i n  
Figure  6. 

Compressive s t r eng th  and ab'sorption of OSPC after exposure t o  
b r i n e  a t  3OO0C.,' Aggregate conposi t ion 85% sand - 15% cement. 
Monomer composition and type  of portland cement same as i n  
Figure 6. 

'Compressive s t r e n g t h  &d' absorp t ion  of OSPC after exposure t o  
b r i n e  a t  300OC. 
Nonomer composition and type  of Port land cement same as i n  
Figure  6. 

Conpressive s t r eng th  as a func t ion  of sand-cenent r a t i o .  
Bionomcr composition: 97 w t %  - 3 trtf! V-47; AgGregrrte composi- 
t ion :  sand-sieve opening <30 pm: cement-type 111. (1) a f t e r  
boiling water; (2) after exposure t o  b r i n e  a t  275OC; and (3) 
after exposure t o  b r i n e  a t  3OO0C. 

' 

FtZurc 2. . 

Figiire 3. 
Organosiloxane mixtctre of 97 w t Z  RZ - 3 ;.it% 6'-47. 

F&re 4. 
Monomer composition, 97 w t X  2 2  2 3 w ; t X  V-47, 

Figure 5 .  
Monomer composition 97 w t X  RZ - 3 

Figure 6. 
OS composition. 97% 'RZ - 3% V-47. Aggregate 

Figure 7, 
Aggregate coEposition, 90% sand - 104: ce.-cnt; 

Figure 8. 

Figure 9 ,  
Aggregate composition, 80% sand - 20% cement. 

Figure 10. 

Figure 11. Orgmosi lo  e PC samples  fron RZ and V-47 after exposure S.n 
b r i n e  a t  300OC f o r  30 days. 



Figere 12. ComrcssLih strengths of OSPCs, aEter exposura t o  brim at 
300*C 8 s  a function of cemeat: type and concentration. 
of results, 
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Tne effects i>f r :dd i t ives  on the hydrotytic stabiliz;. oE 23Xs 
after exposura to  brine at 30OOC fo:: 30 days. 

AT1 ttrickrn-',r:; t h e  test. 
V-47; tenperaturc 190'~. 

@I: thickening time test. 
V-47; tempotsture 204OC'. 

Monomer r-oqosition 97 tr'tX iEZ - 3 wtZ 

Monomtr composition 97 T J ~ X  Y d  - 3 VC?; 
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