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Abstract

The processing, properties, and a few applications of calcium aluminate—phenol resin composite with very high flexural strength are dis-
cussed. This composite contains avery large amount of cement (70 vol%) but shows unusual engineering properties, which have not yet been
achieved by traditional cement-based materials. The flexural strength of the composite is found to be 120 to 220 MPa; in addition to durabil-
ity, thermal properties and stiffness are also appreciable. Three possible applications, such as thermal insulators, structural applications, and
our experiences in making a cement shell for a solar-powered car, are discussed. The properties of the calcium a uminate—phenol resin com-

posite that are associated with these applications are reviewed. © 1999 Elsevier Science Ltd. All rights reserved.
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A decade after invention of Macro Defect Free cement
by Imperia Chemical Industries Ltd. [1], we introduced a
new class of high flexura strength cement-based material
that has aflexural strength between 120 and 220 MPa[2-4].
This new composite is made by combining high alumina ce-
ment, alcohol-soluble phenol resin precursor, and minor
amounts of N-methoxymethyl 6-nylon and glycerol under
high shear mixing to produce a viscoelastic cement paste
through atwin roll mill. Thisinnovation introduced the con-
cept of making a high-strength cement paste in which no ad-
ditional free water is added, but utilizing generated water by
phenoal resin precursor during heat curing to hydrate the sur-
face of cement particles. The chemical characteristics of the
composite were discussed in a previous paper [5]. In-depth
studies of the durability properties were reported by the au-
thors [6,7]. This paper is mainly concerned with the proper-
ties and applications of the composite.

There have been only afew studies of the potential appli-
cations of high flexural strength cement-based materials.

* Corresponding author. Tel.: 81-234-23-5022; Fax: 81-234-22-1283.

1 This paper was originally submitted to Advanced Cement Based Mate-
rials on 15 October 1997 and accepted on 22 March 1998. The paper was
received at the Editorial Office of Cement and Concrete Research on 20
August 1998 and accepted in final form on 14 September 1998.

Alford and Birchall [8] gave four examples of applications
for the calcium aluminate—polyvinyl alcohol (PVA) system.
They are acoustics, cryogenics, armor, and electromagnetic
radiation screening, which generally are not associated with
cement-based materials. Ube Industries, Japan, introduced
decorative wall cladding and tiling (Mirror Grace) for inte-
rior use [9]. Here we discuss a number of different trials
with a calcium aluminate—phenol resin system (the “CAPR
composite”). One is already on the verge of commercidiza-
tion (thermal insulators), but for others the potential is not
yet clear. Some, at least, will provide opportunities for inno-
vation.

1. Formulation

Table 1 gives the formulation that is widely used in this
study. Phenol resin precursor isavailablein liquid form asa
solution in methanol and free phenol. The solvent amount in
the mix proportion is calculated by subtracting the amount
of nonvolatiles from the total amount of resin. Phenol resin
content in the final product can be reduced up to 10 partsfor
the 100 parts of the cement by weight. Processsing difficul-
ties arise with decreasing polymer cement ratio. In contrast,
an increase in polymer cement ratio will cause the material
to produce large setting shrinkage during heat curing. Flex-
ural strength dependence with polymer cement ratio is dis-
cussed elsewhere [10].
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Table1 2. Method of processing
Standard mix proportions
. . . 2.1. Roll milling
Constituent Partsby weight Weight%  Volume %
High alumina cement 100.0 798 57.9 The processing sequence is outlined schematically in
Fig. 1, and it isbasically equa to the processing steps of the
Phenol resin 13.06 104 18.2 Macro Defect Free (MDF) system [11]. Premixing in a
Sof"r’:ef‘;)ﬁ;e;?)""“"' and 624 66 182 kneader style mixer is the initial step of the processing. A
N-methoxymethyl 6-nylon 1.70 14 26 rubbery cement dough can be obtained after premixing. Pre-
Total 23.00 mixing usually is simple and serves as a partia incorpora-
tion [12] of cement into the organic constituents to form a
Glycerol 2.30 1.8 32 coherent mass. Incorporation may demand a considerable
energy and may not be completely finished in the kneader
mixing. Premixing in akneader can be skipped if necessary,
because incorporation can be manipulated in the twin roll mill.
Alumina Nylon Modified Glycerol
Cement Phenol Resin
Precursor
100 23.0 2.3
Pre-Mixing
High Shear Mixing
(twin roll mill)
Low Shear Mixing
(twin roll mill)
CalFe.ndering Heat
;. Stretching Pressing
(twin roll mill) (6MPa - 80°C)
K
) N
3 Thermal Curing Thermal Curing 3
5 (200°C - 18h) (200°C - 18h) é

CAPR
Composites
(120MPa)

CAPR
Composites
(200MPa)

Fig. 1. Flow chart of the two processing routes to the final CAPR composite.
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High shear mixing in a twin roll mill is the heart of the
process. The premixed cement dough or individual constitu-
ents can be fed onto the roll for high shear mixing. In high
shear mixing, front and back roller speeds are 250 and 200
mm/s, respectively. During high shear mixing, the solvent
evaporates and the cement paste twines around both rollers.
After a few minutes of mixing, the paste starts to twine
around the faster roller. In low shear mixing, both back and
front roller speeds are 200 mm/s. During this regime, the
paste starts to peel off from the rollers. The paste then can
be scraped away and rerolled severa times until it becomes
a sheet.

In calendering, both back and front roller speeds are 150
mm/s. Calendering can be divided into two parts, “fining”
and “stretching.” Fining makes a fine-face homogeneous
sheet by diminishing stratified layers. In this step, the sheet
is folded and rerolled several times until it becomes a fine-
face homogeneous sheet. During “stretching” the sheet is fed
onto the rollers severd times without folding. Then the sheet
stretches and improves the packing of the cement grains.

After roll milling is completed, sheets can be directly
cured in an oven at 200°C for 18 h as shown in route 1 in
Fig. 1. Alternatively, sheets can be further densified by
pressing between the platens of a hydraulic laminating press
at 6 MPa and 80°C to remove any lamination defects (route
2). The fina strength depends heavily on the processing
route selected. In addition, the sheet can be shaped into de-
sired shapes after calendering. The cement paste also can be
extruded after high shear mixing. Of the extruded product,
the same flexural strength can be obtained with the calen-
dered material.

2.2. Heat pressing

After the calendering, cement sheets can be pressed un-
der 6 MPa at 80°C. To ensure the highest strength, it is nec-
essary to elevate the temperature slowly and keep it at 65°C
or higher for more than 30 min under the pressure. When
being heated between the platens, the sheet softens due to
the increase of the fluidity of the phenol resin at around the
boiling point of methanol, flows to heal the defects, and
then stiffens partially after the pressing is completed.

3. General properties
3.1. Srength and Weibull modulus

Flexura strength at the 120-MPa level can be achieved
by heat curing of a calendered sheet at 200°C for 18 h. Al-
ternatively, the heat pressing step before heat curing in-
creases the strength up to the 200-MPa level. Very uniform
heat distribution throughout the steel plates is essential to
achieve higher strength. This is a burdensome requirement
when being formed into three-dimensional complex shapes,
hence, strength achievement without the heat pressing step
is more valuable for some commercial applications.

The strength properties of CAPR composite are highly
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Fig. 2. Weibull plot for CAPR composite. p, failure probability; o, flexural
strength (in MPa).

reproducible. Fig. 2 shows a Weibull plot of strength. The
flexural strength data were obtained by testing 53 speci-
mens that were fabricated through processing route 1; spec-
imens were approximately equal in size. The Weibull mod-
ulus (m) given by the slope of the plot is 27, which is
considerably high among the brittle materials. It is impor-
tant to note that as m increases, the material becomes less
brittle.

3.2. Toughness

Measurement of stress intensity factor has been con-
ducted by the single-edge notch beam method in a three-
point bending test with the machined cut notch of 0.1-mm
notch root radius. This value was found to be 1.8 MPam??
for the material processed through route 1. Stress intensity
factor can be raised up to 3.0 MPam"? level by heat press-
ing. Fracture properties and impact strength can be raised
greatly by lamination of Aramid triaxial fiber meshes.

3.3. Resistivity to heat

The CAPR composite demonstrates rather high resistiv-
ity to high temperatures. Fig. 3 shows flexural strength and
weight loss as a function of temperature. Residual flexural
strength at each temperature level was measured by heating
the specimens at each temperature level in an oven for 6 h.
The strength was determined after cooling to room tempera-
ture. Weight losses of cured phenol resin and the composite
upon heating were monitored by thermogravimetric analy-
sis separately. As shown in Fig. 3, CAPR composite keeps
its strength even up to 250°C and begins to decrease above
250°C.

The time dependence of strength at high temperature lev-
esisillustrated in Fig. 4. CAPR specimens were kept at
three different temperature levels (100°C, 150°C, and
250°C). The specimens were taken out of the oven at pre-
scribed time intervals, cooled down to ambient temperature,
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Fig. 3. Flexural strength loss and weight losses vs. temperature.

and tested for flexural strength. In Fig. 4 it can be seen that
the CAPR composite loses less than 8% of its original
strength when kept at 150°C for 96 h. At 250°C, strength be-
ginsto decrease beyond 12 h of heating and more rigorously
beyond 36 h of heating.

Table 2 lists generd properties of CAPR composite. Many
properties given in Table 2 were evaluated on the 120-MPa
level specimens unless otherwise specified. Flexurd
strengths at three different temperature levels were tested af-
ter keeping the specimens at each temperature level for 30
min and at the appropriate temperature level. The strength of
most materials is enhanced at low temperature, and this is
true for the CAPR composite as well. Compressive strength
was measured by piling up the 2-mm thick specimens accord-
ing to JS K 6911 (Testing Methods for Thermosetting Plas-
tics). In addition to mechanical properties, thermal expansion,
thermal conductivity, DC resistivity, dielectric strength, and
the friction coefficient were measured.
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Fig. 4. Time dependence of strength at high temperature levels

4. Applications

High-strength cement-based materials developed re-
cently are being used to explore new applications that have
not been occupied hitherto by traditional cement and con-
crete technology. High flexural strength has not been a fa-

Table2
Properties of CAPR composite
Property Values
Flexural strength
Processing Route 1
R.T. 120-135 MPa
Processing Route 2
R.T. 180-200 MPa
77K 220 MPa
473K 130 MPa
Bending modulus of elasticity 3245 GPa
Poisson’sratio 0.24
Compressive strength 300 MPa
Stress intensity factor
Processing Route 1
R.T. 1.8 MPamY?
Processing Route 2
R.T. 2.9 MPam*?
77K 3.3 MPam*?
473K 2.0 MPamY?
Specific gravity 2223

Weight increases (1 year in water,

2.5 mm thick specimens)
Thermal expansion (20-300°C)
Thermal conductivity

0.82% (Ref. [7])
17.8 X 10°6°C 1
0.8W/(m - K)

DC resistivity 10-10% Q - cm
Dielectric constant (200 MPalevel specimens)

1kHz 9

10 kHz 6

Friction coefficient (initial speed) =50 km/h,
retardation = 0.3 g)

100°C 0.584
200°C 0.564
300°C 0.497
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miliar property to conventional cement products; thus, there
is no established position of cements in modern industries.
The relatively high cost of these materials has limited their
usein civil and architectural applications that are very com-
mon for cements. Searching for new applications in the ar-
eas presently dictated by metal, plastics, and ceramics is a
challenging task to cement scientists and engineers.
However, anovel processing method of high-strength ce-
ment-based materials led to the production of metal-like thin
sheets at least 20 times stronger than ordinary cement paste
but, unlike metas, they are intrinsically brittle. Metals have
high moduli. They are ductile, allowing them to be formed
by deformation processes. Plastics are nearly as strong as
metals. They are easy to shape; complicated parts perform-
ing several functions can be molded from plasticsin asingle
operation. The large elastic deflections alow the design of
plastic components that snap together, making assembly fast
and cheap. However, plastics are highly dependent on tem-
perature, so that the plastics are tough and flexible at 20°C,
but may be brittle at the 4°C of a household refrigerator.
They creep even at room temperature, meaning that plastic
components are deformed under a load with time [13]. Ce-
ramics are stiff, hard, and abrasion resistant; they retain their
strength up to a high temperature but are difficult to ma
chine. Despite this, high-strength polymer—cement compos-
ites combine the attractive properties of ceramics and plas-
tics while avoiding some of their drawbacks. They are light
and strong, and they can be made tough by introducing fi-
bers. Unlike metals, they are resistant to corrosion. Unlike
ceramics, polymer—cement composites can be cured at
lower temperatures with great freedom in making desired
shapes at room temperature. Unlike plastics, they show a
wide range of temperature stability. Beyond this, there are
global issues, the social demand to minimize environmental
damage to save energy, and to reuse rather than discard.

Fig. 5. Four types of thermal insulation plates made by CAPR composite.
Holes with various diameters facilitate assembling.

4.1. Thermal insulators

Polymers and ceramics are good thermal insulators be-
cause of their low thermal conductivities. Thermal conduc-
tivities of ceramic materials at room temperature range be-
tween approximately 2 and 50 W/mK. Thermal conductivities
of most polymers are on the order of 0.3 W/mK [14]. How-
ever, polymers lose their strength and modulus at high tem-
peratures. The CAPR composite is satisfactorily utilized as
athermal insulator because of its considerably low thermal
conductivity and wide range of temperature stability.

Fig. 5 shows thermal insulation plates made by the
CAPR composite for a hydraulic pressing machine. This
machine is utilized for injection molding of plastic parts for
earphones, and it is necessary to keep pressing molds at
60°C continuously. Thermal insulation plate is used be-
tween the mold and the pressure drum as shown in Fig. 6.
The plates were faced with a high degree of precision to fit
the clearance between the mold and the pressure drum and
were drilled to facilitate assembling. The CAPR plates are
relatively easy to face and drill compared to ceramics and
thermoplastics. Besides low thermal conductivity, these
plates are lower in creep deformation under the elevated
temperatures. The property comparison of CAPR insulators
with other thermal insulators currently used in this type of
application islisted in Table 3.

Fig. 7 shows a cutaway view of a lightweight honey-
comb thermal insulation panel for the floor, roof, and wall
panels in the building industry. The panel consists of two
1.2- to 1.8-mm thick CAPR composite outer sheets sepa-
rated by a 25-mm thick layer of less dense aluminum core.
Face sheets are stuck to the honeycomb using epoxy-type
adhesives. The faces satisfactorily bear in-plane loading and
any transverse bending stresses. The load-deflection pat-
terns of honeycomb panels with the CAPR faces and the
aluminum faces, both having equal overall thickness, are
shown in Fig. 8. The CAPR composite-faced panel is as
strong as the aluminum-faced panel, but it is lower in de-

composite

Fig. 6. CAPR composite insulators in operation in an injection molding
machine.
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Table3
Property comparison of CAPR insulators with other thermal insulators currently used in this type of application
Inorganic/glass

Property CAPR composite fiber insulators FRP insulators FRP insulators
Specific gravity 2.3 2022 16 21
Flexural strength (MPa) 180 98-147 270 520
Modulus of elasticity (GPa) 35 (in flexure) — — 27.5 (in compression)
Flexural strength after heating (M Pa) 180 170

(250°C-3h) — (250°C-3 h) —
Compressive strength (M Pa) 300 147-294 >500 600
Water (moisture) absorption; (%) 0.82 1.0-3.0 20 0.35

(20°C—water—1 year) (25°C—water—24 h) (water—24 h)
Thermal conductivity (W/mK) 0.8 139 0.38 0.23

FRP: Fiber-reinforced plastic.

flection and has no permanent deformation under the load-
ing as indicated in Fig. 8 [15]. One interesting result is that
the CAPR composite emits far-infrared rays into the atmo-
sphere when heating, which may be an indispensable prop-
erty of the material for some applications.

4.2. Sructural applications

The mechanical strength of cement materials may beim-
proved by reinforcement methods such as embedding steel
rods or wires and adding metallic or polymeric fibers. It is
also possible to strengthen the cementitious structures in
flexure by high flexural polymer—cement composites by:

» Embedding it into the cementitious structure,

* Glueing into the soffit of the cementitious structure,
and

* Placing together with the cementitious structure.

Table 4 shows the effect of lamination on strength devel-
opment in silicafume mortar and lightweight perlite mortar.
To prepare, 2-mm thick 120-MPa flexural strength level
CAPR sheets are placed in 15-mm thick wooden molds and
fresh mortar is poured into the mold so that they harden to-
gether to make a united body. This strengthening method
can be satisfactorily applied when making thin and light-
weight cement membranes instead of steel or fiber-rein-
forced plastic (FRP) embedments, which make handling
difficult. Fig. 9 shows a cutaway view of a 15-mm thick,
lightweight double-deck floor panel that corresponds to the
last examplein Table 4.

Aluminum core

Phenol resin-cement
composite

Fig. 7. Cutaway view of alightweight honeycomb thermal insulation panel.
Facing plates were made by the CAPR composite.

4.3. Applications with shape

The roll milling process and the ability to make thin
sheets and their flexibility have created new opportunities
for these high-strength materials in areas conventionally ap-
propriate only for metals or fiber-reinforced plastics. Here
we describe an attempt to make the body of a solar-powered
car. The property requirements of a vehicle body depend on
the type of the vehicle and industrial standards, but in gen-
eral terms the following factors are important from the
viewpoint of material science:

* Ability to withstand the loads that cause bending,
twisting, buckling, or collision; and
» The body must be aslight as possible.

Fiber-reinforced CAPR composite fulfills these two re-
quirements to a certain extent.

A solar car with a 3600 X 700 X 900-mm body was
made, and a trial run was given in a solar car rally to study
the feasibility of utilizing cements in the transportation in-
dustry. A side view of the solar car is shown in Fig. 10.

zm H
Phenol re,isin - cement Al
conposit umirkim
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- /
- 7
50
0
0 5 10 15 20 25 30 35 40
Deflection (mm)

Fig. 8. The load-deflection response of honeycomb panels with the cement
faces and the aluminum faces.
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Considering the facilities available, this was made in four
parts. Mix proportion and method of processing were the
same as described previously, except for using an industrial
scaleroller with twin rolls 1800 mm long and 600 mm in di-
ameter. The circulation of cement dough or sheet around the
rollers was done by two conveyor belts. Fig. 11a shows the
2.6-mm thick roller milled sheet. Sculpting was started 6 h
after formation to avoid shrinkage cracks. First, the sheet
was moved onto a previously made concrete mold and ma-
nipulated into the desired shape (Fig. 11b). The sheet was
gtill in good working condition with leathery consistency
and was tear resistive. The excess that hung off the mold
was cut off with a scissor, and the sheet was adhered to the
concrete mold using double-faced adhesive tape (Fig. 11c).
The sculpted sheet and the mold were put in an oven as they
were. One rigorous challenge was reducing or eliminating
cracks due to setting shrinkage.

CAPR composite shrinks by 2.5% in length during the
heat curing. Linear contraction and residual weight as a
function of time during the heat curing and before heat cur-
ing are shown in Fig. 12. A very high linear contraction ap-

pears within the first 6 h just after being formed; the con-
traction is explained in terms of preliminary relaxation of
the sheet, which is heavily subjected to shear stresses during
roll milling. To avoid this contraction, scul pting was started
6 h after being formed, as mentioned previously.

Several precautions were taken to reduce shrinkage
cracks during heat curing. First, the temperature elevating
rates were chosen so that dimensional changes associated
with setting did not result in internal stresses sufficient to
cause severe cracking. Second, the work was removed from
the mold after being cured at 100°C for 4 h; the resulting
work was cured alone at 200°C for 18 h, which allowed it to
shrink freely without causing cracking. It should be noted
that, after curing at 100°C, the CAPR composite attained
one third of its final strength; thus, removal from the mold
did not cause any damages. The final product is shown in
Fig. 11d.

We have drawn the following merits and demeritsin uti-
lizing the CAPR composite for the transportation industry,
through the experience gained by making the outer shell of
the solar powered car.

Table4
Effect of lamination of CAPR sheets on strength development in silicafume mortar and lightweight perlite mortar
Flexural
strength
Illustration Description (MPa) Significance
R ]
\\\\\\\\ Silicafume mortar 13 —
A
SF mortar
W \\; - . . :
\ \\ Silicafume mortar and a2-mm 41 Flexural strength is 3.2 times higher
e e thick CAPR sheet on bottom than silicafume mortar
henol-cement sheet
SF mortar
.o O A A - ) . . :
W/< i Silicafume mortar and 2-mm thick 45 Flexural strength is 3.5 times higher
\\ \\\\\\\\\s CAPR sheets on top and bottom than silicafume mortar
R f/// D
phcnol-cement sheets
Polytethylene fiber-reinforced 5 Specific gravity 1.39
lightweight perlite mortar
light-weight mortar
Polyethylene fiber-reinforced 47 Specific gravity 1.63. Flexural strength

lightweight perlite mortar and
2-mm thick CAPR sheets on
top and bottom

phenol-cement sheets

is 9.4 times higher than fiber-reinforced
lightweight perlite mortar
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Fiber reinforced perlite

Phenol resin-cement
composite

Fig. 9. Cutaway view of alightweight double-deck floor panel. Two-milli-
meter thick CAPR sheets are used in the top and bottom for reinforcement.

Merits:

 Shaping can be performed using a single mold (male
or female).

* Pressing is not necessary to form the desired shape.

» Cutting is easily done by a scissor before hardening
and by adiamond cutter after hardening.

* No gtickiness even before hardening, thus easy to handle.

* High dtiffness could not be achieved by the same
weight metallic shell.

Demerits:

 Shaping is not possible after hardening.
» Dimensional accuracy isless than metals.
 Impossible to make thinner sheets like metal.

5. Discussion

Practical use of high flexural strength cement materias
in the fields generally not associated with cements poses
some practical problems because of lack of experiences in
these fields. The major drawbacks include machinesbility,
which may be compensated by selecting suitable drilling
tools and setting shrinkage by appropriate mold designing.
In the beginning these are laborious, but the interest of spe-
cialists may be increasing with the growing market demand.

Cost performance is one of the essential demands of us-
ers, as to be expected. Market price of a product has several
determining factors. Mainly they are the cost of the raw ma-
terial from which the composite is made and the cost of pro-
cessing, but there is also the cost of the research and devel-
opment that went into itsinnovation. In the case of these new
cementitious products, the cost of processing is the overrid-
ing factor, in contrast to the conventional cement products.
The practical processing cost of the CAPR composite is 10
times higher than its cost for raw materials. The higher pro-
cessing cost is mainly due to the batch-type roll milling cur-
rently being used during formation. Required time for mix-
ing and calendering cannot be easily pre-evaluated, and they
are heavily dependent on the temperature of the rollers.
Careful observation is essential throughout the whole pro-
cess, and the surface texture of the cement sheet isimproved
by folding and feeding it severa timesinto the twin roll.

As we have seen, it is not worthwhile to produce archi-
tectural facing materials such as decorative wall cladding
and tiling because of the high processing cost and availabil-
ity of more appropriate and less expensive building materi-
as. However, applications given by Alford and Birchall [8]
seemed atenable proposition. The properties of the calcium
auminate-PV A system that were shown to be beneficial for
the armors are the same for the CAPR composite. The tech-
nology utilized in making a cement shell of a solar-powered
car aso can be easily applied to form armors. MDF cement-
based loudspeaker cabinets also were introduced [8]. Gener-
aly a materia higher in damping (tan 8), Young modulus,
and specific gravity is known to show good acoustic proper-
ties [16]. CAPR composite processed by route 1 islower in
Y oung modulus and specific gravity than data given in Al-
ford and Birchall [8]. Although these two properties can be
increased by adding alumina and then by heat pressing, there
are several other suitable candidates, such as DSP cement,
for this kind of application. In addition, DSP is more aes-
thetically pleasing after facing and polishing than MDF ce-
ments because of its heterogeneous granular structure [17].

Fig. 10. View of the solar-powered car in which the body is made by the CAPR composite.
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The other unforgettable performance of cements is their particular, fiber-reinforced plastics now face aknotty problem
environmental friendliness compared to metal and plastics. of how to be recycled or disposed. The CAPR composite can
Thereisagrowing interest in reducing and reversing environ- be easily recycled or disposed without environmental damage.
mental damages caused by years of technical progress. This Fig. 13 schematically represents our suggestions for

requires materials that are easier to recycle and dispose. In methods of recycling. One method is to reuse the CAPR

Fig. 11. Various steps in making a cement shell. (a) A roller milled sheet positioned on a conveyor belt. (b) Shaping using a previously made concrete mold.
(c) The sheet adhered to the concrete mold. (d) The final product.
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Fig. 12. Plots of shrinkage due to relaxation and setting shrinkage, and residual weight as a function of time during at various stages of precuring and heat cur-
ing (precuring was done at room temperature and humidity).

CAPR Composite
Reuse as a cement Reuse as a polymer free
refractory aluminous product
Polymer burnt off by Polymer burnt off
heating at 300°C - 24h heating at 300°C - 2
(slow heating rate)
Sintering at 1450°C
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Fig. 13. Proposed scheme for recycling of CAPR composite.
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Fig. 14. Flexura strength and weight loss of the CAPR composite as a function of temperature.

composite as a hydraulic cement. CAPR composite was
found to keep its strength when heated at 250°C for 6 h, but
the strength became one third of the original when heated at
300°C for 24 h; sheets become powder when heated at
300°C for 24 to 48 h without releasing any toxic gas. There-
maining powder may be used as ahydraulic cement. Onein-
teresting observation is that this remaining powder directly
formed an intermediate hydration product (C,AHg) in water
at 20°C within 24 h, which is normally formed by high-alu-
mina cement in water at around 40°C.

The CAPR composite also can be converted to a refrac-
tory product as shown in Fig. 13. Fig. 14 shows changes in
strength and weight upon heating. The flexural strength val-
ues shown in Fig. 14 were measured after cooling and at
ambient temperature. The strength decreases upon hesting
due to the decomposition of the polymer phase and increase
in porosity, reaching a minimum value at 300°C. Further
heating to 1450°C induces sintering and produces a solid-
state ceramic bond and an increase in strength. A polymer-
free refractory aluminous product with 75-MPa flexural
strength can be obtained. The X-ray diffraction profile of
this refractory aluminous product reveals that it is rich in
cacium dialuminate, whereas the original cement was
richer in monocal cium aluminate.

6. Concluding remarks

The authors have pointed out some applications for this
novel cement-based composite. Because the processing cost
is high, there is a small chance this material could be ap-
plied in the civil and architectura fields. The CAPR com-
posite should be utilized in other engineering areas pres-
ently dictated by metal, plastics, and ceramics. Considerably
good machineability of the material in comparison to ce-
ramicsis attractive. Stability at high temperatures compared
to fiber-reinforced plastics, lower specific gravity, and non-
corrosiveness compared with metals also are appreciable.
The authors have shown some of the merits in using this
material to make three-dimensional shapes.

Very often the benefits from anew material are offset by
the additional cost of production. High shear mixing in a
twin roll and calendering were the essential steps to make
the CAPR material, but both of them are expensive meth-
ods. High shear mixing is chemically active. Are there any
other inexpensive methods that can make cross-links be-
tween alumina cement and phenol during mixing? The
seeds of the possible engineering applications have been
sown, and the authors are anxiously expecting several un-
conventional cement productsin the future.
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