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ABSTRACT

The application of magnesia-based construction materials draws much research interests nowadays due
to the ever increasing awareness of environmental protection. By incorporation of fly ash into magnesium
oxychloride (MOC) cement, an energy efficient and environmentally friendly repair material can be
formed for successful industrial applications. In the current research, an appropriate formulation of the
MOC matrix with a suitable combination of the molar ratios MgO/MgCl, and H,0/MgCl, has been char-
acterized by using phase diagram, X-ray diffractograms and scanning electronic microscope. Subse-
quently the influences of fly ash on the properties of both MOC cement and mortar are investigated. It
is found that the incorporation of fly ash can enhance the workability or fluidity, retard the setting time,
and improve the water resistance of the MOC mortars. With the enhanced performance and a slightly

Fly ash expansive nature, the MOC mortars incorporated with fly ash has a good potential to be used as a repair-

Repair mortar ing material.

© 2009 Published by Elsevier Ltd.

1. Introduction

As an air-dried magnesia-based cementing material, magne-
sium oxychloride (MOC) cement [1] was developed shortly after
the invention of Portland cement. With a through solution reaction
[2-4] at ambient temperature, the MOC system is a typical ternary
system with magnesium oxide, magnesium chloride and water the
three major reaction components. The two main chemical compo-
sition phases produced in the ternary system are
3 Mg(OH),-MgCl,-8H,0 (phase 3) and 5 Mg(OH),-MgCl,-8H,0
(phase 5) [5,6]. The well crystallized needle-like phase 5 of chem-
ically bonded MOC has been described as scroll-tubular whiskers
[7]. The mechanical interlocking and unique microstructure result-
ing from the intergrowth of the crystals is a major source for the
strength development of MOC cement [8]. Therefore, the physical
properties of MOC cement and mortar depend largely on the
phases formation and subsequently on the appropriate proportions
of the starting materials.

It is well known that MOC cement has many properties superior
to the ordinary Portland cement. By virtue of its elastic and acous-
tic properties, and attractive marble-like appearance, MOC cement
is used for rendering wall insulation panels, interior plasters and
exterior stuccos, and decorative panels [9]. Some other commercial
and industrial applications of MOC cement are industrial flooring
[10], fire protection [11], grinding wheels and light weight con-
crete [12]. The excellent performance of MOC cement including ra-
pid setting and hardening, good resistance to abrasion and
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chemicals, as well as remarkable bonding ability to large amounts
of different inert fillers [13] makes it an attractive candidate of
binding materials for repair mortar.

Moreover, MOC cement draws much research interests recently
due to the energy saving consideration [14] as it can be used as a
Portland cement replacement on many occasions. The production
of light burnt MgO used in MOC requires a much lower calcination
temperature compared to that for Portland cement, thus reducing
vast amount of energy consumption and favorite for the sustain-
able development of the building industry. Besides, generated dur-
ing the combustion of coal for energy production, fly ash is one of
the major industrial by-products and being utilized in the con-
struction industry for decades. By incorporation of fly ash into
MOC cement, an energy saving and environmentally friendly repair
material can be formed for industrial applications. In addition,
water resistance of MOC system is a key issue in the research be-
fore MOC related products could be utilized in the industry [15].
To that end, the effects of the fly ash on both MOC cement and
mortar, including phase composition, flow property, setting time,
strength development, water resistance as well as volume stability,
have been investigated.

In this paper, the phase compositions and microstructures of
MOC pastes were evaluated by phase diagram, X-ray diffracto-
grams and scanning electronic microscope. As a result, a cement
matrix with a suitable combination of the molar ratios MgO/MgCl,
and H,0/MgCl, was chosen for producing MOC mortars to ensure
the formation of needle-shaped phase 5 crystals in the ternary
MOC system. The experimental studies show that the incorpora-
tion of fly ash can enhance the workability or fluidity, retard the
setting time, secure the volume stability, and improve the water
resistance of the MOC mortars.
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2. Experimental programme

The magnesium oxide used in this study was calcined magne-
site powder with a purity of 96% from Jinan, Shandong Province,
China. The magnesium chloride employed was hygroscopic hexa-
hydrate crystal, MgCl,-6H,0, with a purity of 98% from Israel. As
well, Class F (ASTM C618) fly ash from CLP (China Light & Power
Company Ltd., HK) was used. The chemical compositions of the
raw materials analyzed by X-ray fluorescence spectrometer (JEOL
JSX-3201Z) are listed in Table 1. As a fine aggregate, natural river
sand with a fineness modulus of 2.3 was employed for preparing
MOC mortars. For the ternary system of MgO-MgCl,-H,0 at ambi-
ent temperature, two molar ratios of MgO/MgCl, and H,0/MgCl,
are used for preparation of the materials. To find out an appropri-
ate formulation of the binding matrix for the mortars, MOC cement
pastes with different combinations of the two molar ratios were
prepared as shown in Table 2. Finally, the mixture design of the
MOC mortars blended with different contents of fly ash is shown
in Table 3.

For each mixture assigned in the above tables, cubic specimens
with a size of 40 x 40 x 40 mm were prepared for strength mea-
surement and water resistant test, and prisms with a size of
25 x 25 x 280 mm for drying shrinkage monitoring. The speci-
mens were cast in steel moulds with vibration compaction fol-
lowed by air curing at a temperature of 24+ 1 °C and under a
relative humidity of 60 + 5%. The crystalline phases of the MOC
pastes were identified by powder X-ray diffraction (XRD, Philips
PW 1830) patterns using Cu Ko radiation. The powder samples
were prepared by crushing the cubic specimens and passing the
powder through a sieve with a screen aperture of 75 pm. The mor-
phology and microstructure of the MOC pastes were characterized
by scanning electron microscopy (SEM, JSM-6300) on fractured
surface with gold coating.

The fluidity of the MOC mortars incorporated with fly ash was
evaluated by flow table method (GB 2419). It measures the diam-
eter of a conical frustum, of the mortars with an original base
diameter of 100 mm, after the flow table moving up and down
30 times through a height of 25 mm in 30s. The setting time
was determined with the Vicat apparatus, while the volume stabil-
ity was gauged by the length change of the prism specimens under
28 °C and 50% RH. In addition, the water resistance of the MOC
mortars was indexed by the strength retention coefficient, R, which
can be estimated by

R =Sx/Sy (1)

where Sx is the residual strength of the specimen after soaking in
water for a period of time, and Sy the strength of the reference spec-
imen cured in air.

The test regime for water resistant of the MOC mortars adopted
in this study was scheduled as follows. After air curing of 14 days
(A14), part of the specimens was soaked in distilled water for 28
days (A14W28) while part of the specimens was kept curing in
air until 42 days (A42). Then residual strength of the specimens
after water soaking (A14W28) was measured and compared to
the reference strength of the specimens cured in air (A14 and
A42) for the calculation of the strength retention coefficient.

Table 1
Chemical compositions of the raw materials used.

Table 2

Mixture design of the MOC cement pastes.

Mixtures Molar ratios Fly ash?
[MgO/MgCl,] [H,0/MgCl>]

#1 3.6 12 -

#2 4.7 12

#3 14

#4 16

#5 7.8 20 =

#6 30%

2 By weight of MgO.

Table 3
Mixture design of the MOC mortars.

Mixtures Powders Water to powder Sand to powder
[MgO/ Fly ash® ratio ratio
MgCL (%)

#7 4.7 - 0.47 1.50

#8 10

#9 20

#10 30

¢ Molar ratio.
> By weight of MgO.

3. Results and discussion
3.1. Selection of MOC matrix

The phase diagram of the ternary MOC system at ambient tem-
perature is demonstrated in Fig. 1 with the composition points of
the paste mixtures (Table 2) indicated. With different combina-
tions of the two molar ratios, MgO/MgCl, and H,O0/MgCl,, the com-
position points of the three MOC pastes (mixtures #1, #3 and #5)
are located in three adjacent compatibility triangles (points 1, 2
and 3 in Fig. 1b) with different phase assemblages. According to
the level rule of the phase diagram [16], the phase assemblage of
the mixture #1 would be both phase 3 and phase 5 coexistent,
the mixture #3 mostly phase 5, and the mixture #5 both phase 5
and brucite present. The corresponding X-ray diffractograms of
the three MOC pastes are stacked in Fig. 2 showing good agreement
with the above observations. With a fixed molar ratio of MgO/
MgCl,, the composition points of the mixtures with different molar
ratios of H,O/MgCl, will be moving along a straight line, extending
towards the H,O apex of the phase diagram. That is the case for the
mixtures #2, #3 and #4 with the same molar ratio of MgO/MgCl, of
4.7 and different molar ratios of H,O/MgCl, of 12, 14 and 16,
correspondingly.

On one hand, with the least water content among the mixtures
#2, #3 and #4, the composition point of the mixture #2 falls into
the compatibility triangle of MgO-phase 3-phase 5. The mixture
#2 should, therefore, have both phase 3 and phase 5 coexistent
similar to that of the mixture #1 as shown in Fig. 2. On the other
hand, with a higher water content as compared to the other two
mixtures, the mixture #4 should have mainly phase 5 as well as

Materials Mass fraction (%)

MgO Al,03 SiO, P,05 SOs3 K0 Ca0 MnO Fe,03 MgCl, H,0 CaCl,
MgO 96.6 0.11 0.76 0.04 0.16 0.02 141 0.14 0.76 - - -
Fly ash 2.93 20.1 49.9 0.94 1.13 1.98 8.53 0.23 11.8 - - -
MgCl, - 6H,0 - - - - - - - - - 45.8 52.0 1.3
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Fig. 1. Phase diagram of the ternary MOC system: (a) isothermal section at 25 + 3 °C
(the dashed line indicates the approximate limits of homogeneous gel formation);
and (b) magnified portion of (a) with labeled composition points of the MOC pastes
(points 1-5 for the mixtures #1-#5).
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Fig. 2. Typical X-ray diffractograms of the MOC cement pastes.

more amorphous gel phase (points 2, 3 and 4 in Fig. 1b). Moreover,
with an addition of fly ash of 30% by weight of MgO while keeping
the other constituents fixed, the relative phase composition of the
mixture #6 is different to that of the mixture #5 as compared in
Fig. 3. Although they both have the same phase assemblage of
phase 5, brucite and MgO residual, the relative amounts are differ-
ent. Obviously, the total amount of brucite in the mixture #6 is less
and MgO residual is more as compared to that in the mixture #5.
As a result, it is believed that the growth of brucite in the MOC
pastes can be inhibited to a certain extent by the incorporation
of the mineral admixture of fly ash. The beneficial effect of this
phenomenon will be shown more clearly in the following section
regarding the water resistance of MOC mortar.

Furthermore, with a higher molar ratio of MgO/MgCl,, more
brucite would be produced, while with a lower molar ratio of
MgO/MgCl,, the amount of the phase 3 would be increased or even
a MOC paste with dominant phase 3 would be established (point a
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Fig. 3. Effect of fly ash on phase composition of the MOC pastes.

Fig. 4. Interlaced microstructure of needle-shaped crystals of the mixture #3.

in Fig. 1b). With a low molar ratio of MgO/MgCl, and a high molar
ratio of H,O/MgCl,, the gel phase will be increased as indicated by
point b in Fig. 1b. The phase 5, however, is more preferred as it is
attributed to the strength development of MOC cement. The mor-
phology of the needle-shaped phase 5 crystals of the mixture #3
under SEM is revealed in Fig. 4. The intergrowth and interlaced
microstructure (arrows a and b) of the bundled needle-shaped (ar-
rows c and d) crystals are attributed to the mechanical interlocking
leading to enhanced strength development. Therefore, the formu-
lation of the MOC paste #3 was chosen as the binding matrix for
the mixture design of MOC mortars incorporated with fly ash.

3.2. Effects of fly ash on MOC mortars

Based on the formulation of the MOC paste #3 and a sand to
powder weight ratio of 1.5, four MOC mortars with different con-
tents of fly ash (Table 3) were prepared and evaluated. The favor-
able effect of fly ash on the fluidity and setting time of the MOC
mortars are shown in Fig. 5. It can be seen that the workability
of the MOC mortars is enhanced as the content of fly ash increased
due to the lubricating effect of the spherical shaped fly ash parti-
cles. As well, both the initial and final setting times of the MOC
mortars are retarded by the addition of fly ash and following a sim-
ilar trend of the fluidity enhancement. The improved workability
and prolonged setting time would be beneficial for the MOC mor-
tars as a repair material.

The influence of the incorporation of fly ash on strength devel-
opment of the MOC mortars is shown in Fig. 6. It can be seen that
the compressive strength of the MOC mortars decreased with the
increase of amount of fly ash addition. The strength development
of the control mixture #7 is rapid and reaches its stable stage after
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Fig. 5. Fluidity and setting time of the MOC mortars blended with fly ash.
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Fig. 6. Effect of fly ash on strength development of the MOC mortars.

only 2 weeks of air curing. However, the other mixtures with incor-
poration of fly ash (#8-#10) seems still continue to grow in
strength after 6 weeks of air curing. It should be pointed out that,
from a practical point of view, at a strength level of over 20 MPa
after 3 days curing (the dashed line in Fig. 6), the MOC mortars
incorporated with fly ash are strong enough to carry pedestrian
and any type of rubber-wheeled traffic in the case of concrete car-
riageway repair.

The result of the water soaking tests as plotted in Fig. 7 exhibits
that the water resistance of the MOC mortars would be dramati-
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Fig. 7. Water resistance of the MOC mortars with fly ash.

cally boosted when appropriate amount of fly ash is utilized. For
the MOC mortar incorporated with fly ash of 30% by weight of
MgO, the strength retention coefficient is raised from merely 40%
up to about 80% when compared to the reference strength at 14-
day air curing (A14). The improvement of the water resistance of
the MOC mortars with fly ash incorporation may be due to the
amorphous alumino-silicate gel formed by the pozzolanic reaction
of the reactive SiO, and Al,03 contents of fly ash under the alkaline
condition of MOC system. With a large surface area, the well dis-
persed fly ash particles would form a network of the alumino-sili-
cate gel weaved with the microstructure of the MOC crystals. As a
result, the water shy MOC phases would be protected to a certain
extent by the surrounding spherical fly ash particles and water
insoluble alumino-silicate gel.

The X-ray diffractograms of the specimens of the mixtures #7
and #10 after water soaking are compared in Fig. 8. It shows that
the residual phase compositions of the two mortars with and with-
out fly ash are quite different. For the control mixture #7 of plain
MOC mortar, the main MOC phases are disappeared and only bru-
cite left. While for the mixture #10 with 30% FA by weight of MgO,
significant amount of phase 5 is still remained with inevitably bru-
cite also found. That can be used to explain why the mixture #10
has a much higher strength retention coefficient. It is understood
that the MOC phases (phase 3 and phase 5) are not stable in water
and would be decomposed into brucite after a sustained period of
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Fig. 8. X-ray diffractograms of the MOC mortars after water soaking.
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exposure to water. If the formation of brucite was limited, then the
rate of the decomposition would be at least postponed, if not to-
tally prevented. Consequently, the inhibitability of brucite growth
by fly ash (Fig. 3) as shown in the previous section could also be
attributed to the enhancement of water resistance of the MOC
mortars.

Finally, the influence of fly ash incorporation on volume stabil-
ity of the MOC mortars are plotted in Fig. 9 which shows the length
change of the prism specimens under drying conditions. It demon-
strates that the MOC mortars are in general expansive and most of
the expansion taking place in the first week after casting. Besides,
it is believed that the expansion of the mortars may only come
from the MOC matrix. The fly ash incorporation reduces amount
of expansion and the more amount incorporated, the more the
deduction as shown in Fig. 9. A slightly expansive nature of the
MOC mortars is favorable for being a repair mortar to avoid crack
and premature failure due to drying shrinkage.

4. Conclusions

The influences of fly ash on the properties of both MOC cement
and mortars are investigated in this study. By incorporating fly ash
up to 30% by weight of MgO in the MOC mortars, the workability or
fluidity is enhanced, the setting time retarded, and more impor-
tantly the water resistance improved, although the final compres-
sive strength decreased. The improvement of the water resistance
of the MOC mortars incorporated with fly ash may be attributed to
the amorphous alumino-silicate gel formed by the pozzolanic reac-
tion of the reactive SiO, and Al,03; contents of fly ash under the
alkaline condition of MOC system. Moreover, the experimental re-
sults show that the growth of brucite in the MOC matrix can be
inhibited by fly ash. Consequently, the rate of the decomposition
of the MOC phases under water would be at least postponed, if
not totally prevented. Finally, a slightly adjustable expansive nat-
ure of the MOC mortars incorporated with different amount of
fly ash is favorable for being a repair mortar to compensate the ef-
fect of drying shrinkage.
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