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Abstract

Magnesia—phosphate cement (MPC) mortars based on magnesia and ammonium dihydrogen orthophosphate (ADP) were prepared with
additions of sodium triphosphate (STP), boric acid, and borax as set-retarders. The resulting materials were characterised in terms of their
setting characteristics, mechanical properties, and microstructures. The retarders were found to increase the setting time and to reduce the
intensity of the exothermic reactions during the initial setting and hardening stages. The effectiveness of STP as a retarder was limited by its
solubility in the saturated ammonium phosphate solution, determined as 340 g dm ~ ®, which meant that the maximum setting time obtained
was approximately 15 min. In contrast, successive additions of boric acid and borax led to a cumulative increase in setting time to a
maximum of 1 h for the compositions investigated. The use of retarders also led to an extension of the initial hardening period, as indicated
by reductions in the early values of Young’s modulus and flexural strength. The microstructural characteristics of the materials produced were
very dependent on the type and level of additive employed; for STP, the binding phase was relatively fine grained (<0.5 pm), while for boric
acid relatively large-grained (> 10 pm) structures were observed as a result of a reduction in the supersaturation of the aqueous solution.
Well-aged mortar specimens exhibited a high incidence of microcracks on the fracture surfaces, which were related to the occurrence of a
fracture process zone ahead of the main crack tip during fracture. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Magnesia—phosphate cements (MPC), based on the reac-
tion between basic magnesia and an aqueous ammonium
phosphate solution, have been employed as concrete repair
materials for over 25 years, and known industrially for a
good deal longer. In 1947, Every [1] described a general
formulation for a rapid setting cement comprising a dry
mixture of inert filler (such as silica or zircon), a solid
inorganic base, and a soluble inorganic acid salt. Dead-
burned magnesite (primarily magnesia) was recommended
as the basic material, while the alkali metal or ammonium
diacid phosphates were preferred as the acid salt. It was
recognised in this first publication that the use of a set-
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retarder, in this case sodium silico-fluoride, was necessary in
order to obtain a material with a reasonably long setting time.
The use of such an additive was also reported to increase the
strength of the hardened material by a factor of 3.

Subsequently, a “two-part” system comprising solid
magnesia and an ammonium polyphosphate solution was
proposed as the basis for cold-setting basic refractories [2,3]
and rapid repair materials for concrete pavements [4]. In
1976, a “one-part” MPC system consisting of a dry mixture
of magnesia, water-soluble ammonium dihydrogen ortho-
phosphate (ADP; NH4H,PO,), and a water-soluble poly-
phosphate, was developed as a concrete repair material [5].
In each of these systems, the incorporation of the polypho-
sphate component as a set-retarder was necessary in order to
control the exothermic setting reactions. Two years later,
Stierli et al. [6] patented a method for controlling the setting
characteristics of MPCs using soluble oxy-boron
compounds such as boric acid (H3;BOj3;) or borax
(N32B4O7' 10H20)
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In dentistry, MPC systems are used as cold-setting refrac-
tory moulds for casting molten metal alloys, and therefore
several studies have been made of the setting reactions and
thermal properties of such “casting investment” materials
[7-11]. Allan and Asgar [7] identified the main binding
phase as magnesium ammonium phosphate hexahydrate,
MgNH,4PO,4-6H,0, also known as the mineral struvite.
Subsequent studies [8—11] showed that magnesium ammo-
nium phosphate tetrahydrate, Mg(NH4),(HPO,4),-4H,0,
could form under certain conditions, leading to the following
overall reaction scheme [11]:

MgO + 2NH4H2PO4 + 3H20
— Mg(NH,),(HPOy), - 4H,0 (1)

Mg(NH4)2(HPO4)2 . 4H20 + MgO + 7H20
— 2MgNH,PO, - 6H,0. (2)

Sugama and Kuckaka [12] published a paper outlining
the chemistry and mechanical properties of a magnesia—
DAP (diammonium phosphate, (NH4),HPO,)-based
cement. Setting was found to occur within 3 min, yielding
compressive strengths of 7 and 20 MPa after ageing for 1
and 15 h, respectively. In a subsequent publication [13], it
was shown that replacement of the DAP solution by 55%
ammonium polyphosphate solution led to an increase in the
1-h compressive strength to 14 MPa.

The characteristic properties of a commercial MPC
mortar, developed as a rapid repair material for concrete,
were described by El-Jazairi [14,15]. Several areas of
application were recognised for the material, including the
repair of roads, airport runways, and industrial floors. The
chemistry and structure of similar materials were studied by
Abdelrazig et al. [16,17]. Several hydrated phosphate com-
pounds were identified as products of the setting reactions,
and it was shown that the presence of any one was
dependent both on the composition and on the preparation
conditions. The hexahydrate was identified as the main
reaction product in the commercial MPC mortar, the setting
reaction being summarised as follows:

MgO + NH;H,PO, + SH,0 — MgNH,PO, - 6H,0.  (3)

Magnesium ammonium phosphate monohydrate
(MgNH4PO4-H,0) and the tetrahydrate (Mg(NHy),-
(HPO4),-4H,0) were detected in some of the systems
studied, often in large amounts, which led to the proposal
of a reaction sequence involving the formation of the
tetrahydrate as an intermediate reaction product in a manner
analogous to that suggested by Miyaji et al. [11] (Egs. (1)
and (2)). It was found that a large excess of water caused an
increase in porosity and a reduction in the compressive
strength of the hardened material [16]. This effect was
treated in more depth by the present authors, who showed
that the excess water was not chemically bound within the
hardened cement and gradually evaporated during ageing to
leave a finely porous structure that exhibited poor mechan-

ical properties [19]. In contrast, the use of low water
contents yielded a dense material having flexural and
compressive strengths of around 10 and 55 MPa, respec-
tively, after ageing for 7 days.

Popovics and colleagues [20,21] carried out a series of
investigations into the structure and properties of MPC
mortar, including in their studies a comparison of materi-
als incorporating boric acid and borax as retarders. In
their work, the monohydrate was reported as being a more
significant reaction product than was suggested in the
results presented by Abdelrazig et al., being formed
preferentially when processing of the materials was car-
ried out at elevated temperatures (around 38°C). It was
also noted that the use of higher temperature curing
schedules led to reductions in the ultimate strength
achieved, which was attributed to the occurrence of a
more irregular crystal growth.

Yang and Wu [22] showed that borax is an effective
retarder for MPC systems. It was found that the setting time
increased almost linearly with borax content, provided that
the phosphate content remained constant. Conversely, set-
ting could be accelerated by employing a magnesia powder
with a higher specific surface area. The mechanism of
retardation by borax was discussed in terms of the precipita-
tion of magnesium borate compounds around the basic
magnesia grains, which acted to prevent a continuous
reaction with the acidic phosphate solution [22]. A similar
retardation mechanism was suggested earlier by Sugama
and Kuckaka [13].

For MPC systems, the key to the fabrication of a dense
and chemically stable material (i.e., without any of the
intermediate and unstable monohydrate or tetrahydrate
compounds) lies in controlling the exothermic chemical
reactions during the initial setting and hardening period.
Both the use of a relatively unreactive fused or dead-burned
magnesia as the basic component and the inclusion of inert
filler materials help to achieve this goal. In addition, the
systems described in the literature usually contain a set-
retarder in one form or another; either a water-soluble
fluoride, polyphosphate, or oxy-boron compound. In all
cases, the use of a retarder was reported to yield an increase
in the ultimate compressive strength, often reaching a value
of around 70 MPa [6]. The present paper is concerned with
the effects of retarders on the structure—property relation-
ships in MPC mortar, with particular emphasis on the
significant improvements in strength, which can be afforded
by the use of suitable additives.

2. Experimental procedures

MPC mortar compositions were made up according to
the commercial formulation [5], the main dry components
comprising magnesia, ADP, and inert fillers (mainly silica
sand). Excess magnesia was employed in order to ensure
that all of the available ADP would react according to the



D.A. Hall et al. / Cement and Concrete Research 31 (2001) 455-465 457

Table 1
Chemical analysis of raw materials

Component Chemical analysis

Dead-burned magnesia 90% MgO, main impurities: SiO,, CaO
ADP (NH4H,POy) technical grade, >99% ADP

Filler mainly quartz sand

STP (NasP301) 22.7—-23.6% phosphorus (theoretical 25.3%)
Boric acid (H;BO;3) technical grade, >99.9% boric acid

Borax (Na,B40,:10H,0) technical grade, >99.9% borax

stoichiometry of Eq. (3). The filler content in MPC mortar
systems typically comprises approximately 80 wt.% of the
dry component; this rather high proportion of inert filler is
employed for economic purposes and also to help reduce
the temperature rise within the material due to the heat of
reaction during setting. Three different retarders were
investigated, these being sodium triphosphate (STP), boric
acid, and borax. The chemical characteristics of the raw
materials employed in the preparation of the mortar are
listed in Table 1.

The dry components were weighed out in batches of 1.5
kg, with retarder additions to the basic mix being made
according to the amounts listed in Table 2. These particular
values were chosen in order to give a range of retarder
additions such that the materials produced would exhibit
setting times between 8 and 60 min. The amount of water
used was calculated as that required to give a water content
of 6% (expressed as a mass fraction of the dry component)
in material with the commercial composition, this being
approximately 90 g for a 1.5-kg batch size. In the case of
borax, the weight of water included in the mix was reduced
in accordance with the water of hydration chemically bound
within the retarder. The dry components were mixed in a
Hobart mixer for 10 min and then left to equilibrate in a
temperature (20+2°C)- and humidity (60% RH)-controlled
laboratory prior to use.

The dry powder mixture was added to the required
amount of water contained in a Hobart mixer and mixed
for 2 min. The resulting wet mortar was then transferred to
the appropriate moulds for subsequent testing. The final
setting time was determined using a Vicat needle according
to the procedure described in British Standard BS 4550 [23].
Heat evolution during the exothermic setting and hardening
reactions was monitored by measuring the temperature rise
in a small (150 g) specimen by semiadiabatic calorimetry
[24]. The elastic modulus of hardened specimens was
measured nondestructively by means of the flexural reso-

Table 2
Retarder additions for a 1.5-kg batch of MPC mortar

Retarder Weight added (g)

STP 15, 25, 35, 45, 55
Boric acid 2.5,5.0,7.5,10.0, 12.5
Borax 5, 10, 15, 20, 25

nance method, taking an average value from two specimens
with dimensions 25 x 25 x 300 mm. Flexural strength was
determined by the three-point bend test, using six specimens
with dimensions 25 x 25 x 100 mm. Further details of the
testing procedures have been given previously [19].

3. Results and discussion

3.1. The effects of retarders on the setting characteristics of
MPC mortar

The retarding effects of boric acid and borax were found
to be similar; representative results obtained for boric acid
by semiadiabatic calorimetry are presented in Fig. 1. Suc-
cessive additions of each compound caused cumulative
increases in the setting time and in the parameters #; and
1, corresponding to the times at which the maximum rate of
temperature rise and the maximum temperature, 7;,,x, Were
observed, respectively (Fig. 2). It is of interest here to note
that the fractional mass of boron in boric acid is approxi-
mately 0.175, while in borax it is 0.113. Therefore, if the
effectiveness of these retarders was solely dependent on the
boron content, then the mass of borax added to MPC mortar
would need to be a factor of 1.55 greater than that of boric
acid in order to produce an equivalent retardation effect. In
fact, this ratio is quite close to that determined experimen-
tally, indicating that a similar chemical species is respon-
sible for retardation in each case. In the initially acidic
solution of the MPC system, with a pH value of approxi-
mately 5 [25], this species is likely to be either B(OH); or
B(OH), ~ [26].

50
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Fig. 1. Calorimetry curves obtained for MPC mortar prepared with various
additions of boric acid.
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Fig. 2. Setting times and calorimetry results for MPC mortar as a function of retarder contents: (a) boric acid, (b) borax, (c) STP (6% water), and (d) STP

(10% water).

The effect of STP on the setting characteristics was quite
different, as shown in Fig. 2(c). The setting time of the
material increased from 4 min (with no additive) to 16 min
at a level of 35 g, but decreased again upon further
additions. Although flow tests were not performed, it was
observed that this acceleration in setting at the high levels of
STP was accompanied by a loss in the workability of the
wet mix. Similar observations were made by Winbow [27],
who suggested that the acceleration in setting at the higher
levels of STP might be due to the formation of sodium
ammonium phosphate hydrates such as NaNH4HPO,4-4H,O0,
which could be identified in some hardened MPCs. How-
ever, the calorimeter results obtained in the present work
showed that there was no acceleration in the rate of heat
evolution; in fact it was somewhat retarded, as shown in Fig.
2(c). Since the materials prepared with a high STP content
exhibited poor workability, it can be postulated that the
retarding action is limited by the solubility of STP and that

the excess present caused a stiffening of the wet mix that
resulted in premature setting. Further experiments were
carried out in order to clarify this point.

Firstly, tests were carried out to determine the setting
characteristics of materials prepared with a higher water
content of 10%. In this case, the setting time continued to
increase to a value of around 19 min at an additive level of
65 g (Fig. 2(d)), lending support to the above proposal. One
problem with this interpretation is that the maximum useful
addition of STP (prior to reaching the solubility limit)
cannot be predicted accurately since the solubility of STP
in an acid phosphate solution has not yet been published.
The solubility in water, presumably at an equilibrium pH of
approximately 9 [25], has been given as 145 g dm ~° [28],
suggesting a maximum addition of just 13.4 g before the
solubility limit is reached. However, it is likely that the
solubility would be increased considerably in an acidic
environment as a result of the formation of acid triphosphate
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ions according to the following chemical equilibria (Egs. (4)
and (5)) [29]:

P30 +H™ <= HP;0%; (4)
HP;0{, + H' < H,P;0;}; (5)
etc.

An experimental determination of the solubility of STP
in ADP solutions was made by mixing an excess of STP
(15 g) with 25 g of water and with 0—10 g of ADP, the
ADP finally being present in excess of its own solubility
limit. After mixing for 10 min, the slurry was filtered and
part of the filtrate diluted by a factor of 10. This solution
was then analysed for sodium, by atomic absorption spec-
troscopy, and for triphosphate, by the gravimetric method
described by McCune and Arquette [30]. The accuracy of
the latter method was checked by analysing for known
concentrations of STP in saturated solutions of ADP, since
the presence of large quantities of orthophosphate ions
(PO,> ) were considered to be a possible source of error
in the gravimetric technique.

Both of these analysis techniques indicated a solubility
of approximately 0.40 M, or 147 g dm >, for a pure
aqueous solution of STP, which is in close agreement with
the figure of 145 g dm > given in the literature [28].
Following an addition of only 2 g ADP, the increase in the
acidity of the solution caused a twofold increase in the
solubility to approximately 0.80 M (Fig. 3). Further addi-
tions of ADP resulted in a slightly increased solubility,
with a value at saturation of approximately 0.925 M, or
340 g dm ~>. For the MPC mortar system under investiga-
tion, with a water content of 6%, the aqueous component is
saturated with respect to ADP within a few seconds of
mixing. Under these conditions, given a solubility of 0.925
M for STP in the saturated ADP solution, an optimum
useful addition of STP can be calculated as approximately
31 g, which is in reasonable agreement with the experi-
mentally determined optimum level of 35 g. Therefore, it
can be concluded that the effectiveness of STP as a
retarder for MPCs is limited by its solubility in the acidic
phosphate solution.

3.2. The effects of retarders on the mechanical properties
and microstructure of MPC mortar

Determination of the elastic moduli of the materials
during ageing yielded results that were broadly similar in
form for each of the retarder systems investigated, an
increase in the retarder content leading to a reduction in
the modulus in the early stages of hardening (Fig. 4). All of
the materials showed an initial rapid gain in modulus
followed by a more gradual increase with time. The main
effect of the retarders in this context was to cause an
extension of the initial hardening period.
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ADP/H,O (weight fraction)

Fig. 3. Solubility of STP in aqueous solutions of ADP.

The ultimate elastic modulus achieved at an age of 28
days increased significantly due to the presence of the
retarders. For example, with an addition of 2.5 g boric acid,
the modulus value measured after 3 h was 29 GPa, increas-
ing by a factor of 1.2 to give 36 GPa after 28 days. In
contrast, when the additive level was increased to 12.5 g,
the initial and ultimate modulus values were 19 and 39 GPa,
respectively, increasing by a factor of 2 over the ageing
period. The results obtained for borax were similar,
although the mass of additive required to achieve a given
reduction in modulus during the early stages of hardening
was higher, in accordance with the lower concentration of
boron present.

For STP, the general behaviour was similar in that
retarder additions at the higher levels resulted in a retarda-
tion in the development of the elastic modulus. However, in
this case there was an optimum level of 35 g, beyond which
there was a degradation in the ultimate value achieved.
Furthermore, the relative increase in modulus during ageing
was less than that observed for either of the systems
containing the oxy-boron compounds; with an addition of
35 g STP, the modulus increased by a factor of 1.3 over the
ageing period, from 34 GPa at 3 h to 43 GPa at 28 days. It is
evident that the samples prepared using the higher STP
additions exhibited relatively low modulus values during the
early ageing period. This supports the suggestion made
above regarding the premature setting of these systems,
which was attributed mainly to an increase in the viscosity
of the wet mix rather than to the precipitation of sodium
ammonium phosphate hydrates.

The results obtained for flexural strength, presented in
Fig. 5, followed similar trends to those found for Young’s
modulus, although the statistical variations were larger.
Additions of boric acid and borax led to an increasingly
pronounced retardation in the development of strength.
Materials prepared with an addition of 2.5 g boric acid
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Fig. 4. Young’s modulus of MPC mortar as a function of retarder content,
measured at various ageing times: (a) boric acid, (b) borax, and (c) STP.
Typical uncertainties were +2%.

yielded flexural strengths of 4.6 and 8.7 MPa after ageing
for 3 h and 28 days, respectively, showing an overall
increase by a factor of 1.9 during this time period. At a
level of 12.5 g boric acid, the corresponding flexural

strength values were 2.5 and 9.2 MPa, respectively, increas-

ing by

a factor of 3.6 during the ageing period.

The trends observed in the flexural strength results
obtained for materials prepared with STP were less clear.
It is likely that this is due to the statistical variation in the
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Fig. 5. Flexural strength of MPC mortar as a function of retarder content,
measured at various ageing times: (a) boric acid, (b) borax, and (c) STP.
Typical uncertainties were +8%.



D.A. Hall et al. / Cement and Concrete Research 31 (2001) 455-465 461

strength measurements, which meant that it was difficult to
determine accurately the relatively small changes in strength
as a function of retarder content. Nevertheless, it is clear
from Fig. 5(c) that the ultimate strength was lowered when
the level of STP was below 25 g, and that there was an
overall increase in strength by a factor ~ 1.4 over the time
period from 3 h to 28 days.

A representative number of the specimens used in the
flexural strength tests were examined after fracture using
SEM, in order to provide information on the effects of the
retarders on microstructure and on the characteristics of the
fracture surfaces. In the specimens prepared with 35 g STP,
the appearance of the fracture surface of the binding phase
was relatively dense and smooth, as shown by the micro-
graph presented in Fig. 6(a). Higher or lower levels of STP
tended to cause an increased degree of heterogeneity, as
shown in Fig. 7. The ultimate Young’s modulus and flexural
strength values were also significantly reduced as a result of
this heterogeneity (Figs. 4 and 5).

For the low retarder contents, this heterogeneity was
most likely due to the early setting characteristics (setting

(b)

Fig. 6. Micrographs of fracture surfaces in specimen prepared with 35 g
STP after ageing for (a) 3 h and (b) 28 days.

Fig. 7. Micrograph of fracture surface in specimen prepared with 55 g STP
after ageing for 28 days.

times less than 10 min), which would have hindered the
compaction of the materials during the casting procedures.
It is also possible that the higher temperatures developed
during setting and hardening would have led to more
irregular crystal growth, as suggested by Popovics and
Rajendran [21]. The importance of the deflocculating
characteristics of triphosphate ions was recognised by
Abdelrazig et al. [16], who suggested that they may play
a significant role in enabling improved compaction of the
wet mix, thereby reducing the porosity of the hardened
material. For the case of the materials prepared with
excess (undissolved) STP, which did not exhibit such a
strong exotherm on setting, the excess STP resulted in
low workability of the wet mix, which was again a source
of heterogeneity.

Significant changes in the mode of fracture within the
binding phase were observed as a function of ageing time.
The fracture surfaces obtained after ageing for 3 h were
relatively smooth and crack-free, as shown in Fig. 6(a). The
size of the crystals, identified previously as the hexahydrate
MgNH4PO,4-6H,0 [19], was estimated as being of the order
of 0.5 pm. After longer ageing periods, the fracture surfaces
began to show an increased degree of microcracking until
after fracture at 28 days almost all of the surface was
covered by a network of fine microcracks (Fig. 6(b)). For
this stronger, well-aged material the bonding between indi-
vidual crystals appears to have developed to such an extent
that the major fracture path was transcrystalline and there-
fore the morphology of the individual crystals was not so
easily discernible.

From these observations, it is clear that the extensive
microcracking observed on fracture surfaces of the higher-
strength specimens was not present in those specimens
tested at the earlier ages and therefore cannot be attributed
to shrinkage or desiccation in the low pressure environment
of the SEM. Furthermore, it can be suggested that such
microcracking is a stress-induced phenomenon that occurs
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Fig. 8. Micrographs of fracture surfaces in specimen prepared with 12.5 g
boric acid after ageing for 24 h, illustrating (a) large crystal size and (b)
rosette-type crystal growth.

during fracture, since the incidence of microcracking was
observed to increase concurrently with the strength of the
materials. The occurrence of microcracks during the fracture
of cementitious materials has been discussed by many
authors, and is thought to act as a toughening mechanism
through the existence of a fracture process zone ahead of the
main crack tip [31,32]. Perhaps the most unusual aspect of
the present observations is that no special precautions were
required in order to observe microcrack-free surfaces in the
SEM, i.e., magnesia—phosphate-based cements do not
appear to suffer from the desiccation effects that have
hindered previous work on the fracture mechanics of Port-
land cement and concrete. Therefore, MPCs may provide a
useful model system for future fundamental studies of crack
propagation in cementitious materials.

For materials prepared with boric acid as retarder, there
was a pronounced increase in the size of individual
crystals as the level of boric acid increased. Some very
large, well-formed crystals were observed, as shown in
Fig. 8(a). There was also clear evidence of heterogeneous

nucleation, resulting in rosette-type crystal growth (Fig.
8(b)). These observations indicate that the presence of
boric acid resulted in a lower supersaturation in solution,
leading to lower crystal nucleation and growth rates. The
pronounced microcracking that was observed at later
ageing times tended to obscure the morphology of indivi-
dual crystals. However, for materials incorporating higher
levels of boric acid, in which the crystal size was rela-
tively large, the microcracking was preferentially inter-
crystalline and so the form of the individual crystals was
still evident.

The microstructural development at the cement—aggre-
gate interface is represented by the micrographs given in
Fig. 9. There were two major changes with time, firstly a
growth in the bonding area and secondly an increase in the
degree of microcracking, indicating that higher levels of
stress and strain occurred during fracture. This also led to a
gradual change in the fracture mode of the coarse silica
aggregate with ageing time, from purely intergranular to
mixed inter- and transgranular, as shown in Fig. 10,

10 um .

(b)

Fig. 9. Micrographs of cement “pull-out” surfaces (from the cement—
aggregate interface) in specimens prepared with 12.5 g boric acid after
ageing for (a) 3 h and (b) 28 days.
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()

Fig. 10. Low-magnification micrographs illustrating the fracture mode of
the coarse silica aggregate: (a) 12.5 g boric acid, 24 h (oy=6 MPa) and (b)
7.5 g boric acid, 28 days (o¢=9 MPa).

indicating improvements in the strength of the cementitious
matrix and of the cement—aggregate bond. It is revealing to
make a comparison between the cement “pull-out” surfaces
already described (Fig. 9) and those in specimens prepared
with a low level of retarder addition (Fig. 11). The latter
exhibited a higher porosity and were found to be virtually
free of microcracks, even after ageing for 28 days. The
fracture surfaces in the binding phase itself were similar in
this respect.

For the specimen prepared with the highest level of
boric acid, fractured after just 3 h, it was found that the
fracture surface was covered by crystals having a very
different morphology to that of the underlying bulk mate-
rial (Fig. 12). The only regions completely free of these
crystals were those close to the cast surfaces of the
specimen. The most likely explanation for the occurrence
of these crystals is that at an age of 3 h there would have
still have been a considerable amount of the aqueous
solution present in these strongly retarded specimens.
Exposing this solution to air (by fracture) would have

Fig. 11. Micrograph of cement “pull-out” surface (from the cement—
aggregate interface) in specimen prepared with 15 g STP, after ageing for
28 days.

led to the evaporation of some water, increasing the
concentrations of dissolved magnesium, ammonium, and
phosphate ions in the remainder and resulting in an
increase in the rate of nucleation and crystal growth. The
morphology of crystals developing under such conditions
would be unlikely to bear much resemblance to the under-
lying material, which had formed at a lower supersatura-
tion. Near the surfaces of the specimen, most of the free
water may have already evaporated more gradually, due in
part to the exothermic nature of the setting reaction, and so
no such secondary crystal formation would have taken
place in those regions.

In a related study [25], the present authors have shown
that the setting reactions in MPCs proceed via the dissolu-
tion of basic magnesia particles in the acidic aqueous
ammonium phosphate solution, increasing the supersatura-
tion with respect to various magnesium ammonium phos-
phate hydrates and leading to crystal nucleation and
growth. Similar observations were made by Soudee and

Fig. 12. Micrograph of fracture surface in specimen prepared with 12.5 g
boric acid after ageing for 3 h, illustrating the occurrence of secondary
crystal growth after fracture.
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Pera [33] in a recent publication. In our work, STP and the
oxy-boron-type retarders were found to function in differ-
ent ways; the oxy-boron compounds appeared to retard the
dissolution of magnesia, while STP functioned by physical
adsorption on crystal nuclei, thereby inhibiting crystal
nucleation and growth, and/or by chelation of magnesium
ions in a soluble complex, as was suggested by Abdelrazig
et al. [16].

The occurrence of large crystals and rosette-type crystal
growth patterns in the systems prepared with boric acid
(Figs. 8 and 9) are indicative of growth from a solution
having a low degree of supersaturation, due to the rela-
tively low magnesium ion concentration. The aqueous
solution is likely to have been saturated with respect to
ammonium and phosphate ions throughout the setting and
initial hardening period, due to the high solubility of ADP.
The more uniform and finer crystal sizes observed in the
systems containing STP suggest a much higher magnesium
concentration, resulting in a homogeneous nucleation pro-
cess. It is interesting to note that the much larger crystal
sizes present in the materials prepared with high boric acid
or borax additions did not reduce the ultimate strength
values significantly.

Sugama and Kuckaka [13] demonstrated that the addi-
tion of borax to a magnesia—ammonium polyphosphate
cement (at a level of 20% by weight of polyphosphate)
led to a loss in early strength and an extension of the setting
time to around 20 min. This effect was attributed to the
Mg> " cation-accepting property of the B4O,> ~ ions, which
was thought to cause the precipitation of protective amor-
phous coatings around the magnesia grains in a manner
analogous to retardation by “coating” inhibitors in ordinary
Portland cement (OPC) systems [34]. Such a mechanism
would explain the large crystal sizes observed in the present
work, which can be attributed to a low supersaturation in
solution. However, although such coatings may occur in the
alkaline environment of OPC systems, or within the rela-
tively high pH of a polyphosphate solution, it is unlikely
that a significant number of B,4O,%>~ ions would remain in
the acidic (pH ~ 5), predominantly orthophosphate solution
of the present system. Under these conditions, it is likely
that the tetraborate ions would dissociate to yield B(OH);
and B(OH), ~ [26]. Furthermore, investigations conducted
by the present authors indicated that such magnesium—
borate precipitates were only stable at pH values greater
than 9 [25].

Therefore, it appears to be unlikely that a protective
magnesium—borate coating would be formed in the initially
acidic conditions of the present MPC system. As an alter-
native retardation mechanism, it may be suggested that the
boric acid species (B(OH); and B(OH), ~ ) are adsorbed on
the magnesia grain surfaces, thereby reducing the dissolu-
tion rate in a similar manner to the precipitates proposed by
Sugama and Kuckaka [13]. There are many reports of boric
acid adsorption on metal oxide surfaces, and in fact this can
serve as an effective means of removing borate ions from

solution [35]. The adsorption process can be represented by
Egs. (6) and (7) [36]:

M — OH + B(OH); — M — O — B(OH); +H,0  (6)
H,0 + B(OH); — B(OH); +H". (7)

Here, M—OH represents a protonated site on the surface of
the metal oxide and M—O—-B(OH); ~ represents a “bo-
rated” site. It is implied that a covalent bond is formed
between the metal ion and the borate ion, and therefore the
adsorption process is considered to be one of chemisorption
rather than physical adsorption [36].

4. Conclusions

Successive additions of boric acid or borax to MPC
mortar gave rise to a cumulative increase in setting time
and to a retardation of the exothermic setting reactions. The
retardation by STP was more complex, being limited by the
solubility of STP in the saturated ADP solution, which was
determined as 340 g dm . The use of each of these
retarders resulted in an extension of the initial hardening
period and led to significant increases in the ultimate values
of Young’s modulus and flexural strength. Microstructural
examination revealed that the addition of STP led to a fine
(<0.5 um) crystal size within the binding phase, indicating
a homogeneous nucleation process, while increasing
amounts of boric acid gave rise to larger (>10 pm) well-
formed crystals, indicating that a heterogeneous nucleation
process had occurred due to a relatively low concentration
of magnesium in solution. The observation of an increasing
density of microcracks on the fracture surfaces as a function
of ageing time was attributed to the occurrence of a fracture
process zone during fracture, which was presumed to act as
a toughening mechanism.
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