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Effect of reaction conditions on formation of M-S-H
for refractories
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Abstract

As dispersants for processing the magnesium silicate hydrate(M-S-H) formation, two compounds,
polyacrylate (PAA) and sodium polyacrylate (PAA-Na) were compared in their performance, especially in
prompt effectiveness for the formation reaction of the M-S-H. The PAA-Na was found to exhibit an excellent
performance in developing a favorable M-S-H structure by shortening the curing duration to one-third of
the PAA. Microstructure of the M-S-H processed with the PAA-Na revealed a continuous and robust
network, whereas that with the PAA revealed a disconnected and unrobust network. Alumina aggregate
castable using the M-S-H binder processed with the PAA-Na, cured at 70 °C for 8 h, had equal to or higher
strength than that with the PAA cured for 48 h. Their superiority in strength and density was maintained
even after drying and firing. Modulus of elasticity of the castable using the binder with both dispersants
increased slightly with curing time, and the strength/modulus ratio was higher in the case using the PAA-
Na as the dispersants, which was advantageous for reducing short-term failures of the structural body. The
excellent performance obtained in the M-S-H bonded refractory in the present work made it possible to
develop the refractories with high potential in a low carbon society.

1 #S 1 Introduction
AT R AAKFI (MSSH) 13, KOS Magnesium  silicate hydrate (M-S-H) is a
- . o o , hydrated silicate phase formed by the reaction of
DRI AL T EREET ) AORIGIZ LT reactive magnesia with amorphous silica, which
BN BRI T A BRIEATH Y, IR 7 1 07 1 Bk possess a layered phyllosilicate structure”. Although
ik E A $5Y, M-S-HAMIE, RER~T T the M-S-H phase has long been used as a non-
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cementitious binder in refractory products such as
unfired magnesia bricks? and magnesia castables?,
the effectiveness of use has rarely been explicitly
recognized. Compared to common alumina-cement
systems, the conventional formulations of the M-S-H
have weak points on slow hardening and insufficient
short-term strength, limiting extension of their use.
On the other hand, driven by industrial demands for
reduction of CO. emissions, M-S-H is attracting
attention as a refractory materials for low-carbon
societies to replace Portland and alumina cements”.
To accelerate the M-S-H bond formation,
several approaches have been attempted as followings.
The incorporation of pre-synthesized M-S-H gel
supplied as active nuclei and shortened the induction
period, whereas soluble additives such as sodium
metasilicate”, sodium hexameta-phosphate®, and
sodium polyacrylate (PAA-Na)” increased silicate
availability and modify surface charge. Despite these
attempts effect of dispersants on the mechanisms
and  the

enhancement of the mechanical performance after

controlling  strength  development
drying and firing remained incompletely understood,
particularly dispersants under identical curing
condition. Accordingly, the present study evaluates
how dispersant chemistry influences the M-S-H
reaction kinetics, microstructure and the strength,
density, and modulus of alumina-aggregate castables
before and after heat treatment.

2 Materials and methods

In preparation of the M-S-H phase, 60
mass% silica fume, 40 mass% fine magnesia and 100
mass% dispersant solution (relative to total powder
mass) were mixed for 3 min in a mortar and pestle.
The following two stocks of aqueous solution were
prepared and used in the present work; PAA solution
(1 mass% solids) which is a polyacrylic acid (average
molecular weight ~ 5000) dissolved in purified water,
and PAA-Na solution (1.5 mass% solids) was prepared
by neutralizing the above PAA solution (1 mass%)
with 0.5 mass% NaOH (in the solution). After
mixing, the samples were put in sealed polyethylene
zip bags and cured at 70°C for various times from 0.5
to 48 h. Then, they were crushed lightly, and vacuum-
dried at room temperature to cease the reaction. In
the formed M-S-H phase, the microstructure
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observation and the contents quantitative analysis
were performed by using field emission (FE)-SEM
and the method using X-ray diffraction (XRD), X-ray
fluorescence analysis (XRF), and loss on ignition
(LOI), respectively. The calibration curve method
based on fine magnesia (the raw material) and
reagent-grade Mg(OH), was employed for the XRD
analysis by adding titania (anatase) as an internal
standard at 5 mass% of the total sample weight.
Although the total MgO and SiO: contents were
determined by the XRF, substantial contents must be
subtracted the contents attributable to MgO
(periclase) and Mg(OH). (brucite), as quantified by
the XRD from the total contents. The remainder of
the subtraction was allocated to the contents of the
M-S-H. The SiO: content in the M-S-H was
estimated according to the proposal by Sreenivasan et
al.! indicating that the molar ratio of MgO to SiO
in the M-S-H is approximately 1:1 when they are
equimolar, although it can vary with conditions of
preparing. Furthermore, the total H,O content was
determined by the LOI measurement, from which
the H,O content attributable to Mg(OH), (as
quantified by the XRD) was subtracted, while leaving
the H,O binding the M-S-H phase intact. By
integrating these analytical results, the content of the
M-S-H in each sample was finally quantified.

Two kinds of the alumina castable with the
formed M-S-H phase as binder prepared in the
composition shown in Table 1 with addition of 0.2
mass% organic fiber were incorporated 6 mass%
dispersant of the PAA and the PAA-Na solutions,
respectively. Where both 0.2 and 6 mass% are outer
percentages for the total weight of the castable. After
10 min mixing in a planetary—type rotating mixer,
the obtained slurry was cast with vibration into
expanded polystyrene mold (160x40x40 mm) with
sealing carefully to mitigate water loss, and cured at
70 °C for 8 or 48 h. After curing and demolding, the

Table 1 Composition of castable with the M-S-H binder

Component/additives Composition(mass%)
|Aggregate
. 87
Alumina (ALOy)  [SO315€ grain)
Matrix . 3 100
(fine grain) *!
Silica*? (Si02) . 3
Magnesia*? (MgO) Binder (M-S-H) 2
Organic fiber Spalling inhibitor; 0.2 Outer
PAA** or PAA-Na*’ [Dispersant 6 percentage

*1 calcined, *? fumed, *3 fine grain, ** 1 mass%, ** 1.5 mass%
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solid samples of totally 4 kinds were further treated
by drying at 150 °C for 20 h, and subsequently firing
at 1000 or 1500 °C for 3 h in a programmable furnace.
Then, in the resultantly obtained 16 kinds of samples,
the measurements of cold compressive strength, bulk
density, and modulus of elasticity (in accordance
with JIS R 2553, 2205, and 1602, respectively) were
performed to evaluate explicitly the effectiveness of
the dispersant in the span of curing time up to 48 h.

3 Results and discussion
3+1 Reaction rate of M-S-H

The variation of MgO, Mg(OH),, SiO., and
M-S-H contents as a function of curing time for both
PAA- and PAA-Na-added samples are shown in Fig.
1 (a) and (b), respectively. The overall process of the
curing can be divided into the following three kinetic
stages:
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Fig. 1
PAA and (b) PAA-Na systems.
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Variation of quantitative phase composition with reaction time of samples cured at 70 °C for (a)
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Stage I, Induction

(0—4 h for PAA; 0-2 h for PAA-Na): Only
limited formation of Mg(OH). and M-S-H was
observed, possibly because the local energy barrier for
nucleation has not yet been surmounted.

Stage I1, Growth

(4-24 h for PAA; 2-8 h for PAA-Na): Rapid
MgO consumption occurred and M-S-H formation
progressed. Whereas the M-S-H developed relatively
slow in the PAA system, the PAA-Na system exhibited
a more rapid development of the M-S-H.

Stage III, Saturation

(=24 h for PAA; =8 h for PAA-Na): Phase
contents began to stabilize as diffusion became rate-
controlling mechanism.

FE-SEM micrographs in Figs. 2 and 3 reveal
the evolution of microstructure with curing time in
the PAA and PAA-Na systems, respectively.

In the PAA system (Fig. 2), hydration of MgO
became apparent within 1 h. At 2 h, plate-like
Mg(OH): covered MgO particles, and triangular-
prismatic Mg(OH) grains appeared by 4 h. At 8 h,

Fig. 2 Microstructural evolution of samples from PAA system during curing at 70 °C taken by FE-SEM.

Krosaki Harima Technical Report No.173 (2026)



B aE, 4 h FTI2EMAFEIRO Mg (OH)2 ki
T8Iz 8 h CHAMRIZZOIRIREZ 2 CHBE
JE Ik M-S-H IEB S #1772 48 h FTIC%
COMFEDONERDZEMALL, M-S-H DR 4 72 ¥x
P 2R - TS S o T B 2 EAVRIZ S L
XPHRRYIZ, PAA-Nas& (K3) (X, 1hEFTidb
TG RMEAL LR E L5720 2 h THRIRD
M-S-H23 U At 2—2OF IR SN, 4 h %
NIHEF- % L AE 3 2 A Y 7% ¥ = VA e TR
L7z ThE, Na* 145 Mg(OH): @ﬁﬁﬂi’%
PRHIL, UK M-S-H H§iE O AT H 2 S0k I R A
TeEHEE SN D,

ERSTRERLD, WHOHRD 48 h TIZFEE
DRI % M-S-HER R ISR IR T, L
L7z AU, EHE 7% M-S-H 2% SiO: ki
Tra@IAR, TABAT O AERIRL, <
N Ko THZLRLE IS /2720 TH L L%
ZAbN5s

the and  detached,
accompanying the progress of layered M-S-H

prisms  changed  shape
formation; by 48 h many prisms hollowed out
interiors,  suggesting  dissolution—reprecipitation
during their gradual conversion to the M-S-H.

By contrast, the PAA-Na system (Fig. 3)
showed only minor surface alteration up to 1 h. At 2
h, plate-like M-S-H formed around the silica fume,
and by 4 h it formed a continuous shell structure that
interconnected the particles. It was therefore inferred
that the Na* jons suppressed to form Mg(OH). and
promoted to precipitate the plate-like M-S-H
structure rapidly.

Quantitative phase analysis indicated that
both systems finally converged to similar overall
M-S-H contents by 48 h, presumably because a
continuous M-S-H layer enveloped the SiO; particles
and restricted diffusion of the silicate ion, thereby

retarded further reaction.

Fig. 3 Microstructural evolution of samples from PAA-Na system during curing at 70 “C taken by FE-
SEM.
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32 Properties of M-S-H castables

Cold compressive strength, bulk density, and
modulus of elasticity were measured on samples
cured at 70 °C for 8 or 48 h, followed by three different
treatments: curing, drying at 150 °C and firing at
1000 or 1500 C.

Figure 4 (a) and (b) shows the cold compressive
strength of samples cured for 8 and 48 h, respectively.
In all samples, the PAA-Na system exhibited higher
strength than the PAA system. After 8 h of curing,
the PAA sample did not develop sufficient strength
even after drying and firing. By contrast, the PAA-Na
sample developed a comparable strength of the 48
h-cured state of the PAA sample even in only 8 h. As
discussed above, such advantage was presumably
obtained by differences in the reaction pathway
involving Mg(OH), as an intermediate phase.
Namely, the PAA-Na system is expected to increase
short-term strength and reduce the risks of early-
stage failure. When the cure time was extended to 48
h, the PAA systemachieved the strength approximately
50 MPa after drying and firing, which was sufhicient
for most applications. Under the same conditions, the
PAA-Na system reached the strength about 70 MPa,
indicating further potential for strength improvement.
All samples showed a slight decrease in strength after
firing, likely due to release of crystal water and the
formation of microcracks.

The bulk density of samples cured for 8 and
48 h are shown in Fig. 5 (a) and (b), respectively. All
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Fig. 4 Cold compressive strength of samples of both systems cured at 70 °C for (a) 8 and (b) 48 h followed

by each treatment.
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Fig. 5 Bulk density of samples of both systems cured at 70 °C for (a) 8 and (b) 48 h followed by each

treatment.
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samples densified after drying and, more markedly,
after firing at 1500 °C, reflecting sintering effects. The
bulk density of 8 h-cured PAA sample significantly
decreased after drying, which we attribute to the
increased porosity due to loss in free-water and the
incompleteness of the formation reaction of the
M-S-H. At every processing stages, the PAA-Na
system maintained higher density than the PAA
system. Such result has corroborated that the plate-
like M-S-H network is formed within a short-term
curing for the PAA-Na system, which filled
interparticle spaces more effectively by suppressing
pore growth.

Figure 6 (a) and (b) shows the modulus of
elasticity of samples cured for 8 and 48 h, respectively.
The PAA-Na system exhibited slightly higher
modulus of elasticity than the PAA system, and
changes of the modulus with each treatment in the
extended curing time were minor. The higher cold
compressive strength brought to the higher strength/
modulus ratio in the PAA-Na samples. Particularly
after firing at 1500 C, both systems increased the
modulus of elasticity substantially accompanied by
decreasing strength shifting to more brittle behavior.
Because concurrent shifts in magnitude of strength
and modulus can directly influence thermal-shock
resistance, effectiveness of the firing-induced property
improvements on the thermal-shock performance of
the M-S-H-bonded castables will be clarified in our
future work.

Taken together, these results indicated that the
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Fig. 6 Modulus of elasticity of samples of both systems cured at 70 °C for (a) 8 and (b) 48 h followed by
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final strength of the castables was influenced more by
the M-S-H microstructure than by overall
densification. In the PAA system, isolated M-S-H
layers formed between SiO; particles, whereas in the
PAA-Na system, plate-like M-S-H is formed to coat
the SiO; particles with developing and interconnected
robust network structure. The difference in the
microstructure evolution explains reason why the
PAA-Na system exhibited both superior strengths in
short-term and post-firing states, making it a
promising refractory material.

4 Concluding remarks

In the present study, we investigated the effect
of dispersant chemical species on the formation of
magnesium = silicate hydrate (M-S-H) and the
mechanical performance of alumina-aggregate
castables prepared by using the M-S-H as the binder
phase. Polyacrylic acid (PAA) or sodium polyacrylate
(PAA-Na) was added to a mixture of silica fume and
fine magnesia, which was then left to cure at 70 °C for
up to 48 h. The crystalline structure was analyzed by
X-ray diffraction. The elemental composition was
determined by X-ray fluorescence and loss-on-
ignition analysis. The microstructures were observed
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by field-emission scanning electron microscopy to
investigate the effect of curing duration on the
formation of the M-S-H for both dispersant chemical
species. Castable samples consisting of alumina
aggregate, calcined alumina, silica fume, and fine
magnesia were produced with the same dispersants as
M-S-H, and then cured for 8 or 48 h. After drying at
150 °C and firing at 1000 or 1500 C, the cold
compressive strength, bulk density, and modulus of
elasticity of samples were measured.

PAA-Na shortened the induction period and
promoted direct precipitation of plate-like M-S-H
during the growth stage, whereas the PAA system
followed a slower, stepwise pathway via Mg(OH)..
The PAA-Na route yielded a continuous robust
M-S-H network on particle surfaces, while the PAA
route formed only isolated layered M-S-H domains.
The cold compressive strength of PAA-Na castables
after just 8 h of curing was equal to or greater than
that of PAA castables after 48 h of curing and retained
superior strength and density after both drying and
firing. The modulus of elasticity increased only
slightly with curing time in both systems. PAA-Na
castables had a high strength/modulus ratio and were
superior in reducing risk during initial construction.
These findings demonstrate that PAA-Na was an
effective accelerator for enhancing both short-term
strength and post-firing mechanical performance of
M-S-H-bonded refractory materials with high
potential in a low carbon society; further research on
thermal-shock

long-term  durability, including

resistance, should be done in the future work.
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