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Abstract This paper details a comparison of the evolution
in the microstructure of the o and f§ forms of gypsum plaster
that occur during hydration. The comparison has been
performed using a combination of rapid Nuclear Magnetic
Resonance (NMR) relaxation measurements and Scanning
Electron Microscopy images, acquired as a function of
hydration time. The « plaster hydrates to an interconnected
network of uniform gypsum crystals providing a homoge-
neous structure, whereas the f§ plaster exhibits growth of
crystals with irregular shape leading to a more open pore
network and a heterogeneous product. An additional NMR
T, relaxation time component is observed in the f§ plaster
compared to the o plaster, suggesting the presence of large
pores in the f plaster. This conclusion is confirmed by pore
volume distributions determined from X-ray micro-com-
puterised tomography (u-CT) images of the set plasters. To
the best of our knowledge, this is the first study of both
forms of plaster utilising this combination of experimental
techniques. The hydration kinetics have also been compared
using one-dimensional NMR profiles, from which effective
rate constants are determined. Consistent with previous
results, the hydration reactions of the o and f forms of
plaster are seen to occur at very different rates: the o plaster
has a short initiation period and a slow hydration reaction.
In contrast, the [ plaster has a long initiation period,
although the hydration reaction proceeds more rapidly
thereafter. This work demonstrates the applicability of
several NMR techniques to monitor, in situ, the hydration
kinetics and microstructural evolution in plaster pastes,
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which will be crucial to the further understanding of
mechanical properties (e.g. moisture transport) in these
systems.

Introduction

Gypsum (CaSO4-2H,0) is an ancient building material still
used today in many industries including the production of
fertilizers and as a cement additive, as well as its traditional
role as plaster. For modern construction purposes, gypsum
is sold commercially in pre-fabricated “plasterboards” for
interior wall and ceiling applications. Plasterboards are
used widely due to their advantageous mechanical prop-
erties of low specific gravity, good thermal and sound
insulation, and fire resistance [1]. Manufacture of plaster-
board requires energy to remove excess water added to the
plaster to provide fluidity. Understanding the evolution of
the pore structure during the hydration of the plaster—and
hence water transport in the set product—could allow for
the development of more energy efficient drying processes,
and lead to improved quality of the plasterboard.

In the manufacture of plaster, gypsum is first par-
tially dehydrated to produce calcium sulfate hemihydrate
(CaS04-0.5H,0) powder, referred to commonly as “Plaster
of Paris”. The plaster powder is manufactured by either a
“wet” (autoclaved) or “dry” (calcined) industrial process,
and is categorised subsequently as a or f§ plaster, respec-
tively [2]. Both forms are used in commercial plaster prod-
ucts. When the dried plaster powder is mixed with water, the
resulting paste hardens as the water combines with the
hemihydrate to produce crystalline gypsum dihydrate. This
change in microstructure during hydration results in a high
porosity material whose mechanical properties depend on
the pore structure.
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The hydration of plaster to crystalline gypsum has been
the subject of many investigations, and a vast amount of
data is distributed throughout the literature; a review of this
subject has been presented by Singh and Middendorf [3].
Here we identify earlier reports that have used different
methods to compare the o and f forms. Early optical
microscopy images revealed differences in the macro-
scopic structure of individual o and f crystals during
dehydration [4, 5]. Using infrared spectroscopy, X-ray
diffraction, and Differential Thermal Analysis (DTA),
Bensted and Varma [6] suggested, in agreement with ear-
lier works [2, 7], that the only difference between the two
forms is particle size. However, there is evidence from
more recent X-ray powder diffraction and solid-state 'H
NMR that suggest differences in crystal structure do exist
between the two forms [8] and these differences can be
related to the reactivity of the hemihydrates with water and
the mechanical strength of the dihydrate products [5].

The kinetics of hydration for both the o and f forms of
plaster have been monitored previously using thermal
analysis and electrical resistance [9, 10], strength and
acoustic transmission [11], and luminescence rigidochro-
mism [12]. The f plaster was observed consistently to
exhibit a longer initiation period (delay preceding the
hydration) than the o plaster, yet the hydration reaction
occurred more rapidly in the f form.

Techniques used to characterise the microstructure of
porous materials include Mercury Intrusion Porosimetry
(MIP) [13], N, gas adsorption [14], Differential Scanning
Calorimetry (DSC) thermoporometry [15], Small Angle
Neutron Scattering (SANS) [16], and Nuclear Magnetic
Resonance (NMR) cryoporometry [17, 18]. The micro-
structure of o and S gypsum products has been studied
previously using scanning electron microscopy (SEM) [3,
11, 19], where the o dihydrate was seen to be composed of
regular, interlocking crystals whilst the f dihydrate con-
tained smaller, irregular crystals. All of the characterisa-
tion techniques listed above require the hydration process
to be interrupted, perturbing the evolution of the micro-
structure. They are considered reliable for materials with
static pore structures but less suitable for the study of
hydrating plaster that evolves continuously. In contrast,
NMR relaxometry can probe directly the water in the
plaster paste and the results used to infer structural chan-
ges. If the NMR data are acquired on a time scale short
compared to the hydration time, then the kinetics and
microstructure evolution that occurs during hydration can
be probed non-destructively and in situ without interrupt-
ing the reaction.

The NMR relaxation rate constants 1/7; and 1/T, of a
liquid imbibed in a porous media are proportional to the
surface-to-volume ratio S/V of the pore structure [20, 21].
These relaxation times (7, and 7,) have been used for

several years to study the microstructure of hydrating
cement pastes: a small selection of the literature is repre-
sented in the references given here [22-29]. Two-dimen-
sional relaxation correlations have also been used to further
elucidate the pore structures in cement pastes [30, 31]. A
wider range of techniques can be applied more easily to
cements since the hydration time is considerably longer
than for plaster, where complete hydration can occur in less
than one hour. Previously, 7, relaxation time measure-
ments have been used to monitor the evolving pore struc-
tures in plaster paste because the data acquisition time is
short compared to the overall hydration time. Jaffel et al.
[32] observed two distinct water populations in f§ plaster
paste, and the variations in the relative water fraction of
these populations were monitored as a function of hydra-
tion time for a range of water-to-plaster ratios w/p. The
pore structures determined from the NMR data were sup-
ported by SEM images of the set products, and were related
to the macroscopic mechanical properties of the plaster via
ultrasound velocity measurements [33]. The macroscopic
and microscopic transport of water in fully hydrated plaster
pastes was also investigated with 7, relaxation analysis
[32]. Elsewhere it has been shown that the hydration of
plaster can be followed using 7, relaxation measurements
on a low-field, portable NMR device [34].

In this article, we extend the work of Jaffel et al. by
comparing the kinetics and microstructural evolution dur-
ing the hydration of the o and f forms of plaster. The
hydration kinetics are determined using a basic one-
dimensional spin-echo imaging sequence [35] that is sen-
sitive only to the mobile water in the pore voids and not to
the bound water in the gypsum crystals, because the T,
relaxation time of the bound water is too fast to be detected
with this imaging technique. As the hydration occurs, the
signal intensity in the profile decreases, and so a reaction
rate can be inferred. Here, both 7, and 7 relaxation times
are obtained on a time scale short compared to the
hydration time of the plaster. This has been achieved using
single-shot Carr—Purcell-Meiboom—-Gill (CPMG) [36, 37]
echo trains and a rapid double-shot 7| measurement
[38, 39], respectively. At high magnetic field strengths
(Bo > 1 T, as used here) the T, measurement is affected by
magnetic field gradients caused by susceptibility differ-
ences in the sample. As a result, the longitudinal T,
relaxation time is considered to be a more direct probe of
pore surfaces since it is unaffected by the internal gradients
[40]. However, conventional 7; NMR measurements such
as inversion or saturation recovery [41] have been con-
sidered too slow to provide both good time resolution and
high quality data during 1 h of hydration. The rapid T
measurement implemented here has been shown elsewhere
to provide accurate, quantitative relaxation times [42]. We
also monitor the microstructural evolution using SEM
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images acquired at various times during the hydration
process. Whilst other authors have presented SEM images
of gypsum-based materials during hydration [11, 43] we
have presented a coherent set of SEM images comparing
the microstructural changes in the o and f forms of plaster
during hydration. The final, set plasters have been imaged
using SEM and X-ray micro-computerised tomography
(u-CT), used previously to study the structure of hydrating
cement pastes [44], to confirm the differences in pore
structure implied by the NMR relaxation measurements.
We use this combination of experiments to compare the
hydration kinetics and microstructure in the o and f§ forms
of plaster.

Materials and methods

Commercial o« and f# gypsum plaster powders with a purity
of >98 wt% were used in all the experiments. The samples
were prepared by manual mixing of the plaster powder
with deionised water at a w/p = 0.8 by weight to form a
paste (slurry).

For the NMR studies, approximately 50 g of the plas-
ter pastes were poured into 25 x 100 mm? (diameter x
height) glass tubes and sealed to limit evaporation during
the hydration time. The NMR experiments were performed
using a Bruker AV spectrometer connected to a 2 T hori-
zontal bore imaging magnet (85 MHz for 'H). The glass
tubes were positioned horizontally in the birdcage radio
frequency (r.f.) coil. Excitation pulse lengths of fo9 = 15 s
and #1530 = 30 us corresponding to tip angles of 90° and
180° were typical. For the hydration kinetics studies, a
standard one-dimensional spin-echo imaging sequence was
employed to obtain profiles of 128 pixels along the length
of the samples at a resolution of Az ~1.56 mm per pixel.
The echo time was 7 =2 mm and each profile was
acquired in 25 s. For the microstructural analysis, CPMG
echo trains were acquired with 1024 echoes, separated
by 27 =800 us. Each CPMG decay, with 2 scans, was
acquired in 1 min. In the double-shot 7} measurements, 32
data points were acquired, separated uniformly by 5 ms.
Each data set, with 8 scans, was acquired in less than
2 min. In each case, the NMR data were acquired at 3-min
intervals throughout the 50-min hydration period. Although
T, measurements can be acquired on a similar time scale
using conventional saturation recovery [41], the double-
shot T, technique provides more data points and improved
signal-to-noise ratio S/N (due to an increase in the number
of repeat scans) for the same total experimental time
compared to saturation recovery. Also, the exponential
decay provided by the double-shot 7| sequence can be
fitted unambiguously because the fit function does not
require an accurate measure of the total magnetisation,
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unlike the exponential growth obtained from the saturation
recovery sequence.

For the SEM imaging, samples of plaster paste were
soaked in 2-propanol to stop the hydration at different
stages before being dried overnight at 45 °C. The SEM
images of the gypsum crystals were acquired with a LEO
1530 and Supra VP Gemini scanning electron microscope
utilising a field-emission gun at an acceleration voltage of
3 kV.

For the p-CT imaging, wet plaster pastes were intro-
duced into 1.6 x 10 mm? sample tubes, allowed to hydrate
for 60 min (corresponding to complete hydration [10]), and
then dried overnight. The p-CT images were obtained
using a SkyScan 1072 p-CT scanner with a tungsten anode
operating at 46 kV and 219 pA. The samples were then
analysed using a 0.5 mm Al filter. The total rotation angle
of the sample was 180°, with a rotation step angle of 0.45°,
allowing 400 two-dimensional images to be acquired.
These were reconstructed into three-dimensional images of
the samples with a resolution of 3.11 x 3.11 x 3.11 pm?
per voxel.

Results and discussion
Hydration kinetics

The hydration kinetics of both o and f plasters were
determined from one-dimensional NMR profiles. The echo
time in the profile acquisition of t = 2 ms meant that the
bound water, with 7>, &~ 10-20 ps, could not be detected
and only the mobile water in the pore voids was observed.
The time series of profiles, acquired during in situ hydra-
tion are shown in Fig. 1 for the (a) o and (b) f forms of
plaster, respectively. The irregular shape of the profiles is a
result of water rising to the top of the sample tube when the
paste was introduced initially. The signal intensity is seen
to decrease in both plasters during hydration as a fraction
of the mobile water becomes bound in the gypsum crystals.
In the « plaster the signal intensity is seen to decrease at a
constant rate with time, indicated by the uniform spacing
between the profiles. In contrast, the f§ plaster hydrates at a
non-uniform rate. The initial profiles (corresponding to a
hydration time <15 min) have a constant intensity, indic-
ative of a long initiation period, after which the hydration
occurs rapidly.

To examine the hydration kinetics in more detail, the
signal intensity was averaged across the top of each profile
(30-70 mm) in Fig. 1. These average signal intensities can
be seen as a function of hydration time in Fig. 2. Three
different stages of hydration are visible, corresponding to
the initiation period, the acceleration period, and the
completion period. The initiation period is observed as a
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Fig. 1 NMR profiles acquired during the hydration of a « and b f
plaster at w/p = 0.8. The profiles were acquired at regular intervals of
3 min. Increasing hydration time is indicated by the arrow in each
case, with the profiles acquired between 2 (fop profile) min and 42
(bottom profile) min of hydration. The irregular profile shape is a
result of the sample preparation (see text for details); the top of the
sample as prepared is at 0 mm
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Fig. 2 Comparison of hydration dynamics for o (filled circle) and f
(open square) plasters at w/p = 0.8. Reaction rates of k, = 0.009 £
0.003 s~! and kg = 0.015 & 0.005 s~! were determined by fitting
straight lines to the acceleration periods of the o (solid line) and f8
(dashed line) plasters, respectively. The characteristic activation
times (dotted lines) are 18 and 25 min for the « and f§ plasters,
respectively

plateau in the signal intensity: this is pronounced in the f§
plaster, where the initiation period extends to ~ 18 min of
hydration time. The « plaster exhibits a very short initiation
period (<5 min).

The acceleration period encompasses the actual gypsum
crystallisation, and is observed as a decrease in the profile
signal intensity as a function of hydration time in Fig. 2. By
fitting a straight line to the data points corresponding to
the acceleration period, approximate reaction rates of k, =
0.009 & 0.003 s~" and kg = 0.015 £ 0.005 s~ were deter-
mined for the o and f plasters, respectively. Although these

rates are only semi-quantitative due mainly to the variable
T, relaxation contrast in the profiles, they indicate clearly
that the hydration reaction proceeds much more rapidly in
the f§ plaster compared to the o plaster, in agreement with
other authors [9, 10, 12]. It is also possible to define an
activation time from the average crystallisation time (i.e.
the mid-point of the acceleration period). Activation times
of 18 and 25 min were determined for the o and f plasters,
respectively, and these times are indicated in Fig. 2 (dotted
lines).

Once the gypsum crystallisation process had finished,
the signal intensity remained constant; this is the comple-
tion period. Despite the significant difference in the reac-
tion rates, both plasters required the same time to hydrate
completely. This is due to the long initiation period of the f
plaster. The final average signal intensities in Fig. 2 are
different for the two plasters: for the « plaster the average
signal intensity after hydration is 0.72, and for the f
plaster, 0.78. The stoichiometric fraction of water required
for hydration is 0.23 for both plasters, so the amount of
water consumed in the hydration reaction should be simi-
lar, as is observed. The small difference observed may
result from the o plaster containing impurities that consume
additional water on hydration. However, it is far more
likely that the relaxation weighting on the profiles in Fig. 1,
which will be sensitive to porosity, accounts for this
difference.

Many authors have hypothesised as to the underlying
variations governing the different reaction rates. For
example, a higher surface area in the f plaster providing
more nucleation sites for the crystallisation of gypsum
could increase the hydration rate [3]. Conversely, the «
plaster powder, which has been shown to have a crystal
habit with more preferential sites for the chemical
adsorption of water, could exhibit a faster dissolution rate
reducing the initiation period [10]. Elsewhere, differences
in the hydration dynamics have been attributed to varying
particle size distributions or impurities in the raw materials
[45]. Whilst the hydration reaction rates presented here
provide no indication as to the underlying control mecha-
nism, the simplicity and clarity of the method and results
will allow these hypotheses to be examined rigorously in
future work.

Pore structure evolution

The transverse relaxation rates determined for the water
contained within the plaster paste during hydration provide
direct information on the evolution of the pore structure. In
the fast exchange limit, 1/7, o< S/V [20, 21], and hence
T, o< (x) where (x) is a characteristic mean pore size. The
precise scaling depends on the surface relaxivity constant
p, such that 1/T, =~ p S/V, and this has been shown
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elsewhere to vary within similar materials [46], making a
conversion from relaxation time to pore size difficult to
calibrate [31]. The density of surface paramagnetic impu-
rities in the plaster powders could be different, and so it is
unwise to compare the measured relaxation times of the o
and f plasters directly. However, orders of magnitude
and trends can be used to infer the scales of pores (large
or small) and the microstructural evolution. The CPMG
decays determined for liquids imbibed in inhomogeneous
porous media tend to be complex exponential functions, so
it is usual to convert the data into distributions of relaxation
times using a numerical inverse referred to popularly as a
Laplace transform. This is an inherently ill-posed problem
and requires some constraints to produce a stable solution.
Here we use Tikhonov regularisation [47, 48] with the
regularisation (smoothing) parameter determined by the
Generalised Cross Validation (GCV) method [49, 50].
Figure 3 shows a selection of the regularised 7, relaxation
time distributions determined during the hydration of the «
and f plasters.

Both of the plasters exhibit two distinct peaks in the
initial 7, relaxation time distributions. A dominant peak at
long T, times corresponds to water in large pores or bulk,
and a significantly smaller peak at short relaxation times
corresponds to water in the fine pore structures. For the «
plaster, Fig. 3a, the peaks are initially centred on 7, = 8
and 45 ms. As the hydration proceeds and the pore struc-
ture evolves, these peaks shift to shorter relaxation times.
When the hydration has concluded (after 47 min), the
peaks are centred on 7, = 5 and 25 ms. This indicates that
the average pore size in each population is decreasing,
although the simultaneous broadening of the two peaks

(]

(a) (b)

)]

N

N

Normalised probability (arb. units)
w

e

o

Fig. 3 T, relaxation time distributions for a « and b f plasters at
w/p = 0.8, measured at hydration times of (top to bottom) 2, 11, 20,
29, 38, and 47 min. The area under the distributions has been
normalised relative to the initial signal intensity for each sample
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suggests that the pore structure is becoming more inho-
mogeneous as the pores develop.

For the f plaster, Fig. 3b, the peaks are centred on
T, =4 and 22 ms initially. As the hydration reaction
progresses, the short relaxation time peak shifts to 7, = 3
ms yet remains relatively consistent in width. The long
relaxation time peak broadens considerably whilst staying
centred at 7, = 22 ms throughout the hydration time. This
suggests that the hydration leads, predominantly, to the
development of a heterogeneous distribution of large pores.

To further clarify the relaxation time behaviour during
hydration, and to remove some of the uncertainty inherent
in the numerical inversion, the CPMG decays were fitted
using discrete two- or three-component exponential func-
tions as appropriate, selected by examining the residual y>
fit errors. The relaxation times determined by this method
are shown in Fig. 4 for the (a) « and (b) f plasters,
respectively. As observed in the T, relaxation time distri-
butions, Fig. 3, two distinct relaxation time components are
observed initially for each form of plaster.

In the case of the o plaster, Fig. 4a, the two relaxation
times are seen to decrease from 7, = 12 and 45ms
throughout the acceleration period of the hydration process,
corresponding to a hydration time <35 min, as the pore
structure evolves. The final relaxation times—static
throughout the completion period—are 7, = 8 and 28 ms.
These values correspond well with the peaks centred at
T> = 5 and 25 ms seen in the relaxation time distributions.

Two T, relaxation time components are observed ini-
tially in the f plaster, Fig. 4b, corresponding to 7, = 8 and
24 ms. These values remained constant throughout the
initiation period (hydration time <18 min). At the start of
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Fig. 4 Variation of T, relaxation times during the hydration of a o
and b f plasters at w/p = 0.8 determined by fitting two- or three-
component exponential decays to the CPMG data as appropriate
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the acceleration period, when the hydration reaction pro-
ceeds (hydration time 18-20 min), the data become well-
fitted only by a three-component exponential decay. An
apparent decrease in the two short relaxation time com-
ponents is observed around 20-28 min hydration time.
Although this slight decrease (T, = 24-22 ms for the long
component; 7, = 8—6 ms for the short component) may be
a genuine reflection of a reduction in the pore size during
the hydration process, we cannot exclude the possibility
that it is an artefact introduced by the shift from a two-
component to a three-component fit. The significant feature
of Fig. 4b is the increase in the long (third) 75 relaxation
time component from 7, = 36-68 ms during the acceler-
ation period. This clearly indicates that large pore voids are
opening up in the gypsum structure and is consistent with
the broadening of the long relaxation time component peak
observed in the T, distributions. During the completion
period (hydration time >42 min) the short relaxation time
components remain constant. The long relaxation time
component appears to be still increasing during the com-
pletion period, although given the experimental and fit
errors on the data, this is not conclusive evidence for
continued evolution of the large pores.

It should be noted here that the significant difference in
the final T, relaxation times observed will account for some
of the difference in the signal intensity of the profiles seen
in Fig. 1. The short T, relaxation times of the water in the o
plaster cause enhanced signal attenuation during the
acquisition of the spin-echo profiles, whereas the long,
dominant 7T, relaxation component in the f plaster will
provide less attenuation. This supports our conclusion in
section Hydration kinetics that the difference in the final
average signal intensities in Fig. 2 originates from the
effects of relaxation contrast.

The plots of discrete, average, relaxation time compo-
nents (Fig. 4) are considerably more useful for highlighting
the trends in pore network development than the relaxation
time distributions (Fig. 3). Using the rapid double-shot T
measurement, we have also monitored the 7 behaviour as
a function of hydration time in both plaster pastes. The
results are shown in Fig. 5. Here, in contrast to the multi-
component 7, decays, the T, data were well-fitted by a
single component exponential function. This can be
explained by the fact that the 7| measurement probes the
water/pore surface interactions on a different time scale to
the T, measurement. The 7> measurement can be consid-
ered as a local probe of the pore surface. However, during
the longer observation times in the 7 measurements,
mobile water molecules can explore more of the pore
network, and so 7 provides an indicator for S/V averaged
over a greater length scale. In the « plaster, Fig. 5a, the T
relaxation time decreases from 7; = 1.22-0.77 s across the
acceleration period, suggesting the formation of a solid
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Fig. 5 Variation of T relaxation times during the hydration of a « and
b f plasters at w/p = 0.8 determined by fitting a single component
exponential decay to the double-shot 7, data

matrix with small pores. In the f plaster, Fig. 5b, the
average T does not vary greatly during the hydration; a
slight increase from 7; = 0.77-0.86 s occurs across the
acceleration period (hydration time 20-30 min) indicat-
ing an increase in the average pore size. This is followed
by a slight decrease to 77 = 0.83 s that cannot be easily
explained, although it may simply represent a gradual
redistribution of the water in the pore network.

Morphology of hydrated plaster

To confirm the variations in pore structure implied by the
NMR results, the crystal structures in the hydrating plasters
were examined by SEM. Figure 6 shows the crystal
structure in the o« plaster at various times during the

Fig. 6 SEM images of o plaster at w/p = 0.8 after a 11, b 20, ¢ 29,
and d 38 min of hydration. Images acquired at x5000 magnification
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Fig. 7 SEM images of f plaster at w/p = 0.8 after a 11, b 20, ¢ 29,
and d 38 min of hydration. Images acquired at x5000 magnification

hydration. At a hydration time of 11 min, Fig. 6a, the
gypsum crystals have already nucleated and formed thin,
needle-like structures. As the gypsum continues to hydrate,
Fig. 6b—d, the crystals grow in length and thickness. These
developing crystals become entangled to form a high
porosity material. The pores evolve as the crystal entan-
glement and interaction continues throughout the acceler-
ation period of hydration. Overall, a gradual change in the
physical structure during the hydration of the o plaster is
observed, in agreement with the 7} and 7, measurements.

Figure 7 shows the morphology of the f§ plaster gypsum
crystals at various stages during the hydration. During the
initiation period (11 min; Fig. 7a) large, plate-like struc-
tures are observed. At the start of the acceleration period
(20 min; Fig. 7b), small, needle-like crystals can be seen,
akin to those observed in the o plaster. However, as the
hydration progresses in the f§ plaster, these thin crystals
broaden rapidly and become irregular in shape. At the end
of the acceleration period (38 min, Fig. 7d), short, thick
crystals with relatively little inter-crystalline entanglement
(compared to the o plaster) are visible.

The salient difference between the gypsum crystal
structures in the hydrated o and f§ plasters is highlighted in
Fig. 8. At higher magnification, the o crystals, Fig. 8a,
appear to be regular in shape and interwoven. In contrast,
the f crystals, Fig. 8b, are thicker, shorter, and appear to be
stacked rather than entangled. Some crystals also seem to
exhibit fractures and there is a quantity of “grainy”
material. The SEM images in Fig. 8 are in agreement with
SEM images of hydrated gypsum products published pre-
viously [3, 11, 19]. The significant difference in the crystal
habits of the two plasters is due to the different hydration
mechanisms [11]. The rapid hydration reaction in the f
plaster clearly results in more heterogeneous pore spaces,
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Fig. 8 SEM images of a « and b f§ plaster at w/p = 0.8 after 50 min
of hydration. Images acquired at x20000 magnification

as noted from the NMR relaxation measurements, and less
well-defined crystals, as seen in the SEM images.

The macroscopic variation in microstructure between
the hydrated plasters can be seen from the u-CT images in
Fig. 9a and b for the o and f forms, respectively. The o

Fig. 9 Three-dimensional structures rendered from p-CT images of
a o and b f plaster at w/p = 0.8 after 60 min of hydration. Each
image is a 3 x 1.6 mm? (length x diameter) section acquired in the
middle of each sample, and each voxel is 3.11 x 3.11 x 3.11 pm®.
Two-dimensional cross-sections of the ¢ « and d f plaster extracted
from a and b, respectively
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plaster is a uniform, homogeneous material with a fine pore
structure. Only a few larger pores (or cracks) are visible in
the surface of the rendered volume. In contrast, the f
plaster forms an apparently friable, heterogeneous structure
dominated by large pore voids. The details of the porosity
are visualised more clearly in the cross-sectional images,
Fig. 9c and d, for the o and f plasters respectively. These
images were extracted from the three-dimensional, ren-
dered structures.

From the u-CT images, it is possible to determine pore
volume distributions by applying a binary gate to the
images as explained elsewhere [51]. The distributions
extracted from the images in Fig. 9 are shown in Fig. 10
for the set o and f3 plasters. The « plaster has a pore radius
distribution ranging from R = 0-65 um with a mean pore
radius of R ~ 30 um. The f plaster exhibits a broader
distribution, ranging from R = 0-75 pm, with a mean pore
radius of R ~ 40 um. The mean and variance of these
distributions agree with the 7, distributions in Fig. 3,
where the f§ plaster was observed to exhibit a larger mean
and variance in 7, compared to the o plaster. There is also
evidence for a population of large pores, R & 70 pm, in
the pore volume distributions of the f plaster, and this
supports the presence of a long 7, component (corre-
sponding to large pores) observed exclusively in the f
plaster in Fig. 4. In summary, the u-CT images confirm the
differences in pore structure deduced from the NMR
relaxation data. It is interesting to note that the variation in
T, relaxation time seen in Fig. 4 follows the physical
changes in pore structure more closely than the 7 data.
Conventionally, T is considered a more direct measure of
S/V, and hence pore size, because it is not influenced by
internal, susceptibility induced magnetic field gradients.
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Fig. 10 Pore volume distributions (V/V.) as a function of pore
radius (R) for the o (grey line) and f (black line) plaster at a
w/p = 0.8 after 60 min hydration, determined from the u-CT images
in Fig. 9

This is true for the results determined for the o plaster
where the T, relaxation times revealed the reduction in
mean pore size during hydration. However, in the case of
the f plaster it is clear from the u-CT images that a
homogeneous pore network does not exist. It is therefore
reasonable to conclude that, under such conditions, the
assumption of 1/ o S/V is no longer valid. The 7, mea-
surement continues to probe the local surface interactions,
and hence can provide information on the evolution of the
plaster even in this heterogeneous system.

Conclusion

A variety of techniques have been used in combination to
compare the kinetics and evolution of microstructure dur-
ing the hydration of the o and f forms of gypsum-based
plasters. One-dimensional NMR profiles were used to
determine the reaction kinetics during in situ hydration.
The f plaster was seen to hydrate significantly faster than
the o plaster, although it exhibited a long initiation period,
in agreement with previous works. Rapid NMR relaxation
measurements of 7 and 7, allowed the development of
porosity to be monitored during hydration. The o plaster
appeared to have fine pore structures and the average pore
size decreased during hydration as the gypsum crystals
developed. The f plaster was dominated by large pores that
increased in size during hydration. These results were
confirmed by SEM images recorded at various stages
throughout the hydration process: the « gypsum crystals
were regular in shape and interwoven. By comparison, the
f gypsum crystals were thicker, fractured, and less entan-
gled. SEM of the final, set products were consistent with
those published previously. u-CT images of the set plasters
revealed that these microstructural differences were con-
veyed to the macroscale where the o plaster was homo-
geneous and the f plaster was seen to be inhomogeneous
with large voids of highly irregular shape.

From the results presented here, it is possible to con-
clude that the rapid hydration and open pore structure of
the f3 plaster would be advantageous in the manufacture of
plasterboard, assuming the long induction period can be
reduced by further disintegration of the dry powder. The
large pore voids increase the efficiency of water transport,
and should reduce the drying time required, as long as the
mechanical integrity of the product is not impaired. In
future work we will continue to explore the evolution of
pore structure and water transport using rapid two-dimen-
sional NMR relaxation correlations and NMR diffusion
measurements to investigate the influence of initial particle
size of the hemihydrate on induction time, and attempt to
correlate the microstructure with macroscopic mechanical
properties of the hydrated plasters.
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