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ABSTRACT

Thermal treatment of phosphogypsum (PG) to produce construction-grade gypsum is a promising approach for
large-scale utilization. However, the single-phase composition of calcined gypsum necessitates the addition of
retarders to control hydration speed, often compromising material performance. To address this, we propose a
multiphase gypsum system that leverages synergistic interactions among various gypsum phases to regulate
hydration kinetics. This study examines the workability, mechanical properties, water resistance, hydration heat,
and microstructure of multiphasic PG. We systematically analyze the interaction mechanisms between different
gypsum phases, including II-anhydrite (AII), IlI-anhydrite (AIII), p-hemihydrate (HH), and dihydrate (DH),
within the multiphasic PG system. Results indicate that incorporating optimal amounts of AIIl and AlI effectively
adjusts PG hydration process, enhancing workability and water resistance. Specifically, a composite of 30 % AIII
and 20 % AII yields significant improvements in mechanical strength and water resistance (with a softening
coefficient reaching 0.81), extends setting time, and reduces water demand. Interactions among All, AlIl, HH,
and DH effectively regulate hydration rates in phosphorus-based gypsum cementitious materials. Early-stage
hydration of AIII releases substantial heat, promoting the hydration of HH and AIL In turn, AIl modulates
HH’s hydration rate, providing a retarding effect that enhances early strength. At later stages, hydration of AIII
and HH increases the exothermic rate of AIl's hydration, while DH serves as a nucleation site for Al crystalli-
zation, producing a dense structure. Additionally, unhydrated AIl absorbs infiltrated water molecules, further
improving water resistance and enhancing long-term strength.

1. Introduction

minimal impurities [8]. The presence of impurities in PG influences
hydration kinetics, phase transformation, and microstructural develop-

Phosphogypsum (PG) is an industrial by-product generated from the
wet-process production of phosphoric acid, with approximately 4.5-5.5
tons of PG produced per ton of phosphoric acid output [1]. Global PG
emissions have exceeded 6 billion tons, with new annual emissions
estimated at 200-400 million tons. In China alone, cumulative PG
stockpiles have reached around 870 million tons, increasing annually by
about 80 million tons, yet utilization remains below 10 % [2-5].
Currently, most PG disposal involves dumping or stockpiling, leading to
significant environmental pollution. Consequently, the safe and
resourceful utilization of PG has garnered attention [6,7]. However, the
hydration and hardening mechanisms of PG-based multiphase com-
posites are expected to differ from those of natural or flue gas desul-
furization gypsum-based systems, which are with high purity and

ment. Therefore, understanding the self-regulation mechanism of
different PG phases during hydration is crucial for optimizing its per-
formance in MPPG cementitious materials.

Common PG valorization strategies include its use in road con-
struction, as a cement retarder, in gypsum board production, and
particularly in construction gypsum, which is considered a promising
direction for large-scale, value-added utilization [9-11]. For instance,
B-hemihydrate gypsum (HH) products, despite advantages like abrasion
resistance, adhesion, good slurry fluidity, and low expansion [12].
However, single-phase gypsum materials produced by heat treatment
face limitations in engineering applications, like fast setting times and
limited water resistance [13,14]. Current research efforts primarily
focus on modifying construction gypsum properties using additives, but
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such approaches often yield limited strength improvements. For
example, while additives like carboxylic cellulose and citric acid may
extend setting times and improve flow, they frequently compromise
mechanical strength [15,16].

When heat-treated between 100 and 1800 °C, PG can transform into
various phases, including p-HH, dihydrate gypsum (DH), and multiple
forms of anhydrite (AIII, AIl, and AI) [17-19]. Each phase exhibits
distinct solubility, hydration rates, and crystal formation behaviors,
influencing the mechanical and hydration characteristics of the resulting
material. For example, f-HH, commonly obtained by low-temperature
calcination of PG in the range of 120-180 °C, is mainly transformed
from the DH phase through dehydration. AIll, generated at a tempera-
ture range of 200-450 °C, the DH phase of PG first undergoes dehy-
dration to transform into HH, and then HH continues to dehydrate and
transforms into AIII is highly reactive and hydrates rapidly. AII is ob-
tained by calcining PG in the temperature range of 450-800 °C, where
the DH phase is completely dehydrated. It is nearly insoluble and has
minimal hydration reactivity [20-22].

Research indicates that interactions between these phases can in-
fluence overall performance even without additive-based regulation.
Pan [23] reported that mixing p-HH and All results in HH promoting the
hydration of AIl Similarly, Yang [24] found that in HH-AII composites,
the rapid hydration of HH contributes to early strength, while AII hy-
dration is essential for late-stage strength development. These studies
suggest that a composite of multiple gypsum phases could achieve
self-regulation of hydration; however, existing research often considers
limited phase combinations, which restricts comprehensive hydration
control.

To systematically investigate the self-regulation mechanisms among
various phases in MPPG, we synthesized dihydrate gypsum with
controlled phase compositions by calcining PG at different tempera-
tures. MPPG cementitious materials with varied phase assemblies were
prepared and evaluated their standard consistency, water demand,
setting time, compressive strength, and hydration activity via calorim-
etry. Phase interactions were further explored using X-ray diffraction
(XRD) and scanning electron microscopy (SEM) analyses. This study
aims to elucidate the hydration dynamics of different gypsum phases,
paving the way for advanced composite PG materials and offering
theoretical insights to enhance PG utilization in construction
applications.

2. Materials and test methods
2.1. Raw material

The raw materials for this experiment were obtained from Yuntian-
hua Company in Yunnan Province. The purified and treated PG
appeared as a gray powder, with the primary chemical composition
detailed in Table 1, with a calculated CaSO4 content of 64.88 %. The raw
PG was initially dried at 40 °C, and its characterization results, including
XRD, SEM, and thermogravimetric-differential scanning calorimetry
(TG-DSC) analyses, are presented in Fig. 1(a) shows that the main
mineral phases of raw PG are calcium sulfate dihydrate (CaSO4-2H50)
and quartz (SiO»), with minimal presence of other substances such as
phosphates and metal oxides. Fig. 1(a) also displays the microscopic
morphology of the untreated PG, revealing a large, plate-like crystal
structure with flat surfaces and irregular shapes. Fig. 1(b) presents the
mass loss profile as PG is heated from room temperature to 1000 °C at
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°C, indicating a dehydrated mass loss of approximately 15.52 %, mainly
due to the gradual release of crystallization water as calcium sulfate
dihydrate converts to HH [25].

Between 180 and 450 °C, the rate of mass loss slows, corresponding
to the continued dehydration process, transforming the dihydrate to
semi-anhydrous and subsequently to AIIl. At around 450 °C, a minor
endothermic peak indicates the onset of AIl formation [26]. A third
endothermic peak appears at approximately 900 °C, with a slight mass
loss on the TG curve, likely due to further transformations within
anhydrous gypsum and the decomposition of residual impurities [21].
The result of internal (Iz,) and external exposure index (I,) met the
requirement of Chinese standard (GB 6566-2010), as shown in Table 2).
The heavy metals contents measured by ICP were lower required values
of Chinese standard GB 18582-2008 (Table 3). The Pb, Cd, Cr and Hg
contents of the raw material used in this study is far below the limits of
standards. Therefore, it can be thought that the building materials
product valorized from this PG will not cause environmental damage.

2.2. Sample preparation

2.2.1. Sample processing

The raw PG was initially dried in a standard constant temperature
and humidity curing chamber at 40 °C for 48 h to remove surface
moisture. After drying, agglomerates in the untreated PG were crushed
and ground using a horizontal ball mill in preparation for calcination. To
minimize the impact of particle size on the performance of multiphase
gypsum, a sieving pretreatment to PG was applied, which ensured a
consistent particle size distribution across all temperatures, with most
particles ranging from 10 to 100 pm. The treated PG was then heated in a
muffle furnace from 50 °C at a controlled rate of 5 °C/min until reaching
specific temperatures, followed by a holding period to obtain PG sam-
ples with different phase compositions [27]. To stop AIIl from absorbing
moisture from the air and turning into hemihydrate gypsum, we need to
use the PG right after it’s calcined at 300°C. Thus, the contacting time
between gypsum and air can be reduce, which lessens the chance of it
soaking up water. It helps to keep the amount of AlIll stable. Detailed PG
calcination parameters are provided in Table 4. Experimental testing
was conducted to determine phase contents at various temperatures,
leading to the selection of three optimal calcination temperatures: 160
°C, 300 °C, and 600 °C. According to the Chinese national standard GB/T
36141-2018, the calculated content of HH and AIIl phase accounts for
approximately 36.25 wt% and 35.86 wt% of the total PG content
(including other non-gypsum phase impurities), respectively. The pro-
portion of each gypsum phase in the PG calcined at the three tempera-
ture ranges in Fig. 2(a), the other components include quartz,
phosphates, and metal oxides. XRD patterns for PG calcined at these
temperatures are presented in Fig. 2(b), which guided the design of
MPPG compositions.

2.2.2. Proportioning of MPPG

The phase proportioning design for each experimental group is
presented in Table 5. Based on the proportions of each gypsum phase in
the total PG content (including other non-gypsum phase impurities)
measured in Fig. 2(a). When preparing the MPPG samples, the pro-
portions of each gypsum phase in the total PG were converted to their
respective proportions in the total gypsum phases, as shown in Table 5.
Conversion formula as shown in Eq. (1).

Wa

10 °C/min. The rate of mass loss accelerates after 120 °C, with a pro- ©o =1 1)
. p
nounced endothermic peak observed between 120 and 180 °C at 151.9
Table 1
Chemical composition of raw PG (wt%).
Component SO3 CaO SiOqy P>0s Al,O3 K20 Fe,03 MgO LOI
Values 38.196 25.414 12.257 1.110 0.585 0.207 0.144 0.092 21.123
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Fig. 1. Characterization results of raw PG, (a) XRD pattern and SEM image, (b) TG-DSC pattern.
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Table 2

The limits of radionuclides in

raw PG and the test results.

o represents the mass fractions of each gypsum phases in the total
gypsum phases , w, represents the mass fractions of each gypsum phase
in the total PG , w, represents the mass fraction of the total gypsum

K (Bq/ ?*Ra 232Th Limits of Test phases.
K Bq/K; Bq/K; tandard 1t . . .
&) (Ba/Kg) (Ba/ke) standares resuts The blank group represents HH calcined at 160°C, with its funda-
Radionuclide  72.04 58.61 13.89 Iga< 1.0 Iga< 0.29 mental physical properties detailed in Table 6 and assessed according to
Iy< 1.0 Iy< 0.27
Table 5
Table 3 Ratio of gypsum phase content ratio of MPPG.
The limits of heavy metals in raw PG and the test results. Group number Number Different gypsum phase content ratio (wo)
Heavy metals (mg/Kg) ATII (%) AII (%) HH (%) DH (%)
Pb Cd Cr Hg Blank 0 0 920 10
Limits of standards 90 90 90 90 111725 Z//D ;3 g ;3 ig
Test results 15.92 2.20 35.18 1.20 el
1125 % 25 0 65 10
1II-30 % 30 0 60 10
1I1-45 % 45 0 45 10
Table 4 I-15 % 0 15 75 10
The calcination system of PG. 1130 % 0 30 60 10
B 1I-45 % 0 45 45 10
Gypsum Target Heating Heating Soaking 11-60 % 0 60 30 10
phase temperature rate time time 11-75 % 0 75 15 10
R 1I-100 % 0 100 0 0
0/p- 0,
HH/AIIL 300 °C 5 °C/min 50 min 3h 130 OA) 15 A:J 30 5 55 10
ATl 600 °C 5 °C/min 110 min 3h H30 %1110 % 30 10 50 10
A-B 11130 %-1115 % 30 15 45 10
11130 %-1120 % 30 20 40 10
1I-100 % 0 100 0 0
100
a [IDH [JHH b) v .
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Fig. 2. Phase assemblage of calcined PG, (a) phases content, (b) XRD pattern.
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GB/T 9776-2008 standards. Based on the results of the three-phase
gypsum test and Eq. (1). Group A investigates varying proportions of
AIII (15 %, 20 %, 25 %, 30 %, and 45 %) with a constant 10 % DH and a
balance of HH. In Group B, phase proportions of AIl, DH, and HH are
adjusted by combining HH calcined at 160°C with All calcined at 600°C,
setting AIl content at increments of 0 %, 15 %, 30 %, 45 %, 60 %, 75 %,
and 100 %, while maintaining HH at 10 %, except for the 100 % AIL
sample. Groups A-B illustrate the MPPG preparation, where four gypsum
phases are combined, with AII content adjusted from 5 % to 20 % and
AlII held at 30 %. The control group includes a fixed 30 % AIII content.

2.3. Test method

2.3.1. Test methods of Gypsum phase composition

According to GB/T 36141-2018, the determination of the content of
Alll, HH, and DH phases involves the following basic principles and
operating procedures.

Determination of AIIl and bound water: Based on that soluble AIIl
can hydrate into HH in 95 % anhydrous ethanol, while under the same
conditions HH cannot hydrate into DH, the content of AlIl is calculated
by measuring the increase in weight as it hydrates in 95 % anhydrous
ethanol. The mass fraction of the soluble AIII phase is determined using
the HH hydration reaction formula shown in Eq. (2).

CaS04+0.5H20 = CaS04-0.5H,0 (2)

If there is no soluble AIIl present in the sample, the mass of the
sample before drying will be greater than the mass after reaching a
constant weight upon drying. This allows for the calculation of the mass
fraction of bound water.

Determination of HH: By utilizing the complete hydration of HH and
Alll into DH, the hydration increment of the gypsum in pure water is
measured. This is done by determining the total amount of DH formed
from HH and AIll, and then subtracting the content of AIIl previously
measured. This gives the content of HH, which is calculated according to
the hydration reaction formulas in Eq. (3) and Eq. (4).

CaS04-0.5H20 + 1.5 HpO = CaS04-2H0 3
CaSO4 + 2H20 = CaSO4-2H0 4

Determination of DH: By heating construction gypsum to 200 °C or
higher, the DH undergoes dehydration to transform into AIII. The total
dehydration amount is calculated by subtracting the combined dehy-
dration loss of HH and bound water from the sum of the dehydration
losses of DH, HH, and bound water. This calculation yields the content of
the residual DH. The dehydration reactions upon heating are repre-
sented by Eq. (5) and Eq. (6).

CaS04-2H50 2 CaSO,4 +2H,0 %)

CaS04-0.5H,0 £ CaSO4 +0.5H,0 (6)

2.3.2. Water consumption and setting time

According to GB/T 17669.4-1999, the PG obtained from calcination
at different temperatures is weighed, prepared, and thoroughly mixed.
Then, 300 g of MPPG powder is poured into the estimated amount of
water within 5s and stirred for 30 s to obtain a uniform multiphase

Table 6
The physical properties of HH.

Water- Setting time 24 h compressive 24 h flexural Initial
gypsum (min) strength (MPa) strength fluidity
ratio (%) (MPa) (mm)

Initial Final

62 3.25 5.40 3.54 0.86 148
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gypsum paste. The paste is then quickly poured into the consistometer
cylinder. The paste’s spreading diameter on a glass plate is measured
50 s after the PG comes into contact with water. The water volume used
when the paste’s spread reaches (180 + 5) mm is the standard consis-
tency water requirement for the MPPG building plaster. Additionally,
the initial and final setting times of 200 g of MPPG prepared into a
uniform paste are recorded.

2.3.3. Mechanical strength

The mechanical properties are determined according to the standard
GB/T 17669-1999. The MPPG was prepared according to the pro-
portions outlined in Table 5. Following the uniform mixing of the pre-
pared powder with mixing water, the resultant mixture was poured into
40 mm x 40 mm x 160 mm test molds. Demolding occurred within
24 h. Each group comprised 12 test blocks, evaluated at three curing
ages: 1d, 7d, and 28 d. In order to study the strength changes and water
resistance of different groups of composite gypsum blocks in humid
(90 % RH and 20 + 5 °C) and dry (50 % RH and 20 + 5 °C) environ-
ments, the gypsum blocks were placed in these two different curing
environments. The development of strength at 1 day, 7 days, and 28
days for the blocks was monitored, and their water resistance after 28
days was ultimately evaluated. After being cured under two conditions
until the required age, both sets of test blocks are dried to a constant
weight. Their dry compressive strength is used to compare mechanical
strength, which can maximumly avoid moisture affecting the material’s
structure and performance. The compressive strength test for the paste
test blocks employed a loading rate of 0.5 kN/s, while the flexural
strength test utilized a rate of 0.1kN/s.

2.3.4. Water resistance

The water resistance of each group of MPPG was characterized using
the softening coefficient and water absorption metrics. For each sample
group, two sets of test blocks were prepared and cured for 28d. One set
was dried to a constant weight in the oven and then undergoes dry
strength testing, while the other was soaked in water at 20 &+ 5 °C for
24 h for the wet strength test. The average values from every three
samples were used as reference values. The softening coefficient (K;) is
defined as the ratio of the wet compressive strength (f;) to the dry
compressive strength (fp) of the test block, as expressed in Eq. (7). Water
absorption (P) is calculated as the percentage change in mass of the test
block immersed in water for 24 h at 20 + 5 °C as shown in Eq. (8).

Kr=f1/fo ()

K, Represents the softening coefficient , f; represents the wet
strength (MPa) , f, represents the dry strength (MPa).

P =100%x (m;—myg)/my (€)]

P represents the water absorption rate , m; represents the mass of
the specimen after absorbing water after 24 h (g) , my represents the
mass of test piece after drying (g).

2.3.5. Hydration heat

To assess the hydration heat of each MPPG group, the amount of
material was calculated based on a reference of 3 g of water. The powder
raw materials were rapidly mixed with water and placed into a C80
micro calorimeter (SETARAM, C80 Micro Calorimeter) for testing the
kinetic parameters of hydration heat release, including total heat release
and heat release rate.

2.3.6. Microscopic characterization

The crystal phase composition of samples with varying hydration
ratios and ages was analyzed using XRD (Empyrean, Netherlands). Test
specimens, once they reached the desired hydration level, were crushed
and soaked in anhydrous ethanol to halt further hydration. The XRD
analysis parameters included a scanning angle range of 5° to 80° and a
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scanning speed of 5 °/min, with a step length of 0.02°. To examine the
microscopic morphology of hydration products at different stages, test
blocks were broken into particles measuring 3-6 mm in size, with a
volume of less than 1 cm®, and dried to constant weight. The micro-
scopic morphology was analyzed using SEM (JSM-7500F, Japan), with a
magnification range of 5-3000 times. The elemental distribution of the
microscale area were analyzed by Energy-Dispersive Spectroscopy
(EDS).

3. Results and discussion
3.1. Water consumption and setting time

As illustrated in Fig. 3, the standardized consistency water con-
sumption of MPPG varies with different phase compositions. In Group A,
an increase in the content of AIll phase within the three-phase composite
correlates with a gradual rise in the water consumption required for
achieving standard consistency. Specifically, the water consumption
increased from 62 % in the control group (comprising solely HH) to
68 % when the AIIl content reached 45 %. This trend aligns with pre-
vious findings, which demonstrated a continuous increase in water ab-
sorption rates from HH (solubility of 8.15 g/L at 20 °C) to AIII (solubility
of 6.3 g/L at 20 °C) [18]. Consequently, the addition of AIII consistently
augmented the water consumption necessary for standard consistency.
In Fig. 3(b), Group B shows that at 100 % AII phase content, the water
requirement for standard consistency is 55 %. This is due to AIl phase’s
low solubility (2.7 g/L at 20°C), leading to limited water reactivity and
low absorption. High-temperature calcination of anhydrite reduces large
plate-like crystals and increases small ones, which decreases particle
size, raises specific surface area, and leads to denser packing, all of
which reduce water consumption [18,28]. Moreover, as the content of
AlIl increases, a discernible pattern emerges in water consumption,
showing an initial rise followed by a decline, peaking at 65 % when the
AIII content is 45 %. Fig. 3(c) presents the findings from Group A-B,
where a four-phase composite was created with a fixed AIII phase con-
tent of 30 %, while the content of All varied between 5 % and 20 %. The
water consumption for standard consistency in this group ranges from
67 % to 71 %, which is notably higher than that observed in Groups A
and B. The overall trend in this composite indicates an initial increase
followed by a subsequent decrease in water consumption. When the AII
content is set at 5 %, a slight increase in standard water consumption is
observed, suggesting that AIl may promote the hydration of both AIII
and HH phases. However, as the All content increases, the hydration
effect of MPPG appears to diminish, leading to a gradual decrease in
water consumption.

Fig. 4 illustrates the setting time of MPPG with different gypsum
phase compositions. In Fig. 4(a) for Group A, the blank group (HH)
exhibited a rapid setting and hardening speed, with an initial setting
time of 3 min and a final setting time of 5 min. As the content of AIII
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phase, known for its strong hydration activity, increased, the setting
time gradually shortened, displaying an overall trend of first increasing
and then decreasing. When the AIIl phase content is 15 %, the initial
setting time is 4 min, and the final setting time is 7 min, which reflects a
delay compared to the blank group. Subsequently, the setting time ac-
celerates with increasing AIIl content, reaching an initial setting time of
2 min and a final setting time of 5 min at 45 % AIII phase content. In
Fig. 4(b), Group B shows that as the AIl phase content increases, the
initial setting time extends from 3 min to 5 min, and the final setting
time increases from 5 min to 10 min. Notably, at 100 % AII composition,
the initial and final setting times were measured at 22h and 45 h,
respectively. This indicates that the introduction of AIl leads to in-
teractions between HH and AIIl within this MPPG group. Specifically, AIl
exhibits a retarding effect on HH, while HH accelerates the setting and
solidifying process of AIL In Fig. 4(c), when AIIl and AIl are mixed
simultaneously, based on a 30 % AIIl mixture, the setting time gradually
increases with rising AIl content. The final setting time extends from
6 min to 9 min in the control group comprising 30 % AIII and 20 % AIL
This represents the initial and final setting times of the AIIl 30 %-AlIl
20 % group, with the initial setting time increasing from 3 min to 4 min.
The results indicate that when comparing the setting times of the three-
phase composite in Groups A and B, the combination of AIIl, All, HH,
and DH exhibits a retarding effect.

3.2. Mechanical strength

Fig. 5 illustrates the flexural and compressive strengths of MPPG
sample specimens from Groups A, B, and A-B at different curing ages
under moist curing conditions. In Fig. 5(a) and (b), the mechanical
properties of Group A are presented. The flexural strengths of the blank
group (HH) were measured at 0.86 MPa, 1.06 MPa, and 1.15 MPa for
curing ages of 1d, 7d, and 28d, respectively. Correspondingly, the
compressive strengths were 3.54 MPa, 5.05 MPa, and 3.21 MPa. As the
content of the AIIl phase increased from 0 % to 45 %, both flexural and
compressive strengths increased up to a maximum at 30 % AIII, reaching
1.31 MPa and 6.06 MPa, respectively. However, the compressive
strength decreased from 6.06 MPa at 1d to 2.61 MPa at 28d, indicating a
50 % reduction due to the dissolution of PG and its dehydrated products
in water, leading to strength loss [29,30]. The humid environment
minimally affects early strength but significantly weakens the bonding
between MPPG crystals over time.

Fig. 5(c) and (d) show the strength changes for Group B. The flexural
and compressive strengths decreased with increasing AIl content,
attributed to the low hydration activity of AIL Initially, the 1d strengths
were lower than those of the blank group. At the age of 1 day, after HH is
completely hydrated into DH crystals, the strength of each group de-
creases with the increase of Al content due to its low hydration activity
and slow dissolution rate. However, at 7d, the compressive strength
increased to 5.45 MPa with 15 % AII, a 54 % improvement over 1d. As
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the age develops to 7 days, All continues to slowly hydrate and form DH
crystals. These newly formed crystals fill in the skeleton of the DH
crystals that were created earlier by the HH hydration, acting as a filler
and significantly increasing the 7-day strength of the mixed-phase
gypsum in the group. When hydrated to 28 days, the hydration reac-
tion continues due to the presence of All, but the moist environment
causes the growth and alignment of the newly formed crystals to become
disordered. The original regular crystal structure becomes loose, and
this loose structure cannot provide enough cohesion, leading to a
decrease in the overall flexural and compressive strength of the test
blocks [31-35]. Strength decreased under humid conditions, suggesting
that AIl's presence influences later strength development due to the
hydration dynamics with HH [36].

Fig. 5(e)-(f) shows the strength change of the MPPG sample test block
when AIIl and AIl are mixed. The strengths of the MPPG sample blocks
with mixed AIIl and AII phases are analyzed. With 30 % AIII as a control,
the flexural strengths at 1d, 7d, and 28d were 1.58 MPa, 1.13 MPa, and
0.95 MPa, while compressive strengths were 5.22 MPa, 3.91 MPa, and
2.61 MPa, respectively. Early strength significantly improved compared
to the All-only group, while late strength decreased by about 20 % in
humid conditions, notably less than the 50 % reduction in Group A. The
combination of the four phases optimally enhanced early strength
through AIIl and HH, while AII contributed positively to later strength
development.

Fig. 6 shows the development and change of the strength of com-
posite gypsum under two curing conditions: moist (at a temperature of
20 + 5°C and a relative humidity of 50 %RH) and conventional dry (20
+5°C and a relative humidity of 90 %RH). To study the effect of
different curing regimes on the later strength of different groups of
composite gypsum, the groups with better strength performance
(AIII30 %, 15 %, AIII30 %-AIl20 %) as shown in Fig. 5 were selected for
curing. Compares the compressive strength at 7d and 28d between
conventional wet and dry curing environments for selected groups
demonstrating optimal mechanical properties. Group A consisted of
30 % AIIL, Group B contained 15 % All, and Group A-B combined 30 %
AIII with 20 % AII, with each group cured in both conditions.

In Fig. 6(a), under wet curing, the 7d strength of the blank group was
5.1 MPa, dropping significantly to 3.2 MPa at 28d, a 36 % reduction.
The compressive strength of the AIII30 % group under dry curing
reached 8.3 MPa at 7d, indicating that the inclusion of AIIl enhances
early strength, However, under wet curing, the compressive strength fell
to 4.9 MPa due to water erosion. By 28d, the strength of the MPPG test
block continued to decline. This indicates that while incorporating AIII
improves early strength, prolonged exposure to high humidity condi-
tions negatively affects volume stability [37]. Conversely, in Fig. 6(b),
the compressive strength of the blank group (HH) reached 6.5 MPa at 7d
in a dry environment, decreasing to 5.5 MPa at 28d, representing an
11 % decline. Under dry curing conditions, the mechanical strength of
test blocks from each group also showed varying degrees of reduction at

the 28-day curing period. This is mainly because when cured at 50 %
relative humidity, the gypsum test blocks can still absorb trace amounts
of moisture from the air. This moisture interacts with the ions in the
crystal structure within the gypsum test blocks, causing interference
with the already formed crystal structure, which in turn affects the
overall stability of the test blocks [38,39].

Comparing the strength of the specimens under both wet and dry
curing conditions. The gypsum specimens with a four-phase composite
of AIII, AIl, HH, and DH showed less strength reduction compared to
other groups, indicating a significant improvement in water resistance.

3.3. Water resistance

To further investigate the reduced strength deterioration of MPPG in
humid environments with the combination of four phases, the test
blocks that were cured in a moist environment for 28 days were evalu-
ated, and the softening coefficient and water absorption rate of MPPG
after 28 days of hydration were measured. As shown in Fig. 7(a) and (b),
the blank group (HH) has a water absorption rate of 31 % and a soft-
ening coefficient of 0.62. When the content of AIII is 30 % and Al is
15 %, the improvement in water resistance of these two MPPG groups is
not significant compared to the blank group. For the MPPG specimens
cured in a humid environment, when AIIl, HH, and DH are combined,
the early hydration of AIIl and HH forms a dense structure. However, as
the age increases, the humid environment causes the early-formed
dihydrate gypsum columnar crystals to dissolve, and the intrusion of
water leads to sample expansion and structural deformation [40],
thereby reducing water resistance. When AII, HH, and DH are combined,
the presence of All allows the hydration reaction to continue, but the
humid environment causes the newly formed crystals to grow and align
in a disorderly manner, making the original regular crystal structure
loose [34]. This loose structure cannot provide sufficient cohesion,
resulting in a decrease in the overall flexural and compressive strength
of the specimens and their water resistance [35]. However, the MPPG
group containing 30 % AIIl and 20 % AIl demonstrates a water ab-
sorption rate of 35 % and a softening coefficient of 0.81, which is a 23 %
increase over the control group. This enhancement is attributed to the
synergistic effect of AIll, AIl, HH, and DH, where the rapid hydration of
AlIl and HH gypsum densifies the MPPG structure. Additionally, a small
amount of AII absorbs moisture from the building gypsum, continuing
hydration and forming a denser crystalline structure, thereby enhancing
the MPPG'’s resistance to moisture and water [41,42]. The microstruc-
ture of the crystals can be further observed in subsequent SEM analysis.

3.4. Hydration heat

Fig. 8(a) and (b) present the hydration heat release rate and total
hydration heat release curve for group A. The addition of AIll initiates a
vigorous hydration reaction, marked by a distinct sharp peak in the heat
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Fig. 5. Mechanical strength, (a) and (b) Group A, (c) and (d) Group B, (e) and (f) Group A-B.

release profile. It is known that the hydration reaction between HH and
water begins immediately, resulting in dissolution. After a few minutes,
the reaction accelerates, leading to an increase in heat release and a
pronounced peak [22]. As hydration progresses, a slower exothermic
process develops [43]. In Fig. 8(a), the hydration heat release rate of the
control group peaks at 0.056 W/g at 5.74 min, marking the end of the
induction period for HH. As the content of AIIl increases, the HH and
AlII rapidly undergo hydration reactions with water within the initial
10 min, releasing a significant amount of heat. The peak of the hydration
exotherm gradually decreases and forms more slowly with the
increasing content of AIIl. For the AIII45 % sample, the initial hydration

exotherm curve shows a downward trend followed by an upward trend,
with a high level of cumulative heat release, thus shortening the setting
time. Due to the rapid hydration and substantial heat release, this can
lead to an imperfect crystal structure, resulting in a relative decrease in
strength compared to the AIII 30 % group [44].

Fig. 8(c) and (d) depict the hydration exothermic rate and total hy-
dration exothermic amount for group B. The blank group (HH) shows a
rapid release of substantial heat, while the AII100 % group exhibits no
detectable exothermic peak, indicating a slow hydration process. The
primary hydration exothermic peaks for the other groups are delayed
and concentrated between 5.74 and 15 min. The induction period for
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these groups is similarly compressed with increasing AlIl content, sug-
gesting that AIl slows the hydration of HH while stimulating its own
hydration [28]. The blank group reaches a peak total exothermic value
of approximately 42.6 J/g at around 120 min. Subsequently, as All
content increases in other groups, the total exothermic output decreases.

Fig. 8(e) and (f) illustrate the exothermic rate and total exothermic
curves for MPPG samples in the four-phase composites of groups A-B,
AllI, AIl, HH, and DH. The MPPG group exhibits lower exothermic peaks
than the HH blank, with both groups showing two distinct exothermic
peaks. The initial exothermic peak, observed due to All, indicates a
delay in the early hydration of AIIl and HH. As AII content increases, the
initial peak rises, reaching 0.043 W/g at AIII30 %-AII20 %. Meanwhile,
the intensity of the second peak decreases, and the timing of the peak
shows a slight delay with higher AII content. Studies suggest that PG
uses quartz and hard gypsum as crystallization centers, accelerating
gypsum precipitation during hydration [43]. The hydration of AIIIl and
HH promotes the hydration of All, while AII delays early hydration of
the former two, enhancing early strength. Conversely, AIIl and HH
improve the reactivity of II-anhydrous gypsum, fostering late strength.
In this four-phase composite, these interactions secure both early and
late strength development for MPPG [45]. The total exothermic curve in
Fig. 8(f) shows stabilization around 80 min for the control
(I1130 %-II0 %). The sample AIII30 %-AlI20 % reaches the highest
exothermic amount as All content increases. The hydration of AIIl oc-
curs in two stages: a rapid transformation to HH upon contact with water
(0-2 min), followed by the hydration of HH to DH (after 10 min).
Compared to the hydration of regular HH to DH (2-15 min), the first

stage of AIIl hydration precedes and the second stage follows it. The
rapid hydration of AIII has two effects: 1) it accelerates the hydration of
HH to DH, and 2) it releases impurities from PG, slowing down the
hydration of HH. With a small amount of AIII, the slowing effect on HH
is more pronounced, while a larger amount of AIIl promotes the hy-
dration of HH. Overall, the hydration behavior is governed by the
interplay between the different phases, where AIIl enhances rapid early
hydration, while AIl modulates the reaction kinetics, ensuring both early
and late strength development in the composite materials [46,47].

3.5. XRD analysis

Fig. 9 shows the XRD patterns of three groups of MPPG at 1 day, 7
days, and 28 days under conventional dry curing conditions. The main
minerals in MPPG are calcium sulfate dihydrate (CaSO4-2 H20) and
quartz (SiOs). According to Fig. 9(a), in Group A, AIIl and HH fully
hydrate within the first day, and by the 28th day, there is little change in
the characteristic peaks of DH, indicating that all AIIl and HH have been
fully hydrated and turned into DH. Fig. 9(b) shows that for the multi-
phase plaster composed of AlIl, HH, and DH phases, as the age increases
from 1 day to 28 days, the hydration process to form dihydrate calcium
sulfate is slow due to the low dissolution rate of anhydrous calcium
sulfate and the slow nucleation process. Consequently, the peak of
anhydrous calcium sulfate gradually weakens with the development of
age, while the diffraction peak of dihydrate calcium sulfate gradually
intensifies [48,49]. Fig. 9(c) shows that as hydration progresses, the
characteristic peaks of DH gradually increase, while the peak values of
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Fig. 8. Hydration rate and total heat release, (a) and (c) Group A, (b) and (d) Group A, (e) and (f) Group A-B.

All gradually decrease. This suggests that hydration reactions or sec-
ondary crystallization are still ongoing by the 28th day, which gradually
reinforces the material’s structure as it cures [50]. It also shows that HH
and AIII can continuously activate All, speeding up its hydration and
hardening rate.

The observed crystallographic evolution indicates that the long-term
stability and strength of MPPG are closely associated with the progres-
sive formation of the DH phase [51]. The increased peak intensity at
later ages suggests a denser, well-crystallized microstructure, which
likely contributes to enhanced compressive strength, reduced solubility,
and improved resistance to degradation [52].

3.6. SEM analysis

SEM analysis was conducted on the blank and three modified MPPG
samples (blank group, AIII30 %, AII15 %, AIII30 %-AIl20 %) cured in a
humid environment. At 1 day, as seen in Fig. 10 (a), the hydration
products in the blank group are mainly flocculent substances that
aggregate into small dihydrate gypsum crystals with some impurities
from HH hydration. In contrast, the crystal structures in the modified
groups exhibit significant changes. In Fig. 10 (d), the gypsum crystals are
predominantly short, columnar, and interlocking, with numerous con-
tact points between crystals, forming a dense structure of floccules and
plate-like crystals, indicating early strength development. In Fig. 10 (g),
the addition of AIl introduces unhydrated sheet-like AII crystals and
needle-like formations from HH hydration. In Fig. 10 (j), with both AIL



S. Jian et al. Construction and Building Materials 472 (2025) 140848
(a) 0 CaS0,2H,0 eSiO, (b) 0 CaS0,-2H,0 eSiO, o
oy ,  7CasO05H0 0 vCaSO,0.5H,0 * CaSO,
[ ]
° 0. o
_ 0| l?? 00 0 HH(160°C) 5 i | 1?1 —n nH(socc)| | J\_[[_*
& s [ o
z 09 l??(z 00 0 Al30%-28d | 2 | ll? 0 9% 00 0 AmMS%-28d -
2 2
2 2
£ £ \
R ]11_1 L AllI30%-7d JJll.l R All15%-7d ,jk |~
| lll e AllI30%-1d | l“ . amsved|| )\ N
10 20 30 40 50 60 70 10 20 30 40 50 60 70 205210 255
26 (°) 26 (°)
(c) 0 CaS0,2H,0 *SiO,
A vCaS0,0.5H,0 *Caso,|| ©
(] ¢ <>
- . . o .
3 0
L 0
2 0 * 100
f: P a0 Q9 09 Al30%-Al20%-28d )
g
. l]J Ly o .. .. Al30%-All20%-7d N
k. ‘ | 1]11. L AlI30%-Al20%-1d ‘A AN
10 20 30 40 50 60 70 205210 255
26 (°)

Fig. 9. XRD patterns of MPPG, (a) Group A, (b) Group B and (c) Group A-B.

and AIII present, the structure shows a higher concentration of needle-
like crystals compared to Fig. 10 (d), enhancing strength. By 7d, the
blank group’s microstructure transitions from a flocculent structure to
rod-like crystals, correlating with a noticeable strength increase. For the
AIII30 % sample in Fig. 10 (e), the structure shifts from short columnar
crystals to a loosely interlaced, flocculent structure, indicating strength
loss due to humidity-induced loosening. In Fig. 10 (h), the AII15 %
sample evolves into a dense cluster of interconnecting needle-like
crystals, which form a robust network with improved mechanical
properties. This is due to the newly formed dihydrate gypsum crystals
gradually filling in the skeleton of dihydrate gypsum crystals formed by
the hydration of early hemihydrate gypsum, playing a filling role and
significantly improving the 7-day strength of this composite gypsum
group. The AIII30 %-AII20 % sample in Fig. 10 (k) shows rod-like
crystals becoming amorphous and loose in a humid environment, sug-
gesting that AIl in MPPG promotes needle-like crystal structures that
support mechanical strength. By 28d in a wet environment, crystal
morphologies in all samples show varying degrees of water-induced
degradation. Fig. 10 (c) shows the blank group’s long rod-like struc-
tures breaking down into granular crystals. The AIII30 % sample (Fig. 10
(f)) exhibits a loose, flocculent structure as moisture distorts and dis-
solves contact points, leading to recrystallization and strength reduc-
tion. In Fig. 10 (i), the AII15 % sample transitions from a dense to a loose
needle-rod structure, at 28 days of hydration, under moist conditions,
the hydration reaction of AIl continues. During this process, the growth
and alignment of the dihydrate gypsum crystals become disordered, and
the originally well-structured crystals become loose. This loose struc-
ture, along with the newly formed dihydrate gypsum crystals, cannot
provide sufficient cohesion and strength, resulting in a decrease in the
overall flexural and compressive strength of the hardened material.
Meanwhile, the AIII30 %-AIl20 % sample (Fig. 10 (1)) retains some
stability, maintaining needle-like structures advantageous for structural
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integrity, even in a humid environment.

Fig. 11 presents SEM images of MPPG samples from four groups
cured for 28 days under dry conditions. In Fig. 11 (a), the blank group
(HH) displays overlapping needle-like crystals, which differ from the
short rod-like and flocculent structures seen under humid conditions in
Fig. 10 (c), highlighting the pronounced impact of humidity on HH.
When AII content reaches 15 %, as shown in Fig. 11 (b), the crystal
structure remains similar to that seen in Fig. 10 (i) under humid con-
ditions, though it exhibits higher density under dry curing. This in-
dicates that humidity has a minimal effect on AII stability. For the AIII
30 %-AIl 20 % group, substantial differences in crystal morphology
emerge between humid (Fig. 10 (1)) and dry conditions (Fig. 11 (d)).
Under humidity, the crystals are mainly needle-like and flocculent,
while under dry conditions, they shift to long, slab-like formations,
emphasizing the structural response to curing environments. Fig. 9(c)
shows that in Group A-B, with 30 % AIIl and 20 % AII anhydrous cal-
cium sulfate, the peak values gradually decrease while the characteristic
peaks of dihydrate calcium sulfate gradually increase. This indicates that
by the 28th day of hydration, hydration reactions or secondary crys-
tallization are still slowly proceeding, and new dihydrate gypsum
crystals continue to form.

3.7. SEM-EDS analysis

To better understand the distribution of phases such as DH and AIII,
as well as impurities in the multiphase plaster, we conducted SEM-EDS
point scanning analysis on the HH and AIII30 %-AII20 % samples after
28 days of hydration, as shown in Fig. 12. Through point elemental
analysis using EDS spectra, we can determine the phase composition of
the samples based on the elemental ratios. It can be observed that for the
HH sample, points 1, 2, and 3 all show high O/Ca ratios, indicating the
presence of DH [53,54]. In the AIII30 %-AII20 % sample, points 1 and 2
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Fig. 10. SEM images of samples at 1d, 7d and 28d ages under wet curing condition, (a) - (c) blank group, (d) - (f) AIIl 30 %, (g) - (i) AIl 15 %, (j) - (1) AIIl 30 %

-All 20 %.

Fig. 11. SEM spectra of samples at 28 d age under dry curing condition, (a)
blank group, (b) AIII 30 %, (c) AII 15 %, (d) AIII 30 %-AlII 20 %.

show low O/Ca ratios, which, according to the XRD results, suggest the
presence of unhydrated AIl. Point 3, however, has a high O/Ca ratio,
indicating DH. Additionally, the phosphorus impurities on the surface of
the multiphase plaster crystals are found to be less compared to those on
the surface of the hemihydrate plaster crystals.

3.8. Hydration and hardening mechanism discussion

The hydration mechanism of MPPG is fundamentally governed by
the synergistic interactions among its constituent phases (AIIl, AIIl, HH,
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and DH). As illustrated in Fig. 13, the hydration and hardening processes
can be divided into distinct stages, with each phase contributing
uniquely to the material’s mechanical and durability properties.

In the early stage of hydration, AIIl undergoes a rapid reaction upon
contact with water, producing a sharp exothermic effect that signifi-
cantly enhances the early strength of the material. This reaction results
in the formation of a dense crystal network, which serves as the initial
structural framework. Simultaneously, HH hydrates to form needle-like
dihydrate gypsum crystals, which interlock with the AIIl matrix, further
reinforcing the composite and contributing to the rapid development of
mechanical properties [48,55].

As hydration progresses, the role of AIl becomes more prominent.
All, acting both as a retarder and a water-absorbing agent, moderates
the hydration of HH during the intermediate stage [56,57]. While it
initially slows down the hydration process, its delayed reaction pro-
motes the formation of a denser crystalline structure over time [53]. This
mechanism enhances the material’s later strength by filling voids and
improving the densification of the microstructure. Additionally, the
delayed hydration of AIl stabilizes the moisture resistance of the com-
posite, ensuring its long-term durability.

The interplay between these phases highlights the importance of
their relative proportions and hydration kinetics. For instance, When
AIIl, HH, and DH are combined, upon contact with water, AIll and HH
rapidly undergo hydration reactions. The DH crystals formed by these
reactions interlock in a dense structure in the form of short prisms. The
hydration process releases a large amount of heat, which macroscopi-
cally manifests as an increase in early strength. However, the later
strength is unstable. When AII, HH, and DH are combined, HH begins to
hydrate. However, the presence of AIl delays the hydration of HH, while
the hydration of HH in turn stimulates the early hydration of AIL. The DH
crystals formed exist as short prisms and needle-like clusters. The peak
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heat release is delayed, and the overall heat release during hydration is
reduced. Both early and later strengths are not satisfactory while the
integration of AIl, HH, and DH phases delays hydration but leads to
enhanced microstructural densification and moisture resistance at later
stages [58]. When all four phases (AIIl, HH, AII, and DH) are combined,
AIIl and HH quickly hydrate and release a large amount of heat. HH
starts to hydrate slightly later than AIII to form DH. AIl is stimulated by
the combined action of AIIl and HH to hydrate early and continuously at
a slow rate. In the early stages of hydration, the crystal structure of the
hardened body mainly consists of short prisms and unhydrated AII
plate-like crystals. As the hydration reaction continues, the DH crystals
mainly exist in the form of columnar structures. Macroscopically, this
combination results in an increase in early strength and stable devel-
opment of later strength.

3.9. Cost evaluation of PG calcination

The calcination cost of PG and the cost of preparing composite
gypsum after calcination are shown in Fig. 14. When calcining PG at 160
°C, 300 °C and 600 °C, the cost increases with the increase of calcination
temperature, especially at 600 °C. Different composite gypsum was
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obtained by compounding the calcined PG, and the cost of different
composite gypsum was estimated. The cost of three groups of composite
gypsum was significantly lower than that of high temperature calcined
PG. In order to obtain composite gypsum, the demand for gypsum
content calcined at different temperatures is different. By reasonably
distributing the amount of gypsum calcined at different temperatures,
the overall cost can be effectively controlled. The main purpose of this
paper is to prepare composite gypsum containing different phases by
rationally designing the proportion of gypsum phase distribution, to
study the self-regulation mechanism of different phases relative to hy-
dration process under different proportions, and to promote the idea of
phase regulation to practical industry.

4. Conclusion

This study investigates PG as a primary material, analyzing the in-
fluence of different gypsum-phase composites on its hydration, hard-
ening, and performance properties. The composites include three-phase
systems with AIll, HH, and DH; AIl, HH, and DH; and a four-phase
composite combining both AIIl and AIl with HH and DH. Key findings
are as follows:

(i) In three-phase composites, the addition of AIll significantly en-
hances early strength in construction gypsum, while AIl delays
hydration, ensuring gradual strength development. However,
when AII exceeds 60 %, it reduces early strength. The optimal
four-phase composite (30 % AIIIl and 20 % AII) greatly improves
water resistance, achieving a softening coefficient of 0.81—a
23 % improvement over the control—and yielding compressive
strengths 20 % higher at 1 d and 14 % higher at 28 d than the
control.

In four-phase composites, AIll and HH accelerate early hydration,
releasing exothermic heat that aids in initial strength gains. A
portion of AIl hydrates during this process, while the remaining
unhydrated AIl enhances moisture resistance by absorbing water
molecules later, contributing to sustained strength and durability.
SEM analysis shows that MPPG with AIIl forms a dense, inter-
locking crystal structure early on, supporting early strength. In
four-phase composites, MPPG exhibits dense early-stage crystals
that transition into long, columnar structures over time, fostering
both initial strength and long-term stability.

(i)

(iii)

This study demonstrates the effectiveness of combining multiple
gypsum phases to control hydration dynamics, offering a strategy for
designing advanced multiphase PG with improved performance.
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