H buildings

Article

Dosage-Dependent Regulation of 3-Hemihydrate Phosphogypsum
by Calcium Sulfate Whiskers: Workability, Dry—Wet Strength
and Pore Structure

Siqing Cao !, Han Zhou "*, Tianci Lu !, Zhirui Zhang !, Yi Xu !, Jiawei Jiao > and Dongxu Li 2

W) Check for updates

Academic Editor: Ahmet Benli

Received: 7 September 2026

Revised: 20 September 2026
Accepted: 25 September 2026
Published: 29 September 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

School of Urban Science and Offshore Engineering, Nantong Institute of Technology, Nantong 226001, China;
2510310018@ntit.edu.cn (Y.X.)

College of Material Science and Engineering, Nanjing Tech University, Nanjing 211800, China

*  Correspondence: 20246260@ntit.edu.cn

Abstract

The use of 3-hemihydrate phosphogypsum (3-HPG) in building materials is limited by
insufficient strength and water sensitivity. This study evaluated calcium sulfate whiskers
(CSW) as a modifier at 0—4 wt% relative to 3-HPG mass under a fixed water-to-gypsum
ratio of 0.58. Workability, dry flexural and compressive strengths, wet compressive strength,
and water resistance were assessed alongside isothermal calorimetry, X-ray diffraction,
mercury intrusion porosimetry, and scanning electron microscopy. The 2 wt% mixture
showed the highest mean dry flexural and compressive strengths among the tested for-
mulations, reaching 5.95 and 22.0 MPa, respectively, approximately 49% and 23% higher
than the control. Wet compressive strength after 24 h immersion increased from 7.4 to ap-
proximately 8.5 MPa at this dosage. The corresponding paste spread diameter was 155 mm.
Higher dosages further reduced mercury-accessible porosity and water absorption without
exceeding these mean strengths. The higher wet strengths were accompanied by lower
softening-coefficient estimates. CSW advanced the hydration heat-flow peak, while di-
hydrate gypsum remained the dominant crystalline phase. This integrated assessment
distinguishes pore-volume reduction from mechanical improvement and absolute wet
strength from relative strength retention. The findings provide an experimental basis for
selecting CSW-modified phosphogypsum formulations according to strength, workability,
and moisture-exposure requirements.

Keywords: (3-hemihydrate phosphogypsum; calcium sulfate whisker; hydration heat
evolution; pore structure; micromorphology

1. Introduction

Industrial by-products can replace conventional raw materials and modify binder
reactions and hardened microstructure. Recent studies have examined recovered cement
paste in clinker production [1], waste glass and steel slag in mortar [2], recycled powders in
alkali-activated slag concrete [3], and iron-mining waste in fired bricks [4]. Research on fly
ash- and slag-containing concrete also relates moisture-dependent hydration and pore char-
acteristics to strength and freeze—thaw resistance [5]. In gypsum binders, Kamarou et al. [6]
reported improved strength and water-resistance coefficients using waste-derived addi-
tives. These studies motivate the development of phosphogypsum-based binders that
combine resource utilization with suitable mechanical and moisture-related performance.
Phosphogypsum is an important example of an industrial by-product with potential for use
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as a construction binder. Pretreatment and calcination can convert it into 3-hemihydrate
phosphogypsum (3-HPG), which can be used in gypsum-based building products [7-9].
However, obtaining adequate workability often requires more water than is consumed
by hydration. The excess water can leave pores after drying and thereby weaken the
hardened skeleton. Huang et al. [10] demonstrated the importance of water-content regula-
tion in phosphorus building gypsum, while Chen et al. [11] compared phosphogypsum-,
natural-gypsum-, and flue-gas-desulfurization (FGD) gypsum-derived hemihydrates and
documented differences in their material characteristics. The resulting differences in water
demand, crystal packing, and pore structure are important when evaluating the dry and
wet mechanical performance of 3-HPG [10-12].

Several modification strategies have been developed for gypsum-based materials, in-
cluding mineral additions, polymers, water-reducing agents, surface treatments, and fiber
reinforcement [13-18]. One-dimensional reinforcement can improve resistance to cracking,
but its effects depend on the matrix and interface. Numerical research on fiber-assisted
carbonate precipitation in cement stone further links fiber geometry and mineral deposi-
tion to strength and permeability [19]. Recent phosphogypsum research also shows the
importance of balancing different performance requirements. Zhang et al. [20] developed
fiber-reinforced foamed phosphogypsum composites and examined the effects of foaming,
fiber incorporation, and foam stabilization. Increased foaming improved thermal insula-
tion and acoustic absorption but reduced mechanical strength and water resistance. Fiber
incorporation, particularly PVA fiber, helped improve the latter properties. Their results
demonstrate the need to evaluate mechanical improvement together with water-related
performance in reinforced phosphogypsum materials.

Calcium sulfate whiskers (CSW) are of interest because they combine a needle-like or
rod-like morphology with a calcium sulfate composition. Their one-dimensional geometry
offers potential for connecting crystal clusters and interacting with developing cracks.
Their composition provides a basis for compatibility with the gypsum matrix [21-23].
Wang et al. [21] investigated modified calcium sulfate hemihydrate whiskers in gypsum
composites and examined their effects on physical properties, mechanical performance,
and microstructure. Jian et al. [22] studied whisker-modified FGD gypsum and discussed
the associated performance and structural changes. Related work has also explored the
production of whiskers from FGD gypsum for binder modification [24,25]. These findings
support examining CSW dosage in relation to the characteristics of the 3-HPG matrix and
its hardened structure. Jiao et al. [26] investigated the combined activation of multiphase
phosphogypsum using sodium sulfate and CSW. Unlike that combined-activation system,
the present study examines a graded CSW addition series in a 3-HPG matrix. Wang
et al. [27] evaluated strain-hardening gypsum composites under normal, dry, and saturated
conditions and found that polyethylene fibers enhanced tensile deformation capacity
without improving water resistance. Building on these studies, the present work examines
whether the dosage associated with the greatest strength also provides the lowest water
uptake and the highest relative strength retention in 3-HPG.

The central question is whether continued reduction in mercury-accessible porosity
produces a corresponding increase in dry and wet strength. A second question is whether
higher absolute wet strength is accompanied by greater relative strength retention, as dis-
tinguished by the softening coefficient [6,27]. Addressing both questions within one dosage
series provides a basis for selecting formulations according to their intended performance
requirements. This study therefore investigated commercial CSW as a modifier for 3-HPG
at dosages of 0-4 wt% relative to the mass of 3-HPG. The water-to-gypsum ratio (W/G
ratio) was fixed at 0.58. Paste fluidity and setting time were evaluated together with dry
flexural strength, dry and wet compressive strengths, water absorption, and softening coef-
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ficient. Isothermal calorimetry, qualitative X-ray diffraction, mercury intrusion porosimetry,
and scanning electron microscopy were used to examine the associated hydration and
microstructural responses. The study relates dosage-dependent changes in workability,
early heat evolution, crystalline phases, accessible pore structure, and dry—wet strength. Its

contribution is to distinguish strength-oriented and pore-related formulation outcomes in
CSW-modified B-HPG.

2. Materials and Methods
2.1. Materials

The raw 3-HPG was obtained from Shandong Xinfa Group Co., Ltd. (Liaocheng,
Shandong, China). Its phase composition and particle size distribution are shown in
Figure 1. Figure la shows that CaSO4:0.5H;0O is the main crystalline phase. A small
amount of SiO;, is also present as an impurity phase. Figure 1b shows a broad particle size
distribution. The basic physical and mechanical properties of 3-HPG are listed in Table 1,
and its chemical composition is presented in Table 2.
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Figure 1. (a) XRD pattern and (b) particle size distribution of 3-HPG.
Table 1. Physical and mechanical properties of 3-HPG.
Standard Water . . . .
Content for Uniform Setting Time (min) Flexural Strength (MPa) Compressive Strength (MPa)
Consistency (%) Initial Setting  Final Setting 2h 7 d-Dry 2h 7 d-Dry
58.0 18 21 3.94 3.97 6.94 17.90
Table 2. Chemical composition of 3-HPG.
Component SO;3 CaO Si0, Al,O3 P,05 KO Fe,O3 MgO TiO, LOI
Content (wt %) 46.19 32.71 8.15 1.20 1.06 0.51 0.48 0.36 0.14 8.99

Calcium sulfate whisker (CSW) was purchased from Shanghai Fengzhu New Materials
Co., Ltd. (Shanghai, China). under the model designation NP-S02. The selected CSW
was a white fibrous powder. Its macroscopic appearance, micromorphology, and phase
composition are shown in Figure 2. According to the SEM image in Figure 2b, the CSW
mainly exhibited elongated columnar, needle-like, or rod-like morphology. The whiskers
had relatively intact crystal shapes and a high aspect ratio. The physical properties of CSW
are listed in Table 3. It should be noted that the tensile strength and elastic modulus listed
in Table 3 are nominal values provided by the manufacturer for individual calcium sulfate
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whiskers. They were not measured in this study. These values were used only to describe
the intrinsic high-strength and high-modulus characteristics of CSW as a one-dimensional
reinforcing material. They were not used for quantitative mechanical modeling or strength
prediction. The diameter, aspect ratio, pH, and purity were also taken from the supplier’s
product information. Figure 2c identifies anhydrous CaSOj, as the predominant starting
phase of CSW. Its potential hydration to gypsum [28,29] is considered when interpreting
the composite calorimetric response in Section 3.4.

4--CaSO,

Intensity (a.u.)
*

T T T T

10 20 30 40 50 60
2-Theta (°)

Figure 2. Characteristics of CSW: (a) visual appearance; (b) SEM micrograph; (c) XRD pattern.

Table 3. Manufacturer-reported physical properties of calcium sulfate whiskers.

Tensile Strength ~ Elastic Modulus

Diameter Length-to-Diameter < 1o
Model (um) Ratio pH (GPa) (GPa) Purity (%)
NP-502 1-4 10-40 7 20 170 98

2.2. Experimental Methods

All mixtures contained the same mass of 3-HPG powder. CSW was added at 0, 1, 2, 3,
and 4 wt% relative to the 3-HPG mass, while the W /G ratio was fixed at 0.58. The experi-
mental flowchart for specimen preparation was shown in Figure 3. For each formulation,
the constituent powders were weighed according to the designed mass proportions. The
weighed powders were placed in a plastic airtight bag and dry-mixed for 5 min before
paste preparation. CSW was incorporated into the powder blend during this dry-premixing
step. The purpose of premixing was to distribute the added powder within the 3-HPG. The
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water-to-total-solid mass ratio (W /S ratio) was defined using the combined initial masses

of B-HPG and CSW:

14 My 0.58

?ZTHG-FTHCSW:l-l-d M)

where d = mcgyw /mg. The calculated W /S ratio therefore decreased from 0.580 for C-0 to
0.558 for C-4. The water added per unit mass of 3-HPG remained unchanged. The decrease
in W/S ratio arose from the additional solid mass and was not a measured decrease in
free water. The mixtures were not adjusted to a constant W/S ratio or matched fluidity.
The experimental series consequently evaluates the combined response to CSW addition
under a fixed-W/G design, rather than independently isolating whisker reinforcement
from water-ratio and workability effects.

. Weighing
< "G v .
‘ - Mixing in an ———— Adding
U O airtight bag water and
s / > for 5 min stirring
Weighing
\ ' gypsum
==, ) |

; Shaking and
loading into

Demoldin; . - Curing and mold
d | (o 5

and curing forming

Figure 3. Experimental flowchart for specimen preparation.

The mechanical strengths of the specimens were measured according to the Calcined
Gypsum (GB/T 9776-2022) [30]. After curing for 7 d, the specimens were dried in an oven
at 45 £ 2 °C to constant mass. Three flexural strength tests were conducted for each mixture.
After the flexural test, the broken halves were used for compressive strength testing, and
six compressive strength values were obtained for each mixture. The average values were
reported as the dry flexural and dry compressive strengths.

The wet compressive strength was measured to evaluate the load-bearing capacity of
-HPG after water exposure. The dried specimens were immersed in water at 20 &= 2 °C
for 24 h. After immersion, the surface water was gently removed using a wet cloth, and
the compressive strength was measured immediately. Six wet compressive strength values
were obtained for each mixture. The softening coefficient was calculated using Equation (2):

fw
S @
where K is the softening coefficient, f; is the wet compressive strength after 24 h of
water immersion, and f; is the dry compressive strength of specimens with the same
mix proportion.
Water absorption was also used to evaluate the water resistance of the hardened
specimens. The specimens were dried to constant mass and then immersed in water at
20 £ 2 °C for 24 h. The water absorption was calculated using Equation (3):

mw_m

d 0
- x 100%, 3)
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where W is the water absorption, m, is the dry mass of the specimen, and m;, is the mass
of the specimen after water immersion.

The fluidity of fresh 3-HPG paste was assessed using a spread-diameter test based
on the consistency-testing procedure referenced in the Gypsum Plasters—Determination
of Physical Properties of Pure Paste (GB/T 17669.4-1999) [31]. The pastes were prepared
according to the proportions listed in Table 4. Timing started when the 3-HPG powder
first came into contact with water. At 50 s, the mould of the consistency apparatus was
lifted at a constant speed. The resulting paste spread was measured in two perpendicular
directions, and the arithmetic mean of the two diameters was recorded as the paste fluidity.
The initial setting time was defined as the time at which the Vicat needle penetrated the
paste without touching the glass base plate. The final setting time was defined as the time
at which the penetration depth of the needle from the surface was 0.5 mm.

Table 4. Normalized initial mixture proportions and calculated mass ratios.

. . o o . Calculated Initial
Designation B-HPG (wt%) CSW (wt%) W/G Ratio W/S Ratio

C-0 100.0 0 0.58 0.580

C-1 100.0 1.0 0.58 0.574

C-2 100.0 2.0 0.58 0.569

C-3 100.0 3.0 0.58 0.563

C-4 100.0 4.0 0.58 0.558

Early-age hydration heat evolution of the gypsum pastes was measured using a TAM
Air 8 isothermal calorimeter (TA Instruments, New Castle, DE, USA). Each calorimetric
specimen contained 4.00 g of initial total solids, comprising 3-HPG and CSW. Both the
specific heat-flow rate and cumulative heat release were normalized by this combined solid
mass, excluding mixing water. The CSW dosage was expressed relative to 3-HPG mass,
whereas the calorimetric results were expressed per gram of the initial combined powder.
The hardened gypsum specimens were thoroughly ground and dried, and their phase
compositions were determined using a SmartLab™ X-ray diffractometer (Rigaku Corpora-
tion, Tokyo, Japan). The scanning rate was 10 °/min, and the scanning range was 10-60°.
Hardened and dried specimens with dimensions of approximately 5 mm x 5 mm x 5 mm
were attached to conductive adhesive tape and sputter-coated with gold to ensure electrical
conductivity. The microstructure of the specimens was then observed using a JEOL IT-300
scanning electron microscope (JEOL Ltd., Tokyo, Japan). Mercury intrusion porosimetry
was performed using a PoreMaster GT-6.0 porosimeter (Quantachrome Instruments, Boyn-
ton Beach, FL, USA), and the pore size distribution and porosity of the specimens were
analyzed using PoreMaster software (Porowin-32).

3. Results and Discussion
3.1. Effect of CSW on the Workability of B-HPG

Figure 4 compares the paste spread diameters and setting times of the five p-HPG-
CSW formulations at W/G = 0.58. As shown in Figure 4a, the C-0 paste showed a fluidity
of 180 mm. With increasing CSW dosage, the paste fluidity decreased continuously. The
fluidity values of C-1, C-2, C-3, and C-4 decreased to 168, 155, 138, and 110 mm, respectively.
Compared with C-0, the corresponding fluidity losses were 6.7%, 13.9%, 23.3%, and 38.9%,
respectively. The larger fluidity losses at 3 and 4 wt% indicate that increasing CSW dosage
was accompanied by a greater reduction in paste spread under the investigated mixture
conditions. The setting behavior showed a similar dosage-dependent response. As shown
in Figure 4b, the initial and final setting times of C-0 were 18.9 min and 22.8 min, respectively.
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After CSW incorporation, both the initial and final setting times decreased gradually. For
C-4, the inijtial and final setting times decreased to 13.8 min and 16.7 min, corresponding to
reductions of 27.0% and 26.8%, respectively. The CSW-containing pastes therefore reached
the measured setting endpoints earlier. The combination of reduced spread and earlier
setting highlights the need to consider the available working time when selecting the
CSW dosage.
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Figure 4. Effect of CSW on the (a) fluidity and (b) setting time of 3-HPG paste.

As shown in Table 4, CSW addition reduced the initial W/S ratio while the water
added per unit 3-HPG mass remained constant. Water content and preparation conditions
influence the flow response of gypsum binders [10,12]. The additional powder and its
elongated geometry may also affect particle interactions and early structure formation.
The measured spread therefore reflects the combined formulation change rather than a
direct measurement of water adsorption. The shorter setting times may similarly involve
changes in both reaction behavior and physical structure formation. A possible contribution
from surface-assisted gypsum precipitation is discussed in Section 3.4. Such precipitation
could contribute to earlier structural development, but its role remains a proposed expla-
nation rather than direct evidence of heterogeneous nucleation on CSW surfaces. From a
mixture-design perspective, the workability results should be considered alongside the
intended mechanical performance. C-2 retained a spread diameter of 155 mm, compared
with 138 and 110 mm for C-3 and C-4. Together with the shorter setting times at higher
dosages, this difference identifies the workability trade-off to be considered alongside the
strength results.

3.2. Effect of CSW on the Mechanical Properties of B-HPG

The effect of CSW on the dry mechanical properties of 3-HPG is shown in Figure 5.
The reported mean flexural and compressive strengths increased up to 2 wt% CSW and
then decreased at higher dosages. All CSW-containing formulations nevertheless retained
higher reported mean strengths than C-0. As shown in Figure 5a, the flexural strength of
C-0 was 4.0 MPa. After the incorporation of 1 wt% CSW), the flexural strength increased
to 5.4 MPa. When the CSW dosage increased to 2 wt%, the flexural strength reached the
highest reported mean value of 5.95 MPa, corresponding to an increase of approximately
49% compared with C-0. When the CSW dosage was further increased to 3 wt% and 4 wt%,
the flexural strength decreased to 5.8 MPa and 5.5 MPa, respectively. These results highlight
the flexural-strength benefit of CSW addition, while showing that a higher dosage did not
necessarily produce a greater strength gain. The compressive strength showed a similar
trend, as shown in Figure 5b. The compressive strength of C-0 was 17.9 MPa. The value
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increased with CSW incorporation and reached 22.0 MPa for C-2, which was approximately
23% higher than that of C-0. When the CSW dosage increased to 3 wt% and 4 wt%, the
compressive strength decreased to 20.8 MPa. The strength ranking refers to the measured
means; statistical separation of neighboring dosage groups was not established.
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Figure 5. Effect of CSW on the (a) flexural strength and (b) compressive strength of 3-HPG.

The strength gains were obtained under a fixed W/G ratio of 0.58. From C-0 to C-2,
the W/S ratio decreased from 0.580 to 0.569, and fluidity decreased from 180 to 155 mm.
Water content, specimen consolidation, and crystal packing are relevant to gypsum strength
development [10,12]. Because W/S ratio and fluidity varied together with CSW addition,
the measured gains represent the overall response of the formulations. The larger relative
increase in flexural strength than in compressive strength is compatible with a possible re-
inforcing contribution from CSW. Previous studies on fiber- and whisker-modified gypsum
have discussed crack bridging and interfacial energy dissipation as mechanisms that can
improve resistance to bending failure [16,17,21,22]. These mechanisms provide a basis for
interpreting the larger flexural-strength response in the present series. Whisker bridging
and related interfacial processes are therefore considered possible contributions to the
measured improvement.

The lower strengths at higher dosages may be associated with changes in local struc-
tural uniformity as well as the pronounced loss of fluidity. The more closely associated
crystalline arrangement observed in C-2 and the localized bundles in C-4 provide mor-
phological context for their different strength responses (Section 3.7). Local structural
uniformity and fresh-paste behavior may contribute alongside accessible porosity, without
assigning the strength difference exclusively to CSW agglomeration. Among the tested
formulations, C-2 combined the highest mean dry strengths with greater paste spread than
C-3 and C-4. This comparison identifies a promising tested dosage under W/G = 0.58,
rather than an optimum between the discrete dosage levels.

3.3. Effect of CSW on the Water Resistance and Wet Strength of B-HPG

Figure 6 compares 24 h water absorption, wet compressive strength, and the soft-
ening coefficient. These measurements distinguish water uptake, absolute load-bearing
capacity after immersion, and relative strength retention [15,27]. As shown in Figure 6a,
the water absorption of 3-HPG generally decreased with increasing CSW dosage. The
water absorption of C-0 was 26.8%. After the incorporation of 1, 2, 3, and 4 wt% CSW, the
water absorption decreased to 25.2%, 24.9%, 24.4%, and 24.3%, respectively. Compared
with C-0, the reduction in water absorption reached 9.3% for C-4. This result indicates
that CSW reduced the water uptake of hardened 3-HPG. C-2 reduced water absorption by
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approximately 7.1% relative to C-0. The lower water absorption accompanied a decrease in
mercury-accessible porosity and a redistribution of mercury-accessible pore-entry sizes,
as discussed in Section 3.6. These observations associate the absorption response with
changes in accessible pore structure.
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Figure 6. Effect of CSW on the water resistance and wet strength of 3-HPG: (a) water absorption,
(b) softening coefficient, and (c) wet compressive strength after 24 h of water immersion.

The wet compressive strength results are shown in Figure 6¢c. The wet compressive
strength of C-0 was 7.4 MPa. After CSW incorporation, the wet compressive strength
increased to different degrees. C-1 showed a wet compressive strength of 7.6 MPa, while C-2
reached the highest reported mean value of approximately 8.5 MPa. The wet compressive
strengths of C-3 and C-4 were 8.0 and 8.1 MPa, respectively. The increase for C-2 was
approximately 14.9% relative to C-0, showing that its mechanical benefit extended to the
tested immersion condition. The highest mean dry and wet compressive strengths occurred
in the same formulation, supporting C-2 as a promising tested composition for increasing
absolute load-bearing capacity under both conditions.

The reported softening coefficient was 0.412 for C-0 and lower for the CSW-containing
formulations (Figure 6b). For C-2, the proportional increase in dry compressive strength ex-
ceeded that in wet compressive strength, so the ratio decreased despite the higher absolute
wet strength. This distinction is consistent with the separate evaluation of reinforcement
and water resistance in previous gypsum research [27]. The small differences among
C-2-C-4 require uncertainty estimates incorporating both strengths and are not treated as a
statistically established ranking of water stability.

The water-resistance behavior should be interpreted from both pore structure and
interfacial stability. The strength of the gypsum matrix depends on crystal contacts and
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interlocking [32], while water-induced changes at these contacts provide a possible ex-
planation for the difference between dry and wet performance [33]. Lower water uptake
and preservation of load transfer during immersion are therefore complementary material-
design objectives, rather than equivalent outcomes. The more closely associated crystalline
arrangement observed in C-2 (Section 3.7) is consistent with its higher mean wet strength.
C-4 showed the lowest measured water absorption, whereas C-2 combined a wet compres-
sive strength of approximately 8.5 MPa with a water absorption of 24.9% and greater paste
spread than C-3 and C-4. Under the fixed W/G ratio of 0.58, this combination favors C-2
when dry and wet load-bearing capacity are the principal formulation objectives. Relative
strength retention remains a separate criterion: the reported softening-coefficient estimates
did not show an improvement, and the small differences among neighboring dosage groups
should be evaluated with uncertainty from both strength measurements.

3.4. Effect of CSW on the Hydration Heat Evolution of B-HPG

Figure 7 presents the heat-flow rates and cumulative heat releases of the 3-HPG-CSW
pastes during the first 480 min. Both quantities are normalized by the initial total solid
mass, including 3-HPG and CSW but excluding mixing water. All pastes exhibited a
dominant exothermic peak, followed by a gradual decline in heat-flow rate. This profile
is consistent with the dissolution—precipitation process of calcium sulfate hemihydrate
hydration [34,35]. Hemihydrate dissolution supplies ions to the liquid phase, while di-
hydrate gypsum precipitates and grows as the solution becomes supersaturated. The
heat-flow and cumulative-heat curves describe the timing, magnitude, and progression
of this early calorimetric response. As shown in Figure 7a, the main peak of C-0 occurred
at 23.0 min, with a heat-flow rate of 49.53 mW /g. The peaks of C-1 and C-2 occurred at
20.5 and 18.5 min, with corresponding values of 55.02 and 58.46 mW /g, respectively. C-2
showed the highest recorded peak, approximately 18.0% above C-0. For C-3 and C-4, the
peaks occurred at 15.5 and 16.5 min, with values of 51.12 and 55.46 mW /g, respectively.
All CSW-containing pastes therefore reached their main exothermic peaks earlier than C-0.
C-2 combined earlier peak occurrence with the greatest peak heat-flow rate, whereas C-3
and C-4 reached their peaks sooner. These results distinguish the dosage associated with
the earliest exothermic response from that associated with the highest peak magnitude.

B v
S S
T

Hydration heat flow (mW/g)
g

t (min) dQ/dt (mW/g)
(a) co0 23 49.53 100 - (b)
C-1 205 55.02
C-2 185 5846 % =
Cc3 155 112 = sl
C-4 165 b 7
3 /
%é 480 min cumulative heat(J/g)
z @ C-0 94.63
< C-1 100.98
>
Z 40 c2 103.94
e C-3 99.42
§ c4 102.49
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T T T T T 0 1 1 1
10 20 30 40 50 60 0 100 200 300 400
Time (min) Time (min)

Figure 7. Effect of CSW on the early hydration heat evolution of 3-HPG: (a) hydration heat-flow rate
and (b) cumulative heat release within 480 min.

The cumulative heat curves in Figure 7b rose rapidly during the early measurement
period and subsequently increased more slowly. At 480 min, the cumulative heat releases of
C-0,C-1, C-2, C-3, and C-4 were 94.63, 100.98, 103.94, 99.42, and 102.50 J /g, respectively. C-2
showed the highest value, approximately 9.83% above C-0. All CSW-containing pastes thus
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recorded higher cumulative heat than C-0 at 480 min, with C-2 exhibiting both the highest
peak heat-flow rate and the greatest accumulated heat. The cumulative curves also reveal
differences in the temporal distribution of heat release. At 60 min, C-3 and C-4 had released
69.26 and 73.59 ]/ g, respectively, compared with 74.44 ] /g for C-0. Their cumulative values
nevertheless exceeded those of C-0 by the end of the measurement. During 400480 min,
C-3 and C-4 released an additional 3.64 and 3.40 J /g, respectively, compared with 1.00 J/g
for C-0. These larger later-stage contributions helped increase the cumulative heat of the
higher-dosage formulations relative to the control. The results therefore show two distinct
features of CSW modification: advancement of the main exothermic peak and redistribution
of heat release over the subsequent period. The cumulative curves continued to rise toward
480 min, indicating that measurable heat evolution persisted at the selected endpoint.

The earlier peaks may involve additional surfaces for gypsum precipitation and the
possible reaction of initially anhydrous CSW. CSW surfaces may provide additional inter-
faces associated with gypsum precipitation, which could contribute to the earlier exother-
mic response. This surface-associated effect is considered possible nucleation promotion
rather than directly demonstrated heterogeneous nucleation. In addition, the starting
CSW was identified as predominantly anhydrous CaSO,. Anhydrous calcium sulfate can
hydrate to CaSO4-2H,0 under suitable aqueous conditions, including through dissolution
and precipitation [36]. The added CSW may therefore participate both as a surface for
precipitation and as a potentially reactive calcium sulfate constituent. Changes in the
liquid-solid environment may also influence the resulting heat-release profile. Calorimetry
records the complete formulation on a total-solid-mass basis and does not separate the heat
contributions of 3-HPG and CSW. The higher cumulative heat therefore cannot be assigned
exclusively to 3-HPG conversion, nor can the later heat release of C-3 and C-4 be assigned
specifically to delayed CSW hydration. C-2 recorded the highest peak and cumulative heat
within 480 min; later-age phase composition is examined separately in Section 3.5.

3.5. Effect of CSW on the Crystalline Phase Assemblage of B-HPG

XRD was used to identify the crystalline phases in the 3-HPG specimens after 7 d of
curing. Figure 8a shows broadly similar diffraction patterns across the investigated CSW
dosages. Reflections at approximately 11.6°, 20.7°, and 29.1° were assigned to CaSOy4-2H,0,
indicating that gypsum dominated the observed diffraction patterns. The reflection near
26.6° was assigned to SiO,, which was also identified in the starting 3-HPG. Phase iden-
tification was based on the combination of reflections across the measured range, rather
than on the intensity of the 11.6° reflection alone. The raw (3-HPG was dominated by hemi-
hydrate, whereas the 7 d patterns were dominated by gypsum. No additional crystalline
reaction product was confidently identified in the CSW-containing specimens relative to
C-0. Any hydration of anhydrous CSW would contribute to the same gypsum phase [36],
so similar product assemblages do not imply that the added whiskers remained chemically
unchanged. Anhydrite and gypsum have distinct diffraction patterns [34], but the present
qualitative analysis does not quantify residual anhydrite or apportion gypsum formation
between the 3-HPG and CSW precursors.

Figure 8b provides an enlarged view of the reflection between 11.3° and 11.9°. Differ-
ences in recorded intensity are visible among the specimens. Gypsum diffraction intensities
can be influenced by crystal habit and preferred orientation, while powder preparation and
packing can introduce additional variability [37,38]. Accordingly, the intensity differences
are not assigned to changes in gypsum content, crystallinity, nucleation, or agglomera-
tion. The stronger reflection in C-2 is retained as an observation of the measured pattern,
rather than used to explain its higher strength. The phase comparison instead rests on
the characteristic reflections across the full measured range. The heat-evolution results
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and XRD patterns characterize different stages of material development. Section 3.4 de-
scribes the calorimetric response within the first 480 min, whereas Figure 8 identifies the
crystalline phases after 7 d. These results provide complementary information on early
reaction behavior and later phase composition; the early cumulative heat differences are
not directly translated into differences in hydration degree at 7 d. The XRD results estab-
lish that gypsum remained the dominant identified crystalline phase after 7 d across the
investigated mixtures.

(a) ©-CaS0O,2H,0  -Si0, (b) —C-0
° °
| | ‘T
B B B o I W0 SO OR. %d
. C-3 —
5 3
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Figure 8. XRD patterns of 3-HPG specimens after 7 d of curing: (a) full scan from 10° to 60° and
(b) enlarged pattern in the range of 11.3-11.9°.

3.6. Effect of CSW on the Pore Structure of B-HPG

Pore structure strongly affects the mechanical strength, water absorption, and water
resistance of gypsum-based materials. In this study, MIP was used to analyze the mercury-
accessible porosity and equivalent pore-entry-size distribution of 3-HPG specimens with
different CSW dosages. The equivalent diameters describe the pore entrances or throats
controlling mercury access, and the distributions are interpreted with consideration of
ink-bottle and specimen-drying effects [39,40]. As shown in Figure 9a, the MIP-measured
porosity of hardened 3-HPG decreased continuously with increasing CSW dosage. The
porosity of C-0 was 47.5%. After the incorporation of 1, 2, 3, and 4 wt% CSW), it decreased
to 44.3%, 39.6%, 37.7%, and 35.0%, respectively. Compared with C-0, the corresponding
reductions were 6.7%, 16.6%, 20.6%, and 26.3%. The decrease from C-0 to C-4 was therefore
12.5 percentage points, equivalent to a relative reduction of 26.3%. C-2 achieved a reduction
of 7.9 percentage points, combining lower mercury-accessible porosity with the highest
reported mean dry and wet strengths among the tested mixtures.

In C-0, intrusion assigned to equivalent pore-entry diameters above 1000 nm con-
tributed 33.6 percentage points to the measured porosity of 47.5%. This corresponds to
approximately 70.7% of the total intruded volume. The 200-1000 nm interval contributed
12.7 percentage points, corresponding to approximately 26.7% of the total intruded volume.
In C-4, the contribution of the 200-1000 nm interval increased to 20.0 percentage points.
Relative to its measured porosity of 35.0%, this represents approximately 57.1% of the
total intruded volume. CSW addition therefore reduced the contribution assigned to entry
diameters above 1000 nm and increased that assigned to 200-1000 nm, while the intervals
below 200 nm made smaller contributions. This redistribution concerns mercury-accessible
entry sizes rather than a measured conversion of individual pore bodies.
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Figure 9. Effect of CSW on the pore structure of 3-HPG: (a) total porosity and pore volume fraction
in different pore size ranges and (b) log-differential mercury intrusion as a function of equivalent
pore-entry diameter.

Figure 9b presents the corresponding differential intrusion response. The volume
assigned to a size interval is assessed by integration over that interval rather than from
peak height alone. The pore-structure response was obtained under the fixed W /G ratio of
0.58. With CSW added as an additional solid, the calculated initial W /S ratio decreased
from 0.580 to 0.558, while paste spread also changed. Therefore, the porosity reduction is
not assigned exclusively to whisker filling. C-4 exhibited the lowest measured porosity,
whereas C-2 showed the highest reported mean flexural and compressive strengths. The
more closely associated crystalline arrangement observed in C-2, discussed in Section 3.7,
provides complementary structural context for this response. Together, these observations
support considering local crystalline arrangement and fresh-paste behavior alongside
accessible pore volume when selecting a formulation. The reduction in measured porosity
was accompanied by a decrease in 24 h water absorption from 26.8% for C-0 to 24.3% for C-4.
For C-2, the mercury-accessible porosity of 39.6% was accompanied by a water absorption
of 24.9% and a mean wet compressive strength of approximately 8.5 MPa. This combination
demonstrates lower water uptake and greater absolute wet load-bearing capacity relative
to C-0.

3.7. Effect of CSW on the Micromorphology of B-HPG

SEM was used to compare the hardened microstructures of C-0, C-2, and C-4, repre-
senting the control mixture, the mixture with the highest mean mechanical strengths, and
the highest CSW dosage, respectively. Figure 10 shows differences in crystal arrangement,
visible intercrystalline voids, and localized clustering. The images were obtained from
hardened and dried fragments and provide local morphological information. The compari-
son focuses on how crystalline features are arranged within the gypsum-dominated matrix
and how these observations relate to the measured properties. As shown in Figure 10a,
C-0 contained plate-like, short-prismatic, and elongated crystalline features. The exposed
surface showed relatively open packing, with visible spaces between neighboring crystals.
Several contacts appeared limited to crystal edges or small overlapping regions. Such
an arrangement may provide fewer continuous solid connections across the observed
region than a more closely interlocked structure. These features provide a morphological
reference for the closer crystal associations observed in C-2 and are consistent with the
higher mercury-accessible porosity of C-0. Figure 10b shows a more closely associated
arrangement of plate-like and elongated features in C-2. Some elongated features appear
to extend between neighboring crystalline regions, while smaller crystals occupy parts
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of the surrounding spaces. The observed arrangement is consistent with improved local
continuity of the hardened skeleton. Compared with C-0, this morphology also agrees
with the lower mercury-accessible porosity measured by MIP. C-2 therefore combined
closer local crystal associations with a reduction in measured porosity from 47.5% to 39.6%.
These observations provide structural context for its approximately 49% and 23% increases
in mean dry flexural and compressive strengths, respectively. Elongated features that
appear to connect neighboring crystalline regions could contribute to structural continuity
when adequate contact or bonding is present. The greater relative improvement in flexural
strength than in compressive strength is compatible with a reinforcing contribution. The
relevant morphological feature is the apparent connection between neighboring crystalline
regions, rather than the presence of elongated particles alone.

Figure 10. SEM micrographs of 3-HPG specimens after curing: (a) C-0, (b) C-2, and (c) C-4.

The starting CSW exhibited a rod-like morphology in Figure 2b, but elongated crys-
tals were also present in C-0, which contained no added whiskers. Previous spatially
resolved studies of gypsum hydration have likewise observed the formation of needle-
shaped gypsum crystals [41]. The features in C-2 may therefore include retained whiskers,
newly formed gypsum crystals, or combinations of residual whiskers and associated hy-
dration products. At 4 wt% CSW, Figure 10c shows localized bundles of relatively parallel,
elongated crystalline features. These densely packed regions coexist with a less uniform
surrounding arrangement. Whisker clustering, preferential gypsum crystal growth, or
both may contribute to their appearance. The lower paste fluidity at this dosage may
also have affected particle redistribution and the development of a uniform hardened
structure. The comparison with C-2 illustrates different structural outcomes: C-4 achieved
a lower mercury-accessible porosity of 35.0%, whereas C-2 combined closer crystal asso-
ciations in the observed region with higher reported mean strengths. The more closely
associated structure observed in C-2 also provides context for its mean wet compressive
strength of approximately 8.5 MPa, compared with 7.4 MPa for C-0. The SEM comparison
distinguishes relatively open packing in C-0, closer crystalline associations in C-2, and
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localized bundles in C-4. These observations characterize prepared, dried specimens and
complement the bulk measurements without independently identifying retained-whisker
bridging or water-induced interfacial damage.

3.8. Multiscale Structure—Property Relationship and Modification Mechanism of CSW in B-HPG

The combined results highlight the mechanical benefit of CSW addition within a
gypsum-dominated matrix, particularly the strength—-workability combination obtained
for C-2. The dry flexural and compressive strengths of C-2 reached 5.95 and 22.0 MPa,
respectively, corresponding to increases of 49% and 23% relative to C-0. C-2 also exhib-
ited the highest reported mean wet compressive strength, approximately 8.5 MPa, while
retaining a paste spread diameter of 155 mm. These results provide the performance
basis for examining the relationships among mixture composition, early reaction behavior,
crystalline arrangement, and accessible pore structure. Figure 11 presents the proposed
modification mechanism of CSW in 3-HPG.

Multiscale modification mechanism of CSW in B-HPG
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Figure 11. Proposed multiscale modification mechanism of CSW in 3-HPG: (a) without CSW,
(b) 2 wt % CSW, and (c) 4 wt % CSW.

Pores

At the fresh-paste stage, CSW reduced the fluidity and shortened the setting time of
B-HPG. Similar dosage-dependent changes in setting behavior and physical properties
have been reported in calcium sulfate whisker-modified gypsum composites [21,22]. In
the workability and strength series, the W /G ratio was fixed at 0.58, while the calculated
initial W/S ratio decreased from 0.580 to 0.558 as CSW dosage increased. The additional
powder and its elongated geometry may influence particle interactions and early structural
development. At 2 wt% CSW, the spread diameter remained greater than those of C-3 and
C-4, providing a useful balance when considered alongside the measured strength gains.
At the early hydration stage, CSW changed the hydration heat evolution of 3-HPG. The
main heat-flow peak shifted to an earlier time after CSW incorporation, and C-2 showed
the highest heat-flow peak and cumulative heat release within 480 min. Its peak heat-flow
rate of 58.46 mW /g and cumulative heat release of 103.94 ] /g were approximately 18.0%
and 9.83% above C-0, respectively, on the same initial-total-solid-mass basis. One possible
interpretation is that the calcium sulfate surface of CSW provided additional compatible
interfaces for the local precipitation and growth of CaSO4-2H,0O. This contribution is
described as possible nucleation promotion.

Studies of stabilized clays relate mechanical behavior to binder type and starting min-
eralogy [42,43], while nanomechanical research distinguishes constituent-phase properties
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from bulk composite response [44]. Research on blended cement paste also considers the
role of continuing hydration in mechanical evolution [45]. These comparisons motivate
evaluating reaction history, phase identity, local arrangement, and bulk strength separately
in 3-HPG; their specific silicate-hydrate mechanisms are not transferred to the gypsum
matrix. Here, the 480 min calorimetric response and the 7 d gypsum-dominated phase
assemblage describe different stages. The early heat differences are not used to determine
final hydration degree, and single-peak intensities are not used to explain strength. Within
the hardened matrix, C-2 showed closer crystalline associations than C-0. These local con-
nections may contribute to load transfer and are compatible with the larger flexural-strength
response, while bridging by retained CSW remains a proposed contribution.

The pore-structure results provide another link between microstructure and perfor-
mance. CSW-containing formulations showed lower mercury-accessible porosity and a
redistribution of intrusion volume among equivalent pore-entry-size intervals. The mea-
sured porosity decreased from 47.5% for C-0 to 35.0% for C-4. C-2 had an intermediate value
of 39.6%, representing a reduction of 16.6% relative to C-0. These changes describe mercury-
accessible volume and entry sizes, rather than direct conversion of individual large pore
bodies into smaller pores. C-4 had the lowest MIP-measured porosity and water absorption
but lower dry and wet compressive strengths than C-2. The two formulations therefore
favored different measured outcomes: C-4 provided a further reduction in accessible poros-
ity, whereas C-2 combined higher mean strengths with greater paste spread. The localized
bundles observed in C-4 provide additional context for this distinction, without assigning
the strength difference exclusively to CSW agglomeration. The wet-strength results further
show that an appropriate amount of CSW improved the absolute load-bearing capacity of
B-HPG after water exposure. The wet compressive strength increased from approximately
7.4 MPa for C-0 to 8.5 MPa for C-2. C-2 also reduced water absorption from 26.8% to 24.9%,
combining approximately 14.9% higher mean wet strength with 7.1% lower water uptake.
Relative strength retention represents a separate objective. The softening-coefficient point
estimates were lower than those of C-0 because the proportional dry-strength increase
exceeded the wet-strength increase. Thus, greater absolute capacity after immersion and a
higher retained fraction of dry strength are distinct formulation outcomes. The small ratio
differences among C-2, C-3, and C-4 are interpreted with consideration of uncertainty in
both strength estimates, rather than used to rank specific interfacial damage mechanisms.
The study by Liu et al. [46] on internal moisture evolution and humidity-dependent shrink-
age in metakaolin-modified UHPC provides a useful perspective on this distinction. It
examines moisture behavior together with deformation, emphasizing the importance of
the moisture condition and the selected response variable. Applied to the interpretation
of 3-HPG, this perspective supports treating accessible pore structure, water uptake, wet
strength, and moisture-induced deformation as related but different properties.

The interpretation applies to the selected 3-HPG source, commercial CSW grade, and
preparation conditions. The fixed-W /G series does not isolate water-ratio and consolidation
effects, while the qualitative phase and morphological analyses do not quantify CSW
conversion or retained-whisker load transfer. The structural observations also refer to
prepared, dried specimens. Within this scope, C-2 provides a promising strength-oriented
formulation. Finer dosage intervals, controlled-water comparisons, and time-resolved
phase and moisture assessments would refine the proposed interpretation.

3.9. Preliminary Economic Considerations

A preliminary raw-material cost assessment was performed using indicative price
ranges of CNY 370-420/t for 3-building gypsum powder and CNY 4800-7000/t for CSW.
The -building gypsum price was used as a proxy for the cost of the 3-HPG binder. These
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ranges were treated as calculation inputs rather than verified purchase prices for the
specific materials used in this study. The assessment concerns the constituent powders
before water addition and does not represent the complete production or installation cost
of a plaster product.

CSW was incorporated as an additional component relative to the mass of 3-HPG.
Therefore, the constituent cost per tonne of combined powder was calculated as:

N Pg + dPCSW

C(d) 1+d

(4)
where d is the CSW-to-f3-HPG mass ratio, and Pg and Pcgyy are the respective prices in
CNY/t. The relative cost increase compared with the corresponding control mixture was
calculated as:

C(d)—P
Re = (;GG X 100% (5)

Table 5 summarizes the calculated cost ranges. Both material prices were varied across
their stated intervals. Each relative increase was calculated against the control cost using
the same (-HPG price. At 2 wt% addition, one tonne of combined powder contained
approximately 980.39 kg of 3-HPG and 19.61 kg of CSW. The calculated constituent cost
was CNY 456.9-549.0/t, with an increase of CNY 85.9-130.0/1 relative to the corresponding
control. The relative increase ranged from 20.4% to 35.1%. Thus, although the dosage
was low, the cost premium was not negligible because the assumed CSW unit price was
substantially higher than that of the gypsum powder. At the arithmetic midpoints of the
price intervals, CNY 395/t for gypsum and CNY 5900/t for CSW, the C-2 cost was CNY
502.9/t, representing a 27.3% increase.

Table 5. Estimated constituent costs of the 3-HPG-CSW powders based on the indicative price ranges.

. Estimated Constituent Relative Cost
Mixture CSW Dosage Relative Cost (CNY/t of Increase Compared
to B-HPG (wt%) ; ] P
Combined Powder) with C-0 (%)
C-0 0 370.0-420.0 —
C-1 1 413.9-485.1 10.3-17.7
C-2 2 456.9-549.0 20.4-35.1
C-3 3 499.0-611.7 30.4-52.2
C-4 4 540.4-673.1 40.1-68.9

The value of this additional expenditure depends on the performance requirement. C-2
showed reported mean dry flexural and compressive strength increases of approximately
48.8% and 22.9%, respectively. Its wet compressive strength increased by approximately
14.9%, based on the reported values of 7.4 and 8.5 MPa. To compare these different benefits,
a relative strength-to-material-cost indicator was calculated:

_ fs,Z/fs,O
b= G /Co (©)

where f;, and f; o are the reported mean values of the selected strength property for C-2
and C-0. Values above 1 indicate an improved strength-to-material-cost ratio on the selected
powder-mass basis.

As shown in Table 6, the dry flexural-strength-to-material-cost indicator exceeded 1
throughout the assumed price range, whereas the dry compressive-strength indicator
depended on the price combination and the wet-strength indicator remained below 1. The
cost premium is therefore most relevant where dry flexural performance is a specified
requirement. This assessment covers powder costs only; verified procurement, production,
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and application costs are needed for a product-level decision. C-2 uses less CSW than C-3

and C-4 while providing higher mean strengths, but a lower dosage may be preferable

when it already meets the required performance.

Table 6. Relative strength-to-material-cost indicators for C-2 over the assumed price intervals.

Selected Propert Reported Mean Relative Strength-to-Material-Cost
perty Strength Ratio, C-2/C-0 Indicator, I
Dry flexural strength 1.488 1.10-1.23
Dry compressive strength 1.229 0.91-1.02
Wet compressive strength 1.149 0.85-0.95

4. Conclusions

This study investigated the dosage-dependent effects of calcium sulfate whisker (CSW)

on the performance and microstructure of 3-hemihydrate phosphogypsum (3-HPG). The

main conclusions are as follows.

)

@)

®)

4)

Among the five formulations tested at W/G = 0.58, C-2 achieved the highest mean dry
flexural and compressive strengths of 5.95 and 22.0 MPa, respectively, approximately
49% and 23% above C-0. Although CSW addition reduced paste spread and shortened
setting times, C-2 retained a spread diameter of 155 mm, compared with 138 and
110 mm for C-3 and C-4. This combination identifies 2 wt% CSW as a promising
tested dosage for balancing strength and workability.

C-2 increased the mean wet compressive strength after 24 h immersion from 7.4 to
approximately 8.5 MPa and reduced water absorption from 26.8% to 24.9%. Its me-
chanical benefit therefore extended to the tested immersion condition. The softening-
coefficient point estimates nevertheless remained below that of C-0, distinguishing
greater absolute wet load-bearing capacity from improved relative strength retention.
Small differences among the higher-dosage formulations require consideration of
uncertainty in both dry and wet strengths.

Mercury-accessible porosity decreased from 47.5% to 35.0% as CSW dosage increased
from 0 to 4 wt%, accompanied by a redistribution of intrusion volume among equiv-
alent pore-entry-size intervals. C-2 exhibited a porosity of 39.6% and more closely
associated crystalline regions in SEM observations, whereas C-4 showed localized
bundle-like arrangements. The highest mean strengths and the lowest accessible
porosity occurred in different formulations, demonstrating the importance of consid-
ering local crystalline arrangement and workability alongside pore-volume reduction.
CSW-containing pastes reached their main exothermic peaks earlier than C-0. C-2
exhibited the highest recorded peak of 58.46 mW /g and cumulative heat of 103.94]/g
within 480 min, approximately 18.0% and 9.83% above C-0 on the initial-total-solid-
mass basis. Gypsum remained the dominant identified crystalline phase after 7 d.
These results distinguish early calorimetric response from later phase identity; pos-
sible nucleation promotion, CSW reaction, and retained-whisker bridging remain
proposed contributions.

The study distinguishes the formulation with the highest mean strengths from that

with the lowest accessible porosity and separates absolute wet capacity from relative

strength retention. These relationships support performance-targeted formulation de-

sign. Finer dosage intervals, constant-W /S or matched-spread comparisons, and phase-

resolved and longer-term moisture assessments would further refine the formulation and
proposed mechanisms.
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