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Abstract: This work examines the micromechanical properties of AFm phases formed in 11 

seawater and deionized water. As the interlayer SO4
2- in the AFm phase is gradually replaced12 

by Cl- in seawater, the basal spacing of the AFm crystal narrows, which promotes the packing13 

density of nanocrystals and their indentation modulus and hardness, i.e., Cl-AFm (Friedel’s14 

salt) > SO4-Cl-AFm (Kuzel’s salt) > SO4-AFm (monosulphate). It is found that Friedel’s salt15 

formed in seawater feature multiple structural and compositional defects. First, the anions (Cl-,16 

OH-, SO4
2-) are bound in the interlayer of Friedel’s salt, and the bound OH- contents have 17 

negative relations with the Cl- concentration in the seawater. Second, the incorporation of Mg 18 

ions in the Friedel’s salt barely changes its micromechanical properties based on the 19 

experimental data and molecular dynamics simulations. Third, when portlandite is present in 20 

the seawater, some Ca vacancies would be formed in the Friedel’s salt, which would decrease 21 

its Young’s modulus significantly. This accounts for the decrease in the indentation modulus 22 

of Friedel’s salt as observed in the experiments. These findings enable us to better understand 23 

and control the micromechanical properties of Cl-containing AFm phase formed in seawater-24 

mixed cementitious materials. 25 
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1 Introduction 4 

The possible usage of seawater as mixing water in concrete production is gaining increasing 5 

interest due to scarce freshwater resources, particularly in coastal areas and isolated islands [1]. 6 

The main concern in the use of seawater is the reinforcement corrosion caused by Cl- ions in 7 

seawater. However, referring to plain concrete and fiber-reinforced polymer (FRP) reinforced 8 

concrete [2-4], this corrosion problem seems not a limiting factor in applying seawater-mixed 9 

concrete. 10 

Previous research on seawater-mixed cementitious materials mainly focused on exploring 11 

the effects of seawater on the hydration mechanism, microstructure, and fresh and hardened 12 

properties of cement systems and individual clinker phases, such as tricalcium silicate (C3S) 13 

and tricalcium aluminate (C3A). These studies have pointed out that the relatively high ionic 14 

strength of seawater would decrease the activity coefficient of solute ions, such as Ca [5, 6] 15 

and SO4
2- species [6], and elevate their corresponding concentrations in the pore solution. This 16 

resulted in the accelerating dissolution of C3S, C3A, and gypsum [5, 6], which further increased 17 

the nucleation rate [7] and precipitation rate [8] of the hydration products. Therefore, the use 18 

of seawater in the preparation of cement and concrete can accelerate the early hydration of 19 

cement [9-12], shorten the setting time [13, 14], decrease the workability [15-17], refine the 20 

pore structure [9, 10], increase the shrinkage [18], and enhance the early compressive strength 21 

of the matrix [12, 13, 19]. 22 

Referring to the effects of seawater ions on the properties of hydrates, the focus of most 23 

published literature is primarily directed towards the hydration product of the silicate phase, 24 

namely calcium silicate hydrate gel (C-S-H gel) [20-23]. This is because C-S-H gel constitutes 25 
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70-80 % of the volume of Portland cement paste and is the primary contributor to the early 1 

strength [24]. However, research on the impact of seawater ions on the structure and properties 2 

of the hydration products of the aluminate phase, namely calcium hydroaluminates, is limited. 3 

In our previous study, ettringite (AFt), a common calcium hydroaluminate in Portland cement 4 

and calcium sulfoaluminate cement, was synthesized in deionized (DI) water and different 5 

seawater solutions, and the growth rate, morphologies, structure, and micromechanical 6 

properties of different AFt crystals were compared [8]. The results showed that the Mg ions in 7 

seawater had a significant influence on the properties of AFt [8].   8 

Apart from AFt, AFm is another common calcium hydroaluminate. Friedel’s salt is one type 9 

of AFm phase containing Cl- ions [25-27], and is a new hydrate formed in seawater-mixed 10 

concrete through the chemical reaction between Cl- in seawater and the aluminate phases in 11 

cement systems [6, 28, 29]. In cement and concrete, the focus of the previous studies was on 12 

the Cl-binding ability of Friedel’s salt, which was considered as an effective method of 13 

chemical adsorption of Cl- to reduce the risk of reinforcement corrosion [30, 31].  14 

However, this work focused on the contribution of the formed Friedel’s salt to the 15 

mechanical properties of seawater-mixed concrete. It is worth noting that the effects of the 16 

formed Friedel’s salt on the mechanical properties of cementitious materials remain 17 

controversial. Wang et al. [9, 32], Li et al. [33] and Mohammed et al. [34] believed that the 18 

formation of Friedel’s salt could densify the microstructure and improve the integrity of the 19 

hydrated cementitious materials, which would further result in higher compressive strength. 20 

But Suryavanshi et. al [35] revealed that the refinement of pore structure was due to the 21 

modification of C-S-H gel morphology by free-chloride, rather than the deposition of Friedel’s 22 

salt in the coarse pores. Besides, Li et. al [12] reported that the additional formation of Friedel’s 23 

salt and ettringite in the seawater-mixed cement mortar could partially compensate for the 24 

decrease in strength caused by the lower hydration degree of C3S in the later ages. Nevertheless, 25 
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Zhang et. al [11] stated that the formation of Friedel’s salt negatively affected the compressive 1 

strength, because of its large size, i.e., several microns, and the hexagonal morphology of 2 

Friedel’s salt crystal. Its growth could also result in a higher porosity of the matrix. Furthermore, 3 

Xiao et. al [36] mentioned that the hydro-expansive property of Friedel’s salt and ettringite can 4 

cause small cracks inside concrete, which reduce the later-age compressive strength. 5 

In addition to the above diverse viewpoints, comprehensive experimental evaluations on the 6 

mechanical properties of Friedel’s salt is lacking. This assessment is particularly challenging 7 

in the complex cement-based materials, as it is difficult to isolate the individual effects of 8 

Friedel’s salt from the overall influence of all the hydration phases on the cement matrix. 9 

In this work, the Friedel’s salt (Cl-AFm), Kuzel’s salt (SO4-Cl-AFm), and monosulphate 10 

(SO4-AFm) were synthesized using C3A-seawater, C3A-gypsum-seawater, and C3A-gypsum-11 

Milli-Q water, respectively. Then, the micromechanical properties of these phases were 12 

compared by the nanoindentation test, evaluating the change of indentation modulus and 13 

hardness values when the SO4
2- ions in the AFm phase was gradually occupied by Cl- ions 14 

(from SO4-AFm to Kuzel’s salt and then to Friedel’s salt). Furthermore, three other types of 15 

Friedel’s salts were also synthetized: in NaCl solution, seawater excluding MgCl2, and 16 

seawater in the presence of portlandite, respectively. Comparing the micromechanical 17 

properties of these four kinds of Friedel’s salts, the effect of ions in seawater on the Friedel’s 18 

salt will be further explored. In addition, the packing density, elemental compositions, and 19 

molecular dynamics simulations of different Friedel’s salts were also studied to explain the 20 

discrepancies in their micromechanical properties. In this study, the synthetic methods of the 21 

different AFm phases and the characterization methods of their micromechanical properties 22 

were similar to that in the AFt phase work previously reported [8], facilitating comparisons 23 

between the effect of seawater on the AFt and AFm phases. 24 

 25 
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2 Materials and methods 1 

2.1 Materials 2 

A cubic tricalcium aluminate (C3A) provided by a commercial laboratory was used in this 3 

work. The purity and median particle size of C3A were about 98 % and 7.68 µm, which had 4 

been shown in our previous work [8]. In addition, the median particle size of gypsum used was 5 

about 22.4 µm, which was also presented in Ref. [6]. Also, calcium hydroxide (CH) with an 6 

analytical grade that was purchased from Aladdin Reagent Corporation Limited (Shanghai, 7 

China) was adopted. 8 

Simulated seawater (SW) was prepared using the chemical reagents listed in ASTM D1141-9 

98 [37]. The main ions present in the simulated seawater were Cl- (19.8 g/L), Na+ (11.0 g/L), 10 

SO4
2- (2.8 g/L), Mg2+ (1.3 g/L), Ca2+ (0.4 g/L), K+ (0.4 g/L), and HCO3

- (0.146 g/L). 11 

 12 

2.2 Synthesis of different AFm phases 13 

The mix proportions of the suspensions for the experiment are shown in Table 1. Based on 14 

the stoichiometric ratio, a gypsum amount of 63.7 % by mass of C3A was used to produce the 15 

monosulphate phase (SO4-AFm). Milli-Q water was used, and a liquid-to-solid (l/s) ratio of 20 16 

was adopted.   17 

Regarding the synthetic cement hydrates in the seawater system, the amounts of C3A, 18 

gypsum, and seawater were adjusted based on the reaction sequence reported in our previous 19 

studies [6, 28]. A C3A-SW suspension with a liquid/solid (l/s) of 20 was used to synthesize the 20 

Friedel’s salt in the seawater environment. The l/s of 20 was chosen to provide sufficient Cl- 21 

for the formation of the Friedel’s salt, because when the concentration of Cl- in the pore solution 22 

was less than 1.3-1.7 g/L, the residual C3A would hydrate into hydrogarnet (C3AH6) [28]. In 23 

addition, in order to produce the Kuzel’s salt (S1 and S2 samples in Table 1), the mixtures with 24 

a gypsum amount of 35.0 % and 63.7 % by mass of C3A were used. A l/s of 10 was adopted in 25 
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S1 and S2 samples to reduce the total amount of Cl- introduced by the seawater, which aimed 1 

at reducing the formation of Friedel’s salt and further promoting the formation of Kuzel’s salt.  2 

In order to explore the effect of seawater ions on the structure and properties of Friedel’s 3 

salt, different types of Friedel’s salts were also formed using different starting solutions, i.e., 4 

seawater, seawater excluding MgCl2, seawater with CH, and NaCl solution with the same 5 

concentration of Cl- as in seawater (Table 1).  6 

Regarding the synthesis of the above hydration phases, the powder mixture as shown in 7 

Table 1 was placed into 50 mL plastic centrifuge tubes. Then, the corresponding solutions were 8 

added. After that, these suspensions were rotated at 50 rpm in an end-over-end rotator for 21 9 

d. Subsequently, solid residues were obtained through centrifugation at 10,000 rpm, followed 10 

by two rinses with isopropanol. These solids were then transferred to a vacuum oven at 40 oC 11 

for 12 h to remove the remaining isopropanol and afterward dried in a vacuum desiccator with 12 

silica gel for an additional 2 d at room temperature. Finally, these solids were placed in a 13 

desiccator with saturated CaCl2 solution (RH~35%) and a slight vacuum (~ 4 psi) at room 14 

temperature for further moisture control.   15 

Table 1. Mix proportion of synthetic samples 16 

Sample name Gypsum/C3A a Liquid/Solid a Type of reaction solution 

SO4-AFm 63.7 % 20 Milli-Q water 

Fs-SW 0 b 20 Seawater 

S1 35.0 % 10 Seawater 

S2 63.7 % 10 Seawater 

Fs-SW-no Mg 0 b 20 Seawater excluding MgCl2 

Fs-SW+CH c 0 b 20 Seawater 

Fs-NaCl 0 b 20 

NaCl solution with a same 

concentration of Cl- as seawater  

a mass ratio. 17 
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b There was no gypsum in reactant. 1 

c An appropriate CH was added in C3A to provide a sat.CH-seawater solution for the synthesis 2 

of Friedel’s salt. The amount of CH needed was 6.5 g/L seawater after testing a series of pH 3 

tests [8]. 4 

 5 

2.3 Experimental characterizations 6 

2.3.1 Mineralogical composition analysis 7 

The purities of the synthetic hydrates were evaluated using an X-ray diffractometer operated 8 

at 45 kV and 200 mA with CuKα radiation (Rigaku SmartLab 9 kW). Before the test, the 9 

synthetic samples were co-grinded with 10 % corundum by mass of the total powder. Then, 10 

tests were conducted in a range of 5-60 o 2 and the step width and scanning speed were set 11 

as 0.02 o and 2.5 o/min, respectively. Additionally, a qualitative test was recorded in the same 12 

2 range and the same step width, but the scanning speed was increased to 5 o/min. 13 

Thermogravimetric analysis (TGA) was used to study the phase assemblage of the formed 14 

hydrates (PerkinElmer TGA 4000). About 50 mg of samples were placed in a ceramic crucible 15 

and heated from 30 oC to 800 oC at a heating rate of 10 oC/min. During the measurement, 16 

nitrogen gas was used as a protective gas and the flow rate was 30 mL/min. 17 

 18 

2.3.2 Micromechanical properties   19 

A Nano-indenter (Hysitron TI Premier, Bruker) equipped with Scanning Probe Microscopy 20 

(SPM) was used to characterize the indentation modulus and hardness of the different synthetic 21 

hydrates. The synthetic hydrates with the same mass were placed in a steel die, then disc-shaped 22 

specimens with a dimension of ϕ 13 mm × 4 mm were prepared using a hydraulic press at a 23 

pressure of 30 MPa for 30 s. Then, the disc-shape specimens were placed in cylindrical moulds 24 

and impregnated with epoxy under vacuum conditions. After hardening at 30 oC for 1 d, the 25 
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epoxy impregnated samples were released from the moulds and further polished. Firstly, a 1200 1 

grit SiC sanding paper was employed to polish the bottom side of resin samples, aiming to just 2 

expose the sample surface by removing a thin layer of resin. A 600 grit SiC sanding paper were 3 

used to polish the top side (opposite the sample side) of the resin samples, ensuring the 4 

parallelism between the top and bottom surface. Then, the resin samples were successively 5 

polished using different polishing cloths and polishing agents (9 µm, 3 µm, and 0.05 µm), and 6 

each polishing step lasted at least 30 min. During the process of polishing, ethanol was used as 7 

a lubricant as necessary. Between each step, the samples were thoroughly cleaned using ethanol 8 

in an ultrasonic bath to eliminate any residue from the sample surface. Once the polishing 9 

process was completed, the surface roughness of samples was inspected on an area of 50 µm × 10 

50 µm. The final root-mean-squared (RMS) roughness needed should be less than 50 µm prior 11 

to the test, in order to achieve an acceptable roughness associated with the awaited indentation 12 

depths [38].   13 

The above polished resin samples were stored in a vacuum desiccator (T=23 ±1 oC, 14 

RH~35%) for another 2 d to evaporate residual chemicals. Then, a nanoindentation test was 15 

conducted using a three-sided pyramid Berkovich tip made of diamond (T=23 ±1 oC, 16 

RH~56 %). Even though the relative humidity of about 56 % during the nanoindentation test 17 

was higher than that of the desiccator where the samples were stored (~35 %), the bound water 18 

content in the SO4-AFm sample remained unchanged. This was because when the relative 19 

humidity ranged from 23 % to 97 %, the bound water content in the SO4-AFm was still 12 20 

moles [39] (The bound water content in the SO4-AFm and Friedel’s salt samples had been 21 

calculated according to the TG test in Fig. S1 in the supplementary material.).  22 

During the measurement process, a trapezoidal loading function was applied: loading for 10 23 

s to the maximal load of 2000 µN, then holding this load for 5 s, and then unloading for 10 s. 24 

The crystallographic structure of AFm phases shows an anisotropic elastic tensor. The structure 25 
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of AFm phases is composed of stacked [Ca2Al(OH)6]
+ layers along the c-axis, and different 1 

anions and bound water were intercalated into the interlayer spaces. The relatively weak 2 

interaction between these interlayers typically results in a lower stiffness along the c-axis. In 3 

contrast, the basal plane of AFm crystals demonstrates significantly higher stiffness, resulting 4 

in a markedly anisotropic elastic property [40]. Because of the highly anisotropy of AFm 5 

phases, the indentation modulus detected in this work could exhibit a specific variation range, 6 

which depends on the crystal orientation. In this work, four different regions were selected for 7 

each sample, and a 10 × 10 grid with a grid spacing of 10 µm was adopted in each region. 8 

Therefore, a total of 400 data points were obtained for each sample, and then the 9 

nanoindentation test covered a total area of 32400 µm2 in each sample. When selecting the test 10 

regions, the unhydrated C3A particles were avoided. The aim of the multi-zone measurement 11 

approach in this work was to capture as many different orientations of crystals as possible.  12 

After measurement, the reduced modulus (Er) and hardness can be obtained. After 13 

subtracting the effect of the indenter tip, the indentation modulus (M) was calculated according 14 

to the following Equation (2-1) [41].  15 

                                                     M=(
1

Er
 - 

1-νi
2

Ei
)
-1

                                                       (2-1)                                                                                        16 

Where, Ei and Vi are the parameters of the indenter tip (Ei=1140 GPa and νi=0.07 for a diamond 17 

tip [42]).  18 

Using the data points of the indentation modulus (M) and indentation hardness (H), the 19 

packing density (ƞ = 1 - porosity) of the solid was further calculated following the method 20 

reported by Ulm et al. [43]. The specific calculation process is shown in Section S1 in the 21 

supplementary material.  22 

 23 
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2.3.3 Morphology and elemental composition analysis 1 

The morphology of the synthetic Friedel’s salt was characterized by using Scanning 2 

Electron Microscopy (SEM, TESCAN VEGA3) coupled with an energy-dispersive X-ray 3 

spectrometer (EDS). During sample preparation, an ultra-flat polished silicon chip (8 mm × 8 4 

mm) was attached to the microscopy stub with adhesive carbon tape. Then, the suspensions of 5 

the synthetic Friedel’s salt were first diluted using Milli-Q water and then dropped onto the 6 

silicon chips. After vacuum drying and gold coating, the samples were placed inside the SEM 7 

chamber, and then the test was performed in a resolution scan mode with an accelerating 8 

voltage of 20 kV and a working distance of ~ 10 mm. 9 

Furthermore, selected area electron diffraction was used to analyse the synthetic Friedel’s 10 

salt samples by a transmission electron microscope (TEM, JEM-2100F, JEOL). TEM was 11 

operated at an acceleration voltage of 200 kV. Droplets of suspension containing the synthetic 12 

Friedel’s salt samples were ultrasonically dispersed in isopropanol. Then, 10 µL of the 13 

dispersed suspension was deposited onto the surface of a 300-mesh carbon-coated copper grid. 14 

After that, this copper grid was dried in a vacuum desiccator before the TEM test.   15 

After the nanoindentation test, the epoxy impregnated samples were carbon coated and used 16 

to analyse their elemental compositions using the EDS test in the backscattered electron (BSE) 17 

mode of the SEM and at a magnification of × 4000. For each region, 10 points with a spacing 18 

of ~ 20 µm were analysed, and data of a total of at least 100 points were collected for each 19 

sample. During the selection of interested regions, unhydrated C3A was avoided.   20 

 21 

2.3.4 pH value 22 

The pH values of the solution of the suspension samples were recorded using a pH meter 23 

(SevenExcellence, METTLER TOLEDO). The Friedel’s salt samples prepared after hydration 24 

of the C3A samples for 10 min, 30 min, 1 h, 2 h, and 1d were centrifugated at 10,000 rpm for 25 
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5 min. The supernatant was collected after passing through a 0.45 µm membrane filter. The pH 1 

value was measured immediately. 2 

 3 

2.3.5 Particle size distribution 4 

The particle size distributions of the synthetic Friedel’s salts after 21 d hydration were 5 

measured using dynamic light scattering with a Zetasizer analyser (Nano-ZS90, Malvern Co., 6 

UK). 7 

 8 

2.4 Molecular dynamics simulations 9 

According to elemental analysis (Section 3.2.4), Friedel’s salt formed in the seawater feature 10 

atomic defects such as atomic replacement and vacancies. To understand the potential influence 11 

of these defects on the elastic properties of the Friedel’s salt, the elastic moduli of the Friedel’s 12 

salt with Mg substitutions, Ca ion vacancies, and combined defects were estimated using 13 

molecular dynamics simulations. The pristine unit cell of the Friedel’s salt was obtained from 14 

previous experiments [44]. As shown in Fig. 1, Mg ions and/or Ca vacancies were introduced 15 

into the supercell of 3 × 4 × 2 by randomly substituting and/or deleting Ca ions. Four types of 16 

defective nanocrystal models of Friedel’s salt were constructed: Type.1: the Friedel’s salt with 17 

10 at.% Ca substituted by Mg; Type.2: the Friedel’s salt with 5 at.% Ca vacancies; Type.3: the 18 

Friedel’s salt with 10 at.% Ca vacancies; Type.4: the Friedel’s salt with 10 at.% Ca vacancies 19 

and 5 at.% Ca substituted by Mg. In order to maintain the electroneutrality of the model, the 20 

anions (Cl-) neighbouring the Ca vacancies were removed for charge balance. Considering the 21 

different Ca sites, random substitutions and/or deletion involve a huge number of possible 22 

combinations. Therefore, for each type of defect modelled, energy minimization was 23 

performed on 3000 preliminary models and 9 configurations with the lowest potential energy 24 

were screened out. The elastic moduli were averaged as a representative of the defects. The 25 
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selected configurations were first fully relaxed under an isothermal-isobaric ensemble at 300 1 

K and zero pressure for 2 ns before being adopted to calculate the elastic tensor. The molecular 2 

dynamics simulation used the Nose-Hoover thermostat and barostat with a timestep of 1 fs. 3 

The bulk, shear, Young’s moduli, and Poisson’s ratio were calculated based on the Voigt-4 

Reuss-Hill approximation [45]. All the simulations were implemented with the LAMMPS [46, 5 

47] software using the AFFF [48] force field developed explicitly for the ettringite and 6 

monosulfoaluminate phases. 7 

 8 

Fig. 1 Schematic diagram of constructing defected nanocrystal models of Friedel’s salt. 9 

 10 
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3 Results and discussions 1 

3.1 Micromechanical properties of different AFm phases formed in seawater 2 

When seawater was used as the mixing water, the types of Cl-containing AFm produced 3 

depended on the concentration of Cl- in the reaction systems, i.e., generating the Friedel’s salt 4 

at a higher concentration of Cl- and Kuzel’s salt at a lower concentration of Cl- [49]. As for the 5 

seawater-mixed cementitious materials, the effect of Cl-containing AFm formed on the 6 

micromechanical properties of the matrix was explored, by designing and forming three 7 

different AFm phases, i.e., Cl-AFm, SO4-Cl-AFm and SO4-AFm. 8 

  9 

3.1.1 Mineralogical compositions 10 

The qualitative XRD patterns and quantitative results of the different synthetic hydration 11 

phases are shown in Fig. 2 and Table 2, respectively. It is noted that the purity of the Friedel’s 12 

salt synthesized in seawater (Fs-SW) was about 94 %. Besides, the purity of monosulphate 13 

synthesized in Milli-Q water (SO4-AFm) was 90 %, and the remaining phase was AFt. 14 

Additionally, the mixtures containing different hydration phases were also determined, and the 15 

compositions of S1 and S2 were approximately 9 % AFt + 23 % Fs + 64 % Ks, and 43 % AFt 16 

+ 27 % Fs + 24 % Ks, respectively. By comparing S1 with S2, it was observed that the amount 17 

of Friedel’s salt was comparable in these two samples. However, the S1 sample had a relatively 18 

larger amount of Kuzel’s salt, and the S2 sample had more AFt. Therefore, the S1 sample was 19 

also termed the rich-Kuzel’s salt sample in the following sections. 20 

 21 
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Fig. 2 Qualitative XRD patterns of synthetic different phases. Compared the XRD peak 2 

position of SO4-AFm with the corresponding data in Ref. [39], and according to the TGA data 3 

in Fig. S1 in the supplementary material, it can be determined that the bound water content in 4 

the monosulphate was 12 moles. Thus, it was referred to as monosulphate-12. (F: Friedel’s salt, 5 

E: ettringite (AFt), Ms: monosulphate-12, K: Kuzel’s salt) 6 

Table 2. Quantitative analysis results for synthetic different phases 7 

Sample name SO4-AFm AFt Friedel’s salt Kuzel’s salt C3AH6 C3A amorphous 

SO4-AFm 90.0 9.9 - - - 0.1 - 

Fs-SW - - 93.7 - 1.2 3.1 2.0 

S1 2.2 9.1 22.9 64.0 - 1.8 - 

S2 1.5 42.9 26.7 24.4 - 2.6 1.9 

  8 

3.1.2 Micromechanical properties 9 

The frequency plots of indentation modulus and hardness of the different synthetic hydration 10 

phases are shown in Figs. 3 (a) and 3 (b). As reported by Ulm et.al [43], the indentation modulus 11 

and hardness of hydration phases were directly proportional to their packing densities. Thus, 12 

the relationship of the indentation modulus and hardness with the packing density are displayed 13 



15 

 

in Figs. 3 (c) and 3 (d), and their mean packing density (ƞ), intrinsic stiffness (ms) and intrinsic 1 

hardness (hs) are illustrated in Table 3. Among them, the intrinsic stiffness and intrinsic 2 

hardness are defined as the corresponding indentation modulus and hardness when the packing 3 

density is approaching to 1 as shown in Figs. 3 (c) and 3 (d), i.e., ms = limƞ=1 M and hs = limƞ=1 4 

H. 5 

As for the indentation modulus in Fig. 3 (a), the Fs-SW sample had a relatively larger 6 

modulus (9 - 22 GPa), followed by the rich-Kuzel’s salt sample (S1 sample, 7-15 GPa) and the 7 

SO4-AFm sample (1.5-7.5 GPa). By contrast, the modulus values of these three samples were 8 

all lower than that of the SW-AFt sample. Because the S2 sample contained 43 % AFt phase, 9 

its modulus values were marginally larger than that of the Fs-SW sample but slightly lower 10 

than that of the SW-AFt sample as shown in Fig. 3 (a). Comparing Fig. 3 with Table 3, the 11 

relatively larger packing densities and intrinsic stiffness of the hydration phases could be 12 

responsible for their relatively higher indentation modulus. In other words, the packing density 13 

and intrinsic stiffness values of the different synthetic hydration phases followed a similar trend 14 

as their corresponding indentation modulus values, i.e., the SW-AFt sample (ƞ=0.89, ms=25.42 15 

GPa) > the S2 sample (ƞ=0.85, ms=23.46 GPa) > the Fs-SW sample (ƞ=0.84, ms=22.11 GPa) > 16 

the rich-Kuzel’s salt sample (S1 sample, ƞ=0.77, ms=19.97 GPa) > the SO4-AFm sample 17 

(ƞ=0.65, ms=15.48 GPa). 18 

In comparison with the indentation modulus of the different phases in Fig. 3 (a), the hardness 19 

values in Fig. 3 (b) also followed a similar trend: the Fs-SW sample > the rich-Kuzel’s salt 20 

sample (S1 sample) > the SO4-AFm sample. But an obvious difference was that the hardness 21 

value of the SW-AFt sample was slightly lower than that of the Fs-SW sample, which also 22 

resulted in a decrease in the hardness of the S2 sample that contained 43 % SW-AFt phase 23 

compared with the Fs-SW sample. This could be attributed to the lowest intrinsic hardness of 24 

the SW-AFt sample compared with other AFm phases as shown in Table 3.  25 
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Overall, it can be concluded that the Cl-bearing AFm had a relatively larger indentation 1 

modulus and hardness than the SO4-bearing AFm, i.e., Cl-AFm (Friedel’s salt) > SO4-Cl-AFm 2 

(Kuzel’s salt) > SO4-AFm (monosulphate). This could be related to the different anion radii 3 

present in the interlayer of Ca-Al layered double hydroxide of AFm structure, i.e.,  SO4
2- (0.215 4 

nm) > Cl- (0.181 nm) [50]. When the SO4
2- in this interlayer was gradually replaced by Cl-, the 5 

interlayer spacing would be reduced, i.e., the basal spacing would decrease from 8.97 Å 6 

(monosulphate-12) to 8.43 Å (Kuzel’s salt) to 7.87 Å (Friedel’s salt). (These calculated basal 7 

spacing from XRD data coincided with those in reported literature: 8.96 Å, 8.40 Å and 7.82 Å 8 

for monosulphate-12, Kuzel’s salt and Friedel’s salt respectively [51].) Consequently, the 9 

packing density of the AFm phases was increased correspondingly (Table 3), which would 10 

further lead to a rise in their indentation modulus and hardness values. A comparable 11 

phenomenon was also reported in the tobermorite structure: the elastic modulus of tobermorite 12 

increased with the decrease of its interlayer distance, i.e., from 14 Å to 11 Å to 9 Å [52-54]. 13 

This is mainly because a shorter interlayer spacing distance increased the interaction between 14 

the adjacent layers [52].  15 
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Fig. 3 Frequency plots of indentation modulus (a) and hardness (b) for different hydration 2 

phases. Based on the nanoindentation data, the scaling relations of indentation modulus (M) 3 

and hardness (H) with the packing density (ƞ) of different synthetic products were calculated: 4 

(c) is M-ƞ scaling and (d) is H-ƞ scaling. ‘SW-AFt’ in the legend denotes the AFt was 5 

synthesized in seawater solution, and the preparation and properties characterization of the 6 

SW-AFt sample had been displayed in our previous study [8]. 7 

 8 

Table 3. Mean packing density (Mean ƞ), intrinsic stiffness (ms) and intrinsic hardness (hs) for 9 

different synthetic hydration phases. 10 

Sample ID Mean ƞ (%) ms (Gpa) hs (Gpa) 

SO4-AFm 0.65 15.48 0.98 

Fs-SW 0.84 22.11 1.04 

S1 0.77 19.97 0.97 

S2 0.85 23.46 0.68 

SW-AFt 0.89 25.42 0.63 

 11 
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3.2 Effects of seawater ions on the properties of Friedel’s salt 1 

Even though NaCl is a major component of seawater, many other ions are also present in 2 

seawater, e.g., Mg2+, Ca2+, K+, SO4
2-. As reported, Friedel’s salt belongs to a calcium-3 

aluminium layered double hydroxide (Ca-Al LDH) phase [28]. Some cations could be 4 

intercalated into the hydroxide layers of the LDH phase through isomorphic substitution [55, 5 

56], and the associated anions could be adsorbed in the interlayer of LDH [57]. Thus, it is 6 

necessary to examine the influence of the different ions in seawater on the properties of 7 

Friedel’s salt. Additionally, considering that Friedel’s salt in the seawater-mixed cementitious 8 

material would be precipitated after the consumption of gypsum, at that time, a large amount 9 

of portlandite would be produced from the hydration of C3S. Thus, the environment of forming 10 

the Friedel’s salt in the cementitious material can be simplified as a pore solution with a 11 

saturated calcium hydroxide (sat. CH). In this study, a suitable amount of CH was added to 12 

simulate the condition of sat.CH, and then the properties of Friedel’s salt formed in this 13 

seawater-sat.CH environment were further investigated.   14 

Based on the discussion above, four different Friedel’s salt samples were designed and 15 

compared, i.e., Friedel’s salts synthesized in seawater (Fs-SW), MgCl2-free seawater (Fs-SW-16 

no Mg), seawater with sat.CH (Fs-SW+CH), and NaCl solution with the same concentration 17 

of Cl- as seawater (Fs-NaCl sample). The purities of the synthetic Fs-SW, Fs-SW-no Mg, Fs-18 

SW+CH and Fs-NaCl samples were about 94 %, 88 %, 93 % and 86 %, respectively. Their 19 

qualitative XRD patterns and quantitative analysis are displayed in Fig. S2 (a) and Table S1 in 20 

the supplementary material.   21 

 22 
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3.2.1 Formation process of Friedel’s salt in seawater 1 

Compared with the NaCl solution, the Mg2+ and SO4
2- present in seawater also involve in 2 

the hydration reactions of C3A. Thus, these reaction products relevant to the Mg2+ and SO4
2- 3 

ions were clarified first. 4 

The phase evolution with time of the Friedel’s salt samples formed in seawater with and 5 

without CH are shown in Figs. 4 (a) and 4 (b). As for the Fs-SW sample in Fig. 4 (a), within 6 

the first 30 min of hydration, two small and broader peaks at around 11.1 o and 31.0 o were 7 

observed, which were very close to the peak positions of Friedel’s salt (11.2 o and 31.1 o). At 8 

1 h, the intensity of these two peaks slightly increased. At 2 h, ettringite and Friedel’s salt were 9 

detected. Until 1 d, an abundant amount of Friedel’s salt and less amount of unhydrated C3A 10 

were observed, while ettringite disappeared. When CH was present (Fig. 4 (b)), no new reaction 11 

products were observed in the first 2 h of hydration, indicating a delayed reaction compared to 12 

the Fs-SW sample. This phenomenon was in agreement with those reported in the C3A-CH 13 

system [58] and the C3A-gypsum-CH reaction system [6]. This retardation could be attributed 14 

to the surface deposition of CH on the C3A particles [59], which might impede the dissolution 15 

of C3A. After 1 d of hydration, a large amount of Friedel’s salt was precipitated (Fig. 4 (b)). 16 

The evolution of the pH value of the Fs-SW and Fs-SW+CH samples is displayed in Fig. 4 17 

(c). There was a reduction of pH value in the first 30 min of hydration, which had been proven 18 

to be related to the consumption of OH- by the Mg ions of seawater in a previous study [6]. 19 

(See the concentration evolution of Mg ions in the Fs-SW and Fs-SW+CH samples with 20 

reaction time in the Fig. S3 in the supplementary material). After 30 min, a continuous increase 21 

in pH value was found. In addition, TG/DTG was used to further explore the reaction products 22 

of the Fs-SW and Fs-SW+CH samples at 30 min, and the results are displayed in Fig. 4 (d). It 23 

can be found that the main phase in the Fs-SW and Fs-SW+CH samples was the layered double 24 

hydroxide phase (LDH), i.e., probably Ca-Al LDH (Friedel’s salt in this case) or Mg-Al LDH 25 
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or Ca-Mg-Al LDH. The decomposition peaks of this LDH phase can be summarized as [8, 60-1 

63]: (i) the removal of the physically adsorbed water and interlayer water at around 130 oC, (ii) 2 

the dehydroxylation of the hydroxide layer at around 270 oC and 320 oC, (iii) the phase 3 

transformations at around 670 oC, such as the recrystallisation of lime (CaO) and mayenite 4 

(Ca12Al14O33) for Ca-Al LDH or the recrystallisation of periclase (MgO) and spinel (MgAl2O4) 5 

for Mg-Al LDH [64, 65]. When the Fs-SW and Fs-SW+CH samples at 30 min were calcinated 6 

at 1000 oC for 2 h, only mayenite, periclase and lime were detected, besides the remaining C3A 7 

(Fig. S4 (a) in the supplementary material). This can be inferred that the LDH phase formed 8 

could be a Ca-Al LDH, but a little Mg ions could also be inserted into the principal layer 9 

([Ca2Al(OH)6]
+) to form a Ca-Mg-Al LDH, since only periclase and no spinel was detected in 10 

the decomposition product at 1000 oC. Besides, the peak at around 670 oC could also be 11 

ascribed to the decomposition of carbonates, because 0.146 g/L HCO3
- was included in the 12 

simulated seawater. Additionally, a dehydroxylation peak of CH at around 418 oC was noted 13 

in the Fs-SW+CH sample due to the incorporation of CH.  14 

In summary, at the beginning of hydration, the dissolution of C3A would release Al(OH)4
-, 15 

Ca2+ and OH-. Then, the Ca2+ dissolved or the Mg2+ in seawater would be co-precipitated with 16 

the Al(OH)4
- to form Ca-Al LDH (Friedel’s salt) and/or Ca-Mg-Al LDH [66], and OH- was 17 

also consumed in this process. When CH was present, the Mg2+ ions in seawater formed brucite 18 

reported in the C3A-gypsum-seawater system [8]. But brucite was not detected in the TG data 19 

in this C3A-seawater system without gypsum. Therefore, it was inferred that the Mg2+ ions 20 

could react with Al(OH)4
-, OH- and Ca2+ dissolved from C3A to form a Ca-Mg-Al LDH phase 21 

(Fig. 4 (d)). 22 

As for SO4
2- present in seawater, it would react with C3A to form ettringite initially. Then, 23 

this ettringite would be transformed to monosulphate (SO4-AFm) when the SO4
2- concentration 24 

was depleted. After that, this SO4-AFm was further converted to Friedel’s salt in the presence 25 
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of Cl- in the seawater (See Fig. S4 (b) in the supplementary material). The transformation from 1 

ettringite to Friedel’s salt can be seen in the phase evolution of the Fs-SW sample (Fig. 4 (a)), 2 

but it was not captured in the Fs-SW+CH sample due to its relatively slower reaction rate than 3 

the Fs-SW sample.  4 
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Fig. 4 (a) and (b) XRD patterns of the Fs-SW and Fs-SW+CH samples at different reaction 8 

times. A = C3A, F = Friedel’s salt, E = ettringite (AFt), P = calcium hydroxide (CH). (c) pH 9 

value evolution for the Fs-SW and Fs-SW+CH samples. (d) TG/DTG curves of the Fs-SW and 10 

Fs-SW+CH samples at 30 min of hydration.  11 

 12 

3.2.2 Morphology  13 

The morphologies and selected area electron diffraction (SAED) patterns of different 14 

synthetic Friedel’s salt are displayed in Fig. 5. It is noted that Friedel’s salt showed an 15 
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anisotropic morphology, and the ab faces of Friedel’s salt tended to be parallel to the substrate. 1 

This tendency was particularly noticeable in the Fs-SW+CH sample (Fig. 5 (h)). Besides, the 2 

Fs-SW sample appeared to have a relatively less regularity and rougher surface in Figs. 5 (a) - 3 

5 (b). By contrast, the Friedel’s salt formed in the MgCl2-free seawater (Fs-SW-no Mg sample), 4 

seawater with CH (Fs-SW+CH sample) and NaCl solution (Fs-NaCl sample), were well-5 

defined hexagonal shaped platelets with a smooth surface. These relatively rough surfaces for 6 

the Fs-SW sample could be related to the relatively larger fluctuation of the initial pH value in 7 

Fig. 4 (c). It had been reported that the LDH crystals with rough surfaces were formed in 8 

solutions with a variable pH value, in contrast, the well-formed hexagonal crystals were 9 

normally precipitated from a constant-pH solution [67, 68]. Besides, the SAED pattern of 10 

different Friedel’s salts showed hexagonally arranged diffraction spots, indicating the nature 11 

of the single-crystal structure. Compared with the Fs-NaCl sample (Fig. 5 (l)), the spots 12 

detected in the Fs-SW sample in Fig. 5 (c) were less intense and relatively indistinct, implying 13 

a relatively lower crystallinity of Friedel’s salt [69]. This could also be reflected in the relatively 14 

lower and wider characteristic XRD peaks of the Fs-SW sample shown in Fig. S2 (b). By 15 

contrast, when CH was present, the crystallinity of Friedel’s salt formed in seawater was 16 

improved (Fig. 5 (i)), which indicated that the crystallinity of synthetic Friedel’s salt was pH-17 

dependent. 18 

In addition, the particle size of the Friedel’s salt in the Fs-SW+CH sample (Figs. 5 (g) - 5 19 

(h)) was relatively smaller than that in other samples, and this was also supported by the particle 20 

size distribution results of the Friedel’s salt samples (Fig. S5 in the supplementary material). 21 

This particle size was dependent on the OH- concentration of the reaction solution. It has been 22 

reported that the presence of CH in the C3A-water system would result in the formation of 23 

relatively smaller hexagonal hydro-aluminate crystals [58, 70]. 24 

 25 
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 1 

Fig. 5 SEM images and TEM selected area electron diffraction (SAED) pattern ((c), (f), (i), (l)) 2 

of the synthetic Fs-SW ((a)-(c)), Fs-SW-no Mg ((d)-(f)), Fs-SW+CH ((g)-(i)) and Fs-NaCl ((j)-3 

(l)) samples. The crystal planes and zone axis in the SAED pattern were indexed to the structure 4 

of Friedel’s salt.  5 

 6 

3.2.3 Micromechanical properties  7 

The indentation modulus and hardness of the synthetic different Friedel’s salt are shown in 8 

Figs. 6 (a) and 6 (b). Furthermore, the scaling relations of the indentation modulus (M) and 9 

hardness (H) with the packing density (ƞ) of these Friedel’s salt samples are presented in Figs. 10 

6 (c) and 6 (d), and their mean packing density (ƞ), intrinsic stiffness (ms), and intrinsic hardness 11 

(hs) are given in Table 4. 12 

From Fig. 6 (a), the indentation moduli for the Friedel’s salt formed in seawater (Fs-SW: 13 

9.5-23.8 GPa), seawater excluding MgCl2 (Fs-SW-no Mg: 8.0-21.3 GPa), and NaCl solutions 14 
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(Fs-NaCl: 9.5-19.8 GPa) were similar. This was also favoured by the minimal divergence of 1 

their packing densities and intrinsic stiffness in Table 4. By contrast, in the presence of calcium 2 

hydroxide (CH), the indentation modulus of the Friedel’s salt formed in seawater tended to be 3 

the lowest, ranging from ~ 4.3 - ~ 12.8 GPa. Meanwhile, its packing density and intrinsic 4 

stiffness were relatively lower than the other Friedel’s salt samples in Table 4. 5 

Regarding the hardness value in Fig. 6 (b), the Fs-SW+CH sample had the lowest hardness 6 

values, i.e., 0.06-0.5 GPa, which was related to its relatively lower packing density and intrinsic 7 

hardness compared to the other Friedel’s salt samples (Table 4). By contrast, the Fs-SW and 8 

Fs-SW-no Mg samples had a modest hardness value, and the hardness value of the Fs-SW 9 

sample was slightly larger than that of the Fs-SW-no Mg sample. Additionally, the Fs-NaCl 10 

sample had the highest hardness values, i.e., 0.28-0.95 GPa, which could be explained by its 11 

relatively higher intrinsic hardness as shown in Table 4, i.e., a 28 % higher intrinsic hardness 12 

than those of the Fs-SW and Fs-SW-no Mg samples was noted. 13 

In comparison to other Friedel’s salt samples, the Fs-SW+CH crystals exhibited a notable 14 

tendency for a great number of ab faces to align parallel to the substrate (Fig. 5). This implied 15 

that a larger proportion of the nanoindentation points were likely to occur in the basal plane, 16 

which possessed a higher stiffness, rather than in the interlayer position with a lower stiffness. 17 

This was also embodied in the relatively concentrated indentation modulus and hardness values 18 

for the Fs-SW+CH sample depicted in Figs. 6 (a) and 6 (b). However, it should be noted that 19 

the modulus and hardness of the Fs-SW+CH sample remained comparatively lower. This 20 

indicates that the relatively lower micromechanical property of the Fs-SW+CH sample was 21 

dependent more on its intrinsic characteristics, rather than the effect of crystal anisotropy.  22 

 23 
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Fig. 6 Frequency plots of indentation modulus (a) and hardness (b) for the synthetic different 3 

Friedel’s salt. Scaling relations of indentation modulus (c) and hardness (d) with the packing 4 

density of these Friedel’s salt samples as calculated by the nanoindentation data.  5 

 6 

Table 4 Mean packing density (Mean ƞ), intrinsic stiffness (ms), and intrinsic hardness (hs) for 7 

the synthetic Friedel’s salt samples. 8 

Sample ID Mean ƞ (%) ms (GPa) hs (GPa) 

Fs-SW 0.84 22.11 1.04 

Fs-SW-no Mg 0.82 21.01 1.03 

Fs-SW+CH 0.73 18.45 0.92 

Fs-NaCl 0.84 20.39 1.32 
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 1 

3.2.4 Elemental composition 2 

Based on the BSE measurement, the elemental composition of Friedel’s salt formed in 3 

different solutions is shown in Fig. 7. It can be seen from the Al/Ca ratio in Fig. 7 (a) that the 4 

Fs-SW, Fs-SW-no Mg and Fs-NaCl samples had an Al/Ca ratio close to the ideal value of the 5 

Friedel’s salt, i.e., ~ 0.5. By contrast, the Fs-SW+CH sample had a relatively higher Al/Ca ratio, 6 

which was ascribed to a relatively lower Ca content after comparing the atomic percentages of 7 

Ca and Al in Fig. 7 (b). Considering that the Mg ions could also enter the Al3+-hydroxides in 8 

the forming process of the Friedel’s salt as described in Section 3.2.1, the Al/(Mg+Ca) ratios 9 

of different Friedel’s salts are presented in Fig. 7 (c). Compared to other Friedel’s salt samples, 10 

the Fs-SW+CH sample still had a relatively higher Al/(Mg+Ca) ratio, i.e., a lower content of 11 

divalent ions.  12 

Regarding the Cl/Ca ratio in Fig. 7 (a), compared with the Fs-NaCl sample, the Fs-SW, Fs-13 

SW-no Mg, and Fs-SW+CH samples had a relatively lower Cl/Ca ratio. This could be 14 

attributed to the fact that, except for Cl-, SO4
2- in seawater also entered the interlayer structure 15 

of the Friedel’s salt to balance the positive charges of the main layers ([Ca2Al(OH)6]
+) of the 16 

Friedel’s salt [27, 44, 71]. The presence of S in the EDS results of Fs-SW, Fs-SW-no Mg, and 17 

Fs-SW+CH samples was also further supported the above proposition (Fig. 7 (d)). When the 18 

atomic percentages of S detected in the different Friedel’s salt samples were equivalently 19 

converted to the corresponding Cl- content (Fig. 7 (e)), it is noted that the Clequiv./Ca ratio of 20 

the Fs-SW and Fs-SW+CH sample increased to the level of the Fs-NaCl sample. By contrast, 21 

there was still a relatively lower Clequiv./Ca ratio for the Fs-SW-no Mg sample than the other 22 

Friedel’s salt samples. This may be related to the relatively lower initial concentration of Cl- in 23 

the Fs-SW-no Mg sample due to the exclusion of MgCl2 in the preparation of the SW-no MgCl2 24 

solution. It has been  reported that, within a specific range of the concentration of Cl-, OH- was 25 
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also inserted into the structure of Friedel’s salt, and the amount would increase with the 1 

decrease of the concentration of Cl-, which would lead to a relatively lower Cl/Ca ratio of the 2 

Friedel’s salt [27]. This phenomenon is further illustrated in Fig. 7 (f): the Friedel’s salt formed 3 

in the 12.4 mM NaCl solution had a lower Cl/Ca ratio than that formed in the 22.3 mM NaCl 4 

solution. The insertion of OH- in the structure of Friedel’s salt also explained why the Clequiv./Ca 5 

ratios in the Fs-NaCl, Fs-SW, and Fs-SW+CH samples were lower than the theoretical value 6 

(Cl/Ca=0.5) (Fig. 7 (e)).  7 

Furthermore, the Cl/Ca ratio of the Fs-SW+CH sample was almost comparable to that of 8 

the Fs-SW sample (Figs. 7 (a) and 7 (e)), even though a relatively lower amount of Ca was 9 

present in the Fs-SW+CH sample (Fig. 7 (b)). Therefore, it can further be inferred that a 10 

relatively small amount of Cl- could be bound in the interlayers of the Fs-SW+CH sample. This 11 

could be explained by the fact that a small amount of Ca2+ intercalated into the Al3+-hydroxides 12 

would result in relatively fewer positive charges of the principal layers. Consequently, less 13 

anions would be inserted into the interlayers to balance the charge.     14 

In summary, at the concentration level of Cl- in seawater, i.e., 0.56 mol/L, the formed 15 

Friedel’s salt was not a pure phase, but a solid solution containing [Cl, OH, SO4] in its interlayer 16 

structure. But the amount of OH- and SO4
2- incorporated into the Friedel’s salt formed in 17 

seawater was too limited to change the crystal structure as depicted in XRD data (Fig. S2 (a) 18 

in the supplementary material). When other cement hydrates, e.g., portlandite, were present in 19 

the seawater system, the Friedel’s salt formed had a relatively lower content of divalent ions to 20 

reduce the positive charges carried by the host layers of the Friedel’s salt. Meanwhile, a lesser 21 

amount of Cl- would be bound in its interlayer structure of the Friedel’s salt to balance the 22 

charge. 23 

 24 
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Fig. 7 Elemental composition analysis of synthetic Friedel’s salt samples in different solutions. 4 

(a) is the Al/Ca ratio and Cl/Ca ratio. (b) is the atomic percentage of Ca and Al. (c) is the 5 

Al/(Ca+Mg) ratio. (d) is the atomic percentage of S. (e) is the Clequiv./Ca ratio, and the Clequiv. 6 

means that the atomic percentage of SO4
2- detected was equivalently converted to the atomic 7 

percentage of Cl-, i.e., Clequiv.=(Cl+S×2). In other words, when one SO4
2- was inserted into the 8 

interlayer of Friedel’s salt, it would occupy two Cl- sites according to the charge balance. (f) is 9 
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the Cl/Ca ratio of the Fs-NaCl samples synthesized in different concentrations of NaCl 1 

solutions. 2 

 3 

3.2.5 Structural and compositional defects in Friedel’s salt 4 

To explore the influence of structural and compositional defects on the elastic properties of 5 

Friedel’s salt, the elastic moduli of the Friedel’s salt with  g substitutions, Ca ion vacancies, 6 

and combined defects were calculated using molecular dynamics simulations (Fig. 8). The 7 

calculated bulk and shear moduli of the pure Friedel’s salt were ~20 GPa and 12.7 GPa, 8 

respectively, which were comparable to the reported results [26].  9 

According to the EDS data in Fig. 9, Friedel’s salt samples formed in seawater contained 10 

approximately 10 at.% of Mg-doped amount. It is noted that from Fig. 8, when 10 at.% Mg 11 

was incorporated into the structure of Friedel’s salt, the bulk, shear, Young’s moduli and 12 

Poisson’s ratio barely changed within the error range. This illustrated that, replacing 10 at.% 13 

Ca with Mg, which had a relatively smaller atomic radius, did not significantly impact the 14 

elastic properties of Friedel’s salt. By contrast, the Ca vacancies significantly increased the 15 

bulk modulus while decreasing the shear modulus, which decreased the Young’s modulus and 16 

increased the Poisson’s ratio, based on the theorem of elastic mechanics [72]. The decrease of 17 

Young’s modulus was enhanced as the content of Ca vacancies increased from 5 at.% to 10 18 

at.%. This further inferred that the presence of Ca vacancies in Friedel’s salt could lead to the 19 

decrease of indentation modulus in Fig. 6. Furthermore, it was observed that the Friedel’s salt 20 

with both Ca vacancies and Mg substitutions was less affected compared to that with Ca 21 

vacancies alone, which suggested that the Mg substitutions could mitigate the influence of Ca 22 

vacancies on the elastic properties of Friedel’s salt to some extent.  23 



30 

 

  1 

Fig. 8 Calculated (a) bulk modulus, (b) shear modulus, (c) Young’s modulus, and (d) Poisson’s 2 

ratio of different LDH phases. Pure: the pure Friedel’s salt; Typ.1: the Friedel’s salt with 10 3 

at.% Ca substituted by Mg; Typ.2: the Friedel’s salt with 5 at.% Ca vacancies; Typ.3: the 4 

Friedel’s salt with 10 at.% Ca vacancies; Typ.4: the Friedel’s salt with 10 at.% Ca vacancies 5 

and 5 at.% Ca substituted by Mg.  6 
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Fig. 9 Mg-doped amount in the Fs-SW and Fs-SW+CH samples. The atomic percentage of Mg 8 

and Ca was used to calculate the ratio of Mg/(Mg+Ca). 9 
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3.2.6 Discussion on Friedel’s salt formed in seawater 1 

The Friedel’s salt formed in seawater is a solid solution, and anions like Cl-, SO4
2- and OH- 2 

would be bound in its interlayer (Section 3.2.4). The insertion of a small amount of SO4
2- (0.03 3 

mol/L) in the interlayers of the Friedel’s salt had a slight effect on the indentation modulus but 4 

decreased its hardness (the Fs-SW sample vs. the Fs-NaCl sample in Fig. 6). But when 5 

subjected to sulphate attack, Friedel’s salt would be progressively converted into ettringite 6 

through the substitution of Cl- by SO4
2- [73], which might increase the indentation modulus and 7 

decrease the hardness of the matrix accordingly (Fig. 3). Besides, the amount of bound OH- in 8 

the Friedel’s salt was highly dependent on the initial Cl-concentration in the solution [27], 9 

Specifically, a lower concentration of Cl- resulted in a higher contents of OH- being 10 

incorporated into the Friedel’s salt (Fig. 7 (f)). Also, the Friedel’s salt sample with a lesser 11 

amount of OH- exhibited a slightly higher indentation modulus and hardness (Fig. S6 in the 12 

supplementary material). This also further explained why the Fs-SW-no Mg sample had 13 

marginally lower micromechanical properties than the Fs-SW sample (Fig. 6). 14 

Compared to the other Friedel’s salt samples, the Fs-SW+CH sample formed in the solution 15 

with a higher concentration of OH- exhibited the smallest particle size (Fig. 5 and Fig. S5). The 16 

reduction in the lateral-to-longitudinal ratio of LDH phases had been reported as an effective 17 

and simple way to introduce atomic vacancy defects [74], which could lead to a lower Ca 18 

content in the host layers of the Friedel’s salt to increase its Al Ca ratio (Figs. 7 (a)- 7 (c)). A 19 

similar result was also reported in Ref. [75]: the smaller LDH nanosheets exhibited a relatively 20 

higher ratio of trivalent cation-to-divalent cation (M3+/M2+), and vice versa. Taking into 21 

account the possibility that the  g ions could be inserted into the main layer of Friedel’s salt 22 

in the Fs-SW+CH sample, but its M3+/M2+ ratio, i.e., Al/(Mg+Ca), was still higher than the 23 

theoretical value, i.e., the presence of Ca vacancies (Fig. 7 (c)). After conducting molecular 24 

dynamics simulations, the Ca vacancies in the structure of the Fs-SW+CH crystals could be 25 
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responsible for the decrease of Young’s modulus (Fig. 8), rendering the decline of indentation 1 

modulus (Fig. 6). 2 

 3 

4 Practical implication 4 

In real cementitious materials, the SO4-AFm phase is commonly found intermixed with the 5 

C-S-H gel [76-78]. Thus, when the nanoindentation test was applied in the heterogenous 6 

cementitious system, it is very difficult to accurately differentiate every single phase, e.g., the 7 

SO4-AFm phase, because the overlapping values of modulus and hardness among different 8 

phases and the relatively small amount found in the real cement paste. Therefore, the 9 

nanoindentation study on the single phase is essential to further understand the 10 

micromechanical properties of the complex cementitious system. In Portland cement, the 11 

impact of the SO4-AFm phase on the micromechanical properties could be minimal owing to 12 

its low proportion within the total hydrates. However, when a large amount of supplementary 13 

cementitious materials (SCMs) containing richer amounts of active aluminate phases, e.g., 14 

calcined clay, metakaolin, and certain types of fly ash and ground granulated blast furnace slag 15 

(GGBS), are added to the Portland cement, the amount of SO4-AFm phase would significantly 16 

increase accordingly. If seawater is used as the mixing water, the formation of more SO4-Cl-17 

AFm or/and Cl-AFm phases instead of the SO4-AFm phase might increase the intrinsic 18 

stiffness and hardness of the matrix. The strengthening of the AFm structure by incorporation 19 

of Cl would favor the improvement of the macro-mechanical properties of cementitious 20 

materials.  21 

Furthermore, compared to the ions present in seawater, the alkalinity in the reaction system 22 

seems to have a relatively significant effect on the particle size, elemental composition, and 23 

micromechanical properties of Friedel’s salt (Cl-AFm phase) formed. In the context of carbon 24 

neutrality, carbonation mixing [79] or/and carbonation curing techniques [80] are employed to 25 
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increase the CO2 uptake in cement and concrete. The early carbonation would consume the 1 

portlandite formed. In this case, the absence of portlandite in the cementitious material might 2 

contribute to the formation of Friedel’s salt with relatively higher micromechanical properties. 3 

However, the continuous carbonation curing of the cementitious materials could result in the 4 

phase transformation of Friedel’s salt into hemicarboaluminate or monocarboaluminate and 5 

even calcium carbonate. The corresponding changes in the micromechanical properties also 6 

worths further studies.  7 

 8 

5 Conclusions 9 

In this work, the micromechanical properties of Cl-containing AFm and SO4-containing AFm 10 

were first examined. Then the effects of ions present in seawater on the morphology, 11 

composition, and micromechanical properties of Cl-containing AFm (Friedel’s salt) were 12 

investigated. The packing density calculations and molecular dynamics simulations were 13 

employed to analyse the micromechanical properties. The following main findings can be 14 

drawn: 15 

• When the SO4
2- in the interlayer of Ca-Al layered double hydroxide of the AFm structure 16 

was gradually replaced by Cl-, the basal spacing of AFm crystals became shortened. This 17 

would increase their packing density and consequently increase the indentation modulus 18 

and hardness, i.e., Cl-AFm (Friedel’s salt) > SO4-Cl-AFm (Kuzel’s salt) > SO4-AFm 19 

(monosulphate). 20 

• The Friedel’s salt formed in seawater contained [Cl-, OH-, SO4
2-] in its interlayer structure. 21 

The amount of OH- bounded in the Friedel’s salt would increase with the decrease of Cl- 22 

concentration, and the micromechanical property was also reduced accordingly. The 23 

insertion of SO4
2- (0.03 mol/L in seawater) in the Friedel’s salt seemed to have a negligible 24 

effect on its indentation modulus but decreased its hardness. 25 
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• When portlandite was incorporated into seawater, the Friedel’s salt formed was of relatively 1 

small particle sizes with a larger Al/Ca ratio due to the presence of Ca vacancies. Molecular 2 

dynamics simulations indicated that the formation of Ca vacancies significantly decreased 3 

the Young’s modulus of the nanocrystals of Friedel’s salt, which could account for the 4 

decline in nanoindentation moduli in experiments. Additionally, molecular dynamics 5 

simulations suggested that the Mg substitution for Ca in the Friedel’s salt barely changed 6 

the Young’s modulus, which was consistent with the nanoindentation results. 7 

 8 
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