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ABSTRACT 24 

Magnesium chloride (MgCl2) is used in deicing applications due to its capability to 25 

depress freezing temperatures to a lower point than other salts such as sodium chloride (NaCl). 26 

The constituents of concrete (i.e., pores solution, calcium hydroxide, aluminate phases, and 27 

calcium silicate hydrate gel) can alter the MgCl2–H2O phase diagram when it is used to interpret 28 

the performance of concrete. Different chemical reactions may concurrently occur between 29 

MgCl2 and cementitious constituents to form Brucite, Friedel's salts, magnesium silicate hydrate, 30 

magnesium oxychloride, and/or secondary calcium oxychloride. In this study, it was observed 31 

that MgCl2 can be entirely consumed in concrete by the chemical reactions and produce CaCl2. 32 

As such, it was found that MgCl2 interacts significantly with a cementitious material and it follows 33 

a response that is more similar to the Ca(OH)2-CaCl2-H2O phase diagram than that of the 34 

MgCl2–H2O phase diagram. Mortar samples exposed to low concentration MgCl2 solutions (<10 35 

% by mass) for a short duration of freezing and thawing showed damage due to ice formation, 36 

while for higher concentrations (≥10 % by mass), the damage was most likely due to the 37 

chemical reactions between MgCl2 and cementitious constituents at room temperature (23 °C). 38 

These chemical reactions occurred rapidly (within 5-10 min) and caused a significant decrease 39 

in subsequent fluid ingress into exposed concrete. 40 

 41 

Keywords: Brucite, Concrete, Deicing Salt, Freeze-Thaw, Damage, Magnesium Oxychloride, 42 

Magnesium Silicate Hydrate (M-S-H), Phase Change, Calcium Oxychloride. 43 
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1.0 Introduction 45 

The widespread use of deicing salt is considered to be a primary cause of the 46 

deterioration of concrete structures in cold climates, resulting in costly repairs and early 47 

replacement of concrete infrastructure elements. Deicing salts can penetrate into the concrete 48 

and cause corrosion of reinforcement, as well as changing the concrete microstructure by 49 

participating in aggressive chemical reactions. Changes in concrete microstructure due to 50 

aggressive chemical reactions are often accompanied by a decrease in the mechanical 51 

properties, a change in transport resistance of concrete, and damage and degradation. The 52 

formation of expansive phases and salt crystallization in concrete pores are thus two major 53 

sources of damage and cracking in a concrete exposed to deicing salts [1–7].  54 

Among the most common deicing chemicals, MgCl2 is perceived as being particularly 55 

effective in melting ice and snow due to: 1) its ability to depress the freezing temperature of a 56 

solution to a lower temperature than other salts (Figure 1) and 2) dissolution of MgCl2 itself can 57 

produce heat that can be further used to melt ice or snow (enthalpy of hydration = -2653 58 

kJ/mol). However, concrete exposed to MgCl2 de-icing salt typically exhibits changes in its 59 

microstructure due to chemical reactions, including formation of brucite, Friedel's salts, 60 

magnesium silicate hydrate (M-S-H), magnesium oxychloride, and/or secondary calcium 61 

oxychloride; these changes can be accompanied by severe cracking, even if the concrete does 62 

not experience any freezing and thawing cycles [5,8–10].   63 

 64 
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 65 

Figure 1 – a) Phase diagram for MgCl2-H2O and b) comparison of freezing temperature for 66 

aqueous MgCl2 with NaCl, CaCl2, and KAc (potassium acetate) deicing chemicals. 67 

  68 

MgCl2 deicers can react with the cement paste to produce M-S-H and brucite (Mg(OH)2). 69 

As described in Eq. 1, non cementitious magnesium silicate hydrate is formed by replacing the 70 

calcium from the cementitious calcium silicate hydrate (C-S-H) with magnesium. The formation 71 

of M-S-H was reported to produce damage in concrete and it appears to be a gradual and slow 72 

reacting product [8,11].  73 

C-S-H + MgCl2   CaCl2 + M-S-H                                          (M-S-H) Eq. 1 

The formation of brucite is caused by MgCl2 reacting with Ca(OH)2 as shown in Eq. 2. In 74 

the presence of reactive dolomite aggregate, brucite formation resulted in mechanical 75 

distress [12]. The brucite usually forms on the surface of concrete samples as an outer layer 76 

product [5,8,13–15]. The brucite appears to be a dense and homogeneous product [15]. It is 77 

also reported that the brucite layer can slow down concrete deterioration due to deicing salt 78 

exposure by hindering ingress of the chloride solution into the concrete [8].  79 

Ca(OH)2 + MgCl2   CaCl2 + Mg(OH)2                                   (Brucite) Eq. 2 
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Formations of magnesium oxychloride and calcium oxychloride were also reported in 80 

concrete with MgCl2 as secondary reactions [5,7,10], since CaCl2 and Mg(OH)2 should be 81 

formed first by reactions described in Eq. 1 and Eq. 2. Two common phases of magnesium 82 

oxychloride are typically reported to exist, containing either 3 or 5 Mg(OH)2 molecules, so called 83 

the 3-form and 5-form, respectively (Eq. 3) [7,16–18]. The addition of small quantities of 84 

hydraulic aluminate minerals (such as CA, C3A, and C4AF) can convert the 5-form magnesium 85 

oxychloride to 3-form magnesium oxychloride (3Mg(OH)2•MgCl2•8H2O) [18]. It was also 86 

reported that the 5-form phase can alter to 3-form over time and that the 3-form is more stable 87 

than the 5-form [17]. In concrete exposed to MgCl2, therefore, it is expected that 3-form 88 

magnesium oxychloride exists due to the usual presence of C3A and C4AF. The 3-form 89 

magnesium oxychloride is unstable and can dehydrate and lose water at temperatures around 90 

65 ºC [17].  91 

(3 or 5)Mg (OH)2 + MgCl2 + 8H2O      (3 or 5)Mg(OH)2•MgCl2•8H2O    

 (Secondary Magnesium Oxychloride) 
Eq. 3 

 92 

The formation of calcium oxychloride can be described as in Eq. 4. Calcium oxychloride 93 

was found as platey-shaped crystals in concrete exposed to MgCl2 [1,5,10,19]. The formation of 94 

calcium oxychloride has been reported to be very expansive and destructive within the 95 

cementitious matrix [1,5].  Calcium oxychloride can form at temperatures above the freezing 96 

point of water [1,20] and is unstable at room temperature and lower levels of relative humidity 97 

[9,21–23].  98 

3Ca(OH)2 + CaCl2 + 12H2O   3Ca(OH)2•CaCl2•12H2O         

 (Secondary Calcium Oxychloride) 
Eq. 4 

 99 
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MgCl2 deicers can also cause formation of calcium chloroaluminate phases such as 100 

Freidel’s salt [8,24–27]. A possible reaction for the formation of Freidel’s salt in the presence of 101 

MgCl2 salt, for example, is shown in Eq. 5 [27]. The formations of magnesium oxychloride, 102 

calcium oxychloride, and M-S-H were reported as primary sources for severe deterioration. In 103 

contrast, brucite, magnesium sulfate, and Freidel’s salt are not generally reported as very 104 

destructive components [5,7,8,10,14,28].  105 

MgCl2 + 3CaO·Al2O3·CaSO4·12H2O      3CaO·Al2O3·CaCl2·10 H2O + MgSO4·2H2O 

                       (Monosulfate)                            (Freidel’s salt)                 (Magnesium 

Sulfate Hydrate) 

Eq. 5 

 106 

In previous studies [1–4,29–31], the influence of NaCl and CaCl2 deicing salts on 107 

damage development in cementitious materials has been investigated. It was found that 108 

chemical reactions between the matrix and salt solution can result in the formation of additional 109 

phases that can cause severe damage in cementitious materials. For NaCl, the source of this 110 

chemical phase transition appears to be most likely due to the presence of aluminate phases 111 

within the concrete. In the CaCl2 case, the additional phase change was mainly due to the 112 

formation of calcium oxychloride, and calcium hydroxide was the main source of this reaction. 113 

While the use of NaCl and CaCl2 deicing salts are relatively common practices to remove ice 114 

and snow from the surface of roadways and pavement, MgCl2 is also used in some regions. For 115 

MgCl2, there have been attempts to investigate the potential physical and chemical changes 116 

that may be caused by MgCl2 deicing salts and lead to damage development [5,7,8,10,14,28]. 117 

However, the interaction between MgCl2 and the cementitious material constituents (i.e., pore 118 

solution, calcium hydroxide, aluminate phases, or C-S-H) has not been fully understood.  119 

The current research attempts to improve the understanding of the contributions that 120 

MgCl2 deicing salt may have in cementitious materials to produce damage. It is hypothesized 121 
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that the conventional MgCl2–H2O phase diagram is not fully descriptive of what occurs in 122 

cementitious materials when MgCl2 is used. Therefore, it is necessary to develop a phase 123 

diagram that is applicable for concrete exposed to MgCl2 deicing salt; this phase diagram can 124 

be further used to interpret the damage development in concrete exposed to MgCl2 deicing 125 

salts. 126 

 127 

2.0 Experimental Program 128 

Experiments have been performed on mortar samples and hydrated cement powders (or 129 

ground cement paste). These experiments are 1) longitudinal guarded comparative calorimeter 130 

(LGCC) equipped with acoustic emission measurement, 2) micro focused X-ray fluorescence 131 

(µXRF), 3) low temperature differential scanning calorimetry (LT-DSC), and 4) isothermal micro-132 

calorimetry (IMC). The LGCC experiment was performed to evaluate damage development in 133 

mortar samples due to phase changes under thermal cycling. µXRF was performed to evaluate 134 

MgCl2 fluid ingress and resultant chloride ion profiles in mortar samples. LT-DSC was performed 135 

to detect possible phase transitions and to develop a phase diagram that can be used for 136 

cementitious materials exposed to MgCl2 deicing salts. IMC was used to evaluate the rate of 137 

reaction that may occur between cementitious materials and MgCl2 deicing salt. 138 

    139 

2.1   Materials, Mixture Proportioning, Specimen Preparation, and Conditioning   140 

Type I ordinary portland cement (OPC) was used in this study. This cement had a 141 

calculated Bogue phase composition of 60 % tricalcium silicate (C3S), 10 % dicalcium silicate 142 

(C2S), 9 % tricalcium aluminate (C3A), and 10 % tetracalcium aluminoferrite (C4AF) by mass, 143 

and a reported Blaine fineness of 375 m2/kg. The total equivalent alkali was 0.86 % originating 144 

from 0.35 % of Na2O and 0.77 % of K2O, by mass. Aggregates used to prepare mortar 145 
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specimens consisted of natural sand with a maximum size of 4.75 mm, specific gravity of 2.61, 146 

fineness modulus of 2.89, and an absorption value of 2.2 % by mass.  147 

To perform LGCC and µXRF experiments, mortar specimens were prepared using a 148 

sand volume fraction of 55 % and a water-to-cement ratio (w/c) of 0.42 by mass. The mass of 149 

cement, water, and sand (in saturated-surface-dry (SSD) condition) were 612 kg, 257 kg, and 150 

1435 kg per m3 of total material volume, respectively. The mortar was cast in 25.4 mm × 25.4 151 

mm × 300 mm (1 in × 1 in × 11.81 in) molds and the samples were demolded after 24 h. All 152 

mortar bars were then sealed in double plastic bags and cured for 28 d in these sealed 153 

conditions at 23 °C ± 0.5 °C. After 28 d of curing, the mortar bars were cut using a wet saw to 154 

25.4 mm × 25.4 mm × 50.8 mm (1 in × 1 in × 2 in) specimens. These specimens were then 155 

placed in a vacuum oven at 65 °C ± 1 °C and a pressure of 20 mm Hg ± 5 mm Hg for 7 d to 156 

remove moisture (the ± 1 °C and ± 5 mm Hg are indicative of the nominal operating range 157 

encountered when running the experiment). These samples were then vacuum saturated with 158 

DI water or MgCl2 solutions before performing experiments.  159 

To perform LT-DSC and IMC experiments, powders of hydrated cement paste and 160 

calcium hydroxide were used. Cement paste with a water-to-cement ratio (w/c) of 0.42 by mass 161 

was prepared. The cement paste was cured for one year in a sealed condition. After one year, 162 

the cement paste specimens were ground in a mortar and pestle and the 75-μm 163 

(No. 200) sieve was used to separate out larger particles. The hydrated cement powder was 164 

then stored in a vacuum oven at 65 °C ± 1 °C and a pressure of 20 mm Hg ± 5 mm Hg for 3 d to 165 

remove moisture. To perform an LT-DSC experiment, a synthetic pore solution ([K+] = 0.65 166 

mol/L, [Na+] = 0.45 mol/L, and [OH-] = 1.10 mol/L) was also prepared in addition to powder 167 

samples. This solution concentration was calculated using software for estimation of pore 168 

solution properties developed previously (http://concrete.nist.gov/poresolncalc.html) [32] for the 169 

cement used in this study (assuming 100 % degree of hydration in a sealed condition).  170 

http://concrete.nist.gov/poresolncalc.html
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 171 

2.2 Testing Procedure   172 

As mentioned before, four types of experiments were conducted in this study: 1) 173 

longitudinal guarded comparative calorimeter (LGCC) equipped with acoustic emission 174 

measurement, 2) micro focused X-ray fluorescence (µXRF), 3) low temperature differential 175 

scanning calorimetry (LT-DSC), and 4) isothermal micro-calorimetry (IMC). 176 

The LGCC, equipped with acoustic emission measurement, was used to perform the 177 

freeze-thaw experiments described in [3,4]. A temperature gradient was generated in the test 178 

specimen to produce a one-dimensional heat flow. Two meter bars with known thermal 179 

properties were used on the top and bottom of the mortar specimens; and temperatures at 180 

different locations were monitored to calculate the heat flow through the specimens. Since 181 

acoustic emission (AE) has shown promise in quantifying damage (i.e., cracking) [33], acoustic 182 

activity was detected during test by one acoustic sensor attached to the specimen. Wave speed 183 

(pulse velocity) was also measured on specimens using a pulsed wave generated by two 184 

coupled AE sensors through the length of the specimen before and after the freeze-thaw test to 185 

measure the damage index. Samples saturated with 0 %, 0.9 %, 3 %, 5 %, 8 %, 10 %, 13 %, 186 

and 15 % (by mass) MgCl2 solutions were used to perform LGCC experiments. The temperature 187 

of mortar specimens was varied from 24 °C to -40 °C by using a cold plate. The cooling and 188 

heating rates were -2 °C/h and 4 °C/h, respectively. At 24 °C and -40 °C, the temperature was 189 

kept constant for 1 h and 4 h, respectively, to allow the specimen to reach thermal equilibrium. 190 

The test was complete after one cycle. 191 

The µXRF was used to estimate the penetration depth of chloride ions into the 192 

specimens through the use of hyperspectral X-ray imaging. After imaging, a full X-ray spectrum 193 

for the chloride concentration was obtained over its respective spectral range. This imaging 194 

technique is described in [34]. For µXRF experiments, one mortar specimen saturated with DI 195 
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water (as a reference sample) and one mortar specimen saturated with 20 % (by mass) MgCl2 196 

solution were used. They were then broken, exposing a cross section surface of their interior for 197 

µXRF imaging.    198 

The LT-DSC was used to study possible chemical phase transitions in powder-solution 199 

samples. The initial temperature of the test was set to equilibrate at 25 °C. After the initial 200 

temperature became stable, the LT-DSC cell was cooled to -90 °C at a cooling rate of -5 °C/min. 201 

The specimen temperature was kept constant at this temperature (-90 °C) for one min to allow 202 

the specimen to equilibrate. A cycle of heating and cooling was established between -90 °C and 203 

70 °C. The specimen was equilibrated again at -90 °C for 5 min; and the temperature of the 204 

specimen was increased to 70 °C at a heating rate of 5 °C/min. For the LT-DSC, four different 205 

series of experiments were performed: Series I) development of a phase diagram for the MgCl2-206 

H2O system, Series II) development of a phase diagram for pore solutions and MgCl2, Series III) 207 

development of a phase diagram for Ca(OH)2–MgCl2-H2O, and Series IV) development of a 208 

phase diagram for a cementitious material exposed to MgCl2 solution (using the hydrated 209 

cement powder). For Series I and Series II, a total solution mass of 3 mg to 5 mg was used in 210 

LT-DSC. For Series III and Series IV, a 9 mg to 11 mg powder sample was mixed with 9 mg to 211 

11 mg of MgCl2 solution and the mixture was tested in the LT-DSC immediately after mixing (0 212 

d), 1 d after mixing, and 7 d after mixing.  213 

The isothermal micro-calorimeter was used to measure the heat released during the 214 

reaction between hydrated cement paste powder or calcium hydroxide powder and MgCl2 215 

solution under constant temperature (23 ºC ± 0.1 ºC). The heat release can be used to 216 

determine the rate of reaction. An internal admix ampoule was used to determine the heat of 217 

reaction as soon as MgCl2 solution was introduced to and mixed with powder by stirring. For 218 

these IMC experiments, 2 g of powder was mixed with 2 g of MgCl2 solution.  219 

 220 
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3.0 Results and Discussion 221 

3.1 Thermal Response of Mortar samples (LGCC Experiment)  222 

During the LGCC experiment, the thermal response of mortar samples was evaluated. 223 

Figure 2  indicates the temperatures at different locations of the specimen and the meter bars.  224 

Using the measured temperatures and the thermal properties of the meter bars, the heat flow 225 

inward or outward of the mortar samples [3] was calculated and is plotted in Figure 2. During 226 

freezing, an increase in the temperature and an exothermic behavior (shown by an arrow in this 227 

figure) were observed due to ice formation. During thawing, the specimen temperature remains 228 

constant near 0 °C, until the melting of ice concludes, as an endothermic behavior was 229 

observed.  230 

 231 
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 232 

Figure 2- Temperature at different locations (T1 & T2: temperature between cold plate and 233 

bottom meter bar; T3 & T4: temperature between bottom meter bar and specimen; T5 & T6: 234 

temperature between specimen and top meter bar; and T7: temperature at the top surface of top 235 

meter bar), and heat flow versus time during freeze-thaw cycle for specimens saturated with (a) 236 

DI water, and (b) 10 % MgCl2. 237 

 238 
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The temperatures associated with the exothermic/endothermic behaviors (i.e., 239 

freezing/thawing temperatures) were obtained for all samples and are compared with the 240 

conventional MgCl2-H2O phase diagram in Figure 3. A relatively constant difference between 241 

the freezing and thawing temperatures was observed; this is mainly due to supercooling during 242 

freezing. A reduction in freezing and thawing temperatures was observed as the solution 243 

concentration increases; however, the rate of reduction is less than the one expected from the 244 

MgCl2-H2O (pure) phase diagram (Figure 3). This may be due to MgCl2 being consumed by a 245 

replacement of magnesium for calcium in Ca(OH)2 and C-S-H, resulting in the formation of 246 

CaCl2, M-S-H, brucite, and magnesium/calcium oxychloride (Eq. 2, Eq. 1, Eq. 3, and Eq. 4); 247 

thereby diluting the original solution. For 13 % and 15 % concentrations, the freezing points 248 

were even above the liquidus line of conventional MgCl2-H2O. A considerable reduction in fluid 249 

ingress into mortar samples during vacuum saturation was observed as the salt concentration 250 

increased, which will be discussed in Section 3.3. As a result, the LGCC experiment was not 251 

performed for concentrations of MgCl2 greater than 15 % (by mass).    252 

 253 
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Figure 3 - Freezing and thawing points of solution in mortar samples saturated with MgCl2 255 

solutions obtained by LGCC with comparison to the phase diagram of MgCl2 solution (the 256 

uncertainty for this measurement was previously measured in [1,3] and the average coefficient 257 

of variation was determined to be 9.2 %). 258 

 259 

3.2 Damage Detection (AE Measurement and LGCC Experiment) 260 

Acoustic emission activity (produced primarily due to cracking) was monitored during the 261 

LGCC experiment to determine freeze-thaw damage. The AE activity (amplitude of events) is 262 

shown in Figure 4 as a function of temperature for specimens saturated by DI water and 10 % 263 

MgCl2 solution, as examples. At the freezing temperature, clusters of AE events develop due to 264 

cracking (~ -5 ºC for DI water and ~ -10 ºC for 10 % MgCl2). During cooling, the AE activities are 265 

mainly due to hydraulic and osmotic pressures caused by the ice formation. For sample 266 

saturated with 10 % MgCl2, the AE events during cooling spread out after freezing while for 267 

sample saturated with DI water they are more concentrated. This is mainly due to the gradual 268 

additional damage caused by increasing osmotic pressure as the temperature decreases.  269 
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AE activity is also seen during heating which may be attributed to cracking 270 

development/propagation due to stress relaxation and thermal expansion of the specimen 271 

during ice melting. The damage on thawing is significantly lower than the damage on freezing. 272 

During heating, a cluster of AE events was observed at the moment if ice melting for sample 273 

saturated with DI water while no cluster was observed for sample saturated with 10 % MgCl2. 274 
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Figure 4 - AE events as a function of temperature during cooling and heating for mortar 277 

specimens saturated with (a) DI water; and (b) 10 % MgCl2 solution. 278 

 279 

A damage index (a measure of the reduction in dynamic elastic modulus) was also 280 

determined using the ASTM C597-09 procedure [35] for specimens in two conditions: a) 281 

damage caused during immersion time, and b) damage caused during the freeze-thaw cycle. 282 

Figure 5a shows the damage index as the MgCl2 concentration increases. Mortar specimens 283 

saturated with high concentration MgCl2 solutions (≥10% by mass) indicated damage before the 284 

freezing and thawing began, during the time when the samples were immersed in solution. This 285 
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damage appears to correspond to the chemical reactions occurring between MgCl2 and 286 

cementitious constituents (Eq. 2, Eq. 1, Eq. 3, and Eq. 4). In contrast, these samples did not 287 

show considerable damage due to the freeze-thaw cycle itself. This may be attributed to the fact 288 

that a large portion of solution in concrete pores was consumed by the chemical reactions to 289 

form magnesium/calcium oxychlorides (solid phases at room temperature, i.e., 23 ºC). As a 290 

result, further ingress of solution would be prevented due to pore clogging; and thus, the sample 291 

would remain unsaturated during the subsequent freeze-thaw cycle. 292 

Mortar specimens saturated with low concentration MgCl2 solutions (<10 % by mass) 293 

showed a relatively small reduction in dynamic elastic modulus during immersion time, while 294 

they showed considerable damage during the subsequent freeze-thaw cycle. For these 295 

samples, the hydraulic and osmotic pressures caused by ice formation during freezing and 296 

thawing may be the main source of cracking.  Figure 5b shows the total cumulative AE signal 297 

strength as a function of solution concentration. The samples saturated with 3 % and 5 % MgCl2 298 

solution (by mass) showed a relatively higher level of freeze-thaw damage and a greater 299 

cumulative AE signal strength. This can be attributed to the critical damage caused by a 300 

combination of hydraulic pressure and osmotic pressure during freezing and thawing [36,37].   301 

    302 
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Figure 5 – (a) Change in the relative dynamic elastic modulus (damage index) due to freeze-304 

thaw damage for samples saturated with different dosages of MgCl2 solution (the uncertainty 305 

was previously measured in [1,3] and the average coefficient of variations were determined to 306 

be 6.2 % and 15.6 % for damage index and cumulative AE signal strength, respectively).  307 

 308 

3.3 MgCl2 Fluid Ingress and Chloride Profile (µXRF Experiments) 309 

During vacuum saturation of mortar specimens for the LGCC experiment, a reduction in 310 

fluid absorption into mortar specimens was observed for specimens saturated with high 311 

concentration solutions (≥8 % by mass). As the concentration of solution increased, the amount 312 

of fluid ingress decreased. Therefore, the reduction in degree of saturation (DOS) for mortar 313 

samples tested in the LGCC experiment was determined using Eq. 6  and it is shown in Figure 6 314 

as a function of MgCl2 concentration.  315 

 316 

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝐷𝑂𝑆 = 1 −
𝑉𝑎𝑏𝑠

𝑉𝑚𝑎𝑥
 Eq. 6 

 317 
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where Vabs is the volume of the solution absorbed by the samples and Vmax is the maximum 318 

volume of a solution that can be absorbed by the mortar samples used in this study (obtained 319 

from the sample saturated with DI water). The reduction in DOS for specimens saturated with 320 

MgCl2 solutions with concentrations greater than 8 % (by mass) is most likely attributed to the 321 

enhanced formation of brucite, and magnesium/calcium oxychloride that can fill in the pores 322 

near the surface of specimens and block the fluid ingress into the mortar samples. In fact, 323 

higher volumes of brucite and magnesium/calcium oxychloride should be produced as the 324 

solution concentration increases.     325 
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Figure 6 - Reduction in degree of saturation (DOS) for mortar specimens saturated with different 328 

concentrations of MgCl2 solutions (the uncertainty was measured in [1,3] study and the 329 

maximum standard deviation was determined to be 3 %). 330 

 331 

To better understand the MgCl2 fluid ingress into mortar samples, two mortar specimens 332 

were saturated using only DI water and 20 % MgCl2 solution; and the chloride profile within their 333 
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depth was determined using µXRF. Figure 7 indicates color-coded image maps for chloride. 334 

Yellow and white colors indicate higher concentrations of chlorides, while a black color indicates 335 

areas with relatively no chloride. In addition, red color shows areas with relatively lesser 336 

intensity of chloride ions than the yellow and white colors. The normalized color intensity within 337 

the depth of each sample was also determined using the average value for the middle third of 338 

the sample section and is plotted in Figure 7. The core of the specimen is free of chloride while 339 

the edges of samples have a higher level of chlorides. This can again provide confirmatory 340 

evidence that pores near the specimen surfaces may be blocked by the possible chemical 341 

reactions between the cement matrix and MgCl2, thereby preventing further fluid ingress into the 342 

sample saturated with the 20 % MgCl2 solution. Aggregates appeared in black color since they 343 

have quite small porosity and chloride ions cannot penetrate into aggregates. 344 
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 345 

 346 

Figure 7 - X-ray fluorescence images of mortar samples saturated with DI water and 20 % 347 

MgCl2 solution and average normalized color intensity within the depth of mortar specimens.  348 

 349 

3.4 Phase Diagram Development (LT-DSC Experiment) 350 

Four series of experiments were performed using powder/solution samples in the LT-351 

DSC to determine the temperature at which phase changes associated with the formation of ice, 352 

eutectic solid, calcium oxychloride, and magnesium oxychloride occur. This was done to 353 

develop a phase diagram for 1) MgCl2 solution, 2) pore solution and MgCl2, 3) Ca(OH)2 and 354 

MgCl2 solution (Ca(OH)2-MgCl2–H2O), and 4) cementitious material (hydrated cement) and 355 

MgCl2 solution.  356 
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 357 

3.4.1 MgCl2–H2O solution and Pore Solution Containing MgCl2  358 

For the MgCl2–H2O solution, two endothermic peaks were observed corresponding to 359 

eutectic solid and ice melting as the temperature of the sample increased. The eutectic and 360 

liquidus peaks for MgCl2 solution are shown in Figure 8a as a function of salt concentration. The 361 

experimental results followed the conventional MgCl2-H2O phase diagram.  362 

For the pore solution and MgCl2 system, in addition to the eutectic and ice peaks, two 363 

additional endothermic peaks were detected during the sample heating as shown in Figure 8b. 364 

For pore solution, the liquidus and eutectic temperatures showed relatively a different behavior 365 

than that shown in the MgCl2-H2O phase diagram. As indicated in Figure 8b, a reduction in the 366 

freezing temperature depression was observed for temperatures at which ice forms as the salt 367 

concentration increases. In addition, it appears that the eutectic concentration changed to a 368 

higher concentration (~ 27 % by mass) than expected from the MgCl2-H2O phase diagram 369 

(21.6 % by mass). Two additional endotherms were observed from phase changes associated 370 

with the presence of NaOH and KOH in the pore solution. Endothermic 1 and endothermic 2 371 

temperatures most likely reflect the formation of KCl·H2O (transition temperature at -10.7 °C) 372 

and NaOH·7H2O (transition temperature at -28.0 °C), respectively [38,39].   373 

 374 
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Figure 8 - Comparison of temperatures associated with different phase changes observed in LT-376 

DSC with conventional phase diagram for MgCl2 solution: a) MgCl2 solution, b) low alkali pore 377 

solution containing MgCl2 salt (calorimetric reproducibility is reported to be within ± 0.05 % using 378 

reference indium metal [40]).  379 

 380 

3.4.2 Ca(OH)2-MgCl2–H2O  381 

For Ca(OH)2 powder with MgCl2–H2O solution, two endothermic peaks were observed 382 

during the heating of the samples in LT-DSC. The results are shown in Figure 9 and are 383 

compared with the phase diagrams for MgCl2-H2O, and CaCl2–H2O, and the calcium oxychloride 384 

formation line. The endotherm that was observed at temperatures greater than 0 °C is most 385 

likely due to the formation of calcium oxychloride since its formation temperature follows the 386 

calcium oxychloride liquidus line. The endotherm observed at 0 °C is compatible with pure ice 387 

melting. It appears MgCl2 was consumed through a very rapid chemical reaction between MgCl2 388 

and Ca(OH)2 to form Mg(OH)2 (brucite) and CaCl2 (Eq. 2); the produced CaCl2 reacted with the 389 

remaining Ca(OH)2 and calcium oxychloride was formed.  390 
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Mg(OH)2 is a relatively stable material and does not decompose until the temperature 391 

reaches approximately 400 °C. There is a possibility that magnesium oxychloride was also 392 

formed and it can decompose (lose some of its water) during the temperature range applied in 393 

this study. However, no endotherm was observed associated with magnesium oxychloride 394 

decomposition. This may be due to the fact that the reaction between MgCl2 and Ca(OH)2 to 395 

form Mg(OH)2 (brucite) and CaCl2 was very fast (Section 3.5) and no MgCl2 remained to form 396 

magnesium oxychloride. It should be noted that mixing calcium hydroxide powder with MgCl2 397 

solution with a concentration greater than 15 % could not be achieved, due to a very fast 398 

reaction and near immediate solidification. 399 

 400 

  401 

Figure 9 - Phase diagram for a system containing MgCl2, Ca(OH)2, and H2O (the liquidus line for 402 

the formation of calcium oxychloride was obtained from [1] as shown liquidusCa-Oxy; CaCl2-H2O 403 

phase diagram and liquidusca-oxy are plotted as a function of CaCl2 concentration while MgCl2-404 

H2O phase diagram is plotted as a function of MgCl2 concentration).  405 

 406 
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3.4.3 Cementitious Material Exposed to MgCl2 solution  407 

Hydrated cement powder (ground paste) and MgCl2 solution behaved quite differently 408 

than the conventional MgCl2–H2O phase diagram. Three endothermic peaks were observed 409 

during the heating of the samples in LT-DSC. The results are shown in Figure 10 and are 410 

compared with the phase diagrams for MgCl2-H2O, and CaCl2–H2O, and the calcium oxychloride 411 

formation line. As expected, hydrated cement powder and MgCl2 solution did not follow the 412 

conventional MgCl2-H2O phase diagram. Instead, the detected eutectic and liquidus lines 413 

matched quite well with what would be expected from the CaCl2-H2O phase diagram [1].  414 

An additional endothermic behavior that was observed at temperatures greater than 0 °C 415 

is most likely due to the dehydration of magnesium oxychloride, since its temperature does not 416 

completely follow the liquidus line for the formation of calcium oxychloride. However, for lower 417 

concentrations (≤15 % by mass), it seems that magnesium oxychloride is not stable and can 418 

convert to calcium oxychloride at later ages (7 d, Figure 10b) since the temperature at which 419 

oxychloride was detected moved to a lower temperature (i.e., liquidus line associated with 420 

calcium oxychloride formation) as the exposure time increased.  421 

For higher concentrations (> 15 % by mass), the additional endothermic peak was not 422 

observed immediately after mixing the hydrated cement powder and MgCl2 solution (Figure 423 

10a); it was only detected after 7 d (Figure 10b). For concentrations greater than 15 % by mass, 424 

the quick formation of brucite may consume whole calcium hydroxide and prevent the formation 425 

of calcium oxychloride. At later ages (7 d), brucite can react with remained MgCl2 in the solution 426 

and form magnesium oxychloride. At lower concentrations (< 15 % by mass), however, the 427 

amount of MgCl2 in the solution may not be sufficient to consume whole calcium hydroxide for 428 

brucite formation. Therefore, remained calcium hydroxide may react with produced CaCl2 to 429 

form calcium oxychloride. At lower concentrations, the conversion between calcium oxychloride 430 
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and magnesium oxychloride at later ages may show that magnesium oxychloride may be a 431 

more stable material than calcium oxychloride.   432 

A logarithmic trend line was fitted to the data points associated with the dehydration of 433 

magnesium oxychloride (i.e., when magnesium oxychloride loses some water) and is presented 434 

in Eq. 7 and shown as the Mg-Oxy line in Figure 10.  435 

𝑇 = 25.32 ln
𝐶𝑜

𝐶∗
        R2=0.97 Eq. 7 

 436 

where T (°C) is the temperature at which magnesium oxychloride begins to dehydrate, Co (% by 437 

mass) is the initial concentration of MgCl2 solution, and C* (= 2.58 %) is the theoretical minimum 438 

concentration of MgCl2 solution at which the magnesium oxychloride begins to dehydrate (as 439 

3Mg(OH)2•MgCl2•8H2O loses some of its water (see Section 1.0)).  440 

 441 

 442 

Figure 10 - Comparison of temperatures associated with different phase changes for hydrated 443 

cement powder and MgCl2 solution in LT-DSC with phase diagrams for MgCl2-H2O, CaCl2-H2O, 444 
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calcium oxychloride (shown by liquidusCa-Oxy), and magnesium oxychloride (shown by Mg-Oxy) 445 

at different exposure ages: a) immediately after mixing the solution and powder, and b) 7 days 446 

after mixing the solution and powder. 447 

  448 

3.5 Reaction Rate between Powder and MgCl2 Solution (IMC Experiment) 449 

To assess the rate of reaction between hydrated cement paste or calcium hydroxide and 450 

MgCl2 solutions, isothermal calorimetry experiments were performed. The heat flow was 451 

measured as soon as MgCl2 solution was mixed with dry powder (hydrated cement paste or 452 

Ca(OH)2) and it is shown in Figure 11. Blending the Ca(OH)2 powder with DI water showed a 453 

very small amount of heat release. This may be attributed mainly to the heat release caused by 454 

internal mixing and the heat of wetting. A considerably higher heat release was observed during 455 

blending hydrated cement powder and DI water that is most likely associated with internal 456 

mixing, heat of wetting, and the heat of hydration of any unreacted cement (or unreacted C3A). 457 

As the concentration of the solution increased, the heat release increased for both 458 

Ca(OH)2 and hydrated cement powders. The majority of the heat release occurred within the 459 

first 10 min, illustrating the high rate of reaction between Ca(OH)2 or the hydrated cement 460 

powder and MgCl2 solutions to form brucite and/or calcium/magnesium oxychloride. As the salt 461 

concentration increases, the increase in the heat release appears to be higher for the hydrated 462 

cement powder than for pure calcium hydroxide (assuming 25 % calcium hydroxide in the 463 

hydrated cement powder). This additional heat release for the hydrated cement powder may be 464 

due to the reaction between aluminate phases in the hydrated cement powder and MgCl2 to 465 

form magnesium sulfate hydrate and Freidel’s salt (Eq. 5). 466 

 467 
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 468 

Figure 11 - Heat flow curves (normalized by the amount of powder) measured at 23 °C as a 469 

function of time for a) Ca(OH)2 powder and MgCl2 solution, and b) hydrated cement powder and 470 

MgCl2 solution. (Percentages indicate MgCl2 solution concentration by mass, the precision is 471 

reported within ± 20 µW [41]). 472 

 473 

4.0 Conclusions 474 

This paper shows that the chemical reactions between MgCl2 and cementitious 475 

constituents can result in the formation of additional chemical phases such as CaCl2, brucite, 476 

magnesium oxychloride, and calcium oxychloride in concrete. The additional chemical phases 477 

can result in damage in concrete, as well as changes in the behavior of the remaining solution in 478 

concrete under thermal variations.  479 

Thermal evaluation of cementitious samples showed that the MgCl2-H2O solution in 480 

concrete does not behave as expected from the pure MgCl2-H2O phase diagram. This is mainly 481 

due to the chemical reactions between MgCl2 and concrete constituents and the formation of 482 

additional chemical phases. A phase diagram was proposed for a cementitious material 483 

exposed to MgCl2. It was observed that it is relatively similar to the pure CaCl2-H2O phase 484 

diagram, with additional phase changes associated with the formation of magnesium 485 

oxychloride and calcium oxychloride phases.  486 
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Damage of mortar samples was also evaluated when they were exposed to thermal 487 

cycling and MgCl2 solutions. The damage observed in mortar samples saturated with low 488 

concentration MgCl2 solution (<10% by mass) was mainly due to hydraulic pressure and 489 

osmotic pressure caused by ice formation. Exposure to high concentration MgCl2 solutions (≥10 490 

% by mass) showed damage (reduction in dynamic elastic modulus) prior to any thermal cycling 491 

(before freeze-thaw testing, when the samples were immersed in the solution). This may be due 492 

to the formation of magnesium oxychloride or/and calcium oxychloride at room temperature (23 493 

ºC). The further change in dynamic elastic modulus after one freeze-thaw cycle was not 494 

considerable for specimens saturated with high concentration MgCl2 solutions (≥10 % by mass). 495 

This may be due to the fact that a large portion of solution in concrete pores was consumed by 496 

the formations of calcium/magnesium oxychloride and brucite, and the sample remained 497 

unsaturated. The formation of M-S-H may also be another source of damage or change in fluid 498 

ingress into mortar samples. However, more research is needed to understand the influence of 499 

M-S-H formation on damage development and fluid ingress in cementitious materials exposed 500 

to MgCl2 solutions.  501 

 502 
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