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Abstract: The effects of different inorganic salt accelerators (CaBry, NaBr, Ca(NOs3);, NaNOs) and an
alkali-free liquid accelerator were researched at a low temperature of 10 °C. The results showed the
effects of 1.5% NaBr and 1.5% NaNOj inorganic accelerator were pronounced. The 1-d compressive
strengths of the mortar with these two inorganic salts were increased by 185.8% and 184.2%, respec-
tively, and the final setting times were shortened from 7.74 to 6.08 min and 6.12 min, respectively.
The hydration temperatures at 10 °C were measured, and the promotion effects of the inorganic
accelerators were calculated: the relationship between the hydration degree was aas .+ NN > XAS + NB
> XAS 4+ CB > XAS+CN > %as. In addition, the reaction of C3A with NaBr and NaNOj3 was used to
analyze the products in an ettringite phase, i.e., CagAl;O4Br,10-H,O, 3CaOAl,03Ca(NO3), X-HyO.
The formation of these phases was detected in the hydration products of the cement paste hydra-
tion for 12 h, 24 h, and 28 d. Combined with the mass loss of the ettringite phase at 90-120 °C,
determined using TG/DTG, the synergetic acceleration mechanism of the inorganic accelerators was
comprehensively inferred.

Keywords: acceleration; ettringite phase; low temperature; mechanism

1. Introduction

Shotcretes have been widely used in tunnel and mine construction. It has the ad-
vantages of a fast setting time and a high early strength, speeding up the construction
process [1,2]. Among these, an accelerator is an integral part of shotcrete to accelerate the
hydration of cement to achieve these characteristics [3-5]. However, although shotcrete
has the characteristics of rapid setting and early strength, its early compressive strength
development depends on ambient temperature, just like ordinary concrete. For ordinary
concrete, when the average temperature is higher than 20 °C, the compressive strength
of the concrete develops well; however, when the temperature is lower than 10 °C, the
strength of the concrete decreases and the curing cycle is prolonged [6]. For ordinary
concrete, many researchers used chemical admixtures to promote low-temperature hy-
dration to improve early strength development. Presently, the early strength of concrete
is improved by accelerating the hydration of tricalcium silicate. Some researchers have
summarized the relationship between different ions and cement hydration. The promotion
effect of different anions and cations on hydration is as follows [7-10]: anions: Br~ > Cl™ >
SCN~ >I~; cations: Ca?* > Sr?* > BaZ* > Na™.

Similarly, for shotcrete, an alkali-free accelerator could shorten the setting time and
improve the early compressive strength, and environmental temperatures have a significant
effect on it. At present, research on the influence of ambient temperature on the mechanical
properties of shotcrete mainly focuses on the influence of high-temperature environments;
the Niu research group mainly focuses on the influence of high-temperature environments
on the mechanical properties of shotcrete [11].
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However, there is little research on the effects of low-temperature environments on
the performance of shotcrete. For low temperature (<20 °C), the reaction rate of cement
clinker is reduced [12]. The influence of the environmental temperature on the cement
hydration is directly reflected in the performance of the accelerator, such as initial and final
setting times and early strength. In addition, as an alkali-free liquid accelerator contains
many aluminum ions, sulfate ions, and a small number of polyol amines, sensitive of
the system, if early-strength inorganic salts are added to the accelerator, the precipitation
phenomenon often occurs. Therefore, we propose to use the synergetic effect of inorganic
salt accelerators to solve the problems of shotcrete in a low-temperature environment to
reduce the occurrence of events that affect the shotcrete construction due to low ambient
temperature. The selection of inorganic salt early-strength agents was performed based
on the research of relevant scholars on inorganic salt early-strength agents, as shown in
Table 1.

Table 1. Summary of the related effects of inorganic salt early-strength agents in the literature.

Ambient Compressive

References Types of Inorganic Salts Temperature Dosage Strength (24 h) Types
Zhang et al. [13] CaBr, 5°C 1% 10.9 MPa Cement pastes
Bao et al. [14] CoH,Ca0y 5°C 1% 3.7 MPa C40 concrete
Shi et al. [15] A + B + Ca(NO3), 20 °C 2.1% 41.0 MPa Mortar
Wang et al. [16] ZL-1 8°C 6% 5.7 MPa Cement stone
Leeetal. [17] CaBr, + NaSCN + DEA 10°C 0.5% 5.0 MPa Concrete
Zou et al. [18] LiAl-LDHs —10°C 1.5% 25.0 MPa Cement stone
Yoneyama et al. [19] Ca(NO3), —-10°C 13% 7.0 MPa Concrete
Kim et al. [20] Ca(NO3), 10°C 8% 7.6 MPa Mortar
Liu et al. [21] CaCl, 5°C 1.5% 7.0 MPa Cement mortars

For inorganic salt early-strength agents, they mainly react with C3A to form a cal-
cium aluminate-like AFt phase, such as CaBr,, and Ca(NO3); reacts with C3A to form
bromo aluminate calcium hydrate (CagAl,OgBr,-10H,O) and nitrate hydrates (nitrate-
AFm; 3Ca0-Al,O3-Ca(NO3),-XH,0) [13,19,20,22,23]. The literature shows that they have
better early strength properties in a low-temperature environment for ordinary concrete.

Therefore, whether those kinds of early strength agent could produce a synergetic
effect with an alkali-free liquid accelerator, improving the early strength of concrete in a
low-temperature environment, and solve the influence of the low-temperature environment
on the mechanical properties of shotcrete. Therefore, the effect of different kinds of nitrate
and bromide (calcium bromide, sodium bromide, calcium nitrate, and sodium nitrate)
on the strength of mortar mixed with an accelerator system was researched to reveal the
mechanism of inorganic salt, promoting the strength development in a low-temperature
environment.

2. Materials and Experimental Program
2.1. Raw Materials

Ordinary Portland cement was used in the experiment, and the relevant chemical
composition and parameters are shown in Table 2. Table 3 shows the chemical composition
and the related performance indexes of an alkali-free liquid accelerator. The chemical
reagents used in the experiment were analytical reagents.

Table 2. Chemical composition of cement.

Chemical
Composition

Cement (wt%) 21.3 5.96 3.36 60.31 27 0.83 1.72 212

Si02 A1203 Fe203 CaO MgO Rzo SO3 Loss
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Table 3. Physical and chemical indexes related to the accelerator performance.
Accelerator Solid P Initial Setting Final Setting Sﬁgﬁ;ﬁﬁﬁ)
Category Content (%) Time (s) Time (s) 1d 8 d
Alkali-free 40% 34 150 345 8.3 45.6

accelerator

Note: The test method in the table was carried out according to the standard GB-T 35159-2017, in which the
dosage of the alkali-free accelerator was 7%.

2.2. Specimen Preparation and Mix Proportions

The mixing water-cement (W/C) ratio was 0.50, the dosage of the alkali-free liquid
accelerator was 7% of the cement mass, and the sample size was 40 mm x 40 mm x 160 mm
according to the requirements of accelerator for shotcrete (GB/T 35159-2017). The mixing
amount of inorganic salt was also carried out according to the percentage of cement quality,
and the specific mixing design proportions are shown in Table 4.

Table 4. Mixing design proportions.

Cement CaBr, NaBr Ca(NOj3), NaNOs; Water Alkali-Free

Mix ID &) (%) (%) (%) (%) g Acce(l;)rator

AS 900 - - - - 412.2 63
AS-CB1.0 900 1.0% - - - 412.2 63
AS-CB1.5 900 1.5% - - - 412.2 63
AS-CB2.0 900 2.0% - - - 412.2 63
AS-NB1.0 900 - 1.0% - - 412.2 63
AS-NB1.5 900 - 1.5% - - 412.2 63
AS-NB2.0 900 - 2.0% - - 412.2 63
AS-CN1.0 900 - - 1.0% - 412.2 63
AS-CN1.5 900 - - 2.0% - 412.2 63
AS-CN2.0 900 - - 3.0% - 412.2 63
AS-NN1.0 900 - - - 1.0% 412.2 63
AS-NN1.5 900 - - - 1.5% 412.2 63
AS-NN2.0 900 - - - 2.0% 412.2 63

Note: CaBr;, NaBr, Ca(NOj3),, NaNO3, and the alkali-free accelerator are abbreviated as CN, NB, CN, NN, and
AS, respectively.

2.3. Mixed C3A and Inorganic Salt Solution

The inorganic salt solution was mixed with C3A to prepare the calcium aluminate
phase material. The mixing procedures were described as follows: 3 g of NB and NN each
were dissolved in 30 g of water (10 °C) separately. The respective solutions were stirred
for 2 min, placed in a low-temperature test chamber for 24 h, washed with deionized
water. Hydration was terminated with isopropanol for 24 h. Then, these two solutions
were filtered and vacuum-dried for 48 h to obtain bromide-C3A and nitrate-C3 A reactants,
respectively. Detection and analysis were carried out respectively.

2.4. Testing of Samples
2.4.1. Setting Time

The test method for initial and final setting time was described as follows: water,
cement, and the accelerators were pre-cooled at 10 & 0.5 °C for 24 h. The setting times
were tested with the Vicat apparatus. Refer to GB/T 35159-2017 for specific test steps, and
the addition amounts of inorganic salts are shown in Table 5.
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Table 5. Setting time test design proportions.

Composition of

Water/Binder Ratio the Slurry The Dosage of Inorganic Salts
1% CaBr2/1.5% CaBr2 /2.00/0 CaBrz

1% NaBr/1.5% NaBr/2.0% NaB

0.35 Cement + 7% AS % NaBr/1.5% NaBr/2.0% NaBr

1% Ca(NO3), /1.5% Ca(NO3);/2.0% Ca(NOs),
1% NaNO3 /1.50/0 NaNO3 /2.00/0 NaNO3

2.4.2. Heat of Hydration

According to the proportions in Table 4, the cement paste was prepared, placed in
a measuring bottle and placed in a 10 & 0.5 °C incubator to measure the hydration heat
release. The test time was 24 h, and the temperature collection interval was 10 s. The test
diagram is shown in Figure 1.

Figure 1. Hydration temperature testing device and test samples.

2.4.3. Compressive Strength

The temperatures of the specimens were 10 £ 0.5 °C with the corresponding ages of
1, 3,7, and 28 d. When the specimens reached the corresponding age, the compressive
strength of the cement mortar was tested on a compression testing machine. Control the
speed of cement mortar press was controlled to be 2.4 KN/s, and the compression test of
the test block was carried out.

2.4.4. Microstructure Analysis

The cement and water were pre-cooled at 10 & 0.5 °C for 24 h, according to the water-
binder ratio of 0.5, molds were installed, and a digital thermometer was used to measure
the heat release of the cement. The composition of the hydrated products was determined
by Dwascovery TGA 5500, temperature range of 30 to 1000 °C, heating rate 20 °C/min in a
pure nitrogen atmosphere. The XRD analysis characterized the hydration products, the
scanning angle range was 5-80 °C, and the scanning rate was 10 °C/min.

3. Experimental Results
3.1. Setting Time at Low Temperature

The influences of inorganic salts on the setting time of the alkali-free liquid accelerator
cement paste at low temperature were explored. In Figure 2, the initial setting and the
final setting of the cement paste with 7% AS were 2.3 and 7.47 min, respectively under
the environment of 10 °C. When the inorganic salts CB, NB, NN, and CN were added
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to the pastes at the dosage of 1.0%, 1.5%, and 2.0%, the results showed that the initial
setting time ratio was less than that of the control group (AS) and the influences of the
dosage and type of inorganic salts on the initial setting time were almost unchanged.
It could be seen that inorganic salts had little effect on the initial setting time under a
low-temperature environment. However, the effects of inorganic salts on the final setting
time were remarkable. The data showed that the four inorganic salts could shorten the
final setting time at different dosages, of which 1.5% NB and 1.5% NN could control the
final setting times at 6.08 and 6.12 min, respectively. Generally, the hydration process of
cement is mainly related to the temperature. The temperature affects activation energy
and thus cement hydration [24,25]. Inorganic salts promote cement hydration at low
temperature. Therefore, it is necessary to understand further the effects of inorganic salts
on low-temperature hydration, such as hydration temperature and compressive strength.

10
o r I cs Final setting time(min)
. = e Ref:7%AS:7.47 min
- I CN
7L

6 1:_ Initial setting time(min)

ul
)
5% Ref:7%AS:2.3min

~

Setting time (minute)

1.0% 1.5% 2.0% 1.0% 1.5% 2.0%

The dosage of inorganic salts
Figure 2. Effects of inorganic salts on setting time at low temperature.

3.2. Compressive Strength at Low Temperature

Figure 3A shows the influences of different inorganic salt contents on the 1-d com-
pressive strength of the alkali-free accelerator mortar. The 1-d compressive strength of
mortar without inorganic salts was 4.86 MPa, while the Chinese standard GB/T 35159-2017
required that the compressive strength of the mortar was 8.0 MPa, which was 39.25% lower
than the standard. If the construction was carried out at 10 °C, the strength did not meet the
requirements, which often lead to unsafe factors. However, for inorganic salts CB, NB, NN,
and CN, although the compressive strength with the increase of the inorganic salt content
was greater than that of AS experiment group, only the 1-d compressive strength of the
mortar mixed with 1.5% NB and 1.5% NN exceeded the requirements of GB/T 3519-2017
(8 MPa) by 12.85% and 11.8%, respectively. Figure 3B describes the effects of different
dosages of inorganic salts on the 3-d compressive strength of the mortar. The data showed
that the compressive strength of each experimental group increased continuously, higher
than that of the AS experimental group (10.04 MPa). However, the mortar compressive
strength of the blank group (AS) was 31.65 MPa at the age of 7 d, which was higher than
that of the experimental group mixed with the inorganic salts partially. The results are
shown in Figure 3C. Therefore, it could be explained that the effects of the low-temperature
environment and inorganic salts on hydration were mainly concentrated in the 1 and 3 d
of early age. With the extension of the curing period, the effects of the low-temperature
environment and inorganic salts on hydration gradually disappeared. In Figure 3D, the
28-d compressive strength of the group mixed with 1% CB and 1% NB was slightly higher
than that of the AS experimental group. Under different dosage of other inorganic salts,
the 28-d compressive strength shrank to varying degrees, and the shrinkage of the CN and
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NN experimental groups was the most remarkable. It might be mainly due to the reaction
between nitrate and C3A in cement to form needle nitrate hydrate, which showed brittle
fracture behavior [22,26]. Combined with Figures 4-6, it could be seen that the inorganic
salt NN had an excellent promoting effect on the early 1-d compressive strength, but its
later strength shrinkage was pronounced, while NB overcame the problem of the later
strength shrinkage.

Compressive Strength/Mpa

Figure 3. Effects of inorganic salts on the strength at 10 °C: (A) curing for 1 day; (B) curing for 3 days;
(C) curing for 7 days; (D) curing for 28 days.

3.3. Hydration Heat in the Low-Temperature Environment

The hydration temperature of cement could reflect the hydration process of water.
The hydration temperature of cement after adding inorganic salts was tested, as shown in
Figure 4; It could be seen that the second peak hydration temperature of the cement paste
without inorganic salts was the lowest, and the hydration temperature of the cement paste
with 1.5% NB could reach 13.8 °C, as shown in Figure 4A. In Figure 4B, with 1.0% NN, the
hydration temperature of the cement paste could arrive at 14.1 °C. At the same time, in
order to reduce the error caused by the experimental operation, the influence of inorganic
salts on the hydration temperature of the cement paste was comprehensively evaluated.
According to Equation (1), the hydration temperature was calculated as the evaluation
basis: .

Tevauation = 32 Tij (i = 1%, 15%, 2%, j = X), 1)
g
where Toyaluation 15 the average of the temperature peaks that occur during hydration, X
stands for different inorganic salts CN, NN, CB, and NB, and Teyajuation T€presents the
average temperature of the three peak temperatures during hydration.

The temperature calculated by Equation (1) was used as the basis for evaluating the
hydration of the cement paste by inorganic salts. However, the hydration temperature
and the heat of hydration were equivalent and could be calculated for each other. The
hydration temperature calculated from the heat release is shown as Equation (2) [27]:

nc
Tevaluation = QTevaluation X ? + To, (2)

where T is the initial temperature of the raw material, C is the specific heat of the cement
paste, and m is the hydrated mass of the phase at Teyaluation-
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Utilizing Equation (2), Tevalution, Which is the value of heat release Qc, was calcu-
lated. QTevaluation, @s the heat of hydration of phase at time Teyaluation, Was described as
Equation (3):

(Tevatuation — To) < C
QTevaluation = e 4 (3)
mc
X _ (T, ation — To) X —— 4
“T(evaluaﬁon) xQ - ( evaluation 0) X mC/ 4

where A1(evaluation) 18 the degree of hydration of the phase at Tevaluations Qmax is the released
heat of the phase at complete hydration. The calculation results from Equations (1) and (4)
are shown in Table 6.

Table 6. Hydration-related parameters.

Inosrflatnlc Tij 0 Tev(aolgtlon To €O AT (°C) XT(evaluation) Qmax
AS 11.2 11.2 10 1.2 Min The maximum heat
CB 12.8 11.8 12.5 12.3 10 2.3 XAS + CB > XAS + CN release was equal,
NB 13.5 14.2 13.7 13.8 10 3.8 ®AS + NB > XAS + CB because the hydrated
NN 14.8 14.2 13.2 14.1 10 4.1 Max substance was
CN 11 11.5 12.6 11.7 10 1.7 XAS + CN > XAS completely hydrated.
35 A 7% AS ® 7% AS -4 35
7% AS+1% CB 7% AS+1.0% NB -
7% AS+1.5% CB 7% AS+1.5% NB
30 7% AS+2.0% CB - 30

7% AS+2.% NB

0 6 12 18 24

Time/hour Time/hour
© 0 (D) i
35 7% AS 7% AS 35

0, 0,
7% AS+1.0% NN 7% AS+ 1.0% CN 1

0, 0,
7% AS+H1.5% NN 7% AS+1.5% CN

0 % NN 430
7% AS+2.0% 7% AS+2.0% CN

30

°C
°C

T
T

1 1 1 1 1
0 6 12 18 24 0 6 12 18 24
Time/hour

Time/hour

Figure 4. Heat of hydration of different inorganic salts at 10 °C: (A) the different dosage of CB; (B) the
different dosage of NB; (C) the different dosage of NN; (D) the different dosage of CN.
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From the calculation results in Table 5, it could be seen that the degree of NN promot-
ing hydration was the largest, that of NB was the second largest, and that of AS was the
smallest. In addition, the second peak of the hydration heat flow curve was corresponding
to the time of the maximum hydration temperature peak in Figure 5, which could be seen
in the relevant literature [28,29], which indicated that NN, NB, CB, and CN promoted the
hydration of C3S, thus accelerating the hydration and improving the early strength. In
addition, the hydration time of the second hydration peak indicated NB and NN could
accelerate the hydration in advance, shorten the hydration time and promote the second
hydration peak to reach the peak. However, the hydration effects of NN and NB were
significantly than those of CB and CN. The results were consistent with the strength data

in Figure 3.
(B) AS+1.5% CB,, £4 C) AS+1.5% NN, 5
A) e ——CAMN . R
—C3A+NB I" 'A‘ ’ I\J \A o \J‘. L oM e 4
3 SRR I VL ) et St Ml A
M T,
¢ <
At o
. » ACS,CS AS
£ ACS,CS AS “ }L
é A ¢ }[ NPTV, 1. e
£ SO, 1. WY (CaJAIZOG)Ca(NO) 0
° (Ca,ALO,Br )10H,
1 2 (CaALOBr)I10sH,0  PDE#42-1473, | CA+NB
A (Ca,A1,0,)Ca(NO,),XH,0
*NaNO3 ¢ CA
Lo
" 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " - . - - ) ) ) ) ) ) ) )
5 10 15 20 25 30 35 40 45 50 10 20 30 40 50 10 20 30 40 50
2 -Theta 2-Theta 2-Theta
(D) I A AS+1.5% CB (E) AS+1.5% CN Fla % # *jw]w“ (G) ® ASH.5% O
A A AL 4 *
A ) L *
N u‘ﬁ Al ] a e U“‘WUL Ll ] bguk ,MJln ]

a [Ettringite phase

\J:E\m;mm lEttnnglte phase S+1 5% NN W ® Ettringite phase  AS+1.5% NN

ACS,CS #
3 ) MJA CI;IAS ACS,CS }" * CH AS ACS,CS % CH aCS,CS  #CH
; AS .
L donlMoacd i L | T
o P Mabbecnidd s ]
(Ca,ALO,Br)I0H0 (CayAL0-)Ca(NO3), XH,0 (Ca ALO.BLI01L0 AL ao I
PDF:#42-1473 : :
s PDF:#50-0652 PDF#2-14T3 | CA+NB P
PDF:#50-0652

10 20 30 40 S0 10 20 30 40 50 0 20 % 4 s 10 2 30 40 5
2-Theta 2-Theta 2-Theta 2-Theta
Figure 5. XRD of hydration products: (A) C3A + nitrate ions and C3A + bromine ions hydrated samples; (B) hydration
product of the cement paste added with bromide for 12 h; (C) hydration product of the cement paste added with nitrate for
12 h; (D) hydration product of the cement paste added with bromide for 24 h; (E) hydration product of the cement paste
added with nitrate for 24 h; (F) hydration product of the cement paste added with bromide for 28 d; (G) hydration product
of the cement paste added with nitrate for 28 d.

3.4. XRD Analysis

It was verified that nitrate and bromide could participate in hydration reaction, ac-
cording to the experimental method in Section 2.3.
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As shown in Figure 5A, it was evident that C3A reacted with nitrate and bromide
to form calcium aluminate phase substances (CagAl,OgBr,-10H,O (PDF#:42-1473) and
3Ca0Al,O3Ca(NO3),X-HpO (PDF#:50-0652), respectively.

The reaction results were consistent with the phase products of C3A and calcium
aluminate formed by nitrate and bromide reported in the relevant literature, and it was
explained why this salt could shorten the setting time [13,20,23].

In Figure 5B, the hydration product of the cement paste with 2% CB and 2% NB
cured at low temperature for 12 h was different from that of the cement paste without CB
and NB. The appearing diffraction peak of CasAlOgBr,10H,O indicated that bromine
ions participated in the hydration of C3A, which was similar to AFt and played a role in
promoting the paste condensation. In addition, the diffraction peak of CH was weak in
hydration products, and the degree of hydration was not high. In Figure 5C, compared
with the AS group, 3CaOAl,O3Ca(NO3),X-HyO formed when added with 2% CN and 2%
NN in 12 h for hydration. Meanwhile, the diffraction peak of the hydration product CH
(added with 2% NN) was more potent than that of 2% CN, indicating that the hydration
promoted by NN was significantly more potent than that of CN, which was consistent with
the 1-d compressive strength in Figure 3.

In Figure 5D, compared with the AS group, the diffraction peaks of Cag Al,OgBr, 10H,O
and CH increased significantly when adding the inorganic salt NN. However, for the AS
group, the diffraction peak of C3S was higher than those of the NB and CB groups. There-
fore, it could be inferred that the addition of bromine-containing inorganic salts did promote
the dissolution and hydration of C3S, consistent with the description in the literature [13].

In Figure 5E, the law was similar to Figure 5D. Therefore, the comprehensive analysis
of hydration products showed that inorganic salts containing bromine and nitrate could
form a new aluminate phase. In addition, the degree of hydration decreased gradually with
the passage of hydration time. Therefore, the hydration products of 28 days were further
investigated, as shown in Figure 5E,F. It could be seen that the peak intensities of C3S and
CH hydration characteristic peaks were roughly the same in the hydration products of 28 d,
indicating that the degree of hydration remained the same no matter whether inorganic
salt was added or not at 28 days. The comprehensive evaluation analysis of all figures in
Figure 5 showed that inorganic salts significantly impacted hydration during 12-24 h of
hydration, reflecting the conclusion of the strength data. With the progress of hydration,
the disparity was gradually narrowed.

Thus, it could be seen that the low-temperature environment mainly affected early per-
formance. The addition of inorganic salts could significantly improve the early (0-24 h) hy-
dration reaction rate of mortar added, making it meet the requirements of low-temperature
construction (setting time and early strength).

3.5. Thermogravimetric Analysis

In this experiment, the thermal weight changes of hydration products of the cement
paste were measured at 12 h, 24 h, and 28 d of hydration added with 1.5% CB, 1.5%
NB, 1.5% CN, and 1.5% NN. The amount of the bound water (BW) was compared in
each case, and the hydrate products were determined. The samples were heated in the
range of 30-1000 °C at a 20 °C/min heating rate. The contents of the chemical BW of
all hydration products and CH were calculated according to the mass loss [30-32]. As
shown in Figure 6A, added with 1.5% CB and 1.5% NB in the sample, the mass reduction
peak could be observed at the temperature of 90-120 °C. The main reason for the mass
reduction was the removal of BW from the ettringite phase in this temperature range. The
production of the ettringite phase mainly originated from two aspects: (1) a ettringite phase
was produced by the alkali-free accelerator; (2) a ettringite phase was produced by the
reaction of bromine ions and nitrate ions with C3A separately. For the AS experimental
group, the ettringite phase originated from the alkali-free accelerator reation with C3A.
However, for the inorganic salts experimental groups, i.e., AS + 1.5% CB and AS + 1.5%
NB, the mass of the ettringite phase was the sum mainly produced by the accelerator, C3A,
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and the inorganic salt Therefore, the results showed that the mass losses of the inorganic
salts experimental groups were greater than that of the AS experimental group. It was
consistent with the results of Figure 4A,B. In addition, it could be observed that there were
a mass loss peak of CH in the samples mixed with CB and NB at 300-450 °C; however,
a mass loss peak of CH in the AS experimental group did not appear. Therefore, these
phenomena could be explained by the fact that inorganic salts promoted the hydration
reaction of cement in the early stage (12 h).

In Figure 6B, the mass loss of the experimental group with 1.5% CN and 1.5% NN
was greater than that of the AS experimental group at 90-120 °C. The reason for this
phenomena was the same as that used to explain the results in Figure 6A. An increased
mass loss appeared on this temperature range. At the same time, it was observed that the
mass loss of CH was greater than those of CB and NB at 300-450 °C, indicating that the
hydration-promoting effects of CN and NN were slightly greater than those of CB and NB
at 12 h of the cement hydration reaction.

With the progress of hydration, the tested cement samples were hydrated for 24 h,
as shown in Figure 6C,D. The results showed that the mass loss of the ettringite phase
gradually decreased in the AS experimental groups at 90-120 °C, while the mass loss of CH
also decreased. When inorganic salts were added in the experimental groups, the amount
of CH hydration products increased and the hydration was dominant. The conclusion was
consistent with the 1-d compressive strength test results in Figure 3.

According to the mass losses of the hydration products in 28 d shown in Figure 6E,F, it
could be seen that the mass losses of the ettringite phase were almost similar at 90-120 °C,
and the mass loss peak of CH was almost the same as that of the AS experimental group at
300-450 °C. The main reason was that the amount of combined water formed by bromine
ions and nitrate ions in the bromine-ettringite phase and the nitrate-ettringite phase, less
than that in ettringite formed by AS and C3A. Therefore, there was a little difference in
quality loss. However, the main ettringite phase was dominated by the nitrate-ettringite
and bromine-ettringite phases in the early stage of hydration (12 and 24 h).

Combined with the TG/DTG data, the contents of ettringite and CH in the system
were calculated. The calculation results are shown in Figure 7. BW was the bound wa-
ter of all hydration products except CH. BW and CH were calculated as the following
Equations (5) and (6), respectively [13]:

74  Mygpoc — My
CH=— x —2%  "720% % 100%, 5
8~ Mss0c ) ¥
BW — [Msoc — Mssoc  Mapoc — M47OC} x 100%, (6)
Mssoc Mssoc

where BW represents the bound water content of all hydration products except CH, and
the product CH represents the content of Portland stone; Msgec, Mygoec, Myzoec, and
Mss0-c indicate that the masses of the sample at temperatures of 50, 400, 470, and 550 °C,
respectively.

It could be seen from the calculation results that the content of CH in the hydration
product of the AS experimental group was lower than those of inorganic salt components at
12 and 24 h, as shown in Figure 7A. However, the CH content was higher at 28 d, consistent
with the experimental group mixed with inorganic salts, and the results could identify
with the mortar strength data in Figure 3. However, as shown in Figure 7B, the combined
water of hydration products of components was more significant than that added with
inorganic salts at 12 h in the AS experimental group, which could explain that inorganic
salts promoted hydration and their products might contain two or more kinds of AFt,
nitrate-AFt, bromide-AFt, and CSH.
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Figure 6. DG/DTG of hydration products: (A,B) hydration products of the cement paste added with CB/CN and NB/NN
for 12 h; (C,D) hydration products of the cement paste added with CB/CN and NB/NN for 24 h; (E F) hydration products
of the cement paste added with CB/CN and NB/NN for 28 d.
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Figure 7. Hydration products of different systems at 10 °C: (A) CH (wt%); (B) bound water
(BW; wit%).

Based on the XRD and TG test results, the hydration process diagram under a low-
temperature environment could be deduced, as shown in Figure 8. The hydration process
was described as follows: CB, CN, BN, NN, and C3A preferentially formed a bromide-
ettringite phase and a nitrate-ettringite phase. When added the accelerator, C3A of the
cement system and the accelerator formed the ettringite phase, accelerated the hydration.
At this time, the ettringite phase consisted of Aft, the bromide-ettringite phase, the nitrate-
ettringite phase composition (the mass change in the range of 90-120 °C could also be
seen from the TG/DTG mass loss data) [32,33]. CH gradually formed (the strong CH
diffraction peak with inorganic salts was more substantial than without inorganic salts).
With the progress of hydration, the advantages of inorganic salts gradually disappeared
(CH diffraction peak and compressive strength data). It could be seen that the contribution
of the inorganic salt synergetic accelerator was mainly concentrated in the early stage of
hydration in a low-temperature environment.

&

/ Add Br'/NO7

Add alkali free
accelerator

i¢al time of early h
(24 hours)

Figure 8. Schematic diagram of synergy.
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3.6. SEM Analysis

The hydration products produced by the alkali-free liquid accelerator system were
analyzed by a scanning electron microscope. In Figure 94, it could be observed that AS
could also produce hydration products at 10 °C, which were mainly ettringite and C-S-H.
Compared with that for 28 d, the amount of hydration products was observably reduced.
However, compared with the component added with an inorganic salt (Figure 8C,E,G,H),
the hydration degree was prominently improved in 1 d, of which 1.5% NN and 1.5% NB
were relatively obvious. However, for the added inorganic salt components, the formation
of new phases was the focus of attention.
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Figure 9. SEM patterns of samples: (A,B) hydration products of the cement paste added with 7% AS for 24 h/28 d; (C,D)
hydration products of the cement paste added with 1.5% CB for 24 h/28 d; (E F) hydration products of the cement paste
added with 1.5% NB for 24 h/28 d; (G,H) hydration products of the cement paste added with 1.5% CN for 24 h/28 d; (1))
hydration products of the cement paste added with 1.5% NN for 24 h/28 d.

According to the XRD results of the hydration of C3A, inorganic salts, and the cement paste,
the components of the new phase were CayAl,O36Bry10-HyO, 3CaOAl,O3Ca(NO3 ), X-H,O. By
the SEM analysis in Figure 8, the new phase formed by bromide could hardly be found.
The main reasons might be two aspects: (a) the new phase was covered by the hydration
products, failing to be reflected in the figure; (b) the new phase crystal grew slowly or
stably and did not increase bulk with the extension of hydration time, and the strength of
the bromide inorganic salt did not shrink back in the later stage. For the system added
with nitrate, the formation of a new phase could be observed obviously, and the formation
of thick rod ellipsoid was observed in Figure 9]. However, the product was not evident
in 1 d, mainly concentrated in 28 days of hydration. Therefore, it was inferred that the
crystal growth and expansion process could promote the early mechanical strength of the
mortar and gradually show adverse effects later. It was consistent with the influence law
of adding nitrate on the mechanical strength of the mortar in Figure 3.

4. Conclusions

The purpose of this paper was to investigate the effects of inorganic salts (CaBry,
NaBr, Ca(NO3),, and NaNOs3) on the hydration products, microstructure, and mechanical
strength of mortar at 10 °C. The main results were as follows:

(1) The effects of inorganic salts CB, NB, CN, and NN mixed with an alkali-free liquid
accelerator on the comperssive strength and the setting time of mortar at 10 °C were
studied. The 1-d comperssive strength of the AS experimental group was 4.17 MPa.
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When 1.5% NB and 1.5% NN were added to the cement, the 1-d compressive strength
growth rates were 185.8% and 184.2%, respectively. The final setting time of the AS
experimental group was 7.74 min. When 1.5% NB and 1.5% NN were added, the
final setting time was shortened to 6.08 and 6.12 min, respectively, so as to ensure
that the alkali-free liquid accelerator met the requirements of GB/T 35159-2017 at low
temperature.

(2) C3A reacted with nitrate and bromine to form the nitrate-ettringite phase
(3Ca0Al,03Ca(NO3),X-H,0) and the bromine-ettringite phase (Cag Al,OgBr, 10H,O).
In addition, the hydration products hydrated for 12 h, 24 h, and 28 d were an-
alyzed in the cement paste mixed with inorganic salts and the accelerator, and
3Ca0Al,03Ca(NO3),X-H,0 and CagAl,OgBr,10-H,O were detected. The mass loss
of the ettringite phase at 90-120 °C was analyzed by TG/DTG. The comprehen-
sive TG and XRD analyses showed that the ettringite phase were composed of AFt,
3Ca0Al,03Ca(NO3)>,X-Hy0, and Cag Al;OgBr,10-H,O. This stage had a positive con-
tribution to the early strength of the cement, but its contribution gradually weakened
in the later stage of the cement hydration.

(3) A test multi-channel temperature collector was used to collect the hydration tem-
perature in the hydration process with different dosage of the accelerator at 10 °C.
Through calculation, the influence relationships between the inorganic salts and the
alkali-free liquid accelerator on the hydration degree were as follows: xas+NN >
XAS + NB > XAS + CB > XAS + CN > ®as. At the same time, combined with the influence
of inorganic salts on the mortar compressive strength, it was comprehensively ana-
lyzed that when the dosage was 1.5% NN and 1.5% NB, it had the greatest influence
on the hydration degree.
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