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Abstract

The hydration mechanisms of composite binders containing copper slag at different temperatures (20 °C and 50 °C) were
investigated by hydration heat determination, TG/DTG, non-evaporable water content measurement and X-ray diffraction
(XRD). The compressive strengths of mortars containing copper slag cured at different temperatures were also determined.
In addition to plain cement, quartz powder with a similar particle size and the same replacement ratio as copper slag was
selected as the control sample. The results show that the addition of quartz powder has a slight acceleration effect on the
hydration of cement, while the addition of copper slag has a strong retarding effect on the hydration of cement. The second
exothermic peak of the composite binder containing copper slag is delayed as the copper slag content increases, but this
trend weakens at high temperatures. The hydration heat of the composite binder containing copper slag decreases with
increasing copper slag addition. Moreover, the hydration heat of the composite binder containing copper slag is higher than
that of the composite binder containing an equal mass of quartz powder within 72 h. Copper slag has pozzolanic activity
and consumes Ca(OH), in hardened paste, although the pozzolanic activity of copper slag is low. However, the pozzolanic
activity of copper slag is enhanced at high temperature. Furthermore, the reaction of copper slag does not produce new
crystalline products compared to those produced by cement. Moreover, compared to hardened plain cement, the hardened
composite binder containing copper slag has a higher non-evaporable water content gain rate. The mortar containing
copper slag also has a higher compressive strength gain rate than the mortar containing equal mass quartz powder.
Although the compressive strength of mortar containing copper slag is lower than that of plain cement mortar, it is higher
than that of mortar containing quartz powder.
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Introduction effect and can accelerate cement hydration [1, 2]. In

addition, the filling effect of a mineral admixture can refine

Mineral admixtures such as fly ash, silica fume, phosphorus
slag, ground granulated blast-furnace slag (GGBS) and
limestone powder are widely used in cement-based mate-
rials. Accordingly, an increasing number of studies have
investigated the hydration mechanisms of mineral admix-
tures in composite binders. The addition of a mineral
admixture, including quartz powder, increases the actual
water-to-cement ratio and provides more space for the
hydration product of cement, which is called the dilution
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the pore structure of hardened paste [3—5]. Some mineral
admixtures, such as GGBS and steel slag, also have
hydraulic activity and produce C-S-H gels [5, 6]. More-
over, many mineral admixtures, such as fly ash, silica fume
and phosphorus slag, have pozzolanic activity; thus, they
participate in the reaction process in which Ca(OH), is
consumed and C-S-H gel is produced [7-9]. Both the
hydraulic reaction and pozzolanic reaction of mineral
admixtures are beneficial to the microstructure of concrete
[10-12]. However, the hydration activity of composite
binder containing mineral admixtures is relatively low, and
the hydration activity of concrete containing mineral
admixtures is obviously lower than that of plain concrete at
early ages [13, 14]. High temperature can promote the
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hydration activity of cement as well as mineral admixtures,
and concrete containing mineral admixtures subjected to
high-temperature curing can achieve satisfactory early
compressive strength [15-18].

In the production of copper, the output of copper slag, a
by-product of the process, is approximately double the
copper output [19, 20]. The major chemical compositions
of copper slag are Fe,O3, Si0,, Al,03, CaO, MgO and SO3
[21, 22]. Influenced by the raw materials used and tem-
perature history, the common mineral components of
copper slag include fayalite, anorthite, magnetite and glass
phase [23-25]. Research on the application of copper slag
has focused on recovering metal from copper slag [26-28],
on using copper slag as an aggregate in asphalt mixture
[29, 30], and on using copper slag as a fine aggregate in
cement concrete [31-33]. Similar to blast-furnace slag and
steel slag, copper slag exhibits reactivity after being ground
to powder, so the utilization of copper slag as a mineral
admixture in concrete has also been reported in some
studies [34, 35]. Owing to the low water absorption of
copper slag, fresh concrete containing copper slag has
better fluidity than concrete without copper slag [36, 37].
The compressive strength of concrete containing copper
slag decreases as the amount of copper slag added
increases at all ages, especially when the copper slag
addition is more than 30% [38, 39]. However, the com-
pressive strength of concrete containing copper slag under
sulfate attack is higher than that of the concrete without
copper slag under sulfate attack [39]. In another study, the
addition of copper slag did not decrease the compressive
strength or split the tensile strength of concrete [40]. Fur-
thermore, the carbonization depth and absorption of con-
crete containing copper slag are less than those of concrete
without copper slag [40]. Although the performance of
concrete containing copper slag has been investigated in
some studies, the discussion about the hydration properties
of the composite binder containing copper slag is limited.

In this paper, the hydration mechanism of composite
binder containing copper slag was investigated by deter-
mining the hydration heat, Ca(OH), content, non-evap-
orable water content, mineral phase and compressive
strength. Considering the dilution effect, nucleation effect
and filling effect of copper slag, quartz powder with a
similar particle size and the same replacement ratio as
copper slag was selected as the control sample. The

influence of curing temperature on the hydration of the
composite binder containing copper slag is also discussed.

Raw materials and test methods

The cement used was Portland cement with a strength
grade of 42.5, which is compliant with the Chinese
National Standard GB175-2007. Table 1 shows the chem-
ical compositions of the cement and copper slag. The X-ray
diffraction (XRD) pattern of the copper slag is shown in
Fig. 1. Figure 2 shows particle sizes of the copper slag and
quartz powder. The coarse aggregate was crushed

1 1. Fayalite (Fe,SiO,)
2. Magnetite (Fe;0,)

26/°

Fig. 1 XRD pattern of the copper slag
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Fig. 2 Particle sizes of the copper slag and quartz powder

Table 1 Chemical compositions

of the cement and copper slag Sample SiO, AlL,O3 Fe,03 CaO MgO ZnO SO, Na,Oq
(%) Cement 17.93 428 3.41 67.52 1.94 - 3.46 0.66
Copper slag 35.24 9.99 42.57 3.20 1.76 235 2.58 0.98

NaZOeq = Na20 + 0685K2O
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Table 2 Mix proportions of pastes (g)

Sample Cement Copper slag Quartz powder Water
C 100 - - 40

S1 85 15 - 40

Q1 85 - 15 40

S2 70 30 - 40
Q2 70 - 30 40

S3 55 45 - 40
Q3 55 - 45 40
Table 3 Mix proportions of mortars (g)

Sample Cement Copper slag  Quartz powder Sand Water
C 450 - - 1350 180
S1 382.5 67.5 - 1350 180
Q1 382.5 - 67.5 1350 180
S2 315 135 - 1350 180
Q2 315 - 135 1350 180
S3 247.5 202.5 - 1350 180
Q3 247.5 - 202.5 1350 180

limestone between 5 and 25 mm. The fine aggregate was
natural river sand smaller than 5 mm.

The mix proportions of pastes and mortars are shown in
Tables 2 and 3, respectively. An isothermal calorimeter
was used to collect the exothermic rates and cumulative
hydration heats of plain cements and composite binders at
constant temperatures of 20 °C and 50 °C. The pastes were
mixed and then poured into plastic sealed tubes to prevent
carbonization and water loss. At different testing ages, the
hardened pastes were removed and then soaked in absolute
alcohol to prevent further hydration. The mineral phases of
the hardened pastes were determined by XRD. A thermal
analyzer was used to collect the TG/DTG curves of the
hardened pastes, and the Ca(OH), contents of the hardened
pastes were calculated from the TG/DTG curves at the ages
of 28 d and 60 d. The non-evaporable water contents of the
hardened pastes at the ages of 3 d, 7 d, 28 d and 60 d were
measured by calculating the mass loss of the hardened
pastes between 105 °C and 1000 °C. Mortars of
40 x 40 x 160 mm were cast. The compressive
strength of the mortar was measured at ages of 3 d, 7 d,
28 d and 60 d.

Two curing conditions were adopted in this research:
standard curing and high-temperature curing. For standard
curing, the samples were cured in a curing box at a tem-
perature of 20 & 1 °C and a relative humidity (RH) not

less than 95%. For high-temperature curing, the samples
were cured in a curing box at a temperature of 50 + 1 °C
for 7 d and then cured under the standard curing conditions.
The standard curing and high-temperature curing are
denoted with the suffixes “-N” and “-H”, respectively.

Result and discussion
Hydration heat

Figure 3a shows the exothermic rate curves of plain
cements and composite binders at 20 °C. The second
exothermic peak value of the binder decreases as the
replacement ratio of cement by copper slag increases,
which indicates that the hydration activity of copper slag is
obviously lower than that of cement at early ages. The time
of the second exothermic peak increased slightly with
increasing quartz powder content. This acceleration effect
is attributable to the nucleation effect and dilution effect
(increased actual water-to-cement ratio) of quartz powder
[14, 15]. Because of the amount of particles with small size
(< 20 pm) of copper slag is higher than that of quartz
powder, the nucleation effect of copper slag should be a
little stronger than that of quartz powder. However, the
time of the second exothermic peak is delayed with the
increase in copper slag content. In particular, when the
cement replacement ratio is 45%, the second exothermic
peak of the composite binder containing copper slag is
approximately 8 h later than that of plain cement. These
results indicate that although copper slag also has a
nucleation effect and dilution effect on the hydration of
cement, copper slag also exhibits a retarding effect on
cement hydration, and the retarding effect becomes stron-
ger with increasing copper slag content. This may because
some metal ions such as Zn in copper slag dissolve in
cement paste, which have retarding effects on the hydration
of cement [41, 42].

Figure 3b, c shows the cumulative hydration heat curves
and cumulative heats, respectively, of plain cement and
composite binders within 72 h at 20 °C. The cumulative
hydration heat of the composite binder containing copper
slag decreases as the amount of copper slag added
increases at every stage within 72 h, which is due to the
low reactivity of copper slag and the reduction in cement
dosage. Furthermore, the cumulative hydration heat of the
composite binder containing 15% quartz powder is higher
than the 85% cumulative hydration heat of the plain
cement, and similar results are obtained when the cement
replacement ratio is 30% and 45%. These results also
demonstrate the acceleration of the hydration of cement by
quartz powder because of its nucleation effect and dilution
effect. Notably, due to the acceleration effect of quartz
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Fig. 3 a Exothermic rate curves of plain cement and composite
binders at 20 °C. b Cumulative hydration heat curves of plain cement
and composite binders at 20 °C. ¢ Cumulative heat of plain cement
and composite binders within 72 h at 20 °C

powder and the retarding effect of copper slag on the
hydration of cement, the initial cumulative heat of the
composite binder containing copper slag is lower than that
of the composite binder containing an equal mass of quartz
powder. However, the cumulative hydration heat curve of
composite binder containing copper slag caught up with the
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cumulative hydration heat curve of composite binder con-
taining equal mass quartz powder, and the cumulative
hydration heat of composite binder containing copper slag
is higher than of composite binder containing equal mass
quartz powder within 72 h. These results indicate that
copper slag has reacted partly and contributes to the
hydration heat of the composite binder within 72 h.

Figure 4a shows the exothermic rate curves of plain
cement and composite binders at 50 °C. The reactivities of
plain cement and composite binders are promoted by high
temperature, and compared with those at 20 °C, their sec-
ondary exothermic peak values at high temperature
increase dramatically. Moreover, similar to the situation at
20 °C, the time of the second exothermic peak of the
composite binder containing copper slag at 50 °C is
delayed with the increase in copper slag content. However,
compared with the time gaps observed at 20 °C, the time
gaps between the second exothermic peaks for different
composite binders containing copper slag at 50 °C shorten
significantly. The retarding effect of copper slag on the
hydration of cement also weakens at high temperature.

Figure 4b, c shows the cumulative hydration heat curves
and cumulative heats, respectively, of plain cement and
composite binders within 72 h at 50 °C. The cumulative
heats of plain cement and composite binders at 50 °C are
dramatically higher than those at 20 °C within 72 h, which
also demonstrates the acceleration effect of high tempera-
ture on the reactivities of cement and composite binders.
Moreover, the cumulative hydration heat of the composite
binder containing 15% quartz powder is higher than the
85% cumulative hydration heat of the plain cement, and
this phenomenon is more apparent than that observed at
20 °C. These results indicate that the acceleration effect
(nucleation effect and dilution effect) of quartz powder is
enhanced at high temperature. Furthermore, the cumulative
hydration heat curve of composite binder containing cop-
per slag caught up with the cumulative hydration heat
curve of composite binder containing equal mass quartz
powder, and the cumulative hydration heat of the com-
posite binder containing copper slag is still higher than that
of the composite binder containing equal mass quartz
powder. These results indicate that copper slag has reacted
partly and contributes to the hydration heat of the com-
posite binder within 72 h at 50 °C.

TG/DTG results

Figure 5a, b shows the TG-DTG curves of the hardened
pastes C-N, S2-N and Q2-N at ages of 28 d and 60 d,
respectively. The TG-DTG results show the mass changes
of the hardened pastes at elevated temperature. Every DTG
curve displays an endothermic peak at approximately
350-500 °C, which represents the decomposition of
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Ca(OH); in the hardened paste. From the TG-DTG results,
the Ca(OH), contents of the hardened pastes are calculated
and are shown in Fig. 5c. The Ca(OH), content of hard-
ened paste Q2-N is obviously lower than that of hardened
paste C-N but is higher than the 70% Ca(OH), content of
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Fig. 5 a TG-DTG curves of hardened pastes C-N, S2-N and Q2-N at
28 d. b TG-DTG curves of hardened pastes C-N, S2-N and Q2-N at
60 d. ¢ Ca(OH), contents of hardened pastes C-N, S2-N and Q2-N

hardened paste C-N. This result indicates that the dilution
effect of quartz powder provides more space for cement
hydration products, which elevates the hydration degree of
the cement. Notably, the Ca(OH), content of hardened
paste S2-N is lower than that of hardened paste Q2-N,
which indicates that the hydration of the copper slag con-
sumes Ca(OH),. Thus, similar to fly ash, GGBS and silica
fume, copper slag is a pozzolanic material, although its
pozzolanic activity is relatively low (according to Fig. 4c).
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Furthermore, the gap in Ca(OH), content between hard-
ened paste C-N and hardened paste S2-N increases from 28
d to 60 d. This result is attributable to the pozzolanic
reaction of copper slag at late ages.

Figure 6a, b shows the TG-DTG curves of hardened
pastes C-H, S2-H and Q2-H at ages of 28 d and 60 d,
respectively. From the TG-DTG results, the Ca(OH),
contents of the hardened pastes are calculated and are
shown in Fig. 6¢c. The Ca(OH), content of hardened paste
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Fig. 6 a TG-DTG curves of hardened pastes C-H, S2-H and Q2-H at
28 d. b TG-DTG curves of hardened pastes C-H, S2-H and Q2-H at
60 d. ¢ Ca(OH), contents of hardened pastes C-H, S2-H and Q2-H
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Q2-H is higher than the 70% Ca(OH), content of hardened
paste C-H, which is consistent with the results for the
hardened pastes cured at 20 °C. Notably, the Ca(OH),
content of hardened paste S2-H is not only lower than that
of hardened paste Q2-H but also lower than the 70%
Ca(OH), content of hardened paste C-H at 28 d and 60 d.
These results indicate that the pozzolanic activity of copper
slag is promoted by high temperature at early ages and that
more Ca(OH), is consumed by copper slag.

XRD

Figures 7—9 show XRD patterns of hardened pastes at ages
of 3, 28 and 60 d, respectively. XRD is used to identify the
crystalline substances in the hardened pastes. Compared to
hardened plain cement, the composite binders containing
copper slag and quartz powder exhibit different charac-
teristic peaks corresponding to fayalite and SiO,, respec-
tively. These substances are mineral components of the raw
materials. This result indicates that the reaction of copper
slag does not produce new crystalline substances compared
to those produced by cement. Moreover, at the age of 3 d,
the characteristic peak of Ca(OH), in the hardened paste
cured at high temperature is stronger than that of Ca(OH),
in the hardened paste cured under standard curing condi-
tions. Additionally, the characteristic peaks of AFm exist in
the XRD patterns of the hardened plain cement and hard-
ened composite binder containing copper slag cured at high
temperature, while they do not exist in those cured under
standard curing conditions. These results also imply that
the hydration activities of plain cement and composite
binder are promoted by high temperatures at early ages.

Non-evaporable water content

Figure 10a shows the non-evaporable water contents of
hardened pastes under standard curing conditions. The non-
evaporable water content represents the amount of hydra-
tion products, which relates to the hydration degree of the
composite binder. Due to the retarding effect of copper slag
and the acceleration effect of quartz powder on the
hydration of cement, the non-evaporable water of the
composite binder containing copper slag is lower than that
of the composite binder containing an equal mass of quartz
powder at early ages. However, the non-evaporable water
content of the composite binder containing copper slag has
a higher gain rate and is obviously higher than that of the
composite binder containing an equal mass of quartz
powder at late ages. Furthermore, the non-evaporable water
content of the composite binder decreases as the replace-
ment ratio of cement by copper slag increases at all ages.
These results also show that the copper slag has low
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Fig. 8 XRD patterns of hardened pastes at 28 d. a standard curing;
b high-temperature curing

hydration activity, which is consistent with the hydration
heat and TG/DTG results.

Figure 10b shows the non-evaporable water contents of
hardened pastes under high-temperature curing conditions.
The non-evaporable water contents of the hardened pastes
cured at 50 °C are obviously higher than those of the
hardened pastes cured at 20 °C at early ages, which indi-
cates that high temperature could improve the early
hydration degrees of the hardened plain cement paste, the
hardened composite binder containing copper slag and the
hardened composite binder containing quartz powder. All
binders have a relatively high hydration degree at 7 d. The
non-evaporable water contents of the hardened plain
cement paste and the hardened composite binder contain-
ing quartz powder increase very slowly, while the hardened
composite binder containing copper slag has comparatively
higher non-evaporable water content gain rates at late ages.
These results indicate that although the hydration degree of
cement is improved by high temperature at early ages, the
hydration activity of cement cured at high temperature is
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Fig. 9 XRD patterns of hardened pastes at 60 d. a standard curing;
b high-temperature curing

very low at late ages. However, the copper slag subjected
to early high-temperature curing conditions has continuous
hydration activity.

Compressive strength

Figure 11a shows the compressive strengths of mortars
under standard curing conditions. The compressive
strength gain rate of the mortar containing quartz powder is
low, especially after 28 d. The compressive strength gain
rate of the mortar containing copper slag is higher than that
of the mortar containing quartz powder, and the compres-
sive strength of the mortar containing copper slag is
obviously higher than that of the mortar containing an
equal mass quartz of powder at late ages. The quartz
powder does not have hydration activity and acts as only
filler in mortar. However, the copper slag, whose particle
size distribution is similar to quartz powder, not only has a
filling effect but also consumes Ca(OH), and produces
hydration products. In many studies, the compressive
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strength of concrete or mortar containing a pozzolanic
material such as fly ash, silica fume or phosphorus slag is
close to or even higher than that of plain cement or mortar
without the pozzolanic material at late ages [9, 11, 43]. In
this study, the compressive strength of the mortar con-
taining copper slag is lower than that of plain cement
mortar at 60 d, which also indicates that the pozzolanic
activity of copper slag is relatively low.

Figure 11b shows the compressive strengths of mortars
under high-temperature curing conditions. The early com-
pressive strength of the mortar cured at 50 °C increases
sharply compared with that of the mortar cured at 20 °C.
The compressive strength of the mortar containing copper
slag is obviously higher than that of the mortar containing
quartz powder at early ages, which is different from the
compressive strength results of mortars cured at 20 °C.
This is because the hydration activity of copper slag is
enhanced by high temperature. Furthermore, the compres-
sive strength of the mortar containing copper slag is still
obviously higher than that of the mortar containing quartz
powder at 60 d.
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Conclusions

(1) Copper slag has a retarding effect on the hydration of
cement, and this retarding effect becomes stronger
with increasing copper slag content. Moreover, the
retarding effect weakens at high temperatures.

(2) The addition of copper slag could reduce the
hydration heat of the composite binder. Furthermore,
the copper slag reacts partly and contributes to the
hydration heat of the composite binder within 72 h at
20 °C and 50 °C.

(3) Copper slag has pozzolanic activity and consumes
Ca(OH), in hardened paste, although the pozzolanic
activity of copper slag is low. The pozzolanic
activity could be enhanced by high temperature.
Moreover, the reaction of copper slag does not
produce a new crystalline hydration product.

(4) The hardened composite binder containing copper
slag has a higher non-evaporable water content gain
rate than the hardened composite binder containing
quartz powder at 20 °C and 50 °C. Additionally, the

mortar containing copper slag has a higher compres-
sive strength gain rate than the mortar containing
quartz powder at 20 °C and 50 °C.
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