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This paper investigated the heat evolution of pastes containing inert and active materials with different particle sizes.
Ground river sand was used as an inert material while ground granulated blast furnace (GGBF) slag was used as an active
material. Ground river sand (GRS) and GGBF slag were ground to have the same particle size and were used separately
as areplacement of Portland cement type | at rates of 50 — 70 % by weight of the binder. Heat evolution of pastes containing
GRS and GGBF slag was measured using an isothermal conduction calorimeter up to 72 h. The results showed that GRS
with different particle sizes had a slight effect on the heat evolution of pastes. GGBF slag with median particle size dso of
4.4 pm and dso of 17.8 um had a small effect on the heat evolution of pastes during the first 24 h, and the pastes also had
very low heat evolution for up to 72 h. At the same replacement rate of Portland cement, however, the heat evolution due
to the slag reaction was slightly increased when the particle size of the GGBF slag was decreased. Finally, the higher is
the cement replacement by GGBF slag, the higher is the slag reaction.

Keywords: heat evolution, inert material, active material, river sand, particle size, slag reaction.

1. INTRODUCTION

Blast furnace slag (BFS) is a by-product of the
production of pig iron and consists of silicates and alumino-
silicates of calcium. BFS exhibits hydraulic cementing
properties when it is finely ground, and it is called ground
granulated blast furnace (GGBF) slag when it is in that state
[1]. GGBF slag has been used as a supplementary
cementitious material (SCM) in blended cement for more
than a century [2]. Annual worldwide production of GGBF
slag has been estimated at 250 million tons per year [3]. The
benefits of GGBF slag as a partial replacement of cement in
concrete production include the enhancement of long-term
strength and durability [4 —6]. In addition, the cost of the
concrete is reduced, and environmental problems due to the
reduction of Portland cement production are mitigated
[7, 8]

Hydration of ordinary Portland cement (OPC) and the
GGBF slag reaction are chemical reactions between
Portland cement, GGBF slag, and water. It is very complex
and is an exothermic process. The major products of
hydration are calcium silicate hydrate (C-S-H), calcium
aluminate hydrate, and calcium hydroxide. The glass
contents or amorphous phase from GGBF slag can be
dissolved by hydroxyl ions liberated during the cement
hydration; thereafter, GGBF slag can also react with sodium
and potassium alkalis and calcium hydroxide to create
additional C-S-H. In addition, the CaO in GGBF slag can
create C-S-H from a hydration reaction similar to OPC but
at a very slow rate [9]. The heat evolution of Portland
cement pastes containing pozzolanic material or GGBF slag
was measured using an isothermal conduction calorimeter
at constant temperature in order to study the early hydration
[10, 11].
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Gruyaert et al. studied the hydration heat of pastes
containing GGBF slag and found that the hydration heat
contributed from the dilution effect, homogeneous
nucleation, and gypsum content, at various cement
replacement levels ranging from 30% to 85% [12].
Douglas et al. and Bougara et al. studied the reactivity of
GGBF slag with different sizes and sources using an
isothermal conduction calorimeter. They found that the
partial replacement of Portland cement with GGBF slag
reduces the heat evolution during the first 72 h [13, 14]. Han
et al. and Ma et al. found that temperature affects the heat
evolution specifically that the heat evolution of GGBF slag
increases with the increase of the temperature [15, 16].
However, their study did not specify how much of the heat
evolution of paste containing GGBF slag is contributed
from cement hydration and from slag reaction.

The heat evolution during the hydration process is an
important factor to consider for mass concretes, hot and cold
weather concreting, and determining the reactivity. If the
temperature difference within the mass concrete is too high,
the concrete tends to crack due to differential expansion
caused by different temperatures in the concrete that leads
to a reduction in the durability of the concrete [17]. Gajda
and Geem recommended that the allowable temperature
difference between the core and the surface of a mass
concrete structure should not exceed 19 °C [18]. To reduce
the temperature effect, the replacement of Portland cement
with an optimal dosage of pozzolan, such as fly ash and
GGBEF slag, can reduce the proportion of cement used in the
concrete mix proportion and, thus, reduce the heat
evolution, resulting in decreased thermal cracking during
the early age of concrete structures [19].
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The aim of this paper is to investigate the heat evolution
of pastes containing non-reactive crystalline material
(ground river sand) and GGBF slag.

The heat evolution contributed from cement hydration
and slag reaction is analyzed and presented. Heat evolution
produced by chemical reaction or physical changes as a
function of time is measured using an isothermal conduction
calorimeter at a constant temperature. The results will lead
to a greater understanding of the heat evolution, cement
hydration, and slag reaction of GGBF slag with different
particle sizes. The findings would benefit users who apply
GGBF slag in high volume for use in mass concrete.

2. MATERIAL AND METHODS

2.1. Materials

The main materials used in this study consisted of
Portland cement type I (OPC), ground local river sand
(GRS), and ground granulated blast furnace (GGBF) slag.
GGBF slag is a by-product of the production of pig iron
from Rayong Province, Thailand. OPC was used as a
cementitious material while GRS was used as a non-reactive
crystalline material.

To investigate the heat evolution and slag reaction, a
non-reactive crystalline material (ground local river sand or
GRS) was prepared and used in this study. To obtain GRS,
local river sand was washed to get rid of impurities and
carefully ground until the median particle sizes were the
same as those of GGBF slag.

For large particle size: GRS and GGBF slag were
separately and carefully ground to have the same median
particle size (dsg) of 18 + 1 um. This size is specified as L
(large-sized). It is noted that the L size of GRS and GGBF
slag are almost the same size as that of OPC, which has dso
of 18.1 um. The intention of this process is to avoid the
packing effect due to different particle sizes because GRS
and GGBF slag have the same particle size as that of OPC.

For small particle size: GRS and GGBF slag were
separately ground to have a median particle size of
5+ 1 pm. This size is specified as S (small-sized) and is
smaller than that of OPC. The intention of this process is to
use SGRS and SGGBF slag that have a smaller particle size
than OPC to investigate the heat evolution of pastes due to
the packing effect of the small particle size.

OPC, GRS, and GGBF slag were measured for their dso
and particle size distributions by Sympatee’s laser
diffraction particle size analyzer (HELOS/H2399 &
RODOQOS), and the procedure was in accordance with
ISO 13320 [20]. Fig. 1 shows the comparison of the particle
size distributions of OPC, GRS, and GGBF slag. It should
be noted that the particle size distributions of OPC, LGRS,
and LGGBF slag are nearly the same, and the median
particle size, dso, of the materials are in the range of
18 + 1 um, whereas SGRS and SGGBF slag have slightly
different in particle size distributions and the dso of both
materials are in the range of 5 + 1 pm.

2.2. Physical properties of the materials

Physical properties of OPC, GRS, and GGBF slag with
different particle sizes are given in Table 1. Specific gravity

58

and the particle retained on a sieve No. 325 of the materials
were determined in accordance with ASTM C 188 [21] and
C 430 [22], respectively. The median particle size (dso) of
OPC is 18.1 pm, while those for LGRS and SGRS are 17.7
and 4.8 um, respectively. LGGBF and SGGBF slag have
median particle sizes, dso, of 17.8 and 4.4 pm, respectively.
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Fig. 1. Particle size distributions of the materials
Table 1. Physical properties of OPC, GRS, and GGBF slag

Material | SPeCific | 5 Egtglzng 2i23e, Median particle
gravity % size, um
LGRS 2.61 17.9 177
SGRS 2.63 1.1 4.8
LGGBF 2.92 12.2 17.8
SGGBF | 292 2.4 a4

The mineralogical compositions of GRS and GGBF
slag were determined by quantitative X-ray diffraction
analysis, as shown in Table 2. LGRS and SGRS have 100 %
crystalline phases such as quartz, microcline, albite, and
muscovite whereas LGGBF and SGGBF slag have 99.2 and
99.6 % amorphous or glass content. Because LGRS and
SGRS have 100 % crystalline phases, they cannot react with
OPC or GGBF slag to form any hydration products. Fig. 2
shows the X-ray diffraction patterns of SGGBF slag and
SGRS, respectively. The figures also show that SGRS is
mostly in a crystalline phase, whereas SGGBF slag is in an
amorphous phase. The particle shapes of OPC, LGRS, and
LGGBF slag are shown in Fig. 3, and all of them are solid
with angular particle shapes.

2.3. Chemical compositions of materials

Chemical compositions of OPC, SGRS, and SGGBF
slag, which were determined using X-ray fluorescence, are
shown in Table 3. The main chemical components of OPC
are 65.0% CaO, 19.5%SiO; 53% Al,0; and
3.2 % Fe,03, whereas the chemical components of SGRS
are 92.0 % SiO- and 5.0 % Al;Os. The SiO; of SGRS is in
the form of quartz, thus, it is not a pozzolanic material.
Similar results were reported for ground river sand, which
contains  approximately 91.8-92.9 % SiO, (quartz)
[23—25]. The chemical components of SGGBF slag are
35.3 % CaO, 36.0 % SiO2, 14.6 % Al,Os, and 7.1 % MgO.
Other minor components include alkali oxides and iron
oxides.



Table 2. Mineralogical compositions of GRS and GGBF slag

Name Ouartz Microggzzta”me’zbite MUscovite Amorphous, % | Total crystalline, %| Total amorphous, %
LGRS 79.4 13.6 3.9 3.1 — 100 0
SGRS 79.4 13.8 3.8 3.0 - 100 0
LGGBF 0.8 - — — 99.2 0 100
SGGBF 0.4 — — 99.6 0 100
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Fig. 2. X-ray diffraction patterns of materials: a— SGGBF slag; b—SGRS

Fig. 3. Particle shapes of materials by SEM: a—OPC; b—LGRS; c— LGGBF

Table 3. Chemical compositions of OPC, SGRS, and SGGBF

Name _ Chemical composition, %
SiO2 Al203 Fe203 CaOo MgO SOs3 Na203 K20 LOI
OPC 19.5 5.3 3.2 65.0 0.8 2.7 0.1 0.4 2.4
SGRS 92.0 5.0 0.6 0.2 0.1 0.0 0.4 0.8 0.1
SGGBF 36.0 14.6 1.9 35.3 7.1 2.0 0.9 0.2 0.1

2.4. Heat evolution of paste

To evaluate the heat evolution, three types of pastes,
control paste made with OPC (control paste), non-reactive
crystalline material pastes (GRS pastes), and GGBF slag
pastes, were prepared and investigated in this study. Two
particle sizes of GRS (LGRS and SGRS) and GGBF slag
(LGGBF and SGGBF slag) were used separately to replace
OPC at rates of 0, 50, 60, and 70 % by weight of the binder
(OPC + GRS or OPC + GGBEF slag) to cast pastes. The
water to binder (W/B) ratio of all pastes was kept constant
at 0.50. The mix proportions of OPC paste and pastes
containing GRS and GGBF slag are shown in Table 4.

To measure the heat evolution of the pastes, a thermal
activity monitor (the TAM Air calorimeter from TA
Instruments, No. 387, USA) was used, and the procedure
was in accordance with ASTM C 1702 [26]. The TAM Air
calorimeter is shown in Fig. 4. The TAM Air contains 8
parallel twin calorimeters (sample and reference) as the type
of measurement channels. The binders are prepared and then
placed in two glass ampoules at a controlled temperature of

25 °C and inserted in the TAM Air calorimeter with the
same temperature.

Table 4. Mix proportions of pastes by weight

Mixture OPC GRS GGBF W/B
Control 1 - - 0.5
LGRS50 0.5 0.5 — 0.5
LGRS60 0.4 0.6 — 0.5
LGRS70 0.3 0.7 - 0.5
SGRS50 0.5 0.5 — 0.5
SGRS60 0.4 0.6 - 0.5
SGRS70 0.3 0.7 - 0.5
LGGBF50 0.5 — 0.5 0.5
LGGBF60 0.4 — 0.6 0.5
LGGBF70 0.3 — 0.7 0.5
SGGBF50 0.5 - 0.5 0.5
SGGBF60 0.4 - 0.6 0.5
SGGBF70 0.3 - 0.7 0.5

The binders were OPC (or OPC+GRS, or OPC+GGBF
slag), and the reference was quartz (Ottawa sand). For the
mixing procedure, the combinations of OPC, OPC+GRS or



OPC+GGBF slag and deionized water were mixed together
by using plastic paddle until the uniformity of all pastes was
obtained.
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Fig. 4. Thermal activity monitor (TAM)

The signal heat flow was controlled using a computer
program, and output data on the cumulative heat evolution
versus time were recorded. The heat evolution was

measured until the end of the testing period, which was 72 h
after mixing.

3. RESULTS AND DISCUSSION

3.1. Effect of GRS particles on the cumulative heat
evolution

Fig. 5 shows the relationship between the cumulative
heat evolution and time of the OPC paste and pastes
containing GRS at the cement replacement rates of 50, 60,
and 70 % by weight of the binder, respectively.

The results indicated that the pastes, when mixed with
a small particle size of SGRS (dso=4.8 um) and large
particle size of LGRS (dsp=17.7 um), provided a much
lower cumulative heat evolution than that of the OPC paste.
A similar trend was also reported by Douglas et al. who
replaced Portland cement with 35 and 50 % sand in the
mixtures and found that the cumulative heat evolution of
those pastes was the lowest compared to the OPC paste and
GGBF slag paste [13].

Fig. 6 shows the cumulative heat evolution and the
replacement of cement by GRS with different particle sizes
at 24 and 72 h. It revealed that the cumulative heat evolution
of SGRS and LGRS pastes with the same replacement and
same age were very similar. The cumulative heat evolution
of LGRS paste was a little lower than that of SGRS paste at
the same replacement percentage and same age. For
example, the LGRS70 and SGRS70 pastes had a cumulative
heat evolution of 79.1 and 83.9 J/g at 24 h, respectively, and
it increased to 120.9 and 128.0 J/g at 72 h, respectively,
while the OPC paste had a cumulative of heat evolution of
213.7J/g at 24 h, and it increased to 311.8 J/g at 72 h.
SGRS70 paste produced a higher cumulative heat evolution
than that of LGRS50 paste because the small particle size of
SGRS produced a packing effect, creating a more
homogeneous paste, and accelerated the hydration reaction
of OPC [27].

However, it was noticed that the different particle sizes
of GRS (dso of 4.8 um and 17.7 pm) had a small effect on
the cumulative heat evolution because GRS is a non-
reactive material (SiO, of GRS is in the form of quartz);
thus, it is not a pozzolanic material and cannot react with
Portland cement to create heat due to the chemical reaction
[28].
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Because OPC and LGRS have almost the same particle
size distributions (both materials have dsp 0f 18 = 1 um), the
cumulative heat evolution of LGRS50, LGRS60, and
LGRS70 pastes (OPC contents of 50, 40, and 30 % by
weight of the binder) was assumed to be only from cement
hydration. The cumulative heat evolution of LGRS pastes
due to cement hydration is shown in Table 5. At the same



ages (12, 24, 36, 48, 60, or 72 h), the cumulative heat
evolution due to cement hydration of GRS pastes decreased
with the increase of GRS replacement.

Table 5. Cumulative heat evolution of pastes

Name Cumulative of heat evolution, J/g
12h 24h 36h 48h 60h 72h
OPC 143.9 | 213.7 | 2445 | 271.8 | 294.6 | 311.8
LGRS50 85.1 | 123.8 | 147.3 | 163.7 | 176.3 | 185.9
LGRS60 69.2 | 101.6 | 122.4 | 136.6 | 147.4 | 155.6
LGRS70 52.9 79.1 95.3 | 106.5 | 114.7 | 120.9
SGRS50 87.8 | 131.3 | 1576 | 175.8 | 189.4 | 199.2
SGRS60 72.6 | 108.8 | 130.4 | 1455 | 156.4 | 164.1
SGRS70 55.3 | 83.9 | 101.0 | 113.0 | 1215 | 128.0
LGGBF50 | 79.2 | 1158 | 140.5 | 158.7 | 173.6 | 186.6
LGGBF60 | 62.1 954 | 118.0 | 1358 | 1504 | 162.8
LGGBF70 | 46.8 | 728 | 92.7 | 109.4 | 124.0 | 136.9
SGGBF50 | 76.2 | 120.9 | 152.3 | 178.0 | 199.8 | 2185
SGGBF60 | 62.0 | 99.0 | 1285 | 153.8 | 175.8 | 195.2
SGGBF70 | 45.5 75.1 | 1015 | 127.3 | 150.7 | 170.7

For example, the cumulative heat evolution of OPC
paste was 213.7 J/g at 24 h, and it increased to 311.8 J/g at
72 h, while those of the LGRS50, LGRS60, and LGRS70
pastes were 123.8, 101.6, and 79.1 J/g (approximately 57.9,
47.5, and 37.0 % of OPC paste) at 24 h and then slightly
increased to 185.9, 155.6, and 120.9 J/g (approximately
59.6, 49.9, and 38.8 % of OPC paste) at 72 h.

3.2. Effect of GGBF slag particles on the
cumulative heat evolution

The cumulative heat evolution of pastes containing
GGBEF slag at cement replacement rates of 50, 60, and 70 %
by weight of the binder compared to Portland cement paste
(OPC paste) is shown in Fig. 7. It was found that the OPC
paste (dso=18.1 um) had the highest cumulative heat
evolution of 213.7 J/g at 24 h, and it increased to 311.8 J/g
at 72 h. This result was close to the result obtained by
Bougara et al. who found that the cumulative heat evolution
of OPC was 290 J/g at 72 h [14].

Fig. 7 show that the cumulative heat evolution of OPC,
SGGBF, and LGGBF pastes increased very quickly up to
12 h and increased constantly afterwards. In addition, the
cumulative heat evolution of pastes containing GGBF slag
decreased with the increase of GGBF slag replacement. This
is due to the reduction of Portland cement which has higher
heat evolution than GGBF slag. The cumulative heat
evolution of pastes mixed with SGGBF (dso = 4.4 um) and
LGGBF (dso=17.8 pm) was much lower than that of the
OPC (dso = 18.1 um) paste at the same age. For example, the
SGGBF70 and LGGBF70 pastes had a cumulative heat
evolution of 170.7 J/g and 136.9 J/g, i.e., only 54.7 and
43.9 % of OPC paste, at 72 h, respectively. This confirmed
that the use of GGBF slag to replace OPC can reduce the
heat evolution of concrete which is an important factor to be
considered in mass concrete structures. This result is also
consistent with the previous research [12-14] that
concluded that GGBF slag can be used to reduce the heat
evolution of concrete.

The cumulative heat evolution and the replacement of
cement by GGBF slag with different particle sizes at 24 and
72 h is illustrated in Fig. 8. The figures show that the
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cumulative heat evolution of the small particle size and large
particle sizes of GGBF pastes are slightly different at 24 h.
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However, the pastes with the smaller size of GGBF slag
tend to produce a higher cumulative heat evolution than
does the larger size at 72 h. Similar results were also
reported by Zhang, et al. who found that the heat evolution



of paste containing GGBF slag increased with the increased
of GGBF slag fineness [10]. For example, LGGBF50 paste
had a cumulative heat evolution of 115.8 J/g at 24 h, and it
increased t0186.6 J/g at 72 h, while SGGBF50 paste had a
cumulative heat evolution of 120.9J/g at 24 h, and it
increased to 218.5 J/g at 72 h. This is due to the smaller size
of SGGBF slag having a higher surface area than LGGBF
slag, thus increasing the slag activity and acting as
nucleation sites [29, 30] to promote the cement hydration
and slag reaction.

3.3. Cumulative heat evolution due to the slag
reaction

One objective of this study is to determine the value of
the cumulative heat evolution due to the slag reaction. To
obtain this, the cumulative heat evolution of paste due to the
packing effect of the small particles has to be considered and
taken out from the total cumulative heat evolution. Thus, the
difference in the cumulative heat evolution between GGBF
slag paste and GRS paste at the same particle size, same
replacement, same W/B ratio, and same age is the
cumulative heat evolution due to the slag reaction of GGBF
slag. For example, the cumulative heat evolution due to the
slag reaction of SGGBF70 paste at 72 h can be calculated
by using the cumulative heat evolution of paste SGGBF70
(170.7 J/g) in Table 5 minus the cumulative heat evolution
of SGRS50 paste (128.0 J/g) in Table 5, which is equal to
42.7 J/g in Table 6.

Table 6. Values of cumulative heat evolution of pastes due to the
slag reaction

Size of Cumulative of heat evolution

material due to slag reaction, J/g
Compared paste articles

P um '| 12h | 24h | 36h | 48h | 60h [72h
LGGBF50-LGRS50 -59|-80|-6.7/-5.0/ —-2.7 (0.8
LGGBF60-LGRS60| 18+1 | -7.1| -6.3|-4.4|-0.8| 29 |7.3
LGGBF70-LGRS70 -6.1|-6.2|-27/3.0| 9.3 [16.0
SGGBF50-SGRS50 -11.7|-10.4|-5.4| 2.2 | 10.4 (19.3
SGGBF60-SGRS60| 5+1 |-10.6| -9.9|-1.9| 83| 19.3 [31.1
SGGBF70-SGRS70 -9.8|-8.8| 0.5 [14.3] 29.2 |42.7

Table 6 shows the values of the cumulative heat
evolution of pastes due to the slag reaction. The differences
in cumulative heat evolution for the pastes LGGBF50 and
LGRS50 (LGGBF50-LGRS50) at 12, 24, 36, 48, 60, and
72h were-5.9, -8.0, -6.7, —-5.0, —2.7, and 0.8 J/g,
respectively, while those for the pastes SGGBF50-SGRS50
were -11.7, -10.4, -54, 2.2, 104, and 19.3J/g,
respectively. The minus sign indicates that the use of GGBF
slag (LGGBF or SGGBF paste) in the paste resulted in a
lower cumulative heat evolution compared to GRS paste
(LGRS or SGRS). This suggests that, when Portland cement
type | was replaced by GGBF slag, regardless of its particle
size (smaller or larger, up to a dso of 18 pum), there was no
apparent cumulative heat evolution due to the slag reaction
during the first 24 h. This result also indicates that the
GGBEF slag retards the cement hydration at an early age.

At 72 h, the values of the cumulative heat evolution due
to the slag reaction of the LGGBF50, LGGBF60, and
LGGBF70 pastes were 0.8, 7.3, and 16.0 J/g, respectively
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whereas those of the SGGBF50, SGGBF60, and SGGBF70
pastes were 19.3, 31.1, and 42.7 J/g, respectively. This
finding suggests that the cumulative heat evolution due to
the slag reaction increases with the decrease of particle size
and cement replacement by GGBF slag. The results also
indicate that SGGBF and LGGBF slags have slow reaction
at early age, which is due to low hydraulic activity and leads
to the low early compressive strength as generally found
when GGBF slag is used to replace OPC in concrete
[31-33].

It should be noted that paste containing GGBF slag with
the highest cumulative heat evolution did not necessarily
have the highest slag reaction. For example, the cumulative
heat evolution of the pastes SGGBF50 and SGGBF70
during the first 72 h was 218.5 and 170.7 J/g while their
cumulative heat evolution due to the slag reaction was 19.3
and 42.7 J/g, respectively. This suggests that, for the same
particle size of GGBF slag, the cumulative heat evolution
due to the slag reaction depended on the dosage of cement
replacement by the GGBF slag.

4. CONCLUSIONS

When using ground river sand with the median particle
sizes (dso) of 4.8 and 17.7 um to replace Portland cement
type | at the same replacement of 50 — 70 % by weight of the
binder, the cumulative heat evolution of both pastes are
nearly the same during the first 72 h.

The cumulative heat evolution due to the slag reaction
increased with the decrease of GGBF slag particles.
Moreover, the cumulative heat evolution at 72 h of GGBF
slag was much lower than that of Portland cement.

At 24 h, the use of GGBF slag to replace Portland
cement type | at 50—70 % by weight of the binder could
reduce the cumulative heat evolution because GGBF slag
acted like a retarder and the values of the cumulative heat
evolution of pastes containing GGBF slag at 72 h were low.

When GGBF slag with dso of 4.4 um was used to
replace OPC at 50, 60, and 70 % by weight of the binder,
the cumulative heat evolution of GGBF slag pastes at 24 h
were 56.6, 46.3, and 35.1 % that of OPC paste and increased
to 70.1, 62.6, and 54.7 % that of OPC paste at 72 h,
respectively. In addition, the use of GGBF slag with dsg of
17.8 um to replace OPC at 50, 60, and 70 % by weight of
the binder had the cumulative heat evolution of 54.2, 44.6,
and 33.8 % that of OPC paste at 24 h, and it increased to
59.9, 52.2, and 43.9 % that of OPC paste at 72 h.

The use of GGBF slag with dso of 17.8 pm to replace
OPC at 50, 60, and 70 % by weight of the binder produced
a cumulative heat evolution at 72 h due to the slag reaction
of 0.8, 7.3, and 16.0 J/g, respectively, while the use of
GGBF slag with dsp of 4.4 um had a cumulative heat
evolution due to the slag reaction at 72 h of 19.3, 31.1, and
42.7 Jlg, respectively.
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