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Abstract In this study, the fresh state and hydration
properties of 0-60% lithium slag blended cement
pastes were investigated at water-binder ratio of 0.47.
The workability of the fresh pastes was evaluated by
measuring the air content, marsh cone flow, mini-
slump flow, setting times, and through rheology tests.
A 40% lithium slag cement could produce 91%
strength activity index at 28 days; mini-slump pat
diameter of 70.54 mm; marsh cone flow efflux time of
145 s; air content 0.6%; hydration heat of 300 J/g (at
72 h). At replacement levels above 40%, the strength
activity index, air content, mini-slump flow, hydration
heat, and fluidity were significantly reduced. Exper-
imental investigations confirm that the mini-slump test
provides the best correlation coefficients (R2 = 0.96)
with the maximum shear viscosity of lithium slag
cement pastes than the marsh cone flow efflux time
and air content. The classical slump and rheological
models were used to characterise the mini-slump,
yield stress, and plastic viscosity of low to high
volume lithium slag cement pastes. The present study
recommends that a 40% lithium slag cement paste is a
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viable option to produce green concrete for optimum
fresh, hydration, rheological, and hardened properties.
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1 Introduction

Cement is the most popular and traditional concrete
binder for concrete, and its production is the third
largest carbon footprint emitter [1]. Currently,
researchers are studying the reaction mechanisms of
supplementary cementitious materials (SCM) in con-
junction with cement to produce low-carbon concrete
and reduce the overall concrete carbon footprint. The
commonly used SCMs are fly ash, blast furnace slag,
kaolin, natural pozzolans, and silica fume, and their
characterisation and performance have been measured
through the specified standard procedure [2, 3]. With a
shift in power plants from generating electricity from
coal towards sustainable fuel sources, there is a steady
decline in fly ash production and other SCMs are not
readily available globally. As such, alternative SCMs
must be investigated to determine their potential to be
used in concrete manufacture. A potential alternative
to traditional SCMs can be lithium slag, particularly
for Australia, which is the world’s largest lithium
producer accounting for 54% of global lithium
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production in 2019 [1] and houses the largest produc-
tion mine (Greenbushes) [4]. In general, the physical
and chemical compositions of lithium slag are bene-
ficial as a SCM to produce green concrete. Several
research reported that the specific surface area and
median particle size of lithium slag are not only found
suitable for partial replacement of cement but most
importantly, high proportion of SiO,, Al,03, and CaO
could induce pozzolanic activity [5—13].

Researchers used low-volume lithium slag as SCM
in concrete in the past and demonstrated adequate
strength, durability, and microstructure improvement
in line with other pozzolans [5-12, 14—-16]. However,
these studies are trial based towards establishing an
optimum mix proportion leaving an opportunity for
understanding lithium slag’s impact on concrete fresh
state properties. Thus, it is highly desirable to inves-
tigate the optimum lithium slag cement pastes till the
mixture’s fresh properties remain compatible with
workability.

Researchers preliminary investigated the fresh
properties of lithium slag cement pastes, and the tests
include setting times, air content, hydration heat, fresh
density, and fluidity at 10-30% cement replacement
with lithium slag [13]. Previous studies reported that
the lithium slag in cement pastes increased the setting
times and reduced the air content [17, 18]. Hiagh et al.
[17] and Munn et al. [18] discussed the setting times of
lithium slag as a SCM. Haigh et al. used 25% lithium
slag as a SCM for the production of 25 and 40 MPa
concretes. The study used 1.44 and 1.56% high range
water reducing admixture to maintain the design
slump (100 mm) for each of the mixes. The initial/fi-
nal settings times of 25% LS contained 25 and 40 MPa
concretes were 580/690 and 570/690 min, respec-
tively. In the same comparison, the initial/final setting
times of the control were 290/400 and 320/420 min,
respectively. The study concluded that high percent-
age of water reducing admixture prolonged the setting
times of lithium slag concrete. Later, Munn et al. used
25% calcined and 25% non-calcined lithium slag as a
SCM for the production of concrete. For both mixes
the initial/final setting times were very close to the
25% fly ash as the control concrete (365/460 min).
The study concluded that addition of 25% lithium slag
as a SCM did not produce any significant difference in
setting times. On the other hand, Haigh et al. [17] also
reported that the air content of both control and 25%
lithium slag cement pastes was 2%, while Munn et al.

[18] found that the air content was increased by 0.5%
in the same comparison. The study on the setting times
and air content due to the addition of lithium slag as a
SCM was not reflected in previous studies, thus in this
study the number of original control groups were
increased to understand how the setting times and air
content are changed due to 0-60% cement replace-
ment by lithium slag.

Later, researchers used chemical activators like
triisopropanolamine [9] and triethanolamine [12] to
induce the pozzolanic reaction of SCMs. These
alkanolamines can maintain higher alkaline medium
to promote the ion dissolution in the system [19] and
expediate the hydration of cement by bonding itself
with ferric and aluminate phases [20]. Also, He et al.
[12] proposed the rheological behaviour of tri-
ethanolamine (0.1-0.2% binder weight) containing
20% lithium slag cement paste with water-binder ratio
(w/b) of 0.50 and fitted with the Herschel-Bulkley
model [21]. The scope of the study was limited to
calculating the flow behaviour index of lithium slag
cement pastes based on the experimental shear stress.
In a separate study, Zhang et al. [9] investigated the
hydration characteristics of triisopropanolamine
(0.06-0.10% of binder weight) added 30% lithium
slag cement paste with w/b = 0.38 and characterised
the secondary hydration peak due to addition of high-
volume lithium slag. Tan et al. [8] also characterised
the secondary hydration peak of 2.5-10% lithium slag
cement pastes induced during the conversion of
ettringite (AFt) to secondary ettringite (AFm). Fur-
thermore, He et al. [22] investigated the mechanical
properties of cement concrete incorporating 10-30%
lithium slag. The study found that a 75% strength
activity index at 28 days can be achieved when 30%
lithium slag is used as SCM in concrete. Previous
studies have successfully enhanced the hydration,
rheological, and pozzolanic properties of 10-30%
lithium slag cement composites by incorporating
chemical activators. It would be interesting to explore
the potential of lithium slag as a SCM without the use
of activators to determine its properties in this regard.

The present study conducted a meticulous experi-
mental analysis to determine the air content, efflux
time, mini-slump, heat of hydration, and rheology of
0-60% lithium slag cement pastes. To estimate the
yield stress and plastic viscosity of fresh pastes,
classical rheology models [21, 23-26] were meticu-
lously employed. The accuracy of the rheology models
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was then determined using the standard error by
comparing the experimental data with analytically
predicted data. To further evaluate the workability of
lithium slag cement pastes, the experimentally deter-
mined slump flow and yield stress data were trans-
formed into a dimensionless form and compared with
classical slump models [27-31]. This method pro-
vided a precise and robust characterisation of the
paste’s workability. In summary, this study was
motivated by the goal of optimising the use of lithium
slag as a SCM for the production of low-carbon
concrete through high-volume cement substitutions.
By enhancing workability, strength, and hydration
properties in comparison to the control mix, this
research contributes to the paradigm understanding of
using high-volume lithium slag cement composites.
The results of this study will facilitate the development
of sustainable and environmentally friendly construc-
tion materials, ensuring the long-term viability of the
industry.

2 Materials

The metal oxides composition and loss on ignition
(LOI) of Ordinary Portland Cement and ground
lithium slag were evaluated using X-ray fluorescence
(XRF) analysis, and the results are provided in Table 1.
The in-situ water content of lithium slag was 28.3%.
Primarily, the lithium slag was dried at 105 = 5 °C
and ground in a ball mill for 10 min to break the
lumps. The Blaine specific surface area of cement and
lithium slag were 360 kg/m? and 342 kg/m?, respec-
tively. Also, the grain size distribution of cement and
lithium slag are shown in Fig. la, and the median
particle size of cement and lithium slag was found to
be 17 and 38 um, respectively. In addition, the specific
gravity of cement and lithium slag were 3.1 and 2.46,
respectively. The particles of lithium slag were
irregular-shaped (flaky and angular) and a combina-
tion of smooth and rough textures, along with some
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Fig. 1 Grain size distribution of cement and lithium slag (a),
and b particle morphology of lithium slag under scanning
electron microscope

flaky particles as observed in a scanning electron
microscope (SEM) and shown in Fig. 1b.

3 Experimental methodology

The fresh properties of cement pastes containing
0-60% lithium slag, such as, mini-slump flow, marsh
cone flow, air content, consistency, and setting time
etc. are investigated in this study. The heat of

Table 1 Oxide content of cement and grinded lithium slag (in mass percentage)

Materials SiO, Al,O3 Fe, 05 CaO MgO SO; K,0O Na,O LOI
Cement 20.70 5.70 2.90 63.10 1.30 3.30 0.40 0.30 1.90
Lithium slag 54.60 21.10 1.50 0.60 5.60 0.90 0.70 6.70




91 Page 4 of 19

Materials and Structures (2023) 56:91

hydration and rheological features of the pastes were
also monitored to understand the role of lithium slag
on such properties. Prior to investigations, pastes were
formulated using a generalised mixing procedure of
the binders (cement and pozzolan) and water as shown
in Fig. 2. The formulations of the paste specimens are
outlined in Table 2.

The dry binders were mechanically mixed while for
preparing the paste specimens, the dry binders were
weighted and mixed in low shear for 3 min to
homogenize the system. Water was then added to the
homogeneous blend and the wet mix was continued
for a further 60 s while hand-scrapped and stirred from
the bottom and side walls of the bowl continuously. A
consecutive low and medium shear mixing was
imposed after every 60 s by the Hobert mixer. The
total wet mixing duration was 8 min.

The optimum w/b of the cement-lithium slag
composite was determined from the mini-slump cone

00-00 03-00
Min Sec Min Sec

Table 2 Mix design for different fresh and hardened tests

Mix IDs Cement (%) Lithium slag (%) w/b
Control 100 - 0.47
10% LS 90 10 0.47
20% LS 80 20 0.47
30% LS 70 30 0.47
40% LS 60 40 0.47
50% LS 50 50 0.47
60% LS 40 60 0.47

[32], air content [33], and marsh flow cone [34] tests
and listed in Table 2. The top and bottom diameters of
mini-slump cone are 19 and 38 mm, respectively, and
the height is 57 mm. The cone was filled from the top
in three layers, and a 2 mm diameter tamping rod was
used to free fall 25 times in each layer from the surface

04-00
Min Sec

05-00
Min Sec

Dry Mixin Water added and
hand scrapping
08-00
Min Sec
=
Testing ¢
and
Moulding

Medium shear mixing

Fig. 2 Mixing procedure of the samples

Low shear mixing

07-00
Min Sec

Medium shear mixing

06-00
Min Sec

Low shear mixing

Hand scrapping
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to compact the paste. Then, the cone was lifted upward
with approximately 1 mm/second to reduce the paste
disturbance from cone wall contact. Also, the efflux
time was measured by the marsh cone, which allows
flowing 1725 mL of freshly prepared pastes through
12.7 mm diameter nozzle under gravity. Later, the
freshly prepared paste was poured in the air content
measuring mould in three layers and each layer was
compacted for 25 times with a 25 mm tamping rod.

Water consistency [35] and setting times [36] were
tested for each mix, and the w/b ratio of all mixes was
based on the water consistency. The freshly prepared
paste of each batch was then tested for air content [37].
The changes in the heat of hydration of cement from
partial replacements by lithium slag were investigated
by capturing the heat evolution in a TAM Air
isothermal calorimeter. A 6-g hand-mixed paste
sample was taken into an ampoule and loaded into
the calorimeter at 40 °C to induce the pozzolanic
activity of LS. The heat of hydration in the first 72 h
was continually measured. Each test was repeated
twice, and similar results were obtained. The average
of the results is reported hereafter.

Later, the rheology of the 0-60% lithium slag
cement pastes was tested by a Malvern DSR
KINEXUS rheometer. A parallel plate (25 mm diam-
eter) geometry with a 1.05 mm gap was adopted for all
fresh mixes with an increasing shear rate from zero to
200 s~ ! within 180 sat23 °C [38]. All the fresh mixes
were allowed to delay by 300 s to reach the steady
state and constant temperature after placing on the
bottom plate of the geometry. The total testing time
was 480 s for each mix. The shear stresses with
increasing shear rate were recorded for all mixes
within 5% steady state tolerance specified by the
manufacturer. Finally, the compressive strength [39]
of wet cured 50 mm cube paste specimens was
determined at 7, 28, 56, and 180 days for all mixes.
Fresh pastes were poured and compacted in cubical
acrylic moulds on a vibrating table and left undis-
turbed for 24 h before stripping them off the moulds.
The specimens were then cured in a lime-saturated
water bath set at 23 °C until the age of testing as per
AS 1012.8 [40] guidelines.

4 Mathematical models
4.1 Rheology models

The cement paste rheology depends on the grain size
and shape, water content, temperature, and hydration
[41]. Generally, the rheological properties are highly
influenced in a composite fresh mix and the major
factors are size and shape of SCMs used, volume
contribution, and w/b ratio. The rheological behaviour
of fresh cement paste is similar to the non-Newtonian
fluid and several hypothetical models were developed
for the idealisation of yield stress and plastic viscosity
from experimental shear stress versus shear rate. The
Bingham [23], modified Bingham [24], Herschel-
Bulkley [21], Bingham-Papanastasiou [25], and Cas-
son [26] models are commonly used for the idealisa-
tion of fresh cement pastes, and the shear stress can be
predicted by the Egs. 1-5.

Bingham modeltr = 7 + uy (1)
Modified Bingham modelt = 7y + uj + ¢}° (2)
Herschel — Bulkleymodelr = 75 + Ky" (3)

Bingham — Papanastasiou modelt
=1l —e™) +pj (4)

Casson modely/z = /Tg + /iv/7 (5)

where, 7, 79, U, J, ¢, K, n, and m are the shear stress
(Pa), yield stress (Pa), plastic viscosity (Pa.s), shear
rate (s'), regression constant, consistency, power
index, and regularisation parameter, respectively.
Bingham model (Eq. 1) is commonly used for the
characterisation of the rheological properties of
cement pastes and the rest models (Egs. 2-5) are used
for a comparative study. The yield stress can be
predicted from the all the models. Plastic viscosity can
be estimated by (1), (2), (4), and (5). The rheological
models were used for the curve fitting of the shear
stress versus shear rate experimental data. Generally,
standard error is calculated for all models to under-
stand the relative level of correctness. The formula
used for the determination of standard error (S.) is
shown in Eq. 6 [42].
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Z (Xe *Xm)z

S, = 1000 x % (6)

Here, X., X, n, and R are the experimental value,
value from rheological models, number of data points,
and difference between the maximum and minimum
experimental values.

4.2 Slump models

Rheological slump cone models proposed by Saak
et al. [27], de Larrard et al. [28], Helmuth et al. [29],
Roussel et al. [30], and Flatt et al. [31] to find the
dimensionless slump (s) and dimensionless shear
stress (7') by inputting the mini-slump cone dimen-
sional parameters. The analytical equations proposed
by Saak et al. [27] can be given by Egs. (7-9):

(h)’
(ho + ht)2

SEeEE

s=H,—hy — Iy 9)

(ho + M) — (7)

where, s, Hy, ho, hy, and h; are the total slump height,
the height of the slump cone, the distance from the top
of slumped paste to the start of the slump flow, and the
height of the slump flow [27]. Similarly, the dimen-
sionless parameters proposed by de Larrard et al. [28]
were provided by Eq. 10:

N

T = g (10)

where, A is the rheological fitting constant depending
on the paste’s apparent viscosity and shear stress, and
g is the acceleration due to gravity. Later, Helmuth
etal. [29] proposed a slump model based on the ASTM
C143 slump cone [43] and Murtha’s [44] force balance
approach, which can be given by Eqs. 11 and 12:

(R*+R+1) (11)

28

ry = (7(15)_3) —1 (12)
where, R and r, are the ratio of the slump cone top
diameter to the slumped diameter and radius of the
slumped paste, respectively. Roussel et al. [30]
derived an equation for the yield stress of cement
paste considering the surface tension of the cement
paste, and the relation can be given by Eq. 13.

2
T = 1.747pV?r "5 — /1% (13)

where, V, 4, and p,, are the volume of paste inside the
slump cone, a coefficient which depends on the surface
tension of the fluid and contact angle of the surface,
specific gravity, respectively. For a wide range of tests,
the author recommended the value of the coefficient
(4) to be 0.005 and approximately same for all cement
mixes for any testing plane. The slump can be
calculated from spread by using high workability
slump flow concept proposed by Domone [45] as
given by Eq. 14.

3V(rs—r)

) (14)

S = Ht —
n(rsd — 1

Here, ¢ is the top radius of the slump cone. Later,
Flatt et al. [31] proposed a simplified yield stress
equation by correlating spread diameter with mini-
mum Yyield stress between corrected Murata [46] and
Roussel et al. [30] (considering surface tension)
approaches. The equation is as shown in Eq. 15.

T=ae " (15)

where, a and b are correlation coefficients and from
the interpolation. The value of a and b are 8.1505 and
— 0.3506, respectively.

5 Results

5.1 Mini-slump flow, marsh cone flow, and air
content

Mini-slump flow, marsh cone flow, and air content of
the pastes were measured as they represent funda-
mental workability of the fresh paste. The mini-slump
flow test was used to measure the horizontal free flow
of the lithium slag cement pastes in the absence of
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obstacles. Again, the marsh cone flow was utilised to
measure the efflux time to pass 1725 mL lithium slag

cement paste through an 8 mm nozzle under gravity.
The air content was measured to collect information
on the volume of air contained within the lithium slag
cement paste. The fresh mixes were tested according
to the standard specifications, and the parameters were
compared for various replacements of cement with
lithium slag as given in Table 2. The changes in the air
content, efflux time, and pat area of the 0-60% LS
pastes are shown in Fig. 3h and a ternary plot of the
normalised efflux time, pat area, and air content is

Control

20% LS

40% LS

Fig. 3 Mini-slump pat diameter of 0-60% LS pastes at
w/b = 0.47 (a-g), variation of air content, pat area, and efflux
time with percentage contribution of lithium slag in the mixture

shown in Fig. 3i. All data were normalised to the
results of the control mixture. The mini-slump pat area
from each mix was determined from the image
captured after the cone was lifted and analysed with
the help of Jann5s MATLAB image processing
program [47]. The air content and efflux time were
recorded for each mix with appropriate moulds and
standard procedure. The increasing volume of lithium
slag in the cement paste reduced the pat area and air
content while the efflux time increased as shown in
Fig. 3h and i, respectively.

(b)

5

L go'vs 5

P

(h), and i ternary plot of normalised air content, pat area, and
efflux time of 0-60% lithium slag cement fresh pastes
F;EII‘I
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Fig. 3 continued

Many researchers have idealised the mini-slump
test in various ways either through mathematical
modelling of geometry [27], yield stress [32, 48], or
flume test [49]. This study characterises the mini-
slump flow of 0-60% lithium slag cement pastes
through marsh cone flow value and air content. The
mini-slump flow test was repeated for each mix and
then averaged. The control specimen had a pat
diameter of 72.31 mm, as shown in Fig. 3a. The pat
diameter of the mixes was increased for 10-20% LS
pastes followed by control, as shown in Fig. 3b and c,
respectively. Later, the pat diameter consistently
lowered for 30-60% LS pastes (Fig. 3d—f) and for
60% LS paste the reading was 46.06 mm, as shown in
Fig. 3g. The variation of the mini-slump pat diameter
with the increase of lithium slag percentage is given in
Fig. 3h and the pat diameters were categorised into
three stages based on the flowability of the control
paste, as shown in Fig. 3i. In stage I (highly workable),
the pat diameter of 10 and 20% LS was increased by
11.2% and 11.4% of the control. The mixes became
highly workable as the void is reduced by the
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combined particle packing of cement and lithium slag
[50]. Later, in stage II (moderately workable), the pat
diameter continuously decreased when LS replaced
more than 30% cement. The pat diameter of the 40%
LS mix was approximately equal to the control mix.
This indicates that the particle grading and packing are
optimum at 40% LS. Thus, a further cement replace-
ment by lithium slag could not help increasing
workability due to high particle porosity and internal
surface area [21]. Moreover, an abrupt decrease in
workability was recorded when the cement replace-
ment was more than 40% as shown in the stage III (low
workable) in Fig. 3h and i, respectively. As lithium
slag particles being angular, flaky, and elongated,
compromised the workability of the paste till 40%
cement replacement for a constant w/b = 0.47. This
also suggests that beyond 40% replacement, the water
demand of the mix is relatively high to maintain
similar workability of the pastes. As such, the mini-
slump pat area was significantly reduced as illustrated
in Fig. 3h-i.
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Also, from Fig. 3h, the efflux time of lithium slag
cement pastes decreased gradually with the increase of
LS in the mix at a constant w/b = 0.47. The efflux time
for water and the control cement paste was 8.07 and
62.75 s, respectively. The efflux time increased by
approximately 7-267% for 10-60% LS mixes; the
lower end margins are representative of lower LS
substitutions. The flow of grout in the marsh cone and
the air content of a paste depend on the shape, size,
specific gravity and texture of particles, w/b ratio, and
admixture content. The 60% LS paste lost the
flowability and the slump shape was a frustum of a
cone, as shown in Fig. 3g. Sathyan et al. [51] used
different doses of admixture by lowering the cement
mixture’s water content and determine the saturation
point through min-slump flow and efflux time. In
Fig. 3h, the air content decreased with the increased
lithium slag volume in the mixture. The air content of
the control was 0.9% at a temperature 23 £ 1 °C. The
drying-out phenomenon is also evident from the
mixture’s air content versus lithium slag content.
The air content of 10-60% lithium slag cement pastes
decreased by 17-56% compared to the control mix.
Therefore, the slump flow of high-volume lithium slag
cement paste decreased due to lowered air content, and
the paste lost flowability.

5.2 Consistency and setting times

The variation of consistency and setting times of
cement paste due to 0-60% LS pastes are shown in
Fig. 4. The consistency and setting times of the 0-60%
LS mixes were determined according to the standard
procedure. The bar diagram indicates the change in the
water consistency for 0-60% LS pastes. The water

C—Water consistency (%)
—— Initial setting time (minutes)

33 1 r 250

----- Final setting time (minutes)
geo{ T T - [ 200
> 4T m
5 31 1 r 150 %
o o
£
5 30 - 100 E
‘;“i [~
29 1 | [so
28 0
0 10 20 30 40 50 60

Lithium slag (%)

Fig. 4 Variation of water consistency and setting times with
cement replaced by lithium slag at different proportion

consistency was slightly reduced for 10-20% lithium
slag addition in the cement mixture, and the values
were reported to the nearest 0.5% accuracy. The water
consistency of 10-20% LS pastes was approximately
30 mm, similar to that of the control mix. In addition,
the water requirement consistently increased for
30-60% LS pastes. The water consistency for 60%
lithium slag paste was 32.5%. The standard water
consistency of the cement depends upon the physical
properties of the materials, such as specific surface
area, size, texture, porosity, and shape, and the normal
consistency of the cement should be 24-30% [52].
Lithium slag comprises irregular-shaped flaky parti-
cles (as depicted in Fig. 1), and the surface area
increases at 30-60% LS mixes. Thus, the water
requirement for 30-60% LS pastes increased to
maintain the same consistency as the control.

The setting times of the mixes were determined,
and findings are presented in Fig. 4. The setting times
were measured at a temperature of 20 = 1 °C with
relative humidity 90 £ 3%. The control mix’s initial
and final setting times were 133 min and 210 min,
respectively. Interestingly, with the addition of high
volume LS (beyond 20%), a significant reduction in
the setting times were observed. The initial setting
time of 10% and 20% LS mixtures was approximately
increased by 22% and 3% compared to the control
mix. In contrast, the initial setting time decreased by
14-62% in the pastes containing 30—40% LS pastes
than the control. In general, the final setting can be
correlated with the initial setting time based on
ordinary Portland cement’s test data, where final
setting time (min) = 90 4+ 1.2 x (initial setting time)
(min) [53]. The thumb rule overestimated the final
setting time by 4-31% for 0-40% LS pastes but,
however, underestimated the final setting times by
2-10% for 50-60% LS pastes.

A small addition of lithium slag ( < 10%) induced
the setting times, and the difference is negligible
compared to the control specimen [54]. The final
setting time of 10% and 20% LS pastes were increased
by 3% and 2%, respectively compared to the control.
The water consistency of the 10-20% LS pastes was
slightly lower than the control and adjusting 30%
water consistency (0.5% accuracy) for 10-20% LS
samples will yield slightly higher free surface water to
induce the setting times. The alumina and sulfate
content of lithium slag were higher than cement as
listed in Table 1. At 10-20% cement replacement, the
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alumina and sulfate were probably within the thresh-
old limit for the setting of 10-20% LS pastes. The
increased alumina and sulfate content of 30-60% LS
pastes rapidly hydrated C3S and decreases in the initial
setting time [55]. The hydration of lithium slag cement
pastes is discussed in Sect. 5.3.

5.3 Heat of hydration

The heat flow and cumulative heat of hydration
generated per unit mass of the cement containing
0-60% lithium slag are shown in Figs. 5a and b,
respectively. The hydration heat rate contains distinct
phases of pure cement hydration despite the addition
of LS, as shown in Fig. 5a. However, depending on the
proportion of LS in the mix, temporal shifts in the
occurrence of the phases were observed. Initially, a
high heat release was observed for all mixes within
30 min generated from wetting and dissolution,
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Fig. 5 Heat flow (a) and b cumulative heat of 0-60% LS paste
with w/b = 0.47 expressed in terms of J/g cement and J/g SCM.
Note “HF” represents heat flow and “Cu. H” is the cumulative
heat

followed by a typical dormant period [56]. The
dormant period indicates the formation of AFt by
creating networks between the binder particles with
the help of pore water. The dormant period is readily
accelerated by the hydration of C5S, and C,S phases of
cement to produce C—S—H [57], and this is captured in
the formation of a peak within 5-6 h of hydration. A
secondary peak, known as the sulfate depletion point,
where the AFt phase converts into AFm phase by
hydrating C5A and C4AF phases [58], is also observed
in Fig. 5a. The aluminate and sulfate content of the
composite system controls the secondary hydration
reaction, and most importantly, the reactivity of the
20-60% LS pastes can be identified through the height
and delayed appearance of the last peak [9, 59]. The
secondary hydration phase is absent for the control,
partly visible for 20% LS, and pulpable for 40-60%
LS pastes. The heat flow curve attains equilibrium
after the AFm phase, and the steady state of heat flow
is confirmed from the cumulative heat flow, as shown
in Fig. 5b.

The heat flow of 0-60% lithium slag cement pastes
provides essential information on the dormant, pri-
mary, and secondary hydration peaks. Although a
higher concentration of lithium slag dilutes the
clinker, and the dormant period was slightly pro-
longed, the initial setting time was significantly
shortened for 40 and 60% LS pastes with respect to
the control. This shift in setting time is also apparent in
the heat flow curves where the secondary hydration
peak (often referred to as the shoulder peak) becomes
more prominent for higher LS replacements. The
lithium slag contains 21.1% aluminium oxide, and a
proportional increase in the aluminium was confirmed
at higher replacements, which makes the pastes
susceptible to flush sets due to the rapid hydration
nature of alumina, much like the well-understood
rapid setting of C;A phase of cement. In essence,
alkaline metals, silicates, carbonates, and aluminates
hydrate the C;A phase to produce enormous hydration
heat and induce C3S hydration to precipitate insoluble
calcium ions with time. This is better understood in the
cumulative heat curves of Fig. 5b where systems with
higher proportion of slag resulted in greater heat
releases.

However, the initial setting of 20% LS pastes was
delayed by 4 min compared to the control paste, and
the heat flow curves support this by marking the
delayed dormant period. This shift in setting time and
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the dormant period indicates that at lower replacement
ratios, the alumina content is not high enough to cause
the rapid reactions of such phases to induce setting and
the dilution of clinker results in an increased workable
time. However, beyond 20% replacement, the alumina
content in the blend is the critical factor that controls
setting.

The primary hydration peak is consistently reduced
with an increased lithium slag content in the binary
system. An increase in lithium slag content also
increased the sulfate content but diluted the clinker,
which is the primary source of C3S and C,S. Thus, the
primary peak slumped consistently from the control
and shifted slightly to the left. Besides, an abnormal
increase in the slope of the cumulative heat curve of
40% and 60% lithium slag cement pastes was
observed at approximately 12 and 18 h, respectively,
as shown in Fig. 5b. The secondary peak of 20-60%
LS pastes continuously increased as the aluminium
and sulfate concentrations increased. The hydration
heat of aluminate is higher than silicate, and a higher
sulfate content in the lithium slag induces higher
exothermic peaks and shifts the hydration curve to
more right [60].

RILEM TC 267-TRM phase 3 [61] investigated the
hydration heat generated by 13 slags, 10 fly ashes, and
10 natural pozzolans, from different sources and
recommended a linear regression equation: Cg =

0.095H;, — 39.13 (R?> = 0.87) for the prediction of
relative compressive strength (Cs) from heat release
(H,) data. The study also categorized the relative
compressive strength into three different categories
such as: (i) unreactive (< — 35), (i) moderately
reactive (— 35 to 0), and (iii) highly reactive (> 0)
and analysed the probability and prediction error
through statistical methods. In this study, the hydra-
tion heat of 20, 40, and 60% LS pastes were 350, 300,
and 238 J/g SCM, respectively, and the above regres-
sion equation predicts the relative compressive
strength of 20-60% LS pastes to be moderately
reactive. Specifically, the estimated average relative
compressive strengths of 20, 40, and 60% LS pastes
were — 22.9, — 8.8, — 4.8 by considering the prob-
ability and prediction error for the regression equation.
The hydration heat and the predicted relative strength
of 60% LS paste were highly reduced than the control,
followed by 40% and 20% LS pastes. Here, 40% LS
was found to develop optimum for the hydration heat,
and the estimated relative strength was also close to
the 20% LS and control specimens.

5.4 Rheology
The rheology of the 0—-60% lithium slag cement pastes

were tested and expressed by shear stress versus shear
rate curves, as shown in Fig. 6. In general, the

0.24 T OControl ©10% LS
+20% LS X30% LS
02 I 040% LS =50% LS
T 1| AB0%LS A
A
—_ 1 A -
chu 0.16 [ A -
= A B
] é -
(2]
o
@
© =]
2 e} X
n o 9 2 s
o o
¥ o8 " $
3
100 150 200 250

Shear rate (1/s)

Fig. 6 Variation of the shear stress with shear rate for 0-60% LS pastes at w/b = 0.47
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rheological behaviour of the pastes can be categorised
into three distinct phases: (I) initial disturbance for the
positioning rheometer geometry (0-3 s~'), (II)
unyielded immobilised paste under initial loading,
and (III) yielded and plastic state of the paste [62]. In
this experiment, the initial stress disturbance (phase I)
of the cement paste was disregarded, as the zone did
not influence the rheological behaviour of the lithium
slag cement composite. Here, phases II and III were
detected with increasing shear stress and shear rate
curves. Rheology models [21, 23-26] were imple-
mented to estimate the yield stress and plastic
viscosity from the phases II and III which is discussed
in the Sect. 6.2. In Fig. 6, the recorded shear stress of
the control paste was 96.6 Pa at a shear rate 200 per
second. The shear stress was highly reduced with an
addition of 10-20% lithium slag as a SCM. The shear
stress of 10% and 20% LS pastes was reduced by 22%
and 18%, respectively than the control. The reduction
of shear stress is due to the increased fluidity as
depicted from the mini-slump pat diameter Fig. 3b and
c, respectively. Interestingly, 30-60% lithium slag as a
SCM increased the shear stress at same shear rate. The
reduction of the mini-slump pat area of 30-60% LS
pastes also reduced the fluidity from 72.31 to
46.06 mm, as shown in Fig. 3d to g. A 40% LS paste
with w/b = 0.47 could produce a similar shear stress at
same rate as control, while the mini-slump pat area
was reduced by 2.5% than the control. Later, the shear
stress of 50 and 60% LS pastes was increased by
74.5% and 100.5% than the control, as the mini-slump
pat area was reduced by 25.3% and 36.3%, respec-
tively in the same comparison. Lithium slag has a
porous surface texture, and the high internal specific
surface area adsorbs a high volume of water [11]. The
irregular-shaped lithium slag possibly provided opti-
mum packing for 10-20% LS pastes. The shear stress
probably lowered for the increased fluidity and free
surface water of 10-20% LS pastes. However, the
flaky and irregular-shaped particles were increased for
30-60% LS pastes, and the pastes lost flowability. The
free surface water of 30-60% LS pastes perhaps
reduced for these pastes and the shear stress was
increased.

5.5 Compressive strength

The compressive strength and strength activity index
of 0-60% LS specimens at 7, 28, 56, and 180 days of

hydration are presented by the bar and scatter
diagrams in Fig. 7. The strength activity index indi-
cates the reactivity of 0-60% lithium slag in the
cement pastes. At an early stage of hydration, the
strength development of 10-60% LS pastes were
lower than the control mix. In contrast, 10-30% LS
pastes exhibited more highly reactive system to induce
the compressive strength than the control at 28, 56, and
180 days. Also, the compressive strength develop-
ment of 40-60% LS specimens significantly varied till
28 days. However, 40% LS improved strength devel-
opment beyond 56 days. The difference in the strength
reduction after 30% cement replacement was probably
due to the fineness and chemical composition. The
strength activity index of 10-50% LS pastes was more
than 75%, and the compositions are considered to be
acceptable in terms of strength development based on
ASTM C618 [2] and AS/NZS 3582.1 [63]. Interest-
ingly, 60% LS paste had a strength activity index
greater than 65% on 180 days, confirming a moder-
ately reactive system according to RILEM TC
267-TRM [61]. The reactivity of lithium slag derived
from spodumene contained a higher concentration of
Si0, and Al,O3 compared to cement and higher LOI in
the same comparison. At high-volume cement replace-
ment, the reactive silica and alumina induce the
growth of the C-A-S—-H phase, and better strength
development is observed on 28 days of hydration [13].
The hydration heat and early strength development of
the 0-60% LS pastes were proportionally reduced
compared to the control. In general, the hydration heat
of high alumina low calcium pozzolans reduces with
the increase of cement replacement in the system
[64, 65]. The early strength development is highly
dependent on the hydration heat generated by the
system, and temperature curing can replenish the heat
difference to induce the pozzolanic activity of high
volume low-calcium-high-alumina pozzolans [66].
Furthermore, temperature matched curing for high
volume pozzolan (low-calcium-high-alumina) con-
crete could provide high early and long-term strength
[66-68]. Therefore, increasing lithium slag (high
alumina and low calcium) volume as a SCM seems
to provide rapid hydration as observed in the setting
and heat flow investigations, however, does not
contribute to the early-age strength development due
to lowered hydration heat generation.
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6 Discussions

6.1 Correlation of maximum shear viscosity
with air content, efflux time, and pat area

The correlations coefficients of air content, efflux
time, and mini-slump pat area of 0-60% LS pastes
with maximum shear viscosity are shown in Fig. 8.
The R? values of air content, efflux time, and mini-
slump pat area were 0.50, 0.64, and 0.96, respectively

for the prediction of maximum shear viscosity. Thus,
the correlation coefficient of air content with the
maximum shear viscosity is poor followed by marsh
cone flow efflux time. Generally, air content is a fresh
property of a paste but, it does not represent the flow
behaviour of the system. The correlation coefficient is
improved (R2 = 0.64) for efflux time. Efflux time
represents the time required to flow the paste under
gravity, possibly unable to characterise the shear stress
of parallel plate geometry, but may be effective for
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Fig.8 Correlation coefficient of maximum shear viscosity with air content, marsh cone efflux time, and mini slump pat area for 0-60%

LS pastes at w/b = 0.47
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vane [27] and double cylinder viscometer [44]. In
addition, the accuracy of the prediction of maximum
shear viscosity by marsh cone flow rapidly decreases
when the plastic viscosity is higher than 500 mPas
[69]. In this study, the plastic viscosity of 40-60% LS
pastes was higher than 500 mPas which reduced the
correlation coefficient for efflux time. Alternatively,
the correlation coefficient of mini-slump cone flow
and maximum shear viscosity was 0.96, and the mini-
slump flow data were found highly effective for the
rheology characterisation of the lithium slag cement
pastes. As mini-slump test contained small volume of
pastes than the marsh cone and air content tests, the
heterogeneousness, test duration, and complexity of
mini-slump test were low [69]. Therefore, the good-
ness of fit in the prediction of maximum shear
viscosity by the pat area provided complete informa-
tion for the flowability characterisation through par-
allel plate geometry [70]. In this study, classical
rheology [21, 23-26] and slump models [27-31] will
be discussed in Sects. 6.2 and 6.3 to characterise the
rheology of 0-60% LS pastes.

6.2 Application of rheology models to determine
the yield stress, plastic viscosity, and standard
error

The estimated yield stresses from different rheological
models [21, 23-26] of 0-60% LS pastes at w/b = 0.47
by using the parallel plate geometry are shown in
Fig. 9a. The fresh mixes of 10% and 20% LS produced
lower yield stress than control, but the yield stress
proportionally increased with the cement replacement.
Mostly, Casson model predicted lowest yield stress.
This may be due to the underestimation of the shear at
low shear rate by Casson model [42]. The yield stress
predicted by Bingham-Papanastasiou model was sim-
ilar to the Bingham model for 0-50% LS pastes. The
prediction of yield stress through different rheology
models were discretely ranked for all pastes and didn’t
follow any specific trend. In this study, Bingham and
Bingham-Papanastasiou models predicted the highest
yield stress for control and 30-50% LS pastes
followed by the modified Bingham and Herschel-
Bulkley models. In contrast, Herschel-Bulkley model
predicted the maximum yield stress for 10, 20, and
60% LS pastes followed by modified Bingham model.

The rheology models were not significantly affected
for the prediction of yield stress with the addition of
lithium slag as a SCM due to smooth parallel plate
geometry [42, 71].

The plastic viscosity of 0-60% LS pastes (at
w/b = 0.47) was estimated by Bingham, modified
Bingham, Casson, and Bingham-Papanastasiou rheol-
ogy models, as shown in Fig. 9b. The plastic viscosity
was slightly increased for 10% LS paste than the
control and unchanged for 20% LS. The plastic
viscosity was highly dropped for 30% LS paste
followed by a continuous increase for 40-60% LS
pastes. For all pastes, Casson model estimated the
lowest plastic viscosity. In contrast, the modified
Bingham model predicted the highest plastic viscosity
for control and 30-50% LS pastes. The Bingham and
Bingham-Papanastasiou models predicted equal plas-
tic viscosity for 0-50% LS pastes, and both models
also estimated maximum plastic viscosity for 10-20%
LS pastes, respectively. For 60% LS, Bingham-
Papanastasiou rheology model predicted the highest
plastic viscosity followed by Bingham and modified
Bingham models.

In Fig. 9c, the standard error of different rheology
models was plotted for the estimation of yield stress of
0-60% LS pastes. The standard error determined from
the rheology models also did not follow a specific data
trend for all fresh pastes. Generally, the standard error
was lower for 10-20% LS pastes than all pastes. The
standard error was highly increased for 30—40% LS
pastes and then again reduced in the characterisation
of 50-60% LS pastes. From Fig. 9¢c, the modified
Bingham and Bingham rheology models were found
feasible for the prediction of yield stress of 0—40% and
50-60% LS pastes based on least standard errors.
Also, the standard error of Herschel-Bulkley model
was lower than Bingham-Papanastasiou and Bingham
models for 0-40% and 60% LS pastes, respectively.
Casson model produced the maximum standard error
for all pastes and unfeasible to use for the 0-60% LS
pastes at w/b = 0.47. The performance of Casson
rheological model consistently degrades with the
increase of particles concentration in the cement paste
suspension, as the model disregard the interaction
between the phase particles in the hypothetical chains
[72, 73].
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Fig. 9 Comparison of the
predicted yield stress (a),
plastic viscosity (b), and

¢ standard error for 0-60%
LS pastes at w/b = 0.47 for
different rheological models
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6.3 Application of slump models to determine
the workable mixes

The slump and yield stress results of 0-60% cement
replaced LS pastes with w/b = 0.47 recorded from the
mini-slump cone and rheology tests. The slump flow
and yield stress data were normalised using the Egs. 16
and 17 [27], respectively.

! Ac

§ =< 16
fa (16)

! T

T = 17
pmgHt ( )

where, A, f,, and T represents cone base area, slump
flow area, and shear stress, respectively. In this study,
the slump spread was continuously increased from the
base diameter of the mini-slump cone (38 mm) to a
finite value and the dimensionless yield stress was
calculated for each slump models in a spread sheet.
The analytical and experimental dimensionless slump
versus dimensionless yield stress plotted in a same
graph, as shown in Fig. 10.

The analytical models were proposed based on the
mini-slump and shear stress produced by the fresh
cement pastes at different w/b ratios. In this research,
the analytical models will be used to idealise the extent
of lithium slag that can be used as a SCM at
w/b = 0.47. In Fig. 10, the variation of the dimen-
sionless slump versus dimensionless shear stress of
0-40% LS pastes were close to the slump model
proposed by Saak et al. [27], while 50-60% LS pastes
can be interpreted by Hu and de Larrard [28], Roussel
et al. [30], and Flatt et al. [31] slump models. There
may have two possible reasons for which the
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Fig. 10 Comparison of different slump models [27-31] with
experimental data

dimensionless slump and yield stress of 0-40% LS
pastes were slightly underestimated from Saak et al.
[27] model. Firstly, the experimental slump and yield
stress of fresh 0-40% LS pastes were influenced by
internal friction of the particles at an increasing shear
rate. Secondly, the analytical slump models were
developed based on the vane geometry but, the shear
stress data of the pastes was quantified from smooth
parallel plate geometry. Pierre et al. [74] pointed that
the yield stress deviation between vane and parallel
plate geometry increases with the increase of yield
stress, plastic viscosity, and shear rate. In general, the
efficiency of slump models is highly reduced at high
shear mixing and the geometry of slump cone [27].
The experimental dimensionless shear stress and
dimensionless slump of 50-60% LS pastes were
highly deviated from Saak et al. [27] slump model.
The experimental value of 50% LS was in between
Hemuth et al. [29] and Hu and de Larrard [28] models,
but very close to Flatt et al. [31] model. Besides, the
dimensionless experimental slump of 60% LS paste
was close to Roussel et al. [30] model followed by
Flatt et al. [31] and Hu and de Larrard [28] models.
The dimensionless slump of Roussel et al. [30] and
Flatt et al. [31] slump models were calculated from
Domone [45] slump flow model. Domone [45]
primarily assumed the final shape of the slump to be
a frustum of a cone during slump test for the
establishment of slump flow model. In this study, the
final slump of 50 and 60% LS fresh pastes was a cone
frustum as depicted in Fig. 3f and g, respectively.
Therefore, from Fig. 10, it is evident that the slump
flow of 0-40% LS pastes with low yield stress can be
interpreted by Saak et al. [27], as the deviation of shear
stress is negligible compared to the control. Also, 50%
and 60% LS pastes highly deviate from Hemuth et al.
[29] and Hu and de Larrard [28] models, but rheology
of the pastes can be effectively explained with Flatt
et al. [31] and Roussel et al. [30] slump models. The
surface tension of 50% and 60% LS pastes at
w/b = 0.47 was probably played a dominant factor
for the idealisation of slump model, which was only
considered for Flatt et al. [31] and Roussel et al. [30]
slump models. Thus, in this study, Flatt et al. [31] and
Roussel et al. [30] analytical slump models are found
to be feasible for high yield stress and plastic viscosity
mixtures of 50-60% LS. These models can be used as
alternative tools for the prediction of workability in
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comparison to the artificial neural network [75] and
software modelling [76].

7 Conclusions

This study provides a comprehensive investigation of
fresh properties and hydration heat evaluation of
0-60% lithium slag cement composites. The following
conclusions can be drawn from the results and
discussions:

1. A ternary plot of the normalised workability
parameters could be used to categorise the work-
ability of 0-60% lithium slag cement pastes at
w/b = 0.47. Workability of the paste decreased
with the increase of lithium slag content, specif-
ically air content and slump flow decreased while
the efflux time increased. This is attributed to the
irregular and flaky shape of lithium slag particles.
A 40% LS paste was found moderately workable
in terms of mini-slump, marsh cone flow, and air
content properties.

2. An increase in the lithium slag content also
increases the water demand to produce a consis-
tent paste. Though the density and specific surface
area of lithium slag are less than those of cement,
the excess water is required to fill up the pores of
lithium slag. On the other hand, alumina and
sulfate of lithium slag increase at high-volume
cement replacement, which contributes to reduc-
ing the setting times. The setting times indicate
that the 40% LS paste remained workable up to
90 min.

3. The total hydration heat per gram of cement
increases with the increase of lithium slag in
cement pastes. The higher cement replacement by
lithium slag proportionately dilutes the clinker and
lowers the main hydration peak. The increase in
the aluminate and sulfate in high-volume lithium
slag cement pastes induced a secondary hydration
peak. A 40% LS paste can be idealised as a
pozzolanic mixture as per RILEM TC 267-TRM
phase 3 [61], generating 300 J/g SCM exothermic
heat.

4. In addition, the control and 40% LS pastes
produced approximately equal shear stress at the
same shear rate at w/b = 0.47. The pastes con-
taining more than 40% lithium slag became highly

viscous. A 40% LS paste holds a consistent
strength development from early age to 180 days
and provided 91% strength activity index on
28 days.

5. The mini-slump pat diameter produced the highest

correlation (R? = 0.96) in the prediction of max-
imum shear viscosity of 0-60% LS pastes fol-
lowed by the marsh cone flow efflux time and air
content. The modified Bingham and Bingham
rheology models produced the lowest standard
errors in the prediction of yield stress and plastic
viscosity of 0-40% and 50-60% LS pastes. The
classical slump model of Saak et al. [27] was
found feasible in the prediction of the slump of
1040% LS pastes using the shear stress. The
slump flow behaviour of 50% and 60% LS pastes
can be idealised by Flatt et al. [31] and Roussel
et al. [30] analytical slump models.
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