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Abstract  This research investigated the phys-
icochemical properties and pozzolanic reactivity of 
mechanochemically and thermally treated clay, marl, 
and obsidian as supplementary cementitious mate-
rials (SCMs). The results suggest that the mecha-
nochemical treatment of clay and marl resulted in 
delamination, dehydroxylation, and amorphisation of 
the mineral components (including calcite); while for 
obsidian, the main effect was particle size reduction. 
Among all samples prepared, the mechanochemi-
cally treated obsidian exhibited the best performance 
as a SCM and achieved marginally higher strength 
performance at 20% cement replacement compared 
with the CEM I cement mortar (with on SCM). The 
thermally activated clay and marl exhibited highest 
pozzolanic reactivity than the mechanochemically 
treated counterparts owning to the formation of free 
lime from calcination of calcite. However, the mecha-
nochemically treated clay and marl were still able to 
achieve over 80% of the strength activity index and 

performed much better than the untreated materials. 
These results indicate that mechanochemical treat-
ment can effectively improve the pozzolanic reactiv-
ity of clay minerals that contain calcite up to 68% 
without directly emitting process CO2 to the environ-
ment (calcination of carbonates), which can be an 
alternative activation route to the high-temperature 
calcination-treatment method.
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1  Introduction

The consumption of concrete, the most widely used 
construction material, increased tenfold over the last 
65 years and is expected to grow in the next couple 
of decades [1]. Blending cement with supplementary 
cementitious materials (SCMs) is one of the most 
effective methods for reducing the environmental 
impacts of the concrete industry [2]. Although indus-
trial by-products such as fly ash and GGBFS (ground 
granulated blast furnace slag) show excellent proper-
ties as SCMs, their availability is predicted to decline 
over the next decades [2]. Clays are one of the most 
abundant materials in the Earth’s crust [3]. Warr 
[4] indicated that the brittle crust contains around 
21.5 wt.% of clay minerals, consists of 7.7 wt.% lit-
tle or non-expandable 2:1 clay mineral (i.e., illite), 
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5.7 wt.% 1:1 kaolinite-serpentine minerals, 3.0 wt.% 
highly expandable 2:1 smectites, and 5.1 wt.% 2:1:1 
chlorites. Non-clay materials, such as calcite, quartz, 
feldspar, and sulfides, were also reported as typical 
impure phases in mixed clay structures [5]. Marl, 
which is one of the sedimentary rocks formed by the 
fragmentation, transportation, accumulation, and sed-
imentation of the previously formed rocks, constitutes 
a transition between clay sediments and carbonate 
sediments [6]. Marl is a soft, loose, and earthy mate-
rial containing varying amounts of calcium carbonate 
(35–65% CaCO3), clay, and silt [7].

The research investigating the use of clay and marl 
as SCMs is limited. The existing research suggested 
that the calcined marl can replace the cement clinker 
by 20–65 wt% while achieving desirable 28  days 
compressive strength performances [8, 9]. The cal-
cium oxide formed as the results of calcite decompo-
sition was the main attribute to the improved strength 
performances and promoted the formation of calcium 
silicate hydrate during hydration [9]. As for calcare-
ous clays, the mortars containing 20% calcined cal-
careous clay result in 10% strength increase after 
28  days compared with the reference [10]. At opti-
mum calcination temperature, the presence of calcite 
in clay structures showed higher pozzolanic activity 
than their counterpart without calcite due to the for-
mation of glass phase after calcination and synergitic 
effect between calcite and metastable clay miner-
als [11]. However, the calcination of carbonate-rich 
clays is likely to release CO2 from the heating energy 
and chemical decomposition, limiting its potential as 
a low CO2 SCM. In addition to CO2 from carbonate 
decomposition, air pollutants such as NOx and SOx 
can be released during heat treatment [12]. Moreover, 
some clay minerals might require a high optimum 
calcination temperature, which might increase the 
generation of air pollutants [13].

The natural glasses are also quite abundant in the 
world [14]. Obsidian, known as volcanic glass, was 
formed due to the sudden cooling of viscous and 
silicon-rich acidic magma with high water content, 
consisting of an amorphous siliceous structure with a 
small crystalline phase [15]. Obsidian can be used as 
a pozzolan due to high amorphous silica and alumina 
contents [15]. Their utilisation as SCMs is quite limited 

in the literature. The sample blended with 25% obsid-
ian showed higher pozzolanic reactivity than fly ash 
and similar pozzolanic reactivity with blast furnace 
slag after 90 days of hydration reported by Ustabas and 
Kaya [15].

Mechanochemical treatment has recently received 
increased interest as an alternative route to enhance 
the pozzolanic reactivity of materials rich in alumino-
silicates, such as titanium magnetite, fly ash, blast fur-
nace slag, volcanic ash, kaolinite, montmorillonite and 
muscovite materials, by generating extended crystal 
defects, new surfaces, and lattice distortion in a short 
time [12, 16, 17]. With increased activation time, the 
mechanochemical treatment results in particle com-
minution and increasing specific surface area up to a 
maximum fineness, after which further grinding can 
lead to a decreased specific surface area [18–23]. In 
addition, amorphization and more adsorbed water were 
reported after mechanochemical treatment [16, 21, 
24]. Although recent advances have improved further 
understanding of the impact of mechanochemical treat-
ment on a broad range of materials [16, 21, 23, 25, 26], 
the impact of mechanochemical treatment on natural or 
mixed mineral deposits has not yet been investigated in 
detail.

This study investigated the effects of mechano-
chemical treatment on the physiochemical and poz-
zolanic reactivity of naturally occurring clay, marl, 
and obsidian materials. The performances of mecha-
nochemically treated clay, marl, and obsidian as SCMs 
were compared with non-treated and thermally treated 
equivalents.

2 � Materials and experimental methods

2.1 � Materials

The clay and marl used in this study were collected 
from the Trabzon-Zigana region and obsidian crops 
from Ikizdere-Rize, Turkey. CEM I 42.5 R type Ordi-
nary Portland cement (5.1% CaCO3) was used for pre-
paring the blended cement paste and mortar. The XRF 
technique with the fused bead method was used to 
determine the chemical composition given in Table 1. 
The loss on ignition (LOI) was determined by heating 
materials for two hours at 1050 °C.



Mater Struct (2024) 57:9	 Page 3 of 21  9

Vol.: (0123456789)

2.2 � Sample preparation

2.2.1 � Mechanochemical and thermal treatments

The clay, marl, and obsidian were collected as bulk 
samples from natural deposits and crushed into 
approximately 0.5–1.0  mm pieces. All materi-
als were put in the drying oven at 105 °C overnight 
before milling. A standard rotary ball mill was used 
for making the standard milled materials in powder 
form at 80  rpm for one hour. Next, mechanochemi-
cal treatment of the powder of each mineral was 
performed in the Retsch PM 100 planetary ball mill 
with a 250  ml zirconium jar. Fifty zirconium mill-
ing balls (10  mm diameter), as recommended by 
the Retsch PM100 manual, were used to produce 
optimum grinding results. The mass of powders for 
grinding in the zirconium jar was 15 g, equivalent to 
a ball-to-mass ratio of 10/1. The milling speed was 
stabilized at 500 rpm, and 20, 40, 60 and 120 min of 
mechanochemical treatment was used. The treated 
materials are labelled: CL-(R/20/40/60/120/T), ML-
(R/20/40/60/120/T) and OBS-(R/20/40/60/120/T), 
where CL refers to clay, ML refers to marl and 
OBS refers to obsidian; R indicates the raw mate-
rial (ground in the rotary ball mill but not thermally 
or mechanochemically treated), the numbers indicate 
the mechanochemical treatment time (minute), and T 
refers to thermal treatment.

Three hours of treatment at 800  °C in a standard 
air atmosphere was used for clay and marl for thermal 

treatment. The targeted temperature for thermal treat-
ment was determined according to the initial thermo-
gravimetry analysis of the materials (see later). The 
crucibles were removed from the oven after thermal 
activation and then were spread on a steel plate at 
room temperature for natural cooling.

2.2.2 � Preparation of pastes and mortars

Paste with water/binder ratio of 0.5 were made to 
compare the effect of activated SCMs on the hydra-
tion using XRD and TG. Table  2 summarizes the 
paste mix design, where M refers to mortars in the 
sample ID, while P refers to paste samples. In addi-
tion, reference samples with either 100% OPC or 20% 
standard milled materials blended systems were pro-
duced for comparison. To understand the filler effect 
and the pozzolanic contribution of clays in a blended 
system, mechanically milled quartz (D50 = 10.4  μm) 
was used to replace 20% of cement for comparison 
(sample M-Q), as seen in Table  2. The paste speci-
mens were mixed by hand and cured in sealed plas-
tic containers at room temperatures (20 ± 2  °C) for 
28 days.

The mortar cubes of the blended cement were pre-
pared according to EN 196–1 with one part binder, 
half part water, and three parts standard sand to fol-
low the mortar’s compressive strength development 
and porosity [27].

2.3 � Blended cement hydration

The hydrating cement was analyzed using XRD and 
TG at 28 days of hydration. The phase assemblages 
and the TG of blended cement paste were combined 
to interpret the formation or consumption of the 
hydrate phase assemblages semi-quantitatively, where 
the portlandite depletion is mainly correlated with the 
pozzolanic reaction. The tangent method was used 
to determine portlandite from TG analysis and raw 
materials calcite content.

The bound water results from the R3 test were 
used to evaluate clay, marl and obsidian’s reactiv-
ity. The test for mechanical properties was used to 
determine whether differently treated clay, marl and 
obsidian materials result in an acceptable level of 
strength development when replaced with hydraulic 
cement. The cumulative pore volumes and pore size 
distributions of the blended cement mortars after 

Table 1   Chemical composition (%) of clay, marl and obsidian 
determined by X-ray fluorescence analysis. LOI refers to loss 
on ignition at 1050 °C

Na2Oeq = Na2O + 0.658K2O

Materials Cement Clay Marl Obsidian

SiO2 20.1 33.8 18.2 73.3
Al2O3 5.4 12.5 7.2 15.6
Fe2O3 3.0 5.8 1.6 1.4
CaO 62.8 21.4 37.9 1.0
MgO 2.2 2.6 0.9 0.0
SO3 2.2 – 0.0 0.0
TiO2 0.2 0.6 0.1 0.1
K2O 0.9 1.6 0.7 4.8
Na2O 0.1 0.5 0.2 3.6
LOI 3.4 22.0 34.2 0.5
Na2Oeq 0.7 1.5 0.6 6.8
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28  days were determined from the MIP results to 
asses a higher degree of pozzolanic reaction within 
each mix.

2.4 � Test methods

2.4.1 � Particle size distribution, surface properties, 
and SEM

The particle size distribution (PSD) was determined 
with a Malvern Mastersizer 2000. Clay, marl and 
obsidian materials before and after treatment were 
dispersed in distilled water. Five minutes ultra-
sonication was carried out for all materials before 
particle size measurement. The surface textural 
properties of standard milled materials, mecha-
nochemically and thermally treated clay, marl, and 
obsidian materials were characterized using the N2 
gas sorption at 77  K using the Autosorb-iQ-C from 
Quantachrome Anton Paar. The specific surface area 
of the characterized samples was determined using 
the Brunauer–Emmett–Teller (BET) method. Before 
the gas sorption test, the standard milled materials, 

mechanochemically and thermally treated clay mate-
rials were degassed at 30 °C for 16 h under vacuum. 
The microstructural alteration of materials was deter-
mined by the scanning electron microscope (SEM). 
The surface of the samples was coated with 99% pure 
gold (Au) for 150 s in an argon gas environment in a 
coating device (Quorum, SC-7620). Then, the surface 
morphology of the gold-coated samples was studied 
with SEM using JEOL, JSM 6610 with an accelera-
tion voltage of 15 kV in a vacuum environment.

2.4.2 � Spectroscopic analysis (XRD and FTIR)

A Rigaku-SmartLab instrument was used for X-ray 
diffraction (XRD) with Cu-Kα radiation with a wave-
length of 1.5408 Å and a nickel filter. The tests were 
conducted with a step size of 0.02° and a counting 
time of 3 s/step, from 5° to 60° 2θ. The FTIR results 
were attained from the ATR method. The FTIR 
spectra were obtained using PerkinElmer (Spectrum 
100) brand. The 4000 to 600  cm−1 range, 4  cm−1 

Table 2   Blended systems mix designs for pastes and mortars

Series Sample ID CEM I (%) Type of the treatment SCMs
(%)

Water/Binder 
Ratio

Sand/Binder
Ratio

Pc P-PC 100 None 0 0.5 0
M-PC 100 None 0 0.5 3

Quartz P-Q 80 None 20 0.5 0
M-Q 80 None 20 0.5 3

Clay P-CL-R 80 Standard milled 20 0.5 0
P-CL-60 80 60 min mechanochemical treated 20 0.5 0
P-CL-T 80 Thermally treated(800 °C) 20 0.5 0
M-CL-R 80 Standard milled 20 0.5 3
M-CL-60 80 60 min mechanochemical treated 20 0.5 3
M-CL-T 80 Thermally treated(800 °C) 20 0.5 3

Marl P-ML-R 80 Standard milled 20 0.5 0
P-ML-60 80 60 min mechanochemical treated 20 0.5 0
P-ML-T 80 Thermally treated(800 °C) 20 0.5 0
M-ML-R 80 Standard milled 20 0.5 3
M-ML-60 80 60 min mechanochemical treated 20 0.5 3
M-ML-T 80 Thermally treated(800 °C) 20 0.5 3

Obsidian P-OBS-R 80 Standard milled 20 0.5 0
P-OBS-60 80 60 min mechanochemical treated 20 0.5 0
M-OBS-R 80 Standard milled 20 0.5 3
M-OBS-60 80 60 min mechanochemical treated 20 0.5 3
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resolution and accumulative 10 scans were used for 
each measurement.

2.4.3 � Thermal analysis

Thermogravimetric measurements of samples in 
powder form were evaluated using SII Exstar 6000 
machine. The samples were heated from 50 to 950 °C 

with a constant rate of 20 °C/min in an N2 flow at the 
flow rate of 20 mL/min.

2.4.4 � Mercury Intrusion Porosimetry (MIP)

The MIP measurements were performed using the 
Thermo Scientific Pascal 440 Series instrument. The 
external pressure used range from 0.10 to 400 MPa, 

Fig. 1   The A SEM images, B particle size distributions, and C characteristic diameters D10, D50, D90 and the BET specific surface 
area of standard milled, mechanochemically and thermally treated clay
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with the mercury contact angle and surface tension of 
140° and 0.48 N/m, respectively.

2.4.5 � Mechanical properties and R3 test

Three mortar cubes for each blended mortar were 
tested for compressive strength using a Utest 6410 
instrument at a 6 N/s loading rate after 28 days of cur-
ing in a sealed bag at a temperature of (20.0 ± 1) °C.

The SCMs were mixed with portlandite, KOH, 
K2SO4, calcite, and deionized water according to ASTM 
C1897-20 to form a cement-based environment to deter-
mine the bound water capacity of materials. Pastes were 
cured in sealed containers at 40 °C for seven days. The 
crushed hydrated pastes were dried in an oven at 105 °C 
to a constant weight, then heated to 350 °C for 2 h. The 
chemically bound water content was calculated from 
the weight difference and used for reactivity evaluation 
before and after mechanochemical activation.

Fig. 2   The A SEM images, B particle size distributions, and C characteristic diameters D10, D50, D90 and the BET specific surface 
area of standard milled, mechanochemically and thermally treated marl
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3 � Results and discussion

3.1 � Mechanochemical and thermal treatment

3.1.1 � Particle size distribution and surface texture 
properties

The natural clay showed polydispersed and irregu-
lar shape type morphology (Fig.  1), which did not 
change with thermal treatment at 800  °C (CL-T) as 
the morphology of polydispersed and irregular shapes 

of structures tend to clump with heat treatment [16, 
21]. With mechanochemical treatment, the particle 
size reduction and delamination of the clay layers 
were observed after 20 min of milling, with the for-
mation of small, rounded particles. Further increase 
of the milling time to 120  min led to stacked parti-
cles and significant agglomeration. A similar mor-
phology alteration was reported by Vdovic et al. [22], 
where plate-like pseudohexagonal particle structure 
of kaolinite had become a polydispersed powder with 
irregular shape particles after 16 min of mechanical 

Fig. 3   The A SEM images, B particle size distributions, and C characteristic diameters D10, D50, D90 and the BET specific surface 
area of standard milled, mechanochemically, and thermally treated obsidian



	 Mater Struct (2024) 57:99  Page 8 of 21

Vol:. (1234567890)

treatment, and increased larger particles with smaller 
nanoparticles on surfaces was reported after 256 min 
of milling.  Moreover, Dellisanti et  al. reported that 
the irregularly shaped flaky and plate-like particles 
developed rounded edges and sub-micrometric spher-
ical particles after 20 hours mechanochemical treat-
ment [28].

The raw clay illustrated mono-modal distribution, 
whereas mechanochemically activated ones showed 
bi-modal distribution; one mode below 1  µm and 
one above 1  µm. The clays also retained the mono-
modal distribution and showed a higher percentage 
of the mode above 10  µm after calcination, relative 
to the raw clay. Both the mechanochemical treatment 
and the thermal treatment led to a significant shift of 
the overall particle size distribution to higher values 
(Fig. 1C). However, after 120 min of milling, the D50 
values decreased compared with 60  min of milled 
clay. The specific surface area increased after 20 min 
mechanical treatment but decreased after 120  min, 
which can be assigned to significant agglomeration 
under extended milling [29]. While for thermally acti-
vated clay, the specific surface area decreased as the 
result of sintering and particle agglomeration [30]. 
It is essential to note that the changes in the specific 
surface area are not consistent with the particle size 
measurement. Similar results were also reported by 
using kaolinite, where the reduction in specific sur-
face area is inconsistent with the particle size [31]. 
The high specific surface area can be explained not 
only by the diminution of particle size, but also by 
the creation of porosity [32]. The inverse relationship 
between specific surface area and particle size can be 
related to the porous structure collapse [33]. Addi-
tionally, strong agglomeration of particles as a result 
of intense grinding can decrease nitrogen penetration 
towards the inside of the agglomerate [34].

The standard milled marl showed angular shape 
particles (Fig. 2). In contrast, more rounded particles 
were observed for mechanochemically treated marl, 
except for 120 min of treatment, which showed a mix-
ture of foil and round shape particles. However, the 
effect of the milling process is less apparent for marl 
when compared with clay and obsidian. The standard 
milled marl showed a bimodal distribution with a D50 
value of 15.9 µm, which changed to an approximately 
log-normal distribution after mechanochemical treat-
ment. As the milling time increased to 20 min, mech-
anochemical treatment slightly increased the median 

size of the particles at a 27.9 µm D50 values. For pro-
longed milling times, the particle size distribution 
generally remained stable. Moreover, a small particle 
population between 0.1 and 1  µm was not observed 
for mechanochemically treated marl. This result is 
consistent with that reported by Hrachova et  al., 
where Ca-saturated minerals are resistant to mecha-
nochemical destruction [19]. A slight increment in 

Fig. 4   XRD analysis of original, mechanically and thermally 
treated clay, marl and obsidian
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specific surface area was observed after 20 min mill-
ing from 11.3 to 14.1  m2/g. Between 40 and 60 min 
treatment, the specific surface area did not change 
significantly. However, 120 min mechanical treatment 
decreased the specific surface area to 7.0 m2/g, which 
can be attributed to the increased agglomeration, sim-
ilar to that observed for the natural clay. Additionally, 
thermal activation led to a decrement in the specific 
surface area in marl, from 11.3 to 4.32  m2/g, likely 
due to the sintering and particle agglomeration [30].

The effect of mechanochemical treatment on the 
obsidian is presented in Fig.  3. Similar to that of 
clay and marl, mechanochemical treatment impacted 
on both the particle size distribution and morphol-
ogy of obsidian. The standard milled obsidian parti-
cles showed booklet and angular shape with the D50 
values around 40.9  µm. The particle morphology 
was altered after 20  min of mechanochemical treat-
ment, with the D50 values significantly decreasing to 
4.7  µm. As the milling time increased, the particles 
lost their angular shape, and very fine and rounded 
particles due to agglomeration were observed. The 
agglomeration in the stack became more apparent 
with the increasing milling time from 20 to 120 min. 
While mechanochemically treated obsidian and clay 
materials have similar morphological changes, the 
PSD of the treated materials have different trends. 
After short milling (20 min), the size reduction was 
more apparent than with the clay, but longer treat-
ment did not change the particle size of obsidian 
materials significantly. It is important to note that the 
non-treated obsidian shows a mono-modal particle 
distribution range between 1.5 and 300 µm. However, 

bi-modal particle size distribution formation becomes 
apparent for mechanochemical treatment within the 
0.02–1 and 1–100 µm. As shown in Fig. 3C, the spe-
cific surface area of obsidian gradually increased with 
prolonged milling time from 0.3 to 9.6  m2/g after 
60 min. At 120 min of milling time, the specific sur-
face area slightly decreased to 8.2 m2/g.

The main difference between standard milled marl 
and its standard milled clay and obsidian counterpart 
was the presence bi-modal particle size distribution, 
which can be corroborated with the shielding effects 
during grinding due to the multi-component nature of 
marl. Different mineral components, such as quartz, 
calcite, and kaolin requires different milling time to 
reach the same fineness [35]. Similar results were 
reported by Perez et  al., where the increment of the 
major fine population (d < 7  µm) were observed for 
the inter-grinding of LC3 cement blends containing 
higher calcite and less calcined clay [36]. It is also 
important to note that size reduction, delamination 
and agglomeration of particles are controlled by the 
particle size of starting materials and the high-impact 
ball mill configuration [29, 37], which can explain the 
difference between the distribution of clay, marl and 
obsidian after treatment.

3.1.2 � Evolution of chemical structures

Figure  4 illustrates the XRD patterns of clay, marl 
and obsidian after and before different treatment. 
XRD results show that standard milled clay has clay 
minerals (kaolinite-montmorillonite-chlorite-musco-
vite), calcite, quartz, and cristobalite minerals in their 
structures given in Fig. 4A. Their PDF card numbers 
are also provided in Table 3.

The breakdown of kaolinite, montmorillonite, 
muscovite and chlorite peaks was observed after 
20 min mechanochemical treatment of clay and marl, 
which can be assigned to the reduced mineral crys-
talline size and the amorphization of clay minerals 
[21], both cristobalite and quartz peaks, on the other 
hand, remained unchanged. These results are consist-
ent with the studies reported in the literature, where 
peaks of kaolinite, montmorillonite and muscovite 
broaden and lower with dry grinding. However, the 
quartz peak remains unchanged as there is no crys-
tal alteration [19–21, 23, 29, 38]. As for calcite peaks 
in both clay and marl, the intensity of calcite peaks 
broadens and lowers with mechanochemical treatment 

Table 3   PDF card number for XRD analysis

Minerals Name PDF Number

Kaolinite #75-0938
Montmorillonite #13-0135
Chlorite #73-2376
Muscovite #06-0263
Calcite #05-0586
Quartz #46-1045
Cristobalite #82-1403
Portlandite #04-0733
Lime (CaO) #28-0775
Clinopyroxene #80-1865
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after 20 min of mechanochemical treatment. Beyond 
20 min of treatment, the crystalline degree of calcite 
tended to decrease but was not destroyed wholly after 
120  min of milling. This decreasing tendency can 
be related to the distortion of calcite particles [43] 
rather than a result of bound CO2 being released, as 
is the case with thermal treatment of calcite. Similar 
results were reported by Chen et  al. [44] where the 
reduction in the intensity of diffraction peaks of cal-
cite can be corroborated with the structural distortion 
and grain size decreases. The limitation for decreas-
ing the crystal structure of calcite can be attributed to 
the aggregation of fine particles, which tend to stop 
further particle size alteration [43]. Similar results 
were found by Li et  al. [43] who reported that the 
calcite peak intensity decreases in the early stages of 
mechanical treatment. During the middle grinding 
stage, calcite peaks did not show a further reduction 
in intensity due to aggregation, which hindered the 
breakage of particles [43].

For thermal treatment, the peak intensity of clay 
minerals (except for muscovite) decreases with 
calcination in both clay and marl, which can be 
assigned to altering inert clay structure to the amor-
phous phase by removing their structural hydroxyl 
ions [39]. The absence of montmorillonite peak at 
about 6° (2θ) and broad peak at 9° (2θ) after ther-
mal activation (in both clay and marl) can be attrib-
uted to the dehydrated structure of montmorillonite 
to a 10 Å TOT structure [40, 45]. Previous research 
has also shown that muscovite and quartz structures 
are unchanged with thermal treatment up to 800 °C 
[41]. The presence of portlandite can be attributed 
to the formation of very reactive lime (CaO) during 
calcination, which has slaked during storage [42].

For obsidian, the presence of quartz and clino-
pyroxene was observed in Fig. 4C, but both sets of 
peaks were small compared to the amorphous hump 
in the XRD spectra. The width of the amorphous 
hump centred at around 22° (2θ) further increased, 
and the crystalline phases disappeared after mill-
ing for 40 min. A similar trend was observed after 
mechanochemical treatment of diopside [46]. After 
a threshold time, mechanical milling transformed 
crystalline into amorphous materials by distorting 
their long-range atomic order and accumulating 

defects [47]. However, the quartz peaks at 26.6° 
(2θ) and 50.1° (2θ) were observed at the extended 
grinding time. The initial milling stage can result 
in the breakdown of covalent bonds of silicate net-
works to form Si–O−, which causes the formation of 
silanol groups by taking atmospheric moisture dur-
ing the late milling stage. Therefore, the appearance 
of quartz peaks can be related to the silanol groups’ 
partial recrystallization or polycondensation [17].

The changes of chemical bonds in clay, marl and 
obsidian before and after different treatments were 
assessed using the FTIR, as summarised in Fig.  5. 
The typical bands observed for clay and marl mate-
rials are: 3700 and 3620 cm−1 (OH stretching vibra-
tions); 1106, 794 and 754  cm−1 (Si–O–Si stretching 
and bending vibration); 1020 and 694  cm−1 (Si–O 
vibrations); 916  cm−1 (Al–OH); 1160, 798 and 
778  cm−1 (quartz); 1454, 874 and 704  cm−1 (CO3 
vibration); 3400 and 1646 cm−1 bending vibration of 
water [20, 43, 48]. Mechanical treatment flattened the 
structured O–H stretching bands around 3700  cm−1 
and inner O–H bonds at 3620  cm−1, which disap-
peared with increasing grinding time. The intensity 
reduction of O–H vibration bands can be attributed to 
the structural collapse of clay minerals, and the for-
mation of amorphous hydrous compounds, as well 
as the broadening and decreasing of Si–O stretching 
vibrations at 1000  cm−1, which also confirmed the 
destruction and distortion of clay minerals structure 
[20]. The appearance of a SiO stretching vibrations at 
1106  cm−1 after 120 min grinding can be attributed 
to the formation of alumina or siloxane surface due to 
the removal of hydroxyl [39]. The peak sharpness for 
Al–OH bending vibration at 916 cm−1 decreased with 
mechanical treatment. The quartz peaks at 1160, 798 
and 778  cm−1 do not change with mechanical treat-
ment, consistent with XRD results given in Fig.  4A 
and B. Furthermore, the absorption bands of calcite at 
1430, 1415, 874, and 704 cm−1 gave less sharp peaks 
with increase in mechanical treatment time due to a 
reduction in crystal sizes [43]. On the other hand, the 
thermal treatment resulted in modifying the charac-
teristic bands of clay minerals and carbonates, where 
the heat treatment led to dehydroxylation of clay 
minerals with disappearing of the –OH stretching 
bands at 3700 and 3620 cm−1, similar to that reported 
by Srasra et al. [49]. Figure 5C shows the structural 
change of the obsidian minerals after mechano-
chemical treatment. The typical bands observed for 

Fig. 5   FTIR spectra of the standard milled, mechanically and 
thermally treated A Clay, B Marl and C Obsidian

◂
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obsidian are 1000–1200  cm−1(asymmetric stretching 
Si–O vibrations) and 700–900  cm−1(Si–O–Si bend-
ing vibrations and Si–O stretching vibrations in SiO4 
tetrahedra [50]. The increase of mechanochemical 
treatment time led to slight shift for the Si–O band 
to lower wavenumber suggesting lower degree of 
polymerisation.

The TGA analysis of clay, marl and obsidian after 
different treatment processes is shown in Fig.  6. 
The TGA pattern of clay and marl indicates similar 
behaviour because of their similar mineral composi-
tion. The first mass loss region from 25 to 180 °C can 

be related to the loss of adsorbed water [51]. With 
milling time increase, the weight loss increased by 
1.5,1.2, and 2.5% for clay, marl and obsidian, which 
can be attributed to the absorption of the released 
hydroxyl group caused by breaking OH bonds dur-
ing mechanochemical treatment and the adsorption 
of atmospheric water by a freshly created surface [16, 
21]. The presence of impurities and decomposition of 
organic matter (less than 1%) can be seen from the 
mass loss between 180 and 450 °C [51]. The stand-
ard milled clay and marl showed a dehydroxylation 
peak centred at 520, 690 and 880  °C for kaolinite, 

Fig. 6   TGA analysis for standard milled, mechanically and thermally treated A clay, B marl and C obsidian
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montmorillonite and muscovite, respectively [16]. 
However, the obsidian did not show a dehydroxylation 
peak due to the lack of hydroxyl groups or chemically 
combined water in their structure. It is also important 
to note that the decomposition of calcite between 600 
and 800 °C can overlap with the presence of kaolin-
ite and montmorillonite [51, 52]. As the milling time 
increased, the clay and marl main mass loss peak 
shifted towards lower temperatures with decreasing 
intensity. The main mass loss peak of clay shifted 
from 762  °C to the lower temperature of 644  °C, 
while for marl, it dropped from 780 to 720 °C. This 
suggests that mechanochemical treatment decreased 
the required dehydroxylation temperature by weaken-
ing the OH bond [53]. The dehydroxylation mass loss 
peak became larger and asymmetric due to the forma-
tion of disordered and partially amorphous structures 
[23]. Similar results were also reported by Aglietti 
et  al. [31] where the temperature of the dehydroxy-
lation peak shifting towards the lower temperature 
after grinding can be associated with a decrease in 
the bond energy of the hydroxyl groups. These results 
also correlated with the XRD results, where amor-
phization was observed. It is also important to note 
that compared with marl, the higher main peak shift 
of clay to a lower temperature can be related with 
mineral composition, which is likely related to the 
higher quartz and lowest calcite content. Mako et  al 

[53] reported that increased quartz content showed an 
acceleration of the mechanically induced amorphiza-
tion of the kaolinite structure as quartz grains act as 
grinding bodies.

Additionally, the main peak shift towards lower 
temperature can be attributed to the lowering decom-
position peak of CaCO3 with grinding [54]. In marl, 
calcite was not completely decomposed after thermal 
treatment. This corroborates with the XRD and FTIR 
results, where the decomposition of calcite was only 
partly observed, similar to the results reported in the 
literature [10]. For both thermally activated clay and 
marl, a new TG drop at 400  °C showed portlandite 
formation, presumably caused by rehydration of cal-
cium oxide after thermal activation. This suggests 
that it is difficult to isolate at room temperature [52], 
corroborating with XRD results in Fig. 4.

3.1.3 � Bound water test

Figure 7 shows the bound water results for clay, marl 
and obsidian materials according to the R3 test. The 
bound water test was used to predict the reactivity 
of materials by measuring bound water. The opti-
mal mechanochemical treatment duration for fur-
ther investigation was chosen from R3-based pozzo-
lanic reactivity results. A standard milled clay bound 
1.6% water, which significantly increases with mill-
ing. The bound water content of mechanochemically 
treated clay increased as the milling time increased 
from 20 to 120 min. Standard milled marl (zero mill-
ing time) had the lowest bound water ratio of 1.1%. 
The bound water capacity of the mechanochemically 
treated marl increased as the milling time increased 
from 0 to 20 min; after which the bound water ratio 
increased slightly peaking at 60 min. Even though the 
bound water capacity seems to increase with milling, 
marl has the lowest water-bound capacity among all 
the materials, which can be attributed to the greater 
extent of calcium content, which reduces the effi-
ciency of mechanochemical treatment [19]. Obsidian 
has a 2.1% bound water capacity, the highest initial 
bound water ratio. The initial bound water results 
also are consistent with the compressive strength 
results, where the obsidian blended system has the 
highest strength activity index. The bound water 
capacity nearly doubled after only 20 min of milling. 
Beyond 20 min, a slight increase in bound water with 
increased milling time was observed, although there 

Fig. 7   The bound water test results according to the R3 test



	 Mater Struct (2024) 57:99  Page 14 of 21

Vol:. (1234567890)

is some minor scatter in the data. Similar results were 
found by Ustabas and Kaya, where the pozzolanic 
activity index increased with milling time [15].

Based on the results shown in Fig. 7, it is essential 
to note that the bound water increased with milling for 
all materials, demonstrating that mechanochemical 

Fig. 8   XRD analysis of reference, standard milled, 60 mechanochemical treated and thermal treated A clay, B marl and C obsidian 
blended system
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treatment increased the pozzolanic properties of all 
three materials. The increasing reactivity was also 
reported after mechanochemical treatment in the lit-
erature [20, 21]. In addition, 60 min mechanochemi-
cal treatment was chosen as an optimal treatment 
time and will be used for comparing the pozzolanic 
reactivities for the following sections. Combin-
ing the bound water results present in this study and 
the results reported in the literature [55], the bound 

water content of SCMs used in this study, activated 
with mechanochemical activation, is similar to highly 
reactive pozzolans reported in literature, such as sili-
ceous fly ashes (1.25–3.5%), calcareous fly ashes 
(3.125–5.375%), calcined clays (4.1–15.75%), ground 
granulated blast furnace slags (3.25–7%), and natural 
pozzolan (1.875–4.5%).

Fig. 9   TGA results of blended cement pastes containing 20% standard milled, 60 min milled and thermally heated A clay, B marl 
and C obsidian
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3.2 � Performances as SCMs in cement paste and 
mortar

3.2.1 � Mineralogy of blended cement paste

The consumption and formation of the individual 
phases were investigated using the XRD and TGA 
(Figs.  8 and 9). The absolute intensity of XRD 
doesn’t represent the absolution quantity, but the 
TG data is more representative in terms of com-
paring quantitative content between different mate-
rials. Replacing 20% of the cement clinker with 
standard milled, mechanochemically, and ther-
mally treated pozzolans did not lead to the forma-
tion of new phases in the hydrated blended cement 
paste. The main differences between different mix 
designs were changes in the relative content of 
portlandite, AFt and AFm. The standard milled 
clay and marl blended system showed negligi-
ble changes in the relative intensity of portland-
ite, AFt and AFm phases, which can be attributed 
to the low pozzolanic reactivity and dilution effect 
of standard milled clay and marl. Similar results 
were observed in the mass percentage of port-
landite given in Fig.  9D. It can be observed that 

negligible portlandite reductions can be attributed 
to dilution and low pozzolanic reactivity. On the 
other hand, the portlandite peak intensity substan-
tially decreases with the addition of standard milled 
obsidian. These results also corroborate the bound 
water and TGA test results, where obsidian showed 
the highest bound water and portlandite consump-
tion among standard milled pozzolans. It is also 
important to note that blended cement samples con-
taining mechanochemically or thermally treated 
materials led to significant portlandite reduction. 
The portlandite reduction is mainly attributed to the 
enhanced reactivity of pozzolans after treatment. 
TGA results also confirm that the blended system 
prepared with mechanochemically treated materi-
als showed a significant decrease of portlandite, 
with around 35% reduction even after consider-
ing the dilution effect. In addition, the portlandite 
consumption is less apparent for thermally treated 
materials blended systems compared with mecha-
nochemical treatment, even though the XRD data is 
qualitative only. TGA results showed that the port-
landite level increased for the sample incorporating 
thermally treated clay and marl compared with the 
blended counterparts of standard milled and mecha-
nochemically treated materials. The formation of 
portlandite after thermal treatment due to rehydra-
tion of CaO during the decomposition of CaCO3 
might be a significant reason why thermally treated 
clay and marl blended system showed a high level 
of portlandite peaks [56].

The OPC (P-PC) hydration products in this study 
corroborated with the results commonly reported in 
the literature. Some hemicarbonate and monocar-
bonate are formed from the small (5.1%) quantity 
of carbonate present in the clinker [57]. Generally, 
relatively higher content of AFm phases and lower 
content of ettringite were observed for the poz-
zolan blended system compared to the reference. 
The increased AFm content can be attributed to the 
reaction between additional aluminates phases with 
calcium carbonate to form hemi and monocarbon-
ate [58]. In that case, ettringite does not decompose 
in reaction with C3A [58]. On the other hand, the 
ettringite phase was significantly reduced in sam-
ples prepared with mechanochemically treated marl 
and obsidian. This is likely due to the enhanced 
reactivity of Al element in the mechanochemi-
cally treated clay minerals [16, 21], which lead to 

Fig. 10   28  days compressive strength results of reference, 
standard milled, 60 min mechanochemical treated and thermal 
treated clay, marl and obsidian blended samples
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ettringite destabilisation and formation of increased 
AFm phases [21, 59].

3.2.2 � Mechanical performance and Porosity

The 28-day strength activity index (SAI) of blended 
cement was assessed according to the ASTM C618 
[60]; it states that the mortar made with 20% sub-
stitution must provide at least 75% strength activ-
ity index at 28  days. The reference mortar in this 
study (M-PC), prepared with 100% PC, indicated 
a 47.9 ± 1.9  MPa compressive strength value. The 
mortar sample prepared with 20% quartz (M-Q, 
inert filler), showing filler effect, had an 81% SAI 
value compared with the reference.

As shown in Fig.  10, the lowest strength activ-
ity indexes were observed for mortars incorporating 
standard milled materials, consistent with the low 
portlandite consumption value from TGA results in 
Fig. 9. These results can be related to the low pozzo-
lanic reactivity of standard milled materials. It is also 
important to note that although standard milled mate-
rials showed similar particle size distribution with 
quartz, the standard milled materials blended system 
has low strength values compared with M-Q. The 
higher SAI value of the quartz blended system can 
be attributed to the quartz particles (1–10  μm) con-
tribution towards the pozzolanic reaction [61]. The 
60 min mechanochemical treatment of clay, marl and 
obsidian can significantly increase strength compared 
to their standard milled counterparts. The mechano-
chemical-treated obsidian blended system had the 
highest strength activity value of 103%. On the other 
hand, both mechanochemical treated clay and marl 
blended samples had almost the same strength activ-
ity indexes of 88%, well above the acceptable limit 
in ASTM C618. Additionally, the highest SAI values 
of mechanochemically treated materials compared to 
M-Q sample also confirm the improved pozzolanic 
activity in addition to the filler effect. This increase 
is explained by the pozzolanic properties of mecha-
nochemically treated materials, which filled more 
space by reacting with Ca(OH)2 to form secondary 
C–S–H, as indicated by the XRD results and pore 
size distribution. A similar strength increment was 
also reported in the literature [21]. It is important to 
note that thermally treated clay and marl slightly sur-
pass the strength activity index of its mechanochemi-
cally treated ones with 95.06 and 95.48% SAI values, 

respectively. Similar phenomena were observed in 
thermally treated clay and marl samples [9, 10]. The 
higher SAI results of thermally treated clay and marl 
can be attributed to the formation of amorphous 
phases, such as aluminates, after thermal treatment 
[51]. The results shown in this study suggest that 
mechanochemical treatment can effectively activate 
carbonate-bearing clay materials. However, the pres-
ence of calcite increases the sample resistivity against 
mechanochemical treatment and results in lower poz-
zolanic reactivity.

Figure 11 shows cumulative porosity and the pore 
size distribution of reference, 20% standard milled, 
mechanochemically and thermally treated clay, marl 
and obsidian blended mortars after 28  days. For 
mortar samples incorporating 20% standard milled 
clay, marl and obsidian, the higher overall intrudable 
porosity and a higher percentage of both capillary and 
gel pores were observed compared with the reference 
mortar sample. These results corroborate with the 
low strength activity index results of standard milled 
pozzolan blended system, suggesting high porosity 
and low compressive strength can be assigned to less 
hydration product due to low pozzolanic reactivities 
and dilution effect [41]. The low pozzolanic reac-
tivity of these samples are also noticeable from the 
major trend of XRD and TGA shown in Figs. 8 and 9, 
where the standard milled pozzolan blended system 
showed the lowest portlandite consumption. As for 
mortars containing 20% mechanochemically treated 
clay, and marl, a significant reduction of capillary 
pores and an increase of the gel pore can be observed. 
The trend is slightly different for mechanochemi-
cally treated obsidian blended samples, where pore 
size refinement is more pronounced than clay and 
marl-related mortars. The mechanochemical treated 
blended mortars have lower cumulative porosity com-
pared with the reference, except for 60  min treated 
clay which depicted higher cumulative porosity than 
the reference. The highest portlandite consumption 
from TGA results in Fig.  9 also confirmed why the 
mechanochemically treated pozzolan blended system 
pore size is shifted to a lower size range. A similar 
trend can also be observed for the thermally treated 
clay and marl blended mortars, where the reduction 
of capillary pore percentage and increasing gel pores 
is significant. Both thermally treated clay and marl 
blended mortars showed similar or lower cumulative 
porosity than reference mortar.
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4 � Conclusion

This study investigates the physicochemical and poz-
zolanic properties of clay, marl and obsidian materials 
treated mechanochemically or thermally. Both treat-
ment methods enhance the pozzolanic reactivity but 
have different physicochemical, chemical, and struc-
tural characteristics. For the clay and marl assessed in 
this study, the thermal treatment led to an increment 
in particle size and the specific surface areas due to 
sintering and agglomeration, while mechanochemical 
treatment resulted in size reduction, increased surface 
areas, and delamination after 20  min of activation. 
The prolonged milling process did not further change 
the particle size of materials and decreased specific 
surface area. Mechanochemical activation for 20 min 
led to a substantial increase in the specific surface 
area of obsidian, correlated with the decrease in parti-
cle size. The specific surface area gradually increased 
up to 60 min and slightly decreased after 120 min as 
a consequence of increasing particle agglomeration in 
the stack, though longer treatment did not change the 
particle size distribution of obsidian significantly.

In comparison with 100% PC mortars, blended 
cement mortars prepared with 20% mechanochemi-
cally treated clay or marl achieved 88% and 81% 
strength activity index at 28  days, these values are 
37.7% and 24% higher than their standard milled 
counterparts. The blended cement mortars prepared 
with thermally treated clay and marl resulted in 
slightly higher strength than their mechanochemi-
cally treated counterparts due to the presence of lime 
and Ca(OH)2 after the thermal treatment. Mechano-
chemically activated obsidian powder exhibited the 
highest pozzolanic activity, which was 37% higher 
than its standard milled counterpart. This study dem-
onstrated that it is possible to effectively utilise car-
bonate-bearing materials as supplementary cementi-
tious materials without directly releasing CO2 into the 
atmosphere and improve the pozzolanic reactivity of 
natural pozzolans, such as obsidian.
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