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Abstract
Scalable electrical production of clinker is possible under reducing conditions,
and the reactivity of C3A produced in such conditions has only been superfi-
cially described. We examined electric clinkers made over molten steel with a
range of fineness and compared them against commercial clinkers. Using x-ray
diffraction, calorimetry, and backscattered electron microscopy/image analysis,
we investigated the roles of morphology, crystal structure, and phase interac-
tion. Shortage of Fe3+ ions in the interstitial in electric clinkers makes its C3A
more reactive like white cements and synthetic systems. In the presence of fer-
ric oxides, ferrite is formed and the concentration of dissolved Fe3+ ions in
C3A increases. The kinetics of C3A hydration are hindered both by the ferrite
phases intermixing with the C3A phase, hence acting as a physical barrier for
dissolution, and by Fe3+ ions dissolving in C3A, thereby reducing its intrinsic
reactivity. Although this higher reactivity of C3A requiresmore gypsum to ensure
proper sulfation, this can be managed by controlling fineness and blending with
supplementary cementitious materials.

KEYWORDS
clinker production, electric arc furnace, electric cement, Portland cement, reducing condition,
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1 INTRODUCTION

Portland cement clinker production has transformed sig-
nificantly over the last two centuries.1,2 A 2025 state-of-
the-art cement plant uses less than one-fifth of the energy
needed by the early cement plants in the nineteenth cen-
tury. Products made from cement have also become 10
times stronger (based on 28 days strength tests). Finally,
the production capacity of cement plants has increased
thousands of times.1,3–5 Annually, cement clinker produc-
tion is responsible for∼2.4 billion tonnes of CO2 emissions
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globally.6 These arise from both limestone decomposition
and fuel combustion. Over time, the use of limestone
has increased marginally to produce cements with higher
alite content. Most cement plants today aim to reduce
their use of coal and petroleum coke by partial substi-
tution with natural gas and alternative fuels7 such as
waste-derived fuels or biomass. Alternative fuels do not
eliminate CO2 emissions, and there is limited availabil-
ity of biomass.8–10 Energy efficiency has also reached
a plateau with the adoption of preheaters and multi-
stage cyclone pre-calciners in modern cement plants. Any

J Am Ceram Soc. 2025;e70145. wileyonlinelibrary.com/journal/jace 1 of 19
https://doi.org/10.1111/jace.70145

https://orcid.org/0000-0003-2383-6858
mailto:sj685@cam.ac.uk
mailto:Shiju.joseph@live.com
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jace
https://doi.org/10.1111/jace.70145


2 of 19 JOSEPH et al.

further emissions reduction depends on a technological
breakthrough.11
Most cement producers have pledged to produce clinker

with net zero emissions by 2050. Fuel combustion emis-
sions could be eliminated by process electrification, but
this would have no effect on the emissions linked to pro-
cess chemistry. The industry’s plans are therefore largely
based on the deployment of carbon capture and storage
at existing cement plants.12,13 Although carbon capture is
technically possible, the flue gases from cement plants are
mostly N2 and typically have only 12%–20%CO2, so separa-
tion of a pure stream of CO2 is energy intensive and costly.
Meanwhile, global capacity for storage today is negligible.
To eliminate emissions from clinker production, a decar-

bonated source of calcium must be used as a feedstock.
The use of a decarbonated source of calcium has the addi-
tional benefit of energy savings, as most of the energy used
to produce cement clinker is for the calcination of lime-
stone as much of the energy required for heating can be
recovered from coolers.14 The level at which limestone can
be replaced as a raw material depends on the lime ratio
of the decarbonated calcium sources with respect to silica,
alumina, iron oxides, and the amount of MgO. Recovered
cement pastes (RCPs) fromconstruction demolitionwastes
are a potential source of decarbonated calcium.15,16 The
major hurdle to its use is the requirement for good quality
separation of the cement paste from the silica-rich aggre-
gate. Today, there are new promising processing routes to
increase the lime content in the RCP and produce better
quality recovered aggregates.17–20 It should be noted that
even with perfect separation, the presence of limestone
added as a filler or carbonation of concrete could induce
some CO2 emission.
Further to decarbonating the feedstock, the electrifica-

tion of heat in cement production is needed to reduce the
emissions substantially depending on the grid. The decar-
bonation of the grid is an ongoing process.21 The emissions
associated with combustion could be all but eliminated
if the grid were powered by low-carbon sources. There
are efforts aiming to reduce the fuel used for combus-
tion by partially supplying heat electrically, using a plasma
torch,11,22,23 resistive heating,24 microwave,25,26 gas heating
by rotors,27 and so on, or by using “green” hydrogen as a
fuel.11 None of them seem to be mature enough at present
to be upscaled and would need substantial research before
commercial application.
Electrical heat at temperatures over 1400◦C is common

in electric arc furnaces (EAF) used to produce conduc-
tivematerials, primarily steel. However, clinker and its raw
materials are insulating. Luckily, steel is a conductor, has
a melting point above the clinkering temperature, and is
chemically compatible with clinker. In the previous work,
we have demonstrated that molten steel in an EAF could

provide the heat for clinkering.28 However, steel must be
kept in a reducing atmosphere, as oxidation would other-
wise transform the metallic steel to a large pool of iron ore.
In contrast, for two centuries, clinker has been made in
fully oxidizing conditions to enable combustion of carbon
and to ensure iron in the clinker is fully oxidized as ferric
(Fe3+) oxide.
Although not intentional, it is possible to have a reduc-

ing flame in the conventional clinker production process
when the availability of oxygen is not sufficient or when
there is oxidizable material in the feedstock. The reduc-
ing condition in the kiln is easily identified by the change
in color in the clinker nodules.29–31 Clinkers produced in
reducing conditions are predicted to be of inferior quality
due to the decomposition of alite to belite and free lime.31,32
This might be a larger concernwhen the clinker is not ade-
quately cooled.29 When clinker is produced in a reducing
condition, iron reduces fromFe3+ to Fe2+ ormetallic Fe(0),
and as a result, the calcium-alumino-ferrite phase (C4AF,
more general form: C2(1+x)AxF2−x, where x varies from 0
to 1 [cement chemistry notation—CaO:C; SiO2:S; Al2O3:A;
Fe2O3:F; H2O:H; SO3:$]) is expected to be lower or absent.
Our previous work,28 demonstrating re-clinkering of

cement paste over molten steel in reducing conditions, we
found evidence of FeO formation and metallic iron from
x-ray diffraction (XRD) measurements. Compared to the
reference cement, which we re-clinkered, the alite content
was higher (even up to 70% vs. 53% in reference cement)
and ferrite content was lower (<2% vs. 10% in reference
cement). The increase in alite content was attributed to the
increase in lime saturation due to the presence of limestone
and gypsum in commercial CEM I cement and possibly
also due to the higher clinkering temperature (>1600 vs.
∼1450◦C in rotary kilns) and fast cooling in air due to
small quantity (1–2 kg). The C3A content was found to be
around 2% higher in the electric clinkers compared to the
reference cement. The gypsum requirement for proper sul-
fation (gypsums or calcium sulfates are added to cement to
control the setting time and the optimum sulfate content
is often described based on the calorimetry results, when
C3A hydration peak occurs after C3S hydration peak) and
the intensity of the calorimetry peak associated with C3A
hydration were also considerably higher than cement pro-
duced in a conventional process. It was not clear why C3A
hydrates differently in such systems.
When the overall alumina content is unchanged and

it has lower ferrite content due to reducing conditions,
the clinker so produced could have higher C3A content.33
Locher29 has reported, based on Sylla’s work, that C3A
content will increase in a reducing condition, particularly
when cooled at a slower rate. They further reported faster
setting of cements produced in a reducing condition and
slow cooling rate and concluded that this is due to increase
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in C3A content and reactivity. The increase in C3A content
due to lack of ferrite could be as much as 3% compared
to the cement produced in oxidizing condition. Such an
increment of C3A is not very significant, as in literature,
a wide variety of Portland cements are reported with very
different C3A content, ranging from 4% to around 11%.34–37
In the isothermal calorimetry results presented in these
papers, C3A appears as a low-intensity peak near the main
alite hydration peak, unlike the sharp intense peak in ref.
24 This leads to the conclusion that the pronounced peaks
in the electric clinkers produced in reducing conditions are
due to the higher reactivity of C3A in such cements. This
is of practical importance as proper sulfation is required to
avoid loss of performance, both at early and late ages.
Our hypothesis was that the reactivity of C3A is related

to the availability of ferric oxides in the interstitial. As elec-
tric clinkers are produced in a highly reducing condition
overmolten steel, they have lower ferric oxides than typical
Portland cement produced in a rotary kiln. We performed
a detailed characterization and hydration study of elec-
tric clinkers with different fineness and compared them
with commercial clinkers and cements. Two different com-
mercial grey clinkers with different C3A content (4% and
8% C3A) were used to confirm the differences in reactiv-
ity were not caused by the higher C3A content in electric
clinkers. Two commercial cements (grey and white) were
further used as controls. This study aims to explain the
influence of C3A formed under reducing conditions on
the hydration of electric clinkers, without investigating the
performance of the resulting cements.

2 EXPERIMENTAL PROTOCOL

Themicrostructure and hydration of three electric clinkers
produced over molten steel were investigated and com-
pared against commercial clinkers and cements. A range of
sulfate content was used to evaluate the sulfation behavior
on clinkers, whereas sulfate content was not adjusted for
commercial cements. The electric clinkers were produced
by re-clinkering hydrated cement paste (HCP) in an induc-
tion furnace as described in our previous publication.28
The three clinkers produced with the same feedstock
were ground using different protocols to obtain clinkers of
different fineness to further understand the effect of fine-
ness that is known to have a significant impact on C3A
reactivity.

2.1 Materials

HCP was used as a feedstock for production of electric
clinkers over molten steel as it is an analogue of an RCP

from construction demolition waste that has had perfect
separation. For the preparation ofHCP, cement pasteswere
made by mixing commercial CEM I grey cement provided
by Tarmac (Ref_PC_grey) with water and were transferred
to plastic containers and were sealed (to prevent loss of
moisture and avoid carbonation) and cured at ambient
condition. To ensure high degrees of hydration, a rela-
tively high water to cement ratio of 0.6 was used and was
cured for 6 months. Afterward, they were removed from
the containers andwere heated at 500◦C to remove the free
and bound water in the cement paste and to replicate the
process that is used to extract high-quality RCP.19,38 The
loss on ignition (LOI) when fired to 900◦C was found to
be 13.8%. The normalized oxide composition of HCP after
accounting for LOI will be same as Ref_PC_grey.
As controls, two commercial clinkers with varying C3A

content were used: Ref_Clinker_A8 and Ref_Clinker_A4,
with 8% and 4% C3A, respectively. The high C3A clinker
(Ref_Clinker_A8) was provided by Tarmac, and was
from the same cement plant that produced the CEM I,
which was used to produce HCP. The low C3A clinker
(Ref_Clinker_A4) was kindly provided by Katholieke Uni-
versiteit Leuven (KU Leuven) and was received as already
ground. The commercial cement that was used to pro-
duce HCP was used as a third reference (Ref_PC_grey),
and a white cement (Ref_PC_White) provided by Tarmac
UK (Snowcrete, CEM I) was also used as an additional
reference due to its lack of ferrite phases. The grey and
white cements were received finely ground and blended
with gypsum and limestone. For hydration studies, the
ground clinkers were mixed with gypsum (VWR chemi-
cals, AnalaR NORMAPUR).

2.2 Production of electric clinkers

The electric clinkers were produced using an induction
furnace in a graphite crucible. The leaching of carbon
from the crucible ensured a highly reducing condition
throughout. The feedstock for producing clinker was
added along with the steel balls when the furnace was
cold. Once the temperature was measured to be above
1600–1650◦C, the clinker was tapped into a steel container
using steel rods andwas allowed to cool down under ambi-
ent air. Further details on the production could be found
elsewhere.28
To further grind the clinkers into powders, the clink-

ers were first crushed to a size less than 5 mm and the
steel residues were removed using bar magnets. The clink-
ers were then ground to fine powder in a concrete mixer
with 8 kg steel balls as charge. The steel balls had dif-
ferent sizes ranging from 5 to 40 mm. The mouth of the
concrete mixer was covered with a plastic sheet to avoid
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dust. The clinker was milled for 3 h at 16 rpm, and dif-
ferent feeds of 0.4, 1, and 1.5 kg were used to produce
clinkers of varying fineness. Use of a smaller feed resulted
in higher fineness. The clinkers thus produced were
named Electric_6μ, Electric_11μ, and Electric_13μ, indicat-
ing their median particle size. The un-milled commercial
clinker (Ref_Clinker_A8) was also ground using the same
protocol, excludingmagnetic separation, using 1 kg of feed.

2.3 Characterization methods

2.3.1 X-ray fluorescence

The oxide composition of the clinkers was characterized
at the Material Processing Institute at Middlesbrough,
using wavelength dispersive x-ray fluorescence (WDXRF)
spectroscopy. A Rigaku ZSX Primus IV x-ray fluorescence
(XRF) spectrometer was used with the quantitative Flux-
ana raw calibration application. The samples were first
heated in a muffle furnace at 900◦C at a heating rate of
3◦C/min and a holding time of 5 h. This ensured full oxi-
dation of the samples before XRF analysis, and the loss
or gain in ignition was noted down. The samples were
then made into fused beads using lithium borate with a
sample-to-flux ratio of 1:10.

2.3.2 Particle fineness

The particle size distribution was measured by Meritics
Ltd, using a Beckman Coulter particle size analyzer after
the samples were dispersed in isopropanol. To analyze the
raw data, the optical model based on Mie theory was used,
assuming n= 1.7, k= 0.1 for grey clinkers, and k= 0.001 for
white cement. The surface area was further analyzed using
nitrogen sorption with Horiba SA-9600 and was analyzed
using Brunauer–Emmett–Teller (BET) approach.

2.3.3 Heat of hydration

The heat release from cement paste samples was mea-
sured at isothermal conditions using a TAM Air 8 channel
calorimeter. The cement pastes are prepared by dry mix-
ing appropriate amounts of gypsum with the clinker and
then mixing with water at a w/c of 0.5. The paste was
then mixed thoroughly by hand, and approximately 6–8 g
of the cement paste was transferred into glass ampoules
before transferring into the calorimeter. Although using
a mechanical mixer is preferable for paste preparation, it
was not used in this study due to the significantly larger
quantity ofmaterials it would require. The heat releasewas

monitored at 20◦C for at least 7 days and used an ampoule
with deionized water in the reference chamber.

2.3.4 X-ray diffraction

XRD measurements were performed using a Bruker D8
Advance equipped with Cu Kα radiation (λ = 1.54 Å). It
used a LYNXEYE XE-T psd detector operated at 40 kV and
40 mA. All the samples were scanned from 5◦ to 60◦ 2θ
with a step size of 0.015◦ 2θ and a time per step of 0.3 s that
took about 20 min per measurement. The measurements
were carried out with a variable divergence slit (fixed sam-
ple illumination) with automatic anti-scatter screen. The
anhydrous powder samples were front-press loaded before
measurement. For studying hydrated pastes, cement pastes
were prepared at 0.5 w/c ratio and were cured at 20◦C.
After 1, 2, 7, and 28 days, the hydrated pastes were cut
into discs, and the surface was polished with sandpaper
before measurements. Hydration stoppage or drying was
not employed for any of the hydrated samples. The quanti-
tative phase composition was determined using Rietveld
analysis using Topas Academic v7. Corundum was used
as the external standard, and appropriate corrections for
mass absorption coefficient were taken. For the Rietveld
analysis, a first-order Chebyshev polynomial along with
1/X term was used for refining background. The amor-
phous C–S–H structure was fitted using a model structure
reported previously.39 For crystalline phases, the unit cells,
crystallite size, and the scale factor were refined. Preferred
orientation correctionswere applied for portlandite (0 0 2),
graphite (0 0 2), and alite (6 0 −6).

2.3.5 Electron microscopy

Themicrostructure andmicroanalysis of the clinkers were
studied using electron microscopy equipped with energy
dispersive spectroscopy (EDS). A Zeiss Gemini SEM was
used with an acceleration voltage of 15 kV at a working dis-
tance of 8.5 mm. For EDS analysis, an Oxford UltimMax
170 EDS detector was used and was acquired and analyzed
using Aztec 5.1 software. Prior to measurements, the sam-
ples were embedded in an epoxy resin under vacuum. The
epoxy was uncovered using SiC paper and was polished
manually using oil-based diamond sprays of 9, 3, 1, and
0.25 µmwith an alcohol-based lubricating agent. Backscat-
tered electrons (BSE) image was taken at a resolution of
2048 × 1536, and EDS maps were acquired at a resolu-
tion of 256 × 192 with pixel dwell time of 50 µs and total
acquisition time of approximately 30 min. For EDS point
analysis, a process time of four was used, which in effect
had a measurement of 30 s.
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F IGURE 1 Particle size distributions measured from laser diffraction. The particle size distribution of Ref_PC_grey was adapted from.

TABLE 1 Fineness of clinkers or cement from laser diffraction
and Brunauer–Emmett–Teller (BET) surface area.

d10
(µm)

d50
(µm)

d90
(µm)

BET
(m2/g)

Ref_PC_White 2.5 12.5 36 1.8
Ref_PC_Grey 1.7 11.7 30 1.3
Ref_Clinker_A8 1.1 8.2 31 1.3
Ref_Clinker_A4 1.0 5.2 14 –
Electric_13μ 1.7 13.3 43 1.0
Electric_11μ 1.4 10.6 37 1.2
Electric_6μ 0.9 6.1 48 3.1

3 RESULTS

This section is split into two parts as follows. The first
part is a detailed physical, chemical, and mineralogical
characterization of the clinkers/cements. The second part
explores the reactivity of the clinker with an emphasis on
the effect of gypsum content on sulfation.

3.1 Characterization of clinker

The particle size distributions of the clinkers as well as
the reference cements are shown in Figure 1 and are fur-
ther tabulated in Table 1 along with the BET surface area.
As the names indicate, the electric clinkers, Electric_13μ,
Electric_11μ, and Electric_6μ, have d50 of 13, 11, and 6 µm,
respectively. The coarser electric clinker (Electric_13μ) has
similar fineness to white cement (Ref_PC_White), and the
finer electric clinker (Electric_6μ) has similar fineness to

low C3A reference clinker (Ref_Clinker_A4). The inter-
mediate fineness electric clinker (Electric_11μ) and the
higher C3A reference clinker (Ref_Clinker_A8) had simi-
lar protocols for grinding with the same feed and thus have
similar fineness, although the reference clinker appears
to be marginally finer. The fineness of Ref_PC_grey,
Ref_Clinker_A8, and Electric_11μ was reported in our
previous work.28 These measurements were repeated in
the present study and found to be consistent, except for
Ref_PC_grey, where the discrepancy is possibly due to
agglomeration.
Themineralogical phase compositions determined from

XRD/Rietveld analysis of the different clinkers and white
cement are reported in Table 2. The oxide compositions
measured from XRF are further reported in Table 3. Com-
paring themeasured oxide compositions betweenXRF and
that calculated from XRD (the method used to calculate
the oxide composition from XRD is provided in Support-
ing Information section), some discrepancies are found
for electric clinkers (Figure S1). For electric clinkers, XRD
underestimated Fe2O3 (2.3%–4.2%) and Al2O3 (0.5%–0.9%)
content, while overestimating SiO2 (−1.9% to −2.7%) and
CaO (−0.2% to −1.3%). The discrepancy was considerably
higher for Fe2O3 and SiO2 (see Supporting Information
section for details). Bogue calculations are not applicable
to electric clinkers produced over molten steel as iron is
present in different oxidation states. XRD also confirmed
the presence of oldhamite (CaS) in all the electric clinkers
due to the highly reducing conditions and presence of sul-
fates in the feedstock. The negative LOI (Table 3), or “gain
on ignition,” is explained by the presence of sulfur and iron
in reduced states that would oxidize to sulfates and ferric
oxides upon heating.
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TABLE 2 Phase compositions from x-ray diffraction (XRD)/Rietveld analysis.

Ref_PC_White Ref_PC_Grey Ref_Clinker_A8 Ref_Clinker_A4 Electric_13µ Electric_11µ Electric_6µ
Alite M3 67.3 50.9 53.7 71.1 58.5 60.1 67.2
Belite β 15.5 19.0 23.7 6.9 23.0 19.0 13.9
Belite γ 0.4 1.4 2.0 0.4 2.6 1.5 1.5
C3A cubic 2.7 8.2 7.7 4.1 8.9 8.8 9.1
Ferrite 0.2 8.4 9.6 9.9 2.4 1.5 2.7
Free lime 0.4 0.2 0.3 0.2 0.9 0.2 0.2
Periclase 0.3 0.1 0.2 0.9 0.3 0.7 0.5
Wuestite – – – – 0.1 0.2 0.2
Metallic Iron – – – – 0.7 1.0 1.1
Graphite – – – – 0.3 0.5 0.1
Oldhamite – – – – 2.0 2.3 2.5
Mayenite 0.5 0.2 0.1 1.0 0.1 0.1 0.3
Quartza 0.2 0.3 0.1 0.2 0.2 2.0 0.8
CaCO3

b 6.0 5.1 – – – 2.2 –
Gypsum 3.5 0.7 – – – –
Anhydrite 0.9 0.8 – – – – –
Bassanite 0.9 1.8 – – – – –
Arcanite 0.9 0.7 0.9 0.8 – – –
Aphthitalite – – – 1.8 – – –
Portlandite 0.5 2.2 1.9 2.2 – – –

aThepresence of quartz in electric clinkers is due to contamination during taping.
bIn calcite form for reference, Portland cements from limestone addition; and in vaterite form in Electric_11μ from carbonation of clinker.

TABLE 3 Oxide compositions from x-ray fluorescence (XRF) and loss on ignition.

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2Oeq LOI
Ref_PC_White 70.2 23.8 2.1 0.3 0.6 2.7 0.2 3.2
Ref_PC_Grey 66.7 20.1 5.0 3.6 1.0 2.4 0.4 3.1
Ref_Clinker_A8 66.8 21.6 5.6 3.9 0.9 0.7 0.4 0.2
Ref_Clinker_A4 66.1 20.2 4.7 3.3 2.0 1.6 0.8 1.1
Electric_13μ 65.9 21.6 4.9 4.5 0.9 2.4 <0.1 −2.6
Electric_11μ 64 21.7 4.7 6.5 1.3 2.4 <0.1 −2.2
Electric_6μ 65.7 21.1 4.6 5.1 1.1 2.3 <0.1 −3.7

The electric clinkers have the C3A content of around 9%
within the typical error associated with an XRD analysis.
Comparison with XRF (Figure S1) suggests C3A might be
underreported by 1%–2%. Comparing the electric clinkers
to the original cement used for producing HCP, electric
clinkers have a higher C3A content and lower ferrite con-
tent, which is expected upon re-clinkering in a reducing
environment.33 For calcium silicates, the overall levels in
the three electric clinkers are comparable; however, the
ratio of alite to belite varies. The calcium silicate in the elec-
tric clinkers is around 3% higher than Ref_PC_grey, which
could be because of the excess limestone in cement and
possibly some silica dissolved in steel released to clinker.

The overall levels of calcium silicates in the three elec-
tric clinkers are comparable; however, the ratio of alite to
belite varies. With increasing fineness, the alite content
rises, whereas the belite content reduces. A combination
of factors might be responsible for this variation, although
the grinding protocol is not one of them. This is most
likely due to the oxidation of the steel during the re-
clinkering process. The molten steel that conducts heat for
clinkering, upon contact with the ferric oxides present in
HCP or air, could get oxidized. Any oxidation of steel will
preferentially oxidize its dissolved silicon content, which
would be picked up by the clinker, reducing the lime
saturation.
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F IGURE 2 Unfiltered backscattered images (left) and processed phase segmentation aided by energy dispersive spectroscopy (EDS)
mapping (right) for un-milled clinkers after impregnation in epoxy. Top: reference clinker (Ref_Clinker_A8), bottom: electric clinker
(Electric_6μ).

Figures 2 and 3 show the microstructure and distribu-
tion of the different phases in the un-milled and milled
clinkers, respectively. The different phases are character-
ized by using the grey scale levels from BSE coupled
with the EDS mapping based on an approach proposed
previously.40,41 To do this, we developed an image anal-
ysis program. The fundamental parameters that are used
for phase identification are tabulated in Table S1. The grey
scale values fromBSE imagewere first used to separate dif-
ferent categories of phases as the brightness of different
phases is dependent on their electron density. EDS ele-
mental maps were used to differentiate among different
phases. To enhance the data and reduce the noise, filters
were used as summarized in Table S2. Un-milled samples
were easier to polish over the milled samples, which were
more challenging due to grain popouts that caused surface
scratches.
Figures 2 and 3 reveal differences between the refer-

ence grey clinker and electric ones. First, alite and belite
form more heterogeneously in the reference clinker com-
pared to electric clinkers. Thismay be due to the feedstocks
used for production as HCP would be more homogenous
at microscale. Second, the interstitial of reference clinker
consists of C3A and ferrite, whereas electric clinkers do not
have ferrite and have CaS instead. The C3A also appears to
be more intermixed with ferrite for the reference clinker,

which is expected as both these phases become liquid at the
clinkering temperatures and are crystalized upon cooling.
Third, spherical steel particles in a size range of 0.5–15 µm
are observed in electric clinkers. Although magnetic sepa-
ration removed some of the larger steel particles present
in steel, completely removing them was difficult due to
their small size and them being embedded with different
phases. Finally, the reference clinker appears to have a
more porous microstructure compared to electric clinker
(Figure 2). This could be either attributed to the homo-
geneity of the feedstock or due to the higher clinkering
temperature employed for electric clinkers.
The proportion of the boundary of C3A covered by dif-

ferent phases was quantified using image analysis. The
program uses the phase segmented images from ground
clinkers, and the perimeter of composition of C3A crys-
tals is quantified. The pixels around the perimeter of C3A
are counted separately for each of the different phases
and pores and were normalized to 100%. Figure 4 reports
the results from this analysis, and the fluctuations on the
stacked columns represent the deviations arising from the
differences in different images.
The results reveal major differences between the refer-

ence grey clinker and the electric clinkers. The amount of
alite, belite, and the pores surrounding the C3A is notably
higher for electric clinker. Furthermore, around 10% of
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F IGURE 3 Unfiltered backscattered images (left) and processed phase segmentation aided by energy dispersive spectroscopy (EDS)
mapping (right) for ground clinkers after impregnation in epoxy. Top: reference clinker (Ref_Clinker_A8), bottom: electric clinker
(Electric_11μ).

the boundary of C3A in the electric clinker was CaS. The
largest difference is the presence of ferrite around the C3A
crystals in the reference clinker, which covers almost half
of the C3A surface. It should be noted that the ferrite
content in the reference clinker was about only 10%. In
contrast, there is no ferrite on the vicinity of C3A for elec-
tric clinker. Previous studies have also reported C3A being
mixed with the dendritic crystals of ferrite in conventional
clinkers.31
The composition of themajor clinker phaseswas charac-

terized by x-ray microanalysis. Figure 5 plots the data from
EDS point analysis as ternary plots. Due to their similar-
ity, the data points from all the three electric clinkers are
plotted together.
A few distinct zones with concentrated data points are

visible. In the Ca–Si–Al ternary plot, the zone of high cal-
cium concentration corresponding to white cement is due
to its presence of limestone and gypsum, which does not
have much silica and alumina. In the same figure, three
more zones are visible, corresponding to alite, belite, and
a combined zone for C3A and ferrite. Although alite and
belite have similar compositions from the various clink-
ers, a notable difference is visible for the C3A–ferrite zone.
The variation of the composition of C3A–ferrite phases is
better captured on the Ca–Al–Fe ternary plot as it is pri-
marily due to the variations of ferric oxides. A few points

fromelectric clinkerswere also observed near the composi-
tion ofmayenite (C12A7), although thismay bemostly from
C11A7⋅CaS, a phase reported in clinkers produced under
reducing conditions.31 It should be noted that the figure
gives no indication of the relative abundance of any phase,
and traces of minor phases are expected.
The oxide composition of the major phases is plotted in

Figure 6, with the average compositions along with their
standard deviations summarized in Table 4. The composi-
tions of the phases are compared against theoretical pure
phase compositions and that reported by Taylor.42 Gener-
ally, the composition of all the phases of reference grey
clinker and white cement aligns with the composition of
different phases as reported by Taylor. Some discrepancies
exist for white cement regarding the higher silica con-
tent in C3A and higher alumina content in some of the
belite. These differences are attributed to the large inter-
action volume of EDS and small C3A crystals in white
cement.
For electric clinkers, alite, belite, and C3A had negligible

dissolved alkali and iron oxide content. Further, the ferrite
phase in electric clinker had considerably lower dissolved
alumina. The lack of iron oxide in the calcium silicates and
C3A phases suggests that the iron is in a reduced state dur-
ing clinkering reactions, and the formation of ferrite occurs
during cooling, upon oxidation of Fe2+ or metallic iron.
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TABLE 4 Molar composition of phases with standard deviations in the brackets.

Alite Belite Aluminate Ferrite
Pure phase C3S C2S C3A C4AF

C2F
Taylor42 C3S0.99A0.02F0.01M0.06 C2S0.93A0.04F0.01M0.02K0.02 C3A0.91S0.18F0.09M0.10N0.04K0.02

C3A0.96S0.22F0.02M0.07N0.02K0.02
a

C4A1.01F0.63S0.28M0.35
b

C4A0.73F0.91S0.28M0.34K0.01
c

Ref_Clinker_A8 C3S0.97A0.03F0.01M0.04 C2S0.92A0.03F0.01M0.01 C3A0.85S0.20F0.09M0.04N0.03 C4A0.97F0.62S0.28M0.27

(±C0.02, S0.02, A0.01,
F0.00, M0.01)

(±C0.03, S0.03, A0.01, F0.01,
M0.01)

(±C0.03, A0.03, S0.04, F0.01, M0.01,
N0.01)

(±C0.14, A0.06, F0.09, S0.08,
M0.03)

Ref_PC_White C3S0.98A0.03M0.04 C2S0.96A0.02M0.01N0.01 C3A0.64S0.42F0.02M0.03N0.03 –
(±C0.03, S0.03, A0.02,
M0.00)

(±C0.05, S0.05, A0.02, M0.00,
N0.01)

(±C0.19, A0.13, S0.15, F0.01, M0.00,
N0.01)

–

Electric C3S0.99A0.02M0.04 C2S0.93A0.03M0.02 C3A0.92S0.24M0.12 C4A0.50F1.19S0.31M0.18

(±C0.02, S0.01, A0.01,
M0.01)

(±C0.01, S0.01, A0.01, M0.00) (±C0.06, A0.13, S0.08, M0.03) (±C0.02, A0.09, F0.09, S0.02,
M0.01)

aComposition of C3A for a white cement.
bComposition of ferrite for a normal iron cement.
cComposition of ferrite for a high iron cement.

Previous studies have also reported formation of low alu-
mina C2F like phases from oxidation of Fe2+ ions during
cooling.32
Varying ferric oxide content in C3A was also notice-

able from the Rietveld refinement of the x-ray powder
diffraction data. Although all the clinkers exhibited a cubic
polymorphism for C3A, the lattice parameter varied,which
changes the unit cell volume. Figure 7 shows that the
lattice parameter “a” for the reference grey clinkers was
approximately 15.25 Å, for white cement it was slightly
lower at around 15.23 Å, and for electric clinkers, it was
smallest at about 15.19 Å. The inclusion of ferric ions tends
to increase the unit cell in C3A.43–46 This is consistent with
the iron inclusion in C3A from Table 4. Although these
differences in lattice parameters seem to be small, they
are significant as XRD/Rietveld can measure the lattice
parameters with high accuracy.

3.2 Sulfation and reactivity

This section reports the results on the sulfation experi-
ments. Figure 8 illustrates the rate of heat release from
isothermal calorimetry at 20◦C for the cements and clink-
ers. For clinkers, 4% gypsum addition was used. The
early age heat release typically shows the main hydration
peak of alite and peak of C3A hydration upon exhaus-
tion of calcium sulfates. In the reference high-C3A cement
(Ref_Clinker_A8), only a single peak was observed, with-
out a clear distinction between alite and C3A hydration.
In contrast, the low-C3A cement (Ref_Clinker_A4) dis-
played an additional shoulder peak, corresponding to
the main hydration peak of C3A. The other cements

exhibited distinct peaks attributed to either alite or C3A
hydration.
The relative timing of the occurrence of the C3A peak

with respect to the main peak of alite hydration deter-
mines the degree of sulfation. In an under-sulfated system,
a narrow high intensity C3A peak appears before the alite
peak. In such systems, the alite hydration is retarded com-
pared to a system with higher gypsum content due to the
higher concentration of alumina in the pore solution47,48
or due to the higher uptake of alumina in C–S–H result-
ing in its reduction of surface area.49 With the delay in
the occurrence of the C3A hydration peak, its intensity
is known to decrease with peak broadening due to lower
surface area of anhydrous C3A particles at the time of sul-
fate depletion.50,51 In a properly sulfated system, where
C3A peak occurs immediately after the alite hydration
peak, C3A is typically observed as a shoulder peak.52 A
temporary retardation of alite hydration following C3A
hydration has been reported, which gradually recovers,
resulting in a “double-bell” peak shape for alite hydration.53
In over-sulfated systems, the C3A peak occurs signifi-
cantly later, producing a broad, low-intensity peak that
does not affect the shape of the alite peak. However, in
this case, the overall hydration of the clinker may be
reduced, potentially leading to poorer mid- to long-term
performance.54
Based on the heat release data from Figure 8, the low

C3A reference cement and the white cement appear to
be properly sulfated. As a clear peak of C3A is not vis-
ible for high C3A cement, a more detailed investigation
with different amounts of gypsum (Figure 9) confirmed
proper sulfation. Further, the lack of double belled alite
peaks further confirms none of the reference clinkers are
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F IGURE 4 Percentage of different phases neighboring C3A
from image analysis of phase segmented images of ground clinkers.
Legends: Ref. (Ref_Clinker_A8), electric (Electric_11μ). The noise
(fluctuations) within each series in the bar chart shows the results
from analysis of different images. For Ref., nine images were used,
and for electric, six images were used to produce the figure. This
analysis only accounts for the larger crystals due to the limited
resolution of EDS maps (few microns).

under-sulfated. For the electric cements, the finest and
intermediate fineness ones appear to be highly under-
sulfated, whereas the coarser electric cement appears to
be properly sulfated. As a reference, the properly sulfated
electric clinkers were also included in the figure.
Akin to Figure 9, Figure 10 shows the heat release with

different amounts of gypsum for the finer electric clinker.
Comparing Figures 9 and 10, some key distinct behav-
iors were revealed for C3A hydration in a reference grey
cement and an electric cement. The reference high C3A
grey cement is under-sulfated with 2% and 2.5% gypsum,
evidenced by the earlier occurrence of C3A peak compared
to alite peak, and the peak of alite becoming broad and
delayed compared to other properly sulfated systems at
4% and 5% gypsum contents. In contrast, the fine elec-
tric cement was under-sulfated even at 7.5% gypsum and
appeared to be properly sulfated at 10% gypsum content.

Another major difference is the peak intensity of C3A,
which is much higher for electric cement.
Figure 10 further shows the cumulative heat release up

to 39 days for the fine electric cement with 4%–12% gyp-
sum. The under-sulfated systems have lower heat release
between 8 and 24 h. However, all the systems appear to
have similar heat release at later ages, consistent with pre-
vious studies.53,54 The lower heat release for 10% and 12%
gypsum systems should be attributed to considerably lower
clinker content in those mixes due to the dilution with
gypsum.
To evaluate the effect of gypsumonC3Ahydration quan-

titatively, the C3A hydration peak is deconvoluted from the
overall hydration curve, akin to the work of Zunino and
Scrivener.55 Figure 11A shows the method of extraction of
the C3A peak using a Gaussian curve. To exclude the con-
tribution of alite hydration, a function with two Gaussian
peaks was used. The fitting of the curve was performed
manually by ensuring a good visual fit, particularly around
the C3A peak. The C3A peak height was captured from the
coefficient of theGaussian function, whereas the peak area
was calculated by integrating theGaussian curve. The peak
shape was chosen for convenience, and the area calculated
is expected to differ from an exact measure by 2–4 J/g. No
significant error is expected for the height or location of the
peak. The degree of sulfation was evaluated by comparing
the position of the C3A peak with the peak of alite on a
properly sulfated system. If the C3A peak occurs before the
main alite peak of a properly sulfated system, the sulfation
will be negative, and it indicates an under-sulfated system.
The results from the sulfation analysis are plotted in

Figure 11B–D. Figure 11B shows the effect of gypsum con-
tent on the sulfation levels for all the clinkers and white
cement as received. The hydration curves from calorime-
try results are provided in the Supporting Information
section. The amount of gypsum requirement for all the
reference cements and clinkers appears to be around 4%–
5%. For electric clinkers, the gypsum content required to
achieve proper sulfation depended considerably on the
fineness. The higher the fineness, the more gypsum con-
tent was required. Around 10% gypsum was required to
achieve proper sulfation with the finest electric clinker.
Similarly, the coarser clinker required less than 4% gypsum
to achieve proper sulfation.
Figure 11C shows the peak height of C3A plotted against

sulfation. Two distinct trends are visible for either clinkers
with high ferrite content (reference grey PC and clink-
ers) or low ferrite content (electric clinkers and reference
white cement). The low ferrite clinkers had four to six
times higher peak heights than the high ferrite clinkers.
For all clinkers, the peak heights appear to reduce when
going from a high degree of under-sulfation to proper sul-
fation, after which reductions are only marginal. These
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F IGURE 5 Ca–Si–Al (left) and Ca–Al–Fe (right) elemental ternary plots from EDS point analysis.

F IGURE 6 The oxide composition of the different phases from energy dispersive spectroscopy (EDS) point analysis, compared against
the theoretical ideal composition and compositions reported by Taylor.42 The noise represents the variation among different data points.

differences were more evident for electric clinkers than
reference grey clinkers.
The plot of C3A peak area against sulfation (Figure 11D)

also exhibited two separate trends depending on the
amount of ferrite content. The peak area was two to four
times higher for low ferrite systems. Unlike the peak
height, the peak areawas found to increasewith increasing

sulfation for electric clinkers. For reference grey clinkers,
variation was within the error for such measurement.
Quantitative measures of alite and C3A reaction were

obtained using XRD/Rietveld analysis. Figure 12 shows the
evolution of degree of hydration of alite and C3A from 1
to 28 days at a fixed gypsum content of 4% along with
properly sulfated at 1 day for two highly under-sulfated
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F IGURE 7 Lattice spacing of refined C3A.

electric clinkers. Alite hydration only showsmarginal devi-
ations between the clinkers investigated. Nevertheless, the
effect of fineness on the alite hydration was clearly vis-
ible for electric clinkers, particularly in the early ages.
The relatively lower degree of hydration of alite for the
medium-fineness electric clinker could be due to under-
sulfation, as it is known to lower the degree of hydration
of both alite and C3A in the early ages.54,53 Although the
finest electric clinker was also under-sulfated, its signifi-
cantly higher fineness was sufficient to compensate for the
reduced hydration.
On C3A hydration, clinkers with high ferrite content

appear to have considerably lower degrees of reaction in
the early ages. Even after 7 days of hydration, the refer-
ence grey clinkers have a degree of hydration lower than
80%, whereas others are almost fully reacted. The effect of
under-sulfation on C3A hydration appeared to be mirror-
ing that of alite. The under-sulfated intermediate fineness
electric clinker had the lowest degree of hydration among
the low ferrite clinker, whereas the fine electric clinker
had similar degree of hydration to that of coarse electric
clinker. Nevertheless, the degree of hydration was found to
be correlating well with the fineness, once they are prop-
erly sulfated. White cement had the highest degree of C3A
hydration at the early ages. Complete hydration of C3A in
white cement within the first 2 days is often reported in
literature.56,57

4 DISCUSSION

The C3A-gypsum hydration may be divided into two peri-
ods: In the initial period, C3A reacts slowly due to the
blocking of its reactive surface by the adsorbed calcium

and sulfate ions.58–61 Subsequently, with the exhaustion
of gypsum, adsorbed ions are consumed, and the dissolu-
tion is further enhanced, resulting in a hydration peak.51,60
Appropriate amounts of calcium sulfate sources are added
to control this hydration peak of C3A. If the C3A peak
occurs before the peak of alite hydration, the early age
performance is affected, whereas with the addition of too
much calcium sulfate, the later age performance is known
to be affected. To be properly sulfated, the C3A peak should
not occur before the peak of alite hydration. If it occurs
earlier, alite hydration retards leading to lower degree of
hydration in the early hours or days.
The reference grey clinkers, including the grey PC, were

properly sulfated at 4%–5% gypsum content. This is con-
sistent with what is practiced in the industry, where the
calcium sulfate addition is typically 3%–5% and commer-
cial cements are always well sulfated. Interestingly, the
gypsum requirement for proper sulfation varies consid-
erably for electric clinkers depending on fineness. The
gypsum requirement was less than 4% for coarser electric
clinker, whereas a staggering 10%was required for the finer
clinker. Such variations of gypsum requirement upon just
variation in fineness are uncommon.
A common notion is that sulfation is dependent on the

C3A content in clinker and is further dependent on the
clinker fineness.54 In the present study, electric clinkers
have C3A content of around 9%, whereas the grey PC
and one of the grey clinkers have around 8% C3A con-
tent, a small difference. Recently, Enders et al.34 reported
a study that investigated clinkers with different C3A con-
tents (3.7%–10.7%) at varying fineness. Based on isothermal
calorimetry results, all of the clinkers appear to be prop-
erly sulfated with an addition of 4% gypsum. This suggests
electric clinkers that behave differently on C3A reactivity
compared to commercial Portland clinkers. It should be
noted that increase in gypsum demand for proper sulfa-
tion does not always indicate higher C3A reactivity, as this
may result from various factors. For, for example, C–S–H is
known to adsorb sulfate, and intergrinding of gypsumwith
clinker reduces gypsum demand.
The increase in C3A reactivity was confirmed by

the increased peak height and area of C3A hydration
(Figure 11C,D). In commercial grey Portland cements (with
various compositions and fineness), the C3A peak typically
occurs as a short shoulder peak immediately after alite
hydration and sharp C3A peaks are hardly seen. However,
white cements typically exhibit much stronger hydration
peak of C3A despite having low amounts of the phase.62,63
Strong C3A hydration peaks are also commonly seen with
synthetic model clinkers consisting of only alite and C3A
as well.47,53,54
Indeed, the degree of hydration of C3A, quantified from

XRD directly shows higher reactivity in electric clinkers
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F IGURE 8 Rate of heat release for white cement and other clinkers mixed with identical 4% gypsum additions at 0.5 w/c ratio and
hydrated at 20◦C. *Additional properly sulfated calorimetry results for Electric_11μ and Electric_6μ with gypsum additions of 6% and 10%,
respectively.

F IGURE 9 Rate of heat release for reference clinker with 8%
C3A content at different gypsum contents.

compared to reference grey clinkers (Figure 12b). This is
particularly evident in the early ages, after 1 and 2 days
of hydration. The differences in the degree of hydration of
alite and C3A show that this is not just an effect of fineness.
Overall, this indicates that the clinkering process can

cause C3A to bemore reactive in certain circumstances. As
the C3A in electric clinkers andwhite cement is more reac-
tive than the reference grey clinkers, two major questions

arise as follows: First, why is it more reactive, and sec-
ond, what are the implications for practical applications?
These questions are addressed separately in the following
discussion.

4.1 Why is C3A more reactive in certain
clinkers?

Table 5 summarizes some key findings from the current
study. Comparing the cement characteristics and reac-
tivity, a key aspect that is obvious is the effect of iron
oxide in the interstitial on the reactivity of C3A. Both
white cement and electric clinkers with low ferric oxide
contents have considerably higher C3A reactivity. Previ-
ous studies on model cements with polyphase C3S–C3A
clinkers, which lack ferric oxides, also demonstrated sharp
hydration peaks for C3A based on isothermal calorime-
try results.47,54 They further reported high degrees of
hydration of C3A (>65%) after 1 day of hydration.
Although ferrite has low reactivity, during Portland

cement production, it increases the melt content that
accelerates alite formation and makes cement production
cheaper. White cements have negligible ferrite content as
the low iron content ensures whiteness of the clinker. The
low melt content in such clinkers requires higher tem-
perature production and expensive mineralizers (such as
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TABLE 5 Key findings from the study.

Ref_PC_
White

Ref_PC_
Grey

Ref_
Clinker_A8

Ref_
Clinker_A4 Electric_13µ Electric_11µ Electric_6µ

Characterization Fineness—d50 (µm) 12.4 2.9 8.4 5.3 13.3 10.7 6.2
C3A content (%) 2.7 8.2 7.7 4.1 8.9 8.8 9.1
C3A polymorph Cubic Cubic Cubic Cubic Cubic Cubic Cubic
C3A mixed with ferrite No Yes Yes Yes No No No
C3A crystal size (Å) 15.23 15.25 15.25 15.25 15.19 15.19 15.19
Fe3+ in C3A 1.2 5.2a 5.2 5.1b 0.5 0.5 0.5

Performance Gypsum for P$c (%) 5 4 4 4 4 6 10
C3A peak height (mW) 2 0.5 0.5 0.5 4.3 2.1 1.9
C3A peak area (J) 16.6 7 6.4 5.7 20.6 13.4 12.6
C3A DoH 1d (%) 83 30 27 42 65 70 72

aAssumed to be same as Ref_Clinker_A8 as they are from the same cement plant.
bBased on Taylor.42
cProper sulfation

F IGURE 10 Rate (top) and cumulative (bottom) heat release
for the fine electric clinker (Electric_Fine) at different levels of
gypsum contents.

fluorspar), leading to lower kiln output and thus higher
cost and fuel requirements. Although higher melt con-
tent could also be achieved by increasing the alumina
content, this could reduce durability, increasing the sus-
ceptibility to sulfate attack. Standards around the world
commonly limit the maximum C3A content. As the inter-
stitial phases are formed upon cooling the melt content,
C3A and ferrite, which is liquid at clinkering temperatures,
become considerably intermixed. Indeed, the microstruc-
tural characterization showed that in the reference grey
clinkers, C3A was mostly covered by ferrite (Figures 2–4)
as observed in earlier studies.64 Ferrite phases with low
reactivity could block the progression of the dissolution of
C3A or delay new dissolution fronts. In contrast, as can be
seen from Figures 2 and 3, the C3A in electric clinkers are
without intermixing with ferrite.
As C3A is inherently more reactive than other phases

in Portland cement, other phases, such as alite and belite,
will also block the C3A dissolution front and limit the
C3A degree of hydration in the early ages. Quennoz and
Scrivener47 have reported the difference in reactivity of
C3A in a monophase system versus polyphase system.
In a monophase system, the alite and C3A individual
grains are mixed, whereas in a polyphase system, both
these phases are present in the same grain as in clinker. It
was shown that a polyphase system with similar fineness
to a monophase system had considerably less intense
C3A hydration peak, as evidenced by the C3A hydration
peaks of their individual systems at the same gypsum
content. This shows that even a highly reactive phase
such as alite can hinder the reactivity of C3A by acting
as a physical barrier. This also explains the considerable
difference in the C3A reactivity for electric clinkers at
different fineness. With increasing fineness, more C3A
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F IGURE 11 Heat released by the aluminate reaction measured by peak deconvolution and numerical integration. (A) The C3A peak
was identified by the deconvolution of the hydration peaks as measured by isothermal calorimetry. The heat released is assumed to come from
the dissolution of C3A and C3S. The sulfation is measured as the difference between the occurrence of the main peak of C3A and a
well-sulfated peak of alite; (B) effect of gypsum content on sulfation; (C) C3A peak heights plotted against sulfation; (D) C3A peak area plotted
against sulfation.

F IGURE 1 2 Degree of alite (left) and C3A (right) hydration as measured by x-ray diffraction (XRD) for reference white cement and with
4% gypsum content for clinkers. *Additional properly sulfated 1 day XRD results for Electric_11μ and Electric_6μ with gypsum additions of 6%
and 10%, respectively.
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particles will be available for reaction, and they will be
less blocked by alite and belite phases. In a grey Portland
clinker, this effect is limited as C3A is mostly covered
by ferrite by intermixing at sub-micron scale. Although
not as remarkable as in electric clinkers, some effects of
C3A hydration with increasing fineness have also been
reported for conventional Portland cements.34,65
A second factor for the enhanced reactivity of C3A could

be its inherent higher reactivity for clinkerswith lowFe2O3
content. Stephan and Wistuba45 studied the effect of dop-
ing of different oxides on the crystal structure and its
reactivity. Of the different oxides they investigated, the
influence of Fe2O3 was found to be the highest. With
increasing Fe2O3 content in C3A, a systematic decrease in
the reactivity was clearly visible. This also altered the crys-
tal structure of C3A as evidenced by the changes in lattice
parameters as measured by XRD. As the electric clinkers
and white cement had low Fe2O3 content in C3A, they
would thus have higher intrinsic reactivity compared to the
C3A in reference grey clinkers. In reality, it would not be
one factor or another, but a combined effect of both ferrite
blocking the reactive C3A surface and lower intrinsic reac-
tivity of C3A due to the crystal structure modification with
ferric ion incorporation.

4.2 Practical implications due to higher
C3A reactivity

The major concern with increasing C3A reactivity is the
requirement for additional gypsum to ensure proper sul-
fation. High degrees of under-sulfation could induce fast
setting that would reduce the available time for concrete
made from such cements to be transported and placed for
in situ applications. Further, as under-sulfation is known
to retard alite hydration, this could also lead to lower
performance, particularly at early age.
Although gypsum has only marginal emissions, and

increasing the gypsum content reduces the overall
emissions associated with cement, there are limitations
imposed by standards on the maximum sulfate content.
The European standard, EN 197-1, limits the maximum
sulfate content to be 3.5% for 32.5 N and R, 42.5 N; 4% for
42.5 R, 52.5 N and R. This is further reduced by 0.5% for
sulfate resistant cement. The American standard, ASTM
C150, imposes 3%–3.5% sulfate limit based on the C3A
content in cement, and restricts to maximum 2.3% for
sulfate resistant cement. The Indian standard IS 269-2015
limits the sulfate content to 3.5%.
Therefore, the best approach would be to blend

the cement with supplementary cementitious materials
(SCM). In our previous paper,28 we demonstrated it is pos-
sible to blend the cement to produce a limestone calcined

clay cement (LC3) with a clinker content of only 50%. In
those systems with blended electric clinkers, the strength
was significantly higher than for neat cements, motivat-
ing further exploration of blendingwith other SCMs. Upon
blending, the overall sulfate content reduces, as both the
sulfides present in the clinker and the gypsum required
for sulfation reduce due to dilution of clinker. For exam-
ple, the Electric_11μ clinker becomes properly sulfated
in a LC3 composition of 50% clinker, 30% metakaolin,
15% limestone, and 5% gypsum (Figure S2). The overall
SO3 content in this cement was 3.5%, including the sul-
fides present in cement. In contrast, a properly sulfated
cement with Electric_11μ clinker requires 6% gypsum con-
tent for proper sulfation, which would make the total SO3
content 5.2%.
At present, the most used SCMs are limestone, ground

granulated blast furnace slag (GGBFS), fly ash, and cal-
cined clays. Among them, GGBFS is known to have
around 2%–3% equivalent sulfate content in the form of
sulfides, and class F fly ash typically has less than 2%
sulfates66 and may be lower than 0.2% depending on the
source.67 Limestone and calcined clays typically have less
than 0.1% sulfate content.68 Although calcined clays are
known to increase the sulfate demandwhen blendingwith
Portland cement,69 this will still keep the overall sulfate
content in the blended cement within the requirements
of the norm due to the dilution effect. Due to the filler
effect,70,71 SCMs accelerate the hydration of alite pref-
erentially compared to C3A, which further helps with
sulfation, although additional C–S–H precipitation could
adsorb more sulfates.47

5 CONCLUSION

Electric cements produced in reducing conditions are
found to have increased reactivity of C3A. This is evidenced
by the strong peak of C3A from isothermal calorimetry
and significant increase in degree of hydration measured
from XRD. The gypsum requirements for making these
clinkers properly sulfated are found to be high, particularly
when the clinker is ground fine. Although there are differ-
ent ways to properly sulfate the clinker, staying within the
limits proposed by the norms, the most efficient strategies
would be by either adjusting the fineness or by blending
the clinker with SCMs.
In this work, we showed that two factors are critical for

the kinetics of reaction of C3A, both of which are linked to
the ferric oxide content in the clinker. The first factor is the
physical location of C3A within the clinker. Mostly ferrite,
but to some extent also belite and alite, form a physical bar-
rier preventing the dissolution and reaction of C3A as they
are orders of magnitude less reactive than C3A. Ferrite in



JOSEPH et al. 17 of 19

particular can form a solid solution with C3A at clinkering
temperatures and thus ismore intermixed. The second fac-
tor is the integration of Fe3+ ions in the crystal structure of
C3A, affecting its intrinsic reactivity.
Although some ferrite phases were found in electric

clinkers, they were not intermixed with C3A, so they do
not act as a barrier for C3A dissolution, and Fe3+ ions were
not incorporated in C3A.
Together, these results indicate that iron oxides play

an important role in the kinetics of reaction of Portland
cement, despite not being themselves reactive. This could
also explain why model systems exhibit significant devia-
tion from the behavior of Portland cements of nominally
the same compositions.

ACKNOWLEDGMENTS
This work was supported by EPSRC (EP/W026104/1, Cam-
bridge Electric Cement) and Innovate UK (grant G116761,
Cement2Zero).

CONFL ICT OF INTEREST STATEMENT
Shiju Joseph, Rohit Prajapati, and Cyrille Dunant report
a relationship with Cambridge Electric Cement Lim-
ited, including consulting, employment, and equity or
stocks. Julian M. Allwood reports a relationship with
Cambridge Electric Cement Limited: equity and stocks.
Cyrille Dunant and Julian M. Allwood have patent
#US20240318271A1 pending to Cambridge Enterprise Ltd.

ORCID
Rohit Prajapati https://orcid.org/0000-0003-2383-6858

REFERENCES
1. Trout EAR. The history of calcareous cements. In: Lea’s chem-

istry of cement and concrete. 5th ed. Amsterdam: Elsevier Ltd.;
2019. https://doi.org/10.1016/B978-0-08-100773-0.00001-0

2. Ryan JF. The story of Portland cement. Part I. J Chem Educ.
1929;6(11):1854.

3. FrancisAJ. The cement industry 1796–1914: a history. Vancouver:
David & Charles; 1977

4. Jackson PJ. Cement manufacture by UK companies 1914 to 1994.
1st ed. Rugby, UK: JOPET; 1999

5. Chatterjee AK. Cement production technology: principles and
practice. Boca Raton: CRC Press; 2018

6. IEA. Cement. Paris: International Energy Agency; 2023. https://
www.iea.org/reports/cement-3

7. Rahman A, Rasul MG, Khan MMK, Sharma S. Recent develop-
ment on the uses of alternative fuels in cement manufacturing
process. Fuel. 2015;145:84–99. https://doi.org/10.1016/j.fuel.2014.
12.029

8. da Cunha Dias TA, Lora EES, Maya DMY, del Olmo OA.
Global potential assessment of available land for bioenergy
projects in 2050 within food security limits. Land Use Pol-
icy. 2021;105:105346. https://doi.org/10.1016/j.landusepol.2021.
105346

9. Guillot V, SigginiG,AssoumouE. Interactions between land and
grid development in the transition to a decarbonized European
power system. Energy Policy. 2023;175:113470. https://doi.org/10.
1016/j.enpol.2023.113470

10. Dixon J, Bell K, Brush S. Which way to net zero? A com-
parative analysis of seven UK 2050 decarbonisation pathways.
Renew Sustain Energy Transition. 2022;2:100016. https://doi.
org/10.1016/j.rset.2021.100016

11. Schneider M, Hoenig V, Ruppert J, Rickert J. The cement plant
of tomorrow. Cem Concr Res. 2023;173:107290. https://doi.org/
10.1016/j.cemconres.2023.107290

12. GCCA. Concrete future: the GCCA 2050 cement and concrete
industry roadmap for net zero concrete. London: GCCA Inc.;
2021

13. CEMBUREAU. Activity Report 2024. Brussels: The Euro-
pean Cement Association. 2024. https://cembureau.eu/media/
aj5lxhob/cembureau-activity-report-2024.pdf

14. KudowskiW. Cement and concrete chemistry. 1st ed. Dordrecht:
Springer; n.d. https://doi.org/10.1007/978-94-007-7945-7

15. Snellings R, De Schepper M, De Buysser K, Van Driessche I,
De Belie N. Clinkering reactions during firing of recyclable con-
crete. J Am Ceram Soc. 2012;95(5):1741–49. https://doi.org/10.
1111/j.1551-2916.2012.05168.x

16. Schoon J, De Buysser K, Van Driessche I, De Belie N. Fines
extracted from recycled concrete as alternative raw material
for Portland cement clinker production. Cem Concr Com-
pos. 2015;58:70–80. https://doi.org/10.1016/j.cemconcomp.2015.
01.003

17. Akbarnezhad A, Ong KCG, Zhang MH, Tam CT, Foo TWJ.
Microwave-assisted beneficiation of recycled concrete aggre-
gates. Constr BuildMater. 2011;25(8):3469–79. https://doi.org/10.
1016/j.conbuildmat.2011.03.038

18. Bru K, Touzé S, Bourgeois F, Lippiatt N, Ménard Y. Assessment
of a microwave-assisted recycling process for the recovery of
high-quality aggregates fromconcretewaste. Int JMiner Process.
2014;126:90–98. https://doi.org/10.1016/j.minpro.2013.11.009

19. Prajapati R, Gettu R, Singh S, Rathod BJ. A novel benefi-
ciation process for producing high-quality recycled concrete
aggregates using concentrated solar energy.Mater Struct Constr.
2022;55(9):1–11. https://doi.org/10.1617/s11527-022-02065-w

20. Van Ekenstein ATMA, Schutyser MAI, De Wit M, Jonkers
HM, Ottel M. Investigating the potential of electrostatic charg-
ing to separate cementitious binder and sand. J Build Eng.
2024;96:110601. https://doi.org/10.1016/j.jobe.2024.110601

21. IEA. World energy outlook 2024. Paris, IEA; 2024.
22. MPA, Cinar, VDZ. Options for switching UK cement pro-

duction sites to near zero CO2 emission fuel: technical and
financial feasibility. 2019. https://assets.publishing.service.
gov.uk/media/5e4ab56540f0b677c2f60f93/Phase_2_-_MPA_-
_Cement_Production_Fuel_Switching.pdf

23. Blackman C, Croon L, Ljungdahl B. SaltX Technology AB,
Plasma cyclone reactor, WIPO, WO 2022/229192 A1. 2022.

24. Jacob RM, Tokheim LA. Novel design of a rotary calciner
internally heated with electrical axial heaters: experiments and
modelling. Results Eng. 2023;17:1–16. https://doi.org/10.1016/j.
rineng.2023.100992

25. Fang Y, Roy DM, Roy R. Microwave clinkering of ordinary
and colored Portland cements. CemConcr Res. 1996;26(1):41–47.
https://doi.org/10.1016/0008-8846(95)00183-2

https://orcid.org/0000-0003-2383-6858
https://orcid.org/0000-0003-2383-6858
https://doi.org/10.1016/B978-0-08-100773-0.00001-0
https://www.iea.org/reports/cement-3
https://www.iea.org/reports/cement-3
https://doi.org/10.1016/j.fuel.2014.12.029
https://doi.org/10.1016/j.fuel.2014.12.029
https://doi.org/10.1016/j.landusepol.2021.105346
https://doi.org/10.1016/j.landusepol.2021.105346
https://doi.org/10.1016/j.enpol.2023.113470
https://doi.org/10.1016/j.enpol.2023.113470
https://doi.org/10.1016/j.rset.2021.100016
https://doi.org/10.1016/j.rset.2021.100016
https://doi.org/10.1016/j.cemconres.2023.107290
https://doi.org/10.1016/j.cemconres.2023.107290
https://cembureau.eu/media/aj5lxhob/cembureau-activity-report-2024.pdf
https://cembureau.eu/media/aj5lxhob/cembureau-activity-report-2024.pdf
https://doi.org/10.1007/978-94-007-7945-7
https://doi.org/10.1111/j.1551-2916.2012.05168.x
https://doi.org/10.1111/j.1551-2916.2012.05168.x
https://doi.org/10.1016/j.cemconcomp.2015.01.003
https://doi.org/10.1016/j.cemconcomp.2015.01.003
https://doi.org/10.1016/j.conbuildmat.2011.03.038
https://doi.org/10.1016/j.conbuildmat.2011.03.038
https://doi.org/10.1016/j.minpro.2013.11.009
https://doi.org/10.1617/s11527-022-02065-w
https://doi.org/10.1016/j.jobe.2024.110601
https://assets.publishing.service.gov.uk/media/5e4ab56540f0b677c2f60f93/Phase_2_-_MPA_-_Cement_Production_Fuel_Switching.pdf
https://assets.publishing.service.gov.uk/media/5e4ab56540f0b677c2f60f93/Phase_2_-_MPA_-_Cement_Production_Fuel_Switching.pdf
https://assets.publishing.service.gov.uk/media/5e4ab56540f0b677c2f60f93/Phase_2_-_MPA_-_Cement_Production_Fuel_Switching.pdf
https://doi.org/10.1016/j.rineng.2023.100992
https://doi.org/10.1016/j.rineng.2023.100992
https://doi.org/10.1016/0008-8846(95)00183-2


18 of 19 JOSEPH et al.

26. Long S, Yan C, Dong J. Microwave-promoted burning of Port-
land cement clinker. Cem Concr Res. 2002;32(1):17–21. https://
doi.org/10.1016/S0008-8846(01)00622-6

27. Purola VM, Ouni T. Method and apparatus for manufacturing
cement using rotary generated thermal energy. European Patent
Office, EP4416115A1. 2022.

28. DunantCF, Joseph S, Prajapati R,Allwood JM.Electric recycling
of Portland cement at scale. Nature. 2024;629(8014):1055–61.
https://doi.org/10.1038/s41586-024-07338-8

29. Locher FW. Influence of burning conditions on clinker charac-
teristics. World Cem Technol. 1980;11(2):67–73.

30. Scrivener KL, Taylor HFW. Clinker nodules with light-coloured
centres. Zement-Kalk-Gips. 1995;48(1):34–39.

31. Taylor HFW. Cement chemistry. London: Thomas Telford; 1997
32. Scrivener KL, Taylor HWF.Microstructural andmicroanalytical

study of a strongly reduced Portland cement clinker.World Cem.
1995;26(8):34–44.

33. Long GR.Microstructure and chemistry of unhydrated cements.
Phil Trans R Soc Lond A. 1983;310(43–51):1–17.

34. Enders M, Müller R, Matschei T. Impact of particle size, clinker
mineralogy and sulfate availability on early cement hydration:
observations from isothermal heat-flow calorimetry. Cem Concr
Res. 2024;185:107613. https://doi.org/10.1016/j.cemconres.2024.
107613

35. Hu J, Ge Z, Wang K. Influence of cement fineness and water-
to-cement ratio on mortar early-age heat of hydration and set
times. Constr Build Mater. 2014;50:657–63. https://doi.org/10.
1016/j.conbuildmat.2013.10.011

36. De Weerdt K, Haha MB, Le Saout G, Kjellsen KO, Justnes
H, Lothenbach B. Hydration mechanisms of ternary Portland
cements containing limestone powder and fly ash. Cem Concr
Res. 2011;41(3):279–91. https://doi.org/10.1016/j.cemconres.2010.
11.014

37. Lagier F, Kurtis KE. Influence of Portland cement composi-
tion on early age reactions with metakaolin. Cem Concr Res.
2007;37(10):1411–17. https://doi.org/10.1016/j.cemconres.2007.
07.002

38. Prajapati R. Thermomechanical beneficiation of waste con-
crete for recycling in structural grade concrete. Chennai: Indian
Institute of Technology Madras; 2022

39. Snellings R, Salze A, Scrivener KL. Use of X-ray diffraction
to quantify amorphous supplementary cementitious materials
in anhydrous and hydrated blended cements. Cem Concr Res.
2014;64:89–98. https://doi.org/10.1016/j.cemconres.2014.06.011

40. Stutzman PE. Microscopy of clinker and hydraulic cements. Rev
Mineral Geochem. 2012;74:101–46. https://doi.org/10.2138/rmg.
2012.74.3

41. Stutzman PE, Bullard JW, Feng P. Quantitative imaging of
clinker and cement microstructure. NIST Technical Note 1877.
NIST; 2015. http://doi.org/10.6028/NIST.TN.1877

42. Taylor HFW. Modification of the Bogue calculation. Adv
Cem Res. 1989;2(6):73–77. https://doi.org/10.1680/adcr.1989.2.6.
73

43. Lee FC, Banda HM, Glasser FP. Substitution of Na, Fe and Si in
tricalcium aluminate and the polymorphism of solid solutions.
Cem Concr Res. 1982;12:237–46.

44. Stephan D, Plank J. Influence of foreign oxides on lattice
parameters and reactivity of pure clinker phases of OPC.
In: 12th international congress on the chemistry of cement

(ICCC 2007), Montreal, Canada. 2007. https://iccc-online.org/
fileadmin/gruppen/iccc/proceedings/12/pdf/fin00041.pdf

45. Stephan D, Wistuba S. Crystal structure refinement and hydra-
tion behaviour of doped tricalcium aluminate. Cem Concr Res.
2006;36(11):2011–20. https://doi.org/10.1016/j.cemconres.2006.
06.001

46. Li B, Wei Y, Peng C, Zhou H, Li S, Wang S. Influence of Fe2O3
on the hydration kinetics of tricalcium aluminate. J Eur Ceram
Soc. 2023;43(14):6550–61. https://doi.org/10.1016/j.jeurceramsoc.
2023.06.042

47. Quennoz A, Scrivener KL. Interactions between alite and
C3A-gypsum hydrations in model cements. Cem Concr Res.
2013;44:46–54. https://doi.org/10.1016/j.cemconres.2012.10.018

48. Pustovgar E, Mishra RK, Palacios M, de Lacaillerie JBDE,
Matschei T, Andreev AS, et al. Influence of aluminates
on the hydration kinetics of tricalcium silicate. Cem Concr
Res. 2017;100:245–62. https://doi.org/10.1016/j.cemconres.2017.
06.006

49. Wagner D, Bellmann F, Neubauer J. Influence of aluminium
on the hydration of triclinic C3S with addition of KOH solu-
tion. Cem Concr Res. 2020;137:106198. https://doi.org/10.1016/j.
cemconres.2020.106198

50. Quennoz A, Scrivener KL. Hydration of C 3A-gypsum systems.
Cem Concr Res. 2012;42(7):1032–41. https://doi.org/10.1016/j.
cemconres.2012.04.005

51. Joseph S, Skibsted J, Cizer Ö. A quantitative study of the C3A
hydration. Cem Concr Res. 2019;115:145–59. https://doi.org/10.
1016/j.cemconres.2018.10.017

52. Bullard JW, Jennings HM, Livingston RA, Nonat A, Scherer
GW, Schweitzer JS, et al. Mechanisms of cement hydration.
Cem Concr Res. 2011;41(12):1208–23. https://doi.org/10.1016/j.
cemconres.2010.09.011

53. Bergold ST, Goetz-Neunhoeffer F, Neubauer J. Interaction of
silicate and aluminate reaction in a synthetic cement system:
implications for the process of alite hydration. Cem Concr Res.
2017;93:32–44. https://doi.org/10.1016/j.cemconres.2016.12.006

54. Joseph S, Skibsted J, Cizer Ö. Hydration of polyphase Ca3SiO5-
Ca3Al2O6 in the presence of gypsum and Na2SO4. J Am Ceram
Soc. 2020;103(11):6461–74. https://doi.org/10.1111/jace.17321

55. Zunino F, Scrivener K. The influence of the filler effect on
the sulfate requirement of blended cements. Cem Concr Res.
2019;126:105918. https://doi.org/10.1016/j.cemconres.2019.105918

56. Hesse C, Goetz-Neunhoeffer F, Neubauer J. A new approach
in quantitative in-situ XRD of cement pastes: correlation of
heat flow curves with early hydration reactions. Cem Concr
Res. 2011;41(1):123–28. https://doi.org/10.1016/j.cemconres.2010.
09.014

57. Jansen D, Naber C, Ectors D, Lu Z, Kong XM, Goetz-
Neunhoeffer F, et al. The early hydration of OPC investigated
by in-situ XRD, heat flow calorimetry, pore water analysis and
1H NMR: learning about adsorbed ions from a complete mass
balance approach. Cem Concr Res. 2018;109:230–42. https://doi.
org/10.1016/j.cemconres.2018.04.017

58. Feldman RF, Ramachandran VS. The influence of CaSO4⋅2H2O
upon the hydration character of 3CaO⋅Al2O3. Mag Concr Res.
1966;18:185–96.

59. Skalny J, TadrosME. Retardation of tricalcium aluminate hydra-
tion by sulfates. J Am Ceram Soc. 1977;60(3–4):174–75. https://
doi.org/10.1111/j.1151-2916.1977.tb15503.x

https://doi.org/10.1016/S0008-8846(01)00622-6
https://doi.org/10.1016/S0008-8846(01)00622-6
https://doi.org/10.1038/s41586-024-07338-8
https://doi.org/10.1016/j.cemconres.2024.107613
https://doi.org/10.1016/j.cemconres.2024.107613
https://doi.org/10.1016/j.conbuildmat.2013.10.011
https://doi.org/10.1016/j.conbuildmat.2013.10.011
https://doi.org/10.1016/j.cemconres.2010.11.014
https://doi.org/10.1016/j.cemconres.2010.11.014
https://doi.org/10.1016/j.cemconres.2007.07.002
https://doi.org/10.1016/j.cemconres.2007.07.002
https://doi.org/10.1016/j.cemconres.2014.06.011
https://doi.org/10.2138/rmg.2012.74.3
https://doi.org/10.2138/rmg.2012.74.3
http://doi.org/10.6028/NIST.TN.1877
https://doi.org/10.1680/adcr.1989.2.6.73
https://doi.org/10.1680/adcr.1989.2.6.73
https://iccc-online.org/fileadmin/gruppen/iccc/proceedings/12/pdf/fin00041.pdf
https://iccc-online.org/fileadmin/gruppen/iccc/proceedings/12/pdf/fin00041.pdf
https://doi.org/10.1016/j.cemconres.2006.06.001
https://doi.org/10.1016/j.cemconres.2006.06.001
https://doi.org/10.1016/j.jeurceramsoc.2023.06.042
https://doi.org/10.1016/j.jeurceramsoc.2023.06.042
https://doi.org/10.1016/j.cemconres.2012.10.018
https://doi.org/10.1016/j.cemconres.2017.06.006
https://doi.org/10.1016/j.cemconres.2017.06.006
https://doi.org/10.1016/j.cemconres.2020.106198
https://doi.org/10.1016/j.cemconres.2020.106198
https://doi.org/10.1016/j.cemconres.2012.04.005
https://doi.org/10.1016/j.cemconres.2012.04.005
https://doi.org/10.1016/j.cemconres.2018.10.017
https://doi.org/10.1016/j.cemconres.2018.10.017
https://doi.org/10.1016/j.cemconres.2010.09.011
https://doi.org/10.1016/j.cemconres.2010.09.011
https://doi.org/10.1016/j.cemconres.2016.12.006
https://doi.org/10.1111/jace.17321
https://doi.org/10.1016/j.cemconres.2019.105918
https://doi.org/10.1016/j.cemconres.2010.09.014
https://doi.org/10.1016/j.cemconres.2010.09.014
https://doi.org/10.1016/j.cemconres.2018.04.017
https://doi.org/10.1016/j.cemconres.2018.04.017
https://doi.org/10.1111/j.1151-2916.1977.tb15503.x
https://doi.org/10.1111/j.1151-2916.1977.tb15503.x


JOSEPH et al. 19 of 19

60. Minard H, Garrault S, Regnaud L, Nonat A. Mechanisms and
parameters controlling the tricalcium aluminate reactivity in
the presence of gypsum. Cem Concr Res. 2007;37(10):1418–26.
https://doi.org/10.1016/j.cemconres.2007.06.001

61. Myers RJ, Geng G, Li J, Rodríguez ED, Ha J, Kidkhunthod P,
et al. Role of adsorption phenomena in cubic tricalcium alumi-
nate dissolution. Langmuir. 2017;33(1):45–55. https://doi.org/10.
1021/acs.langmuir.6b03474

62. Mota B, Matschei T, Scrivener K. Impact of NaOH and Na2SO4
on the kinetics and microstructural development of white
cement hydration. Cem Concr Res. 2018;108:172–85. https://doi.
org/10.1016/j.cemconres.2018.03.017

63. Joseph S, Mutti M, Ohkubo T,Maruyama I, Cizer Ö.Microstruc-
tural analysis of cement paste blended with blast furnace
slag using 1H NMR relaxometry. Cem Concr Compos.
2024;146:105377. https://doi.org/10.1016/j.cemconcomp.2023.
105377

64. Crumbie A, Walenta G, Füllmann T. Where is the iron? Clinker
microanalysis with XRD Rietveld, optical microscopy/point
counting, Bogue and SEM-EDS techniques. Cem Concr Res.
2006;36(8):1542–47. https://doi.org/10.1016/j.cemconres.2006.
05.031

65. Adu-amankwah S, Bernal SA, Black L. Influence of component
fineness on hydration and strength development in ternary slag-
limestone cements. RILEM Tech Lett. 2019;4:81–88. https://doi.
org/10.21809/rilemtechlett.2019.89

66. Giergiczny Z. Fly ash and slag. Cem Concr Res. 2019;124:105826.
https://doi.org/10.1016/j.cemconres.2019.105826

67. Bishnoi S, Joseph S, Kaur A. Microstructural modelling of the
strength of mortars containing fly ash using µic. Constr Build
Mater. 2018;163:912–20. https://doi.org/10.1016/j.conbuildmat.
2017.12.163

68. Avet F, Scrivener K. Investigation of the calcined kaolinite
content on the hydration of limestone calcined clay cement
(LC3). Cem Concr Res. 2018;107:124–35. https://doi.org/10.1016/
j.cemconres.2018.02.016

69. Zunino F, Dhandapani Y, Ben Haha M, Skibsted J, Joseph S,
Krishnan S, et al. Hydration and mixture design of calcined
clay blended cements: review by the RILEM TC 282-CCL. Mater
Struct. 2022;55(9):234. https://doi.org/10.1617/s11527-022-02060-
1

70. Berodier E, Scrivener K. Understanding the filler effect on
the nucleation and growth of C-S-H. J Am Ceram Soc.
2014;97(12):3764–73. https://doi.org/10.1111/jace.13177

71. Joseph S, Bishnoi S, Van Balen K, Cizer Ö.Modeling the effect of
fineness and filler in early-age hydration of tricalcium silicate. J
Am Ceram Soc. 2017;100(3):1178–94. https://doi.org/10.1111/jace.
14676

SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Joseph S, Prajapati R,
Allwood JM, Dunant C. Microstructure and
hydration of interstitial in clinkers produced over
molten steel. J Am Ceram Soc. 2025;e70145.
https://doi.org/10.1111/jace.70145

https://doi.org/10.1016/j.cemconres.2007.06.001
https://doi.org/10.1021/acs.langmuir.6b03474
https://doi.org/10.1021/acs.langmuir.6b03474
https://doi.org/10.1016/j.cemconres.2018.03.017
https://doi.org/10.1016/j.cemconres.2018.03.017
https://doi.org/10.1016/j.cemconcomp.2023.105377
https://doi.org/10.1016/j.cemconcomp.2023.105377
https://doi.org/10.1016/j.cemconres.2006.05.031
https://doi.org/10.1016/j.cemconres.2006.05.031
https://doi.org/10.21809/rilemtechlett.2019.89
https://doi.org/10.21809/rilemtechlett.2019.89
https://doi.org/10.1016/j.cemconres.2019.105826
https://doi.org/10.1016/j.conbuildmat.2017.12.163
https://doi.org/10.1016/j.conbuildmat.2017.12.163
https://doi.org/10.1016/j.cemconres.2018.02.016
https://doi.org/10.1016/j.cemconres.2018.02.016
https://doi.org/10.1617/s11527-022-02060-1
https://doi.org/10.1617/s11527-022-02060-1
https://doi.org/10.1111/jace.13177
https://doi.org/10.1111/jace.14676
https://doi.org/10.1111/jace.14676
https://doi.org/10.1111/jace.70145

	Microstructure and hydration of interstitial in clinkers produced over molten steel
	Abstract
	1 | INTRODUCTION
	2 | EXPERIMENTAL PROTOCOL
	2.1 | Materials
	2.2 | Production of electric clinkers
	2.3 | Characterization methods
	2.3.1 | X-ray fluorescence
	2.3.2 | Particle fineness
	2.3.3 | Heat of hydration
	2.3.4 | X-ray diffraction
	2.3.5 | Electron microscopy


	3 | RESULTS
	3.1 | Characterization of clinker
	3.2 | Sulfation and reactivity

	4 | DISCUSSION
	4.1 | Why is C3A more reactive in certain clinkers?
	4.2 | Practical implications due to higher C3A reactivity

	5 | CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


