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Gyeonggi-do, Republic of Korea

Although it is one of main cement phases, the reactivity of tetracalcium aluminoferrite (C4AF) has not been fully
understood especially under the use of grinding agent. In this study, the crystallographic variations due to the use of
diethanol isopropanolamine (DEIPA) and resulting hydration characteristics of iron-rich C4A0.6F1.4 (f-C4AF) and
idealized C4A0.8F1.2 (i-C4AF) were investigated. Substantially enhanced reactivity of f-C4AF was confirmed due to the
state variation of Fe atom in C4AF from Fe2þ to Fe3þ which facilitates the formation of Fe-bearing phases of C3FH6,
Fe-AFm and FH3. Meanwhile, the degree of hydration of i-C4AF had not been substantially improved but showed
similar reaction only with a large amount of DEIPA (from 0.1% to 0.3%). It was experimentally validated that the
reactivity of C4AF is controllable with the use of DEIPA which can lead to develop sustainable cement such as ferrite
rich Portland cement.

Keywords: X-ray diffraction method; diethanol isopropanolamine; tetracalcium aluminoferrite; hydration
mechanism

1. Introduction

Tetracalcium aluminoferrite (C4AF) is the main clinker
phase of Portland cement (PC), which is a complex solid
solution phase of Ca2Fe2-xAlxO5 (0� x� 1.4) [1–3].
Although the C4AF phase is around 5–15wt.% contained
in the PC, it does not participate in cement hydration reac-
tions as much as other clinker phases [4–6]. Nevertheless,
ferrite-rich PC (FRPC) with high C4AF content can serve
as an oil well PC owing to its excellent sulfate resistance
[7]. Moreover, as FRPC is useful in the treatment of mate-
rials and industrial by-products that are rarely used for
supplementary cementitious materials, it has been high-
lighted as sustainable PC with price competitiveness [6, 8,
9]. However, as mentioned above, it has been well known
that the FRPC delays the development of mechanical
properties owing to the relatively low reactivity of C4AF
[9,10]. Therefore, considering the potential of FRPC to be
applicated in multiple fields, research on how to enhance
the reactivity of C4AF is essential.

To enhance the functionality of FRPC, various efforts
are being conducted. To that end, a grinding agent (GA)
could be added to the PC at the grinding stage [11–14].
Using this process, not only was the grinding efficiency of
PC enhanced, which can play a positive role in terms of
energy savings [15,16], but the hydration reaction of the
clinker phases was also dramatically improved with the
GA [10, 17–19]. For example, with triethanolamine
(TEA), an enhanced aluminate reactions (aluminate [C3A]
and C4AF) was reported compared to the reference sam-
ple, which was suggested to have a significant impact on

the mechanical performance of the concrete [20]. Gartner
et al. reported that triisopropanolamine (TIPA) can pro-
mote the hydration of C4AF even after the sulfate exhaus-
tion point, and it suggested that the effects might enhance
the later stage (28 days) of compressive strength of con-
crete [10]. In the case of diethanol isopropanolamine
(DEIPA), the reaction of C4AF during the aluminate reac-
tions was accelerated within 24 h. It was concluded that
the increased hydration degree of PC was closely related
to the aforementioned effects [19].

As summarized, TIPA-based GA had a significant
effect on PC hydration [10, 19, 21]. In particular, previous
studies have confirmed that DEIPA acts as a catalyst in
which the Fe atom constituting the C4AF phase actively
participates in the PC hydration reaction [19]. It could
suggest that the reactivity of C4AF enhanced by DEIPA
produced more Fe-bearing hydration products (i.e. AFt,
AFm, and C-S-H phases), which increased the overall
hydration degree of PC. However, more in-depth studies
on the effects of the DEIPA on the hydration mechanism
of C4AF have not yet been conducted. It includes the
effects of the type of solid solution phase, Fe/Al ratio in
C4AF, the dosage of the DEIPA as well as the direct evi-
dence of the improved reactivity of C4AF such as ion state
of Fe atom.

Therefore, the aim of this study is to elucidate the
effects of dosages (0, 0.1 and 0.3wt.%) of DEIPA on the
crystallographic variations in the 2 types of C4AF phases
(iron-rich C4A0.6F1.4 [f-C4AF] and idealized C4A0.8F1.2 [i-
C4AF]). It also includes the experimental evidence of the
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enhanced hydration mechanism of C4AF caused by the
crystallographic modifications. A fundamental investiga-
tion was conducted on the crystallographic variations of
C4AF induced by DEIPA using X-ray diffraction (XRD),
transmission electron microscopy (TEM), inductively
coupled plasma optical emission spectroscopy (ICP-OES),
and X-ray photoelectron spectroscopy (XPS).
Furthermore, isothermal calorimetry, thermogravimetric
analysis (TGA), and quantitative XRD (QXRD) were
used to investigate the hydration properties.

2. Materials and experimental methods

2.1. Sample preparation

For this study, two types of C4AF were synthesized using
calcium carbonate (CaCO3; WAKO Co. Ltd., Richmond,
CA, USA), aluminum oxide (Al2O3; Samchun Co. Ltd.,
Gyeonggi-do, Republic of Korea), and iron oxide (Fe2O3;
Samchun Co. Ltd.). The target ratios of Fe-to-Al atoms in
the i-C4AF and f-C4AF were set to 1.0 and 3.0, respect-
ively. The i-C4AF mix contained 823.80 g CaCO3,
209.82 g Al2O3, and 328.61 g Fe2O3, while the f-C4AF
contained 777.62 g CaCO3, 99.03 g Al2O3, and 465.27 g
Fe2O3. These were mixed for 10min in a mortar mixer,
and subsequently, the heating rate was set to 14.4 �C per
minute for 90min. Afterward, the temperature was held at
1,300 �C for 2 h. Finally, the mixtures were
quenched [22].

The pre-processing method of C4AF used in this
experiment was as follows: First, C4AF nodules were
manufactured using the process already described.
Subsequently, coarse C4AF powders were obtained by
hand grinding for 5min. Using the powder thus obtained,
the oxide compositions of i-C4AF and f-C4AF were meas-
ured by X-ray fluorescence (S8 Tiger, Bruker Co. Ltd.,
Land Baden-W€urttemberg, Germany), and the results are
provided in Table 1. The QXRD results of f-C4AF and i-
C4AF were shown in Table 2. The pure DEIPA was pro-
vided by a commercial company (SilkroadC&T, Seoul,
Korea). Samples of f-C4AF and i-C4AF series were distin-
guished by the DEIPA contents (0.1 and 0.3wt.%) added
before the grinding procedure (Table 3). The water-to-
C4AF ratio for paste was set to 0.5. Subsequently, the
C4AF paste was enclosed and underwent curing within a
20 �C environment for the initial day. Following this, it

was demolded and then subjected to curing within an
environment with both a temperature of 20 �C and a rela-
tive humidity of 95% or higher.

2.2. Experimental method

2.2.1. Selected grinding program

Micro ball mill equipment (McCrone Micronizing Mill;
McCrone Scientific Ltd., London, UK) with a 125ml jar
and 48 cylindrical grinding balls was used to grind the
C4AF powder. Several preliminary tests were performed
to reproduce the final cement grinding program, where 10
grams of C4AF powder with the specified amount of
DEIPA were ground under the 14min of grinding time
and 1,166 rpm rotation speed.

2.2.2. Particle size measurements

Particle size distribution was measured with a micropar-
ticle size analyzer (Malvern Instruments Ltd., Malvern,
UK). Isopropyl alcohol was used as the dispersion
medium to prevent the hydration reaction of C4AF [23].
The results thus obtained were used to investigate the
effects of DEIPA on the grinding performance of C4AF
powder.

2.2.3. TEM measurements

Morphological analysis was conducted using a TEM
(JEM-2100F; JEOL Ltd., Tokyo, Japan) equipped with an
UltraScan 1000XP CCP detector, and voltage generation
was set at 200 kV [24]. The TEM measurement process
was as follows: The dispersion method with a sonicator
was used for dispersing the powders and obtaining a sin-
gle particle. The chosen dispersion medium was a hexane
solution that does not react with DEIPA. In that process, a
5mm particle was selected and placed in a carbon-coated
Cu TEM grid. Lastly, the measurement space was vac-
uumed for a few minutes before the measurement [25].

Table 1. X-ray fluorescence results of tests on C4AF
powders.

Phases f-C4AF (unit %) i-C4AF (unit %)

Fe2O3 47.44 36.68
CaO 43.28 46.80
Al2O3 8.47 16.00
SiO2 0.41 0.25
MgO 0.18 0.09
MnO 0.11 0.09
Cr2O3 0.04 –
SrO 0.03 0.04
Cl 0.03 –
CuO 0.01 –

Table 2. QXRD results of unhydrated f-C4AF and i-C4AF.

Phase f-C4AF i-C4AF

f-C4AF 99.1 –
i-C4AF – 95.1
Calcium oxide 0.9 2.0
Calcium carbonate – 2.9

Table 3. Mix design for unhydrated C4AF powder. (before
grinding program).

Sample label f-C4AF i-C4AF DEIPA

f-C4AF_0% 100 – –
f-C4AF_0.1% 100 – 0.1
f-C4AF_0.3% 100 – 0.3
i-C4AF_0% – 100 –
i-C4AF_0.1% – 100 0.1
i-C4AF_0.3% – 100 0.3
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2.2.4. XPS measurements

An AXIS Supraþ spectrometer for chemical analysis
(Kratos Analytical Limited, Manchester, UK) was used to
measure XPS patterns of selected samples of f-C4AF_0%
and _0.3%. The binding energy range was set at 0–
1,200 eV with a data rate of 1 point per eV [26]. The pow-
ders were completely dried for 1 day in a vacuum environ-
ment at ambient temperature. Next, the measurement
sample was formed into a 7mm diameter pressed pellet.
The analysis was adopted to observe the variations in the
speciation of Fe atoms depending on the DEIPA that was
added. The analysis of XPS spectra was conducted using
XPSPEAK 4.1 software, which was also used for the rela-
tive quantitative analysis of XPS. A Shirley type back-
ground was chosen for the XPS spectra due to the
complexity. The peak position, area, and full width at half
maximum (FWHM) parameters were fitted based on the
function of the Gaussian–Lorentzian ratio (3:2) [27].

2.2.5. ICP-OES measurements

ICP-OES measurements were performed with an Agilent
5100 SVDV ICP-OES (Agilent Technologies, Santa
Clara, CA, USA). For the ICP-OES measurements, the
pure water-to-C4AF ratio was set to 10:1 by weight. After
stirring for 30min, the solutions were filtered through a
200 nm filter. Before starting the measurement, the plas-
mid argon gas was obtained by an induction magnetic
field, and a preprocessed liquid was sprayed into the par-
ticles and injected [28].

2.2.6. Isothermal calorimetry measurements

The exothermic processes of C4AF hydration were meas-
ured by the micro-calorimeter (TAM Air 8-channel, TA
Instruments, New Castle, DE, USA). The water-to-C4AF
was assigned as 1:2 by weight. Before starting the experi-
ment, the equipment was calibrated by maintaining a con-
stant temperature in a 20 �C environment for at least 24 h.
After the water (4 g) and C4AF powder (8 g) were mixed
for 2min, the 6 grams of the slurry was inserted into the
equipment. The results of heat flow and cumulative heat
measurements were normalized to the amount of the
C4AF powder contained in the ampule.

2.2.7. XRD measurements

XRD patterns were obtained with a D2 PHASER X-ray
diffractometer (Bruker Co. Ltd., Land Baden-
W€urttemberg, Germany) equipped with Cu-Ka radiation
(k¼ 1.5418Å). The generator voltage and tube current
were set at 30 kV and 10mA, respectively [29,30]. The
hydration stop method was used with the samples that
were hydrated for 5 days. First, the hardened paste sample
was pulverized for 10min to obtain fine powders. Next, to
remove any free water still contained in a hydrated paste,
isopropyl alcohol and diethyl ether, respectively, were
used as exchange solutions [31,32].

The measured XRD patterns of the powders were ana-
lyzed using TOPAS software version 7.0 (Bruker Co.
Ltd., Land Baden-W€urttemberg, Germany). The

background of XRD patterns was assigned using the
Chebyshev polynomial and 1/X terms in TOPAS soft-
ware. To create the C4AF models, the scale factors, lattice
parameters, and FWHM parameters were refined with an
XRD pattern [33,34]. The occupancy factors of Fe3þ and
Al3þ atoms were also refined in this process [35].

To quantitatively analyze the hydrated paste, an
internal standard method was adopted in the QXRD.
C4AF powder and an internal standard reference were
mixed with a certain weight ratio (1:9) using hand mixing
for 30min [32, 36,37]. The Al2O3 (NIST SRM 676a)
internal standard reference, which does not overlap with
the other phases, was adopted. The reference crystal struc-
tures adopted to analyze the XRD pattern were presented
in Table 4. In addition, C3(A, F)H6 phases were observed
in all hydrated C4AF [44,45]. However, it is challenging
to elucidate the ratio of Al/Fe atoms contained in the
C3(A, F)H6 phase [7, 45]. Therefore, qualitative analysis
was performed assuming that only C3FH6 and C3AH6

existed in the C3(A, F)H6 phases.
Next, all phases for which quantitative analyses were

to be conducted were completed using the Rietveld refine-
ment method. Then, the contents of the quantified phases
were corrected with the amount of internal standard refer-
ence added by Equation (1). In the case of amorphous
content, the added amount of internal standard was calcu-
lated and presented in a proportional manner. Finally, the
weight percentage of each phase was corrected consider-
ing the chemically bound water (CBW) amount, which
was the weight loss at 600 �C was assigned, from the
TGA results (Equation (2)). In details, the value obtained
by subtracting the quantity of CBW from the initially
mixed water content with C4AF was regarded as the
amount of free water. Therefore, the actual amount of
minerals in the hydrated C4AF paste considering free
water content can be compared [31].

Corr wað Þ ¼ wa
STDknown

STDmeasured
(1)

wamorphous ¼ 1�
Xn

j¼1

Corr wjð Þ (2)

where wa, Corr wað Þ, STDknown, and STDmeasured indicate
the weight percentage of a, corrected weight percentage
of a, weight concentration of internal standard reference,
and analyzed concentration of internal standard reference,
respectively.

2.2.8. TGA measurements

A differential scanning calorimeter (DSC)–TG system
(SDT Q600, TA Instruments Ltd., Newcastle, DE, USA)
was chosen to measure the TGA. The heating rate was
10 �C per minute, and the measured range was 30 �C–
1,000 �C [31]. At 5 days, all sample investigations were
also conducted through the hydration stop process, and
25–30mg of powder was measured to analyze the degree
of hydration in each sample.

Journal of Sustainable Cement-Based Materials 3



3. Results

3.1. Particle size distribution

As shown in Figure 1(a–d), the particle size distributions
and cumulative curves of the i-C4AF and f-C4AF powder
are presented according to the amount of DEIPA added.
The particle size distribution of raw C4AF particles shows
wide range. For f-C4AF sample, particles ranging from
2.6 to 890.1mm were observed, while in the case of i-
C4AF sample, particles ranging from 2.60 to 592.4mm
were confirmed. Interestingly, regardless of the type of
C4AF, the grindability was significantly enhanced with
the DEIPA dosage of 0.1wt.% under the same grinding
condition. But, when the amount of added DEIPA was to
0.3wt.%, the grindability was slightly decreased, as com-
pared to the sample with that of 0.1wt.%. These results
are similar to a previous study finding that when excessive
amounts of GA were applied to PC, the mixture exhibited
poor grindability [46]. It should be noted here that a
menial effect on particle size reduction was observed with
C4AF_0.3%, as compared to the sample of C4AF_0.1%.
The differences in grindability between the two can be

explained as follows: In the case of C4AF_0.1%, a sub-
stantial amount of energy induced by the grinding contrib-
uted to the particle size reduction. However, with the
C4AF_0.3%, the high-volume energy induced by
the selected grinding program might have mainly affected
the crystallographic properties (i.e. unit cell parameters
and bond length) [23, 47].

3.2. XPS results

The XPS measurement results are presented in Figure 2.
According to the sample type, variations were observed in
the XPS spectra. In particular, a significant change was
observed in the scan range of 702 eV to 726 eV, which is
closely related to Fe atoms [26, 48]; the peaks at 706 eV
and 708 eV indicate Fe3þ, and the Fe2þ peak is at 714 eV
[49–51]. With the f-C4AF_0%, the peaks corresponding
to Fe2þ and Fe3þ ions were measured to be relatively
higher than those for f-C4AF_0.3%. However, as the rela-
tive ratio of the Fe2þ and Fe3þ peaks should be consid-
ered, detailed explanations for this phenomenon will be
provided later.

Table 4. Used COD database information.

Phase Database Reference

C4AF (Ca4AlFeO7) COD 1200009 [38]
Al-hydrogarnet (Ca3Al2(OH)12) COD 1531652 [39]
Monocarbonate (Ca4Al2(CO3)0.5(OH)13�5.5H2O) COD 1000459 [40, 41]
Hemicarbonate (Ca4Al2(CO3)(OH)12�5H2O) COD 2105252 [42]
Gibbsite (Al(OH)3) COD 1200016 [43]

Figure 1. Particle size distributions of (a and c) f-C4AF and (b and d) i-C4AF.
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3.3. ICP-OES results

The ICP-OES results are provided in Figure 3(a,b). The
method was adopted to elucidate the reactivity of Ca, Al,
and Fe atoms contained in C4AF phase. When the amount
of DEIPA was increased, an increased total ion count was
confirmed. In particular, the elution of Fe ions was 0 ppm
with f-C4AF_0% and i-C4AF_0% samples, but the
detected Fe ions were significantly increased with
the DEIPA application. When DEIPA was not added, the
reactivity of each atom was in the order of Ca, Al, and Fe
atoms [2]. However, the order of reactivity changed with
f-C4AF_0.3% and i-C4AF_0.3% to the order of Ca, Fe,
and Al atoms. This tendency was conspicuously observed
in f-C4AF compared to i-C4AF. These indicate that there
is strong support for DEIPA acting as a catalyst to
enhance the reactivity of Fe ions contained in C4AF.

3.4. Calorimetric results

As shown in Figure 4(a), the effect of DEIPA (dosages of
0.1 and 0.3%) on C4AF hydrations was obtained. Once
the water and C4AF come into contact, a significant
amount of heat was released and the effect continued for
24 h. And then, the hydration reaction of all C4AF investi-
gated was almost completed within 4 days; after 4 days,
the released heat of all samples converged to about
0.08mW/g.

In more detail, until 6 h, the i-C4AF_0% sample had a
higher amount of released heat, but after that, a larger
amount of hydration heat was released from the DEIPA-

added i-C4AF samples (Figure 5(b)). Subsequently, the
cumulative heat at 100 h was almost similar for all i-C4AF
series. Meanwhile, for f-C4AF series, a different trend was
observed. As the amount of DEIPA was increased, the ini-
tial hydration reaction was accelerated and enhanced, and
this trend was maintained until 100 h. From these results,
it was confirmed that DEIPA not only accelerated the ini-
tial hydration reaction of C4AF but also improved the
overall degree of hydration (in particular, f-C4AF series).

3.5. TGA results

As mentioned above, the weight loss at 600 �C was
assigned as CBW [31]. With these values, the degree of
hydration reaction was determined to be different accord-
ing to not only the type of C4AF used but also amount of
DEIPA added (Table 5). With the DEIPA, the degree of
hydration reaction was significantly increased in the f-
C4AF series. However, in the case of the i-C4AF series, a
similar degree of hydration reaction was observed regard-
less of DEIPA added. These results indicated that the
reactivity of f-C4AF, which contains more amount of Fe
atoms, was significantly improved, and it can be con-
cluded that the Fe atoms contribute remarkably to the
hydration reaction by the catalytic behavior of DEIPA.

More specially, as shown in Figure 5(a–d), hydrated
C4AF pastes experience a range of decomposition of
minerals as the temperature increases. In our study, the
range for weight loss of 110 �C to 180 �C indicated
the decomposition of Fe-hemicarbonate (Fe-Hc,
Ca4Fe2(CO3)0.5(OH)12�4H2O), and the decomposition
temperatures of Fe-monocarbonate (Fe-Mc,
Ca4Fe2(CO3)(OH)12�6H2O) and Al-monocarbonate (Al-
Mc, Ca4Al2(CO3)(OH)12�5H2O) were below 240 �C [40].
The major weight loss between 250 �C and 280 �C could
be attributed to the phases of gibbsite (AH3), FeOOH, and
iron hydroxide (FH3) decomposition [52–55]. Based on
these previous studies, it is possible to predict the hydra-
tion properties of all the hydrated samples studied. That is,
the hydration mechanism of i-C4AF_0.3% was remark-
ably modified compared to i-C4AF_0% and i-C4AF_
0.1%. As a result, in the case of i-C4AF_0.3%, it was
measured similarly to the TGA results of the f-C4AFFigure 2. XPS measurements of f-C4AF series.

Figure 3. ICP-OES measurements of (a) f-C4AF and (b) i-C4AF.
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series. It revealed that the reactivity of i-C4AF was only
enhanced with a large amount of DEIPA (dosage of
0.3%), resulting in a significant amount of Fe-containing
hydration products.

3.6. XRD results

The obtained XRD patterns of the unhydrated C4AF are
shown in Figure 6(a–f). With the samples of f-C4AF_0%

and i-C4AF_0%, the relative intensity of XRD peaks dif-
fered. As mentioned, this discrepancy was caused by the
different ratios of Fe and Al atoms constituting C4AF, so
unit cell parameters, FWHM, and Fe/Al ratio were refined
(Figure 6(a–b)). Surprisingly, according to the DEIPA
added, the XRD pattern of C4AF was greatly changed at
the peaks of 12�, 32�, 33.5�, and 34� in the 2h axis
(Figure 6(c–f)). In addition, Figure 7(a–f) presented the
fitting results of all samples cured for 5 days. A difference
was confirmed in the hydration degree of f-C4AF with the
addition of DEIPA. Meanwhile, the difference was negli-
gible in the case of i-C4AF series. The detailed analysis
approaches of crystallographic variations and the detailed
explanations of the difference in hydration mechanism
induced by DEIPA will be discussed in discussion
session.

Figure 4. Hydration heat evolution of the slurry of C4AF and water containing DEIPA: (a) heat flow results and (b) cumulative
heat results.

Figure 5. Results of TG and its derivative curves of (a and c) f-C4AF and (b and d) i-C4AF cured for 5 days.

Table 5. CBW value of C4AF cured for 5 days.

Sample label CBW (wt.%) Sample label CBW (wt.%)

i-C4AF_0% 19.8 f-C4AF_0% 15.4
i-C4AF_0.1% 20.1 f-C4AF_0.1% 18.8
i-C4AF_0.3% 18.8 f-C4AF_0.3% 18.6
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4. Discussion

4.1. Effects of DEIPA on morphological
characteristics of C4AF

High-resolution TEM images (Figure 8(a–l)) allows to
examine the surface morphology of the C4AF particle. It
was observed that the substances considered to be DEIPA
were attached to the particle surface of f-C4AF_0.3%
(Figure 8(c)). The EDS results support the aforementioned
phenomenon. In the samples of the f-C4AF_0%, the Ca,
Fe, and Al atoms that are the major constituents of C4AF
were significantly observed (Figure 8(d)). However, the
detected amount of these major constituents decreased as
the amount of DEIPA increased, but that of carbon
increased (Figure 8(d–f)).

Meanwhile, there was no clear trend in the case of i-
C4AF. The surface of i-C4AF_0% looks completely dif-
ferent from those of f-C4AF series. It can be due to the

better grindability of the material due to the low amount
of Fe content. Although the carbon content was increased
with the increase of DEIPA, there was no substantial dif-
ference in terms of surface morphology of the i-C4AF.

4.2. Observation of crystallographic variations in
C4AF induced by DEIPA

As shown in Figure 9(a–d), significant changes of XRD
pattern were observed in the f-C4AF and i-C4AF due to
the addition of DEIPA. Firstly, the nanocrystalline size
particle could be generated which yields the reduction of
the area of XRD peaks [56,57]. However, this explanation
might not be suitable for the present study, as the grinding
process has been chosen to reproduce the authentic grind-
ing conditions used in OPC grinding. Instances of nano-
crystallization and amorphization within clinker phases
were hardly reported. In contrast, previous studies have

Figure 6. X-ray diffraction patterns of the investigated C4AF according to the amount of DEIPA added and the created X-ray dif-
fraction models of C4AF: (a) f-C4AF_0%, (b) i-C4AF_0%, (c) f-C4AF_0.1%, (d) i-C4AF_0.1%, (e) f-C4AF_0.3%, and (f) i-
C4AF_0.3%.
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reported that the atomic arrangement within minerals can
undergo partial modification due to grinding program
[58–60]. Therefore, it indicates crystallographic modifica-
tion since the addition of DEIPA contributed to the change
in the unit cell parameters and the variations in the bond
lengths of Fe-O and/or Al-O.

The profile-fitting results of the unhydrated C4AF
were presented in Table 6. The structural variations of
C4AF induced by DEIPA were confirmed regardless of
the types of C4AF phase and DEIPA content. Specifically,
the unit cell parameters of C4AF decreased according to
the addition of DEIPA. The bond lengths of Fe-O and/or
Al-O located in tetrahedral and octahedral configurations
decreased. These variations could be closely related to the
enhanced reactivity of C4AF phases.

The relative quantitative analysis results of XPS are
shown in Table 7 and Figure 10. When the DEIPA was
added, the remarkable variations were observed in terms
of the state of Fe atoms. In the case of f-C4AF_0%, the
relative fractions of Fe3þ/Fe2þ were calculated as
89.1%/10.9%, respectively. Meanwhile, with f-C4AF_

0.3%, the calculated value was 94.7%/5.3%, respectively.
The large difference is mainly due to the peak of Fe3þ

precursor. Thus, when DEIPA was added during the
grinding procedure, it can be concluded that the large
amount of Fe2þ transformed to the Fe3þ state.

As summarized, with DEIPA addition, the XRD pat-
terns were significantly changed and resulted in the varia-
tions of crystal structure of C4AF. Furthermore, the
atomic state transition from Fe2þ to Fe3þ was also quanti-
tatively measured via XPS. These results indicate that
DEIPA acted as an oxidizing and activating agent for
mainly Fe atoms in the C4AF.

4.3. Enhanced C4AF hydration reaction due to DEIPA

The QXRD results of all C4AF (cured for 5 days) investi-
gated are presented in Figure 11(a,b). When DEIPA was
added, the improved degree of hydration was confirmed
in f-C4AF compared to the case of i-C4AF. In the samples
of f-C4AF_0.1% and f-C4AF_0.3%, the hydration prod-
ucts C3FH6 and Fe-Mc were significantly produced. In
addition, amorphous content was significantly increased

Figure 7. Quantitative phase analysis of XRD patterns of all investigated C4AF (cured for 5 days): (a) f-C4AF_0%, (b) i-C4AF_
0%, (c) f-C4AF_0.1%, (d) i-C4AF_0.1%, (e) f-C4AF_0.3%, and (f) i-C4AF_0.3%.
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as the added amount of DEIPA increased. In previous
studies, most of them was considered as amorphous Fe-
containing phases [45, 61]. Thus, it was confirmed that Fe
atoms contained in f-C4AF significantly contributed to the
hydration reaction.

Meanwhile, a different trend was observed in i-C4AF.
In the sample of i-C4AF_0%, the Al-containing hydration

products C3AH6, Al-Hc, and AH3 were generated.
However, when DEIPA was added, a completely differ-
ent trend was confirmed in the hydration mechanism of
i-C4AF series. As the amount of DEIPA increased,
C3AH6 decreased while the amount of amorphous
increased significantly. Similar to the f-C4AF, the reactiv-
ity of Fe atoms included in i-C4AF was significantly

Figure 8. TEM and EDS measurement results for (a–f) f-C4AF series and (g–l) i-C4AF series.

Figure 9. XRD measurements of (a–b) f-C4AF and (c–d) i-C4AF.
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activated by the large amount addition of DEIPA. It also
contributes to the production of amorphous phase consist-
ing of Fe-containing phases (i.e. amorphous Fe-Mc, Fe-
Hc, and FH3). Consequently, enhanced reactivity of Fe
source induced by DEIPA was confirmed regardless of
the type of C4AF phases.

The relationship between the measured amorphous
content and particle size was presented in Figure 12(a,b). It
is well-known fact that the particle surface area increased
with decreasing particle size, resulting in higher reactivity
[62]. In our study, a similar result was obtained; when the

amount of DEIPA added increased from 0 to 0.1wt.%, the
quantified amorphous content was also increased. The
highest grindability was achieved with a DEIPA dosage of
0.1wt.%. However, an opposite trend was observed in the
sample containing 0.3wt.% of DEIPA. Although the
grindability of f-C4AF_0.3% and i-C4AF_0.3% had not
been enhanced, lots of amorphous Fe-containing hydration
products were produced. From these results, it can be con-
cluded that the further enhanced reactivity of the C4AF
was owing to the activated Fe atoms in C4AF rather than
the physical effect of particle size reduction.

Table 6. Profile fitting results of unhydrated f-C4AF and i-C4AF.

Unit cell parameters Bond length of Fe/Al-O

a (Å) b (Å) c (Å) Octahedral site (Å) Tetrahedral site (Å) Average (Å)

f-C4AF_0% 5.5898 14.6304 5.3918 2.0417 1.7772 1.9359
f-C4AF_0.1% 5.5860 14.6282 5.3855 2.0407 1.7763 1.9349
f-C4AF_0.3% 5.5837 14.6261 5.3908 2.0407 1.7763 1.9349
i-C4AF_0% 5.5786 14.5896 5.3682 2.0357 1.7720 1.9302
i-C4AF_0.1% 5.5823 14.5687 5.3714 2.0353 1.7715 1.9298
i-C4AF_0.3% 5.5693 14.5497 5.3630 2.0320 1.7683 1.9265

Table 7. Fitting results of f-C4AF_0% and f-C4AF_0.3%.

f-C4AF_0% f-C4AF_0.3%

Position (eV) FWHM (eV) Area (%) Position (eV) FWHM (eV) Area (%)

706.8 2.2 61.5 706.1 2.2 55.3
709.0 2.8 27.6 707.8 3.2 35.6
714.0 4.4 10.9 710.5 1.6 3.8
– – – 714.0 3.0 5.3

Figure 10. Quantification results of (a) f-C4AF_0% and (b) f-C4AF_0.3%.

Figure 11. QXRD results of the (a) f-C4AF and (b) i-C4AF series cured for 5 days.
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The quantified amount of amorphous content in the
sample cured for 5 days could be associated with the crys-
tallographic variations of the unhydrated C4AF. When
DEIPA was added, a change in the state of the Fe atoms
observed in XPS (transformation from Fe2þ to Fe3þ) is
reflected in the XRD pattern as the decreases of bond
length of Fe/Al-O located in the C4AF phase, which was
shown in Figure 13(a,b). That is, the hydration reaction of
C4AF can be improved by the activated Fe3þ atoms,
resulting in the decrease of bond length as well as the
increased production of amorphous Fe containing AFm
phase and FH3.

5. Conclusions

In the current study, the crystallographic changes in C4AF
due to the DEIPA application during the grinding process
were investigated using XRD, TEM, and XPS analyses.
Modifications in the hydration characteristics due to the
crystallographic variations were characterized by ICP-
OES, isothermal calorimetry, TGA, and QXRD analyses.
Two types of C4AF (iron-rich C4A0.6F1.4 (f-C4AF) and
idealized C4A0.8F1.2 (i-C4AF)) were synthesized and
tested to evaluate the effect of DEIPA with dosages of 0,
0.1, and 0.3wt.%. The conclusions of this study are as
follows:

The significant particle size reduction (i.e. enhanced
grindability) of C4AF was confirmed by the addition of

DEIPA. In particular, this effect was more pronounced in
C4AF_0.1% than in the case of C4AF_0.3%. High-volume
energy introduced by the grinding program mainly con-
tributed to the size reduction of C4AF_0.1% whereas the
energy would have been much used to change the crystal-
lographic structure of C4AF_0.3%. Furthermore, uneven
surface of f-C4AF particle was observed via TEM with
the addition of DEIPA.

Through XRD and XPS analyses, the state variations
of Fe atoms in C4AF were confirmed. Not only did the
transformation from Fe2þ to Fe3þ occur, but the variation
of crystallographic information of Fe-O and/or Al-O was
also identified. These two observations support the origin
of enhanced hydration reaction of C4AF. The enhanced
reaction produces large amounts of Fe containing phases
such as Fe-AFm and amorphous FH3. This is more pro-
nounced in f-C4AF phase. In the case of i-C4AF phase,
similar enhancement was only observed by the large
amount of usage of DEIPA of 0.3wt.%.

Therefore, it can be concluded that the reactivity of Fe
atoms in C4AF was substantially improved by the small
addition of DEIPA during grinding process. The degree of
enhanced reactivity can be also tailored by the dosage of
the DEIPA considering the nature of the C4AF phase in
various cement-based mixtures. The findings in this study
can be used to design and develop sustainable PC such as
ferrite-rich PC or improved performance of conventional
PC system.

Figure 12. Relationship between QXRD (amorphous content) and effect of particle size variations: (a) the combination of f-C4AF
and DEIPA and (b) the combination of i-C4AF and DEIPA.

Figure 13. Relationship between amorphous content and bond length of (a) f-C4AF and (b) i-C4AF depending on the added
DEIPA.
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