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In this work, nano-sized hard magnetic gallium-substituted iron oxide crystals, wherein gallium is used to stabilize the

metastable epsilon iron oxide phase, were added to cement-water suspensions at different ratios, which were subsequently

hydrated for at least 28 days. It is shown that higher contents of such nanocrystals in the hardened cement paste introduce

a magnetic moment, whereas the mechanical properties remain unchanged compared to non-blended hardened cement

paste for a wide concentration range.
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1 Introduction

In our modern society, the most common building material
is concrete [1], which is made from coarse and fine aggre-
gates (e.g., sand, gravel, or crushed stones), Portland cement
(in this case CEM I 42.5 R), water, and various admixtures.
Cement itself mainly consists of Ca3SiO5, Ca2SiO4, and
Ca3Al2O6 and acts as the binder or glue of the composite
material [2]. Over time, the requirements of building mate-
rials change as extrinsic factors like climate, resource
scarcity, and politics rise up, with adaptions of the compos-
ite system becoming necessary [3]. Most approaches to
modify the properties of cementitious suspensions, hy-
drated cement, and hardened cement paste, work on the
macroscopic or microscopic level, e.g., by adding fillers such
as sand or quartz powder to increase packing density and
reduce the amount of binder or superplasticizer to improve
fluidity and pumpability of concrete [4–13]. Alternatively,
nano-scaled additives (TiO2 [14, 15], ZnO [15, 16], carbon
nanotubes [17, 18], a-Fe2O3 [19–22], SiO2 [21–27], and
tobermorite nanofibers [28]), can be incorporated. This
leads to enhanced external compression and tensile strength
[15, 23], a reduction of the dormant period while accelerat-
ing the hydration of cement, as well as lowering the initial
and final setting time by 90–100 min [23], respectively.
Hereby, specific modifications are observed on the paste
level already, without additional aggregates.

Previously, Ohkoshi et al. [29] synthesized hard-magnetic
e-Fe2O3 nanocrystals (NCs) demonstrating their capability

to absorb millimeter waves due to a high coercive field Hc.
They showed that the partial substitution of iron atoms by
gallium stabilizes the metastable phase of e-Fe2O3 and
changes coercive field Hc as a function of the substitution
rate, changing the absorption wavelength or rather the reso-
nance frequency fr as follows by

fr »
g

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� A2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pMs Ha þ 4pE Msð Þ

p
(1)

where g corresponds to the gyromagnetic ratio of an elec-
tron (1.76 � 1011 T–1s–1) [30], A to the damping constant, Ha
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to the uniaxial anisotropy field of an unpatterned film, E to
the effective demagnetization factor, and 4p Ms to the satu-
ration magnetization according to Kittel (1) [31].

In the present work, these new magnetic properties are
induced into hardened cement paste. By doing so, the gen-
eral properties, such as porosity and compressive strength
should be maintained or improved.

The crux of the matter being whether the magnetic prop-
erties of the NCs stay the same in this matrix is answered
by evaluating the magnetic properties. We investigate which
structure-properties hardened cement pastes blended or
functionalized with Ga0.043Fe1.957O3 nanomagnets exhibit
compared to non-blended hardened cement paste. To better
quantify these aspects, aggregates and other additives, such
as sand or slag, were neglected and only the change in the
properties of hardened cement paste cuboids were studied,
which for example showed a tremendous increase of mag-
netic remanence MR by a factor of about 750. Here, differ-
ent amounts ( £ 10 wt %, namely 0, 1, 5, and 10 wt %) of
self-synthesized Ga:Fe2O3 (85 % e and 15 % a) NCs were
added to CEM I 42.5 R (Fig. 1), which already contains
2–5 wt % Fe2O3 present as part of brownmillerite (C4AF)
(Fig. S1b in the Supporting Information SI). The blending
values were chosen to be comparable to previous studies
[14–16, 21–27].

2 Experimental

The experimental details (Sect. S1) as well as the character-
ization (Sect. S2.1) of all educts and intermediates (where
necessary) can be found in Supporting Information SI.
Characterization of the as-synthesized NCs by Mössbauer
spectroscopy, superconducting quantum interference device
(SQUID), powder X-ray diffraction (XRD) reveals the
presence of two Ga:Fe2O3 phases (85 % e and 15 % a) and
from TEM micrographs (Fig. 2a) it can be observed
that Ga:Fe2O3 NCs were polydisperse with a size of
22 nm ± 11 nm. For a detailed characterization see SI Sect.
S2.1.2.

3 Results and Discussion

The evaluation of the hardened cement paste samples is
divided into two distinct topics: (1) The structural charac-
terization split into the analysis of the chemical composition
and morphological appearance and (2) the investigation of
mechanical and magnetic properties.

3.1 Structural Characterization

For the chemical composition analysis of hardened cement
paste cuboids with an admixture of Ga:Fe2O3 NCs
( £ 10 wt %, namely 0, 1, 5 and 10 wt %), XRD, thermal
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Figure 1. Schematic illustration of the synthetic pathway and preparation of Ga:Fe2O3 NCs, blending of CEM I 42.5 R with a gravimetric
water-to-cement ratio (w/c) of 0.5 with Ga:Fe2O3 NCs, preparation of hardened cement paste cuboids.
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gravimetric analysis (TGA), and scanning elec-
tron microscopy coupled with energy dispersive
X-ray spectroscopy (SEM-EDXS) were used.
While the first two techniques (PXRD and
TGA) show only slight deviations concerning
the impact of different amounts of Ga:Fe2O3

NCs on the hydration products (see SI Figs. S2
and S3). SEM-EDXS enabled the spatially re-
solved validation of the Ga:Fe2O3 NCs distribu-
tion in the hardened cement paste blocks
(10 mm · 4 mm · 1 mm) (Fig. 3 and S4 in SI).
The micrographs exhibit a non-aggregated
homogenous distribution in all samples, with
the number of Fe fractions increasing with a
higher mass fraction of Ga:Fe2O3 NCs, which
qualitatively indicates an increasing Fe content
in the samples. Significant deviations from the
morphology cannot be detected, as the surface
of all samples shows almost evenly distributed
hydration products in form of flower-like por-
tlandite, while the recorded oxygen values differ
between the samples (Fig. S4 in SI), possibly
induced by the oxygen of Ga:Fe2O3 NCs.

After showing the impact of the incorporated
Ga:Fe2O3 NCs on the chemical composition, the
pore structure of the hardened cement paste
blocks was investigated via nitrogen physisorp-

tion (Fig. 4a and S5a–c in SI), and
mercury intrusion porosimetry
(Fig. 4b and S5d in SI). In the case
of building materials, such knowl-
edge is of utmost importance,
since the porosity influences the
mass transport, strength, durabil-
ity, and thermal properties. A
higher porosity could lead to less
strength as well as higher mass
and lower thermal transport and
durability of concrete. The evalua-
tion of nitrogen physisorption of
all investigated samples presents
no significant deviation in terms
of the specific surface area (80 to
83 m2g–1) and specific volume
(100 to 120 mm3g–1). The mean
pore diameter �dpore shows en-
larged pores by up to 28 % in com-
parison to pure hardened cement
paste and 15 % to anhydrous
cement with the addition of
Ga:Fe2O3 NCs with increasing
proportion. The isotherms
(Fig. S5c in SI) exhibit H4-type
hysteresis loops for all mass frac-
tions with a strong decrease of
the desorption branch in the
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Figure 2. Evaluation of synthesized NCs. a) TEM micrograph with PSD and zoom-in as insets,
b) PXRD pattern including reference patterns of e-Fe2O3 and a-Fe2O3 [32], c) Mössbauer spec-
troscopy showing the fitted spectra including five sextets, one of a-Fe2O3 and four of e-Fe2O3

(A to D), and d) SQUID including maximal magnetization at B = 7 T M7 T, remanence MR, and
coercive field HC.

Figure 3. SEM-EDXS data of hardened cement pastes made from anhydrous ce-
ment mixed with different mass fractions of Ga:Fe2O3 NCs ( £ 10 wt %, namely
0, 1, 5, and 10 wt %); exemplary shown for non-blended hardened cement paste
(0 wt %) and highest amount of Fe2O3 NCs (10 wt %); depicted are (left) micro-
graph and (right) Fe spots (red).
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range of 0.4 £ p/p0 £ 0.5, as expected when using a wetting
adsorbate such as nitrogen [33].

Furthermore, the H4-type hysteresis’ shape indicates
non-rigid aggregated crystals and not completely filled
voids with pore condensate. With a mass fraction of 1, 5,
and 10 wt % Ga:Fe2O3 NCs the hysteresis width is increased
by 8.5 %, 17 %, and by 12 % compared to the reference com-
position of 0 wt %. This indicates a change in the pore struc-
ture to a higher amount of pores. Simultaneously less com-
pletely filled pores, resulting in a decreasing density, which
was calculated via weight and volume of the hardened
cement paste blocks, of 1.85, 1.79, 1.76, and 1.70 g cm–3 with
an increasing amount of filler, is observed (see Sect. S1.2.11
in SI). This phenomenon is most probably due to a high
concentration of water around Ga:Fe2O3 NCs, because of
the high surface-to-volume ratio of nanoparticles [34], dur-
ing the early solidification process. Similar effects are
observed in mercury intrusion porosimetry, with samples
showing increasing porosity with increasing Ga:Fe2O3 NCs
content, visible in the specific intrusion volume (Fig. S5d
in SI) for the low (p £ 3.45 bar) and high-pressure range
(p £ 4000 bar). Utilizing the Washburn equation [35] and
analysis procedure according to DIN ISO 15901-1:2019-03
[36], this corresponds to larger pore volumes at two ranges
of pore diameter dpore, 5–15 nm (Fig. 4b inset) and 50–
200 mm (Fig. 4b). Both methods indicate that the porosity or
the number of pores increases with rising Ga:Fe2O3 content,
both at the nano- and microscale.

The changes of porosity induced by the hydration prod-
ucts formed, which in turn were influenced by the amount

of admixed Ga:Fe2O3 NCs and evaluated via PXRD and
TGA, led to a variance in the pore size distribution and
density of the samples.

3.2 Investigation of Mechanical and Magnetic
Properties

Due to both, the observed increased porosity detected by
nitrogen physisorption and mercury intrusion porosimetry
as well as the influence of Ga:Fe2O3 NCs, the mechanical and
magnetic properties are assumed to change accordingly.
Therefore, the mechanical properties were determined by
compressive strength test as well as micro- and nanoindenta-
tion, and the magnetic properties by SQUID measurements.

3.2.1 Mechanical Properties

The strength of hardened cement paste cubes (40 mm) was
examined via a compressive strength test derived from DIN
EN 12390-3:2019-10 [37] after 28 d of hydration (Fig. 5). It
can be seen that increasing the share of NCs lowers the
characteristic compressive strength fck by up to 28 %, while
the change due to 1 wt % is marginal (–1.9 %). At a content
of 10 wt % Ga:Fe2O3 NCs, the compressive strength fck

decreases below fck = 39.4 N mm–2, which has to be consid-
ered for the application in construction as a building mate-
rial, but is negligible in regards to non-structural coatings
for e.g. tap-proofness [38]. The lowered compressive
strength fck could be due to the enhanced porosity, see cal-
culated density in the previous section as well as the pore
volumes in nitrogen physisorption and mercury intrusion
porosimetry, caused by the admixture of Ga:Fe2O3 NCs. In
addition to this macroscopic investigation, the hardness
and stiffness of hardened cement paste on the micro- and
nanoscale were determined from micro- and nanoindenta-
tion tests (Fig. 6). Force-displacement curves of a Berkovich
(nano) and Vickers (micro) indenter are measured and ana-
lyzed for indentation hardness HIT and modulus MIT [39].

While a clear trend is distinguishable in compressive
strength fck, the micro indentation hardness HIT and modu-
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Figure 4. Evaluation of hardened cement paste s of anhydrous
cement mixed with different mass fractions of Ga:Fe2O3 NCs;
pore size distribution derived from a) nitrogen physisorption
and b) mercury intrusion porosimetry.

Figure 5. Evaluation of mechanical properties of hardened
cement pastes mixed with different mass fractions of Ga:Fe2O3

NCs by compressive strength test at 28 d.
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lus MIT show only minor differences, whereby the latter is
dependent on the material’s stiffness. Its respective median
decreases slightly from approximately 23 to 20 kN mm–2,
while overall distribution width increases from approxi-
mately ± 2 to ± 3 kN mm–2 (Fig. 6a,b). Hardly any changes
are visible for the nano indentation hardness HIT and mod-
ulus MIT (Fig. 6c,d), where median values and distribution
widths remain the same. The size of nano additive Ga:Fe2O3

(22 nm ± 11 nm) is rather small compared to the volumes
probed by nano-indentation, i.e., penetration depth of
250 nm, and no impact on the micro-scale mechanics arises.
The same applies to micro-indentation with a penetration
depth of 24 mm.

It can be concluded that an increasing mass fraction of
Ga:Fe2O3 NCs leads to a loss in macroscopic strength, while
the mechanical properties (hardness and stiffness) on the
micro- and nano-scale hardly change. Therefore, loss in
mechanical strength seems to arise from increased porosity
rather than alteration of cement paste’s matrix incorporat-
ing Ga:Fe2O3 NCs.

3.2.2 Magnetic Properties

To appraise the magnetic character of hardened cement
paste mixed with different mass fractions of Ga:Fe2O3 NCs,
SQUID measurements were conducted (Fig. 7), where the
magnetic moment M was measured against an external mag-
netic field ~H in a range of –7 T £ B £ 7 T and evaluated
regarding the maximum magnetization at B = 7 T M7 T, rema-
nence MR, and coercive field HC.

The pure hardened cement paste
(0 wt %, Fig. 7) showed a non-linear
curve progression up to B @ 0.3 T, which
we attribute to unreacted ferrimagnetic
calcium aluminum ferrite (brownmiller-
ite, C4AF) [40] contained in anhydrous
CEM I 42.5 R [41], as a fully hydrated ce-
mentitious suspension would show no
ferromagnetic signal during SQUID
measurements [42]. A further increase of
~H leads to a linear curve progression,
which was assigned to the paramagnetic
materials of hydrated cement. Although
no magnetic saturation was observed, as
indicated by a curve progression being
parallel to the abscissa, maximum mag-
netization M7 T of the samples was mea-
sured at B = 7 T. It is distinguishable that
the addition of Ga:Fe2O3 NCs leads to a
proportional increase of coercive field
Hc, maximum magnetization at B = 7 T
M7 T, and remanence MR of the blended
material. The coercive field Hc of the ce-
ment-nanocrystal mixtures increases
from Hc = 10 mT (non-blended hard-

Chem. Ing. Tech. 2023, 95, No. 00, 1–10 ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 6. Evaluation of mechanical properties of hardened cement pastes mixed with
different mass fractions of Ga:Fe2O3 NCs by indentation hardness HIT derived from
a) microindentations and b) nanoindentation as well as indentation modulus HIT

derived from c) microindentation and d) nanoindentation.

Figure 7. SQUID
data of hardened
cement paste s
mixed with differ-
ent mass fractions
of Ga:Fe2O3 NCs
measured at 27 �C
in an external field
~H of –7 T £ B £ 7 T
with B¢(t) = 5 Oe s–1;
with Hc ≡ coercive
field, MR ≡ rema-
nence, and M7 T ≡
maximum magneti-
zation at B = 7 T.
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ened cement paste) to Hc = 1.46 T (blended with
10 wt % Ga:Fe2O3 NCs), which is relatively close
to that of the pure nanocrystals (Hc = 1.81 T). A
possible explanation for this might be a mag-
netic exchange bias between the nanocrystal
grains and the cement matrix. Due to the high
magnetocrystalline anisotropy of Ga:Fe2O3 NCs,
the nanocrystal grains keep their magnetic mo-
ment M undirected to the external magnetic
field ~H, increasing the energy needed to align
the spins of the surrounding matrix (Fig. 8). We
assume that, by lowering the external magnetic
field ~H, at first only the spins of the cement
matrix furthest away from the NCs de-align and
at an external magnetic field ~H @ 0 T only the
NCs are still fully aligned. To achieve the ground
state, a negative external magnetic field ~H has to
be applied.

In the case of maximum magnetization at
B = 7 T M7 T, the sample with the highest mass
fraction (10 wt %) exhibits only approximately
6 % of maximum magnetization at B = 7 T M7 T

of the native Ga:Fe2O3 NCs, while the coercive
field Hc is approximately 81 %, which is attribut-
ed to the lower amounts of unpaired electron
spins per mole. Further, the remanence MR of
the blended hardened cement paste samples increases
linearly with the added amount of Ga:Fe2O3 NCs. At the
same time, the remanence MR value normalized by the
magnetic mass (MR = 3.9 emu g–1 ± 0.3 emu g–1) is in all
cases half of the synthetic Ga:Fe2O3 NCs (MR = 8.07 emu g–1)
probably due to the interaction with the cement matrix
(Figs. 7 and 8).

In summary, the addition of different mass fractions
(1–10 wt %) of Ga:Fe2O3 NCs enhanced coercive field Hc,
maximum magnetization at B = 7 T M7 T, and remanence
MR compared to pure hardened cement paste, wherein the
extrapolated remanence MR was approximately half of the
native Ga:Fe2O3 NCs’. This effect was attributed to the
interaction between the electron spins of residue calcium
aluminum ferrite (brownmillerite, C4AF) with a low coer-
cive field Hc and the electron spins of Ga:Fe2O3 with strong
magnetic anisotropy. Cement seems to be a good matrix to
isolate the Ga:Fe2O3 NCs, although halving the remanence
MR while not interfering with their maximum magnetiza-
tion at B = 7 T M7 T.

4 Conclusion

Hardened cement pastes were prepared from a standard
Portland cement (CEM I 42.5R) and different amounts of
hard magnetic nanocrystals, and their structure-property
relationships have been tested. Decisive physical properties
of hardened cement paste were affected by the addition of
this type of NCs:

– The higher the Ga:Fe2O3 content, the higher the porosity
and, consequently, the lower the sample density.

– Coercive field HC and magnetic remanence MR are pro-
portionally enhanced with rising Ga:Fe2O3 content, while
the maximum magnetization at B = 7 T M7 T was only
slightly affected.

– Micro- and nanoscale mechanical properties remain un-
affected, no matter how much Ga:Fe2O3 is added, while
compressive strength decreases.
In this work, we showed how and to which extent the

amount of Ga:Fe2O3 NCs influences properties relevant to
the practice of hardened cement paste, hence also the con-
crete properties, using a cheap and easily mass-producible
nanoscale additive. The shown properties of blended hard-
ened cement paste might make it a promising material for
coatings of facades or interior walls, when it comes to niche
applications like the demand for protection against wireless
eavesdropping. Implementing these properties into concrete
might enable constructions to protect sensitive machinery
that is negatively influenced by radio waves, like magnetic
resonance tomography in the medical field, to ensure great-
er lifetime and efficiency. At the same time, sensitive data
can be protected by blocking the external access from third
parties, i.e., enhanced tap-proofness or protection against
wireless eavesdropping, but this will be in focus of investiga-
tion of future works.

www.cit-journal.com ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 00, 1–10

Figure 8. Scheme of alignment of the magnetic moment M in hardened cement
pastes mixed with Ga:Fe2O3 NCs in an external field ~H of –7 T £ B £ 7 T.
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Symbols used

A [–] damping constant
B [T, or 105 Oe] magnetic field
B¢(t) [Oe s–1] alteration rate of magnetic field
CC [mm] lenses’ chromatic aberration in

TEM
CS [mm] lenses’ spherical aberration in

TEM
d [m] diameter
d10 [m] 10 % are below this diameter
d50 [m] 50 % are below this diameter or

median
d90 [m] 90 % are below this diameter or

10 % above
dpore [m] pore size
dshaft [m] diameter of mixing shaft
�d [m] mean diameter or average

diameter
�dpore [m] mean pore size or average pore

size
dDm/(dt) [wt % h–1] time derived weight loss in TGA
E [–] effective demagnetization factor
fck [N mm–2] compressive strength
fr [s–1] resonance frequency
~H [T] external magnetic field
Ha [T] uniaxial anisotropy field of the

unpatterned film
HC [T] coercive field
HIT [N mm–2] hardness of indentation
Ireflection [–] intensity of reflection in XRD

M [emu g–1] magnetic moment
M7 T [emu g–1] maximal magnetization at B = 7 T
MIT [N mm–2] modulus of indentation
MR [emu g–1] remanence
p [105 Pa] pressure
p/p0 [–] relative pressure for nitrogen

physisorption
pintr [108 Pa] pressure of intrusion for Hg-

porosimetry
_s [mm s–1] velocity
Tref [�C] reference temperature
V [mL] volume
Vp [mL] pore volume
Vp,total [mL] total pore volume
Vsample [mL] sample volume
w/c [–] gravimetric water to cement ratio

Greek letters

a [–] crystal phase
g [T–1s–1] gyromagnetic ratio; 1.76 � 1011

d [�] contact angle
e [–] crystal phase
h [N m–1] surface tension
q [�] annular position of source and

detector in XRD, relative to
sample

Abbreviations

AR aspect ratio
BET Brunauer-Emmert-Teller
BJH Barrett-Joyner-Halenda
C-S-H calcium silicate hydrate; m CaO � SiO2 � n H2O
DFT density functional theory
eq. equivalent
EDXS energy-dispersive X-ray spectroscopy
Ga:Fe2O3 gallium substituted iron oxide [Ga0.043Fe1.957O3]
NC nanocrystals
rcf relative centrifugal force
SEM scanning electron microscopy
SQUID superconducting quantum interference device
TEM transmission electron microscopy
TGA thermogravimetric analysis
XRD X-ray diffraction
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Research Article: The impact of different amounts of incorporated hard magnetic
Ga0.043Fe1.957O3 (85 % e and 15 % a phase) nanocrystals (NCs) on the physical properties
of hardened cement paste is shown. By adding these Fe2O3 NCs it is possible to modify the
manifold properties simultaneously, thus, enabling fine-tuned buildings or coatings. . . . . . . ¢
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