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Abstract 
The development and application of multicomponent multifunctional additives for cement composites is an important 
research area since the use of such additives allows controlling both the rheological properties of fresh mixtures and the 
physical and mechanical properties of the hardened composite.
In our study, we used several additives, including metakaolin and xanthan gum together with tetrapotassium pyrophosphate 
and a SiO2 based complex additive, to modify cementitious  sand-based materials. We studied the peculiarities of the 
influence of these additives on the technological characteristics of mixtures (plasticity and shape retention) and the 
processes of setting, hydration,  and hardening of the composite materials. 
The optimal values of plasticity, for stability, acceleration of hardening were demonstrated by sand-based systems modified 
with a complex nanosized additive and metakaolin. The hydration products in the such systems are mainly formed from 
low basic hydroxides. Metakaolin also results in the formation of ettringite. These systems demonstrate the optimal time 
of the beginning of setting and the maximum strength gain of the modified cementitious  sand-based materials at 28 days.
The optimal ratio of indicators of plasticity and shape retention of cement mixtures and the strength of composites based 
on them obtained by using the studied additives allows us to recommend using these additives in the innovative technologies 
for 3D-build printing. 
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Designations used in the article:
C – cement
W – water
S – quartz sand
SP - superplasticiser
MKL - metakaolin
XG - xanthan gum
TPPPh - tetrapotassium pyrophosphate
CNA – complex nanosized additive
PF – polypropylene fibre

1. Introduction 
The emergence and development of new 

construction technologies, such as 3D-printing, 
requires improving the existing and creating new 
cement-based composite materials with a set of 
specific properties. Therefore, during the initial 
stage, the fresh mixtures should have specified 
fabricability indicators. In particular, for the 
innovative 3D-printing process, of fundamental 
importance are such fabricability indicators 
as plasticity, shape retention , and accelerated 
setting, which are required to create a structure 
using off-mould additive manufacturing. What 
is more, the resulting composite material must 
have good physical and mechanical properties to 
ensure the standard service life of the building 
or structure. To ensure that cement mortar has 
the characteristics required for 3D printing, it is 
important to determine the optimal composition 
and substantiate the use of every component [1, 2].

Cement mortars for 3D printing are highly 
concentrated heterogeneous disperse systems 
consisting of a liquid dispersion medium and a 
solid dispersed phase. The rheological behaviour 
of fresh mixtures  is determined by their structure 
which changes during the printing process from 
the coagulation structure (when the mortar is 
mixed and transferred to the extruder) to the 
coagulation-crystallization structure (setting 
and hardening of the mixture in printed layers). 
We should note that an optimal composition in 
terms of the type of components, their dosage, 
chemical and mineralogical composition, 
dispersion, etc., allows for direct control over 
the properties of both the dispersed phase and 
the dispersion medium. This allows for control 
over the hydration products, and therefore the 
visco-plastic properties of the cement-water 
heterogeneous disperse system [3]. 

The simplest and most accessible factor 
for controlling the hydration process and the 
properties of cement composite systems for 
3D printing is the use of chemical additives 
of various nature (inorganic and organic), 
morphology, and dispersion [4, 5]. An analysis of 
the studies published by Russian and international 
researchers [4–12] demonstrated that such 
additives can be divided into the following groups 
based on the technological properties acquired by 
cement mixtures.

– Additives accelerating the setting and 
hardening process and enhancing the strength 
properties of printed objects. These additives 
are usually inorganic salts of alkali metals and 
calcium (K2CO3, Li2CO3, Na2SiO3, CaCl2, NaAlO) 
[11], active mineral additives (finely dispersed 
quartz, metakaolin) [5, 6], and industrial waste 
(microsilica, fly ash, and waste remaining after 
the enrichment of mineral resources) [7–10].

– Additives increasing plasticity. These are 
various types of superplasticizers (SPs), which, 
depending on the chemical composition and 
the ability to reduce water, are divided into 
four groups: lignosulphonates, melamine 
sulfonates, polyacrylates, and polycarboxylate 
esters. At the moment, the most commonly 
used superplasticizers are those based on 
polycarboxylate esters [4, 5].

– Additives increasing adhesion. They are 
redispersible polymer powders of polyethylene, 
polyacrylate, and vinylformamide [4].

– Disperse reinforcing components enhancing 
the physical-mechanical properties of printed 
composites. These are various types of fibres - 
polypropylene, glass, basalt, or steel fibres [13–15].

Each additive works according to a certain 
mechanism and, when added to cement mortar 
has a selective effect on the properties of the 
freshly prepared composite mixture and the final 
cement composite. 

In this regard, it is important to study the 
use of complex and multicomponent modifiers 
which include additives of various types. Namely, 
in our study we considered the use of an additive 
accelerating the setting and hardening process, a 
superplasticiser enhancing the plasticity of fresh 
mixture, and a micro-reinforcing component 
contributing to the additional strengthening 
of the cement composite by preventing crack 
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propagation during the hydration process. When 
choosing the composition of a polyfunctional 
additive we should take into account the fact that 
the particles of the modifying additive should 
have a similar crystal chemical structure with 
the particles of the cement clinker. This will 
allow them to form an optimal crystal structure 
of the material (a denser one, with fewer pores 
and voids) [16]. 

In our study, we analysed the effect the use 
of various modifying additives on the rheological 
properties, setting, hydration, and hardening of 
cementitious  sand-based materials.

2. Experimental
For experimental studies, modified cement 

systems were obtained. Their initial components 
were Portland cement (C), grade CEM I 42.5 
(GOST 31108-2016), process water (W) (GOST 
23732-2011), and a superplasticiser (SP) based on 
polycarboxylate esters, grade Sika® ViscoCrete® 
T100. Quartz sand (S) with a fineness modulus 
Mf ≤ 1.25 (GOST 8736-2014) was used as an 
aggregate. 

The modifying additives were: metakaolin 
(MKL), grade VMK-45 (Al2O3·SiO2; SiO2 – 53 %, 
Al2O3 – 47 %), a complex additive – xanthan 
gum, grade FUFENG®80 ((C35H49O29)n ~ 91 %), 
together with tetrapotassium pyrophosphate 
(K4P2O7 – 98 %) (XG + TPPPh), and a complex 
nanosized additive based on silicon dioxide (CNA) 

with a composition “nanosized SiO2 particles – 
superplasticiser” obtained by means of the sol-
gel synthesis described in [16]. As a result of the 
synthesis, SiO2 particles with an average size of 
5–10 nm are formed in the system. They retain 
their aggregate stability for 7 days after the 
synthesis [16].

To perform the micro-reinforcement of 
cement composites, we used a polypropylene 
fibre (PF), grade Sika Fiber PPM-12, in the form 
of polymerized olefins (l = 12 mm, d = 0.022–
0.034 mm; r = 910 kg/m3, tensile strength 300 – 
400 MPa). The mass fraction of the PF with regard 
to the weight of the cement for all the systems 
was 0.5 %.

Compositions and concentrations of the 
initial components and the designations of the 
studied systems are presented in Table 1. 

The concentrations of the modifying additives 
(MKL, XG + TPPPh, CNA) and the aggregate (S) 
were optimised during the preliminary research 
and remained constant. The concentration of the 
superplasticiser for each system was determined 
empirically in order to obtain the required 
consistency and bonding properties of the cement 
mortar.

The cement systems of the described 
compositions were obtained by mixing of dry 
components for 3 minutes. When obtaining 
visco-plastic mixtures, the mass ratios of C : S 
were 1 : 1.25. These ratios are optimal and were 

Table 1. Composition and the main properties of the studied systems

№ System composition W/C
wSP, % from 
the mass of 

cement

wdmix, % 
from the 
mass of 
cement

System 
designation

1 Cement, water, 
superplasticizer 0.33 0.8 0 C–W–SP

2 Cement, water, 
superplasticizer, quartz sand, fiber 0.28 0.8 0 C–W–SP–S–PF

3 Cement, water, 
superplasticizer, metacaolin, 
quartz sand, fiber

0.29 1 2 C–W–SP–S–MKL–PF

4 Cement, water, superplasti cizer, 
xanthan gum, tetrapotassium 
pyrophosphate, quartz sand, fiber

0.28 1.2 0.2 C–W–SP–S–XG–TPPPh–PF
0.2

5 Cement, water, 
superplasticizer, complex 
nanoadditive based on SiO2, quartz 
sand, fiber

0.26 0.7 0.01 C–W–SP–S–CNA–PF
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determined experimentally based on preliminary 
studies [13]. The C - W - SP system and the C–W–
SP–S–PF system were recognised as reference 
systems. 

In our experiments, we used systems of 
the same consistency, which corresponded to 
the standard density of cement-water paste 
according to GOST 310.3-76 “Cements. Methods 
for determination of standard consistency, 
times of setting and soundness”. Based on 
the consistency, which remained constant, we 
conducted experiments to determine the water 
content (W/C ratio) for each of the studied 
systems.

The rheological behaviour of the cement 
visco-plastic mixtures was evaluated by the 
methods of squeeze rheometry [17–20]. For 
this, we performed   squeezing tests of freshly 
mixed cylinder samples using the INSTRON 5982 
universal floor hydraulic testing system. The 
radius of the samples was equal to their height 
(R = h0 = 25 mm). 

The plasticity of the obtained composite 
mixtures was determined based on the results 
of the squeezing test performed at a constant 
strain rate of 5 mm/s [17]. The curves “load 
N – displacement Δ” obtained as a result of the 
testing were transformed into dependencies of 
the reduced load F* on the relative change in 
sample height hi/R: 

F
Ph
Ri
i* ,=

p 2

where hi = (h0 –Δ), h0 is the initial height of the 
sample, Δ is the displacement at the i-th moment 
of time, Р is the load applied to the sample. The 
value R was taken as a constant equal to the sam-
ple radius at the beginning of the test.

At the first point of inflexion of the obtained 
experimental curves, the plastic  yield strength 
value  Ki(I) was calculated:
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To assess the shape retention, a compression 
test was performed at a constant load rate of 
n = 0.5 N/s [18, 19]. The results of experimental 
studies were interpreted as the “relative 
displacement Δ – time t”, “load N – relative 
displacement Δ” curves, which were used to 

calculate the values of the structural strength of 
cement systems at the moments corresponding to 
the beginning of deformation and the beginning 
of cracking of the samples according to the 
formula:

s
p

= P
R2 ,

Thus, we determined the criteria for the 
plasticity and form stability of cement composite 
mixtures under the modelled 3D printing 
conditions. These criteria include [19]:

– Plastic  yield strength value Ki (I).
– Structural strength s0 at the beginning of 

deformation, which is responsible for the ability 
of the system to resist deformation under load.

– Plastic strength spl and the value of relative 
plastic deformations Δpl at the beginning of 
cracking. They characterise the ability of the 
system to deform without destruction.

The setting process in the obtained cement 
composite systems was studied using the 
penetrometer method. The plastic strength (Ppl) 
was calculated using the following ratio: 

2

4
,

N
P

d
=

ppl

where N is penetration resistance of the mixture 
when a plunger with a standard diameter is im-
mersed to a depth of 5 mm, kN; d is the plunger 
diameter, m2. The method error was 10% [20].

The phase composition of the hardened cement 
paste was determined by powder diffraction 
(ARL X’TRA diffractometer with CuKa radiation, 
l = 1.541788 Å). The obtained data were processed 
using the PDWin 4.0 software package [21]. The 
value of the degree of hydration of the modified 
cement hardening systems was calculated based 
on the content of the alite phase 3СаО·SiO2 (C3S) 
by comparing their XRD patterns with the XRD 
pattern of the original cement clinker [22]:

mod
h 3

0

(C S) 1 100 %,
I

D
I

Ê ˆ
= - ¥Á ˜Ë ¯

where Imod is the intensity of the diffraction max-
imum at d = 2.75 Å of the C3S phase of the samples 
of different compositions by types of additives 
and the timing of cement hydration; I0 is the 
intensity of the diffraction maximum at d = 2.75 Å 
of the C3S phase of the original cement.
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The microstructure of the cement composites 
was  assessed using scanning electron 
microscopy (SEM) (Phenom XL scanning 
electron microscope).

The kinetics of the strength gain of the 
studied cement composites was determined by 
the destruction of sample cubes with the size 
of 5×5×5 cm using an INSTRON Sates 1500HDS 
testing machine. To ensure the statistically 
reliable results of physical and mechanical tests, 
the number of samples in the series was 6. The 
measurement uncertainty was 0.5%.

3. Results and discussion 
3.1. Plasticity and shape retention of modified 
systems

Figure 1 shows the curves of the dependence 
of the reduced load F* on the relative change in 
sample height hi/R. The studied cement systems 
were characterised by two types of curves. Curves 
of the first type, including the C – W – SP – S – 
MKL – PF system, have a prominent horizontal 
section of plastic deformation between two points 
of inflexion, which means that the system is rigid. 
In this case, the value of the plastic  yield strength 
value is Ki(I) = 2.47 kPa.

Reference systems as well as the C – W – 
SP – S – XG – TPPPh – PF and C – W – SP – S – 
CNA – PF systems belong to the second type of 

curves which do not have pronounced transitions 
between their sections. For these systems, the 
plastic  yield strength value Ki(I) is within the 
range of 1.06÷5.03 kPa. These systems have a 
good extrusion ability as a result of their plasticity 
and viscoelastic flow which does not destruct the 
structure.

As a result of the experimental investigation of 
shape retention of the studied systems two types 
of curves were obtained: “relative displacement 
Δ – time t” (Fig. 2a) and “relative displacement – 
load s” (Fig. 2b). 

The first type of curves was characterised 
by three sections: the “phase stability”, which 
characterised the absence of deformations 
under loads; “plastic phase”, which characterised 
the ability of the system to deform without 
destruction, and “cracking phase”, in which 
microcracking occurred before the complete 
destruction of the structure. On the “relative 
displacement – load s” curves, the moment 
when microcracks appeared in the systems 
corresponded to a sharp drop in the load. 

The analysis of the results (Fig. 2, Table 2) 
demonstrated that all the cementitious  sand- 
based materials with modifying additives and 
fibres are characterised by rational values of 
plasticity and shape retention , which makes it 
possible to perform 3D printing without defects 

Fig. 1. Curves of the dependence of the reduced load F* on the relative change in sample height hi/R. Desig-
nated: ▬ – C–W–SP; ▬ – C–W–SP–S–PF; ▬ – C–W–SP–S–MKL–PF; ▬ – C–W–SP–S–CNA–PF; ▬ – C–W–
SP–S–XG–TPPPh–PF

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2023;25(1): 112–124

G. S. Slavcheva et al. Studying the effect of modifying additives on the hydration and hardening of cement...



117

and deformed layers. The best shape retention 
was observed in the C – W – SP – S – CNA – 
PF system. It demonstrated the highest values 
s0 = 5.44 kPa, and the lowest Δpl = 0.03 mm/mm. 

Thus, the  setting, hydration and hardening 
processes were studied for mixtures whose 
compositions were optimised based on the 
plasticity and shape retention criteria (Table 2). 
They are considered to be basic mixtures for 3D 
printing.

3.2. Phase composition and microstructure of 
the studied systems

The X-ray diffraction analysis (Fig. 3, 
Table 3) of the reference system (C – W – SP), 
with the hardening process lasting 28 days, 
demonstrated that hydrated compounds in this 
system are represented mostly by highly basic 
calcium silicate hydroxides (2CaO·SiO2·H2O), 
a tobermorite (xCaO·SiO2·zH2O), and smaller 
amounts of the calcium sulphoaluminate phase 

b
Fig. 2. Dependence curves a) displacement Δ – time t; b) load s – relative displacement Δ. Designated: ▬ – 
C–W–SP; ▬ – C–W–SP–S–PF; ▬ – C–W–SP–S–MKL–PF; ▬ – C–W–SP–S–CNA–PF; ▬ – C–W–SP–S–XG–
TPPPh–PF

a
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(3СаО·Аl2О3·3CaSO4·26Н2О) and the initial non-
hydrated phases of alite 3CaO·SiO2 and belite 
2CaO·SiO2. 

The analysis of the X-ray diffraction data 
regarding the phase composition of the composites 
for 3D printing which underwent hardening for 
28 days (Fig. 3, Table 3), demonstrated that the 
prevailing phase is the quartz phase, because 
quartz sand is used as an aggregate in the system. 
However, the sand, as well as the fibre, has hardly 
any impact on the chemical composition of the 
newly formed cement composite. This can be 

demonstrated by the C – W – SP – S – PF system, 
where, similar to the reference system 1 (without 
the aggregate), the dominant phases of the new 
composites are highly basic calcium silicate 
hydrates (2CaO·SiO2·H2O) and tobermorite 
(CaO)х·SiO2·zH2O.

Each additive, on the contrary, results in the 
formation of additional phases in the system. 
Thus, the system with metakaolin (C – W – 
SP –S – MKL – PF) demonstrated the presence 
of aluminate phases (Fig. 3c) characterised by 
prismatic, acicular, and fibrous morphology 

Table 2. Rheological characteristics of the modified cement systems

System Setting start 
time, t, min

Plastic yield 
strength value 

Ki(I), kPa

Structural 
strength s0, 

kPa

Plastic 
strength spl, 

kPa

Relative 
plastic  

deformation 
Dpl, mm/mm

C–W–SP 270 1.06 1.10 45.01 0.02

C–W–SP–S–PF 135 5.03 5.03 31.64 0.044

C–W–SP–S–MKL–PF 90 2.47 2.47 36.74 0.035

C–W–SP–S–XG–TPPPh–PF 135 3.50 3.50 33.15 0.035

C–W–SP–S–CNA–PF 120 3.66 5.44 26.75 0.030

Fig. 3. X-Ray diffraction patterns of the studied cement composites. Designated: a) C–W–SP; b) C–W–SP–S–
PF; c) C–W–SP–S–MKL–PF; d) C–W–SP–S–XG–TPPPh–PF; e) C–W–SP–S–CNA–PF
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(Fig.  4c). The presence of such phases can 
enhance the shape retention and the strength 
of this system.

The C – W – SP – S – XG – TPPPh –PF system 
with xanthan gum and potassium pyrophosphate 
demonstrated, similar to the reference system, 
the presence of dyscrystalline highly basic 
calcium silicate hydrates and tobermorite 
forming pronounced cluster crystals (Fig. 3d, 
4d). There was also a small amount of dicalcium 
phosphate (CaHPO4·2H2O), which is explained by 
the partial interaction of the additive with the 
hydration products.

In the C – W – SP – S – CNA – PF system 
with SiO2 based complex nanoadditives, a well-
crystallized tobermorite phase and low base 
calcium silicate hydroxides (CaO·SiO2·H2O) 
(Fig. 3e, 4e) were dominant. There was also a small 
amount of ettringite (3СаО·Аl2О3·CaSO4·32Н2О), 
which increased the form stability and strength 
of the system.

All the systems demonstrated high values 
of hydration degrees, 95–98 % (Table 3), with 

the maximum hydration degree of 98 % being 
characteristic for all the systems with the XG + 
TPPPh complex modifying additive and the CNA 
additive.

Therefore, we can say that quartz sand 
does not affect the phase composition of the 
new hardening system, while the modifying 
additives have a direct impact on the hydration 
products of the studied cement systems, since 
they participate in heterogeneous processes of 
phase formation. At the same time, the hydration 
degree of cement increased significantly. The 
kinetics of hydration and the composition of 
the new composites are affected the most by the 
metakaolin additive and the SiO2 based complex 
nanosized additive. They increase the formation 
of low base calcium silicate hydroxides, which 
is explained by the fact that they have a similar 
crystal chemical structure with the new the 
cement composite. Polypropylene fibre is 
practically inert to the hydration and hardening 
process.

Table 3. Phase composition and degree of hydration of the studied cement systems  
(duration of hardening 28 days)

System W/C Dh, % Phase composition 

C – W – SP 0.33 73

2CaO·SiO2·H2O
(CaO)x·SiO2·zH2O

Ca(OH)2
3CaO·SiO2

C – W – SP – S – PF 0.28 95

SiO2
2CaO·SiO2·H2O

(CaO)x·SiO2·zH2O
Ca(OH)2

3CaO·SiO2

C – W – SP –S – MKL – PF 0.29 93

SiO2
(CaO)x·SiO2·zH2O

3СаО·Аl2О3·CaSO4·32Н2О
CaO·SiO2·H2O

3CaO·SiO2

C – W – SP –S – XG – TPPPh – PF 0.28 98

SiO2
xCaO·SiO2·zH2O
2CaO·SiO2·H2O
CaHPO4·2H2O

C – W – SP – S – CNA – PF 0.26 98

SiO2
(CaO)x·SiO2·zH2O

CaO·SiO2·H2O
3СаО·Аl2О3·CaSO4·32 Н2О

3CaO·SiO2
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а) b)

c) d)

e) 
Fig. 4. Micrographs of the studied cement hardening systems. Designated: a) C–W–SP; b) C–W–SP–S–PF; 
c) C–W–SP–S–MKL–PF; d) C–W–SP–S–XG–TPPPh–PF; e) C–W–SP–S–CNA–PF
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3.3. Kinetics of the setting-up and hardening of 
cementitious  sand-based materials 

Table 4 presents experimental data for all 
the studied systems regarding the beginning 
of the setting process t, plastic strength Рpl 
at the beginning of setting registered by a 
standard method, and the compressive strength 
for standard hardening time. According to the 
standard method for determination of the speed 
of setting, the beginning of the process and the 
value of Ppl at the moment of actual setting differ 
greatly. The beginning of setting is within the 
range of 45 – 165 minutes, the plastic strength 
is Ppl= 28 – 357 kPa.

The lowest plastic strength (28.35 kPa) 
and the longest setting time (165 minutes) are 
characteristic for systems without additives (C – 
W – SP – S – PF). Quartz sand is chemically inert 
to the materials of the cement clinker and under 
standard hardening conditions does not have any 
noticeable effect on the visco-plastic properties of 
the systems. Therefore, the plastic strength of the 
studied systems with sand is affected significantly 
by the modifying additives used. 

Introduction of metakaolin increases the 
plastic strength significantly and slightly reduces 
the setting time. Thus, the setting time in this 
system is 107 minutes with the corresponding 
Рpl = 357 kPa (Table 4). 

This can be accounted for by the fact that 
metakaolin particles, having similar crystal 
chemical structure with the cement clinker, 
can occupy space between cement grains in a 
particular way. This results in a denser spatial 
packing of solid phase particles leading to a 
denser structure of the whole system due to a 
smaller number of pores and voids. 

For cement mixtures modified with xanthan 
gum and potassium pyrophosphate, the setting 
process started after 136 minutes with the 

corresponding Рpl = 179.19 kPa (Table 4). This 
can be explained by the fact that xanthan gum 
can modify the dispersion medium. It affects 
the density of the dispersion medium and can 
structure the liquid phase, which reduces the 
chemical activity of water molecules required for 
the hydration of cement clinker minerals. These 
processes result in greater structural strength of 
the system and faster setting of cement.

Although potassium pyrophosphate 
accelerates the hydration of cement, this 
electrolyte additive increases the flow rate of the 
system and, correspondingly, reduces its plastic 
strength. As a result, setting of systems with 
the XG + TPPPh modifier starts practically at 
the same time is setting of the reference system 
without any modifiers. At the same time, the 
plastic strength is 3-6 times higher than that of 
the reference systems.

Setting of mixtures with CNA starts after 45 
minutes with Ppl = 293.96 kPa. The faster setting 
can be explained by the fact that nanosized SiO2 
particles in the CNA, thanks to large surface 
energy and similar crystal chemical structure with 
the cement clinker, can accelerate heterogeneous 
processes of formation of hydrated newgrowths. 
As a result, the hydration, setting, and strength 
gaining processes accelerate. At the same time, 
the superplasticiser which was part of the 
CNA, due to adsorption on the surface of the 
hydrated phases of the cement system reduces 
their interfacial energy, which results in their 
dispersion. In this case, some of the immobilised 
water is released, which provides for an increase 
in the plasticity of the mixture and, accordingly, 
a slight decrease in plastic strength.

Thus, modifying additives have great effect 
on the setting speed and the plastic strength 
of mixtures for 3D printing. Depending on the 
type of the additive, the difference in the plastic 

Table 4. Experimental data regarding the setting and hardening of the cement mixtures for 3D printing

№ System composition W/C
Setting processes Compressive strength, MPa

Ppl, kPa t, min 1 day 3 days 7 days 14 days 28 days
1 C–W–SP 0.33 25.92 105 19.41 29.28 35.19 48.17 57.39
2 C–W–SP–S–PF 0.28 28.33 165 20.74 40.90 51.70 58.41 61.01
3 C–W–SP–S–MKL–PF 0.29 356.60 107 25.03 43.12 55.30 60.65 62.70
4 C–W–SP–S–XG–TPPPh–PF 0.28 179.19 136 7.33 39.95 49.92 49.73 58.30
5 C–W–SP–S–CNA–PF 0.26 293.96 45 26.52 45.07 57.36 61.07 65.80
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strength can reach 7–12 times, and the difference 
in the setting speed can reach 1.5–3 times.

An analysis of the study of the strength of 
cement composites demonstrated that modified 
cement systems gain strength more intensively, 
and the values Rcom are higher than those for the 
reference system (Table 4).

We should note that the hardening process 
has the following peculiarities.

The highest values for compressive strength 
at the initial stages of hardening and after 
the hardening is complete are demonstrated 
by cement composites with CNA additives 
(Rcom = 27 MPa at1 day, Rcom = 66 MPa at 28 days) 
and metakaolin (Rcom = 25 MPa at 1 day, Rcom = 63 
MPa at 28 days). A marked increase in the 
strength of these systems is explained by the close 
resemblance of the crystal chemical structure of 
the additives to the cement clinker minerals and 
by the physicochemical activity. 

Cement composites modified with xanthan 
gum and potassium pyrophosphate are 
characterised by low strength. For the C – W – 
SP –S – XG – TPPPh – PF system, 1 day after the 
beginning of hardening Rcom is7 MPa, which is 
three times lower than for the reference system 
after 28 days of hardening (Rcom = 58 MPa).

Having analysed the effect of the modifying 
additives on the structure formation process and 
the properties of mixtures and composites for 3D 
printing, we can assume the following.

1) Metakaolin particles, due to similar crystal 
chemical structure with the cement clinker, can 
behave as nuclei during the structure formation of 
the cement composite. Located between the cement 
grains, they result in a denser spatial packing of 
solid phase particles which affects the porosity 
of the cement system and makes its structure 
denser. On the one hand, this increases the plastic 
strengths of the system in the visco-plastic state. 
On the other hand, it increases the strength of the 
cement composite during hardening. 

2) Due to its chemical nature, potassium 
pyrophosphate can change the ion composition 
and the viscosity of the dispersion medium, 
accelerating the hydration of the cement clinker 
and increasing the density and stability of the 
cement system.

3) Xanthan gum particles are chemically 
inert to cement clinker minerals. Therefore, they 

mainly affect the properties of the dispersion 
medium. When introduced into the cement 
system, xanthan gum increases the viscosity and 
density of the liquid phase, as well as the structure 
formation. This enhances the structural strength 
of the cement system and slows down the setting 
and strength gaining processes.

4) A complex nanosized additive based on 
SiO2 nanoparticles accelerates the heterogeneous 
processes of phase formation of hydrated 
compounds thanks to similar crystal chemical 
structure and increased surface energy. At the 
same time, the hydration, setting, and strength 
gaining processes accelerate. 

4. Conclusions
The study determined that the introduction of 

modifying additives of various nature into cement 
composite mixtures for 3D printing significantly 
affects their rheological behaviour, as well as 
the hydration, and strength gaining processes. 
The study demonstrated that cementitious  
sand-based materials modified with CNA and 
metakaolin are optimal with regard to their 
plasticity, the shape retention, and the speed 
of the hydration, setting, and strength gaining 
processes. The highest values for compressive 
strength for the said systems were registered after 
28 days of hardening. The hydration products of 
cement composites with CNA and metakaolin 
additives consists mainly of low base calcium 
silicate hydroxides. Metakaolin also results in the 
formation of ettringite.

Therefore, in our study, we determined the 
optimal compositions for cement composite 
materials. These compositions make it possible 
to obtain composites with set properties (faster 
setting, required degree of plasticity and plasticc  
yield strength value, physical, mechanical, 
climate-related indicators). Received patents 
[23–25] prove that the suggested compositions 
of cement composites are of great practical value 
for 3D-build printing .
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