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A B S T R A C T

The article at hand presents a novel approach to accelerating the early strength development of mineral- 
impregnated carbon-fibre composites (MCF) by electrical Joule heating. MCF were produced with a 
metakaolin-based geopolymer suspension and subsequently cured using Ohmic heating under systemically 
varied voltages and durations. 

The MCF produced were characterised in respect of their mechanical and morphological properties. Three- 
point-bending and uniaxial tension tests yielded significant enhancement of MCF mechanical properties due 
to curing within only a few hours. Thermogravimetric analysis (TGA), mercury intrusion porosimetry (MIP), 
environmental scanning electron microscope (ESEM) as well as micro-computed tomography (µCT) confirmed 
advanced geopolymerisation by the electrical heating process and a strong sensitivity to parameter selection. 
After only two hours of resistance heating MCF could demonstrate tensile strength of up to 2800 MPa, showing 
the great potential for applying the Joule effect as a possibility to enhance the strength development of 
geopolymer-based MCF. Moreover, the applied method offers a huge potential to manufacture automated fast 
out-of-oven cured MCF with a variety of shapes and dimensions.   

1. Introduction

Owed to its energy and resource-intensive production, cement ac-
counts for a very large share of CO2 emission. In conventional steel- 
reinforced concrete, a high amount of cement is required just to 
ensure sufficient coverage of the steel rebar to prevent it from corroding. 
Hence, there is a need to find alternative reinforcing materials to reduce 
material consumption and the emission of greenhouse gases and to in-
crease the durability of structural members. 

Here, carbon fibres (CF) represent a promising reinforcement type 
due to their high tensile strength, corrosion resistance, and low density 
[1,2]. With these advantages only thin concrete covers are required and, 
hence, very slender, resource-saving structural components can be 
constructed. For applications in civil engineering, the CF reinforcements 
usually consist of unidirectional multifilament CF yarns bundled as bars 
or textiles and embedded in thermosetting or thermoplastic matrices, 
also known as carbon-fibre reinforced polymers (CFRP). The polymeric 
matrices exhibit good force transfer from their outer filaments to their 
inner filaments, thus maximizing the load-bearing of the fibre 

reinforcement [3,4]. However, such polymer-based composites show 
weak chemical bonding towards mineral matrices as well as poor me-
chanical behaviour at elevated temperatures as a consequence of their 
softening behaviour and thermal decomposition [5-8]. This leads both to 
a reduction in bond strength between the CF and the surrounding con-
crete matrix and to a decrease in the CFRPs’ strength, thus considerably 
limiting the application range of the CFRP-reinforced concrete in con-
struction [9-11]. 

To solve this problem, a mineral-based matrix on a basis of micro- 
cement has been developed to produce so-called mineral-based carbon 
fibre composites (MCF), a novel group of materials showing significantly 
higher thermal stability and better bond behaviour [12,13]. Schneider et 
al. [13] reported adequate bond behaviour even at temperatures up to 
500 ◦C. Moreover, this newly developed reinforcement type shows high 
potential for direct integration into emerging concrete technologies, 
such as 3D concrete printing [14,15]. However, the cement-based sus-
pensions can be given only insufficient processing time for continuous 
industrial production since the viscosity of the cement slurry increases 
quickly due to its successive hydration [14]. This results in a very limited 
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P U2/R (1) 

and 

Q P⋅t
(
U2/R

)
⋅t (2)  

where U is the voltage, R the resistance, and t the time. 
As can be seen, an increase in voltage results in an increase in the 

heat emitted when keeping the dimensions of the samples constant. 
Kovtun et al. [28] and Ziolkowski and Kovtun [29,30] applied Ohmic 

heating on fly ash-based geopolymers. Direct electric curing for only 7 
min resulted in high early and 28-day strengths of 11.5 MPa and 20.1 
MPa, respectively [29,30]. Cai et al. [31] added both carbon black and 
steel fibres to develop an electrically conductive network in fly-ash- 
based geopolymer and achieved maximum compression forces of up to 
1.7 kN after two hours of curing and 7 days of storing, as compared to 
0.7 kN measured for the specimens cured in the standard laboratory 
environment due to more pronounced dissolution of the fly ash particles 
and, therefore, a denser matrix. Tian et al. [32] demonstrated the pos-
sibility to cure fly ash-blended concrete pavements in severely cold re-
gions (-20 ◦C), achieving similar strengths to those of the references 
cured at room temperature for 3 days. 

Besides the thermal curing of materials, Joule heating is also re-
ported as an appropriate solution for de-icing concrete pavements [33- 
39]. For CFRPs, resistance heating has been mainly investigated to treat 
so-called prepregs, i.e. pre-impregnated, non-cured carbon fibre com-
posites, in order to melt the polymers and gain a solid structure [40-45]. 
Recently, also out-of-oven and out-of-autoclave curing was reported for 
Joule heating as an energy-efficient method to harden composites with 

complex shapes [46-48]. 
In the present investigation an innovative approach is followed by 

manufacturing MCF in an automated and continuous impregnation 
process plus a subsequent controlled internal thermal treatment by 
means of Joule heating to accelerate the geopolymerisation. Due to the 
easy handling and flexibility compared to oven or steam curing, this 
method is also believed to be an auspicious possibility to enable the 
deployment of MCF on the construction site. 

2. Experimental program

2.1. Materials

Metakaolin (MK), MetaMax® from BASF, Germany, was used as the 
aluminosilicate source for the geopolymer binder due to its high reac-
tivity and small average particle size of 1.3 µm. Note that particle sizes 
smaller than the filament diameter are usually required to achieve the 
optimal fibre–matrix distribution and stable impregnation process [14]. 
Potassium silicate solution Geosil 14517 from Woellner, Germany, with 
a solid content of 45%, and a SiO2/K2O molar ratio of 1.7 was used as the 
alkaline activator. Sapetin D27, based on phosphonic acids modified by 
salts from Woellner, Germany, was used as superplasticizer (SP) with a 
dosage of 4% by mass of the GP to attain the required flowability for the 
impregnation process. The mix design, based on a previous study [49], is 
given in Table 1. 

The carbon fibre roving under investigation was SIGRAFIL® C T50- 
4.4/255-E100 from SGL Carbon, Germany. It consisted of 50,000 indi-
vidual filaments, each having a diameter of 6.9 µm and specific resis-
tance of 17 µΩm. The yarns have tensile strength and Young’s modulus 
of 4.4 GPa and 255 GPa, respectively. Additional technical data as 
provided by the manufacturer is given in Table 2. 

2.2. Fabrication of MCF 

The impregnating suspension was prepared by mixing the MK pow-
der with the potassium silicate solution and the SP. The mixing process 
was divided into the following steps, suggested previously in [23]: (I) 
mixing the suspension for two minutes at 7000 rpm with a high-speed 
disperser IKA® T50 digital ULTRA TURAXX®, (II) addition of the SP, 
(III) mixing the suspension for another six minutes to ensure the full
dispersion of metakaolin particles, (IV) vibration of the mixture for ten 
minutes to remove air bubbles. 

A continuous, automated pultrusion device, described in detail in 
[23], was used to impregnate the carbon yarns with the geopolymer 
suspension. During the impregnating process, the carbon-fibre yarn was 
pulled through a five-roller foulard by rotating a hexagonal wheel driven 
by an electric motor at a pulling speed of 360 m/h and then past one 
nozzle with a diameter of 4.5 mm to take off excess suspension followed 
by two nozzles of diameter 4.1 mm placed downstream, each for final 
shaping of the MCF. Finally, the freshly impregnated yarn elements were 
regularly placed on a circulating wheel with a constant segment length 
of 1.2 m, making six segments per rotation of the wheel. 

2.3. Post-treatment by Joule heating 

After initial impregnation, the fresh MCF were cut into pieces, each 
of 1.2 m length. Their ends were washed with tap water and dried with 

Table 1 
Composition of metakaolin-based geopolymer impregnation 
suspension.  

Metakaolin MetaMax® 1000.0 kg/m3 

Water glass Geosil 14517 549.3 kg/m3 

Sapetin D27 62.0 kg/m3 

WG/MK ratio 1.86  

process window for the efficient impregnation of the CF yarns with such 
cement-based slurries. Furthermore, after the impregnating process the 
cement-based composites commonly need several weeks to gain suffi-
cient stiffness and strength. 

Geopolymer (GP) binders represent a very promising alternative in 
this regard due to their long-lasting processability in early stages, 
excellent thermal stability over a wide temperature range, and high 
strength. These binders – based, for instance, on metakaolin or fly ash as 
precursor – can form a solid structure within short periods when being 
thermally treated, by means of a significant acceleration in their 
chemical reactions [16,17]. 

To date most studies have focused on geopolymer composites with 
short fibres for achieving better mechanical characteristics when 
exposed to high temperatures [18,19]. Only a few studies reported on 
continuous carbon-fibre reinforcements with geopolymer [20-22]. Tran 
et al. [21,22] produced fibre reinforced geopolymer composites using a 
CF yarn with 24,000 single filaments and a fineness of 1,600 tex, 
achieving a flexural strength of 570 MPa after curing the composite at 
75 ◦C. Zhao et al. [23] produced MCF in a continuous automated pro-
cessing line with a metakaolin-based suspension, which gained rapid 
early-strength development by subsequent oven curing at 75 ◦C within 
several hours. 

Common processes for the thermal treatment of mineral-based ma-
terials use an oven, autoclave, or steam [24-26]. However, those 
methods demand high energy, and the specimens are heated from 
outside to inside, which requires more time to form a solid aluminosil-
icate structure of geopolymers, which are sensitive to water loss. 

Since MCF are electrically conductive to a considerable degree, Joule 
heating presents itself as a great opportunity to reduce the curing 
duration of such samples by providing electric energy via the CF. The 
induced electrical field causes a movement of charge-carriers through 
the specimen in the fibres’ direction, enabling a collision of charge- 
carriers with each other and with atoms of the electrical conductor. 
These collisions dissipate energy in the form of heat [27] which can be 
used to accelerate the geopolymerisation. 

The resulting electrical power (P) and the emitted heat (Q) during 
such an electrical process can be calculated using Eqs. (1) and (2): 
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paper towels before connecting the electrode via alligator clamps. To 
reduce the contact resistance between the clamps and the yarns, a silver 
paste, ACHESON 1415 from PLANO, Germany, was applied to the fibre’s 
surfaces. Subsequently, the freshly impregnated yarns were hung 
vertically and loaded with small weights of 50 g each to keep their 
nearly circular cross-sectional shape and to avoid any twisting caused by 
fixing the clamps. Afterwards, the electrodes were connected at a dis-
tance of 1.0 m. 

The Joule heat curing process was conducted by using the power 
supplies Voltcraft LPS1305 and PeakTech 6015 A. The process param-
eters under investigation are shown in Table 3. During the treatment, 
temperature was recorded in the middle of the yarns by using a FLUKE 
289 multimeter with a temperature sensor connected to a computer, as 
shown in Fig. 1. 

2.4. Flexural tests 

To determine flexural properties as an indicator for the quality of the 
impregnation and curing processes, three-point bending tests were 
performed using a ZwickiLine Z2.5 from ZwickRoell, Germany with a 
load cell capacity of 2.5 kN, a displacement rate of 5 mm/min, and a 
support span of 100 mm. For each curing combination, six specimens 
were tested. 

To calculate the flexural strength of each yarn, which was considered 
to have an elliptical shape, the height (h) and width (b) of the cross- 
sections were measured individually. The maximum flexural stress 
was calculated as follows: 

σmax
8FL
πbh2 (3)  

where F is the maximum force and L is the support span. 
The bending tests were performed immediately after curing via 

Ohmic heating as well as at an age of 28 days. All samples were sealed 
with plastic foil and stored at 20 ◦C and 55% relative humidity until 
testing. 

2.5. Uniaxial tension tests on yarns 

To investigate the tensile behaviour of the MCF, uniaxial tension 
tests were carried out using a hydraulic mechanical testing machine EU 
20 in accordance with ISO 10406–1 [50]. The ends of the specimen, with 
a total length of 600 mm, were anchored in 100 mm long aluminum 
tubes (Fig. 2) and cast with epoxy resin to avoid damaging the MCF due 
to transverse stress concentrations from clamping. 

Elongation was measured by using an electro-optical video-exten-
someter Rudolph XR200 with a gauge length of 100 mm placed in the 

middle of the specimens. For this purpose, black- and white-striped 
measuring marks were glued onto the surfaces of the yarns; see Fig. 2. 
Details of the test set-up can be seen elsewhere [23]. 

The tensile strength of the MCF is calculated by dividing the 
maximum force of each specimen by the sum of the cross-sections of 
every single filament, the procedure commonly used in characterising 
carbon-textile reinforced concrete [51]. Hence, the tensile strength is 
determined following Eq. (4): 

σmax
F

50000∙π∙r2
CF

(4)  

where F is the maximum tensile force and rCF is the radius of each single 
CF-filament. 

The modulus of elasticity was determined as follows: 

E
0, 7σmax 0, 2σmax

ε0,7σmax ε0,2σmax

(5) 

Note, due to the excessive sample preparation, the tensile tests were 
conducted 2 days and 28 days subsequent to the impregnation and 
heating processes. Moreover, MCF without any thermal treatment were 
tested at the specimens’ age of 28 days as a control and compared with 
the thermally treated MCF. 

2.6. Morphological and analytical characterization 

The microstructure of the composites was analysed by using an 
environmental scanning electron microscope (ESEM) Quanta 250 FEG 
from FEI, Eindhoven, The Netherlands. In addition, µCT-scans were 
performed to characterise the structure of the geopolymer-impregnated 
carbon-fibre yarns without damaging them by using a CT-XPRESS from 
ProCon X-Ray, Germany, at a voltage and amperage of 72 kV and 200 
mA, respectively. To assess the porosity and pore-size distribution of the 
composites, mercury intrusion porosimetry (MIP) was performed uti-
lizing a Porotec porosimeter PASCAL 140/440 with a pressure range 
from 0.00 MPa to 400.71 MPa. Thermogravimetric analysis (TGA) was 
conducted by using a thermal system STA 409 from Netzsch, Germany. 
During the analysis, the samples were heated to 1000 ◦C under an ox-
ygen atmosphere at a heating rate of 10 K/min. Before testing, all 
samples were stored in iso-propanol for at least 24 h to remove free pore 
water. 

Table 2 
Technical data of SIGRAFIL® C T50-4.4/255-E100 .  

Number of filaments 50,000 

Fineness of the yarn 3,450 tex 
Density 1.8 g/cm3 

Filament Diameter 6.9 µm 
Filament tensile strength 4.4 GPa 
Filament modulus of elasticity 255 GPa 
Sizing type Epoxy 
Sizing degree 1.0 %  

Table 3 
Chosen parameters for the Joule heating experiment.  

Voltage [V] Curing duration [h]  

7.5 
15 
30 

0.25 
0.5 
1.0 
2.0  

Fig. 1. Experimental setup for Joule heating of MCF.  
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3. Results and discussion

3.1. Temperature profile

Since the reaction kinetics of the exothermic geopolymerisation 
strongly depend on the curing temperature, a crucial influence on the 
hardening behaviour of the matrix material can be found. Several au-
thors reported 60 ◦C to 75 ◦C as the optimal range for the curing tem-
perature to achieve the best mechanical performance of geopolymers 
[17,52-55]. Therefore, the heating temperature of the yarns was moni-
tored for the entire duration of curing. For the three different applied 
voltages within 2 h of treatment, the corresponding temperature de-
velopments are shown in Fig. 3. According to Joule’s first law, the 
emitted heat depends mainly on the Amperage (A) resulting from the 
voltage; cf. Eq. (2). Thus, an applied voltage of 30 V results in the highest 
curing temperature with the steepest rate increase. Note that after five 
minutes a maximum temperature of 230 ◦C is reached at this voltage, 
which required the abortion of the experiment to protect the equipment 
from any damage. At 15 V the curve shows a short but steep increase in 
temperature, followed by a relatively constant temperature range be-
tween 65 ◦C and 70 ◦C, induced at an amperage of about 1.6 A. Note: 
After 2 h of curing, the electrical resistance decreased from 19.6 Ω to 12 
Ω due to the evaporation of the insulating water film around the fibre 
surface [56]. The lowest voltage of 7.5 V results in a smaller, but 
considerable temperature rise to 50 ◦C, representing a maximum tem-
perature difference of 30 K. As can be seen from all curves, the speci-
mens reach their maximum temperature very rapidly and maintain 
themselves constant at the target temperature, showing that the sug-
gested method can be considered as an efficient alternative to conven-
tional oven curing. Moreover, the temperature curves provide a possible 
explanation for the strength development of the metakaolin-based, 
mineral-impregnated, carbon-fibre yarns, since several studies have 
dealt with the influence of the curing temperature on the structural 
development of geopolymers [16,17,52]. 

3.2. Flexural strength 

Fig. 4 depicts the flexural strengths of the MCF tested immediately 
after thermal curing by Joule heating. Depending on the applied volt-
ages and curing times, distinct flexural strengths could be reached. With 
extended curing duration, the MCF show higher flexural strengths due to 
a higher degree of geopolymerisation [16,17,52,57]. 

The samples thermally activated with 15 V reach the highest flexural 
strength after 2 h, since in particular this temperature range accelerates 
the geopolymerisation significantly. A mean flexural strength of 612 
MPa is observed, which is 34 % higher than the flexural strength of 
similar geopolymer-impregnated MCF thermally cured in the oven at 
75 ◦C for 8 h (454 MPa), reported in a previous study by the authors 
[23]. This is caused not only by the faster setting of the matrix but also 
by the distinct viscosities of the matrices. Even after a treatment dura-
tion of 15 min only, moderate flexural strength of 271 MPa could be 
reached. 

At 30 V, the flexural strength increases up to a curing duration of one 
hour with a maximum of 317 MPa. However, with the extended curing 
to 2 h, the flexural strength decreases again, due to the formation of a 
more porous matrix microstructure derived from the intensive water 
evaporation at high temperature [17,54,58]; see also Section 3.3. 

Due to the relatively low temperature at 7.5 V, those specimens did 
not form solidified structure within the first 90 min and could accord-
ingly not be tested at that stage; cf. Fig. 3. After 2 h, they only reached a 
relatively low flexural strength of 23.5 MPa. 

Fig. 5 shows representative flexural stress–deflection curves of the 
specimens cured for 2 h at their respective voltages. The differentially 
applied voltages resulted in distinct differences in the bending behav-
iour of MCF. The specimens cured at 15 V exhibit an initial linear elastic 
behaviour followed by a sudden drop in flexural stress when reaching 
the stress peak, thus demonstrating pronouncedly brittle behaviour of 
the MCF. Since unreinforced GPs are brittle by nature, it is believed that 
the moderate treatment with 15 V accelerates the formation of a denser 
and homogenous matrix microstructure, which demonstrates good 

Fig. 2. Specimen for tension test.  
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Fig. 3. Temperature profile for MCF depending on the applied voltage.  
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Fig. 4. Flexural strength of MCF tested immediately after curing.  
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bridging between individual filaments and therewith more evenly 
distributed stress within the bundle. This assumption is supported by the 
observation in ESEM, showing a homogenous dense geopolymer 
microstructure; see Fig. 11. 

In contrast, a voltage of 30 V leads to several drops in the 
stress–deflection curves after reaching the peak. These drops can be 
attributed to premature crack formations in the matrix and the sliding of 
filaments, indicating a less reacted microstructure and a weaker bond 
between filaments and matrix. The cross-section and fracture surface 
observation of MCF in ESEM (see Fig. 11e) demonstrated a very inho-
mogeneous matrix microstructure with a high number of large pores, 
which cause stress concentration at their edges and, thus, premature 
failure under bending. 

Considering all failure behaviours observed, it can be concluded that 
the MCF cured at 15 V and 30 V showed in the samples’ compression 
zones predominant damage and failure processes in the form of buckled, 
fractured, and delaminated fibres. For the samples cured at 15 V for 2 h, 
only a few specimens showed damages on the side under tension. 

The flexural strengths of MCF cured at 15 V at different ages are 
illustrated in Fig. 6. Comparing the flexural strengths at an early age and 
after an additional storing time of 28 days, a decrease can be observed 
with further Joule heating; see Fig. 6. While for a curing time of 30 min a 
decrease of about 12% was observed, a duration of two hours resulted in 
a reduction of the flexural strength of 23%. This reduction was also 
found for oven-cured GP matrices [23] and is explained by the reorga-
nization and ongoing geopolymerisation of the matrix microstructure, 
resulting in the slightly increased porosity of the samples [17]; see also 
Fig. 8. 
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Fig. 5. Representative stress–deflection curves for MCF tested after 2 h 
of curing. 
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Fig. 7. Cumulative pore volume (top) and pore-size distribution (bottom) in 
the geopolymer MCF after curing at different voltages for 2 h. 
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further geopolymerisation of the matrix and explains the slightly inferior 
flexural and tensile performance of MCF after 28 days’ storing; see Fig. 6 
and Table 5. 

To verify the influence of Joule heating on the MCF microstructure 
and to assess the fibre weight content, thermogravimetric analysis 
(TGA) was carried out. Fig. 9 presents the results for MCF treated for 2 h 
at 7.5 V, 15 V, and 30 V, respectively. All samples show clear differences 
in their thermal decomposition behaviour, and particular temperature 
ranges can be observed. The first significant weight loss can be seen in 
the range between approx. 60 ◦C and 200 ◦C, which can be traced back 
to the loss of both physically and chemically bonded water [23,60]. At 
this particular temperature range the DTG-curves show a significantly 
higher weight loss for MCF cured at lower voltages (7.5 V and 15 V), 
caused by higher amounts of freely evaporable and chemically bound 
water from the geopolymer-matrix [23,61] being evaporated. Besides 
the high amount of water, high amounts of unreacted Al(OH)3 and Si 
(OH)4 are likely still to exist in the case of 7.5 V. For the 30 V-series, a 
smaller degree of maximum weight loss was to be seen due to less 
pronounced geopolymerisation since a great deal of physical and 
chemical bound water was already evaporated during the curing process 
at high temperatures of above 200 ◦C. Above 300 ◦C, the weight loss can 
also be ascribed to the dehydroxylation of the hydroxyl-groups [62]. 

The second prominent weight-loss peak is mainly governed by the 
oxidation of the carbon fibres in the range between 450 ◦C and 650 ◦C. 
For the MCF cured at 30 V, this peak appears at slightly lower temper-
atures. On the one hand, this can be explained by the porous and less 
thermally stable matrix microstructure, which is not able to protect the 
yarn from oxidizing. On the other hand, it might also indicate some 
damage to CF filaments due to the applied high voltage, which is to be 
elucidated in a future study. 

At an age of 28 days, similar behaviour could be observed; see 
Fig. 10. For the 15V_2h_28d-sample, the CF decomposition peak 
(~572 ◦C) appeared slightly earlier since the higher amount of macro-
pores expose the carbon fibres more to the oxidative environment, in 
comparison to the denser matrix observed just after thermal curing. For 
the uncured reference samples, a pronounced weight loss is seen at 
around 144 ◦C, which is due to the excessive loss of chemically and 
physically bound water from the dense geopolymer matrix. It also shows 
a high temperature at the second weight loss peak (599 ◦C) corre-
sponding to CF oxidation, indicating good thermal protection of the CF 
yarn by the relatively dense matrix. Based on the TGA curves the carbon- 
fibre weight content lies between 17.8 % and 19.8 %, respectively, 
corresponding to a volume content between 16.6 % and 18.5 %. 

ESEM images confirm the results of MIP and TGA. In Fig. 11, the 
cross-sections are shown for the MCF cured at 7.5 V, 15 V and 30 V, 
exhibiting dramatic differences with regard to pores and cracks. The 
lower the voltage is, the denser the matrix. The composite treated at 30 
V showed a high number of huge voids (black areas) over the whole 
cross-section. According to the µCT analysis, those voids were spread 
throughout the entire specimen; see Fig. 13. Moreover, the high curing 
temperature caused by higher voltages resulted also in the formation of 
more radial cracks in the matrix microstructure, likely due to excessive 
water evaporation and pronounced shrinkage during heating. These 
cracks probably also impair the mechanical performance of the MCF. 

Considering the morphology of the MCF in fibre direction, it can be 
seen that the high temperatures caused the formation of a very inho-
mogeneous, loosely packed matrix due to fast water evaporation from 
the GP suspension; see Fig. 11, right column. For the specimens treated 
at 30 V, a high amount of small, partially reacted particles can be found; 
see Fig. 11f. As explained above, the high temperatures can induce the 
formation of solid phases on the particle surfaces, leading to a deceler-
ation of the geopolymerisation reaction [17,52]. In contrast, a very 
dense matrix was formed in the case of curing with 7.5 V, with only few 
unreacted metakaolin particles and hardly any defects. The sample 
cured at 15 V possesses several voids, likely caused by dissolving of the 
metakaolin particles; cf. Fig. 11 b) and d). After 28 days’ storage, the 

Sample Nanopores 
(3–10 nm) 
[Vol.-%] 

Mesopores 
(10–50 
nm) 
[Vol.-%] 

Macropores 
(50–200 
nm) 
[Vol.-%] 

Larger 
Pores 
(>200 
nm) 
[Vol.-%] 

Porosity by 
Hg-Intrusion 
[Vol.-%] 

0 V (28 
d)  

0.53  1.04  0.61  3.65  5.84 

7.5 V  0.49  0.45  0.87  3.58  5.39 
15 V  1.38  13.90  6.49  3.27  25.07 
15 V (28 

d)  
1.55  7.809  13.12  4.25  26.74 

30 V  0.42  5.25  0.64  18.7  25.01  

3.3. Morphological analysis 

The morphological analysis confirms the distinct differences in the 
degree of geopolymerisation obtained and the resulting mechanical 
properties due to the different applied Joule heating parameters. 

The MIP results show that the different curing temperatures cause 
distinct regimes of porosity in the samples investigated, in both cumu-
lative pore volume and pore-size distribution; see Fig. 7. Note that the 
7.5 V-treated specimens might be not appropriate to compare directly 
with the other two parameters due to its delayed setting. 

The MCF cured at 15 V for 2 h exhibits the highest number of nano- 
and meso-sized pores, i.e., those with a nominal diameter of 3–10 nm 
and 10–50 nm, respectively, followed by the specimens treated at 30 V 
and finally at 7.5 V; see Fig. 7 and Table 4. Apparently, a more homo-
geneous and denser matrix can be obtained by applying lower voltages 
due to a slower chemical reaction process and less moisture loss during 
heating. That means a gradual filling of the pores and cavities between 
unreacted particles with aluminosilicate gel [17]. By filling these 
interparticle voids [59], the amount of meso-sized pores (3–50 nm) in-
creases, indicating a higher degree of geopolymerisation, as seen in the 
15 V-test series. 

At higher applied voltages a higher total porosity was observed, 
especially in the form of macro-sized (50–200 nm) and even larger 
(>200 nm) pores. Note that very large pores, as seen in ESEM and µCT 
analysis are even beyond the maximum measurement range of 100 µm; 
see Fig. 11 and Fig. 13. This excessive pore formation is traced back to 
the rapid evaporation of water during thermal curing [53] and to 
insufficient reaction. Rapid geopolymerisation at high temperature 
causes sealing of the partially reacted metakaolin particles [17,52], 
which hinders their full dissolution. This can be seen in the microscopic 
image for the 30 V specimen, where the rapidly risen high temperature 
resulted in a loose structure of partially unreacted metakaolin particles 
surrounded by a geopolymer gel shell; see Fig. 11f [17,52]. These large 
pores act as defects and hence cause the considerably lower flexural 
strength of the MCF cured at 30 V; see Fig. 5. 

After 28 days, the porosity of the MCF was slightly changed, as 
representatively shown for samples cured at 15 V; see Fig. 8 and Table 4. 
Note that for a better understanding also the 28-day reference without 
any applied voltage is given. This particular sample shows similar 
flexural properties as samples cured with 15 V and a superior tensile 
strength; see Fig. 6 and Table 5. With 5.8 % of pore volume, it also 
possesses a very dense matrix, as is also visible in the ESEM images in 
Fig. 12. Apparently, without accelerated curing the reactive geopolymer 
suspension formed a very dense microstructure [17]. The applied in-
ternal heating yielded a pronounced nano- and micro-porosity, which 
changed somewhat further after the thermal process. While the number 
of nanopores (3–10 nm) and larger pores (>200 nm) were in the same 
range, at an age of 28 days the amount of mesopores decreased while the 
amount of macropores increases in comparison to the state immediately 
after curing; see Fig. 8 and Table 4. This indicates a reorganization and 

Table 4 
Porosity of geopolymer-impregnated MCF after 2 h of curing depending on 
various voltages.  
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number of such voids significantly increased due to the lack of water 
caused by the thermal curing of the MCF; see Fig. 12a. Compared to this, 
the untreated reference had an extremely dense and homogenous matrix 
showing scarcely any voids. This is in line with the results of MIP above, 
indicating a high degree of geopolymerisation facilitated by the higher 
amount of water compared to the treated samples. Only a few cracks can 
be seen, which may even have been caused in preparing of the sample. 

The µCT scans (Fig. 13) captured in fibre direction show the structure 
of the samples depending on their density, presented as differences in 
grey values. The scans corroborate a denser microstructure (grey) of the 
metakaolin-based matrix for the MCF cured at 15 V, having merely 
several small pores inside. The samples thermally activated at 30 V show 
in contrast enormous areas with low density (black) standing for voids. 
These areas extend throughout the entire sample. In the case of voids, 
these defects are caused by water evaporation induced by high tem-
peratures, as discussed above. 

3.4. Uniaxial tension behaviour 

The uniaxial tension behaviour of the MCF cured at 15 V for 2 h was 
determined at ages of 2 d and 28 d; see Table 5. All MCF exhibit 
outstanding yarn tensile strengths, which are in the range of conven-
tional CFRP reinforcements [63]. After 2 h of curing, a tensile strength of 
2800 MPa was measured at 1.1 % elongation at break, while the 
modulus of elasticity was 265 GPa. The values for the MCF cured for 2 h 
with 15 V were in the same range as the geopolymer-based MCF ther-
mally cured in the oven at 75 ◦C [23]. 

However, at an age of 28 days the thermally cured MCF exhibited a 
slightly lower tensile strength of 2367 MPa as well as a lower modulus of 
elasticity of 236 GPa; see Table 5. This is explained by further formations 
of voids due to the ongoing geopolymerisation as well as by the evap-
oration of pore water and possibly microcracks resulting from autoge-
nous and drying shrinkage; see Fig. 8 [64,65]. The drying shrinkage is 
strongly related to the size of the pores, which influence the diffusion 

Fig. 9. TG/DTG curves for the geopolymer-MCF cured at different voltages after 2 h.  

Fig. 10. TG/DTG curves for the geopolymer-MCF, 0 V and 15 V_2h, at an age of 28 days and after 2 h.  
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Fig. 11. ESEM-images of geopolymer MCF cured at different voltages for 2 h: a), b) 7.5 V; c), d) 15 V and e), f) 30 V. 

Fig. 12. ESEM-images of geopolymer MCF at ehe age of 28 days: a) 15V 2h; b) O V. 

process of pore water to the extemal environment [66). 

The untteated reference MCF showed the highest tensile sttength of 

3122 MPa, but a slightly lower Young' s modulus of 221 GPa; see Table 5. 

This indicates that curing at room temperature yielded the most ho

mogenous GP microsnucture as can be also seen in the results from MIP, 

see Fig. 8 and Table 4. Only a ve1y small number of pores could be 

detected for the untteated reference at an age of 28 days. This is finally 

also expressed in the smallest standard deviation of all the test results. 

The failure mechanism of the reference samples is mainly govemed by 

fibre rnpture, confirming the excellent force n·ansfer between the indi

vidual filan1ents. 

Apart from fibre rupture, interlaminar shear failure can be also 

obse1ved for the modified san1ples, indicating insufficient shear force 

nansfer between outer and inner filan1ents as the voids in the 
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Fig. 13. µCT-Scans of MCF cured at a), c) 15 V and b), d) 30 V for 2 h. 

Table 5 

Tensile srrength and Young's modulus of chosen samples; standard deviation 

given in brackets 

Sample 

2h 2d 
2h_28d 

Ref_28d 

Tensile strength [MPa] 

2800 (216) 

2367 (242) 

3122 (107) 

Young's modulus [GPa] 

265 (26) 

236 (25) 

221 (17) 

geopolymer mat:rix reduce its biidging effect. Nevertheless, the tensile 

properties obtained are still in the range of conventional CFRP re

inforcements [63). 

3.5. Manufaccure of flexible reinforcemenc shapes 

A desirable application of Joule heating of freshly impregnated MCF 

is the flexible out-of-oven production in a vaiiety of shapes. To 

demonst:rate the feasibility of this method, MCF were brought into shape 

in the fresh state and then the1mo-electrically cured with an appropriate 

voltage in the range of 15 V, to obtain amperages on similar levels. Thus, 

it was possible to produce 3D-objects in different shapes with a mere 15 

min of cming with 15 V; see Fig. 14. 

Fig. 14. MCF wirb different shapes manufacrured using Ohmic heating. 

Nonetheless, it is noteworthy that for producing flexible MCF re

inforcements via Joule heating in practice, some issues still need solving. 

Especially when fabricating textile structures, the contact at the yam 
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4. Summary

The application of metakaolin-based geopolymer binders for
impregnating CF yarns is a new approach that enables improved thermal 
stability in concrete reinforcements made with carbon fibres. Since 
geopolymerisation significantly accelerated at elevated temperatures, it 
is favourable to activate the geopolymer-impregnated CF yarns ther-
mally. Conventional methods are oven curing, steam curing or the use of 
an autoclave. However, these methods are inefficient in terms of energy 
consumption and often not applicable for larger three-dimensional 
shapes. 

To optimize the thermal treatment of geopolymer-based MCF, this 
research focused on the use of the Joule heating effect on curing the 
carbon-fibre composites under a combination of different parameters. 
After thermal treatment at 7.5 V, 15 V and 30 V for 0.25 h, 0.50 h, 1 h 
and 2 h, the mechanical and morphological properties of the MCF were 
investigated. Due to the differential heating of the samples caused at 
such particular voltages, the setting and strength development pro-
ceeded at different rates. It can be seen that the specimens cured at 15 V 
showed the fastest gain in strength with the highest flexural strength of 
the test series. After only 15 min of curing, maximum flexural stresses of 
271 MPa could be measured. The flexural strength further increased to 
612 MPa after 2 h of curing. Hence, it is concluded that for the param-
eters under investigation the best results could be achieved by the 
combination of 15 V for a curing duration of 2 h for a sample length of 
1.0 m. The composite reached a tensile strength and a modulus of 
elasticity of 2800 MPa and 265 GPa, respectively. However, the 
morphological analyses revealed a negative impact of the Joule-heating 
on the formation of a dense and homogenized microstructure, to some 
extent due to the accelerated reaction and the unavoidable evaporation 
of water from the metakaolin-based binder. By controlling the envi-
ronmental humidity and the formation of the unavoidable pore struc-
ture, the density of the microstructure could be improved. 

In addition to the superior mechanical behaviour of the geopolymer- 
impregnated carbon-fibre composites, the use of Joule heating presents 
high potential in manufacturing flexible, shaped reinforcements 
including unidirectional yarns, 2D or 3D textiles within very short 
curing periods, as shown. 

In summary, Ohmic heating is a highly promising approach for the 
thermal activation of mineral-impregnated, carbon-fibre yarns based on 
geopolymers. It enables fast and energy-efficient curing with a broad 
range of producible reinforcement shapes due to the uniform heating of 
the composites over their entire cross section. 
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