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In our research, the corrosion mechanism on the surface of anti-corrosion glass fibers of type AR and 
glass fibers of type E was studied. The monitoring was performed under the influence of an alkaline 
environment. The glass fibers were placed in a solution of calcium hydroxide Ca(OH)2 for a specified 
period of 2, 4, 6, 12, 24, 48 weeks. The change in mechanical properties was monitored; basen on test 
ČSN ISO 695 was evaluate the durability and resistance of E-GF and AR-GF to corrosion. The degrada-
tion resistance of the fibers was evaluated using a tensile strength test (ASTM D2343-17). The use of the 
investigated fibers (as reinforcement in a geopolymer composite) led to a 250 % increase in flexural 
strength for AR-GF; for the E-GF sample, the flexural strength increased by 150 %. The deflection of the 
reinforcing geopolymer composite increased by 180 % compared to the pure geopolymer mixture (for 
both types AR and E). The surface morphology of the fibers was characterized by scanning electron 
microscopy (SEM). Quantitative evaluation of the corrosion mechanism was performed through modern 
procedure based on image analysis (Matlab software). 
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 Introduction 

From a chemical point of view, glass fibres (GFs) 
belong to the group of inorganic fibres, which include 
metal fibres (e.g. silver, copper, steel) and their alloys, 
non-metals (e.g. carbon, boron fibres) and mineral fi-
bres (e.g. basalt). Glass fibrils are the product of a 
melting process. Melt (its input raw materials are glass 
sands - SiO2, rocks containing Al2O3, ground lime-
stone - CaO, soda or potash Na2O and K2O and other 
auxiliary substances with specific effects) creates by 
heating suitable raw materials to a temperature of 
about 1500 °C, following by its controlled cooling. 
The process of drawing from a platinum furnace 
forms continuous fibril. The next step is the lubrica-
tion of fibrils. Sizing protects them and allows their 
manipulation and processing. Fibrils are grouped into 
so-called rovings (a longitudinal textile with a defined 
number of fibrils) and wound into cocoons [1]. The 
following step is preparation of different types of 
composite reinforcements. Short glass fibrils are made 
by centrifuging or blowing the melt. According to the 
quantity of oxides, we dis-tinguish between different 
types of glass fibres, which differ in their properties 
and technical use. Both variants of glass fibres - con-
tinuous and short, have their technical application. 
Short fibres are used mainly in construction as a filler 
for concrete mixtures, which prevents the formation 
and propagation of cracks during shrinkage of con-
crete. For these applications, it is necessary for the 
glass fibres to resist strongly alkaline environments. 

This can be achieved either by a special composition 
of the glass stem (using glass fibres of the AR type – 
(AR-GFs) anti-corrosion glass fibres [2]), or by a suit-
able surface treatment of fibrils. Continuous E glass 
fibres (E-GFs) are used directly for the production of 
composites - fibre-reinforced plastics and for the pro-
duction of composite reinforcements (for example 
woven, knitted or braiding fabrics) [3]. 

The term degradation generally means deteriora-
tion or decline existing material properties. In the case 
of glass fibres, degradation can be quantified as weight 
loss and a consequent reduction in fibre strength due 
to an acidic [4] or alkaline environment [5]. The alka-
line environment erodes the bonds between the sili-
con atoms. The fibres dissolve under prolonged expo-
sure to temperature and high pH [2]. Laboratory tests 
to simulate for accelerated aging are used for determi-
nation of degree of degradation the fibres at desig-
nated conditions. Ongoing corrosion processes lead 
to a reduction in the mechanical properties of the fi-
bers (in the case of their use as reinforcement in the 
composite) and at the same time the mechanical prop-
erties of the geopolymer composite [6]. Generally, 
many studies confirmed this fact [7, 8, 9]. Morpholog-
ical changes on the surface of the fibers indicate on-
going degradation processes. Typical changes are the 
formation of small aggregates, holes, cracks or the for-
mation of a continuous coating of the so-called corro-
sion shell [10]. 

Effect of fibre surface texture on the mechanical 
properties of glass fibre reinforced epoxy composite 
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was described in [11], where the volume of damaged 
material at each stage of penetration was quantified; 
the sizing formulations varied the degree of chemical 
bonding and modified the fibre surface texture in the 
sizing. An automatic classification of composite mate-
rials surface was studied in [12]; where the wavelet tex-
ture analysis served to the automatically classifying of 
carbon fibre reinforced plastic samples. Generally, in 
the science literature, only the diameter of fibres was 
determined and seldom the fiber texture was moni-
tored but not analysed. The formation of a brittle, 
shell-like layer (corrosion layer) was observed on the 
filament surface after washing in 5% NaOH solution 
[6]. The corrosion shell peeled off created a smooth 
“fresh” surface [5]. The morphology of the fibre sur-
face was significantly affected by solution concentra-
tion (the higher temperature and the higher solution 
concentration accelerate the formation of the corro-
sion shell) [8, 13-15]. 

The aim of the research is to investigate and com-
pare the rate of degradation processes on the surface 
of monitored fibers (AR-GFs and E-GFs). Moreover, 
the comparison between mechanical properties [16] 
and surface observation (based on SEM microscopy 
and image analysis) was carried out; these results show 
inverse linear relationship that was not described in 
previous papers. 

In addition, the work is focused on verifying the 
suitability of using image analysis as an equivalent 
method of evaluating ongoing degradation processes. 
A novelty in the research is the use of the image anal-
ysis method for quantification of results, i.e. the 
method offers measurable values, which are then sta-
tistically evaluated and processed. 

 Experimental methods 

2.1 Materials 

AR-Glass roving is product from producer Owens 
Corning (Belgium). Nominal linear weight of roving 
Cem-FIL 5325 is 2400 tex, specific gravity 2.68 g/cm3, 
modulus of elasticity 72 GPa, tensile strength 1000-
1700 MPa.  

E-Glass roving (producer Johns Manville, Slo-
vakia) is signated PR440 2400907, nominal linear 
weight 2400 tex, specific gravity 2.68 g/cm3, modulus 
of elasticity 70 GPa, tensile strength 1200-1700 MPa  

BAUCIS LK (České lupkové závody, a.s.; Czech 
Republic) was used also geopolymer composite mix-
ture for samples preparation. Baucis is inorganic, allu-
minosilicate binder based on metakaoline (part A) 
usually activate alkaline activator (part B). Suitable 
filler are sands with different diameter of particles. 
Specific gravity 1.8-1.9 g/cm3, workability 60 min, 
compressive strength 60 MPa, temperature resistance 
is in range from -30 °C to +120 °C. 

For determination degree of degradation of glass 
fibres in alkaline environment was used 1mol liquids 
Ca(OH)2. 

2.2 Samples preparation 

Preparation of glass rovings samples for tensile 
strength test was carried out according to the Standard 
ISO 11566(1996) [18]. Using of paper frames allowed 
better manipulation with samples and damage of 
rovings elimination. All tested groups contained 10 
samples for possibility of statistic evaluation of the re-
sults. 

For testing mechanical properties of geopolymer 
composite reinforced with glass fibres was selected 
three-point bending test (ISO 14125 [19], ČSN EN 
14617- 2 [20]) and impact (Charpy) test (ČSN EN 
14617-9 [21], EN 10045-1 [22]). For both methods 
were prepared samples with prism shape about size 
10ˣ10ˣ70 mm3. Parameters of geopolymer composite 
samples present Table 1.

Tab 1 Parameters of geopolymer composite samples 
 Geopolymer mixture* Fibres / weight ratio Weight (average of 10 samples) [g] 

I. 1:0.9:1 without fibres 174.4 
II. 1:0.9:1 AR-GF/2 % 184.6 
III. 1:0.9:1 E-GF/2 % 207.8 

*Geopolymer mixture describe weight ratio of geopolymer ingredients – part A: part B: filler.

2.3 Methods for determination the degree of degrada-
tion of GFs 

For determination the durability and resistance of 
E-GFs and AR-GFs against corrosion was carried out 
test according to Standard ČSN ISO 695 - Alkali re-
sistance [23]. Glass fibres was deposited in alkaline liq-
uid Ca(OH)2 to a defined time (2, 4, 6, 12, 24, 48 
weeks). The resistance of the fibres to degradation was 
evaluated using tensile strength test (Testometric de-
vice, according to Standard ASTM D2343-17 [24]. 
Clamping length between mechanical jaws was set at 

100 mm, test speed 10 mm/min. The equipment Tes-
tometric used made it possible to evaluate the highest 
values of strength and Young's modulus of elasticity. 
At the same time, a graphical record of the course of 
each test was created. 

Samples of composite material were prepared 
without reinforcement and with 2 % weight ratio E-
GFs and AR-GFs reinforcement (length of fibres 
12 mm). The three-point bending tests were con-
ducted on ten specimens with dimension 
10ˣ10ˣ100 mm3 for each materials combination, span 



April 2021, Vol. 21, No. 2 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

 

248  indexed on: http://www.scopus.com  

of supports was 80 mm. Impact resistance was meas-
ured on five samples with same composition using 
Charpy’s tester with a 4 kg hammer. 

For evaluation of measured data was used follow-
ing equations: 

· three-point bending test: 

 � =  
!#$

%&'(
 (1), 

where σ [MPa] – Flexural Strength, F [N] – Maxi-
mal Load, l [mm] – Support Span, h [mm] – Thickness 
of Sample, b [mm] – Width of Sample. 

· Charpy test: 

 )*& =  
+

,
 (2), 

where σCh [MPa] – Impact Strength, E [J] – Impact 
Energy Necessary for Break of Sample, A [mm2] – 
Cross-section of Sample. 
 

As a degradation layer (for the needs of image anal-
ysis method evaluation) was defined the space be-
tween the fibre surface and the matrix (in this case a 
geopolymer matrix). The main parameters of degrada-
tion in an alkaline environment that affect the compo-
sition of the layer are time, temperature and concen-
tration of the solution. The surface of fibres (without 

the influence of the environment) is usually treated by 
sizing. This layer protects the surface before damage, 
allows the processability/workability of the fibre and 
helps to create a synergistic bond between the fibre 
(dispersion part of the composite) and the matrix 
(continuous part of the composite); helps to create an 
interfacial interface with all its components (inter-
phase and interface). Over time, the sizing gradually 
dissolves. After dissolving the sizing, the alkaline en-
vironment begins to act directly on the glass fibre 
structure. The hydroxyl ions attack silica chains and 
insoluble hydroxides create. Mineral incrustations 
begin to form on the surface of the fibre and contains 
this element. Incrustations are at first sporadic, later 
they begin to coalesce into a continuous layer. The re-
sult is a corrosion coating / corrosion shell. It is very 
important to distin-guish whether the degradation 
layer contains sizing and its residues and already con-
tains mineral incrustations. SEM analysis is able to 
show the shape and size of objects on the surface of 
the fibres, not their chemical composition. To detect 
the aging phase, it is necessary to design and test a suit-
able method/s that will complement the image anal-
ysis and help determine approximately what stage of 
aging the fibre is in. 

 

Fig. 1 Image documentation of the calculation process: (a) thickness of the degradation layer, (b) surface texture. Red line/area 
shows the fibre with smooth surface; on the other hand, the green line/areas show more pronounced texture with clusters formed on the 

fibres surface

The fibre surface morphology was characterized 
using scanning electron microscopy (SEM). The glass 
fibres type of E with sizing appear to have a very 
smooth surface, while the sizing possesses a more 
prominent texture with clusters formed on the anti-
corrosive fibres (AR-GFs) surface. Matlab (The Math-
Works) software was used for image analysis [17]. Fol-
lowing steps were conducted. (a) The functions 
‘adapthisteq’ and ‘imadjust’ was applied with the aim 
to correct the failures in image, then the images were 
converted to a gray-level form. (b) The morphological 
operations ‘bwareaopen’ followed with ‘imclose’ re-
duce another defect (e.g. image capture errors, dust 

etc.). (c) Euclidean distance (straight-line distance) was 
calculated using the function ‘bwdist, euclidean’. This 
method computes the sum of pixels between each 
pixel and the nearest non-zero pixel; the maximum 
value of distance transform corresponds to fibre di-
ameter. This step was calculated at each point along 
the length of a fibre (thousand values was obtained). 
(d) The degradation layer thickness was determined 
along the fibre boundary (based on relative contrast of 
fibre border to background, Figure 1a). A straight fi-
bre has low roughness (one-level gradient step to 
background, thickness of the degradation layer is min-
imal, please see Figure 1a where it is show as a red 
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line). Degradation layer thickness is calculated as an 
average values of shadow gradient (graph on Figure 
1a). (e) Surface texture is calculated on fibre surface as 
show on Figure 1b (green and red areas). The edges 
detection process (calculates the gradient using the de-
rivative of a Gaussian filter) find the edges (areas) with 
the local maxima of the gradient, Figure 1b, only edges 
are displayed as white on black background). All pixel 
values inside of the green area (Figure 1b) are calcu-
lated (averaged and standard deviation) for each fibre 
in each image. (f) Defined parameters were subjected 
to statistical analysis. Selected parameters (Figure 5 
and Figure 6) are expressed in percentage in relation 
to the reference sample (sample in zero-time, that is 
equal to 100 %), occasionally no measurement error is 
showed because of high amount of outlier’s measure-
ment (due to the great nonuniformity in the images 
due to the fiber sizing or corrosion shell formation). 
Box plots show averages values, variance values and 
also the outlier’s data. 

 Results and discussion 

3.1 Evaluation of mechanical properties 

The topic of the article is to compare the mechan-
ical properties and define the differences in the degra-
dation process for anticorrosive glass fibres type AR 
and for glass fibres type E after influence of the alka-
line environment in the geopolymer composite. The 
ongoing reactions between glass fibres and alkaline en-
vironment lead to the dissolution and slowly decom-
position of the fibres and consequently to the loss of 
the mechanical properties of the composite. Corro-
sion of glass fibres is characterized by weight loss, 

change of fibre diameter, reduction of mechanical 
properties and formation of mineral incrustations on 
the surface of the fibre, which gradually leads to the 
formation of a continuous corrosion coating so called 
corrosion shell. Scanning electron microscopy was 
used to monitor the morphology of the fiber surface, 
and image analysis methods were used to evaluate 
morphological changes. Tests of mechanical proper-
ties (fibers - tensile test, composite materials - three-
point bending and Charpy test) were used to confirm 
ongoing degradation processes due to the long-term 
influence of the alkaline environment on both types of 
glass fibers. 

The measured average values the strenght for both 
types of glass rovings (AG-GFs and E-GFs) before 
the action of the basic solution are similar. Strength of 
AR-GFs was measured 811.4 ± 12.3 N, strength of E-
GFs 825.2 ± 33.4 N. The measured values of tensile 
strength of E-GF rovings, after long-term exposure to 
alkaline medium (1 mol of liquid Ca(OH)2), show a 
decrease in mechanical strength. Graph in Fig. 2 
shows this trend. 

Table 2 presents the results of three-point bending 
test and compares flexural strength geopolymer com-
posite samples without glass reinforcement (pure) and 
with different type of glass reinforcement. The use of 
fibres as reinforcement in the composite led to an in-
crease in flexural strength of 250 % for samples with 
AR-GFs, for E-GFs increased flexural strength by 
150 %. Deflection of reinforcement geopolymer com-
posite increased by 180 % against pure geopolymer 
mixture for both fiber types. Fig. 3 shows internal 
structure of geopolymer composite with glass fibre re-
inforcement. 

 

Fig. 2 Representation of the trend of degradation processes for E-GFs in alkaline solution Ca(OH)2 in determined weeks 

Tab. 2 Results of 3point bending test 
Samples Fmax [N] Deflection [mm] σ [MPa] 

pure 22.0 ± 4.7 0.6 ± 0.1 3.44 ± 1.23 

with E-GF 50.8 ± 18.8 1.1 ± 0.2 4.18 ± 2.74 

with AR-GF 44.9 ± 8.3 1.2 ± 0.4 4.90 ± 0.96 
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Fig. 3 Internal structure of geopolymer composite with a) AR-GFs reinforcement, b) E-GFs reinforcement

3.2 Image analysis 

Generally, SEM analysis helps to determine 
changes on fibres surface after treatment in acid, alka-
line and salt environment and investigation typical dif-
ferences for different environment. Action of acid 
generate radial cracks after short time influence and 
axial cracks after influence long time [4, 5]. SEM anal-
ysis is important for observaion and description grow 
of corrosion shell for basalt and glass fibres; small dif-
ferences exist between degradation both types of fi-
bres [9]. 

For monitoring changes on fibre surface was used 
Scanning Electron Microscopy UHR FE-SEM Carl 
Zeiss ULTRA Plus. Figure 4a shows surface of AR-
GFs after 6 weeks in 1mol liquid Ca(OH)2 with coat-
ing (sizing), which protect fibre surface against aggres-

sive influence of alkaline liquid or environment. Simi-
lar result is de-cribed in study [7]. Authors observe in-
fluence of interphase modification of AR-glass fibres 
durability in alkaline environment. Degradation pro-
cess is very intensive, corrosion shell has created dur-
ing the exposure time and sizing has removed. Degree 
of degradation was determined according results of 
tensile strength test of elementary glass fibrils, for 
evaluation was used Weibull distribution function. 
Study [2] confirms protective function of sizing de-
pend on sizing amount. For investigation was used 
tensile strengthtest, SEM analysis and AFM method 
for topology of fibre surface. In the study [10], 
changes in the AR-GF surface were monitored by 
SEM analysis. Strong alkaline environment (repre-
sented NaOH and Ca(OH)2 solutions) disturbs sur-
face of AR glass fibres, holes create after long term 
exposition. 

Tab. 3 Results of EDX analysis 
Spectrum label O Si Al Na B Zr Ca Fe 

AR-GF 63.7 21.0 - 10.4 - 2.8 2.1 - 

E-GF 54.2 20.5 12.4 - 2.1 - 12.1 0.2 

 

Fig. 4 Illustration/Representation of fiber surfaces using SEM a) AR-GFs, b) E-GFs 
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Fig. 5 (a) Image analysis of glass fibre type of E-GF, documented average changing of fibre properties within 48 weeks washed in 
Ca(OH)2 solution. Box plot show average values (as lines inside of boxes), variance values (as the top or bottom edge of the box) and 

also the outlier’s data (as isolated dots) for (b) the fibre diameter, (c) thickness of the degradation layer, (d) surface texture 
 
Figure 4b shows smooth surface of E-GFs after 6 

weeks in 1mol liquid Ca(OH)2, there are small amount 
of sizing residues in the picture. Long-term influence 
of calcium-hydroxy solution at ambient temperature 
leads to the creation of corrosion shell on surface of 
E-glass fibres. SEM analysis of this process was de-
scribed in study [3]. Grad-ually formation of corrosion 
coating decreased tensile strength of fibres signifi-
cantly; after six months by 87 %, after twelve months 
by 94 %. 

Durability of AR-GFs is based on their composi-
tion too, especially on the content of ZrO2. Composi-
tion of glass fibres present Table 3, presence of ele-
ments and their weight ratio was determined and con-
firmed using the EDX-analysis. 

Average values of parameters obtained by image 
analysis are show on Figure 5a and 6a. Measurement 
deviations are not shown (only for the evaluation of 
the fibre diameter are shown) due to significant incon-
sistencies occurring in the images (unwashed parts of 
the sizing, etc.). Box plot prepared for each parameter 
show average values (as lines inside of boxes), variance 
values (as the top or bottom edge of the box) and also 
the outlier’s data (as isolated dots); please see Figure 
5b, c, d, and Figure 6b, c, d. 

The E-GFs type was tested within 48 weeks (W_0 
correspond to beginning of experiment, W_48 corre-
spond to 48 weeks and similar). Fibre diameter in-
crease over time (gradually 8.5, 8.6, 9.4, 9.1, 9.5, 10.8 
µm). Average values of thickness of the degradation 
layer is greatly affected by outliers, thus more repre-
sented overview of process can by shown on Figure 
5b. Extremely changes were identified in the week of 
24 and 48, where the thickness of the layer reached 
increasing of about 0.8 and 2.2 µm compared to sam-
ple W_0. Surface texture has similar progress as thick-
ness determination. Only last two observations (24 
and 48 weeks, Figure 5c) reach extreme values (more 
than four times higher than first four observations). 

The AR-GFs type was tested within 6 weeks (W_0 
correspond to beginning of experiment, W_6 corre-
spond to 6 weeks washed in Ca(OH)2 solution). Fibre 
diameter changing over time (first grow slightly, then 
it decreases). Average values of thickness of the deg-
radation layer is greatly affected by outliers, thus more 
represented overview of process can by shown on Fig-
ure 6b. The thickness of the degradation layer decrease 
within 6 weeks in Ca(OH)2 solution. Surface texture 
has special progress, where the values in time of 4 and 
6 weeks are higher than values in the beginning (W_0). 

 

       a) 
 

 
 
 
 
 
 
 

 
 
 
 
  b)          c)              d) 
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Fig. 6 (a) Image analysis of anticorrosive glass fibre documented average changing of fibre properties within 6 weeks. Box plot show 
average values (as lines inside of boxes), variance values (as the top or bottom edge of the box) and also the outlier’s data (as isolated 

dots) for (b) the fibre diameter, (c) thickness of the degradation layer, (d) surface texture

 Conclusion 

The aim of the research is to compare the rates of 
degradation layer formation on the surface of AR (al-
kali-resistant glass composed of zirconium alkali sili-
cates is used in cement substrates and concrete) and E 
(alumi-num-calcium-borosilicate glasses used as mul-
tipurpose fibres) fibres due to alkaline environment 
both on separate fibres, as well as in the volume of 
geopolymer composites.  

Due to 1 mol Ca(OH)2 liquids on E-GFs, it led to 
a rapid decrease in the tensile strength of the fibers. 
Af-ter two weeks, the mechanical properties of E-GFs 
decreased by 64 %. Long-term influence of alkaline 
environmet caused next decrease strength of E-GFs. 
Strength of roving decreased against reference 
strength after 12 weeks by 93%, after 48 weeks by 
98%. Strength of roving between samples after 2 
weeks and after 12 weeks decreased by 80%. 
Diference between strength of roving at 2 weeks and 
strength of roving after 48 weeks was 94%.  

The use of glass fibers as a reinforcement in com-
posites has been shown to increase its flexural strength 
by 56 % for AG-GFs and by 50 % for E-GFs.  

Further, our paper confirms a correlation between 
mechanical properties and surface observation (based 
on SEM microscopy and image analysis). When the 

mechanical strength declines (E-GFs), the fiber diam-
eter in-crease, surface texture has more prominent tex-
ture and the thickness of degradation layer increase at 
the same time as well (linear relationship with mechan-
ical strength). 

In the future, this research will focus on monitor-
ing the rate of degradation of various types of fibers 
with the help of image analysis under the action of ul-
traviolet and electromagnetic radiation. 
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