
Optica Applicata, Vol. L, No. 1, 2020

DOI: 10.37190/oa200111

The effect of molding conditions 
on the quality of geopolymer surfaces

JANUSZ JAGLARZ1, DOMINIK WYSZYŃSKI2*, MICHAŁ LACH1, JANUSZ MIKUŁA1, RYSZARD DURAJ3

1Institute of Material Engineering, Cracow University of Technology, 
al. Jana Pawła II 37, 31-864 Cracow, Poland

2Institute of Production Engineering, Cracow University of Technology, 
al. Jana Pawła II 37, 31-864 Cracow, Poland

3Institute of Physics, Cracow University of Technology, 
ul. Podchorążych 1, 30-084 Cracow, Poland

*Corresponding author: pujaglar@cyfronet.pl

The presented work describes the method of measuring surface topography with application of
BRDF (bidirectional reflectance distribution function), ellipsometry and spectrophotometry. This
non-contact method enables measurement and analysis of large area surfaces, such as plasters and
facades. A standard method of topography analysis does not describe sufficiently all of the inter-
esting features. The visual aspect of the surface evaluation is very important from the functional
and utilitarian point of view. The proposed methods of surface analysis enable not only the quan-
titative evaluation but also indirectly the qualitative properties (visual aspects).
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1. Introduction

Geopolymers are a novel class of materials that are formed in strongly alkaline envi-
ronments in process called geopolymerization [1–3]. The final product of this process
is an amorphous three-dimensional framework structure [1–5]. Geopolymers are based
on aluminosilicates, both natural and synthetic (e.g. metakaolin, fly ash, blast furnace
slag, etc.) [1, 2, 4]. Geopolymers are in the field of interest of many industries. Their
numerous applications are confirmed, including: insulating panels and wall elements,
decorative stones, low-tech building materials, foamed materials (for thermal insulation),
imitating ceramic slabs, fire retardant materials, equipment for the foundries, aerospace
(civil and military) and parts for cars, matrix composites, adhesives and resins (includ-
ing high-tech technology), matrices to immobilize hazardous and radioactive wastes, but
above all, unlimited use as cements replacement in civil engineering [1–8]. The number
of applications continues to grow – huge amount of them has been confirmed by dozens
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of patents and hundreds of publications all around the world. Depending on the needs,
it is possible while producing geopolymers, to achieve a perfect surface smoothness,
for instance by using suitable molds. Those geopolymers not only meet the strict me-
chanical properties, but they also meet the aesthetics criterion, appearance and visual
look, which make them better than other human-made materials and comparable only
with natural stone. The results in this study show that the surface smoothness of molds
has the greatest impact of the quality of the surface of geopolymers achieved. There
are many geopolymer applications in various industries. This study shows a variety of
applications of geopolymers, starting from the typical building materials through chim-
ney pipes and ending with furniture and even garden architecture. In the study, the au-
thors used a variety of optical methods (both standard and non-standard) to examine
the surface of selected geopolymers. These methods include: spectroscopic techniques,
bidirectional reflection distribution function (BRDF), total integrated scattering (TIS)
or even spectroscopic ellipsometry. Optical methods are non-destructive and non-con-
tact, and may be used to determine surface roughness and other topographic parameters
in the large area of samples. Also due to the development of numerical methods al-
lowing to simulate reflection from surfaces with very complex topographies, the in-
terest in application of non-invasive and non-contact optical methods for surface
studies increased [9]. Parameters such as thickness, roughness, autocorrelation length
are strongly influential on surface topography. Those parameters determine how much
radiation will be dispersed and how much will be scattered. The shape of these irreg-
ularities will also affect the angular distribution of scattered radiation. The main goals
of this work are optical descriptions of geopolymer surfaces and determination of
macroscopic parameters characterizing films’ topography.

2. Optical methods

For many years the optical methods (OM) were broadly used for studies of the quality
of surfaces. The optical techniques are contactless and noninvasive – so useful for con-
trol and monitoring of surface properties. They can be divided into 3 groups.

Group 1. Integrating techniques based on determination of total intensity of scattered
radiation (TIS methods) [10]. In the TIS techniques used in surface measurements, the
integrating spheres are used. They allow to measure the total (Rtot) and diffusive (Rdiff )
reflectance on studied surfaces. The directional (specular) reflectance is the difference
between values of total and diffusive reflectance. By knowing the values of the diffusion
and specular components, it is possible to calculate the total integrated scatter (TIS) pa-
rameter, which is: TIS = Rdiff /Rtot [11–13]. The gloss coefficient is simply GL = 1 – TIS.
Using the radiation diffusively reflected from the sample, and comparing it with the
radiation specularly reflected from the flat surface, one can determine the surface
roughness and other statistical parameters characterizing the quality of surface [12].
However, limitations of TIS method result from the character of angular distribution
of scattered light and allow to study only relatively flat samples. Also TIS methods
are used for color measurements. The sensitivity of TIS strongly depends on the diam-
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eter of used sphere (Ulbricht ball) and the type of material from which this sphere was
made [10, 12].

Group 2. Optical methods are based on the measurements of angular light scattering
on studied surfaces. Especially, the BRDF technique is useful to analyze the topogra-
phy of the samples’ surfaces [14, 15]. The BRDF may be used to study any material
and allows to obtain information about any surfaces. The BRDF determines the angular
distribution of the intensity of radiation reflected from the sample. In this method, a sin-
gle beam of laser radiation falls on the examined surface at the defined angle of inci-
dence θi. The scattered light intensity is recorded by a detector for varying angles θs.
The angular distribution of the intensity of the scattered light contains information about
surface topographic parameters such as surface roughness σ RMS (root mean square),
statistical or periodic distribution of heights. The BRDF function is defined as the pow-
er of scattered light Ps per the solid angle of receiver aperture Ω (acceptance angle Ω)
in the θs direction and per incident power Pi coming from the θi direction [16, 17],
namely: 

[sr–1] (1)

The BRDF function is usually represented in the spatial frequency domain f. The re-
lation between f and incident angle θi, scattered angle θs, and light wavelength λ is as
follows:

(2)

The advantage of optical techniques based on scanning surface is large (average
measuring area is usually more than 106 µm2). Such a value is significantly higher
than AFM (atomic force microscope) scanning area (average 102 µm2). Therefore
topographical parameters determined from optical measurements describe studied sur-
face in the longer spatial wavelength. The BRDF technique allowed to investigate the
geopolymer surfaces in lower spatial frequency.

Group 3. Ellipsometric techniques use the phenomenon of changing polarization
state of the linearly polarized light after reflection. The change in the polarization state
depends on the optical properties and roughness of the sample, the angle of incidence
and the wavelength of incident light. In ellipsometry, two angles, Ψ and Δ, are defined
in a way that describes the polarization state of the reflected light [18, 19]. The tangent
of angle Ψ is defined as a ratio of complex Fresnel reflection coefficients rp and rs:
tanΨ  = |rp |2/|rs |2, where subscripts ‘p’ and ‘s’ relate to reflected light perpendicularly
and vertically polarized to incident plane, respectively. The Δ is a phase shift between
both polarized waves. Furthermore, reflection coefficients meet the equation rp /rs =
= exp(iΔ) tanΨ . Through this fundamental equation of ellipsometry one can determine
refraction indices n and extinction coefficients k of studied samples. Moreover thanks
to knowledge of dispersion of n and k in the wide spectral range, one can determine
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many interesting information about band structures in materials, and their optical and
electrical properties. Ellipsometry gives reliable results if the sample surface is smooth
enough that it could be possible to determine the optical parameters of the surface
(spectral dependences of refractive index n(λ) and extinction coefficient k(λ)) by the
use of ellipsometry.

3. Experimental details

3.1. Geopolimeric samples

The geopolymeric mass was obtained by mixing fly ash or metakaolin with sand in
a ratio of 1:1 by weight; aqueous activating solution consisting of an aqueous solution
of sodium hydroxide, water and aqueous sodium glass (R-145). Metakaolin and flying
ash particle size was less than 40 µm. The entire mass was mixed homogeneously and
then put into plastic molds. Forms containing the mass were sealed with plastic foil
and put into a laboratory drier for 24 hours at 75°C. In the next step, the samples were
removed from forms and stored for 28 days. Geopolimeric samples, both metakaolin-
and fly-ash-based were put to two different mold types: polycarbonatic and polypropy-
lenic. Moreover some of them were colored to achieve different surface color for dif-
ferent samples. Chemical composition of used raw materials (fly ash and metakaolin) is
shown in Table 1.

3.2. Optical testing

The spectroscopic measurements of total reflectance were performed in spectral range
250 to 2500 nm by the use double beam Perkin Elmer Lamda 900 spectrophotometer
equipped with an integrating sphere. To determine color parameters and gloss coeffi-
cient, we used the ISP-REF (Avantes company) integration sphere. For recording the
total and diffusive reflected light beam from the sample surface, the Avantes spectrom-
eter was used. Although the full spectral range was from 300 to 1100 nm, we present
spectra limited to visible part of light (i.e. 360–780 nm). The BRDF measurements
were performed be means of an automatic scatterometer. It consists of a 650 nm laser
diode as a light source with the beam diameter of 2 mm mounted on a goniometric table
with 0.1 deg resolution. The light scattered at the sample surface was measured with
a silicon photodiode detector. The rotations are obtained by a computer controlled step-

T a b l e 1. Chemical composition (% by mass) of fly ash used (from CHP Coal Power Plant in Skawina)
and metakaolin 1 and 2.

Material SiO2 Al2O3 CaO Fe2O3 MgO TiO2 K2O + Na2O

Fly ash 56.0 23.5 2.70 5.90 2.60 1.10 4.10

Metakaolin 1 51.0–53.0 40.0–42.0 0.25–0.30 1.2–1.3 0.30–0.35 0.7–0.75 1.40–1.45

Metakaolin 2 51.0–53.0 40.0–42.0 0.25–0.30 1.3–1.4 0.35–0.40 0.7–0.75 1.35–1.40
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per motor. For a fixed angle of incidence, the scattered intensity in the plane of inci-
dence has been measured by varying the detector orientation. All measurements have
been carried out with the s-polarized incident beam. In any case, the sample surface
size was much larger than the beam diameter. The BRDF measurements and calcula-
tions have determined the roughness and autocorrelation length of surfaces.

Figures 1 and 2 present SEM pictures where there is no possibility to determine op-
tical properties of the surface – topographic information has a rather qualitative dimen-
sion. For the presented samples, the ellipsometric measurements have been performed
by a spectroscopic ellipsometer M-2000 manufactured by J.A.Woollam Co. (USA) in
the spectral range 190–1700 nm. The samples were measured for four angles of inci-
dence (60°, 65°, 70 °, 75°). In one experiment additionally were measured intensities
of reflected light and depolarization coefficient, simultaneously [20]. To analyze the
data, we combined all angular spectra and we have fitted all the data simultaneously.
For better accuracy, the data have been analyzed using CompleteEASE software.

M1B M2

M1A M1B

a

b

Fig. 1. SEM photography of two different metakaolin, the same mold (polypropylene) (a), and the same
metakaolin, two different molds (polypropylene and polycarbonate) (b).

F1A F2A

Fig. 2. SEM photography of the same fly ash, two different molds, polypropylene and polycarbonate.



140 J. JAGLARZ et al.
4. Results and discussion

The results presented below concern three types of geopolymers. The investigated sur-
faces of the geopolymers differed due to the material composition and the mold used
to produce them. For better clarity we named samples according to Table 2.

The samples differed visually. Some samples were tinted with selected dyes, as
shown in Table 2. Figure 3a shows the total reflection of geopolymer samples based
on fly ash, and Fig. 3b based on metakaolin. The presence of dyes caused differences
in spectra in the visible light spectrum. 

In the VIS range, spectral reflectances differ due to the presence of dyes. For all
presented geopolymers, we made color measurements. The values of color parameters
determined in L*a*b system are presented in Table 3.

T a b l e 2. Sample notation, materials used for geopolymer samples, mold material and dye used.

a In accordance to Table 1.
b In experiment two types of molds were used: polycarbonatic (PC) and polypropylenic (PP).
cDyes were added as powder to fly ashes and dry mixed before adding the alkaline activator.

F1A F1B F2A F2B M1A M1B M2

Base materiala Fly ash Fly ash Fly ash Fly ash Metakaolin 1 Metakaolin 1 Metakaolin 2

Mold materialb PC PC PP PP PC PP PP

Dyec – Fe2O3 – Cr2O3 – – –
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Fig. 3. Spectral total reflectance of geopolymer samples based on flying ashes (a), and metakaolin (b).

T a b l e 3. CIE (L*a*b) color space parameters. International Commission on Illumination (Commission
Internationale de l’Éclairage) elaborated distributions of wavelengths in the electromagnetic visible
spectrum and physiologically perceived colors in human color vision.

F1A F1B F2A F2B M1A M1B M2

a* 1.8 11.68 1.49 –3.84 3.79 2.59 8.74

b 9.86 5.87 5.01 5.82 7.02 7.66 14.53

L* 54.44 30.42 60.9 35.48 88.34 79.25 66.49
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Naturally dye admixtures do not affect the spectral response of reflectance for
wavelength in the range of infrared light. As may be seen in Fig. 3 for wavelengths λ
longer than 800 nm, the total reflectance basically depends on main geopolymers’ raw
materials, i.e. fly ashes and metakaolin. As may be concluded, the UV-VIS-NIR anal-
ysis could be used to pre-evaluate the chemical composition of geopolymers. Their
optical spectra are very similar to ones in literature. As may be noticed in Fig. 3, the
reflectance minima observed in metakaolin and flying ashes reflectance spectra have
the same values for the wavelength 1920 nm. Probably this is due to similarity between
the chemical and structural structure of both materials. The values of surface roughness
(RMS) obtained from mechanical profilometry measurements have been presented in
Table 4. The conversion table was presented in Table 5. As may be concluded, the to-
pographies of geopolymer (GP) surfaces differ. As may be noticed, the roughness var-
ies and depends on the used mold. However, they are less dependent on GP material.
It confirms our prediction. Namely GP materials were obtained in similar manufactur-
ing processes, the scattering of reflected light from the surface of the GP does not sub-
stantially depend on the chemical composition and structure of the atomic bonds
occurring in GP bulk. The diffusive (non-directional) scattering results from the sur-
face roughness which depends on the type of used mold.

As presented above, the lowest roughnesses have the samples F1A, which were fly
-ash-based geopolymer samples obtained in polycarbonatic molds without any dyes.
For fly ash-based samples lower roughness values were achieved for samples obtained
in polycarbonatic molds. However the opposite effect was observed for metakaolin
-based samples, where lower roughness values were lined to polypropylenic molds.
Generally, metakaolin-based samples have lower roughness with only one exception,
sample F1A. Additionally, geopolymer surfaces present a small gloss effect. Gloss
coefficient is often used to characterize the gloss ratio. It is equal to the ratio of light
intensity reflected to the total light scattered from the surface of the sample [10].
Figure 4 shows spectra of gloss coefficients of geopolymer samples based on flying
ashes (Fig. 4a) and metakaolin (Fig. 4b).

The major advantage of the determining gloss coefficient is that the decisive factor
affecting its value is only the surface topography, not the phase and chemical compo-
sition. For metakaolin-based samples, it could be observed that curves shown in
Fig. 4b are almost identical, regardless of the used mold. Probably the value of the

T a b l e 4.  Mean roughness (roughness average Ra) of surfaces of the samples.

F1A F1B F2A F2B M1A M1B M2

Ra [µm] 0.45 1.24 1.34 1.6 0.87 0.74 0.6

T a b l e 5. RMS roughness to Ra conversion table.

RMS 2200 1100 550 275 137.5 69.3 35.2 17.6 8.8 4.4 2.2

Ra [µm] 50 25 12.5 6.3 3.2 1.6 0.8 0.4 0.2 0.1 0.05
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gloss ratio is not influenced by the applied form or its effect is negligible. The spectra
for samples based on two different metakaolins were similar in shape, but for the sec-
ond metakaolin (M2) the gloss values were smaller. This proves that the structure of
the material is significantly affected by the gloss coefficient. An additional confirma-
tion of this are graphs in Fig. 4a. Gloss coefficients for fly-ash-based geopolymers vary
in both shape and value with those based on metakaolin. As may be concluded, the
addition of dyes to fly-ash-based geopolymers caused a reduction in the gloss coefficient.
Generally, according to our intuition, GP surfaces are more glossy when surface is flat-
ter. In the next step, we chose sample F1A for ellipsometric measurement due to the
largest value of the gloss coefficient. As a matter of fact, the specular reflection occurs
when the partly coherent light is appearing in reflected light. The Fresnel model based
on the coherence theory allows to determine optical parameters (n and k) from ellipso-
metric data if the depolarization degree is less than 80%. This condition was fulfilled
for sample 1 throughout the spectral range of the M2000 ellipsometer. The ellipsometric
studies were done for sample F1A. The directionally reflected beams measured in ellip-
sometry consist of two parts. One was polarized light with two reflecting parameters.
First reflectance obeys the Fresnel law of directional reflection and the second one were
noncoherent and depolarised reflected beams. The ratio of intensity of coherently reflect-
ed light to incoherent light component is defined as depolarization degree or coefficient.
Despite the large depolarization for F1A sample we measured ellipsometric angles and
degree of polarization in many points on their surface and then we determined spectral
dependences of optical indices n(λ) and k(λ). In Fig. 5, the dispersion of ellipsometric
angles Ψ and Δ has been shown. The red and green lines denote experimental data.
The dotted lines are modelled curves, by the use of point-by-point Kramers–Kroning
(K-K) relations [18]. The use of K-K model allowed us to determine optical indices in
the broad spectral range (190 to 1700 nm). Figure 6 shows the n(λ) and k(λ) spectra
obtained from the fitting of K-K model to experimentally measured ellipsometric pa-
rameters. The values determined by the ellipsometric tests (Fig. 4) overlap with the
values obtained from the calculations made using the molecular luminance theory for
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Fig. 4. Gloss parameter for geopolymer samples based on flying ashes (a) and metakaolin (b).
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λ = 532 nm (PALIK et al.). The BRDF method allows to describe surface topography
in larger areas of spatial waves than SEM and AFM methods. For small roughness,
the BRDF function is proportional to the spectral density of the roughness [19–22].
Experimentally determined BRDF functions based on spatial frequency for samples are
shown in Figs. 7a and 7b for fly ash and metakaolin samples, respectively.
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In the BRDF spatial frequency spectra for metakaolin-based samples the peak oc-
curs only for metakaolin 2 sample. Also it has been observed that samples based on
metakaolins M1B and M2 created by the use of polypropylene molds, are more similar
in shape than those for polycarbonate forms (M1A). Because surfaces from polypro-
pylene molds were more flat, thus we observed the specular reflection. For metakaolin
samples created by the use of polycarbonate forms, a full diffusive scattering on GP
surface is observed (see Fig. 7). Strongly light scattering surfaces reflect the radiation
in a completely incoherent way. Thus, there are no extremes in BRDF characteristics.
For the so-called Lambertian surfaces ideal diffusers, the BRDF should be independent
of spatial frequencies. However GP surfaces and most real diffusers are rather Seliger
diffusers. Such surfaces also meet Seliger’s law [10], 

(3)

where K is the constant dependent on the absorption coefficient k of the surface.
Deviation of Lambert’s law for GP surfaces increases with the increase in the angle

of incidence θi and the scattering angle θs. For flying ashes samples, obtained in a poly-
carbonate form, we can see sharp maxima in BRDF spatial frequency dependences.
Also for polypropylene molds, the surfaces are similar to Lambert diffusors. For better
descriptions of light scattering, the choice of Seliger relation is most reasonable. For
flying ashes samples, the results were completely different. Peaks, related to the direc-
tional reflection, were observed for samples in polycarbonate molds, for metakaolin
-based samples this effect was not visible. Observation of SEM pictures showed that
SEM is not suitable to describe such samples. Samples of the same source material
and different molds do not differ much. They are fairly similar and – depending on the
place where picture is taken, it is easy to mistake samples. In case of metakaolin samples
it is actually impossible to recognize samples just by the SEM pictures. Fly-ash-based
samples differ more, however those differences are related more to the fact that fly-ash
-based geopolymers are not as homogenous as metakaolin-based ones, and depending
on what part of a sample we examine the results may differ. However we can find places
on the surfaces of the samples that are similar to places on the surfaces of the samples
from different molds. That proves that analyzing photos, both from SEM and from op-
tical microscopy (not shown in this paper), are not sufficient to study geopolymer sam-
ples surfaces. Ellipsometric measurements were difficult to perform due to the large
GP surface roughness. Although depolarization of the VIS range was relatively low, it
allowed us to make a measurement. The K-K model is fitted to the surface for reflection
from a single surface. Also for the other two GP surfaces, ellipsometric tests were per-
formed. For the M1A surface, the values of the determined ellipsometric parameters
measured at different points of the sample surface were reproducible. Although the el-
lipsometry test for the F1 and F2 surfaces in which the specular reflection occurs, we
decided not include these results in this paper because of their low reproducibility. Lack
of repeatability of results for distant points (1 mm) means that glossy surfaces are char-
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acterized by low autocorrelation coefficients. Knowledge of the spectral relationships
of n and k allows modeling of light scattering from real surfaces for VIS and NIR.

5. Summary and possibilities of application

The surface features (reflective, matte) are important parameters, not only utilitarian,
but also decorative (color and design) aspect. Various forms can be applied (depending
on the requirements) to create a matte or reflective surfaces with a variable coefficient
of gloss. Foil forms have allowed the weak, noticeable to naked eye specular reflec-
tance. Also polypropylene molds are allowed to obtain matte surface.

6. Conclusion 

Optical methods used in the paper were very effective to examine geopolymer samples
and to measure their optical properties. Moreover we can see, that pictures from SEM
or optical microscopy are not sufficient enough to complex examination of samples.
They can only be used as supplementary to other optical methods such as TIS, BRDF,
ellipsometry, etc. It was proven that a mold type has a significant impact on results
achieved. Moreover results differ depending on source material and dye used but only
in the VIS range. It is interesting that total reflectance that decreases for fly-ash-based
geopolymers in most cases it increases for metakaolin-based geopolymers. Optical meth-
ods may have a decisive influence on the assessment of the utility of the geopolymers
as a façade material or coating. Optical methods are non-destructive and in some cases
they could be used in situ, on the construction site. That means that optical methods
could be most important methods to evaluate the suitability of geopolymers in appli-
cations, where material appearance (look) is significant, like coatings or covering ma-
terials.
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