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Abstract 

Foundry waxes currently used in lost-wax casting technology are composed of paraffin, stearin, and – to a lesser extent – cer-
esin, polyethylene wax, and other natural and synthetic waxes. Most of these compounds are non-toxic; however, they may 
release aromatic hydrocarbons as a result of exposure to high temperatures. Based on a chromatographic analysis (pyrolysis 
gas chromatography-mass spectrometry, Py-GC/MS), the compounds that are separated from the popular wax mixtures used in 
foundries were evaluated (as well as the impact they may have on foundry workers). For this purpose, the three main stages of 
the process (wax, burnout, and pouring) were analyzed, and the appropriate test temperature was chosen (similar to the actual 
conditions during the process).

Keywords: 
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1. INTRODUCTION

Lost-wax casting is the process by which a duplicate metal 
sculpture (like silver, gold, brass, or bronze) is cast from an 
original sculpture. The steps used in casting small bronze 
sculptures are fairly standardized, though the process var-
ies between foundries today. In modern industrial use, the 
process is called investment casting [1, 2]. Variations of 
the process include “lost mold,” which recognizes that ma-
terials other than waxes can be used (such as tallow, resin, 
tar, and textile), and “waste wax process” or “waste mold 
casting,” because the mold is destroyed to remove the cast  
item [3–5].

There is a very thin line between investment casting and 
lost-wax casting. We can differentiate the processes; if the 
investment casting is done by a wax pattern mold, then it is 
called lost-wax casting. In lost-wax casting, the wax patterns 
are manually prepared for each piece [3, 4], while in invest-
ment casting, metals are formed to produce high-quality 
casting components:

•	 Lost-wax casting is mainly used for small parts such as 
jewelry casting or even fashion accessories, while invest-
ment casting is highly used for the manufacture of complex 
or critical parts.

•	 In lost-wax casting, only one pattern can be used to make 
numerous patterns (even though the pattern is lost or 
melted), while through investment casting, one can pro-
duce an exact replica of the desired casting.

•	 In lost-wax casting, the manufacturer focuses on precise 
wax or mold design, while in investment casting, they fo-
cus on metals like nickel alloys, copper alloys, cobalt-based 
alloys, or super alloys [3].

Casts can be made of the wax model itself (the direct 
method) or of a wax copy of a model that need not be made 
of wax (the indirect method). Figure 1 shows the following 
steps for the indirect process [5–7].

From these steps, the most important ecological steps are 
the wax, burnout, and pouring phases. The exposure to tem-
perature is different. 

In the “wax” step, molten wax is poured into a matrix-mold 
(made of the original model or sculpture from latex, polyure-
thane rubber, or silicone, for example). The substances that 
are used in lost-wax casting technology can be divided into 
three main groups: waxes, fatty acids, and wax substances. 

Fig. 1. Scheme of all steps in lost-wax casting technology
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Waxes are esters of higher fatty acid monocarboxylic and 
higher monohydric alcohols of even numbers of carbon 
atoms (from C16 to C36). The model mixtures are not homo-
geneous [4, 7, 8]; these are mixtures with various chemical 
compositions, but they have one common feature – they con-
sist of linearly placed particles containing between 20 to 70 
CH groups. Taking into account the wax components in mod-
el mixtures, these particles very often contain ketone, oxide, 
and alcoholic substances together with the esters of higher 
fatty acids [9–11]. The temperature range of liquid wax is 
between 100-150°C (depending on the type of wax used). 

The “burnout step” is intended to get rid of about 80% of 
the wax from the ceramic shell. The temperature range of 
this process is about 95–110°C. The last “pouring step” is 
related to cleaning the ceramic shell and removing all traces 
of moisture and the rest of the wax model. The temperature 
range of this process is between 870–1040°C. 

All of these steps generate a lot of odors and chemical sub-
stances (mainly from the wax model), so the main purpose 
of this research is to analyze the types of these compounds 
by the pyrolysis gas chromatography-mass spectrometry 
method (Py-GC/MS).

2. MATERIALS AND RESEARCH METHODOLOGY 

Two types of wax mixtures used in lost-wax casting technol-
ogy were selected for the study. All of the basic parameters 
of the samples are presented in Table 1. The “W1” sample 
(not a popular wax mixture in foundries) generates many 
odors and has a smaller kinematic viscosity (dynamic). The 
solidification point of “W1” is lower than the “W2” sample 
(which is the most popular lost-wax casting technology). 
However, the “W1” wax mixture is about 12% cheaper, and 
it is characterized by better shape reproduction in the case 
of thick-walled and massive simple castings (a slight shrink-
age of the wax when pouring it into the mold).

At a temperature of 150°C, the samples were pyrolyzed 
in a tube furnace in an inert atmosphere (argon). The emit-
ted compounds were adsorbed on active carbon; after this 
process, they were extracted by means of diethyl ether. At 
a temperature of 1000°C, the samples were mainly analyzed 
by the pyrolysis gas chromatography (Py-GC/MS) method, 
which is based on transforming a solid sample (2–5 mg) into 
gas by heating it in an atmosphere of inert gas (helium) in 
a “Py” Pyroprobe 5000 pyrolyzer (CDS Analytical Inc.), which 
is accompanied by thermal decomposition. It has a platinum 
ribbon or coil, which enables the heating of a sample to any 
temperature within a range of 250–1100°C [12]. 

The obtained mixture of compounds is separated on 
a chromatographic column (Restek Rxi-5Sil fused silica) 
in a “GC” chromatograph (Focus GC, Thermo Scientific). 
A temperature program was applied: an initial temperature 

of 40°C was held for 5 min; ramped up by 5°C/min up to 
150°C and held for 5 min; then, up to 250°C with a heating 
rate of 10°C/min and maintained for 5 min (helium carrier 
gas at 1 ml/min; sample split ratio – 1:20). The separated 
compounds are analyzed in an “MS” mass spectrometer 
(ISQ Thermo Scientific) in the full-range mass number/
charge number (m/z). Electron ionization (70 eV) at a tem-
perature of 250°C was then applied [12–14].

3. RESULTS 

The compounds found after the pyrolytic decomposition 
of the samples of the wax mixtures are summarized in 
Table 2. A comparison of the measured mass spectra to the 
National Institute of Standards Technology database (NIST 
MS Search 2.0) and its own patterns (e.g., aromatic hydro-
carbons like benzene, toluene, etc.) gave the possible types 
for the released compounds.

As a result of a temperature of 150°C (Fig. 2), only 
about 30% of the compounds were identified in the 
pyrolytic products as compared to the tests at 1000°C. 
Both samples contained similar compounds with a pre-
dominance for the W1 sample, which additionally have 
fatty acids (myristic acid, lignoceric acid, and isopropyl 
myristate – the ester of isopropyl alcohol and myris-
tic acid for Sample W2). Both samples mainly contained 
fatty acids and some organic compounds based on the 
benzene ring and α-pinene of the terpene class (Tab. 2),  
which are the primary constituents of turpentine (a sol-
vent for waxes).

At 1000°C, the chromatographic spectrum (Fig. 3) is much 
more complex and contains many different compounds, with 
a predominance for the W1 sample (mainly simple hydro-
carbons). In the gaseous products for retention times within 
a range of 1 to 24 minutes, Sample W1 recorded many intense 
peaks coming from low molecular weight hydrocarbons. 
These compounds can be divided into the following groups: 
aromatic hydrocarbons with a benzene ring, carboxylic 
acids (e.g., acetic and butyric acid – wax solvents), ketones  
(e.g., diacetyl – simple ketones are, in general, not highly 
toxic), and alcohols (also wax solvents). Typical compounds 
of wax mixtures are glycerol (another name – glycerin) and 
azulene. Chloroform was probably also used as a solvent. 
For retention times within the range of 24 to 50 minutes, 
many intense peaks coming from high molecular weight 
hydrocarbons were recorded, mainly fatty acids (similar 
to 150°C). As compared to W2, wax mixture W1 generates 
about 40% more compounds, which is its disadvantage. 

According to the steps of the lost-wax casting technolo-
gy, more dangerous for human health is the “pouring step”, 
where the temperature of the process is about 1000°C. An 
accumulation of toxic compounds occurs within this range.

Table 1	  
Properties of wax mixtures

Sample/Parameters Solidification point,  
°C

Dropping point,  
°C

Kinematic viscosity at 100°C,  
mm2/s Penetration at 25°C Acid number,  

mg KOH/g
W1 79.25 83.14 8.43 11 57.25
W2 84.34 87.12 9.95 12 48.38
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Table 2	  
Results of Py-GC/MS investigations for selected temperature points

Peak 
No. Name of compound No. CAS Molecular 

weight, u

Retention time RT, min
W1 W2

150°C 1000°C 150°C 1000°C
1 Carbon dioxide 124–38–9 44 – 4.57 – –
2 Acetic acid 64–19–7 60 – 8.12 – –
3 Propan-2-ol 67–63–0 60 – 10.12 – –
4 Cyclobutanone 1191–95–3 70 – 13.12 – –
5 Methyl acetate 79–20–9 74 – 14.01 – –
6 Benzene 71–43–2 78 – 14.39 – 14.37
7 Diacetyl 431–03–8 86 – 15.24 – –
8 Butyric acid 107–92–6 88 – 18.12 – –
9 Pentan-1-ol 71–41–0 88 – 18.24 – –

10 Toluene 108–88–3 92 – 19.01 – –
11 Glycerol 56–81–5 92 – 19.48 – 19.50
12 Phenylethyne 536–74–3 102 – 20.01 – –
13 Styrene 100–42–5 104 – 21.12 – –
14 Ethylbenzene 100–41–4 106 – 22.04 – –
15 Indene 95–13–6 116 – 22.58 – –
16 Chloroform 67–66–3 119 – 23.24 – –
17 Azulene 275–51–4 128 – 23.48 – 24.01
18 Naphthalene 91–20–3 128 – 24.12 – –
19 Benzo[c]thiophene 270–82–6 134 25.12 25.28 25.11 25.30
20 α-pinene 80–56–8 136 27.35 27.48 27.29 27.51
21 Caprylic acid 124–07–2 144 29.35 29.48 29.40 29.54
22 Acenaphthylene 208–96–8 152 31.33 32.08 31.29 32.10
23 Benzophenone 119–61–9 182 33.57 34.12 34.01 34.15
24 Bibenzyl 103–29–7 182 35.48 36.01 35.51 36.02
25 Lauric acid 143–07–7 200 37.01 37.25 37.03 37.31
26 Myristic acid 544–63–8 228 – 39.48 38.57 39.54
27 Hexadecan-1-ol 36653–82–4 242 – 41.34 – 41.28
28 Palmitic acid 57–10–3 256 – 42.59 – 43.01
29 Isopropyl myristate 110–27–0 270 45.01 44.58 – 44.52
30 Stearic acid 57–11–4 284 – 46.12 – 46.15
31 Lignoceric acid 557–59–5 368 48.03 47.48 – 47.54
32 1-Triacontanol 593–50–0 438 – 49.37 – 49.41
33 Biphenyl 92–52–4 154 – 53.48 – 53.50

Fig. 2. Chromatograms for samples at 150°C
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4. CONCLUSIONS

The wax mixtures are all chemicals that can affect human 
health. The gases that the waxes produce during burnout 
and pouring are dangerous. Heat (definitely a part of the 
casting process) causes chemical reactions to accelerate 
(and sometimes starts them). Specific chemicals include 
wax and plastic fumes from the burnout. When waxes 
burn, they release many toxic and irritating compounds 
(including aromatic hydrocarbons). Burning the organic 
chemicals added to wax such as rosin, glycerin, petroleum 
jelly, azulene, fatty acid, etc. will release carbon monoxide 
and other toxic decomposition products.

In connection with the research and taking into account 
the parameters of the wax mixtures, the use of wax mix-
ture W2 would be more beneficial for safety reasons. It 
generates fewer toxic gases, mainly due to the aromatic 
hydrocarbons. During the burnout and pouring steps, it is 
recommended to use exhaust gas installations with filters 
that can absorb the gases.
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Abstract

Titanium alloys used in medical applications (especially dentistry) are exposed to the actions of various compounds that 
appear periodically in the mouth. Fluorine compounds are dangerous for the surface of titanium alloys, because they generate 
a dissolution of the passive layer. In this way, they destroy the surface of dental implants and cause the absorption of metal ions 
into the human body.
The presented work was aimed to describe the effect of fluoride ions on the corrosive behavior of the commercial Ti-6Al-4V 
and new Ti-10Mo-4Zr alloys that can be used in stomatology. Electrochemical measurements such as open circuit potential 
(OCP), linear sweet voltamperometry (LSV) and impedance spectroscopy (EIS) were performed to get information on the cor-
rosive behavior of titanium in artificial saliva solutions (MAS) with different concentrations of NaF. It has been revealed that 
a high concentration of fluoride ions enhance the current density in the anodic domain, especially for the Ti-10Mo-4Zr alloy. 
EIS measurements performed at a potential of 0.5 V vs. AgCl (3 M KCl) show that the Ti-10Mo-4Zr alloy has a typical two-layer 
structure of its passive film. This passive film consists of the outer and inner layers, respectively. The resistance of the outer 
layer is significantly lower than the resistance of the inner layer.

Keywords:

 titanium alloys, artificial saliva solution, fluoride ions, corrosion

1. INTRODUCTION

In recent years, research on titanium alloys in medical ap-
plications has become very popular. The research direction 
is focused on the search for new titanium alloys and deter-
mining their physicochemical properties. In orthopedics 
and dentistry, a very important aspect is the durability and 
functionality of endoprostheses. Titanium alloys are used 
for biomedical applications because they have suitable 
mechanical properties (as endoprothesis), good biocom-
patibility with tissues, and very good resistance to local 
corrosion. Currently, Ti-6Al-4V is a commonly used titani-
um alloy. Only after extended use of this titanium alloy did 
we realize that aluminum and vanadium can have adverse 
effects on the human body. Therefore, new titanium alloys 
have non-toxic elements [1–3]. Research on the corrosion 
resistance of the new titanium alloys is designed to isolate 
those alloys that will have similar corrosion resistance as 
do alloys with aluminum and vanadium. There are many 
publications describing alloys with the additions of niobi-
um, tantalum, zirconium, and molybdenum under various 
conditions [4–14]. 

The determination of the influence of an electrolyte 
(which is a simulated physiological solution) is important 
in the corrosion tests. In vivo tests, salt solutions are often 
used: Ringer and Hank's solution, artificial saliva solutions, 
and phosphorate buffered saline (PBS) with various organ-
ic and inorganic chemicals. Saliva solution composition is 
variable throughout the day, which results from the vari-
ety of products consumed. There are also substances that 
occur periodically; e.g., citric acid, calcium carbonate, and 
others. The content of fluoride (which also acidifies the 
environment) is characteristic for the composition of arti-
ficial saliva. Fluoride is located in the mouth because it is 
a component of toothpaste and mouthwash. In the case of 
people with titanium implants, this is dangerous [4, 15–18]. 
The too-long and frequent use of products containing  
F− fluoride ions may dissolve the passive layer of alloys by 
the presence of hydrofluoric acid and its derivative com- 
pounds [19–24].

In this paper, the influence of fluoride ions on the cor-
rosive behavior of both titanium alloys (Ti-6Al-4V and 
Ti-10Mo-4Zr) in a Mayer artificial saliva solution (MAS) is 
presented.
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2. EXPERIMENTAL

2.1. Samples and solution

The Ti-6Al-4V commercial alloy and new biomedical  
Ti-10Mo-4Zr titanium alloy (Goodfellow) were used in 
this investigation. The titanium alloys were mechanical-
ly ground using abrasive papers (SiC) down to 4000 grit 
and polished using diamond pastes (3 and 1 µm). Finally 
the samples were polished using a 0.02 µm non-crystal-
lizing colloidal silica suspension. Between each step, the 
specimens were ultrasonically cleaned in ethanol. In or-
der to reveal the microstructure, both Ti alloy specimens 
were etched in a Koll’s solution (5 ml HNO3, 10 ml HF, 85 ml 
H2O) for 5 seconds and rinsed in distilled water and then 
in ethanol.

The electrochemical tests were performed in a Mayer 
artificial saliva solution (MAS). The chemical composition 
of the MAS is presented in Table 1. Experimental measure-
ments were performed by adding sodium fluoride in the 
following different amounts to the MAS solution (Tab. 2).

2.2. Experimental methodology

Global electrochemical experiments were carried out at 
37°C using a PGSTAT302 AUTOLAB potentiostat/galvanos-
tat with an FRA (frequency response analyzer) module. The 
corrosion tests were performed in a classical electrochem-
ical cell where the following electrodes were placed: a plat-
inum grid was used as a counter electrode, the specimen of 
the Ti alloy was a working electrode, and Ag/AgCl (a 3 M KCl  
solution) was a reference electrode. All measurements were 
made in MAS containing 5 and 25 g/l NaF, respectively. 

The evolution of the open circuit potential (OCP) was 
measured for 24 h in the MAS solution at 37°C. The poten-
tiodynamic polarization (LSV) curves were recorded for 
both Ti alloys in the MAS solution within a potential range 
of −1.0 to +2.5 V (vs. Ag/AgCl). The LSV curves were per-
formed at a potential scan rate of 1 mV/s. Electrochemical 

impedance spectroscopy (EIS) diagrams were plotted with-
in a frequency range of 100 kHz to a few mHz (30 points) 
using a 20 mV peak-to-peak sinusoidal potential difference. 
The experiments were performed after 1800 s of immer-
sion at various applied potentials: in the anodic domain  
(0.5 V vs. Ag/AgCl). The impedance spectra were fitted by 
means of an equivalent circuit using the Z-view software 
package. 

3. RESULTS AND DISCUSSION

3.1. Microstructure of titanium alloys

Commercial titanium alloy Ti-6Al-4V is composed of two 
metallic phases (the α– and β–phases). The average grain 
size are around 5–10 µm in both phases. By contrast, the 
second alloy (Ti-10Mo-4Zr) is composed of one β metal-
lic phase. The grain size are roughly ten times larger than 
in the previous case – about 100 µm (Fig. 1). A detailed 
description of the chemical composition of the phases is 
presented in [9].

3.2. Open-circuit potential

The electrochemical tests confirmed that a high concen-
tration of fluoride ions in a MAS promotes a significant 
deterioration of the passive layer formed at the surface of 
the Ti alloys. 

Table 1	  
Chemical compound of Mayer artificial saliva solution (MAS) in 
H2O; pH = 6.4

Chemical compound, 
g/lsolution

NaCl KCl NaHCO3 Na2HPO4 KSCN Na2S . 9H2O Urea

0.7 1.2 1.5 0.26 0.3 0.005 1.0

Table 2	  
Artificial saliva solution (MAS) with added sodium fluoride

Indication of 
solution

Content of NaF, 
g/lsolution

pH of solution

MAS + 5 NaF 5.0 g (~0.5%) 6.2

MAS + 25 NaF 25.0 g (~2.5%) 7.4

Fig. 1.  Microstructure of titanium alloy: a) Ti-6Al-4V; b) Ti-10Mo-4Zr. 
Etching in Kroll’s solution (HF-HNO3-H2O)

a)

b)
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Figure 2 shows that the open-circuit potential measured 
for both Ti alloys in a MAS is much lower in a solution con-
taining fluoride ions. Moreover, the OCP values decrease 
when the concentration of NaF increases in an MAS. The 
open-circuit potential measured for both Ti alloys quick-
ly attains a stable value in the MAS solution (Fig. 2). The 
potential values obtained after about 80,000 s (22 h) are 
around −7 mV for Ti-6Al-4V (Fig. 2a – dotted black line) 
and about −37 mV for Ti-10Mo-4Zr vs. Ag/AgCl (Fig. 2b 
– dotted black line), respectively. However, the value of 
the OCP measured for both Ti alloys in the MAS with NaF 
always obtained lower values than in an MAS. The poten-
tial values at the beginning of the measurement for the  
Ti-6Al-4V alloy assume lower values (from −800 to −590 mV 
vs. Ag/AgCl) as compared to the Ti-10Mo-4Zr alloy (from 
−500 to −300 mV vs. Ag/AgCl) and slightly increase over 
time. For the Ti-10Mo-4Zr alloy, the values of potential de-
crease, reaching a potential value of around −390 to −520 mV 
vs. Ag/AgCl (which is similar for both NaF contents).

3.3. Linear sweep voltamperometry

In the next stage, linear sweep voltamperometry measure-
ments were performed for the Ti-6Al-4V and Ti-10Mo-4Zr 
alloys in MAS and MAS-NaF solutions. The polarization 
curves obtained for both Ti alloys are presented in (Fig. 3).  
The current density in the anodic branch measured for both 
Ti alloys is significantly higher in the MAS solution contain-
ing sodium fluoride. Significant increases of the current 

density in the anodic branch is observed for the Ti-10Mo-4Zr 
alloy in the MAS solution containing 25 g NaF (Fig. 3b). 

Such a large difference in the current density registered in 
the anodic branch was not observed for the Ti-6Al-4V alloy 
in the MAS and MAS containing different concentrations of 
NaF. The LSV curves revealed that the current density in the 
anodic domain depends on the type of alloy and concentra-
tion of the fluoride ions. In Table 3, the current density values 
measured for both Ti alloys at an anodic potential of 0.5 V  
vs. Ag/AgCl are presented. Generally, the mono-phase 
Ti-10Mo-4Zr alloy exhibits a more active behavior in the anod-
ic domain than the Ti-6Al-4V. Moreover, it can be noticed that 
a higher concentration of NaF in the MAS solution affects  
the value of the equilibrium potential for both Ti alloys. 
A higher concentration of NaF in the MAS solution shifts the 
equilibrium potential to a more negative potential (Fig. 3).

Table 3	  
Anodic current density values measured for Ti-6Al-4V and  
Ti-10Mo-4Zr alloys, respectively, at 0.5 V vs. Ag/AgCl in MAS and 
MAS with NaF solutions

Fig. 2. Open-circuit potential of (a) Ti-6Al-4V and (b) Ti-10Mo-4Zr 
alloys in artificial saliva solution (MAS) and MAS with NaF
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Fig. 3. Linear sweep voltamperometry of (a) Ti-6Al-4V and  
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According to the literature data, the deterioration of the 
corrosive properties in the case of titanium and its alloys 
immersed in a solution of artificial saliva with the addition 
of fluorides largely corresponds to the Ti-F complex formed 
on the surface of the alloys in the form of compounds 
Na2TiF6, TiOF2, TiF4, and TiF3 [24, 25]. Despite the low sol-
ubility of NaF in water, a reaction occurs (Eqs. (1) and (2)). 
The rate of the reaction taking place is not known; however, 
the resulting ions accelerate the dissolution of the passive 
layer of the alloys. If the solution is acidic (in our work, the 
MAS had a pH level of 6.4), the reaction mechanisms on the 
surface of titanium alloys can look like those of a solution 
of hydrofluoric acid HF [26]. The processes occurring on 
the surface of the titanium alloys in the presence of F− ions 
are also present in the following reactions with hydroflu-
oric acid (Eqs. (3)–(5)), which is mainly attributed to the 
destruction of the surface [24, 27, 28]:

+
2NaF + H O = Na + OH + HF− (1)

22HF H F  F+ −= + (2)

2 2 2TiO  2HF  TiOF  H O+ = + (3)

2 4 2TiO  4HF  TiF  2H O+ = + (4)

2 3 3 2Ti O  6HF  2TiF  3H O+ = + (5)

Figure 4 presents the behavior of titanium in solutions 
with the addition of NaF at various pH levels. When we 
deal with a solution with a slightly acidic pH, the passive 
layer is slowly dissolved (which is schematically indicated 
in Figure 4a). This is explained by the low OCP values and 
high anodic currents in the MAS solution with the addition 
of NaF. When the solution has a neutral pH, the presence of 
fluoride ions has no significant effect on the dissolution of 
the passive layer [29].

The effect on the instability of the passive layer of titani-
um alloys in contact with F− ions depends on the chemical 
composition of the passive film. Fluoride is highly reactive 
for titanium alloy with molybdenum [30]. The increasing 
intensity of the dissolution of the Ti-10Mo-4Zr alloy at 
a potential of > 0.5 V vs. Ag/AgCl (Fig. 3b) is determined 
by the formation of fluoride compounds with molybdenum 

on the surface. Primary molybdenum compounds MoF6 and 
MoO3 oxidize to form MoOF4, which has much less resis-
tance to corrosion [31]. Continuous exposure to fluorine 
reduces the protective properties of the passive layer, which 
corresponds to the reduced stationary potential.

The Ti-6Al-4V alloy contains vanadium; its passive layer 
is in the form of vanadium (III) oxide. In contact with hydro-
fluoric acid, it forms vanadium (III) fluoride according to 
Reaction (6):

2 3 3 2V O  6HF  2VF  3H O  + → + (6)

3.4. Electrochemical behavior in anodic domain

To confirm the obtained results and characterize the struc-
tures of the surface layers of the titanium alloys, an EIS mea-
surement was carried out (Fig. 5) for each titanium alloy at 
a potential of 0.5 V vs. Ag/AgCl in MAS with the addition of 
sodium fluoride after previous chronoamperometry at a po-
tential of 0.5 V vs. Ag/AgCl for 1200 s. 

 

Fig. 5. Electrochemical impedance diagrams: Bode plots obtained 
on Ti-6Al-4V and Ti-10Mo-4Zr alloys in (a) MAS, (b) MAS + 5 g NaF, 
and (c) MAS + 25 g NaF at 37°C at 0.5 V vs. Ag/AgCl. Potential was 
applied for 1200 s before EIS measurements

Fig. 4. Scheme of influence of F− ions on surface layer of titanium 
and its alloys depending on pH level of solution: (a) solution with 
slightly acidic pH MAS and (b) neutral solution of MAS [26]
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It can be clearly seen that, at a content of 25 g NaF (Fig. 5c),  
the resistance of the passive layer of the titanium alloys 
is much lower. It shows this on reducing the corrosion 
resistance in this environment. Compared to the solution 
of artificial saliva without NaF, the resistance is 100 times 
greater (Fig. 5a), and for a content of 5 g NaF, it is 10 times  
higher (Fig. 5b).

Simulations of the EIS results obtained (Tab. 4) showed 
that the passive layer formed on the surface of both titani-
um alloys in the MAS solution with the addition of NaF is 
formed in two stages. The adapted electric equivalent cir-
cuit contains two time constants that are attributed to the 
existence of a passive layer and the build-up of corrosive 
products over the course of time (in this case, compounds 
with fluorine). In order to characterize the passive lay-
er, a constant-phase CPE element was introduced into the 
circuit, which is characterized by two constants (T and P). 
Comparing the values obtained for CPE1-P (exponent P for 
CPE) in each of the used solutions value > 0.83, which indi-
cates the capacitive properties of the passive layer of each 
alloy. Nevertheless, for the Ti-6Al-4V alloy, the CPE1-P val-
ues are lower than for the Ti-10Mo-4Zr alloy (above 0.9).

The obtained CPE2-P values for both titanium alloys dif-
fer more depending on the electrolyte used. For 5 g NaF in 
solution, CPE2-P takes values between 0.62–0.66, which 
suggests that there is an addition of ion diffusion (Fig. 6b) 
through the corrosion product layer (Fig. 5b). In the Bode 
plot, it is noteworthy that the frequency characteristics 
are of a similar shape at a wide range of frequencies. The 
difference in the value of the phase shift angle is visible for 
both alloys at high frequencies. A much higher phase angle 
occurs for the Ti-10Mo-4Zr alloy (approximately −81°). 
This means it has a higher corrosion resistance as com-
pared to the Ti-6Al-4V alloy (for which the phase shift angle 
is around −71°).

For a solution containing 25 g NaF, the corrosion behavior 
of the passive layer is not the same for the titanium alloys 
(Fig. 5c). Mainly due to the use of an electric equivalent cir-
cuit comprising a resistance of R3 (Fig. 6a) the Ti-10Mo-4Zr 
alloy is composed of a double layer with better capacitive 

properties (a CPE2-P close to 1) and a higher R3 value 
than R2 (~1300 Ω . cm2). On the other hand, the Ti-6Al-4V 
alloy is characterized by a lower CPE2-P value, which may 
ambiguously indicate the structure of the passive layer: an 
intermediate state between the capacitive properties of the 
layer and the occurring diffusion processes. In each case, 
the resistance of the electrolyte (R1) and resistance of R2 
decreases as the NaF content in the MAS increases.

4. CONCLUSIONS

The sodium fluoride concentration in a saliva solution has 
a significant influence on the electrochemical behavior of ti-
tanium alloys. Proportionally to the increase in the concen-
tration of fluoride ions in the saliva solution, the corrosion 
resistance of titanium alloys decreases. At low concentra-
tions of fluoride ions, the diffusion phenomena occur in the 
layer of corrosive products. The differences in the behavior 
of titanium alloys are noticeable at higher concentrations 
of fluoride ions, where the Ti-10Mo-4Zr alloy has a typi-
cal two-layer structure, having capacitive properties with 
a lower resistance in the outer layer. The Ti-6Al-4V alloy 
forms a layer that ambiguously corresponds to the capac-
itive layer as well as the phenomenon of diffusion through 
the corrosion products.

Table 4	  
Values of fitted parameters of equivalent circuit as function of applied potential 0.5 V vs. Ag/AgCl of Ti-6Al-4V and Ti-10Mo-4Zr alloys in 
MAS with different contents of NaF

Solution Sample R1, 
Ω . cm2

R2,
Ω . cm2

CPE1-T 
×10−5,  

Ω . cm−2sφ
CPE1-P R3, 

Ω . cm2

CPE2-T 
×10−4, 

Ω . cm−2sφ
CPE2-P

MAS
Ti-6Al-4V 94.9 39,800 2.1 0.83 – 0.21 0.53

Ti-10Mo-4Zr 77.4 23,900 2 0.9 334,400 0.19 0.75

MAS  
+ 5 g NaF

Ti-6Al-4V 22.5 7833 4.3 0.86 – 11.6 0.66

Ti-10Mo-4Zr 16.6 12,085 2.8 0.94 – 5.6 0.62

MAS  
+ 25 g NaF

Ti-6Al-4V 5.9 1224 5.3 0.86 1011 12.1 0.79

Ti-10Mo-4Zr 4.3 658.4 4.1 0.91 1280 9.8 0.98

Fig. 6. Electric equivalent circuit from simulation for Ti-6Al-4V and  
Ti-10Mo-4Zr titanium alloys in MAS with (a) 5 g NaF and (b) 25 g NaF

a)

b)
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Abstract

A wide variety of molding mixtures are extensively used in the process of the sand casting of metal components today. The 
sector is continuously developing in production volume; moreover, the expectations of customers are increasing on a monthly 
basis (also from a quality point of view). Even though mold and core manufacturing are well-organized routines in most found-
ries, technological problems still appear that can lead to technological problems and casting defects. These trends are forcing 
metal casters to come up with fitting strategies to solve their daily production challenges, while their suppliers are expected to 
keep up the continuous development of their existing foundry products and to find innovative solutions as well as new material 
combinations. Research on molding materials and their properties must, therefore, take a step forward accordingly to generate 
the necessary new knowledge to understand the behavior of mold and core mixtures during casting.
This paper summarizes the latest results of a novel measurement method suitable for studying the degradation characteristics 
of different molding materials from a new perspective. The fundamentals of the method are based on a thermal analysis, focus-
ing on the heat-absorption behavior of greensand and two types of chemically bonded sands regardless of the binder type and 
amount or the manufacturing process.

Key words: 

cold-box, epoxy resin, greensand, molding mixture, thermal analysis

1. INTRODUCTION 

Thermal analysis in the form of recording and interpret-
ing temperature variations of a cooled or heated material 
over time is widely used today in foundry technology [1]. 
The broad areas of application mainly cover works based 
on cooling curve analyses of both non-ferrous and ferrous 
alloys [2–4]. Recently, studies applying traditional meth-
ods such as TG-DSC-DTG have been conducted to examine 
materials that are applicable as bonding agents in found-
ry purpose mold and core-making technologies [5]. Other 
sand-related works deal with the measurement of thermo-
physical properties in greensand molds while applying real 
foundry conditions [6, 7]. 

The proposed measurement method is based on Fourier 
thermal analysis (FTA) and is used in an inverse way to 
interpret the heat distribution versus time curves recorded 
in sand samples. The aim was to obtain a new understanding 
of the thermal aspects of the degradation processes in var-
ious molding mixtures. Thus, the heat absorption behavior 
by mixture decomposition was measured and calculated.

2. EXPERIMENTAL SETUP AND MATERIALS

The foundation of the experimental setup is the application 
of spherical sand samples of 40, 50, and 60 mm diameters. 

Two N-type thermocouples with stainless steel sheaths 
were placed in the specimens with the aim to record the 
temperature; one in the geometrical center, and another at 
a lateral measuring point near the sample wall (Fig. 1). 

Fig. 1. Sample geometry [8–10]
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Protective pipes of quartz glass with a wall thickness 
of 1 mm (t1 and t2 in Figure 1) were used to protect the 
thermocouples as the specimens are immersed into liq-
uid metal during the measurement. The diameters of the 
protective pipes (øp1 and øp2 in Figure 1) were chosen 
according to previous works [8–10]. The size variations 
of the specimens and their direct contact with the liquid 
metal (as a heat source) during the tests ensured real 
foundry conditions. The exact locations of the tempera-
ture-reading points concerning all three diameters were 
according to Table 1. 

The molding mixtures investigated in this work were 
greensand, epoxy-SO2, and polyurethane cold-box (PUCB) 
chemically bonded systems. They were all prepared with 
the same type of washed and screened silica sand with 
a light brown color, sub-rounded shape, and a medium 
grain size of 0.23 mm. The composition variables were set 
according to the typical industrial application of each mix-
ture (Tab. 2). The specimens were not coated before the 
measurements. The epoxy-SO2 and PUCB mixtures were 
tested without drying; however, the greensand samples 
were dried for 2 hours at 105°C to increase their integrity 
for the thermocouple placement procedure. The samples 
were then immersed into liquid iron at 1300±10°C, and 
the temperature distribution in both measuring points 
was recorded.

3. RESULTS AND DISCUSSION

In this paper, the results of the 50-mm-diameter samples 
were primarily considered for further investigations. 
Figure 2 shows the temperature distribution over time in 
the 50-mm-diameter samples of all three mixtures. The 

temperature recordings at the lateral points near the sam-
ple walls showed faster heating (Fig. 2b) when compared 
to the curves at the central measuring point (Fig. 2a).  
The differences in the heating rates were due to the var-
ious distances of the temperature-recording positions 
from the heat source. 

On the other hand, differences due to the various binder 
types in the mixtures did not clearly appear. The reason 
for this is that the temperature of the liquid iron ensured 
a generally high heating rate and the relatively fast pro-
cession of the expected heat absorbing and binder degra-
dation processes. Therefore, with the aim to learn more 
about the differences between the three mixtures, the 
heating curves were further processed by Fourier ther-
mal analysis. Based on the initial measurements of the 
temperature distribution inside the samples, a Fourier 

Table 1	  
Positions of measuring points

Diameter of 
specimen,  

mm

Dimensions,  
mm

a b c x

40 10 10 15 5

50 15 10 20 5

60 20 10 25 5

Mixture Composition, wt.%* 

Greensand 8% bentonite, 3.3% water, 3% coal dust

Epoxy-SO2
1% epoxy resin + 30%** hydroperoxide 

(cured by SO2 gas)

PUCB 0.9% phenolic resin + 0.9% isocyanate  
(cured by amine vapor)

* by mass of sand  
** by mass of resin

Table 2	  
Production parameters of studied mixtures

Fig. 2. Temperature distribution versus time in centers of 
50-mm-diameter samples (a) and near sample walls (b) for all 
studied mixtures

a)

b)
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thermal analysis was run, and the total absorbed heat val-
ues (L) were calculated for the 50-mm-diameter specimens 
of each mixture (shown in the legends of Figures 3–5). 
These values correspond to the amount of heat taken away 
from the melt by different processes; the decomposition of 
the bound and crystalline water in the lattice structure of 
the bentonite, the swelling and volatilization of the coal dust 
in the greensand, and the degradation of the organic resins 
and their catalysts and reactants in the chemically bond-
ed mixtures. The results showed that greensand absorbed 
a significantly higher amount of heat as compared to the 
lower values of the epoxy-SO2 and PUCB mixtures. The heat 
absorption behavior was further investigated by determin-
ing its temperature dependency by plotting the rate of heat 
absorption versus the temperature inside the geometrical 
centers of the samples (Figs. 3–5). 

The heat absorption and degradation profile of the green-
sand and its features are shown in Figure 3. Heat absorp-
tion started intensively in the beginning, peaking at around 
150°C in the sand; therefore, the vaporization process of 
the bound water took a significant amount of heat from 
the melt. At higher sand temperatures, the swelling and 
volatilization of the coal dust in the green sand produced 
additional maximum heat absorption peaks from between 
300 and 550°C; however, this process overlapped the loss 
of crystalline water in the lattice structure of the bentonite. 
According to Figure 3, the heat absorption processes were 
finished in the greensand by up to 700°C.

Figure 4 shows the heat absorption and degradation pro-
file of the epoxy-SO2 mixture. The heat absorption reached 
an initial maximum at lower sand temperatures (150°C) due 
to the vaporization of the free moisture and bound water 
in the system (but at a significantly lower rate when com-
pared to the greensand result). The endothermic process 
of the epoxy resin degradation started as the temperature 
rose in the sample and continued until 500°C. This process 

was assumed to overlap the combustion of the degradation 
products. Besides the initial peak, the epoxy-SO2 mixture 
showed a relatively smooth heat absorption and degrada-
tion profile.

The heat absorption and degradation characteristic of 
the PUCB mixture are shown in Figure 5. The rate of heat 
absorption reached the initial maximum shortly above 
100°C (similar to the epoxy-SO2 system) when the decom-
position of the free moisture and bound water in the mix-
ture components occurred. However, the degradation of the 
polyurethane showed multiple major stages at 250°C and  
350–450°C as notable maximums of heat absorption ap- 
peared on the curves. The PUCB mixture, therefore, dis-
played a more complex multi-staged decomposition process.

Fig. 3. Heat absorption and degradation profile of greensand ver-
sus temperature in center of 50-mm-diameter sample 

Fig. 4. Heat absorption and degradation profile of epoxy-SO2 mix-
ture versus temperature in center of 50-mm-diameter sample 

Fig. 5. Heat absorption and degradation profile of PUCB mixture 
versus temperature in center of 50-mm-diameter sample 
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4. CONCLUSION

In this work, conventional molding mixtures were studied 
by a new method based on Fourier thermal analysis. The 
results showed that greensand absorbed considerably 
more heat from the liquid metal than chemically bonded 
systems such as epoxy-SO2 and PUCB mixtures. All three 
mixtures showed diverse degradation profiles. The heat 
absorption behavior can be directly interpreted as the 
cooling ability of the mixtures. 

Greensand exhibited a major maximum peak of heat 
absorption and cooling ability at lower sand tempera-
tures, together with additional maximums due to the 
swelling and volatilization of the coal dust at higher sand 
temperatures. The studied chemically bonded mixtures 
also showed initial maximums but at a moderate rate 
when compared to the greensand as well as similar mul-
tiple peaks at the later stages of the degradation by the 
PUCB mixture. The epoxy-SO2 mixture showed a relatively 
smooth heat absorption and degradation profile.

The maximums of the heat absorption at specific sand 
temperatures is expected to eventuate in the improved 
cooling ability of the cores, which is expected to shorten 
the solidification time in the casting (affecting its final 
microstructural morphology) and may result in large 
variations in the mechanical properties. Future work is, 
therefore, planned to further study and prove the rela-
tionship between the heat absorption capacity of sand 
mixtures and the mechanical properties of castings.
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