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Abstract: Injection molding of polymer moldings has proven to be a fast way of making products for medium and high series production for many years. In order to produce 
a quality product, all stages of the process must be under control (tools, materials, injection molding machine, etc.). In the last two decades, additive technology for the 
production of prototypes and, more recently, finished products has been developing intensively. The biggest disadvantage of additive technology is the limited choice of 
polymer materials and different mechanical properties of products compared to products produced by injection molding technology. Making a mold for the injection molding 
process is time consuming and expensive, and for smaller batches, an unprofitable process. By making molds for injection molding with additive technology, we accelerate 
the process of production of finished products. One of the disadvantages of making molds in this way is their durability. In order to increase the durability of the mold, the 
area of coating application will be investigated. The research was conducted as part of the application for a doctoral thesis. The paper will be divided into three key sections. 
The first part of the paper will explain the research conducted so far. In the second part, the examination of the surface parameters that are necessary for us to obtain the 
connection between the additive material and the coating will be presented. Taking into consideration the first two units, the third unit will explain: the selection of the 
experiment plan, input factors, output factors as well as the method of conducting the experiment. 
 
Keywords: additive technology; application of protective coatings; differential scanning calorimetry analysis; free surface energy and surface adhesion; polymer mold; 
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1 INTRODUCTION 
 

The world is entering the fourth industrial revolution 
and there are increasing demands in terms of the 
production process that needs to be more efficient [1-3]. 
Therefore, additive production sets as a logical choice in 
terms of better energy use in the production of complex 
products [4-6]. Through research and through practical 
work on devices for additive technology, shortcomings 
have been identified that will continue to represent an 
obstacle to the full implementation of additive technology 
in the production process. One of the major disadvantages 
of additive production is the material that is limited to a 
particular type of polymer developed exclusively for 
additive technology. Very little research has been 
conducted on the topic of making molds from polymer 
formations with additive technology. New markets require 
higher speed of delivery of the finished product as well as 
personalization according to the customer's wishes. The 
Croatian market usually has small series or serial 
production. Therefore, the cost of making a metal mold is 
quite expensive and time-consuming process. Previous 
research on molds made of polymer materials by additive 
technology goes in the direction of very small series of 
some 200 moldings. [7-9] and no emphasis is placed on 
making hundreds of products in this way. The life cycle of 
a polymer mold depends on the material to be injected into 
the mold. The number of molds can vary greatly from 10 
to 100 [10]. Preliminary testing of coatings was conducted 
in Croatia and Bosnia and Hercegovina. Fig. 1 shows a 
mold made by additive technology and a mold obtained 
after injection molding. Polymer molds made by additive 
technology are produced in the world, but their life cycle is 
short and the cost-effectiveness of the same is 
questionable. As a part of the doctoral thesis, the field of 
coating polymer formations made by additive technology 
will be researched. One of the goals of the doctor thesis is 
to significantly extend the life cycle of polymer molds 
obtained by additive technology. At the same time, the 
impact on the environment will be reduced because it will 

not be necessary to use a large amount of energy for the 
particle separation treatment of the mold. 
 

 
Figure 1 Mold made by additive technology [11] 

 
2 MATERIALS AND EQUIPMENT USED FOR MAKING 

THE TEST BODIES 
2.1 Additive Equipment Used in Research 
 

The test bodies were made in the laboratory for 
polymer processing of the Faculty of Mechanical 
Engineering and Naval Architecture in Zagreb. Two types 
of technologies were used to make the test bodies: 
sedimentation -FDM (Fig. 2) and Hybrid 3D printing and 
stereolithography (Fig. 3). The Makerbot additive device 
has two heads, ie nozzles, and can simultaneously make 
parts from two different materials or from the same 
material only different colors. It can also be completely 
closed, which prevents heat loss, which is suitable for 3D 
production of objects, and therefore it is extremely suitable 
for ABS polymer material. It can also work with PLA, PS-
HI and TPE materials. 
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Figure 2 Maker Bot Replicator 2× [12] 

 
Second device that was used to make the test bodies 

was the Stratasys350 Connex. It is a device that allows the 
printing of several different types of materials at the same 
time, thus eliminating the need for subsequent joining of 
individual parts. 
 

 
Figure 3 Objet Connex 350 at the Faculty of engeneering and Naval arhitecture 

in Zagreb 
 
2.2 Types of Material Used for the Production of Test 

Bodies 
 

The polymer material ABS (Acrylonitrile butadiene 
styrene) was used on the additive device Maker Bot 
Replicator 2×. ABS is the most common material in FDM 
additive devices. In addition to the characteristics listed 
above, its price, suitability for use for various purposes, as 
well as simple finishing by grinding, in order to achieve 
smooth surfaces and remove serrated edges and painting, 
are also very important [13]. 

Fig. 4 shows test bodies made of ABS polymer using 
Maker Bot Replicator 2×. 

In the first phase, test bodies were made according to 
ISO EN ISO 527:2012 standard. 

 
Figure 4 Test bodies made on FDM device 

 
The additive device Objet Connex 350 offers a wide 

range of materials. Three types of materials were chosen: 
Digital ABS, Tango Black Plus and Vero Clear. Digital 
ABS Plus is a standard material that has approximately the 
same properties as the technical polymer ABS. The most 
common use is for parts that have high demands on 
mechanical properties as well as resistance to high 
temperatures. Tango and TangoPlus are similar in 
properties to elastomeric materials such as rubber and are 
ideal for testing and verifying visual, tactile and functional 
applications such as grips, seals and footwear. Vero Clear 
is similar to polymer - acrylic and, achieving 95% light 
transmission, is useful for prototypes of glass, transparent 
polymers or transparent packaging [14]. Fig. 5 shows the 
test bodies after production on the additive device Stratasys 
Connex 350. Since the first phase examens different covers 
or protective coatings, it was decided to change the test 
body dimension from ISO EN ISO 527: 2012 to 24 × 80 × 
10 mm. 
 

 
Figure 5 Test bodies a) Digital ABS b) Vero Clear c) Tango Black Plus 

 
2.3 Types of Procedures of Applying Protective Coatings 
 

Through previous research, which has been explained 
in earlier chapters, the problem of mold temperature has 
been identified, which significantly shortens its life cycle. 
The company Nova Chem from Karlovac provided us with 
two temperature coatings based on metal coatings. The first 
was based on Zinc and temperature resistance up to 400 °C 
(Novasil zinc 400) while the second was based on 
aluminum with temperature resistance up to 600 °C 
(Novasil al 600). The technologist explained that an acrylic 
coating must be used to apply both coatings. Fig. 6 shows 
the coating applied to the test body according to ISO EN 
ISO 527:2012 made of ABS material with additive 
technology FDM. Before coating, both test bodies were 
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coated with acrylic coating for better adhesion of both 
coatings (Novasil zinc 400 and Novasil al 600). 
 

 
Figure 6 Absorption of Novasil cink 400 and Novasil al 600 coating 

 
As seen in Fig. 6, Novasil zinc 400 (left side) was not 

well absorbed into the surface. Novasil al 600 was well 
absorbed into the surface thus research was continued with 
this coating. The coated test bodies were then subjected to 
a temperature of 180 °C for 10 minutes. The test bodies 
began to deform in all directions but the coating remained 
stable and did not begin to separate from the surface. (Fig. 
7) 
 

 
Figure 7 Test body protected with Novasil al 600 after heating on 180 °C 

 
Another way of applying the metal coating was by 

vacuum metallization in the KOOGLE trade by 
evaporating aluminum on a test body which is done for 
decorative purposes (Fig. 8). 
 

 
Figure 8. Test body protected with Novasil al 600 after heating on 180 °C 

 
Aluminum metallization was performed on test bodies 

made on the additive device Stratasys Connex 350, and the 
test body material was Digital ABS. Two holes were made 
on the top for easier acceptance of the test bodies. Since the 
polymer is metallized using aluminum for decorative 
purposes, it is necessary to apply a colorless varnish after 
each procedure. In the company Tiplon d.o.o. 
electroplating of copper was performed on all three 
materials of the test bodies. The company has three 
electroplatination systems CHEMCUT, ATOTECH and 
LANTRONIC. Since the company is engaged in the 
production of printed electronic boards, all systems are 
exclusively meant for this process. Fig. 9 shows copper 
layering, ie. electroplatinization of test bodies made of a) 
Digital ABS b) Vero Clear c) Tango Black Plus. 
 

 
Figure 9 Electroplatinization of copper on a) Digital ABS b) Vero Clear c) Tango 

Black Plus. 
 

The copper coating was not well absorbed into the 
surface on any of the three test bodies. A copper sheath was 
made and it was not sufficient to apply some other material 
by electroplatination. For this purpose, the application of 
an electrically conductive primer, that is usually applied in 
the automotive industry during ecstrostatic painting, was 
chosen. The company AD Plastik met the needs and 
applied a layer of electrically conductive primer to three 
test bodies. In Tiplon, a copper layer was applied again 
using electroplatination. Fig. 10 shows the three test 
bodies. Two phases of copper coating application were 
performed: the first phase is the installation of an 
electrically conductive primer for electrostatic paint 
application (Fig. 10a)) while the second phase is the 
application of copper. Fig. 10b) shows a directly connected 
test body to the electrode. Due to the need for strong 
current, electroplatination did not occur. Fig. 10c) shows 
the subsequent application of an electrically conductive 
paste after which a labile copper layer was obtained. 
 

 
Figure 10 Electroplatination with copper-electrically conductive primer 

 
The next test was performed at the Faculty of 

Mechanical Engineering and Naval Architecture in Zagreb 
at the Department of Materials. The nano layer was applied 
using sol-gel technology. The sol-gel process is an 
innovative low-temperature method of preparing 
homogeneous glasses and ceramic materials from the 
liquid phase. The main advantages of this method are low 
process temperature, excellent control of purity and 
stoichiometry of starting materials, possible preparation of 
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porous and non-porous homogeneous oxide films, their 
easy application on large surfaces and good control of film 
thickness. In addition, it is a cheap and environmentally 
friendly technique because, as already mentioned, it 
represents a potential replacement for toxic chromium 
coatings. A significant feature of the sol-gel process is, that 
by simply changing the process parameters (pH, 
temperature, type of solvent, type of catalyst, density and 
viscosity of the initial solution) the desired properties of the 
final material such as chemical and corrosion resistance, 
hardness, density, porosity, optical transparency, thermal 
resistance and electrical properties can be achieved. The 
flexibility and simplicity of sol-gel technology have made 
it one of the leading procedures in the preparation of new 
materials of different composition, structure, functionality 
and morphology [15]. 

Fig. 11 shows a ceramic layer applied using sol gel 
technology. Sol gel technology is suitable because the layer 
thickness is in nanometers, which does not significantly 
affect our dimensions. The layer is almost invisible except 
on a test body made of Digital ABS which shows a yellow 
trace of sol gel technology. 
 

 
Figure 11 Layer appliying using sol gel technology 

 
The final test of the application of protective coatings 

was performed with a coating based on Loctite SF 7900 
Ceramic. Firm Raos l.l.c. provided us with Loctite SF 7900 
Ceramic protective spray, which is used in the field of 
welding as protection of welding nozzles from "slag". 

Fig. 12 shows the application of protective ceramic 
coating  using a spray Loctite SF 7900 Ceramic. Protective 
layer is easily absorbed on the surface of the test body. The 
test body has a significantly finer surface structure. 
 

 
Figure 12 Applying of Loctite SF 7900 Ceramic protective spray 

 
2.4 Research Results 
 

After conducting research in Croatia, the conclusion is 
that, unfortunately, Croatian industry has little capacity to 
develop new technologies. Fig. 13 shows all the test bodies 
on which the research was conducted. 
 

 
Figure 13 Test bodies after examination 

 
During first tests, it was recognized that it is possible 

to install a protective layer that provides protection against 
elevated temperatures. Novasil al 600 was proven as a good 
choice for protection and adhesion to the test surface. The 
application of the aluminum layer by metallization proved 
to be a good technology for the absorption of aluminum 
into the surface of the test body. The problem occurs 
because the aluminum coating itself is soft and unsuitable 
for applying some other coatings due to surface oxidation. 
The application of a copper coating shows the need for a 
quality electrically conductive primer. In the world there 
are electrically conductive primers based on silver and 
zinc. Copper is suitable for applying almost any metal layer 
by electroplatination, which seems to be the best option for 
further research. Applying ceramics using sol gel 
technology is currently not an interesting procedure given 
the impossibility of quality research in Croatian 
laboratories. Applying a ceramic coating using a spray 
seems to be a simple process that will be explored in regard 
to surface exploitation and wear. Conclusion of research 
conducted so far: 
• It is necessary to define surface parameters (adhesion, 
free surface energy, etc.). 
• Based on the surface parameters, make a layer that will 
be the link between the additive material and the protective 
coating. 
• Optimize and standardize the process for all other 
types of additive materials. 
 
3 EXAMINATION OF SURFACE PARAMETERS 
 

Tab. 1 shows the selected samples for further research 
of surface parameters and their labeling. 
 

Table 1 List of samples and their labeling 
Sample Label 

Digital ABS ABS 

Digital ABS + copper Cu 

Digital ABS + electrically conductive primer coating 

 
3.1 Thermal Surface Analysis 
3.1.1 Thermogravimetric Analysis (TGA) 
 

The thermal stability and the proportion of non-
degradable residue of the Digital ABS polymer sample was 
determined by thermogravimetric analysis (TGA) on the 
instrument TA Instruments Q500. Measurements were 
performed in the temperature range from 25 to 900 °C at a 
heating rate of 10 °C min–1, in an inert nitrogen atmosphere 



Josip GROŠ et al.: Research of Protective Coatings Application on Polymer Formulations Made by Additive Technology 

Tehnički vjesnik 28, 4(2021), 1415-1424                                                                                                                                                                                                       1419 

with a flow rate of 60 cm3 min –1. The mass of the sample 
was about 10 mg. 
3.1.2 Differential Scanning Calorimetry (DSC) 
 

The differential thermal properties of the Digital ABS 
polymer sample were determined on a DCS 823e 

manufacturer Mettler Toledo. The measurement was 
performed in an aluminum bowl with a lid with a volume 
of 40 μL manufactured by Netch. The instrument was 
calibrated with indium and zinc according to the standard 
procedure which is an integral part of the computer 
program of the DSC instrument. The weight of the sample 
was about 10 mg. DSC analysis was performed by the 
procedure in two heating cycles and a cooling cycle in the 
temperature range from −85 °C do 300 °C at a rate of 10 
°C min−1in an inert nitrogen atmosphere with a flow rate of 
60 cm3min−1. The first heating cycle was performed to 
undo the thermal history of sample preparation. The 
thermogram of the second heating cycle was analyzed. 
 
3.1.3 Determining of Free Surface Energy 
 

The free surface energy of the following samples: 
Digital ABS, copper (Cu) and coating sample was 
determined by the contact angle measurement technique on 
the instrument DataPhysics OCA 20 Instruments GmbH. 
Test liquids, water, formamide and diiodomethane, of 
known values of free surface energy, were used to 
determine the contact angle (Tab. 2). 
 

Table 2 Components of free surface energy of test liquids [16, 17] 

Test liquid 
Free surface energy / mJ m−2 

γ γd γp 

Water 72,8 21,8 51,0 

Formamid 58,0 39,0 19,0 

Dijodometan 50,8 50,8 0,0 

 
Volume of the drops of test liquids was 2 µL. The 

mean value of the contact angle for each test liquid was 

obtained based on the measurement of 10 - 15 drops. 
Deviations of the results from the mean value were ±3°. 
The free surface energy of the tested samples was 
calculated using the computer program SCA 20 (Version 
2.01, Data Physics Instruments, GmbH, 2001), using two-
parameter models, Owens Wendt (Eq. (1))[16] and Wu 
(Eq. (2))[17]. 
 

( )1 cos pd d p
lv l s slγ θ γ γ γ γ+ = +                                      (1) 

 

( ) 44
1 cos

p pd d
sl s l

lv d d p p
l s sl

γ γγ γ
γ θ

γ γ γ γ
+ = +

+ +
                                     (2) 

 
where lvγ  is the total free surface energy of test liquid, d

lγ  

and p
lγ  are the dispersed and polar component of the 

surface energy of the test liquid, d
sγ  and p

sγ  are the 
dispersed and polar component of the surface energy of the 
test sample, and θ is the contact angle. 
 
3.1.4 Results and discussion 
 
a) Results of TGA analysis: 

Thermogravimetric analysis examined the thermal 
stability and the proportion of non-degradable residue of 
Digital ABS polymer (ABS). The thermal stability of the 
material was estimated based on the characteristics 
obtained from the TG and DTG curves; Tonset1 initial 
temperature of the 1st decomposition stage, Tend set1 end 
temperature of the 1st decomposition stage, Tonset2 initial 
temperature of the 2nd decomposition stage, Tend set2 end 
temperature of the 2nd decomposition stage, Tmax1 
maximum decomposition temperature of the 1st 
decomposition stage, Tmax2 temperature of maximum speed 
of the 2nd stage of decomposition, residue - proportion of 
non-degradable residue. The TG and DTG curves of the 
Digital ABS sample are shown in Fig. 14, and the readings 
are given in Tab. 3. 
 

Table 3 Results of thermogravimetrc analysis 

Sample 
TG DTG 

Tonset1 / °C Tend set1 / °C Tonset2 / °C Tend set2 / °C Residual / % ∆m1 / % ∆m2 / % Tmax1 / °C Tmax2 / °C 

Digital ABS 314,5 397,8 397,8 461,5 1,996 22,5 75,5 327,0 
335,2 

450,4 

 
In the range of lower temperatures from 25 to about 

300 °C where low volatile matter and water evaporate there 
is no significant weight loss and the sample loses about 
1.3% of the initial mass. Further heating above 300 °C 
starts the thermal decomposition of ABS in two stages of 
decomposition. Acrylonitrile butadiene styrene (ABS) is 
an amorphous thermoplastic therpolymer consisting of a 
styrene-acrylonitrile copolymer (SAN) as a continuous 
phase in which the finely dispersed rubber phase is poly 
(butadiene) (BR). [18] The first stage of degradation 
corresponding to the degradation of polybutadiene [19-21] 
starts at 314.5 °C and ends at 397.8 °C (ΔT = 83.3 °C) 
during which the polymer loses 22.5% weight of the initial 
mass. The second stage of degradation reflecting the 
degradation of SAN copolymers [19-21] starts at 397.8 °C 
and ends at 461.5 ° C (ΔT = 63.7 °C) during which the 

polymer loses 75.5% weight of the initial mass. The DTG 
curve shows two maxima at about 330 °C and 450 °C, Tab. 
3, which correspond to the maximum decomposition rates 
of polybutadiene and SAN copolymers. Analysis of the 
DTG maximum shows that the rate of degradation of the 
polybutadiene phase is higher than the degradation of SAN 
copolymers. A closer study of the first DTG maximum 
shows that it contains two overlapping maxima (Tmax1 = 
327,0 °C i 335,2 °C), which indicates the complexity of the 
degradation reaction of ABS polymer. After 900 °C, about 
2% of the non-degradable residue remains.Thermal 
decomposition of ABS takes place by a radical process in 
which end-chain cleavage and statistical cleavage of 
polymer chains occur, and butadiene-rich domains are 
cited as the most sensitive degradation sites. Literature 
mentiones [22] acetophenone, acrylonitrile, benzaldehyde, 
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cresol, dimethylbenzene, hydrogen cyanide, methyl 
styrene, styrene as the main products of thermal 
decomposition. 
 

Figure 14 TG i DTG curves of Digital ABS sample 
 
b) Results of the DSC analysis: 

The thermal properties of the sample were examined 
by DSC analysis. The normalized DSC curve of the Digital 
ABS sample of the second heating cycle is shown in Fig. 
15 and the glass transition temperatures read from the 
thermogram are given in Tab. 4. 
 

 
Figure 15 Normalized DSC curve of the Digital ABS sample 

 
Table 4 Result of DSC analysis of the Digital ABS (U1) sample 

Sample 

1. glass 
transition 

temperature 

2. glass 
transition 

temperature 

3. glass 
transition 

temperature 

Endotherm 
transition 

Tg1 / oC Tg2 / oC Tg3 / oC Tm / °C 
Digital 
ABS –55,6 55,9 106,5 184,7 

 
In the first and second heating cycle of the Digital ABS 

sample, three glass transition temperaturares visible on the 
DSC curve, ie the temperature ranges that define the 
transition from the vitreous to the viscoelastic state. The 
results indicate the amorphous structure of Digital ABS 
polymers and the presence of separated phases in ABS 
polymer. The first vitreous transition at –48.4 °C can be 
attributed to the polybutadiene phase (PB) [23] while the 
third vitreous transition at 105.5 °C can be attributed to 
polyacrylonitrile (AN) [21]. The absence of a single 
vitreous transition of ABS polymer indicates the 
immiscibility of the SAN and PB phases. 

As ABS is amorphous, it has no defined melting 
temperature. The vitreous transition at 56 °C (Tg2) and the 
endothermic transition (Tm) around 185 °C represent the 

melting of the material used to mix the SAN and butadiene 
copolymer. Reed et al. [24, 25] confirmed that the addition 
of mold lubricant during ABS production remains within 
the ABS matrix. Namely, manufacturers often use some 
unknown chemicals to reduce the viscosity and narrow the 
extrusion/compression parameters. Therefore, the vitreous 
transition temperature (Tg2) at 56 °C and the melting 
temperature (Tm) at 185 °C can be attributed to the melting 
of the materials used during the production of ABS. 
 
3.2 Surface Parameters 
3.2.1 Free Surface Energy 
 

Surface characterization of ABS, copper (Cu) and 
coating samples was performed using the contact angle 
technique with liquids of known free surface energy 
values. The experimentally obtained values of the contact 
angles are shown in the table. 
 

Table5 Values of the contact angle of the samples 

Sample 
Contact angle θ / ° 

Water Formamid Diiodomethane 
ABS 60,1 ± 0,0 64,9 ± 2,2 47,1 ± 1,4 

Cu 49,2 ± 2,6 40,6 ± 1,0 42,2 ± 3,9 

coating 65,8 ± 1,7 67,6 ± 1,1 55,4 ± 1,8 

 
A higher value of the contact angle with water on the 

ABS and coating samples indicates the hydrophobic nature 
of the surface, while a lower value for the copper (Cu) 
sample indicates the hydrophilic nature of the surface. The 
obtained values of the contact angles were used to calculate 
the free surface energy using the geometric mean model 
(Owens Wendt) (Eq. (1)) and the harmonic mean model 
(Wu) (Eq. (2)). 

The values of the disperse and polar components and 
the values of the total free surface energy of the tested 
samples are given in Tab. 6. 
 
Table 6 Values of the free surface energies calculated using Owens Wendt  and 

Wu model 

Sample 
Owens Wendt / γ / mJ m-2 Wu / γ / mJ m-2 

γs
d  γs

p γs γs
d γs

p γs 
ABS 30,2 8,4 38,6 31,2 11,1 42,3 

Cu 33,8 19,5 53,3 33,9 22,4 56,3 

coating 26,2 9,4 35,6 27,8 11,8 39,6 
γs

d - disperse component,γs 
p - polar component,γs - total free surface 

energy 
 

Free surface energy data provide important 
information about surface properties of materials and allow 
monitoring of properties during the preparation of 
multiphase systems and changes in material properties 
during aging. 

A higher value of the total surface energy of copper 
(Cu) indicates a higher surface activity compared to the 
ABS and coating samples (Tab. 6). 

Polymeric materials are characterized by a low value 
of free surface energy which is a consequence of the 
chemical structure of the polymer, i.e. the presence of non-
polar groups in the polymer chain. Similar values of the 
dispersion components of the surface of the ABS, Cu and 
coating samples indicate the equal possibility of the 
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contribution of the dispersion forces of all tested materials. 
A significant difference is visible in the polar, γp 

component. A higher value of the polar component, γp, Cu 
indicates a more polar nature of the metal surface and it can 
be expected that Cu will have a greater ability to establish 
polar interactions, which may result in better adhesion to 
polar substances. On the other hand, the lower value of the 
polar component of ABS and coating samples indicates 
their non-polar nature and the possibility of establishing 
weaker interactions with polar substances. 
 
3.2.2 Adhesion Parameters of ABS/Cu, ABS/Coating and 

Coating/Cu 
 

Surface properties are defined by the nature ie 
chemical structure of the surface of the material on which 
the adhesion properties depend. Most polymeric materials 
have a non-porous and chemically inert surface, non-polar 
or hydrophobic in nature,  and low surface energy. This is 
the reason that the surfaces of polymeric materials show a 
weak tendency to wetting, ie the impossibility of achieving 
good adhesion with high surface energy materials such as 
metals, coatings, varnishes and so on. A prerequisite for 
strong (optimal) adhesion between the polymer and the 
coating is good wetting, which ultimately results in good 
usable properties of the material. Adhesion is affected not 
only by the nature and properties of the surface but also by 
impurities that represent a weakly binding layer on the 
surface of the material. 

One way to estimate the adhesion on the 
polymer/coating interface or polymer/metal is to calculate 
the adhesion parameters of binary systems: 
thermodynamic adhesion work (W12), free interfacial 
energy (γ12) and spread coefficient (S12). The presence of 
interactions at the interface of the two phases, although 
important, is only one of the factors influencing the 
properties of multiphase systems. 

For polymer/coating component pairs, the adhesion 
parameters can be calculated using the values of free 
surface energies of the two components that make up the 
interface, polymer 1 and coating 2 according to the 
following expressions: 
 

12 1 2 12W γ γ γ= + −                                                               (3) 
 

1 2 1 2
12 1 2

1 2 1 2

4 4
p pd d

d d p p
γ γγ γ

γ γ γ
γ γ γ γ

= +
+

− −
+

                                  (4) 

 
12 1 2 12S γ γ γ− −=                                                                  (5) 

 
According to the literature, as conditions regarding 

optimal adhesion are stated the maximum thermodynamic 
work of adhesion (W12 = max), the positive value of the 
spread coefficient (S12 ≥  0) and the minimum value of free 
interfacial energy (γ12) [26]. 

Tab. 7 shows the values of the adhesion parameters of 
the ABS/Cu, ABS/coating and coating/Cu pairs obtained 
according to Eq. (3), Eq. (4) and Eq. (5). 

 
 
 

Table 7 Parameters of the adhesion of the ABS/Cu, ABS/coating and 
caoting/Cu pairs 

Pairs 
Parameters of adhesion / mJ m-2 

γ12 W12 S12 
ABS/Cu 3,92 94,68 –17,92 
ABS/coating 0,22 81,68 2,48 
coating/Cu 3,89 92,01 –20,59 

 
According to the obtained results, it can be seen that 

the pair ABS/Cu and coating/Cu do not meet the conditions 
for optimal adhesion, while the pair ABS / coating satisfies 
all three conditions for optimal adhesion. The values of the 
thermodynamic work of adhesion indicate the presence of 
certain interactions on the interface of ABS / Cu, 
ABS/coating and coating/Cu. 

The higher value of the interfacial energy γ12 and the 
negative value of the spread coefficient, S12 para ABS/Cu 
and coating/Cu, Tab. 7, indicate poor adhesion and the 
possibility of separation of copper from the surface of ABS 
and coating. 

The minimum value of the interfacial energy γ12 and 
the positive value of the spread coefficient, S12 of the 
ABS/coating pair indicate a strong (optimal) adhesion 
between the ABS and the coating. 
 
3.3 Conclusion of the Examination of Surface Parameters 
 

Since the area of coating polymer products obtained by 
additive technology was unexplored, it was necessary to 
examine the possibility of creating an intermediate layer 
that would be a link between the polymer formation and 
the coating. 

Through surface tests, an image and a substrate were 
created for the development of an intermediate layer that 
will have a high degree of adhesion to the surface of the 
polymer formation, but also connect the protective coating 
with the polymer formation. 
 
4 PLANNING OF THE EXPERIMENT 
 

In further research, one of the objectives is to examine 
the effect of influential process parameters of injection 
molding in a hybrid mold (mold made by polymer-based 
additive technology coated with a protective coating) on 
the number of moldings. As it is important to obtain quality 
moldings, it is necessary to determine the optimal 
parameters for the production of a hybrid mold, which will 
increase the number of obtained moldings compared to 
previous research. 

A central composite experimental plan was selected 
for further study. On the basis of polynomials of the second 
degree, the plan allows the display of the response surface 
that is investigated within the given limits. In this way, it 
will be possible to select the optimal parameters for making 
a hybrid mold regarding to the number of moldings. 
 
4.1 Central Composite Experiment Plan 
 

The central composite experimental plan belongs to 
the group of higher-order experimental plans, the so-called 
response surface method. The response surface method 
encompasses a set of statistical and mathematical methods 
that are applied to develop, improve, and optimize 
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processes. Measurable size of product or process quality is 
called the response. The central composite plan of the 
experiment is a I .model (2k) extended by additional points 
(experimental states) in the center and points in the axes in 
order to allow the estimation of the parameters of the model 
of the II. order. The central composite plan of the 
experiment consists of 2kstates in the peaks (factor states), 
2k states in the axes and states in the center (k - number of 
factors). The central composite experimental plan is an 
alternative to the 3k model when compiling experimental 
model of the II. order because the number of performances 
is reduced compared to the complete factor model of the 
experiment. For k = 3 (factors are x1, x2 and x3), Fig. 16 
shows a model of a central composite experiment that 
requires 15 experimental states (23+2·3+1). In the case of 
a complete factor experiment, 27 experimental states 
would be required [27]. 
 

 
Figure 16 Central composite experiment plan regarding three factors [28] 

 
A desirable feature of each experiment is the mutual 

independence of the assessments of the main effects and 
their interactions, which is achieved by the orthogonality 
and rotatability of the experiment. An experiment is 
orthogonal if the sum of the products of the coded states of 
any two columns in the experiment matrix is equal to zero.  

The rotatability of the centrally composite 
experimental plan is achieved by adding the experimental 
state so that all states are equally distant from the center of 
the experiment, ie the rotatability depends on the so-called 
axial distance α (distance of the state in the axes from the 
center) [27]. 

The experiment is rotatabile if: 
 

4 fα =                                                                              (6) 
 
where F is a number of factor states (F = 2k in the case of 
a complete factorial experiment). in case of complete factor 
experiment). According to Eq. (6), in a case of two factors 
α = 22/4 = 1,414, and in the case of three factors α = 23/4 = 
1,682. 

Additional states at the center of the experiment assist 
in order to be able to compare the measurement values of 
the dependent variable at the center of the experiment with 

the arithmetic mean for the rest of the experiment. If the 
arithmetic mean of the experimental center is significantly 
different from the total arithmetic mean of all other 
experimental states, then it can be concluded that the 
relationship between the experimental factor and the 
dependent variable is not linear. If the experiment is at least 
partially repeated, then the error of the experiment can be 
estimated from the variability of the repeated states. 
Because these states are performed under identical 
conditions, ie identical factor levels, the estimation of the 
experimental error from these data is independent 
regardless of the experimental model (linear or nonlinear) 
and regardless to the contains (higher-order interactions). 
Thus, the estimated experimental error is pure error, ie it is 
a consequence only of the uncertainty of measuring the 
dependent variable. The equation (II degree polynome) 
describing the process (response function) for the general 
case reads (k experiment factor): 
 

0 1 1 12 1 2 13 1 3
2

11 1
2

1 1

k k

k k kk kk

y b b x ... b x b x x b x x ...

b x x b x b x− −

= + + + + + + +

+ + +                (7) 

 
where the coefficients b0, ..., bk are determined by applying 
the method of the minimum sum of square deviations of 
the calculated from the actual values [27]. 
 
4.2 Determining the Parameters of the Experiment for 

Further Research 
 

As the first step, the optimization of the parameters of 
obtaining the interlayer between the additive formation and 
the protective coating is determined. The intermediate 
layer will be optimized in order to reduce the costs of 
applying the protective coating and to determine the input 
parameter, ie. by how much the geometry of the mold 
needs to be increased to obtain a mold of the desired 
dimension. 

According to preliminary tests, the following are 
determined as input quantities for the implementation of 
the experiment plan: 
• type of coating 
• coating thickness 

Given the available resources, the base polymer mold 
will be coated with a minimum of two different coatings. 

The thickness of the coating will depend on the quality 
of the coating device, and at least two thicknesses of the 
coating will be made. 

The outputs from the process to be studied will be: 
• change in wall thickness in a certain cycle interval with 
respect to the original value. Before the first injection 
molding of the polymer into the mold, the wall thickness 
will be measured and each subsequent measurement will 
be compared with the initial size. 
• The castability of the material that is injected into the 
mold. A mold that satisfies the standard casting test (test 
list, Archimedean spiral, etc.) will be made. 
• Surface roughness in a particular polymer injection 
molding cycle. 

Since our goal is to ensure the same conditions during 
injection molding, the making of the mold will be 
performed in the following ways: 

Factorial points 

Axial points 

Central point 
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• one control nest without coating; 
• two nests with one type of coating and one thickness 
and 
• two nests with a different type of coating and one 
thickness. 

In the described way, possible variations in the 
parameters of the machine and the material that is injected, 
which could have an impact on the result of the output 
values, will be minimized. 
 
5 CONCLUSION 
 

One of the requirements that is being imposed to 
modern processes of producing new products is 
individualization according to the wishes of the client. 
Conventional methods of production of finished products 
are often based on serial production, which significantly 
reduces the price of the product, but also the possibility of 
individualization of the same. Previous experience in 
Croatian industry has recognized the opportunity to 
develop new products, but in order for them to be 
competitive, it is necessary to have technology that can 
provide individualization of several hundred products. 

 Polymer injection molding sets a good starting point. 
The problem that arises is the fact that a production of a 
metal mold can be long-lasting process and many times 
economically unprofitable for the client. By developing 
materials for additive devices, we come to the finished 
product. Limitations that occur with additive devices are 
limited materials, but also mechanical properties with 
regard to technical materials. The production of molds 
using additive technology lays the foundation for the 
production of individualized products that have quality 
mechanical properties similar to those achieved in molds 
made of metal. Making polymer molds with additive 
technology is an economically acceptable and significantly 
faster process. The problem with molds made with additive 
technology is their life cycle of up to a maximum of 250 
moldings. Previous research has been conducted for the 
purposes of the doctor thesis. Further research will go in 
the direction of applying quality protective coatings. This 
will extend the life cycle of the mold and reduce the cost 
of making the mold. Individualization towards clients will 
increase and the impact on the environment will be 
significantly reduced. 

A foundation has been laid for scientific research that 
will open up new areas in the development of hybrid tools. 
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