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1. Introduction 

Due to rapid changes in demands and new technologies developed, the time to launch 

a product has become considerably shorter. As a result, classic, consecutive manufacturing 

processes have been replaced by simultaneous production planning. The most important 

pillars of simultaneous production planning are intermediate checking and effective 

communication between those involved in manufacturing. The appearance of rapid 

prototyping (RPT) was a breakthrough in this process. 

Rapid prototyping is an umbrella term for additive manufacturing technologies, in 

which the material is added layer by layer directly from a virtual 3D model, as opposed to 

conventional technologies. In order to make a product from a 3D model, however, the model 

has to be divided into layers necessary for manufacturing. This is done by the programs of the 

prototype equipment, the standard input of which is the Standard Tessellation Language 

(STL) language, developed by 3Dsystems in 1987, which uses triangles to describe models. 

The first such technologies appeared in the second half of the 1980’s and were mostly used 

for the manufacturing of visualization models. Today with these technologies functional 

models, and even small series prototype tools can be manufactured. Their greatest advantage 

is that an interactive prototype can be made, which means that the model can be changed 

quickly during the design process based on feedback from the designers or even users of the 

prototype. Another advantage of additive technologies is that they can be used to produce 

almost any geometry. It is no wonder that the development of RPT technologies was not 

affected by the development of the economic crisis. In 2011 nearly 6500 machines were sold 

all over the world, which is a 5.4% increase from the previous year. In this dynamically 

developing market Z Corporation (makers of 3D printers) has an 11.1% share and Objet 

Geometries (makers of PolyJet machines) has a 14.3% share. 

In the past decade much research has focused on making prototypes completely 

identical in material and production technology (production intent material) to the mass-

produced product. It is known that nearly 1/3 of polymer products are made with injection 

molding. The most costly part of this technology is the making of the injection mold. In order 

to make a prototype with injection molding, a method is necessary with which a mold can be 

produced for the fraction of the cost of the final tooling. Such an alternative is rapid tooling 

(RT). The most important direction of development of RT is the fast making of tools which 

are similar to conventionally manufactured tools but different in material and production 

technology. 
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The topic of my PhD thesis is the development of a new injection mold design and 

recommendation using which injection molds and inserts for small series injection molding 

can be made with RPT equipment. My further aim is to reveal and analyze the behavior of 

these molds and mold inserts during actual injection molding, focusing on how technological 

parameters affect the thermal and deformation parameters of the inserts. 

2. Analysis of the literature, the purpose of the dissertation 

Additive manufacturing technologies have undergone considerable development since 

they were invented nearly 30 years ago and as a result they are more and more widespread. 

This new manufacturing technology has opened new dimensions in product development and 

manufacturing. The conventional, sequential design process has been replaced by the so-

called simultaneous design process, resulting in a reduction of product development time. 

Two important pillars of simultaneous design process are checking during designing and 

effective communication, which are effectively supported by additive manufacturing 

technologies. 

In my analysis of the literature I presented the most important technologies used and 

presented the three-dimensional printing (3DP) and Polyjet technologies in more detail. Much 

of the literature has studied the directional mechanical properties of printed parts, achievable 

manufacturing accuracy and surface quality. The authors have found that in the case of 

additive manufacturing technologies both mechanical properties and achievable accuracy and 

surface quality depend on manufacturing direction. Direction dependence was, however, not 

explained in the case of systems using a photopolymer material (PolyJet, Digital Light 

Processing (DLP), Stereolithography (SLA), only observed. 

3D printed models are usually only used as visualization models due to their porous, 

rigid structure. Several authors have studied various possibilities of postprocessing and its 

effect on the final properties of the printed structure, but none of the authors have studied how 

deep the resin can be forced into the structure. Neither have they studied how the porous 

structure influences the effectiveness of postprocessing.  

Tool making technologies based on rapid prototyping date back to 10-15 years. Based 

on the literature, it can be stated that metal injection mold inserts made with the Selective 

Laser Sintering (SLS) process are excellent for the injection molding of thermoplastic 

polymers. In the case of polymer-based tools, however, the different properties of the tool 

material have to be taken into consideration. As a result of the use of the polymer material, 
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cycle time increases greatly and cooling of the mold is more complicated, and because of the 

different thermal conditions the material cools, shrinks and warps differently. SLA and filled 

resin-based tools are mentioned in the literature and early trials with tools of thermoplastic 

material are also mentioned. 

 

Based on the literature survey I set the following research goals: 

 To reveal the relationship between the 3D printed structure, the viscosity of the resin 

used, the achievable impregnation depth (resin take-up ability), 

 To analyze the effect of different postprocessing methods of 3D printed samples on the 

final mechanical properties of the structure, 

 To analyze Ultraviolet (UV) light absorption in the case of the Polyjet technology, 

 To examine the amount of energy absorbed in the different layers and the direction- 

dependent mechanical properties of printed samples in the case of the Polyjet 

technology,  

 To work out a new method of directly manufacturing injection molding tool inserts with 

additive manufacturing technologies. 

 

3. A review of the materials and methods used 

3.1. Materials 

ZP 102 gypsum powder 

For 3DP printing I always used gypsum powder ZP 102 recommended by the 

manufacturer. The average particle size given by the manufacturer is 64 µm. 

ZB 56 adhesive 

In 3DP printing I used the water-based adhesive ZB 56 recommended by the 

manufacturer to glue the gypsum powder particles together. 

Epoxy resin systems 

To examine the resin take-up process of 3DP printed parts, I used epoxy resins sold by 

P+M Polimer Kémia Kft. Table 1 contains the most important data. 
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Trade name 
Mixing 

ratio 

Resin 

viscosity 

[mPas] 

Mixed resin 

viscosity 

[mPas] 

Gel time at 25°C 

[min] 

Epoxy 

systems 

AH12-T58 100:40 180 160-200 ~ 100 

FM4-T16 100:20 400 360 ~ 55 

AH16-T54 100:40 1050 901 ~ 40 

FM20-T16 100:20 2000 1170 ~ 45 

Table 1. The main characteristics of the epoxy systems used in the experiments from the point of view of 

the resin take-up processes 

Epoxy-acrylate 

For parts made with the PolyJet technology I used epoxy-acrylate FullCure 720, sold 

by the manufacturer of the printer.  

Polypropylene 

I used TVK Tipplen H116F type polypropylene for my experiments. 

Polylactic acid 

I used Nature Works Ingeo 3052D type polylactic acid in my thesis, the most 

important material properties of which (provided by the manufacturer) are: density 

1.24 g/cm
3
, tensile strength 62 MPa, glass transition temperature range 55-60°C, and heat 

deflection temperature (HDT) 55°C. 

Talc 

In order to increase the crystallinity of polylactic acid, I used plate-like talc type Talc 

HTPultra5 manufactured by IMI Fabi Kft. According to the datasheet provided by the 

manufacturer, the average particle size is 0.65 µm, density is 2.8 g/cm
3
, humidity at 105°C is 

0.2%. 

Polyethylene glycol 

In order to increase the activity of the molecular chain of plylactic acid and therefore 

the rate of growing of crystals, I used polyethylene glycol of a molecular weight of 

1500 g/mol, sold by Molar Chemicals Kft. 

3.2. The manufacturing of samples 

3D printing (3DP) 

In the case of 3DP technology, I used a Z810 3D printing system to make the samples 

and the injection molding tool inserts. The apparatus has a working space of  

400x500x600 mm, and layer thickness can be adjusted between 0.076-0.25 mm. Build speed 
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is 15-30 mm/hour depending on the layer thickness set, the number of printing heads is 6. The 

printer can print in monochrome or in color. In my experiments I always used the 

monochrome mode and layer thickness was set to 0.1 mm. In every experiment with the 

printer I used gypsum powder type Z102 and water-based adhesive type ZB53 recommended 

for it. A feature of 3DP technology is the core-shell structure of the printed product (Fig. 1. ). 

In this case a core-shell structure means that in the outer layer of the product, in the shell layer 

binder content is twice as high as in the core. 

 

Fig. 1. A presentation of the core-shell structure of the product made with the 3DP printer  

As a result, the mechanical properties of the manufactured part are better, it is easier to 

remove from the powder, but it makes postprocessing – treatment with resin – more difficult. 

Therefore I experimented with settings with which I produced samples without the above-

mentioned core-shell structure. After manufacturing I left the parts in the powder for 1 hour 

each time so that the adhesive can harden sufficiently. Then I removed the unnecessary 

powder heat treated the raw parts for 2 hours at 60°C to increase hardness. 

PolyJet technology 

In addition to 3D printing, I also manufactured the samples and injection molding tool 

inserts with the Polyjet technology. For this I used an Alaris 30 3D printer in each case. The 

material used was FullCure 720 type epoxy acrylate. The printer has 2 printing heads and the 

size of the work area is 300x200x150 mm. The resolution in directions X and Y is 50 µm, in 

direction Z, or in the building direction, it is 28 µm. 

Injection molding 

I manufactured the samples with an Arburg Allrounder 370C 600-250 injection 

molding machine (screw diameter: 35 mm). The technological parameters of injection 

molding are summarized in Table 2. I chose two semicrystalline polymers for my injection 

molding experiments, one is polypropylene (TVK Tipplen H116F), which is very often used 

for injection molding, and the other is polylactic acid (AI 1001 eSUN), which has been 

getting more and more attention recently. I added 20 m% talc and 10 m% polyethylene glycol 

as nucleating agents to increase crystallinity. 
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Injecion molding parameters 

Injection volume 25 cm
3
 Decompression volume 5 cm

3
 

Injection rate 20 cm
3
/s Decompression rate 5 cm

3
/s 

Pressure limit 500 bar Delay time 15 s 

Switch-over point 13,6 cm
3
 Clamping force 200 kN 

Holding pressure 200 bar Temperature of the 1
st
 zone 190°C 

Holding time 10 s Temperature of the 2
nd

 zone 185°C 

Residual cooling time 15 s Temperature of the 3
rd

 zone 180°C 

Screw rotation speed 15 m/perc Temperature of the 4
th

 zone 175°C 

Back pressure 0 bar Temperature of the 5
th

 zone 165°C 

Table 2. Injection molding technological parameters 

3.3. Methods of investigation  

In my investigation I did mechanical tests (tensile test, flexural test, compression test, 

temperature dependent compression test), thermal and thermodynamic analyses (DSC, DMA), 

resin take-up tests, measurements of porosity and shrinking. 

Tensile tests 

The tensile tests were made according to the recommendations of the MSZ EN ISO 

527-2:1999 standard. The test sample was according to the standard (5A), with dimensions of 

75x12.5x2 mm. The tests were carried out with a Zwick Z005 computer-controlled tensile 

tester with a Zwick BZ 005/TN2S type load cell of a maximum force of 5 kN. Testing speed 

was 2 mm/min. I performed the tests at room temperature on 5 samples. From the force-

displacement curves I determined the tensile strength, (σtensile [MPa]), tensile modulus 

(Etensile [GPa]), and strain at maximum force (εtensile [%]). 

Three-point bending tests 

The three-point bending tests were carried out according to the MSZ EN ISO 

178:2011 standard. The test sample was according to the standard, with dimensions of 

80x10x4 mm volt. The tests were carried out with a Zwick Z020 computer-controlled tensile 

tester with a Zwick BZ 020/TN2S type load cell of a maximum force of 20 kN. Test speed 

was 2 mm/min, and support distance was 64 mm volt. I performed the tests at room 

temperature on 5 samples. From the force-displacement curves I determined the flexural 

strength of the materials (σf [MPa]), flexural modulus (Ef [GPa]) and the flexural strain 

(εf [%]). 
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Compression test 

Compression tests were performed according to standards ASTM D 3410-A and MSZ 

EN ISO 604:2003 in the case of 3D printed samples, and according to the MSZ EN ISO 

604:2003 standard in the case of PolyJet parts. The tests were carried out on 5 samples in each 

case, and a confidence interval of 95% was considered in the evaluations. The tests were 

carried out with a Zwick Z020 computer-controlled tensile tester with a Zwick BZ 020/TN2S 

type load cell of a maximum force of 20 kN. I made 6x100x4 mm samples from 3D printed 

150x150x4 mm sheets, while with the PolyJet technology I made Ø12x30 mm samples 

directly. Testing speed was 2 mm/min in each case. Tests were carried out at room 

temperature. From the registered force-displacement curves I calculated the compression 

strength (σcomp [MPa]), compressive modulus of elasticity (Ecomp [GPa]), and strain at 

maximum force (εcomp [%]). 

Differential Scanning Calorimetry (DSC) 

DSC measurements were carried out on a TA Instruments Q2000 instrument, in a 

temperature range of 0-200°C. The samples were made from the injection molded part in each 

case so that mass would be between 3 and 4 mg. Heating rate was 10°C/min in the case of 

both polypropylene and polylactic acid. 

Determining specific heat 

The specific heat of the FC 720 material was done on a Perkin Elmer DSC 2 apparatus, in a 

temperature range of 320-550 K in a single heating phase. The tests were performed on a 

Ø3.5x0.5 mm disk. I chose dimensions of the disk so that its area in contact with the surface 

of the tool holder would be as large as possible. The mass of the sample was 4.558 mg volt. 

Heating speed was 10 K/min. First I determined the baseline of the measurement with a 

measurement on the empty tool holder, then I performed a measurement on sapphire (as a 

sample of known properties), then on the FC 720 photopolymer. For the evaluation I plotted 

the energy absorbed by the sample as a function of temperature. Then I determined the 

distance of the curves of the sapphire and the FC 720 sample from the baseline. Finally, I 

compared the specific heat of the sample to the specific heat of the sapphire, where the factor 

of proportionality was the ratio of the masses and the distances from the baseline (1). 
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where cp(m) [J/kgK] is the specific heat of the FC 720 sample, cp(z) [J/kgK] is the specific heat 

of the sapphire sample, mm [mg] is the mass of the FC 720 sample, mz [mg] is the mass of the 
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sapphire sample, ym [mW] is the distance of the curve of the FC 720 sample from the baseline, 

and yz [mW] is the distance of the curve of the sapphire sample from the baseline. 

Dynamic Mechanical Analysis (DMA) 

I performed the DMA measurements on a TA Instruments Q8000 instrument. The size 

of the samples was 10x60x2 mm. The temperature interval was 0-100°C and heating speed 

was 5°C/min. I used dual cantilever layout in each case. 

Measurement of porosity 

I measured porosity on an AccuPyc 1330 type pycnometer, according to the ISO 

15901-2:2006 standard. The test sample was a Ø15x38 mm cylindrical sample. The samples 

were printed with a Z810 type 3D printer, at four different technological parameters. 

Permeability measurement 

Permeability measurements were carried out on a fluidization apparatus, show in 

Fig. 2. I set 10 different flow speeds with the throttle and the rotameter in the range of  

200-2000 l/h, and I measured the difference of the pressure under the sample and atmospheric 

pressure.  

 

Fig. 2. A diagram of the permeability meter apparatus  

(G – compressor, SZ – throttle, R – rotameter, 
.

Q  – flow speed, E – sample,  

K – fluidization apparatus, ∆h – displacement by pressure meter) 

Permeability was calculated with two different methods. In one case I used the Darcy 

formula (2), which assumes a laminar flow and neglects molecular diffusion. 

  ab ppA
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, (2) 

where 
.

Q  [m
3
/s] is the flow speed, κ [m

2
] is permeability, A [m

2
] is the cross-section 

perpendicular to the flowing medium, pb-pa [Pa] is the pressure difference between the 
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incoming and outgoing areas, µ [Ns/m
2
] is the viscosity of the flowing medium, and L [m] is 

the length of flow. 

In the other case I calculated permeability of a porous system at constant pressure with 

the Hagen-Poiseuille formula (3), which also takes into account molecular flow if present. 

 
 atm
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where κapp [m
2
] is permeability, 

.

Q  [m
3
/s] is flow speed, A [m

2
] is the cross-section 

perpendicular to the flowing medium, P [Pa] is the absolute pressure applied, Patm [Pa] is 

atmospheric pressure, μ  [Ns/m
2
] is the viscosity of the flowing medium, and L [m] is the 

length of flow. 

Measurement of shrinking 

Shrinking was measured according to the MSZ EN ISO 294:2003 standard, at room 

temperature, 1, 24, 48 and 168 hours after injection molding. I performed length 

measurements without touching the sample at different parts of the sample, and using the 

geometry of the tool I calculated shrinking with formula (4). 

 100



SZ

PSZ

L

LL
S , (4) 

where S [%] is the shrinking of the sample in a given direction, LSZ [mm] is the size of the tool 

cavity, LP [mm] is the dimension of the sample in the given direction. 

 

The calculation of the thermal conductivity coefficient  

The thermal conductivity coefficient of the FC 720 photopolymer was determined 

with the Hot-Plate method. During measurement a constant heat flow is created in the sample, 

whose thickness is relatively small compared to its other dimensions, and so the one-

dimension form of Fourier’s law can be used (5).  

 ),(),( txTtxq   , (5) 

where q [W] is the heat flow passing through the sample, λ [W/(mK)] is the thermal 

conductivity coefficient and T [K] is the temperature. 

Measurement of density 

The density of the sample was determined with Archimedes’ Law. The mass of the 

sample was measured in air and submerged in ethanol. With these data density can be 

determined with eq. (6). 
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 EtOH

EtOHair

air
sample

mm

m



 , (6) 

where ρsample [g/cm
3
] is the density of the sample, mair [g] is mass measured in air, mEtOH [g] is 

the mass of the sample submerged in ethanol, and ρEtOH [g/cm
3
] is the density of ethanol. 
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4. Theses 

I summarize the results of my research [1-12] in the following theses: 

 

Thesis 1. 

I proved with porosity measurements and resin take-up tests that 3D printed products 

of different binder content only contain open capillaries. I proved with measurements that the 

maximum resin take-up ability of the products can be calculated from the porosity of the 

structure. I proved this with a Z810 type 3D printer, for gypsum powder type ZP 102 (65 µm 

particle diameter) and ZB 58 type binder [1, 2]. 

 

Thesis 2. 

I proved that there is no detectable difference in the mechanical properties of 3d 

printed samples (with different binder content) in the X and Y manufacturing directions, 

whereas samples examined in manufacturing direction Z show a considerable difference. I 

proved my thesis with standard compression and three-point flexural tests for samples printed 

on a Z810 type 3D printer, for ZP 102 type gypsum powder (65 µm average particle size) and 

ZB 58 type binder. 

I also proved that varying specific binder content in the range 21-40 v%, as a result of 

soaking with resin, leads to worse compression and flexural strength. This effect can be 

greatly reduced (50-80%) with vacuum injection [1, 4, 5]. 

 

Thesis 3. 

I proved that in the case of the Polyjet technology absorbed energy can be calculated 

with the following formula: 
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where Un [mJ/mm
3
] is all the energy absorbed for volume unit in layer n, kI  [mJ/mm

2
] is the 

intensity absorbed by layer k in cycle k, v [mm] is the thickness of one layer. 

Plotting the specific radiation energy absorbed by the individual layers as a function of the 

number of manufactured layers, we get a saturation-type curve, whose limit is U0. I proved 

my statement on an Alaris 30 Polyjet printer, with the use of FullCure 720 material, using a 

manufacturing thickness of 28 µm, where U0 was 522,14 mJ/mm
3
. 
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Thesis 4. 

I proved that scanning the product with UV light In/I0 times – that is, repeating the 

printing process without printing material – we can achieve that the specific energy entering 

the individual manufacturing layers is the same in the full cross-section of the product. I 

proved this on an Alaris 30 PolyJet printer using FullCure 720, where the number of 

necessary scanning times after printing was 17. 

 

Thesis 5. 

I proved that the limit of application of PolyJet mold inserts is most affected by the 

glass transition temperature of the material used. I proved that in order to increase the life-

span of the inserts, the temperature of the inserts in the cycles has to be kept below the glass 

transition temperature of the material. I proved that the residual cooling time did not have a 

significant effect on it, but the delay time between the cycles greatly affected it [3, 6-8]. 

 

Thesis 6. 

I proved that the increased shrinking of injection molded products in the case of rapid 

prototyping (PolyJet) mold inserts is not caused by the significantly lower thermal 

conductivity of the mold insert – and so the different crystallinity of the product – but the 

deformation of the inserts during injection molding [6, 8, 10]. 
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