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Abstract:

Nowadays the designing and the production should continuously devel op, so the old product
devel opment system has changed radically in the past decades and has been replaced by the
so-called simultaneous planning, as the typical method. The bases of this method are the
prototypes, on which evaluation is performed very simply and fast. To use these prototyped
products as functional part, the thermal behavior of its material should be characterized.

In thiswork we characterised al the thermal properties of a photopolymer used by PolyJet
technology to the further finite element analysis. These parameters were the thermal
conductivity, the specific heat and the density. We have concluded that the thermal
conductivity and the specific heat are increasing in the function of the temperature. A simple
method was introduced to compare the measured thermal gradients with a ssimulated and also
with an analytical model. It was proved that the thermal properties measurements are

imprecise, moreover the temperature dependence should be taken into consideration.

Nomenclature

A Cross-section

Com)  Specific heat of the sample
Cois  Specific heat of the standard
Mar  weight of sampleon air
Meton Weight of sample in ethanol
mm  weight of the sample

Ms weight of the standard

q heat flux

time


mailto:kovacs@pt.bme.hu

T temperature

distance
Ym distance of the sample from the baseline
Ys distance of the standard from the baseline

Y proportional factor
Greek symbols
A thermal conductivity

psample the density of sample
petoH the density of ethanol
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1. Introduction

In the industry the Rapid Prototyping is awidely used process to shorten the devel opment-
time and the “time to market”. This technology is an innovative additive manufacturing
process instead of the traditional subtractive processes. Its essence is that three dimensional
physical parts can be fabricated directly from computer aided design data. All of the RP
activities consist of mainly two main parts. data preparation and model production [1-3].

In the last decade arapid growth can be seen in the field of Rapid Prototyping. The first
commercial RP equipment was brought to the market in 1987. Since then, numerous of new
apparatuses and processes were developed. According to the enabling technology, there are
two main categories: one is based on high energy beam (for example: SL, SLS, LOM) and the
other is based on the droplet jetting or slurry extrusion (for example: FDM, 3DP) [4-6].
There are three main reasons, to create prototypes. First is when there are no mechanical
reguirements the only purpose is to show the product shape and appearance [7]. Another
reason isto investigate the suitability of models for applicability and assembly tests. These
are the functional models. In this case mechanical strength is needed similar to the mass
product. Thirdly, if just few models are required, a short series could be produced for short
runs or overall functional tests[8, 9]. So the short run injection moulds can be created by
Rapid Prototyping technologies [10]. It is clear, that these polymer based moulds have very
different thermal properties, than the traditional steel or aluminamoulds[11]. To use

correctly the mould or simply fulfil asimulation, the known of these thermal parameters are



essential. They have a great influence to the cycle-time. To optimal it and raise the life-span
of the mould, the correct determination of the parameters is needed.

There are numerous publications on the thermal measurement and simulation of
photopolymers, but only on Stereolihography materials. Rahmati et al. [12] measured an SL
tool’s temperature during injection moulding. They appointed, that into a tool, which has low
glass transition temperature, it is possible to inject polymer with high melting temperature. It
isthanks to the low thermal conductivity and the short injection time. Colton et al. [13]
measured the temperature change in SL mould 2.5 mm from the surface, during injection
moulding. They investigated the necessary cooling time, when the temperature of the
substance drops under a determined temperature, where the mechanical properties are suitable
to moulding. It is clear that the thermal condition of the polymer mouldsis necessary to be
known to use them for injection moulding. Furthermore, the simulation of the thermal
processes is easier than perform any complex and long measurements.

Besides the technology developments there are several material improvements as well such as
the curing process optimisation [14] or the additives and filler developments [15].

In our work the aim was to determine the thermal condition in the substance mathematically
and with ssmulation. To perform it the thermal properties of the FullCure 720 photopolymer is
needed, such as the specific heat and the heat conductivity in the function of temperature.
Furthermore an apparatus was devel oped, to determine the real thermal-gradients. With the
help of it, the measured parameters can be confirmed or can be corrected with afailure-
anaysis.

2. Experimental

2.1. Thermal properties measurement

In physics, thermal conductivity (X) is the property of a material that indicates its ability to
conduct heat. In this research the thermal conductivity was measured using the transient hot
plate method. The point of the process isto reach a steady state condition, thus simplifying
the measurement to a one-dimensional case to use the Fourier’s law (Eq.1) [16]. Temperature
is measured by built-in thermo-couples inside the heated and the cooled plate. The frameis
heated by a separated device to minimize the heat loss and the tested models are placed
symmetricaly (Fig. 1).

qa(x,t) = -2 -vT(xt) (1)

where q [W] is the transmitted heat flux, A [W/(m-K)] isthe thermal conductivity and T [K] is

the temperature.



The specific heat was measured with the Perkin Elmer DSC 2 equipment. To define this
property, three measures were prepared. In each case the samples were ssimply heated up. To
define the basic line, this measurement was performed with empty sample-holder. Secondly
the sapphire sample was heated up (specific heat of sapphirein function of temperatureis
known) and thirdly the Full Cure 720 photopol ymer was analysed. The main set-ups are
shown on Tab. 1.

During the evaluation, the absorbed power in function of temperatures, were plotted. Asthe
next phase, the distance of the curve of the sapphire and the sample from the base line has
been measured. The specific heat of the sample has been related to the specific heat of
sapphire, and the coefficient was set as the distances from the base line and the rate of masses
(Eq.2.). Asaresult, the specific heat of the sample has been determined at discrete points
[15].
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Density of the polymer sample was determined by the change of the lift force (Archimedes’
principle) by the help of an analytical balance. The weight of sample was determined in air
and in liquid. The liquid was watertight, analytical clean ethanol. The density of sample was
determined at room temperature with the next equation (Eq.3.):

m_

pample - == pEtOH (3)
m. —m

where psample [g/cm?] is the density of sample, mair [g] is the weight of sample on air, Meor [g]
is the weight of sample in ethanol, and peion [¢/cm?] is the density of ethanol.

2.2. Measuring configuration

To confirm the results of the transient thermal finite element analysis and the determined
thermal parameters’ correctness, a smple measure was fulfilled (Fig. 2).

Seven thermo-couples were placed into the specimen, at different distance from the heated
surface. The localization of the boreholes is shown on Fig. 2. During the measurement the top
point was not used. The block with the sensors was placed into the ram (Collin P200 E). Then
the ram’s plate was heated up, than cooled down. The temperature was recorded in every
second.

2.3. Mathematical modelling and Finite Element simulation

In order to verify the value of the thermal conductivity, atransient therma FE simulation was
carried out. It was assumed that the value of the thermal conductivity does not depend on the



temperature. Only the half of the RP specimen was included into the simulation, because of
the symmetry.

According to the places of the real sensors, in the FE simulation virtual sensors were
generated, in order to make the comparison easier.

Performing transient thermal analysis beside the norma mesh generation procedure in the 3D
space domain, also atime domain should be discretized. Mesh generation isavery crucial
step in design analysis, so in order to avoid the numerical error; a convergence analysis was
performed. The result of the convergence analysis shows, that in the space domain the second
order 3D tetrahedral solid elements should have approximately 1mm global element size, and
in the time domain accurate temperature values can be achieved applying 2 second time step.
Supposing ageneral 2000 sec long measurement, 1000 FE calculation have to be performed
including approximately 87 903 nodes in every simulation step. The calculation was
performed in the SolidWorks/Simulation 2010 software environment.

The first simulation results, based on the measured thermal material properties, show good
accordance with measurements close to the heated plate, but the sensors further away from
the plate show deviation from the measurements. Thisis the reason why the initially supposed
thermal conductivity was modified and varied between 0.178 and 0.33 W/(m-K). Numerical
simulations were carried out, applying four different thermal conductivity parameters to
determine the most suitable one.

One of the waysto transform the differential equitation of heat conduction into difference
equitation is the explicit difference method. To solve the thermal problem, also an analytical
model was used. At the case of one dimension and without inner heat source the (Eq.4.)
describes the process in the substance.

T(x,t+ At) —T(x,t) T(x+ Ax,t) - T(x—-Ax,t) - 2T (x,1)

(4)

At Ax?
To measure the failure between the measured and the simulated or cal culated results, afailure
equitation (Eq.5.) was devel oped, which result is a proportional factor (Y). Itisareative

value (At), the time-step and the distances of the measuring points from the heat source (x) are

considered.
L S |r¥ TS (s,t) - T (5 ) T‘
Y:§Z P — AAt‘x[-] (5)
s=1 Ltzl J

3. Results and discussion



In this paper the thermal properties of Objet PolyJet technology model material (FullCure 720
photopol ymer manufactured by Objet Geometries) were analysed. Firstly, the heat conduction
was investigated on 150x150x4 mm specimens at different temperatures (26.5; 44.5; 61.1 and
80.5°C). As a result, the thermal conductivity is varying between 0.178 and 0.187 W/(m-K)
(Fig. 3). Theinaccuracy of the measurement is about 12%, so the measured values arein the
range of dispersion. Hence, an average value should be used in the smulations [18].
Furthermore, according to the Archimedes’ principle the density is 1.18 g/lcm?®.

The specific heat was measured with Perkin Elmer DSC 2 equipment. As aresult of the
measurements and calculations, specific heat varied between 2000 and 3250 J/(kg-K) in the
function of temperature (Fig. 4). It isclear, that by increasing the temperature, specific heat is
increasing as well.

For the analysis constant parameters were used for the thermal conductivity and for the
specific heat as well. Thus, the value of thermal conductivity was 0.18, 0.26, 0.28 and 0.33
W/(m-K), while the specific heat was constantly 2740 J/(kg-K) as an average value of the
measured curve.

Thereal thermal processes, which were measured during the heating test (Fig. 5.), were
compared to the smulated and the cal culated curves. To determine the deviation between the
measured and the calculated curves, Eg. 5. was used.

The values of the proportional factor can be seen on Tab. 2. at the case of the simulation and
the calculation. Plotting the factors in the function of the thermal conductivity and fitting a
trend line on the points (Fig. 6.), aminimal value of the curves can be noticed. Calculating
with explicit difference method, the thermal conductivity is 0.286 W/(m-K) and with
simulation 0.273 W/(m-K) at the minimum point of the error curves. Calculating the
minimum deviation from the proportional factor function (Fig. 6.), the optimum point for the
thermal conductivity can be determined as 0.28 W/(m-K).

Using the explicit method the minimum of the calculated proportional factor curves can not
be lower than 0.14 (Fig. 7.). So if constant parameters are used, this failure always appearsin
the cal culations. Hence temperature dependant thermal parameters should be used to decrease
the deviation from the real processes.

Fig. 8 and Fig. 9. show the thermal processesin two points (4 and 9 mm from the surface),
using the determined coefficients. It is clear, that the experimental results are very close to the
measured curves. Comparing the ssmulation and the calculation, the calculated points show

the best fit to the real process. On the other hand, for the further finite element analysis the



temperature dependent thermal parameters can be used to further minimize the deviation from
the real process.

4. Conclusion

In thiswork all the thermal properties of arapid prototyped part produced by PolyJet
technology was measured. These parameters were the thermal conductivity, the specific heat
and the density. We have concluded that the thermal conductivity and the specific heat are
increasing in the function of the temperature. Based on hot plate measurements the thermal
conductivity is varying between 0.178 and 0.187 W/(m-K) in the common temperature range
while the specific heat based on DSC measurements is varying between 2000 and

3250 J/(kg-K). The calculated density was 1.18 g/cm?®.

After determining the measured, the simulated and the cal culated temperature-curves using
discrete parameters, the proportional factors were determined. It was concluded that the
calculated proportional factor curves can not be lower than 0.14 using the determined thermal
conductivity of 0.28 W/(m-K). It was also pointed out that the heat dependent thermal
properties should be used for the more accurate cal culation results.
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Fig. 1. Heat conduction measurement.
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Fig. 2. Measuring configuration and localization of the borehole to place the thermo-couples
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Fig. 3. Heat conduction in function of temperature.
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Fig. 4. Specific heat of FullCure 720 in function of temperature.
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Fig. 8. Comparing the results of the ssimulation and the explicit method to the measured curve

(thermal conductivity=0.28 W/(m-K); distance = 4 mm from the front surface)
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Fig. 9. Comparing the results of the ssimulation and the explicit method to the measured curve

(thermal conductivity=0.28 W/(m-K); distance = 9 mm from the front surface)



property value

Range of measurement 320-550 K
Speed of heating 10 K/min
Type of heating one-time
Weight of sapphire 29.05 mg
Weight of sample 4.558 mg

Tab. 1. Parameters of the measurements.



thermal conductivity specific heat

[W/(m-K)] [J(kg'K)] Y

3 018 2740 0.776
B 026 2740 0.446
S 028 2740 0.447
8 033 2740 0.56

g 018 2740 0.823
® 026 2740 0.214
2 028 2740 0.144
@ 0.33 2740 0.275

Tab. 2. Proportional factors for different thermal parameters



