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INVESTIGATION OF THERMOPHYSICAL
PROPERTIES OF HEAT-INSULATING BARRIER
MANUFACTURED BY INCREMENTAL RAPID
PROTOTYPING METHOD

This paper presents the results of experimentaisiiyation of thermophysical pro-
perties of material manufactured with 3D printiegtinology with the use of fused
deposition modelling (FDM) method. Cylindrically gfeal samples with a diameter
of 50.8 mm and with various fill density (from 16 100%) were prepared. The
investigated material was PLA (polylactic acid,ytattide). The investigation was
carried out in order to determine the density, if@rconductivity, thermal diffu-
sivity and specific heat of tested material. Themaam of this paper was to deter-
mine the influence of fill density on thermal cowrtivity. The results can be useful
in designing thermal insulation manufactured wihid prototyping methods, ope-
rating in relative low temperature conditions (<010).
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1. Introduction

Thermal insulation currently plays a special ralariany industries, inclu-
ding construction, heating and engineering. Avédabchnological solutions that
can reduce energy consumption and heat loss drébeaitng improved. The
improvements are made mainly at the material leyetearching for materials
with the lowest possible thermal conductivity aadtf economical and reliable
methods of their manufacturing. One of the produrctioncepts is the use of 3D
printing technology, which now plays a significanale in the production of
various types of products, mainly for objects wittmplex shapes. With rapid
prototyping techniques it is possible to view d pat of a previously designed
model. Among the variety of rapid prototyping meathpthe fused deposition
modeling method is the most commonly used becatises simplicity and
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versatility [1]. This method was developed in tl880as. This method has plenty
of advantages including the availability of a wrdage of thermoplastics, mainly
from the group of polymers from which the final fmype is made. The choice
of filament type is dictated mainly by the type gnuotpose of the design part. The
most commonly used materials are acrylonitrile Oigiae styrene (ABS) [2, 3],
polylactide (PLA) [4] and sometimes polypropyleBé [PLA is used more often
in technical applications. This material belongstte group of biodegradable
aliphatic polyesters of organic origin. PLAs hagide range of applications, ran-
ging from medicine, due to bio-compatible proper{&, 7], to packaging, elec-
tronics, etc. PLA can be manufactured with the @aldiof various types of fillers.
The thermal properties of polylactide show thataih also be used as a raw ma-
terial for the production of various types of iresidn barriers. The thermal con-
ductivity of pure polylactide is about 0.193 WI/H [8], which classifies this
material in a group of heat-insulating materialsspgecial feature of the FDM
method is the ability to control the propertiestod manufactured part, such as
mechanical properties, density, internal structpaosity [5]. In the most of
experimental work concerning the FDM method, thién@ars focus on investiga-
ting the influence of technological parameters lo@ mechanical properties of
products while their impact on thermal propertefargely neglected. The poro-
sity of the materials used for thermal insulati¢eyp a significant role due to its
influence on the thermal conductivity of the madkrihe pores inside the mate-
rial form air cells whose size and shape deterrtirevalue of the coefficient of
thermal conductivity. At elevated temperatures hibat transfer inside the porous
material is complex and occurs through conductonyection and radiation. In
the context of general proceedings focused onlbssireduction, it is important
to determine the relationship between porosity thedmophysical properties of
the obtained product. These relationships wereigusly analyzed and develo-
ped by experimental, analytical and numerical magshd@ased on them it was
shown that not only the pore volume contributehtriinal conductivity, but also
pore shape, size, orientation, their degree ofrade emissivity. In the paper [9],
the authors presented the results of experimamtaktigation of the effect of po-
rosity on thermal conductivity of cubes made of enals with various thermal
conductivity. The investigation of thermal conduttyi was performed on the
cubic samples, in which a series of holes of déiferdiameters were drilled ran-
domly and orderly. Therefore, a porous structurdh wylindrical and spherical
pores were obtained. The results of the measureoseried out with varying
temperature conditions show that both with theease of the porosity and the
temperature of the measurement , the thermal condyacecreases nonlinearly
with respect to the solid material. In additiore tfegree of thermal conductivity
reduction of the samples in which the pores wendaely oriented, is proportio-
nal to the volume fraction of the pores in the mateThe results were also com-
pared with the developed theoretical model of thpethdence of thermal con-
ductivity on porosity of the material. The prodoctiof materials using rapid
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prototyping techniques, as an alternative to stahdechnologies, offers the
opportunity to obtain the final product with preid properties achieved by con-
trolling the technological parameters. The use afmeric materials in rapid
prototyping methods to obtain products for therinallation requires that their
working temperature is as low as possible becatiseedow melting point of
most plasticsThat is why the influence of temperature on theromadductivity
will not be particularly significant. In this paptre results of experimental studies
of thermophysical properties of PLA samples maddheyFDM method were
presented. The samples were produced with a varititidensity coefficient in
the range of 10-100%. In this way the porosity paager was steered. The internal
structure of material had an ordered grid shape tfhié&rmal conductivity, thermal
diffusivity and specific heat were measured. Initold, the density of material
was determined. The measured parameters allowge-determine the effect of
the fill density coefficient on the thermophysiparameters of the finished pro-
duct, which will allow for further verification ofhe suitability of the proposed
concept in thermal insulation applications.

2. Experimental set-up

Measurement of thermal conductivity coefficiensweanducted using a Uni-
therm 2022 instrument (Fig. 1). The model 2022figllg automated system and
it is used for measuring the thermal conductivitysach materials like metals,
ceramics, polymers, composites, glass, rubber eapgthge products. The Model
2022 can be also used for testing thin specimdmspaper products or plastic
films. Thermal conductivity is measured accordingASTM E1530 standard
aimed at evaluating the resistance to thermaltngssson of materials by guarded
heat flow meter method. The view of the experimletatst stand is presented in
Fig. 2. A specimen of the investigated materidlakl under a reproducible com-
pressive load between two polished metal surfaed) controlled at a different
temperature. The lower contact surface is a part afalibrated heat flux
meter. As heat flows from the upper surface throtinghspecimen to the lower
surface, an axial temperature gradient is estalish the stack. By measuring
the temperature difference across the specimewébeatthe upper and the lower
surface plates in contact with the specimen) aleitig the output from the heat
flux transducer, thermal conductivity of the speemzan be determined when its
thickness is known. A unitherm 2022 instrumentdedito measure the thermal
conductivity in the range of 0.1-40 W/{§) and in the temperature range of
20-300°C [10]. The specimen of the test material dghape of a cylinder with
a diameter of 50.8 mm and a height depending oretipected coefficient of
thermal conductivity. If a value of coefficient tifermal conductivity is higher
then the thickness of the sample must be greaterjfethe material has good
insulating properties then thickness of the samplst be lower, due to optimal
thermal resistance.
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Fig. 1. The view of the experimental setu—ultra  Fig. 2. The view of test stand: 1 — top
thermostat, i~ controller, 3 — air pressure regulator, heater, 2 — upper plate, 3 — test specimen,
4 — air pressure gauge, 5 — guard furnace, 6 — com% — lower plate, 5 — reference calorimeter,
puter, 7- heater PID controllers 6 — bottom heater, 7 — heat sink

At thermal equilibrium, the Fourier heat flow etjoa applied to the test
specimen is as follows:

Tu - Tm _ Rint (1)
q

Ry =

where: Rs — thermal resistance of the test specimeiiiw,
Tu— upper plate surface temperature, K,
Tm — lower plate surface temperature, K,
g - heat flux through the test specimen, \&/m
R — total interface resistance between specimensamfhce plates,

m2K/W.
The thermal resistance of the test specimen isetkbhs:

Rg = E (2)

where:t — specimen thickness, m,
k — thermal conductivity, W/(m- K).

The heat flux through the specimen is measureld avitransducer located
just below the specimen. The heat flux transduoesists of a reference calori-
meter with high conductivity surface plates on eithide. The heat flux is deter-
mined by measuring the temperature difference adhwsreference calorimeter:

q=NTn—-To) (3)

where: N — heat flux meter constant, WA),
T, — bottom heater temperature, K.
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The specimen thermal resistance can be exprassied form:

R = F(57) ~ R @

where: F — proportionality constant,
ATs = (T, — Tyn) — temperature drop across the specimen, K,
AT, = (T, — T1) — temperature drop across the reference caloniniéte

In order to minimize contact resistance, thermaage is used. If the thermal
resistance has been determined, the thermal cowithuctin be calculated using
equation (2). The measurement uncertainty of tlethod is usually in the range
between + 3% and + 8% and depends on the thermigtasce of the material
being tested. For each sample, three measurenietite thermal conductivity
were made. Each measurement was carried out &teadtling and re-mounting
of the sample in the test section (Fig. 2). Thaling pressure was about 25 psi
(172 kPa). The laboratory room in which the measergs were made was air
conditioned, maintaining a constant temperature ratative humidity of 20°C
and RH50%, respectively.

The measurements of the thermal parameters wede omging a KD2 Pro
instrument with a two-needle probe SH-1, which émimeasurement by hot
wire method. The KD2 PRO instrument is a handhabdtable meter for measu-
ring the thermal properties of soils, solids, powdend liquid. The kit consists of
a meter and sensors that are inserted into thetige¢ed material. Two-needle
sensor measures the thermal conductivity in thgeah 0.02-2 W/(riK), thermal
diffusivity in the range of 0.1-1 mt#fs and volumetric specific heat capacity in
the range of 0.5-4 MJ/({K). The measurement uncertainty of the described pa
rameters is about + 10%. The probe SH-1 enablesune@ent in the temperatu-
res range from —50 to 150°C.

A sample of solid PLA materiat & 100%) with a diameter of 36 mm and
a height of 40 mm was printed. Two parallel holesendrilled into the sample to
allow the two-needle probe to be installed. Thertizé grease was also used.
Temperature variation was made in the air thernhosta

PLA density measurements were made by measuranqéss and volume
of the investigated sample. Mass measurements made using a RADWAG
WTC2000 electronic scale with a resolution of 0Qg3dnd a maximum measuring
range of 2000 g. Volumetric measurements were rbgadeeasuring the diameter
and height of the sample with the use of a micreméthe samples are non-iso-
tropic and the measured density should be regasied average values. Density
measurement was carried out at ambient temperature.
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3. Samples

Thermo-physical properties were determined focloRLA. PLA is a fully
biodegradable polymer that belongs to the aliphmilgester group. The samples
were prepared with FDM rapid prototyping methodtHis method the printed
material is pushed through the nozzle, heatedstonilting point. The nozzle
controls the flow of material and is automaticatipved according to the CAM
program. Wanhao Duplicator i3 3D printer with MK&ihgle-head extruder
was used for the production of samples. The worlaneg of the device is
200%200%180 mm.

e =10% e=20% ¢ = 50%

Fig. 3. Cross-sections of samples with variousiféhsity; from left = 10%,¢ = 20%,¢ = 50%

Ten samples with a variable fill density= 10-100% were printed. Cross
sections of selected samples are shown in FigaGh Bample has a diameter of
50.8 mm and height of 10 mm. The technological patars of the printing were
as follows: the temperature of the nozzle was 193¢ the temperature of the
bed was 50°C. The filament diameter was 1.75 mrayAr thickness was set at
0.2 mm, while wall thickness was 1.2 mm. A prinéeg was 15 mm/s. The time
of printing a sample with a fill density of 10% wabout one hour, while for
a solid sample = 100% it was about five hours.

4. Results

By varying the fill density in the range of 10-200the average sample
density was varied from 332.6 kgfto 1231 kg/my as shown in Fig. 4. By redu-
cing the fill density from 100 to 10%, the dengigcreased 3.7 times. The rapid
prototyping technology enables shortening of praédactime and sample mass
by reducing the fill density from 100 (solid matdyito 10%. A five-fold reduc-
tion in production time and a three-fold decreasmass were achieved. The de-
pendence between density and fill density was shaviig. 4, this relationship
is valid only for the specific sample configuratiddepending on the settings,
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especially the wall thickness, it is possible ttaiia different directional coeffi-
cient of the straight line, which will always paksough the point = 100% (solid
material). By using thinner wall thickness it issgible to obtain a smaller weight
and thus density for the same fill density.
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Fig. 4. Density as a function of fill density

Figure 5 shows the dependence of the effectiverthleconductivity coeffi-
cientke as a function of the density and as a function of the fill density The
highest value of effective thermal conductivity fméent ke = 0.21 W/(niK) is
for solid material (PLA 100% = 1231 kg/m). By reducing the fill density, the
value of the thermal conductivity decreases, reagchilocal minimum at = 40%
ke = 0.14 W/(niK). The thermal conductivity is about 35% less tharthe solid
material. Belowe < 40% the value of effective thermal conductivatefficient
ke is stabilized at approximateky~ 0.14 W/(nmK).
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Fig. 5. Effective thermal conductivite as a function both of fill density
and density (measurement temperature= 30°C)
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Measurement of the thermal conductivity coeffici&nof solid PLA as
a function of temperature reveals that there isigiificant variation of this factor
in this temperature range. The average value ahidleconductivity is about
0.21 W/(mK) both for the hot wire and guarded heat flow metethods.

Figure 6 shows the dependence of thermal difftysaviand volumetric spe-
cific heatc, as a function of temperatufe(solid PLA). The volumetric specific
heat increases as a function of temperature &eni.9 MJ/(niK) at T~ 14°C to
¢ = 2.67 MJ/(MK) at T= 110°C. The thermal diffusivity decreases as atfanc

of temperature froma = 0.115 mn¥s at a temperature 14°C ac= 0.094 mrd/s
at a temperature 110°C.
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Fig. 6. Thermal diffusivitya and volumetric specific heat as a function
of temperaturd (PLA 100%)

5. Conclusion

This paper presents results of experimental iny&stn of thermophysical
properties of PLA manufactured with rapid prototyptechnology. The heat con-
duction was measured as a function of density &nenaperature. The value of
the thermal diffusivity and specific heat of thetaral were also measured. Table
1 presents the most important thermophysical paesef PLA.

Table 1. Thermophysical parameters of PLA

Name Symbol Value
Density (30°C) p 1231 kg/nd
Thermal conductivity{= 100%, 30°C) k 0.21 W/(niK)
Thermal diffusivity ¢ = 100%, 30°C) a 0.111 mrd/s
Volume specific heat:(= 100%, 30°C) Cv 2.09 MJ/(MK)
Specific heat{ = 100%, 30°C) c 1700 J/(kdK)
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Further experimental and numerical research wltarried out to develop
a mathematical model describing PLA thermal parameds a function of density
and temperature.

References

[1] Carneiro O.S., Silva A.F., Gomes R.: Fused demrsithodeling with polypropy-
lene, Materials Design, 83 (2015) 768-776.

[2] Dawound M., Taha I., Ebeid Samy J.: Mechanical bigha of ABS: An experi-
mental study using FDM and injection moulding teigaes, J. Manuf. Proc., 21
(2016) 39-45.

[3] Weng Z., Wang J., Senthil T., Wu L.: Mechanical ahérmal properties of
ABS/montmorillonite nanocomposites for fused defiasimodeling 3D printing,
Materials Design, 102 (2016) 276-283.

[4] Drummer D., Cifuentes-Gilar S., Rietzel D.: Suitability of PLA/TCP for fed de-
position modeling, Rapid Prototyping J., 18 (202@)-507.

[5] Gajdos I., Slota J.: Influence of printing conditsoon structure in FDM prototypes,
Tehniki vjesnik, 20 (2013) 231-236.

[6] Lebedev S.M., Gefle O.S., Amitov E.T., Berchuk D.Xhuravlev D.V.: Poly(lactic
acid)-based polymer composites with high electrid ¢hermal conductivity and
their characterization, Polymer Testing, 58 (2044)-248.

[7] Farah S., Anderson D.G., Langer R.: Physical anchangical properties of PLA and
their functions in widespread applications — A coet@nsive review, Adv. Drug
Delivery Rev., 107 (2016) 367-392.

[8] Frone A.N., Berlioz S., Chailan J.-F., Panaitescil.D Morphology and thermal
properties of PLA-cellulose nanofibers composit€srbohydrate Polymers, 91
(2013) 377-384.

[9] Francil J., Kingery W.D.: Thermal conductivity: IXExperimental investigation of
effect of porosity on thermal conductivity, Mecheadi and Thermal Properties of
Ceramics Proceedings of Symposium, Gaithersburgylisiad 1968.

[10] Tychanicz M., Smusz R.: Properties, application gmetmal investigation of aero-
gels, ZN PRz, Mechanika, 34 (2017) 95-106.

BADANIE WEA SCIWO SCI TERMOFIZYCZNYCH PRZEGROD
IZOLACYINYCH WYTWARZANYCH PRZYROSTOW A METOD A
SZYBKIEGO PROTOTYPOWANIA

Streszczenie

W pracy zaprezentowano wyniki pomiaréw parametrénmnbfizycznych przegréd izolacyj-
nych wytwarzanych w technologii druku 3D mejooksadzania topionego materiatu FDM (ang.
fused deposition modelling), ktéra jest jgdn metod przyrostowych szybkiego prototypowania.
Wytworzono prébki walcowe dérednicy 50,8 x 10 mm o #Alym wspotczynniku wypetnienia
od 10 do 100%. Probki zostaty wydrukowane z pojidit PLA (ang. polylactic acid, poly-
lactide). Dokonano pomiarwstasci, wspotczynnika przewodzenia ciepta, wspotczyardigfuzyj-
nosci cieplnej oraz ciepta wéaiwego. Celem eksperymentu byto oltemie wpltywu wspoétczyn-
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nika gestasci wypetnienia, a prednio gstasci na wspotczynniki przewodzenia ciepta. W szcze-
goIndéci zastosowanie pustych przestrzeni wypetionycligmzem (poréw) znagzo wplywa
na zmiag wspotczynnika przewodzenia ciepta w stosunku dagg® materiatu. Wyniki bada
mog by¢ przydatne do projektowania wszelkiego rodzaju gmzé i obudéw termoizolacyjnych
wytwarzanych metagszybkiego prototypowania, pragaych w stosunkowo niskich temperatu-
rach (< 100°C).

Stowa kluczowe:szybkie prototypowanie, metoda FDM, przewodncieplna, druk 3D
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