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Abstract: We investigated the effects of two different types of impact modifiers, i.e.
core-shell rubber and aliphatic polyester, on the mechanical and thermal properties of
polylactide (PLA) filaments for 3D printing. First, PLA/impact modifier blends with vario-
us concentrations of impact modifiers were prepared by melt blending in a co-rotating twin
screw extruder and test specimens by injection molding. The mechanical and thermal pro-
perties of blends were investigated by tensile and bending tests, dynamic mechanical
analysis (DMA) and Charpy impact test. It was found that core-shell rubber remarkably
improved Charpy impact strength at loadings above 5 wt % (up to 746 %). As shown by
DMA, the PLA/10 wt % core-shell rubber blend exhibited better damping performance as
compared to neat PLA over the whole examined frequency range, especially at high
frequencies, which explained the increase in impact strength. The filament for a fused
deposition modeling (FDM), 3D printer was prepared from blend with the highest impact
strength (PLA/10 wt % core-shell rubber), whereas PLA and acrylonitrile-butadiene-
styrene copolymer (ABS) filaments were used for reference. Test specimens were prepared
by using a consumer FDM 3D printer. The mechanical and thermal properties were investi-
gated by tensile and bending tests, DMA, Charpy impact test, and ultra-fast differential
scanning calorimetry (Flash DSC). Specimens from PLA blend exhibited 109 % increase in
Charpy impact strength as compared to neat PLA. In contrast to injection molded speci-
mens, 3D printed PLA blend exhibited higher tensile E modulus than neat PLA, which was
ascribed to improved interlayer adhesion. Moreover, DMA and Flash DSC analysis of 3D
printed specimens showed an increase in the glass transition temperature as compared to
injection molded specimens. This phenomenon was ascribed to reduction of free volume
because of slow cooling in 3D printing process, which is also the reason for increased tensi-
le E modulus of the PLA blend. All tested PLA, PLA blend and ABS filaments were in
amorphous state as shown by Flash DSC analysis. Bending test showed an increased toug-
hness of PLA blend in comparison to neat PLA and also higher toughness as compared to
ABS. The modified polylactide (PLA/10 wt % core-shell rubber) filament thus combines
easy processability of PLA filament and impact toughness of ABS filament.

Keywords: Polylactide, Impact modification, Core-shell rubber, 3D printing, Fused
deposition modeling.

unique features of biodegradability as well as ther-

Fused deposition modeling 3D printing is
commonly used method for rapid prototyping (RP).
A FDM 3D printer is fed by a thermoplastic filament
usually made of PLA or ABS. The heated nozzle
moves across sectional profile and deposits molten
material layer by layer. Because PLA does not evol-
ve an irritating odor during printing and does not
warp, it has become more popular polymer material
for 3D printing than ABS.[1]

PLA is linear thermoplastic polyester produ-
ced by the ring opening polymerization of lactide.
PLA is most promising biopolymer, since it offers

" Corresponding author: janez.slapnik@vstp.si

moplastic processability. PLA is used for many dif-
ferent applications, from packaging to agricultural
products and disposable materials, as well as in
medical, surgical and pharmaceutical fields.[2]
However, despite its numerous advantages such as
good optical, physical and mechanical properties
(high flexural and tensile moduli and strengths), the
inherent brittleness significantly impedes its applica-
tion in many fields, especially when a high level of
mechanical strength is required.[3]

Many efforts have been made to improve brit-
tleness of PLA such as modifying its crystalline
structure, blending it with plasticizers or other ducti-
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le polymers, and reactive blending, but none of them
dealt with this effect in connection to the 3D printed
parts.[3-8] One of the main limitations facing RP
manufacturing of parts for end-use are the properties
of the parts produced. Improvements in material
properties, most notably with FDM 3D printing,
have induced a steady increase of the range of appli-
cations for FDM materials. However, further impro-
vements, particularly with respect to stiffness,
strength and toughness, are required to enlarge the
envelope of applications.[9]

The aim of the present work was to develop
filament for 3D printing based on PLA with increa-
sed impact toughness and improved processability as
compared to neat PLA filament. For this purpose,
two different types of impact modifier were selected:
core-shell rubber and aliphatic polyester. They were
compounded with PLA, test specimens were fabrica-
ted by injection molding and mechanical properties
as well as thermal ones were investigated. The fila-
ment for 3D printing was fabricated from the PLA
blend with the highest impact strength. The mecha-
nical and thermal properties of 3D printed test spe-
cimens were evaluated using tensile test, bending
test, Charpy impact test, DMA and Flash DSC.

2. EXPERIMENTAL
2.1. Materials

PLA (Ingeo 2003D), recommended for
extrusion, was supplied by Natureworks LLC (Min-
netonka, MN, USA). PLA has a density of 1.24
g/em’, while its melt flow index (MFI) is 6.0 g/10
min at 210 °C and 2.16 kg load. ABS (HF-380),
recommended for injection molding, was supplied
by LG Chem (Seul, South Korea). ABS has a
density of 1.05 g/cm’, while MFI is 42.0 g/10 min at
220 °C and 10.0 kg load. Commercial names of two
impact modifiers, core-shell rubber and aliphatic
polyester, cannot be revealed due to trade secret of
the project partner.

2.2. Specimens preparation
2.2.1. Blend preparation

PLA was dried prior to extrusion in laboratory
oven at 80 °C, below 0.02 wt % moisture content.
Blends were prepared in a twin screw extruder (Lab-
tech LTE 20-44), with screw diameter 20 mm and
L/D ratio 44. Screw speed was 100 min™, barrel
temperature was 175 °C. Compositions of specimens
are summarized in table 1.

Table 1. Specimens compositions

Core-shell Aliphatic
. PLA
Specimen [wt %] rubber polyester
[wt %] [wt %]
1 98 2 0
2 95 5 0
3 90 10 0
4 90 0 10
5 85 0 15
6 80 0 20
7 100 0 0

2.2.2. Injection molding

Prepared blends were dried prior to injection
molding in laboratory oven at 60 °C, below 0.02 wt
% moisture content. Test specimens according to
ISO 527, ISO 168 and ISO 179 standards were pre-
pared by injection molding (Krauss Maffei 50-180
CX). Injection speed was 60 mm/s, barrel temperatu-
re was 175 °C and mold temperature was 35 °C.

2.2.3. Filament preparation

Based on results from injection molded spe-
cimens, we chose the most suitable blend (specimen
3P with 10 wt % of core-shell rubber). Filament for
3D printing was prepared by single screw extruder
(Noztek). The prepared blend was dried prior to
extrusion in laboratory oven at 60 °C, below 0.02 wt
% moisture content. Filament for 3D printing was
1.75 mm in diameter. We also prepared PLA (spe-
cimen 7P) and ABS (specimen 8P) filaments for
reference. Barrel temperature was set to 220 °C for
PLA based specimens and to 230 °C for ABS spe-
cimen.

2.2.4. 3D printing

All specimens were prepared on a consumer
FDM 3D printer (Solidoodle 4). G code was prepared
with Slic3r software using standard settings (Z axis
resolution 0.3 mm, 20 % infill). All specimens were
prepared perpendicular to the heated bed. Nozzle
temperature was set to 230 °C for all specimens and
heated bed to 55 °C for PLA based specimens and to
110 °C for ABS specimen. Filament flow was calibra-
ted for each specimen so that width to thickness ratio
was 1.4:1. Specimens are marked as injection molded
analogues with added letter P, e.g. 3D printed speci-
men made from specimen 3 is marked as 3P.
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2.3. Characterization
2.3.1. Tensile test

Tensile properties were determined using a
universal testing machine (Shimadzu AG-X plus 10
kN. Injection molded specimens were tested accor-
ding to ISO 527 standard. 3D printed specimens
were made from 3D model for 1 BA test specimens
according to ISO 527 standard. Test speed was set at
1 mm/min from 0 to 0.25 % strain and at 50 mm/min
above 0.25 % strain for all specimens.

2.3.2. Bending test

Bending properties were determined using a
universal testing machine (Shimadzu AG-X plus 10
kN). Injection molded specimens were tested accor-
ding to ISO 178 standard. 3D printed specimens
were made from 3D model for ISO 178 test speci-
mens. Test speed was set at 2 mm/min for all speci-
mens.

2.3.3. Charpy impact test

Charpy impact strength was determined using
pendulum impact tester (Zwick). Injection molded
specimens were tested according to ISO 179 stan-
dard. 3D printed specimens were 80 mm in long, 10
mm wide and 8 mm thick. All specimens were tested
using 4.54 kg hammer.

2.3.4. Dynamic mechanical analysis

Dynamic mechanical properties were deter-
mined on a dynamic mechanical analyzer (Perkin
Elmer DMA 8000). All specimens were tested in
dual cantilever bending mode. Frequency was 10
Hz, amplitude 0.04 mm, the specimens were heated
with a heating rate of 2 °C/min from room tempera-
ture to 90 °C for PLA specimens and to 150 °C for
ABS specimens. Dynamic mechanical properties as
a function of frequency were tested in dual cantile-
ver bending mode. Frequency was set
logarithmically from 0.1 Hz to 100 Hz, with 3 points
per decade, the specimens were heated from 30 °C
to 90 °C with 10 °C step and heating rate of 2
°C/min. Injection molded specimens were prepared
from ISO 527 test specimens and 3D printed speci-
mens were prepared from tensile test specimens.

2.3.5. Ultra-fast differential scanning
calorimetry

Thermal properties were determined using
Mettler Toledo Flash DSC 1 with Huber intercooler

TC45 and nitrogen purge gas (50 ml/min). Injection
molded specimens were prepared from ISO 527 test
specimens. 3D printed specimens were prepared
from bending test specimens. Specimens were coo-
led from melt (200 °C) to desired temperature and
then crystalized for a fixed time (first 100 s at 90 °C,
then 600 s at various temperatures). Rapid cooling
(1,000 °C/s) was performed before and after isot-
hermal segments to prevent crystallization during
cooling. First heating run was performed from 15
°C to 200 °C with a heating rate of 1,000 °C/s.

The specimen’s mass was estimated from
normalized specific heat capacity change at the glass
transition to 0.48 J/gK for fully amorphous PLA as
found in literature.[10] The degree of crystallinity
was evaluated according to the following Eq. (1):
AH, —AH, (1)

AH ,
where AH; is the enthalpy of fusion, 4H. is the
enthalpy of crystallization and 4H,, is the enthalpy of
fusion of a wholly crystalline PLA (93 J/g).[10]

%Crystallinity = {

3. RESULTS AND DISCUSSION
3.1. Tensile test

Table 2 summarizes the mechanical properties
of neat PLA and PLA blends prepared by injection
molding. With addition of impact modifiers, tensile
modulus reduces from 3.5 GPa to 2.8 GPa (- 20 %)
at highest loading of both modifiers. Tensile strength
also reduces from 68 MPa to 54 MPa (- 21 %) at 10
% loading of core-shell rubber and to 58 MPa (- 15
%) at 20 % loading of aliphatic polyester. Strain at
tensile strength decreases for PLA with the addition
of 2 % and 10 % core-shell rubber, while at 5 %
loading it increases. Strain at break decreases with 2
% and 5 % loading of core-shell rubber while at 10
% loading it increases from 4.7 % to 7 % (+ 49 %).
Strain at tensile strength increases for PLA with
addition of aliphatic polyester at all tested concentra-
tions. Strain at break is also higher for all tested
concentrations, but it drops at 20 % loading. Both
impact modifiers reduce stiffness and strength and
enhance strain at break at concentrations higher that
10 %. Decrease of strain at break for 20 % loading
of aliphatic polyester indicates poor compatibility
between matrix and impact modifier.

Table 3 summarizes tensile properties of 3D
printed specimens. Specimen with 10 wt % loading
of core-shell rubber has higher tensile modulus,
lower tensile strength and lower strain at tensile
strength as well as strain at break than neat PLA.
Compared to ABS, neat PLA and PLA blend have
higher tensile modulus and tensile strength but lower
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strain at break. Neat PLA has the highest strain at
tensile strength while PLA blend has the lowest one.

Higher stiffness of PLA blend was ascribed to
improved inter-layer adhesion. Higher stiffness in
comparison to injection molded specimens was
ascribed to reduction of free volume because of slow
cooling in 3D printing process, which was also sup-
ported by higher glass transition temperatures

Table 2. Tensile properties of injection molded specimens

determined by DMA and Flash DSC.[11] 3D printed
specimens exhibited lower tensile strength, strain at
tensile strength and strain at break (Table 3) as com-
pared to injection molded specimens (Table 2),
which could be explained by higher number of struc-
tural defects due to low adhesion between layers,
low filling and lower pressures in 3D printing pro-
cess.

Specimen Tensile modulus Tensile strength Strain at tensile strength Strain at break

[GPa] [MPa] [%] [%]
1 3.4 61 3.6 4.0
2 32 57 3.8 4.1
3 2.8 54 34 7.0
4 3.0 64 4.2 54
5 29 60 4.0 6.4
6 2.8 58 4.0 5.7
7 3.5 68 3.7 4.7

Table 2. Tensile properties of 3D printed specimens

Specimen Tensile modulus Tensile strength Strain at tensile strength Strain at break
[GPa] [MPa] [%] [%]
3P 32 49 3.2 4.4
7P 3.0 60 4.0 4.5
8P 2.5 38 3.5 5.1

3.2. Bending test

Table 4 summarizes the bending properties of
injection molded specimens. The flexural modulus
of PLA with addition of impact modifier reduces
from 3 GPa to 2.5 GPa (- 33 %) as compared to neat
PLA. Flexural strength for highest loading of both
impact modifiers decreases from 92 MPa to 71 MPa
(- 23 %) for 10 wt % loading of core-shell rubber

Table 4. Flexural properties of injection molded specimens

type modifier and to 74 MPa (- 20 %) for 20 wt %
loading of aliphatic polyester modifier. Flexural
strain at flexural strength also decreases with addi-
tion of impact modifiers and has the lowest value for
10 wt % and 15 wt % loading of aliphatic polyester
(from 4.6 % for neat PLA to 3.6 %, - 22 %). Speci-
mens with added impact modifier didn’t break
during the test, which indicated high bending toug-
hness.

Specimen Flexural modulus Flexural strength 1;115;1111;:11 ::rr:rllr; 3;[ Strain at break (flexural)

[GPa] [MPa] %] [%]

1 2.9 88 43 /

2 2.7 81 3.8 /

3 2.5 71 3.7 /

4 2.6 78 3.6 /

5 2.6 76 3.6 /

6 2.5 74 3.9 /

7 3.0 92 4.6 5.7

Figure 1 shows the stress-strain curves of 3D
printed specimens. PLA blend and neat PLA exhibit
the same flexural modulus (2.5 GPa), whereas
flexural modulus of ABS is lower (2.0 GPa, - 20 %).

Neat PLA exhibits the highest flexural strength (71
MPa), while with addition of core-shell rubber to
PLA flexural strength decreases (68 MPa, - 4 %),
however, flexural strength of ABS is the lowest (52
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MPa, - 25 %). ABS exhibits higher flexural strain at
flexural strength than neat PLA (3.8 %, - 12 %) and
PLA blend (3.6 %, - 16 %). PLA blend specimens
didn’t break during measurements thus showing
improved flexural toughness also for 3D printed

72

specimens. Lower reduction of flexural strength of
3D printed PLA blend as compared to injection
molded specimens was ascribed to improved inter-
layer adhesion.
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Figure 1. Representative stress-strain curves for bending test of 3D printed specimens (dashed line — PLA blend, full
line — PLA, dotted line — ABS)

3.3. Charpy impact test

The highest increase of Charpy impact
strength was determined for PLA/core-shell rubber
blends, but only at high loadings: 5 wt % loading (20
kJ/m®, + 54 %) and 10 wt % loading (111 kJ/m* +
746 %) as shown in Figure 2. Other specimens did
not exhibit statistically important increases.
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Figure 2. Charpy impact strength of injection molded
specimens

Charpy impact strength of 3D printed speci-
mens is shown in Figure 3. PLA blend exhibits the
highest Charpy impact strength (23 kJ/m?, + 109 %)

and ABS exhibits only slightly lower impact
strength (22 kJ/m?, + 100 %), but statistically not
relevant.

30
E
R L]
2 I .
-: -
B 20
c
Q
A
h 15 I
i
Q
a
£ 10 I
-
o
T s S
L
=]

0

3p 7P 8p
Specimen

Figure 3. Charpy impact strength of 3D printed speci-
mens

3.4. Dynamic mechanical analysis

Storage modulus (E') of all specimens was
measured by DMA at 30 °C and 80 °C (Figure 4). At
30 °C, storage moduli of PLA blends with both
impact modifiers decrease. E' of PLA with 10 wt %



Janez Slapnik, et al., Modified polylactide filaments for 3D printing with improved mechanical properties

Contemporary Materials, VII-2 (2016)

Page 147 of 150

loading of core-shell rubber drops from 3,005 MPa
(for PLA) to 2,407 MPa (- 20 %) and for 20 wt %
loading of aliphatic polyester it drops to 2,537 MPa
(- 16 %). At 80 °C, E' first increases at 2 wt % loa-
ding of core-shell rubber (32 MPa, + 7 %) and at 5
wt % loading (36 MPa, + 20 %), then at 10 wt %
loading drops to level of neat PLA (30 MPa). The
reason for such uneven value distribution could be
sterically hindered molecular motion by dispersed
core-shell particles or by increased degree of
crystallinity due to nucleating effect of impact modi-
fier. At higher loadings of the impact modifier, E’
decreases due to its low modulus.

E' at 80 °C of PLA with addition of 10 wt %
of aliphatic polyester increases (36 MPa, + 20 %),
which could be explained by increased crystallinity
because of enhanced and prolonged crystallization
due to the effect of impact modifier on solidification

3500

process or its nucleation effect. E' at 80 °C for hig-
her loadings of aliphatic polyester decreases, which
is ascribed to predominating low modulus effect.
The lowered glass transition (Ty) of blend indicates
some degree of interaction between PLA matrix and
aliphatic polyester modifier.

Figure 5 shows loss factor (tan 6) as a fun-
ction of frequency for neat PLA and PLA/10 wt %
core-shell rubber blend. PLA blend exhibits higher
tan O across the whole tested frequency range which
indicates better damping performance. This effect is
especially noticeable at higher frequencies, which
means that macromolecules in PLA blend relax and
respond much faster at fast loads and, consequently,
the increase in Charpy impact strength is remarka-
ble.[12] Reduction of tan & at 0.2 Hz is most likely
due to resonance effect of a sample-instrument
system[13].
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Figure 4. Dynamic mechanical properties of injection molded specimens
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Figure 5. Tan J as a function of frequency for injection molded specimens
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Figure 6 shows storage modulus of 3D printed
specimens as a function of temperature. Highest E' at
30 °C was determined for neat PLA (2,491 MPa),
while with addition of core-shell rubber E' drops to
2,083 MPa (- 16 %). ABS exhibits lowest E' at 30
°C (1,477 MPa, - 41 %). In comparison to ABS,
PLA exhibits much lower glass transition temperatu-
re (73.3 °C — determined by tan o peak versus 126.3

°C) thus limiting its use due to low thermal stability.
The glass transition temperature of 3D printed spe-
cimens of neat PLA and PLA blend is higher than of
injection molded specimens. This phenomenon is
ascribed due to greater reduction of free volume
caused by slower cooling in 3D printing process due
to poor heat transfer.
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Figure 6. Storage modulus of 3D printed specimens as a function of temperature

3.5. Ultra-fast differential scanning
calorimetry (Flash DSC)

Table 5 summarizes the thermal properties of
injection molded PLA/core-shell rubber blend
determined by Flash DSC. Highest degree of

crystallinity (23.6 %) was determined at isothermal
crystallization temperature of 120 °C. The melting
point shifts to higher values with increased
crystallization temperature indicating an increase in
size of crystalline spherulites at higher
crystallization temperatures.[14]

Table 5. Thermal properties of injection molded PLA/10 wt % core-shell blend as determined by Flash DSC

T*[°C] T, [°C] AC, [1/gK] Crystallinity [%] T, [°C]
90 755 0.43 / /
100 748 0.41 3.7 150.5
110 75.0 0.35 18.7 157.9
120 748 0.33 23.6 164.9
130 75.0 0.42 1.98 170.0
140 75.5 0.43 / /

* Isothermal crystallization temperature

Table 6 summarizes the thermal properties of
injection molded neat PLA as determined by Flash
DSC. The highest degree of crystallinity (14.6 %) was
determined at crystallization temperature of 120 °C,
the same as for PLA blend. T,, increases with increa-
sing temperature of isothermal crystallization.

PLA/core-shell rubber blend specimens exhibit
higher degree of crystallinity as compared to neat PLA
indicating that core-shell particles act as a nucleating
agent and promote heterogeneous crystallization. The
optimal temperature for isothermal crystallization for
both PLA and PLA blend is around 120 °C.
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Table 6. Thermal properties of injection molded neat PLA as determined by Flash DSC

T *[°C] T, [°C] AC, [J/gK] Crystallinity [%] T [°C]
90 75.2 0.48 / /
100 74.7 0.47 1.8 149.7
110 75.1 0.42 12.6 158.4
120 73.1 0.41 14.6 165.3
130 75.7 0.48 / /
140 745 0.48 / /

* Isothermal crystallization temperature

Table 7 summarizes the thermal properties of
injection molded and 3D printed PLA and PLA
blend determined in the first heating run by Flash
DSC. 3D printed specimens exhibit higher glass
transition temperature (from 2.1 °C to 4.4 °C) than
injection molded specimens as confirmed by DMA.
None of the specimens tested did not show melting
peak in the first heating run thus indicating that all
specimens were in amorphous state.

Table 7. Comparison of thermal properties of injection
molded and 3D printed PLA and PLA blend determined
by Flash DSC in the first heating run

Specimen Mass [ng] AC, [J/gK] T, [°C]
3 12.8 0.43 70.2
7 27.1 0.48 72.0
3P 28.5 0.43 74.6
7P 11.7 0.48 74.1

4. CONCLUSION

Flexural and impact toughness of PLA was
remarkably improved with addition of 10 wt % core-
shell rubber. Injection molded specimens showed
746 % increase in Charpy impact strength while 3D
printed specimens exhibited 109 % increase in
impact strength. Improved damping performance,
especially at high frequencies, explains increase in
impact strength. PLA/core-shell rubber specimens
did not break during flexural test indicating impro-
ved flexural toughness. The core-shell rubber partic-
les, dispersed in PLA matrix, acted as a nucleating
agent and thus promoted crystallization as shown by
Flash DSC. With addition of core-shell rubber, we
prepared PLA based filament with processing pro-
perties like PLA filament and better mechanical
properties (stiffness, strength and toughness) than
ABS filament. Further work will need to address low
thermal stability of PLA to fully broaden its range of
applications.
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CA TIOBOJBIITAHUM MEXAHUYKMM CBOJCTBUMA

AbcTpakT: cnmTtuBanu cMo edekte ABHjy Pa3IMuUTHX BPCTa MOAM(HKATOpa yaapa, Tj.
IyMy je3rpo—oMoTad U anudaTcku MOJIUeCTep, Ha MEXaHUUKa ¥ TepMajHa CBOjcTBa (huaMeHara

momnaktupa  ([UIA)  3a

3] mTaMmmmame.

Hajmpuje je HampaB/beHa  MjellIaBHHA

TIUTA/Momndukaropa yaapa ca pasiHYUTUM KOHIEHTpaldjama MOIU(HKaTOpa yjaapa IyTeMm
MHjelIama OTalMamkeM y KOPOTAIMjCKHM [BOIY)KHUM EKCTpyJepHMa M HHjeKIWjCKH MpecaHH
y30pILHY 32 TeCTHpame. MexaHnuKa U TepMajlHa CBOjCTBA MjellIaBUHA MCIUTHUBAHA Cy IIyTeM BiIay-
HOT WCIHTWBama W WCIUTHBAMma CaBHjamba, JAHAMHUYKO-MeXxaHWuke aHammse (JIMA) u ymapa

Charpy knaTHOM.

Y1BpheHo je aa je ryma jesrpo—omoTau 3Ha4yajHO moboJsbinana cHary yaapa Charpy kiat-
HOM IIpU Myewy u3Hag 5 wt % (mo 746 %). Kako je nokazana JIMA, ITJIA/10 wt % wmjemaBuna
TyMe je3rpo-oMoTad je mokasaia 0oJby JaMmnuHr nepdopmancy y nopehemwy ca uuctium ITJIA y
YUTaBOM TECTUPAHOM 00MMY (ppexBeHIMja, MOCEOHO MpU BUCOKUM (peKBeHIHUjama, MTo 00ja-
IIbaBa MopacT cHare yaapa. ®unamenr 3a fused deposition modeling (FDM) 3a 3] mwtammnay je
NPUIPEMIBEH OJ] MjelllaBuHE ca HajBUIIoM cHaroM yaapa (ITJIA/10 wt % ryma jesrpo—omorau),
1ok cy ¢utamentu [1JIA u aupynonutpuie-Oyraauene-crypete nonoiaymep (ABC) kopuiTeHu
uH(OPMATHBHO. Y30pIH 32 TECTHPAKE CY MPUIPEMIbeHH KopultheweM notpomadkor FDM 3]

mramMiiaya.

MexaHW4ka U TepMajHa CBOjCTBA Cy HCIMTUBAHA Cy TECTOBHMA BIAYHOI HCIHMTUBAMKA H
UCIHUTHBaa caBujama, JIMA, TecroM yaapa Charpy Ki1aTHOM, U yaTpaOp3oM JudepeHIrjaTHOM
ckeH katopumerpujoM (Flash DSC). V3opim u3 [IJIA MmjemaBune cy mokasanu nopact ox 109% y
cHasu yzaapa Charpy xiatHoM y nopehemy ca unctum IIJIA. 3a pa3nuky o MHjEKLH]CKH IIpeca-
HUX y30paka, 3]] mrammnana [TJTA MjemaBuHa je nmokasana Bum ByuyHu E Moy ox uuctor T1JTA,
ITO ce Ipunucano nodospianoj aaxesuju mehy ciaojeBuma. Iltosume, JIMA u Flash DSC ana-
mm3e 3] mTaMImaHuX y30paKa cy MoKas3alld MopacT TeMIepaType CTaKIacTor MpHjenasa y mopele-
By Ca MHjeKLU]CKH IpecaHuM y3opuuma. OBa I0jaBa je IIPUNUCAHA CMamey CI000IHE 3ampe-
MHHE 300T criopor xiahema y nporecy 3/] mraMmnama, mTo je Takohe pasnor 3a noBehanu ByyHn
E monyn ITJIA mjemaBune. CBu tectupanu I1JIA, IUTA mjemasuna u ABC unamentu cy 6uu y
amop(dHOM cTamy Kao mro je npukazano myreMm Flash JICL] ananuze. Tect caBHjama je mokasao
nosehany >xunasoct IIA mjemaBune y nopehewy ca unctum IUIA u Takohe Behy xunaBocT y

nopehemy ca ABC. ®unament wmomudukoBanor mnomwitaktuaa (IUTA/10 wt %

ryma

jesrpo—omMoTau) TUMe KoMOuHyje Jiaky npouecadbunHocT [IJIA ¢unameHTa M KumaBocT ynapa

ABC ¢unamenra.

Kibyune pujeun: nomunakrua, Moaudukanyja yaapa, ryma jesrpo—omorad, 31 mrammna-

we, Fused deposition modeling.



