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1. Background

Additive manufacturing enables the production of functional parts within short production
times, while offering a high degree of freedom in part design and complexity. The number and
variety of materials accessible for additive manufacturing technologies, particularly resins for
UV curing technologies, such as DLP and LCD based, has increased significantly in recent years.
The use of additive manufacturing in combination with these new materials provides the
potential to create advantages in many industrial applications where up to date only traditional
materials have been available and are applied. However additive manufacturing materials and
processes are so new, data and experience are still missing to support material choices. For
example, not a lot of data is available on how traditional engineering thermoplastic materials
perform in direct comparison with materials produced by additive manufacturing.

This study therefore directly compares selected traditional engineering thermoplastics with
additive manufacturing materials, particularly UV curing resins. For this purpose, these
materials were tested in standardized durability procedures exposing them in different tests to
heat, UV light, increased humidity, temperature cycles and various chemicals.

The aim of this study is to highlight the differences and similarities in material performance
and resistance to various conditions, and consequently to emphasize the possibilities that
materials for additive manufacturing can generate for existing but also future applications.

2. Description of Tested Materials

The class of traditional engineering thermoplastics covers a broad spectrum of various
polymers, like polycarbonates (PC), polyamides (PA), polymethyl methacrylate (PMMA),
Acrylonitrile butadiene styrene (ABS), polytetrafluoroethylene (PTFE) or polyoxymethylene
(POM), also known as acetal (homo)polymers. Even though they can be modified with various
fillers or additives, each polymer has unique mechanical, thermal or chemical properties which
makes it the material of choice for certain applications. The most common technology to
produce end-parts with these engineering thermoplastics is injection molding. However, the
design and production of the necessary molds for injection molding is expensive and time
consuming. In addition, long lead times for molds limit the capability to react quickly on design
changes. This means that injection molding unleashes its full economical potential only for
applications with very high part numbers, long lead times, and without the need of any design
adjustments or customizations.



In contrast, additive manufacturing provides the opportunity to produce customized end-use
parts within a short turnaround time and with part numbers up to several hundred thousand.
Based on the great technological development during the last years, additive manufactured
parts using UV curing technologies like DLP generate part surfaces similar to molding
technologies. In addition, the development of novel resins enables to produce end-use parts
with tailor-made stiffness, toughness, or heat resistance, in combination with other
functionalities, like flame resistance or sterilizability. This means additive manufacturing offers
the opportunity to enable parts production in an application space and at a quantity which is
not economically accessible for traditional manufacturing technologies, like injection
molding. Therefore, often the question of comparability between the existing engineering
grades of traditional thermoplastics and the growing number of UV curing resins comes up.
To provide an answer to this question, two engineering thermoplastics that are widely used in
industry and two selected UV curing resins are directly compared and tested in this study. A
detailed description of the selected materials is provided in the following sections.

2.1  Materials for Injection Molding: Traditional Thermoplastics

For this study two widely used thermoplastics for injection molding were selected. The first is
Radilon S HS 105 M NT (PA6), which is a polyamide 6 general purpose natural grade, suitable
for parts requiring high productivity I". PA6 is a semi-crystalline, aliphatic thermoplastic with a
glass transition temperature of 50°C to 60°C and melting point of 222°C. Polyamides represent
one of the most important engineering thermoplastics having very good mechanical properties
including high impact strength and wear resistance. PA6 is commonly used in engineering and
automotive industry, electronics, construction, or packaging industry for example .

The second thermoplastic Delrin 500CL BK601 (POM) is an acetal homopolymer grade that
offers high mechanical strength and stiffness, excellent fatigue, wear and impact resistance,
and high chemical resistance. It is a semi-crystalline thermoplastic with a glass transition
temperature of around -85°C and melting point of 175°C. Due to its properties POM is used in
demanding applications across various industries including automotive, domestic appliances,
sports, industrial engineering, electronics, and consumer goods industries 24,



2.2 Materials for Additive Manufacturing: UV Curing Resins

As materials for additive manufacturing, the following two UV curing resins were selected. The
first one is Loctite® 3D 3843 BK (3843 BK), which is an acrylic based one-component UV
reactive resin. The UV cured and post-processed thermoset of 3843 BK has high strength, good
impact resistance, and excellent surface finish. For printed parts of 3843 BK the heat deflection
temperature (HDT) under a load of 0.45 MPa is at 60°C. Combining these properties it can be
used in a variety of applications such as industrial engineering, automotive, and consumer
goods industry.

The second UV curing resin is Loctite® 3D IND403 BK (IND403 BK), which is an acrylic based
one-component reactive resin. UV cured and post-processed applications of IND403 BK enable
a very good surface finish and dimensional accuracy. With a heat deflection temperature (HDT)
of 80°C under a load of 0.45 MPa IND403 BK can be used in several applications for industrial
engineering, automotive, and consumer goods industry. Additionally, it can be utilized in
tooling applications for processes like silicone casting and low-pressure molding.

All four described materials have a unique polymeric structure, but the measurement of the
mechanical tensile properties show that the stress-strain-curve is similar. In particular, the
stress-strain-curve of PA6 and 3843 BK and the curve of POM and IND403 BK show a certain
similarity, which will be described in detail in the following chapter. Due to that similarity
mechanical performance after different test scenarios is used as direct comparison.



3. Description of Test Methods and Equipment

The international norm ASTM D638 was applied in this study and Type IV specimen were tested.
The specimens of PA6 and POM were produced by injection molding and supplied by Protolabs
and were conditioned in a constant climate chamber ! at 22°C and 50 % relative humidity until
testing. The additive manufactured ASTM D638 Type IV specimen of 3843 BK and IND403 BK
were produced by digital light processing (DLP) utilizing a 3D printer operating at 385 nm
wavelength. Printed specimens were post-processed according to validated workflows
including all necessary washing and UV post curing steps and subsequently conditioned in a
constant climate chamber P! at 22°C and 50 % relative humidity.

The specimens were then used to test tensile properties under conditions of:

. Standard Laboratory Atmosphere
. Accelerated Heat Ageing

. Accelerated Weathering

. Climate Cycling

. Different Temperatures

. Immersion in Chemicals

3.1 Tensile Testing at Standard Laboratory Atmosphere

Specimens were mechanically tested according to ASTM D638 using a tensile test machine ©
(Fig. 1) at standard laboratory atmosphere. For each material, the test speed was determined
according to ASTM D638. For all tensile test the materials were tested in different durability
conditions applying the defined test speed as listed in the table below (Tab. 1).

Figure 1: Picture of test setup for tensile testing
using ASTM D638 Type IV speciments.




ite®
Tensile Test 32 e el Loctite® 3D

(Radilon 3D 3843 (Delrin 500CL

SHS105MNT) BK BK601) IND403 BK

Parameters

Determination of
Young’s % 0.1-1.0 0.1-1.0 0.1-1.0 0.1-1.0
Modulus

Speed of Testing [ mm/min 50 5 5 5

Table 1: Overview of ASTM D638 test parameters for each material

3.2 Tensile Testing after Accelerated Heat Ageing

Test specimens were heat aged without load according to ASTM D3045 and were exposed to a
temperature of 50°C in a universal laboratory oven ! (Fig. 2) up to a maximum duration of six
weeks. A set of up to ten samples per material was tested in a one-week interval from week
zero to week six. Before mechanical testing specimens were conditioned for 24 hours at 22°C
and 50 % relative humidity using a constant climate chamber .

Figure 2: Picture of the specimens placed in a universal laboratory oven



3.3 Tensile Testing after Accelerated Weathering

For accelerated weathering simulating outdoor conditions when exposed to UV light, heat and
humidity, specimens were tested according to ASTM D4329. The following parameters were
selected for the test procedure:

» Test setting: ASTM D4329, Cycle A for general plastics

» Test duration: Six weeks of exposure with one week test intervals

= 84 test cycles: Each cycle includes two different outdoor weather conditions

= Light cycle condition: Eight hours exposure to 0.89 W/(m?*nm) at 340 nm and 60°C
= Dark cycle condition: Four hours at 50°C and water condensation

Tests were conducted using a weathering simulation tester ©® (Fig. 3). To reduce any sample
warpage during the accelerated weathering, samples were placed in tailor-made holders
without any fixation clamps preventing mechanical load (Fig.4). This tailor-made sample
holders allowed the specimens to expand and shrink during the temperature cycles.
Exposed samples were always removed from the weathering simulation tester before the next
condensation cycle to avoid samples that are soaked excessively with water. A set of up to nine
samples per material was tested in a one-week interval from week zero to week six. After
removal, specimens were conditioned in a constant climate chamber ! for 24 hours at 22°C
and 50 % relative humidity before mechanical testing.

Room Air Cooling

UV Lamps

Spray Nozzle

{QUV/spray onlyl Test Specimen

Test Specimen Swing-Up Door

Oxygenation Vent

Water Heater

Base Cabinet

Figure 3: Schematic drawing of the test chamber Figure 4: Picture of tailor-made sample holders to
setup for accelerated outdoor weathering ! avoid mechanical load applied to test specimens



3.4 Tensile Testing after Climate Cycling

Specimens were tested after exposing to an environmental climate cycling test according to
PV1200 specification, which was developed by Volkswagen AG to evaluate material durability
and became a common standard in automotive industry in the meantime "%, The test includes
one-hundredth repeating cycles with a profile shown in (Fig. 5). In detail, one cycle consists of:

* Increase of Temperature from 20°C to 80°C in 60 minutes
* Four hours at 80°C and 80 % relative humidity

= Decrease of Temperature from 80°C to -40°C

= Four hours at -40°C

* Increase of Temperature from -40°C to 20°C in 60 minutes

Samples were removed from the climate test chamber ' weekly at the end of the 80°C heating
phase. Before mechanical testing, specimens were conditioned for 24 hours at 22°C and 50 %
relative humidity in a constant climate chamber .. A set of up to ten samples per material was
tested in a one-week interval from week zero to week seven.

PV1200 Test
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Figure 5: Temperature profile during cyclic climate testing according to PV1200



3.5 Tensile Testing at different Temperatures

Thermal influence on mechanical tensile properties was tested in the temperature range from
-40°C to 100°C and was measured by according to ASTM D638. To ensure the highest data
quality an automated tensile tester, temperature chamber, and sampler ['?! (Fig. 6 and Fig. 7)
were used. Prior to testing, specimens were conditioned in the test chamber for 60 minutes at
the specific test temperature. A set of up to six samples per material was tested.

Figure 6: Picture of the automated sampler '3 used for Figure 7: Picture of the specimen holder for
tensile testing at different temperatures. automated testing.

3.6 Tensile Testing after Immersion in Chemicals

Chemical ageing of materials was conducted according to ASTM D543. Samples were fully
immersed in liquid chemicals and tested after 24 hours and one week (Fig. 8). A description of
the different test chemicals is provided below (Tab. 2). Samples were stirred using a shaker for
ten minutes every 24 hours. After removal, specimens were washed and conditioned in a
constant climate chamber for 24 hours at 22°C and 50 % relative humidity before mechanical
testing. Specimens were stored in all chemicals at 22°C, except motor oil at 50°C. A set of up
to eight samples per material was tested.



Figure 8: Picture of specimens fully immersed in test chemical

Immersion Test
Acronym for Test :

Chemical Specification Supplier Temperature
[’cl
DI water Deionized water Internal 22
IPA Isopropyl alcohol (>98 %) Sigma Aldrich 22
Acetone Acetone (>99 %) VWR 22
HCl Hydrochloric acid solution (10 %) VWR 22
NaOH Sodium hydroxide solution (10 %) Sigma Aldrich 22
NaOCl Sodium hypochlorite solution (5 %) VWR 22
Motor oil 5W-30 C1 Castrol 50

Table 2: Overview of liquid chemicals used for chemical ageing.
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4. Description of Test Results and Material Performance
4.1 Tensile Test Results at Standard Laboratory Atmosphere

Mechanical tensile properties of each material were measured at standard laboratory
atmosphere accordingly to ASTM D638 using Type IV specimens. The results are shown in
(Tab.3). Comparing 3843 BK and PA6, both materials have similar values for Young’s modulus,
stress at yield and at break. Only elongation at break is higher for PA6 compared to 3843 BK.
Comparing IND403 BK and POM, both materials show similar Young’s modulus, stress at break
and elongation at break. The only difference is that POM doesn’t have a Yield point.

In all durability tests following this section, 3843 BK and PA6 as well as IND403 and POM were
directly compared with each other based on their similar mechanical performance at standard
laboratory atmosphere. This is further depicted in the stress-strain curves of each material
(number of samples size is up to ten samples per material). Compared to IND403 BK, POM
does not have a yield point that could be used for comparison (Fig. 8).

In the following sections, diagrams describing the influence of each durability scenario on
mechanical properties as relative change are always referring to the initial reference values, as
shown in (Tab. 3) These reference values are represented as 100% in the diagrams.
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Tensile Properties Loctite® 3D Loctite® 3D

(ASTM D638, Type IV) 3843 BK IND403 BK
Young('l\sﬂg’:)’d“'us 2140 +/- 40 1810 +/- 50 2750 +/- 30 2570 +/- 30
Stress at Yield (MPa) 53,3+/-0,8 52,9+/-1,6 - 71,8 +/-1,8
Stress at Break (MPa) 46,4 +/- 0,6 50,8 +/- 2,6 63,3 +/-0,3 67,1+/-2,9
E'g’:eg:;iﬁ,z)at 239,3 +/- 16,9 43,4 +/- 10,4 15,7 +/- 2,4 10,4 +/-3,1
Specimens
(Type IV)

Table 3: Pictures and overview of tested materials and their corresponding reference tensile test values according to
ASTM D638 (average values and standard deviation).
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Figure 8: The graphs show an exemplary stress-strain curve of one tested specimen per each tested material at
standard laboratory atmosphere

4.2 Tensile Test Results after Accelerated Heat Ageing

Comparing 3843 BK with PA6 in (Fig. 9), both materials showed only a minor increase of stress
at break after accelerated heat ageing. Stress at Yield and Young’s modulus increased about
35% for PA6, while it showed only an increase of about 15% on average for 3843 BK.
Elongation at break decreased to 38 % for PA6, while 3843 BK only decreased to an average
value of around 73% after week four, however showing a higher standard deviation at each
week.

Comparing IND403 BK with POM in (Fig. 10), after the first week Young’s modulus, stress at
yield, and stress at break increased by 7% to 19% for IND403 BK, elongation at break
decreased to 60 %. For the following five weeks, the properties remained at the same level on
average. In comparison, Young's modulus and stress at break of POM remained more constant
after the first week. However, POM's elongation at break reduced to about 75 % on average
and maintained this performance during the remaining six weeks of heat exposure (Fig. 10).
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Figure 9: Mechanical tensile properties after accelerated heat ageing of PA6 (red) and 3843 BK (blue).
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Figure 10: Mechanical tensile properties after accelerated heat ageing of POM (gray) and IND403 BK (green).
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4.3 Tensile Test Results after Accelerated Weathering

When exposed to accelerated weathering test simulating outdoor conditions of UV light, heat,
and humidity all properties of PA6 significantly decreased. Young’s modulus of PA6 was
reduced to 50% and elongation at break to 14 % of the initial value after six weeks.
Furthermore, PA6 no longer showed a yield point after three weeks, which is an indication of a
significant degradation of the polymeric structure. In comparison, the elongation at break of
3843 BK was only reduced to an average value between 50 % and 78 % compared the initial
value. Interestingly, the Young’s modulus, stress at yield and stress at break of 3843 BK were
not significantly reduced (Fig. 11), which demonstrates a good resistance against accelerated
weathering.

Both materials, POM and IND403 BK performed similarly during the accelerated weathering
test (Fig. 12) and showed almost no impact on the Young's modulus, stress at break and
stress at yield. Only the elongation at break was affected. Here the elongation at break of
POM dropped to 75 % of the initial value already after the first week of testing and remained
at that value until week six. In comparison, the elongation at break of IND403 BK showed
almost no impact and kept the initial value until week three. After week three the value was
reduced to an average around 75 %, identical to POM.
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Figure 11: Mechanical tensile properties after accelerated weathering of PA6 (red) and 3843 BK (blue).
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Figure 12: Mechanical tensile properties after accelerated weathering of POM (gray) and IND403 BK (green,).
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4.4 Tensile Test Results after Climate Cycling Test

When exposed to climate cycling test according to PV1200 (Fig. 13) the Young's modulus of
PA6 decreased after one week to around 30 % of the initial value and remained at this value
until the 100 cycles were completed at week seven. In comparison, the Young’s modulus of
3843 BK was only reduced to 50 % of the initial value and remained constant at that value until
end of testing. The elongation at break of PA6 decreased to roughly 75 % after one week and
kept that value until week seven, whereas the value of 3843 BK did not show a clear tendency
and rather fluctuated around the initial value taking the standard deviation of the individual
data points into account. Stress at break decreased for both materials POM and 3843 BK, where
the value of POM decreased to roughly 75 % and the value of 3843 BK to roughly 55 % after
seven weeks. Stress at yield also decreased for both materials after one week and remained
constant after that. Here stress at yield of POM had a final value of 70 % and of 3843 BK of
around 50 %.

Comparing the results of the climate cycling test according to PV1200 (Fig. 14) the tensile
properties of POM were in general less effected than the ones of IND403 BK. The Young's
modulus of POM was reduced to around 85 % of the initial value after one week and remained
constant at that value until week seven. Whereas the Young's modulus of IND403 BK decreased
to an average value of roughly 65 % throughout the test period. The elongation at break of
POM was reduced slightly to an average value of 90 %. In comparison, the elongation at break
of IND403 BK showed a much larger effect and was increased to values between 130 % to
188 %, with an average value of 150 % taking the standard deviation and the complete test
period into account. Furthermore, also the stress at break of POM showed no significant impact
and remained constant at the initial value. In contrast, stress at break of IND403 BK decreased
to an average value of 55 % after one week of testing and remained at that value until the end
of the test. In addition, also the stress at yield of IND403 BK showed a similar effect and
decreased to a value of around 60 % after one week and kept that in average until week seven.

All four materials did not show a change in optical appearance such as surface cracks or
deformation of specimens.
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Figure 13: Mechanical tensile properties after climate cycling test according to PV1200 of PA6 (red) and 3843 BK (blue).
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Figure 14: Mechanical tensile properties after climate cycling test according to PV1200 of POM (gray) and IND403 BK

(green).
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4.5 Tensile Test Results at different Temperatures

During this test Young’s modulus of all tested materials showed a similar tendency (Fig. 15-16).
The value increased below the reference temperature of 20°C and decreased above it. This
effect was slightly more significant for 3843 BK and IND403 BK below approximately 0°C and
above 60°C.

Elongation at break for PA6 remained moderately higher at all test temperatures compared to
3843 BK related to the reference value at 20°C. The elongation at break of POM remained at a
value of 88 % below 0°C and increased significantly above 60°C. For IND403 BK the elongation
at break showed a decrease down to 16 % at temperatures below 0°C and increased up to
900 % at 80°C in relation to its reference value at 20°C.

Comparing stress at break only POM showed an almost linear trend in contrast to the other
materials. The value of POM decreased to 38 % at higher temperature and increased to 139 %
at lower temperatures. In comparison, stress at break of IND403 BK decreased to 8 % at higher
temperatures and remained at approximately 50 % at lower temperatures. Stress at break of
PA6 remained on more constant values ranging from 95 % to 149 %. While stress at break of
3843 BK remained at higher values above 100 % at temperatures below 0°C and decreased to
8 % at 100°C following a linear trend between 0°C and 100°C.

Above 60°C the stress-strain-curve and its related yield point was affected significantly for PA6,
3843 BK and IND403 BK. In addition, 3843 BK and IND403 BK were more affected at
temperatures below 20°C (Fig. 15-16). Based on its properties POM has no yield point at any
temperature and can therefore not be further considered.
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Figure 15: Mechanical tensile properties at different temperature for PA6 (red) and 3843 BK (blue)

200% Young's Modulus at -40 to 100 °C 1600% Elongation at Break at -40 to 100 °C
b - b
@@= Delrin 500CL BK601- )
175% POM 1400% | === Delrin 500CL BK601-POM
—_ @l | octite 3D IND403 BK —_
50% $00% | ===Loctite 3D IND403 BK
b b
[ ]
D25% Po0%
éloov éoo"/
b b
3 (]
275% $00%
& ®
g 50% 300%
25% 200%
0% 0%
-40 -20 0 20 40 60 80 100 -40 -20 0 20 40 60 80 100
Time [weeks] Time [weeks]
200% Stress at Break at -40 to 100 °C 200% Stress at Yield at -40 to 100 °C
b - b
180% @@ Delrin 500CL BK601- .
POM 175% el | Octite 3D IND403 BK
~160% el | octite 3D IND403 BK —_
X N50%
‘o140% o
gzo% gzs/e
5100% Joo%
3 80% S75%
® 60% ®
T T50%
o 40% o
20% 25%
0% 0%
-40 -20 0 20 40 60 80 100 -40 -20 0 20 40 60 80 100
Time [weeks] Time [weeks]

Figure 16: Mechanical tensile properties at different temperature for POM (gray) and IND403 BK (green).
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4.6 Tensile Test Results after Immersion in Chemicals

When exposed to different chemicals and for different durations, the reduction of properties
below 80 % was interpreted as non-compatibility against the specific chemicals. To reduce
complexity and to focus on selected mechanical properties reflecting the influence of
chemicals, only Young’s modulus and elongation at break were compared in the following.

Within this test Young’s modulus of PA6 decreased below 80 % only when it was immersed in
hydrochloric acid (HCI) solution after 24 hours. In addition, Young's modulus was also below
80% after one week exposure time in deionized water, sodium hydroxide (NaOH) and sodium
hypochlorite solution. After 24 hours immersion in isopropanol, acetone and motor oil, its
elongation at break decreased below 80 %, after one week this was also the case when
immersed in hydrochloric acid. In comparison, 3843 BK showed a reduction of Young's modulus
below 80 % after 24 hours test time when immersed in isopropanol, acetone, and sodium
hydroxide solution and in addition after one week in deionized water and sodium hypochlorite
solution. The only chemical that showed significant influence on elongation at break of 3843
BK was acetone; for all other test chemicals the property remained stable (Tab. 4).
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Change in

Loctite® 3D 3843 BK

Properties cor:l::t-ible Compatible Non-compatible Compatible
(<80 %) (>80 %) (<80 %) (>80 %)
HCI DI Water IPA HCI
Young’s IPA Acetone NaOCl .
Acetone NaOH Motor oil
Modulus
(24 h) NaOH
NaOC|
Motor oil
IPA DI Water Acetone DI Water
Hlormestion 4t Acetone' HCI IPA
Break Motor oil NaOH HCl
24 h) NaOC| NaOH
NaOCI
Motor oil
HCl IPA DI Water HCl
Young’s DI Water Acetone IPA Motor oil
Modulus NaOH Motor oil Acetone
(1 week) NaOCI NaOH
NaOCI
IPA DI Water Acetone DI Water
Elongation at Acetone NaOH IPA
Break HCI . NaOC| HCI
(1 week) Motor oil NaOH
NaOCl
Motor oil

Table 4: Overview of change in Young's modulus and elongation at break of PA6 and 3843 BK after 24 hours and
one week of immersion in different chemicals.

Related to elongation at break POM showed a slight decrease in isopropanol after 24 hours
and in motor oil and acetone after one week of test time. Young’s modulus did not decrease
below 80 % in any tested chemicals. In comparison, IND403 BK showed no significant decrease
of elongation at break and Young’s modulus after 24 hours of test time, however after one
week there was a slight decrease in deionized water and significantly in acetone. Sodium
hypochlorite (NaOCI) solution and acetone caused a decrease of elongation at break after 1

week (Tab. 5).
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Loctite® 3D IND403 BK

Change in
Properties co::ant-ible Compatible Non-compatible Compatible
(<80 %) (>80 %) (<80 %) (>80 %)
DI Water DI Water
IPA IPA
Young'’s Acetone Acetone
Modulus HCI HCl
(24 h) NaOH NaOH
NaOCl NaOCI
Motor oil Motor oil
IPA DI Water DI Water
Acetone IPA
Elongation HCl Acetone
at Break NaOH HCl
(24 h) NaOCl NaOH
Motor oil NaOCl
Motor oil
DI Water DI Water IPA
IPA Acetone HCl
Young's Acetone NaOH
Modulus HCI NaOCl
(1 week) NaOH Motor oil
NaOCl
Motor oil
IPA DI Water Acetone DI Water
Elongation | Acetone HCI NaOCl IPA
at Break Motor oil NaOH HCl
(1 week) NaOCl NaOH
Motor oil

Table 5: Overview of change in Young's modulus and elongation at break of POM and IND403 BK after 24 hours and
one week of immersion in different chemicals.
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5. Summary of Test Results and Comparison

Test results of each durability test were evaluated to compare PA6 with 3843 BK and POM with
IND403 BK. In the following table all results and the corresponding material performance were

summarized (Tab. 6).

- Loctite® 3D Loctite® 3D
Durability Test 3843 BK IND403 BK
Accelerated Heat Ageing ED:I POM = IND403 BK
Accelerated Weathering ED:I _
(UV Light, Heat, and Humidity) POM = IND403 BK

Climate Cycling Test _
(-40°C to 80°C at 80 % rel. H.) PAG = 3843 BK ':D:'

Tensile Test at Different

Temperatures ED:I ED:I

(-40°C to 100°C)

Immersion in Chemicals

(24 h and 1 week) PA6 = 3843 BK POM = IND403 BK

Table 6: Summary and evaluation of test results in different durability procedures. Here the green plus sign indicates
a better performance compared to other material.

In comparing heat ageing results, 3843 BK performed slightly better than PA6. Its elongation
at break on average did not decrease as much as that of PA6. In addition, Young’s modulus
and stress at yield were more constant related to the reference values at 22°C. When comparing
IND403 BK and POM there were no significant differences in obvious performance. Elongation
at break of IND403 BK was slightly decreased more but remained on a constant level. In
general, the test results of six weeks at 50°C can be interpreted as equivalent to the material’s
stability after approximately twelve months at ambient temperature.

Accelerated weathering showed a strong impact on performance of the PA6 grade compared
to 3843 BK. The drop in elongation at break of PA6 below 10 % after three weeks of testing and
Young’s modulus reduction to approximately 50 % after one week were particularly significant.
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In comparison, the elongation at break of 3843 BK remained on average at the same level along
the six weeks of testing. The tensile properties of POM and IND403 BK showed similar
performance of durability against accelerated weathering. For both materials elongation at
break slightly decreased but still remained above 75% after six weeks of testing. Other
mechanical properties were not significantly affected.

Cyclic climate testing of PA6 resulted with strong decrease of Young’s modulus down to 25 %
after first week of testing, all other mechanical properties were reduced to approximately 75 %.
This trend remained constant over six weeks of test cycles. In comparison, the Young's modulus
of 3843 BK showed a smaller reduction down to 50 % after week one, and also elongation at
break did not change significantly in average. As stress at yield and at break of 3843 BK were
clearly reduced more than at PAG6, in total, both materials showed a mixed performance and
were therefore rated as similar in their robustness. In case of POM, elongation at break was
only slightly affected and remained almost constant during the entire test time. In contrast,
IND403 BK showed an increase of elongation at break with higher standard deviation of the
average values. Young’s modulus was slightly decreased for POM and its stress at break value
decreased much more significantly. Although there was no degradation trend for IND403 BK,
obvious POM remained more constant in this test and was therefore rated higher than IND403
BK.

Tensile testing at different temperatures showed a more robust elongation and stress at break
for PA6 compared to 3843 BK when increasing or decreasing the test temperature. The
materials showed a similar performance in Young’s modulus and stress at yield. For POM and
IND403 BK this trend was the same, especially at temperatures above 60°C and below 0°C POM
performed significantly better.

Chemical resistance tests showed comparable stability of PA6 and 3843 BK after 24 hours and
one week immersion time. Likewise, IND403 BK was similarly affected by immersion into
chemicals as POM. It also became obvious that specific chemical resistance varied for each
material; no material candidate was able to keep stability in all selected chemicals. From the
two pairs of materials that were compared against each other, IND403 BK and POM both
showed more stability than PA6 and 3843 BK.

Summarizing all results of the conducted durability tests for POM and IND403 BK, the
additive manufacturing material IND403 BK performed similarly to the thermoplastic POM
grade. Exceptions to mention are the superior resistance of POM during cyclic climate testing
and tensile testing at different temperatures.
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The overall comparison of PA6 and 3843 BK revealed that 3843 BK displayed superior
performance in accelerated weathering and heat ageing. PA6 had a higher robustness to
tensile testing at different temperatures than 3843 BK, and both materials showed equal
resistance to cyclic climate testing and to immersion in chemicals.

6. Conclusions and Outlook

In this study PA6 and POM were selected to represent two established engineering
thermoplastics grades designed for injection molding and were tested against
Loctite 3D 3843 BK and Loctite 3D IND403 BK as selected additive manufactured specimen
produced by UV curing technology. By conducting different durability tests, direct comparison
between the materials and their performance could be applied. The test results revealed that
the additive manufacturing materials Loctite 3D 3843 BK and Loctite 3D IND403 BK can
compete with established engineering thermoplastics in many durability conditions relevant
for industrial applications. Depending on the respective test conditions PA6 or POM could
demonstrate better durability performance, while in others Loctite 3D IND403 BK showed equal
performance to POM and in several test conditions Loctite 3D 3843 BK even outperformed PA6.

Therefore, this study shows that the additive manufacturing materials can be valid alternatives
to traditional manufacturing thermoplastics for various applications that require specific
durability specifications.

Durability performances of Loctite® 3D resin materials and additional technical information is
available and can be found at Loctite®AM.com.
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