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ARTICLE INFO ABSTRACT

Keywords: Tools and products used in everyday life are regularly exposed to dynamic, cyclical stress. These stresses are
Cyclic ) particularly significant in the case of polymers, as their viscoelastic behavior means that creep can be consid-
Indentation erable even at room temperature. Therefore, polymer components are often tested for maximum deformation
E::)I:azilla‘];gavior rather than for maximum load-bearing capacity. Basic material testing methods are tensile, compression, and
Temperature dependence flexure tests, which are excellent for determining the material properties of the bulk material. However, in some
Photopolymer cases, it is more appropriate to investigate surface mechanical properties. The ideal method for this is the depth-
Additive manufacturing sensing indentation test. This method has been widely applied to polymers in the last ten years, but cyclic tests
are rare, and creep is not considered in this type of indentation test. In the case of cyclical tests, temperature
dependence is not fully examined, either. This paper presents the results of cyclic indentation tests on photo-
polymer specimens produced by additive manufacturing with the use of a dynamic mechanical analyzer with a
unique indentation clamp. We performed the tests at three temperatures to investigate the influence of tem-
perature on cyclic indentation tests. The test results show the variation of deformation between cycles and the
significant effect of temperature.

1. Introduction

Thanks to the development of additive manufacturing (AM) tech-
nologies, products can be used as visual prototypes for design purposes
and as functional products. One of the main applications of additive
manufacturing is rapid tooling (RT). Additive manufactured tools can be
used for injection molding mold inserts. These inserts are typically
manufactured with three types of technology: selective laser sintering
(SLS), stereolithography (SLA), or the PolyJet technology [1-3]. Injec-
tion molding is a discontinuous technology, and during production,
there are great forces and thermal stresses [4]. For polymer injection
molding tool inserts, these stresses are of particular importance, as
polymers behave differently from metals.

Traditional material testing methods are available for testing poly-
mers as well, i.e., tensile, compression, bending and shear tests, and
twisting. All these can be combined with cyclic loading, or temperature
dependence can be investigated in a heat chamber [5]. Several re-
searchers have tested the mechanical properties of specimens produced
with different AM technologies. For fused deposition modeling (FDM),
Galeja et al. [6] tested the influence of infill shape and percentage.

* Corresponding author.

Szykiedabs and Credo [7] compared FDM and SLA using tensile tests.
Sagias et al. [8] carried out more complex tests for of production pa-
rameters, such as layer thickness, placement, infill shape, and print
strength. Miedzinska et al. [9] studied the strength properties of SLA at
different strain rates. They also used the tensile test to describe yield
strength, the elastic and plastic behavior and the brittleness of the ma-
terial. Vidakis et al. [10] used tensile, flexural and micro-hardness
(Vickers) tests, and thermal analysis to determine the mechanical pa-
rameters of their acrylonitrile-butadiene-styrene-zinc oxide (ABS-ZnO)
nano- and microcomposites. Anderson [11] used tension, shear, and
hardness (Shore D) tests on virgin and recycled polylactic acid (PLA)
specimens. Hanon et al. [12] made a comprehensive series of tests on the
effect of manufacturing parameters on the tensile strength of PLA
specimens. Kundera and Kozior [13] determined the mechanical prop-
erties of glass fiber-reinforced polyamide manufactured by SLS. They
used tensile and tribological tests. Ribeiro et al. [14] tested the thermal
properties of SLA resin. The effect of orientation on the mechanical
properties of PolyJet technology products [15] and fatigue properties
[16] were also investigated. For shape-memory 3D printed test speci-
mens, both thermal and cyclic tests are important [17,18].

These tests determine the mechanical properties of a material, but for
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Abbreviations

A projected area of the imprint

ABS-ZnO acrylonitrile-butadiene-styrene-zinc oxide
nanocomposite

AM additive manufacturing

B geometry factor of the indenter

Cc creep increment

cr creep rate

DMA dynamic mechanical analyzer

DSI depth-sensing indentation

E, reduced indentation modulus of elasticity

F load force

Frax maximum load force

FDM fused deposition modeling

H hardness

Ah change in depth

h indentation depth

hy indentation depth at the end of the cycle

h; pre-creep indentation

hy indentation depth at the end of the load phase
RAmax maximum indentation depth

n number of cycles

PLA polylactic acid

R relaxation increment

RT rapid tooling

S the initial slope of the unload curve
SLA stereolithography

SLS selective laser sintering

Tg glass transition temperature range
At change in time

tereep time of the creeping phase

thi time instant at h; indentation depth
theat time of the heating phase

thmax time instant at

RAmax indentation depth

trest time of the rest phase

Vioad loading rate

Vunload unloading rate

injection molding tool inserts, additional tests are needed. Palmer and
Colton [19] carried out a detailed study on the geometric parameters
and failure mechanism of inserts manufactured by SLA. Bagalkot et al.
[20] and Surace et al. [21] examined surface degradation modes and
identified possible causes. Krizsma et al. [22] used a new method for
in-situ monitoring of inserts. Colton and LeBaut [23] examined the ef-
fects of heat on SLA injection mold inserts, and found that the degree of
cure of the inserts increased with the number of shots, and the ejection
force decreased. Rodet and Colton [24] carried out a comprehensive
study on the failure of rapid prototyping inserts. The results show that
the most significant degradation occurs on the surface. Yet surface
properties are rarely investigated.

In most cases, the hardness of materials was tested. The depth
sensing indentation (DSI) test is an excellent way to measure surface
mechanical properties [25-29] and indentation creep [30], and test
crack propagation [31-33]. This technique is also well suited for cyclic
tests [34-37]. The hardness and indentation test is also ideally suited to
test samples with treated surfaces [38,39]. Based on these results, this
method would also be suitable for determining the surface mechanical
properties of injection molding tool inserts. The DSI test allows for a
diverse mechanical characterization of the tested material. Its advantage
over the hardness test is that it can measure several mechanical prop-
erties, and instead of optical examination, indentation depth is consid-
ered. During the test, the computer-controlled testing equipment presses
the indenter at a constant indentation speed into the surface and then
lifts it at the same rate. The machine continuously measures the load
force (F) as a function of indentation depth (h) and produces the
so-called indentation F-h curve [25,26].

Our previous paper [40] presented our new clamp, which we
designed for a dynamic mechanical analyzer (DMA) It allows indenta-
tion tests with different indenters in the device. DMA uses sinusoidal
loading under continuously varying temperatures to determine the
viscoelastic parameters of the tested material. In this way, information
can be obtained about the transition phases of the material and the limits
of operational temperature. Static or cyclic indentation tests can be
performed in a wide range of temperatures with the equipment. This
paper presents the results of cyclic tests on photopolymer test specimens
manufactured with the PolyJet technology. This material (VeroWhite
Plus) is widely used by researchers as a material for small series pro-
duction of injection molding tool inserts with the use of additive
manufacturing techniques [19,22]. The cyclic measurement program
was set to simulate the injection molding cycle.

Fig. 1. Test specimen geometry produced by PolyJet technology — the direction
of construction is indicated by the arrow.
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Fig. 2. The indentation clamp in TA DMA Q800.
2. Experimental
2.1. Investigated material

For the tests, we used an epoxy-based photopolymer, type VeroWhite
Plus (Stratasys, RGD835), and an Alaris 30 PolyJet (Objet Geometries
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Fig. 3. The test program of the cyclic indentation test.
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Fig. 4. DSC curve of the tested material, marked with the test temperatures
(32°C, 54 °C, 70 °Q).

Ltd., Israel) device to fabricate the 9 x 10 x 20 mm rectangular test
specimens in glossy mode. Tests were performed on the surface marked
in blue, inside the red area in Fig. 1, perpendicular to the direction of
construction, on the top of the specimen. During production, the spec-
imens are 100% cross-linked, but we waited an additional week before
the tests to allow time for any parts not cross-linked yet to cross-link.
Until then, the test specimens were stored in a 50% humidity desiccator.

2.2. Experimental methods

We used the clamp we designed (Fig. 2) in a TA Q800 DMA (TA
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Instruments, USA) with a Vickers indenter to perform the indentation
tests. Before the tests, the clamp was calibrated with the software of the
DMA, to filter out the compliance of the equipment. Before each test, the
zero point was recorded on the specimens. The indenter touches the
sample surface and, with the application of a minimum force, picks up
the initial point, releases the load, and starts the measurement program.

The test program is shown in Fig. 3. We wanted the program to
follow a typical injection molding cycle, so we maintained the maximum
load for 30 s, simulating the injection molding phase and a resting phase
of 30 s after unloading, simulating ejection and the phase before the next
cycle. The number of cycles (n) is set to 50. Uploading and unloading
were set to a uniform 30 N/min, with a maximum load force (Fpqy) of 18
N. The minimum force was 0,001 N, therefore the contact between the
specimen and the indenter did not cease. The test was carried out 5 times
at each temperature level.

The thermal transitions are shown on the DSC curve of the material
(Fig. 4), and the temperature levels for our measurements were deter-
mined on this basis. Tests were carried out at three temperatures, 32 °C,
54 °C, and 70 °C. Our aim was to analyze the effect of the test temper-
ature at room temperature, the glass transition temperature and a higher
temperature point. The heating rate was 3 °C/min. After warming up, a
heating time of 3 min was applied before the cycles to allow the outer
layers to warm up.

3. Results and discussion

The results of tests at different temperatures are shown in Fig. 5. The
graphs clearly show that significant changes occur with increasing
temperature. When the temperature was increased, the indentation
depth and its amplitude also increased (Fig. 5/a). As the cycle pro-
gresses, some increase is expected theoretically, which is also seen in the
tests at 32 °C, but the indentation curves (Fig. 5/b) are shifted to higher
temperatures. Examining the force-displacement curves, we found that
as the cycles progressed, hysteresis decreased and then became nearly
constant. This phenomenon can be paralleled with the Mullins effect
studied in detail in rubbers [41] and semicrystalline polymers [42]. The
gradual change in hysteresis is influenced by the delayed elastic and the
residual deformation components, and the plastic deformation due to
the sharp geometry of the Vickers indenter, which already occurs during
initial contact [43]. Due to both plastic and residual deformation, the
starting point of each cycle is shifted towards positive values.

In the case of the hysteresis curves (Fig. 6), a steady state of

-
U

Indentation depth [pm]

Fig. 5. Indentation depth versus time (a) and indentation curves (b) at the temperatures investigated.
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Fig. 6. Hysteresis curves at 32 °C (a), 54 °C (b) and 70 °C (c).
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Fig. 7. Differences between the maximum values at 32 °C (a), 54 °C (b) and 70 °C (c).
hysteresis can be seen for tests at 70 °C, even at low cycle rates. This is .
certainly related to the fact that the material is already in a highly elastic 9 +32°C +54°C +70°C
state at this temperature. _
Hysteresis stabilizes after a different number of cycles at different E_ 2 1
temperatures. To investigate this, we examined the difference in the 7z _
maximum values obtained in each cycle and plotted it as a function of w 197 _I% ‘
cycle number (Fig. 7), except for the first cycle in each case, for better g &}}H}%Hﬁ_fﬂlﬂﬂﬂﬂl b
representation. For tests at 32 °C, the difference is negligible from cycle 7 11 N N N
25 onwards (less than 1% of the change compared to the first cycle), but
at 70 °C, it is already true after the 10th cycle. However, for the glass 05 1 _}
transition range, this is only observed between cycles 30 and 35. %ﬁmuﬂmmmww
0 T T T T T T T T 1

Smerdova et al. [35], got similar results in an earlier study. They
investigated three materials: an amorphous, a partially crystalline and a
thermosetting polymer. For all three, they observed the appearance of
hysteresis and a decrease in hysteresis as the cycles progressed. Still,
they found a significantly larger shift in hysteresis for partially crystal-
line HDPE. The amorphous phase of HDPE is in a rubbery state at room
temperature. By increasing the temperature to 70 °C, we found that our
test material softened and reached a rubbery state. At this level, we
observed a more significant shift between hysteresis in the first ten cy-
cles than at lower temperatures.

Moreover in their measurements on HDPE, they also tested three
different cycle times. The longer cycle time and the increased temper-
ature gave similar results, i.e., the indentation depth increased in both
cases. Based on this experience, it may be worthwhile to conduct further
experiments to improve cyclic indentation test further and to help
explore the relationship between temperature dependence and test
speed.

The unloading section of the indentation curves can be used to
determine the indentation elastic modulus. The depth of indentation
starts to decrease at the basis of the curve. It usually starts as soon as the
loading force is reduced. However, in some cases, usually at low loading
rates or when the loading force is too high, the curves may show a “nose
effect”. This makes it difficult to evaluate the results, especially the
contact area and the parameters that can be calculated from it (inden-
tation elastic modulus, contact stiffness). To correct this, researchers
maintain the maximum load for a short period before loading [44]. As
shown in Fig. 5/b, increasing temperature can also cause this effect, and
it is more significant when the temperature is higher. Further

20 25 30 35
Number of cycles [-]

0 5 10 15 40 45 50 55

Fig. 8. Initial slope of the unloading curves as a function of the number
of cycles.
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Fig. 9. Notable points of the indentation depth-time curve, marked on the
highlighted part of the measured curve at 32 °C.

experiments should be carried out, which would show how this can be
avoided at higher temperatures (possibly with even longer holding
times) or if it cannot be compensated for due to the plastic behavior of
the material.



L. Kotrocz and P. Bakonyi

20 X creep increment

18 o relaxation increment
16
14 4
12 4

10 4

y = 17.584x042

64\ R?=0.9818
y = 6.5051x03%

v R?=0.9913

Displacement [pm]

35
Number of cycles [-]

Fig. 10. Creep and relaxation increments as a function of cycle number for tests
at 32 °C.

Examining the slope of the tangent of the load curves (Fig. 8), we
found that tests at 54 °C resulted in curves with a steeper slope than tests
at 32 °C and 70 °C. This suggests that temperature does not have a clear
effect on the slope of the curve or indentation depth. However, tests at
32 °C have a small variance and show a nearly linear, small increase
with increasing cycle numbers, while at elevated temperatures, there are
larger differences in hysteresis at the initial stage, but from cycle 15
onwards, both 54 °C and 70 °C tests show a pattern similar to the 32 °C
tests.

Fig. 9 shows an enlarged part of the indentation depth-time curve. It
shows that under a constant load force, deformation increases contin-
uously with time, creep occurs, while in the unloaded, resting phase, the
deformation reverts. To explore how creep and relaxation change during
cyclic loading, we defined the creep increment (C = hygy-h;) and
relaxation increment (R = hy-hg) parameters and investigated their
variation as a function of the number of cycles.

At 32 °C, both the creep and relaxation increments decrease gradu-
ally, and for both sets of points, a power-law trend line can be fitted with
high accuracy (Fig. 10). While for relaxation, standard deviation was
more significant in the first few cycles—it also gradually decreases—for
creep, it remained small throughout. Also, the rate of relaxation is
greater than creep rate, but as the number of cycles increases, the dif-
ference between them gradually decreases, which will be discussed
later.

Test results at 54 °C had higher standard deviation—this tempera-
ture is the glass transition temperature (Ty) of the material (Fig. 11/a).
An initial decrease followed by an increase and a further reduction in the
change in deformation was observed. A power-law trend line was fitted
from cycle 15 onwards (Fig. 11/b). The cause of this behavior is the glass
transition temperature range, and these tests should be repeated on
other materials. It is a future task, and it will show the behavior of the
material around Ty, taking into account the limits of the DMA (e.g., the
temperature stability of the equipment in isothermal mode +0.1 °C) and
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the time required for the outer layers of the test specimen to reheat.
No clear trend can be determined for tests at 70 °C (Fig. 12), but after
the initial 5-10 cycles, there is a nearly linear phase, in line with Fig. 4/
b. Standard deviation is significantly lower than that of the test results at
54 °C, and the higher values can be attributed to the initial cycles.
We also calculated the creep rate (c,) during each cycle in the creep
phase, which can be calculated with the following equation:

. 7Ah7hmax7hl
TTAr Ty, —

max

€Y)

where h; is indentation at maximum load, ty; is the corresponding time
instant, hyqy is the indentation at the end of the creeping stage, and tpmqx
is the related time instant. The same series of points were obtained for
the creep increment as expected (Fig. 13). In tests at 32 °C and 54 °C, the
creep rate decreased, in contrast to the results at 72 °C, where a decrease
follows an initial increase. As the temperature increases, the creep rate
increases. The creep rate calculated from the 70 °C results is 14 times
higher in the initial stage and 47 times higher in the 50th cycle than the
creep rate at 32 °C.

Examining the change in indentation depth in the uploading and
unloading phases (Fig. 14), we find that the values in both phases
decrease gradually, but their ratio increases with the number of cycles.
Of course, residual deformation will never be zero, since plastic defor-
mation prevents this, but elastic deformation also plays an important
role during the cycles. In the first 5 to 10 cycles, recovery is incomplete,
but as the deformation rate decreases, approaching the limit, recovery is
close to 100%.

Estimates for more cycles can be reliably made from the results of the
tests at room temperature. In our preliminary tests, we found a fit of over
95% for five cycles, but this increased further as the number of cycles
was increased. We also examined the development of the accuracy of the

* relaxation increment

X creep increment
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Fig. 12. Creep and relaxation curves as a function of cycle number for tests
at 70 °C.
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Fig. 11. Creep and relaxation increments as a function of cycle number for tests at 54 °C (a) and the highlighted points after the 15th cycle (b).
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Fig. 14. Displacement during loading and recovery during unloading and their
ratio at 32 °C (a), 54 °C (b), and 70 °C (c).

fit for 10, 20, 30 and 40 cycles. If we take a 98% fit as the limit, 30 cycles
may be sufficient for the creep increment and relaxation of the given
material (Table 1). It is significant because a 50-cycle test takes ~110
min, whereas 30 cycles can be performed in ~65 min. However, we
think it is worthwhile to complete a 1000-cycle test and investigate the
accuracy of the power-law approximation to estimate material behavior.
In 1000 cycles, long-term properties can be analyzed. In this case, it is

Results in Materials 17 (2023) 100360

Table 1
Parameters of the y = ax” power functions fitted to the creep and relaxation
increment values of cyclical tests at 32 °C.

Creep increment Relaxation increment

n a b Fitting accuracy  a b Fitting accuracy
®) ®%)

5 15.418 0.306  98.11 6.9304 0.441  95.77

10 15968 0.359 98.22 6.6 0.372  96.22

20 16.377 0.372  98.51 6.385 0.343  97.76

30 16.667 0.383  98.52
40 17.081 0.394 98.42
50 17.584 0.407 98.15

6.3891  0.344  98.62
6.4326  0.346  98.98
6.5051  0.353  99.13

worth combining the indentation tests with optical tests. Our aim is to
develop a procedure, based on the proven master curve construction
method for creep tests, which can also help to understand the long-term
behavior of the material by means of cyclic tests.

We used the results of tests at different temperatures to investigate
the indentation elastic modulus and hardness in each cycle. The reduced
indentation modulus of elasticity (E,, [MPa]) of the specimen can be
determined [25]:

Vi, S

1
E.=—e——e ,
B2 VA

(2)

where A [um?] is the projected area of the imprint at the maximum
indentation depth (hpqy). This is a calculated value, entered as shown in
the denominator of equation (3). f is a geometry factor of the indenter,
and S is the initial slope of the unload curve. Hardness can be calculated
in a similarly simple way [25]:

F F, max

TA 245em ®
where 24.5 is a constant for a Vickers probe and hpgy is the maximum
indentation depth achieved in each cycle.

Fig. 15 shows the results, both the indentation elastic modulus and
hardness. We observed a decrease at all temperatures, which is in line
with the results found in the literature. In addition, both elastic modulus
and hardness also decrease as cycle number increases. At 32 °C and
54 °C, a power-law trend can be fitted to these points with an RZ above
96%, but fitting accuracy dramatically decreases at 70 °C. The inden-
tation elastic modulus (Fig. 11/a) decreases much more in tests per-
formed at 54 °C than in tests at 32 °C. Standard deviation is nearly
constant at 32 °C, and at 54 °C and 70 °C. It is significant for the first ten
cycles, then gradually decreases until it is negligible. As cycle number
increases, hardness decreases, but it also reaches a specific limit, and the
rate of decrease gradually slows down.

4. Conclusions

In this article, we investigated the material (VeroWhite Plus) of in-
jection molding tool inserts produced by additive manufacturing.
Polymer mold inserts are characterized by a high incidence of surface
defects, as shown in the literature. It is important to investigate surface
mechanical properties, for which the ideal method is the depth-sensing
indentation test. This article aimed to examine material behavior under
cyclic loading, which models consecutive injection molding cycles. For
this purpose, we performed tests in a DMA with high accuracy at three
temperatures using the indentation clamp we designed. The tests at
32 °C show that indentation depth gradually increased as the number of
cycles increased, while the creep rate showed a decreasing trend. The
values of the tested mechanical properties decreased.

The results showed that the method is well suited for exploring
temperature dependence. The material softened as temperature
increased. Its deformability rose. Standard deviation was very high in
the glass temperature range, at 54 °C, and in the first 15 cycles, material
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behavior was difficult to analyze. At 70 °C, the material became soft, and
the change in creep rate was the opposite of what had been observed at
lower temperatures. The insert can be subjected to considerably higher
heat loads, as the melting temperature of the material of the injection
molded product can be above 100 °C. In the future, it is worthwhile to
investigate thermal stresses in more detail, perform the above-
mentioned cyclical tests at several temperature points, and analyze the
effect of heating time as well.

The steady state of the hysteresis can be observed after a different
number of cycles at different temperatures. The earliest time of the
steady state is after the 10th cycle when measured at 70 °C, which may
be due to the highly elastic state of the material. This phenomenon re-
sembles the Mullins effect typical of rubbers.

Our results indicate that we can estimate deformation at 32 °C with
high accuracy by fitting a power law. For this, performing tests in as few
as 30 cycles is enough. However, we would like to extend our tests to a
larger number of cycles (up to 1000 cycles) to investigate what other
material behavior may occur with more extended tests. We also consider
it worthwhile to combine the tests with optical examination to check for
visible damage (e.g., cracks) around the impression.
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