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This paper analyzes the indentation hardness and the indentation elastic modulus variation depending on
the variation of the grind percentage of polymer, when the other factors that can influence the injection
molding remain unchanged. The analyzed polymers were: acrylonitrile butadiene styrene ABS MAGNUM
3453, polyamide PA 6.6 TECHNYL AR218V30 Blak and polyoxymethylene POM EUROTAL C9 NAT. The
samples that were studied had different compositions in new and grinding material. The G-Series Basic
Hardness Modulus at a Depth method was used. The increase of the grind percentage of ABS (from 0 to 100
%) leads to insignificant changes in the indentation hardness, indentation modulus, and maximum force
applied to samples of tested material. The maximum hardness (0.137 GPa) of PA 6.6 is recorded in the case
of the sample with 80% grind content, and the maximum hardness of POM is recorded as well in the case
of the sample with 80% grind content, as being 0.215 GPa. The variation of the grind content in the analyzed
samples determines changes in the evaluated parameters, depending on the type of polymer. Combining
the new material with grind in proportions experimentally established for each techno polymer leads to
changes in their mechanical properties.
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The automotive industry is considered one of the largest
consumers of plastic/polymers materials. The most used
techno-polymers in the manufacture of the various
automotive components are: polyamides, thermoplastic
polyurethanes, polyoxymethylenes, polypropylene, methyl
polymethacrylate, cellulose acetate, plasticized vinyl
polychloride, acrylonitrile butadiene styrene, etc. The most
frequent used technology in the processing of these
polymers is the injection molding.

Polyamides are substances characterized by a good
dimensional stability, with a high level of rigidity (especially
when they are reinforced with glass fibers); they are also
resistant to compression, wear, shock and vibration; being
hard materials, under the action of heat, they remain hard
and tenacious, with no visible changes, up to 80-90°C [1,2].
Adding glass fibers, the polyamides improve their flexural
and tensile strength, modulus of hardness and elasticity.
Polyamides have the proprieties to resist well in salted
water, to be stable vs. oil, hydrocarbons, lakes, esters,
ethers, weak bases, alcohols, and automotive fuels. They
are considered good electrical insulators, as well. All these
properties recommend them to be used in the manufacture
of various articles in the automotive industry.

So, they are used for: water tanks (glycol resistant, heat
resistant, stiff, low creep), cooling module (good fatigue
behavior, glycol resistant, good thermal resistance, reduces
the number of used materials, stiff, good vibration
behavior), water pipes, thermostats (heat resistant, glycol
resistant), fuel tank, floater for carburetor, air circulation
systems, cylinder head cover (heat resistant, stiff, good
creep behavior, good chemical resistance to oil), housings
covering engine, fans, seat structure, front air grilles
structures support, structural door module, pedals and pedal
cassette (behaves well in fatigue and impact, stiff), brake
fluid reservoir (heat resistant, stiff, chemically resistant),

handbrake lever, gearshift lever support, door handle, front
wing, exterior mirrors, defroster grill, ventilation grill, fuel
systems, fastening systems for wiring.

Polyoxymethylenes are opaque polymers because of
their high degree of crystallinity [3] and are characterized
by a good dimensional stability over a wide range of
temperature. The high degree of crystallinity gives the
polyoxymethylenes some general mechanical properties
(especially stiffness), higher than in the case of other
thermoplastics, between 50-120°C. They are resistant to
shocks, fatigue, friction and wear. Having good resistance
to many organic chemical agents like aldehydes, esters,
ethers, and being good electrical insulators, they are used
in the automotive industry for: gearwheels, guides,
housings, active organs of diesel or oil pumps, valves,
floats, windscreen wipers, etc. [4].

The most important property of ABS, from mechanical
point of view, is the resistance at shock and tenacity. ABS
is stiff, wear-resistant, resistant to mechanical stress at
break, has a good dimensional stability over a wide
temperature range, unlimited coloring possibilities, easy
injection molding [5] and itis a good electrical insulator. It
is resistant to acids and weak bases and unstable to esters,
ketones, ethers, and gasoline [6-9]. Applications in the
automotive industry: seat components, bumpers,
carcasses for electrical and electronic assemblies, roof
car truck, etc.

The recovery of waste remains a topical issue in the
injection molding of thermoplastic polymers. This type of
waste appears in different forms: injection network,
incomplete parts, plastic parts with burrs, or parts that have
other manufacturing defects [10-15]. Their reintroduction
in the manufacturing process (in the form of grind material)
has been practiced for a very long time and leads to
significant financial savings.
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The reintroduction of the grind material into the
manufacturing process can be done in admixture with a
new material (a kind of material that has never been
injected) or there can be injected only the grind material. A
series of studies have been published by our team and
other researchers, in recent years, relating to the
mechanical and electrical behavior of different types of
polymers under different mechanical stress conditions [6-
9,16-26].

The present paper aims to study the indentation hardness
and the indentation elastic modulus variation, depending
on the variation of grind percentage of polymer (injection
thermoformed polymer once) of samples, when the other
factors that can influence the injection molding remain
unchanged.

Experimental part
Materials and methods

The materials that have been used in manufacturing
the specimens, were as follows: acrylonitrile butadiene
styrene type ABS MAGNUM 3453 (ABS), polyamide type
PA 6.6 TECHNYL AR218V30 Blak (PA 6.6), and
polyoxymethylene POM EUROTAL C9 NAT (POM), using
an injection molding machine ENGEL CC 100 Type ES 80/
50 HL, manufactured in 1995 (fig. 1) [21, 26, 27].

I nTEs

Fig.1. Injection molding machine ENGEL CC 100 Type ES 80/50 HL

A number of six samples were injected for each type of
plastic material; the samples with variable grinding content
are described in table 1.

Table 1
CONTENT OF THE TESTED SAMPLES
Sample content (%)
Sample Nen’_ Grind
material
1 100 -
2 a0 20
3 1] 40
4 40 (i)
3 20 £0
[ - 100

The injection of ABS, PA 6.6, and POM were carried out
according to the parameters depicted in table 2. The
injection parameters remained constant during the whole
process of injection of the six samples.

Experiments were performed at S.C. Plastor S.A Oradea,
all specimens being injected and being subjected to the
determinations regarding the indentation hardness and
indentation modulus, within the precincts of the Laboratory
of Advanced Materials, belonging to the University of
Oradea (SMARTMAT: Advanced Materials Research
Infrastructure, www.erris.gov.ro). The determination of the
indentation modulus and indentation hardness was realized
on the specimen models, with the shape and size of those
presented in figure 2.
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Table 2
CONTENT OF THE TESTED SAMPLES
Parameters Material
[unit of measure] ABS | PAGG POM
Injection temperature[*C] 230 300 200
Mold temperature [#C] 50 83 50
Injection pressure [Bar] 800 370 1000
Holding pressure [Bar 300 300 300
Injection speed [mm's 30 100 20
Injection cycle time [3] 43 28 326
Coolmg time in the meld [£] 20 10 15
Injection time [s] 2.87 0.54 42
Holding pressure time [3] [ 3 5
4
1 Fig.2. Specimen model for
- testing the indentation
- hardness and indentation
modulus
[
10

Testing was done using Agilent Technologies Nano
Indenter G200 System equipment, USA, made in 2013, in
accordance with ISO 14577-1:2002 [28], through the
determination method of G-Series Basic Hardness,
Modulus at a Depth. The specimen on the support
undergoes indentation with the help of a pyramidal-shaped
indenter with a triangular base named Berkovich tip, made
of diamond and presented in figure 3.

Fig.3. Berkovich
indenter

The tested area is provided as an image to the atomic-
force microscope for determining the indentation hardness
and indentation modulus. The force-movement variation
graph obtained through indentation provides us with
information on the mechanical and physical properties of
the tested material. All tests were done at a temperature
of 23°C. Figure 4 sketches the testing procedure and figure
5 sketches the transversal section of the indentation.

Fy
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Fig.4. Schematic representation of the test procedure:
a -application of the test force; b -removal of the test force;
c -tangent to the curve b, at F
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Fig.5. Schematic representation of cross section of
indentation: a -indenter; b -surface of residual plastic
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Determining the indentation hardness (H,) is done using
the equation 1):

FmrI.t'
H =
IT A, @)
where: Hindentation hardness, in N/mm? F__-maximum

applied force inN; A, - the projection (transveanal section)
of the contact area between the indenter and tested
specimen, resulted from the force-movement variation
graph, in mm?2,
In the case of Berkovich indenter,
A=2396xh?

where h_is the depth made by indenter on the tested
speC|men and is calculated accordlng to equation:
h.=h__-h_-h)

where € is a correcting factor depending on the geometry
of indenter. The calculus of the indentation modulus (E,;)
was done using the equations (2) and (3):
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where: v_- Poisson’s ratio for the tested specimen; v, -
Poisson’s Tatio for the indenter (for diamond 0.07); E, -the
reduced modulus on the indenter’s contact with the tested:
E -the indenter’s modulus (for diamond 1.14x10° N/mm?);
A -the projection (transversal section) of the contact area
bétween the indenter and tested specimen, resulted from
the force-movement variation graph, in mm?,

When Agilent Technologies Nano Indenter G200 System
was used, the computer’s software automatically
displayed the values of the maximum applied forces (in
mN), indentation hardness (in GPa), and the values of the
indentation modulus (in GPa). For each of the injected
samples (samples with variable grind content), a number
of 25 indentations were performed and the results were
expressed as mean arithmetic values. Figure 6 presents a
tested POM specimen by indentation.
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Fig.6. POM specimen tested by indentation
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indentation in test piece; c -surface of test piece at
maximum indentation depth and test force.

By

Results and discussions
ABS MAGNUM 3453

The results obtained, after ABS samples testing,
regarding the influence of the grind percentage on the
indentation hardness, indentation modulus, and the
maximum applied force, showed that the sample with 80
% grind presents the maximum indentation hardness
(0.142 GPa), and also the maximum indentation modulus
(2.954 GPa), without any significant variation of these
parameters according to grind content (table 3).

Table 3
THE DEPENDENCE OF THE INDENTATION MODULUS AND THE
MAXIMUM FORCE APPLIED TO ABS VS. THE GRIND PERCENTAGE

Grind Indentation modulus Iaximum load force
[F=] [GPa] [mM]
i 2808 11.801
20 2.805 11.827
40 25823 12283
[ 2813 11.708
Ei] 2054 12,4580
100 2.860 11.810

Figure 7 shows the graphical representation of the
variation of indentation hardness that depends on the grind
percentage, in case of ABS.

ABS
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Fig. 7. The variation of the indentation hardness depending on the
grind percentage, in the case of ABS

PA6.6 TECHNYL AR218V30 Blak

For polyamide PA 6.6, the maximum hardness and the
maximum indentation modulus are recorded at the sample
with an 80% grind content. The variation of the determined
parameters, according to the combination ratio between
the two materials, is presented in table 4.

Table 4
THE INDENTATION MODULUS AND MAXIMUM FORCE APPLIED TO
PA 6.6, DEPENDING ON THE GRIND PERCENTAGE

Grind Indentation moduluz | MMaximum load force
%] [GPz] [mMN]
] 2474 10239
20 250 0T
40 3250 12 606
&l 3.043 11.746
a0 3.104 12,833
100 2358 10224
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The graphic from figure 8 represents the variation of the
indentation hardness that depends on the grind percentage,
in the case of PA 6.6.

POM EUROTAL C9 NAT

The results obtained in the case of POM samples,
regarding the influence of the grind percentage on the
indentation modulus, indentation hardness, and the
maximum applied force are described in table 5. Figure 9
shows the variation of the indentation hardness, depending
on the grind percentage, in the case of POM.

Table 5
THE INDENTATION MODULUS AND THE MAXIMUM FORCE APPLIED
TO POM, DEPENDING ON THE GRIND PERCENTAGE

Grind Indentation moduluz | MMaximum load force

[*a] [GPa] [m]

0 3.069 15280

20 3.145 15.2%6

40 3282 153.573

60 3382 16,347

80 3306 16.732

100 3181 16230

Nanoindentation is one of the newest and modern
methods of determining the mechanical properties of
different materials, at a very small scale. In the
nanoindentation test, the indenter is pushed into the surface
of the sample; producing both plastic and elastic
deformation of the material, it also indicates the variations
in different parts of the microstructure of the sample
[29].The indentations (at the nanoscale testing) are useful
to analyze many very thin materials, like foils or coatings
[30], or to measure small parts or areas, or the surface of a
part [31], by determining cross sections or individual
microstructures [32] of the materials in work [33-36].

In this study were explored the influences of various
combinations of grind and new material on indentation
hardness and the indentation elastic modulus of parts
made of ABS, PA 6.6 and POM polymers, used in the

POM

automotive industry, through nanoindentation - G - Series
Basic Hardness Modulus at a Depth method. The valuated
parameters representimportant engineering properties for
tested materials. The hardness of a solid material is defined
as a measure of its resistance to a permanent shape
change, when a constant compressive force is applied on
it. The deformation results through different mechanisms:
indentation, cutting, scratching, mechanical wear, or
bending. In the case of most polymers, the hardness is
related to the plastic deformation of the surface of a
material. Also, the hardness has a close relation to some
other mechanical properties like: ductility, strength, and
fatigue resistance; therefore, the hardness testing can be
used in different industries as a fast, simple, and relatively
low costs quality control method for materials [28,29].
Modulus of elasticity is defined as a measure of the stress-
strain relationship. It is an essential parameter in the
evaluation of the deformation response of concrete under
working loads [37].

The samples tested in this work were made by
combining grinding with new material in various
proportions (from 0 to 100%). The data were obtained by
maintaining constant injection parameters specific to each
polymer that could alter the properties determined in the
study (temperature of injection, mold temperature, injection
pressure, holding pressure injection, speed injection cycle
time, cooling time in the mold injection, time holding, and
pressure time). The hardness and the elastic modulus of
the techno polymers investigated in this study appear to
be influenced by the grind content [14,26,27].

The increase of the grind percentage of ABS (from 0% to
100%) leads to some insignificant changes in the
indentation modulus, indentation hardness, and maximum
force applied to the material samples. The maximum
indentation hardness was recorded at the sample with 80%
grind percentage and was 0.142 GPa. The maximum
indentation modulus value was also recorded at the sample
with 80% grind percentage and was 2.954 GPa. The
variation of grind percentage in case of ABS has the similar
effect on both hardness through indentation and
penetration hardness with a Shore durometer, D type [27],

o
[ ]

o
I

Fig. 9. The variation of the indentation hardness
depending on the grind percentage, in the case

of POM

o 20 40 60 B0
grind percentage [%0]
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namely the increase of grind percentage leads to a slight
increase of the hardness of the tested samples. These
results clearly indicate that in the case of ABS, by adding
grind in different percentages, the hardness of the injected
piece surface can be improved.

Inthe case of PA 6.6, it can be noticed that an increasing
in the grind percentage from 0 to 80% conducts to a slight
increase of the indentation hardness. The maximum
hardness of PA 6.6 is recorded at the sample with an 80%
content, and it is of 0.137 GPa. The further increase of the
grind percentage from 80 to 100% induces a decreasing of
the indentation hardness (to 0.106 GPa). Adding grind in
optimal proportions results in an increase in hardness of
the injected piece surface, in the case of PA 6.6, with the
best results for combined 80% grind with 20% new material.

In case of POM, it can be observed that an increasing of
the grind percentage from 0% to 80% leads to an increase
of the indentation modulus, indentation hardness, and
maximum load force applied to the samples of tested
material. The maximum hardness of polyoxymethylene
POM was recorded in the case of the sample with 80%
grind content, and it was of 0.215 GPa. The further increase
of grind percentage from 80 to 100% leads to a decrease in
indentation hardness to 0.210 GPa. In a similar way acts
the indentation modulus to the variation of grind
percentage change in the samples.

There is a change in the hardness of the surface of the
injection molded parts after the addition of variable
amounts of grinding. In the case of the three polymers
tested, the maximum values of hardness were obtained in
samples with a content of 80% grinding. The modulus
elasticity increases with the increase in hardness, fact that
corresponds to the literature data. The polymers studied
are common thermoplastics, commonly used to make
light, rigid and molded products [38-42].

The results obtained in this study prove the importance
of the research carried out on the influence of the amount
of grind reintroduced in the manufacturing process on the
surface hardness and the elasticity of the products injected
from ABS, PA 6.6 and POM, three of the most used techno
polymers in the automotive industry.

Conclusions

As a result of this study, the data show that combining
new materials with grinding materials in different
proportions, specific to each type of polymer, can improve
the mechanical properties of the studied techno polymers.
For ABS, the variation in grinding content does not
significantly change the hardness of the material. In the
case of PA 6.6 and POM, the results show that maximum
hardness is recorded in samples with 80% grind content.
Reusing the thermoplastic polymer residues by grinding
and reintroducing them into the technological process is
an efficient way to recover large amounts of plastic waste,
resulting in significant material savings and financial
benefits.
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