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Toaukapbonam sA613emcst ONMUMATLHOIM (HOMOYNPpYeUM MAMEPUAIOM Ol NPOBEOCHUs MeXaHUYeC-
KUX ucnelmanuti mMemooom gomoynpyeocmu. s NOayueHuss HebOIbuux yacmuy noaukapooHama,
NPUMEHAEMBIX NPU QOMOYNPY2UX UCHBIMAHUAX SPAHYIUPOSAHHOL0 MAMepuaid, us noaukapooHam-
HOUl NIACMUHBL, NPEO8aApUMenbHo No0GepeHymol omaicuzy Ol penaKcayuu OCmamouyHvlx Hanpsice-
HUl, BbIPE3AIOMCS NPO3PAUHble YUTUHOPUYECKUe OUCKU Mano2o duamempa. Pedcumbl pesku u omoicuea
ONMUMUSUPOBAHDL 8 Pe3YIbMame AHAIU3A MEXAHUYECKUX U (QOMOYnpy2ux ceoucme noaukapooHam-
HBIX OUCKO8 PA3HO20 Oouamempa u NOCMOAHHOU vicomul (5 Mm). Aunaiuz gpomoynpyeux xapaxme-
PUCTUK  HANPAAHCEHHO-0eDOPMUPOBAHHOL0 COCMOAHUA OUCKOB U U30XPOM NOOMBEEPOUT BbICOKYVIO
ahpexmusrocme npednazaemvix pexncumos 0opabomku u omacuea 0 OAHHO20 MAMepuad.

Kniwouesvie cnosa: nonukapOoHAT, rpaHyJIMPOBAaHHBIN Marepuall, MeToA (oroynpyrocry,
OTXKHT, peaKkcalyss OCTATOYHBIX HANPSIKCHUH.

Introduction. Polycarbonate material (PCM) is the general name for thermoplastic,
amorphous polymers. Being an amorphous and transparent engineering plastic, it has
favorable comprehensive properties because of its unique chemical molecular structure,
such as high tensile strength, good impact, heat, and creep resistances, nontoxic environment-
friendly performance, and dimensional stability. Hence, polycarbonate products have been
incorporated into a variety of domains: electronic devices, building materials, medicine,
mechanical engineering, household products, and many other applications. Furthermore,
they also find increasing demand in automobile, aircraft and spacecraft industries [1-6].
Insofar as polycarbonate has high optical sensitivity, time edge effect, high transparency,
low optical creep, and good mechanical processing properties, it has been applied to
photoelastic tests immediately after its appearance in 1962.

This photoelasticity method was advanced nearly two hundred years ago and has been
widely used for stressed state estimation of elastic materials with unique stress-strain
dependence. However, in contrast to elastic materials, the internal stresses and strains in
granular materials have no unique interrelation, which can be used to determine the stress
increment in a region with known deformation. The behavior of packed particles in the
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above materials strongly depends on the stress history and path, which requires their
knowledge and a special device, which can simulate this stress condition. At present, the
optical method of stress analysis known as photoelasticity is considered as the most
lucrative for investigating in detail the stressed state in a granular material. In 1957, Dantu
[7] first observed that transmission of force in a packed particle assembly (granular
material) can be visualized by photoelasticity. However, in contrast to elastic materials,
where stress distribution is directly visualized by sharp isoclines and isolines, a pattern of
clear stripes could be observed, which were assumed to represent the major principal stress
trajectories. In 1969, de Jong et al. [8] simulated a two-dimensional assembly of a granular
material by tests with cylindrical disks of photoelastic material and quantitatively assessed
the magnitude and direction of contact forces between the disks by isochromatics, i.e., and
equidistant fringe series. In 1972, Drescher and de Jong [9] also adopted this method for
investigating aspects of a mathematical model for the flow of a granular material and
proposed to transform the distribution of the discrete contact forces and displacements into
a second-rank tensor, which provided a satisfactory description of the observed photoelasic
phenomenon.

Excellent photoelasic properties of polycarbonate render its wide application to the
above research direction of granular mechanical properties. However, the residual stresses
generated during polycarbonate injecting and forming processes will strongly reduce the
accuracy of the photoelastic experimental results [10, 11]. The other hindrance to its wider
use in granular mechanics is the lack of technologies for producing small-size and high
transparent photoelastic particles, which are similar to the small-size granular materials.

In this study, a method of producing millimeter scale (= 1 mm) photoelastic particles
and the corresponding annealing regimes relieving the residual stresses are proposed based
on numerous trial-and-error experimental tests on small-diameter photoelastic disks produced
from polycarbonate plate. The effect of mechanical processing and annealing treatments on
mechanical and optical properties, as well as internal pores in the PCM, was also analyzed,
which seems to be quite instrumental for further research efforts.

1. PCM Processing Procedure. The raw material and equipment used were
polycarbonate plate and an NC (numerical control) plastic engraving machine (Mitsubishi
Co., Japan), respectively.
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Fig. 1. Schematic drawing of polycarbonate plate NC processing.

The proposed plate-processing procedure is sketched in Fig. 1, where PCM plate (/)
is mounted on the processing platform of NC plastic engraving machine, and multiple
small-diameter disks (2) are cut from it with a rotating knife. In this study, the PCM plate
thickness was 5 mm (other options were also tested, but omitted for brevity); a particle
processing layout was drawn on the computer according to the diameter of the particle and
the PCM plate. A rotating knife was placed on the PCM plate, and the spindle speed was
adjusted to 24,000 rpm and a travel speed of 100 mm/min; then, the machine was turned on
to cut the plate according to the layout drawing design. Since in photoelastic tests the light
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direction coincides with the PCM plate normal direction (which runs parallel to cutting
plane), the rough and opaque cylindrical surfaces produced by cutting do not affect the
light transmission. Thus, small-sized and high-transparent photoelastic disks simulating
granular particles can be obtained with no polishing required.

2. PCM Annealing Procedure. During the injection molding process of polycarbonate
products, thermal residual stresses are generated, due heterogeneous material flow,
consolidation stresess, and temperature fluctuations. Furthermore, mechanical processing of
the material induces the residual stresses [11], which affect the PCM optical properties.
Those, in turn, strongly affect the final product internal stresses and, accordingly, the
accuracy of strain measurements via photoelasticity is deteriorated. The above problem of
polycarbonate applicability to photoelastic experiments can be resolved by proper evaluation,
reduction or relief of the product residual stresses [12—15], the simplest and the most
effective stress-relieving method being the annealing treatment [16, 17].

As a mature post-treatment process, annealing is widely applied to improvement of
polymer product mechanical properties, including stable tensile strength, high-accuracy
dimensions, and good corrosion resistance [18]. The annealing process can be reduced to
placing the product into a heating medium and then heating it slowly from room
temperature to a certain temperature, which is maintained for a given holding period;
finally, the temperature is gradually decreased to room temperature. During the holding
periods at thermosol temperature, irregular molecular polymer chains become re-aligned.
As the material is viscoelastic, relaxation of the internal stresses allows one to reduce or
fully eliminate the residual stresses [15]. The heating process can be realized in different
media, such as air, water, oil, etc. By the results of trial-and-error annealing tests in air and
oil, air was selected as the optimal annealing medium for this study.

In general, there is no universal annealing procedure, and the “tailor-made” solution
has to be experimentally determined according to the shape and size of the product. During
the annealing process, the temperature is slowly increased by 10°C-increments C with
further holding of this temperature for 1h, in order to provide its homogenous distribution
in each part of the product.

3. Annealing Test Results and Discussion. The optimal annealing curves for the
cylindrical disks of the same height (5 mm) and different diameters in the ranges from 1 to
3 mm and from 4 to 8 mm are shown in Fig. 2a and 2b, respectively.

In the above annealing tests, heat treatment temperature and time were considered to
be the key parameters controlling the annealing effect, which was proven by the respective
annealing curves. However, beyond heat treatment and time, it has been found that the
distance between the product and the heat source is also of prime importance. The distance
was set as 10, 20, and 30 cm, and the product was put into a resistance furnace to anneal
according to the same annealing curve. The experimental results indicate that as the
distance decreases, the annealing effect becomes more obvious. Finally, it was found that
when the distance is too small, the heat treatment temperature and time need to be properly
decreased; otherwise, possible deformation and tiny bubbles could be produced in the
product. Vice versa, when the distance is too large, the heat treatment temperature and time
need to be properly increased; otherwise, high residual stress will be generated in the
product.

The comparative analysis of the above annealing conditions implies that the above
phenomena can be attributed to the thermal radiation effect, which is frequently neglected
in the annealing process planning. There are three heat transfer routes: thermal conduction,
thermal convection, and thermal radiation. In order to relieve residual stress by increasing
the polycarbonates temperature to the thermal deformation one, heat is usually considered
to transfer to the polycarbonate surface by thermal conduction and thermal convection in
the heat treatment medium and then to the bulk material by thermal conduction until the
product internal and external temperatures are homogenous. However, heat can also be
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Fig. 2. Annealing curves for disks of different diameters: 1 to 3 mm (a) and 4 to 8 mm (b).

transferred to the bulk material by thermal radiation. Moreover, polycarbonate is not a good
heat conductor, resulting in a more pronounced thermal radiation effect, which explains
different annealing effect at different distances. Consequently, it is important to account for
thermal radiation in the construction of annealing treatment curves.

4. Experimental Assessment of PCM Photoelastic Properties. Polycarbonate is a
good photoelastic plastic material due to its temporary birefringence property [19]. This
means that there is no birefringence phenomenon when it is stress-free, but as soon as
stresses appear, they give rise to the birefringence effect; however when the stress is
relieved, the birefringence phenomenon also disappears. The birefringence property of
polycarbonates can be attributed to group or chain orientations of polymers, as well as to
the molecular orientation and structure. The intrinsic and stress-induced birefringence
occurs due to molecular chain orientation, which is induced by inhomogencous stresses
generated during the injection molding and cooling processes.

As the annealing process has a certain effect on the molecular structure of
polycarbonate and residual stresses, it is necessary to study the birefringence effect before
and after annealing. In our experiment, the material fringe value f; is used as main
criterion of PCM photoelastic properties.
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As seen from the formula for the material fringe value f,, = A/c, the parameter f;
depends on the stress, constant of light ¢, and light source wavelength A; however, it is not
related to the model shape, size, and loading conditions. Additionally, f, can also be
experimentally assessed from the radial compression test of PCM disk (Fig. 3) and its
visualization via the photoelasticity technique (Fig. 4).

Fig. 3 Fig. 4

Fig. 3. Scheme of PCM disk radial compression in photoelastic test.
Fig. 4. The obtained fringes (isochromes and isolines) describing equistress lines in the radially
compressed PCM disk.

The theoretical solutions for the major stresses at the center point of the radially
compressed disk are:

e 1
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where P is the load, D is the disk diameter, and d is its thickness.

A monochromatic light source was used in this test with a red light of 631 nm
wavelength. Different fringe grades were produced at the center of the disk by adjusting the
load P, where the fringe grades n at the disk center point were measured by the Tardy
compensation method after 15 min of static load P holding.

5. Photoelastic Test Results and Discussion. As seen from the material fringe value
vs. fringe order curves constructed before and after annealing and depicted in Figs. 5 and 6,
the fringe values are variable. The literature survey implies that the fringe value varies with
temperature, and it was also determined that the fringe value increases slowly as its grade
increases.

By comparing the variation curves obtained before and after annealing in Figs. 5 and
6, it was also established that: (i) after annealing, the variation range of fringe values
decreases, and its trend exhibits a saturation; (ii) the fringe value increases as the disk
diameter decreases when the fringe grade is the same before annealing, whereas the fringe
variation curves of the three different disk diameters almost coincide, indicating that they
are invariable of the disk diameter.

The above findings can be substantiated by the following considerations; Irregular
molecular chains tangling together in a polycarbonate are re-aligned by annealing, which
implies a change in the molecular orientation resulting from the molecular structure (that is,
intrinsic birefringence) variation. Meantime, the original stress is relaxed, which in turn
decreases the stress birefringence effect induced by the molecular chain orientation
resulting from inhomogeneous stresses.
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Fig. 5. Experimental fringe value vs. fringe order dependences for PCM disks of 8, 10 and 20 mm in
diameter before (a) and after (b) annealing.
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Fig. 6. Experimental fringe value vs. fringe order dependences before and after annealing for PCM
disks of 8 (a), 10 (b) and 20 mm (c) in diameter.

Comparing the fringe value variations in disks of different diameters (8, 10, and 20 mm)
before and after annealing (Fig. 6), when the fringe order # is equal to 3, the fringe value
of the 8 mm-diameter disk increases from 7 to 7.7 N/cm-n (i.e., is increased by 10%),
while those of 10 and 20 mm-diameter disks exhibit an increase by 16.7 and 20.6%,
respectively. This implies that the material fringe value variation and after annealing
exhibits higher variation with disk diameter. Therefore, an increase in the disk diameter
results in a more pronounced residual stress effect on the material fringe value.
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When the fringe order is equal to 7, the fringe value of the 8 mm-diameter disk
particle decreases from 10.2 to 10.1 N/cm-#n (and, thus, is reduced by 1%), whereas those
of the 10 and 20 mm-diameter disks exhibit an increase from 9.6 to 10.0 Nim-#n (an
increase by 4.2%) and from 9.5 to 10.2 N/em-# (an increase by 7.4%), respectively. Thus,
an increase in fringe order results in smaller variations of the material fringe values after
annealing. This means that when the material is subjected to higher loads, resulting in higher
fringe orders, the residual stress effect on the material fringe values is less pronounced.

Conclusions

1. Photoelastic PCM material disks of a small diameter and precise dimensions were
successfully produced by a NC plastic engraving machine. Moreover, as the cut plane is
parallel to the light, it does not affect the light propagation, thereby ensuring the disk
transparency and the accuracy of the photoelastic test.

2. In the PCM annealing treatment, recommended for the residual stress relief, it is
necessary to consider thermal radiation factor. Consequently, the distance between the heat
source and the material has to be taken into account together with the heat treatment
temperature and the holding time determination of annealing regimes. Hence, for the
annealing treatment of PCM plates, multiple preliminary tests are needed to determine
proper annealing curve and distance.

3. As the disk particle size increases, the effect of residual stress on the material fringe
value becomes more pronounced, and as the fringe grade increases, the material fringe values
before and after annealing vary only slightly. Moreover, the variation range of the material
fringe value is narrowed by the annealing, and its trend attains a saturated pattern. The variation
range of the PCM fringe values of a polycarbonate decreases with the fringe order after
annealing, which may strongly reduce the fringe value error resulting from the size effect.
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[NonikapOoHaT € onTUMATBHUM (POTONPYKHUM MaTepiajioM JUIs POBEJICHHS MEXaHIYHUX
BHITPOOYBaHb METOOM (DOTONIPYIKHOCTI. [IJIsT OTpMaHHS HEBEIMKHX YaCTHHOK IOTiKap0o-
HaTy, 1[0 BUKOPUCTOBYIOTHCS ITpU (DOTONPYKHUX BUIPOOYBAHHSX TPaHYJIbOBAHOTO MaTe-
piany, 3 momikapOboHAaTHOI TUTACTHHH, SKY MOTEPETHBIO MiIaBaIH BiAMANLY U pelaKcarii
3aJIMIIKOBUX HAIpy>KeHb, BUPI3aIN MPO30pi LMIHIPUYHI AUCKU MajJoro jxiamerpa. Pexwu-
MH pi3aHHS 1 Bigmaidy ONTHMIi30BaHO B PE3yNbTaTi aHANI3y MEXaHIYHHX 1 (OTOMPYKHHIX
BJIACTHBOCTEH MOIIKapOOHATHUX JHUCKIB PI3HOro jaiamerpa 1 mocTiiiHOi BUcOTH (5 MM).
Amnaiiz (QoTOnpyXHUX XapaKTEPUCTUK HAIPy>KEHO-Ie(hOPMOBAHOTO CTaHy IUCKIB 1 i30-
XPOM HIJITBEPNB BUCOKY €()EKTUBHICTh 3aITPOIIOHOBAHNX PEKHUMIB OOPOOKH 1 Bifmaiy Juis
JaHOTO Matepiany.
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