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Abstract

Polycarbonate is widely used as structural material due to its extreme resistance to impact and perforation. In a crime involving
firearms, the bullet may impact various objects fitted with or made of polycarbonate sheets leaving high chances of discovering
the fractured PC sheets and fragments at the scene of crime; hence, these objects may become objects of the criminal investiga-
tion. In the present work the perforation pattern of PC sheets of thicknesses § mm, 10 mm, 12 mm and 15 mm at firing ranges
5 mand 10 m when impacted against 9 x 19 mm full metal jacket (FMJ) bullet were examined. It was observed that after impact,
the PC sheet develops entry hole smaller than the calibre of bullet; formation of crack zone, plastic zone; and petalling on the
distal face was observed. It was found that as the thickness of the sheet increases, the diameter of the entry hole increases, the
diameter of the exit hole initially increases and then becomes constant. At 5 m range of fire the trend of crack zone becomes
nearly constant from 8 mm to 15 mm thickness, however, at 10 m range of fire crack zone increases from 8 mm to 15 mm
thickness. Furthermore, the diameter of the plastic zone increases as the thickness of the sheet increases (from 8 mm to 15 mm,
respectively).
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Introduction

Polycarbonate (PC) is a high-performance (Al-
aboodi, Sivasankaran, 2018) amorphous polymer
known for its excellent ductility (Cao, Wang, Wang,
2014) and viscoelastic properties (Cui, Borgemenke,
Liu, Li, 2019) that offers high resistance to impact
and perforation (Dorogoy, Rittel, Brill, 2011; Gan-
guly, Channe, Jha, Mitra, Saha, 2021). PC has been
utilized as a structural material due to its dimension-
al stability (Hasanov, Gupta, Nasirov, Fidan, 2020),
toughness (Jadhav, Patil, Kandasubramanian, 2022),

UV protection (Jang, 2018), glass-transition tempera-
ture (Kausar, 2018), extreme impact strength, thermo-
plastic nature (Khan, Joshi, Deshmukh, 2022), decent
production cost, lightweight (Landi, Logozzo, Moret-
tini, Valigi, 2022), good fire rating, excellent weather-
ing resistance (Li, Goldsmith, 1997), heat resistance
(Moisa, Landsberg, Rittel, Halary, 2005) and transpar-
ency (Moradi et al., 2021). The polycarbonate sheet
has 250 times better impact resistance than glass of
the same thickness (Nomai, Schlarb, 2019). The wide
range of applications of PC includes automotive parts,
security shielding components (Park et al., 2020),
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electronic components (Prajapati, Rohatgi, Kumar,
2022), telecommunication hardware (Raj, Kumar,
2021), polycarbonate-based composites (Ravi-Chan-
dar, 1995), machine guards (Rittel, Levin, 1998), bar-
rel vaults, skylights, covered walkways, bus shelters,
sign boards (Rittel, 2000), household applications,
medical applications (Shah, Abakr, 2008), aerospace
applications (Shah, 2009), optical lenses (Shah, 2009),
biocompatible materials, lightweight transparent ar-
mour for protection, jet fighter canopies and also used
for the preparation of nanotubes and nanowires (Zhou
et al., 2022).

In a crime involving firearms, the bullet may im-
pact various objects made of or fitted with polycar-
bonate sheets, hence, these objects may become ob-
jects of the criminal investigation (Wright, Fleck,
Stronge, 1993). A number of studies have been
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conducted to characterise the static/dynamic flow and
failure properties of polycarbonate structures (Wright,
Huang, Fleck, 1992). In the year 1992 a team investi-
gated the penetration behaviour of PC structures using
circular cylindrical hardened steel punches based on
quasi-static deep penetration tests. It was found that
at the end of the punch a diffused zone of microcracks
forms and is contained entirely within the plastic zone,
the refractive index of PC changes markedly at yield,
enabling the measurement of the plastic zone bounda-
ry (Zhang et al., 2020).

In 1993 the team further investigated the resistance
of thin PC plates (2, 5 and 12 mm thickness) impact
by round and cylindrical projectiles. It was conclud-
ed that five different modes of deformation are pres-
ent, i.e., elastic dishing, petalling, deep penetration,
cone cracking and plugging. In the year 1997, Li and
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Figure 1. Failure mechanism for ballistic impact of polycarbonate by spherical missiles (hollow points indicate penetration,

crossed indicate perforation; Zhang et al., 2020).
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Goldsmith investigated the inclined impact on thin PC
plates (less than 6.4 mm thick) and it is concluded that
the resulting perforated hole exhibits a much smaller
diameter than the projectile (Zhu et al., 2021), indi-
cating a substantial capability for recovery the ballis-
tic resistance of clamped thin PC plates to single and
multiple ballistic impacts and it is concluded that rein-
forcements should be provided near the clamped edg-
es (Zhou et al., 2022).

In the present work experimental firing of 9 x
19 mm full metal jacket (FMJ) bullet was conducted
on polycarbonate sheets of thicknesses 8 mm, 10 mm,
12 mm and 15 mm at firing ranges of 5 m and 10 mm
and the perforation pattern and its forensic signifi-
cance is discussed in this paper.
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Material and methods
1. Sample collection

Ultralite® UV?2 solid polycarbonate (PC) sheets of
thicknesses 8 mm, 10 mm, 12 mm and 15 mm were
considered. Each PC sheet of size 150 mm x 150 mm
was directly obtained from Saraswati Plastotech India
Pvt Ltd. The physical and mechanical properties of PC
sheet are presented in Table 1.

9 x 19 mm full metal jacketed (FMJ) bullet as
shown in Figure 3 is used for the experiment. The

physical parameters of the projectile are given in Ta-
ble 2.
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1—15 Figure 2. Mechanism for ballis-

tic impact of polycarbonate by
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flat-ended  cylindrical  missiles
(hollow points indicate penetration
solid points indicate perforation;
Wright et al., 1992).
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Table 1
Physical and mechanical properties of polycarbonate
PO

Property Typical | Unit | Test method
values
Density 1.2 g/lem® | ASTM D 792
Refractive index 1.58 - ASTM D 542
Tensile stress at yield >60 MPa | ASTM D 638
Tensile strength >60 MPa | ASTM D 638
Elongation at break 110 % ASTM D 638
Elastic modulus 2400 MPa | ASTM D 638
Limiting flexural stress | 93.1 MPa | ASTM D 790
Rockwell hardness 118 R ASTM D 785
Table 2
Physical parameters of the projectile
Feature 9 x 19 mm full metal jacket (FMJ) bullet
Bullet mass 7.457 gm
Bullet type Round nose, full metal jacket
Bullet length 14.71 mm
Bullet diameter | 9 mm
Make Indian
Manufactured by | Ammunition Factory Kirkee/Khadki
(AFK)

As Figure 4 shows, the samples were given an
unique identification code as PC/T8-15/R5, PC/TS-
15/R10, with the initial alphabets representing the ma-
terial of sheet, i.e. PC for polycarbonate, the letter T
stands for thickness, while the next number signifies
thickness of the sheet in millimeters (mm). The letter
R stands for range, while the next number denotes the
range of fire in meters (m).

The following terminology was used in this exper-
iment: the strike face (SF) of the sheet is the surface
that faces the incoming projectile (Ballistic Resistance
of Personal Body Armor, 2008). Distal face is the one
that runs parallel to and away from the impact surface.
Crack zone is the zone of microcracks around the hole
caused by the projectile, and plastic zone is the area
outside the crack zone where the surface has deformed
but no cracks have formed. The detailed configura-
tions with the physical parameters of the samples are
tabulated in Table 3.

Strain rate effects

The rate at which the load is applied to the polycar-
bonate sheet plays a significant role in its deformation

Figure 3. 9 x 19 mm full metal jacket bullet.

behavior. At high strain rates, the material response
changes due to the increase in temperature caused by
the deformation process itself. This is known as ad-
iabatic heating, and it can cause a material to soften
and become more ductile, leading to increased plastic
deformation.

Shear thickening behaviour

Polycarbonate has been proven to exhibit a phe-
nomenon known as shear thickening, where the mate-
rial becomes stiffer and more resistant to deformation
as the strain rate increases. However, beyond a certain
critical strain rate, the material suddenly becomes
much more deformable, leading to a significant in-
crease in plastic deformation.

Localized heating

When a bullet strikes a polycarbonate sheet, it gen-
erates heat due to friction and deformation. This local-
ized heating can cause the material to soften and be-
come more ductile, leading to increased plastic defor-
mation. Additionally, the heat generated by the bullet
impact can also cause the material to undergo a phase
change, leading to further changes in its mechanical
properties. Due to the hard and brittle nature of PC
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sheet, the material response of the reflective wave was
not seen upon sudden impact between PC sheet and

projectile, causing PC sheet to deform more severely.

Table 3

Detailed configuration and physical properties of
samples

Sample code | Thickness | Number | Range | Size

of sheet of sheets | of fire | of sheet

(mm) (m) (mm)
PC/T8/R5 8 3 5 150 x 150
PC/T8/R10 |8 3 10 150 x 150
PC/T10/R5 | 10 3 5 150 x 150
PC/T10/R10 | 10 3 10 150 x 150
PC/TI2/R5 |12 3 5 150 x 150
PC/T12/R10 | 12 3 10 150 x 150
PC/TI5/R5 |15 3 5 150 x 150
PC/T15/R10 | 15 3 10 150 x 150

2. Experimental procedure

The fragments and parts of PC are likely to be
found at the scene of crime hence it is crucial to ana-
lyse the material of sample. This analysis was carried
out by the application of Raman and Fourier transform
infrared spectroscopy.
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For the ballistic testing, a single shot impact at 90
degree was done through an universal test barrel of
length 250 mm, right-hand twist consisting of 6 lands
and 6 grooves, manufactured by Prototypa, Czech Re-
public. Samples were fixed on a metallic fixture. 9 x
19 mm full metal jacketed projectile was fired from
firing distances of 5 m and 10 m respectively. A total of
24 samples were test-fired. Single-shot of 9 x 19 mm
full metal jacketed bullet was fired on each sample.
The target velocity of the projectile was measured at
2.5 m with the help of intelligent velocity light gates
(manufactured by Prototypa). The schematic rep-
resentation of experimental setup is given in Figure 5.

After firing, samples were collected for analysis.
During the analysis, photographs of damaged area of
samples were captured and different parameters such
as diameter of entry hole, diameter of exit hole, di-
ameter of crack zone and diameter of plastic zone
were documented using digital vernier calliper. Iden-
tification of sample material was carried out by Ra-
man spectrometer (Foster & Freeman, Model: Foram
785-3) and FTIR spectrometer (M/S Thermofisher
Scientific, Model: Nicolet iS 20).

Range of fire (m)

s | ertdsi] | — pamecaicas in ssth

Thickness (mm)
|

Figure 4. Representation of sample coding (PC is used for material of sheet, T stands for the thickness of the sheet in mm and
R stands for range of fire in meters; the photograph shows the distal face of PC sheet after firing against 9 x 19 mm full metal

jacketed bullet).
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Figure 5. Schematic diagram of experimental setup.

Results and discussion

When polycarbonate sheet is impacted against the
9 x 19 mm projectile at the point of impact, transfer
of energy takes place between the projectile and tar-
get surface. Due to the projectile’s kinetic energy, the
projectile deforms its shape and the sheet bends in the
direction of the projectile. When the kinetic energy
of projectile exceeds the ultimate tensile strength of
the polymer plate, it ruptures and a hole is created. As
the thickness of target sheet increases, the resistance
offered by the sheet to the passage of projectile in-
creases. Projectile imparts more kinetic energy to the
sheet as the thickness of the sheet increases. The target
sheet also takes up energy and moves in lateral direc-
tion causing the hole to expand. In some cases small
particles/chips are projected in the direction of firing.
The identification of obtained samples was carried out
by the application of Raman spectroscopy and Fourier
transform infrared spectroscopy (FTIR). The observed
spectrum of the samples was matched with the Raman

Sample Fixtur
Stop Sensor Set _\

Motorized moving table

and FTIR references respectively, indicating the pres-
ence of polymer material. The outcomes are displayed
in Figure 6 and Figure 7.

Performance of PC sheet against 9 x 19 mm
projectile

The impact of 9 x 19 mm projectile creates hole in
the PC sheet. This hole is surrounded by micro cracks,
the area of micro cracks is known as a crack zone. This
crack zone is enclosed by the plastic zone which is
the area where the surface has been deformed without
any crack formation. Petalling has been noticed at the
distal face. Figure 8 shows the perforation pattern in
detail.

The diameter of the entry hole, diameter of the exit
hole, diameter of the crack zone, and diameter of the
plastic zone were used to analyse the perforation pat-
tern on PC sheet. Table 4 shows the data of the perfor-
mance of PC sheets.
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(a) Identification of polycarbonate (PC) by Raman spectroscopy

Match Spectrum: Polycarbonate MW 45000
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Figure 6. Raman spectrum of reference and obtained sample of PC showing match.

(b) Identification of polycarbonate (PC) by FTIR spectroscopy
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Figure 7. FTIR spectrum of reference and obtained sample of PC showing match.
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The Figure 9 and Figure 10 show macro-pictori-
al representation consist of the perforation pattern
caused by the 9 x 19 mm full metal jacketed bullet
on PC sheets of thicknesses 8 mm, 10 mm, 12 mm,
15 mm at 5 and 10 m range of fire.

(a) Diameter of entry hole in PC sheets of
different thicknesses at different range of fire

When the 9 x 19 mm full metal jacketed bullet was
fired through sheets of various thicknesses at firing

Strike face

Plastic zone

ranges 5 m and 10 m, the resulting entry hole diame-
ters are given below in Table 5 and are also shown in
Figure 11. This table shows that at 5 m range of fire the
diameter of entry hole increases when the thickness of
sheet increases from 8 mm to 15 mm. At 10 m range
of fire it initially increases from thickness 8 mm to
10 mm, then decreases at thickness 12 mm and again
increases at thickness 15 mm. In other words, as the
thickness of the sheet increases, the diameter of the
entry hole increases.

Petalling

Distal face

Figure 8. Detailed view of perforation pattern on PC sheet when impacted against 9 x 19 mm full metal jacketed bullet.

Table 4

Performance of PC sheet against 9 x 19 mm full metal jacketed bullet
Sample code Test velocity (m/s) | Diameter of entry Diameter of exit Diameter of crack | Diameter of plastic

hole (mm) hole (mm) zone (mm) zone (mm)

PC/T8/RS 432.97+0.29 6.73+0.15 8.88+1.02 10.08+0.09 15.24+0.74
PC/T8/R10 435.30+0.28 7.38+0.70 8.78+0.90 10.15+0.07 16.35+0.39
PC/T10/R5 433.30+2.34 7.22+0.27 10.02+0.49 11.73+£0.04 16.32+0.99
PC/T10/R10 432.45+1.96 8.10+0.30 9.07+1.45 11.52+0.60 17.43+0.10
PC/T12/R5 431.37+0.49 7.69£0.50 10.1£1.16 11.23+0.32 17.63+0.36
PC/T12/R10 432.98+1.63 6.64+0.32 9.08+1.20 13.58+0.51 17.67+0.52
PC/T15/R5 434.02+0.18 7.76£0.12 10.2+0.41 10.54+0.29 17.88+0.68
PC/T15/R10 433.29+0.55 8.00+0.16 10.7+1.12 14.69+0.33 20.54+0.13
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Figure 10. Distal face of PC sheets when impacted against 9 X 19 mm full metal jacketed bullet.
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Table 5
Relation between the thickness of PC sheet and diame-
ter of entry hole at 5 m and 10 m range of fire

Thickness Diameter of entry | Diameter of entry hole
of PC sheet | hole at S mrange | at 10 m range of fire
(mm) of fire (mm) (mm)

8 6.73+0.15 7.38+0.70

10 7.22+0.27 8.10+0.30

12 7.69+0.50 6.64+0.32

15 7.76+£0.12 8.00+0.16

Diameter {mm)

9
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J | |
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0
8 10

Thickness of PC sheet (mm)

W Diameter of entry hole at Sm
range of fire (mm)
® Diameter of entry bole at 10m
range of fire {mm)
15

12

Figure 11. Relation between the thickness of PC sheet and
diameter of entry hole at 5 m and 10 m range of fire when
impacted against 9 x 19 mm full metal jacketed bullet

(b) Diameter of exit hole in PC sheets of different
thicknesses at different range of fire

The resulting exit hole diameters of PC sheets of
various thicknesses, when impacted against the 9 X
19 mm full metal jacketed bullet at firing ranges 5 m
and 10 m, are given below in Table 6 and are also
shown in Figure 12. Table 6 shows that at 5 m range of
fire the diameter of exit hole initially increases when
the thickness of sheet increases from 8 mm to 10 mm
and it remains constant in thickness from 10 mm to
15 mm. At 10 m range of fire it initially increases from
thickness 8 mm to 10 mm, then becomes constant at
10 mm to 12 mm, and then again increases at thickness
15 mm. In other words, as the thickness of the sheet in-
creases, the diameter of the exit hole initially increases
and then becomes constant. When the polycarbonate
sheet is impacted by a bullet at a closer range, the ki-
netic energy of the bullet is higher, resulting in a larger

amount of energy being transferred to the material.
This increased energy transfer can cause the material
to undergo more significant deformation, resulting in
a larger entry diameter.

As the 9 X 19 mm bullet’s kinetic energy is greatest
at 5 metres, and as a result of yaw or other ballistic pa-
rameters, the entry hole diameter at 5 metres is larger
than at 10 metres, the author might consider looking
into or even include these parameters in future studies.

At a further range, the bullet loses kinetic energy
due to air resistance, resulting in a lower amount of en-
ergy being transferred to the material. This decreased
energy transfer can cause the material to undergo less
deformation, resulting in a smaller entry diameter.

However, it is also important to note that other fac-
tors such as the velocity and size of the bullet, as well
as the properties of the polycarbonate sheet, can also
influence the deformation behavior and the resulting
entry diameter. Therefore, a more detailed analysis
of the experimental data and the material properties
would be necessary to provide a more definitive expla-
nation of the observed behavior.

Table 6
Relation between thickness of PC sheet and diameter
of exit hole at 5 m and 10 m range of fire

Thickness | Diameter of exit hole | Diameter of exit hole
of PC sheet | at 5 m range of fire at 10 m range of fire
(mm) (mm) (mm)

8 8.88+1.02 8.78+0.90

10 10.02+0.49 9.07+1.45

12 10.1+1.16 9.08+1.20

15 10.2+0.41 10.7+1.12

12

B B STl L L B CTD T LR ruted
6 l
4
2
(+]
. 10 3 e

Thickness of PC sheet (mm})

m Diameter of exit hole st 5m
range of fire {mm)
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= Digmeter of exit hole at 10m
range of fire (mm)

Figure 12. Relation between thickness of PC sheet and di-
ameter of exit hole at 5 m and 10 m range of fire when im-
pacted against 9 x 19 mm full metal jacketed bullet.
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(c) Diameter of crack zone in PC sheets of different
thicknesses at different range of fire

The impact result of 9 x 19 mm full metal jacketed
bullet fired through PC sheets of various thicknesses at
firing ranges 5 m and 10 m is given below in Table 7
and is also shown in Figure 13. This table shows that
at 5 m range of fire the diameter of crack zone ini-
tially increases when the thickness of sheet increases
from 8 mm to 10 mm, then decreases from 10 mm to
15 mm. From the values it is clear that at this range of
fire the trend of crack zone becomes nearly constant
from 8§ mm to 15 mm thickness. At 10 m range of fire
it increases from thickness 8 mm to 15 mm.

(d) Diameter of plastic zone in PC sheets of
different thicknesses at different range of fire

The resulting diameters of plastic zone of PC sheet
of various thicknesses at firing ranges 5 m and 10 m,
against 9 x 19 mm full metal jacketed bullet are given
in Table 8 and are also shown in Figure 14. This table
shows that at both 5 m and 10 m range of fire, as the
thickness of the sheet increases, the diameter of the
plastic zone increases.

Table 8
Relation between thickness of PC sheet and diameter
of plastic zone at 5 m and 10 m range of fire

= Diamwter of

Table 7 Thickness Diameter of plastic Diameter of plastic
RelatioZ between thickrczlejs of PC sheet and diameter ?rflfnc) sheet g?ge(;trs)m range of g?gi;tré)o m range of
of crack zone at 5 m and 10 m range of fire ” 15.2440.74 16.3520.39

Thickness Diameter of crack Diameter of crack 10 16.32+0.99 17.43+0.10

of PC sheet | zone at 5 m range of | zone at 10 m range 12 17.63+0.36 17.67+0.52

(mm) fire (mm) of fire (mm)

15 17.88+0.68 20.54+0.13

8 10.08+0.09 10.15+0.07

10 11.73+£0.04 11.52+0.60

12 11.230.32 13.58+0.51 -

15 10.54+0.29 14.69+0.33 2 — e I b ot
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Figure 13. Relation between thickness of PC sheet and di-
ameter of crack zone at 5 m and 10 m range of fire when
impacted against 9 x 19 mm full metal jacketed bullet.

Thickness of PC sheet (mm)

Figure 14. Relation between thickness of PC sheet and di-
ameter of plastic zone at 5 m and 10 m range of fire when
impacted against 9 x 19 mm full metal jacketed bullet.

Practical implications of the study

— When the projectile passes through the target sheet,
the projectile loses its energy. Stress is developed
on sheet. Some of the energy is used up in bending
the sheet in the direction of motion of the projectile
and some energy of the projectile is used up in the
deformation of its nose. In PC sheets development
of crack zone, plastic zone; and petalling on the
distal face was observed.

— The perforation of PC sheets of various thickness
results in different hole diameter. When the bullet
impacts the PC sheet, the stress which cause the
sheet to move in lateral direction depend upon

Problems of Forensic Sciences 2023, vol. 133, 39-56
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sheet thickness. The stresses together with nose
deformation assist in determining whether the di-
ameter of hole will be smaller or larger than the
calibre of bullet. In thin sheets of PC, the stresses
are less than the elastic limit of the sheet and the
nose of the bullet does not deform much, which
shows the diameter of bullet hole is smaller than
the calibre of the bullet. As the thickness increases,
more energy is used in lateral movement of PC
sheet around the hole and also, nose of the bullet
gets deformed and thus, the diameter of the hole
becomes approximately equal to calibre of the bul-
let. But, when we move at higher thickness, stress-
es which help in lateral movement of sheet around
the hole are large and it results in an increase in the
diameter of bullet hole.

— Since of the viscoelastic nature of PC, the exit hole
appears smaller because the impact site reverts to
its original position after the impact, resulting in
the development of a smaller seeming exit hole.

— On fixed parameters, regularity in the measure-
ments was observed. In forensic investigation,
these trends and observations may lead to the de-
termination of the kind of weapon used in commit-
ting the crime.

— When the calibre is known, comparison between
5 m and 10 m range of fire demonstrate that range
of fire may be calculated. Hole diameter measure-
ments can be plotted in the respective graph and
range of fire can be determined. The components
and characteristics employed in this experiment,
as well as other environmental factors, are used to
determine distance. If one or more factors or pa-
rameters are altered, the observations and findings
will change as well. In forensic investigations, bul-
let holes inquiry to discover these parameters with
the use of fracture analysis might be profitable.
Provided the foregoing facts, it is clear that this

type of research might be extended to examine the

perforation pattern of PC sheets using weapons of
different calibres, sheets of various thicknesses, with
different ranges and angles and multiple fracture on

a particular sheet. It is also worth considering bullet

deformation. The results of this study are significant

as they can help the forensic community investigate by
interpreting the facts.

Conclusion and future aspect
The ballistic impact behaviour of polycarbonate

is similar to metals, although the specific mechanism
of perforation is somewhat different. The use of PC

sheets is growing with time because of their properties
including robustness, durability, high impact resist-
ance, and much less threat of damage. There are high
chances that the fractured PC sheets and fragments
can be found at the scene of crime involving firearms.
In the present work, the perforation pattern of PC
sheets of various thicknesses when impacted against
9 x 19 mm full metal jacketed bullet were examined.
The test velocities of the bullets were approximately
43342 m/s. The thicknesses of PC sheet considered
were 8 mm, 10 mm, 12 mm and 15 mm. From these
firings, given the information above it is clear that this
kind of research might be broadened to look at mul-
tiple fracture patterns on PC sheet using weapons of
different calibres with the effect of firing at different
ranges and angles. Additionally, it’s crucial to consider
bullet deformation and an analysis of the gunshot res-
idue on PC sheets of various thicknesses.
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ZNACZENIE UKLADU PERFORACJI NA PLYCIE
POLIWEGLANOWEJ PO UDERZENIU POCISKIEM 9 x 19 MM
W BADANIACH KRYMINALISTYCZNYCH

Wprowadzenie

Poliweglan (polycarbon, PC) to wysokowydajny
(Alaboodi, Sivasankaran, 2018) amorficzny polimer zna-
ny z wyjatkowych wlasciwosci wiskoelastycznych (Cui,
Borgemenke, Liu, Li, 2019) i ciagliwosci (Cao, Wang,
Wang, 2014), wykazujacy réwniez duza odpornos¢ na
uderzenia i perforacje (Dorogoy, Rittel, Brill, 2011; Gan-
guly, Channe, Jha, Mitra, Saha, 2021). Wykorzystuje
si¢ go jako material konstrukcyjny ze wzgledu na jego
stabilno$¢ wymiarowa (Hasanov, Gupta, Nasirov, Fidan,
2020), wytrzymatos¢ (Jadhav, Patil, Kandasubrama-
nian, 2022), ochrong przed promieniowaniem UV (Jang,
2018), temperature zeszklenia (Kausar, 2018), znakomi-
ta udarnos¢, wlasciwosci termoplastyczne (Khan, Joshi,
Deshmukh, 2022), korzystne koszty produkcji, lekkos¢
(Landi, Logozzo, Morettini, Valigi, 2022), dobrg ognio-
odporno$¢, doskonala odporno$¢ na warunki atmosfe-
ryczne (Li, Goldsmith, 1997), zaroodpornos¢ (Moisa,
Landsberg, Rittel, Halary, 2005) oraz przezroczystosc¢
(Moradiiin., 2021). Ptyta PC jest 250 razy bardziej udar-
na niz szklo o tej samej grubosci (Nomai, Schlarb, 2019).
Wsrdd szerokich zastosowan PC znajduja si¢ czesci sa-
mochodowe, elementy oston (Park i in., 2020), kompo-
nenty elektroniczne (Prajapati, Rohatgi, Kumar, 2022),
urzadzenia telekomunikacyjne (Raj, Kumar, 2021),
kompozyty poliweglanowe (Ravi-Chandar, 1995), osto-
ny do maszyn (Rittel, Levin, 1998), sklepienia kolebko-
we, $wietliki, zadaszone chodniki, wiaty przystankowe,
tablice informacyjne (Rittel, 2000); PC stosuje si¢ tez
w gospodarstwach domowych, medycynie (Shah, Abakr,
2008) i lotnictwie (Shah, 2009) oraz do wyrobu socze-
wek optycznych (Shah, 2009), materialow biokompaty-
bilnych, lekkich przezroczystych pancerzy ochronnych,
oston kabiny do mysliwcow odrzutowych, a takze nano-
rurek i nanoprzewodow (Zhou i in., 2022).

Pociski wystrzelone podczas przestgpstw z uzyciem
broni palnej moga trafi¢ w rézne obiekty pokryte ptytami
PC, w nastgpstwie czego obiekty takie stajg si¢ przed-
miotem badan kryminalistycznych (Wright, Fleck, Stron-
ge, 1993). Przeprowadzono szereg badan w celu scha-
rakteryzowania przeplywu statycznego i dynamicznego
oraz wlasciwos$ci niszczacych struktur PC (Wright, Hu-
ang, Fleck, 1992). W roku 1992 zespot badaczy przepro-
wadzil quasi-statyczne proby wilasciwosci penetracyj-
nych struktur PC za pomocg okragtych i cylindrycznych
dziurkaczy wykonanych ze stali hartowanej. Proby wy-
kazaty, ze na czubku narzedzia tworzy si¢ rozproszona

strefa mikropgknigé, zawarta w cato$ci w obrebie strefy
plastycznej, przy czym wspolczynnik zatamania $wiatta
PC zmienia si¢ zauwazalnie przy granicy plastycznosci,
co pozwala wyznaczy¢ granicg strefy plastycznej (Zhang
iin., 2020).

W roku 1993 ten sam zesp6t zbadal odpornosé cien-
kich ptyt PC (o grubosci 2, 51 12 mm) na uderzenia okra-
glymi i cylindrycznymi pociskami. Zaobserwowano pigé
réznych typow odksztatcania: miseczkowanie sprezyste,
ptatkowanie, gigboka penetracja, pgkanie stozka i zaty-
kanie. W roku 1997 Li i Goldsmith zbadali skutki ude-
rzenia pocisku pod katem w cienkie ptyty PC (o grubosci
ponizej 6,4 mm). Powstalty w wyniku uderzenia otwor
charakteryzowat si¢ znacznie mniejszg $rednicg niz sam
pocisk (Zhu i in., 2021), co wskazywato, ze unierucho-
mione klamrami cienkie ptyty PC maja znaczng od-
porno$¢ balistyczng na uderzenia zaréwno jednym, jak
i wieloma pociskami. Autorzy sugeruja rowniez wzmoc-
nienie ptyt przy unieruchamiajacych je klamrach (Zhou
iin., 2022).

W niniejszym badaniu przeprowadzono eksperyment
polegajacy na ostrzelaniu ptyt PC o grubosci 8§ mm,
10 mm, 12 mm oraz 15 mm petnoplaszczowymi nabo-
jami 9 x 19 mm z odlegtosci 5 m i 10 m. W pracy omo-
wiono powstaty wzor perforacji oraz jego znaczenie do
badan kryminalistycznych.

Material i metody
1. Pobor probek

Do badania uzyto ptyt wykonanych z litego PC mar-
ki Ultralite® UV2 o grubosci 8§ mm, 10 mm, 12 mm
oraz 15 mm. Wszystkie ptyty mialy wymiary 150 mm
x 150 mm i zostaly pozyskane bezposrednio od firmy
Saraswati Plastotech India Pvt Ltd. W tabeli 1 przedsta-
wiono fizyczne 1 mechaniczne wlasciwosci ptyt. Pelno-
ptaszczowe (full metal jacket, FMJ) naboje uzyte do eks-
perymentu sg przedstawione na rycinie 3, a ich parametry
fizyczne — w tabeli 2.

Jak pokazuje rycina 4, kazdej probce nadano niepo-
wtarzalny kod identyfikacyjny, np. PC/T8-15/RS albo
PC/T8-15/R10. Pierwsze dwie litery oznaczaja materiat,
z ktérego wykonano plyty. Litera ,,T” to skrot od gru-
bosci (thickness), a nastgpujaca po niej liczba — grubosé
ptyty w milimetrach. Litera ,,R” (range) i nastgpujaca po
niej liczba oznaczaja odleglosc, z jakiej oddawano strzat
w metrach.
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W pracy stosuje si¢ nastgpujacg terminologie: stro-
na wlotowa (strike face, SF), czyli strona ptyty, w ktora
uderza nabdj (Ballistic Resistance of Personal Body Ar-
mor, 2008); strona wylotowa (distal face, DF), czyli stro-
na polozona rownolegle, ale przeciwnie do wylotowej;
strefa spgkania — obszar mikropgkni¢¢ wokot otworu po-
wstatego w wyniku uderzenia pociskiem; strefa plastycz-
na — obszar wychodzacy poza stref¢ pekania, w ktérym
nastgpito odksztalcenie powierzchni ptyty bez pekniec.
Szczegotowe uklady stref i parametry fizyczne probek
przedstawiono w tabeli 3.

Efekty szybkosci odksztatcania

Szybkos¢, z jaka na ptyte PC jest wywierane napre-
zenie, ma znaczacy wpltyw na jej odksztalcanie. Przy du-
zych szybkosciach wzrost temperatury spowodowany sa-
mym procesem odksztatcania zmienia reakcje materiatu.
Zjawisko to jest znane pod nazwg ,,ogrzewanie adiaba-
tyczne”. Powoduje ono zmigkczenie materiatu i wzrost
jego plastyczno$ci, co prowadzi do zwigkszonego od-
ksztatcenia plastycznego.

Dylatancja

Poliweglan wykazuje dylatancje, tj. wzrost sztywno-
$ci materiatu i jego odporno$¢ na odksztatcenia wraz ze
wzrostem szybkosci odksztatcania. Istnieje jednak szyb-
kos¢ krytyczna, po przekroczeniu ktorej nagle i znacza-
co zwigksza si¢ podatno$¢ materiatu na odksztatcenia
plastyczne.

Rozgrzanie miejscowe

Nabdj uderzajacy w plyte PC wytwarza ciepto w wy-
niku tarcia i odksztatcania. Takie miejscowe rozgrzanie
moze doprowadzi¢ do zmigkczenia materiatu i wzrostu
jego ciagliwosci, co z kolei zwigksza odksztatcalnos¢
plastyczna. Ciepto wytwarzane przez uderzajacy nabgj
moze rowniez wywota¢ przemiang fazowa materiatu,
jeszcze bardziej zmieniajac jego wlasciwosci mechanicz-
ne. Z powodu duzej twardosci i kruchos$ci ptyty PC nie
zaobserwowano reakcji materiatowej w postaci fali odbi-
jajacej na nagle zderzenie pocisku z ptyta, co przetozyto
si¢ na jej silniejsze odksztalcanie.

2. Przebieg do$wiadczenia

Na miejscu przestepstwa odlamki PC znajduje si¢
czesto, dlatego analiza materialowa probek jest bar-
dzo istotna. Analiz¢ taka przeprowadzono, uzywajac
spektroskopii w podczerwieni z transformacja Fouriera
i spektroskopii Ramana.

Testy balistyczne polegaty na wystrzeliwaniu poje-
dynczo peloptaszczowych pociskow 9 x 19 mm pod

katem 90 stopni w stosunku do celu z lufy uniwersal-
nej do badan o dlugosci 250 mm pokrytej prawoskret-
nie 6 polami i 6 bruzdami, wyprodukowanej przez firme
Prototypa (Czechy). Probki przymocowywano do meta-
lowego rusztowania. Pociski wystrzeliwano z odlegtosci
5 mi 10 m. Lacznie przebadano balistycznie 24 probki.
Do kazdej probki strzelano jednym petnoptaszczowym
nabojem 9 x 19 mm. Predkos¢ pocisku mierzono w odle-
glosei 2,5 m za pomoca inteligentnych predkosciomierzy
swietlnych firmy Prototypa. Schemat uktadu pomiarowe-
go przedstawiono na rycinie 5.

Po ostrzelaniu probki pobierano do analizy. W trakcie
analizy fotografowano uszkodzenia powstate na prob-
kach oraz mierzono za pomoca suwmiarki cyfrowej wy-
brane parametry, takie jak $rednica otworu wlotowego,
srednica otworu wylotowego, $rednica strefy peknigé
czy S$rednica strefy plastycznosci. Materiat identyfiko-
wano za pomocg spektroskopu ramanowskiego (Foster
& Freeman, model Foram 785-3) i spektrometru FTIR
(M/S Thermofisher Scientific, model Nicolet iS 20).

Wiyniki i dyskusja

W miejscu uderzenia pocisku 9 x 19 mm w ptyte PC
nastepuje przekazanie energii pomigdzy pociskiem a ce-
lem. Energia kinetyczna pocisku powoduje odksztalcenie
plyty ijej wygigcie w kierunku pocisku. Jesli energia ki-
netyczna pocisku przekroczy granice wytrzymalosci na
rozciaganie ptyty PC, powierzchnia ptyty peka i powstaje
w niej otwor. Opdr stawiany przez ptyte przelatujacemu
przez nig pociskowi wzrasta wraz ze wzrostem jej grubo-
$ci. Podobnie wraz ze wzrostem grubosci ptyty wzrasta
energia kinetyczna przekazywana jej przez pocisk. Ptyta
pochtania energi¢ uderzajacego w nig pocisku i prze-
mieszcza si¢ bocznie, co powigksza powstajacy otwor.
W niektorych przypadkach uderzenie powoduje wyrzu-
cenie drobin ptyty zgodnie z kierunkiem strzalu. Otrzy-
mane probki identyfikowano za pomoca spektroskopii
Ramana i spektroskopii w podczerwieni z transformacja
Fouriera (FTIR). Zaobserwowane widma porownywa-
no ze wzorcami odpowiednio dla spektroskopii Ramana
i FTIR w celu wykrycia PC. Wyniki badan spektroskopo-
wych przedstawiajg ryciny 61 7.

Skutki uderzenia pocisku 9 x 19 mm w ptyte PC

W wyniku uderzenia pocisku 9 X 19 mm w plycie
PC powstaje otwor otoczony mikropeknigciami. Obszar
pokryty takimi mikropeknigciami nazywa si¢ ,,strefg
peknigc”. Z kolei strefa peknigc¢ zawiera si¢ w strefie pla-
stycznej, czyli obszarze, na ktérym powierzchnia plyty
odksztalcita sig, ale nie pekta. Na wylotowej stronie pty-
ty zaobserwowano ptatkowanie. Rycina 8 przedstawia

szczegotowy uktad perforacji.
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Na podstawie $rednicy otworu wlotowego, $rednicy
otworu wylotowego, $rednicy strefy peknie¢ oraz $redni-
cy strefy plastycznos$ci zbadano uktad perforacji na pty-
cie PC. Tabela 4 przedstawia wyniki uderzenia pocisku
w plyte PC.

Na rycinach 9 i 10 przedstawiono makrograficznie
uktady perforacji powstate po uderzeniu petoptasz-
czowym pociskiem 9 x 19 mm z odlegtosci Smi 10 m
w plyte PC o grubosci 8 mm, 10 mm, 12 mm i 15 mm.

(a) Srednica otworu wlotowego w ptytach PC
o roznej grubosci przy strzale z r6znych
odlegtosci

W tabeli 5 i na rycinie 11 przedstawiono Srednice
otworow wlotowych po uderzeniu pelnoptaszczowym
nabojem 9 x 19 mm z odlegtosci 5 mi 10 m w ptyty PC
o roznych grubosciach. Jak wynika z tabeli 5, $rednica
otworu wlotowego po uderzeniu pociskiem z odlegtosci
5 m wzrasta wraz ze wzrostem grubosci plyty od 8 do
15 mm. Przy strzale z odlegtosci 10 m $rednica ta poczat-
kowo wzrasta przy grubosci od 8 do 10 mm, nastgpnie
maleje przy grubosci 12 mm i ponownie wzrasta przy
grubosci 15 mm. Innymi slowy, $rednica otworu wloto-
wego wzrasta wraz ze wzrostem grubosci plyty.

(b) Srednica otworu wylotowego w ptytach PC
o roznych grubosciach po strzale z roznych
odleglosci

W tabeli 6 oraz na rycinie 12 przedstawiono $rednice
otworéw wylotowych po uderzeniu petnoptaszczowym
nabojem 9 x 19 mm z odleglosci 5 m i 10 m w plyty PC
o réznych grubosciach. Jak wynika z tabeli 6, $rednica
otworu wlotowego po uderzeniu pociskiem z odlegtosci
5 m wzrasta w przedziale grubosci ptyty od 8 mm do
10 mm, a nastgpnie utrzymuje si¢ na statym poziome
w przedziale od 10 mm do 15 mm. Przy strzale z odle-
glosci 10 m $rednica ta poczatkowo wzrasta dla grubosci
od 8 do 10 mm, utrzymuje si¢ na statym poziomie od
10 do 12 mm i ponownie wzrasta dla grubosci 15 mm.
Innymi stowy — wraz ze wzrostem grubosci ptyty Sredni-
ca otworu wylotowego poczatkowo wzrasta, a nastgpnie
utrzymuje si¢ na statym poziomie. Nabdj wystrzelony
z blizszej odlegtosci posiada wickszg energi¢ kinetyczna.
Tym samym przekazuje tez przy uderzeniu wigksza ilos¢
energii ptycie PC. Taki zwigkszony przekaz energii moze
spowodowac silniejsze odksztatcenie ptyty, a w rezulta-
cie — powstanie otworu wlotowego o wigkszej srednicy.

Poniewaz nab6j 9 x 19 mm posiada najwigksza ener-
gi¢ kinetyczna przy strzale z odleglosci 5 m, a takze ze
wzgledu na kat yaw i inne parametry balistyczne, $redni-
ca powstajacego otworu wlotowego jest wigksza niz przy
strzale z odlegtosci 10 m. Stad autorzy niniejszej pracy

rozwazaja przeprowadzenie dalszych badan uwzglednia-
jacych te parametry.

Przy strzale z wigkszych odleglosci nabdj wytraca
energi¢ kinetyczng z powodu oporu powietrza, co prze-
ktada si¢ na mniejsza ilo$¢ energii przekazanej ptycie
PC. Mniejszy przekaz energii oznacza mniejsze od-
ksztalcenie materialu, a mniejsze odksztalcenie oznacza
powstanie otworu wlotowego o mniejszej $rednicy.

Nalezy jednak wzia¢ pod uwage, ze na odksztalca-
nie i wynikajacy z niego otwor wlotowy moga wptywac
réwniez inne czynniki, takie jak predko$¢ i wymiary
naboju oraz wlasciwosci samej ptyty PC. Nalezy zatem
przeprowadzi¢ bardziej szczegotowa analizg danych eks-
perymentalnych i wiasciwosci PC w celu lepszego wyja-
$nienia zaobserwowanej reakcji na uderzenia pociskiem.

(c) Srednica strefy spekania powstajacej na ptytach
PC o réznych grubosciach po strzale z r6znych
odlegtosci

W tabeli 7 oraz na rycinie 13 przedstawiono skutki
uderzenia petnoptaszczowym nabojem 9 x 19 mm z od-
legtosci 5 m i1 10 m w ptyty PC o réznych grubosciach.
Z tabeli 7 wynika, ze na dystansie 5 m $rednica strefy
peknigcia poczatkowo zwigksza si¢ wraz ze wzrostem
grubosci ptyty od 8 mm do 10 mm, a nastgpnie zmniejsza
si¢ w przedziale od 10 mm do 15 mm. Na podstawie tych
wartosci wida¢ wyraznie, ze przy strzale z odleglosci 5 m
srednica strefy peknigé utrzymuje si¢ na prawie stalym
poziomie w przedziale grubosci od 8 mm do 15 mm.
Przy strzale z odlegtosci 10 m s$rednica ta zwigksza si¢
w przedziale grubosci od 8 mm do 15 mm.

(d) Srednica strefy plastycznosci na ptytach PC
o roznych grubos$ciach po strzale z réznych
odlegtosci

W tabeli 8 oraz na rycinie 14 przedstawiono $redni-
ce strefy plastycznosci po uderzeniu pelnoptaszczowym
nabojem 9 x 19 mm z odlegtosci 5 mi 10 m w ptyty PC
o roznych grubo$ciach. Z tabeli 8§ wynika, ze w miare
wzrostu grubos$ci ptyty wzrasta tez $rednica strefy pla-
stycznosci przy strzale zar6wno z 5 m, jak i 10 m.

Whioski praktyczne z badania

— Pocisk przelatujacy przez ostrzeliwang plyte wytraca
energieg, na ptyte za$ jest wywierane naprezenie. Czg$¢
energii zostaje zuzyta na zgigcie ptyty w kierunku
ruchu pocisku, a cze$¢ na odksztalcenie czubka
pocisku. W niniejszym badaniu zaobserwowano
powstawanie strefy spgkania i strefy plastycznosci
oraz zjawisko ptatkowania na stronie wylotowej ptyt
PC.
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— Perforacja ptyt PC o réznej grubosci prowadzi do po-
wstania otworéow o roznych $rednicach. Naprezenia
pochodzace z uderzenia pociskiem powoduja prze-
mieszczenie boczne ptyty PC w zalezno$ci od jej gru-
bosci. Naprezenia te wraz z odksztalceniami czubka
pocisku pozwalaja ustali¢, czy $rednica powstalego
otworu bedzie mniejsza czy wigksza od kalibru na-
boju. Wartosci naprezen w ptytach PC o mniejszej
grubosci sa nizsze od granicy sprezystosci plyty,
a odksztatcenie czubka naboju jest niewielkie, przez
co $rednica powstajacego otworu bedzie mniejsza niz
kaliber naboju. W miar¢ wzrostu grubos$ci plyty wzra-
sta ilo§¢ energii zuzyta na jej przemieszczenie boczne
wokot otworu, a czubek naboju odksztalca si¢ bar-
dziej, stad $rednica otworu bedzie zblizona do kalibru
naboju. Natomiast w przypadku ptyt o duzej grubosci
naprezenia wywotujace przemieszczenie boczne wo-
kot powstajacego otworu sg silne, przez co zwigksza
si¢ jego $rednica.

— Wiskoelastyczne wtasciwosci PC powoduja, ze otwor
wydaje si¢ mniejszy niz w rzeczywistosci, poniewaz
materiat ten powraca do pierwotnej pozycji w miejscu
uderzenia, a zatem powstajacy otwor mozna mylnie
oceni¢ jako mniejszy.

— Zaobserwowano pewne regularnosci w wynikach
pomiarow prowadzonych przy ustalonych parame-
trach. W kontekscie badan kryminalistycznych tego
typu regularno$ci i obserwacje moga okazac si¢ po-
mocne w ustaleniu typu broni uzytej do popetnienia
przestepstwa.

— Badania poréwnawcze pomigdzy strzalami oddanymi
z odlegtosci 5 m i1 10 m pokazaty, ze jesli kaliber jest
znany, mozna ustali¢ odleglos¢ strzatu, mierzac $red-
nice¢ otworu i nanoszac dane na odpowiedni wykres.
Wykorzystane w niniejszym eksperymencie uktady,
parametry oraz pozostate czynniki srodowiskowe po-
zwalajg ustali¢ odlegto$¢. Zmiana w jednym lub wie-
lu czynnikach czy parametrach prowadzi rowniez do
zmiany wynikow obserwacji. W badaniach kryminali-
stycznych pomocna moze okazac si¢ analiza otworow
powystrzalowych przeprowadzona na podstawie po-
wstatych pegknie¢ w celu ustalania tychze czynnikow
i parametrow.

Powyzsze wnioski pokazuja jasno, ze badania tego
typu warto rozszerzy¢ o analiz¢ ukladu perforacji po-
wstatych po strzale z broni o réoznym kalibrze na pty-
tach PC o réznych grubo$ciach, wymiarach i katach
oraz o analiz¢ wielokrotnych peknig¢é na poszczegolnych
plytach. Warto rowniez wzigé pod uwage odksztatcenia
naboju. Wyniki niniejszego badania sg istotne, poniewaz
moga wspomoc srodowisko specjalistow zajmujacych
si¢ tym obszarem kryminalistyki w kontekscie interpre-
tacji faktow.

Podsumowanie i przyszle badania

Poliweglan wykazuje podobna reakcje na uderzenia
balistyczne jak metale, cho¢ mechanizm powstawania
perforacji jest w jego przypadku nieco inny. Ptyty PC sa
stosowane coraz powszechniej ze wzgledu na trwalose,
wytrzymato$¢, duza odpornos$¢ na uderzenia i uszkodze-
nia oraz inne wtasciwosci tego materiatu. Odtamki ptyt
PC moga z duzym prawdopodobienstwem znalez¢ si¢
na miejscu przestgpstwa z uzyciem broni palnej. W ni-
niejszej pracy analizowano wzory perforacji powstate na
skutek uderzen petnoptaszczowych nabojow 9 x 19 mm
w plyty PC o réznej grubosci. Naboje w trakcie badan
osiggaty predkos¢ 433+2 m/s. Analizowano ptyty PC
o grubosci 8 mm, 10 mm, 12 mm i 15 mm. Uzyskane
wyniki i wnioski jasno wskazuja, ze tego typu bada-
nia wzoréw peknie¢ na ptytach PC mozna rozszerzy¢
o bron o innym kalibrze oraz zastosowac¢ inne odlegtosci
i katy strzalu. Istotnymi czynnikami, ktére nalezy brac¢
pod uwage w badaniach, sg tez odksztalcenia nabojow
oraz s$lady prochu pozostawione na ptytach PC o roznej
grubosci.
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