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B Introduction

One of the materials most widely applied
in the manufacturing of ballistic personal
armours is ultra-high molecular weight
polyethylene (UHMWPE) in a fibrous
form. The application of UHMWPE fi-
bres in the manufacturing of ballistic per-
sonal protection is due to their properties,
e.g., high mechanical strength, abrasion
resistance, a low friction coefficient, re-
sistance to water, aggressive chemicals
and UV radiation [1-5]. Due to the very
high velocity of sound propagation of
UHMWPE fibres, they may absorb large
amounts of energy, which, in accordance
with the above-mentioned properties,
determines their suitability for ballistic
applications. The behaviour of UHM-
WPE fibres is directly dependent on their
chemical composition and crystalline
structure [2, 3]. The high degree of UH-
MWPE crystallinity (up to 85%) results
from the oriented polymer structure (over
95%), which is formed by macromolecu-
lar chains in parallel arrangement [2].
The weak van der Waals bonds between
polyolefin chains affect the low tem-
perature resistance. Under the influence
of local temperature, crystalline areas
transform into amorphous ones. The UH-
MWPE melting point is 144 - 152 °C,
which allows the use of fibres at a tem-
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Abstract

The aim of this study was to analyse the influence of the main pressing parameter, i.e. tem-
perature of a ultra-high molecular weight polyethylene (UHMWPE) fibrous sheet Dynee-
ma® HB26, on the performance of resultant UHMWPE-fibre reinforced polymer matrix
composites intended for the manufacturing of ballistic personal protection. The main goal
of this research was to connect the pressing temperature of the initial polyethylene fibrous
material and the main performance feature, i.e. the ballistic behaviour of the resultant
composites. The polyethylene composites, designed at various temperatures, were subject-
ed to testing of ballistic, mechanical, thermal (DSC) and structural (FTIR) properties, as
well as the surface topography by means of scanning electron microscopy (SEM). Attempts
were made to determine the correlation between ballistic and mechanical properties of the
various types of polyethylene composites designed and their structural and surface proper-
ties. Phenomena accompanying the pressing process of the fibrous polyethylene composites
at various temperatures are discussed along with attempts to estimate the mechanisms of
changes. This research allowed for the determination of optimal pressing conditions for
fibrous polyethylene material to obtain a composite with optimal features for ballistic and
personal protection application.

Key words: ballistic armour; personal protection, ultra-high molecular weight polyethylene

(UHMWPE), fibrous polyethylene composites, design process.

perature not exceeding 100 °C for a long
period [4].

UHMWPE fibres are used both in typi-
cal woven structures and in fibrous ma-
terials, developed specially for ballistic
purposes [5 - 11]. UHMWPE fibres are
typically combined with low molecular
weight thermoplastic polymers to form
unidirectional several-ply-thick fibres.
These plies are then stacked in a [0/90],
sequence to create 4-ply thick tapes that
can be warm-consolidated (just below
the melting point of crystalline polymer
fibre) to form laminated materials with
fibre volume fractions by approximately
85%.

UHMWPE-fibre reinforced polymer
matrix composites exhibit remarkable
resistance to penetration during local-
ised impact loading by blunt projectiles
[12 - 19]. The performance is dependent
on the composite architecture as well as
on the fibre and (to lesser extent) matrix
properties. However, there is growing
experimental evidence that the matrix
shear strength (governing the inter-lam-
inar shear strength) has a significant in-
fluence on the ballistic performance of
UHMWPE composites [12, 17, 20 - 22].
Furthermore Greenhalgh et al. [23] re-
ported a detailed fractographic study and
argued qualitatively that the matrix shear
strength influences the energy absorption

and failure mechanisms, such as delami-
nation and splitting. Fibrous ballistic ma-
terials made of UHMWPE fibres in the
form of multi-ply stitched packets cre-
ate so-called soft ballistic armours (e.g.,
body armours, anti-fragmentation cov-
ers), and in the form of pressed polymer
matrix composites, they create rigid bal-
listic armours (e.g., protective helmets,
shields, armours). The manufacturing of
hard protective inserts is based on the
process of thermal and pressure com-
binations of fibrous UHMWPE sheets.
The pressing process of the polyethylene
product includes several stages [12, 24].

Cut ply precursors are piled up, with
the number of sheets depending on the
protection level desired. Then they are
placed into a hot hydraulic press which
transforms them into a hard plate, and the
glue from the original film manufactur-
ing helps to bond the layers together in
the heat of the process [24]. The plies
are pressed together at a temperature of
127 °C and consolidation pressure of
20.6 MPa for 20 min to produce a lami-
nate [12]. Epoxy or polyurethane is usu-
ally used as a matrix (glue) in the UHM-
WPE-fibre reinforced plate [12, 24 - 26].

Although UHMWPE composite manu-
facturing technology is well known, there
are a limited number of scientific publica-
tions on the influence of the pressing pro-
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cess temperature on the thermal, struc-
tural, mechanical and ballistic properties
of polyethylene products. There are also
no reports on changes in the properties of
the polyethylene composite depending
on the pressing temperature.

The studies prepared indicated that
the appropriate processing parameters
of the UHMWPE-fibre reinforced
polymer matrix composite design may
be attributed to the possibility that their
performance is a function of the structural
properties designed.

The research also attempts to explain
the processes occurring in composites
pressed at various temperatures.
The thesis of this study is that there is
a range of optimal pressing temperatures
for the properties of the UHMWPE-fibre
reinforced polymer matrix composites
produced intended for the manufacturing
of ballistic personal armours.

I Research subject

Dyneema®HB26 (DSM High Perfor-
mance Fibres BV, The Netherlands)
made of UHMWPE fibres was used for
the manufacturing of UHMWPE-fibre re-
inforced polymer matrix composites. The
main properties of Dyneema® HB26 are
presented in Table 1.

I Methods

Pressing

The UHMWPE-fibre reinforced polymer
matrix composites (i.e., the multi-ply
polyethylene plates) were manufactured
by pressing 45 plies of Dyneema®HB26
using a PHM 250E press (Ponar Zywiec,
Poland). The pressing process includes
three stages (see Figure I).

Various pressing temperatures were
chosen, as shown in Table 2. The press-
ing temperature of the UHMWPE-fibre
reinforced polymer matrix composites
was determined using the press sensor
(Tpress) and sensors, i.e., 3 thermocou-
ples, which were located between the
Dyneema®HB26 sheets during the press-
ing process (Tpacket)- The measurement
uncertainty of the temperature was deter-
mined in both cases at a level of £ 1 °C.

As a result of the pressing process of the
polyethylene sheets within a temperature
range (Tppess) from 115°C to 160°C, pro-
files of 3D UHMWPE-fibre reinforced
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Table 1. Properties

of the nonwoven polyethylene product Dyneema®HB26 used in

the study.
Parameter Unit Value Testing procedure
Width cm 160.0 + 0.1 PN-EN ISO 2286-1:2000 [27]
Areal density g/m?2 262 +1 PN-EN ISO 2286-2:1999 [28]
Thickness mm 0.36 £ 0.01 PN-EN ISO 2286-3:2000 [29]
Breaking force:
lengthwise kN 9.37£0.24 PN-EN ISO 1421/1:2001 [30]
crosswise 8.48 +0.21
Elongation at break:
lengthwise % 3.6+0.1 PN-EN ISO 1421/1:2001 [30]
crosswise 3.2+0.1
Tear resistance:
lengthwise N no tearing PN-EN ISO 4674-1:2005 [31]

crosswise

polymer matrix composites with dimen-
sions of 25x30 c¢m and surface mass of
12.0 + 0.1 kg/m2 were obtained. How-
ever, as a result of the increasing tem-
perature of the pressing process up to
Tpress= 175 °C, the polyethylene compos-
ite was permanently deformed. Examples
of the UHMWPE composites pressed
115 °C
t0 Tpress = 175 °C are presented in Fig-

at temperatures from Tpress =

Analytical methods

Evaluation of Dyneema®HB26
mechanical properties

Tests of the mechanical properties of the
Dyneema®HB26 were performed ac-
cording to the following standards: PN-
EN ISO 2286-1:2000 [27], PN-EN ISO
2286-2:1999 [28], PN-EN ISO 2286-
3:2000 [29], PN-EN ISO 1421:2001
[30], and PN-EN ISO 4674-1:2005 [31],
the results of which are presented in Ta-
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Figure 1. Parameters of the pressing process of the UHMWPE-fibre reinforced polymer

matrix composites.

Table 2. Parameters of the pressing process of the UHMWPE-fibre reinforced polymer

matrix composites.

Sample symbol Tpress; °C Tpacket, °C
HB 26/100 115 100
HB 26/115 130 115
HB 26/130 145 130
HB 26/145 160 145
HB 26/160 175 160
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Tests of ballistic resistance and
hardness of polyethylene composites
Acycle of ballistic tests of the UHMWPE-
fibre reinforced polymer matrix compos-
ites manufactured was conducted accord-
ing to procedure PBB-31:2014 [32] based
on Standard PN-V-87000:2011 [33]. The

with a mass of

FMJS munitions,
5.5+ 0.1 g, at various predefined speeds
of the projectile impact, i.e., within
Vi =400 - 700 m/s.

This range was selected as a result of
the initial tests on the assumption that

Figure 2. Examples of the polyethyl-
ene composites pressed at tempera-
tures from Tpss = 115 °C t0 Tpppgs =
175 5C: a) FIB 26/100, b) HB 36/115,
¢) HB 26/130, d) HB 26/145, e) HB
26/160.

through the object tested. As in the case
of the ballistic tests on the testing base,
the depth of deformation of the base
(Hgp) was measured exactly to 0.1 mm
after every shot. The results of sample
tests of the composites received shot
with 7.62 mm TT FMJS munitions were

test was accomplished with 7.62x25 TT  the projectile cannot shoot completely  statistically interpreted. A reference
40 40
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Figure 3. Determination of the deformation of the base Hyy, of the polyethylene composites at a selected reference speed of a 7.62 mm TT

FMJS projectile equal to V,, = 550 m/s.
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speed of V;;; = 550 m/s was selected for
the 7.62 mm TT FMIJS projectile, being
of'a medium a range of 400 - 700 m/s, at
which gunfire was carried out.

Hardness tests were performed according
to PN-EN ISO 2039-2 [34], by determi-
nation of the hardness of plastics when
pressing using a Rockwell hardness
tester (KBPruftechnik, Germany) and
Rockwell M hardness scale (main load of
980.7 N, ball diameter of 6.35 mm).

FTIR

FTIR tests of the Dyneema®HB26 and
the UHMWPE-fibre reinforced polymer
matrix composites were conducted by
means of an FTIR spectrophotometer
- NICOLET iS10 (Thermo Scientific,
USA) by the method of multiple attenuat-
ed total reflectance (ATR) within a wave-
length range from 400 to 4000 cm-!.

Thermal analysis (DSC)

Thermal analysis of the Dyneema®HB26
and the UHMWPE-fibre reinforced pol-
ymer matrix composites was conducted
using inert gas (nitrogen) and a dif-
ferential scanning calorimeter - DSCI
from Mettler Toledo (USA), calibrated
based on reference standards: ind and
n-octane.

The following measurement program
was used:
heating from -80 °C to 200 °C (heat-
ing speed 10 °C/min);
cooling from 200 °C to -80 °C (heat-
ing speed 10 °C/min);
second heating from -80 °C to 200 °C
(heating speed 10 °C/min).

On the basis of the DSC thermograms
achieved, the temperature range and
heating effect (enthalpy) of the crystalli-
sation and melting processes of the crys-
talline phase were determined. The crys-
tallisation degree of the UHMWPE-fibre
reinforced polymer matrix composites
was calculated according to the follow-
ing formula:

AH .
X, =— x100 in% [1]
AH0

m

where, X, — degree of crystallinity;
AH,, — enthalpy connected with the melt-
ing process of the crystalline phase; AH,,,0
— enthalpy connected with the melting
process of the crystalline phase PE, com-
pletely crystalline (AH,,,0 =293 J/g) [35].

SEM analysis
SEM analysis was performed under low
vacuum conditions (40 Pa) by means of
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Figure 4. Dependence of H,
temperature of Dyneema® ﬁ]BZ&

a Quanta 650F microscope (FEI, USA),
in the backscattered electron (BSE)
mode. The surface image was recorded at
a magnification of 2263x.

Analysis of results

Evaluation of the ballistic resistance
and hardness of the polyethylene
composites

The results received of sample tests of
the UHMWPE-fibre reinforced polymer
matrix composites shot with 7.62 mm
TT FMJS munitions were statistically
interpreted. Figure 3 presents graphs of
Hgp = £ (Vin), on the basis of which the
deformation of the base Hy, of the UH-
MWPE-fibre reinforced polymer matrix
composites was determined for a selected
reference speed of 7.62 mm TT FMJS
projectile equal to Vi, = 550 m/s.

The ballistic tests showed that the press-
ing temperature significantly affects
the ballistic resistance of the UHMWPE-
fibre reinforced polymer matrix com-
posites, expressed by the deformation of
the base Hyp,, which is presented in Fig-
ures 3 & 4.

The highest values of deformation
of the base were noted in the case of
UHMWPE-fibre reinforced polymer
matrix composites of HB 26/100 and
HB 26/145, amounting to Hg, = 26.2 mm
and Hg, = 26.1 mm, respectively. In
the case of sample HB 26/100, the defor-
mation of the base likely resulted from
the fact that in this case the pressing
temperature is significantly lower than
the recommended temperature [12, 24],
limiting chemical reactions (poly-addi-
tion) in the Dyneema®HB26 binder, and

and hardness of the polyethylene composites and the pressing

thereby reducing the bonding quality of
the Dyneema®HB26 plies.

It can be assumed that this is the main rea-
son for the weakening of ballistic prop-
erties of the HB 26/100 composite. How-
ever, in the case of HB 26/145, the in-
crease in deformation of the base and the
reduction in ballistic resistance likely re-
sulted from the reactions of the degrada-
tion occurring at a pressing temperature
of 145 °C, causing polymer chain break-
ing, branching and cross-linking. Due to
the deformation of the HB 26/160 com-
posite pressed at a temperature of 175 °C,
its ballistic properties and hardness were
not evaluated.

The lowest value of deformation of
the base was noted for the HB 26/115
composite, amounting to Hyp = 24.8 mm.
This composite was pressed at a tempera-
ture of 130 °C.

Analysis of the hardness of the UHM-
WPE-fibre reinforced polymer matrix
composites tested determined by the
Rockwell method in the M scale showed
that the hardness of the samples tested
increased with increasing pressing tem-
perature (Figure 4).

An increase in the pressing temperature
affects the growth of hardness of the
composite by 10 units on average every
15°C. The explanation of this phenom-
enon, as in the case of ballistic resist-
ance, can be found in the degradation and
cross-linking processes, which coexist
and occur in the pressed Dyneema®HB26
polyethylene material. Thus the changes
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Figure 5. ATR-FTIR spectra of UHMWPE-fibre reinforced polymer matrix composites

pressed at various temperatures.

Table 3. Specific absorption bands of Dyneema® HB26.

Wave number, cm-1

Marked Literature data [37, 38]
3300 3380-3420
2970 2950-2975
2910 2915-2940
2845 2840-2870
1700 1650-1690
1528 1510-1530
1470 1440-1465
1370 1370-1390
1335 1315-1340
1305 1285-1350
1245 1185-1275
1072 1050-1160
1015 1000-1100
927 800-950
716 720-725

in the Dyneema®HB26 product lead to
the formation of free radicals, which is
primarily manifested by the degrada-
tion and decrease in the molecular mass
of the polymer, as well as by its cross-
linking, which is, in turn, reflected by
the increase in molecular mass. It can be
assumed that the ongoing cross-linking
process is connected with the formation
of three-dimensional networks in the sur-
face ply, which produces features of non-
fusible and insoluble gelling to the mate-
rial, thereby improving the material hard-
ness [36].

Considering that ballistic tests and hard-
ness analysis were conducted to confirm
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the considerations above, structural stud-
ies were conducted to evaluate the sur-
faces of the UHMWPE-fibre reinforced
polymer matrix composites. Attempts
were made to determine the correlation
between ballistic and mechanical proper-
ties and structural and surface behaviour.

ATR-FTIR analysis

The ATR-FTIR data received from the
analysis of the Dyneema®HB26 are pre-
sented as numerical data. Only some of the
most characteristic signals were selected
from the experimental data for two essen-
tial reasons: This study is not focused on
the technical side of spectra analysis, but
rather the use of the spectrum analysed

for identification of the binder composi-
tion of the Dyneema®HB26. There were
absorption bands present in the ATR-
FTIR spectrum of Dyneema®HB26, cor-
responding to the vibrations of grouping
atoms, as shown in Table 3.

The nature of the ATR-FTIR spectrum of
the Dyneema®HB26 tested indicates the
presence of groupings typical of poly-
ethylene molecules [39]. Additionally
there are intensive bands typical of pol-
yurethanes and ether compounds within
a wave range of 1072 cm-l (v sym.
C-0-C), 1015 cm-! (v asym. C-O-C),
1700 cm-! (v C=0), 1528 cm-!
(8 NH, C=N), 1305 cm-! (v C=N, NH),
and 1245 cm-1 (v C=N, NH).

In the course of the aforementioned anal-
ysis, it can be concluded that the binder
of Dyneema®HB26 constitutes a poly-
mer composition on the basis of poly-
ether diols, isocyanates as well as polyu-
rethanes. The composition of the binder
identified is confirmed in the literature
[40, 41]. Data on the chemical structure
of the binder allowed for determination
of the probable processes which occur
when Dyneema®HB26 is pressed at var-
ious temperatures.

In the ATR-FTIR spectra of polyethylene
composites made of Dyneema®HB26
pressed at various temperatures, as pre-
sented in Figure 5, absorption bands
were recorded within the range of the
same wavelengths, as in the case of the
non-pressed Dyneema®HB26.

However, comparing the bands in the
polyethylene composites, it can be no-
ticed that depending on the pressing
temperature of the Dyneema®HB26
used, they differ significantly in terms
of signal intensities originating from the
same chemical groupings. In particular,
this phenomenon is visible in the case
of samples of the HB26/100 and HB
26/160 polyethylene composites, pressed
at temperatures of 115 °C or 160 °C,
respectively. In these two cases, signifi-
cant changes occur in the intensities of
the bands originating from the following
groupings:

CH,(2910cm-1,2845cm-1,1470cm-1,

1370 cm-1, 927 cm-1, 716 cm-1);

NH, OH (3300 cm-1);

C=0 (1700 cm-1);

COC (1072 ecm-1, 1015 cm-1);

C=N, NH, (1528 cm-1,1245 cm-1);
in relation to these band intensities,
the HB 26/115, HB 26/130 andHB
26/145 polyethylene composites were
noted.
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Figure 6. DSC curves of the Dyneema®HB26 and the UHMWPE-fibre reinforced polymer matrix composites fabricated at various tem-

peratures.

Table 4. DSC analysis results of the Dyneema® HB26 and UHMWPE-fibre reinforced polymer matrix composites. T,,— melting point of
crystalline phase, AT, - melting point range of crystalline phase, AH,, - enthalpy connected with melting process of crystalline phase,
1. — temperature of crystallisation, AT, — temperature range of crystallisation, AH,— enthalpy connected with crystallisation process.

Heating Cooling Second heating
Sample symbol
Tms °C ATm, °C | AHp, Jig Xc, % T, °C AT, °C | AHg,Jdlg | T, °C | AT, °C | AHp, Jig Xc, %
Dyneema® HB26 151; 149 143-161 -206 70 117 122-106 109 137 127-143 -122 42
HB 26/100 151 143-163 -203 69 117 122-106 107 137 126-143 -110 38
HB 26/115 153 144-164 -203 69 116 122-106 103 137 127-143 -107 36
HB 26/130 152; 153 142-160 -191 65 117 123-107 105 136 127-142 -104 35
HB 26/145 150; 155 142-162 -210 65 117 123-108 106 137 127-142 -1 38
HB 26/160 137; 149; 153 142-165 -167 57 119 125-111 108 136 127-141 -110 37

Considering the structure of the binder of
Dyneema®HB26, it can be assumed that
polyaddition reactions, based on the reac-

FIBRES & TEXTILES in Eastern Europe 2016, Vol. 24, 4(118)

tion of isocyanate groups with hydroxy
groups originating from polyether diols,
occurred in the binder in the pressing

ing to Equation 2 (see page 118) [42]:

process of these materials, which leads to
the formation of urethane groups, accord-
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ROCN-R-NCO + nHO-R'-OH — _
— —(O-CONH-R-NHCO-O-R"),~

where, R, R’— residue of aliphatic hydro-
carbon.

Therefore, in the HB 26/100 composite
samples, in the case in which the pressing
temperature was significantly lower than
the recommended temperature [12, 24],
reactions in the Dyneema®HB26 binder
typical of polyurethanes were limited.
The significant intensity of the peaks
originating from polyether diols, isocy-
anates and polyurethanes is noticeable.
In the case of the HB 26/115 composite
samples, where the pressing temperature
used was 130 °C, which was compliant
with the recommended temperature [12,
24], typical bands of the chemical group-
ings, identified as groupings entering
into the composition of the binder (i.e.,
polyether diols, isocyanates and polyure-
thanes), had practically disappeared.

In the case of these samples, a signifi-
cant increase in the intensity of the bands
originating from groupings typical of
polyethylene (at L = 2910 cm-l, A =
2845 cm-1, A =1470 cm-1, A = 1370 cm-1,
A =927 cm-l and A = 716 cm-1) was ob-
served. However, in the HB 26/160 poly-
ethylene composites, where the pressing
temperature (Tpress = 175 °C was signifi-
cantly higher than the recommended tem-
perature, the significant intensity of the
peaks originating from groups NH, OH
(A = 3300 cm-1), COC (A = 1072 cm-1,
A=1015cm-1) & C=0(1735-1600 cm-1)
as well as the signals originating from
groupings COC (A = 1100 cm-l) and
forming ester groupings COC (COCH3,

118

OCOCHj3) within 1355 - 1385 cm-1 [40],
was noticed once again.

The increase in intensity of these signals
in the case of the HB 26/160 composite
is probably related to the intensive pro-
cesses of thermal degradation that occur
when the polyethylene material is pressed
at a temperature of 175 °C. The thermal
degradation of UHMWPE-fibre rein-
forced polymer matrix composites con-
stitutes a radical process, as a result of
which hydrogen atoms are detached from
the CH, groupings in the main polymer
chain and macro-radicals are formed.
In addition to the breaking of the main
polymer chain, the presence of carbonyl
groups in  UHMWPE-fibre reinforced
polymer matrix composites favours the
breakdown of chains to free radicals
initiated by the temperature as a result of
the detachment of oxygen atoms. In the
thermally initiated degradation process,
oxidation, causing the formation of acid,
ketone, ester and peracid type carbonyl
groupings, is also an essential element of
the changes in the structure of polymer
chains [40].

The pressing process of Dyneema®HB26
performed at a higher temperature than
the recommended temperature causes an
increase in the reaction of degradation
intensity, including breaking and cross-
linking reactions, which in turn leads to
structural changes in the macromolecules
and properties of the materials.

Thermal analysis (DSC)
The DSC thermograms presented in Fig-
ure 6 (see page 117) were performed to

Figure 7. SEM microphotographs
of the UHMWPE-fibre reinforced
polymer matrix composites: a) HB
26/100, b) HB 26/115, ¢) HB 26/130,
d) HB 26/145, and e) HB26/160.

determine the thermal properties of the
Dyneema®HB26 and the UHMWPE-
fibre reinforced polymer matrix compos-
ites. The results of the DSC analysis are
included in Table 4 (see page 117).

On the basis of the analysis of the DSC
thermograms listed (Figure 6) and data
included in Table 4, the pressing tem-
perature of Dyneema®HB26 affected the
nature of physical processes in the struc-
ture of the resultant UHMWPE-fibre re-
inforced polymer matrix composites.

During the first heating, theendothermic
peaks of DSC curves of the samples
tested are assigned to the melting of the
following crystalline structures [43]:
folded fins - melting point of 135 -
139 °C;
diamond crystals - melting point of
149 - 152 °C;
pseudo hexagonal mesophase - melt-
ing point of 153 - 155 °C.

During the second heating, an endo-
thermic peak originating from the melt-
ing of folded fins at a temperature of
135 - 139 °C is noticed. However, peaks
originating from the other crystalline
forms present during the first heating
are not noticed. Thus it can be assumed
that during the second heating of the
samples tested at a constant speed, uni-
fication of the crystalline structure of the
Dyneema®HB26 occurred. The DSC
graphs as well as detailed analysis of
the thermal effects of the samples tested
showed that the diversity of the crystal-
line structures observed in the UHM-
WPE-fibre reinforced polymer matrix
composites increased with increasing
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pressing temperature. In the case of the
26/100 and 26/115 polyethylene com-
posites pressed at temperatures of 115 °C
or 130 °C, respectively, one crystalline
phase is observed. In the case of the
HB26/130 and HB26/145 polyethylene
composites pressed at temperatures of
145 °C or 160 °C respectively, two crys-
talline phases are observed. However,
for the HB26/160 polyethylene com-
posite, three crystalline structures were
detected. Results from the experimental
data show that the pressing temperature
of Dyneema®HB26 also significantly af-
fects the degree of crystallinity (Table 4).

The value of the crystallinity de-
gree of Dyneema®HB26 is 70%. For
the HB26/100 and HB26/115 polyethyl-
ene composites, the value of the crystal-
linity degree is practically at the same lev-
el as that of Dyneema®HB26. A decrease
in the crystallinity degree is observed for
samples HB 26/130, HB 26/145 and HB
26/160, resulting from the degradation,
which causes a breakdown of the chains,
occurring in the composites pressed at
such temperatures and contributing to the
reduction of the crystallinity degree of
the sample.

SEM analysis

The effect of the pressing temperature of
Dyneema® HB26 on changes in the sur-
face appearance of the samples of UH-
MWPE-fibre reinforced polymer matrix
composite manufactured was evaluated
by means of SEM spectroscopy. As for
the samples of polyethylene composites
tested, the number of defects in the form
of overlapping surface changes increased
with increasing pressing temperature.
Examples of the surface morphology of
samples are presented in Figure 7.

Changes in the surface degradation ef-
fects of the samples were caused by tem-
perature changes. The surface of the sam-
ples of HB 26/100 and HB 26/145 poly-
ethylene composites features few surface
changes or small white areas. However,
much larger white areas overlapped in
multiple locations, forming a grid, which
can be noticed on the surface of the sam-
ples of the composites manufactured
at pressing temperatures of 145 °C or
160 °C.

Furthermore corrugations, cracks and
significant roughness are visible on the
surface of these composites. Areas as if
separated by a border area or surround-
ed by cracks are observed locally along
the line of the course of the cracks and
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on the extension thereof. Microscope ob-
servations of the surface degradation of
the samples tested are correlated with the
strength, thermal and structural proper-
ties and ballistic resistance discussed.

@ Conclusions

The analysis of the effects of the press-
ing temperature of Dyneema®HB26 on
the properties of the UHMWPE-fibre re-
inforced polymer matrix composites fab-
ricated intended for the manufacturing of
ballistic personal armours revealed the es-
sential vulnerability of Dyneema®HB26
to the pressing temperature.

Despite the achievement of the compos-
ite structure, the samples of UHMWPE-
fibre reinforced polymer matrix com-
posite tested showed significant changes
in properties depending on the pressing
temperature.

The results of the tests performed con-
tributed to the determination of the op-
timal pressing temperature of the ini-
tial Dyneema®HB26 for the ballistic
behaviour of the UHMWPE-fibre re-
inforced polymer matrix composites
fabricated. This temperature was deter-
mined by using a press sensor (Tpress)
and thermocouples located between
the Dyneema®HB26 sheets during
the pressing process (Tpacket)-

The optimal pressing temperatures
of the Dyneema®HB26 were Tpress =
130 °C and Tpacket = 115 °C. A press-
ing temperature of the Dyneema®HB26
material exceeding Tpress = 130 °C had
a negative impact on the properties of
the polyethylene composites, which be-
came worse with increasing temperature.
The increased pressing temperature can
be treated as additional, long-lasting
thermal processing that adversely af-
fects the properties of UHMWPE-fibre
reinforced polymer matrix composites. It
can lead to degradation processes occur-
ring in the composite structure, causing
damage and deterioration of its ballistic
properties.

The accelerated degradation of the ma-
terials discussed, caused by increased
temperature is indicated by the reduced
ballistic resistance and surface defects of
the samples, which intensify as the tem-
perature increases, reducing the degree
of polymer crystallinity. The tests also
demonstrated the adverse effect on the

properties of UHMWPE-fibre rein-
forced polymer matrix composites in
the case of a pressing temperature of
Dyneema®HB26 equal to Tpress = 115 °C
and Tpacker= 100 °C. In this case, the ma-
jor cause of degradation of the properties
of UHMWPE-fibre reinforced polymer
matrix composites is probably the lim-
ited dynamics of chemical reactions oc-
curring in the Dyneema®HB26 binder,
resulting from the low pressing tempera-
ture, which decreases the bonding quality
of the particular Dyneema®HB26 plies,
thus adversely affecting the properties of
the product.

Moreover the oxidation of the polyeth-
ylene chain may affect a more dynamic
reduction in the performance of the bal-
listic protectors during usage. Thus, it is
most important to optimise the process of
UHMWPE-fibre reinforced polymer ma-
trix composite fabrication taking into the
account not only the direct performance
but also potential changes during t stand-
ard use resulting from structural and/or
chemical alteration initiated by the fab-
rication process.
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