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Abstract 

For the first time, the influence of the manufacturing process on the dynamic performance of 

ultra-high molecular weight polyethylene (UHMWPE, Dyneema® HB26) composites is 

investigated. The material is significantly influenced by the hot-pressing parameters 

temperature and pressure. The ballistic resistance and shock wave behavior was characterized 

for the UHMWPE composite consolidated with three different pressures. In the case of 

UHMWPE composites, higher consolidation pressures result in a better ballistic performance. 

The shock wave behavior converges to high-density polyethylene (HDPE). Based on these 

observations, an analytical approach is proposed describing the equation of state as a function 

of consolidation pressure. 
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1. Introduction 

Since the early 1960s, polymeric composites are a widely spread material class for ballistic 

protection systems due to their excellent strength to weight ratio and, therefore excellent 

impact resistance against a large field of threats. As an important representative, ultra-high 

molecular weight polyethylene (UHMWPE) composite, is used for personnel, vehicle and 

aircraft armor applications [1]. Its dynamic response, the deformation and fracture 

mechanisms caused by ballistic impact has extensively been characterized in recent years [2] 

[3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14]. As all composite materials for protective 

applications, UHMWPE is subject to a continuous development for ballistic resistance and 

applicability in protective structures. It is generally known that the performance of composite 

structures is affected, amongst others, by morphological features such a pores, micro cracks in 

fibers or/and matrix or inclusions of foreign particles. These morphological features mostly 

trigger the initiation of failure and furthermore determine the quality of the composites 

mechanical properties. With regard to UHMWPE composites, the mechanical properties are 

not only dependent on the quality of its constituents such as the UHMWPE fibers or the 

matrix, but also on the manufacturing process [15]. The manufacturing process of UHMWPE 

composites [15, 16, 17], from gel-spun high-strength fibers up to consolidated biaxial oriented 

laminate plates, is displayed in Figure 1. 

 



 

Figure 1: Manufacturing process of UHMWPE composites with a PU matrix, from gel-spun 

fibers (a) to unidirectional plies (b) cross plied to a sheet. These sheets are laid up and are 

finally hot-pressed to consolidated plates (c). 
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First, a UHMWPE fiber is extruded from a gel-like solvent, is cooled down to solid state and 

is subsequently hot-drawn (Figure 1, a). Multiple fibers are combined to yarns, which are 

placed next to one another in a layer. Then, the resin is applied using a watery dispersion with 

suspended polyurethane particles. The laminary compound is dried to a ply precursor (Figure 

1, b). The last and plate forming manufacturing processes are a usually crosswise combination 

of ply precursors to sheets and the hot-pressing procedure of multiple sheets to the biaxial 

UHMWPE composite laminate (Figure 1, c). Thus, in conclusion with the remaining 

polyurethane (PU) particles a laminate with a non-continuous punctual PU-matrix is 

consolidated in the hot-pressing process. 

In fact, the mechanical properties of the fibers in a composite are not noticeably affected by a 

variation of consolidation pressure, but inclusions of air (pores), pre-cracks of matrix, fraction 

of fiber-matrix or even fiber-fiber bonded joints are quantitatively influenced by the 

processing pressure. The effect of these morphological features on the mechanical properties 

of composite structures was intensively investigated in literature before [18, 19, 20, 21, 22, 

23] and specifically for UHMWPE plates [15, 24] and are not discussed in form of a 

microscale analysis in this article. Additional information on the influence of the pressing 

process of UHMWPE composite plates and its parameters (pressure, temperature) is presented 

by Zheng et. al [25, 26]. 

The paper is organized as follows: Initially, classical ballistic experiments are described. In 

the following section, as an important mechanism during ballistic impact, the shock wave 

behavior is investigated by planar plate experiments. Finally, the influence of the 

consolidation pressure on the shock wave behavior of the UHMWPE composite is described 

by a new analytical approach. 



2. Experimental investigation on the influence of consolidation pressures 

In order to investigate the influence of the consolidation pressure on the material behavior of 

Dyneema® HB26 (consolidated at 20 bar, 165 bar, and 300 bar) under impact loading, two 

different types of experiments were carried out. On the one hand, ballistic impact tests with 

observations of depth of penetration and residual velocities (complete penetration) and on the 

other hand, inverse planar plate impact tests (PPI) for characterizing the shock response of 

UHMWPE were carried out.  

 

2.1. Ballistic resistance 

In this section, the influence of the consolidation pressure on the ballistic resistance is 

investigated. Ballistic experiments were carried out by impacting with C45-steel spheres of 

diameter 5.56 mm on UHMWPE target plates of size 100 x100 mm and an area density (AD) 

of 6 kg/m². The target was supported on a steel frame with circular aperture (diameter 

70 mm). The tests were realized using a single-stage powder gun at DSM in the Netherlands. 

By increasing the impact velocity for each run, the increasing penetration depths and, for 

higher impact velocities, increasing residual velocities were recorded. The impact and residual 

velocities were measured using the calibrated Drello® light screens [27]. For the cases in 

which the projectiles were stopped, the specimens were cut open in the middle and the depth 

of penetration tDOP was obtained by subtracting the thickness of the remaining undamaged 

layers in front of the projectile from the initial panel thickness like reported in [28]. A cross 

section of a UHMWPE plate after impact containing a stopped projectile and the used method 

of determination of the depth of penetration is shown in Figure 2. 

 



 

Figure 2: a) Section cut of a UHMWPE composite plate (area density = 6 kg/m²) with a 

stopped C45-steel sphere (Ø = 5.56 mm) and b) the depth of penetration determination 

method. 

 

It was found in the cross sections that all characteristic deformation and damage mechanisms, 

that are well documented as energy absorbing mechanisms [2, 8, 9, 11, 24] occurred for each 

test with a stopped projectile. In the first section of the impact crater the layers were 

penetrated without delamination failure. In the remaining crater, the layers debonded by 

delamination failure in mode I and II [9]. The intact layers are not perforated but deformed 

both elastically and permanently. These mechanisms also cause the plates’ typical back face 

bulge. The dominating mechanism for shaping of the back face bulge is delamination in mode 

I and mode II. This failure mechanism is controlled by the interlaminar strength. Due to the 

fact, that the level of interlaminar strength of laminated composites depends on the fiber-to-

matrix interface, the difference between the results of the ballistic impact tests with specimens 

consolidated at 20 bar, 165 bar and 300 bar will be investigated. The before measured 

averaged thicknesses of the target specimen t0,avg. are reported in Figure 3 and Table 1. 

a

b



 

 

Figure 3: Influence of the consolidation pressure on the thickness t0 of UHMWPE composite 

plates with an area density of 6 kg/m² pressed with 20 bar (green), 165 bar (black) and 

300 bar (red). 

 

The consolidation pressures of 20 bar, 165 bar or 300 bar resulted in averaged panel 

thicknesses of 6.78 mm, 6.34 mm or 6.21 mm, respectively (cf. Table 1). It was found that the 

average thickness and scatter decrease for higher consolidation pressures. 
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Table 1: Thicknesses of UHMWPE composite plates (area density = 6 kg/m²) hot-pressed 

with 20 bar, 165 bar and 300 bar. 

  Value: 

 

Cons.  

pressure: 

AD 

(kg/m²) 
tx (mm) 

t,x


(mm) 

COV 

(%) 

  

(kg/m³) 

300.rel


(%) 

20 bar 6 6.78 0.0833 1.23 885 8.4 

165 bar 6 6.34 0.0696 1.1 947 2.0 

300 bar 6 6.21 0.0599 0.96 966 0 

 

Here AD denotes the area density and tx  the average thickness for each consolidation 

pressure, accomplished by the standard deviation 
t,x

  the coefficient of variance COV the 

average density   and the density change 
300rel

  relatively to plates consolidated with 300 

bar. 

The results of ballistic impact experiments for an impact velocity range of 600 m/s to 819 m/s 

are shown in Figure 4 and listed in Table 3.  



 

Figure 4: Depth of penetrations tDOP for stops and residual against impact velocities vimp of 

ballistic impact tests with steel spheres (Ø = 5.56 mm) on 100 x 100 mm² UHMWPE 

composite plates (AD = 6 kg/m²) hot-pressed with 20 bar (green), 165 bar (black) and 

300 bar (red). 

 

Figure 4 shows the results of the ballistic impact tests of UHMWPE composite target plates 

(AD = 6 kg/m²) impacted by hardened steel spheres (Ø = 5.56 mm). Plates pressed with 

20 bar (green), 165 bar (black) and 300 bar (red) were used. In case of full penetrations, the 

0

1

2

3

4

5

6

600 650 700 750 800 850 900

t D
O

P
(m

m
)

vimp (m/s)

0

100

200

300

400

500

600

700

v r
e
s
(m

/s
)

20 bar Tests

20 bar L.J.Fit

165 bar Tests

165 bar L.J.-

Fit

300 bar Tests

300 bar L.J.-

Fit

Projectiles

stopped

Projectiles

not stopped

v50 (20 bar) v50 (300 bar)

v50 (165 bar)

20 bar tests

20 bar L.-J.-fit

165 bar L.-J.-fit

165 bar tests

300 bar L.-J.-fit

300 bar tests



evolution of residual velocities was described by a Lambert-Jonas-formulation [29, 30], 

(Figure 4, above).  

 

 p

1
p

bl

p

impres
vvv  , valid for blimp

vv  .       (1) 

 

Here,  is a constant parameter, p is an exponent and vbl is the ballistic limit. For solid 

materials, p is usually set equal to 2 [30]. In this study, the standardized definition of the v50 is 

approximated by the value of bl
v  that stands for the intersections of the axis abscissas (dashed 

lines) and the Lambert-Jonas-fits (solid lines). According to the standard [31], the v50 is the 

impact velocity of which a 50 % chance exist to stop the projectile. The fit of the formulation 

was carried out using an approximation implemented in the software GNUPLOT based on the 

Levenberg-Marquardt-algorithm [32, 33]. The determined parameter values for the Lambert-

Jonas-fits for the results of 20 bar, 165 bar and 300 bar are summarized in Table 2: 

 

Table 2: Parameter values for the Lambert-Jonas-formulation with p = 2 for obtained 

residual velocities of ballistic impact tests on UHMWPE composite plates (AD = 6 kg/m²), 

hot-pressed with consolidation pressures Pcon of 20 bar, 165 bar and 300 bar, using hardened 

steel spheres (Ø = 5.56 mm). 

Value Pcon = 20 bar Pcon = 165 bar Pcon = 300 bar 

  1.235 1.552 1.480 

bl
v  695 734 736 

 

The results of the residual velocities against impact velocities show an increase of the v50 

between consolidation pressures of 20 bar and 300 bar. However, a comparison of the v50 

value of 165 bar and 300 bar suggests that a further increase of the consolidation pressure will 

not significantly improve the v50 of UHMWPE composite plates against this type of 

projectile.  

 



Table 3: Results of v50 determination of UHMWPE composite plates (AD = 6 kg/m²) pressed 

with 20 bar, 165 bar and 300 bar using hardened steel spheres (Ø = 5.56 mm). 

Status of 

projectiles 

vimp (m/s) Results (tDOP / vres) 

20 bar 165 bar 300 bar  20 bar 165 bar 300 bar 

P
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ct
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p
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706 740 743 

t D
O

P
 (

m
/s

) 

6.3 5.6 5.4 

691 726 729 6.4 5.4 5.6 

686 723 724 5.8 5.6 5.5 

684 722 723 6.0 5.4 5.6 

666 719 719 6.1 5.3 5.4 

P
ro

je
ct

il
es

 

n
o
t 

st
o
p
p

ed
 

692 712 723 

v
re

s 
(m

/s
) 

256 222 260 

694 739 744 245 243 194 

701 740 748 185 147 266 

708 748 750 169 272 284 

719 775 749 286 453 366 

v50 (m/s) 695 734 736 

50
v  (%) 5.31 - 0.27 

 



2.2. Shock response of UHMWPE composite plates under planar impact 

loading 

The previous section showed an enhancement of ballistic resistance of UHMWPE composites 

with an increase of consolidation pressure. As an important indicator for ballistic impact 

predictions, mechanisms such as the behavior under shock loading must be investigated. In 

particular, the material state in front of and behind a shock wave must be considered. 

Typically, these states are described by the pressure, density and internal energy of the 

continuum material and are defined by the Rankine-Hugoniot conditions [34, 35] in terms of 

conservations of mass, momentum and energy, respectively. The one-dimensional shock 

response of a solid continuum material therefore satisfies Eqn. (2)-(4): 

 

0P01P1
uu  ,          (2) 

 

0P001p11
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Here,   is the density, P
u  is the particle velocity, US is the shock velocity, e is the internal 

energy and P the pressure for a state change from state 0 to state 1 under one-dimensional 

shock loading. Following the Rankine-Hugoniot conditions, the adiabatic state change can be 

illustrated in the pressure-density-energy space (Figure 5). 

 



 

Figure 5: Equation of state surface in pressure-density-inner energy-space for material 

specific states; states that can be reached by shock loading (state 0  state 1) are marked by 

the Hugoniot Curve (white line). 

 

The state change (0  1) in a continuum material under shock loading is illustrated by the 

Rayleigh Line (Figure 5) as an ideal jump condition. For a certain initial state 0 all accessible 

states caused by shock loading, depending on the intensity and initial state, are located on the 

material specific Hugoniot Curve. The three conservation equations (mass, energy and 

impulse, Eqn (2) – (4)) show four unknown parameters for state 1 (P1, 
1P

u , 
1

 , e1). 

Assuming the shock wave induced state change from 0 to 1 runs adiabatic (energy exchange 

is neglected), the system of conservation equations reduces to two equations containing three 

unknown parameters. However, the system of conservation equations (2), (3) is still under-

determined. Hence, a further material specific constitutive relationship is required to 

determine a solution. Therefore, a shock equation of state (shock EOS) must be defined. 

Usually, a formulation for pressure as function of density and internal energy  e,fP   is 
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used. In most cases, a shock velocity-particle velocity function  
PS

ufU   is used to 

approximate a shock EOS, due to the fact, that pressure, density and inner energy cannot be 

obtained directly after shock loading. A suitable experimental technique for observing the US-

uP-relationship is the planar plate impact (PPI) experiment. 

In this study, the PPI tests in the inverse configuration are carried out using a single-stage 

accelerator (Figure 6). 

 

 

Figure 6: Single-stage (powder) accelerator for planar plate impact tests at EMI. 

 

The inverse configuration of the planar plate impact test is commonly used if velocity 

measurements are technically difficult, due to poor reflectivity (pores, transparency, 

absorption effects) on the material surface to characterize (‘observed surface’, see Figure 7). 

This inverse configuration was also employed before, e. g. by [8, 10, 36, 37, 38] and was 

proved as a valid method for obtaining accurate shock data. Here, the plate of the material to 

characterize is sandwiched between two plates of material of known properties (C45 steel). 

Backing plates of thickness 5 mm, specimens of approximate thickness 6 mm (depending on 

consolidation pressure) and target plates of thickness 2.1 mm were used. The two bonded 
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projectile plates (backing and specimen) are carried by polycarbonate sabots and the target 

plates were fixed to stationary polycarbonate specimen holder. The impact velocity was 

measured by trigger pins in the gun barrel and the shock wave induced acceleration/velocity 

of the target’s free surface was detected by a VISAR (velocity interferometer system for any 

reflector, [39, 40]). The scheme of the test setup is shown in Figure 7. 

 

 

Figure 7: Test setup for planar plate impact tests in the inverse configuration using a single-

stage accelerator and the VISAR system. 

 

When the projectile plates hit the stationary target plate shock waves are induced causing 

specific shock states. Corresponding to the materials impedance Z, shock waves transmit (T) 

or reflect (R) from contact surfaces following Eqn. (5). 
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In Eq. (5) 𝜌 is the density, 𝑈𝑆,𝑖 is the shock velocity, indices A and B of the impedances 𝑍𝑖 

refer to body A impacting body B, respectively. In general, A and B belong to different 

materials. A characteristic scheme (Lagrangian diagram) of the shock wave propagation for 

the selected plate configuration is illustrated in Figure 8 (left side) supplemented by the 

resulting velocity-history curve of the observed (free) surface (right side).  

 

 

Figure 8: Characteristic scheme of shock wave propagation in an UHWMPE plate 

sandwiched between C45 steel plates after impact in inverse planar plate impact tests (left 

hand) and velocity variation at the observed surface (right hand). 

 

From the point of impact shock waves propagate into the UHMWPE plate and the stationary 

C45 steel target plate (Figure 8, states 1 and b). Once the shock wave front in the target plate 

ends up at the free surface an acceleration of this surface can be recorded. The shock wave is 

then reflected at the free surface to a release wave causing state 2 in the target plate. Due to 

the higher impedance of steel compared to UHMWPE, the release wave is mostly reflected at 

the contact surface to a new compressive wave. Any arrival of a further compressive wave at 
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the free surface causes a new velocity plateau and, therefore, a new stress state (Figure 8, 

right side; see states 4, 6 and 8).  

Due to the fact that the materials initial state is only known for the first stress state (Hugoniot 

state), the shock velocity-particle velocity relationship can only be calculated by evaluating 

the first velocity plateau of the free surface. This is due to the so called “free surface 

approximation”, which assumes that the velocity increase during release of the steel is 

approximately as high as the velocity increase during the shock transition before reflection 

[41]. However, this assumption is common for metals, therefore, steel as material for the 

witness plates and the planar plate impact test in the inverse configuration is used. Here, the 

particle velocity in the target plate caused by the shock wave is expressed as: 

 

2

u
u 2fs

45C,P
 ,           (6) 

 

where ufs2 is the averaged value of the first free surface velocity plateau (Hugoniot state). The 

shock velocity in the target plate 45C,S
U  is defined by Eq. (7). 

 

45C,P45C45C,B45C,S
uScU  .         (7) 

 

Here, cB,C45 is the bulk sound speed (4483 m/s, [42]) and 45C
S  is the linear slope coefficient 

(1.332, [42]) of C45 steel. Taking into account the velocity at the Hugoniot Elastic Limit of 

C45 steel ( s/m75u
45C,HEL
 , see measurements in [8, 43, 44]) the stress level of the first 

Hugoniot stress state in the target plate satisfies Eq. (8): 
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On both sides of the impact surface continuity of stress ( UHMWPE,H45C,h
 ) and particle 

velocity ( UHMWPE,P45C,P
uu  ) is assumed. However, this is only valid before re-centering. After 

re-centering the particle velocity of the UHMWPE plate has to be calculated using Eq. (9) 

treating the UHMWPE plate as shocked from stationary conditions. 

 

45C,PimpUHMWPE,P
uvu  .         (9) 

 

Following the conservation of momentum, Hugoniot stress in the UHMWPE plate is given by 

the linear relationship: 

 

UHMWPE,PUHMWPE,SUHMWPE,0h
uU  .        (10) 

 

Solving Eq. (10), the shock velocity of the UHMWPE plate UHMWPE,S
U  can be calculated. A 

detailed description to the calculation scheme can be found in [10, 36, 38, 45]. The results for 

analyzing the first Hugoniot stress state are summarized in Table 4. 

 

 

 

 

 

 

 

 



Table 4: Hugoniot-data for UHMWPE composite plates, hot-pressed with 20 bar and 

300 bar, obtained by inverse planar plate impact tests. 

Test No. Pcon (bar) vimp (m/s) ufs2 (m/s) uP (m/s) h
  (MPa) Dyn,S

U  (m/s) 

3702 20 380 29.9 365.3 668.2 1876.2 

3703 20 248 14.6 240.6 336.4 1434 

3705 20 547.4 58.3 518.5 1314.7 2600.6 

3706 20 738 109.5 683.5 2359.8 3541.1 

ma-748 20 1120 199.6 1020.2 3998.1 4428.1 

3737 300 842 142.7 770.7 2963.7 3981.1 

3738 300 664 98.8 614.6 2176.7 3666.2 

3739 300 529 70 494 1590.1 3332.1 

3741 300 234.1 26.5 220.8 603 2827 

ma-749 300 1120 221.9 1009 4408 4522.2 

 

Here, the 4-digit numbers show experimental results from inverse PPI tests using an impact 

facility with a 70 mm gun barrel. The results number starting with ‘ma-‘ were derived by an 

impact facility with a 52 mm gun barrel. The calculated results shown in Table 4 base on the 

measured initial densities for UHMWPE plates consolidated with 20 bar and 300 bar listed in 

Table 1. 

Additional Hugoniot data for UHMWPE composites pressed with 165 bar was taken from 

Lässig et al. [8, 10] and Chapman et al. [3]. Furthermore it is assumed that the US-uP-data that 

is described by Chapman et al. [3] (grey dots) was obtained from UHMWPE composite plates 

pressed with the standard pressure of 165 bar although it is not specifically mentioned in the 

respective article. This is because his shock data lies directly within the scatter of the data 

from Lässig et al. [8, 10]. The results of the inverse PPI tests on UHMWPE composite plates, 

hot-pressed with 20 bar (green) and 300 bar (red), supplemented by results for 165 bar (black) 

and from literature ( [3, 4], grey), are shown in Figure 9. 

 



 

Figure 9: Results of inverse planar plate impact tests for consolidation pressures of 20 bar 

(green), 165 bar (black/grey) and 300 bar (red). 

 

The PPI results for UHMWPE plates consolidated with 20 bar (green), 165 bar (black/grey) 

and 300 bar (red) were supplemented by linear trends of the form 

 

 
PBPS

uScuU    with  1S2  ,       (11) 

 

where  is the Mie-Grüneisen gamma. The results for cB and   obtained from the linear 

trends (Figure 9) are listed in Table 5.  
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Table 5: Bulk sound speeds and Mie-Grüneisen gammas for UHMWPE composite plates hot-

pressed with 20 bar, 165 bar and 300 bar, obtained by planar plate impact tests. 

Consolidation 

pressure 
cB (m/s)   (-) 

20 bar 536 6.18 

165 bar 1868 3.56 

300 bar 2301 3.24 

 

Figure 9 shows a clear influence of the consolidation pressure of Dyneema® HB26 

composites below the particle velocity uP,con of 1100 m/s. Above this value, the shock-particle 

velocity relationship is assumed not to be sensitive to changes of consolidation pressures. 

Below uP,con the bulk sound speed increases and the Mie-Grüneisen gamma decreases for 

increasing consolidation pressures. For particle velocities between 200 m/s and 700 m/s, an 

influence of the consolidation pressure on the Hugoniot-data of UHMWPE composites can be 

observed. Concerning its constituents, UHMWPE composites consist of ultra-high molecular 

weight polyethylene fibers and a polyurethane matrix. Generally, the through-thickness 

properties of laminated thermoplastic composites are dominated, among others, by its matrix 

and morphological features of the microstructure. Therefore, the US-uP-data investigated for 

UHMWPE composite plates pressed with three consolidation pressures is compared to data of 

representative isotropic polymers from Marsh (‘LASL’, [46], Figure 10). Figure 10 should 

clarify, if the through-thickness shock response of UHMWPE composites approach these of 

polyethylene (fibers) or polyurethane (matrix). 

 



 

Figure 10: Overview of averaged US-uP-curves of UHMWPE composites for three different 

consolidation pressures compared to results of pure polyethylene (PE), high-density 

polyethylene (HDPE) and polyurethane (PU) from literature [46]. 

 

In Figure 10 the results of this study are compared to shock velocity-particle velocity relations 

of isotropic polyethylene (PE), high-density polyethylene (HDPE) and polyurethane (PU), 

marked as blue dashed and dotted lines. In contrast to the assumption that the through-

thickness shock wave behavior is adapting upon consolidation to the US-uP-data of the PU 

matrix of UHMWPE plates, cannot be confirmed in terms of increasing the consolidation 

pressure. Moreover, by increasing the consolidation pressure, the US-uP-relation of UHMWPE 

composites further resembles to the shock data of HDPE. It can be assumed that the influence 

of the PU matrix is decreasing higher pressures. However, it is strongly assumed, that further 

increase of the consolidation pressure (above 300 bar) will converge the shock response of the 

UHMWPE composite material towards or even exceed homogeneous high-density 

polyethylene. 
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3. Analytical approach  

In section 2.3 inverse PPI tests were carried out to investigate the influence of consolidation 

pressures of 20 bar, 165 bar and 300 bar on the shock wave behavior. According to the results 

of the ballistic impact tests in section 2.2 could be pointed out, that higher consolidation 

pressures improve the capability for energy absorption especially for impact velocities below 

1100 m/s, due to the higher level of the US-uP-relation. It is assumed that the influence of the 

consolidation pressure on the shock behavior for impact velocities above 1100 m/s is closely 

negligible. Therefore, the linear trend of the UHMWPE composite plates pressed with 

300 bar, which is nearly congruent to the US-uP-relation of HDPE, will be used as piecewise 

formulation. The bulk sound speed cB for particle velocities below 1100 m/s IPP,P
u  therefore 

can be expressed as a logarithmic function of consolidation pressure Pcon Eq. (12). The 

logarithmic term should express the decreasing effect of higher consolidation pressures. The 

linear part (constant b) is needed in order to reach the value of 𝑐𝐵 for the lowest consolidation 

pressure (20 bar). 

 

  bPlna)P(fc
conconB

 ,         (12) 

 

where a and b are independent constants. Due to the bilinear slope of the US-uP-relationship of 

the slope coefficient S below the particle velocity con,P
u  a piecewise defined function is used: 
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where c and d are independent constants. The first equation describes the consolidation 

pressure dependent slope of the US-uP-relationship and the second equation specifies the 

linear slope that equals the slope of UHMWPE pressed with 300 bar or of HDPE, 



alternatively. With the linear equation for the bulk sound speed and the piecewise definition 

for the slope coefficient S the definition for the shock velocity US can be satisfied by Eq. (14): 
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The independent constants a – d are determined by calibrating the bulk sound speed cB and 

the slope coefficient S against the experiments. This analytically formulated, consolidation 

pressure dependent US-uP-relationship for UHMWPE composites for a range of 20 bar up to 

300 bar is drawn against the linear, experimental trends and is displayed in Figure 11. 

 

  

Figure 11: Analytical assessment for the US-uP-relationship of UHMWPE composite plates 

for consolidation pressures of 20 up to 300 bar compared to the experimental trends (solid 

lines). 
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The experimentally obtained trends of the US-uP-relationship for two consolidation pressures 

(20 bar (green), 300 bar (red)) defines the range of the semi-analytical approach that is 

supplemented incrementally for pressure steps of 50 bar (dashed lines). The obtained 

constants a – d (Eq. (14)) for the investigated UHMWPE composite material are listed in 

Table 6. 

 

Table 6: Values for the constants in the consolidation pressure dependent formulation of the 

US-uP-relationship of a UHMWPE composite for the pressure range of 20 bar up to 300 bar.   

Constant a b c d 

Value (-) 644 1401 -0.56 5.26 

 

The formulation presented in Eq. (14) is valid for a range of consolidation pressures of 20 bar 

to 300 bar. 



4. Conclusions 

In this study, the effect of the manufacturing pressure on the ballistic impact resistance and 

the shock wave behavior of UHMWPE (Dyneema® HB26) composites is investigated. The 

effect of the consolidation pressure on the behavior under impact loading is verified by 

ballistic tests, evaluating depth of penetration and v50 and, in terms of shock wave 

transmissions, the planar plate impact test (in the inverse configuration) for an UHMWPE 

composite material. It was found that the depth of penetration of UHMWPE composites is 

reduced and the v50 velocity value is increased by higher consolidation pressures. This effect 

levels off at higher pressures. For ballistic impact situations with very high impact velocities, 

material specific shock wave phenomena become a more and more important mechanism 

during energy dissipation. To that aim, planar plate impact tests up to impact velocities above 

1000 m/s were carried out. It was found that the US-uP relationship do not appear as a 

continuous linear trend for different consolidation pressures. Especially, for particle velocities 

below 1100 m/s the US-uP-curves were at a lower level but steeper slope for lower 

consolidation pressures. The bulk sound speed is increased and the Mie-Grüneisen gamma 

decreased as a result of higher consolidation pressures during the hot-pressing process of 

UHMWPE composites. This material specific behavior is measured, described and interpreted 

for this material class for the first time.  

For practical application, an analytical and numerical approach is presented that quantifies 

this effect and enables realistic predictions of the shock wave behavior of UHMWPE 

composite materials. 

Another aspect not investigated here but deserving attention is the observation that with 

higher consolidation pressure the mode II interlaminar shear strength is found to be reduced 

[47]. A new methodology to derive the interlaminar shear strength of UHMWPE plates is 

introduced in [48]. 

This study demonstrates that the influence of manufacturing parameters on the behavior under 

high velocity impact and, therefore, the ballistic performance and resistance of this class of 

composite materials deserves further investigations, e.g. concerning its spallation failure 

behavior.  
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