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Abstract

The use of polymer layers to alter the impact response of metallic plates has emerged
recently as an effective and economical means to enhance perforation resistance.
However, the function of the polymer in such laminate systems remains unclear. In this
investigation we aim to identify, through systematic experiments, the influence of a
polymer layer on the perforation mechanisms and energy absorption of laminated
plates. In particular, we consider the combination of a polymer with a thin metallic plate
in a bi-layer configuration, subjected to either quasi-static or impact loading by a blunt
indenter. Bi-layers are investigated which comprise an aluminium alloy layer (6082-
T6) and a polyethylene layer (LDPE, HDPE and UHMWPE). It is found that the energy
required to perforate the bi-layer plate can significantly exceed that of the bare metallic
substrate (showing the potential for polymer coatings as an effective retro-fit solution)
when the polymer is on the impacted face. Furthermore, bi-layer configurations are
also shown to outperform the equivalent mass of monolithic metal if the correct

thickness ratio of polymer and metal is selected. The effectiveness of a polymer layer
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in enhancing perforation energy is connected to its large ductility, allowing extensive
deformation of the polymer under the indenter, which in turn suppresses plugging and
diffuses plastic deformation in the metal layer. In this way the energy absorbed by the
metal layer can be maximised. The thickness of the polymer layer is found to be a
crucial parameter in maximising the effectiveness of the bi-layer target. An optimum
polymer thickness is observed which maximises energy absorption per unit mass of bi-
layer target (for a fixed substrate thickness). The synergy between metal and polymer
layers also depends on the polymer type and the rate of loading. A polymer with high
strain hardening performs best under impact conditions. However, under quasi-static
loading, the bi-layer performance is less sensitive to the yield strength and strain

hardening of the polymer.

Keywords: polymer-metal bi-layer, impact, perforation, blunt indenter

1. Introduction

Enhancing the impact perforation resistance of materials at minimum weight is of value
in applications such as lightweight vehicle construction and materials for security and
defence. Layered materials, of either similar or dissimilar properties, have been
investigated as a more effective alternative to monolithic plates of the same mass.
Recently, attention has been given to the use of polymer layers to enhance the impact
resistance of metallic plates. This has practical advantages: elastomers such as polyurea
can be easily and economically applied to a wide variety of surfaces as a retro-fit
coating. Initial results indicate promising performance for polymer-metal layered
structures [1,2]. However, the mechanisms responsible for enhancing the performance
are not clearly understood. In this investigation, we aim to study systematically the

influence of a polymer layer on the quasi-static and impact perforation of thin metallic
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plates, with targets having a total areal density up to about 10 kg m™2. This range of
target mass has practical significance for understanding the protection of lightweight
and thin-walled structural components, either from a retro-fit perspective (i.e. adding
the polymer for reinforcement) or for impact resilient design. Furthermore, we focus on
indenters and projectiles with a blunt nose-shape (i.e. flat-nosed circular cylinders).
This is an idealised geometry, but provides useful insights into the target response to
sharp-edged projectiles such as those generated by the fragmentation of an explosive
device. We first briefly review previous work on the impact perforation of laminates,

including polymer-metal laminates.

1.1 Impact response of metallic laminates

Layering of metallic plates has been investigated as a strategy for enhancing impact
perforation resistance. However, a consensus has not been reached about the
effectiveness of layering for single-material systems. The approach has its basis in the
observation that when a thick metallic plate is struck by a projectile the deformation
will be highly localised (at the projectile perimeter in the case of blunt projectile),
whereas a thinner plate (and therefore a stack of thinner plates for heavier structures)
achieves a contribution to energy absorption through extensive tensile stretching [3].
Some studies indicate that a monolithic plate is superior to the equivalent mass layered
system [4—6], while contrary results have also been reported [7-9]. It appears that the
effectiveness of layering depends on many parameters such as nose shape of the
projectile [8,9], the number of layers [10], the ratio of the thicknesses of the layers
[5,11,12] and the total thickness of the target [11,13,14]. Recently, it has been shown
that using materials with dissimilar properties in metallic laminates can provide

enhanced impact energy absorption. In a numerical investigation, Teng et al. [15] show
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that for low velocity impacts by blunt or conical projectiles, bi-layer metallic laminates
absorb more energy than monolithic plates of the same mass if a more ductile metal is
used in front (the impacted layer) with a higher strength, lower ductility metal behind.
Flores-Johnson et al. [16] also show that using dissimilar materials in different layers
in a metallic laminate can be superior to a single material configuration with the same
mass. Their results suggest that a thin aluminium plate backed by a thick steel plate can
deliver the best energy absorption. In a theoretical analysis of penetration of a layered
target by a rigid projectile, Ben-Dor et al. [17,18] suggest that the ballistic limit is
greatest if the plates are arranged with those having the smallest ratio of strength to
density placed in front (i.e. nearest the impact surface). While these investigations
reveal the potential benefits of combining layers with contrasting mechanical
properties, the impact response of polymers differs greatly from that of metals, and so
they do not provide a complete insight into the performance of polymer layers for

impact mitigation.

1.2 Impact response of polymer-metal laminates

An early investigation into polymer-metal laminates was conducted by Radin and
Goldsmith [4], comparing the combination of polycarbonate and aluminium alloy
(2024-0) plates with equal mass monolithic metal and polymer plates under projectile
impact. Although the response of monolithic aluminium and polycarbonate plates were
investigated for both blunt and conical nose projectiles, all of the tests performed on the
bi-layer configuration were with the conical projectile. Their results indicated that for
the same mass per unit area, a bi-layer with the metal layer facing the conical projectile
had a ballistic limit above that of monolithic metal, but below that of monolithic

polycarbonate. The polycarbonate layer appeared to alter the failure mode in the metal
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layer when these materials were combined in a laminate configuration. Low-velocity
drop-weight impact tests were conducted by Liu and Liaw [19] on PMMA-aluminium
bi-layers with an epoxy adhesive interface. In contrast to [4], their experiments showed
that the impact damage (including delamination, and fracture of the polymer) is more
severe when the aluminium plate is located on the impacted face. The impact response
of an elastomer-steel laminate was investigated by Roland et al. [2]. They considered
a variety of elastomers backed by thick High Hard Steel (HHS) plates, and concluded
that the glass transition of the polymer is a key parameter. They argue that the greatest
improvement in the ballistic limit is achieved for polymers that undergo an impact-
induced glass transition, due to the increase in viscoelastic dissipation associated with
the transition from rubbery to glassy behaviour. However, the results show a modest
(~10%) variation in performance for a wide range of glass transition temperatures, and
so, as pointed out by these authors, there are likely to be other significant parameters.
Indeed, the importance of polymer layer thickness also emerges from this study: a thin
polymer coating can produce a significant increase in energy absorption, yet further
increases in thickness have only a small effect. Roland et al. [2] also investigated the
effect of the attachment method between the steel and the polyuria on the ballistic
perforation. Two methods were considered: i) attachment using mechanical fasteners
(i.e. screws) and ii) attachment using adhesives. No measurable difference in the
ballistic limit was observed between the two methods. The role of polymer thicknesses
was investigated further by Roland et al. [20], impacting polyurea coated metallic plates
with a fragment simulating projectile. Again, energy absorption appears more sensitive
to the polymer thickness than the chosen polymer type. It is further shown that it is
preferable to position the polymer on the impacted face. Xue et al. [21] conducted a

series of numerical calculations on steel plates backed by a polyurea coating impacted
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by blunt and conical projectiles. The simulations were compared with the experimental
results of Mock et al. [1]. It was found that a polyurea backing is more effective for the
conical projectile than the blunt projectile. They suggest that, for conical projectiles,
the energy absorption in the metal layer is increased due to the polymer retarding the
onset of fracture in the steel plate. However, for the blunt projectile, the polyurea
backing decreases the energy absorbed by the steel layer, with an overall increase in

energy absorption accounted for by stretching of the polyurea.

Polymer layers used in conjunction with a metallic substrate therefore appear to show
promise for enhancing perforation resistance. However, the precise function of the
polymer layer in altering the dissipation of energy during the impact, and hence the
optimal choice of polymer type and thickness for a particular metallic substrate and
impact threat, remains unclear. The goal of the current investigation is to address these
issues for one impact scenario: the impact of thin metallic plates by a non-deforming
blunt projectile. We support the impact results with quasi-static puncture experiments
to gain clearer insights into the mechanisms of energy dissipation and the effect of the

polymer layer throughout the perforation process.

1.3 Outline of the current investigation

This paper focuses on bi-layer laminates with one metal and one polymer layer (in
addition to monolithic plates of either material for comparison). This laminate is
particularly relevant to inform the design of retro-fit polymer coatings that aim to
mitigate impact damage. By understanding the interactions between the two layers and
the mechanisms of energy absorption, we gain insights into optimisation of the laminate
for perforation resistance. To ensure controllable, repeatable layer properties and

thicknesses, we opt for aluminium alloy 6082 for the metallic layer and extruded
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polyethylene sheets of various types for the polymer layer (providing a variety of
mechanical properties, while maintaining other parameters, such as polymer density
and glass transition temperature, approximately constant). In this study, no adhesive is
used between the polymer and metal layers. We acknowledge that at an adhesive may
be necessary in practice, e.g. for large-scale application of polymer coatings. However,
in the current investigation we opt for a simplified arrangement, with the layers in
frictional contact only. As will be discussed subsequently, the key deformation
mechanisms that we identify are not expected to be sensitive to the interface bonding
conditions. This is also consistent with the findings of Roland et al. [2], that the regimes
of response under consideration are largely independent of interface strength.
Removing this additional variable allows the number of experimental parameters in this

investigation to be better controlled.

The paper is structured as follows. The quasi-static perforation behaviour is first
investigated, gaining insight into the stages of deformation and failure in the absence
of significant inertia and strain-rate effects (Section 2). This research indicates that a
polymer layer placed between the indenter and the metallic layer can enhance energy
absorption, not directly through dissipation within the polymer itself, but indirectly, by
altering the mode of failure, and hence plastic dissipation, in the metal layer. This is
pursued further in Section 3 by determining how this effect varies as the polymer layer
thickness is changed. This study shows clearly that the function of the polymer in the
bi-layer configuration is to alter the effective nose shape of the indenter. An optimal
polymer-metal thickness ratio emerges. To explain this observation, in Section 4, the
effect is analysed in detail, by comparing the bi-layer results with a series of
experiments designed to simulate the same effect, but through direct variation of the

indenter tip geometry. These indicate that a specific effective tip geometry, intermediate
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between blunt and hemi-spherical, maximises plastic dissipation in the metal layer, and
induces a failure mechanism that matches the optimum bi-layer cases.-In Section 5, the
impact perforation of monolithic and bi-layer plates is investigated using a gas gun
apparatus, with impact velocities up to 180 m s™*. Similar behaviour is observed in the
quasi-static case, with a polymer layer facing the projectile resulting in a significant
increase in the perforation energy. In Section 6, the influence of the mechanical
properties of the polymer layer on the effective nose shape change and the perforation
resistance of a laminate are investigated. By comparison with metallic targets of the
same mass, the significant performance advantage of the bi-layer configuration is
demonstrated, both quasi-statically and dynamically. In Section 7, alternative energy
absorption mechanisms proposed in the literature are assessed for the current material

combination. Finally, concluding remarks are given in Section 8.

2. Quasi-static perforation of a bi-layer laminate

First consider the quasi-static perforation response of a single polymer-metal bi-layer
plate configuration in comparison with monolithic plates of the constituent materials.
The objective is to understand the effect of layering on the deformation, fracture
development, energy absorption, and in particular whether the arrangement of the layers
is significant for this material system, as was shown to be the case by Teng et al. [15]
for metallic laminates. A quasi-static perforation test allows the physical mechanisms
of deformation and failure to be studied more easily, in the absence of inertia and strain-
rate effects. As will be shown subsequently, the quasi-static tests provide relevant

insights into the impact response.

2.1 Test configuration
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The test specimens used in this investigation consisted of flat plates with a circular
target area fully clamped around the edge at a radius R = 50 mm. The boundary
condition was provided by a circular steel clamping ring with inner diameter 100 mm,
as shown in Fig. 1. Twelve M4 bolts were used to fasten the clamping ring through
clearance holes in the test specimen (a square plate of side length 130 mm) to a
supporting plate. The indenter was a solid circular cylinder, referred to subsequently
as blunt tipped, with a diameter of 12.5 mm. The ratio of indenter to plate radius was
therefore Ri / R = 0.125. The indenter was machined from mild steel, and underwent

no plastic deformation during the indentation experiments.

The bi-layer test specimen consisted of one metal and one polymer layer of
approximately equal mass. The metal layer was aluminium alloy 6082-T6 (p = 2700
kg m) with thickness hm = 1 mm, and mass per unit area m = 2.70 kg m2. The polymer
layer was extruded low density polyethylene (LDPE, p = 930 kg m™) sheet with
thickness h, = 3 mm, and mass per unit area m = 2.79 kg m. In order to characterise
each material, tensile tests were performed using an Instron screw driven test machine
on dog-bone specimens machined with dimensions matching the standard ASTM-D638
for the polymer and ASTM-E8 for the metal. Nominal tensile stress-strain curves are
plotted in Fig. 2 for each material. Nominal stress measurements were obtained from
the test machine load cell readings. Nominal strain was obtained from the cross-head
displacement for the polymer specimens. A laser extensometer was used for the metallic
specimens. (Note that nominal stress and strain are used here as the onset of
deformation localisation in the polymer specimens means that true stress and strain
cannot be reliably calculated from the experimental data.) The 6082-T6 has a yield
strength of approximately 300 MPa, and fails at around 16% nominal tensile strain (Fig.

2a). The LDPE has a yield strength of around 12 MPa, and undergoes limited strain
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hardening prior to fracture at a nominal strain of approximately 700% (Fig. 2b). In the
bi-layer configuration, the polymer and metal plates are clamped together in frictional

contact only; no adhesive is used between the layers.

The quasi-static perforation experiments were performed using an Instron screw driven
test machine. The blunt indenter was mounted to the load cell on the cross-head of the
machine with the specimen and clamping plate supported beneath. The load cell was
used to record the indentation force, and the cross-head displacement gave the
indentation distance (it was confirmed that cross-head compliance has a negligible
influence on the measurements for the specimens tested here). All of the indentation
tests were conducted at a rate of 1 mm min™. The tests were stopped after the indenter

had fully perforated all layers.

2.2 Phases of deformation: monolithic plates

The quasi-static result for a monolithic aluminium alloy (6082-T6) plate with thickness
hm =1 mm is shown in Fig. 3a. The response can be divided into two phases: before
(phase 1) and after (phase 2) fracture of the metal. Phase 1 consists of elastic-plastic
bending and stretching of the plate. This can be further subdivided: in phase 1a, the
response is non-linear, and corresponds to elastic and plastic bending of the plate,
accompanied by some local plastic deformation around the indenter tip. In phase 1b
the response is approximately linear, and is dominated by plastic membrane stretching.
Later in phase 1b localisation of deformation at the edge of the indenter leads to a
deviation from the linear trend. At the end of phase 1, the plate fractures around the
periphery of the contact area. The failure mode for a blunt indenter pressing against a
monolithic Al alloy plate is shown in Fig. 4a: a disc is cut by the indenter through local

failure at the perimeter (‘plugging’). Further resistance to indentation in phase 2, after
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fracture of the metal plate, is due to further bending and crack propagation where the
disc cut by the indenter remains hinged to the rest of the plate at one point on its

perimeter: Fig. 4a.

The linear trend during phase 1b has been observed previously for both thin and thick
metallic plates [22-24]. The analysis of Oant and Haythornthwaite [22], which
considers only the membrane stretching deformation of a rigid-ideally plastic circular
plate loaded over a central patch, predicts a linear force-deflection response with
gradient proportional to the material yield strength. Simonsen and Lauridsen [25]
derive a semi-analytical model for the indentation of a circular plate by a spherical
indenter, accounting for strain hardening of the material (via a power law relationship).
They showed that, in comparison with an ideally plastic model, strain hardening
increases the gradient of the force-deflection response during phase 1b, although the

response remains approximately linear in this phase.

The indentation response of a monolithic LDPE plate of thickness hp = 3 mm is
compared with the monolithic metal plate in Fig. 3b. Although the plot of indenter
force F versus displacement u;j has a similar overall shape to that of the metal case, the
lower yield strength of the polymer reduces significantly the slope during plastic
membrane stretching (phase 1b). The higher ductility of the polymer also delays failure
to a larger depth of indentation. As a result, the total energy absorbed during perforation
of the plate is comparable with that of the monolithic metal plate (9.5 J for the polymer
compared to 13.5 J for the metal). Here, we define energy absorption as the work done

W by the indenting force

W = [Fdu; . 1)

11
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The failed polymer plate is shown in Fig. 4b. Failure is again by plugging, similar to
that of the monolithic metal, although recovery of the large elastic strains in the plate

results in a final hole diameter that is somewhat smaller than the indenter diameter.

2.3 Indentation of LDPE / aluminium alloy bi-layers

Two LDPE-aluminium alloy bi-layer configurations were considered: (i) metal layer
in front (i.e. in contact with the indenter) and (ii) polymer layer in front. In both cases
the metal layer thickness hm = 1 mm and the polymer layer thickness h, =3 mm. The
indenter force versus displacement results for both cases are shown in Fig. 3b.
Considering first the case with the metal layer in contact with the indenter, the response
initially follows that of the monolithic metal. Upon failure of the metal layer at ui ~ 6
mm, the response then follows closely that of the monolithic polymer. There therefore
appears to be no synergy between the layers in this configuration: the indentation
response is close to the superposition of the two independent monolithic results. The
failure mode is shown in Fig. 4c (the contact surface is shown). The metal and polymer

layers both fail by plugging, similar to their monolithic equivalents.

Consider now the case with the polymer layer in contact with the indenter (marked
‘polymer in front’ in Fig. 3b). For this configuration, the gradient of the indenter force-
displacement response up to the first drop in load is smaller than that for the monolithic
metal case. However, the onset of failure in the metal layer (corresponding to the first
load drop in Fig. 3b) is significantly delayed. The total energy required to perforate the
bi-layer plate with the polymer in front (59.0 J) is therefore significantly greater than
either that for the monolithic metal case (13.5 J) or the bi-layer configuration with the
metal as the contacted layer (28.8 J). The deformed plate at the point of metal fracture

is shown in Fig. 4d (showing the distal surface). At this point the polymer has yet to
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fracture. We note that the mode of failure of the metal layer is significantly different
from that of the bi-layer with metal as the contact surface (Fig. 4c). Instead of fracturing
at the perimeter of the indenter, a crack initiates nearer the centre of the plate. The plate
also shows significantly more plastic deformation (‘dishing”) around the indenter than
the other configurations. The increase in phase 1 energy absorption can be attributed
to this dishing deformation. If loading continues to failure of the LDPE layer, the
deformed plate is as shown in Fig. 4e. Three unequally-sized petals form, which
undergo further bending and crack growth with increasing indenter displacement. For
this configuration the significant energy absorption in phase 2 can be attributed to this
petal deformation. Clearly, for the bi-layer configuration with the polymer as the
contacted surface, there is a strong synergy between the layers. The change in the
failure mode of the metal layer, from plugging to more extensive dishing and tensile
failure, is similar to that observed when a metallic plate is loaded by a round-tipped

instead of a blunt-tipped indenter.

3. The role of the polymer thickness on the effective nose shape change

We next present a series of quasi-static indentation experiments in which the thickness
of the polymer layer is varied (with the metallic substrate unchanged). By progressively
increasing the polymer thickness, from zero to a thickness of the order of the projectile
radius, we aim to clarify the connection between the effective nose shape change, the

mechanism of failure and the perforation energy

The constituent materials are again LDPE and aluminium alloy 6082-T6. We consider
bi-layer plates with the polymer facing the indenter (the configuration for which the

effective nose shape change occurred). The thickness of the metal layer hm =1 mm is

13
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held fixed. Four values of polymer thickness were considered, hy= 1.6, 3.0, 4.5and 5.9
mm (i.e. hy/ Ri= 0.26-0.94). To measure local indentation of the polymer layer, two
separate displacement measurements were taken: (i) the crosshead displacement (i.e.
the displacement of the indenter) ui, and (ii) the displacement of the back (distal) face
of the metal layer ug, measured using an LVDT displacement transducer in contact with

the centre of the plate.

The quasi-static indentation results are plotted in Fig. 5 for a monolithic aluminium
alloy (6082-T6) plate of thickness hm =1 mm, i.e. the bare substrate, and bi-layer plates
with hm = 1 mm and increasing polymer layer thickness hp. Fig. 5a shows the variation
in indenter force F with the indenter displacement u;. For all polymer thicknesses, the
polymer layer increases the compliance during phase 1 (i.e. reduces dF /du;), but also
substantially delays the onset of failure. The net result is an increase in total energy

absorption, Eqg. (1), with increasing polymer thickness, shown in Fig. 5b.

To understand in more detail what is occurring as the polymer thickness is increased,
the perforation energy is decomposed into two contributions in Fig. 5b: the energy
absorbed before failure of the metal (phase 1) and after metal failure (phase 2). This
shows that the phase 1 energy absorption, which is predominantly due to dishing
deformation in the metal layer (Fig. 4), reaches a plateau at hp ~ 3 mm. Further insight
into this plateau can be gained from Fig. 5c, a comparison of the displacements at the
onset of metal fracture of the indenter (uir) and the distal face of the metal layer (usy).
The latter, obtained from the LVDT measurements, gives an indication of the degree of
dishing deformation in the metal layer. Increasing hp initially increases uss, but it
reaches a maximum when hp = 3 mm. Profilometry of the distal face of the metal layer
confirmed a reduction in dishing deformation for hy > 3 mm. The amount of local

polymer deformation in phase 1 (represented by (uif - usf) in Fig. 5c) continues to
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increase for h, >3 mm, contributing to the indentation work. However, due to the

lower strength of the polymer layer, this is a less effective dissipation mechanism than
metal layer plasticity. The consequence of this can be seen if the total energy absorption
is expressed per unit mass of plate

W=—— @

Pm hm+pp hp

which is plotted in Fig. 5b, for comparison. W is a maximum at hp =3 mm, where the

dishing deformation in the metal layer is a maximum. This result indicates that there is

a critical polymer thickness that maximises the performance of the laminate.

The critical polymer thickness in Fig. 5 can be explained in terms of an effective nose
shape change, evident by inspecting the evolution of the mode of failure of the plate as
hp is increased. Photographs of the rear (distal) face of the monolithic and bi-layer plates
at the onset of fracture in the metal are shown in Fig. 6. As the polymer thickness
increases, there is a progressive transition in the mode of failure, with the fracture
initiation point moving from the edge of the indenter to the centre of the plate. This
effective nose shape change is further evident in the polymer ‘caps’, detached from the
polymer plate at the tip of the indenter, and subsequently retrieved for inspection
(shown in Fig. 6). Although the recovered shape of each ‘cap’ will not match that under
load (due to elastic recovery), the influence of the polymer layer thickness on altering
the tip geometry is evident. This phenomenon, and its responsibility for the optimum

bi-layer configuration, will be analysed further in Section 4.

We note that the result above has been obtained for a particular value of the indenter
radius, i.e. the non-dimensional group Ri / R is held constant. In this investigation, a

small value of Ri / R =0.125 is chosen, for which the metal plate deforms predominately
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in a tensile membrane mode. Increasing Ri / R can lead to a change in the deformation
mode of the metal layer and, consequently, may alter the mechanisms of interaction

between the layers. The optimum value of the polymer thickness may then change.

3.1 Substrate thickness

In order to assess the sensitivity of the indentation phenomena described above to the
metal layer thickness, the experiments were repeated with the aluminium alloy substrate
thickness increased to hm = 2 mm. Again, we consider bi-layer plates with polymer
thicknesses hp = 1.6, 3.0, 4.5 and 5.9 mm. In all cases, the metallic layer is the same
aluminium alloy 6082-T6 and the polymer is LDPE, placed on the front (contact)

surface.

The quasi-static results for the hm = 2 mm bi-layers are given in Fig. 7, and compared
with the hn = 1 mm case. The deformed specimens are shown in Fig. 6. The same
failure mode transition from plugging failure to dishing and tensile failure as the
polymer layer thickness is increased occurs for the thicker substrate. The increase in
perforation energy achieved by adding a particular polymer thickness is, however,
larger for the thicker substrate (Fig. 7), due to the additional work done in plastic

deformation of the metal later.

4. Analysis of the effective indenter tip geometry change

To better understand the indenter nose shape change effect described in Section 3, a
series of experiments was performed on monolithic metallic plates loaded by a range of
systematically varied indenter tip geometries. The plates were identical to those used in

the bi-layer experiments (aluminium alloy 6082-T6, hm = 1 mm). The geometries of the
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indenters are shown in Fig. 8. The geometry was modified from blunt to hemi-spherical
in two ways: (i) by increasing the chamfer radius at corner of the indenter, and (ii) by
maintaining the centre of curvature of the tip on the indenter axis and reducing the tip
radius (as in Corran et al., 1983b). Although the indenters are non-deformable, the
relationship between tip shape and plate failure mode provides insights that support the

interpretation of the bi-layer results.

The indenter force F versus indenter displacement wu; is shown in Fig. 9a for indenters
with four chamfer radii: Rc =0, 1.5, 4.5 and 6.25 mm (the latter being equal to R;).
Results are given in Fig. 9b for indenters with four tip radii, Rf =7.5, 9.0, 12.0 and 30.0
mm, in addition to the hemi-spherical and blunt cases, corresponding to Rf = 6.25 mm
and Rf = oo respectively. Increasing R./R; reduces the slope dF/du; within the
membrane stretching phase (phase 1). However, the indenter displacement at fracture
(u;r) increases with increasing R./R; , resulting in an overall increase in the perforation
energy (Fig. 9¢). A similar reduction in slope can be seen in Fig. 9b with increasing
R;/Rs. However, the indenter displacement at fracture w; increases initially (up to
R;/Rs.=0.69) and then decreases. This results in a maximum in the perforation energy,
Fig. 9c. The deformed plates at the point of fracture are shown in Fig. 10 for all indenter
tip geometries. Increasing either R, /R; or R; /R, from 0 to 1 results in a transition from
failure at the perimeter of the indenter to failure at the centre of the plate. The transition
occurs over a narrow range of R; /Ry, between 0.53 and 0.69, which also corresponds
to the peak in perforation energy in Fig. 9c. However, the transition in failure mode
occurs more gradually when increasing R./R;, with fracture always occurring in the
region of contact with the chamfer. Increasing the polymer layer thickness hp for bi-

layer targets with the polymer facing the indenter therefore leads to a variation in
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response (in terms of both perforation energy and failure mode transition of the metallic

substrate) that is more consistent with the polymer layer increasing R;/Ry.

A comparison is made in Fig. 11 between the quasi-static indentation response, using a
blunt indenter, of three bi-layers (hp = 1.5, 3 and 6 mm) with that of a monolithic metal
plate loaded by indenters with different Ry. In the bi-layer case, the back face deflection
of the metal layer (ug) is used (the indenter displacement includes a contribution from
the polymer compliance). For the monolithic metallic plate, indenter displacement and
back face displacement are identical to within 0.2 mm, and so indenter displacement is

used, for convenience.

In Fig. 11a, the indentation response of the bi-layer with hp = 1.5 mm is compared with
that of monolithic metal plates loaded by three different indenter nose shapes. The
response of the bi-layer initially follows that of the monolithic metal loaded by a blunt
indenter, but deviates at larger indenter displacements. Fracture occurs at a
displacement of approximately 10.5 mm, which is closest to the monolithic case with a
tip geometry Rf = 12 mm. If we assume that the polymer deformation changes the
effective frontal nose radius of the indenter (Ry) simply by following a geometrical
relationship:

A~ Ri2+hp2

Rf:T . (3)

then, for this polymer thickness (hp = 1.5 mm), }?f = 13.77 mm will be obtained.

Although a crude model, it appears to give a reasonable indication of the tip geometry

at failure.

A similar comparison is performed for the bi-layers with hp = 3 and 6 mm in Figs. 11b

and 11c respectively. Likewise, the response initially follows that of a monolithic plate
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loaded by a blunt indenter. As indentation progresses, the slope of the indenter force-
displacement curve, and the indenter displacement at failure, tends towards those of

monolithic plates loaded by indenters with a tip geometry similar to I?f.

These observations support the hypothesis that the deformation in the polymer layer
alters the effective nose radius of the indenter, and hence indirectly increases the energy
absorption in the metal backing layer. Specifically, it appears to increase the frontal
nose radius. However, loading a monolithic plate with a non-deformable indenter with
Ry = ﬁf does not replicate all features of the bi-layer response, as the effective tip
geometry appears to develop progressively during the indentation. For small indenter
displacements, where little or no deformation occurs in the polymer, the response more
closely matches that of a monolithic plate loaded by a blunt indenter. This progressive
evolution of the effective tip geometry makes the application of analytical solutions
developed for monolithic plates loaded by various fixed tip geometries (e.g. in [27])

unreliable.

5. Impact perforation

We consider next the perforation resistance of polymer-metal bi-layer plates subject to
impact loading by a blunt projectile. The objective is to assess whether the modes of
deformation, failure and energy absorption observed under quasi-static loading are

altered under dynamic loading.

5.1 Impact test methodology

The target and clamping arrangements used in the impact experiments are identical to

those described above for the quasi-static tests and illustrated in Fig. 1. Flat, square
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specimen plates were clamped to a supporting plate by a circular clamping ring with
internal diameter 100 mm. Blunt-nosed projectiles with diameter 12.5 mm (identical
to the indenter geometry used in the quasi-static experiments) and mass 20.2 £ 0.2 g
were machined from mild steel. No plastic deformation of the projectile was observed
during any of the impact experiments. The projectile was fired at velocities in the range
30-180 ms* using a gas gun with barrel of internal diameter 12.7 mm. The specimen
supporting plate was mounted to a steel frame and oriented normal to the barrel, so that
the projectile impacted at 90° to the target. A high speed camera (Vision Research
Phantom V710) oriented perpendicular to the flight of the projectile was used to record
the motion of the projectile during its interaction with the target at a rate of 23000
frames per second. The projectile was designed with a tail of diameter 5 mm and length
20 mm, in which reference grooves were machined, so that the high speed camera could
continue to track the projectile motion throughout its interaction with the target, even
when the nose was obscured by the clamping frame. The high speed images therefore
provided measurements of both the impact velocity Vi and the residual velocity Vr. We
define a positive velocity in the direction of initial impact, so that a negative V. indicates
reflection of the projectile, and a positive V. indicates perforation. Laser velocity
gauges mounted at the barrel exit were used to verify the impact velocity obtained from

the high speed photography, and showed good agreement.

A measure of the ballistic limit for each target was obtained by plotting residual velocity
Vr against impact velocity Vi for a number of impact experiments. A curve was fitted
through all data points with V> 0. The intersection of this curve with the zero residual
velocity axis is considered to be the ballistic limit Vp in this investigation. A
polynomial form for the curve fit was used, based on the Lambert and Jonas relation

[28]:
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Vo = a(V? =V, P)MP . 4)
where a, p and Vp are fitting parameters. To ensure adequate resolution of Vi, repeat

experiments were conducted at speeds near the ballistic limit in order to achieve at least

4 data points within +4 ms™ of Vp.

5.2 Impact response of monolithic and bi-layer plates

We first compare the impact response of one bi-layer configuration (hm =1 mm, h, =3
mm) with monolithic targets of the constituent materials. Here, the materials used are

again aluminium alloy 6082-T6 and the polymer LDPE.

The initial and residual velocities of the projectile are shown in Fig. 12 for a monolithic
metal plate with hm =1 mm and a monolithic polymer plate with hp =3 mm. These
materials are identical to the individual layers in the bi-layer target. Results are also
shown for a monolithic metal plate with thickness hm =2 mm; this target plate has
approximately the same mass per unit area as the bi-layer target. The polynomial curves
fitted to the residual velocity data, following Eqg. (4), are shown. For the aluminium
alloy plate with hn = 1 mm, the curve fit gives a ballistic limit Vi = 57 ms™ (the other
fitting parameters are p = 2.22 and a = 0.98). The thicker aluminium plate (hm =2 mm)
results in Vo =96 ms™* (p = 2.22, a = 0.97). For the LDPE plate Vo = 46 ms™ (p = 1.8,

a =0.98). Both materials failed by plugging, identical to the quasi-static case.

The bi-layer impact results are also plotted in Fig. 12. Two cases are shown: polymer
on the impacted face, and polymer on the distal face. The impact results are consistent
with the findings of the quasi-static experiments, with the energy required to perforate

significantly higher when the polymer is placed on the impacted face rather than the

distal face. The ballistic limits are 94.5 ms™ and 65.5 ms™ for these cases, respectively.
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Placing the polymer on the distal face increases the ballistic limit only slightly
compared to the monolithic metal with hn =1 mm. However, when the polymer is on
the impacted face, the ballistic limit is close to, but slightly less than, that of the

equivalent mass monolithic aluminium alloy target (hm =2 mm).

As in the quasi-static case, this performance difference between the bi-layer cases is
due to the mode of deformation and failure of the metal layer. With the polymer on the
distal face, the metal layer fails by plugging, similar to perforation of the monolithic
metal plate. It is observed that in the bi-layer case the metal layer fails at Vi = 58 ms™
(which is slightly higher than the ballistic limit of the bare metal, Vo =57 ms™), with
the polymer layer remaining intact at this impact velocity. However when the polymer
is placed on the impacted face, plugging is suppressed and the metal layer undergoes

increased dishing deformation, providing additional energy absorption.

5.3 Failure mode transition: comparison of quasi-static and dynamic loading

The function of the polymer in altering the mode of deformation and failure of the bi-
layer therefore appears to be similar for impact loading and quasi-static perforation.
We next compare the influence of increasing the polymer thickness for these two load
cases. The comparison is made for the bi-layer configuration with a fixed metal layer
thickness hm = 1 mm and polymer layer thicknesses h, = 1.6, 3.0, 4.5 and 5.9 mm. The
metal is aluminium alloy 6082-T6, and the polymer is LDPE, located on the impacted
face. The perforation energy (W) for quasi-static and impact loading cases are compared
in Fig. 13a for increasing hp. The perforation energy in the impact case is taken to be
the initial kinetic energy of the projectile at the ballistic limit. A similar trend is seen
for the two load cases, with W increasing with hp, but at a reducing rate. The perforation

energy W is also larger in the impact case for all polymer thicknesses hp. Inertia and
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strain rate sensitivity in both layers contribute to this dynamic elevation of the
perforation energy. Photographs of the distal (metal) face of the bi-layer specimens at
the onset of failure are shown in Fig. 13a for the impact case. The transition from
plugging failure (small hp) to increased dishing and tensile failure (large hp) with

increasing polymer thickness mirrors the quasi-static case (Fig. 6).

5.4 Comparison with monolithic targets on an equal mass basis

To assess the mass-efficiency of the bi-layer solution under impact, we next compare
the bi-layer results described in Section 5.3 with monolithic specimens of the same
metal and polymer type over the same range of plate mass. The plate thicknesses tested
were hm = 1.0, 1.6, 2.0 and 3.0 mm for the monolithic aluminium alloy targets, and hp
= 3.0, 4.5, 5.9 and 9.1 mm for the monolithic LDPE. The perforation energy W is
plotted in Fig. 13b against the mass per unit area of the target for the bi-layer and
monolithic plates. Note that the bi-layer experimental results begin at an areal density
that represents zero polymer thickness. The results for both monolithic metal and
polymer targets show an approximately linear trend in W with increasing plate mass,
the aluminium alloy outperforming the polymer. In all cases, failure was by plugging.
For the bi-layer target with small polymer thicknesses, the activation of dishing
deformation results in a perforation energy that exceeds that of the equivalent mass
monolithic metal. However, as hy/ hny is increased further, the energy absorption tends
towards the monolithic polymer result, and therefore begins to underperform
monolithic metal. The optimum performance of the bi-layer relative to the equivalent
mass monolithic metal target occurs when hp = 1.6 mm, corresponding to a target mass
4.2 kg m? and hy / hn =1.6 (Fig. 13b). Note that this bi-layer configuration also

corresponds to a maximum in perforation energy per unit mass (obtained using Eq. (2)).
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This optimum polymer thickness is smaller than that observed under quasi-static
loading (for which hy, = 3 mm offered the best perforation resistance per unit mass of
plate). It therefore appears that dynamic deformation of the polymer reduces the

thickness necessary to achieve the critical effective projectile nose shape.

The results of bi-layers with 2 mm metal substrate is also included in Fig 13b. In this
case, only bi-layer targets with polymer thicknesses h, = 1.6 and 3.0 mm were used.
The maximum polymer thickness that could be perforated in this case was limited by
the impact speeds obtainable with the gas gun apparatus. The influence of the substrate
thickness on the bi-layer response appears to be the same under impact conditions as
that observed under quasi-static loading (Fig. 7). A given polymer layer thickness
results in a greater improvement in perforation energy for the bi-layer with hm =2 mm
compared to the hm = 1 mm case. As a result, the bi-layer with the thicker substrate
outperforms the equivalent mass monolithic metal for both polymer thicknesses tested

(Fig. 13b).

6. Influence of polymer properties

The results presented so far were obtained for one polymer layer type: low density
polyethylene (LDPE). We consider next the influence of the mechanical properties of
the polymer layer on the quasi-static and impact perforation of bi-layer plates with the
polymer layer facing the indenter. Specifically, the influence of yield strength, ductility
and strain hardening are considered, while maintaining the density and glass transition
temperature of the polymers approximately constant. This is achieved by comparing
three types of polyethylene: low density (LDPE), high density (HDPE) and ultra high

molecular weight (UHMWRPE). All polyethylene specimens were obtained from
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extruded sheet. The measured densities of the three polymers are approximately equal:

930 kg m (LDPE), 960 kg m= (HDPE) and 940 kg m= (UHMWPE).

The viscoelastic properties of the polymers were characterised using Dynamic
Mechanical Analysis spanning a temperature range of -175 °C to 120 °C (with
specimens tested in a cantilever bending configuration at a frequency of 1 Hz), the
results of which are given in Fig. 14. At room temperature, the HDPE has the highest
elastic modulus, and the LDPE the lowest (Fig. 14a). The peaks in loss modulus show
three relaxation events, denoted a, B and y (Fig. 14b). The glass transition (the y peak)
occurs at approximately -120 °C for all three polyethylenes. The B relaxation is
associated with molecular chain motion in the amorphous phase, and the o relaxation
to chain motion in the crystalline phase. The slightly higher o relaxation temperature
and lower amplitude of the loss modulus peak in the B relaxation indicate that the HDPE

and UHMWPE specimens have a higher crystallinity than the LDPE specimen [29,30].

The nominal tensile stress-strain curves for all three polymers are shown in Fig. 2b. The
measurement technique used is identical to that described previously for the LDPE. The
HDPE has a higher yield strength than the LDPE, and it also has the highest tensile
ductility of the polymers tested. The higher yield strength of the HDPE compared to the
LDPE is consistent with it having a higher degree of crystallinity. The UHMWPE has
a slightly lower yield strength than the HDPE, but a higher rate of strain hardening. The
additional strain hardening in UHMWPE can be attributed to physical entanglement of
the polymer molecular chains [31]. Further characterisation results for these three types
of extruded polyethylene sheet are reported by Mohagheghian et al. [32] for a variety

of load cases and strain rates.
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In the following, a single bi-layer target configuration is considered, with a layer of
aluminium alloy 6082-T6 that has thickness hm = 1 mm, and a polymer layer (LDPE,

HDPE or UHMWPE) that has thickness hp = 3 mm and is located on the impacted face.

6.1 Quasi-static loading

The quasi-static perforation results for the monolithic aluminium alloy and bi-layer
plates pressed by a blunt indenter are shown in Fig. 15a. All three polymer types lead
to an increase in energy absorption for the bi-layer compared to the bare metallic
substrate. This is due to the same process in each case: a switch from plugging to tensile
failure, accompanied by a delay in failure of the metal layer and increased dishing
deformation. This can be seen in Fig. 16a, which shows the permanent deformation of
the metal layer in the bi-layer and monolithic specimens measured at the point of
fracture of the metal using profilometry. All three polymers enable much larger plastic
deformation in the metal up to the point of first fracture compared to the monolithic
case. It is also notable in Fig. 16a that the plastic deformation of the metal layer is

insensitive to the polymer choice.

The gradient of the force-deflection plot (Fig. 15a) is slightly larger in phase 1 for the
HDPE and UHMWPE bi-layers compared to the LDPE case. This can be explained by
the higher vyield-strengths of these polymers offering higher resistance to local
indentation. The indenter displacement at fracture of the metal layer is also slightly
different for the three bi-layer cases, with UHMWPE achieving the largest value.
However, the differences between the three bi-layer specimens are not large: the
polymer choice has only a small influence on the total perforation energy, as shown in
Fig. 15b. This further supports the argument that the polymer contributes little to the

overall increase in energy absorption through dissipative mechanisms within the

26



639

640

641

642
643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

polymer itself. Its primary function is to deform under the indenter in order to promote
dishing and plastic dissipation in the metal, and all three polymers have sufficiently low

strength and high ductility to perform this function during quasi-static loading.

6.2 Impact loading

Impact experiments were performed on the same monolithic and bi-layer target
configurations in order to assess the sensitivity to the polymer type under dynamic
loading conditions. The impact perforation energy for the bi-layer specimens is shown
in Fig. 15b. Profilometry results of the deformed metal layers at an impact velocity for
which perforation just occurs are shown in Fig. 16b. The dynamic loading results in
larger plastic deformations at fracture and increased perforation energy for the
monolithic and the bi-layer specimens. However, the performance advantage of the bi-
layers relative to the bare metallic substrate, while maintained for the UHMWPE case,

is diminished for both the LDPE and HDPE cases.

To understand this increased sensitivity to polymer type, the tensile tests reported in
Section 2 were repeated on the three polymers at an increased strain rate. The results
are summarised in Table 1. Consider first the dynamic elevation in the strength of the
polymers. The yield strength increases in a similar manner for each polymer with
increasing strain rate, with the rate of increase slightly greater for HDPE. Differences
in the dynamic strength of the polymers therefore do not explain the relative

performances of the bi-layer targets.

Fig. 16¢ shows the post-impact profilometry results for two bi-layers with either LDPE
or UHMWPE facing the projectile. Both bi-layers were impacted at the same velocity
of 85 ms™, which is below their ballistic limits. No sign of fracture in the metal layer

was observed in either case at this impact velocity. The LDPE layer shows more local
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shear deformation at the perimeter of the projectile compared to the UHMWPE. As a
result, a plug of material, ahead of the projectile, has started to develop in the LDPE
layer (Fig. 16c), which is not the case for UHMWPE at this impact speed (Fig. 16c).
This affects the local deformation and curvature of the metal layer, which in turn can

explain the lower perforation velocity for a bi-layer using LDPE.

Mohagheghian et al. [32] conducted shear punch experiments on LDPE, HDPE and
UHMWRPE at strain rates spanning five orders of magnitude. Their results show that the
resistance to shear deformation (localisation followed by failure) is significantly higher
for UHMWPE compared to LDPE and HDPE. The shear resistance of UHMWPE also
significantly increases at higher strain rates due to the higher strain rate sensitivity of
strain hardening for this material. In contrast, for LDPE and HDPE, when increasing
the strain rate, softening in the shear response is observed which is believed to be caused
by adiabatic heating. The same mechanism seems to be responsible here. For LDPE,
strain localisation is accelerated by local adiabatic heating at high strain rates, as the
flow stress of polyethylene is significantly reduced by increasing temperature during
high strain rate deformation. A high degree of strain hardening, which is maintained at
high strain rates, delays localisation, diffusing regions of high strain in UHMWPE. This
explains the higher dynamic elevation in perforation energy for the bi-layer with

UHMWPE (Fig. 15h).

6.3 Comparison with equal mass monolithic metal

Finally, the influence of polymer type on the competitiveness of the bi-layer solution
with monolithic aluminium alloy on an equal mass basis is considered. Fig. 15b

compares the perforation energy of the bi-layer specimens with monolithic metal plates
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with thickness hm = 2 mm, which have the same total mass. Quasi-statically, the bi-
layer plates outperform the monolithic metal for all three polymer types. However, the
choice of polymer becomes more important under impact loading. While the UHMWPE
bi-layer maintains a similar performance advantage compared to the equal mass
monolithic target, the HDPE and LDPE bi-layers see a reduction in relative
performance. The lack of resistance to localisation of these polymers under impact
conditions therefore makes them less attractive in comparison with a metallic target on

an equal mass basis.

7. Discussion

In the previous sections, we argued that the primary function of the polymer in the bi-
layer system is to alter the effective tip geometry of the projectile (or indenter). In this
section, we discuss alternative mechanisms that have been proposed in the literature in
order to explain the performance of polymer-metal bi-layer systems loaded

dynamically.

Two main mechanisms have been proposed: (i) an impact induced glass transition in
the polymer layer [2,20,33] and (ii) stabilisation of the onset of tensile necking in the
metal layer [34,35]. However, neither of these mechanisms can adequately explain the
bi-layer performance in the current investigation, for the following reasons:

1. Impact induced glass transition: In the current study, we carried out both quasi-
static and dynamic perforation experiments, and observed similar performance
enhancements for bi-layer systems in both cases. The strain rate induced in the
polymer layer is therefore deduced to be of secondary importance to the
mechanism responsible. Furthermore, the polymers studied here have a very

low glass transition temperature (T4 around -120°C, as shown in Fig. 14), and
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so it is unlikely that the transition from a rubbery to glassy state occurs, even
under impact loading.

2. Neck retardation: For a polymer layer to retard the onset of necking in the metal
layer, a bonded interface is required between the layers [34]. However, in this
investigation, the layers are only in frictional contact. The second requirement
for neck retardation is a polymer with sufficiently large incremental stiffness.
For the polyethylenes used in this investigation, yielding occurs at a true strain
of around 0.05, and the incremental stiffness subsequently drops significantly
and remains low up to a true strain of about 1 [31,36]. This is the range of strains
for which necking occurs in the aluminium layer. Based on the analysis of Xue
and Hutchinson [34] for a bi-layer plate under bi-axial stretching, the polymer
tangent modulus required to activate the neck retardation mechanism is
calculated to be around 170 MPa for the material combination used in this study.
It should be noted that, as the loading and boundary conditions differ from those
of the Xue and Hutchinson [34] analysis, this value can only be treated as
indicative of the critical tangent modulus for the current test configuration.
Nonetheless, the incremental stiffness of the polymer is significantly lower than
this value, and so the neck retardation mechanism is unlikely to be active in the
current experiments.

Consequently, we conclude that the effective nose shape change is the primary
synergistic mechanism for the bi-layer targets considered here. The same mechanism
has been observed for thin metallic plates when impacted by deformable projectiles.
Liu and Stronge [37] investigated the failure modes and ballistic limit of thin metallic
targets using projectiles with different strengths. They observed that by decreasing the

strength of the projectile more deformation (normally called ‘mushrooming’) occurred
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in the projectile. As a result, both the diameter and nose radius of the projectile are
changed. This has a direct effect on the failure mode in the metal. For a blunt projectile
with higher strength, shear failure is most likely to occur. Conversely, for more
deformable projectiles, tensile tearing is more favourable. The increase in the ballistic
limit for softer projectiles is considered to be the result of more dishing in the plate.
Positioning a soft and deformable polymer layer between a non-deformable blunt

projectile and the metal layer is believed to have a very similar effect.

8. Conclusions

An experimental investigation has been conducted into the influence of a polymer layer
on the quasi-static and impact perforation of thin metallic plates by a blunt indenter.

The following conclusions are made:

e For both quasi-static and impact loading, the mode of deformation and failure of a
bi-layer specimen are sensitive to the order of the layers. If the metallic layer faces
the indenter, both layers fail by plugging (as observed for monolithic plates of the
same materials). In this case, the perforation energy of the bi-layer is significantly
below that of a monolithic metal plate of the same mass. However, if the polymer
is located on the impacted face of the plate, more dishing occurs in the metallic
layer, followed by tensile failure. This increases the energy dissipated in the metal

layer, and results in a significant rise in the perforation energy.

e When a bi-layer plate has the polymer facing the indenter, the polymer forms a cap
under the indenter tip, altering its effective nose shape. This is responsible for the
change in the mode of deformation of the metal layer. The shape of this polymer

cap (which is retrieved after each experiment for inspection) depends on the
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thickness of the polymer layer. As the polymer thickness is increased, the metal
layer undergoes a transition from plugging (thin polymer layer) to dishing and

tensile failure (thick polymer layer).

e There is an optimum ratio of polymer to metal thickness to maximise the
perforation resistance of this bi-layer configuration relative to a monolithic metal
plate of the same mass. At the optimum, the polymer layer alters the indenter tip
geometry such that the amount of dishing deformation in the metal layer is a
maximum. (A similar behaviour is observed by loading the metallic plate directly
with indenters having a range of tip radii, from blunt to hemi-spherical, with peak
perforation resistance seen at an intermediate tip radius). The optimised bi-layer

plate has a higher perforation energy than an equivalent mass monolithic plate.

e Under impact loading the response of the bi-layer with the polymer facing the
indenter is sensitive to the polymer type. A high degree of strain hardening (as
displayed by UHMWPE) appears to be a key polymer characteristic for increasing
the perforation energy, rather than the yield strength of the polymer. Strain
hardening resists strain localisation in the polymer as it deforms plastically under
the indenter, delaying polymer plug formation and in turn delaying fracture of the

metal substrate.
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Figure Captions

Figure 1: Schematic of the specimen plate clamping and loading arrangement.

Figure 2: Quasi-static uniaxial tensile response of (a) Al alloy 6082-T6 (b)

polyethylenes LDPE, HDPE and UHMWPE.

Figure 3: Quasi-static indentation responses. (a) Monolithic Al alloy 6082-T6 (hm =1
mm), including a linear fit to phase 1b. (b) Comparison between monolithic 6082-T6
(hm =1 mm), monolithic LDPE (h, =3 mm), and bi-layer plates of the same materials
(hm =1 mm, hy, =3 mm) with the polymer on the contact surface (in front of the metal)

and the distal surface (behind the metal).

Figure 4: Failure modes observed during quasi-static indentation. Monolithic plates of
(@) Al alloy 6082-T6 (hm =1 mm) and (b) LDPE (h, =3 mm). Bi-layer plates of the
same materials (hm =1 mm, hy =3 mm) with (c) the metal on the contacted face, (d)
LDPE on the contacted face, shown at the onset of failure of the metal layer and (e)
shown fully perforated. Image (c) shows the contacted face, while (d) and (e) show the

distal face.

Figure 5: The effect of polymer layer thickness (hp) on the quasi-static indentation
response of polymer-metal bi-layer: (a) Force (F) against indenter displacement (u;),
(b) Energy absorbed (W) during phases 1 and 2 of indentation, and the total for the
complete perforation of the plate. W is the total perforation energy normalised by the
mass per unit area of the plate, (c) Comparison of the indenter displacement (uif) and

distal face displacement in the centre of the plate (ugf) under load at the point of fracture
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of the metal layer. In all cases the polymer is located on the contacted face and the metal

layer is Al alloy 6082-T6 (hm =1 mm).

Figure 6: Failure modes observed during quasi-static indentation for monolithic Al
alloy plates (6082-T6) and bi-layer plates with hm =1, 2 mm (6082-T6 on the distal face,
LDPE on the contact face) at the onset of fracture of the metal layer. The distal face is
shown in each case. Also shown is the polymer cap which formed at the tip of the

indenter in each bi-layer case.

Figure 7: (a) Comparison of the energy absorption (W) in phase 1 of quasi-static
indentation for specimens with two metal layer thicknesses (hm =1 mm and 2 mm, both

6082-T6) and different thicknesses of polymer h, (LDPE).

Figure 8: Axi-symmetric indenter tip geometries with (a) different chamfer radii (R.)
and (b) different tip radii (R).

Figure 9: (a),(b) Quasi-static indentation responses (ui is the indenter displacement and
F the force) and (c) energy absorbed (W) in phase 1 for monolithic Al alloy 6082-T6 (

h, =1 mm) plates perforated by indenters with different corner radii Rcand tip radii Ry.

Figure 10: Failure modes observed during quasi-static indentation of monolithic Al

alloy 6082-T6 (h, =1 mm) for indenters with different values of R;/R; and R./R;.

The distal face at the onset of fracture is shown in each case.
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Figure 11: Comparison of indentation response, using a blunt indenter, of the bi-layers
with (a) hp = 1.5 mm, (b) hp = 3 mm and (c) hp = 6 mm with monolithic metal using
indenters with different Ry . In all bi-layer cases the metal layer (Al alloy 6082-T6 hm

=1 mm) is located on the distal face.

Figure 12: Residual velocity (Vr) versus impact velocity (Vi) of the projectile for:
monolithic Al alloy 6082-T6 (hm =1 mm and 2 mm), monolithic LDPE (h, =3 mm) and
bi-layer plates of the same materials (hm =1 mm, hp =3 mm) with the polymer on the
impacted surface (marked ‘polymer-metal’) or the distal surface (marked ‘metal-

polymer”). The zero energy absorption line (Vr = V;) is shown for reference.

Figure 13: (a) Comparison of the perforation energy (W) between quasi-static and
impact loading for plates with metal thickness hm =1 mm (6082-T6) and different
thicknesses of polymer hp (LDPE) on the impacted face. (b) Variation of the perforation
energy with total plate mass per unit area for monolithic 6082-T6, monolithic LDPE
and two configurations of bi-layer: (i) hm =1 mm with increasing hp and (ii) hm =2 mm

with increasing hp .

Figure 14: Dynamic mechanical analysis: temperature scan at a frequency of 1 Hz for

LDPE, HDPE and UHMWPE showing (a) storage and (b) loss modulus.

Figure 15: (a) Quasi-static indentation responses of monolithic Al alloy 6082-T6 (hm
=1 mm) and bi-layer plates with hm =1 mm (6082-T6) and hp =3 mm (three polymer
types). In all cases the polymer is located on the contacted face. (b) A comparison of

the quasi-static and impact perforation energy of the bi-layer plates. Shown as dashed
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lines are the quasi-static and impact perforation energies for monolithic metal plates

with hm =2 mm (the same mass as the bi-layers).

Figure 16: Permanent distal face deflection (dp) of the metal layer at the onset of fracture
of the metal for monolithic metal and bi-layer plates, measured along the plate diameter
using profilometry. Horizontal distance x is measured relative to the centre of the plate.
(a) Quasi-static and (b) impact loading. The monolithic plate is 6082-T6 (hm =1 mm),
and the bi-layer plates have hm =1 mm (6082-T6) and h, =3 mm (LDPE, contacted
face). (c) Compares the permanent deflection of the metal layer (distal face) and the
polymer layer (distal and impacted faces) for two bi-layers with either LDPE or

UHMWPE on the impacted face, for a projectile velocity of 85 ms™.

Table 1: Strain rate dependence of the polymer mechanical properties.
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Figure 10:
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Figure 11:
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Figure 12
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Figure 13:
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Figure 14:
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Figure 15:
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Figure 16:
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Table 1:

Yield strength

Polymer Strain rate (s?) (MPa) Strain at break
0.01 11.9 7.16
LDPE 0.1 13.3 8.87
1 16.3 2.13
0.01 27.6 21.7
HDPE 0.1 313 14.0
1 35.2 1.10
0.01 22.0 10.1
UHMWPE 0.1 23.9 8.70
1 26.4 6.64
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