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Abstract

Polyester fibres reinforced with glass fibres hybridised polyester resin composite (PFR/GFHC)
is a unconventional complex high-molecular weight crosslinked network polymer composite,
which can be used in the manufacture of structural body parts for lightweight vehicles, armour
vest for body protection as well as armours for vehicles. For body armour applications, it is
important to determine the dynamic behaviour of PFR/GFHC during high velocity impact. In
this work, we propose a method of calculating Gurneisen parameter from the measured
Hugoniot in shock velocity — particle velocity of polyester based composites product by high
velocity actuated nail gun impact. Several impacts were conducted on pultruded plates using
different cartridge with varying nail size. The experimentally measured Hugoniot in shock
velocity — particle velocity space was determined as Us = 2.872 + 1.22Up (p0 = 1.25 g/cc) and
low gradient observed for Gruneisen parameter as calculated from measured Hugoniot against

Vo/V shows higher shock absorption of PFR/GFHC for impact velocity.
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1. Introduction
The polyester glass composite is a typical complex high-molecular weight three-dimensional
network polymer. It is well-known for excellent properties, such as being good Impact, having

thermal stability, good chemical resistance, low electrical conductivity, large radiation



resistance, high tensile strength [1]. Due to the excellent properties, polyester /glass fibre
reinforced composites are widely used in many engineering and commodity application.
However, glass fibre based thermoset composite are heavy which limits its extensive use as
body armour. Dry fabrics made up by high strength polyester fibres are best lightweight
solutions against ballistic impact when hybridised with chopped glass fibres [2,3].

In general, most fibres are classified into woven and nonwoven fabrics depending on the
architecture of the fibres. Woven fibres are bundled in weave yarns following are regular
pattern, while fibres formed is ordered network consolidated by means of thermal, chemical or
mechanical bonds in nonwoven fabrics [1]. These fabrics are of then used in ballistic protection
against metallic projectiles [2,3,4,5]. It is well known that these fibres are not efficient
protection against small fragments of size similar to that of the yarn to yarn spacing of the
woven fabric because the energy is not transferred to the fabric and the projectiles lips through
the yarns [6,7,8].

In comparison, non-woven fabrics present lower stiffness and strength but higher deformability
than their woven counterparts [9,10]. They are very efficient against the impact of small
fragments [6,11,12,13] providing equivalent ballistic protection as woven fabrics with one third
of the areal weight [14]. The combination of both woven and non-woven fabrics in hybrid
laminates is an innovative solution to arrest fragments within a wide range of calibres [15]. The
rationale behind this design is very simple: woven fabrics arrest the large and medium size
fragments [16,17], while non-wovens trap the smallest fragments [11,18,19]. Non-woven
materials are stacked facing the projectile to enhance the load transmission into the woven
fabric and to reduced damage in woven fabrics at the rear of the armour protecting they yarns
from sharp projectiles which may cause localized fibre failure [20,21]. In addition, there are
reports of changes in the mechanical response of the nonwoven fabric due to the interaction
with the woven layers at the rear of the laminate [22], although the physical mechanisms of the
interactions between both types of layers are not well established.

Unlike other materials, thermoplastic polymers and ceramics, there is a paucity of data dealing
with the shock response of thermoset resins. This is perhaps surprising as these resins are
integral to the construction of considerable civilian and military hardware and structures that
is subjected to shock. In the literature, Munson and May [22] investigated three different epoxy
resin systems that used different hardening agents. They found that, within experimental error,
the measured Hugoniot of the material was the same for each resin. Barnes et al [23] also
studied epoxy resins and they measured the Hugoniot value very similar to that of Munson and
May. These works assumed a linear shock velocity particle velocity relationship. Barnes et al



[24] suggested that their resin demonstrated a positive dependence of shear strength with shock
stress. This positive dependence has been investigated by Bourne et al [25] and in an
accompanying work by Millett et al [26] who used the embedded lateral gauge technique to
directly measure the variation of lateral stress. They observed that with increasing shock stress,
the lateral stresses decreased resulting in an increase in strength behind the shock. A linear
Hugoniot in shock velocity-particle velocity space occurs for a wide range of materials [29]
including the aerospace industry standard resin transfer moulding resin (RTM®6) used in the
manufacture of these epoxy/carbon fibre-reinforced composite (CFRC) laminates [30,31] and
glass fibre-reinforced composites (GFRC) [32].

The shock behaviour of GFRC laminates and the shock behaviour of different thicknesses of
GFRC in the through-thickness direction was studied by Tsai et al [27]. A multibeam
VALYN™ VISAR (Velocity Interferometer System for Any Reflector) laser interferometer
was used to measure the particle velocity at the rear surface of the targets. They noticed a
distinct knee in the velocity time profile during the rise time of the particle velocity profiles in
each of the four experiments. Furthermore, the slope of the velocity time profiles decreased
with the thickness of the GFRC target i.e. with the distance of wave propagation. The stress
level at which the slope change occurred decreased with increasing GFRC thickness. It was
noted that this phenomenon was similar to the elastic-precursor decay observed in elastic visco-
plastic materials and for the case of the GFRC tested, the researchers attributed it to a result of
both material and geometric dispersion of the shock wave.

It is to be noted that published works have given attention to examining the shock in the
through-thickness direction where the direction of all the fibres is perpendicular to the loading
axis. For instance, Dandekar et al. [28] have conducted plate impact experiments on an S2-
based GFRC material in the through-thickness direction and shown that the compression curve,
as measured in pressure — particle velocity space, of the GRFC lay in-between that of the
material’s constituent parts. Their results also indicated that there was a linear relationship

between shock velocity (Us) and particle velocity (Up) of the form

Us=Co+S Up 1)

where Co and S are the shock parameters.

On the other hand, the response of a material (Hugoniot) to a resident advancing shock wave
is described by the Rankine-Hugoniot relations, which define the conservation of mass, linear
momentum and energy across the shock front.



Precision of pressure values for reflected state curves has less accurate than that for principal
Hugoniot state since the compression state accessed techniques are limited. Hence off Hugoniot
state, the most common assumption on type of equation of state (EOS) is the Gruneisen
assumption - an EOS is a thermodynamic equation describing the state of matter under a given
set of physical conditions. Thermodynamic Gruneisen parameter is one of the material
parameters which is non-dimensional and is considered to represent the typical characteristics
of the material properties. This Gruneisn law leads the so called Gruneisen EOS widely used
in high pressure condition. The shock’s Hugoniot curve obtained by shock compression
experiments is normally used in experiments to give one of the most reliable information on
the EOS for solids at very high pressure as the values of shock pressure is estimated in the very
high pression. Considering Guneisen is one of the thermodynamic state variables, it is a
function of volume as first approximation. Many experimental efforts have been made in the
literature including shock compression for porous and continuous materials to estimate the
high-pressure behaviour of Grunesin parameter. Hence a direct measurement of Grunesin
parameter can well describe the material linear behaviour with high pressure due to high shock
loads.

In this study, we have investigated the shock behaviour of a commercially important polyester
fibres reinforced with glass fibres hybridised polyester resin composite (PFR/GFHC) at
different impact velocity using power actuated nail gun. For the high velocity gas gun, impact
pressure generated was minimal due to low velocity resulting into negligible changes in slop
gradient when Guneisen parameter is plotted against specific volume change. Hence,
experiment were made to investigate the behaviour of material with measurement of Hugonoit
and then the calculation of the Grunesin parameter for specific volume change during impact
at different impact velocities through power actuated nail gun.

2. Theoretical Modelling

In the literature, the Hugoniot modelling is presented in parts in various publications. For
completeness to readers benefit, relation between Gruneisen parameters and specific volume
change through Hugoniot Parameters is developed. . As depicted in Table I, parameters which
are taken theoretically and experimentally, and some Un-known are hereby determined in the

follow ups.

Table |



Calculation for particle velocity of target: Let us consider that the hydrodynamic pressure
Py = P2-P1 is then,

P2-P1= /[p1 (Us) Up] (2)

As we know impactor velocity (Ud)is the measure of particle velocity and the shock velocity
of impactor, then

U'p=Ud-Up (3)
Pu=pUs Up 4)
Pi=pi U's U'p (5)
Py =pt U'sU'p (6)

During the impact both the hydrodynamic pressure on window and impactor is predicted to be
same as per impedance matching

Pi = Py (7
and
Pr=/p (S Up+ Co) Up] (8)

Where t stands for target and i stands for impactor

pt Uts Up = pi U's U'p (9)
pt U's Up = pi (Si U'pi+ Cai) U'p (10)
pt U's U'p = pi Si U'p 2+ pi Coi U'p

Putting value of equ. (3)

pt U's U'p = pi Si V2+pi SiU'p? - 2 pi Si U V+ pi Coi V- pi Coi Up  (11)
0= pi Si V2+pi Si U'p - 2 pi Si U'p V+ pi Coi V- pi Coi U'p - pr Ust U'p

0 = i Si V2+pi Si U'p 2- 2 i Si U V+ pi Coi V- pi Coi U'p - pt U's U'p
piSiUP2 + (SiV + Coi)V pi - (i Coi + pt U's +2 V pi Si) U'p =0

Now, suppose a = piSi, b = - (pi Coi + pt U's +2 V pi Si) and h = (SiV + Coi) Vpi
Then we can deduce that
U'p = [-b-V(b? — 4ah)]/2a (12)

where py is the initial density of the target, piis the initial density of the flyer, Coi and S; are the
Hugoniot parameters of the flyer. The parameters for flyers are provided in Table Il in the given

case and the initial density of the polyester composite (p:) sample is 1.35 g/cm?®.



Table Il

Relations Between Functional Parameters: Firstly, the relation of shock velocity, particle
velocity and density before and after shock from conservation of mass M= pix A x Li and M=
pix A x (t x viuviis the relative velocity, which equals to vi = (Us — Ui) where Uj is the particle
velocity and at initial condition, Up is zero before shock since the mass remain the same before

and after shock event. Hence, Mi=p1x 4 x (tx v1) = p2x A x (¢ x v2) can be resolved as follows

PIXAX[tx (Us—Uy] =p2Xx Ax [tx (Us—U2)]
PLIXAX[tx(Us—0)] =p2x Ax[tx (Us— Up)]
p1X (Us—0) = p2x (Us —Up)

This yield the following equation,
p1Us = p2 (Us — Up) (13)

where, Mi=mass of the target; p1 = density before shock, p2 = density after shock, Li = distance
travelled by the particle after shock and t = time taken by the particle to travel distance L.

Relationship of shock velocity, particle velocity, density and pressure before and after
shock from conservation of momentum: The next step is on deriving the relationship of
shock velocity, particle velocity, density and pressure before and after shock from conservation
of momentum. Given that momentum equals to the product of mass and velocity, thus, mass
x velocity and change in momentum per unit time is used for the measurement of force.
Therefore, since Force = P x A = (P2-P1) x Aand Mi = p1 X A X (¢ x v1), then, M1= p1 X A X (t X
v1) and Ma= p2x A x (t x v2). The momentum equals to

product of mass and velocity of particle, Mi x Ui, and change in momentum per unit time is

expressed as,

(M x U/t - (M x U1)/t = Force

[p2x A x (t x v2) U2- p1x A x (t x v1) U1] / t = (P2-P1) X A
[p2 (v2) Uz p1(v1) U1l = (P2-P1)

[p2 (Us —U2) Uz- p1 (Us — Uy) U1] = (P2-Py)

[p2 (Us — Up2) Uz- p1 (Us — Upz) Upz] = (P2-P1)

Since U1 = 0= Upthen,
[p1 (Us) Up- p1 (Us — Upz) x 0] = (P2-P1) and



[p1(Us) Up] = (P2-P1) (14)

Evaluating the relationship of energy, pressure and density before and after from conservation
of energy: To determine this relationship, we will need to consider the total energy of the body
measures, a summation of total kinetic energy (K.E = % m vi® = % Mi (Us _Ui)?), total internal
energy (eiMi) and the total work done due to constant pressure (i.e. Pi X Ax Li = Pix A x (txUs
_Ui)). Since, Mi = pix A x (t x vi) = piX AX (tx Us_Uj) then, A x(t x Us_U;) = (Mj)/p1

The total Energy of the Body would be E1 = E» that will lead us into

Y5 Mi (Us_U1)? + &1 Mi + Py x (M) p1 = % Mi (Us_U2)2 + e2 Mi+ P2 (Mi)/ p1
Ya(Us_U1)? + e1+ P1/p1 =Y (Us_U2)? + &2+ P2 /p2
¥2(Us 7U1)2 ++ P1/p1] - % (U57U2)2 -(P2/p1) = ez-e1

Since Uy = 0= Up where

e2-€1 = [/2(Us Y2+ P1/p1] - % (Us_U2)?-( P2/ p2)
e2-e1="Y(Us)? + P/ p1 - Y2 (Us_U2)*-( P2/ p2)

e2-€1 = Yo[Us? - (Us_U2)?] - (P2/ p1) + P/ p2
e2-e1=Y5[Us? - Us? + 2U2Us_U2%] - (P2 / p2) + P/ p1
e2-e1 = Yo[2UpUs_Up?] - (P2 / p2) + P/ p1
82'81:]/2[UpUS+ UpUS' Up2] - (PZ /pz) + Pl/pl
e2-e1="2[UpUs+ Up(Us - Up)] - (P2/ p2) + Pv/ p1
e2-e1="[UpUs+ p1UpUs/ p2)] - (P2/ p2) + P/ p1
e2-e1="[(P2-P1)/ p1+ (P2-P1)/ p2)] - (P2/p2) + P/ p1
e2-e1="[P2/p1- Py/ p1+ P2/ p2- Pi/p2] - P2/ p2 + P/ p1
e2-€1=Y%[P2/p1- Pv/ p1+ P2/ p2- Pupa- 2P2 / p2 + 2P/ p1]
e2-¢1=Y[P2/p1- Pu/p2- P2/ p2 + P1/ p1]

e2-e1="2[(P2+ P1)/p1- (P1+ P2)/ p2]

e2-¢1="Y[(P2+ P1)(1/p1-1/ p2]

Then we can deduce that

e2-e1 = Yo(Pa+ P1)(Vi- V2) (15)

Determination of the Gruneisen Parameter from Hugoniot equation state equation: As
we know specific volume is inverse of density i.e. Vi =1/pi, Vo=1/po at initial condition and
V'=1/p at final condition, then we have /p1 (Us) Up] = (P2-P1) becomes

[(Us) Up]/Vo = (P2-P1) =PH (16a)
And p1 Us = p2 (Us — Up) yields

Us/ Vo = (Us — Up)/ V (16b)



Then 1/ Vo = 1/ V — Up/ UsV and Uy/ Us = (1/ V - 1/ Vo) V deriving Equation (15) as
e =%(Pn) (VO- V) (16¢)

From Hugonoit equation we know that Us= Co+ SUp when this equation is multiplied with
inverse of shock velocity, it can be shown that

Co+ SUp = (1/V -1/Vo)VIUp = 1-Vo/V

1= Co/ Us + SUp/ Us

Hence,

Co/ Us =1 - SUp/ Us

Co/Us=1-S(1/V-1/ Vo) V

Co/Us=1-S+SV/Vo (16c)

When we differentiate with dv, the Equation (16d), it becomes (1/Us?)Co dUs/dV = S/Vo and
hence dUs/dV = -SUs?*/CoV,. Again, from Hugonoit linear equation Us = Co + SUp and Us Up/Vo
=Py and therefore Up=PnVo/ Us which can be replaced in general Hugonoit equation and we have

Us = Co+ S P4Vo/ Us and thus,

Ph =(Us-Co) Us/SVo (16d)

Now Py’ = d Pul/dv

d Pu/dv =d/dv x (Us?/ SVo-CoUs/SVo)
d Pu/dv = 2Us/SVo x dUs/dv -Co/SVo x dUs/dv
= (2Us/SVo -Co/SVo) dUs/dv = -(SUs?/CoVo) (2Us -Co)/SVo
= - Us?(2Us-Cq)/ CoVo? (16e)
From equation (16c), we can convert Equation (16e) in terms of V and Vg into the following
Pn =(Us-Co) Us/SVo= (S - SV / Vo) Us?/SVo
= (1-V/ Vo) Us?/Vo= (1/Vo - V | Vo?) Us?
= (1/NVo-V/Ve®) xCo? (1-S+ SV / Vo)
= (Vo— V) Co? (Vo-SVo+ SV)? (16f)

Now as Gruneisen equation of state is stated as Prs= y/V x Ets where pressure is proportional
to specific volume and energy (y = V(dP/dE). = Vaj/Cp, sSince H=E+PV, and if we differentiate

this equation, we have

(dE/dV) p =(dH/dV)p -d(PV)/dV,
(dE/dV) p =(dH/AT)(dT/dV)- d(PV)/dV



(dE/dV) p =(dH/dT)(dT/dV)- d(PV)/Dv
(dE/AV) p =(dH/dT)/(dV/dT)- d(PV)/dV

Then H=Q (Enthalpy)as Cp= dQ/dT and dV/dT=a.V and (dE/dV) p=(Cp/Va)p -P and from
equation y = V(dP/dE) v = Vaj/Cpwe will have (dE/dV) p = (j/ y)p -P which give us (dP/dE) v
= V/y and finally,

dE= [dE/dP]dP + [dE/dV] dV= [(j/y)p -P] dV+[ V/ y]dPu (17a)

Next, by differentiating Equation (16c¢),

dE= - (Pn) dV + % (Vo — V) dPx (17b)

Since, P’y =d Pn/dv and Py = P, Equations (17a and 17b) equals

dE = [(j/y) -P]1 dV+ [ V/y] dPn = -% (Pn) dV + % (Vo — V) dPH

Y5 (Vo— V) dPw + [ V/y] dPu =- [(i/ y) -P] dV-Y2 (Pw) dV
[(V/)-%2 (Vo — V)] dPH =- [ [(/ ) -P] + % (Pr)] dV

[(V/ )% (Vo — V)] P’H+ % Py = -(j/ 3)-P (17¢)

As P =Pnand P’v = dPn/ dV substituting on Equation (17b) gives

G/y) =-LV/y)-%2 (Mo—V)] P'u- Y2 Pu + Pu
J=-VPu+12y[(Vo—V)P'H+ Py] (17c)
Further, where J is the bulk modulus and at initial condition when V = Vo, then

J=-VPu+1/2y[(Vo— V) P’H+ Py
Jo=- Vo P’H o)

And next, where Co/ Us =1-S+ SV /Vy, putting V=Vg and Co= Us we get
Jo="-VoP 1oy = A%/ Vo

Now, we know that from Slater formula, we can get (dK/dp)t = 2 y +1/3 and from equation of
compressibility, compressibility K is equal to K = Ko+ Ko pi and Ko = (dk/dp)rand from

thermodynamics principles, then

J=(l+tayT) K
J=(1+ay T) (Ko + Ko pi)
J=(+ayT) Ko+ Kopi(l+tayT)



Next, tet us assume that p= pi (/+a y T) so that
Jo=(1+ayT) Ko (17d)
Then by putting Jo, K’oand p values, we get

J=Jo+2y+13)p (17e)
Substituting Equations (17e) with (17d) can be equated with Equation (17c) as follows

Jo+ @2y +173)p=-VPu+12y[(Vo—V)Pn+ PH]
Jo="-VoP’no) = A%/ Vo
A2[No+(2y+1/3)p=-VPu+12y[(Vo—V)Pu+ P4]

And in terms of Us and S, AsUs = U' and S= S" demonstrating that
y = [U% (2 U's - Co) [Cot(S"-1) US]

-(1/3 Co U%) (U% - Co)- SV Co°]/ U’ (U's - Co) (U + Co)  (18)

where E is internal energy, H is enthalpy and PV is the work done due to pressure where p is
pressure, V is specific volume, Co and S are the Hugoniot parameters in the linear relationship
between the shock wave velocity U's and U', the particle velocity U's =Co + SU"). In general,
Co s the bulk velocity of sound, S is linear Hugoniot slope coefficient and y is the Griineisen.
We can then have plot of the value of stress/density of composite at different impactor velocity
which give the slope for determining the Gruneisen parameter from Hugoniot equation state

equation.

3. Experiments

3.1 Materials

The resin studied was a commercially available polyester resin system supplied by Mechemco
(India) with the trade name Repol. This resin was specially developed to fulfil the requirements
of the high impact material in advanced pultrusion processes. The advanced product is
reinforced with polymeric waste in hybridisation of glass robbing. The resin is heat curable
purposely designed for pultrusion manufacturing method. The resin was fully cured at 130°C
for 30 mins at atmospheric pressure. The resulting product of composites measuring 500 mm

x 500 mm square and 10 mm thick lapped to a flatness of £5um. Density was measured using



a Micrometrics Accu Pyc 1330 gas pycnometer. The elastic properties of Impactor and

densities of composite manufactured and impactor were measured as shown Table |1

3.2. Impact testing

A common way for measuring the shock Hugoniot of materials is by conducting plate impact
experiments which may through accelerated gas gun system, but here we conducted high-
velocity powered impact with varying cartridge from white to black as available with Hilti gun.
A typical experimental set-up is shown below on Figure 1(a). Here, an impactor piston is
accelerated by powder actuation towards the target sample and arrives so that all points on the

impactor surface contact the target simultaneously.

Figure 1

The impact generates a planar shock wave in the target. In this situation, all strain is
accommodated along the impact axis while the orthogonal components of strain are zero due
to inertial confinement.

The shock response of the resin target was measured using two Vishay Micro measurements
Mangan in pressure gauges LS-SS-125CH-048, encapsulated between two layers of 25um
Mylar as shown Figure 2(c). Data acquisition is captured by the software and Module as shown
in Figure 2(a) and 2(b). Only steel nails were used as impactor, that is, were accelerated to
velocities between 176 m/s and 992 m/s using a @4-mm diameter and 12 mm to 30 mm length
reciprocate conical shape with known Hugoniot given in Table Il and a typical target set-up is

given schematically on Figure 1(b) and three samples were tested for each experiment.

The impactor piston was held by electro-magnetic holder and released on demagnetisation by
to trigger powder actuator on target Sample before impact as shown Figure 2(d). The impact
energy is varied by regulator attached in gas actuated nail gun. One strain gauge (the ‘front-
surface gauge’) is fixed at the interface between the cover plate and the test specimen, and the
other (the ‘back surface gauge’) is fixed between the test specimen and the backing material.

The shock Hugoniot was measured using the standard impedance matching technique [33].

Before releasing impactor, the thickness of each test specimen was measured, so that the



distance between the gauges was accurately known. The (assumed constant) shock velocity
(Us) was calculated by the transit time (At) of the shock which was measured by measuring the
time of arrival of the shock at each gauge across the specimen. By knowing the Hugoniot of
the flyer plate material and the impact velocity, we established a value for the particle velocity
(Up) behind the shock. Hugoniot data for our flyer-plate materials were taken from Marsh [34]
and the velocities of the impactor were calculated from impact energy as specified in different

cartridge used and measured, mass and cross section of impactor as shown in Table I1I.

Table III.

Capturing arrival and shape of the shock; subsequent data reduction and analysis was done
through Fast digital analogue from National Instruments National instruments cDAQ 9171 and
NI1-9230 Module.

On impact by impactor a shockwave is generated that propagate through the sample. We
anticipated that across the shock wave there is an extremely rapid rise in pressure, temperature
and density of the medium as expected. The Vishay Micro measurements Mangan in Pressure
gauges LS-SS-125CH-048 which were located closely to the back surface of the polyester
composite sample, are sensitive to the longitudinal pressure [35]. The pyrometer translates the
light signals to electrical signals which are recorded as shown on Figure 3 (a-d).

The jump signals of the pins were clear and therefore accurate travel time At measurement
between the time given by taking an from gauge 1 and gauge 2. As the thickness d of the second
part was measured beforehand as shown in Table 1V, the shock wave velocity at target U's was
obtained as U's = d/4t [4].

Table IV

4. Results and Discussion

As shown in Table I, the shock velocity U’ and longitudinal stress &', of composite sample are
measured and (U'p, Pw, V) are calculated from our experimental data and shown in Table V.
Shear stress, t contributes more on increasing velocity beyond certain pressure and it deviates
from linearity. Hence Gruneisen parameter of shock thermodynamics is required to get linear
graph for higher shock velocity. From Figure 2(e-f) ringing shock travel at front and

delamination at back surface are clearly visible.



Figure 2

In this example, @4-mm diameter and 12 mm to 20 mm length reciprocate conical shape steel
flyer was accelerated to 270 m/s and 588 m/s using powder actuated nail gun. It should be
noted that the trace of shock wave was measured by sensors bonded at front and back surface
of target impacted at a velocity of 588 m/s by steel nail as an impactor. During operation of
power actuation of the shot, stress history rises rapidly to its maximum value. Two different
mood of impact, one, when both gauges are bonded to either of the surface and 2", impact is
conducted when gauge is bonded to back surface only. A typical gauge trace for PE/GFRC is

shown below in Figure 3(a— d).

Figure 3

In case one, surprisingly, back-surface and front—surface gauge Figure 3(a-b) shows similar
shock stress level with different shock release velocity during impact. The Hugoniot stress is
measured, in this example, over the period from 0.8 to 2.92us for front gauge surface and 2.09
to 4.46us for back-surface gauge. Over the period Hugoniot stress level both front and Back-
gauge surface readings are similar. It is noted that there is an overshoot recorded in Figure 3a,
by the front-surface gauge as the measured stress reaches its maximum value for single impact.
However, such features are not observed in Figure 3b, for back-surface gauge. Shock stress
reflects pressure due to sudden compression of matrix phase which gets compressed to certain
extend depending on thickness, configuration and velocity of impact. Hence thicker the plate,
less resistant to compression and just opposite in case of thin plate. This apparent rise in stress
peak is expected to be broader in case for thicker plate, due to higher degree of compression.
This is due to the fast-rising nature of the shock causing ringing [35]. The stress arriving at the
gauge is the results of stress developed to compress reinforcing fibres and the binder resins.

As thickness increases from 8 mm to 10 mm, low gradient of shock stress peak rise observed
in Figure 3(c-d), wherein stiff gradient for lower thickness. It is also observed that, stress travels
for certain periods and then gets released to surroundings or adjacent plates. The release of
shock and its velocity depends on inside materials and surroundings. For single impact, release
time of shock of front surface gauge is almost 2.48 micro secs here in for back surface gauge,

time to release is 1.32 micro secs. The Hugoniot stress from front lasts for longer to get released



compare to back Gauge shock. Similarly, for separate impact, at back- surface gauge, for higher
thickness, 1.31 micro secs and there is no clear timing observed for higher thickness.

The shock release depends on close match between the shock impedance of the composite
sample and the gauge backing substrate. The Hugoniot of many polymers, metals and ceramics
can be fitted assuming a linear shock velocity — particle velocity relationship given by the
following equation: Us = Co + S.Up (1) where S is the slope and Co is the intercept of the shock
velocity axis. This has previously been observed by other researcher for other polymers such
as PMMA [36], polyester [37], poly (ether ether ketone) [38] and epoxy resin [39]. For metals,
Co has been correlated with the bulk sound velocity of the material whereas S has been
theoretically shown to relate to the first derivative of bulk modulus with pressure [40].

The relationship between p and u, as shown in Figure 4, is parabola fitted with the least square
method: p = 57.119 U'p? + 7.6845 U'p.

Figure 4

As shown in Figure 4(a), the relationship between U's and U'p, which is the Hugoniot curve, is
linear fitted with the least square method: U's = Co + S; U'p So the parameters Co and S; for
composite are determined as Co = (2.872) km/s and S; = 1.25+0.063. With the flyer velocity
Ud and known Hugoniot of impactor the particle velocity U'p is calculated, and shock wave
pressure of the target can be calculated by measured shock wave velocity U's and density of
composite in shock wave equations. The relationship of shock pressure and particle velocity is
shown in Figure 4 (b).

There are two points to note here in Figure 4a, firstly a linear line of regression has been fitted
through all ten data points resulting in Co and S values of 2.875 mm/us and 1.22 respectivel
and Secondly experimentally nonlinearity observed in contrast to linearity of determined values
However, literature [41,42] have shown that from theoretical considerations Hugoniot for many
polymers over a much larger particle velocity range is parabolic instead of linear. Our measured

Hugoniot in shock velocity — particle velocity space is in Table V.
Table V
In this study gauges measure the longitudinal stress (o) that consists of a hydrostatic component

and a deviatoric component of stress in accordance with o=Pn+4/3t where P is the
hydrodynamic pressure and t is the shear stress. Also fitted to the data is a calculation of the



hydrodynamic pressure calculated by Py = U's piU'p, where Us and p; are measured from
experiments and U' are calculated from shock parameters used in Hugoniot equation. Note
that there is a good fit for the data at the lower particle velocities indicating that the material is
behaving hydrodynamically. However, it is clearly seen in Figure 4(b) that beyond certain
shock stress, measured longitudinal stress exceeded predicted value by the hydrodynamic
curve. A possible hypothesis to explain this is that steric hindrance to compression increases,
as initially separate polymer chains are brought closer together and begin to interact. This
hindrance in compression depends on thickness of target, the fabric configuration in composite
making and laminates used as well as the increase in steric hindrance due to pendent groups in
polymer back chain may have increased the resistance to compression. The shock parameters
have been summarised for composite plate from several sources [43,44,45] for glass fibre-
reinforced bidirectional and unidirectional composites. In the present study the polyester/
GFRC is a pultruded product of polyester resin and waste polymer fibres and this product
contains 60% v/v of waste polymers and 5% of bidirectional glass fibres which when pulled in
machine directions shows less alignment in transverse direction that results in different sound
velocity in 0/90 degree. Apart from resin type, increase in volume% of physically bonded
polymer reinforcement drastically increases damping properties of composites as compared to
glass fibre content

In this work, as polyester resin is crosslinked with styrene as crosslinking monomers, it is
concluded that increasing the size of the side groups, with polystyrene (having a phenyl side
group) showing a departure from the hydrodynamic curve. For polyester/ GFRC, this occurs
beyond 4.02GPa at 3.5 mm/us particle velocity. Other published work [45] on a range of
polymers has shown that the stress level at which departure from the hydrodynamic curve
occurs can be modified by the choice of the side group attached to the main polymer chain.
Similar behaviour has been observed in a range of materials from polymers, [43,45] epoxy
resins [42] and ceramics [43, 46] and it is evidence that this resin-based composites material
possesses an ability to strengthen with increasing shock stress. We believe that our results are
consistent with this viewpoint and the for polyester/GFRC this shown to occur at 3.5 mm/ps.
The shock parameters from our experiments are shown in Table V, where in Figure 4b,
nonlinearity in longitudinal shock stress with composite Samples is not prominently observed,
due to low impact velocity but Grunisen parameter in Figure 5a, shows linearity with very
negligible gradient change. Since the velocity of impact is not high, shock stress received is

not showing exponential and maintaining linearity.



Figure 5

Nevertheless, for higher impact velocity, it is reported [45] that shock stress shows parabolic
graph with particle. To avoid interpretation through least square method, liner scale Grunesin
parameter fitting is preferred [50]. In Figure 5(b), linearity behaviour is observed in Grunisen
parameter when plotted against (1-Us/Up) =V/Vo. The intercept will value initial condition
assuming V=V which considered the initial state of Grunesin parameter. It is noted that the
initial Grunesien from intercept is 0.4517 which is pressure during initial condition. Again,
negative linear gradient is observed from regression of impact velocity and specific volume

change. Hence as we increase impact velocity, change in specific volume is expected to rise.

5. Conclusions

In this study, experimental study was conducted to measure the shock and release behaviour of
PFR/GFHC that is used in the commercial manufacture of technological and commodity
products prone to shock and high velocity impact. The Hugoniot in shock velocity — particle
velocity space is given by Us = 2.1561Up + 2.5734. The Hugoniot is similar into that of shock
velocity-particle velocity space for resins of differing composition as also noted in the literature
and as discussed in this work. At higher shock stresses, the behaviour of the resin exhibits an
increase in shear stress behind the shock wave in common with many other polymers. The
specific reason for this is unclear although for other polymers this behaviour has been
suggested as being due to side groups restricting compression between polymer chains. This
increasing longitudinal shock pressure as measured with higher velocity is deviating from
linear equation as calculated from hydrodynamic shock pressure. Hence linearity graph is
suggested for high velocity impact and higher stress. As we conducted impacts ranges from
200 -850 m/s, changes in Grunisen parameter with specific volume is hardly noticeable. In our

study inverse linearity is observed on specific volume with impact velocity conditions.
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Caption of Tables and Figures

Tables

Table I: Details of knowns and un-knowns when calculating the particle velocity of target
Table 11: Hugoniot and elastic properties of impactor used in this study

Table I11I: Physical parameters of impactor (nail) and impact velocity

Table 1V: Measured shock wave parameters of composites

Table V: Measured experimental values and determined Hugoniot for composites

Figures

Figure 1: (a) High impact technique through powder actuated nail gun and (b) Schematic
target assembly

Figure 2: (a) Instrument Module image, (b) Wave form Image of the Digital Display.
(c) Image Manganin Pressure Sensor fixed at Sample surface, (d) Before impact

image of Sample with cover plate

(e) After impact ringing image due to shock at font, (f) after impact delamination
image due to shock at back surface

Figure 3: (a) Trace for appearing shock at from ‘Front Gauge’ at 5 mm, (b) trace for
appearing shock from ‘Back Gauge’ at 5 mm plate, (c) trace for appearing shock
from ‘Back Gauge’ at 8 mm plate, (d) trace for appearing shock from ‘Back
Gauge’ at 10 mm plate

Figure 4: (a) Measured Hugoniot of plate at shock velocity and particle velocity space, (b)
Measured longitudinal stress and calculated pressure with particle velocity up
during shock travel.

Figure 5: (a) Fitting Gruneisen parameter and ration of change in specific volume volv,

(b) fitting ration of change in specific volume Vo/V with impact velocity
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Table I

Material Density of | Density of Glass Sound Velocity | Hugoniot
Impactor | Hybrid Polyester for (Si)
Impactor (Co) in
g/cc g/cc m/s
Mild Steel 7.8 1.25 3.754 1.92




Table 111

Material Energy in | Weight of Nail Used Velocity of Impact
Joules | (Grams) considering 65%
Energy Transfer (m/s)
52 0.2 401.3, 456.1, 501.2
Mild Steel 62 0.4 295.5, 324.0, 361.2
85 0.6 262.1, 243.4, 298.3




Table IV

Pressure, (GPa) 1736 | 1398 | 0% |g33 |57 640 |409 |3*® |310
Shock Wave

Velocity, Us 269 260 |251 |231 |218 |212 |215 |199 |1.92
(mm/ms)

Impact  Velocities | o o) | 0456 | 040 [036 |0.32 | 0295 |0276 |0.243 | 0.262

mm/ms




Table V:

Particle Velocity

Gruneisen of Target Intercepts | Hugoniot Pressure
Parameter Vo/lV Calculated Co inm/s | of Target | Calculated
m/s for Target (S (GPa)

0.4601 0.803 0.250 5.895854069
0.4601 0.803 0.279 6.799554189
0.4599 0.803 0.304 8.007399951
0.4599 0.803 0.312 2.8734 1.22561 | 8.11629326
0.4599 0.803 0.340 9.056170017
0.4598 0.803 0.379 10.75389909
0.4596 0.803 0.424 13.04281034
0.4596 0.803 0.473 15.07827532
04595 0.803 0.530

17.47418739
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Figure 1: (a) High impact technique through powder actuated nail gun and (b) Schematic

target assembly
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