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Abstract Phenolic resins are used in many aspects of
everyday life, e.g. as the matrix material for carbon fibre
laminates used in the aerospace industry. Consequently,
detailed knowledge of this material, especially while under
shock loading, is extremely useful for the design of com-
ponents that could be subjected to impact during their life-
span. The shock Hugoniot equations of state for phenolic
resin (Durite SC-1008), with initial density of 1.18 g cm™>
have been determined using the plate-impact technique with
in situ manganin stress gauges. The Hugoniot equation in the
shock velocity—particle velocity plane was found to be non-
linear in nature with the following equation: Ug = 2.14 +
3.79u, — 1.68u’. Further, the Hugoniot in the pressure—
volume plane was observed to largely follow the hydrostatic
curve. Lateral gauge measurements were also obtained. An
ANSYS Autodyn™ 2D model was used to investigate the
lateral stress behaviour of the SC-1008. A comparison of the
Hugoniot elastic limit calculated from the shear strength and
measured sound speeds gave reasonable agreement with a
value of 0.66 £ 0.35 GPa obtained.

Introduction

Phenolic resins have a wide range of applications which
include, but are not exclusive to, electrical insulation,
kitchen utensils [1] and use in heat-shields for the aero-
space industry [2]. Phenolic resins are used in such
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applications due to their resistance to abrasion and
dimensional stability over a range of operating tempera-
tures, with this latter property due to the fact that phenolic
resins are thermosetting plastics. The use of phenolic resins
in the aerospace industry and the consequent possibility of
impact damage, reinforces the requirement for knowledge
of shock propagation in such materials.

Many methods can be used for generating shock in mate-
rials including contact explosives [3], laser ablation [4] as well
as plate impact technique [5] employed here. Five key
parameters are needed to understand the behaviour of shocked
materials. These are shock velocity Us, particle velocity u,
density p, pressure P and internal energy E. Usefully, only two
parameters are needed to fully define a shock. The Rankine—
Hugoniot equations [6], based on the principles of conserva-
tion of energy, mass, and momentum then allow the other
three parameters to be calculated. The parameters measured in
this study were Us and o, with u, found using the impedance
matching technique [6], while density was calculated from the
Rankine—Hugoniot equations. This allowed the Hugoniots in
the Us—u,, and P-V planes to be ascertained.

Hugoniot relationships in the Us—u,, plane are generally
linear in nature following Eq. 1, where ¢ is the intercept at
zero particle velocity and S is the resultant slope of the
Hugoniot. However, non-linear relationships do occur
[7, 8]. In such cases, a second order quadratic equation, of
the form shown in Eq. 2, may be employed. Such non-
linear equations of state have also been used in computa-
tional simulations of polymers, e.g. Ref. [9].

Us = ¢y + Sup (1)
Us = co + Siup + Sou; (2)

The hydrostatic pressure Py due to a shock in a material
is given by Eq. 3 which can be written in the form of
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Eq. (4) for the pressure-volume plane, where p, is the
initial density with v and v, being the volume at a given
pressure and initial volume, respectively. The Hugoniot in
the Us—uy, plane is used to calculate the value of Py.

PH == PoUSMp (3)
1%

Py = p0U§<1 —) (4)
Vo

In addition, the hydrostatic (Py) and deviatoric (1)
elements of stress are linked by Eq. 5. This equation implies
that if the longitudinal stress equals the hydrostatic pressure
then there is little to no strength effect in the material.

g, =Py + %‘c (5)
With polymers the depth of knowledge with regards to
the shock response varies greatly, from materials that are
well defined, e.g. polymethylmethacrylate (PMMA) [7, 8],
to materials that have been little studied. Further, it has
been shown that different samples of the same polymer can
have different shock Hugoniot profiles due to slightly
different compositions or manufacturing processes. Such
behaviour is clearly exhibited by the abundant scatter of
data noticed by Barker and Hollenbach in PMMA [7].

Carter and Marsh [8] studied the shock response of 20
polymers. For all polymeric materials studied, they con-
sistently found a discrepancy between the zero pressure
intercept of the Us—u, curve and the ultrasonically mea-
sured sound speeds. They attributed this phenomena to the
forces between adjacent polymer chains being orders of
magnitude lower than the forces along the backbone of the
polymer, making initial compression two-dimensional in
nature. Such behaviour was shown to lead to non-linearity
in the Ug—u, plane. The subsequent linear behaviour of the
Hugoniot at elevated particle velocities was thought to
represent the three-dimensional compressive behaviour. It
was also found that a phase change occurred in many of the
polymers investigated in the 20-30 GPa range.

In the literature, there is limited knowledge on the shock
behaviour of phenolic resins with most studies concerned
with phenolic resins as part of a composite system. Carter
and Marsh, however, did include the phenolic resin Durite
HR 300-Borden in their investigations.

The dynamic response of epoxy-resins has been more
extensively studied [8, 10-12]. Munson and May [10]
investigated the effect of different hardeners which resulted
in different structures along with different levels of cross
linking. They found that in the Ugs—u, plane a single
equation could explain the behaviour. In the pressure—
volume plane there was no noticeable discrepancy between
the epoxies with different hardeners over the investigated
range which reached values of 2 GPa.
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Another epoxy resin RTM-6, used as the matrix com-
ponent in aerospace-grade carbon fibre composites, was
studied by Hazell et al. [11]. Its dynamic behaviour was
found to be comparable to that of other epoxy resins.
Furthermore deviation from the hydrostatic pressure was
seen in RTM-6 above 4 GPa. In other work, Appleby-
Thomas et al. [12] investigated the lateral stress behaviour
of RTM-6. The Hugoniot elastic limit and dynamic yield
strength for RTM-6 was found to be comparable to other
€poxy resins.

Millett et al. [13] investigated the shock behaviour of a
composite which included different ratios of alumina par-
ticulates in an epoxy resin. As alumina particulates were
used the sample was considered to be isotropic in nature
allowing for a simplified analysis. It was found that by
increasing the ratio of alumina particles in the epoxy, the
sample material started to behave similarly to a metal or
ceramic.

In this work, the dynamic shock behaviour of a phenolic
resin SC-1008 was investigated using manganin stress
gauges. These gauges measure the longitudinal and lateral
stresses induced in the samples. From this data Us—u, and
P-V Hugoniot relationships were derived.

Experimental techniques

The experimental method employed for this investigation
was the plate impact technique. This involved using a ¢
50 mm, 5 m barrel, single-stage gas gun [5] which accel-
erates a flyer plate into a target material, with all the sur-
faces perpendicular to the direction of impact machined flat
and parallel to =5 pm. The experimental setup for the gun,
also showing a typical target configuration, is shown in
Fig. 1. The flyer and cover plate were made of the same
material, usually Aluminium (Dural) or Copper, employed
due to their well-characterised nature, e.g. [14]. Further, the
target is attached to a sacrificial barrel extension. Taken
together these measures ensured that any misalignment on
impact was consistently less than 1.5 mrad [15].

Vishay Micro-measurements manganin stress gauges of
types LM-SS-125CH-048 and J2M-SS-580SF-025 were
employed for longitudinal and lateral shots, respectively.
Longitudinal gauges measure the longitudinal stress exerted
on the material whereas the lateral gauges give a stress
which is dependent on the strength of the sample [16]. These
gauges were used due to their stable behaviour over a wide
range of temperatures. As stress is exerted on the manganin
gauge element, a change in resistance of the gauge occurs.
Using a calibration technique detailed by Rosenberg et al.
[17] for longitudinal gauges and Rosenberg et al. [18, 19]
and Millett et al. [20] for lateral gauges, this allows calcu-
lation of in-material stress. The longitudinal gauges were
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Fig. 1 General experiment setup

protected by layers of 25 um thick Mylar®, which also
insulated them from the cover plate. However, the lateral
gauges were already encapsulated in their as-manufactured
state and therefore did not require additional Mylar® pro-
tection. All components were glued together using slow
curing Locite 0151 HYSOL® Epoxi-Patch® adhesive.
Finally, before component assembly accurate sample
thickness measurements were made using a micrometer.
Typical gauge/sample arrangements are shown in Fig. 2.

Computational modeling

A commercially available hydrocode (ANSYS Autodyn™)
was employed to aid interpretation of recorded lateral
stress profiles. Two-dimensionally axially symmetric
models employing an Euler mesh with cell sizes of 100 um
were constructed. Material models consisted of equations
of state in conjunction with a Drucker—Prager strength
model [21]. The initial Autodyn™ model setup is shown in
Fig. 3.

- "r\w{ Eampla Lateral Gauge
B — Z (J2M-SS-5805F-025)
/’/ /
Impact ]
Impact
Face Pt =
Face —
Cover-plate ! [
Longitudinal Gauges PMMA Backing

(LH-§S-125CH-048)

Fig. 2 Typical gauge/sample layouts: longitudinal on the left and
lateral on the right

Material

The phenolic resin investigated was Durite SC-1008. This
was supplied by Lockheed Martin (UK) in 30 mm diameter
spheres. The samples were sectioned with material taken
from the centre of the sphere, thereby giving an approxi-
mate thickness of 4 mm while keeping the diameter at
~30 mm. Due to the small size of the SC-1008 phenolic
resin target, a containment ring was used to ensure the one-
dimensionality of the shock through the sample for the
duration of the experiment. The containment ring
arrangement with inserted resin (bonded in place with an
epoxy resin) is shown schematically in Fig. 3.

The density of the SC-1008 phenolic resin was mea-
sured using a Micrometrics AccuPyc 1330 gas pycnometer.
In addition longitudinal (¢ ) and shear (cs) sound velocities
were measured ultrasonically using a 1 MHz quartz
transducer with a Panametrics 5077PR pulse receiver in the
pulse—echo configuration. Key elastic material properties
for SC-1008 are shown in Table 1, with the bulk sound
speed cp calculated using Eq. 6. The shear modulus (G) of
the material was calculated using Eq. 7.

4

e =/t -5 (6)

G = pycs (7)

Results and discussion

The experimental data for longitudinal and lateral shots is
presented in Table 2. For the lateral shot data, o, was
estimated from the known impact conditions. A typical
longitudinal trace is shown in Fig. 4.

The rear gauge trace in Fig. 4 has been calibrated
according to Eq. 8 [12], based on known impact

Perspex
Containment
Ring

Copper or

Aluminium Flyer —

Plate Epoxy Resin

SC-1008

Fig. 3 Setup of the Autodyn™ model
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Table 1 Key elastic material properties of SC-1008

Po cL Cs CB v G
(@em™)  (mmups™)  (mmps")  (mmpsT) (GPa)
1.18 2.67 1.38 2.14 036 224

conditions, to calculate the true stress in the SC-1008 rather
than the backing PMMA (see Fig. 2). Both the front and
re-calibrated rear surface longitudinal gauge traces exhibit
very similar profiles. Following an initial rise (typically
~50 ns duration, compared to ~ 100 ns for the lateral
traces shown later in Fig. 7) observed on shock arrival, an
overshoot in stress combined with ringing results, with the
frequency of ringing being 18 MHz suggesting an electri-
cal effect. Following the initial overshoot in stress, a con-
stant plateau known as the Hugoniot stress, is observed in
both cases. The good agreement between the front and
impedance matched rear Hugoniot stresses appears to be
confirmation that the experiment was truly one-dimen-
sional; validating the encapsulation technique employed.
The Hugoniot stress is maintained until release waves from
the rear of the flyer arrive ending the one-dimensional
nature of the shot. An apparent multi-stage release than
occurs on both gauges, before eventual gauge failure.

l ZSample + ZBacking

OSample = 2 ORear gauge (8)

ZBacking

Experimental results are shown graphically in the shock
velocity-particle velocity plane in Fig. 5 and the pressure-
volume plane in Fig. 6, along with literature data for other
broadly similar polymeric materials. The RTM-6 data was
obtained from Hazell et al. [11], with the alternative
phenolic data from Carter and Marsh [8].
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Fig. 4 Typical longitudinal gauge traces for SC-1008; impacted by a
5 mm Copper flyer at 960 ms™'

As seen in Fig. 5, the SC-1008 Ug-u,, Hugoniot appears
to have a non-linear nature within the particle-velocity
regime investigated. Essentially, a polynomial curve of the
type detailed in Eq. 2 produced the optimum fit to the
experimental data. In this case, the polynomial coefficients
for the best-fit were: ¢y = 2.14 mm ps™', §; = 3.79, and
S, = —1.68 us mm™". Such a non-linear response has been
observed previously in other polymeric materials particu-
larly at low particle velocities/pressures. For example,
PMMA [7], polycarbonate replacement resin [22], and
various epoxy resins [8], have all exhibited such behaviour.
As discussed previously, such a non-linear response at low
particle velocities has been attributed to the substantial
difference in magnitude between backbone and inter-chain
forces [8]. Essentially, weaker inter-chain forces are over-
come during the initial stages of compression before
stronger backbone covalent bonds can be affected. This
then results in non-linear behaviour at low particle

Table 2 Experimental results obtained using longitudinal and lateral gauges

Velocity Flyer thickness/ Us up, v o, /P (GPa) ay Yield
(ms_l) material (mm) (mm us_l) (mm ps_l) (cm_3 g_l) (GPa) strength (GPa)
145 5 Cu - - 0.81 0.36 (estimated) 0.19 0.17
200 10 Al 2.69 0.16 0.80 0.51 - -
320 10 Al - - 0.78 0.92 (estimated) 0.55 0.37
350 10 Al 3.19 0.27 0.78 0.97 - -
485 10 Al 3.11 0.38 0.75 1.39 - -
500 10 Al - - 0.75 1.59 (estimated) 1.01 0.58
600 10 Cu 3.77 0.53 0.73 2.31 - -
670 10 Cu - - 0.71 2.68 (estimated) 1.96 0.72
810 10 Al 3.87 0.62 0.71 2.90 -
865 10 Cu - - 0.69 3.65 (estimated) 2.61 1.04
960 5 Al 3.88 0.73 0.69 3.46 -
970 5 Cu 4.26 0.85 0.68 4.65 - -

@ Springer



J Mater Sci (2011) 46:5991-5999

5995

5.0
2 %4k
4.0 1 Us=-1.88u" + 3.79u, +2.14 ; a1 &
s ‘| ; o
@ | Le%e °
-E‘S.O- .._&_.-f" |
E— 2.0 - Experlmel:lla.l I:I;at-a
L Cs ~——SC-1008 Hugoniot
A Phenolic Resin [Carler and Marsh]
101 ® RTM-6 [Hazell et al.]
0.0 + +
0.0 0.2 0.4 0.6 0.8 1.0

U, (mm/us)

Fig. 5 Hugoniot of SC-1008 in the Us—u, plane with comparable
resins [8, 11]
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Fig. 6 Hugoniot of SC-1008 in the pressure-volume plane with
comparable resins [8, 11]

velocities, before a more conventional linear Ugs—u,
response is established as compression continues.

It is interesting to note that the lowest particle-velocity
portion of the Us—u, phenolic resin data found by Carter
and Marsh [8], included in Fig. 5, is in very good agree-
ment with the highest u, data (4, > 0.6 mm ps~') mea-
sured for SC-1008 here. Given that Carter and Marsh found
a linear relationship of the type shown in Eq. 1 for their
phenolic resin over the pressure range between 4 and
20 GPa, and in line with the fact that Ug—u, relationships
for epoxy resins are typically very similar independent of
the precise resin tested [10, 11], this result suggests a
two-stage Ug—u, behaviour in SC-1008 (and potentially
phenolic resins in general). Initially, for u, below
0.7-1.0 mm ps~' a non-linear polynomial Hugoniot will
result, while at elevated impact pressures a linear response
will be established. Interestingly, while slightly more linear
in nature, there is also good general agreement between the
included RTM 6 data from Ref. [11] and that for SC-1008.

In Fig. 6, V/V, (the normalised volume attained during
the experiment on the abscissa) is plotted against P. The
use of V/V, allows direct comparisons with different
materials. On the P-V/V, plot the hydrostat is plotted

according to Eq. 3. All of the experimental data with the
exception of the highest value lies on the hydrostat. From
Eq. 5 this implies that, initially at least, the SC-1008 pos-
sesses no strength under shock loading. However, above
4 GPa deviation is seen from the hydrostat implying the
material is starting to strengthen behind the shock front.
This behaviour is similar to other polymeric materials
including polycarbonate [23], polypropylene [24], poly-
styrene [24] and RTM-6 [11]. Further, the compressibility
of the SC-1008 is initially the same as the epoxy resin
RTM-6 until ~1 GPa. Above this point, the SC-1008
becomes less compressible compared to RTM-6. In addi-
tion, the phenolic resin investigated here is more com-
pressible than the phenolic resin investigated by Carter and
Marsh.

Figure 7 shows all of the lateral traces for the shots
detailed in Table 2 plotted together with a recentered time
base. The traces show an overshoot on the three higher
pressure shots likely attributable to an electrical effect
within the gauge. The pressure then stabalises to a plateau
due to the lateral stress exerted on the material. A ramp-up
is seen towards the end of the shot, and this has been
computationally shown to be due to shock reflections from
the interface between the edge of the SC-1008 sample and
the epoxy resin interlayer used in the containment process.
Investigation of the source of this re-loading involved a
series of Autodyn™ hydrocode models. This was achieved
by using the setup explained in the computational modeling
section and, for the case detailed here, the impact condi-
tions of a 500 ms™' shot employing a 10 mm aluminium
flyer plate. In all cases, a moving point gauge element was
inserted 4 mm from the impact face of the sample. In
addition, this gauge was also radially offset from the
impact axis by 4 mm. The material equations of state used
in the AutodynTM model for aluminium, perspex, and
epoxy were obtained from the in-built Autodyn™ library.
For the SC-1008 phenolic resin, the experimentally deter-
mined polynomial equation of state employing the

3.5
NM‘M
A P =296 GPa o
v
: P =2.19 GPa PR
[ 1

a, (GPa)

P =1.20GPa
1.0 r———’/‘_x
| P =0.67 GPa
1 /___'.N,_.—,____._*——-——'—'_

0.5 | \_1

15 20 25 30 35 40 45 50
Oftset Time (us)

| [JI | P =0.25 GPa

0.0
00 05 10

Fig. 7 Lateral gauge traces for SC-1008
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Fig. 8 Pressure-yield surface used in the Drucker—Prager strength
model based on experimental measurements of o,

calculated values of density, Sy, S> and ¢, was used. The
inelastic response was accounted for by the Drucker—
Prager strength model, that employs a pressure-dependent
yield surface [25-27]. Here Eqs. 9 and 10 were used to
calculate pressure and yield strength (Y) using the relevant
o, and o, values from Table 2. The resultant yield surface,
e.g. the Drucker—Prager strength model is shown in Fig. 8.

oy + 20
PAverage = Ty (9)
Y=2t=0,—0, (10)
Figure 9 shows reasonable agrement between the

experimental data and computer simulation in terms of
general behaviour, with a discrepancy in lateral stress of
about 0.1 GPa. Analysis of the temporal evolution of the
sample showed that the increase in gradient occurring at
about 1.5 ps after shock arrival was due to the shock
reflection occurring at the SC-1008 and epoxy resin inter-
layer. The timing and overall form of this reflection was
seen to be linked to the geometry of the retained SC-1008
resin sample. It is worth noting that the arrival of this shock
refection also marked the end of the one-dimensional

1.6
1.4
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Experimental
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0.4 +
0.2 ‘I
0.0 - J

5

0.0 0.
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Fig. 9 Comparison of computational model and experimental lateral
stresses (a 10 mm Aluminium flyer impacting at 508 ms™")
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Fig. 10 Behaviour of shock in Autodyn™ model

behaviour in the sample. A sequence of frames showing the
evolution of pressure in the model is presented in Fig. 10.
It should be noted that the gauge used in the model was a
point element whereas in the experiments the lateral gauge
was a 16 mm manganin wire element. Moving the gauge
element in the computational model, the position at which
1D behaviour finished could be altered. By moving the gauge
closer to the centre of the sample, the ramped behaviour was
either delayed or became non-existent. Conversely, moving
the gauge closer to the edge of the SC-1008 resin sample
resulted in a more rapid loss of one-dimensionality in the
gauge response. Due to the nature of the target confinement
and geometry this response was not entirely unexpected.
The discrepancy noted above between the computational
model and the experimental results in lateral gauges con-
tinues over the whole range of investigated shock pressures.
In Fig. 11, the ratio of experimentally measured lateral

-
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Fig. 11 Discrepancy between computational and experimental lateral
stress
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stresses to computational results is plotted against measured
lateral stress. If the Autodyn™ model matches up to the
experimental results, a situation which should occur due to
the experimental results being used in the Drucker—Prager
strength model, this ratio should be close to unity. However,
as shown in Fig. 11, this is clearly not the case. Instead the
ratio is consistently around 0.8 to 0.9—approximately
10-20% lower than might be expected. Further, this dis-
crepancy is observed to vary in a non-linear manner with
measured lateral stress—an effect linked to the non-linear
nature of the shear strength data employed in the Drucker—
Prager strength model (as shown in Fig. 8).

By comparing the yield strength of the material to an
elastic prediction given by Eq. 11, the Hugoniot elastic
limit can be ascertained. The Hugoniot elastic limit is the
point at which the elastic—plastic transition occurs. Below
the Hugoniot elastic limit, the material behaves elastically
and above this point it is plastic in nature. This approach is
shown graphically in Fig. 12. From this, the Hugoniot
elastic limit was found to be 0.66 £+ 0.35 GPa. As indi-
cated in Fig. 12, this relatively wide error simply arises due
to the larger experimental errors encountered at elevated
impact pressures. In addition, an approximate value for the
Hugoniot elastic limit was found using Eq. 12. The value
of ¢ detailed in Table 1 was used in Eq. 2 to obtain the
maximum possible particle velocity in the elastic regime
(e.g. the u, intercept of ¢y, with the Us—u,, Hugoniot shown
in Fig. 5). This value, uy; ~ 0.1 mm ps™', gave a maxi-
mum value for the HEL of 0.3 GPa. This value, while low
in comparison to the intersect shown in Fig. 12, lies just on
the edge of the calculated error band. Given the afore-
mentioned issues with calculating an HEL from the inter-
cept of the predicted elastic and measured plastic shear
strength curves in Fig. 12, the fact that these values are of
similar orders of magnitude suggests that the average
HEL of 0.66 & 0.35 GPa from Fig. 12 is a reasonable
approximation.

1.8
16 | | — ‘Elastic Prediction
Experimental Data pad
14 Plastic Region = -
12t ol
~ .
o 1.0 =
S . !
& o y =0.2467x + 0.1249
0.6
0.4 .
0.2 g
. -
0.0 - .
0.0 0.5 1.0 1.5 2.0 2.5 30 3.5 4.0

o, (GPa)

Fig. 12 Graph used for calculation of Hugoniot elastic limit
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1—-2v
2t = I (11)
OHEL — CLPO”H (12)

Further, this reasonable agreement between the
Hugoniot elastic limit values calculated (1) from the shear
strength-impact stress plot in Fig. 12, and (2) directly from
the ultrasonically measured elastic sound speed, appears to
confirm the validity of the use of measured lateral stress
values to calculate shear strengths. However, it should be
noted that there is currently a degree of contention within
the shock physics community with regards to the inter-
pretation of such data. In particular, Winter and Harris [28]
and Winter et al. [29] have recently highlighted the fact
that there is often a difference between near and far field
lateral stress response in materials due to the inherently
intrusive nature of the encapsulated lateral manganin stress
gauges employed. These authors employed both experi-
ment and simulation to interrogate shock propagation
through (a) a so-called matrix material, and (b) a matrix
material with an embedded fluid layer—considered analo-
gous to an encapsulated lateral gauge. The presence of the
fluid layer was found to modify the nature of the shock
front. In particular, behaviour on shock arrival and behind
the shock front was strongly influenced by the relative fluid
layer/matrix shock velocities. Slower shock velocity in the
central fluid layer led to a ramp to a peak followed by a
subsequent decrease in stress with time; whereas a faster
fluid shock velocity was shown to result in a relatively slow
initial ramp-up, with longitudinal stress subsequently
increasing behind. In both cases, comparison of experiment
and simulation appeared to suggest that the gauge response
tended towards the true material (rather than encapsulating
matrix) stress with time. These findings suggest that care
should be taken in the interpretation of lateral gauge traces.
However, here—as shown in Fig. 7—before the re-loading
due to the target confinement highlighted in Fig. 9, there is
only a relatively minor gradient in stress behind the shock.
Consequently, lateral stresses measured by the epoxy-
encapsulated lateral gauges are likely reasonably repre-
sentative of far-field SC-1008 stresses. Further, in line with
recent work by Appleby-Thomas et al. [30], it is likely that
given the similarity in impedance—and therefore shock
velocity—between polymeric materials, minimal shock
dispersion would have occurred in the epoxy lateral gauge
interlayer. Nevertheless, the small resultant errors in mea-
sured lateral stress caused by these issues are likely to, at
least partially, explain the discrepancy between the shear-
strength and elastic sound-speed based predicted material
elastic limits. Rosenberg and Partom [31] made the case
that the HEL of polymers could be calculated using a
pressure-dependent yield surface which would alter Eq. 11.
This would then result in different values for the elastic
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prediction used for calculating the HEL. However, other
authors have successfully used the model employed here,
hence we feel justified in using the approach presented in
this article.

In addition to the questions over the use of embedded
lateral manganin stress gauges outlined above, the results
presented here also draw attention to a further potential
issue. Essentially, under the one-dimensional impact con-
ditions of a plate impact experiment, because strain will be
confined along the impact axis (defined as the x-axis), o, and
a, will be equal. Consequently, by definition, the hydrostatic
pressure (P) will be given by Eq. 9. For a hydrodynamic
material shear strength, 7, will tend to zero. In such a situ-
ation Eq. 5 reduces to o, = Py. Substituting this result into
Eq. 9 (taking Py = Paverage)> it can be shown that in a
strength-less material o, should be equal to 6,. However, as
can be seen in Table 2, this is clearly not the case here; in
fact, when calculated the ratio o,/0, is observed to trend to
about 0.8 at higher impact stresses, rather than trending to
unity as would be expected. At lower stresses this is likely
due to inaccuracies inherent in the employment of manganin
stress gauges in such stress regimes [6]. However, at higher
stresses this behaviour suggests a degree of material
strength. This is despite the fact that SC-1008 has been
shown to behave hydrodynamically (e.g. Fig. 6) at impact
stresses < 4.0 GPa. Similar behaviour, with the ratio of
o,/o, tending to <1, despite observed hydrodynamic
behaviour over the impact regime of interest, is observed
elsewhere in the literature, e.g. Refs. [12, 23, 32-35].
Consequently, such a response may be indicative of a sys-
tematic calibration issue with lateral gauges in this class of
materials. However, in order for such a conclusion to be
reached a careful study of lateral gauge response in a variety
of materials would be required - something outside the
scope of this article. However it is notable that there has
been a wide adoption within the literature of the lateral
gauge-based approach to estimation of material shear
strength (albeit by a relatively limited number of authors),
e.g. Refs. [12, 23, 32-38]. In addition, as mentioned pre-
viously, in this study, this approach has led to reasonable
agreement with the HEL value calculated from the mea-
sured elastic sound speed. Consequently, the decision has
been taken here to utilise the resultant calculated HEL.
Nevertheless, the potential for inaccuracy due to gauge
calibration issues is acknowledged.

Conclusion
The shock loading response of a phenolic resin SC-1008 has
been investigated using the flyer plate impact technique. A

non-linear Hugoniot in the Ug—u, plane was found, fol-
lowing the equation Us = 2.49 + 3.79up—1.68u§. In the

@ Springer

P-V/V, plane, the experimental results closely followed the
hydrostatic pressure suggesting minimal strengthening
under shock loading. It was also found that the phenolic
resin SC-1008 behaved in a similar manner to other poly-
meric materials that are used in comparable applications.
An Autodyn™ model was used to help visualise the
behaviour seen in the lateral stress traces. This behaviour
was found to be due to the geometric nature of the resin
sample. The pressure calculated from the model was shown
to be close to the experimental data, albeit with a consistent
discrepancy of ~ 10%. Finally, a Hugoniot elastic limit was
calculated from both measured shear strength and ultrasonic
sound speed data, with good agreement found leading to a
value of 0.66 £ 0.35 GPa being assumed.
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