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The Dynamic Impact Experiments Under Active
Confining Pressure and the Constitutive Equation of
PP/PA Blends at Multi-Axial Compressive Stress State

Shi Shaoqiu,™ Yu Bing, Wang Lili

Ssummary: A special active hydraulic confining pressure installation matched with
®14.5 mm SHPB apparatus was developed. A series of active confining pressure
impact experiments for PP/PA blends are performed in this special SHPB system under
two kinds of axial strain rate: 8.0"10% 1.4103s™" and the active confining pressure of
0 MPa, 4 MPa, 8 MPa, 12 MPa, 15 MPa, 20 MPa. The axial strain-time profile, the axial
stress-time profile and the hoop strain-time profile of the specimen are recorded online
respectively. According to the equilibrium equation, the complete state of principal
stress and principal strain of PP/PA blends under multi-axial stress state is analyzed.
The experimental results reveal that the axial stress-strain curves all are related to the
confining pressure and the strain rate. It can also be seen that under a constant
effective strain rate the effective stress- effective strain curves at different confining
pressures are coincident basically. This manifests that under a certain effective strain
rate there is only one unique effective stress- effective strain curve. The multi-axial
constitutive equation for PP/PA blends is suggested finally as:

0 = (0cont. + 0cir/3)I + Aoes

where oo is the confining pressure value.
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For 113PP/PA blends, E=2.98GPa, o= —31.15GPa, B =093.31GPa, 0,=8.54 S,
E, =0.82 GPa.
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the impact dynamic response of these
materials under multi-axial stress state

Most polymer structures in service always
undergo various kinds of impact loadings.
Because of their inertia and all kinds of
confined constraints they are sustained,
they are always under multi-axial and high
strain rate conditions. In order to guarantee
the safe design of these polymer structures,
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should be known. In the last 2 decades,
the quantity of multi-axial investigations
for polymers has grown, but most of the
multi-axial tests have been carried out
under quasi-static conditions usually. The
Split Hopkinson Bar Technique (SHBT) is
used for the investigation of dynamic
responses of polymers under high strain
rates. But most of them were restricted in
simple loading conditions, such as in
compression, tension or shearing, the speci-
mens were really in ‘r‘nono—axial stress state.
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In this paper, a special active hydraulic
confining pressure installation matched
with ®14.5 mm SHPB apparatus was devel-
oped. The dynamic impact response of PP/
PA blends is tested under two kinds of axial
strain rate (8.0°10%s™', 1.4*10°>s™") and the
active confining pressure from 0 MPa up to
20MPa. The complete state of stress and
strain in the specimen impact loaded is
determined through direct experimental
measurement. The experimental results
reveal that the axial stress-strain curves
all are related to the confining pressure and
the strain rate. The multi-axial constitutive
equation of PP/PA blends under high strain
rate is finally described.

Specimen and Testing Equipment

The specimen is made of PP/PA blends with
a compatibilizer (grafted thermoplastic elas-
tomer, TPE-g). The weight ratio is PP/PA/
TPE-g: 49:30:21. They are called 113 for
short. All materials used were dried in ovens
for 8 h, at 80 °C. Then cylindrical specimens
in diameter of 14.5 mm and length of 10 mm
were prepared from injection mold at 210 °C.

A special active hydraulic confining
pressure installation matched with 14.5mm
SHPB apparatus was developed in Ningbo
University. A high pressure vessel fully filled
with silicon oil is matched and installed in
®14.5 mm SHPB system. Its photo is shown
in Figure 1 (a). The oil pressure value inside
this vessel can be controlled by a hydraulic
pressure control system, in which the
maximum acting pressure value can be up
to 50 MPa. The photo of this control system
is shown in Figure 1 (b).

The knotty difficulties of these acting
confining impact tests are encountered in
two aspects. The first one is the dynamic
leaking of oil under high pressure during
the movement of the pressure bars through
the hole of the vessel. This problem disables
the test to reach the high confining pressure
value. We use the O type rubber seals to
solve this problem easily. But in many tests,
the hole for the passing of the cable linking
to the strain gauge on the surface of the
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Figure 1.

(a) The active confining pressure installation matched
with 14.5 mm SHPB apparatus. (b) The hydraulic pres-
sure control system.

specimen was always oil leaked and so that
the high confining pressure value can’t be
reached. Although this hole is sealed by
epoxy resin, this difficulty still exists
because of the gap between the shielded
wire and the cable. We improved the design
of the sealing of this local part by using the
small O type rubber seal ring instead of
epoxy resin. This problem is solved finally.
The magnified figure of this structure is
shown in Figure 2. The second difficulty of
the tests is that the specimen loses contact
with pressure bars due to the entering of the
high pressure oil into the mini gap between

o type oil ring chamber

to strain
gauge

to amplifier

Figure 2.
The structure of the O type rubber ring between the
shielded wire and the chamber.
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the specimen surface and the bar surface,
even though the diameter is the same for
the specimen and bars. We use a thermo
plastic tube to assemble the specimen and
the bars together. Then this thermo plastic
tube is heated. It contracts to bound them
and shields them from the oil. The
separating of the specimen from bars can
also be monitored by using the incident and
the transmitted stress wave profiles. When
the incident and the transmitted bars are
not pushed away with the specimen, the
difference of time between the initial part
of the incident stress wave and the
transmitted stress wave should be L/C, (L
is the distance between the strain gauges on
the incident bar and the transmitted bar, C,,
is the wave speed in bars). In our tests,
L=1m, Cy=5190m/s, this difference of
time is about 200 ps. The separating and un-
separating cases are shown in Figure 3.

Experimental Part

A series of active confining pressure impact
experiments for 113 PP/PA blends are per-
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Figure 3.

(a) The monitored wave profiles of un-separating case.
(b) The monitored wave profiles of separating case.
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formed in our special SHPB system under
two kinds of axial strain rate: 8.0°107
1.4*10%s ! and the active confining pressure
of 0 MPa, 4 MPa, 8 MPa, 12 MPa, 15MPa,
20 MPa. The specimen is deformed under
both the axial dynamic loading and the
active confining pressure around its cylind-
rical surface. The axial stress-time and the
axial strain-time wave profiles are obtained
from the strain gauges on the incident and
the transmitted bars. The radical stress is
just the confining pressure. The hoop strain-
time profile ¢, is measured from a large
measuring range strain gauge glued on the
specimen. Furthermore, equilibrium equa-
tion requires that the radical and hoop stress
components at r=a be equal: o, (a) =0y (a).
Corresponding, we have ¢, (a) = ¢, (a). Thus
in our experiments the measurements
provide a complete determination of the
dynamic stress components as well as the
corresponding strain components.

We compare the experimental results
under different confining pressures but
under the same strain rate. The comparison
of their axial stress-strain curves is shown in
Figure 4 (axial strain rate ¢ = 1.4 x 103%s71)
and in Figure 5 (axial strain rate
¢ =8.0%10%""). The comparison of the
axial stress-strain curves at the same
confining pressure but at different axial
strain rates is shown in Figure 6 (confining
pressure = 8 MPa) and in Figure 7 (confining
pressure =20 MPa).

confining pressure
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Figure 4.
The comparison of the axial stress-strain curves under

different confining pressures at a axial strain rate
& =1.4%103s"".
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Figure 5.
The comparison of the axial stress-strain curves under

different confining pressures at a axial strain rate
& =28.0%10%s"".
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Figure 6.

The comparison of the axial stress-strain curves at
different axial strain rate under the confining pressure
8 MPa.

axial strain rate
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Figure 7.

The comparison of the axial stress-strain curves at
different axial strain rate under the confining pressure
20 MPa.
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From Figure 4 and Figure 5, we can see
that the impact axial response of this 113
material is dependent on the active confin-
ing pressure. When the confining pressure is
increasing, the stress value corresponding
to a certain strain is also increasing and the
impact softening phenomenon has wea-
kened. This may be the suppression to the
damage evolution of the material at high
confining pressure.

From Figure 6 and Figure 7, we can also
see that at the confining pressure condition
the impact response of 113 materials is still
sensitive to the strain rate. When strain rate
is increasing, the stress value corresponding
to a certain strain is also increasing.

The effective stress and effective strain
at the infinitesimal element of the specimen
is:

Oeff = \/72\/(0'1 - (Tr)2 + (Ur - Uﬁ)z + (09 B 02)2
Eeff = ? \/(Ez - Er)z + (EV - 56)2 + (69 B EZ)Z
)

As o, (a)=0y(a), &, (a) =gy (a),equation
(1) can be simplified to:

Ocff = 0z = Or
Eeff = % (Ez - 5r)

@

By differentiating equation (2), we can
get:

dey 2 <3€eff @ Oeofy ds,)

Eef = a3 de, dt B 0g, dt

€z —¢r) (©)

W N

We can use equation (2) to calculate the
effective stress and effective strain and use
equation (3) to calculate the effective strain
rate. Thus the effective stress- effective
strain curves at different confining pres-
sures under a constant effective strain rate
can be obtained. They are shown in Figure 8
and in Figure 9. We can see that under a
constant effective strain rate the effective
stress- effective strain curves at different
confining pressures are coincident basically.
This manifests that under a certain effective
strain rate there is only one unique effective
stress- effective strain curve. Thus at a
constant temperature, the effective stress
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Figure 8.

Effective stress-strain curves under different confin-
—1

ing pressure at effective strain rate of 12505 .

o, is only a function of the effective strain
&.r and the effective strain rate £.4. That is

Oeff (Eeff Ecff)-
We can fit the effective stress

Oeff(CeffsEcfr) Dy using ZWT nonlinear
visco-elastic equation:[S]

Oeff (Eeff s Eef)
= Eoeefy + aegff + ﬁegff

" t—t
+E1 Eeff(f) exXpl| ———— dt
0o 01

+E /;éeff(f)eXp(—t_T)dT )

2

Under the impact loading with time
scale from 1 to 10? s, the low frequency
Maxwell element with the relaxation time
6; of 1 to 10% has no enough time for
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Figure 9.

Effective stress-strain curves under different confin-

ing pressure at effective strain rate of 22005~
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relaxation. Then the low frequency Maxwell
element is reduced to a single spring
element with the elastic constant E;, and
correspondingly, the ZWT nonlinear visco-
elastic equation (4) is reduced to

Ocff (Eeffs Eeff)
= Eep + asgff + ﬂagff

t
+E2/ Eefr(T) eXP(—
0

r—

g )dt )

The comparison of the effective stress-
effective strain curves under different effec-
tive strain rates is shown in Figure 10. In
Figure 10, curve 1 is the mean effective
stress- effective strain curve of the curves at
different confining pressures but at the
same effective strain rate 2.2*10% !, curve
2 is the mean effective stress- effective
strain curve of the curves at different
confining pressures but at the same effec-
tive strain rate 1.25"10% %

By the best least-squares fit, we can get:

E =2.98GPa, « = —31.15 GPa,
B =93.31GPa, 6, = 8.54ys,
E, =0.82GPa

The 3-Dimensional Constitutive
Equation of PP/PA Blends

When the unloading process is not con-
sidered, the deformation is separated into

effective strain rate

100 1 1-2200s7
2-1250s !
2

Figure 10.
The comparison of effective stress - effective strain
curves under different effective strain rate.
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dilatational and distortional parts with the
constitutive representation given by

om = K(0)0
Te = g(ye)ye } (6)

Where o, is the mean stress, 7, is the
effective shear stress, 0 is the dilatation and
ve is the effective shear strain. These
quantities are defined as follows:

1 1 AV
Om :gakla Te = isi/‘si/, 0= v

= exk and y, = (/e e, (7)

where e; are the deviatoric strain compo-
nents. K(0) and g(y.) represent the bulk and
shear constitutive response of the material,
respectively. In the linear elastic regime,
they become the bulk and shear modulus,
respectively.

From the experimental results of three
principal stresses and three principal strains
for PP/PA blends, the mean stress o,,-time
profile and the dilatation 4%- time profile
can be obtained. Then the parameter ¢ is
eliminated. The curve of o, versus %
is obtained and shown in Figure 11, which
is in the elastic region and under the
effective strain rate of 2.2*10%!. It can
be seen that the initial slope K(9) of the
mean stress variation with the volume
dilatation gives the bulk modulus and
nearly be a constant for 113 materials.

In our tests, the hoop stress oy (a) is
equal to the radical stress o, (a), and o, =
(o) + 04+ ;). Note: 6, = 09 = Geonf., We
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Figure 11.
The curve of o, versus 4%
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can get:
Oy = Opm — Oz Oconf.
0y = O — ”Z_gconf. (8)
20, —
0, =0+ (o ;conf.)
o 0 0 on 0 0
Becauseofe=|0 o0 0|=|0 o, 0
0 0 o, 0 0 on
O — Om 0 0
+ 0 T)— Om 0 R
0 0 O, — Oy

Combining equation (2) and equation
(8), the effective stress deviatoric compo-
nents 7, can be expressed as:

-1 0 0
=10 —% 0| oer ©)

0 0 2
Combining equation 2) and

Om = %(0, 4+ 05+ 0), we can get:

g,
Om = Ceonf. + ;ff (10)

So a constitutive equation at multi-axial
stress state under high strain rate for PP/PA
blends is finally described as:

o = (Uconf. + Ueff'/3)1 + Aaeff' (11)
where

10 o0
A=|0 -1 0

0 0 2

Oeff (Eeff Ecff)
= Eeop + (xegﬁ + ﬂsiff

L t—1
+E, | éepp(r)exp| ——— |dr,
0 02

For 113 blends, E = 2.98GPa, o« = —31.15 GPa,
B=9331GPa, 0,=3854 uS, E;=0.82GPa.

Conclusion

By using a special active hydraulic confining
pressure installation matched with 14.5 mm
SHPB apparatus, the dynamic impact

response of PP/PA blends is tested under
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different axial strain rate and different
confining pressure. The axial strain-time
profile, the axial stress-time profile and the
hoop strain-time profile of the specimen are
recorded online respectively. According to
the equilibrium equation, the complete
state of principal stress and principal strain
of PP/PA blends under multi-axial stress
state is analyzed.

The experimental results reveal that the
axial stress-strain curves all are related to
the confining pressure and the strain rate.
The multi-axial constitutive equation for
PP/PA blends is suggested finally as:

g = (Uconf, + Ucff/3)l + Ao
where oo is the confining pressure value.
Oefr(Eeffy Eefy)

= Eeofy + acyyy + felyy

r t—1
+E2/ Eefr(T) eXp| — dt
0 02

For 113 PP/PA blends, E=2.98 GPa, a =
—31.15GPa, B=93.31 GPa, 0, =8.54 uS, E,
=0.82 GPa.
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