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Abstract

Experiments were conducted on Divinycell HCP30 foam to develop equations predicting its elastic and post-yield behavior
from — 40 to + 60 °C. In these experiments, the foam was subjected to post-yield cyclic tension, compression and shear and
monotonic biaxial tension and compression loading in the environmental chamber of an MTS servo-hydraulic machine. Elastic
modulus and yield strength of the foam were found to decrease linearly with increasing temperature and could be expressed by
a single equation in terms of room temperature properties. Post-yield behavior involved plasticity, viscoelasticity, and damage.
An elastic—plastic viscoelastic damage model was used to predict post-yield behavior of the foam at different temperatures.
Temperature dependent plastic hardening and viscoelastic damage functions were extracted from the experimental results and
used to simulate elastic and post-yield stress—strain behavior in ABAQUS Explicit using a user-defined material subroutine.
The ABAQUS user-defined material was validated with experiments on Divinycell HCP30 foam sheets at various temperatures.

Good comparisons were found between ABAQUS and experimental results.

Keywords PVC foam - Temperature dependent properties - Post yield

1 Introduction

Polyvinyl chloride (PVC) foam cores are widely used in the
core of composite sandwich panels found in the wind energy,
aircraft, marine, and transportation industries. The composite
sandwich panels in these applications can experience a wide
range of environmental temperatures. For example, wind tur-
bine blades are found in parts of Canada where temperatures
reach — 40 °C and in the desert of Oman where temperatures
regularly exceed + 40 °C. An aircraft is subjected to — 54 °C
at an altitude of 10,688 m and may experience up to + 60 °C
on the runway. Ships also experience a wide temperature
range. Above deck, they are exposed to below freezing tem-
peratures in polar regions, while temperatures approaching
+ 60 °C frequently occur in the engine room below deck.
Our research addresses elastic and post-yield behavior of
PVC foam under temperatures from — 40 to + 60 °C. Post-
yielding occurs when foam-core sandwich panels experience
impact and impulsive loading. Bird and hail impact on wind
turbine blades and blast loading on ship hulls are examples
of when these types of loading may occur. The objective of
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this research is to characterize and develop predictive equa-
tions for describing elastic—plastic behavior of PVC foam
in the above-mentioned temperature range. This research is
an extension of our previous work, where we examined and
modeled the anisotropic, elastic—plastic behavior of Diviny-
cell H100 foam at Arctic cold temperatures, — 40 to 23 °C
(Hoo Fatt et al. 2023). In this study, however, our tempera-
ture range extends from — 40 to + 60 °C and our focus is
on Divinycell HCP30, which is the same as Divinycell H200
foam (DIAB 2023).

There have been few studies on how temperature affects
the mechanical behavior of PVC foam cores. Atelevated tem-
peratures, the tensile and compressive modulus and strength
of PVC foams are much lower than at room temperature
(Thomas et al. 2002; Zhang et al. 2012). Zhang et al. (2012)
also found that modulus reductions are more significant when
temperatures are above 70 °C, and they suggested PVC foam
enters a material transition point at around 70 °C. Williams
and Lopez-Anido (2014) examined PVC foams in simple
shear at — 12,21 and 60 °C and found that both shear strength
and stiffness decreased with increasing temperature. Kim
et al. (2023) compared PVC foam properties from 20 °C
to as low as — 170 °C. They found both tensile and compres-
sive modulus increased as the temperature decreased over this
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range. However, the tensile strength decreased while the com-
pressive strength increased as the temperature decreased. Our
most recent paper (Hoo Fatt and Vedire 2022) showed that
in addition to increased modulus and compressive strength,
PVC foams also experienced a substantial reduction in ten-
sile and shear ductility and toughness as the temperature
decreased. Ductility and toughness of Divinycell H100 and
HCP30 foams were 3-5 times lower at — 60 °C compared to
23 °C. The above-mentioned studies suggest an inverse rela-
tionship between elastic modulus and temperature in PVC
foams. However, none of these earlier studies dealt with
elastic—plastic material properties and material modeling that
would be helpful in predicting the crushing behavior of PVC
foam at cold or elevated temperatures.

Polymer foams undergo damage, viscoelastic hysteresis,
and plasticity when they are being crushed (Hoo Fatt et al.
2021). We developed an anisotropic elastic—plastic viscoelas-
tic damage model for Divinycell H100 foam using a Tsai—Wu
yield criterion (Tong et al. 2020) and incorporated this model
into ABAQUS Explicit to predict air and underwater blasts of
composite sandwich panels (Tong et al. 2021). The Tsai—Wu
yield criterion has been shown in Hoo Fat et al. (2021) to
be more accurate in predicting initial yielding of PVC foams
under multiaxial loading when compared to other anisotropic
yield criteria. This anisotropic elastic—plastic viscoelastic
damage model will be extended to describe elastic—plastic
behavior of Divinycell HCP30 foam at various temperatures.

The following section describes post-yield hysteresis
experiments on Divinycell HCP30 at temperatures from —
40 to + 60 °C. Specialized dog-bone and Arcan butterfly
specimens and 3D Digital Image Correlation are used to
determine post-yield strains in the foam subjected to ten-
sion, compression, and shear. In addition to the post-yield
hysteresis experiments, Tsai—Wu biaxial yield properties are
found by subjecting the foam to monotonic biaxial tension
and compression loading at different temperatures. These
experimental data are used to describe temperature depen-
dent elastic—plastic viscoelastic damage parameters that can
be used to predict post-yield response of the foam at — 40
to + 60 °C. The temperature dependent Divinycell HCP30
foam model will be incorporated into an ABAQUS Explicit
user-defined material subroutine. Finally, the foam model
is validated by using ABAQUS Explicit to simulate experi-
ments conducted on foam sheet experiments.

2 Materials and specimens

Divinycell HCP30 foam is a closed-wall cellular foam made
from a semi-interpenetrating polymer network (semi-IPN)
of polyvinyl chloride (PVC) and polyurea (Lindholm et al.
2016). It was manufactured and provided to us as a 25.4 mm-
thick panel by DIAB. Cells in the HCP30 foam are more
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elongated in through-thickness direction giving it trans-
versely isotropic properties.

Arcan butterfly and dog-bone specimens were used to
measure strains accurately during post-yielding. The Arcan
butterfly specimens were used to obtain shear and compres-
sion properties, while the dog-bone specimen was used to
obtain tension properties. In conventional shear lap and com-
pression block foam specimens, strains are measured from
grip displacements. Strains measured this way are not accu-
rate when there is localized yielding because they are not
uniformly distributed throughout the specimen (Wierzbicki
and Doyoyo 2002; Taher et al. 2012).

The Arcan butterfly and dog-bone specimens shown in
Fig. 1 were machined in various orientations so that both
in-plane and out-of-plane properties could be measured. The
out-of-plane is denoted by 1-3 axes, whereas the in-plane is
denoted by 1-2 axes. Specific dimensions of the Arcan butter-
fly specimen and the dog-bone specimen can be found in Hoo
Fatt et al. (2021). Compression, tension, and shear loadings
are indicated on each specimen in Fig. 1, where the solid
arrows are for in-plane loading, while the open arrows are
for out-of-plane loading. To fully characterize transversely
isotropic properties of each foam, tests must be conducted
in the six modes shown in Fig. 1. Because the foam is trans-
versely isotropic, properties in the 1-3 and 2-3 planes are
the same.

For biaxial tests, modified Maltese cross specimens were
cut from the panels in the out-of-plane and in-plane orienta-
tions shown in Fig. 2. Dimensions of Maltese cross specimen
allow for plane stress conditions and are given in Appendix
A. Tension and compression loadings on the Maltese cross
specimens are shown in Fig. 2. where again the solid arrows
are for in-plane loading and open arrows are for out-of-plane
loading. The Maltese cross specimens were placed in a spe-
cially designed biaxial test fixture, which will be explained
later.

Specimens were spray painted white and then speckled
with black spray paint. After painting, specimens were placed
into the oven or freezer to the appropriate test temperatures
for a minimum of two days or 48 h. Specimens experiencing
tension or shear were glued into holders using J-B Weld Pro
Blister Epoxy (a cold-weld, two-part epoxy system) before
the 48 h-minimum heating or freezing cycle. These holders
are connected to specialized grips during the test, as will be
explained in the next section.

3 Experiments

An MTS 831 servo-hydraulic machine, equipped with an
environmental chamber, was used to perform uniaxial com-
pression and tension and shear tests and the biaxial tension
and compression tests at various temperatures.
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Fig. 1 Compression, tension and
shear specimen orientations and
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3.1 Uniaxial and shear hysteresis

Specimens in compression, tension and shear inside the
chamber are shown in Fig. 3a—c. The compression specimen
was compressed between steel pucks. The holders of the ten-
sion and shear specimens were fitted into grips with universal
ball joints, which were aligned along the center of specimen.
Perfect alignment of the load transmitted through the ball
joint was critical in achieving simple shear without any twist
or bend in the shear specimen. Digital Image Correlation was
used to find full-field strains of the specimens, while the stress
in the specimen was calculated from the loads recorded by
the load cell of the MTS machine. Specimens were cyclically

loaded under displacement-control to produce 4-5 hysteresis
loops beyond the initial yield point. Each test was performed
at a constant displacement rate of 1.27 mm/s and at + 60, +
40, + 23,0, — 20 and — 40 °C.

3.2 Biaxial tension and compression yield points

These experiments were conducted to find Tsai—Wu biaxial
yield coefficients, which will be defined later. The special-
ized 4-bar link apparatus shown in Fig. 4a was developed for
the biaxial experiments. The 4-bar link apparatus consists
of four pinned-ended bars, each attached to a central joint
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Fig.3 Specimens in the
chamber: a compression, b shear
and c tension

Fig. 4 Biaxial experimental
setup: a 4-bar link apparatus and
b planar Maltese cross specimen

connected to the actuator arm of the MTS machine and a lin-
ear bearing. Four sides of the specimen are attached to grips
that are mounted on linear bearings. Figure 4b shows the
tension Maltese cross specimen, which is glued into hold-
ers and would fit into these grips. Motion of the grips are
controlled by slider bars. When the actuator moves up, the
slider bars move inward thereby causing biaxial compres-
sion. Conversely, when the actuator moves down, the slider
bars move outward putting the specimen in biaxial tension.
Similar 4-bar designs can be found in Barroso et al. (2018),
Medellin and Diosdado De la Pefia (2017). The Maltese cross
specimens were monotonically loaded under displacement-
control at a constant displacement rate of 1.27 mm/s. This
was done at + 60, + 40, + 23, 0, — 20 and — 40 °C.
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4 Compression, shear and tension post-yield
hysteresis

The out-of-plane DIC strain distributions in the compres-
sion, shear and tension specimens are shown in Fig. 5. In
all the modes, yielding is localized to a central neck region.
Compression buckling of foam cells was localized to the
neck of the Arcan butterfly specimen. This neck extends
over a region, about 10 mm in length, and compression
strains were averaged in this region. Shear strain localiza-
tion occurred in the neck of the Arcan butterfly specimen,
while uniform strain occurred along the center gage of the
dog-bone specimen. Both shear and tensile strains were cal-
culated by averaging values along the centerline of the gage.
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Fig.5 Full-field DIC strain fields
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Fig.6 Post-yield hysteresis at various temperatures: a in-plane tension, b out-of-plane tension, ¢ in-plane shear, d out-of-plane shear, e in-plane
compression and f out-of-plane compression
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Post-yield hysteresis of Divinycell HCP30 foam in all six
modes of loading are given in Fig. 6a—f. It can be observed
that the elastic modulus and yield strength increase as the
temperature decreases from + 60 to — 40 °C in all cases. The
compression modulus is almost twice the tensile modulus.
The strain range in tension and shear was reduced for colder
temperatures because HCP30 foam becomes more brittle as
the temperature falls from + 60 to — 40 °C. In Hoo Fatt
et al. (2023), a ductile-to-brittle transition point was found
at around — 50 °C. Energy dissipation in cyclic loading is
represented in each hysteresis loop with viscoelastic damping
and internal damage of cells. It can also be observed that in
every stress—strain curve, as the cyclic loading progresses, the
thickness of the loop increases, and the modulus decreases
indicating the damage.

5 Biaxial yield strengths

The biaxial yield strengths are determined from the stress
yield points in the Maltese cross specimen. As described in
Appendix C, yield strength is loss of linearity in force—de-
formation response. The yield point is determined on the
load—displacement curve by extrapolating a straight line in
the initial linear region. The point where the curve is deviated
from the straight line is defined as the yield point. Figure 7a,
b show the yield surfaces of Divinycell HCP30 foams at
temperatures ranging from — 40 to 60 °C for the in-plane
and out-of-plane Maltese cross specimens, respectively. The
yield surfaces grow outward as the temperature decreases.
This trend is to be expected since yield strengths increase
with decreasing temperatures.

6 Material constitutive equations

An elastic plastic viscoelastic damage model, which was
developed for room temperature response of Divinycell H100
foam (Tong et al. 2021), is extended to account for tem-
perature dependent behavior of Divinycell HCP30 foam.
The foam material model is described in Fig. 8a, b. Before
yielding and irreversible damage of cells, the foam experi-
ences linear elastic behavior where Cy is the elastic stiffness
matrix and € represents strain. After initial yielding and irre-
versible damage, the foam undergoes plasticity, damage, and
viscoelastic hysteresis. The total strain & decomposes into
elastic and plastic components, €, and €, respectively. The
Tsai Wu yield criterion and associated flow rule o, deter-
mines whether plastic flow occurs. Viscoelastic hysteresis
is described with a simple Maxwell model, an equilibrium
spring of stiffness Cy in parallel with an intermediate spring
of stiffness C,, and viscous damper V. The overhead bar
denotes that stiffness and viscosity are damage dependent.
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Material properties Co, oy, 60, Gw, and V vary with tem-
perature.

The Cauchy stress o and true strain € are expressed in
Voigt notation:

T
o= ( Oy Oy Oz Txy Tzx Tyz) (1)
and

T
€= ( Ex €y &z Vxy Vax Vyz) (2)

Here the x- and y-coordinates are in the in-plane direction
of the foam, while the z-coordinate is in the out-of-plane
direction of the foam. Material behavior is described in the
following three parts.

6.1 Orthotropic linear elastic response
The stress is given by
o = Cye (3)

where Cy is the stiffness matrix given by

[C11 C1nCi30 0 0
CpCpCxs0 0 O
Ci3Cx3C330 0 O

Co =
0 0 0 Cua0 O
0 0 0 0 Cs50

L0 0 0 0 0 Ceo

and

(Ex — v E33)E},

Ci =
Q
(vi2E2 +vi13v23E33)E11 E
Cip =
Q
(vigva3 +vi3)E11 Exn E33
Ci3 =
Q
(E\1 — vi3E33)E3,
Cp =
Q
(va3E11 +vi2vizE2)Exn Es3
Cy =
Q
_(En — v}, Ex)ExnEss

C
33 Q

C44 =Go3 Cs55=G13 Ce6=G12

2 2 2 2
and Q@ = E11En — v, Ey — vizEnE3s — vz E11Ess —
2v1vi3va3 Enn E33.
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Fig. 7 Biaxial yield surfaces: a in-plane and b out-of-plane

Fig. 8 Foam model: a before
initial yielding/damage and
b after initial yielding/damage
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Table 1T Room temperature

elastic properties of Divinycell Ey = E33 MPa)  Ejjc = E33c MPa)  Gio(MPa) Gz = Vi2 V3]
HCP30 foam E5>(MPa) E2c(MPa) G3(MPa)
85 172 165 273 22 36 0.37 0.4

Poisson’s ratios do not vary with temperature and are given
in Table 1. However, the elastic modulus varies with temper-
ature as shown in Fig. 9. The following analytical expression
describes the variation of elastic modulus with temperature
in terms of the room temperature values given in Table 1:

E/ Ex; = —0.0065T +1.14 “4)

where E is the modulus in a particular mode, E»3 is the room
temperature modulus in the same mode, and T is temperature
in °C. Predicted results using Eq. (4) are also shown in Fig. 9.

6.2 Initial yield/damage

In Hoo Fatt et al. (2021), the Tsai—Wu yield criterion was
compared to other anisotropic yield criteria and shown to
be more accurate in predicting initial yielding of PVC foam
under triaxial stress. The PVC foam was subjected to pressure
and shear among other triaxial loading cases in Hoo Fatt et al.
(2021). The Tsai—Wu yield function fits experimental results
for multiaxial foam yielding better than others because of its
ability to distinguish between tension and compression yield
strengths and it offers many interaction coefficients that could
be fitted to multiaxial test results. For an orthotropic material,
the Tsai—Wau criterion is conveniently expressed as

&)

1
EO’PGT +qlo=1
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Fig. 9 Temperature variation of Divinycell HCP30 foam elastic modulus: a tension, b shear, and ¢ compression

where
X1 X12 X330 0 O
X12 X2 X230 0 O
P> X13X3X330 0 O
0O 0 0 Xuu0 O
0 0 0 0 X550
L0 0 0 0 0 Xep |
and

q:[Xl x2x3000]T

_ 1 _ 1 _ 1 _ 1 _ 1 _ 1
and X] = f]t flcy X2 fzt fzfa X3 f{ f}f’

Loox Lox X 1)’
Xu = grpe X = g X33 = grp. Xa = (m) ’

Xs55 = (#)2, Xe6 = (ﬁ)z, X 12, X13 and X3 are interac-
tion coefficient terms, f/ and f{ are tensile and compressive
yield strengths in the i = 1, 3 direction and f; ; is the shear
yield strength associated with the ij-plane (i, j = 1, 3).
The interaction coefficients, X 12, X3 and X73 are obtained
from the biaxial tests. For a transversely isotropic material,
X, = X1, X22 = X111, Xs5 = Xs4 and the interaction
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coefficients reduce specifically to X 1> and X3 = X»3. Tsai
(1984) explains that for transversely isotropic material that is
isotropic in the 1-2 plane X 12 = X1 — %X66. Lietal. (2017)
gives a thorough discussion on how Tsai Wu interaction term
affects yield surfaces in the context of unidirectional com-
posite laminates.

The following equation describes temperature variation
of yield strengths in terms of room temperature values in
Table 2:

0y/0y23 = —0.0065T +1.14 (6)

where oy is the yield strength in a particular mode, o 23
is the room temperature yield strength in the same mode,
and T is temperature in °C. Note that Eq. (6) is identical to
Eq. (5) because yielding is determined by loss of linearity.
Both experimental and analytical predictions from Eq. (6)
are shown in Fig. 10.

The biaxial yield strengths shown in Fig. 7a, b are fitted
with the Tasi-Wu yield function and uniaxial and shear yield
strengths to find X1, and X3 = X»3 at various temperatures.
These curve fits are shown in Fig. 7a, b, and temperature
variations of X7 and X3 = X»3 are shown in Fig. 11. It can
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Table 2 Room temperature yield

strengths of Divinycell HCP30 Xiy = Yiy(MPa)  Xoy = Yey(MPa)  Ziy(MPa)  Zcy (MPa)  Sy1a (MPa)  Sy13 = Sy23 (MPa)
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Fig. 10 Temperature variation of Divinycell HCP30 foam yield strengths: a tension, b shear, and ¢ compression
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Fig. 11 Temperature variation of Tsai—Wu biaxial coefficients: X2 and
X13 = Xo3.

also be confirmed that X1» = X1 — %X 66 during the curve
fitting of the experimental results in Fig. 7a.

6.3 Anisotropic hardening and viscoelastic damage
response

Anisotropic hardening takes place during plastic flow, while
viscoelastic hysteresis occurs during unloading and reload-
ing. Once the foam has yielded, cells are damaged, and both
plastic and viscoelastic properties must take this damage into
account.

6.3.1 Anisotropic hardening
Following Tong et al. (2021), a reduced stress state is used
to account for anisotropic hardening in the Tsai—-Wu yield

criterion during continued plastic flow. The actual stress o is
related to the reduced stress 6 by a hardening matrix:

s = Hé @)
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Fig. 14 Out-of-plane E,,: a tension, b compression and ¢ shear
where and H;; is the normalized flow stress obtained from uniaxial

and shear tests as

o im0 0 0 o |Gijc’ i = j, compression
0 H»pO O O O ¢ =7, D
l
0 0 H;0 0 0 o
0 0 0 HyO0 0 Hij z i = j, tension
00 0 0 H30 Tije ., .
|0 0 0 0 O Hp f—u i # j, shear
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Fig. 15 Out-of-plane 7: a tension, b compression and ¢ shear

The plastic potential function is then defined in terms of
a reduced stress ¢ such that

| N .
o = EO’TPG + qTo —1 3
Substituting 6 = H™!o into Eq. (8) gives
L 78
o= onPo +q7o—1 )

where P= H-7PH ! and g = H 7 q.
Using the associated flow rule, we derive the plastic strain
component de;, from Eq. (9) as

dey = 392 i(f) + ) (10)
gp = A— = yj

] do q

where the plastic multiplier A has unit of stress. From conju-
gate work theory, we get

= _ T

0.dg, =0 degy (11
where €, is equivalent plastic strain and o, is equivalent
stress. Conjugate work theory may also be expressed in terms

of the reduced equivalent stress 6, and the reduced equivalent
plastic strain &,

0edTy = 6od?, (12)
Hence, Eq. (11) becomes

60dé, = o dep (13)
The reduced equivalent stress G, is defined by

Go = £5, %on&o +iTo (14)

where f3; is the compressive yield strength in the through-
thickness direction. During plastic flow & = 0 and

\/ %OTIA)O +qTo = 1, so that the equivalent reduced stress

becomes

e = [f33 (15)

Substituting Eq. (15) into Eq. (13) gives an expression for
the reduced equivalent plastic strain increment dé, as

oT
dé, = ——dsp (16)
I3
Using Eq. (10) to eliminate dep in Eq. (16) gives
N SR
dé, = —Ck<Po+q> - —C(o Po+q 0) (17)
f33 f33

Once again during plastic flow ® = 0 and 0T130+2(iT0 =
2, and Eq. (17) can be simplified to

Lk 7
dé, = —C(Z—q 0) (18)
133

The reduced equivalent plastic strain &, is one of the
state variables that will be used in this constitutive model
to describe the anisotropic hardening functions H;; and the
damage material properties, Ejj, Gij. Ecvii» Gevij and 7,
which will be defined in the following section.

6.3.2 Viscoelastic damage
When & < 0, the standard viscoelastic model in Fig. 8b

is used to provide a viscoelastic damage response. The total
stress is given as the sum of equilibrium stress and overstress:

0 = 0¢y + 0oy (19)
The equilibrium stress o, is
oeq = Co(e —¢€p) (20)
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where Cy is the damage stiffness matrix of the equilibrium
spring, which is similar to Co but with damage elastic moduli,
E;;. The overstress o,y is

Opy = Eeveev (21)

where C,, is the stiffness matrix of the intermediate spring
given by

_Eevll §6v12 §3v13 0 0 0
Eele Eev22 Eev23 0 0 0
E — CevlS Ceov23 Cev33 0_ 0 0
710 0 0 Cass0 0
0 0 0 0 Cuass0
L 0 0 0 0 0 6ev66 _
and
— (Eev22 — U23E€U33)Egul1
evll = ®
— (12Eev22 + V13V3E 033) Eev11 Ecv22
Cev]2 = o
— (1223 + V13)Eev11 Ecv22 Eev33
Cev13 =
(o}
(Eev11 — V13Eev33)EgU22
ev22 — o
= (V23Eevll + V12V13Eev22)Eev22Eev33
Cev23 =
(O]
— (Eev11 — V122Eev22)Eev22Eev33
Ceo33 =
o)
— (Eevll - V122Eev22)Fev22Eev33
Ceo33 =

Ceovas = Gey3

and_<I> = Eevi1Eev22 — sz(;U_ZZ — V3EevnEer33 —
v§3Eev11 Ecp33 — 2v12v13V23 Eoy22 E0y33.

Compatibility of strain requires that
€ =€) +E +8y (22)

Using Eq. (22) to eliminate €., in Eq. (21) gives
Gos = Conle — &) — &) (23)
The overstress is also governed by a linear viscosity law:

0oy = Vé'v (24)
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where V is the viscosity matrix given by

Vi Vi2Viz0 0 0
ViaVa V30 0 0
Vi3V V30 0 0

Va0 0

Vss5 0
Vv

<|
I

O 0 O
0 0 0 0 Vss
(0 0 0 0 0 Ve
and
— (Maa — V3311337
Vi =
)\

v (V12722 + V13V23733)711 7722

2=

)\
— (V12v23 + V13)711 7722733
Viz =
)\
— M1 — V33073,
Vo =
)\

v (V23711 + V12V1371122)11227133

23 =

)\

— (11 — V200733
Vi3 = 7

Var =T Vss =713 Ve =T

i 2 2 2 - — 2 = —
and W' = 01172 — Vil — Vi3l2lsz — Vi3l —
2v12V13V237277733. Combining Egs. (23) and (24) gives an
evolution equation for &,:

Vé, = Cep(e —&)p — &) (25)

The total stress may then be expressed in terms of strains
as

0 =Co(e—€p) +Cer(e — ) — &) (26)

6.3.3 Temperature-dependent hardening and viscoelastic
damage functions

Post-yield properties such as the plastic hardening func-
tions and viscoelastic damage stiffness and damping must be
expressed in terms of the reduced equivalent plastic strain.
This was done by using equations for the unloading and
reloading stress—strain response in terms of the damage mod-
uli, damping and plastic strain. Parameters H;;, Eii, G; s
E oviis Eevi. jand7; j were then extracted by fitting the unload-
ing and reloading equations to experimental uniaxial and
shear hysteresis curves. After this, uniaxial and shear plastic
strain were converted to reduced equivalent plastic strain & ,.
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Fig. 16 True stress—strain behavior of Divinycell HCP30 foam at various temperatures: a out-of-plane tension, b in-plane tension, ¢ out-of-plane
shear, d in-plane shear, e out-of-plane compression and f in-plane compression

From Eq. (16), we use uniaxial and shear test results to get
the equivalent plastic strain:

A

Ep =

0 f3c3

Vpij Tij
e dvpijs
0 f 33

shear

compression/tension

27)

where o;; and 7;; are functions

of plastic strain compo-

nent &p;; and y;;, respectively. The resulting normalized
flow stress or plastic hardening function, damage moduli and
viscoelastic damping at various temperatures are plotted in
terms of the reduced equivalent plastic strain. Figure 12a—
shows how hardening curves in the out-of-plane direction

vary with temperature. Equation

s used to describe these
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curves and results for the in-plane directions are given in
Appendix B. Normalized hardening functions increase as the
temperature increases.

Temperature variations of viscoelastic damage functions
Eo, Ep, and 7, in the out-of-plane directions are given in
Figs. 13, 14 and 15. Appendix B shows temperature vari-
ations of in-plane viscoelastic damage functions as well as
the functions used to describe these functions. The equilib-
rium and intermediate moduli E¢ and E,, decreased with
increasing strain and increasing temperature. On the other
hand, 77 increased with increasing strain and decreased with
increasing temperature.

6.4 Predicted stress—strain response

The elastic, plastic and viscoelastic properties and func-
tions are incorporated into an ABAQUS Explicit user-defined
material (VUMAT) subroutine to simulate uniaxial com-
pression and tension, and simple shear material responses.
Development of the VUMAT is discussed in Tong et al.
(2020). Figure 16a—f show that predicted and experimen-
tal results for Divinycell HCP30 foam compared well in
out-of-plane and in-plane direction under uniaxial tension,
compression, and shear loadings.

7 Model validation

To validate the material constitutive equation, experiments
were conducted on foam sheets 25.4 mm wide by 25.4 mm
long and 12.7 mm thick with a 15.24 mm diameter hole
in the center (see Appendix A) at various temperatures.
The foam sheets were cut from Divinycell HCP30 foam
panels so that they could be subjected to tension in the 3-
direction (see Fig. 1 for material orientation). The sheets were
displacement-controlled tension with a rate of 1.27 mm/s
until they broke. The ABAQUS Explicit finite element mesh
of the foam sheet is shown in Fig. 17. Here, continuum
C3DS8R elements were used, and the mesh size was deter-
mined by a convergence study. The temperature dependent
VUMAT was used to describe foam material response.

The strains in the sheet just before failure are compared
between ABAQUS and the DIC strains from the experiment
at+23 oCinFig. 18. Note that these are elastic—plastic strains
for a transversely isotropic foam and although similar, they
are not what is expected for linear elastic material. Over-
all, there is a good comparison between them considering
PVC foams are not manufactured as perfect cellular con-
structs. Cells sizes vary and are randomly distributed. This
imperfection is not necessarily considered a manufacturing
defect, but the randomness of cell size and wall thickness
does present problems in numerical simulations based on
homogenized material properties. The FEA predictions will
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Fig. 17 Finite element mesh of foam with hole loaded in tension

never completely match the strain distributions portrayed in
the DIC because there will be small pockets of foam that have
higher density or lower density than the average density of
Divinycell HCP30 foam. A pocket with higher density will
have higher modulus and flow stress than predicted and vice
versa. For instance, one may notice small pockets of high
tensile DIC yield strains €33 at the top of the sheet and wider
compression DIC yield bands in strain el 1 at the side of the
sheets than what are predicted by the FEA.

In addition to strain distributions, the force—displacement
response on the sheet during the experiments at — 20, + 23
and + 60 °C are compared to ABAQUS predictions at these
temperatures in Fig. 19. Except for the experiment at + 60
°C, there is also a good comparison between ABAQUS pre-
diction and experimental results. The maximum difference
between ABAQUS and experimental prediction at + 60 °C is
17%, and this difference is a consequence of the curve fitting
functions that were used to generate temperature-dependent
elastic—plastic viscoelastic damage properties.

8 Conclusions

In this research, we characterize and develop predictive equa-
tions for elastic and post-yield behavior of Divinycell HCP30
foams over temperatures ranging from — 40 to + 60 °C.
The equations will be useful in predicting how sandwich
core materials behave over a wide range of environmental
temperatures. Experiments were conducted on the foam in
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Fig. 18 Comparison of strain distribution in foam sheet at 23 °C between ABAQUS and experiment (DIC results)
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Fig. 19 Force—displacement response of sheet with hole

cyclic tension, compression, and shear and monotonic biax-
ial tension and compression in the environmental chamber
of an MTS servo-hydraulic machine. We found that while
elastic modulus and yield strengths decreased linearly with
increasing temperature, Poisson’s ratio did not vary over this
temperature range. Post yield behavior involved plasticity,
viscoelasticity, and damage. An elastic—plastic viscoelastic

damage model was used to predict post-yield behavior of the
foam at different temperatures. The temperature dependent
foam material constitutive equations were incorporated into
ABAQUS Explicit with a user-defined material subroutine
and used to simulate uniaxial and shear foam response. The
temperature dependent foam material equations were further
validated with experiments on foam sheets with a central
hole loaded in tension and at various temperatures. Good
comparisons were found between ABAQUS and experimen-
tal results.
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Appendix A Specimen geometries

Figures 20, 21 and 22 show the geometry of compression,
tension, and shear specimens.

Figure 23a, b show the geometry of Maltese cross speci-
men used for biaxial tension and compression tests.

The geometry of the foam sheet with hole used to validate
model is given in Fig. 24a, b.

Fig.20 Geometry of
compression specimen: a front
view and b side view (all
dimensions in mm)
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Fig.21 Geometry of tension
specimen: a front view and b side
view (all dimensions in mm)
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Fig.22 Geometry of shear
specimen: a front view and b side
view (all dimensions in mm)
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Fig. 23 Geometry of Maltese
cross specimen: a front view and
b side view (all dimensions in
mm)
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Appendix B Elastic-plastic viscoelastic
damage functions

A general expression for plastic hardening function H;; is

Hij = (1 + a(] _ exp(*bép))) (28)

where the coefficients a and b are functions of temperature.
Experimental and predicted hardening functions under uni-
axial tension, compression, and shear loading, with respect
to equivalent plastic strain at temperatures ranging from — 40

25.40

12.66

(a) (b)

to + 60 °C for Divinycell HCP30 foams in-plane directions
are shown in Figs. 25.

The elastic modulus of the equilibrium spring E; j 1s given
by

Eyj = Eyj(1 - (1 - exp))) (29)

where E;;, ¢ and d are functions of temperature. The elastic
modulus of the intermediate spring E.,.;; is given by

Fevij = Eev‘ij(l N €<1 B exp(—f":ﬂp))) (30)
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Fig. 24 Geometry of sheet with
hole: a front view and b side
view (all dimensions in mm)
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Fig. 25 In-plane hardening: a tension, b compression and ¢ shear

where E,,.ij, € and f are functions of temperature. Finally,
the viscoelastic damping 7);; is given by

where the initial value of 7;; and the coefficients g and h
are functions of temperature. Divinycell HCP30 foam vis-
coelastic damage functions, Eg, E.,, and 7, in the in-plane
at different temperatures are shown in Figs. 26, 27 and 28.

Appendix C Biaxial yield stress calculations

The biaxial loads in the Maltese cross specimen are calcu-
lated from MTS machine load and displacement using simple
geometric relations given below. The 4-bar link apparatus had
two different setups: one with equal length links and the other
with two long opposing bars perpendicular to short opposing
bars.
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Displacements

In the case of tension, the MTS machine actuator arm moves
down, and this causes the links to move down and outward
in horizontal direction as depicted in Fig. 29. This motion
induces tension on the specimen. The solid lines show the
initial position, and the dotted line shows the position after
displacement. The opposite motion caused compression. In
compression mode, the MTS actuator arm moves up, the link
moves up and inward pushing on the specimen. The tension or
compression displacement A is calculated using Pythagoras’
theorem and is given by the following equation:

H+(L2 —(V —§8)2, tension
A= (32)
H —/(L? —(V — 8)2, compression

where § is the displacement of the MTS machine actuator,
H is the horizontal length from centerline of the specimen to
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Fig. 28 In-plane 77: a compression, b tension and ¢ shear

the end of the link, V is the vertical length from center of the
specimen to the end of the link and L is the length of the link.

Forces

The Maltese cross specimens were cut in in-plane (1-2 plane)
and out-of-plane (1-3 or 2-3 plane) orientations as shown in
Fig. 3. Forces on the specimens depend on the length of link
(long or short) as well as whether it was an in-plane and
out-of-plane specimen. Force equilibrium at the pin nodes
connecting links to the specimen was used to derive the for-
mulas below.

In plane specimen

The force on in-plane specimen is given by

F = FAi (33)
L= 2A tan 6, + 2A, tan 6,
FA;
F (34)

- 2A;tan 6; + 2A; tan 6
where F is total force imparted by the MTS machine; F;

and F; are the forces in the specimen associated with long
and short bars, respectively; A; and A; are the displacement
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Fig. 29 Biaxial motion in tensile mode

induced by long bars and short bars respectively; and 6; and
0, are the angles subtended by the long and short bars, respec-
tively, as shown in Figs. 29. If all four bars are of equal length,
then F; = Fy,, Aj = Agyand 6, =6,

Out-of-plane specimen

The force in the out-of-plane specimen depends on whether
the long links are in the 3-direction or not. When the long
links are in the 3-direction and short links are in the 1- or 2-
directions, the specimen force is given by

Fig. 30 Yield points defined from 800
a In-plane force—displacement —_
and b out-of-plane £ 600
force—displacement g
S
£ 400
)
S
E. 200
£
0

0 0.2 0.4

Displacement (mm)

(a)
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_ kFA;
T 2kA;tan ) + 2A, tan 6

o FA,
7 2kA;tan 0) + 2 A, tan 6,

F (35)

(36)

where k is the ratio between uniaxial yield strength in 3-
direction to the 1- or 2-direction.

When short links are in the 3-direction and the long links
are in the 1-direction, the force in specimen is given by

kFA;
F, = (37)
2A; tan 6; + 2k A tan O
FA;
F (38)

T 2A tan 6, + 2kA, tan 0,

Yield stresses

Typical force—displacement curves from the out-of-plane
biaxial tension test is shown in Fig. 30a, b. The yield strength
is defined by loss of linearity in force—displacement response.
The yield point is determined on the force—displacement
curve by extrapolating a straight line in the initial linear
region. The point where the curve deviates from the straight
line is the yield point as indicated by the dots in Fig. 30a, b.
Yield strengths at this point are calculated by dividing these
forces by the cross-sectional area of the gage section in the
Maltese cross section, which is equal to 129 mmZ.
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