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An Investigation of the Formability of
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ABSTRACT
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1 INTRODUCTION result, the study of the material behavior and

forming techniques of such composites has

Glass-fiber-reinforced polymeric composites pro- attracted considerable attention in recent years"*
vide the desirable properties of high stiffness and 578 One of the most promising of the forming
strength as well as low specific weight. Hence, techniques for thermoplastic composites is solid-
they have become some of the most important phase forming. Solid-phase forming is a process in
materials in several industries, most notably the which the part is formed at temperatures between
automotive and aerospace industries™*?. As a the glass transition temperature and melting
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point of the polymer matrix. The major advan-
tages of solid-phase forming are very short cycle
time and good surface finish®.

Understanding the formability of a material is of
paramount importance in predicting the success
or failure of a formed part. When a sheet part
fails by the loss of stability and fracture during
manufacturing, a common practice in sheef, metal
forming is either to redesign the part or to change
the processing method so that the state of strain
in the critical region does not exceed the forming
limits. Because a trial and error is very ex»ensive
and time consuming, the failure of sheet metal
during forming has received a large amount of
attention from many researchers. Marciniak and

1% introduced imperfection theory to

Kuczynski
analyze the loss of stability for sheet metal sub-
jected to biaxial tension. They assumed that sheet
material has originally non-homogeneity. This
theory overcomes the shortcoming of Hill's local
necking theory in explaining the local instability
in biaxial deformation™.

Even though many studies have been done on
the stretch forming of metallic materials, very few
have focused on thermoplastic composites. One of
the characteristics of stretch forming is that sheet
material is prevented from wrinkling. This is
especially important for long glass fiber reinforced
composites because of their inherent tencency to
buckle in compressive deformation™ ™™ It is
therefore very important to investigate the forma-
bility of this composite in biaxial stretch deforma-
tion. Dutta and Cakmak"® studied the thermo-
forming of thermoplastic composites experimental-
ly and found good forming conditions for unidirec-
tional and co-mingled knitted three-dimensional
fabric composites. Martin et al.“® studied the
forming characteristics of fiber reinforced thermo-
plastic sheets at various forming temperatures
and forming speeds. They formed plate laminates
into a circular cavity with a hemispherical die and
explained the role of material properties in mak-
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ing precise failure predictions. If solid phase
forming of thermoplastic composite sheet materi-
als is to become a practical reality, however, more
work is needed in this area.

The objectives of this research have been to
investigate the formability of thermoplastic com-
posite sheet in biaxial stretch forming. Limiting
strains in biaxial stretch forming were explored
using the hemispherical stretch forming test.
Marciniak’s imperfection theory is used to predict
the instability in biaxial stretching of composites.

2 EXPERIMENTAL INVESTIGATION

The materials used for the tests were random
glass fiber reinforced polypropylene composites(RTC-
C-4000~20, RTC-C-3000-35, and RTC-C-3000-40)
supplied by the AHLSTROM company in a consoli-
dated sheet form. The average glass fiber length and
diameter were reported by the manufacturer to be
12 mm and 11 #m respectively. The glass transition
and the melting temperatures of the matrix were -
10C and 165 €. Composite sheets with glass fiber
weight fractions of 20%, 35%, and 40% were used
for the tests. The thickness of the sheet was 3.81
mm for the 20% glass and 2.54 mm for 35% and
40% glass sheets.

Parts were formed on a modified double-acting
PHI hydraulic press using a hemispherical punch.
The punch and die geometries are summarized in
Table 1. A servo valve and linear encoder were
installed to control the punch movement and to
measure the punch displacement respectively. The
30.48 cm square blanks were cut and machined.
Blanks were prepared by printing a 6.35 mm
square grid pattern onto one surface. To investigate
the effects of the punch speed on the formability of
the composites, the stretch forming tests were per-
formed at three different punch speeds, that is,
0.01 cm/sec, 0.1 ecm/sec, and 1 cm/sec. Sample
formed parts at these punch speeds are shown in
Figure 1 for 20% glass content composite.
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Table 1 Punch and die geometry used for stretch forming tests.

Punch Radius (mm) 4997
Die Radius (mm) 55.56
Die Profile Radius (mm) 12.70
Clearance (mm) 559
Punch Depth (mm) 30, 50, 60

i i i

Fig. 1 Sample formed parts of 20% glass material at 100C
and at punch speeds of (a) 1 cm/sec, (b) 0.1 cm/sec, (c)
0.01 cm/sec.

"he blank was held between the die and blank-
holder for 30 minutes to reach the desired tem-
perature before testing. To investigate the tem-
perature effect on the forming limit. the stretch
forming tests were performed at temperatures
ranging from 75 € to 150 € in 25 T increments.

129

The stretch forming tests were performed at three
different punch depths, that is, 3 cm, 5 ¢cm, and 6
cm, to investigate the limit strains for each form-
ing condition.

To measure the strains of the formed parts, an
automated strain measurement system was
used"®. Figure 2 shows measured major strain
contour for a sample part formed from the 20%
glass content material.

Major Strain
05010 0.56
04310 0.50
0370 043
030t0 037
0240 030
0.17t0 0.24
011t 0.17
00410 0.1t

Fig. 2 Measured major strain contour for one quarter of a
formed part of 20% glass content material at 100 C
and punch speed 0.1 cm/sec.

3 ANALYSIS METHOD

The analytical approach described here is based

0. 17}

on Marciniak’s imperfection theory . Marcini-

(10

ak and Kuczynski"” introduced the theory based
on the assumptions that the sheet material
exhibits normal anisotropy and isotropic harden-
ing. This model is expanded here to take into
account both normal anisotropy and strain rate
sensitivity for random glass fiber reinforced ther-
moplastic composites. The basic assumption for
plane stress conditions is 03 =0 with O, and
O, are distributed uniformly across the thickness
of the sheet. The material used in this analysis is
assumed to be incompressible. Incremental plas-
ticity is used in this analysis.
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3.1 Formulation

The theoretical analysis of the neck forming
process in biaxial stretch forming described here
assumes that the composite sheet material shows
the same properties in all directions in its plane,
but different properties in the perpendicular
direction.

Considering a specimen which has an inhomo-
geneity in the shape of a groove as shown in Fig-
ure 3, the following force balance in sections A
and B must be satisfied:

ey

tao-la = tbo-lb

where f: and ! are the thicknesses of sheet in
sections A and B and the subscript 1 indicates
the 1 directional component.
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Fig. 3 A description of inhomogeneity of the sheet.

This equation can be rewritten in terms of ini-
tial inhomogeneity f and strain rate sensitivity ¢
as:

(6,/6,.)(de, )"

. €
e . =f exp (&, — &;,) 2)
(6, /0,)\ deg,
where O,, and O are yield stresses in sections A
and B, €; and €&, are the representative strains in
these sections, and €i.,and £y, are strains in
thickness direction.
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The von Mises yield condition with rotationally
symmetric anisotropic yield for plane stress state

can be represented as follows™ ™

2R
o’ =0}l -——0,0,+0}

Y R+1 ®

where R is the rotationally symmetric anisotropic
parameter. The flow rule associated with Equa-
tion(3) takes the form

dg, _ de, _ dgy
(R+1)0,-Ro, (R+1)6,-Ro, -0,-0,
de
= )
(R+1o,

where the increment of representative strain de
can be written in terms of strain components de,
and dg, as:

de=—RXL Jger 2R e de vae? (5)
2R+t R+l TR
+

The incompressibility condition can be written

as follows:
de, +de, +de; =0 6)

From Equations (3), (4), (5), and (6), the
Equation(2) can be represented as the following
final differential equations.

g+1
1-4 [—43] = f exp(Be-¢y,) (7)

J1- A(de/ de,)* \ d€,
where
de Y d
£, = [ 1C1-4| S5 | + D £ |Lge,
0 dg, de,
_ 2R+1 o’
(R+1)* 2+ 2R
R+1
_~N2R+1 a+l
2R
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V2R+1

R+1
_x/2R+1 o
- 2
(R+1) o 2R o+l
R+1

where @ is the ratio of strains in the 1 and 2
directions defined as a=¢,/¢ =de,/de, . In
this analysis, the ratio of stresses, /0y . in
section A is assumed to be constant during the
entire forming process, and the transverse strains
at sections A and B are assumed to be equal, that
€, =&y Or dey, =dEy, To solve this differ-
ential equation. Newton's iteration method is

is,

used”. The strain rate sensitivity ¢ in Equa-
tion(7) that corresponds to the forming tempera-
ture was computed from the material test results
reported in the previous work®. For a given
strain increment in the neck 4€;, the difference in
the strains between the previous step and the
current step was monitored to determine the
effective limiting strain € outside the neck. When
the difference of the strains is less than 1% of the
strain increment in the neck, then the effective
strain at the current step is defined as a limiting
strain outside the neck.

4 RESULTS AND DISCUSSION

2.1 Necking

Necking is undesirable in stretch forming
kecause it makes the final product very weak and
ray lead directly to tearing. Necking in stretch
forming will occur when the major strain becomes
larger than a limit value. The measured strain
values in regions with and without necking are
rlotted in Figures 4-6 with theoretical results at
different punch speeds. As the glass fiber content
increases, the limit strain values decrease for the
same forming conditions. Because the necking in
positive biaxial strain states was diffuse, it was
o'ten difficult to determine whether or not a neck
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was present. The criterion used here to determine
if a neck existed was the presence of an indenta-
tion on the surface of the formed part.
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Fig. 6 Measured strains for necked and non-necked regions
with theoretical results for the 40% glass composite at
100 C and punch speeds of (a) 1 cm/sec and (b) 0.01
cm/sec.

For a relatively homogeneous material, aven a
slight change in the imperfection value f has a
very strong influence on the process, causing a
loss of stability and a dramatic change in the lim-
iting strain. However, the degree of inhomogene-
ity of the composite materials cannot be measured
easily because the inhomogeneity includes the
effects of thickness variations as well as the effect
of nonuniform fiber distribution and other imper-
fections. For a comparison of theoretical results
with the experimental results, the imperfection
value f was chosen to be 0.98. The anisotropy
parameter R was set to the average measured
values of 1.72 for 20%, 2.12 for 35%, and 3.00
for 40% glass materials. For the forming limit
plots, the measured strain rate sensitivity g cor-
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responding to the forming temperature and form-
ing speed was used for the theoretical results.
The measured strain rate sensitivity g values
reported in the cited work® are summarized in
Table 2. As in the uniaxial tensile deformation,
the limit strains are very sensitive to both the
punch speed and the forming tempefature.

Table 2 Measured strain rate sensitivity constant g

% Glass | Temp. Strain Rate (sec™)
Content | (C) | 10° - 10 10° —10% 10" — 10°
20 5 -0.906 -0.868
20 100 -0.947 -0.859 -0.910
20 125 -0.953 -0.904 -0.803
20 150 -0.965 -0916 -0.835
35 75 -0.910 -0.859
35 100 -0.966 -0.843 -0.902
35 125 -0976 -0.909 -0.805
35 150 -0.981 -0935 -0.832
40 7 -0.938 -0.845
40 100 -0972 -0.855 -0.883
40 125 -0.978 -0.923 -0.853
40 150 -0.985 -0.924 -0.876

The influence of strain rate sensitivity on the
forming limit curve can be seen in Figures 4-6. As
can be seen, the process of local strain concentra-
tion becomes slower in the groove region with
increasing ¢ values. As a result, the effective
strain outside the neck increases with increasing
g values. The strain ratio & also has a very
strong effect on the limit strain as can be seen in
these figures. The increase in the strain ratio &
from O to 1, that is, from plane strain to equib-
iaxial strain, causes an overall increase in the
limit strain.

The influence of the forming temperature on the
forming limit curve can be seen in Figure 7. For a
given forming temperature, an optimal forming
speed can be observed that leads to the highest
limit strain without necking. Similar trends were
observed for all three glass contents tested.

5 CONCLUSION

Marciniak’s imperfection theory was applied to
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Fig. 8 Comparison of the limit strains of 20% material at 125
€ with traditional metallic materials.

predict the necking in the biaxial stretch forming
of glass reinforced polypropylene composite sheet.
This theory can approximately predict the limit
strains based on the computed average strain
rete. Because of the comparatively high strain
rete sensitivity, localized necking is observed to
be significantly delayed under certain conditions,
with the maximum limit strains strongly depen-
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dent on temperature, strain rate, and principal
strain ratio.

The forming limit diagrams were plotted for
selected punch speeds and temperatures for the
20%, 35%, 40% glass content materials. This
kind of forming limit diagram can be used as a
tool for identifying safe forming conditions. While
more data would be required to obtain the com-
plete experimental forming limit diagrams, the
trends in limiting strain values are well predicted
by the analysis presented here. As shown in Fig-
ure 8, this material can exhibit formability as
good as traditional metallic materials by choosing
the optimal forming conditions. The forming limits
of the traditional metallic material shown here
were replotted from data presented by Ghosh®.
Results suggest that these composites are very
suitable for solid-phase forming in the biaxial
stretching mode when appropriate forming tem-
peratures and punch speeds are chosen.
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