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The ball indentation process of tough polymer sheet clamped at its periphery has various particular
response characteristics. These characteristics of the polymer sheet have been discussed in comparison to
the ductile metal sheet undergoing a similar indentation process. The ball indentation process of polymer
sheet is also mathematically analyzed to evaluate fracture toughness and distribution of the energy used.
This analysis is useful for designers to foresee the pre- and post-peak load response and possible aftermath.
The information and results presented may be useful to meet some particular design and utility demands.
Data for a number of tests was recorded and analyzed and it was observed that at a particular load and
corresponding displacement, fracture first begins within the dimple. The fracture toughness and energy
used were calculated using a mathematical model developed for computations. The energy-based equations
of Rigid-Plastic Fracture Mechanics have been used for computational model for steel balls indentation,
perforation, and fracture propagation. The dependence of various parameters on the indenting ball di-
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ameter and bearing of the anisotropy due to sheet extrusion is elaborated.

Keywords elasto-plastic flow, fracture propagation, fracture
toughness, perforation, polymer indentation character-
istics

represents the extensive remote flow irreversibly accompany-
ing crack propagation. In the study and formulation for this
process in ductile metal sheet carried out by Khan et al.”*! and

1. Introduction

The ball indentation in a tough polymer sheet is a complex
process, not just bulging of ductile metal sheets (multi-axial
stretching).'" In ductile metal sheets, the bending deformation
in elastic and plastic zones of the material is accompanied by
shear and plastic flow deformation leading to dimple forma-
tion, necking and fracture along the necking line and then along
with radial crack initiation and propagation which results in
petal formation.”>*! In polymers, the process is distinct from
ductile metal sheets, both in pre- and post-crack initiation and
the difference is clearly visible, both in specimen appearance
and response plots. The process in tough polymer is elastic
deformation dominated even in the pre-fracture zone. In the
post-fracture zone, the process is again purely elastic, contrary
to ductile metals where it is pure plastic.

The energy based equation for rigid-plastic fracture me-
chanics used in the incremental plastic work per unit volume
and fracture work according to Griffith™*! is given by:

Xdu = dn + RdA + dT

It was discussed and applied by Atkins et al.”! for indepen-
dent measurement of R in monolithic materials undergoing
elasto-plastic flow and fracture in metal sheets. In metal sheets
analysis, the term da related to elastic strain energy is ne-
glected due to its small effect on the resulting large plastic
deformation,> %' whereas it is retained in quasi-elastic frac-
ture of bodies behaving in an elastic manner. The term dI’
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Nomenclature

A crack area

E Young’s modulus of elasticity

F applied force

2H, major crack length

N, number of cracks

R fracture toughness

u displacement

A elastic strain energy

T plastic strain energy

Wr  total work input during indentation process

Wy work input before the peak load

We work input after the peak load

W; fracture work for petal formation

Wg  work required for elastic deformation of specimen
outside the dimple.

. work required for deformation of the specimen
portion outside the dimple after passing the peak load

position

X load

Tp radius of specimen held within the die

148 radius of indenting ball

Ty radius of dimple face of the specimen under direct
ball contact at the peak load

to initial sheet thickness

te final average sheet thickness in the ball indentation
zone

Xo width of sheet ring outside the ball indentation zone

z distance of a fiber from the neutral surface in bending
process

[ stress

d ball displacement under compression load

3, ball displacement at peak load

S displacement at the ball slip-drop position
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Nazeer et al.”®*! the term dA was neglected and dI' was re-
tained. Thus the equation used was Xdu = RdA+dl.

In the case of tough polymer sheets, however, the converse
is true—both pre- and post-fracture zones and hence their for-
mulation differs. In the ball indentation of tough polymer
sheets, the radial cracks precede necking which is contrary to
the metal sheet indentation.” Moreover, the crack initiation is
in stages to give way to the ball compared with metal sheet
where these stages are not found in the process. The term da in
tough polymer sheets analysis case is not negligible whereas in
ductile metal sheets it has very little effect on the results. The
term dI" used in the plastic deformation has no bearing after the
crack initiation because after the crack initiation, the elastic
deformation is regained in place of plastic flow, which is not
observed in case of ductile metal sheets. Thus for the case of
post cracks, the initiation analysis equation becomes:

Xdu = dn + RdA

The tough polymer (polycarbonate) has elastic modulus of
2.4 GPa, tensile strength 55-69 MPa, and fracture toughness
2.75-3.3 MPa/m. Its sheet is amorphous and does not craze
readily at room temperature. Its fracture toughness has excel-
lent fatigue behavior and has a low frequency sensitivity factor
during fatigue crack propagation testing.!''! For response of
residual stresses and dimensional stability, Ref. 6 is a valuable
contribution on the subject.

2. Experiment

The tough polymer (polycarbonate) sheet samples, prepared
through ram extrusion and continuous compression molding
processt'?! clamped around the periphery, were indented with
steel balls of different diameters from 6-12 mm, using an In-
stron Testing Machine. The samples perforation involved elas-
tic and plastic deformation, crack initiation and propagation,
and finally the material perforation. The fracture process is
completed rapidly and the applied load dropped along with
completion of elasto-plastic deformation of the tough polymer.

The Universal Instron Testing Machine with 10 KN load
capacity [Model No. 1195] was used with a quasi-static com-
pression load applied to the 90 mm diameter tough polymer
sheet samples. A die with 63 mm internal diameter was used to
tightly hold the discs with 6 M10 bolts (Fig. 1). The hard steel
balls were fixed in an assembly for indentation of the tough
polymer sheet. The speed of the indenting ball in this experi-
ment was 6 x 107® m/s. An optical microscope was used to
record the morphology of the fracture surfaces. Steel balls of 6,
8, 10, and 12 mm diameters were used in this experiment for
indentation of 1.5 mm thick tough polymer extruded sheet.

3. Different Indentation Stages

The elasto-plastic behavior and load versus displacement
diagram of the tough polymer sheet indented with a steel ball
is shown in Fig. 2. From O to A the displacement of the ball is
linear and the sheet is in elastic deformation zone. From A to
B, the deformation in the central portion of the plate starts
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entering into plastic zone, while the peripheral portion outside
the dimple is still in the elastic range. From B to C the load is
increasing, circular dimples start forming, and a crack initiates
from C to D. From D to F the crack propagates across the
dimple and there is an almost sudden drop in resistance to the
applied load and the line is linear at this stage. Up to F, there
is only one radial crack propagating on both sides outside the
dimple. Finally, from F to G one or two more radial cracks
within the dimple at 90° to the previous main crack takes place,
which is preceded by elastic deformation. The ball indentation
process ends at G, when the ball drops through the perforated
sheet. Thus the process is completed and the specimen is re-
lieved of the elastic deformation. Figure 3 shows the photo-
graph of a perforated specimen.

4. Fracture Toughness Analysis

The total work W, work input till peak load (maximum)
position Wy, and work after peak load W (Fig. 4) are function
of ball radii and are calculated by integration of load displace-
ment diagrams (Fig. 5). The details of the indentation param-
eters and indentation ball and the specimen radii used in the
analysis are shown in Fig. 6 and 7. In this experiment, the
interest was to find the fracture toughness of this material based
on the work input after the peak load and the cracks developed
along the radial direction. After the crack initiation, the load
drops suddenly, and crack propagates radially, the elastic de-
formation takes place in the peripheral zone outside the central
area, where a pre-peak load plastically deformed dimple has
already been formed in the sample. The specimen is partly
relieved of the stresses due to creation of one radial crack and
the further crack propagation is accompanied by the elastic
deformation in the material. There is no sign of plastic defor-
mation after the major crack initiation as the specimen regains
its shape with cracks across the pre-crack initiation plastically
formed dimple. There is no plastic bending of the petals as in
the case of a ductile metal sheet specimen.”*! The work input
Wk after the peak load is the sum of the fracture work W; and
elastic deformation work W.:
We = W+ W, (Eq 1)

At the crack initiation stage only one major crack is pro-
duced across the dimple, which is perpendicular to the extru-
sion direction of the specimen. This big crack is large enough
to cross the boundaries of the dimple and goes to the end of
periphery of the specimen in the die. One or two small cracks
are also formed at 90° to the major crack to give way to the ball
to fall down. The subsequent cracks do not go beyond the
dimple boundaries, and stay within the ball radius. The thick-
ness of the sheet within the dimple is reduced to #; whereas in
the outside peripheral area, it does not change. Therefore, the
fracture work is given by:

Wi = NprteR + 2(H, = rp)toR (Eq 2)

N, is the number of cracks produced, which are the major
ones considering it to be two each initially from the center to
the periphery and the other as two small one propagating in
right angles to the major crack.
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Fig. 1 Ball indentation experiment on Instron machine-specimen, die, cap, bolts, and ball assembly

After the crack initiation, the specimen is relieved of a
central constraint and is nearly like a cantilever with a fixed
base end equal to 2, and loaded at the tip by the point load
F equal to the total load. The bending moment M, and the
second moment of the cross-sectional area I, at a distance r
from the center!'*'*! are given by:

M. =Fr

Thus

6Frz 6Fz
(J' = =
ﬂrtg 1T[8
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The total elastic work'"™! is therefore given by:

a’dV 'rrrfJ 02, 36F Zrzp 02,
dWE=f(rst=f =—f odz= f Z°dz
E E J-02 wiE J 02

Thus

B 3F2rI2,
’1T[(3)E

E

The elastic work is stored in the form of energy into the
circular area of the ring outside the dimple, thus:

2
o .
W = *rrtSE(rp —ry)

0

We is the total elastic energy stored in the ring around the
ball dimple, to the state when the ball starts slipping out and
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Fig. 2 The material behavior at various stages in steel ball indenta-
tion of 16 gauge tough polymer sheet
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Fig. 3 12 mm diameter ball indentation in 16 gauge (1.5 mm) tough
polymer (polycarbonate) sheet

drops through the hole (i.e., maximum load position during
fracture propagation stage). The part of the elastic energy
stored in the specimen after the crack initiation is thus given
by:

We
We = 8_,(8; - 8p)
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¢ mRES,

(= r)(d,—3,) (Eq 3)

knowing W, from Eq 3 the fracture toughness is given by:

R WF - We
- LN, + 2(H, — rp)t,

(Eq4)

And in case of known fracture toughness the number of
cracks are given by:

1 [We—W,
- —[FT - 2(H, - rbm]

= (EqS)

Wk is calculated by integration of the load displacement
diagrams (Fig. 5) and used in the above equations. The results
of the above analysis are given in Table 1 and 2. The cracks
were radially propagated and were dependent on the sheet ex-
trusion processing direction.

5. Results and Discussion

Figure 5 shows the response of load versus displacement for
various indenting balls. The increase in load with the increase
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Fig. 5 Load displacement for 6, 8, 10, and 12 mm diameter ball
indentation in 16 gauge tough polymer sheet

in ball diameter along with peak load and peak load displace-
ment is significant and systematic as the last two rise expo-
nentially. Also, response after the crack initiation is dependent
on indenting ball diameter, and is systematic. The decreasing
load line drops rapidly from peak position to a point and then
it jumps upward and gradually comes down to the baseline.
This second curve creation is a unique phenomenon for this
material.

The work input before crack initiation versus displacement
is shown in Fig. 8 for 1.5 mm thick tough polymer sheet
obtained by incremental integration of the load displacement
diagrams (Fig. 5). This gives the work input up until the peak
load (maximum) for indenting steel balls of different diam-
eters. The work input increases systematically with the dis-
placement and the ball diameters except an abnormal pro-
longed fracture initiation in case of ball of 8§ mm diameter
perhaps due to some local abnormality. Figure 9 shows the
work input versus the ball displacement for different balls after
the crack initiation. This gives the work input by different balls
for elastic bending, and crack propagation. The figures show
that crack initiation displacement, total post-crack initiation
work, and ball drop displacement are all systematically ball
diameter dependent. Figure 10 gives the total work input versus
ball displacement during the indentation process. This is the
combined response of Fig. 8 and 9. The sharp bend in the curve
profile at the crack initiation point shows the difference in
slope around that point. The slope of the curve beyond this
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Ball projection ...

Contact Line at peak load

Specimen boundary
within the die jaws. "

Fig. 6 Specimen and ball diameters along with specimen and ball
contact line at peak load

point indicates its elastic response with minute difference in its
slope compared with that at the very beginning stage perhaps
due to plastic hardening and variation in the sheet thickness
within the dimple.

Table 1 shows the dependence of number of cracks dimple
diameter, major crack length, and final thickness dependence
on the indenting ball diameter. Major crack length decreases
while all the other parameters increase with indenting ball di-

Table 1 Experimentally Observed Results of Ball
Indentation in Tough Polymer Sheet

Crack
Major Angles (deg.)
Ball Dimple Final Crack w. r. t. Sheet
Dia., No. of Diameter, Thickness, Length, Extrusion
mm  Cracks mm mm mm Direction
6 3 6.64 1.08 24.0 120, 200, 300
8 4 8.82 1.12 24.0 5, 95, 182, 275
10 4 11.85 1.16 23.5 0, 85, 182, 265
12 4 12.40 1.22 232 45, 135, 285, 305

Table 2 The Computed Results of Ball Indentation in
Tough Polymer Sheet

Ball Dia.,
mm Wy W Wi W, W; R, kJ/m?
6 3.1978 2.6673 0.5305 0.2442  0.1863 3.94
8 47651 3.8258 0.9393 0.6348 0.3.45 391
10 52077 3.8954 13123 09831 0.3292 4.18
12 7.1891 5.4024 1.7867 1.4499  0.3368 4.16
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Fig. 7 Sketch showing ball indentation parameters

ameter. The crack angles show their dependence on the sheet
extrusion direction (i.e., major crack always normal and two
subsequent smaller cracks in the sheet extrusion direction).
This, however, is independent of indenting ball diameter.

Table 2 and Fig. 4 show the resulting peak load, peak load
displacement, total work input, work input till peak load posi-
tion, and work input after peak load until the end of perforation
versus indenting ball diameter. The ball diameter was directly
related to the material plastic flow within the die. The total
work W, work input till peak (maximum) load position Wy,
and work after peak load Wy are a function of ball radii (Fig.
4) and calculated by integration of load displacement diagram
(Fig. 5). All of the work inputs and the peak load displacements
increase exponentially with the increase in indenting ball di-
ameter.

6. Conclusions

1) The mathematical model can be applied for calculations of
fracture toughness of tough polymer sheets with energy-
based equations, using load-displacement diagrams ob-
tained during steel ball indentation and perforation.

2) The crack angles after the perforation with steel balls gave
the orientation against the 1.5 mm sheet’s extrusion pro-
cessing direction and followed systematic behavior (i.e.,
cracks were significantly affected by anisotropy). The ma-
jor crack is almost 90° to the sheet extrusion processing
direction followed by two small cracks perpendicular to
the larger crack. This is different than that for the ductile
metals sheets.

3) The work input, crack initiation, and ball displacements
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Fig. 8 Work before crack initiation versus ball displacement in tough
polymer indentation
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Fig.9 Work after crack initiation versus steel ball displacement in 16
gauge tough polymer sheets

are exponentially ball diameter dependent (i.e., these all
increased exponentially with the indenting ball diameter).

4) The crack propagation process is accompanied by elastic
deformation of the polymer material in contrast to the
response of metal sheet response, which is accompanied
by the plastic deformation.

5) The pre-crack initiation stage is dominated by elastic de-
formation, in contrast to metal sheet response which is
dominated by plastic deformation.

6) There is one major crack, which propagates in both direc-
tions, and one or two subsequent small cracks with tandem
initiation contrary to the metal sheet response, where al-
most all of the cracks initiate simultaneously out of which
a few die down at initial stages while most of them propa-
gate radially.

7) Petals and lip formation, a characteristic phenomenon of
ball indentation in ductile metal sheets, was absent in this
experiment on tough polymer sheet. This material regains
its pre-crack initiation shape without load, with only ad-
dition of cracks.

8) The necking and fracture along the necking line in tough
polymer sheets were not observed in this experiment.

9) The dependence of various parameters directly related to
the steel balls diameter in this indentation process were
different from the results obtained on the similar process in
the metal sheet.

10) The number of cracks, dimple diameter, and final sheet
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Fig. 10 Total work input versus steel ball displacement in 16 gauge
tough polymer sheet indentation

thickness increase with the ball diameter while major
crack length decreases with it.
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