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Strength of poly(methyl methacrylate) with

indentation flaws

J. E. RITTER, M. R. LIN, T. J. LARDNER~*
Mechanical Engineering Department and *Civil Engineering Department, University of
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Controlled flaws were introduced into poly(methyl methacrylate) samples in the presence of
liquid acetone using a Vickers indenter over a range of indentation loads from 100 to 1400 N.
Due to the large plastic zone underneath the indenter, the radial crack formed by indentation
consisted of two halves, known as Palmqvist cracks, instead of a single semicircular crack. The
strengths of the samples were measured in air either immediately following indentation or after
a stress-relief anneal. The strength of the as-indented samples was about 6% less than that of
the annealed samples; however, the dependence of strength on indentation load was similar
for both sets of samples. These results were interpreted in terms of an indentation fracture
mechanics model. The analysis is consistent with poly(methyl methacrylate) having a rising

fracture toughness with increasing crack size.

1. Introduction

Valuable insight into the mechanism of failure from
surface flaws in inorganic glasses and ceramics has
been provided by studies of an idealized model flaw
systems produced by a sharp indentation [1-4]. The
main advantage of this approach lies in the ability of
predetermining the size and location of the strength-
controlling flaw so that the subsequent response of
this flaw to applied loading and/or environmental
influence can be directly observed. Correlations
between the fracture characteristics of indentation
flaws to fatigue [5, 6], annealing and ageing [7].
machining [8] and particle impact [9] have been used
to establish the general applicability of fracture mech-
anics concepts to the failure of inorganic glasses and
ceramics with typical handling and microstructural
flaws.

The essential features of the classical deformation-
fracture pattern produced by a sharp indenter (Vickers)
are shown in Fig. 1. Dimensions a and r, represent the
scale of the hardness impression and plastic zone,
respectively, and are used to quantify the extent of the
indenter deformation. Two distinctive crack types,
radial and lateral, emanate from the deformation zone
and are shown in Fig. 1 as RC and LC. The radial
cracks lie in a plane containing the load axis and
an impression diagonal and control the strength
behaviour. The lateral cracks lie on subsurface planes
closely parallel to the surface and are responsible for
material removal during a sharp-particle impact.
Since the final crack dimensions in inorganic glasses
and ceramics are achieved as the indenter is removed,
it is believed that the driving force for crack formation
must be provided by the residual stresses created by
the plastic zone [10]. Detailed fracture mechanics
analyses for indentation cracking have been developed
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and verified experimentally by direct observation of
flaw response [3, 10].

In contrast to the above, there has been little
research on using indentation to study the failure of
brittle polymeric materials. Therefore, the objective of
this research was to study the applicability of the
indentation technique in characterizing the failure
behaviour of poly(methyl methacrylate) (PMMA).
For this purpose, strength was measured as a function
of indentation load and related to the measured radial
crack sizes. PMMA was chosen because it is readily
available, brittle, and transparent. This latter property
allows direct observation of the flaw response to
indentation.

2. Experimental procedure

PMMA samples were machined from a Plexiglas sheet
(Rohm and Haas, Philadelphia) to dimensions of
20.32 ¢m length, 2.29 cm width, and with a thickness
of 0.95cm. The prepared specimens were then polished
by using 600 grade grinding paper to smooth the
surfaces. After polishing, the samples were annealed
at 85°C for 8 h [11] to remove all the residual stresses
associated with machining and/or polishing. An optical
interferoscope was used to search for the existence of
the stress fringes to ensure that all the residual stresses
had been removed.

Controlled surface flaws were introduced by a
Vickers diamond pyramid indenter that was attached
to an Instron universal testing machine to provide
indentation loads ranging from 100 to 1400 N. All
indentations were made at room temperature through
a drop of acetone placed on the contact surface during
the indent period. Acetone was added to provide
an aggressive environment which enhanced crack
formation. Such cracking did not occur if indentations
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Figure I Top and side views of indentation crack pattern produced
by Vickers indenter for general ceramics and inorganic glasses.

were made only in ambient air. The indentation was
made with an Instron crosshead speed of 1 mm min™'
and a contact time of 12sec. Care was taken to
align radial cracks perpendicular and parallel to the
longitudinal axis of the specimen. After indentation
the samples were dried and an optical microscope was
used to ensure the alignment of the radial cracks and
to measure the crack sizes.

Following the measurement of the surface trace of
the radial crack, the samples were strength tested
either as-indented or annealed. The as-indented tests
were conducted immediately after the crack size
measurement. Annealing was carried out at 85°C for
8h following indentation to remove the residual
stresses caused by indentation. After annealing, these
specimens were rechecked using the optical inter-
feroscope to ensure that they were free of residual
stresses. The crack sizes of the annealed specimens
were remeasured before strength measurement to
make sure no healing or growth occurred during the
annealing process.

All strength measurements were performed using a
four-point bending fixture with an outer span of
12.7 cm and an inner span of 2.54 cm with the surface
containing the indentation flaw on the tension side.
The bend test apparatus was designed with several
degrees of freedom to minimize any spurious stresses
caused by non-uniform specimen dimension and/or
beam twisting and was attached to the Instron universal
testing machine. All bend tests were conducted in air
with a crosshead speed of 1 cmmin™~'. After fracture,

the geometrical features of the strength-controlling
radial flaw were optically examined to confirm the
sites of failure. As expected, all specimens broke from
the indentation site and the load-deflection curve
from the test was linear until failure. Five specimens
were tested for each strength evaluation, from which
mean values and standard deviations were computed.

To obtain a measure of the crack growth prior to
rupture, an as-indented and an annealed sample were
prepared with three indentations (indentation load of
200 N) on their surfaces, spaced about 1 mm apart to
avoid influence from each other during testing. The
radial cracks, perpendicular to the applied tensile
stress, that were on the two indents that did not fail
were then assum=d to be close to the instability
dimension.

Standard single-edged notched three-point bend
tests (0.95cm x 2.29cm x 10.16 cm) were also per-
formed to obtain a conventional fracture toughness
[12] measurement. An initial notch was introduced by
using a diamond saw at the centre of one edge. The
crack was then sharpened by pushing a razor blade
slowly into the saw-cut notch. The samples were
checked to ensure -that no residual stresses were
introduced around the crack tips. The prepared
specimens were then tested in three-point bending in
air at a crosshead speed of 1 cmmin~'. Samples were
also tested with acetone added and dried in the notch
prior to the fracture test to see if acetone could alter
the crack tip structure, and hence the subsequent
fracture toughness. The three-point bending apparatus
had a span of 8.57 cm.

3. Results and discussion

3.1. Indentation crack morphology

Figs 2a and b show the indentation crack system
associated with Vickers indentation of PMMA /acetone
at indentation loads of 50 and 200 N, respectively. The
surface trace of the radial cracks, RC, emanated from
the impression corners and were generated over the
entire load range; the secondary cracks, SC, initiated
from the impression edges and only formed at loads
higher than 100N. Unlike inorganic glasses and
ceramics, lateral cracks were not observed in PMMA
over the entire testing range. Close observation
revealed that the radial cracks initiated from the inter-
section points of flow lines within the deformation
zone. These flow lines (FL in Fig. 2) are shear bands
produced by plastic deformation under the indentor.
The shear bands have been observed to be the source
of crack initiation in inorganic glasses [13, 14] and
in single crystals [15, 16]. Dabbs et al. [14] suggested
that shear bands generated in different quadrants of
the impression can intersect to produce high stress
intensification and, thereby, provide favourable sites
for radial crack nucleation and growth. This agrees
well with the observed PMMA results where radial
cracks initiate first from the impression corners.
Without the strong shear interaction from different
quadrants, secondary cracks are only initiated above
a critical load (approximately 100N in this study)
where the inhomogeneous shear stresses produced
from the same quadrant can overcome the surface
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(a)

energy to form cracks. Although this shear-fault
mechanism can well describe the crack formation
phenomena observed in PMMA/acetone, the associ-
ated fracture mechanics model for crack initiation has
not been well developed and further research is
required to develop a quantitative model.

A schematic cross-sectional view of the radial crack
is shown in Fig. 3. It can be seen that the radial crack
consists of two “wings” that are separated by a large
plastic zone beneath the indentation impression. Such
a radial crack pattern is known as Palmqvist crack
[17-19] and has been observed to form with Vickers
indentations in cemented carbides. Compared to
crack patterns generated In inorganic glasses or
ceramic materials (Fig. 1), the main difference is the
absence of a connection of the radial cracks beneath
the impression site. Obviously, in the Palmqvist crack
pattern the large plastic zone blocks the coalescence of
the two wings of the radial cracks on the median
plane in forming a semicircular crack. In view of this
observation, the ratio Cy/r, (Fig. 1) was calculated
from the data in the literature for a wide range of
brittle materials and correlated with the nature of the
radial crack pattern.

The solution for an internally pressurized cavity in
an elastic—plastic material gives for the plastic zone

Figure 2 Indentation cracks for PMMA /acetone at different loads: (a) S0N (26 x ), (b) 200N (52 x).

size, r, [20]

E 1/3
L "<3Y(1 - v)> M

where E is elastic modulus, Y is yield strength, v is
Poisson’s ratio, and a is one-half the indent diagonal.
For a Vickers indentor

a = (P]2H)" )

where P is the indentation load and H is hardness. The
expression for 7, for ceramics and inorganic glasses
becomes, upon taking hardness to be 2.5Y[14, 22] and
v to be 0.25 [21, 22],

ro = 0.732E'°H % p'~ 3)

For PMMA hardness is 1.5Y [21, 22] and v is 0.33 so
that r, is given by

ry = 0.642 EVH % pi @)

The hardness of PMMA, as measured from the Vickers
microindentation, was 0.21 GPa and was found to be
independent of indentation load (100 to 1400 N). The
elastic modulus of PMMA was taken to be 3.1 GPa
[23].

The equilibrium radial crack size after indentation,
C,. as measured by the surface trace of the radial
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Figure 3 Schematic cross-section of radial cracks
for PMMA.
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Figure 4 Surface radial trace against indentation load.

crack, was determined directly from the published
values at P = 100N for the different materials. In
cases where data are not available at P = 100N,
the data were extrapolated. The C,/r, ratios are
summarized in Table I. It can be clearly seen from
these data that when the C,/r, ratio becomes greater
than 1.0, the radial cracks can connect beneath the
plastic zone on the median plane to form a semi-
circular flaw. On the other hand, when the C/r,
ratios are low (about 0.7 or less) the radial cracks are
prevented from joining by the plastic zone.

3.2. Crack size-indentation load

The radial crack size, C,, after indentation for
PMMA /acetone is plotted on logarithmic axes as a
function of the indentation loads in Fig. 4. The best-fit
slope of these data is found to be 0.50 (+ 0.06). This
clearly does not agree with the predicted slope of 0.67
from the indentation fracture mechanics model for
ceramics and inorganic glasses which gives [1, 24]

CO = (XrP/Izc)z/3 (5)

TABLE I Comparison of the ratio of surface radial crack size
(Cy) to plastic zone size (r,) at P = 100N for Vickers indentation
of various materials

Material E(GPa) H(GPa) Cy(um) C,/r, Ref.

Radial crack form semicircular flaw

Soda-lime glass 73 5.6 362 1.6 [1}

Si;N, 300 18.5 140 1.0 [1

SiC 436 24 158 1.3 [1]

ALO, 425 21.8 283 2.1 [1]
Radial cracks form Palmqvist flaw

WC-Co 575 13.2 61 027 1]
WC-Co 575 16.7 90 0.48 [19]
PMMA 3.1 0.21 770 0.68  This study

where K, is the critical stress intensity and y, is
a constant. The smaller slope of the PMMA data
indicates that for an equivalent increment of P, a
smaller crack extension is observed in PMMA as
compared to ceramics. A possible explanation for this
difference in slope is that PMMA exhibits crack growth
resistance behaviour in which the toughness (K.)
increases with increasing crack length. This crack
resistance behaviour is known to exist in metals
[12], alumina [25, 26], toughened ceramics [27], and
polymer-filled concrete [28]. For PMMA it is generally
believed that the formation of crazes in front of the
crack tip plays an important role in determining the
toughness. Several studies [23, 29-32] on the craze
profile at crack tip in PMMA reveal that crazes form
a plastic zone at the crack tip and act to arrest crack
propagation. The exact mechanism by which crazing
gives rise to crack resistance behaviour for indented
cracks is currently being studied by the present
authors.

The data in Fig. 4 can be analysed by taking tough-
ness to be related to crack size by a simple power law
relationship [12, 25}

K = kcm (6)

where k and m are constants. Substituting Equation 6
into Equation 5 gives

Co = (uPlhyem? @)

Based on the slope of the data in Fig. 4, m is calculated
to be 0.5 (£ 0.24). This value is higher than the value
of 0.17 for aluminium alloys [12], 0.14 to 0.3 for
alumina [25, 26] and 0.20 for polymer-filled concrete
[28].

It should be noted that m is very sensitive to the
indentation load-crack size data. The uncertainty of
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Figure 5 Bending strength of (@) as-indented and {4) annealed samples against indentation load.

the measured slope in Fig. 4 (0.5 + 0.06) results in an
uncertainty in m from 0.26 to 0.74, which is obviously
not precise enough to determine the m value. The
strength measurement method, as described below, is
thought to be the better way to obtain the value of m.
This is especially so when one considers the ambiguity
associated with establishing exactly where the crack
tip is.

3.3. Crack size—strength
The strength results as a function of indentation
load are summarized in Fig. 5. Both the as-indented
and annealed samples show a best-fit slope of —0.113
(#£0.001). The regression analyses give for the inter-
cepts 1.91 (+0.004) and 1.94 (+0.005) for the as-
indented and annealed samples, respectively. The
results in Fig. 5 show that the as-indented samples are
about 6% lower in strength.

The fracture surface of an as-indented sample is

shown in Fig. 6. It can be seen that the plastic zone
prevents the two “wings” of the Palmqvist cracks
from joining up; hence, failure initiates from one
individual half of the Palmqvist crack. Thus, the initial
crack shape is not semicircular but is better approxi-
mated as a semi-ellipse. For all indentation loads the
ratio of crack depth to radial crack size was about 0.5.
Such results suggest that the Palmqvist cracks behave
differently from a well-defined, semicircular flaw of
similar surface trace size so far as failure is concerned.
In particular, the crack depth (d,) of Palmqvist cracks
should be the essential flaw dimension to govern the
strength of PMMA instead of the radial surface crack
trace. This agrees with a previous study by Glaesemann
et al. [33] where it was found that for indented soda—
lime glass the critical crack dimension with respect to
strength is the crack depth (minor axis) rather than
the surface trace (major axis). Fig. 6 also shows the
formation of a mirror region around the strength-

} C
fma—=f ©

Figure 6 Fracture surface of an as-indented sample under indentation load of 40N and bending stress of 43.9MPa. (27 x).
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controlling Palmqvist crack. This mirror fracture
morphology has been seen in many glassy polymers
[34, 35] and is thought to be generated from a coalesc-
ence of voids or failure of fibrils as the crack propagates
through the pre-existing craze region.

During a strength test of an indented flaw, the
residual force that still persists in the sample after
indentation supplements the applied tension in driving
the radial cracks to failure. The net stress intensity
factor (K} is then the sum of that due to the residual
force and that due to the applied stress [2, 25):

Py

kL Qg,d" 8)

K = PEE

where o, is the applied stress, d is the Palmqvist crack
depth, and Q is a constant dependent on the geometry
of the loading and flaw shape. For a semi-elliptical
surface flaw (d/C, = 0.5) the maximum stress intensity
is at crack depth and has an Q value approximately
equal to 1.01 [25, 36). An applied stress—equilibrium
crack size function follows from Equation § by putting
K = K_, letting from Equation 6 K, = kd”, and
solving for g,:

1 m _ XP
g, = W(kd ——W> (9)

A schematic plot of Equation 9 is shown in Fig. 7 for
non-zero and zero y,. For non-zero x, the curve
exhibits a maximum at

2/(2m+3)
o o (P
k(1 — 2m)

{2m—1}/2m+3)
o = k(3 4%, P an
o\ 4 k(1 — 2m)

(10)

The curves in Fig. 7 represent contrasting behaviour.
For y, = 0, failure occurs spontaneously when

(2m—1)/(2m+3)
Ed(gzm—n/z _ f(ﬁ) (12)

% = Qq o\ k

For y, > 0 the crack extends stably from 4 to d,
before failure occurs at o,,,. The relative crack extension
can be obtained from a ratio of Equations 7 and 10 to

be
dm 4 2/2m+3)
d (1 - 2m>

The reduction in strength caused by the residual force
can be calculated by taking the ratio of Equations 11
and 12:

On 2m + 3 4 @m—1)/2m+3)
a - ( 4 )(1 - 2m>

For m = 0, Equations 13 and 14 show that the
presence of a residual force causes a relative crack
extension of 2.5 and the strength decrease is 53%. For
m > 0, the corresponding crack extension is greater
but the reduction in strength is less.

Note that for m = 0.5, there is no maximum
in the applied stress—equilibrium crack length curve,
Equation 9; thus, the applied stress can increase
infinitely without reaching crack instability. Since this
is physically impossible, m must be less than 0.5.
In agreement with Equations 11 and 12 the slopes
(—0.113) of the two sets of data in Fig. 5 are equal
and m can be calculated to be 0.29 (+0.012). From
Equation 14 with m = 0.29 it follows that the
strength decrease of the as-indented specimens should
be 24%; however, the actual strength reduction is only
about 6%. From Equation 13 with m = 0.29 the
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Figure 8 Comparison of the experimental crack depth data and the prediction from strength results as a function of indentation load. (®)

Data points with standard deviation; (- - -) predicted.

predicted crack depth at failure is 3.5 times the original
crack depth. The multiple indentation—strength tests
revealed that, as expected, there was no significant
stable crack growth of the annealed sample prior to
failure; however, for the as-indented sample, the
radial crack grew to about 1.4 times the original size.
These discrepancies between predicted and observed
strength and extent of stable crack growth in the
as-indented samples are thought to be related to such
factors as stress relaxation and secondary cracking
reducing the residual force field associated with the
indent. Also, the power-law form for crack resistance
behaviour (Equation 6) was assumed for mathematical
simplicity; however, a more exact form may give
better agreement.

The constants k and y, can be determined by
rewriting Equation 7 in terms of initial crack depth d;:

dy = (1Plk)"e? (15)

The initial crack depth as measured from fractography
is plotted as a function of the indentation load in
Fig. 8. A best-fit line with a slope of 0.56 (corresponding
tom = 0.29) on logarithmic axes can be seen to fit the
data quite well. This regressed line has an intercept of
—4.59 (4+0.03) in SI units which from Equation 15
corresponds to log (k/yx,) = 8.21 + 0.06. Substituting
this (k/y,) ratio into Equations 12 and 13, k can be
calculated from the respective intercept values of the
strength data in Fig. 5 taking Q = 1.01. Based on
the as-indented strength, k is 13.96 (£ 0.29) and the
associated y, is 0.086 (+ 0.002). The annealed strength
data give a k of 10.32 (4-0.29) with a y, of 0.063
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(£ 0.002). The similarity in these k and y, values gives
additional support to the belief that the residual force
term in Equation 8 has been properly accounted for.

From these calculated values for k and y, the
fracture resistance curve for PMMA can be calculated
from Equation 6, as shown in Fig. 9. Note that crack
depth was substituted for the radial crack size in
Equation 6. For the range of indentation loads used in
this study, the initial crack depth varied from an
average of 340 to 1340 um. Based on the as-indented
data, fracture toughness over this crack size range
increases from 1.42 to 2.05 MPam'?, and from 1.05 to
1.51 MPam'” for the annealed data. The difference in
K. values between the as-indented and annealed data
is similar to that observed in soda—lime glass [37] and
could be related to possible crack healing effects on
annealing.

The three-point bending tests gave a K, value for this
material of 1.46 (£ 0.11) MPam'?. There was no signi-
ficant difference in the K, value, as measured on the as-
notched samples compared with those that had acetone
added and dried in the notch. These results indicate
that the presence of acetone during indentation did
not affect the subsequent strength measurement. This
measured K, value from the standard fracture mech-
anics test falls well within the range of the K, values
obtained from the indentation-strength technique
and the published data (0.6 to 2.4 MPam'” in air) [23,
38]. Such a result suggests that one of the reasons for
the wide range of published K. values for PMMA is
the fact that PMM A exhibits crack-resistant behaviour
where fracture toughness increases with crack size.
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4. Conclusions

1. Crack pattern observations of Vickers indentation
flaws in the PMMA/acetone system revealed that
Palmqvist cracks are formed rather than semicircular
median cracks. This crack geometry was found to
correlate very well with the ratio of surface crack trace
to indentation plastic zone size. When a material has
a Cy/r, ratio greater than 1.0, a median, semicircular
crack pattern is formed; while the Palmqvist crack
pattern forms when the ratio is about 0.7 or less,
PMMA has a ratio of 0.68.

2. Fractography of strength-tested specimens
suggested that the crack depth (not the surface trace)
of the Palmgqvist cracks is the critical dimension
that determines the strength of PMMA samples. The
relationships between crack depth, indentation load,
and strength were well characterized by an indentation
fracture mechanics model.

3. The failure strength of both as-indented and
annealed specimens showed a linear relationship with
indentation load on a logarithmic plot with a slope of
—0.113. Compared to constant fracture-toughness
materials (slope = — 1/3), this slope is about 66%
less indicating that PMMA exhibits a rising fracture
toughness behaviour. The range of values for the
resistance curve was within the range of K, values
reported in the literature.
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