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Abstract Polymethylmethacrylate (PMMA) materials are extensively used for
diverse applications e.g., protective vehicular windows to eye protection devices.
However, the high strain rate deformation and fracture mechanisms of PMMA are
far from well understood. Therefore, controlled split Hopkinson pressure bar
(SHPB) experiments that could lead to deformation with and without fracture were
conducted on PMMA samples at strain rates of ~4 x 10° to 1.3 x 10° s~'. With
increase in strain rate, the maximum compressive yield strength of PMMA is
enhanced by about 25 %. Absence of global failure characterized the deformation at
relatively lower strain rates (e.g., ~4.75 x 10° to 6.75 x 10? s_l), while its
marked presence characterized the same at comparatively higher strain rates (e.g.,
~7.69 x 107 to 9.31 x 10> s™"). Attempts were made to explain these observa-
tions by the subtle changes in failure mechanisms as revealed from the fractographic
examinations of the PMMA samples deformed with and without failures. The
implications of the test-condition induced restrictions on the degrees of freedom
locally available to the polymeric chains were discussed in the perspective of the
relative strain rate dependencies of the yield behaviors of the present PMMA
samples.
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Introduction

Polymethylmethacrylate (PMMA) is widely used as a protective structural material
in many applications e.g., aerospace, automobile, and strategic sectors. To ensure
reliable performance of PMMA it is therefore essential to understand the
deformation and failure mechanisms of it. Therefore, a lot of past and present
research activities [1-14] have been carried out to develop better understanding
about the deformation and failure mechanisms of PMMA. The need for the
development of such understanding becomes particularly more important for high
impact shock stress resistant applications, which involve high strain rates.

Many researchers [1-14] have devoted attention to the yield behavior of PMMA
as a function of the variations in strain rates and temperatures. For instance,
Roetling [1] studied the yield strength of PMMA as a function of strain rate and
temperature, and indicated a strain rate-dependent transition of the yield behavior.
Similarly, Moy et al. [2] found that failure of PMMA was strain rate sensitive in
both quasi-static and dynamic loading. Further, the stress—strain response was
reported to exhibit a decrease in the flow stress with an increase in temperature. On
the other hand, Richeton et al. [3, 4] reported that both temperature and strain rate
could significantly affect the yield behavior of PMMA. Wu et al. [5] observed that
when the strain rate is increased, the strength and initial modulus of PMMA are
enhanced, while the strain suffered at fracture gets degraded. Similar observations
were also reported by Chen et al. [6]. These researchers noted that PMMA displays
smaller failure strains under high strain rate uniaxial dynamic tension, but exhibits
significantly higher compressive strength under high strain rate uniaxial compres-
sion conditions.

On the other hand, Li et al. [7, 8] claimed that the compressive yield stress of
PMMA increased with the increase of strain rate. They further noted that as strain
rate is enhanced subsequently, the material could change its compressive failure
behavior from ductile to brittle. However, some heating was also observed during
the failure of the PMMA specimen suggesting that at such high strain rates (e.g.,
~107* to 10% s™") the material was not perfectly brittle. Blumenthal et al. [8]
reported that the strength of PMMA was linearly dependent on temperature and
strongly sensitive to variations in the strain rates. In addition, it was observed that it
developed cracks and failed in compression with exhibition of only a little ductility
at either low strain rates and low temperatures or at high strain rates and
temperatures very close to those of the ambient. Therefore, it would appear that
there is an apparent contradiction between the observations reported in references
[7] and [8].

It is most interesting to note that when strain rate responses of PMMA were
investigated under uniaxial compression at different rates of strain, Moy et al. [9]
noted that at strain rates of <1 s_l, the intrinsic softening that occurred after the
initial yield, was followed by strain hardening. It was found further [9] that at a
critical strain rate of 1 s~', the material started to soften further due to the
dominance of thermal softening over strain hardening. However, at strain rates of
greater than 1 s~', PMMA failed before, during or immediately after the yield,
depending on the rate of loading.
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Chou et al. [10] measured the rise of temperature during deformation of PMMA
using a thermocouple. The experimental results reported by them showed a positive
viscous effect at the beginning of the deformation, followed by plastic flow. Walley
et al. [11] observed that the strain hardening behavior of the glassy polymers was
dependent on both strain rates and temperatures.

Arruda et al. [12] found that even at moderate (e.g., 1072 and —107! sfl) strain
rates, PMMA exhibited post-yield softening. Similarly, Swallowe et al. [13, 14]
reported that deformation of various polymers at high strain rates (e.g., from ~10™*
to 10° s~') converted mechanical energy partially into heat energy in the immediate
vicinity of the crack tips. It was suggested further that [13, 14] such an energy
conversion process could have had happened on either locally available shear planes
or uniformly throughout the bulk. In addition, it was further observed [13, 14] that
B-relaxation along with a-relaxation could occur when the strain rate had surpassed
the critical value of 1 s,

It is evident form the shear existence of so many viewpoints and observations as
enunciated above, that in spite of the wealth of literature, the mechanisms involved
in high strain rate compressive deformation and failure of PMMA are yet to be
unequivocally established. Therefore, the objective of the present study was to
conduct split Hopkinson pressure bar (SHPB) experiments on PMMA at relatively
high strain rates (e.g., ~4 x 10°to 1.3 x 10° s™!), with a view to develop better
understanding about the compressive deformation and failure mechanisms of the
same. It was decided to conduct the experiments under controlled applied stresses in
such a fashion so as to cause deformation with and without fracture to occur in the
present PMMA samples such that the issues of failure mechanisms at high strain
rates can be better resolved.

Materials and methods

Commercially available PMMA (Anulon-120, M/S Plastic Abhiyanta, Kolkata,
India) samples were used. The data on the physico-mechanical properties of the
particular grade of PMMA as quoted by the supplier are given in Table 1.

Table 1 Physico-mechanical

properties of PMMA samples Property Standard Value
Density DIN 53479 1.18 g/em?
Softening temperature DIN 53460 102 °C
Coefficient of linear thermal VDEO 70-10"% ™!

expansion 304/1

Thermal conductivity DIN 52612 0.19 W/m°C
Impact strength DIN 53453 12 kj/m?
Tensile strength DIN 53455 72 MPa
Elongation at break DIN 53455 45 %
Flexural strength DIN 53452 105 MPa
Compressive yield stress DIN 53454 103 MPa
Modulus of elasticity DIN 53457 3,300 MPa
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It has been reported that cylindrical polymer specimens with thickness (/) to
diameter (d) ratio (I//d) of 0.5-2.0 are appropriate for compressive SHPB testing
[15]. The diameter (d) and thickness (/) of the PMMA specimens used in the present
experiments were kept in the range of 10.09 £ 0.04 and 5.09 + 0.04 mm, so that the
slenderness ratio (I;/d) was about 0.5 to ensure stress equilibrium [16—18].

Four different sets e.g., A, B, C, and D of the PMMA samples were used in the
present experiments. Each of these sets contained four samples e.g., the data
represented as that of sample A is the average data measured for the samples Al,
A2, A3, and A4. The similar situations were true for the samples B, C, and D. But
for the sake of brevity, clarity and comparative discussion only the average,
representative data are presented here for the four sets of PMMA samples e.g., A, B,
C, and D. The loading was controlled in such a fashion that the PMMA samples A
and B had undergone deformation followed by fracture, whereas the PMMA
samples C and D had undergone deformation without fracture.

In the current SHPB experiments, the pulse-shaping technique was used. As
suggested by other researchers [6, 19], the application of this technique ensures
stress equilibrium in the specimen during the dynamic compression experiments
conducted at high strain rates. Thus, tiny copper pulse shapers of ~5 mm diameter
and ~0.5 mm thickness were used in the experiments.

The PMMA samples were typically kept as sandwiched between the incident bar
and the transmitter bar and loaded in dynamic compression. One pair of strain
gauges was mounted exactly at the mid-length positions on both incident and
transmitter bars. The strain rate and stress data were obtained from the reflected
strain (eg) and transmitted strain (er) pulses received from the gauges mounted on
the incident and transmitter bars, respectively.

The following Egs. e.g., (1), (2), and (3) from References [19, 20] were used to
calculate the strain rate &(z), the average strain &(f), and the maximum compressive
yield stress gy (t)of the PMMA specimens used in the compressive SHPB testing:

The strain rate,

&(1) = (2Co/Is)er (1) (1)
The average strain,
(1) = £(2Co /1) / en (1) dt 2)
0

The maximum compressive yield stress,
Ove(t) = £E en (1) (3)

Here, C, is elastic wave velocity in the bars, [ is specimen length, Ag is the cross-
sectional area of the specimen, Ap is the cross-sectional area of the bar, E is
Young’s modulus of the bar, and 7 is time.

As mentioned earlier, the compressive stress—strain responses of the four
different sets A, B, C, and D of PMMA were measured in the present work under
two different experimental conditions. In the first case, the high strain rate
compressive responses were measured when the PMMA specimens A and B had
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undergone deformation followed by fracture. In the second case, however, the same
were measured when the PMMA specimens C and D had undergone deformation
without fracture.

Results and discussions

The experimental data on force versus time are presented in Fig. 1. It may be noted
that the dynamic equilibrium of the related forces requires that the sum (F; 4+ FR)
equals Fr, where Fj is the incident, Fy is the reflected and Fr is the transmitted
component of force (F). Under ideal conditions when there is cent percent proper
surface-to-surface contact between the incident and transmitter bars, Fr should be
zero and the dynamic equilibrium of the forces requires that the force component Fy
equals the force component Fr. In real contacts, however, Fy is non-zero. The strain
data were recorded from the pair of strain gauges mounted on the incident bar. The
values of Young’s modulus (e.g., E ~ 200 GPa) and cross-sectional area (e.g.,
diameter ~20 mm) of the incident bar made up of hardened steel were utilized to
calculate the magnitudes of F1 + Fg. Similarly, the relevant data were used for the
transmitter bar to calculate the magnitude of Frr. The typical calibration data plot
(Fig. 1) obtained from the SHPB experiments presented without the sample
sandwiched between the incident and transmitter bars showed that the two force
curves mostly overlapped with each other signifying that the stress conditions in the
incident and transmitter bars were closely analogous. It also confirmed that the
dynamic force equilibrium was achieved in the present experiments. Therefore, it
may be concluded that the SHPB apparatus used in the present experiments was
properly calibrated, aligned and reasonably friction free.

—o— Force (incident plus reflected pulses)
60 —o— Force (transmitted pulse)

40

Force (KN)

20

50 100 150 200
Time (us)

Fig. 1 Typical force versus time data plot for the incident, reflected and transmitted pulses obtained from
the SHPB experiments
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In the case of the sample C, the data presented in Fig. 2a showed that the
combined duration (e.g., 275 ps) of the reflected and transmitted strain pulses was
longer by about 69 ps than that (e.g., 206 ps) of the incident strain pulse. Similarly,
the data presented in Fig. 2b for specimen D, established that the combined duration
(e.g., 265 ps) of the reflected and transmitted strain pulses was longer by about
45 ps than that (e.g., 220 ps) of the incident strain pulse.
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Fig. 2 Typical dynamic incident, reflected, and transmitted strain pulses obtained from the SHPB
experiments conducted on the PMMA samples: a C and b D

@ Springer



Polym. Bull. (2014) 71:133-149 139

When the compressive incident strain pulse reaches the interface between the
PMMA sample and the transmitter bar, a part of it gets reflected back from the
interface into the sample, while the rest part gets transmitted into the transmitter bar
as mentioned above. It is plausible to imagine that at any given instant there could
be many strain pulses generated inside the PMMA sample due to the first incident
compressive strain pulse. When one such strain pulse will have a part transmitted
through the transmitter bar and a part reflected back into the sample from the
interface, it becomes highly likely as well that this reflected back strain pulse could
get itself overlapped with the most immediate next strain pulse that is trying to pass
through the PMMA sample towards the interface. This is most likely why the
specimen took longer time to recover up to zero stress during unloading. A
comparison of the data plotted in Fig. 2a, b would suggest that the compressive
stress endurance of sample C (unbroken at strain rate ~1.02 x 10° s7') would be
slightly higher than that of sample D (unbroken at strain rate ~7.81 x 10% s~ ).

For the PMMA sample types A, B, C, and D, the typical average, representative
data on strain rate and stress versus time have been plotted in Fig. 3. These data
showed many characteristic features of the deformation and failure processes which
shall be discussed now.

The data presented in Fig. 3 indicated that four PMMA samples “A”, “B”, “C”,
and “D” had respectively achieved maximum strain rates of ~1.34 x 10 s™" at
~52 ps at the point marked as A, ~1.19 x 10* s™' at ~62 ps at the point marked
as B, ~1.02 x 10% s~ at ~55 ps at the point marked as C, and ~7.81 x 10 s™*
at ~69 ps at the point marked as D. The point marked as F'5 in Fig. 3 indicated the
region where sample type “A” had fractured at a strain rate of e.g.,
~9.31 x 10% s~ ' at ~87 ps. Similarly, the point marked as Fy in Fig. 3 indicated

1400 rwy - 400
PMI e o, o
o PMMAB mﬁh ! o, S
1200 {44 PMMAC DB I
o PMMAD ¥
- 300
1000 A
= o
& L 250 =
o 800 - o
J('_U‘ w
o - 200 E
£ 600 5
J - 150 &
73]
400
. - 100
200 4 L 50
[ PMMAD — &
0 T T b T ¥ T ¥ T ¥ T ¥ T ¥ T T 0
0 20 40 60 80 100 120 140 160

Time (us)

Fig. 3 The typical, representative, average strain rate, and the corresponding stress data obtained as a
function of time as measured from the SHPB experiments conducted on the PMMA samples A, B, C, and
D
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the region where sample type “B” had fractured at a strain rate of e.g.,
~7.69 x 10 s™" at ~101 ps.

However, the point marked M indicated the region where sample “C” had
endured the maximum compressive stress at a strain rate of e.g., ~6.75 x 10% s!
at ~101 ps. Thus, the point marked Mp, indicated the region where the sample “D”
had endured the maximum compressive stress at a strain rate of e.g.,
~475 x 10 s " at ~112 ps.

Further, the points marked as Tyc and Typ indicated the regions, where the
samples “C” and “D” returned to their almost “near-zero” compressive stress
states at strain rates of e.g., ~0.70s™' at ~152 ps and ~ (—4.84 s7!) at
~ 151 ps, respectively. The “—” sign suggested that possibly the stress state had
changed from a compressive one to a tensile one.

The data on stress versus time (Fig. 3) indicated that the PMMA samples “A”
and “B” had achieved respectively the maximum compressive yield stresses of
~351 MPa at the point marked as o, at e.g., ~87 pus and ~ 345 MPa at the point
marked as op at e.g., ~101 ps. As mentioned earlier, both of these samples had
suffered catastrophic failures during the present SHPB experiments.

After analysing the data on stress versus time and strain rate versus time (Fig. 3),
it showed that PMMA sample “A” failed when it attended the maximum
compressive yield strength (gy.) of ~351 MPa at ~87 ps at a strain rate of
~9.31 x 10 s7" (e.g., at F,). Corresponding value of maximum compressive
yield strength (ov.) for sample “B” was ~345 MPa at ~ 101 ps at a strain rate of
~7.69 x 10*>s7! (e.g., at Fg), when it failed. Thus, the average maximum
compressive yield strength (avy.) of the PMMA “B” sample was similar to that (e.g.,
~351 MPa) of the PMMA sample “A”, as expected.

However, it is also evident from the data presented in Fig. 3 that the PMMA
samples “C” and “D” had endured respectively the maximum compressive stresses
of ~338 MPa at the point marked as o¢ at e.g., ~101 ps and ~281 MPa at the
point marked as op at e.g., ~ 112 ps. Further, the experimental data presented in
Fig. 3 confirmed that both of these samples returned to their near-zero compressive
stress states.

It is interesting to note that at the point marked as C in Fig. 3, the PMMA sample
“C” had attained the typical average the maximum strain rate of ~1.02 x 10 s~
at a time instant of e.g., 55 ps. Moreover, the PMMA sample “C” did not fail at this
strain rate. Rather, it had continued to endure further stress until it had attained the
peak stress e.g., 338 MPa. This region is marked as oc in Fig. 3. In addition, this
particular point must be emphasized that this magnitude of stress state (e.g.,
338 MPa) had been achieved at a much later time instant of e.g., ~ 101 ps (Fig. 3)
when the average strain rate was, in fact, a little lower e.g., ~6.75 x 102 s~!. This
point is marked as M, in Fig. 3. The other critical point of importance as revealed by
this data was that that beyond this instance of time e.g., ~101 ps the sample got
slowly unloaded with deformation without fracture as illustrated by a continuous
decrease of strain rate with time (Fig. 3).

Finally, after an elapsed time of 152 ps i.e., at the point marked as Ty in Fig. 3,
the strain rate became zero and subsequently negative (not shown in Fig. 3). The
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negative strain rate data may possibly mean that it became tensile from being
compressive so long in nature.

It needs to be noted further that at the point marked as D in Fig. 3, the PMMA
sample “D” had attained the typical average the maximum strain rate of
~7.81 x 10% s~'. This happened after about 69 ps taking the instant of impact
as the reference zero of the time scale.

Similar to the case of the PMMA sample “C” as discussed above, the PMMA
sample “D” also did not fail at this strain rate. Rather, it had continued to endure
even higher stress levels until it had attained the peak stress e.g., ~281 MPa. This
region is marked as op in Fig. 3. Further, this particular point must be recognized
that, this magnitude of stress state had been achieved at a much later time instant of
e.g., ~112 ps (Fig. 3) when the average strain rate was, in fact, a little lower e.g.,
~4.75 x 107 s~'. This point is marked as Mp, in Fig. 3. The other critical point of
importance was that, beyond this instance of time e.g., ~112 us, the sample got
gradually unloaded with deformation without fracture as demonstrated by a
continuous decrease of strain rate with time (Fig. 3).

In addition, it should be noted further from the data presented in Fig. 3 that
finally, after an elapsed time of about 151 ps the strain rate became zero and
subsequently negative (not shown in Fig. 3). This situation is indicated by the point
marked as Typ in Fig. 3. Thus, this data was similar to that (e.g., 152 ps) of the
PMMA sample “C” as discussed above. Here also, the negative strain rate data may
possibly suggest that it became tensile in terms of response behavior after having
remained as compressive for so long.

Application of the Eq. (2) to the data presented in Fig. 3 also showed that the
PMMA sample “A” had failed at a total average typical strain of about 7 % after
about 87 ps taking the instant of impact as the zero reference data for time.
Interestingly, the total average typical strain at failure was also about 7 % for the
PMMA sample B; but it had occurred after a little more time (e.g., after ~ 101 ps)
compared to that (~ 87 ps) of the PMMA sample “A”.

In the case of the PMMA samples “C” and “D”, deformation without fracture
was observed. It was reflected in the fact that the strains estimated for PMMA
samples “C” and “D” were a little on the lower side. For instance, the application
of the Eq. (2) to the data presented in Fig. 3, gave an estimate of about 6.5 % strain
attained after about 101 ps if the instant of impact is taken as the zero reference data
for time. Similarly, in the case of sample “D” the application of the Eq. (2) yields a
strain estimate of about 5.5 % achieved after about 112 ps had elapsed from the
instance of the high strain rate impact event.

Following the method prescribed in reference [21], the typical average
representative pictures of the variations of strain rate (¢) with strain are depicted
in Fig. 4a—d for the present PMMA samples e.g., A, B, C, and D. The measured
areas under each of these representative curves are as indicated in the insets of
Fig. 4a—d. These data actually reflected the amount of energy spent from the
compressive loading train per unit volume per unit time by the various PMMA
samples during the present SHPB tests. It was further interesting to note that the
amount the energy absorbed per unit volume per unit time from the compressive
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loading train, by the present PMMA samples, had actually increased with the
enhancement of strain rate.

The compressive stress endurance of polymers is highly sensitive to strain rate,
which decides the rate at which the energy is transferred from the compressive
loading system to the sample. The data presented in Fig. 5 show the comparison of
typical, average, representative maximum compressive yield strength, (gy.) versus
average strain rate (¢,,) of PMMA samples used in the present work and the similar
data from the works reported by Richeton et al. [4], Li et al. [7], Blumenthal et al.
[8], and Mulliken et al. [22].

The data presented in Fig. 5 show that the maximum compressive yield strength,
(oy.) of the present PMMA samples increased with increase of the average strain
rate (&, ). Thus, the present data were similar to the observations reported by a
considerable number of earlier researchers [1, 4, 5, 7, 8, 17, 22]. In particular, the
inset of Fig. 5 depicts the data (from the present work as well as from literature)
which appeared as a cluster as shown by the dotted circle in Fig. 5.

In addition, taking into considerations the data reported in literature [4, 7, 8, 22]
and the data from the present work, an empirical power law relationship is predicted

1500
(a) (b)moo
1000 4
> 1000 > 800 4
L o
E E 600 -|
€ Area: 157.08 S Area: 105.25
» 500 . . -1 n 400 4
. . -1
Avg strain rate: 1033 & Avg strain rate: 829 s
200
0 - . . - - - - 0 : : T T T T
000 002 004 006 008 0.10 0.12 0.14 0.16 0.00 0.02 004 006 008 010 012 0.14
Strain Strain
900
(c) 1200 (d)
<~ 800 < 600 4
Ko L
o 2
[ i
£ £
4 5 300
5
& 400 ) » B
Area: 62.45 Area: 37.57
. -1
Avg strain rate: 726 s . -1
9 Avg strain rate 600 s
0 T T T r 0 . . T T T T
0.00 002 004 006 008 0.0 0.00 001 002 0.03 0.04 005 006 0.07
Strain Strain

Fig. 4 The typical, representative, average strain rate versus strain data plots as measured from the
SHPB experiments conducted on the PMMA samples at various strain rates: a PMMA “A” at
1.033 x 10°> s™', b PMMA “B” at 8.29 x 10° s™', ¢ PMMA “C” at 7.26 x 10°> s™' and d PMMA “D”
at 6.00 x 10° s~
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to exist between the maximum compressive yield strength, (ovy.) and the average
strain rate (€,,). This empirical relationship is described by the following Eq. (4):

(0ye) = 204.17 (84 ) 0% (4)

The empirical relation described by the Eq. (4) proposed in the present work
satisfactorily predicts the compressive yield strength of PMMA reported in
literature [4, 7, 8, 22], as well as those obtained from the present work. The visual
appearance of the predicted trend (Fig. 5) also suggested that the experimental data
covering a range of eight orders of magnitudes e.g., from ~107* to 10* s~! can be
predicted using the relationship proposed by the Eq. (4).

For instance, the present empirical Eq. (4) predicted the maximum compressive
yield strength of PMMA as about 95 MPa at a strain rate of 10~* s~' which was
within 10 % of the experimental data e.g., 85 MPa measured at the same strain rate
of 107 s™' [7]. Similarly, the proposed empirical Eq. (4) successfully predicted the
maximum compressive yield strength of PMMA as about 442 MPa at a strain rate of
10* s7! which was within 10 % of the experimental data e.g., about 400 MPa
measured at the same strain rate of 10* s™! [23].

The close match between the values predicted on the basis of the Eq. (4)
proposed in the present work and the experimentally measured data at both very low
and very high strain rates reflects upon the efficacy of the empirical relationship.
Further, the comparatively lower value of the exponent in Eq. (4) seems to suggest
that the extent of strain rate sensitivity of the maximum compressive yield strength
for the present PMMA samples might be of comparatively lower magnitude.

In general, the deformation of amorphous polymers e.g., PMMA at high rates of
strain can often lead to conversion of the impact energy to heat energy. Whether the
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heating would be localized at the crack tip, or on the shear plane, or throughout the
bulk of the material would depend on the exact mode of deformation of the PMMA
under study [24]. The total energy imparted to the specimen is absorbed either as
fracture energy or as elastic strain energy or a combination of the two.

In the cases when the specimen failed e.g., as in the cases of “A” and “B”, the
PMMA samples absorbed the total energy from the system. In such cases, the
energy absorbed must have had exceeded the fracture energy of the PMMA samples
“A” and “B”. As a result of this process, the samples broke into pieces.

Since the mechanical properties of PMMA are strongly rate sensitive, failure
behavior changes from ductile to brittle as strain rate increases. At increasing strain
rate, the periodic time gap between the energy accumulation and release becomes
progressively smaller. This leaves the PMMA samples with very little time to relax
and readjust the localized huge strain development through its own chain mobility.
As a result of this process, cracks are initiated rather quickly into the PMMA
samples “A” and “B”. However, only initiation of cracks does not ensure failure.
The failure of PMMA “A” and “B” happens when the strain rate reaches a certain
critical value (e.g., ~7.69 x 107 s™') that leads to the rapid and uneven extension
of the existing cracks until the specimen fractures [20]. This is possibly why the
PMMA samples “A” and “B” did not necessarily fail at the highest strain rates
achieved during the present SHPB experiments.

The scanning electron microscope (SEM) photomicrographs of the fracture
surfaces of PMMA “A” sample, collected after the SHPB tests, are shown in
Fig. 6a, b. It is evident from Fig. 6a that some local melting of the PMMA chains
have had taken place during the propagation of the shock pulse across the sample
during the high strain rate SHPB tests. Similarly, from the features displayed in
Fig. 6b, the possibility of a highly localized shear deformation cannot be totally
ruled out.

It is well known that an increase of strain rate decreases the molecular mobility of
the polymer chains by making the chains stiffer [4, 24]. Many molecular theories
have been proposed [4, 24] to predict the yield stress of amorphous polymers
undergoing compressive/tensile loading. These models have taken into account the
yield behavior of PMMA as a thermally activated process. Subsequently, attempts
were made to decouple the individual influence of strain rate from the individual
influence of temperature in the entire failure mechanisms of PMMA [24]. Recent
efforts [25] have also showed that relaxation rates increased substantially, when the
PMMA specimens were stretched beyond the yield point. It was claimed that, such
an observation implied the existence of chain mobility in the unstressed surface of
PMMA that got enhanced around surface depressions, following the onset of local
plasticity.

Yielding of the amorphous polymers under compressive load involves movement
of the polymer chains in a cooperative fashion to accommodate deformation within
the activation volume that gets generated during the high strain rate loading process
[3, 4]. Successful attempts were also made very recently [4] to accommodate the
temperature dependence of both effective stress and the characteristic strain rate
into this general mathematical formalism to cover a wide range of strain rates and
stresses. This effort confirmed that there is a strong correlation between the yielding
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Fig. 6 The SEM photomicrographs of fracture surfaces of PMMA “A” sample after failure suggesting
localized a melting and b shear deformation

process and segmental mobility of the B-relaxation process in amorphous polymers
such as PMMA [4].

It is well known that PMMA deforms initially by bulk plastic flow, followed by
initiation of parallel and perpendicular cracks and finally, by both shear damage
growth as well as random cracking [13]. If it is assumed that the temperature
generated at the crack tip is due to release of the elastic strain energy stored in the
PMMA sample during the high strain rate experiments then the samples which
suffered the most catastrophic failure [“A” and “B”] should have suffered mostly
from temperatures at the crack tips.

Although no attempt was made in the present experiments to measure the
temperature of the PMMA samples during the high strain rate loading processes, but
the maximum temperature that could be generated at the crack tip has been
estimated to be ~530 °C [13]. The typical decomposition temperature for PMMA
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Fig. 7 The SEM pictures a, b of the post-SHPB test deformed surfaces of the PMMA samples “C”,
showing the possibility of localized rise in temperature during the SHPB experiments

is ~360 °C, while the softening temperature for the present PMMA samples is even
lower e.g., ~102 °C (Table 1). Therefore, local decomposition possibility cannot
be ruled out for PMMA “A”. The SEM photomicrographs shown in Fig. 6a indeed
provides very strong indirect support in favor of this conjecture. Similar features
were also found in SEM examinations for the PMMA sample “B”, but were not
included in the present communication for the sake of brevity.

When the specimen deformed without fracture, as was the case with the PMMA
samples “C” and “D”, the energy absorbed by it must have been transformed into
elastic strain energy. When this strain energy is released, similar to the case of “A”
and “B”, it would lead to localized heat generation at the tip of the existing cracks
in “C” and “D”. But the amount of heat generated in “C’ and “D” could be lesser
than those generated in “A” and “B”, since the strain rates in “C” and “D” were
much lesser (Fig. 3) than those of “A” and “B”.
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as

Fig. 8 The SEM images a, b of the post-SHPB test deformed surfaces of the PMMA sample “C”,
suggesting the possibility of strain softening at the peak stress attained during the SHPB experiments

But, even then adequate local rise in temperature is possible [13, 21]. Given the
fact that the present PMMA had a relatively lower softening temperature of 102 °C
(Table 1), the effect of localized adiabatic heating on the strain softening cannot be
neglected [23].

If such a situation prevailed in the PMMA samples “C” and “D” it would lead
to a deformed microstructure without going to the extent of melting. The
representative  SEM photomicrographs of the surfaces of unbroken PMMA
specimen “C” collected after the SHPB tests are shown in Fig. 7a, b. It appears
from these two photomicrographs that the microstructure is deformed, which
might have had happened, due to localized rise in temperature, as suggested
above.

Similarly, the SEM photomicrographs depicted in Fig. 8a, b appear to suggest in
favor of strain softening that had happened at the peak stress for the PMMA sample
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“C”. Similar characteristic evidences were also found during SEM examinations of
the deformed surfaces of the PMMA sample “D”, but has been deliberately kept
outside the present communication for the sake of brevity.

According to the Ree-Eyring theory [26], the temperature and strain rate
dependencies of the yield behavior are related to the specific degrees of freedom of
the chains for a given polymer. When a given degree of freedom becomes suddenly
restricted at high strain rate, the corresponding process begins to contribute to the
overall resistance of the material against deformation. Thus, based on the present
experimental evidences and literature data [22] it may be suggested that a fraction of
the energy spent in localized plastic deformation was converted to heat. As a
consequence, the PMMA samples “C” and “D” might have had experienced some
thermal softening that could have led to deformations without fracture at the strain
rates of ~4.75 x 10% to 6.75 x 10* s~, (Fig. 3).

Conclusions

The major conclusions of the present work are:

(a) The maximum compressive yield strength of the present PMMA samples
increased from about 281-351 MPa (i.e., by ~25 %) with the corresponding
enhancement in strain rates e.g., from ~4.75 x 10% t0 9.31 x 10% s,

(b) The failure processes of the current PMMA samples had initiated beyond a
critical value (e.g., ~7.69 x 10? s~ of strain rate.

(c) The experimental data and existing knowledgebase suggested that for the
present PMMA samples undergoing deformation followed by fracture in the
SHPB experiments, two mechanisms might have had occurred -either
independent of or simultaneously with each other. These are proposed to be,
the thermal decomposition due to localized rise in temperature during high
strain rate impact; and the localized shear flow due to high stress concentration
at existing crack tips.

(d) In addition, it is suggested that the presence or absence of strain induced
localized and/or global softening of the material’s microstructure have a strong
bearing on the high strain rate dynamic behavior of PMMA samples
undergoing deformation with or without brittle fracture.
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