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To investigate dynamic fracture processes of poly-
mers on a microscopic scale, a fracture test of
poly(methyl methacrylate) (PMMA) thin films was per-
formed with scanning electron microscope (SEM) and
fracture processes of the film were in situ observed.1 A
crack is preceded by a craze. The mechanisms of prop-
agation and fracture in the craze should be clarified.
Test conditions affect nucleation of a craze, propagation
of a craze and transformation to crack from the craze.
Stress is an important factor in what yields a craze, and
the relation between the stress and the craze behavior
was studied. In bulk polymers, stress and stress inten-
sity factors have been investigated.2, 3 In thin polymer
film, craze stress is measured indirectly using an opti-
cal density method.4 In previous work stress on the film
subjected to tensile load was not detected.1

In this work, test equipment was improved to detect
the tensile stress on the specimen. A small load cell was
made from four strain gauges attached to a thin plate
of stainless steel (0.1 mm× 8 mm× 50 mm). Bending
strain of the plate was measured (Figure 1). The load
cell was connected to a strain amplifier (Kyowa Elec-
tronic Instruments Co. Ltd. Japan, DPM-700B) by lead
wires through the sample chamber of SEM.

Output signal of voltage was calibrated by standard
weights. The calibration curve is shown in Figure 2.
Output voltages 70 mV and 143 mV were gained for
loads of 5 g and 10 g, respectively. The relation be-
tween voltage and loads was almost linear and sensi-
tivity was satisfied in this work.

PMMA samples (Comoglass, Kyowa gas Co. Ltd)
with molecular weights (polystyrene standard) Mw and
Mn were 139000 and 59900, respectively. Thin films
of PMMA were produced by pulling a glass plate
from the toluene solution of PMMA.1 The plate was
kept in an oven at 65◦C for 4 h. Film thickness was
5 µm. Films on the glass plate were cut into rectan-

Figure 1. A load cell in tensile test machine.

Figure 2. Calibration curve for output voltages vs. loads in a
load cell.

gules 3 mm× 10 mm and, then, immersed in a water
bath. The rectangular films on water surface were dried
in an oven at 65 ◦C for 4 h. A side edge on the films
was notched by a razor. A single edge-notched speci-
men was fixed on chucks of the tensile test equipment.
Tensile displacement speed was 1.2 mm min−1. Dis-
placement was stopped intermittently to observe frac-
ture processes and take photographs.

Photographs of extending cracks and crazes during
tensile test are shown in Figures 3 and 4. Craze growth
was of two types depending on the notch length. Type
1 is shown in Figure 3 and was generated from spec-
imens with longer notches (notch length to specimen
width, 0.567). Crazes show curved lines of white color
and are observed in front of a crack at load of 1.64 g
(Figure 3b). The increment of craze length is about
26.7 µm. At 11.64 g load (Figure 3c), crazes were
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In Situ SEM Observation of Fracture

Figure 3. In situ SEM observation of fracture processes of thin
film of PMMA. Thickness of the films, 5 µm. Notch length to the
specimen width, 0.567. Arrows in photos show stress directions.
The crazes grow smoothly with curved shape. These were type 1
crazes.

longer (increment of length, 80 µm) and thicker and
increased in number. Cloud-like crazes are emerged
around the big crazes. At last the specimen broke out at
14.2 g.

Type 2 crazes were straight and few in number (Fig-
ure 4) and made from specimens with shorter notches
(notch length to specimen width, 0.217). At 5.43 g,
craze increased and increment was 20 µm (Figure 4b)
and at 9.5 g craze increment was 38.4 µm (Figure 4c).
At 12.86 g the specimen broke out.

For a single edge notched specimen, stress concen-
trates at the edge of notch and stress concentration fac-
tor increases due to crack nucleation at the edges. In
bulk specimens, to account the stress around the crack
stress intensity factor is normally used. Stress intensity
factors were thus calculated from loads, crack length,
and thicknesses. In this work, crack length was total
length of crack and craze. Stress intensity factor was

Figure 4. In situ SEM observation of fracture processes of thin
film of PMMA. Thickness of the films, 5 µm. Notch length to spec-
imen width, 0.217. Arrows in photos show stress directions. The
crazes were straight and crack-like in shape. These were type 2
crazes.

an apparent value because the true crack length was not
used. The stress intensity factor (K) was calculated as,5

K = F(a/W)σ
√

(πa); a/W = ξ

F(ξ) � 1.12−0.231 ξ+10.55 ξ 2−21.72 ξ3 +30.39 ξ4

where a, W , and σ are crack length, specimen width
and stress, respectively.

The apparent stress intensity factors (K) of the type 1
are 0.32 MNm−3/2, 2.46 MNm−3/2, and 3.50 MNm−3/2,
respectively, for loads of 1.6 g, 11.6 g, and 14.2 g
(Figure 3). Stress intensity factors of type 2 were
0.24 MNm−3/2, 0.43 MNm−3/2, and 0.62 MNm−3/2, re-
spectively, for loads of 5.43 g, 9.5 g, and 12.86 g (Fig-
ure 4). Ks for type 1 were larger than Ks for type 2. K
of type 1 at fracture (Kc) was much larger than Kc of
type 2. This relation between craze figure and strength
is similar to the relation in wet craze.6 For mild craze-
inducing-agents, curved craze grew smoothly to pro-
duce multiple crazes. Fractures occurred at higher load.
Type 1 crazes thus resemble those with mild agents.
With severe craze-inducing-agents sharp straight crazes
grew stepwise. Fractures occurred at lower loads. Type
2 crazes resemble those with severe agents. The condi-
tions for craze formation were found to resemble to wet
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craze conditions, although the crazing agents were not
used.

Loads in the tensile test of PMMA thin films could
to be measured by SEM in situ observation. The two
types of craze nucleation and propagation were found.
Kc in type 1 craze was higher than with Kc in type 2. To
clarify the reason for this, different test conditions will
be studied in the future.
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