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A method of measuring energy dissipation
during crack propagation in polymers with an
instrumented ultramicrotome
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In order to characterize very local energy dissipation during crack propagation in polymers,
an ultramicrotome was instrumented to measure the energy dissipated during sectioning.
The work to section per unit area, Ws, was measured for five different amorphous polymers
[polymethyl methacrylate (PMMA), polystyerene (PS), polycarbonate (PC) and two epoxy
resins] in the glassy state. When the section thickness was varied between 60 and 250 nm,
Ws varied between 15 and 100 Jm~?, depending on the material and section thickness. The
method and the results are compared with other methods used for determining the energy
dissipation at a local level as well as at a macroscopic level in polymers. The differences
between different polymers were found to be contradictory to macroscopic fracture
toughness, G, measurements. The material that showed the highest Ws had the lowest
G. values reported. Possible mechanisms for energy dissipation during sectioning are also

discussed.

1. Introduction

The energy required to extend a crack over a unit area
in a solid is often termed the fracture energy or the
critical strain energy release rate, G.. In the case of
amorphous polymers, G, depends generally on mo-
lecular weight (or the molecular weight between
crosslinks, M), molecular orientation, crack velocity,
temperature and the applied strain [1]. During crack
propagation in amorphous polymers several energy
dissipation mechanisms may contribute to G, from
chain scission at the fracture plain to large scale plastic
deformation at the crack tip. If the temperature is
above the glass transition temperature, T, large scale
molecular motions may cause extensive plastic defor-
mation at the crack tip. G, is then high and extremely
time and temperature dependent. King and Andrews
[2] showed that G, for an epoxy obeys the Williams-
Landel-Fery (WLF) time—temperature superposition
at temperatures above T.

However, at temperatures below T, the relaxation
time for large scale molecular motion is longer than
the time scale of the experiment. Therefore, other
energy dissipation mechanisms than described above
may then dominate. Such mechanisms include chain
scission and cleavage of secondary bonds, and the
development of subcrack systems.

The level of G, depends on the active mechanisms
and the activation volume. The theoretical minimum
for G, is termed the intrinsic fracture energy, G,, and
represents the energy to cleave secondary and primary
bonds at the fracture surface. G, is independent of
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time and temperature. G, may then be described as
G = Go + V¥ 1

where Vs is the energy dissipated in mechanisms such
as viscoelastic and plastic deformation [1] and the
development of subcrack systems.

If only secondary bonds were ruptured in a poly-
mer, then G, = G, = 2y, where v is the surface free
energy, typically 0.04 Jm™? (see Table I). However,
crack propagation in polymers also necessitates rup-
ture of stronger covalent bonds. Typical levels of G, at
the order of 1 Jm ™2 have been reported (see Table I)
L1, 5]. When measuring G, by macroscopic tests, such
as compact tension (CT) or double cantilever beam
{DCB), considerable higher values of Gy (index I for
crack opening mode) are found, typically 500-1000
Jm™2 The reason is that even for the most brittle
polymers, crack propagation is dominated by other
mechanisms than pure chain scission at the crack
plane. Methods of increasing the volume of activated
material have been the focus of a large body of re-
search since the early 1970s.

In order to understand the rule of different energy
dissipation mechanisms one needs methods to quan-
tify the dissipated energy on all levels, the molecular
level and the macroscopic level. To the authors’
knowledge, only a small number of methods for the
measurement of dissipated energy at a very local level
have been reported. Many methods include the propa-
gation of a more or less known crack through the
material [2, 11, 13-14], but methods based on
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TABLE 1 Properties of the five amorphous polymers studied

Material Surface Intrinsic Fracture Young’s Glass
free fracture energy at modulus?, E transition
energy®, v energy®, G, 20°C¢, Gy, (GPa) temperature®, T,
@m™?) (IJm™? (m™) O

DGEBA/DETA - - 130 2.1 107

DGEBA/APTA - - 300 24-32 93

PS 0.040-0.041 0.5 300400 3.2-34 95

PC 0.042-0.043 0.6 1500 24 150

PMMA 0.039-0.041 0.4-0.5 500 3.3 105

* Data from [1, 3-5].
®Data from [1, 5].

¢ Data from [1, 6-8].

4 Data from [4, 5, 9-11].
¢ Data from [10, 12].

grinding techniques have also been reported [15-187.
However, most methods include tedious experimental
work and or indirect material characterization.

Fordyce et al. [17] accomplished mechanical degra-
dation by grinding PS under liquid nitrogen using
a dental burr in a handgrinder. The number of chain
ruptures per square metre were determined by elec-
tron spin resonance spectroscopy (ESR), fourier trans-
form infrared spectroscopy (FT—i.r.) and viscometry to
be between 10'7 and 108, This corresponds to a frac-
ture energy about 1 Jm™2 Mohammadi et al. [16]
used a dental burr connected to a rheometer and
measured the fracture energy and the molecular
weight distribution before and after cutting in a PS
latex film. Fracture energy depended on annealing
time and the maximum energy measured was
2.5Jm™ 2 Yang et al. [18] used impact fragmentation
by an air jet pulverization process and evaluated the
number of chain scissions by measuring the molecular
weight reduction and the total fracture area by size
exclusion chromatography and statistical particle size
measurements, respectively. The number of chain scis-
sions was found to be 3.3x10*m~2 in PS. This
corresponds to a fracture energy of about 1 Jm ™2,

In an attempt to measure G,, Lake and Lindley
[11] evaluated the fatigue limit for rubbers. By
measuring the tearing energy and extrapolating data
to zero crack velocity they measured G, to be the same
order of magnitude as later modelled by Lake and
Thomas [19] (about 50 Jm™?). However, in order to
lower the great scatter the experiment would need to
be performed at extremely low crack speeds and is
therefore tedious. King and Andrews [2] modified
a theoretical model for highly cross-linked networks
in the rubbery state. The fatigue method did not work
well, but static loading tests gave good correspond-
ence to model: values. Depending on the epoxy resin
tested, G, was found to vary between 3.8 and
57Jm™2

Another attempt is presented by Vincent and
coworkers [15, 20, 217]. Their idea is to use a micro-
tome instrumented to measure cutting forces. When
the thickness of the sections were decreased continu-
ously from 1 mm to 1 pm the sectioning energy also
decreased. Atkins and Vincent [15] suggested that the
sectioning energy extrapolated to zero thickness is G.,.
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They used a rotary microtome fitted with a modified
knife holder as a load cell. No measurements on poly-
mers were recorded, but an interesting study on meat
was published by Dobraszczyk et al. [22]. Wool and
Rockhill [13] studied the molecular degradation dur-
ing microtome sectioning by viscometry. Hodson and
Marshall [23] and Saubermam et al. [24] presented
alternative methods for evaluating the sectioning
forces on a microtome.

The idea of controlling the studied volume during
crack propagation by sectioning could further be
refined to ultramicrotome sectioning. Wikefeldt [25]
reported fracture energies as low as 16Jm~ 2 for
PMMA. Unfortunately these results were only pre-
sented in a PhD thesis (in Swedish) and were not
discussed in terms of G, and G,. Helander [26] also
measured forces during ultramicrotome sectioning
for varying epoxy sectioning conditions. However, he
only reported forces (mN) and did not give results in
terms of work to section. Willett et al. [27] sectioned
PS rods with an ultramicrotome and concluded that
around 7 x 107 chain scissions per square metre took
place. , V

Several techniques to determine the sectioning
forces during ultramicrotome sectioning have been
reported [23,25-27]. Wikefeldt [257 placed two
piezoelectric elements in the drive arm of the ultramic-
rotome. Then it was possible to measure both forces
acting perpendicular and parallel to the sectioning
direction. Hodson and Marshall [23] calculated the
forces acting on the substrate by measuring the
velocity of the specimen arm by an electromagnetic
induction method. When they knew the mass and the
retardation it was possible to calculate the sectioning
forces.

Apart from the interest of a more complete under-
standing of fracture mechanisms, deeper insight of
the ultramicrotome cutting could be used in order to
optimize cutting techniques in the quest for perfect, or
at least reproducible, sections for quantitative studies.

The objective of this study is to evaluate the possi-
bility of using an instrumented ultramicrotome to
measure energy dissipation during sectioning of poly-
mers. Five amorphous polymers in the glassy state are
sectioned with varying section thickness. The method
and the results are compared with other methods used



for determining the energy dissipation at a local level,
as well as at a macroscopic level, in polymers. Further-
more, the results are also compared with theoretical
values found in the literature, and the mechanisms for
energy dissipation during sectioning is discussed.

2. Experimental procedure

2.1. Materials

Five amorphous polymers were studied, two epoxies
Diglycidyl ether of bisphenol A/Diethyl triamine
(DGEBA/DETA and Diglycidyl ether of bisphenol
A/Polyoxy propylencamine DGEBA/APTA) and
three thermoplastics (PS, PMMA and PC), see Table
IL. Since the thermoplastics were cut from commer-
cially available extruded sheets they are believed to
have relatively high molecular weight.

2.2. Specimen preparation

The two epoxy systems were cast into sheets according
to the suppliers recommendations and the thermo-
plastics were cut from extruded sheets of 2 mm. A fine
hand saw was used to cut samples from the sheets for
further preparation in the ultramicrotome. In order to
obtain a controlled shape suitable for ultramicro-
toming, the specimens were trimmed in the ultra-
microtome with a glass knife to yield an appropriate
sectioning area, a so called “mesa”, of approximately
1 mm?. The dimensions of the mesa were measured in
an optical microscope with calibrated magnification.

TABLE 11 Materials used in the study

2.3. Microtome cutting and thickness
measurement

The ultramicrotome used in this study was an LKB
Ultrotome V with a diamond knife. The ultramicro-
tome has a very accurate feed mechanism which gives
good reproducibility of section thickness at the used
setting. The thermal advance mechanism is accurate,
especially below section thicknesses of 100 nm.

The cutting force is obtained by speed control of the
falling weight of the specimen holder arm. The max-
imum force, which could be obtained, was approxim-
ately 3.4 N. Generally the cutting speed was set to
I mms™?

In Fig. 1 a schematic of the sectioning is presented.
The diamond knife, which according to the manufac-
turer has an edge radius of 5--7 nm, is forced to section
the mesa of 1 mm? When the edge of the knife is
sectioning, a force will act on the substrate and the
force transducer will respond accordingly. The force
acting on the polymer sample could be separated into
two perpendicular components. The force parallel to
the sectioning direction is termed the tangential force,
F,, and the force perpendicular to the sectioning direc-
tion is termed the radial force, F,.

The thickness of the cuts were determined from the
interference colours created by the difference in path
length between the rays reflected at the section surface
and rays reflected at the water surface below. Table 111
shows the used thicknesses for read colours calculated
after Patzelt [28].

Material Description

DGEBA/DETA The epoxy system DGEBA (DER 332 from Dow Chemical Co.) and curing agent DETA (DEH 20 from
Dow Chemical Co.). Mixing ration 100:11.9 by weight

DGEBA/APTA The epoxy system DGEBA (DER 332 from Dow Chemical Co.) and curing agent APTA (Jeffamine T-403
from Texaco Chemical Co.). Mixing ration 100:44.8 by weight

PS Polystyrene from extruded sheet

PC Polycarbonate from extruded sheet

PMMA Polymethyl methacrylate from extruded sheet

Mesa

ﬁ_/l

Knife \\

F h=60-250 nm

Figure 1 Schematic diagram of sectioning by an ultramicrotome o, clearance angle; B, bevel angle; v rake angle.
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TABLE III Interpretation of interference colour for two different
refractive indices

Interference Section thickness, h
colour (nm)

n=15 n=16°
Silver-grey 50-70 50-75
Silver 70-100 75-107
Gold 100-130 107-140
Violet 130-180 140-190
Blue 180-240 190-255
*PMMA

*Epoxy, PC, PS

2.4. Sectioning force measurements

In order to obtain the work to section, Wy, the sec-
tioning forces, F; and F, in Fig. 1, acting on the poly-
mer substrate (or on the diamond knife) are needed.
For that purpose a special sample holder which en-
ables force measurements was designed and built, see
Fig.2a,b. It is a construction in two halves, held
together by a prestressed force transducer (load cell).
In order to prevent mechanical vibrations, so called
chatter, effort was made to make the instrumented
sample holder as stiff as possible in the direction
perpendicular to the sectioning direction. The quartz
force transducer was a Kistler 9207 with a Kistler
charge amplifier, type 5011 A1l (Kistler Instrumente
AG). The signal from the amplifier was sampled ty
a computer for further data manipulation.

Since the sample holder was designed to detect
mainly tangential forces, a special technique was de-
veloped to obtain the radial force, F,. First, the sample
was trimmed and prepared with the axis of the force
transducer not parallel, but tilted at an angle ¢ = 10°
towards the knife. The recorded forces are therefore
a combination of both F, and F.. Since F, is measured
in a separate measurement, F; can be calculated
through

F(0°) x cos ¢ — Fi(d)
sin ¢
where F, (0°) is the known tangential force for no

tilting and F, (¢) is the tangential force for tilting
angle, ¢.

F, =

@

2.5. Measurement of dimensional changes
It is widely known that, when sectioning with an
ultramicrotome, the resulting sections are often
compressed in the sectioning direction [26,29]. In
order to measure these dimensional changes the op-
tical microscope mounted on the ultramicrotome was
connected to a video camera and the magnification
calibrated. A computer with an image analysis pro-
gram recorded the width and length of the sections
when they entered the water trough behind the edge of
the knife. The sections were focused and measured just
when they left the mesa. To obtain undeformed
dimensions, the mesa was focused and measured.
Dimensional changes were recorded for PMMA and
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Quartz force transducer

~] Sample clamper

Polymer sample

Prestress device/

(b}

Figure 2 The instrumented sample holder for the ultramicrotome
(a) photo, and (b) schematic diagram.

DGEBA/DETA, on four and six sections, respectively.
A compression factor, » = I/l;, was calculated, where
I is the length of the section and I; the section length
before sectioning (on the mesa).

2.6. Calculation of the work to section

Since the radial sectioning force, F,, does not do any
mechanical work, only the tangential sectioning force,
F,, was used for the calculation of the total work
to section, Wg. The work done per unit area in the



sectioning direction is
F
Wy = — 3
s = = o)

where b is the width of the sample mesa.

3. Results and discussion

3.1. Sectioning force measurements

The instrumented sample holder worked as expected
in terms of sensitivity and function. An existing ultra-
microtome can be used with modification of only the
sample holder. Therefore the required investment is
quite small. Results from the calibration, Fig. 3, show
that the instrumented sample holder has a linear re-
sponse, mainly on the tangential force component,
and is very sensitive. Forces as low as 5 mN could be
measured. In Fig. 3a the load cell response, F; (the
force changes detected by the piezoelectric force trans-
ducer), is plotted versus the substrate force, Fg. Data

Load cell force, F, { mN)

@ =180°

0 - ™ T T —T
0 50 100 150 200 250
(a) Substrate force, Fg { mN)
10
A _A
g B AR

& 1 > o
- . e
zZ 9.1 sin@ v
£ /
= 64 /
w6 /
o /
= /
N I
8 47 s/
- 4
g /
e

/
24 % I
# o
/ -
/ /g/& . \2.1 sin@
ol ’
0 = 1 T T
0 30 60 .90 120
(b) Load angle, @ ( deg )

Figure 3 Calibration data for. the instrumented sample holder
(a) load cell force, Fy, versus substrate force, Fg for two loading
angles and two levels of load cell prestress, Fr: (O) 15 N, (x ) 30 N;
and (b) load cell force, Fy versus load angle, ®, for two levels of
substrate force, Fg: (A) 46 mN, (O) 9.7 mN.

for two loading angles, tangential (® = 90°) and radial
(® = 180°), and two levels of prestress in the load cell
are presented in the graph. As found in Fig. 3a, the
load cell response is linear with respect to Fg and is
dominant in the tangential direction, 30 times stronger
than the radial response. Another proof of the domi-
nant tangential response is presented in Fig. 3b, where
F; as a function of @ follow a sinusoidal function very
close, see the dashed lines in Fig. 3b. A disadvantage is
that the load cell response also depends on the level of
load cell prestress, Fio. As seen in Fig. 3a, a change in
Fpy from 15 to 30 N decreases the response by ap-
proximately 15%. This makes it extremely important
to keep constant Fy, throughout the experiment.

During the development of the instrumented
sample holder one found that the stiffer the sample
holder, the better section-to-section reproducibility.
This was also pointed out by Atkins and Vincent [15].
Since all methods for force measurements need some
displacement this demand contradicts the design
possibilities. The compliance of the load cell used is
4-10"% nmmN ! and seems to work well in the tan-
gential direction.

Figs 4 and 5 show typical F, outputs during section-
ing. Remarkable section-to-section reproducibility of
the force measurements during serial sectioning was
found. An example of this is seen in Fig. 4 were F, for
PC with violet interference colour (section thickness,
h, is between 140 and 190 nm) is plotted. A small
decrease in F, sometimes observed was found to be
a drift. The thickness reproducibility of the used ultra-
microtome at a given setting was found earlier [29] to
be extremely good. All five materials showed the same
remarkable reproducibility and the differences seen
between individual curves are believed to be due to
thickness variations below the resolution of the used
interference method.

In Fig. 5 the tangential sectioning force, F,, versus
sectioning time for four different section thicknesses
of PMMA is plotted. Although the cutting length is
constant, the thicker sections usually take a longer

100

~l
o1
1

a1
[=]

Sectioning force, F,/ b { mN mm™)
N
(53]

0 ——— —

T T
0 01 02 03 04 05 068 07
Time, t{s)
Figure 4 Typical curves of tangential sectioning force, F,, versus
time for PC. The interference colour of all sections was violet,
(i.e. h~140-190 nm).
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180 — 240 nm

Sectioning force, £,/ b ( mN mm™")
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0 0.25 0.50 0.76 1
Time, t(s)

Figure 5 Typical curves of tangential sectioning force, F,, versus
time for different section thicknesses of PMMA.

time to section. These minor changes in sectioning
speed are disregarded in the further analysis.

Despite the remarkable section-to-section repro-
ducibility, the instrumented sample holder showed
quite poor sample-to-sample reproducibility. When
changing a sample, by dismounting the sample holder,
the load cell response could vary as much as + 20%,
even for identical materials and sectioning conditions.
The reason for this unwanted effect is believed to be
due to difficulties in mounting the two halves of the
sample holder in exactly the same position as before.
Also, different heating (e.g. due to contact with hands)
of the sample holder when handling it during sample
mounting could alter slightly the prestress, Fy o, result-
ing in an altered load cell response. Therefore it was
of significant importance to minimize these effects by
careful handling and sample mounting.

The large sample-to-sample variation is quite a se-
vere problem when absolute measurements are to be
performed. Nevertheless, one believes that this tech-
nique still is attractive since it is a direct method
without other indirect characterization techniques.
One also believes that it is possible to improve repro-
ducibility by redesigning the sample holder. An alter-
native route is to perform relative measurements by
sectioning several materials at the same time, with
a hybrid sample built of a thin lamellae of each
material.

The radial force, F,, acting upon the sample was
estimated by the procedure described above. How-
ever, due to poor sample-to-sample reproducibility, it
was difficult to draw any conclusions. Data do, how-
ever, indicate that F, is positive, i.e. the knife is pushed
into the substrate, and larger than F,. For a thorough
understanding of the section process it is crucial to be
able to measure F, more accurately. Therefore re-
designing the sample holder is an important step for
future work. If the sample holder were stiffer, it may
be possible to section an even thinner section than
done here.
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TABLE 1V Dimensional changes of sections of PMMA and
DGEBA/DETA

Measurements PMMA DGEBA/DETA
(four sections) (six sections)
Initial width, b;, mm 0.82 0.95
Section width, b, mm 0.86 0.99
0.86 0.98
0.85 1.01
0.85 0.98
1.00
1.00
Initial length, , mm 0.69 1.22
Section length, /] mm 0.65 1.11
0.63 -
0.64 1.05
0.63 ) 1.02
1.07
1.03
Average area change, % —21 —94
Average compression 0.92 0.86
factor, I/I;

3.2. Dimensional changes of sections
Dimensional changes of the sections were measured
for PMMA and DGEBA /DETA as described above.
The results are presented in Table IV. As seen, the
section length is shorter than the mesa, whereas the
width is longer. The total area change was — 2.1 and
—94% for PMMA and DGEBA/DETA, respec-
tively, and is dominated by the change in length.
Therefore the compression factor, r, was chosen to
characterize the dimensional changes. As seen in
Table IV, » was approximately 0.92 for PMMA and
0.86 for DGEBA/DETA. Helander [26] observed sim-
ilar values, between 0.71 and 0.93, for different epoxies
at different sectioning conditions. If the volume of the
sections is constant, the compression also results in
thickening of the as-cut section.

3.3. Work to section

The work to section, Wy, for the five glassy amorph-
ous polymers, as a function of section thickness, A,
is presented in Fig. 6. As observed by Wikefeldt [25]
for ultramicrotomy and Vincent and coworkers
[15, 20, 21 ] for microtomy, Wy increases with h. The
slopes in Fig. 6 differ between different polymers, but
they seem to converge to similar very low values for
small h. If the curves in Fig. 6 were extrapolated to
smaller h, then W would be lower than 10 Jm ™2 for
all tested materials. Both Wikefeldt [25] and Vincent
and coworkers [13, 20, 21 ] assumed Wy versus h to
be linear and therefore easily extrapolated down to
h = 0. However, as seen Fig. 6, Wy is not necessarily
linear. Especially, for the two thermosets (DGEBA/
DETA and DGEBA/APTA) W increases stepwise for
increasing h. It is therefore difficult to extrapolate to
smaller (or larger) section thicknesses. Data for
PMMA from Wikefeldt [25] are also presented in
Fig. 6. Although he just used the ultramicrotome
settings for the thickness the two experiments almost
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Figure 6 Work to section per unit area, Wy, versus section thick-
ness, h, for the five studied polymers at ambient sectioning tetper-
ature. The error bars are the section-to-section standard deviation.
The error in 4 is according to Table III.

overlap. This indicates that the type of PMMA tested
1s of minor significance at small .

If one compares macroscopic Gy, data, see Table I,
with Fig. 6 it is clearly seen that order between the
materials does not compare. The order in Wy be-
tween the materials is: DGEBA/DETA > PMMA >
DGEBA/APTA > PC > PS. Gy, values for the same
order, are (see Table I): 130,500,300, 1500 and
300 Jm ™2 respectively. Despite the poor sample-to-
sample reproducibility one concludes that DGEBA/
DETA shows Wy significantly higher than the other
four materials. Tt is interesting to find that PC, which
has the highest macroscopic Gy, shows the lowest Wy,
and vice versa for DGEBA/DETA. This indicates that
the mechanisms for crack propagation differ signifi-
cantly between ultramicrotomy and macroscopic frac-
ture mechanic tests.

3.4. Mechanisms for energy dissipation
What mechanisms for energy dissipation could ex-
plain the measured W? It is believed that the work to
cut just the primary and secondary bonds at the crack
plane is in the order of 1 Jm ™2 [1, 5], regardless of the
type of isotropic polymer. What other energy dissipa-
tion mechanisms could be active? Other possible
mechanisms include: bending of the as-cut section,
friction between the knife and the substrate, molecular
relaxation due to high stress in front of the crack tip,
elastic deformation of molecules just prior to chain
scisson (compare with theories for G, for materials in
the rubbery state [2, 19]), and finally secondary crack
systems. Heat generation is a problem by itself and is
here regarded as a secondary effect.

Generally, models for cutting metals (in furning,
milling or grinding) mainly describe the plastic shear
deformation of the chips [30]. Doi and Yokoyama
[31] present a theoretical model to predict cutting
forces in wood. The only data needed were elastic
properties and the friction coefficient, and the energy
consuming mechanisms are elastic bending of the chip
and the creation of two surfaces by a crack in front of
the cutting edge. The model showed how to predict
experimentally measured cutting forces in other brittle
materials, such as unsaturated polyester and coal [32].
Cutting thickness was varied between 0.05 to 1.0 mm.
However, it was impossible to fit the authors’ data for
W to the model. The level of modelled W was 3-10
times too low, even for a very high coefficient of
friction. Furthermore, the model predict Wy — 0 when
h — 0. This illustrates the need for better theoretical
models.

One assumes that section bending, friction and the
formation of subcrack systems are the major contribu-
tors to Wy at larger h. Work for molecular relaxation
and elastic deformation of molecules prior to chain
rupture are not believed to increase with increasing .
This is supported by the low energy values and chain
scissions per square metre found in [2, 11, 16, 17]. In
traditional (macroscopic) crack propagation tests,
viscoelastic and plastic dissipation mechanisms are
believed to be the main contributors to the measured
fracture energy. The question then arises, is it possible
for polymer molecules to do any extensive relaxation
during sectioning? If the stress at the crack tip is
assumed to approach zero at a certain distance in
front of the crack tip, the time needed to develop
fracture stresses would be 1/1000 s for a distance of
1 pm and a crack speed of 1 mms™ . This extremely
short time is too short for any major molecular relax-
ation for the studied polymers at ambient temper-
ature. However, the extent of the actual molecular
relaxation remains unknown. Since it was seen that
the dimensional changes were largest for the material
with the steepest slope in Fig. 6, one suggests that the
mechanism(s) responsible for increasing Wy with
increasing i must also deform the section.

In order to evaluate fully the significance of every
possible energy dissipation mechanism one needs to
know more about the crack propagation process dur-
ing sectioning. For instance, what is the rule of friction
and how is the section compressed? The authors there-
fore need to develop the method further in order
to measure F, and F, simultaneously. Furthermore,
one needs to combine the force measurements with
measurements of the dimensional changes, and finally
analyse the damage from sectioning by transmission
clectron microscopy.

4. Conclusions

The sectioning forces during ultramicrotome section-
ing were successfully measured by use of an in-
strumented sample holder. Sectioning forces as low as
5 mN could be measured. The work to section per unit
area, Wy, was measured for sectioning thicknesses
between 60 and 250 nm for five amorphous polymers

661



in the glassy state. Wy varied between 15 and
100Jm~? depending on the material and section
thickness, increasing Wy with increasing thickness.
The differences between different polymers were found
to be contradictory to macroscopic fracture tough-
ness, Gy, measurements. The material that showed the
highest W had the lowest Gy, values reported. The
present results do not permit direct measurement of
the intrinsic fracture energy, Go. The major reason
was the lack of minima in Wy,
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