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ABSTRACT

Methods were explored for drying of hardened cement paste
prior to impregnation with epoxy, in order to polish for microscopic
examination. All were shown to cause microcracking of the paste.
An alternative method has been developed for epoxy impregnation
of hydrated cement specimens without drying the specimens. The
method involves replacing pore water with ethanol, then replacing
ethanol with epoxy. The method appears to minimize the occurrence
of microcracks associated with drying.
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I . INTRODUCTION

Preparing a polished specimen of hydrated Portland cement,
or other porous material, requires that the pores first be filled
with a hard material such as epoxy. The hard material serves to
stabilize the delicate microstructure, providing physical support
to prevent damage to the microstructure during polishing. The
microstructure may then be examined directly, using such instruments
as an optical microscope, scanning electron microscope (SEM), or
transmission electron microscope.

Preparation of epoxy-impregnated specimens for polishing is
made difficult by the very small pores found in hydrated cement.
Much of the pore volume of hydrated cement paste occurs in
submicrometer-sized pores, and diffusion of liquid through these
pores tends to be slow. Therefore, filling of the pores by epoxy
or other liquid is generally achieved by vacuum impregnation,
i.e. by immersing the specimen in epoxy while under a vacuum,
then bringing the system to atmospheric pressure to force epoxy
into pores. However, the pores may contain a considerable amount
of liquid water or solution. The specimens must be dried prior
to impregnation, and removal of water from the small pores
produces shrinkage, which typically causes microcracking. For
this reason, specimens that have been dried, impregnated, and
polished tend to be highly microcracked, as noted by Chatter ji et
al (1).

The work described here is part of a wider study of micro-
structure and fracture. The mechanical properties of concrete,
particularly fracture and strength, are widely acknowledged to
depend on microstructure, and the principal microstructural
features affecting fracture appear to be microcracks-*- and pores
( 3 )

.

Due to the tendency of concrete to form microcracks when
exposed to the vacuum required for SEM, Ollivier (4) developed an
indirect method to study concrete cracks, examining by SEM an
acetylcellulose replica of the concrete surface.

The work described here was undertaken to develop an
impregnation method that does not induce microcracks, to allow
direct examination of the microstructure. Several methods were
explored: vacuum drying, vacuum drying after solvent replacement,
freeze drying, and gradual replacement of water by epoxy without
drying. Solvent replacement is a commonly used procedure in
which the water is replaced by another liquid with lower surface
tension. On drying, evaporation of the replacement liquid causes
significantly less stress due to its lower surface tension.
Parrott (5) discussed drying hydrated cement by a solvent
replacement process and concluded that it caused less alteration

-*-In this context, microcracks are considered to be cracks
0.1 mm or less in width (2).
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to the microstructure than direct removal of the pore water.
Freeze drying is another technique used to reduce artifacts
caused by drying. At the transition from ice to vapor, there is
effectively no surface tension, and drying stresses are greatly
reduced. Scrivener and Pratt (6) used freeze drying, followed by
vacuum impregnation of epoxy, to prepare hydrated cement for SEM
analysis, but they did not assess drying cracks or other artifacts.
The final method, gradual replacement of water by ethanol
followed by replacement of ethanol by epoxy, is a procedure used
for preparing biologic samples.

Impregnated, polished specimens are required in order to
examine the microstructural features of hardened cement paste by
SEM using backscattered electron imaging ( BEX ) . The typical mode
of SEM operation is examination of fracture surfaces; SEM
provides a large depth of focus, and spatial resolution necessary
to resolve micrometer and submicrometer-sized features. Therefore,
our understanding of the microstructure of hardened cement paste,
as reviewed recently by Diamond (7), is derived principally from
examination of fracture surfaces using SEM. Diamond also
described an alternative method used recently to study the
microstructure of hardened cement, the examination of polished
surfaces using an SEM equipped with a backscattered electron
detector. SEM examination of fracture surfaces utilizes a
detector that collects both secondary and backscattered electrons
and provides contrast principally by relief, or surface roughness.
Backscattered electron detection of a smooth sample, however,
provides contrast only by atomic number difference. Using BEI
allows one to differentiate between constituents on the basis of
chemical composition. The method has been shown to be effective
in studying the microstructure of clinker and of hydrated cement
(8,9,6). A particular advantage in the present study is that
epoxy-filled pores and cracks may be readily differentiated from
other constituents. An additional advantage is provided by the
planar specimen, since the image of a two-dimensional surface is
amenable to quantitative analysis, for example using a computer
image-analysis system.

II. EXPERIMENTAL APPROACH

Hardened cement paste samples were used to assess impregnation
methods for microstructure examination. The paste was prepared
using a Type I 2 portland cement and deionized water, at a water-
to-cement ratio of 0.35 (by mass). These were mixed in a blender
as follows: mixed for 1 min, allowed to rest for 2 min, and
remixed for 1 min. The paste was cast into 10 mm cube molds,
allowed to cure in the molds for 24 h, then demolded and immersed
in saturated Ca(OH )2 solution for curing.

^According to ASTM Standard Specification for Portland Cement
( C150-81 )

.
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After curing for several weeks, specimens were either dried
and vacuum impregnated with epoxy, or impregnated with epoxy
without drying. In some cases, the entire 10 mm cube was dried,
and in some cases a 1-mm slice of this cube specimen was used;
slices were cut using a low-speed, diamond saw^'^.

The dried specimens were prepared using the various drying
techniques listed in Table 1. After drying, specimens were
vacuum impregnated with a low-viscosity epoxy 5

, using the
following procedure; 1) the dried specimen was placed in a
reaction vessel, described elsewhere (10), and evacuated to a
pressure of ~3 kPa for ~30 min; 2) the specimen was immersed in
epoxy while still under vacuum, and the vacuum maintained for no
longer than 3 min; 3) the vacuum was released slowly and compressed
air added to provide a pressure of ~0.5 MPa for at least 10 min;
and 4) the epoxy was allowed to harden under ambient conditions.

The other process, in which pore water was replaced by epoxv
without drying, utilized a low-viscosity, ethanol-miscible epoxy°
that is thermally cured. The process involved two steps, first
replacing pore water with ethanol, then replacing ethanol with
epoxy. The process was applied both to the 1000-mm 5 cubes and to
1-mm slices. Two procedures were used to replace water with
ethanol. One was a sequential replacement procedure, in which the
specimen was progressively immersed in a series of ethanol and
water mixtures: first a 50:50 mixture, then a 75:25 mixture, and
finally 100% ethanol. The specimen was immersed for 24 hours in
each solution. The other was a single-step procedure, in which
the specimen was immersed in 100% anhydrous ethanol for 4 days.
After replacing water with ethanol, the ethanol was replaced with
epoxy by immersing the specimen in a 50:50 mixture of ethanol and
epoxy for approximately 24 hours, then in 100% epoxy for 24
hours. Finally, the epoxy was cured at 60 °C for 2 to 3 days
until hard. Once cured, it proved necessary to minimize contact
of the hardened epoxy with water vapor, since exposure for a few
days to ambient air caused the epoxy to soften.

^Certain trade names and company products are identified to
specify adequately the experimental procedure. In no case does
such identification imply recommendation or endorsement by the
National Bureau of Standards, nor does it imply that the products
are necessarily the best available for the purpose.

^Isomet saw, Buehler, Ltd.

5Epo-tek 301, Epoxy Technology, Inc.

^Spurrs ultra-low viscosity embedding medium. Polysciences,
Inc

.
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For low-viscosity epoxies, such as the two used in these
experiments, it is important to note that there may be safety
hazards, and the manufacturer's instructions must be followed
precisely.

Impregnated specimens were ground and polished following
standard metallographic procedures, but using a nonaqueous
medium. Specimens were examined for microcracks using an SEM7

equipped with a Robinson backscattered electron detector.

III. RESULTS

SEM micrographs of all dried and vacuum- impregnated specimens
(Figs. 1 to 3 ) indicate considerable microcracking, regardless of
the drying method. The microcracks form a pattern comprised of
3-node cracks, ~120° apart; this pattern is believed to result
from drying shrinkage. The vacuum-dried specimen (Fig. 1)
contained a large number of large and widely-spaced microcracks,
typically 5 urn to 10 urn wide and a few hundred pm apart. The
specimen whose pore water was replaced with methanol prior to
vacuum-drying contained comparable microcracks (Fig. 2), and
freeze-drying likewise produced large and widely-spaced microcracks
(Fig. 3).

The specimen (10 mm cube
^
prepared by sequential replacement

of pore water by ethanol and replacement of ethanol by epoxy
contained microcracks, but they were considerably smaller than
the microcracks in the dried specimens described above. To
determine how deep the epoxy had penetrated, this specimen was cut
in half along a plane normal to the top surface, and one half was
polished to provide a side view. Examination by SEM indicated
that the epoxy had penetrated only to a depth of 0.2 mm to 0.3
mm. Therefore, a 1-mm slice cut from a cement paste specimen was
prepared using the sequential replacement process. (A 1-mm
thickness was considered sufficiently thin to be largely penetrated
by ethanol and epoxy, but sufficiently thick for cutting and
polishing.) SEM examination (Fig. 4) indicated that this 1-mm
slice, prepared by sequential replacement of pore water by
ethanol and replacement of ethanol by epoxy, contained only a few.
microcracks, no more than 2 urn wide.

To explore whether the sequential replacement of water by
ethanol is necessary for hardened cement paste, two specimens
were prepared using the single-step replacement. One specimen
(Fig. 5) was free of microcracks; the other specimen contained
only a few regions with small, widely spaced microcracks.

When examined at higher magnification, these specimens were
seen to contain very fine microcracks, ~0.5 urn wide and ~20 ym

7 ISI-40

,

International Scientific Instruments.
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long. These finer microcracks, shown in Fig. 6, were much
shorter than the shrinkage cracks observed in the dried specimens,
and not branched. While these very fine cracks do not appear to
result from drying, it is possible that they are incipient drying
shrinkage cracks. Alternative explanations are that they are
caused by the cutting operation, or that they are a normal
feature of hydrated cement.

IV. CONCLUSIONS

A number of methods to dry cement paste prior to vacuum
impregnation of epoxy were explored, and all methods were found
to cause microcracking. When the pore water in a 1-mm slice of
cement paste was replaced by ethanol and the ethanol by epoxy
without drying the specimen, the occurrence of microcracks due to
drying was substantially reduced or eliminated. It appears that
pore water may be replaced by ethanol using either a sequential
replacement or a single-step replacement. Based on these
results, the impregnation procedure summarized in Table 2 has
been adopted in our laboratory to prepare epoxy-impregnated
specimens free of drying cracks for SEM examination.
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Table 1. Methods used to dry specimens prior to epoxy impregnation.

Method No. Description of Method

1 Vacuum drying: cube, 10 mmx 10 mmx 10 mm,

exposed to modest vacuum ("30 kPa) for 1 day.

2 Solvent replacement: cube, 10 mm x 10 mm 10 mm,

immersed in methanol for 1 day, then vacuum dried

using Method No. 1.

3 Freeze drying: slice, 1 mm x 10 mm x 10 mm,

cooled to -75 °C, then exposed to a strong vacuum

(0.1 Pa) for "3 days.
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Table 2. Procedure adopted for epoxy impregnation of hardened

cement paste by step-wise replacement of pore water

with epoxya .

Step No. Description of Step

1 Single-step replacement of water by ethanol, by

immersing specimen (1-mm thick slice) in 100%

anhydrous ethanol for 4 days.

2 Immerse specimen in a 50:50 mixture of anhydrous

ethanol and epoxy for 24 hours.

3 Immerse in epoxy for 24 hours

4 Cure epoxy at 60 °C for 2 days

a Spurrs ultra-low viscosity embedding medium. Polysciences,
Inc

.
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Figure 1. BEI micrograph of vacuum-dried, epoxy-impregnated
cement paste, showing large, widely-spaced microcracks.
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Figure 2. BEI micrograph of methanol-replaced, vacuum-dried,
epoxy-impregnated cement paste, showing large, widely-
spaced microcracks.
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Figure 3. BEI micrograph of freeze-dried, epoxy-impregnated
cement paste, showing large, widely-spaced microcracks.
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Figure 4. BEI micrograph of cement paste slice (
1 -mm )

,

pore water was sequentially replaced by ethanol, then
ethanol replaced by epoxy, showing small microcracks.

whose
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Figure 5. BEI micrograph of cement paste slice ( i-mm ) , whose
pore water was replaced by ethanol in a single step, then ethanol
replaced by epoxy, with no microcracks visible.
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10 urn

Figure 6. BEI micrograph at higher magnification of the same
region as Fig. 5, apparently free of shrinkage cracks.
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