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Abstract

High-pressure fluorescent epoxy impregnation (>20 bar) of cement-based materials is compared to the more conventional method of
vacuum impregnation. Parameters such as the epoxy resin penetration depth and the stability of the fluorescence intensity are evaluated in
order to determine the effectiveness and reliability of the aforementioned methods in preparing paste and mortar samples for microstructure
characterization. An evaluation of polymer loading as a function of impregnation pressure reveals a saturation pressure (Pg,) at which
complete filling of the pores is achieved. The evolution of the fluorescent epoxy resin penetration front is examined under ultraviolet (UV)
light, and correlated to the impregnation pressure. Results clearly indicate that high-pressure impregnation is a more effective and faster
method to imbed epoxy resin in cementitious materials. Furthermore, P, is a parameter that is sensitive to a material’s microstructure,
particularly in pastes samples of high water-to-cement ratios (W/C) which reveal a polymer overloading point. Fluorescence stability of the
high-pressure-impregnated sample is compared to that of the vacuum-impregnated sample. Results show that the high-pressure-impregnated
samples have a higher intensity and stability. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The process of impregnating the pores of cementitious
materials with low-viscosity epoxy resin is a common
sample preparation method for microscopic quantitative
evaluation (porosity and size distribution) and structural
characterization (geometry and connectivity). Cementitious
microstructure is often examined with techniques such as
transmitted light microscopy [1-3] and SEM [4—7], which
require the preparation of epoxy-impregnated samples. The
presence of the epoxy resin supports the fragile pores and
matrix phases during the different stages of preparation:
grinding and polishing. Furthermore, the presence of the
epoxy resin facilitates the identification of pores by provid-
ing optical or atomic number contrast with respect to the
other phases present in the microstructure. Vacuum impreg-
nation is the most widely adopted method for preparing
cement paste, mortar and concrete samples for microscopic
investigation. However, alternative methods such as pres-
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sure impregnation and epoxy—solvent replacement [8] are
also adopted. The preference for the vacuum process is due
to the fact that the process is less expensive and readily
available with traditional pumps and chambers. However,
the vacuum impregnation method results in excessive dry-
ing of the sample, and therefore cracks are introduced
during sample preparation. On the other hand, the epoxy—
solvent replacement technique eliminates this latter pro-
blem, but requires long sample preparation times. The
pressure technique, however, shows distinct advantages
such as higher tensile and flexural strength samples in
comparison to samples of the vacuum process at similar
polymer loading [9—-11], implying higher stability of the
cementitious specimen during the preparation phases. How-
ever, no reports clearly show or address the issue of the
introduction of cracks during sample impregnation.

What is truly noteworthy about these investigations (and
pressure impregnation studies in general) is that operation is
almost exclusively in the pressure range of 10 to 20 bar
[12]. As far as the authors are aware, there have not been
any rigorous investigations above the generally accepted
limit of 20 bar. Therefore, the scope of this study is the
characterization of epoxy-reinforced cementitious compo-
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sites impregnated in the pressure range above 20 bar, a
range that will be termed the ‘high”-pressure range.
Furthermore, visualization of the developing impregnation
front (or equivalently, the polymer penetration depth)
is performed by a combined process of sectioning and
ultraviolet (UV) fluorescence imaging. In addition, vacuum-
impregnated samples are also prepared, and the effective-
ness of vacuum- and high-pressure-impregnated methods is
compared. Transmitted light microscopy is carried out on
the vacuum- and high-pressure-impregnated thin-section
samples in order to evaluate the intensity and stability of
the fluorescence.

2. Experimental procedure
2.1. Cementitious materials

The composition of the cement-based materials studied
in this investigation are summarized in Table 1: pastes of
water-to-cement ratio (W/C) 0.3, 0.5, and 0.6, and two types
of mortars—a norm mortar (NM) and a fine sand mortar
(FM) both having W/C=0.50. The cement used is a Type I
Portland Cement.

Paste samples are mixed for 5 min in a standard planetary
mixer and cast in plastic vials (diameter=2.5 cm,
height=5.0 cm), while mortar samples are prepared accord-
ing to the procedure outlined in the European Norm (EN)
196—Part 1 and cast into rectangular prisms using steel
molds. All samples are demolded after 24 h under ambient
conditions and cured in a saturated lime solution for 6 days
prior to impregnation.

2.2. High-pressure epoxy impregnation

Paste samples are cut with a diamond saw into smaller
cylinders of diameter=2.4 cm and height= 1.5 cm, whereas
mortar samples are cut into 2 X 2 x 1.5 cm prisms. The
paste and mortar samples are then dried for 2 days at a
temperature of 80 °C in an air-circulating oven. Following
the drying period, the samples are allowed to cool down to
room temperature prior to being impregnated with the
epoxy resin.

The test set-up consisting of a steel cylinder and a
hydraulic piston is used to epoxy impregnate samples at
pressures of 10, 20, 50, 80, 100, 200 and 400 bar. A

Table 1

Composition of cementitious materials used in the investigation

Sample ID  Cement (g) Water (g) Aggregate (g) w/C
P03 (paste) 1000 300 0 0.30
P05 (paste) 1000 500 0 0.50
P06 (paste) 1000 600 0 0.60
NM (mortar) 450 225 1350 (Norm sand) 0.50
FM (mortar) 450 225 1350 (Fine sand, <1.0 mm) 0.50

commercially available two-component, low-viscosity
epoxy is used for the impregnation of the samples. In order
to view the samples under UV light, fluorescent dye is
added to the epoxy at a quantity of 0.0275% based on the
weight of the polymer resin.

Mortar and paste samples are placed in a steel cylinder
that is tightly sealed at the bottom with a Teflon block. The
steel cylinder is then filled with epoxy up to a designated
level that ensures coverage of the specimens by a column of
polymer resin at least 5 cm higher than the top surface of the
specimens. Another Teflon block is then used to tightly seal
the top of the steel cylinder. Pressure is then applied to the
top Teflon block, and consequently to the contents of the
cylinder, through a hydraulic piston. Samples are loaded up
to the desired pressure, and held under constant pressure for
90 min. The pressure is then released, and samples removed
from the steel cylinder. Curing of the epoxy-impregnated
samples is carried out at 50 °C in a closed oven for 24 h
until the epoxy resin is hardened.

Specimen weights are recorded prior to (dry wt.), and
after impregnation (loaded wt.) in order to determine the
polymer loading which is defined as (Eq. (1)):

polymer loading (%)
= (loaded wt.—dry wt.)/dry wt.x100 (1)

2.3. Characterization of impregnation depth:
sequential sectioning

Impregnated paste and mortar samples are sectioned
perpendicularly to the axial direction to yield six distinct
cross-sections each separated by 2 mm from its neighbor
(see Fig. 1). Cuts are taken at the direct middle (central
portion) of the sample (0 mm), and then at =2 and +4 mm
from the midline. Sections are labeled from 0 to 5 with the
surface most distant from the exposed surface (Fig. 1) of
each section used as the examined surface. Samples are
viewed in a Camag UV-box with wavelength, A\=254 nm,
and digital images are acquired through a digital camera.

2.4. Vacuum epoxy impregnation

In order to compare the high-pressure-impregnated sam-
ples to those prepared by the more frequently utilized
methods, paste samples of extreme W/C (0.3 and 0.6) and
a NM are vacuum-impregnated according the procedure
described below:

(a) Paste and mortar cross-sections having a thickness
between 2 and 3 mm are obtained using a diamond saw.

(b) The samples are then dried in an air-circulating oven
at a temperature of 80 °C for 24 h.

(c) Then, the samples are placed in individual sample
holders and evacuated for at least 6 h at a constant
pressure of 8 mbar in a vacuum chamber.
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Fig. 1. Schematic diagram showing the sectioning procedure for mortar
specimens (paste samples are done in the same manner except that the
sections are discs instead of prisms).

(d) The sample holders are then filled with the epoxy
resin that is introduced into the chamber while
maintaining the vacuum.

(e) The samples, submerged by the epoxy resin, are kept
under vacuum for an additional 15 min.

(f) Finally, the samples are removed from the vacuum
chamber, and cured in a closed oven for 24 h at a
temperature of 80 °C.

Sequential sectioning of the vacuum-impregnated samples
is not performed due to their small thickness (2 to 3 mm).
Instead, a thin layer of excess polymer material on the
surfaces is removed through grinding. Similar to the high-
pressure impregnation samples, digital pictures are obtained
for the vacuum-impregnated samples under exposure to
UV light.

2.5. Microscopy

Optical microscopy, more specifically fluorescence
microscopy using UV light, is used to examine the quality
of the impregnated samples. It is well known that fluores-
cent dye embedded in epoxy resin loses intensity upon
exposure to UV light during microscopic observation.
Therefore, the stability of the impregnated fluorescent dye
is monitored in thin-section specimens at different times
while exposed to UV light. The latter is achieved through
the measurement of the exposure time at different time
intervals, in transmission mode, by a light meter controlling
a camera shutter. The exposure time is defined as the time
required for a determined/critical amount of photons to be
collected by a detector which then instructs an automatic
image acquisition system to close the shutter of a camera.
Thus, the intensity is inversely related to exposure time
required to collect a determined amount of photons. A
shorter and invariant exposure time is an indication of

higher sample intensity and stability, respectively. The
uncertainty of the exposure time measurements is of the
order of £0.5 s.

3. Results and discussion

3.1. Polymer loading vs. impregnation pressure
(high range)

The three paste samples (P03, PO, and P06) and the two
mortars (NM and FM), as previously mentioned, are impreg-
nated at pressures of 10, 20, 50, 80, 100, 200 and 400 bar.
The polymer loading for each sample is plotted as a function
of impregnation pressure in Fig. 2. The trend shown by the
curves in Fig. 2 indicates the existence of a saturation
pressure ( Pgy~delineated by the dashed line in Fig. 2); that
is, there exists an impregnation pressure above which further
penetration of the epoxy resin into the material is invariant.
It is assumed that once the saturation pressure is reached,
complete filling of the accessible pores is achieved. Thus,
further increases in impregnation pressure results in a con-
stant polymer loading. Of course, Py, will be different for
cementitious samples of different compositions due to
differences in porosity (structure, quantity and its distribu-
tion) and aggregates (size and particle size distribution).

In Fig. 2, it is shown that the paste sample with the highest
W/C also exhibits the highest percentage of polymer loading,
which is consistent with the notion that a higher W/C implies
higher porosity. However, the graph in Fig. 2 also shows that
paste sample P06 (W/C=0.6) and, to a lesser extent, paste
sample P05 (W/C =0.5), undergoes a polymer overloading at
a pressure above 20 bar that exceeds the polymer loading
observed at Py, and thereafter. The polymer overloading can
be attributed to the material strength (i.e., pore structure).
Fig. 3 is a picture of a cross-section cut parallel to the

35

30

25

< ——P03
% 20 —=— P05
g —A—P06
g 15 —-2—NM
= —%—FM
Ay

0 50 100 150 200 250 300 350 400 450
Pressure (bar)

Fig. 2. Polymer loading for the paste samples P03, P05, P06 (W/C=0.30,
0.50, and 0.6, respectively) and the mortars samples NM and FM
(W/C=0.50). The vertical line represents Pg, =100 bar.
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Fig. 3. Compressive failure patterns observed in high-pressure impregnation
of sample P06 (W/C=0.6).

direction of applied axial pressure (see Fig. 1) of a W/C=0.6
paste specimen (P06). The observed pattern is an indication
of compressive failure resulting from the applied pressure.
Thus, the polymer overloading is most likely explained by
facilitated and enhanced epoxy penetration by the failure of
the weakest pores. Once the sample is impregnated at
pressures above the overloading point, the material is no
longer able to sustain the loads and failure occurs along the
planes of highest shear stress. Given the hydrostatic state of
stress, an increase in pressure causes the paste sample to
collapse on itself closing the cracked surfaces, and thereby
decreasing the material polymer loading capacity. Indeed,
beyond a pressure of 100 bar, the polymer loading of paste
sample P06 remains relatively constant. Consequently, paste
sample P05 (W/C=0.5) is stronger than P06 (W/C=0.6),
and it does not exhibit severe polymer overloading.

On the other hand, the two mortars, namely, NM and FM,
have different polymer loading behaviors despite the fact
that the aggregate-to-cement ratio and W/C of both samples
are identical. Fresh air content measurements indicate that
NM has a lower air content (3.0%) than FM (air con-
tent=15.5%). Thus, the FM sample exhibits a higher percen-
tage of polymer loading due to its more porous structure.

The less porous samples such as the 0.3 paste and the NM
exhibit a gradual rise towards a Pg,; of 100 bar. Whereas the
FM, due its porosity, achieves saturation after a pressure of
20 bar, but did not show an overloading point. As indicated
by the dashed line in Fig. 2, the samples used in this
investigation suggest that an impregnation pressure of 100
bar represents an appropriate impregnation pressure (one that
is neither too low for partial pore filling nor too excessive to
cause compressive failure) for low to typical W/C pastes (0.3
to 0.45) and mortars. However, lower pressures (50 bar or
less) are more suitable for pastes of high W/C.

3.2. Degree of polymer impregnation: high pressure vs.
vacuum impregnation

One of the cited problems with polymer-impregnated
cementitious materials is the lack of a reliable and con-
venient method to measure the polymer impregnation depth

[3]. In any microscopic preparation, it is important to take
cross-sections that have been fully invaded with epoxy to
prevent microstructure damage during grinding and polish-
ing. Furthermore, for fluorescence microscopy, it is critical
to have samples that exhibit uniform, stable, as well as
sufficient intensity for microstructural characterization. The
cross-sectional images viewed under UV light in Fig. 4
dramatically show the evolution of the penetration front as a
function of pressure. Note the distinct polymer-impregnated
rims (bright gray areas) and the nonimpregnated cores
(darker areas) in the 10- and 20-bar samples.

Moreover, the penetration front disappears at 100 bar
resulting in a uniformly fluorescing sample. This finding is
in direct correlation with the polymer loading curve in
Fig. 2, which expects a fully loaded sample at 100 bar for
the samples that do not exhibit polymer overloading.

As previously mentioned, vacuum-impregnated samples
are also prepared in order to compare them to the high-
pressure-impregnated samples. Digital images of the
vacuum-impregnated samples (paste—0.3 and 0.6; NM)
are shown in Fig. 5. Notice that only a small fraction of
the pores are filled when the NM sample when subjected to

100 bar

400 bar

0.3 W/C paste EN 196 Norm mortar

Fig. 4. Cross-section of 0.3 W/C paste and NM samples viewed under UV
light. Only Sections 0, 1, and 2 (refer to Fig. 1) are shown for each sample
(see 10-bar samples for numbering scheme). Note the presence of a distinct
penetration front in the 10- and 20-bar samples and the elimination of the
front at 100 bar.
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Fig. 5. Cross-sections of vacuum-impregnated pastes (0.3 and 0.6) and NM
samples viewed under UV light. Note the incomplete filling of the pores by
the epoxy resin.

vacuum impregnation, whereas the high-pressure impregna-
tion method is significantly more efficient in filling the
pores of the specimen as shown by the large fraction of the
pores with the fluorescent epoxy resin (see Fig. 4— 100 and
400 bar impregnation pressures).

3.3. Quality and stability of fluorescence: high pressure vs.
vacuum impregnation

So far, discussion of the results from this study have
focused on the effectiveness of two different impregnation
techniques on a “macro” scale (mm to cm). However, thin-
section fluorescence microscopy is a commonly adopted
technique to characterize the microstructure of cement based
materials [13,14] on a finer, “micro” scale (um to mm).
Fluorescence microscopy is an extremely useful means to
evaluate the degree of hydration [14,15], microstructural
defects (microcracking, crack patterns, debonding, perme-
able zones, etc.) [13], pore structure and its size distribution
[13] and the interfacial transition zone (ITZ) [13]. In order to
obtain reliable and reproducible results from fluorescence
microscopy, it is important to have a robust impregnation
procedure that results in a uniform and vast distribution of
the fluorescent epoxy resin throughout the material struc-
ture. A uniform and stable intensity will enable precise
quantification and identification of the aforementioned
microstructural features.

The impregnation technique should yield samples of
which fluorescence demonstrates a high degree of stability.
This means that the intensity of the fluorescent epoxy viewed
in an optical microscope under UV light should not exhibit a
significant decay with time, and, in particular, during the
time of observation and analysis. Fig. 6 is a plot of the
exposure time required to reach a set threshold value of
photons measured at different times while the sample is
continuously exposed to a UV light source. The measure-
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Fig. 6. Comparison of the UV fluorescence stability of high-pressure- and
vacuum-impregnated samples.

ments are performed at the same magnification (10 x ) for a
high-pressure and vacuum-impregnated sample of the same
W/C—0.6. Note that the dosage of fluorescent dye is the
same for both samples. Therefore, differences in intensity
can only arise from the effectiveness of the impregnation

Ths . o T o

Fig. 7. Microscopic comparison of the UV fluorescence intensity in high-
pressure-impregnated (a) and vacuum-impregnated (b) samples.
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method. The intensity of the impregnated UV fluorescent
dye is inversely related to the exposure time as explained in
Section 2.5. Over a period of 18 min, one can clearly observe
from Fig. 6 that the vacuum-impregnated samples have a
higher exposure time, and therefore, a lower fluorescence
intensity. Furthermore, the intensity of the vacuum-impreg-
nated sample is not stable after 2 min of exposure to UV
light, and decreases in a continuous fashion with the elapse
of time. Whereas the high-pressure-impregnated sample
shows a higher and significantly more stable intensity than
the vacuum-impregnated sample. High-pressure impregna-
tion is more effective in terms of polymer penetration into the
microstructure, and this yields a more reliable and reprodu-
cible output for quantitative microstructure characterization.
The images shown in Fig. 7 support the intensity
measurements given in Fig. 6. Note how the brightness of
the pressure-impregnated sample (Fig. 7a) is greater than the
vacuum-impregnated sample (Fig. 7b). A greater brightness
is an indication of a higher content fluorescent epoxy and
more effective penetration of the epoxy into the material
microstructure. Thus, the denser the dye content in a region
of a sample, the more stable the fluorescence over time.

4. Conclusions

Most of the cementitious samples prepared for micro-
structural investigation have been limited to vacuum
impregnation, epoxy—solvent exchange, and low-pressure
impregnation (<20 bar). This study presents an alternative,
effective, and reliable method for preparing fluorescent
epoxy-impregnated samples for microstructure characteriza-
tion defined as high-pressure impregnation. Thus, character-
ization of high-pressure impregnation range is conducted on
varying W/C paste (0.3, 0.5, 0.6), an EN 196 NM, and FM.
From polymer loading studies, a saturation pressure ( Pg,) is
observed for the various cementitious specimens. A section-
ing technique combined with the use of UV light proved to
be a very useful method in characterizing the penetration
profile of the polymer into cementitious materials. The
absence of the penetration front is clearly visualized at the
pressure corresponding to Py, confirming the observation
that pores are virtually completely filled at this pressure.
Close examination of the polymer loading data reveals that
P, 1s a parameter sensitive to the material’s microstructure,
particularly the pore structure. In paste samples, the polymer
loading at Py, increases with increasing W/C. However, in
mortar samples of equivalent W/C (0.5), the polymer load-
ing behavior is dissimilar due to differences in porosity and
aggregate type.

High-pressure impregnation above 20 bar proves to be
an extremely effective and relatively rapid method to
impregnate cementitious materials. Furthermore, examina-
tion of the stability of the fluorescence in thin-section
samples indicates that cement-based materials subjected to
high-pressure impregnation exhibit a greater stability and

higher intensity when compared to samples prepared by
conventional vacuum impregnation. The latter attribute is
important for a more reliable and accurate quantitative as
well as qualitative analysis of the microstructure in cement-
based materials.

Acknowledgments

The authors would like to acknowledge Monica Keimer
and Janine Zollinger for their assistance in the preparation of
the samples examined in this study.

References

[1] ASTM C856, Standard practice for petrography examination of har-
dened concrete, in: Annual Book of ASTM Standards, Section 4
Construction, vol. 04.02, Concrete and Aggregates, American Society
for Testing and Materials, Easton, MD, 1992, pp. 419—431.

[2] D.A. St. John, The use of large-area thin sectioning in the petrographic
examination of concrete, in: B. Erlin, D. Stark (Eds.), Petrography
Applied to Concrete and Concrete Aggregates, American Society
for Testing and Materials, Philadelphia, 1990, pp. 55-70.

[3] S. Amelinckx, D. van Dyck, J. van Landuyt, G. van Tendeloo,
Fundamentals of light microscopy, in: Handbook of Microscopy—
Applications in Materials Science, Solid-State Physics and Chem-
istry—Methods 1, VCH, New York, 1997, pp. 32-53.

[4] P.E. Stutzman, Serial sectioning of hardened cement paste for scan-

ning electron microscopy, in: S. Mindness (Ed.), Conference on Ad-

vances in Cementitious Materials, Ceramic Transactions vol. 16,

American Ceramic Society, Westerville, OH, 1991, pp. 237—249.

G. Xiufeng, A study on interpenetrating polymer cement network of

the new polymer concrete, in: V.V Paturoev, R.L. Serykh (Eds.), Poly-

mers in Concrete, Proceedings of the Seventh International Congress

on Polymer Concretes, BETECOM, Moscow, 1992, pp. 178—183.

S. Manling, L. Chen, Y. Qingfang, Y. Xiyhen, The study of structure

and properties of interpenetrating polymer—cement stone network, in:

Y.Y. Huang, K. Wu, Z.Y. Chen (Eds.), Polymers in Concrete, Proceed-

ings of the Sixth International Congress on Polymer Concretes, Inter-

national Academic Press, Beijing, 1990, pp. 345—350.

[7]1 H. Zhao, D. Darwin, Quantitative Backscattered Electron Analysis
Techniques for Cement-Based Materials, The Air Force Office of
Scientific Research, Research Grant AFOSR-89-0296, June 1990,
pp. 15-17.

[8] L. Struble, P.E. Stutzman, Epoxy impregnation of hardened cement for
microstructural characterization, J. Mater. Sci. Lett. 8 (1989) 632—634.

[9] G. Griindiiz, B. Yeter, P. Tuglu, S.I. Ahmed, Styrene-acrylonitrile co-
polymer impregnated mortar, J. Mater. Sci. 16 (1981) 221-225.

[10] G. Griindiiz, N. Yalgin, Strength of steel-fibre-reinforced polymer
concrete: Effect of impregnation technique, Compos. Sci. Technol.
30 (1987) 127-135.

[11] G. Griindiiz, Effect of porosity on interfacial failure in steel-fibre
reinforced polymer-impregnated concrete, Compos. Sci. Technol. 32
(1988) 121-136.

[12] S. Chandra, H. Justnes, Y. Ohama, Concrete polymer composites, The
Polymeric Materials Encyclopedia, CRC Press, Boca Raton, FL,
1996, pp. 1-12.

[13] A. Henrichsen, P. Laugesen, Monitoring of concrete quality in high
performance civil engineering constructions, in: S. Diamond, S.
Mindess, F.P. Glasser, L.W. Roberts, J.P. Skalny, L.D. Wakeley
(Eds.), Microstructure of Cement-Based Systems/Bonding and Inter-
faces in Cementitious Materials, Mater. Res. Soc. Symp. Proc., Ma-
terials Research Society, Pennsylvania, 1994, pp. 49—-56.

[5

=

[6

=



J.J. Chen et al. / Cement and Concrete Research 32 (2002) 1-7 7

[14] U.A Jakobsen, V. Johansen, N. Thaulow, Estimating the capillary Soc. Symp. Proc., Materials Research Society, Pennsylvania, 1994,
porosity of cement paste by fluorescence microscopy and image ana- pp. 227-236.
lysis, in: S. Diamond, S. Mindess, F.P. Glasser, L.W. Roberts, J.P. [15] B. Mayfield, The quantitative evaluation of the water/cement ratio
Skalny, L.D. Wakeley (Eds.), Microstructure of Cement-Based Sys- using fluorescence microscopy, Mag. Concr. Res. 42 (150) (1990)

tems/Bonding and Interfaces in Cementitious Materials, Mater. Res. 45-49.



