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The properties of new Interfacial Transition Zone (ITZ) and old ITZ in Recycled Aggregate Concrete (RAC)
were investigated by Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM) and nanoin-
dentation. From the SEM images, obvious voids and high concentration of calcium hydroxide can be
found in both old ITZ and new ITZ in RAC. Based on the nanoindentation study, it is indicated that the
thicknesses of old and new ITZs are in the range 40–50 lm and in the range 55–65 lm, respectively. It
is also found that the average indentation modulus of old ITZ is 70–80% of that of old paste matrix, while
the average indentation modulus of new ITZ is 80–90% of that of new paste matrix. Additionally, the
influences of mix proportion, aggregate types and hydration age on the properties of ITZs in RAC are dis-
cussed in this study.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Recycling of waste concrete is necessary from the viewpoints of
environmental preservation and effective utilization of resources.
Recycled Aggregate Concrete (RAC) usually either fully or partially
uses crushed and sieved waste concrete as its coarse aggregates
[1–4]. Researches based on the comparisons of workability,
mechanical properties, and shrinkage and creep with respect to
conventional concrete have been published to investigate the early
and long-term behaviors of RAC [5–10]. However, very limited
studies have been reported to investigate the microstructure of
RAC and its effect on the mechanical properties [11,12]. As already
known, two types of interfaces exist in RAC: the old Interfacial
Transition Zones (ITZs) between adhered old cement mortar and
natural aggregates, and the new ITZs between new cement mortar
and the aggregates (either recycled aggregates or natural aggre-
gates). This is one of the main differences between RAC and con-
ventional concrete. It is widely accepted that the ITZs in RAC
have significant influences on the mechanical properties. Ryu
found that the failure behaviors of the RAC depended on the rela-
tive quality of old ITZ and new ITZ [13]. The strength of the RAC de-
pends on the quality of new ITZ when the quality of old ITZ is
better than that of new ITZ. Otherwise, the strength of RAC de-
pends on the quality of old ITZ. To investigate the effect of the recy-
cling process on recycled aggregate, Nagataki et al. concluded that
recycling processing level and quality of the waste concrete played
a very important role in the characteristics of recycled aggregates
[14].

In the past, researchers expressed considerable interests in the
micromechanical properties of old and new ITZs in RAC to help
understanding the complex mechanical behaviors of RAC such as
failure mechanism and durability [5,13–15]. However, due to the
difficulties in determining constitutive parameters with the avail-
able testing methods, the understanding of the fundamental prop-
erties of the ITZs in RAC on submicron or nanoscales is still very
limited. With the emergence of nanoindentation technology, it is
now possible to directly measure the nanomechanical properties
of the thin ITZs [16–18]. The nanoindentation technique is similar
to classical indentation, but is capable of producing contact areas
and penetration depths on submicron or nanoscales for cementi-
tious materials [19–22]. In nanoindentation tests, the contact area
is measured directly from the depth of penetration of the indenter
into the specimen surface and the geometry of the indenter
[23,24]. Atomic Force Microscopy (AFM) is another increasingly
popular tool for studying cement-based materials [25,26], which
is often used to assess concrete surface roughness. In order to
study the microstructural gradients of the ITZ in concrete, Scanning
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Fig. 1. Recycled coarse aggregate (4.75–25.0 mm) (Rossi Contractors Inc. in
Chicago, IL).

Fig. 2. RAC sample after grinding and polishing.
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Electron Microscopy (SEM) is usually applied [27,28]. With SEM
technique, one can identify the phase distribution, such as C–S–H
or CH, in concrete.

To understand the influence of ITZ properties on RAC properties,
the first step is to study how the ITZ properties change when sub-
jected to various influencing factors. Because ITZ is a layer formed
between an aggregate and the paste matrix, its properties are af-
fected by both of them. It was found that the cementitious materi-
als grain size distribution, water-to-binder ratio, hydration age,
mixing approach, aggregate size, and aggregate type, etc. have ef-
fects on the ITZ properties [29–32]. For example, it was found that
the thickness of ITZ increases with increasing water-to-binder ratio
(w/b) and aggregate size. Moreover, the composition and particle
size distribution of the binder can also affect the porosity of the
ITZ [33]. Finer particles, such as silica fume, can decrease ITZ poros-
ity and the thickness [34]. Researchers also found that the size and
surface texture of the aggregates have great influences on ITZ prop-
erties. Compared with gravel, a limestone is more porous and has a
rough surface texture. Therefore, the ITZ around a limestone can be
relatively stronger and thinner [31]. In order to investigate both
the micromechanical properties and phase distributions on micron
and submicron scales, this paper utilizes the introduced three ad-
vanced techniques (nanoindentation, AFM, and SEM) to study the
influences of mix proportion, aggregate type and hydration age
on the properties of old and new ITZs mainly including their elastic
moduli and thicknesses.
2. Research scope and significance

This research mainly focuses on studying two properties of
ITZs: the elastic modulus and the thickness. Knowing the elastic
modulus distribution within ITZs can help to improve our knowl-
edge of the failure mechanism and cracking progresses in RAC.
And knowing the thickness can help to develop methodologies to
improve the quality of RAC by minimizing the ITZ volume.
Table 1
Mix proportions of RAC I and RAC II.

w/b (w/c) kg/m3

Water Cement Fly ash

RAC I 0.42 129 246 61
RAC II 0.45 200 444 0

Note: TSMA means two-stage mixing approach.
The objective of this study is to investigate the influences of mix
proportion and hydration ages on the characteristics (modulus and
thickness) of ITZs in RAC by three testing methods: nanoindenta-
tion, AFM, and SEM. This study presents two gaps in the current
understanding of RAC behavior by: (1) obtaining a more accurate
understanding of local mechanical properties on nanoscales for
ITZs in RAC and (2) revealing the differences in nanoscale mechan-
ical properties between old and new ITZs in RAC. The experimental
results of this work should be beneficial for future studies to corre-
late the microstructure and nanomechancial properties to the mac-
roscopic mechanical behaviors of RAC.

3. Materials and methods

3.1. Materials and mixing approach

Recycled aggregates (as shown in Fig. 1) from Rossi Contractors
Inc. at the Chicago O’Hare International Airport were used to pre-
pare RACs in this study. The specific gravity and the water absorp-
tion capacity of these recycled aggregates were 2.41 and 5.51%,
respectively. Most of natural aggregates in the recycled coarse
aggregate were limestone, except a few of them were gravel. Due
to the high water absorption, the RCAs used for casting RAC spec-
imens were presoaked before mixing. The water amount used to
presoak the RCA was calculated according to the water absorption
capacity of RCA. The maximum size of coarse aggregates was about
20 mm. Two different RACs were mixed and investigated in this
study (Table 1). One was prepared with a water-to-binder ratio
(w/b) of 0.42 (noted as RAC I). The Type I Portland cement content
was 246 kg/m3and the Class C fly ash content was 61 kg/m3 in
RAC I. The other RAC used in this study had a water-to-cement
ratio (w/c) of 0.45, where the Type I Portland cement, water, and
river sand were applied (noted as RAC II). Compared to RAC I, no
fly ash was used in RAC II mixture. For both mixtures, a Two-Stage
Mixing Approach (TSMA) was applied when preparing the RAC
specimens [35]. During mixing, the required water was propor-
tionally split into two parts that were added at different timing.
All of the samples were cured under 25 �C and 55% relative
Mixing approach

Sand Recycled coarse aggregate

854 978 TSMA
702 1054 TSMA



(b) New ITZ(a) Old ITZ

Fig. 3. Optical microscopy images of RAC ITZs after polishing.

Table 2
RMS roughness measurement for interfaces in RAC I.

Scanning location Scanning size (lm) Average RMS roughness (nm) RMS roughness deviation (nm)

Old ITZ 50 � 50 97.2 25.3
New ITZ 50 � 50 90.2 21.6

(a) Old ITZ (50×50µm) (b) New ITZ (50×50µm) 

Fig. 4. Typical AFM 3D topography image of ITZs in RAC.
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humidity laboratory conditions for 7, 28 and 90 days until the day
of testing.

In this paper, the old ITZ represents the interfaces between the
natural aggregate and old paste matrix in original crushed con-
crete; and the new ITZs are those interfaces around recycled aggre-
gates (here, are the aggregates consists of old cement paste in
particular) in newly cast concrete. Therefore, the recycled aggre-
gate is termed as old paste aggregate in the following discussions.

3.2. Sample preparation

For nanoindentation test, 20 mm thick RAC slices were first cut
from RAC prisms. The 20 mm thick slices were then cut into
approximate 5 mm thick slices of 10 � 5 mm (cross section) with
a diamond saw. The cut slices were immersed in ethanol for
24 h. The slices were then removed from the ethanol and were sub-
jected to a heat treatment (drying) of 50 �C for 12 h. Since the
microstructure of cementitious materials can easily be damaged
by grinding and polishing, it is essential to fill the pores of the sam-
ple with epoxy resin impregnation prior to grinding and polishing.
When the epoxy gets hardened, it stabilizes the microstructure and
enables it to withstand the stresses of grinding and polishing with-
out any alternations [36]. For the impregnation, the concrete slice
was first placed in a 38.1 mm diameter blue rubber mold. Epoxy
called Struers provided by Cytec Industries Inc. was then used.
The vacuum to the chamber was then released, allowing atmo-
spheric pressure to facilitate impregnation. The mold was then re-
moved from the vacuum chamber and cured for 12 h in an oven at
70 �C.

The biggest challenge and critical step in preparing RAC slices
for nanoindentation is to polish the sample to provide a smooth
and flat surface, while minimizing the sample disturbance
[16,18,19,25]. To ensure the reproducibility of the small penetra-
tion of the indenter, special attention needs be paid to the quality
of the polished sample surface so that the elastic modulus and the
hardness can be measured with nanoindentation. In this study, the
sample was mounted on a metal holder using adhesive for grinding
and polishing. And the sample holder was always placed within an
annular metal collar. This configuration prevented any wobbling of
the sample holder and helped to maintain parallel top and bottom
surfaces while grinding and polishing.

There are three primary goals for surface grinding and
polishing: (1) to achieve surfaces as flat as possible, (2) to
obtain repeatable results, and (3) to minimize the sample distur-
bance. The procedure described here was optimized to satisfy
these goals:



(a) Old ITZ region 

(b) New ITZ region 

Fig. 5. Typical surface topography of RAC ITZs by AFM.
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Fig. 6. Typical indentation in ITZs of RAC.
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� The sample was initially ground on Buehler-Met II paper disks
with gradation of grits 280 (51.8 lm), 800 (22.1 lm), 1200
(14.5 lm) and 1500 (12.2 lm), respectively. Water was used
as the cooling medium and lubricant. Approximate grinding
time on each gradation was 5 min. The sample was then cleaned
in ethanol in an ultrasonic cleaner before further polishing.
� After much trial and error with a variety of polishing com-
pounds and polishing mats, one combination can provide a
repeated success by lengthy polishing under light load. An
auto-polisher was used with diamond suspensions in ethanol
with gradation of 9 lm, 6 lm and 3 lm. The relatively slow lap-
ping speed minimized the sample disturbance and created a
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smooth surface. Each step lasted approximately 30 min. In the
following steps, diamond lapping films from Allied High Tech
Products Inc. with gradations of 3 lm, 1 lm and 0.5 lm were
used. The hardness of diamond lapping film can assure that
the higher surfaces of the sample are removed first, and the per-
foration gives a place for the polishing residue to collect with-
out interfering with the polishing itself. In these steps, manual
and semi-automated polishing was used. The ethanol was used
as the cooling medium, and each polishing step lasted approx-
imate 30 min.
� An ultrasonic bath cleaning in ethanol was performed for

10 min to remove all dust and diamond particles. After polish-
ing, the surface quality was confirmed using a microscope,
and then the sample was stored in a small air-tight container
(Fig. 2).

The degree to which the RAC can be polished for nanoindenta-
tion studies is associated with the microstructure heterogeneity.
On the micro-scale, RAC is composed of several relatively hard
phases (natural aggregate, quartz and unhydrated cement parti-
cles) surround by old paste matrix and new paste matrix. At higher
magnification, many different phases of RAC can be observed by
optical microscopy (Fig. 3).
3.3. Atomic force microscopy

In order to guarantee the surface quality of polishing and grind-
ing, the polished samples were further evaluated by AFM (Bruker
AXS Dimension ICON) to obtain the surface topographic informa-
tion. In AFM, a silicon tip was used with a cantilever arm. All the
samples were scanned by using the tapping mode to obtain a topo-
graphic map around the interfaces in RAC, and the scanning was
performed with an amplitude set point of 250 mV and a scan rate
of 0.75 Hz. The scan was concentrated to observe a region of the
paste matrix at the interfaces in RAC. The scanning sizes performed
at both old and new ITZs were 50 � 50 lm. A total of 10 scans were
conducted for each kind of ITZ. The results presented in this paper
consisted of typical results obtained from these AFM scans, such as
the surface topography and quantitative roughness. The Root-
Mean-Squared (RMS) average of the topography of the surface
was chosen to measure the surface roughness.

Following the AFM imaging procedure, each image was digitally
analyzed in order to extract a roughness value. Before calculating
the roughness, a linear slop correction was performed to account
for an alignment difference between the reference plan of AFM
(a) Across old ITZ

Fig. 7. Schematic showing indented ar
imaging and the overall slope of the sample surface. The preferred
parameter for roughness was a RMS average of the topography of
the surface (Rq). The average RMS values of 10 scans at each loca-
tion (old ITZ and new ITZ) of the sample are given in Table 2.

The AFM results of roughness at different locations suggest rough-
ness measurement exhibit variation. A possible explanation for this
variation is that the polished surface is inherently heterogeneous.
The old ITZs exhibited higher roughness than that of the new ITZs.
A comparison of the 3D topography images obtained by the AFM at
old and new ITZs is presented in Fig. 4. In the figures, the bright areas
represent the natural aggregate or unhydrated cement particles,
while the dark areas are considered to be the pores and cracks.
Fig. 5 shows the comparison of old ITZ and new ITZ cross-section
height distribution (surface topography) along different sections.
According to the three height distribution curves, it can be found that
both the old ITZ and new ITZ regions are relatively flat in RAC.
4. Nanoindentation investigation

4.1. Nanoindentation details

Hysitron Triboindenter fitted with a Berkovitch tip (tip radius of
0.6 lm, angle of 142.3�) was used to determine the nanomechani-
cal properties of the ITZs in RAC. A quartz standard was indented
during each test to ensure accuracy. To account for possible surface
roughness, head repositioning was carried out before each indent.

Researchers have shown that the indentation depth should be
larger than the RMS of roughness, but how much larger remains
an open argument for cement-based materials [18,25]. In this
study, the nanoindentation was performed to an average depth
of 350 nm for the ITZ phase with a sufficient surface roughness
lower than 100 nm. The average indentation depth which is 3
times more than surface roughness should be sufficient to avoid ef-
fects of roughness. Each load/displacement diagram was plotted
and inspected for signs of problems due to surface roughness, such
as abnormal or discontinuous shapes. Fig. 6 presents load-depth
curves of different phase in ITZ and the image of indent mark on
the calcium silicate hydrate (C–H–S) gel after nanoindentation cap-
tured with indenter tip of the Triboindenter. The trapezoidal load
functions which included single-cycle and multiple-cycle loads
were used in this study. It is found that multiple cycles of partial
loading and unloading lead to minimizing of the short-term creep
and size effect [37].

All tests were programmed in a multi-cycle loading way that
the indenter came into contact with the sample surface with the
(b) Across new ITZ 

ea of old ITZ and new ITZ in RAC.



(a) Old ITZ, indent area:100×100µm (b) New ITZ, indent area:150×100µm
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(c) Contour map of modulus in GPa (old ITZ) (d) Contour map of modulus in GPa (new ITZ) 
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Fig. 8. Grid indentation modulus on ITZs of RAC I at 90 days.
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load increased at a constant rate of 120 lN and the maximum load
was 1200 lN. Normally, grid indentation is a method to perform
large number of indents on the sample. Statistical analysis of these
data obtained from grid indentation provides information about
the overall nanomechanical properties of the sample and volume
fractions of different phases involved. In this study, indentation
with in situ imaging was used to determine the local nanomechan-
ical properties at specific locations of the sample.
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Fig. 9. Grid indentation hardness on ITZs of RAC I at 90 days.

(a) Perpendicular to old ITZ, at old paste 
matrix side 

(b) Perpendicular to new ITZ, at new paste 
matrix side 

Fig. 10. SEM images of old ITZ and new ITZ in RAC at 90 days.
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A typical indentation load and indentation displacement curve
includes peak indentation load (Pmax), indentation depth at peak
load (hmax), and final depth of the contact impression after unload-
ing (hf). As to the penetration of elastic half space by an axisym-
metric indenter of arbitrary smooth profile, by applying a
continuum scale model, the initial unloading stiffness S = dp/dh,
is given as follows [16,23]:

S ¼ dp
dh
¼ 2ffiffiffiffi

p
p Er

ffiffiffi
A
p

ð1Þ



(a) old ITZ (b) new ITZ 

Fig. 11. SEM images of polished new ITZ and old ITZ of RAC at 90 days.

1 For interpretation of color in Figs. 8 and 12, the reader is referred to the web
version of this article.
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where A is the projected contact area at the peak load; Er is the re-
duced elastic modulus, which can be determined by nanoindenta-
tion. The relationship between Er and Ei can be given by:

1
Er
¼ ð1� v2Þ

E
þ ð1� v2

i Þ
Ei

ð2Þ

where E and v are Young’s modulus and Poisson’s ratio of the sam-
ple respectively, and Ei and vi are the corresponding parameters of
the indenter. For the indenter used in the present experiment, the
elastic modulus Ei = 1140 GPa and the Poisson’s ratio vi = 0.07. Then,
the elastic modulus E of the sample can be calculated by:

E ¼ ð1� v2Þ � 1
Er
� ð1� v2

i Þ
Ei

� ��1

: ð3Þ

The suggested Poisson’s ratio for RAC is v = 0.2, which was used
in this study to calculate E in Eq. (3) [16,23].

The hardness H has the definition as follows:

H ¼ Pmax

A
ð4Þ

The studied areas were taken randomly within old ITZs and new
ITZs in RAC that were around aggregates with similar sizes. The
spacing between the indents was 5 lm and 10 lm in the lateral
and vertical directions, respectively. The indent areas for old and
new ITZs had the dimensions of 100 � 100 lm and
150 � 100 lm, respectively, as shown in Fig. 7. As for the old ITZs,
231 indents were made in an array at each studied area. For new
ITZs, 341 indents were made in an array. For each old and new
ITZ, four studied areas across interfaces were randomly chosen
for nanoindentation. These four indented areas obtained for ITZs
were based on the statistical consideration, which was used to cal-
culate the mean and standard deviation values for the nanome-
chanical properties of ITZs. As the spacing between indents was
5 lm in lateral direction, the strips of 5 lm wide were successively
taken from the indented areas in RAC. For each trip, 11 indentation
values with 10 lm spacing in one trip were then averaged. The dis-
tributions of nanomechanical properties were obtained with the
distance starting at natural aggregate surrounded by old ITZ or
old paste aggregate surrounded by new ITZ. In this study, the dis-
tributions of indentation modulus were used as a basis for the
characterizations of old ITZ and new ITZ respectively, such as ITZ
thickness.

4.2. Grid nanoindentation

For the RAC I samples at 90 days, areas on the samples that con-
tained old and new ITZs were chosen for indentation (Fig. 8a and b).
The ITZs around coarse limestone aggregates with around 20 mm
size were chosen for indentation. Fig. 8c and d shows the contour
maps of indentation modulus of old and new ITZs, respectively.
The deep blue1 and black areas have the lowest moduli, which indi-
cate relatively weaker zones in the RAC. The results also show that
these blue and black areas are distributed in the regions between nat-
ural aggregates and old paste matrix, as well as between old paste
matrix and new paste matrix. This is an important indication of the
existence of old ITZ and new ITZ in RAC.

Fig. 8e and f shows the indentation modulus distributions with
the distances across old ITZ and new ITZ, respectively. According to
other researchers [19,38], the indentation modulus of calcium
hydroxide (CH) is higher than that of calcium silicate hydrate (C–
S–H). The porosity and CH can be concentrated when approaching
the aggregate surface and old paste matrix in both old and new
ITZs due to the wall effect.

In this study, the ITZ thickness was estimated by locating the
place where there is little variation in indentation modulus with
the distance from the natural aggregate (for old ITZ) or old paste
aggregate surface (for new ITZ), and the indentation modulus dis-
tribution of ITZ seems to become close to those of the paste matrix.
For the old ITZ, the thickness of the interfacial zone ranges between
40 lm and 50 lm. This supports the ITZ thickness of conventional
concrete previously found by other researchers to be from 20 lm
to 50 lm by analyzing the lateral variation in properties around
aggregate [29–32,39]. The average modulus of the old ITZ was
found to be 70–80% of that of the old paste matrix. However, the
indentation modulus values obtained around the aggregate does
not increase consistently when moving away from the aggregate
surface and the ITZ modulus is not necessary always lower than
that of the paste matrix. This phenomenon may be due to the con-
centration of porosity and CH crystals in the interfacial zone.

For the new ITZ, the thickness was estimated to be in the range
of 55–65 lm, which was greater than that of old ITZ. Moreover, the
average indentation modulus of new ITZs was found to be approx-
imately 80–90% of that of the new paste matrix. Similar to the old
ITZ, there is no obvious trend for the modulus of new ITZ to in-
crease with an increasing distance from the old paste aggregate
surface. However, the indentation modulus of new ITZ appears to
be higher than that of old ITZ in RAC. This may be because the im-
proved mixing method TSMA coats the recycled aggregate with ce-
ment, and further hydration takes place between old paste matrix
and new paste matrix.

Fig. 9a and b shows the contour map of indentation hardness of
the old and new ITZs in RAC I. It is found that the characterization of
indentation hardness distribution was close to that of indentation



(a) Old paste matrix:100×100µm (b) New paste matrix:100×100 µm
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Fig. 12. Indentation modulus in old and new paste matrices in RAC I at 90 days.
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modulus. The thicknesses of old ITZ and new ITZ obtained from the
hardness distribution (Fig. 9c and d) were also in a good agreement
with that from the modulus distribution (Fig. 8e and f). On the other
hand, the indentation hardness of old ITZ was found to be roughly
85% of that of old paste matrix, while the indentation hardness of
new ITZ was found to be 90% that of new paste matrix. As the inden-
tation hardness characteristics at old and new ITZs appeared to gen-
erally be similar to the indentation modulus characteristics, this
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study will mainly discuss the indentation modulus in the following
sections.

This SEM images provides evidence that the ITZs in RAC I at
90 days have different microstructure characteristics than the
paste matrix. It can be observed that there are voids and calcium
hydroxide (CH) crystals in the ITZs, especially perpendicular to
old ITZ on the old paste matrix side. In comparison with old ITZ,
there are more C–S–H gels existing at new ITZ (Fig. 10).

The SEM micrographs of polished sample with respect to micro-
structure in RAC I at 90 days are presented in Fig. 11. It shows that
heterogeneities of the microstructure exist in both old and new
ITZs. It can be seen clearly that higher porosity appears in old
and new ITZ compared to the corresponding paste matrix. A com-
paratively denser zone close to new ITZ was found at the old paste
aggregate side. It can be seen that interactions at new ITZ is consid-
ered to contribute to reduce the high porosity and improve the
properties of the old paste aggregate perpendicular to new ITZ
[12]. The denser zone around the paste aggregate surface is prob-
ably due to the further hydration process of the old paste matrix
in vicinity of the new ITZ.

4.3. Grid nanoindentation on paste matrix

With the RAC I samples, nanoindentation was also performed at
old paste matrix and new paste matrix (Fig. 12a and b). The chosen
areas for indentation for both old and new paste matrix were
100 � 100 lm. And the spacing between indents is 10 lm in both
lateral and vertical directions. Fig. 12c and d shows the contour
map of indentation modulus at old paste matrix and new paste
matrix, respectively. Some deep blue and black areas represented
the relatively weak parts, such as voids and cracks. The red areas
with maximum modulus typically represent the unhydrated ce-
ment particles [19]. Fig. 12e and f shows no obvious weak zones
have been found in both old and new paste matrices. In compari-
son, the average indentation modulus of new paste matrix is
slightly higher than that of the old paste matrix. This result is prob-
ably due to the different mix proportions that used when casting
original concrete and the recycled concrete. But for the original
concrete, the mix proportion record is usually difficult to obtain.

4.4. Imaging nanoindentation

Hundreds of indentations can be performed on a grid to gener-
ate enough data without any bias for a statistical analysis. How-
ever, grid indentation occasionally misses some positions of
specific interest for the statistical analysis. On the other hand,
imaging indentation becomes preferred when the nanomechanical
properties of a local area on the sample are focused on. The image
capability of the Triboindenter can also provide an effective meth-
od to examine the different phases in RAC. Fig. 13a is a 60 � 60 lm
Scanning Probe Microscopy (SPM) image of the old ITZ in RAC I
with the indentation modulus written on each point. The bright
area near the right bottom of the image represents the old natural
aggregate. There are areas very close to the natural aggregate that
seems softener and more porous. Thirty six indents were per-
formed on selected points. The spacing between these indented
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Fig. 15. Grid indentation across new ITZ in RAC II at 90 days.
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points was 10 lm. It can be figured out that at the extreme vicinity
of the natural aggregate, the old ITZ generally has a lower modulus
(ranged from 2 to 9 GPa). It should be noted that the connectivity
of the weaker areas such as large voids and cracks along the inter-
face influences the mechanical properties of RAC. Fig. 13b shows
that the relatively lower modulus in the vicinity of natural aggre-
gate (around 20–30 lm from the aggregate surface) has been mea-
sured within the old ITZ. It shows that extreme heterogeneity and
poor nanomechanical properties exist in old ITZ.

Higher resolution SPM image with the indentation modulus va-
lue obtained from each location shows some pores existing in the
new ITZ (Fig. 14a). Indentation was performed on 36 selected
points. It is observed that the new ITZ has higher porosity in the
vicinity of old paste aggregate (dark areas in the figure). The mod-
ulus of the areas with large voids ranges from 3 to 9 GPa. It is also
seen that the relatively lower modulus of new ITZ exists at the
vicinity of old paste aggregate (around 10–20 lm from the old
paste aggregate surface), but no trend of increasing modulus with
distance moving away from the old paste matrix surface was found
(Fig. 14b). This can tell that new ITZ itself is not a uniform region
and the vicinity of new interface at the old paste aggregate side
is a weak part within the new ITZ region.
5. Comparisons and discussions

5.1. Effect of mix proportion on new ITZ

Similar nanoindentation test was undertaken on RAC II also at
90 days old. Figs. 8b and 15a show the indent location of new ITZ
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Fig. 18. Grid indentation across old ITZ around different aggregates in RAC I at 90 days.

Table 3
Characteristics of old ITZ and new ITZ in RAC (mean ± standard deviation).

Items Old ITZ New ITZ

Thickness (lm) Modulus ratio (MOITZ/MOCP) (%) Thickness (lm) Modulus ratio (MNITZ/MNCP) (%)

Curing age (RAC I) 7 days 43 ± 10 77 ± 8 86 ± 9 97 ± 8
28 days 45 ± 12 81 ± 12 67 ± 15 91 ± 12
90 days 49 ± 11 84 ± 11 53 ± 20 84 ± 15

Natural aggregate (RAC II at 90 days) Limestone 47 ± 18 82 ± 15 – –
Gravel 63 ± 5 71 ± 10 – –

Note: MOITZ: indentation modulus of old ITZ; MOCP: indentation modulus of old paste matrix; MNITZ: indentation modulus of new ITZ; MNCP: indentation modulus of new paste matrix.
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Fig. 19. Grid indentation across ITZs of RAC II at 7 days.
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in RAC I and RAC II, respectively. It exhibits that the indentation
modulus of the old paste matrix close to new ITZ on the old paste
aggregate side was higher compared to other regions in both RAC I
and RAC II (Figs. 8d and 15b). Figs. 8f and 15c also show the inden-
tation modulus distribution with the distance across the new ITZs.
For the new ITZ in RAC I, the average indentation modulus is found
to be around 85% of that of the new paste matrix. Similarly, the
average modulus of new ITZ in RAC II is also found to be approxi-
mately 85% of that of new paste matrix. However, the average
indentation modulus of new ITZ in RAC I is slightly lower than that
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Fig. 20. Grid indentation across ITZs in RAC II at 28 days.
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of new ITZ in RAC II, even though the water-to-binder ratio used in
RAC I was slighter lower. This can be attributed to the usage of fly
ash in RAC I, as it is widely accepted that although fly ash can intro-
duce pozzonlanic reactions to improve paste properties, it may also
delay the hydration process.
To study the effect of mix proportion (fly ash) on the properties
of the ITZs in RAC, the cylinder compressive strengths of RAC I and
RAC II were also tested at 7, 28 and 90 days. Fig. 16 shows that the
compressive strength of RAC I is lower than that of RAC II, while
the strength development rate of RAC I is higher than that of RAC
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Fig. 21. Grid indentation across old ITZs in RAC II at 90 days.
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II after 7 days. This corresponds to the finding that the new ITZ in
RAC I is relatively weaker than that of new ITZ in RAC II and the
thickness of new ITZ in RAC I is somewhat greater than that of
new ITZ in RAC II (Fig. 17). Therefore, the nanomechanical proper-
ties of new ITZ can be used to explain the difference in strength be-
tween RAC I and RAC II. It can be induced that the compressive
strength development of RAC are related to the nanomechanical
properties of new ITZ.

5.2. Old ITZs around different types of aggregates

Fig. 18a and b shows the indent location of old ITZs around two
types of natural aggregates (limestone and gravel) with similar
sizes in RAC I at 90 days. For old ITZ around limestone aggregate,
the thickness appeared to be around 50 lm. The average indenta-
tion modulus in old ITZ appeared to be around 80% of that of old
paste matrix (Fig. 18c). As for the old ITZ around gravel, the thick-
ness appeared to be 60 lm, which is more than that of old ITZ
around limestone aggregate. This may be due to limestone nor-
mally having a rough surface and being more porous compared
with gravel (Fig. 18d). The average indentation modulus of old
ITZ around the gravel was observed to around 70% of that of the
old paste matrix.

From Fig. 18e and f, it can be seen that the old ITZ around gravel
aggregate achieved a lower indentation modulus than that of old
ITZ around limestone, which is consistent with other investigations
[40,41]. These results confirm that the properties of old ITZ in RAC
appear to depend more on the original natural aggregate that used.

5.3. Age effect on ITZs

To study the hydration age effect on the ITZs in RAC, the RAC II
samples were also studied by nanoindentation at 7, 28 and 90 days,
respectively, as shown in Table 3. Fig. 19a and b shows the indent
locations for old and new ITZs in RAC II at the age of 7 days. The con-
tour maps of indentation modulus of old ITZ and new ITZ are shown
in Fig. 19c and d, respectively. At 7 days age, both new ITZ and new
paste matrix had relatively lower modulus than that of the old ITZ
and the old paste matrix, correspondingly. There is no significant
difference can be noticed between new ITZ and new paste matrix
from Fig. 19d. The result suggests that new ITZ and new paste ma-
trix are the weak links in RAC at an early age. At 7 days, the thick-
ness of the old ITZ is found to be around 45 lm, which is
consistent with that of old ITZ at later ages (Fig. 19e). Moreover,
the modulus of the old ITZ was also estimated to be about 75% of
old paste matrix, which was roughly the similar value with that
of old ITZ at a later age. Therefore, the results can imply that the
hydration age has no obvious effects on the nanomechanical prop-
erties of old ITZ. On the other hand, the indentation modulus of new
ITZ was almost 95% of that of new paste matrix (Fig. 19f). The thick-
ness of new ITZ is found to be approximately 85 lm, which indi-
cates that the thickness of new ITZ at an early age is larger than
the new ITZ at later ages. It can be concluded that the hydration
age has a significant influence on the properties and development
of new ITZ. This is mainly due to the further hydration in the new
ITZs. With the hydration time increasing, the reduction of the
porosity in new ITZ is initially because of the packing of anhydrous
cement grains. Therefore, the thickness of new ITZ decreases with
the hydration age increasing, and the new ITZ region becomes
stronger and denser. Furthermore, the results show good agree-
ments with previous studies that the properties of new ITZ are
highly changed with the hydration process [29,42].

Fig. 20a and b shows the indent locations of ITZs in RAC II at
28 days. There was no significant difference in the indentation
modulus of old ITZs between 7 days and 28 days of the sample
based on the distribution of the indentation modulus (Fig. 20c).
On the other hand, the indentation modulus of new ITZ and new
paste matrix significantly increased at 28 days compared to that
of 7 days age. However, the indentation modulus ratio of new ITZ
to new paste matrix decreased. The relatively lower modulus in
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Fig. 22. Modulus distribution across ITZs of RAC II different hydration ages.
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the new ITZ mostly occurred in the vicinity of the old paste aggre-
gate at a distance 20 lm from the old paste matrix surface
(Fig. 20d). As shown in Fig. 20e, the thickness of old ITZ was
estimated to be around 50 lm, which was similar to that of old
ITZ at 7 days age. The indentation modulus of old ITZ appeared
to be around 80% of that of the old paste matrix. As for new ITZ,
the average modulus was found to be approximately 90% of that
new paste matrix (Fig. 20f). The thickness of new ITZ was consid-
ered to be around 65 lm, which was less than that of new ITZ at
7 days age. In comparison, the average indentation modulus of
new ITZ was slightly lower than that of old ITZ in RAC II at 28 days
age.

Figs. 21a and 15a show the indent location of ITZs in RAC II at
90 days. The old ITZ thickness still appeared to be around 50 lm.
Indentation modulus in old ITZ appeared to be 85% of that of old
paste matrix (Fig. 21b). There was no significant difference in the
indentation modulus distribution of old ITZ among 7, 28 and
90 days hydration ages. This suggests that there are no further sig-
nificant hydration progresses took place in the old ITZ during the
testing period. As for the new paste matrix, the indentation modu-
lus at 90 days was higher than that at 28 days as expected
(Fig. 15b).

As shown in Fig. 21c, the modulus of old ITZ when RAC is
90 days old was almost similar with that of old ITZ in RAC at 7,
28 days age. As for new ITZ, the average modulus of new ITZ was
found to be approximately 85% of that the new paste matrix
(Fig. 17c). The thickness of new ITZ was considered to be around
55 lm, which was less than that of new ITZ in RAC at 28 days
age. These results reveal that the thickness of new ITZ decreases
with the hydration age.

The indentation modulus distributions of old and new ITZs in
RAC II at 7, 28 and 90 days are compared and displayed in
Fig. 22. It shows that the age effect on the indentation modulus
of old ITZ and new ITZ in RAC was different. The properties of
old ITZ in RAC do not change with the hydration age, while the
indentation modulus of new ITZ and new paste matrix increases
with the hydration age (Fig. 22a). At a late age, the indentation
modulus increases at a lower rate compared to the early age
(Fig. 22b). This trend is similar with that of the compressive
strength development of RAC. It should be noted that the ratio be-
tween indentation modulus of new ITZ and new paste matrix de-
creases with the age.
6. Conclusions

Under the conditions and scopes of this experimental study, a
number of conclusions for old and new ITZs in Recycled Aggregate
Concrete (RAC) can be drawn in the following:

(1) This study developed successful protocols for grinding and
polishing specimens and can achieve perfectly acceptable
characterization of the surface roughness for nanoindenta-
tion, which was verified by AFM. From the SEM images,
obvious voids and calcium hydroxide exist in both old and
new ITZs in RAC.

(2) Based on the nanoindentation study, the thicknesses of old
and new ITZs are found to be around 40–50 lm and 55–
65 lm respectively at a late age. Moreover, the average
modulus of old and new ITZs appears to be approximately
70–80% of that of old paste matrix and 80–90% of that of
new paste matrix, respectively.

(3) From the imaging nanoindentation, for the old ITZ in RAC, the
lowest modulus in the vicinity of aggregate is 20–30 lm
from natural aggregate surface, while for the new ITZ, the
lowest modulus of new ITZ existed in the vicinity of old paste
matrix is 10–20 lm from the old paste aggregate surface.

(4) With the different types of natural aggregate, the indentation
modulus of old ITZ around limestone is higher than that of
old ITZ around gravel, and the thickness of old ITZ around
limestone is thinner than that around gravel. However, both
the mix proportion and hydration age have no obvious effects
on the nanomechanical properties of the old ITZ in RAC.

(5) The average indentation modulus of new ITZ in RAC I was
lower than that of new ITZ in RAC II, and the thickness of
new ITZ in RAC I was greater than that in RAC II. This is prob-
ably attributed to the fly ash which was added in RAC I. With
the increase of hydration age, the new ITZ thickness appears to
be reduced and the microstructure at new ITZ tends to became
denser because of the development of hydrates with the age.
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