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The characteristics of the profiles of elastic modulus and hardness of the steel fiber-matrix and fiber-matrix-
aggregate interfacial zones in steel fiber reinforced mortars have been investigated by using nanoindentation
and Scanning Electron Microscopy (SEM), where two sets of parameters, i.e. water/binder ratio and content
of silica fume were considered. Different interfacial bond conditions in the interfacial transition zones (ITZ)
are discussed. For sample without silica fume, efficient interfacial bonds across the steel fiber-matrix and
fiber-matrix-aggregate interfaces are shown in low water/binder ratio mortar; while in high water/binder
ratio mortar, due to the discontinuous bleeding voids underneath the fiber, the fiber-matrix bond is not very
good. On the other hand, for sample with silica fume, the addition of 10% silica fume leads to no distinct
presence of weak ITZ in the steel fiber-matrix interface; but the effect of the silica fume on the steel fiber-

matrix-aggregate interfacial zone is not obvious due to voids in the vicinity of steel fiber.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Fiber reinforced mortar is a composite structure at a microscopic
scale. Its properties rely on the matrix, aggregate, fiber and the inter-
facial transition zone (ITZ) between the two. The transition area con-
sists of a loose unit of hydrates of the neighboring cement grains. It
consolidates with the progressing hydration and reaches in its “final
phase” a porosity of about 50% [1]. The origin of the ITZ mainly lies in
the so called “wall” effect of packing of cement grains against the
relatively flat aggregate surface [2] or fiber, or steel surface, micro-
bleeding effect which results in the accumulation of water under the
aggregate particles and the flocculation effect of the small cement
grains [3].

Due to the way it is formed the ITZ is not a definite zone, but a
region of transition. Its effective thickness varies with the micro-
structural feature being studied and during the course of hydration
[2]. The typical width of the ITZ between the aggregate and matrix is
50 um; however, different researchers obtained different thicknesses
of ITZ from their tests. For instance, the thickness of the transition
zone between the aggregate and matrix ranged from 10 pm to about
30 um [1]; Ollivier et al. [3] argued that there was only thickness of
15 um to 20 um around the aggregates, just equaling to the mean
diameter of the cement grains. For the fiber-mortar interface, where
amorphous cast iron fibers were used, fiber-matrix debonding
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generally occurred at some distance - about 5 um - from the fiber
surface where the porous zone was the weakest [4]. Although the size
of the ITZ varied with different fiber type and fiber size as well as
matrix details, most observations suggested a relatively large porous
and weak layer on the order of 40 pm to 70 pm thickness [5]. For the
ITZ around steel reinforcement, it was shown that the minimum
micro-mechanical properties occurred at 10430 pm from the actual
steel interface [6].

In the study of ITZ, a key question is to what extent the existence of
ITZ has any practical influences on the engineering properties of
cementitious materials, or it is just a peculiarity of academic interest
[7]. There are two contrary opinions about this problem: some re-
searchers argued that the ITZ is the weakest link between the cement
paste and the aggregate, so it has a significant role in determining the
properties of all cementitious composites [8-10]; however, Diamond
and Huang [11] pointed out, that there is no reason to assume the
significant negative effects of ITZ on permeance or mechanical
properties of concrete, even for concrete with a water/binder ratio
of 0.5. The reason for lack of conclusive evidences provided by various
experimental researches carried out to the ITZ mainly lies in the
limited sensitivity of the experimental technique or inappropriate
methods yielding biased information [12]. In order to resolve this
issue two committees were set up by RILEM and the conclusion are as
follows [7]: 1) the ITZ should be viewed as a system property which is
dependent on the overall composition and the method of fabrication
of the cement composite; 2) the properties of the ITZ may have a
moderate influence on the mechanical properties of concrete but not a
drastic one; 3) the ITZ may have a drastic effect on the mechanical
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Table 1
Particle size and density of the steel fiber reinforced compounds.

Material Particle size (um) Density (kg/m?)
Anlegg cement <30 um: 80.1% and >90 pm:0.5% 3120
Silica fume Retained on 45 pm sieve<1.5% 2200
Limestone powder <30 um: 64.3% and >90 um: 5.6% 2730
Sand 0-4 mm <125 um: 6.1% and <4000 um: 98.9% 2650
Sand 0-2 mm <125 pm: 23.6% and <2000 pm: 91.8% 2650
Steel fiber 160 (diameter) 7800
Glenium 151 - 1030
Water — 1000

properties of fiber reinforced cement composites and on their long
term properties.

During the last decades, a lot of research works have been carried
out to study the influence of various factors on ITZ between aggregate
and paste. The ITZ between the fiber and matrix in fiber reinforced
cement based composites was also studied due to its drastic effect on
the mechanical and durability properties. The ITZ between the fiber
and matrix was affected by the water/binder (w/b) ratio [13], age [14]
and sand content [15]. Mineral admixtures such as silica fume [4,13,16]
and fly ash [17] were also introduced to improve the quality of the
fiber-matrix interfacial zone.

The morphological characteristic of the microstructure of ITZ is
primarily characterized via electron microscopy. Throughout those
researches, Scanning Electron Microscopy (SEM) [10,11], Environ-
mental Scanning Electron Microscopy (ESEM) [13] and Transmission
Electron Microscopy (TEM) [18] have been extensively used. In order
to investigate and quantify microstructural gradients across the ITZ,
backscattered electron imaging and energy dispersive X-ray map
[2,19,20] have been also used. However, for the above mentioned
microscopical techniques, only two dimensional sections of a three-
dimensional microstructure can be observed [19].

For the purpose of developing test methods that can be used to
determine the mechanical characteristics of microsize zones in
various cement based composites, in locations that exhibit micro-
structural gradients, microhardness or microindentation testing was
used to characterize gradients in mechanical properties to understand
the influence of the interfacial transition zone [6,21-25]. Due to the
limitations of microindentation, such as larger indent comparing with
the thickness of ITZ [26], a new method - which has been already used
for many other materials [27] - nanoindentation, began to be used in
the cementitious composites. Since the cementitious materials exhibit
heterogeneous features from the nano-scale to the macroscopic scale,
by using the nanoindentation technique, better representation of this
heterogeneity at multiple length scales, to ultimately identify the scale
where physical chemistry meets mechanics can be obtained [28]. Till
now, nanoindentation was widely used to measure elastic modulus
and hardness of cement paste cured at different conditions [29-35].
Only few research works were focused on the studying of the ITZ
between a rigid inclusion and matrix [36-38].

In the present paper, three types of steel fiber reinforced mortars
were prepared. Good grinding and polishing procedures were finally
determined for the nanoindentation test after several trial procedures
had been made. Atomic Force Microscope (AFM) study was carried

out to measure the surface roughness. Berkovich indenter was used
to investigate the steel fiber-matrix interface and fiber-matrix—
aggregate interface differences. Then, the indented areas were studied
by Scanning Electron Microscopy (SEM). Influence of the water/
binder ratio and silica fume on the characteristics of the profiles of the
elastic modulus and hardness of the interfacial transition zones and
the corresponding interfacial bond conditions was investigated.

2. Materials and methods
2.1. Materials and proportions of mixes used

The mortar mixes were prepared with cement, sands 0-4 mm and
0-2 mm, water, steel fiber, limestone powder and/or silica fume.
Norcem Anlegg cement which is an ordinary Portland cement was
used. Silica fume (Elkem Microsilica grade 940-U) in powder form
with the content of SiO, larger than 90% was used. The limestone
powder, used as a filler, has a fineness of 64.3% <30 um. Sands 0-4 mm
and 0-2 mm have fineness modulus of 2.37 and 1.51, respectively.
Glenium 151 was incorporated in all mixes as a superplasticizer,
having 15% solids content. Straight high carbon steel fiber OL13/.16
has a length of 13 mm and a diameter of 0.16 mm. The detailed particle
sizes and densities of all the materials are summarized in Table 1.

Two water/binder ratios of 0.3 and 0.5 were adopted and two
different contents of silica fume (0% and 10%) were considered to
prepare steel fiber reinforced mortars. The detailed information of
those specimens is shown in Table 2, where the numbers in the
brackets of columns 4, 5 and 8 indicate the contents of the limestone,
Glenium 151 and silica fume as percentages of the weight of cement,
respectively. The amount of steel fiber is 0.3% by volume of the mortar.
The specimens were identified with numbers designation: the first
two numbers indicating water/binder ratio, the second two numbers
corresponding to the content of silica fume, the last two numbers
corresponding to the content of steel fiber. As an example, mortar
031003 implies a specimen with a water/binder ratio of 0.3, having
10% silica fume and 0.3 vol.% steel fiber.

2.2. Mixing and curing

The steel fiber reinforced mortars were mixed in a flat-bottomed
mixer with a maximum volume of 12 1. The mixing procedure was as
follows: 1) cementitious materials (including silica fume) and sands
were blended for 1 min at lower speed; 2) following the next 4 min,
half of the mixing water was firstly added during the mixing, then
all the superplasticizer with the remaining water was added; then,
the steel fibers were added in small batches to get a good dispersion
of fibers in the mixes; 3) stop the mixing, substances sticking in the
sides of the mixer were cleaned and mixed into the mixes within
1 min; 4) the mixture was allowed to rest for 5 min, then mixed for an
additional 1 min at lower speed.

40x40x 160 mm prisms were cast for nanoindentation test.
During the casting, steel molds were vibrated in order to evacuate
parts of the entrapped air. Then, surfaces of the specimens were
carefully smoothed and covered with plastic sheets. Specimens were
demolded after 24 h and were cured at 20 °C under water for 28 days.

Table 2
Characteristics of the mortar mixes.
Name Mix proportion (kg/m?)

Anlegg cement Free water Limestone Glenium 151 Sand 0-4 mm Sand 0-2 mm Silica fume Steel fiber
030003 543.0 153.7 47.2 (8.7%) 10.86 (2.0%) 1399.4 246.9 0.0 (0.0%) 242
031003 483.8 149.4 474 (9.8%) 12.10 (2.5%) 1399.4 246.9 48.4 (10.0%) 234
050003 411.5 201.5 47.3 (11.5%) 4.94 (1.2%) 1399.4 246.9 0.0 (0.0%) 234
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Fig. 1. Sample for grinding and polishing.

2.3. Sample preparation for nanoindentation test

Sample preparation is a very important step in the nanoindenta-
tion study since getting an extremely smooth surface is critical for the
imaging and the reliable determination of local mechanical properties
of the cement based composites [34]. Careful attention should be paid
to the quality of the surface of the sample for the measurements of the
elastic moduli and hardness by nanoindentation to ensure the
reproducibility of the small penetration of the indenter [29]. It is
suggested that a rough surface could increase scatter in the measured
data by nanoindentation [39]. So far, polishing procedures for cement
clinker [29] and hardened cement paste [32,34,40] have already been
discussed in the literature. Although the microhardness in the fiber-
matrix interface was studied [21] and nano-hardness in the fiber-
paste interface was also reported [36], the detailed grinding and
polishing procedures were hardly mentioned. Clearly, due to the
differences in mechanical properties between steel fiber and mortar/
concrete matrix, this will be an issue in practical experiments. The
following procedure was therefore used.

After 28 days curing in a water bath, the central part of the
40x 40x 160 mm prism was taken out by using a diamond saw. Later,
this part was cut into small samples of the size about 15 x 15 x 15 mm.
Then, the 15x 15x 15 mm samples were embedded in epoxy resin in
air and the final samples prepared for grinding and polishing is shown
in Fig. 1.

For fiber reinforced composites, due to the above mentioned lack
of published grinding and polishing procedures, trial grinding and
polishing procedures were made for several times. TegraForce-5
grinding and polishing machine, see Fig. 2, was used. At first, the SiC

Fig. 2. Grinding and polishing machine.

Table 3

Grinding and polishing procedure for samples with different w/b.

Step Name of the Lubricant Time  Force for each sample Rotation
plate (min) holder (N) speed

w/b=03 w/b=05 (TPm)

1 MD-Piano 220  Water 2 30 15 150

2 MD-Piano 600  Water 1 20 15 150

3 MD-Piano 1200 Water 1 20 15 150

4 Largo All/Largo (9 um) 2 20 15 150

5 Dur Dur (3 um) 2 15 10 150

6 Dac Wap-B (1 pm) 2 15 10 150

7 Nap OP-U 2 15 10 150

papers were used for the grinding and polishing. But the surface of the
sample was convex when a straight edge was used to judge the surface
flatness; also, the surfaces of steel fibers were full of scratches. Then,
the MD-Piano plates (220, 600 and 1200) were selected for the coarse
grinding to obtain flat surface. The Largo (9 um), Dur (3 um) and Dac
(1 um) were selected for the fine polishing to remove the scratches.
The Nap was used for the final polishing. However, some surface fibers
may be pushed out during the polishing procedures and the surfaces
of the plates Dur and Dac were damaged. So, the force for each sample
holder was varied. In addition, for samples with different water/
binder ratio, the forces for each sample holder are also different due to
different compressive strengths of the mortar. Good grinding and
polishing procedures for samples with different water/binder ratio
were finally determined, as shown in Table 3. At every step, a reflected
light microscope was used to check the effectiveness of the grinding
and polishing; and ultrasonic bath cleaning was performed to remove
all dust and diamond particles. After the grinding and polishing, each
sample was kept in a small air-tight container to prevent any dust
resting on the test surface.

Then, the surfaces of the polishing samples were studied by an
AFM to obtain the topographic information. The surface roughness on
70 um x 70 um areas of steel fiber, aggregate, matrix and steel fiber—
matrix interfacial zones was measured by using the EasyScan 2 AFM
with Z resolution of 0.21 nm and X, Y resolution of 1.1 nm, and in
tapping mode with the data being processed using the mean fit
calculation.

2.4. Nanoindentation investigation

A Hysitron Triboindenter as shown in Fig. 3 [41] was used to
determine the nano-mechanical properties. A common Berkovich
indenter, i.e. a three-sided pyramidal diamond was used to study the
fiber-matrix and fiber-matrix-aggregate interfacial zones. All testing
was programmed in such a way that the indenter came into contact
with the sample surface and the load increased at a constant rate of
1 mN/s until the load reached the maximum load of 5 mN. Then the
load was held at its maximum for 2 s before unloading at the same
constant rate. The protocol for the movement from one indent to the
next was set as a Constant Direction Mode.

In the study of the ITZ, to avoid any statistical bias in the detection
of microstructural features, the suggested minimum distance between
two adjacent test points was 12.5 um in the microhardness test of fiber
reinforced cement paste [25]; while in the nanoindentation test on the
fiber reinforced cementitious composite, the distance of indents was
5 um in the direction perpendicular to the fiber and 8 pm in the
parallel direction [36]. Since in the present test, it is difficult to
determine the perpendicular and parallel directions of the steel fiber
due to the random distribution of the fiber, the distance between two
adjacent test points was set to be 10 pm or 11.4 um. The intention was
to spread a regular grid of points across the specific selected area of
the sample. This large grid spacing also allows statistical analysis to be
used to accurately determine the properties of the individual phases
[33].



704 X.H. Wang et al. / Cement and Concrete Research 39 (2009) 701-715

Nanoindentation consists of making contact between a sample and
an indenter tip of known geometry and mechanical properties,
followed by a continuously applied and recorded change in indenta-
tion load and indentation depth or displacement. A typical indenta-
tion load-depth curve is shown in Fig. 4a, where P,,.x is the peak
indentation load; hy.y is the indentation depth at the peak load; hris
the final depth of the contact impression after unloading. For the
penetration of an elastic half space by an axisymmetric indenter of
arbitrary smooth profile, by applying a continuum scale model, the
initial unloading stiffness S=dP/dh, given as follows [27]:

dP 2
5= G = ZEVA (1)

where A is the projected contact area at peak load. E; is the reduced
elastic modulus, given by:

— 3
A Gk I Uk} o

T

where E and v are Young's modulus and Poisson's ratio for the
specimen and E; and v; are the same parameters for the indenter.
For the indenter used the present experiments, the elastic modulus

Load, P

v

Displacement, /1

(a)

(b)

Fig. 3. Nanoindentation machine: (a) Triboindenter; (b) TriboScanner [41].

E;=1140 GPa and the Poisson's ratio v;=0.07. Then, the elastic
modulus E of the specimen can be calculated as follows:

E=(1_vz).{l_wr 3)

If the Poisson's ratio v for the specimen is given, the elastic
modulus E for the specimen can be obtained. However, it is not easy to
exactly determine this value for the steel fiber reinforced mortars
prepared in this test. The suggested Poisson's ratio for mortar is
v=0.2 [42], this value is taken to calculate E in Eq. (3).

The hardness H, has the normal definition as follows:

H — max (4)

A

Egs. (1)-(4) have their origins in elastic contact theory. Later, the
indentations of rigid indenter into an elastic-plastic half space have
been experimentally conducted for different engineering materials
[27,43]; and the finite element method has been used to study the
material properties during elastic-plastic indentation to establish how
the indentation process is influenced [44]. Now, this methodology is

Indenter

(b)

Fig. 4. (a) A typical representation of the indentation load versus indentation depth [27]; (b) Schematic representation of an indentation test with a Berkovich indenter on a

homogeneous phase [44].
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Bulk matrix

Hardness

Distance from inclusion surface

Fig. 5. Classification of microhardness profile in the interfacial transition zone (ITZ)
around a rigid inclusion in a cement paste matrix [22].

widely used even for cementitious materials, such as cement paste,
fiber reinforced composite and reinforced concrete [29-37], al-
though heterogeneous features are exhibited in those cementitious
composites.

To ensure that indentation results do not depend on any char-
acteristic length, the scale separability condition must be verified for
each phase [45]:

i<<h D

10 max <~ ﬁ (5)
where d and D stand for the characteristic sizes of the largest he-
terogeneity (particle size) and of the representative element volume,
respectively (Fig. 4b). In other words, for hya.x<d the indentation
response will be affected by the heterogeneity dimension of the phase,
and for larger depth hn,x>D the indentation depth will be affected by
the interaction of the different phases of the microstructure.
Actually, the characteristic size of the microstructure D in a par-
ticular phase is very difficult to estimate, as the microstructure itself
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(a) Topography of steel fiber (b) Topography of aggregate
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(c) Topography of matrix

(d) Topography of steel fiber-matrix interfacial zone

Fig. 6. Typical AFM topography image of the polished steel fiber reinforced mortar.
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depends on mixing proportions, hydration degree, etc. Eq. (5) is only
satisfied in an average sense, and that the presence of ‘violators’ of
those conditions is inevitable, as pointed out by Constantinides and
Ulm [35]. For a fully hydrated water/cement ratio of 0.5 cement paste,
a good estimate of the characteristic length scale of the microstructure
is on the order of D~1-3 pm, representing the smallest microstruc-
tural length scale among cement pastes' constituents (portlandite
crystals and clinker particles are usually on the order of tens or hun-
dreds of microns) [35]. Hence, based on the particle sizes of the
materials shown in Table 1, the approximate characteristic length
scale of the microstructure of the tested fiber reinforced mortar is
estimated on the order of D~1-30 um; and the range of maximum
indentation depth is hyax [100,3000] nm.

2.5. SEM test

After the nanoindentation test, the microstructures of the inter-
faces were studied with Scanning Electron Microscopy (SEM). The
sample surfaces were coated with carbon to increase the electrical
conductivity of the sample. Secondary electron (SE) image and
backscattered electron (BSE) image of the identical indented areas
were obtained and the accelerating voltage was 15 kV for both SE
imaging and BSE imaging.

2.6. Profiles characteristics of the ITZ

A variety of elastic modulus and microhardness or nanohardness
profiles have been reported for the ITZ [6,15,21,36]. Common to all
these test results is the observation that in the vicinity of the in-
clusion surface there is a gradient in the microhardness and elastic
modulus, but in the bulk paste it becomes relatively constant. How-
ever, the nature of the microhardness gradients can be quite different.
It was pointed out that the hardness in the ITZ should be smaller
than that of the bulk due to the higher porosity of ITZ; on the other
hand, such an observed reduction terminates as the inclusion sur-
face is approached [6,21,36]. Rarely has a trend of consistently lower
microhardness, right up to the inclusion surface, been reported [22].
The trends in the gradients can be classified into four types as shown
in Fig. 5 [22]. The type I curve in Fig. 5 is expected to occur in systems
in which (1) the matrix in the vicinity of the inclusion has the same
properties as the bulk and the inclusion and the matrix are well
bonded at the interface, or (2) the near surface ITZ is rich in massive
CH [22]. Deviations from these conditions can lead to changes in the
shape of the curve and can account for shapes such as I, IIl, and IV
in Fig. 5.

3. Results and discussion
3.1. Effectiveness of the grinding and polishing procedures

The typical AFM topography image of the steel fiber, aggregate,
matrix and steel fiber-matrix interfacial zones are shown in Fig. 6.
Compared to the smaller height variation shown in steel fiber and
aggregate, the larger height variation is observed in the matrix and
ITZ. For the same sample, two or three locations were selected to study
the surface roughness. The average roughness S,, root-mean-square
roughness Sq and peak-valley height S, of the selected locations of the
samples are summarized in Table 4. Due to the inherently hetero-
geneous of the polished surface resulting from the inherently
heterogeneous of the mortar, the roughness measurements exhibit
significant variability at various locations on the same sample.

The results show very smooth surfaces on the aggregate and steel
fiber with the average roughness and root-mean-square roughness on
the order of 10-65 nm, whereas the average roughness and root-
mean-square roughness of matrix and steel fiber-matrix interfacial
zone are found to be on the order of 120-475 nm. Compared to the

Table 4
Surface roughness measurement of the polished samples.

Name Steel Aggregate  Matrix  Steel fiber-matrix
fiber interfacial zone
030003 Location1 S, (nm) 1224
Sq (nm) - - - 178.4
Sy (nm) 1835.4
Location2 S, (nm) 484 26.0 146.1
Sq (nm) 635 374 1974 -
Sy (nm) 7089 7053 1747.8
031003 Location1 S, (nm) 13.1 12.3 254.0
Sq (nm) 238 235 345.3 -
Sy (nm) 5249 5310 2705.5
Location 2 S, (nm) 26.7 160.8 234.6
Sq (nm) - 39.7 228.5 337.8
Sy (nm) 430.6 20441  2569.0
050003 Location1 S,(nm) 12.6 3854  216.6
Sq (nm) 194 - 473.0 294.8
Sy (nm)  329.0 2794.6 24201
Location2 S, (nm) 154 21.0
Sq (nm) 271 35.8 - -
Sy (nm) 8277 1190.8
Location3 S, (nm) 30.8 33.7 156.4 354.5
Sq (nm) 584 48.2 2286 4381
Sy (nm)  1146.0 12131 2288.6 2631.0

small average roughness and root-mean-square roughness on the
polished cement paste [35], those values of the matrix in our study are
very high. The peak-valley height on aggregate and steel fiber is on the
order of 320-1215 nm, while the peak-valley height on matrix is
around 1.7 to 2.8 um. On the interfacial zones of steel fiber-matrix, it is
around 1.8 to 2.6 um without a very clear gap. The peak-valley heights
on matrix and ITZ probably reflect the porous nature of matrix and ITZ
observed in the polished plane. Considering the 1.5 pm maximum
height difference between different areas in the polished cement
paste [38], the obtained maximum peak-valley height of aggregate
and steel fiber, which is about 1.2 um, is even better than that of the
cement paste.

3.2. Data validation of the nanoindentation test

In order to determine the validity of each indentation, the P-h
curves of each indented area were firstly checked. Typical P-h curves
of steel fiber, aggregate and matrix are shown in Fig. 7a-c,
respectively. Also, there are some discarded P-h curves, see Fig. 7d-f.
Most of those irregular curves can be easily detected by their greater
maximum indentation depths, as suggested by DeJong and Ulm [33].
The irregular nature of the curve shown in Fig. 7e may be due to
the presence of a large void [38] while the discontinuous load-
displacement curve shown in Fig. 7f may lie in the surface cracking
during the force-driven indentation tests [33]. Due to the contact
stiffness is measured only at peak load, and no restrictions are placed
on the unloading data being linear during any portion of the un-
loading [27], curves showing nonlinear characteristic in the unloading
portion are also adopted, see Fig. 7g.

Since eliminating discontinuous indentation curves and those in
violation of the scale separability condition from the data set is of
critical importance for accurate phase property identification [33], the
scale separability condition Eq. (5) is also checked and curves in
violation of Eq. (5) are eliminated. The resulting range of indentation
depths of steel fiber, matrix and aggregate of the three samples are
summarized in Table 5, where “Stdev” denotes the standard deviation
of the indentation depth. It can be seen from Table 5 that the average
indentation depths of steel fiber and aggregate are on the order of
160-210 nm, while the average indentation depth of matrix around
555-700 nm. Similar to the nanoindentation study of the fiber-matrix
interface zone in the fiber reinforced ultra high performance concrete
[45], the root-mean-square roughness of the polished samples shown
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(a) Typical P-h curve of steel fiber

707

(b) Typical P-h curve of aggregate
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Fig. 7. Different characteristics of load-displacement (P-h) curves.
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Table 5
Range of indentation depths of steel fiber, matrix and aggregate.
Name hmax of steel fiber hmax of matrix hmax of aggregate
(nm) (nm) (nm)
Mean Stdev. Mean Stdev. Mean Stdev.
030003 162.4 53 555.3 290.5 204.8 17.8
031003 170.4 18.1 700.3 5914 167.8 17.2
050003 162.8 5.6 650.3 3135 1873 154
Table 6

Percentage of discarded curves with “jump” or several “jumps” in each sample.

Name Steel fiber-matrix Steel fiber-matrix-aggregate
interfacial zone interfacial zone

030003 3.8% 11.5%

031003 12.5% 9.1%

050003 13.6% 5.8%

in Table 4 indeed inferior to one order of magnitude of the average
indentation depth, justifying the effectiveness of the present grinding
and polishing procedures.

As pointed out by Constantinides and Ulm [35], the discontinuous
load-displacement plots with a “jump” or several “jumps” in the in-
dentation depth are related to surface preparation procedures, the
largest percentage of discarded curves with “jump” or several “jumps”
in each sample is checked. The number of curves excluded for this
reason in each sample is shown in Table 6. It can be seen from Table 6
that the largest percentage of the three samples is smaller than 15%.
Compared to the 5% percentage of discarded curves with “jump”
or several “jumps” in cement paste [35], this number is quite high,
indicating the further modification of the proposed grinding and
polishing procedures.

As a result, due to the different mechanical properties among steel
fiber, aggregate and matrix, sample preparation will be more difficult
to handle in mortar and particularly in fiber reinforced mortar than
in cement paste. Considering the more experience in preparation
procedures for cement paste in nanoindentation tests [32,34,40], we
conclude that our grinding and polishing procedures still yield a good
overall surface roughness and will provide valuable information for
the further study on the mechanical properties of ITZ in real
materials, such as steel fiber reinforced concrete and reinforced
concrete.

Typical indent

15.0kV 13.0mm x2.00k SE

Fig. 8. SE image of indents made on the steel fiber.

Steel fiber

[ [ 1
50.0um

Fig. 9. Images of steel fiber-matrix interfacial zone in sample 030003, where the
dimension of the indented area is 120 umx 30 pm.

3.3. Nanoindentation and SEM test results

3.3.1. Steel fiber-matrix interfacial zone

After the data validation and calculation of the elastic moduli E of
the sample of each indented area, the secondary electron (SE) image
of each indented area was used to determine the distribution of all
indents in each indented area. Actually, due to the very strong image
contrast between the bright steel fiber and the dark matrix, only the
distribution of the indents in the steel fiber can be found in the SE
image of each indented area, see Fig. 8. In addition, the matrix exhibits
very heterogeneous features. Unlike the cement paste samples used in
most nanoindentation studies [29-35,38], it is difficult to find the
indents in the matrix of steel fiber reinforced mortars. Thus, by using
the distribution of the indents in the steel fiber in the SE image and the
known dimension of the indented area, the whole size of each
indented area in the SE image was determined; combined with the
corresponding BSE image of the identical indented area, the interfacial
bond conditions, the voids and microcracks within the indented area
are observed. The whole indents were divided into appropriate
groups: indents in the steel fiber, indents in the matrix, and/or indents
in the aggregate. There are also indents in partially hydrated cement
clinkers in some cases.

30.6pum

Steel fiber

15.0kV 9.6mm x1.00k BSECOMP

Fig. 10. Images of steel fiber-matrix interfacial zone in sample 031003, where the
dimension of the indented area is 30 pmx 80 pm.
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Steel fiber

Fig. 11. Images of steel fiber-matrix interfacial zone in sample 050003, where the
dimension of the indented area is 30 umx 80 pm.

The size of each indented area in the SEM images of the steel
fiber-matrix interfacial zones in samples 030003, 031003 and
050003 are shown in Figs. 9-11. The rectangular areas in Figs. 9-11
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indicate the indented areas chosen for nanoindentation test, with
10 pm or 114 pm grid patterns as mentioned in Section 2; the
numbers written in the image are the indented location, which
always start from zero and also indicate the direction of the indenter
movement in each chosen indented area. The elastic modulus and
hardness profiles of the interfacial transition zone between steel
fiber and matrix of the three samples are shown in Fig. 12, where the
elastic modulus and hardness were determined as a function of the
distance from the fiber surface and the vertical axis denotes the edge
of the actual steel fiber.

In Fig. 12, there is a noticeable scatter within each sample; but an
effort to discuss the features of the indentation profiles are made in the
following section. For sample 030003, the hardness profile of the ITZ
between steel fiber and matrix shows the trend of type I in Fig. 5. In the
distance 5-35 pm from the steel fiber surface, there is an obvious
increase in the hardness; the elastic modulus in this zone is also very
high. Away from the surface of the steel fiber, i.e. in the 35-65 um zones,
the nano-mechanical properties become relatively constant and a
plateau is reached. The hardness value at the weakest point is
0.1636 GPa, occurring approximately 56 um away from the fiber surface.
From the SEM image, see Fig. 9, it can be seen that the steel fiber and the
matrix are well bonded at the interface, although there are still some
defects such as a void, pores and discontinuous microcracks towards the
edge of the steel fiber.
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- s0g 0280
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A o
= A O
B A
2 Steel +f :
2 : A Matrix
= — fiber o -
g d . ° zone
—_ Z0one 120
g 26—+—8 . :—3
E L0
o
w o g @
40 & gy A
OCh o
N W 3 i ket O S
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 o0 70 80
Distance from fiber surface (um)
I r & Sample 030003
*
s 18 o Sample 031003
Q
A Sample 050003
LI > s$oit |
= o . .
& o Matrix -
% 6 zone -
= Steel
= 5
2 fiber
= zone 3 O
, A
2 t—it—‘ B
\ ¢ 0% tn [a] A ]
} A A Ao —
N TN <l vy TR IS Wi S
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80

Distance from fiber surface (um)

Fig. 12. Profiles of the steel fiber-matrix interfacial zone in samples 030003, 031003 and 050003.
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i-vr‘

S0pm

Aggregate

Fig. 13. Images of the steel fiber-matrix-aggregate interfacial zone in sample 030003:
(a) SE image; (b) BSE image, where the dimension of the indented area is 80 um x
80 pm.

For sample 031003, the whole hardness profile of the ITZ between
steel fiber and matrix like type III in Fig. 5, but it is more uniform.
Possibly due to the addition of the silica fume, the hardness profile
of the ITZ is a bit different from that of sample 030003. It is inter-
esting to note that there is no obvious trough in the interfacial zone;
comparatively low hardness is observed just in the 10-30 pm zones
and the nano-mechanical properties become relatively constant be-
yond this zone. The hardness value at the weakest point is 0.2391 GPa,
occurring 30 pm away from the fiber surface, indicating an increase
of the hardness at the weakest point owing to the 10% addition of
the silica fume. Due to the high reactivity of the silica fume and the
formation of compact CSH (calcium hydrosilicates) structures around
the fibers [4], there seems to be more efficient bonding across the
interface between the steel fiber and matrix in the SEM image
(Fig. 10).

For sample 050003, the hardness profile of the ITZ shows a
typical characteristic of type IV in Fig. 5. Comparing with the com-
parative high matrix hardness in samples 030003 and 031003,
comparative low matrix hardness in mortar 050003 are observed
due to the larger water/binder ratio, as pointed out by Sun et al.
[21]. The lowest hardness is observed near the steel fiber surface,
25.6 um away from the fiber surface. This value is 0.1452 GPa,

indicating a decrease of the hardness at the weakest point due
to the increase of the water/binder ratio. A trough is shown in
the zones of 0-35 pm and relative constant properties are observed
in the 35-65 um zones. Those indicate that the interfacial bonding
at the actual interface in sample 050003 is poor and not as effec-
tive as that obtained in samples with low water/binder ratio. The
microstructure around the steel fiber is non-uniform, with dis-
continuous bleeding voids underneath the steel fiber, as shown in
Fig. 11.

On the whole, in the samples with a low water/binder ratio of
0.3, the rise in the curves as the steel fiber surface is approached is
observed, as reported by other researchers [6,21]. Although this rise
in the curve as the inclusion surface is approached can be
indicative of at least partial interfacial bonding at the interface
that enables the inclusion to provide a re-straining effect on the
indenter or the presence of massive CH, it may be at least partly
due to an artifact [22]. For this reason, the curves shown in Fig. 12
are particularly beneficial when used for comparative purposes. It
clearly indicates that, for a water/binder ratio of 0.3, the ITZ around
steel fibers is not softer than the matrix; while for high water/
binder ratio of 0.5, the ITZ around steel fibers is the weakest zone.

Steel fiber

15.0kV 8.4mm x1.00k BSECOMP

Fig. 14. Images of the steel fiber-matrix-aggregate interfacial zone in sample 031003:
(a) SE image; (b) BSE image, where the dimension of the indented area is 150 pm x
30 pm.
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In the experimental study of the ITZ between cement paste and
aggregate [1,2], similar conclusions were also obtained. When the
fine reactive silica fume is added to the mortar, the width of the ITZ
between steel fiber and matrix is reduced and the interfacial bond
is enhanced.

3.3.2. Steel fiber-matrix-aggregate interfacial zone

The size of each indented area in the SE image and the correspond-
ing BSE image of the steel fiber-matrix-aggregate interfacial zones in
samples 030003, 031003 and 050003 are shown in Figs. 13-15. The
rectangular areas or part of the rectangular areas (due to the large
indented area) indicate the indented areas; the numbers always start
from zero and also indicate the direction of the indenter movement in
each chosen indented area. From the SE image shown in Figs. 13a-15a,
the indents in the steel fiber, indents in the matrix, indents in the
aggregate and/or indents in partly hydrated cement can be easily
determined. The elastic modulus and hardness profiles of the steel fiber-
matrix-aggregate interfacial zones in three samples are shown in
Figs. 16-18, where all the values were determined as a function of
the distance from the fiber surface; the vertical axis denotes the
edge of the actual steel fiber and the aggregate surface is schem-
atically marked. It can be seen from Figs. 16-18 that the steel fiber

I [ 1
50.0um

Steel fiber 30

15.0kV 9.1mm x1.00k BSECOMP

Fig. 15. Images of the steel fiber-matrix-aggregate interfacial zone in sample 050003:
(a) SE image; (b) BSE image, where the dimension of the indented area is 120 pm x
30 pm.

has the highest elastic modulus while the aggregate has the high-
est hardness, indicating the initial differences among the different
materials.

In Fig. 16, the interfacial bond is efficient, as seen by the ob-
vious rise in the hardness profile as the steel fiber and aggregate
are approached. Low elastic modulus and hardness is observed in
the distance of 20-40 pm away from the steel fiber surface. The
hardness at the weakest point is 0.1859 GPa, occurring at an ap-
proximate distance of 50 um away from the fiber surface. From
the BSE image shown in Fig. 13b, ettringite needles can be seen
in the approximate distance of 20 um away from the steel fiber
surface. Within this zone, there are also some partially hydrated
cement clinkers near the aggregate and fiber surfaces, indicating
not enough water to complete the hydration. Those clinkers may
also attribute to the increase of elastic modulus near the surfaces.
Since obvious rise in the curves as the steel fiber surface is ap-
proached is observed in steel fiber-matrix and steel fiber-matrix—
aggregate zones, as shown in Figs. 12 and 16, it can be concluded
that the bonding across the steel fiber interface is quite efficient in
sample 030003.

In Fig. 17, the bonding across the steel fiber-matrix interface
is good, as seen by the small rise in the hardness profile as the
steel fiber is approached. However, this interfacial bond is not as
efficient as that of the steel fiber-matrix interface shown in Fig. 16.
In the distance of 20 to 80 um away from the steel fiber surface, low
elastic properties are exhibited. The hardness at the weakest point
is very low, just 0.034 GPa. Cracking and voids may be the main
reasons of these low mechanical properties and wide thickness of
ITZ. With the approaching of the aggregate, rise in the profiles is
observed. Considering the curves in Figs. 12 and 17, it can be con-
cluded that the bonding across the steel fiber-matrix interface is
good in 031003, but not as efficient as that in 030003. In addition,
although the addition of silica fume results in no distinct presence
of weak ITZ between steel fiber and matrix as shown in Fig. 12, in
the steel fiber-matrix-aggregate interfacial zone, this effect is not
obvious. From the BSE image shown in Fig. 14b, a void can be seen
in the vicinity of the steel fiber. A large microcrack even extends from
the steel fiber surface to the aggregate surface. After checking the
picture of sample 031003, it is found that the aggregate in Fig. 14 has a
very large size. This very large aggregate size may result in a more
condensed microcrack in this narrow fiber-matrix-aggregate zone, as
pointed out by Akcaoglu et al. [9]. The autogenous shrinkage in the
presence of comparatively large amounts of silica fume may also
increase the microcracks [46].

In Fig. 18, a small increase in the hardness profile as the steel
fiber is approached can be indicative of at least partial bonding at the
interface. In the distance of 5-40 um away from the steel fiber
surface, low elastic properties are exhibited. The hardness at the
weakest point is 0.1465 GPa, occurring near the fiber surface. It is
very surprising to note that in the distance of 5-20 pm away from the
aggregate surface, the elastic modulus and hardness are quite similar
to those of the aggregate although it seems like part of the matrix
from the BSE image shown in Fig. 15b. It is doubted that there
maybe a piece of aggregate underneath this area. Considering the
curves in Figs. 12 and 18, it can be concluded that there is only partial
interfacial bonding at the steel fiber-matrix interface in sample
050003. Due to the discontinuous bleeding voids underneath the
fiber (Fig. 11) and the obvious porous zone near the surface of the
steel fiber (Fig. 15b), the fiber-matrix interfacial bond is not as good
as that in sample 030003.

Considering the different thicknesses observed in the steel fiber—
matrix and steel fiber-matrix—-aggregate zones, it can be concluded
that the thickness of the ITZ between steel fiber and matrix is on the
order of 20 pm to 60 um regardless of different matrix details, smaller
than the suggested thickness [5]. As mentioned above, the largest
thickness of the ITZ is observed in the narrow fiber-matrix-aggregate
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Fig. 16. Profiles of the steel fiber-matrix-aggregate interfacial zone in sample 030003.

zone in sample 031003, indicating the effect of aggregate size and
different material shrinkage on the ITZ width.

It should be pointed out that, the choices of the number of the
indented points in different materials and the distance between
inclusion surface and matrix are very crucial for the profiles of the ITZ.
For instance, in the selected steel fiber-matrix zone in sample 030003,
there are no indented points located at the edge of the steel fiber, see
Fig. 9. The nearest indented column is about 4 pm away the actual fiber
surface, resulting in an obvious discontinuous jump the in the profiles
of the ITZ in this sample. On the other hand, the profiles of the steel
fiber-matrix interfacial zones in the other two samples are quite
continuous, indicating a better choice of the indented points. The
similar discontinuous jump near the aggregate surface is also
observed in Fig. 18.

4. Conclusions

Steel fiber reinforced mortars were prepared to study the steel
fiber-matrix and fiber-matrix-aggregate interfaces, where water/
binder ratios of 0.3 and 0.5 were used as well as two different contents
of silica fume (0% and 10%) were considered. The characteristics of the
profiles of the elastic modulus and nanoindentation hardness of the

interfacial transition zones have been analyzed. This research work
has led to the following conclusions:

1) Sample preparation is very critical for nano-scale characterization.
Due to the lack of published grinding and polishing procedures for
steel fiber reinforced composites in literature, several trial
procedures were made. Final grinding and polishing procedures
were determined and AFM surface measurements of the polished
samples were carried out to check the effectiveness of the
proposed grinding and polishing procedures. The AFM study and
nanoindentation tests show that the grinding and polishing
procedures yield a good overall surface roughness and robust
nanoindentation results.

2) For samples with different water/binder ratios, the characteristics
of the profiles of the elastic modulus and nanoindentation
hardness of the interfacial transition zones are quite different. In
sample 030003, efficient bonding across the steel fiber-matrix and
fiber-matrix-aggregate interfaces is shown as increased hardness
profile as steel fiber and aggregate are approached. For samples
with large water/binder ratio, i.e. sample 050003, due to the
discontinuous bleeding voids underneath the fiber, the fiber-
matrix bond is not very good. Just a small rise in the hardness
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Fig. 17. Profiles of the steel fiber-matrix-aggregate interfacial zone in sample 031003.

profile as the steel fiber is approached can be observed in the steel
fiber-matrix-aggregate interface; while obvious trough is shown
in the steel fiber-matrix interface. In addition, the hardness value
at the weakest point in the transition zone in sample 050003 is
smaller than that in 030003, indicating the effect of the water/
binder ratio on the ITZ quality.

The characteristics of the profiles of the elastic modulus and
nanoindentation hardness of the interfacial transition zones are
also influenced by the addition of silica fume. In sample 031003
with 10% silica fume, when the steel fiber and aggregate are
approached, rise in the hardness profile is observed, indicating
good interfacial bonding across those transition zones. However,
the bonding across the steel fiber-matrix interface is not as
efficient as that of the steel fiber-matrix interface in sample
030003 without silica fume, since the rise in the hardness profile is
comparatively low and void is presented in the vicinity of steel
fiber. In some parts of the sample, the addition of silica fume leads
to no distinct presence of weak ITZ in the steel fiber-matrix
transition zone and the interfacial bond condition is efficient;
while in other parts of the sample, such as the steel fiber-matrix—
aggregate interfacial zone, the effect of the silica fume is not
obvious. In addition to the inherent variation of the individual
constituents composing fiber reinforced mortars, such as the

variable aggregate size, the differential shrinkage of the two
materials, it is suggested that air content should be carefully
controlled to decrease voids in interfacial transition zones of the
sample.

This experimental work helps to understand the nano-mechanical
properties of steel fiber-matrix and fiber-matrix-aggregate interfaces
in the steel fiber reinforced composites. Those nano-mechanical
properties will influence and determine the macroscopic mechanical
properties of fiber reinforced cement based materials. Linking the
nano-mechanical properties of the ITZ with the macroscopic mechan-
ical properties will help to proceed in the development of more ductile
cement based materials.
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