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A B S T R A C T   

A better understanding of the interfacial transition zone (ITZ) in biochar-augmented carbon-negative cementi
tious materials can facilitate their potential applications. This study illustrated the key chemical and mechanical 
features of such a region in Portland cement using backscattered electron microscopy-energy dispersive X-ray 
analysis (BSEM-EDX), nano-indentation, and X-ray computed tomography (X-CT). It was found that a significant 
‘wall effect’ was identified at the side-edge of biochar, where the degree of hydration and the porosity signifi
cantly increased. The biochar was integrated into the hardened cement matrix via a layer of Ca-rich hydration 
products mainly composed of AFm phases, CH and C–S–H gels. Regarding the mechanical behaviour, the biochar 
showed a typical viscous-elastic (VE) deformation mode at the nano/micro scale, whereas the hardened cement 
was a typical plastic-elastic (PE) material. Therefore, the value of the hardness of biochar was not accurate under 
limited plastic deformation. The distinct differences in deformation resulted in the largest residual deformation 
(i.e., plasticity) of the hardened cement after indentation when compared to ITZ and biochar regions, whereas 
the ITZ maintained a lower value due to well connection with biochar. These microstructural characteristics 
partially explained the higher compressive strength of biochar-cement composites than previously expected.   

1. Introduction 

CO2 emissions have increased gradually over the century, triggering 
extreme weather events and posing potential threats to the environment 
and human health [1,2]. As concrete production is associated with 
approximately 8% of global anthropogenic CO2 emissions annually [3, 
4], it is inevitable to seek low-carbon-footprint or even carbon-negative 
concrete products [5,6]. Recently, carbon-negative concrete has been 
developed by incorporating a large volume of biochar as the carbon sink 
[7]. The invention of such a carbon-negative concrete product shows 
promising economic profits and environmental benefits in the con
struction industry [8], turning conventional high-carbon emission 
building materials into a sustainable carbon tank. 

One of the most important materials used for carbon sequestration is 

biochar, derived from the pyrolysis of a wide range of biomass under a 
limited oxygen environment [9]. The life cycle analysis (LCA) of biochar 
shows that 2.0–3.3 tonnes of CO2eq could be stabilised by 1 tonne of 
biochar application [10,11], which is thus recommended by the IPCC 
(Intergovernmental Panel on Climate Change) as the promising material 
to achieve carbon neutrality [2]. Using biochar as a portion of aggregate 
in concrete, up to 59 kg CO2 could be sequestered in each tonne of 
concrete, which corresponds to the overall profit of 35.4 USD per cubic 
metre of concrete when considering the carbon-trading credit [7,8]. In 
addition to the promising carbon-negative nature, other value-added 
benefits to concrete products, such as shrinkage mitigation [12], 
acoustic and thermal insulation [13–15], and potential immobilisation 
of toxic elements [16–18], could be achieved by adding various contents 
of functional biochar. Therefore, biochar can play as a multi-role 
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additive in concrete, and its working mechanisms in hardened cemen
titious materials necessitate in-depth studies. 

Even though the accelerating effect of biochar on cement hydration 
has been experimentally proved (see cf. Fig. 1 in Ref. [7] for the 
isothermal calorimetry curves), introducing pores from the biochar 
addition might be a concern about the potential reduction of mechanical 
properties. The classic porosity-strength relationships in ordinary Port
land cement (OPC) mortar and ground granulated blast-furnace slag 
(GGBS)/pulverised fly ash (PFA) blended mortar was established by the 
empirical formulae [19] (Fig. 1), which can be used for estimating the 
reduction of compressive strength for the biochar-augmented cement 
composites. Clearly, the experimental observations confirmed the su
perior mechanical properties (as indicated by the ‘Gap’ in Fig. 1) than 
the estimated values based solely on the increased porosity. This is 
abnormal because the interfacial transition zone (ITZ) forms when ag
gregates are incorporated into the pastes [20,21], which has been 
considered to have a significantly negative influence on concrete prop
erties for many years. Traditionally, the co-existence of higher porosity 

[21] and more defects [22] in the ITZ between aggregate and cement 
matrix would result in lower compressive strength and higher perme
ability of concrete [23]. However, the bonding between biochar and 
cement matrix might be enhanced, possibly contributing to the higher 
compressive strength (the ‘Gap’ in Fig. 1) of biochar-cement composite. 
This inference was partially evidenced by the X-ray computed tomog
raphy (CT) study (see cf. Fig. 8 in Ref. [7]), showing significantly more 
defects and pores surrounding the fine aggregates (i.e., the ITZ) in the 
normal mortar than those in the biochar-cement composite. Although a 
previous study [7] proved that the hydration of cement was accelerated, 
it might not essentially indicate that the compressive strength of the 
mortar would be higher than expected (Fig. 1). Therefore, an in-depth 
understanding of such a zone is essential. 

This study aims to unveil and elucidate the interaction mechanisms 
between biochar and cement matrix from the point of view of chemical 
compositions and physical properties. The localised features, including 
chemical compositions and porosity variations, surrounding the biochar 
were evaluated through backscattering electron microscopy (BSEM) 
combined with the energy dispersive X-ray analysis (EDX). The micro- 
mechanical properties of ITZ were explored using nano-indentation in 
joint with the finite element model (FEM). The three-dimensional dis
tribution of the featured area was illustrated by X-ray CT to support the 
two-dimensional findings. 

2. Experimental details 

2.1. Materials and sample preparations 

The CEM I Portland cement was supplied by Hong Kong Green Island 
cement company, and the biochar derived from wood waste (Acacia 
confusa and Celtis sinensis) pyrolysed at 700 ◦C was provided by Kadoorie 
Farm in Hong Kong. The detailed raw materials’ properties, casting and 
curing procedures were documented in Ref. [7]. Briefly, the biochar 
used in this study was screened to the size of 0–5 mm. which had a 
surface area of 124.7 m2/g and an average pore diameter of 5.24 nm 
(BET method). The pre-soaked biochar was used to replace the fine 
aggregate in the mortar. The sample used in the current study was 
marked as 30BC in Ref. [7] (See Table3 in cf. [7]) with the total 
replacement of the fine aggregate by biochar at the water-to-binder ratio 
of 0.30. The mixture design of this sample was 50 wt% CEM I cement 
and 50 wt% pre-soaked biochar. 

A piece of the mortar sample (1 × 1 × 1 cm3) was cored from the 
block and impregnated with epoxy (Buehler EpoxiCure 2, USA). The 
vacuum chamber (Cast N′ Vac, Buehler, USA) was used to ensure the 
open voids were filled by the epoxy resin and remove air bubbles. The 
as-prepared sample was then polished with SiC papers (#600 and #1200 
grit) until all the hardened epoxy on the sample’s surface was removed. 
After, the sample was polished by the polishing cloth (MicroCloth/ 
ChemoMet, Buehler, USA) with 1 and 0.05 μm polished solutions 
(MicroPolish II Alumina, Buehler, USA) for around 1 h under the loading 
of 2 lb. The final process was using the isopropanol to wash the residual 
alumina on the sample in the ultrasonic bath for around 20 min. The 
surface roughness of the ITZ area was checked by scanning probe mi
croscopy (SPM) equipped in the Nano-indentation system (Hysitron TI 
Premier, Bruker). The average Root Mean Square (RMS) of a surface 
measured by microscopic peaks and valleys can be maintained at less 
than 30 nm, as shown by the example given in Fig. S1. 

2.2. Characterisation techniques 

The as-polished sample was used for both nano-indentation and 
BSEM-EDX tests. Due to the lower strength of our sample [7], a trape
zoidal loading scheme with a maximum loading of 1000 μN (5 s loading 
– 2 s holding – 5 s unloading) was used during nano-indentation. In this 
study, the nano-indentation was evenly performed over a grid of 10 × 10 
points in an area of 100 μm. The Berkovich-shape diamond indenter was 

Fig. 1. Estimated reduction of compressive strength of OPC (black dash line) 
and GGBS/PFA (blue/red solid lines) blended mortar based on an empirical 
formula derived from experimental observations [19]. The Ref. (i.e., plain 
mortars) and Exp. (i.e., biochar-added mortars) are the experimental data from 
Ref. [7]. The addition of 30 wt% biochar (BC) is estimated to increase 12% 
porosity theoretically based on the raw materials used in Ref. [7] (See Note S1 
for the estimation). The blue, red, and black-filled circles are the theoretical 
values of biochar-augmented mortar, whereas the corresponding ones with 
error bars are experimental observations. The starting compressive strength of 
GGBS/FA mortars is assumed to be the same as that of OPC, even though they 
are expected to be lower as indicated by the empirical formula. The ‘Gap’ 
demonstrated a higher compressive strength than expected. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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Fig. 2. ITZ area (~50 μm) surrounding the side-edge of a biochar particle section (~700 × 300 μm2): (a) overall particle; (b) closer observation and segmentation of 
the localised feature; (c) and (d) BSEM images showing the air voids exchanged from the inner pores of top-edge biochar. 

Fig. 3. (a) Degree of hydration of clinkers and porosity of cement matrix along the biochar-cement ITZ shown in Fig. 2b; (b)–(c) Particle size distribution of 
unreacted clinkers of the first (0–50 μm) and second (50–100 μm) layer in ITZ. The data processing can be found in Fig. S4. 

Fig. 4. Interactions between biochar and cement: ~1.89 μm thickness of calcium hydroxide crystal, illustrated by BSEM-EDX mapping.  
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used to minimise the pile-up effect [24,25]. The internal stress distri
bution of the featured loading-displacement process was performed in 
ABAQUS® using FEM to show the mechanical behaviours of different 
regions suffering from the nano-indentation. The geometry of the 
Berkovich-shape indenter and the contact surface mesh was built ac
cording to the existing studies [26]. The basics of continuum micro
mechanics related to the process of nano-indentation can be found in the 
literature [27–29]. The input data (Fig. S2) were from experimental 
observations of loading-displacement curves with the measured elastic 
modulus (Er), and axisymmetric conditions were used for the calcula
tion. The internal stress distribution could be visually illustrated with 
the experimental input data. In addition, in order to overcome the 
convergence problem of the viscous-elastic deformation, 0.001 of 
increment size with the quasi-Newton method was used during the 
simulation. 

The as-polished sample was carbon-coated and observed under the 
backscattered mode SEM (VEGA3, TESCAN, Czech Republic) equipped 
with an EDX (Ultim Extreme, Oxford Instruments, UK). The images were 
taken at the accelerating voltage of 20 kV and a beam current of 1–2 nA. 
The EDX points were collected at a working distance of 15 mm, with a 
live time of 20 s and the counts per analysis of 100,000. The EDX- 
mappings were also acquired at the working distance of 15 mm, with 
a resolution of 2048, a processing time of 5 s, and a pixel dwell time of 
100 μs. The mapping was stopped until the precise elemental distribu
tion could be visually observed. The BSEM images were processed using 
self-coded Python programmes based on the grey scale distribution. An 
example was given in Fig. S3 to show the segmenting and painting 
processes of the BSEM image of ITZ using an arbitrary threshold method 
[20,22]. The strip analysis (Fig. S4) was then performed along the 
boundary of biochar to estimate the variations in the physical properties 
of the cement matrix. 

A cylindrical (Φ 20 × 50 mm) biochar-cement composite was used 
for X-ray CT scanning (Phoenix v|tome|x s, GE Inspection Technologies, 
USA) equipped with a 240 kV/320 W microfocus tube. A long scanning 
time (2000 projections and 10 s per projection) enabled a resolution of 2 
μm. The Java-based programme re-constructed the X-ray tomography 
images into three-dimensional models [30]. 

3. Results and discussion 

3.1. ′Wall effect’ and ‘dilution effect’ of ITZ surrounding biochar 

The so-called ‘wall effect’ due to the presence of the flat aggregate 
surface has long been known as the origin of the ITZ formation [21,22]. 
The difference in the size of aggregate and cement grains resulted in the 

disruption of particle packing in the ITZ, forming the distinct ’shells’ 
that progressively changed normal to the surface of aggregate [31]. 
However, compared to normal aggregate, biochar showed a significantly 
different microstructure, which preserved the features of wood that has 
the flat longitudinal side (i.e., side-edge) and the porous transverse 
cross-section (i.e., top-edge) [32,33]. As expected, the differences in the 
ITZ of the side- and top-edges of biochar can be visualised in the BSEM 
images (Fig. 2). 

The transverse cross-section of biochar was entirely preserved as 
shown by the example (~700 × 300 μm2) in Fig. 2a, where a clear strip 
of ITZ (~50 μm as indicated by the white dash border) surrounding the 
side-edge of biochar could be distinguished. This layer of ITZ could be 
more vividly illustrated by the strip-analysis [21,22,34,35] with an in
terval of 50 μm as shown in Fig. 2b. The internal layer that was closest to 
the biochar showed fewer and smaller brighter particles than the bulk 
pastes, which confirms that the same ‘wall effect’ happened between the 
side-edge of biochar and the matrix. Regarding the ITZ in the top-edge 
(Fig. 2c and d), similar darker regions due to the higher degree of hy
dration of clinker were observed, which was because the pre-soaked 
biochar supplied additional water that preferably escaped from the 
top side, resulting in the locally higher water-to-cement ratio (i.e., 
dilution effect). In addition, some entrapped air voids were found. This 
was attributed to the air in the biochar, which was released due to the 
exchange of water and fresh paste before its setting. Even though the 
biochar was pre-soaked, the physical adsorption between its abundant 
functional groups and gas molecules may preserve air bubbles inside the 
pores [36]. In contrast, the side-edge of biochar would form the water 
film during pre-soaking, enhancing the ‘wall effect’ in this region. 

Fig. 3 quantifies the degree of hydration (DoH) of clinker phases, 
porosity, and particle size distribution of unreacted clinker according to 
strip-analysis shown in Fig. 2b. The overall DoH of the selected area (up 
to ~ 250 μm normal to the side-edge of biochar) was 75.6%, which was 
higher than the overall DoH estimated by 29Si nuclei magnetic resonance 
(NMR) [7]. Two reasons could account for this phenomenon: firstly, the 
29Si NMR ignored the hydration of aluminates in the clinkers; secondly, 
the pre-soaked biochar had more free water attached to the surface of its 
side-edge, which increased the local water-to-binder ratio. Regarding 
the stepwise change of DoH, which reached 86.6% in the ITZ zone (~50 
μm normal to biochar) and gradually decreased to 74.2% (50–100 μm) 
and 73.2% (>100 μm) with increasing distance, respectively. Mean
while, the higher water-to-binder ratio in the ITZ resulted in a higher 
porosity of 32.2%, gradually reducing to 16.3% and 13.4% in the other 
two regions. The statistical analysis showed that the mean size of the 
unreacted clinker was 5.25 ± 0.05 μm (N = 47), which increased to 8.27 
± 0.27 μm (N = 29). All the experimental shreds of evidence confirmed 

Fig. 5. Interactions between biochar and cement: ~2.00 μm thickness of C–S–H gel between the biochar and the calcium hydroxide crystals (~5–10 μm thickness), 
illustrated by BSEM-EDX mapping. 
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that the ‘wall effect’ happened at the side-edge of biochar, which is 
similar to the ITZ of aggregate in concrete [21,22]. 

3.2. Localised bonding mechanisms between biochar and cement matrix 

As shown in Figs. 4 and 5, a higher magnification ( × 3000) was 
needed to characterise the local bonding features of biochar and cement 
matrix. The BSEM images provide the compositional information (i.e., 
average atomic number) of the regions of interest, where the brighter 
area corresponds to the heavier or denser compositions (i.e., higher 

average atomic number) [37]. In both Figs. 4 and 5, the dark and porous 
regions were the biochar, which closely connected to the brighter grey 
OPC matrix via a layer of the significantly brighter strips. The distinctive 
difference between Figs. 4 and 5 is that the former was connected 
directly via the ~1.89 μm brightest region, and the latter was connected 
via the ~2.00 μm grey region followed by the brightest region (~5–10 
μm). The EDX mapping indicated that the brightest regions were cal
cium hydroxide (CH), whilst the grey region between the biochar and 
the CH was a layer of C–S–H gel. Such a concentration of CH was also 
observed in the ITZ of normal concrete; the high concentration of CH 

Fig. 6. Interactions between biochar and cement: (a) ~ 5 μm thickness of mixture of Ca-rich phase and C–S–H gel; (b) segments of the interfacial zone (~5 μm) and 
the corresponding EDX spectra; (c) and (d) distribution of chemical compositions from BSEM-EDX. 
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was only observed randomly around the biochar [21]. Nevertheless, two 
unique bonding mechanisms, i.e., via CH or a layer of C–S–H gel, can be 
identified between biochar and the cement matrix. The reasons for the 
formation of this Ca-rich layer should be attributed to the functional 
groups on the surface of biochar (e.g., –OH, –COOH) [36], where the Ca 
ions can serve as the bridge in the ITZ that further provides the nucle
ation sites for the growth of CH (Fig. 4). Similarly, biochar can interact 
with kaolinite through the Ca-bridge to enhance its stability in soil 
modification [38]. Although some regions were connected via Si(OH)4

4− x 

to the cement matrix (Fig. 5), it was unavoidable to form a layer of 
Ca-rich hydration products in the ITZ. 

Fig. 6 reveals the typical layer of the Ca-rich region containing mixed 
hydration products in the ITZ for further analysis. The typical hydration 
products were colour-painted (Fig. 6a) according to the grey scale of the 
BSEM image (see Fig. S3 for the detailed example) [20,21]. Clearly, CH 
(or Ca-rich hydration products) were randomly and distributed 

surrounding the biochar, but the mixed C–S–H gel phases cannot be 
separated at this scale (Fig. 6a). Therefore, a layer of hydration products 
with 10 μm thickness closest to the biochar (Fig. 6b) was zoomed in and 
sliced from the BSEM image for further analysis in alignment with the 
EDX results (as marked in Fig. 6a). 

As shown in the EDX spectra (Fig. 6b), the brightest region corre
sponded to pure CH (pale blue), and the intermediate and least bright 
regions corresponded to mixed C–S–H gel and other Ca-rich hydration 
products. With the decrease in brightness, the increasing trend of Si and 
Al could be observed, indicating the increased contents of C-(A)-S-H gel 
and other Al-rich hydration products. Some S could also be detected in 
these regions with mixed hydration products. Statistical analysis was 
performed to differentiate the hydration products as plotted in Fig. 6c 
and d. 

The AFt (i.e., ettringite, Ca6Al2(SO4)3(OH)12⋅26H2O) and S-AFm (i. 
e., mono-sulphoaluminate, Ca4Al2O6(SO4)(OH)12⋅(6 + x)H2O) are the 

Fig. 7. Nano-indentation results of the ITZ between biochar and cement matrix: (a) loading scheme; (b) characteristic displacement-loading curves of the cement 
matrix, biochar, ITZ near biochar, and ITZ near the cement; (c) optical image and reduced elastic modulus (Er, GPa) of the ITZ; the hardness (H, GPa, as shown in 
Fig. S5) cannot be used due to the mechanical characteristics of biochar; and (d) average Er of the regions separated in (c). 
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two sulphate-bearing hydration products in Portland cement, resulting 
from the reactions of tricalcium aluminates (C3A) and gypsum [39]. The 
promotion of AFt formation due to the addition of high-volume biochar 
was evidenced by the increase in the corresponding hydration peak in a 
previous study (see the peak at ~ 20 h in cf. Fig. 1b in Ref. [7]), which 
was ascribed to the higher water-to-cement ratio. However, the AFt peak 
was not as high as expected when the composites hydrated up to 28 
d (see cf. Fig. 2b in Ref. [7]). The results were correct because the AFt 
had been converted into AFm, as evidenced by the dehydration peak in 
the DTG curves (see cf. Fig. 2a in Ref. [7]) within 200–330 ◦C, which 
were the dehydroxylation of OH bound to tetrahedral Al (200–240 ◦C) 
and octahedral Ca (240–330 ◦C), respectively [40]. However, the 
absence of AFm peaks in the XRD patterns (see cf. Fig. 2b in Ref. [7]) was 
due to insufficient signal quality, or that the crystal size was not large 
enough for detection [41]. More shreds of evidence of such a conversion 

were supported by the cluster analysis of EDX points in this study, as 
shown in Fig. 6c and d, which confirmed that this conversion preferred 
to take place in the ITZ. 

The chemical compositions of the red and green regions painted 
according to the grey scale in Fig. 6b were further analysed. Fig. 6c plots 
the S/Si atomic ratio against the Al/Si atomic ratio of these chemical 
compositions; thus, the slope indicated the S/Al ratio. The black dash 
lines with a slope of 0.5 or 1.5 stand for the perfect fine-mixture of AFm/ 
C-(A)-S-H or AFt/C-(A)-S-H, respectively, where the Si was the marker 
for the presence of C-A-S-H phase. The intercept point of the Al/Si axis 
corresponds to the Al/Si ratio in pure C-(A)-S-H in Portland cement, 
which was consistent with the value (~0.1) in previous studies [41–43]. 
However, the cluster of EDX points were slightly offset from the pure 
AFm/C-(A)-S-H mixed line, which formed a linear regression line with a 
slope of 0.3 (i.e., the grey dash line in Fig. 6c), indicating the presence of 

Fig. 8. Deformation and stress distribution of BC-PC 
composite at the micro-scale: (a) maximum defor
mation during the nano-indentation experiments; (b) 
residual deformation: the ratio of final displacement 
to maximum displacement (hf/hmax); representative 
FEM showing the stress distribution and the plastic 
zone of (c) pure biochar; (d) ITZ; and (e) cement 
matrix after indentation; the corresponding simulated 
deformation can be found in Fig. S2. The good fitting 
of the simulated displacement-load curves from FEM 
and the experimentally determined curves can be 
found in Fig. S2.   
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extra Si or Al-bearing phases. Similarly, Fig. 6d plots the S/Ca atomic 
ratio against Al/Ca atomic ratio of the same cluster EDX points, showing 
the relative relationship of S/Al to Ca. The black dash lines for pure 
AFm/CH or AFt/CH were also given in the figures (i.e., the origin point 
of this plot is CH instead of C-A-S-H). Again, the linear fitting line of 
these points was offset from the pure AFm/CH line, which formed a 
linear line with a slope smaller than 0.1, indicating the presence of extra 
Al or Ca-bearing phases. As the C-A-S-H is almost the only Si-bearing 
hydration product and the trace Si-AFm (i.e., hydrogarnet) needs a 
longer time to form [44], the offset in Fig. 6c was believed to be caused 
by the additional Al. Nevertheless, when the Ca and Al were abundant, 
the offset in Fig. 6d tended to be more pronounced. Inspection of the 
XRD patterns (see cf. Fig. 2b in Ref. [7]) confirmed a tiny peak at 11.2◦

2θ (i.e., 7.92 Å) in 20BC and 30BC (the sample used in this study), which 
corresponded to the unique basal spacing of the h-AFm (i.e., C4AH19), 
forming at the conditions of sulphate-lacking and excessive water (see 
cf. Fig. 7 in Ref. [45]). Such a phase could provide a reasonable expla
nation for the EDX results. Other AFm phases, such as C4AHx, may also 
form but cannot be observed based on the current shreds of evidence. 
The h-AFm phase would form when the gypsum was entirely consumed 
and the local water-to-C3A ratio was higher than 1.0 [45]. The ITZ of 
biochar might provide such a condition because its negatively charged 
surface [38,46] tended to attract positively charged ions (e.g., Ca2+) or 
precipitate particles (i.e., C3A in water [47–50]), whereas the sulphate 
ions were negatively charged. Therefore, it is conducive to the formation 
of a layer of C3A-rich clinker surrounding the biochar where the water 
appears to be excessive. 

3.3. Micro-mechanical properties of ITZ 

A key problem in the ITZ study was to clarify if it has practical in
fluences on the engineering properties of the hardened cement, of which 
the localised mechanical behaviour is of great importance. The nano- 
indentation technique enables the probe of local load-displacement 
behaviour at the scale of several micrometres or less [51,52]. The 
nano-indentation records the loading variations (P, μN) and the pene
tration depth (h, nm) simultaneously according to the pre-defined 
loading scheme (Fig. 7a). The as-formed P-h curves (Fig. 7b) demon
strated the deformation mode and thus mechanical behaviour, i.e., 
indentation modulus (Er, GPa, Eq. (1)) and indentation hardness (H, 
GPa, Eq. (2)), could be extracted based on Oliver-Pharr justification [51, 
52]. 

Er≝
̅̅̅
π

√

2
S
̅̅̅̅̅
Ac

√ Equation 1  

H≝
Pmax

Ac
Equation 2  

where S is the unloading stiffness, and Ac is the projected area estimated 
from the maximum displacement (hmax) [51]. 

Fig. 7b shows the P-h curves of three typical areas (i.e., biochar, ITZ, 
and cement matrix) in the optical image in Fig. 7c, where the bright area 
on the top right corner was biochar. Distinct differences could be 
observed in the typical curves that reflected their unique dominant 
deformation mode (i.e., mechanical characteristics). The P-h curves 
indicated that the biochar possessed the viscous-elastic (VE) mode of 
deformation at the nano-/micro-scale, whereas the cement matrix had 
the elastic-plastic (EP) mode [53]. As expected, the ITZ showed the re
sponses in between, tending to be EP mode of deformation. The VE mode 
of deformation of biochar was also reported by previous studies 
[54–56], which depended on the type of feedstock, pyrolysis tempera
ture, and the reaction conditions [55]. Such mechanical behaviour was 
related to the excellent and natural development strategies of wood at 
several levels of hierarchy, which could be preserved within the 
microstructure of biochar [54]. The cellular honeycomb-like structure 

that remained in the biochar could absorb the energy due to loading and 
provide high-directional stiffness [32,57]. In contrast, the cement paste 
manifested the EP deformation mode and significant creep (see the 
constant loading period) due to the nature of its major hydration 
products, C–S–H gel [58–61]. As the ITZ was mainly composed of hy
drated cement, it maintained the EP deformation mode but was less 
damaged after indentation. This is evidence to support that the biochar 
was well-connected with the cement matrix, as discussed in Section 3.2, 
where the biochar could partially absorb the indentation energy. The 
reduced modulus is estimated from the contact stiffness (Eq. (1)), which 
can be applied for most cases (contour pattern in Fig. 7c), whereas the 
hardness (H, GPa) is defined as the resistance to localised plastic 
deformation induced during indentation [62], which is estimated by the 
projected area during the indentation [51,52]. This would arouse 
concern for the materials with VE deformation [63], especially when 
there was almost no plastic deformation during the loading-unloading 
cycle (Fig. 7b), giving an inaccurate (much higher) value of hardness 
as shown in Fig. S5. 

Fig. 7c plots the contour pattern of the as-calculated reduced elastic 
modulus (Er) at the grid indentation area containing biochar, ITZ, and 
the cement matrix. The white dash lines mark the outline of the biochar 
and the as-formed ITZ within 50 μm according to the observation of 
BSEM (Fig. 1). Obviously, the biochar had an indentation modulus of M 
= 4.20 ± 1.25 GPa, which agreed with the typical M value of the wood 
waste derived biochar [56]. Then the modulus gradually increased to 
7.8–9.7 GPa in the ITZ, which was adjacent to the cement matrix with a 
modulus of 22.80 ± 9.76 GPa. It is noted that the standard deviation of 
the elastic modulus of the cement matrix was much higher than the 
other areas, which was caused by the highly heterogeneous hydration 
products composed of micro-crystals and finely mixed C–S–H gel [29, 
58]. The elastic modulus of these hydration products ranged from 5 to 
50 GPa (see the frequency distribution in Fig. S6), depending on the 
local porosity [64] and the intermixtures [29]. The lower value of M in 
the ITZ was attributed to the ‘wall effect’, resulting in a higher local 
water-to-binder ratio corresponding to a lower elastic modulus [64]. 

Deformation of the tested area was given in Fig. 8a and b along with 
the representative FEM simulation results (Fig. 8c–e) of the experi
mental P-h curves with localised material features (i.e., the experimen
tally determined elastic modulus and the as-formed deformation mode). 
The plasticity index defined as the ratio of hardness to reduced elastic 
modulus [65] is not applicable as the hardness value of biochar cannot 
be accurately determined under the current conditions. To better illus
trate the material plasticity, the ratio of the final displacement to 
maximum displacement is calculated and defined as the residual 
deformation (Eq. (3)). 

Residul deformation≝
hf

hmax
Equation 3  

where the hf is the final displacement (nm) and hmax is the maximum 
displacement during the indentation (nm). 

The contour pattern of maximum deformation (Fig. 8a) indicated 
that the largest deformation mostly took place in the cement matrix 
region, where the elastic modulus was higher (Fig. 7c). As expected, the 
residual deformation (Fig. 8b) showed distinct differences between the 
three regions, where the biochar maintained its original shape and the 
hardened cement demonstrated the brittleness feature. Interestingly, the 
ITZ maintained moderate residual deformation due to the better 
connection with biochar. The FEM results can better illustrate the in
ternal stress of the individual indentation area. At the maximum loading 
condition (Fig. S2), the biochar and the ITZ only showed less than 1 μm 
irreversible deformation, whereas the hardened cement had a plastic 
deformation region up to ~4 μm. The differences were caused by the 
nature of the microstructure of biochar and hardened cement as 
explained above. Such microstructural mechanical behaviour could 
partially explain the higher compressive strength (Fig. 1) of the biochar- 
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cement composite than expected. 

3.4. Three-dimensional reconstruction of the biochar and the Ca-rich 
layer 

X-ray computed tomography (X-CT) offers three-dimensional infor
mation of the hydration products surrounding the biochar, which can 
support the two-dimensional observations from BSEM (Section 3.2). The 
slice image from the CT could be used to determine the segmented grey 
scale as given in Fig. S7. However, it is still challenging to accurately 
separate the phase under the limited resolution of the X-CT equipment 
[66,67]. The doublet peak of the grey scale (Fig. S7b) of the CT image 
corresponded to the biochar and the main hydrates, whereas the grey 
scale lower than the biochar peak was the pores and higher than the 
peak of main hydration products should be the unreacted clinker. 
Therefore, the region (greyscale) near the boundary (~150–200) was 
assigned as the Ca-rich hydration products, which was similar to the 
observation in BSEM despite a lower resolution. After segmentation, the 
porous biochar particles (major one: 4.0 × 2.4 mm) could be observed 
(Fig. 9a) together with the wrapped hydration products (Fig. 9c). 
Although the resolution of the current X-CT did not allow a definitive 
differentiation of hydration products as done by the BSEM images, the 
as-segmented (Fig. S7c) Ca-rich layer can be isolated as shown in Fig. 9b. 
It is noticeable that this Ca-rich layer was not consecutive and uniform 
all over the biochar particle, which could probably depend on the local 
chemical environment (i.e., active functional groups) on its surface. 
When further evaluating the smaller biochar particles by noise-reducing 
algorithm, the pixelation of the 4 × 10 μm biochar (Fig. 10) was 

segmented. The micro-/meso-pores in the irregular biochar particles 
could be observed from the sides of the top (Fig. 10a) and the bottom 
(Fig. 10b). At the side-edge, the Ca-rich layer was closely attached to the 
biochar particle. In some regions, the Ca-layer was not directly con
nected to the biochar, which was consistent with the BSEM observation 
(Fig. 4). 

4. Conclusions 

An in-depth investigation of the ITZ between biochar and hardened 
Portland cement was carried out. The results showed that the significant 
‘wall effect’ occurred at the side-edge of biochar connected via a layer of 
Ca-rich hydration products. The mineralogical composition of this Ca- 
rich layer mainly contained the C–S–H gel, CH, and S-AFm phases. In 
particular, the h-AFm (i.e., C4AH19) may form due to the comparatively 
high water-to-cement ratio in the ITZ and the concentrated C3A-rich 
clinkers attracted by electrostatic interaction. This Ca-rich layer of hy
dration products can also be visualised by X-CT. Regarding the top-edge 
of biochar, other than the ‘dilution effect’, some air bubbles could be 
exchanged from the internal pores, which was detrimental to the me
chanical strength. The deformation of biochar under load at the micro- 
scale was in the viscous-elastic mode, whereas the cement matrix 
exhibited the typical plastic-elastic mode. Owing to the good connection 
between biochar and hardened cement matrix, the ITZ possessed less 
plastic deformation during the nano-indentation. These deformations of 
unique regions could also be visually illustrated by the FEM simulation. 
The micro-mechanical behaviour could partially explain the higher 
compressive strength than previously expected in the literature. 

Fig. 9. Segmentation of the reconstructed 3D XCT images based on the greyscale given in Fig. S7: (a) biochar (pale blue); (b) Ca-rich layer hydration products (deep 
blue); and (c) combined images. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. Reconstructed XCT images of the small biochar particle (pale blue) with the attached Ca-rich hydration products (deep blue) using the noise-reducing 
algorithm: (a) top side and (b) bottom side. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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