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A B S T R A C T   

The study has evaluated the role of soot, surrogated by carbon black (CB) experimentally, in affecting the 
performance of engine oils. It is very well known that the existence of soot in oil produces abrasive wear on 
contact surfaces. Other mechanisms influence the oil performance such as additives adsorption on soot and oil 
degradation due to the interactions with soot. Recent research has suggested the existence of another wear 
mechanism related to soot particles, which remains poorly understood. This study investigates the effect of soot 
interactions in engine oil on its mechanical properties. Carbon black particles (CBPs) were used in the experi-
ments to simulate real soot in the engine. The microstructure and crystal structure of CBPs compared to real soot 
were investigated using transmission electron microscopy (TEM) and X-ray diffraction (XRD). In situ compression 
of the single particle was conducted in a scanning electron microscope (SEM) to evaluate the mechanical 
properties of fresh and aged CBPs with different sizes. The results show that aged CBPs are significantly harder 
than fresh CBPs, indicating that ageing in oil modifies the turbostratic crystal structure of CBPs and alters its 
mechanical properties, potentially affecting tribological performance.   

1. Introduction 

Soot is identified as carbonaceous material (>90% carbon) which is 
produced during the combustion process in diesel engine [1–3]. Several 
studies [1–6] have revealed that soot particles typically have a spherical 
shape with varied sizes from nanometres to aggregates in micrometres. 
The crystal structure of soot consists of core and shell, which can vary 
from mostly amorphous or random in the core to the perfectly ordered 
crystalline structure of graphite in the shell [7]. Based on several studies 
[8–12], it was proposed that wear on rubbing surfaces is correlated to 
hard soot particles causing abrasive wear on the surfaces. The change in 
the crystal structure of soot could influence the wear [1,13–15]. Uy et al. 
[1] revealed that different types of soot have different crystal structures 
influencing the hardness of particles and hence wear. 

The correlation between the nature of soot and wear is an interesting 
area in the lubricant industry. Understanding soot particles in terms of 
structure, morphology and mechanical properties under sliding or 
compression is a major issue to reduce wear [13,16]. Several studies 
[13–15,17] have investigated the effect of soot interactions with oils’ 
additives and bulk oil, causing additive adsorption and oil degradation. 

Salehi et al. [15] studied the absorption of ZDDP additive on soot par-
ticles. The authors proposed that additive adsorption on soot particles 
due to the high reactive surface of soot might cause a change in the 
mechanical properties of particles. There are complex chemical in-
teractions between the additives themselves and soot in the existence of 
oxygen at high temperatures [14]. An increase in the soot surface area 
led to higher interaction between soot particles and additives acceler-
ating the oil degradation [14]. The interaction between calcium phos-
phates, which is a detergent compound and considered a hard material 
in nature, and soot particles could change abrasive characteristics of 
these particles [13]. The effect of soot on oil oxidation has shown that a 
higher level of soot in engine oil causes a higher oxidation rate [15,17], 
which could influence the soot microstructure. Soot oxidation occurs 
when soot particles react with O,O2 and OH. Molecular Oxygen (O2)

plays the main role in this process due to plenty of O2. The main 
chemical reactions that contribute to soot oxidation are explained in 
equations (1)–(3) [18–20]. Several studies [18,21–25] reported the 
formation of an oxide layer around soot particles due to soot oxidation 
and oxidation in internal structure of particles [26,27], which could 
potentially affect mechanical properties of soot particles. Therefore, the 
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interactions between the additives, oil and soot require more in-depth 
investigations to understand the exact evolution of the mechanical 
properties of soot particles using different oil/additive mixtures at same 
conditions. 

Csoot
◦ +O2 → Csoot− 2H + 2CO (1)  

Csoot − H +O → Csoot
◦ + H2O (2)  

CsootH +OH → Csoot− 1H +CO + H (3)  

Where; Csoot
◦ is dehdrogenated sites on the soot. 

The in situ TEM nanoindenter technique has been used in several 
works to identify mechanical properties of nanosize materials such as 
silicon nanowires [28], silicon nanospheres [29], MoS2 nanoparticles 
[30], ZnO nanowires [31] and carbon nanotubes [32]. Lahouij et al. 
[30] studied the mechanical properties of single and agglomerates of 
soot particles. Sliding and compression tests were performed to inves-
tigate the behaviour of soot particles using in situ TEM nanoindenter. 
The results showed that soot in either single or agglomerate state 
resisted the applied deformation load. The single particle of soot under 
compression exhibited elastic-plastic behaviour after compression until 
7 GPa contact pressure. Jenei et al. [33] performed in-situ compression 
tests in TEM to measure the mechanical properties of soot particles 
extracted from diesel engine oil. During the compression, soot particles 
exhibited elastic-plastic behaviour and suffered permanent changes in 
the size and shape of their structure. The results showed an increase in 
calculated hardness and Young’s modulus of soot particles after 
consecutive compressions. Up to a contact pressure of 16 GPa was no 
noticeable fracture observed after compression, while the shape of soot 
particles was changed. The hardness of soot particles was registered in 
the range of 3–16 GPa, which is harder than ZDDP tribofilm (2–5 GPa) 
[33]. Bhowmick et al. [34] performed soot nano-indentation using an 
atomic force microscope (AFM). The findings demonstrated that a 
maximum load of 100 μN was recorded to resist the indentation move-
ment into soot particles with no fracture observed. This study, for the 
first time, will investigate the effect of change in the microstructure of 
soot on its mechanical properties. 

In this study, mechanical properties of CB particles aged in the oil 
have been measured for the first time using in situ compression testing 
inside SEM. The effect of the change in the crystal structure of CB after 
being aged on its mechanical properties has been investigated and 
discussed. 

2. Methodology 

2.1. Materials and methods 

Carbon black particles (CBPs, Monarch120, Cabot Corporation, 
Massachusetts, USA) were used in this study to simulate soot particles in 
engine oil. The diameter of a single CBP is less than 50 nm and the 
particles agglomerate in large clusters. Fully Formulated Oil (FFO) with 
a viscosity grade of 10W–40 was used in the diesel engine environment. 
FFO consists of synthetic base oil and several additives including anti- 
wear additive, dispersant, detergent, and antioxidant additives. The 
oil containing 1.5 wt% CB has been artificially aged in the lab for 96 h in 
accordance with ASTM D4636-99 standard [35]. The ageing period is 
chosen according to the D4636 standard [35], which allows measurable 
results (e.g. oxidation) to be obtained in a reasonable time [35]. The 
ageing method was described in detail in our previous papers [14,36]. 

2.2. Nanoparticles extraction 

The CB and real soot particles were extracted from the aged oil and 
used oil using a centrifuge (Thermo Scientific Heraens, Megafuge 16R) 
at speed of 12000 rpm for 2 h. To remove the oil from the particles’ 

surfaces after centrifugation, the particles were washed with heptane 
and centrifuged again as demonstrated in Fig. 1. Finally, the particles 
were dried in an oven overnight at 40 ◦C for further analysis. 

2.3. In situ SEM nanoindentation 

An in-situ nanoindenter system (Alemnis AG, Thun, Switzerland) 
equipped with a 60◦ conical diamond tip (tip diameter 0.7 μm, SYNTON- 
MDP AG, Switzerland) was used inside a FEG-SEM (FEI, Nova NanoSEM 
450) for the compression test of a single particle (Fig. 2a and b). The 
force-displacement curve was recorded together with the SEM imaging 
of the particle deformation during the indention process. The particles 
were first dispersed in iso-propanol using an ultrasonic bath for 2 min, 
and then a droplet was spread on a silicon single-crystal wafer and dried 
overnight. Nanoparticles were found to stick on the wedge surface by 
Van der Waals forces (Fig. 3). 

Due to restricted time and cost, nanoindentation tests were repeated 
for aged CBP at size of 210–220 nm as shown in Fig. 4. In addition, 
nanoindentation tests for fresh and aged CBPs were also tested at two 
different particles sizes of 130–140 and 210–220 nm. The repeated tests 
(Fig. 4) reveal remarkably close results of load-displacement curves. 
Load curve parameters such as deformation load (fD), maximum load 
(fmax), deformation depth (hD), final depth (hf) and stiffness (S =

Δf
Δh) 

were obtained from Figure. These parameters are used to understand the 
change in mechanical properties of CBPs. Table 1 demonstrates load 
parameters of aged CB at same size. The analysis of load parameters for 
both tests is approximately close to each other. The maximum load 
(f1max) accompanied with the displacement of 100 nm (Test 1) is higher 
compared to maximum load (f2max) (Table 1) due to higher displace-
ment (105 nm) was applied (Fig. 4). 

2.4. Crystal structure analysis 

Transmission Electron Microscopy (TEM, FEI Titan Themis Cubed 
300) was used in this study to analyse the crystal structure of a small 
number of CBP/soot nanoparticles at the high spatial resolution, using E- 
beam energy of 120 keV, with 0.2 eV energy spread. 

X-ray Diffraction (XRD, Bruker D8, Germany) was used to identify 
the crystallographic structure of the crystal structure of CB and soot 
particles. The scan angle (2θ) ranged between 10 and 90◦. The X-ray 
generator of this technique was 2 KW. Maximum angular speed is 15◦/ 
sec. In this study, the two peaks at 2θ positions ~25◦ and 43◦ are indexed 
as the (002) and (100) graphite-type reflections respectively arising 
from the turbostratic carbon structure [13,37,38]. 

3. Results 

3.1. Physical characterisation of CB and soot 

3.1.1. TEM crystal structure 
TEM was used to investigate the crystal structure of fresh and aged 

CB compared to real soot particles. Aged CB and soot particles were 
extracted from aged oil and used oil respectively by centrifugation. TEM 
images were captured for 20 different CB clusters (fresh and aged). The 
crystal structure of primary CB particles (fresh and aged) consists of the 
inner core and outer shell (Fig. 5a, b, c and d). The shell thickness of as- 
received CB particles (fresh and aged) is approximately ≤7 nm. The CB 
shell displays graphene sheets arranged concentrically around the core. 
The internal structure of CB particles reveals turbostratic domains with 
randomly oriented graphene platelets. TEM images of aged CB particles 
show the formation of an additional thin layer outside the shell with a 
thickness of ≤3 nm (Fig. 5c and d). 

A similar layer was found around the outer soot shell in previous 
studies [18,23]. Some studies [18,22] reported that large particles with 
a higher degree of crystallinity can block O2 diffusion through their 
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outer shell. They proposed that O2 diffusion into the core is only possible 
for small particles since for larger particles O2 atoms react with edge-site 
atoms of shell particles. The passivated shell does not allow O2 to access 
and diffuse through to the reactive amorphous core [18]. This causes the 
formation of an oxidation layer on the outer shell of aged CB. 

The microstructure of the fresh and aged CB particles (Fig. 5) were 
compared to soot particles extracted from used oil (Fig. 6). The crystal 
structure of soot consists of core and shell (Fig. 6a and b). TEM images of 

CB and soot particles show to have similar crystal structure. The 
graphitic shell thickness of soot subparticles varies and reaches up to 10 
nm in some particles as shown in Fig. 6a and b. The soot particles 
investigated displayed an amorphous layer surrounding the shell with a 
thickness of less than 2 nm. This thin layer looks similar to the amor-
phous layer found after ageing CB in the same oil (Fig. 5c and b). This is 
in line with several studies [18,22,23] reported an amorphous layer 
surrounded the shell as a result of soot oxidation. The layer surrounding 

Fig. 1. Diagram of the extraction process of CB/soot particles from the aged oil. (A colour version of this figure can be viewed online.)  

Fig. 2. (a) Schematic representation of nanoindenter performing a compression test on CB particle in the SEM (b) Alemnis nanoindenter. (A colour version of this 
figure can be viewed online.) 

Fig. 3. (a) In situ nanoindentation of CBPs on a Si surface, (b) The diamond indenter is approaching the targeted particle for compressing. (A colour version of this 
figure can be viewed online.) 
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the soot shell could also contain impurities originating from soot in-
teractions with oil additives at high temperatures. Toth et al. [39] 
investigated soot oxidation in situ and in real-time. The results demon-
strated that soot oxidation occurred not only for the particles’ surface 
but also for the internal soot particles that were oxidized. 

3.1.2. XRD crystal structure 
XRD technique was employed to identify the internal crystalline 

structure of CB, and the effect of ageing process on the internal structure 
of CB. TEM results focused on a tiny part of the materials due to the 
extremely high magnification applied. Thus, the XRD technique was 
used to get a clear picture of bulk materials, which are usually combi-
nations of many crystallites, particles and other nano-objects. The ob-
tained data about the atomic structure are averaged over the whole 
sample volume under the probe [37]. In this study, fresh CB, and par-
ticles extracted from the oil, including aged CB, and soot particles, were 
investigated using XRD technique. The XRD information was recorded 
for the entire scan range of 10–90◦θ as shown in Fig. 7. 

The X-ray diffraction patterns are composed of two broad peaks at 
~25◦ and 43◦ (Fig. 7), indexed as the (002) and (100) graphite-type 
reflections respectively [37,38]. These two peaks are consistent with 
the turbostratic carbon structure [37,38]. TEM images in this study 
confirmed the turbostratic structure for CB (fresh and aged) and soot. 

XRD result of CB after ageing (Fig. 7b and c) displays a change in 
peak width (dispersive shoulder peak ranging from 15◦ to 21.5◦). XRD 
data of aged CB is similar to the study that showed defects of CB atomic 
[40]. In this study, CB was aged at a high temperature in the presence of 
additives and oxygen, which influence the CB structure. XRD data of the 
oxidation of graphite in oils at the same 2θ orientation was investigated 
by Gupta et al. [41]. The shoulder at 2θ of 15◦–21.5◦ in graphite oxide 
results [41] is similar to aged CB data in this study. This correlated to the 
intercalation of oxygen groups that existed in the oil causing oxidation 
of graphite. Other studies [23,42] found that the existence of oxygen 
causes soot oxidation for surface particles and the internal structure. In 

this study, both TEM and XRD results proved the change of CB crystal 
structure after ageing CB in the oil. 

Fig. 7a reveals the crystal structure of soot extracted from the used oil 
compared to fresh CBP and aged CBP. Similar to fresh and aged CBP 
analysis, two main peaks at 2θ positions ~25◦ and 43◦ are observed in 
the soot XRD spectrum (Fig. 7a). The small sharp peaks (A, B, C and D) 
represent various crystalline species, or impurities such as calcium- 
based compounds, which can also precipitate within oil [2,13]. These 
peaks (A, B, C and D) indicate that various crystalline species were 
embedded into turbostratic carbonaceous soot. A similar XRD spectrum 
of soot analysis (Fig. 7a) was investigated by Sharma et al. [2,13]. XRD 
data of soot showed a dispersive shoulder peak ranging from 
~15◦–21.5◦ which is similar to the aged CB spectrum (Fig. 7b). 
Dispersive shoulder peak reveals the oxidation of soot particles [41]. 
The results are in line with TEM images (Fig. 6) that confirmed the 
change in the crystal structure of CB particles after ageing which is 
similar to the soot extracted from used oil. 

3.2. In situ nanoindentation of CBP 

3.2.1. Nanocompression of fresh CBP 
To evaluate mechanical properties of individual CB particles, in situ 

nanoindentation experiments of fresh CB were performed at two 
different particle sizes (130–140 nm and 200–240 nm). Fig. 8d dem-
onstrates the recorded load-displacement curve after compressing a 
200–240 nm CBP with a diamond tip (Fig. 8a). The CBP particle cracked 
after approximately 70 nm compressing displacement, at an applied 
load of 100 μN (called fracture load). The visible surface crack (Fig. 8c) 
caused a drop in load of 60 μN, but the compressed CBP did not fail 
completely. Continued indention of the deformed particle and Si sub-
strate increased the applied load to 120 μN. The CB particle under 
compression undergoes elastic-plastic deformation. In this study, it was 
difficult to calculate the hardness of particles due to the unknown con-
tact area during compression, however the fracture load can be assessed 
in situ. 

In situ nanocompression test was carried out to investigate the 
deformation of a smaller CB particle with a size of (130–140 nm) 
(Fig. 9a). The corresponding load-displacement curve reveals deforma-
tion in the CB particle after approximately 40 nm compressing 
displacement corresponding to 20 μN applied load (Fig. 9a). The CB 
particle after compression is oblate (Fig. 9b). Similar to the (200–240 
nm) compression test, the increase in the load after deforming the CBP 
was correlated to continued indentation into the Si substrate underneath 
the particle (Fig. 9b). Fig. 9a compares the deformation force to plasti-
cally deform the CBP at different sizes (130–140 nm and 200–240 nm). 
The results show that the larger CBP has higher fracture load compared 
to the smaller CBP (130–140 nm). The load of the larger particle is 100 
μN compared to 25 μN of the smaller CBP. 

It is important to note that the compaction of the particles and silicon 
substrate is partially reversible (Fig. 9a). Lahouij et al. [43] studied 
nanocompression of soot particles using a TEM nanoindenter. The 
findings showed that soot particles deform when the contact pressure is 
above 7 GPa. The soot particles exhibited elastic-plastic behaviour. 
Bhowmick et al. [34] determined the maximum applied load on soot 
particles using nanoindentation. The results demonstrated that the 
maximum applied load on the soot particle is 100 μN before the defor-
mation in the soot particle occurred [34]. 

Fig. 4. Load-displacement curves for two repeated nanoindentation tests for 
aged CBPs that have similar size of (210–220 nm). (A colour version of this 
figure can be viewed online.) 

Table 1 
Load curve parameters for two nanoindentation repeated tests of aged CBPs at size of (210–220 nm) in Fig. 4.  

Test details Deformation load (fD) (μN) Max.load (fmax) (μN) Deformation depth (hD) (nm) Final depth (hf ) (nm) Stiffness (S) (μN/nm) 

Test 1 (210–220 nm) 218 253 92 61 5.4 
Test 2 (210–220 nm) 199 197 93.5 66 5.8  
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3.2.2. Nanocompression of aged CBP 
In-situ nanocompression of the aged CBP at different sizes (130–140 

nm) and (210–220 nm) were performed to investigate the effect of the 
ageing process in oil on mechanical properties of CBP. The corre-
sponding load-displacement curve of the 210–220 nm particle is shown 
in Fig. 10d. During the compression process (Fig. 10b), the applied load 
increases progressively until particle deformation occurs approximately 
at 200 μN (90 nm compressing displacement). After the compression 
test, a surface crack running vertically from the contact zone can be 
observed in the aged CB particle (Fig. 10c), consistent with the load drop 
observed. 

The load-displacement curves of two different sizes of aged CB par-
ticles (130–140 nm) and (210–220 nm) are compared in Fig. 11a. The 
larger aged-CB particle (210–220 nm) required a higher load to deform 
the particle compared to the smaller aged-CB particle (130–140 nm). 
Similar to fresh CB, the larger particle has more resistance to deform 
compared to smaller CBP, and the observed deformation was the initi-
ation of a radial crack propagating from the indenter contact zone across 
the CBP surface. The aged-CB particle (130–140 nm) was deformed and 
oblate after compression as shown in Fig. 11b, and compressed Si 

substrate underneath the particle (Fig. 11a and b). The fracture load of 
the larger aged-CB particle is 200 μN compared to 100 μN of the smaller 
aged-CB particle. The results demonstrate that the aged-CB particle 
under nanocompression also undergoes elastic-plastic deformation. 

The analysis of Load curve parameters for all nanoindentation tests 
has been conducted in this study are presented in Table 2. The results 
demonstrated a significant increase in deformation load (fD) and stiff-
ness (S) after ageing CBPs for two different particles sizes. The increase 
in maximum load (fmax) for aged CBPs is associated with the indentation 
in Si substrate underneath the tested particle after breaking aged par-
ticle, which is higher compared to fresh CBPs. In addition, the defor-
mation depth (hD) for aged CBPs is higher specifically for larger particle 
size due to higher load was required to break the particle. 

4. Discussion 

It has been proposed that the mechanical properties of soot particles 
are changed in oil at different conditions leading to an increase in wear 
[34]. Bhowmick et al. [34] and Sharma et al. [13] suggested that 
chemical interactions between soot and additives could change abrasive 

Fig. 5. TEM images of a), b) fresh CB primary particles and c), d) aged CB primary particles. (A colour version of this figure can be viewed online.)  
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characteristics of these particles [13]. Our previous study [14] showed 
the existence of CB in the oil at ageing conditions induced oil oxidation 
due to the chemical interaction between the CB surface and additives. 
Other studies [18,22–25,42] reported the formation of an oxidation 
layer around soot particles and internal soot oxidation which could 
affect mechanical properties of soot particles. However, there is no ev-
idence to support this hypothesis. This study, for the first time, has 
investigated the effect of the change in the microstructure of soot on 
mechanical properties of soot particles. 

TEM images (Fig. 5c and d) and XRD data (Fig. 7) revealed that the 
crystal structure of CB changes after ageing. TEM images (Fig. 5c and d) 
showed the formation of a layer with a thickness of ≤3 nm around aged 
CB particles. The comparison between the crystal structure of soot and 
aged CBP demonstrated that the CBP crystal structure is similar to soot. 
The change in the crystal structure of soot/CB particles after ageing 
resulted from the oxidation of the soot/CB surface [39,42]. The O2 dif-
fuses through the outer shell of the particles to react with edge-site 
atoms of shell particles. The passivated shell did not allow O2 to ac-
cess and diffuse through the reactive amorphous core forming the 
oxidation layer on the outer shell of CB or soot [22,24,25]. The results 
are in line with other studies that demonstrated the formation of the 

oxidation layer around soot particles [18,22–25,42]. While other studies 
[17,39,42] found that internal soot particles were also oxidized causing 
the change in the microstructure of soot. 

The in situ SEM nanoindentation of CB revealed that the applied load 
required to initiate significant plastic deformation of CB after ageing 
increased significantly for particles in two different sizes (Fig. 12). The 
increase in the deformation load correlates with a higher particle 
hardness, meaning a higher compressive load is required to deform/ 
break the CB particles after ageing in the oil. The hardness of the CB is 
increased due to the change in the crystal structure of CB particles after 
ageing. A higher deformation load was required to deform the larger 
particle for both aged and fresh CB. 

The results are in the line with other studies [1,13,34] that proposed 
the change in mechanical properties of soot after ageing. This is the first 
study that has investigated the relationship between the change in the 
crystal structure of CB after ageing in the oil and mechanical properties 
of CB. These findings are in line with Uy et al. [1] who showed that 
different types of soot, extracted from various oils, had different 
morphology which could affect the hardness of particles and hence the 
wear. The findings in this study support other studies [8–12] proposed 
that changes in the crystal of soot particles due to interactions with 
additives influence mechanical properties of soot and hence wear 
[13–15]. 

5. Conclusions 

In this study, the change in mechanical properties of CBPs after in-
teractions in engine oil under ageing conditions has been investigated. It 
has previously been reported that soot/CB can adsorb oil additives and 
induce oil degradation which influence wear. However, no experimental 
studies have addressed the effect of additives interactions with soot/ 
CBPs on its microstructure which could influence mechanical properties 
of particles becoming harder. The following conclusions are 
summarised:  

• The microstructure of CBP after ageing in engine oil was changed 
with the formation of a thin amorphous layer around the particles.  

• In general, CB particles before and after ageing exhibited size 
dependent elastic-plastic deformation under nanocompression tests. 
Larger CBPs exhibited surface cracking.  

• For a given particle size, nano-compression experiments revealed 
that the load required to deform/crack the CBP after oil ageing was 
approximately double compared to that for pristine CBP, indicating 
substantial hardening. 

Fig. 6. TEM images (a, b) of the primary soot particles extracted from used oil. (A colour version of this figure can be viewed online.)  

Fig. 7. XRD results of the crystal structure of soot (a), aged CB-96hrs (b) and 
fresh CB (c). The small sharp peaks A, B, C and D represent various crystalline 
species or impurities. (A colour version of this figure can be viewed online.) 
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• The findings established for the first time that the change in CB 
microstructure due to chemical interactions with additives causing a 
change in mechanical properties of CBP. Further repeatability of 
nanocompression tests with different particles sizes and conditions 
will enrich these findings. 
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Fig. 8. Nanocompression test of fresh CB particle of size 200–240 nm (a) before loading, (b) under loading, (c) after loading, (d) load-displacement curve. (A colour 
version of this figure can be viewed online.) 

Fig. 9. (a) Nanocompression tests of fresh CBP by diamond at different sizes, (b) Residual indention in Si substrate after compressing a (130–140 nm) particle. (A 
colour version of this figure can be viewed online.) 
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Fig. 10. Nano-compression test aged CBP at size (210–220 nm) (a) before loading, (b) under loading, (c) after loading, (d) load-displacement curve. (A colour version 
of this figure can be viewed online.) 

Fig. 11. Nanocompression tests of aged CBP at different sizes, b) indention in the Si substrate after compressing 130–140 nm particle. (A colour version of this figure 
can be viewed online.) 

Table 2 
Load curve parameters for fresh and aged CBPs at size of (130–140 nm) and (210–220 nm) which are obtained from load-displacement curves for each test.  

Test details Deformation load (fD) (μN) Max.load (fmax) (μN) Deformation depth (hD) (nm) Final depth (hf ) (nm) Stiffness (S) (μN/nm) 

Fresh CB (130–140 nm) 22.4 148 38.7 83 3.5 
Aged CB (130–140 nm) 96 303 41 70 5.3 
Fresh CB (210–220 nm) 105 132 73 82 3.2 
Aged CB (210–220 nm) 199 197 93.5 66 5.4  
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the work reported in this paper. 
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