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A B S T R A C T   

T-carbon, a new carbon allotrope essentially composed of intra-tetrahedron bonds and inter-tetrahedron bonds, 
has attracted strong scientific interest in recent years due to its excellent mechanical performance for a wide 
range of applications. This study demonstrates that strain hardening can endow T-carbon with exceptional 
mechanical strength at a high compressive strain under plastic deformation, which is rarely observed in con
ventional carbon-based materials. Molecular dynamics simulations reveal that this behavior occurs in T-carbon 
nanowires and is caused by graphitization, where their original sp3-dominated carbon network transforms into a 
stronger sp2-network. Further analysis shows that graphitization occurs due to the breaking of intra-tetrahedron 
bonds, which is dominated by the deformation behavior of inter-tetrahedron bond angles. Particularly, when the 
deformation angle is small, only a small portion of the strain energy is stored in the tetrahedrons, while the 
remaining energy is released by breaking the intra-tetrahedron bonds of T-carbon nanowires, thus leading to 
graphitization. Moreover, such underlying mechanisms behind strain hardening and graphitization are found to 
occur in bulk T-carbon. This strain hardening potentially enables T-carbon to overcome the strength–ductility 
tradeoff issue of high strength leading to ductility loss.   

1. Introduction 

The strength–ductility tradeoff is a fundamental concept in materials 
science and engineering, playing a crucial role in the design and selec
tion of suitable structural materials for various applications [1,2]. High- 
strength materials offer exceptional resistance to deformation and fail
ure under applied loads, making them desirable for applications that 
require strong load-bearing capacity. However, these materials typically 
possess a dense atomic structure, which impedes the motion of atoms 
and makes it difficult for the materials to undergo strain hardening. As a 
result, they tend to exhibit lower ductility and are more likely to fracture 
or fail under stress without significant plastic deformation [3–5]. Re
searchers and engineers have employed various techniques, such as 
microstructural control [6,7], mechanical treatment [8,9], and heat 
treatment [10,11], to overcome the inherent strength–ductility tradeoff 
and customize materials. Nevertheless, scaling up these advancements 
for the cost-effective production of industrial parts remains a significant 
challenge. 

Carbon-based materials have garnered significant research attention 
in recent decades owing to their exceptional mechanical properties. The 

ductility and strength of such materials are primarily dictated by their 
crystal structure and atomic bonding. Certain carbon-based materials, 
like diamond and lonsdaleite, are composed of strong covalent bonds 
and exhibit highly ordered crystal structures. However, they lack 
ductility due to their rigid structure and strong covalent bonds, which 
impede the movement of dislocations and hinder plastic deformation 
[12,13]. On the other hand, some carbon-based materials consist pre
dominantly of amorphous carbon, such as diamond-like carbon and 
glassy carbon, which lack long-range order and possess disordered 
crystal structures. These materials possess nonhomogeneous density and 
localized strain, which make them more susceptible to brittle fracture 
[14,15]. Furthermore, highly porous carbon-based materials, including 
carbon aerogels and carbon foam, have large surface areas and low 
densities. They also contribute to a fragile structure due to the inter
connected network of carbon particles [16,17]. Consequently, these 
carbon-based materials lack the ability to withstand stress through 
plastic deformation. 

T-carbon is a new carbon allotrope, and its structure was first pro
posed through theoretical calculations [18]. The unique configuration of 
T-carbon resembles that of diamond, albeit with each carbon atom 
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substituted by a tetrahedral unit consisting of four sp3-hybridized car
bon atoms. T-carbon nanowires (NWs) were fabricated via the exposure 
of multi-walled carbon nanotubes, which were dissolved in a solution of 
methanol, to a high-energy picosecond laser [19]. Subsequently, bulk T- 
carbon was also fabricated through a plasma-enhanced chemical vapor 
deposition technique, utilizing polycrystalline and single-crystalline 
diamond substrates [20]. 

In the recent years, T-carbon has found important applications in ion 
batteries [21,22], photocatalysts [23], electrocatalysts [24], optoelec
tronic detectors [25], irradiation resistance devices [26], topological 
phonons [27], and magnetism and superconductivity [28]. However, 
the mechanical properties of T-carbon remain largely unexplored. From 
a structural perspective, T-carbon possesses large spacings between its 
constituent carbon atoms, resulting in a lower density compared to 
graphite and diamond. Because of these structural characteristics, T- 
carbon may exhibit excellent plastic deformability [29]. It is important 
to explore the structural evolution of T-carbon during plastic deforma
tion, including the deformation of bonds, bond angles, and tetrahedrons. 

This work is devoted to investigating the mechanisms of plastic 
deformation and strain hardening behaviors in T-carbon under 
compressive loading using molecular dynamics (MD) simulations. MD is 
a computational method that simulates the evolution of molecular sys
tems over time. By simulating the movement of atoms and molecules, it 
can reveal the structure, dynamic properties, and thermodynamic 
behavior of materials, thereby providing a basis for understanding and 
designing molecular-level processes to provide important insights. MD 
simulations can be relatively cost-effective while conducting experi
ments can be expensive and time-consuming [30]. They can also com
plement experimental work and reduce the need for extensive trial-and- 
error experimentation. Key considerations are given to factors such as 
the lattice orientation and radius of T-carbon NWs. The structural evo
lution of T-carbon NWs during deformation is analyzed, and the corre
lation between the deformation of tetrahedrons and strain hardening 
mechanisms in NWs is established and validated in bulk T-carbon. 

2. Modeling 

MD simulation is conducted to study the mechanical properties of T- 
carbon structure subjected to compressive deformation along different 
lattice orientations (Fig. 1a). All simulations are performed using the 
software Large-scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) [31], which has proven to be a powerful tool for providing 
nanoscale-level understanding of the mechanical behavior and defor
mation mechanisms of carbon-based materials [32]. 

The adaptive intermolecular reactive empirical bond order (AIREBO) 
potential is used to characterize the interaction between carbon atoms 

and has shown excellent accuracy in studying various carbon-based 
materials [14,33], especially T-carbon [34]. The default cutoff param
eter settings are used in our simulations [35], which have been proven to 
represent the excellent mechanical properties of T-carbon in previous 
studies [34]. It is known that covalent bonding plays a dominant role in 
determining the mechanical performance of carbon-based materials. In 
addition, it is found that the non-covalent interactions exert negligible 
influence on the mechanical properties of carbon-based materials [36]. 
Therefore, the non-covalent interactions in the AIREBO potential are not 
considered in order to save on computational cost. The software Open 
Visualization Tool (OVITO) is used to visualize the simulation results 
[37]. 

T-carbon exhibits a distinct lattice structure and atomic arrangement 
that set it apart from diamonds. A unit cell of T-carbon is initially built 
according to its reported structure in a previous work [18], as shown in 
Fig. 1b. The lattice constant of the unit cell is obtained as 7.9 Å, 
consistent with the experimental value (~7.8 Å) [20]. Before modeling, 
the unit cell is relaxed at 10 K and 0 kPa with an isothermal-isobaric 
(NPT) ensemble in three-dimensional periodic boundary conditions for 
10 ps to release internal strains [38]. 

Then, the unit cell of T-carbon is duplicated to prepare NWs with 
different radii (35, 50, and 65 Å) and a length of ~ 210 Å, based on 
experimental observations [19], as well as bulk T-carbon samples. The 
longitudinal orientations of the NWs are aligned with various lattice 
orientations (Fig. 1c–e). The lateral dimensions of all bulk samples are 
set to ~ 100 Å. 

The compressive deformation of T-carbon NWs and bulk T-carbon is 
evaluated by assessing the bonding states of the constituent atoms using 
the atomic coordinate number (CN) with a cutoff radius of 1.95 Å, a 
distance that corresponds to the first minimum location in the radial 
distribution function. The values of CN can be used to describe the types 
of bonds formed by the atoms, with CN = 4, 3, and 2 indicating sp3, sp2, 
and sp bonding states, respectively. More information about the calcu
lation of CN can be found in earlier works [39,40]. 

Compressive simulations are commonly realized using the incre
mental strain loading method, as described in the literature [41]. In a 
previous work, the incremental loading method was proven feasible for 
studying the tensile properties of T-carbon NWs [34]. Hence, this 
method is utilized in this research to study the compressive properties of 
T-carbon NWs. 

The two ends of the T-carbon NW are set as rigid layers, each layer 
has a length of 20 Å, and the middle movable layer has a length of 170 Å. 
One layer is set to be static, and the other layer is compressed along the 
Y-axis direction. This requires the NWs to have boundary conditions that 
are non-periodic and shrink-wrapped in all directions. The time step is 
set to 0.001 ps. Before compressive loading, the movable layer is relaxed 

Fig. 1. Simulation cells and the various lattice orientations considered in the present work. (a) Illustration of the MD simulation model for performing compressive 
testing. (b) The cubic crystal lattice of T-carbon resulting from the replacement of each carbon atom in a diamond with a tetrahedron carbon unit. (c)–(e) Views from 
the [100], [110], and [111] orientations of T-carbon, respectively. 
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by the isothermal-isochoric (NVT) ensemble for 18 ps and the temper
ature is set to 300 K. The incremental loading involves step-wise strain 
increments with system relaxation at each step [42]. After each incre
mental increase in strain, which occurs over a duration of 1 ps, a sub
sequent period of static relaxation follows, lasting for 5 ps. The 
incremental loading occurs 600 times in total, and the movable distance 
of each loading is 0.17 Å. Therefore, the total deformation and total time 
of this simulation are 102 Å and 3600 ps, respectively. The strain rate 
and total strain of compressive deformation of the T-carbon NWs can be 
calculated as 1.67 × 10-4 / ps and 0.6, respectively. This method can 
simulate the fixation of the collet to the end during real compression. 

During the simulation of bulk T-carbon, the unit cell uniformly 
shrinks along the compressive direction of bulk T-carbon with contin
uous strain increments [43,44]. Unlike the NWs, periodic boundary 
conditions are applied in all directions. Before compressive loading, the 
model is relaxed by the NPT ensemble for 100 ps and the total time of 
simulation is 5000 ps. The other conditions are the same as the NWs. 

3. Results 

3.1. Strain hardening behavior in T-carbon NWs 

The stress–strain (σ–ε) relationships of T-carbon NWs under 
compressive loading are first evaluated (Fig. 2a–c). It is found that the 
relationships are highly dependent on the lattice orientation and cross- 
sectional radius (R) of the T-carbon NWs. 

The strain hardening behavior is found for all T-carbon NWs under 
compressive loading regardless of their lattice orientations. In our work, 
the strain hardening behavior is identified as a noticeable increase in σ 
after yielding. For example, in the case of R = 35 Å (Fig. 2a), σ increases 
when ε < 0.47 and drops significantly in the range of 0.47 < ε < 0.48 
when the load is applied along the [100] orientation. Subsequently, 
when ε > 0.48, σ increases rapidly in a discrete manner until ε = 0.6. 

The strain hardening behavior of T-carbon NWs can simultaneously 
endow this material with high mechanical strength and excellent 

ductility, which is rarely reported in conventional carbon-based mate
rials. For example, when the load is applied along the [111] orientation 
in the case of R = 65 Å (Fig. 2c), the value of σ (0.13 < ε < 0.6) after 
yielding increases significantly by roughly fourfold from 6.7 to 28 GPa 
due to strain hardening. Compared with the simulation results of dia
mond NWs fractured at ε = 0.35 [45], T-carbon NWs can sustain further 
compressive loading up to strains of 0.6, indicative of their high 
ductility. 

In addition, it is observed that σ at ε = 0.6 becomes higher at a larger 
R (Fig. 2a–c) for loading along the [110] and [111] directions. For 
instance, as R increases from 35 to 65 Å when the load is applied along 
the [110] orientation, the value of σ increases from 9 to 22 GPa at ε =
0.6. These findings indicate that the strain hardening behavior in T- 
carbon NWs is influenced by the size of the NW. Such a mechanism was 
confirmed in carbon-based nanomaterials through compressive experi
ments [46]. 

3.2. Evolution of the graphitization in T-carbon NWs 

The strain hardening behavior of T-carbon NWs may be attributed to 
microstructural changes caused by compressive strains. Hence, transi
tions among the different atomic bonding states can be used to explain 
the strain hardening effect further. The transition of atoms from sp3 to 
sp2 bonding is typically defined as the graphitization process. Thus, a 
high sp2 fraction (fsp2) reflects a high graphitization level [26,42]. 

The propagation degree and speed of graphitization show different 
dependence on the R of T-carbon NWs in different lattice orientations 
(Fig. 2d–f). For the [110] orientation, the propagation degree and speed 
of graphitization increase most obviously with the increase of R. How
ever, graphitization in the [100] orientation is the least sensitive to the 
changes in R. 

For instance, along the [110] orientation, when the R increases from 
35 to 65 Å, fsp2 can quickly increase from 13 % to 40 % at ε = 0.1 
(Fig. 2d-f). Moreover, the final value of fsp2 at fracture strain is shown to 
have increased from 48 % to 76 % (Fig. 2d–f). However, when the NW is 

Fig. 2. Deformation responses of T-carbon NWs under compression along different lattice orientations. (a)–(c) Stress–strain (σ–ε) curves of T-carbon NWs with R 
equal to 35, 50, and 65 Å, respectively. (d)–(f) Evolution of the sp2 fraction (fsp2) in T-carbon NWs with R equal to 35, 50, and 65 Å, respectively. (g)–(i) Evolution of 
the average atomic potential (φ) in T-carbon NWs with R equal to 35, 50, and 65 Å, respectively. 
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loaded along the [100] orientation, the trend of fsp2 barely changes with 
respect to all R. This is attributed to the anisotropy of lattice orienta
tions. Variations in the lattice arrangement along the loading direction 
result in different loading forces experienced by lattice units, thereby 
leading to distinct phase transitions. 

The improvement in σ after a sharp increase in fsp2 appears to be a 
general trend in Fig. 2a–f. For instance, when the NW is loaded along the 
[100] orientation (Fig. 2a and 2d), the sharp increase of fsp2 when ε 
equals 0.47–0.48 leads to a decrease in σ, but σ continues to increase 
when ε > 0.48. The decrease in σ is due to a significant transition of 
carbon atoms from sp3 to sp2 bonding states. Experimental evidence 
shows that the breakage of the sp3-dominated network can cause stress 
relaxation [47]. 

Subsequently, as ε increases, σ also rises because the newly formed 
sp2-dominated network in T-carbon NWs is stronger than the original 
sp3-dominated network. This phenomenon, known as graphitization, 
results in strain hardening in T-carbon nanowires. The correlation be
tween fsp2 and σ indicates that the strain hardening mechanism of T- 
carbon NWs is directly related to their microstructural evolution, espe
cially the sp3 to sp2 transformation. 

It is worth noting that the increase in fsp2 always causes a decrease in 
σ. However, strong strain hardening occurs only when the ability of the 
original sp3-dominated network to resist deformation is severely lost. 
Therefore, the increase of fsp2 along [100] orientation does not cause 
significant strain hardening when ε < 0.1 and R = 35 Å (Fig. 2a). Similar 
phenomena also appear in the other two R. Strain hardening is still 
observable at R = 50 Å (ε = 0.15) and R = 65 Å (ε = 0.12), respectively, 
although it is less obvious (Fig. 2b–c). 

It is important to note that we have also performed compression tests 
on T-carbon NWs using higher strain rates. The results indicate that 
changes in strain rate do not affect the existence of strain hardening of T- 
carbon nanowires and that graphitization still dominates this strain 
hardening mechanism. 

Notably, the effect of graphitization was verified in the tensile testing 
of T-carbon NWs [34]. Compared to the tensile loading, the graphiti
zation only had a significant improvement along [110] and [111] lat
tice orientations, and the strain hardening of T-carbon NW along the 
[100] lattice orientation was not obviously observed. However, our 
simulation shows that T-carbon NWs can reach a higher graphitization 
level along all lattice orientations for all R under compressive 
deformation. 

For many conventional carbon-based materials, there is always a 
trade-off between their strength and ductility [1,4]. For example, the 
ultimate compressive strength of pentadiamond was predicted as 44 GPa 
at ε = ~0.15 by MD simulation [36]. Upon further deformation, the 
newly formed carbon network in the pentadiamond was not stronger 
than its original sp3–sp2 hybridized network. As a result, a high failure 
strain could not be reached, resulting in a brittle fracture. In contrast, 
strain hardening endows T-carbon NWs with excellent ductility. This can 
be attributed to the formation of the sp2-dominated network during 
strain hardening, which was demonstrated experimentally in some 
carbon-based nanomaterials [48]. 

In addition, the ultimate compressive strength of graphene aerogel 
reached less than 1.27 GPa at ε = ~0.8 in MD simulation [49]. The 
compressive strength of graphene aerogel was dominated by the severe 
deformation of graphene walls. At large strains, the graphene aerogel 
lost its structural stability, and its strength could not further increase, 
thus leading to a low fracture strength. However, the graphitization of T- 
carbon NWs enables the achievement of higher mechanical strength 
without sacrificing ductility. 

It is noteworthy that graphitization may lead to changes in the po
tential energy of the constituent carbon atoms. Therefore, to further 
investigate the correlation between strain hardening and graphitization 
in T-carbon nanowires, the average atomic potential energy (φ) is 
analyzed, as illustrated in Fig. 2g–i. 

The evolution of φ depends on the R of NWs when the load is applied 

along the [110] and [111] lattice orientations, similar to σ and fsp2. For 
instance, when the NW has an R of 35 Å and the load is applied along the 
[111] orientation, φ decreases in a relatively smooth manner with a 
minor drop observed at ε = ~0.42 (Fig. 2g). When R is 65 Å instead, φ 
reduces discretely with two large drops observed at ε = ~0.3 and ε =
~0.39 (Fig. 2i). However, under compression along the [100] lattice 
orientation, φ evolves in a similar manner for all NWs, suggesting that 
there are no significant changes induced by increasing R (Fig. 2g–i). 

From Fig. 2d–i, it can be seen that the changes in φ correlate well 
with the evolution of fsp2 during deformation. It is known that φ in
creases with ε [50,51]. However, as shown in Fig. 2d–i, an increase in 
fsp2 leads to a decrease in φ, and φ rises moderately when fsp2 remains 
relatively steady. This phenomenon arises because with increasing fsp2 
(i.e., graphitization occurs), some of the strain energy has to be absorbed 
in order to transform the sp3 bonds into sp2, thus leading to a pro
nounced reduction of φ. This observation demonstrates that the ab
sorption of φ is highly related to the graphitization process of T-carbon 
NWs. The peculiar graphitization allows T-carbon NWs to absorb a large 
amount of strain energy during plastic deformation. Therefore, T-carbon 
holds great promise for mechanical energy-absorbing applications [52]. 

The graphitization process is further explored by analyzing the 
change of the microstructure of T-carbon NWs over time when loading is 
applied (Fig. 3). The [110] lattice orientation is mainly studied because 
graphitization is most sensitive to the change of R along this orientation. 
Snapshots during compression are provided to reveal the atomic details 
of the deformation process of T-carbon NWs. 

The microstructural evolution of T-carbon NWs confirms that the 
propagation of graphitization highly depends on R along the [110] 
lattice orientation, and the sp2-bonding region has a more pronounced 
expansion for larger R (Fig. 3g–i), resulting in a larger final region with 
sp2-bonded atoms. 

Based on a comparison between Figs. 2d–f and 3, the initial value of 
fsp2 is not equal to 0, and the surface edges of the T-carbon NWs are sp2- 
bonding atoms. These sp2-bonding atoms are caused by slicing NWs 
from the bulk during modeling, which act as potential graphitization 
areas. These surface areas initially begin to graphitize randomly when 
compressive strain is applied. As the ε continues to increase, graphiti
zation gradually propagates toward the inner region of the T-carbon 
NWs. 

As depicted in Fig. 3, graphitization primarily concentrates randomly 
in several regions of T-carbon NWs in the early stage of plastic defor
mation. With the continued increase in ε, graphitization gradually 
spreads uniformly from local to global. This phenomenon arises from 
stress concentration during buckling, which weakens as the R increases. 
Consequently, with an increase in R, graphitization expands more uni
formly, leading to a higher degree of graphitization. This finding high
lights the size effect of NWs [53,54], which can result in varying 
mechanical performance of the carbon network. 

For traditional carbon-based materials, such as diamond-like carbon, 
MD simulation showed that graphitization is typically localized and does 
not propagate throughout the entire sp3-dominated network during 
deformation, which fails to provide the material with higher resistance 
to deformation [55]. In comparison, the distinct phenomenon of global 
graphitization observed in T-carbon results in remarkable ductility. In 
addition, MD simulation demonstrated that the activation of graphiti
zation of diamond-like carbon requires a high temperature to break the 
sp3-dominated network [14]. However, the graphitization of T-carbon 
can be activated easily at room temperature. 

3.3. Evolution of tetrahedral deformation in T-carbon NWs 

The structural evolution of carbon tetrahedrons that make up the 
lattice structure of T-carbon NWs is studied to explore the nanoscale 
origin of graphitization. Specifically, the fraction fNa, defined as the ratio 
of the number of tetrahedrons that fracture during compression to the 
total number of tetrahedrons in the undeformed NW, is monitored 
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(Fig. 4a–c). 
Based on a comparison between Figs. 2d–f and 4a–c, it can be 

concluded that graphitization is caused by carbon tetrahedrons 

fracturing under compressive strain. It is shown that the trends of fNa and 
fsp2 under compressive loading are consistent with one another for all 
lattice orientations, although they depend on the radius R of the T- 

Fig. 3. Microstructural evolution of T-carbon NWs under compressive strains of ε = 0.2, 0.4, and 0.6 applied in the [110] lattice orientation for NWs with (a, b, c) R 
= 35 Å, (d, e, f) R = 50 Å, and (g, h, i) R = 65 Å. Red, green, and blue regions represent sp3, sp2, and sp bonding states, respectively. 

Fig. 4. Deformation responses of tetrahedrons and constituent C–C bonds of T-carbon NWs under compression along different lattice orientations. (a)–(c) Evolution 
of the fraction of fractured carbon tetrahedrons fNa in T-carbon NWs with R equal to 35, 50, and 65 Å, respectively. (d)–(f) Evolution of the bond fraction fNb in T- 
carbon NWs with R equal to 35, 50, and 65 Å, respectively. fN1 refers to all C–C bonds in the NWs, while fN2 refers to the inter-tetrahedron bonds. 
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carbon NWs. For example, it can be observed from Figs. 2f and 4c that, 
when R = 65 Å and loading is applied along the [111] lattice orienta
tion, fNa increases by ~ 25 % at ε = ~0.31, which directly leads to an 
increase of ~ 20 % in fsp2. Therefore, the deformation of carbon tetra
hedrons highly dominates the graphitization of T-carbon NWs. This 
behavior arises because the intra-tetrahedron bond angle of T-carbon 
(60̊) is much smaller than that of other sp3 carbon materials such as 
diamond (109.5̊), resulting in an internal strain in the carbon tetrahe
dron structure [18]. Therefore, the unique carbon tetrahedron structure 
of T-carbon NWs facilitates graphitization under compression. 

Further analysis indicates that the deformation of carbon tetrahe
drons occurs through the breaking of its constituent carbon–carbon 
(C–C) bonds. By estimating the number of broken C–C bonds in the T- 
carbon NWs, it is shown that the transition from sp3 to sp2 bonding states 
is strongly linked to the breaking of bonds within the tetrahedrons. The 
fraction fNb, defined as the ratio of the number of C–C bonds remaining 
during compression to the total number of C–C bonds in the undeformed 
NW, is calculated and given in Fig. 4d–f. In addition, the C–C bonds in T- 
carbon NWs can be classified into two types: intra-tetrahedron bonds 
and inter-tetrahedron bonds [18]. The fraction fNb, can thus be further 
classified into fN1 and fN2, representing the total number of C–C bonds 
remaining in the NW and among that, the total number of inter- 
tetrahedron bonds, respectively. 

Fig. 4d–f show that fN1 decreases with increasing compressive strain 
in all cases, while the opposite trend is observed for fN2. It can be 
observed from Figs. 2 and 4 that the changes in fN1 and fN2 become much 
greater when fsp2 and fNa rapidly increase. Moreover, when the load is 
applied along the [110] and [111] orientations, the decrease in fN1 
becomes more evident with increasing R, indicating that more bond- 
breaking events would occur in a larger system (Fig. 4d–f). 

The trends of fN1 and fN2 correspond well with the evolution of fNa, 
which indicate that graphitization is highly dependent on the breaking 
of C–C bonds inside carbon tetrahedrons. When tetrahedrons are fully 
deformed, some of the intra-tetrahedron bonds break, leading to the 
transformation of the sp3 bonding states into sp2 bonding states. 
Therefore, broken intra-tetrahedron bonds induce the graphitization of 
T-carbon NWs and directly contribute toward the strain hardening effect 
(Fig. 5). 

The breaking of intra-tetrahedron bonds can be further understood 

by evaluating the distribution of inter-tetrahedron bond angles before 
the onset of C–C bond-breaking in the carbon tetrahedron (Fig. 5a–c). 
The inter-tetrahedron bond angle α refers to the angle formed between 
an inter-tetrahedron and intra-tetrahedron bond. The α corresponding to 
the energy minima is calculated to be ~ 144.7̊ (Fig. 5d), which agrees 
well with its previously reported value of 144.74̊ in the equilibrium 
structure of T-carbon obtained using first principles calculations [18]. 

Each atom forms three intra-tetrahedron bonds with three other 
constituent carbon atoms and an inter-tetrahedron bond with an atom 
from another tetrahedron. Therefore, there are twelve inter-tetrahedron 
bond angles characterizing each carbon tetrahedron. The values of these 
twelve angles α angles before the onset of intra-tetrahedron bond- 
breaking are recorded for each tetrahedron. The largest of these twelve 
angles is taken as the representative angle θ (αmax), where θ ranges be
tween 150 and 180̊. We recorded the value of θ for each tetrahedron and 
constructed a distribution of the fraction fNc, defined as the ratio of the 
number of tetrahedrons that break at θ to the total number of tetrahe
drons in the undeformed NW (Fig. 5a–c). 

The fNc distributions under compression along the three lattice ori
entations are different from one another due to the anisotropy of the T- 
carbon NWs. The arrangement and distribution of regular tetrahedrons 
are inherently different along the three lattice orientations, which 
induce different deformation behaviors of the intra-tetrahedron bonds 
and changes to the graphitization process. Moreover, the deformation 
behaviors of α along different lattice orientations would vary from one 
another rather significantly. 

As θ approaches the angle associated with the energy minima of the 
tetrahedron (144.7̊), the intra-tetrahedron bonds become more suscep
tible to breaking along [110] lattice orientation. For instance, when R 
increases from 35 to 65 Å, it can be seen that fNc shifts to the left (i.e., the 
values of θ shift closer to 144.7̊). Accordingly, such a shift in the dis
tribution of θ (Fig. 5a–c) correlates well with a dramatic increase in fN1 
(Fig. 4d–f) and fsp2 (Fig. 2d–f). Therefore, the smaller the bond angle 
deviation is from its equilibrium value, the easier it is for intra- 
tetrahedron bonds to break and graphitization to occur along the 
[110] lattice orientation. In addition, for the [100] and [111] lattice 
orientations, the trend of θ does not change obviously, which is 
consistent with the final degree of graphitization. 

To further confirm the effect of the inter-tetrahedron bond angle’s 

Fig. 5. (a)–(c) fNc distributions of T-carbon NWs under compression along different lattice orientations with R equal to 35, 50, and 65 Å, respectively. (d)–(e) The 
inter-tetrahedron bond angle α before and after deformation, respectively. (f) Variation of the total energy E with α for a prototypical system comprising three T- 
carbon tetrahedrons. 
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deformation on the breaking of intra-tetrahedron bonds, we built a 
prototypical system comprising three T-carbon tetrahedrons. We then 
adjusted the angle α between two tetrahedrons and calculated the sys
tem’s total energy E (Fig. 5d–f). It is shown that E reaches its minima 
when α is 144.7̊. As α increases from 144.7̊ to 180̊, E increases signifi
cantly. The greater α deviates from the angle corresponding to the en
ergy minima (144.7̊), the more energy is stored in the carbon 
tetrahedron. Accordingly, when θ lies closer to 144.7̊, the amount of 
strain energy accumulated in the tetrahedron is smaller. Consequently, 
the tetrahedron is unable to store additional strain energy via defor
mation, and any excess strain energy imparted on the tetrahedron results 
in the breaking of its intra-tetrahedron bonds. To summarize, when θ 
tends toward the bond angle associated with the energy minima (144.7̊), 
the carbon tetrahedron can accommodate less strain energy via defor
mation, and any excess strain energy is discharged by breaking its intra- 
tetrahedron bonds, which promotes a higher degree of graphitization 
along [110] lattice orientation. 

3.4. Strain hardening behavior in bulk T-carbon 

In order to test whether the mechanism of strain hardening of T- 
carbon observed above is unique for the NWs, perhaps affected by size 
effects and buckling behavior, the compression tests are conducted on 
bulk T-carbon along the investigated lattice orientations, and the cor
responding simulation results are shown in Fig. 6. 

In addition, to verify that the mechanical strength of the newly 
formed sp2-dominated network is stronger than that of the original sp3- 
dominated network, we extract the sp2-dominated carbon network from 
the T-carbon structure after deformation and investigate its mechanical 
properties (Fig. 6a). It is noted that we have also used hydrostatic 
compression and found that the governing deformation mechanism is 
not changed. 

Similar to the T-carbon NWs, strain hardening is also observed in 
bulk T-carbon and is caused by graphitization. From Fig. 6a and b, it can 
be seen that a large increase in fsp2 causes a large drop in the value of σ in 
bulk T-carbon under compressive loading along all three lattice orien
tations. For example, when ε=~0.52, the value of fsp2 increases from 
0 to 40 %, and σ decreases from 20 to 10 GPa for the [100] lattice 
orientation, which indicates that graphitization results in stress relaxa
tion. It is worth mentioning that initially, graphitization occurs 
randomly in the bulk T-carbon. This occurs because the sp2-bonding 
atoms are absent in the bulk structure, which can otherwise induce 
strain localization and nucleate the graphitization. Although the 
nucleation sites are different between the NWs and bulk structure, the 
graphitization mechanism and the resulting strain hardening behavior 
remain similar. Compared to the [100] orientation, the trend of σ in the 
other two lattice orientations are relatively smooth. This phenomenon is 
consistent with that observed in the case of NWs. 

A comparison of Fig. 6b and c shows that graphitization is induced by 
breaking intra-tetrahedron bonds of bulk T-carbon. Similar to the T- 

carbon NWs, fN1 and fN2 change rapidly when fsp2 increase, indicating 
that graphitization is highly dependent on broken C–C bonds in the 
tetrahedrons. For example, when ε=~0.52, the value of fsp2 increases 
from 0 to 40 %, fN1 decreases from 100 to 88 %, and fN2 increases from 
24 to 36 %. Again, this phenomenon is consistent with that observed in 
the case of NWs. 

Moreover, the strength of bulk T-carbon is greatly enhanced after 
graphitization, which is attributed to the higher strength of the newly 
formed sp2-dominated network. The strength of the sp2-dominated 
network in T-carbon increases rapidly to 83 GPa when ε < 0.45, which 
is much higher than that of the original sp3-dominated carbon network. 
These findings reconfirm that strain hardening stems from graphitiza
tion. For example, when the value of fsp2 increases as the strain surpasses 
0.6, the value of σ increases rapidly from 9 to 99 GPa along the [100] 
orientation (Fig. 6a). Therefore, strain hardening caused by graphiti
zation can endow T-carbon with impressive ductility under compressive 
strain. 

Furthermore, the carbon tetrahedrons of bulk T-carbon have a strong 
ability to resist deformation. As shown in Fig. 6b, the value of fsp2 is 
0 when ε < 0.4. This is because the structure of each carbon tetrahedron 
of bulk T-carbon remains intact, and the entire bulk material is a sp3- 
hybridized carbon structure. Moreover, the carbon tetrahedrons of bulk 
T-carbon can absorb a large amount of strain energy through deforma
tion, which leads to a high failure strain of the material. 

Fig. 7 compares T-carbon’s ultimate strength and density with those 
of various other carbon materials and some common metals. In order to 
highlight the effect of strain hardening in improving the strength of T- 
carbon, it is first compared with other carbon materials 
[14,36,49,56–60]. T-carbon has a lower density (1.27 g/cm3) deter
mined through MD than diamond, diamond-like carbon, M− carbon, and 
pentadiamond. Generally, the mechanical properties of carbon materials 
increase gradually with an increase in density [1,4]. However, the ul
timate compressive strength of T-carbon (99 GPa) is 66 % of that of 
diamond-like carbon (150 GPa), while the density of T-carbon counts for 
only 43 %. In addition, as a porous carbon material, graphene aerogel, 
with a density (0.96 g/cm3) lower than that of T-carbon, possesses an 
ultimate compressive strength (1.39 GPa) that is significantly lower than 
that of T-carbon. 

Considering that T-carbon exhibits high ductility and strain hard
ening behavior similar to that of metals, the strength of T-carbon is also 
compared with that of various metals [61–64]. These metallic materials 
can be up to ~ 7 times denser than T-carbon, but T-carbon can be up to 
~ 70 times stronger than some of them. Besides, compared to other 
materials such as polyethylene and SiC [65–67], T-carbon possesses a 
lower density, yet larger strength, which makes it an ideal candidate for 
lightweight devices. Since T-carbon exhibits synergistic qualities in 
terms of strength and ductility, it can be applied to devices with such 
requirements, such as in the field of aerospace [29]. Experiments have 
achieved the large-scale fabrication of T-carbon with precise control 
over its microstructure. We anticipate that the present findings could 

Fig. 6. Deformation behavior of bulk T-carbon. (a) Stress–strain curves of bulk T-carbon with compressive loading applied along different lattice orientations. “sp2” 
denotes the stress–strain curve of the newly formed sp2-dominated carbon network with compressive loading applied along the [100] lattice orientation. (b) 
Evolution of fsp2 in bulk T-carbon with compressive loading applied along different lattice orientations. (c) Evolution of fNb in bulk T-carbon with compressive loading 
applied along different lattice orientations. 
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facilitate the engineering design of T-carbon with desired mechanical 
properties and shed light on its application prospects. 

4. Conclusions 

The implications of strain hardening on the mechanical performance 
and deformation mechanisms of T-carbon under compressive loading 
are investigated using molecular dynamic simulations. 

Strain hardening can improve the strength–ductility synergy of T- 
carbon. It is found that strain hardening manifests due to a trans
formation from the original sp3-dominated network to a graphitized sp2- 
network, during which more strain energy is stored in the sp2-network. 
This newly formed network can afford a higher compressive strain and 
lead to excellent mechanical strength under plastic deformation. In 
addition, with the increase in the cross-sectional radius of the T-carbon 
nanowires, graphitization propagation in T-carbon nanowires is most 
pronounced along the [110] lattice orientation, while it shows lower 
sensitivity in the [100] orientation. 

Graphitization in T-carbon nanowires is dominated by the defor
mation behavior of the inter-tetrahedron bond angles, which induce 
thefracture of tetrahedrons. The closer the largest inter-tetrahedron 
bond angle is to its equilibrium value, the easier it is for graphitiza
tion to proceed along the [110] lattice orientation. When the largest 
inter-tetrahedron bond angle approaches its value at equilibrium 
(144.74̊), less strain energy can be stored by the tetrahedron. Upon 
deformation, part of the strain energy is stored through the deformation 
of inter-tetrahedron bond angles, while the remaining strain energy 
induces the breaking of intra-tetrahedron bonds, thus activating the 
graphitization process. 

The underlying mechanisms behind strain hardening and graphiti
zation are also found to occur in the bulk T-carbon structure. Further
more, the mechanisms revealed in this work provide an impetus for new 
strategies to design high-strength, high-ductility, and low-density car
bon structures. 
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