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Abstract 

Developing stronger alloys is essential for structural applications, but their reliability is limited by 

brittle cracking along general grain boundaries (GGBs). Solute segregation can control grain-

boundary fracture, yet its effects are typically interpreted in terms of static cohesion changes before 

and after interfacial separation. How trace solutes modify moving-crack resistance at GGBs remains 

unclear because realistic segregation and crack propagation are difficult to treat atomistically. Here, 

we develop a fast and transferable Fe–C machine-learning interatomic potential. Using simulations 

of experimentally consistent carbon-segregated α-Fe GGBs, we show that trace carbon markedly 

increases crack-growth resistance, consistent with observed transition from intergranular fracture to 

cleavage. Carbon follows the moving crack tip through repeated breaking and reforming of Fe–C 

bonds, enriching the crack-tip region. We term this process dynamic bond reconfiguration (DBR). 

DBR dynamically amplifies static cohesive strengthening, revealing dynamic solute–crack-tip 

interactions as a framework for controlling brittle fracture in alloys. 

 

 



 

 

Main 

Intergranular fracture is a representative mode of brittle failure in metals and limits the reliability of 

structural materials in degradation phenomena such as hydrogen embrittlement1-4 and liquid-metal 

embrittlement5-7. The need for lighter, more resource-efficient and longer-lasting structural materials 

drives further strengthening1,8, but strengthening often increases susceptibility to intergranular 

fracture2,6, and cracking along grain boundaries frequently becomes a dominant fracture path in high-

strength alloys9,10. Understanding the atomistic mechanisms governing intergranular fracture and 

controlling them through solute elements are therefore central challenges in designing reliable 

structural materials. 

In a simplified energetic description, grain-boundary fracture resistance can be expressed in terms 

of the ideal work of separation, 𝑊sep, required to separate a grain boundary into two free surfaces 

without plastic deformation, and the additional work associated with processes near the crack tip11-13. 

The former represents the static strength of grain-boundary bonding and is often treated as the grain-

boundary cohesive energy, or 2ߛint. The latter has conventionally been discussed as the plastic work, 

݃௣, associated with plastic strain, dislocation emission, and slip near the crack tip. Solute-induced 

changes in 𝑊sep have been widely discussed using the Rice–Wang model14, which evaluates 

strengthening or embrittling effects from the difference between solute stabilization of the grain-

boundary and fracture-surface states. This static thermodynamic framework has successfully 

explained whether segregating solutes strengthen or embrittle grain boundaries15-17. 



 

 

Importantly, this success does not imply that the additional crack-tip work contributing to effective 

fracture resistance can be neglected. Rather, in the classical picture, grain-boundary cohesion 

controls the competition between bond rupture and plastic relaxation at the crack tip and can thereby 

influence the plastic work, ݃௣13,18,19. Thus, 𝑊sep, or 2ߛint, remains a central descriptor for 

understanding solute-induced grain-boundary strengthening and embrittlement, even when plastic 

work accounts for a large fraction of the total effective fracture resistance. At the same time, 𝑊sep is 

a static quantity defined from relaxed atomic structures before and after separation, and it does not 

directly describe solute enrichment, atomic rearrangement, or bond breaking and reforming near a 

crack tip advancing under a strong stress gradient. 

Carbon is a particularly important solute for testing the validity and limitations of this static 

cohesion picture. In Fe–C alloys, even ppm-level carbon markedly segregates to grain boundaries in 

α-Fe20. Low-temperature fracture tests of ultra-low-carbon steels have further shown that trace 

carbon suppresses intergranular fracture and promotes cleavage fracture21,22. This behaviour is 

consistent with a carbon-induced increase in static grain-boundary cohesion within the Rice–Wang 

picture17. In addition, carbon is a small interstitial solute that can sensitively segregate to open local 

structures, such as grain boundaries and crack tips, and can modify local bonding networks through 

Fe–C bonds23. The Fe–C system therefore provides a useful model for examining not only how 

segregating solutes statically stabilize grain boundaries before fracture but also how they alter local 

bonding states near an advancing crack tip. 



 

 

Atomistic analysis of this problem faces two major challenges. First, high-angle random grain 

boundaries, which are common in practical polycrystals and are hereafter referred to as general grain 

boundaries, consist of diverse and complex local atomic structures without special crystallographic 

symmetry. Therefore, constructing an interatomic potential that describes, with consistent accuracy, 

the atomic environments that appear during carbon segregation, deformation, and fracture is 

difficult24. Second, directly tracking crack propagation across multiple general grain boundaries with 

experimentally relevant carbon segregation states requires large-scale and long-timescale atomistic 

simulations. Although first-principles calculations provide high reliability for individual atomic 

structures, their accessible system sizes and timescales are too limited to systematically treat 

equilibrium segregation and crack propagation at diverse general grain boundaries. 

Here, we overcome these challenges by constructing a fast and transferable Fe–C machine-

learning interatomic potential (MLIP) and using it to analyse carbon segregation and crack 

propagation at general grain boundaries. Using grand-canonical Monte Carlo/molecular dynamics 

(GCMC/MD) 25, we reproduced experimentally consistent carbon segregation states and performed 

crack-propagation simulations for multiple carbon-segregated general grain boundaries. We find that 

carbon segregation systematically increases the effective crack-growth resistance. This increase 

correlates with the static Rice–Wang-type cohesion change but exceeds the static prediction in 

magnitude. Atomistic analysis shows that carbon near the crack tip follows the advancing crack by 

dynamically breaking and reforming Fe–C bonds. We term this process dynamic bond 



 

 

reconfiguration (DBR). DBR dynamically amplifies the static grain-boundary strengthening 

contribution through local carbon enrichment and Fe–C bond reconfiguration at the moving crack 

tip. These results show that grain-boundary fracture resistance can be controlled not only by static 

ideal separation work but also by the dynamic evolution of solute distributions and bonding networks 

at advancing crack tips. 

 

Results 

In this study, we atomistically evaluated the crack-growth resistance of carbon-segregated general 

grain boundaries in the Fe–C system, in which trace carbon addition has been reported to change the 

low-temperature fracture mode from intergranular fracture along general grain boundaries to 

cleavage21,22. In the reference experiments, fracture at 171 K occurred mainly along general grain 

boundaries when almost no carbon was present in solid solution, with the intergranular fracture ratio 

reaching 74%. By contrast, when approximately 20 wt ppm carbon was present in solid solution, the 

fracture surface became almost entirely cleavage21,22. However, these experiments did not directly 

measure the amount of carbon segregated to general grain boundaries. We therefore first validated 

the segregation calculations under a condition corresponding to a bulk carbon concentration of 60 wt 

ppm, for which the carbon interfacial excess at general grain boundaries has been reported using 

atom probe tomography20. Using the same approach, we then constructed carbon-segregated general 

grain-boundary models corresponding to a bulk carbon concentration of 20 wt ppm and examined 



 

 

how trace carbon segregation under the experimental fracture-transition condition affects grain-

boundary crack-growth resistance. 

 

A fast and transferable Fe–C MLIP for general grain-boundary segregation and fracture 

To analyse carbon segregation and crack propagation at general grain boundaries, we constructed a 

fast and transferable Fe–C MLIP using the Generator of Neural Network Interatomic Potential for 

Molecular Dynamics (GeNNIP4MD) workflow26, which sampled configurations relevant to 

segregation, deformation, and fracture. The final dataset contained 27,723 structures and 1,394,289 

local atomic environments and was used to train an MLIP in the performant implementation of the 

atomic cluster expansion (PACE) 27,28 format. Details of the DFT calculations, GeNNIP4MD 

workflow and MLIP training are provided in Supplementary Note 1. 

As shown in Fig. 1a–c, the resulting MLIP accurately reproduced carbon segregation at general 

grain boundaries, C–C interactions, and the cohesive energy of carbon-segregated grain boundaries 

in α-Fe, with accuracy comparable to or higher than that of an existing MLIP based on the Behler–

Parrinello neural network potential (BNNP) framework29. We further evaluated the local 

extrapolation grade30 of atomic environments generated during crack-propagation simulations and 

found no environments with an extrapolation grade above 2, the usual threshold for additional 

training (Fig. 1d). The computational speed was approximately ten times higher than that of BNNP 

and was of the same order as those of empirical interatomic potentials, such as the bond-order 



 

 

potential (BOP)31 and modified embedded-atom method (MEAM)32 (Fig. 1e). Additional MLIP 

validation is provided in Supplementary Note 2. These results indicate that the present MLIP is 

suitable for both GCMC/MD segregation calculations and large-scale crack-propagation simulations. 

 



 

 

 
Fig. 1: Accuracy, transferability, and computational efficiency of the Fe–C MLIP. 
a, Comparison with DFT of C segregation energies at general grain boundaries extracted from 
nanopolycrystalline models with random grain orientations. b, Comparison of cohesive energies of 
symmetric tilt grain boundaries with C segregated to the most stable site. The schematic shows the 
atomic structure used for the Σ3(111) symmetric tilt grain-boundary calculation. c, Comparison of C–
C interaction energies in α-Fe. The inset shows the relative positions of the reference C atom and the 
second C atom. d, Maximum local extrapolation grade at each strain for atomic environments 
generated during crack-propagation simulations of the general grain boundary analysed in Fig. 4. 
The right panels show representative atomic structures before and after crack propagation. e, 
Relative computational time of each interatomic potential evaluated on Fugaku, normalized by that 
of BOP. Overall, PACE reproduces DFT trends for C segregation at general grain boundaries, grain-
boundary cohesion, and C–C interactions, including the strong repulsion between neighbouring C 
atoms. The maximum extrapolation grade remains below the threshold for additional training during 
crack propagation, indicating that the generated atomic environments are within the applicability 
domain of the MLIP. PACE is also substantially faster than BNNP and achieves computational 
efficiency comparable to empirical interatomic potentials. DFT, density functional theory; RMSE, 
root-mean-square error; GB, grain boundary. 

                 

 

             

             

        
      

 

 

 

              

 

          
     

      
       

          

          

       

 

 

          

     

     
       

 

 

 

 
 

 
 

      

 

 

 
  
  
  

   
  
   
  
  
  
  
   
  
  
  
 



 

 

GCMC/MD analysis with the MLIP quantitatively predicts carbon segregation at general grain 
boundaries 

Next, we constructed bicrystal models containing 12 general grain boundaries. These boundaries had 

misorientation angles of 18.2°–48.5° and grain-boundary energies of 1.56–1.86 J m−2. Using the 

same MLIP, we evaluated general grain boundaries in nanopolycrystalline models and obtained an 

average grain-boundary energy of 1.58 J m−2, in good agreement with the experimentally estimated 

energy of general grain boundaries, 1.63 J m−2 (Fig. 2a)33. The grain-boundary energies of the 

bicrystal models also fell within the energy distribution of high-angle grain boundaries in the 

nanopolycrystalline models (Fig. 2a). These results confirm that the bicrystal models represent 

general grain boundaries in polycrystalline materials. 

Fig. 2b shows carbon segregation states at general grain boundaries obtained by GCMC/MD using 

the chemical potential corresponding to a bulk carbon concentration of 60 wt ppm at 373 K. The 

relationship between the chemical potential and the bulk carbon concentration is provided in 

Supplementary Note 3. Representative grain boundaries with the maximum, minimum, and average 

segregation amounts are shown. Carbon was strongly localized within approximately 2.5 Å of the 

grain-boundary centre, with the local concentration reaching up to approximately 30 at.%. As shown 

in Fig. 2c, the average interfacial excess and standard deviation obtained for the 12 general grain 

boundaries were in good agreement with the experimental values20. This demonstrates that the 

present MLIP combined with GCMC/MD can quantitatively predict carbon segregation at general 

grain boundaries. Further analysis of the Voronoi volume and coordination number of segregated 



 

 

carbon showed that carbon mainly occupied open grain-boundary sites corresponding to coordination 

numbers of 6 and 7, which were larger than the octahedral sites in bulk α-Fe (Fig. 2d,e). 

 



 

 

 
Fig. 2: Quantitative prediction of carbon segregation at general grain boundaries by 
GCMC/MD and the local structure of segregation sites. 
a, Relationship between grain-boundary energy and misorientation angle for the 12 general grain-
boundary bicrystal models used in this study. The energy distribution of high-angle grain boundaries 
in nanopolycrystalline models with random grain orientations and the experimentally estimated 
energy of general grain boundaries are shown for comparison. The inset shows a representative 
general grain-boundary model. 
b, Carbon concentration profiles normal to representative general grain boundaries obtained by 
GCMC/MD using the chemical potential corresponding to a bulk carbon concentration of 60 wt ppm 
at 373 K. Grain boundaries with the maximum, minimum, and average segregation amounts are 
shown. Carbon is localized near the grain-boundary centre, with the local concentration reaching up 
to approximately 30 at.%. 
c, Calculated carbon interfacial excess for the 12 general grain boundaries compared with atom-
probe tomography measurements. The quantitative agreement demonstrates that GCMC/MD predicts 
carbon segregation at general grain boundaries. Error bars represent standard deviations among the 
12 calculated grain boundaries and four measured grain boundaries. 
d, Probability density distribution of Voronoi volumes for grain-boundary-segregated carbon 
classified by coordination number. Carbon mainly occupies distorted octahedral sites (OCT) and 
capped trigonal prism sites (CTP), both with larger Voronoi volumes than octahedral sites in bulk α-
Fe. PBP denotes a pentagonal bipyramid site. 
e, Atomic structures of carbon segregation sites at a representative general grain boundary. OCT and 
CTP local environments are shown in different colours. 

   

   

   

   

                                 

  

     

       
  



 

 

Carbon segregation increases crack-growth resistance beyond static cohesion changes 

Fig. 3a shows a representative model used for the crack-propagation simulations (Supplementary 

Video 1). Clean and C-segregated bicrystal models obtained by GCMC/MD were replicated fourfold 

along the crack-propagation direction, an edge crack was introduced, and tensile strain was applied 

normal to the grain-boundary plane. The strain rate was 1 × 109 s−1. The simulations were initiated 

at 1 K to suppress thermally activated carbon diffusion and thermally assisted dislocation emission, 

thereby isolating brittle crack propagation. Under these conditions, the average crack velocity in a 

representative case was approximately 100 m s−1, corresponding to the lower end of reported brittle 

crack velocities in steels34. In the stress–strain curve of a representative grain boundary, the stress in 

the clean model reached a maximum at a strain of 0.026 and then dropped sharply as the crack 

propagated (Fig. 3b). In contrast, in the C-segregated grain boundary, crack propagation started at a 

similar strain, but the stress increased again and reached a maximum at a strain of approximately 

0.045. This indicates that C segregation markedly increases resistance after crack initiation rather 

than the crack-initiation stress itself. 

Crack-growth resistance was evaluated as dܷ/dܣ from the relationship between internal energy 

ܷ and one-sided crack area ܣ. After excluding the initial burst region, ܷ increased almost linearly 

with ܣ, and the fitted slope was taken as dܷ/dܣ (Fig. 3c). In this steady crack-growth regime, 

residual elastic strain energy is expected to contribute mainly as an A-independent term. Because A is 

defined for one fracture surface, ideal cleavage is expected to yield dܷ/dܣ =  for Fe(001) ;ߛ2



 

 

cleavage, dܷ/dܣ = 5.08 J m−2, in good agreement with 2γ from the PACE-calculated surface 

energy, 2.53= ߛ J m−2 (Fig. 3d). The average resistance of clean general grain boundaries was 4.60 J 

m−2, below the Fe(001) cleavage value, whereas carbon segregation states corresponding to a bulk 

carbon concentration of 20 wt ppm increased the average resistance to 7.80 J m−2, exceeding the 

cleavage value. Individual results are provided in Supplementary Note 4. This trend is consistent 

with experiments showing that trace carbon suppresses intergranular fracture and promotes 

cleavage21,22, although the comparison evaluates relative crack-growth resistance under dislocation-

free atomistic conditions rather than quantitative experimental fracture energies including plastic 

work, ݃௣. 

To clarify the origin of the C-induced resistance increase, we separated it into a static Rice–Wang-

type contribution, evaluated from pre- and post-fracture structures, and an excess contribution 

beyond this static term (Fig. 3d and Supplementary Note 5). The static contribution accounted for 

only about half of the observed increase in dܷ/dܣ. A grain-boundary-by-grain-boundary 

comparison further showed that the Rice–Wang-type evaluation captured the strengthening trend 

semi-quantitatively but underestimated its magnitude by approximately a factor of two (Fig. 3e). 

Thus, a dynamic contribution emerging during crack propagation is essential for the C-induced 

increase in crack-growth resistance. 



 

 

 
Fig. 3: Carbon segregation increases crack-growth resistance beyond the static contribution. 
a, Representative C-segregated general grain-boundary model used for the crack-propagation 
simulations. An edge crack was introduced along the C-segregated grain boundary, and tensile 
deformation was applied normal to the grain-boundary plane along the ݕ direction. 
b, Stress–strain curves for a representative grain boundary. The clean grain boundary shows a sharp 
stress drop after crack initiation, whereas the grain boundary with C segregation corresponding to a 
bulk carbon concentration of 20 wt ppm shows stress re-increase after crack initiation, indicating 
increased crack-growth resistance. 
c, Relationship between internal energy, ܷ, and one-sided crack area, ܣ, for the same representative 
grain boundary. Crack-growth resistance, ܷ݀/݀ܣ, was evaluated from the slope of the linear region 
after the initial burst. C segregation markedly increases the slope. 
d, Average crack-growth resistance for 12 general grain boundaries. Clean general grain boundaries 
fall below 2001ߛ for Fe(001) cleavage, whereas C-segregated grain boundaries exceed it. The C-
induced increase is shown as the static Rice–Wang-type contribution, evaluated from structures 
before and after fracture, and the excess beyond this contribution. Black points denote individual 
grain boundaries. 
e, Relationship between the C-induced increase in crack-growth resistance and the static Rice–Wang-
type contribution for each grain boundary. The red line shows a linear fit, and the dashed line 
indicates the case where the total increase is fully explained by the static contribution. The increase 
exceeds the static prediction, demonstrating the importance of a dynamic contribution during crack 
propagation. 
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Dynamic bond reconfiguration increases crack-growth resistance through carbon enrichment 

at crack tips 

To identify the origin of this dynamic contribution, we analysed atomistic structural changes during 

crack propagation in a C-segregated grain boundary. For a representative grain boundary, we tracked 

the coordination number, Voronoi volume, and local bonding state of two segregated carbon atoms, 

denoted C atom 1 and C atom 2, hereafter referred to as C1 and C2, respectively. For C1, the Voronoi 

volume increased as the crack approached, followed by a decrease in coordination number and 

rupture of Fe–C bonds; the carbon atom was then left on the newly formed surface (Fig. 4a,b). This 

behaviour is consistent with the Rice–Wang-type picture, in which segregated solutes transfer to 

fracture surfaces upon separation. 

C2 exhibited a distinct behaviour. After its Fe–C bonds were initially broken, C2 did not remain on 

the fracture surface, but migrated in the crack-propagation direction while rebonding with newly 

exposed Fe atoms near the crack tip (Fig. 4a,b and Supplementary Video 2). The local structure at 

strains of 0.068–0.070 shows that Fe–C bonds behind the crack tip and Fe–Fe bonds near C were 

broken, whereas new bonds formed with Fe atoms ahead of the advancing crack (right panels in Fig. 

4b). Thus, carbon atoms can follow the moving crack tip through repeated bond breaking and 

reforming. We further analysed the displacement component along the crack-propagation direction 

for carbon atoms initially located in the crack-propagation region. Approximately 60% moved 

preferentially in the crack-propagation direction, with a maximum displacement of approximately 20 



 

 

Å and an average displacement of approximately 2.0 Å (Supplementary Note 6). This average 

displacement is comparable to the C2 migration distance between strains of 0.068 and 0.070 in Fig. 

4b. Because the simulation temperature was 1 K, this motion is not thermally activated diffusion but 

rather a non-equilibrium transport process driven by the crack-tip stress field and local structural 

changes. 

The carbon concentration near the crack tip increased from approximately 8.7 at.% in the 

unstrained state to approximately 17 at.% near the maximum stress (Fig. 4c). This enriched state 

persisted during crack propagation, and no pronounced carbon-depleted region appeared ahead of the 

crack tip. These results indicate that carbon was not supplied by long-range diffusion from the 

unbroken grain boundary but was instead rearranged from the already fractured region and retained 

near the crack tip. 

We term this dynamic process, in which carbon follows the crack tip through repeated breaking 

and reforming of Fe–C bonds, dynamic bond reconfiguration (DBR). DBR approximately doubles 

the effective carbon concentration near the crack tip and increases the participation of Fe–C bonds in 

the local bonding network undergoing rupture and reformation. These results show that carbon 

segregation increases crack-growth resistance through both static cohesion changes and crack-tip 

carbon enrichment by DBR. 



 

 

 

Fig. 4: Carbon enrichment at crack tips by dynamic bond reconfiguration. 
a, Changes in the coordination number and Voronoi volume of two carbon atoms in a representative 
C-segregated general grain boundary. Dashed lines i–vi correspond to the atomic snapshots in b. The 
low- and high-Voronoi-volume regions indicate GB-like and surface-like local environments, 
respectively. 
b, Structural evolution of C atom 1 and C atom 2 during crack propagation. C atom 1 is left on the 
fracture-surface side after bond rupture, whereas C atom 2 follows the moving crack tip. Polyhedra 
around C atom 1 and C atom 2 indicate the local coordination environments. The right panels 
magnify the region around C atom 2, showing rupture of Fe–C and Fe–Fe bonds behind the crack tip 
and rebonding with Fe atoms ahead of the crack. This continuous process of bond breaking and 
rebonding is termed dynamic bond reconfiguration. 
c, Evolution of the C concentration profile along the crack-propagation direction. Dashed lines mark 
the crack-tip position at each strain. During crack propagation, DBR retains carbon near the crack tip 
and increases the local C concentration to approximately twice the initial grain-boundary 
concentration. 
 

 

 

 
 

                

          
           

                 
                     
     

               

     
        

     
     
        

       

     
        

     
        

       

                            

 

 

                               

  

   

  

 

  

 

           

       
          

  

 

   



 

 

Discussion 

In the present simulations, neither dislocation emission nor slip motion was observed during crack 

propagation. Thus, DBR is distinct from the conventional plastic work, ݃௣, which is usually 

associated with plastic strain, dislocation emission, and slip near the crack tip. Instead, DBR can be 

understood as a dynamic crack-tip contribution that increases the effective work required for crack 

propagation beyond the static ideal work of separation, 𝑊sep, by reconstructing local bonding states 

during crack advance. This distinction does not imply that its contribution is small. Static grain-

boundary cohesion, 𝑊sep or 2ߛint, can also be small compared with the total effective fracture 

resistance, yet it can control the competition between bond rupture and plastic relaxation and thereby 

influence the much larger plastic work, ݃௣13,18,19. Similarly, DBR directly increases the effective 

crack-growth work under the present conditions through carbon enrichment and Fe–C bond 

reconfiguration at the advancing crack tip. At lower strain rates or when dislocation emission is 

allowed, DBR may also modify the competition between bond rupture and plastic relaxation and 

increase conventional plastic dissipation. The average crack velocity was within the reported range 

for brittle cracks in steels, and extrapolation-grade analysis confirmed that crack-propagation 

environments remained within the MLIP applicability domain. These results support the 

interpretation that DBR is not simply an artefact of excessive crack velocity or potential 

extrapolation. 

DBR therefore does not replace the static cohesion change described by the Rice–Wang model. 



 

 

Rather, it dynamically amplifies the static grain-boundary strengthening contribution, evaluated from 

relaxed structures before and after fracture, through local carbon enrichment and Fe–C bond 

reconfiguration during crack propagation. In this study, the C-induced increase in crack-growth 

resistance correlated with the static Rice–Wang-type contribution among grain boundaries, whereas 

its magnitude exceeded the static prediction (Fig. 3e). This suggests that the static cohesive effect per 

carbon atom governs the strengthening trend, while DBR increases the amount of carbon 

contributing to the cohesion change per unit crack area. 

Carbon can exhibit DBR because it strongly segregates to grain boundaries, rearranges within 

open local structures as a small interstitial solute, and forms stable covalent Fe–C bonds with 

undercoordinated Fe atoms exposed during crack advance23. These properties allow carbon not 

merely to remain on newly formed surfaces but also to be retained near the crack tip and rearranged 

with the evolving bonding network. Similar DBR may occur for solutes that combine grain-boundary 

segregation, interstitial rearrangement, and covalent bonding with host-metal atoms. For example, B 

behaves as an interstitial solute in bcc Fe, segregates strongly to Fe grain boundaries, and forms 

stable covalent bonds with Fe15, making it a promising candidate for DBR-mediated grain-boundary 

strengthening. Carbon-induced grain-boundary strengthening has also been reported in bcc transition 

metals such as Mo35 and in NbMoTaW refractory high-entropy alloys36, suggesting that these 

conditions are not unique to Fe–C. Conversely, grain-boundary-embrittling solutes such as P, which 

forms covalent bonds with Fe15 and can adopt interstitial-like local configurations at grain 



 

 

boundaries37, may dynamically rearrange at crack tips in a way that amplifies reductions in grain-

boundary cohesion. Thus, DBR is not limited to Fe–C strengthening but represents a broader class of 

dynamic solute–crack-tip interactions through which segregation can enhance or reduce fracture 

resistance, providing a framework for understanding and controlling brittle fracture in alloys where 

segregation governs fracture behaviour. 

Methods 

Construction and validation of the Fe–C machine-learning interatomic potential 

To describe C segregation and crack propagation at general grain boundaries using a single 

interatomic potential, we constructed a fast and transferable MLIP for the Fe–C binary system. The 

training dataset was generated using the iterative GeNNIP4MD workflow26, which consists of 

training, exploration, screening, and labelling steps. In this workflow, poorly learned structures are 

detected from prediction deviations among multiple preliminary MLIPs, and a second screening step 

based on structural similarity reduces redundancy while incorporating diverse atomic environments 

into the training dataset38. 

The initial training dataset consisted of (1) strained α-Fe containing solute carbon, (2) α-Fe 

containing C–vacancy clusters, (3) strained Fe carbides, including cementite and ε-carbide, (4) 

cementite containing point defects, (5) ε-carbide with various vacancy configurations, (6) strained 

diamond and graphene, and (7) Fe–Fe, Fe–C, and C–C dimers. The exploration targets included (1) 

strained α-Fe containing solute carbon, (2) α-Fe containing self-interstitial atoms, (3) α-Fe containing 



 

 

vacancy clusters, small voids, and multiple carbon atoms, (4) low-index surfaces of α-Fe containing 

solute carbon, (5) strained symmetric tilt grain boundaries containing solute carbon, (6) generalized 

stacking faults in α-Fe containing solute carbon, (7) screw dislocations with segregated carbon, (8) 

cementite containing point defects, (9) low-index cementite surfaces, (10) generalized stacking faults 

in cementite, and (11) cementite/α-Fe interfaces. Exploration was performed at 300–1500 K and 0–5 

GPa, and candidate structures were generated by MD and structural relaxation using preliminary 

MLIPs in the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)39. 

In each GeNNIP4MD cycle, we used four Deep Potential (DP) MLIPs40 trained with identical 

hyperparameters but different random seeds. DP models were used because data-parallel training 

with DeePMD-kit40 enabled efficient execution of many iterative cycles. Structures with maximum 

force deviations of 0.15–0.35 eV Å−1 among the four models were selected as candidates, and DFT 

labelling targets were then chosen by structural-similarity screening. DFT labelling calculations were 

performed using the Vienna Ab initio Simulation Package (VASP)41,42 under conditions equivalent to 

those used in previous Fe and Fe–H binary MLIP studies24,43,44. After 75 iterations, the final training 

dataset contained 27,723 structures and 1,394,289 local atomic environments. The production model 

was trained in the PACE format using Pacemaker27. Details of the DFT calculations, GeNNIP4MD 

workflow, initial and explored structures, and DP and PACE training conditions are provided in 

Supplementary Note 1. 

The accuracy of the constructed PACE model was evaluated against DFT calculations or reported 



 

 

DFT data45 for the basic properties of α-Fe, lattice defects, C solution energies, C–C interactions, 

vacancy–C interactions, dislocation–C interactions, C segregation energies at symmetric tilt and 

general grain boundaries, formation energies of Fe carbides, point defects in cementite, and 

generalized stacking-fault energies in cementite. Segregation energies at symmetric tilt and general 

grain boundaries were calculated following a previous method44. Previously reported BNNP29, 

MEAM32, and BOP31 potentials were used for comparison. All interatomic-potential calculations 

were performed using LAMMPS39. 

To assess the applicability of the model to crack-propagation simulations, we evaluated the 

extrapolation grade30 of atomic environments generated during crack propagation. The extrapolation 

grade is an active-learning-based metric that quantifies the similarity of each local atomic 

environment to environments included in the training dataset. Extrapolation grades of 0–1, 1–2, and 

2–10 correspond to interpolation, high-accuracy extrapolation, and reliable extrapolation regions, 

respectively: the last denotes environments suitable for active-learning selection, not necessarily 

guaranteed prediction accuracy. Structures containing environments with grades above 2 are 

typically candidates for additional DFT labelling, whereas grades above 10 indicate configurations 

too far from the training domain to be reliable labelling candidates. Extrapolation-grade analysis is 

often used to validate large-scale systems for which direct DFT verification is impractical24,43,44,46-48. 

In this study, atomic structures were extracted every 0.001 strain from crack-propagation simulations 

of C-segregated general grain boundaries, and extrapolation grades were evaluated for all atoms. 



 

 

Computational performance was evaluated following a previous method44 using a 50 × 50 × 50 

α-Fe supercell. Because the number of C atoms in the present Fe–C systems is much smaller than 

that of Fe atoms, the computational cost is dominated by Fe. We therefore measured the wall-clock 

time per atom per MD step using a 250,000-atom α-Fe supercell at 300 K in the NVT ensemble. The 

benchmark was performed on the Fugaku supercomputer using two nodes equipped with 48-core 

A64FX processors to ensure sufficient memory. 

 

Determination of carbon chemical potential and GCMC/MD segregation calculations 

The carbon chemical potential used for grain-boundary segregation calculations was determined 

from the carbon insertion free energy in bulk α-Fe. In principle, the relationship between chemical 

potential and bulk carbon concentration can be obtained directly by GCMC/MD25 in bulk systems. In 

the present system, however, the energy difference between the immediately inserted carbon atom at 

an octahedral site and the MD-relaxed state was large, making sufficient equilibration difficult within 

practical simulation times. We therefore evaluated the free energies of a 12 × 12 × 12 α-Fe 

supercell and the same supercell containing one carbon atom at an octahedral site using 

nonequilibrium thermodynamic integration along the Frenkel–Ladd path49. The insertion free energy, 

Δܨins, was obtained from their difference. 

The carbon chemical potential was then evaluated by adding the configurational entropy 

associated with octahedral-site occupation within an ideal lattice-gas approximation: ߤC = Δܨins +



 

 

݇Bܶ ln ( ௫1−௫), where ݔ is the octahedral-site occupancy. This relation was used to determine the 

chemical potentials corresponding to bulk carbon concentrations of 20 and 60 wt ppm. The 

relationship between chemical potential and bulk carbon concentration is shown in Supplementary 

Note 3. A 12 × 12 × 12 supercell containing one carbon atom corresponds to approximately 60 wt 

ppm, and ߤC was confirmed to be sufficiently converged for supercells of 10 × 10 × 10 or larger. 

The grain-boundary models were 12 bicrystal models containing general grain boundaries 

constructed using a previous method45. Their misorientation angles and grain-boundary energies 

were 18.2°–48.5° and 1.56–1.86 J m−2, respectively, consistent with the distribution of high-angle 

grain boundaries in nanopolycrystalline models and the experimentally estimated energy of general 

grain boundaries33. Bicrystal and polycrystalline models were generated using Atomsk50. 

GCMC/MD hybrid calculations were performed at 373 K for each grain-boundary model using the 

chemical potential corresponding to a bulk carbon concentration of 60 wt ppm. In GCMC/MD, 100 

MD relaxation steps were performed after every 500 carbon insertion/deletion attempts, with an MD 

timestep of 0.5 fs. GCMC/MD was continued until the segregation amount converged, corresponding 

to 1 × 107 MD steps, and the interfacial excess was evaluated from the final state. The carbon 

interfacial excess was calculated following the standard definition of interfacial excess by integrating 

the excess concentration obtained by subtracting the bulk carbon concentration from the carbon 

concentration profile normal to the grain boundary. 

 



 

 

Crack-propagation simulations 

Crack-propagation simulations were performed using the 12 general grain-boundary bicrystal models 

described above. Clean grain boundaries were compared with grain boundaries containing carbon 

segregation corresponding to a bulk carbon concentration of 20 wt ppm. The carbon segregation 

states were generated by GCMC/MD at 373 K. The average interfacial excess of the 12 grain 

boundaries was 8.07 atoms nm−2, with minimum and maximum values of 6.76 and 9.28 atoms nm−2, 

respectively. 

Crack-propagation models were constructed by replicating each grain-boundary bicrystal four 

times along the crack-propagation direction. The resulting models were approximately 40, 20, and 10 

nm in the crack-propagation, tensile, and periodic thickness directions, respectively. Periodic 

boundary conditions were applied along the thickness direction, whereas free surfaces were used 

along the crack-propagation and tensile directions. An edge crack was introduced along the grain 

boundary by removing atoms from one side of the model. The initial crack extended 10 nm along the 

crack-propagation direction and had an opening width of 1 nm along the tensile direction. The 1 nm-

thick regions at the upper and lower ends along the tensile direction were used as loading layers. At 

each loading increment, a displacement corresponding to an average tensile strain of 0.1% was 

applied, followed by 1 ps of MD relaxation. The average strain rate was 1 × 109 s−1. Following the 

method proposed by Xu et al.51, only the centre-of-mass position of each loading layer was 

constrained, whereas the relative displacements of individual atoms within the layer were not 



 

 

constrained. 

All MD relaxation after displacement loading was performed under NVE conditions without a 

thermostat. This excluded energy exchange with a heat bath and allowed external work to be 

reflected in the internal energy of the system. The initial temperature was 1 K, and the temperature 

increase during crack propagation was confirmed to be less than 10 K. No dislocation emission from 

the crack tip was observed under the present conditions. Atomic structures were visualized and 

analysed using OVITO52. 

 

Evaluation of crack-growth resistance and static Rice–Wang contribution 

Crack-growth resistance was evaluated from the evolution of the one-sided crack area, ܣ, and 

internal energy, ܷ, following the framework of Xu et al.51. Here, ܷ is the sum of the potential and 

kinetic energies of all atoms and includes contributions from new surface formation, local structural 

relaxation, and residual elastic strain. The one-sided crack area, ܣ, was determined by constructing 

surface meshes from atomic structures, extracting crack-tip coordinates at each position along the 

thickness direction, and integrating the incremental area from the initial edge-crack tip for one 

fracture surface. A linear fit was applied to the ܷ–ܣ relationship in the stable crack-propagation 

region after excluding the initial burst, and the slope, ܷ݀/݀ܣ, was defined as the crack-growth 

resistance. 

The ܷ݀/݀ܣ obtained using this method reproduced the Griffith limit, 2ߛ, for Fe(001) cleavage 



 

 

fracture. We therefore considered it an appropriate resistance metric for grain-boundary crack 

propagation without dislocation emission. In the original method of Xu et al., ݀(𝑊 −  where ,ܣ݀/(ܷ

𝑊 is the external work applied to the system, was used under NVT conditions to evaluate dissipated 

energy, which is suitable for plastic work associated with dislocation emission and slip51. However, 

when this metric was applied to cleavage fracture without plastic work, it gave values far below 2ߛ; 

therefore, it was not used in this study. Similar behaviour has also been reported in analyses using 

empirical interatomic potentials53,54. 

The static grain-boundary strengthening effect of carbon was evaluated as its contribution to the 

Rice–Wang-type ideal work of separation. Specifically, for the grain-boundary regions that actually 

fractured during crack propagation, we extracted the pre-fracture structure before strain loading and 

the post-fracture structure separated into two free surfaces after crack propagation. The work of 

separation was then calculated from the energy difference between these structures. The atomic 

structures used for this evaluation are shown in Supplementary Note 5. The works of separation for 

clean and carbon-segregated grain boundaries were denoted 𝑊sep0  and 𝑊sepC , respectively, and their 

difference, Δ𝑊sepC = 𝑊sepC −𝑊sep0 , was defined as the static Rice–Wang-type contribution of carbon. 

This evaluation represents the contribution to the static ideal work of separation based on atomic 

structures before and after fracture and does not include dynamic contributions arising from carbon 

rearrangement or Fe–C bond reconfiguration during crack propagation. 

 



 

 

Atomistic analysis of DBR 

To clarify the dynamic behaviour of carbon during crack propagation, we analysed the coordination 

number, Voronoi volume, displacement, and local carbon concentration near the crack tip. These 

analyses were performed using OVITO52. Local crystal structures were identified using polyhedral 

template matching55. Atomic volumes were calculated by Voronoi tessellation. Coordination numbers 

were evaluated by defining bonds using a cutoff distance of 2.8 Å, corresponding to the first-

neighbour distance, and counting the number of bonds connected to the target atom. This setting 

gives a coordination number of 6 for carbon at octahedral sites in bulk α-Fe, consistent with the 

known crystallographic coordination. These descriptors were calculated at each deformation step and 

analysed as functions of strain to quantify local structural changes and bond reconfiguration during 

crack propagation. 

 

Data availability 

The final PACE interatomic potential developed in this study is publicly available at 

https://github.com/KazumaIto0810/Fe-C_PACE. The training dataset used to construct the potential 

is not publicly available because of intellectual property restrictions. Source data for the figures and 

representative atomic structures are available from the corresponding author upon reasonable 

request. 

 



 

 

Code availability 

The simulations and potential training used publicly available software packages, including 

DeePMD-kit40, LAMMPS39 and Pacemaker27. GeNNIP4MD26, which was used to construct the 

training dataset, is proprietary software and is not open-source. Access to GeNNIP4MD may be 

provided upon reasonable request, subject to approval by Fujitsu Limited. Requests should be 

directed to fj-mi-tech-contact@dl.jp.fujitsu.com. Custom scripts used for post-processing are 

available from the corresponding author upon reasonable request. 
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