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Abstract: Body-centered cubic (BCC) metals, extensively utilized in low-alloy high-strength steels 

and heat-resistant alloys, exhibit a pronounced ductile-brittle transition (DBT) at cryogenic 

temperatures, marked by a well-defined yet narrow DBT temperature (DBTT) window. Unlike face-

centered cubic (FCC) and hexagonal close-packed (HCP) metals, BCC metals’ DBT is governed by 

the temperature-dependent mobility of screw dislocation. Below DBTT, suppressed thermal 

activation reduces screw dislocations mobility relative to edge dislocations, thereby inducing 

inefficient dislocation sources. Further, screw dislocations slide by forming kink pairs in advance, 

which is a low-energy way relative to climbing over in whole. Substitutional solute (e.g., Re, Pt in 

W/Mo/Cr alloys) promote double-kink nucleation by lowering the Peierls potential and valley. On 

the macro scale, it induces a phenomenon behaving as a reduction of yield stress at cryogenic 

temperatures, called "dilute solution softening". This contrasts with conventional solid-solution 

strengthening and exists in dilute-solution BCC alloys (alloy content < 1 at. %). However, studies 

remain confined to superficial phenomena and theoretical calculations, lacking the direct evidence of 

solute-screw dislocation interactions. While extensively explored in refractory metals and alloys, the 

effect is rarely studied in BCC iron or low-alloy steels. It would be a potential strategy to exploit this 

effect to reduce the DBTT of low-alloy steels. Meanwhile, this effect also provides a cost-effective and 

resource-saving way for developing low-temperature resistant steels compared to conventional Ni-

series steels and medium/high-manganese steels. 

Keywords: body-centered cubic; ductile-brittle transition; screw dislocation; double kinks; dilute 

solution softening  

 

1. Introduction 

Metallic materials suffer from a ductile-to-brittle transition (DBT) phenomenon as temperature 

decreases over a critical point or range, which is called the DBT temperature (DBTT). Above DBTT, 

metals or alloys fracture in a ductile mode companied with large energy absorption through plastic 

deformation. Below DBTT, crack propagates rapidly without evident deformation at crack tip, 

thereby inducing a brittle fracture behavior. Different from face-centered cubic (FCC) and hexagonal 

close-packed (HCP) metals, body-centered cubic (BCC) metals exhibit the most pronounced DBT 

behavior, with a distinct temperature interval over which the transition occurs [1–6]. BCC are the 

most common crystal structure of refractory metals and alloys, as well as iron and steels, due to its 

much higher ability to achieve high strength and creep resistance through processing or heat 

treatment. Understanding the mechanisms underlying the DBT of BCC metals and alloys is of 

significance for improving their low-temperature toughness and reducing their DBTT. 
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Compared to FCC metals, BCC metals possess a higher number of slip systems, but only a 

limited number of these systems (e.g., {110} <111>) can be activated at low temperatures due to their 

high critical shear stresses. This results in pronounced deformation anisotropy [7]. From the 

perspective of energy, the atomic arrangement in BCC metals is less compact than in FCC metals, 

leading to higher lattice resistance. Dislocations in BCC metals must overcome significant Peierls 

potential during motion. Thermal activation above the DBTT facilitates dislocation movement 

overcoming Peierls potential, enabling ductile fracture via plastic deformation. Below DBTT, thermal 

activation is insufficient, causing the Peierls potential to become insurmountable, which restricts 

dislocation motion and leads to brittle fracture. From the perspective of dislocation motion and 

multiplication, the mobility of screw dislocations in BCC metals is more temperature-sensitive than 

that of edge dislocations. Below DBTT, the screw-character ends of the Frank-Read (F-R) source have 

restricted mobility and cannot effectively curl back, resulting in inefficient dislocation multiplication. 

As a result, plastic deformation is stuck at crack tip, leading to a brittle fracture. Recent studies by 

Han, et al have advanced the understanding of DBT in BCC metals. In their investigation of Cr metal, 

they identified the ratio of screw dislocation to edge dislocation motion rates α as a key parameter 

controlling DBT [8]. Based on F-R dislocation sources, they elucidated how α influences dislocation 

multiplication and proposed a DBTT prediction model for BCC metals [9]. Experimental validation 

confirmed the role of α in regulating the proliferation efficiency of F-R dislocation sources [10]. These 

findings established a direct link between DBTT and the mobility of screw dislocations in BCC metals. 

Further, the motion of screw dislocations is fundamentally governed by the thermally activated 

nucleation and migration of double kinks, which are significantly temperature-dependent [11]. 

Ghafarollahi and Curtin discussed the nucleation and migration of double kinks in BCC alloys, as 

detailed in the literature [12] and [13], and proposed an analytical statistical model for the double-

kink nucleation and migration with energy barriers under the effect of solute atoms. However, due 

to the discrete three-dimensional core structure of screw dislocations and the lack of proper 

characterization techniques, the study remains primarily on model constructions and theoretical 

calculations. The lack of direct evidence makes it impossible to experimentally verify the temperature 

dependence of double kinks and their effect on screw dislocation mobility. 

Besides temperature-dependent thermal activation, solute atoms would also exert great 

influences on the nucleation and migration of double kinks in BCC metals. As early as 1978, Pink and 

Arsenault [14] discussed the “alloy softening” effect in BCC alloys，where the solid solution of 

alloying elements results in a lower yield stress than that of the base metal at low temperatures. This 

phenomenon, known as “Dilute solid solution softening”, is observed in dilute solid solution systems 

(alloy content < 1 at. %), this anomalous effect manifests as simultaneous strength reduction and 

ductility enhancement at low temperatures, countering the known “solid solution strengthening”. 

Recent molecular dynamics simulations by Lin, et al. [15] revealed that Re additions in BCC-W alloys 

effectively decrease the DBTT while flattening the DBT slope, thereby enhancing cryogenic fracture 

toughness. Based on density functional calculations, Ghafarollahi and Curtin [12,13] reported that 

the yield stresses of dilute Fe-Si, W-Ta and W-Re alloys at 0 K were remarkably lower than those of 

pure Fe and pure W, and suggested that solute atoms improve the low-temperature mobility of screw 

dislocations by lowering the nucleation energy of double kinks. Wakeda, et al. [16] demonstrated that 

Si reduces the nucleation energy of double kinks from 150.6 meV in pure Fe to 50 meV in Fe-Si alloys, 

accompanied with a decrease of DBTT by approximately 50 K. Trinkle [17] further concluded in dilute 

BCC Mo alloys: At low temperatures, double kinks on screw dislocations can migrate rapidly along 

the dislocation line as they are edge character which is less temperature-sensitive. Therefore, the kink 

migration has a negligible barrier and the double-kink nucleation is the rate-limiting step of screw 

dislocation mobility at low temperatures. Dilute solute atoms promote double-kink nucleation 

through their stress fields, thereby enhancing the mobility of screw dislocations at low temperature. 

Since BCC is the main crystal structure of most low-alloy steels and refractory alloys, elucidating 

the DBT mechanism in BCC metals and understanding/utilizing the dilute solution softening effect 

are of significant scientific and practical value for improving the low-temperature toughness of such 
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materials. Therefore, this review aims to enhance the understanding of the DBT mechanism and 

dilute solid solution softening effect in BCC metals, providing new insights for further reducing the 

ductile-to-brittle transition temperature (DBTT) of BCC metals or alloys, thereby advancing the 

development of cost-effective cryogenic-resistant alloy materials. 

2. DBT of BCC Metals 

The low-temperature brittleness of BCC metals stems from the competitive mechanism between 

hindered screw dislocation motion and cleavage fracture. At low temperatures, screw dislocations 

exhibit significantly diminished mobility whereas edge dislocations maintain relatively high 

mobility. The velocity ratio between screw and edge dislocations (α = vs/ve) becomes as the critical 

parameter governing DBT. When the temperature decreases below the DBTT, α undergoes a 

precipitous decline, rendering F-R dislocation sources incapable of sustained multiplication. 

Consequently, crack tips cannot release stress through dislocation emission, ultimately resulting in 

brittle fracture. Fundamentally, this phenomenon arises from the dynamic competition between 

screw and edge dislocations, manifesting the synergistic relationship between dislocation motion and 

microstructural evolution. 

2.1. DBT Behavior of BCC Metals 

Zhang, et al. [18] conducted systematic numerical simulations to study the low-temperature 

brittle fracture behavior of BCC metals, as illustrated in Figure 1 (a-b). Their findings revealed that 

the uncertainty distribution characteristics of four distinct crack propagation pathways are closely 

associated with the low-temperature brittleness of BCC metals, indirectly reflecting the material's 

brittle fracture behavior at low temperatures. As shown in Figure 1 (c) [19], the transition from ductile 

to brittle fracture in BCC metals occurs as temperature decreases. Its fracture behavior has remarkable 

features: lack of thermal activation at low temperatures leads to the dislocation motion being 

hindered, and the plastic deformation ability of the material is reduced, while the stress concentration 

is intensified, and the rapid expansion of microcracks ultimately leads to brittle fracture. Above DBTT, 

ductile fracture dominated by slow crack propagation with characteristic dimpled morphology; 

below DBTT, brittle fracture featuring rapid crack extension manifested by cleavage steps and river 

patterns; in the DBT zone, hybrid fracture morphology emerges, combining localized dimples with 

cleavage features, indicative of competing plastic deformation and brittle fracture mechanisms. Du, 

et al. [20] investigated the microstructural evolution and fracture behavior of three typical BCC metals 

(Tantalum (Ta), Iron (Fe), and Tungsten (W)) at low temperature using a multi-scale quasi-continuum 

method. Their results showed that Ta exhibits ductile fracture behavior due to dislocation emission 

at the crack tip and energy dissipation through twinning bands, which suppresses crack propagation. 

Iron (Fe) undergoes plastic deformation via dislocations and twins in the early stages but transitions 

to brittle fracture in the later stages, showing high sensitivity to DBT. Tungsten (W) experiences 

delayed crack propagation due to dislocation activity and twin formation but is unable to effectively 

suppress brittle fracture, resulting in predominantly brittle fracture behavior. 
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Figure 1. Fracture predictions of Fe-GAP18 trained on Dragoni, et al. original database [18,21] and fracture 

toughness in the DBT region [19]. (a) Maximum model uncertainty during fracture simulations of four crack 

systems; (b) Simulation snapshots colored by the model uncertainty; (c) fracture toughness in the DBT region. 

Critical factors governing low-temperature ductile/brittle fracture behavior and structure 

evolution in BCC metals: (1) Crystal Structure and Slip Systems: Figure 2 (a) [22] illustrates the DBTT 

curves for FCC, HCP, and BCC metals. BCC metals exhibit significant low-temperature brittleness. 

FCC metals with 12 independent slip systems ({111}<110>), undergo uniform plastic deformation due 

to the multi-slip systems, and typically do not exhibit DBT; HCP metals with only three slip systems 

({0001}<11-20>), have minimal plastic deformation ability and are nearly brittle at room temperature, 

without significant DBT variation upon cooling [23]; BCC metals have a slip direction of <111>, and 

slip planes such as {110}, {112}, {123}, etc., totaling 48 independent slip systems. However, compared 

with FCC metals, at low temperatures, the effective slip systems are limited. The atomic arrangement 

is not compact enough as shown in Figure 2 (b) and the Peierls potential are high, which leads to 

dislocation cross-slip difficulties and exacerbates stress concentration and brittle fracture. The 

difficulty of screw dislocation slip requires overcoming the Peierls potential, further limiting its 

movability. (2) Dislocation behavior with Peierls potential: At low temperatures, screw dislocations 

rely on thermal activation for double kinks formation. Insufficient thermal activation leads to low 

nucleation rates, causing dislocation plugging that initiate microcracks. Solute atoms such as real 

earth (Re) and Nickel (Ni) enhance screw dislocation mobility by lowering Peierls potential. A 

representative example is provided by Raffo, et al. [24], whose experimental studies on W-Re alloys 

demonstrated that adding 1% Re significantly reduces the DBTT. (3) Grain boundary and impurity 

elements: The segregation of impurities such as Phosphorus (P) and Sulfur (S) at grain boundaries, 

reducing boundary binding energy and causing intergranular brittle fracture. Adding rare earth 

elements like Cerium (Ce) or Lanthanoids (La) mitigates detrimental inclusions (e.g., MnS), purifies 

grain boundaries, and refines grains structures, thereby significantly enhancing low-temperature 

impact toughness. A representative case is demonstrated by Dong, et al. [25], where rare earth-

modified HRB400E rebar exhibited a 117% increase in impact energy at -20°C. (4) Temperature and 

strain rate: Insufficient thermal activation energy at low-temperature/high-strain-rate conditions, 
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dislocations have difficulty in overcoming the Peierls potential, which can lead to stress 

concentrations to initiate brittle fracture. A representative example is Riedle, et al. [26] study found 

that pure Tungsten (W) undergoes cleavage fracture at liquid nitrogen temperatures (77 K). 

Conversely, under high-temperature/low-strain-rate conditions, adequate thermal activation 

enhances dislocation mobility, enabling the material to exhibit ductile behavior. 

 

Figure 2. (a) Schematic diagram of the ductile and brittle of three crystalline structures of metals or alloys[22]; 

(b) Comparison with BCC and FCC metal slip systems (https://msestudent.com/what-is-the-difference-between-

fcc-and-bcc-crystal-structure-properties-interstitial-sites-and-examples). 

2.2. Dislocations in DBT of BCC Metals 

Extensive computational studies [27–29] have established that screw dislocations in BCC metals 

exhibit a discrete three-dimensional core structure, which results in significant lattice friction during 

their movement. The slip of these dislocations is a thermally activated process that becomes 

increasingly hindered as temperature decreases. A representative example is Chromium (Cr) [8], the 

substantial increase in Peierls potential at low temperatures makes dislocation slip particularly 

difficult. The pronounced low-temperature DBT behavior observed in BCC metals is attributed to 

their unique crystal structures and dislocation behaviors. The deformation characteristics are closely 

related to the DBT mechanism, which mainly involves the coordinated effects of dislocation 

nucleation, dislocation motion, and the relative motion rates of screw dislocations and edge 

dislocations. 

(1) Dislocation nucleation domination: Research by Rice, et al. [4,30,31] showed that the stress 

concentration at crack tips during material deformation is blunted by dislocation nucleation and 

motion, a process regulated by temperature and strain rate. At elevated temperatures, thermal 
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activation facilitates rapid dislocation nucleation, forming a passivation zone that inhibits crack 

propagation, leading to ductile behavior. Conversely, at low temperatures, dislocation nucleation is 

hindered, causing stress concentrations to persist and trigger brittle fracture. Thus, dislocation 

nucleation governs crack propagation and dominates the DBT behavior in BCC metals. (2) 

Dislocation motion dominance: Gumbsch, et al. found that stress concentration at the crack tip is 

dynamically regulated by dislocation mobility through three-point bending experiments [2] and 

Brunner, et al. [32–35] studied metal Tungsten (W). Under high-temperature or low-strain-rate 

conditions, dislocations are highly mobile, rapidly migrating to the crack tip to form dislocation 

sources and passivate the crack, resulting in ductile behavior and a lower the DBTT. Conversely, at 

low temperatures or high strain rates, dislocation motion is restricted, preventing stress release and 

leading to brittle fracture with an elevated DBTT. This behavior reflects a dynamic equilibrium 

between dislocation migration rates and stress concentration accumulation rates, which determines 

the DBT in BCC metals through the coupling of temperature and strain rate. (3) Relative motion rate 

control of Screw-edge dislocation: Han, et al. [8,9,30] found that the DBT is controlled by the ratio of 

the relative motion rates of the screw dislocations to the edge dislocations (α = vs /ve) [8,36], which 

determines the plasticity capability of the material by regulating the multiplication efficiency of the 

F-R dislocation source, and the specific mechanism is shown in Figure 3 [8,10] When α ≥ 0.5, edge 

dislocations bow out beyond the semicircle, screw dislocations dominate the slip surface, efficiently 

proliferate the F-R dislocation source, the plastic mechanism dominates, and the material exhibits 

ductility; When α < 0.5, dislocations are difficult to coordinate, dislocation sources fail, and stress-

concentrated brittle fracture dominates. In high-temperature nanoindentation experiments [8], the 

team found that the screw dislocation mobility was significantly increased with temperature, and the 

α value increased with temperature, which promotes the activation of dislocation sources and 

reduces the DBTT. In Chromium (Cr), the critical α value for DBT was identified as 0.7, corresponding 

to a morphological transition in dislocation bow-out from semicircular configurations to fully 

activated F-R source geometries [8]. Quantitative theoretical modeling [10] further correlates 

dislocation source efficiency directly with the vs /ve mobility ratio, establishing α as a fundamental 

microstructural parameter for predicting ductile versus brittle failure modes. 

1
1 1 = = = = =  −

+

s

e

v y r r

v x x r kN k
                   (1) 

When s ev v , 
1

1 1 = − −
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                      (2) 

Where α is the dislocation source efficiency; vs is the screw dislocation motion rate; ve is the edge 

dislocation motion rate; x, y denoted the slip distances of the edge dislocation and screw dislocation, 

respectively; r is the radius of the dislocation source; ellipse major axis is (x+r); ellipse minor axis is 

(y+r); and the ratio of the major and minor axes of the ellipse is k. 

The DBT in BCC metals fundamentally arises from the dynamic competition between screw and 

edge dislocation velocities. This mechanism provides a well-defined microdynamic target for 

optimizing the low-temperature toughness of BCC metals through controlled dislocation kinematics. 
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Figure 3. Mechanism of the relative mobility of the screw versus edge dislocations controls the DBT in metals 

[8,10]. (a) dislocation relative mobility determines the efficiency of dislocation source (TC—critical temperature, 

ve—edge dislocation velocity, αDBT—the α value at DBTT, α—velocity ratio of screw dislocation and edge 

dislocation, t0—time before dislocation bow out, t1—time after dislocation bow out); (b) relative mobility of screw 

versus edge dislocations with temperature for Cr, Al, W, and Fe; (c) efficient operating F-R dislocation source 

with α = 1; (d) disposal dislocation source with α = 0; (e) dislocation source with lower efficiency (α < 0.5); (f) 

dislocation source with the efficiency of α = 0.5; (g) dislocation source with higher efficiency (α > 0.5). 

3. Role of Screw Dislocation in DBT of BCC Metals 

Screw dislocations play a pivotal role in governing the low-temperature DBT of BCC metals, 

exhibiting the strongest temperature dependence. This behavior primarily stems from three 

mechanistic origins: Firstly, the temperature dependence of double-kink thermal activation: screw 

dislocation motion critically relies on thermally activated double-kink nucleation and migration 

processes. Second, mobility disparity with edge dislocations: at low temperatures, screw dislocations 

demonstrate significantly lower mobility compared to edge dislocations. This mobility deficit leads 

to dislocation source inactivation and brittle fracture initiation. Third, solute atom effects: specific 

solute atoms enhance low-temperature screw dislocation mobility by perturbing local stress fields, 

thereby lowering the activation energy barrier for double-kink nucleation. Crucially, double-kink 

dynamics serve as the pivotal mechanism constraining screw dislocation mobility at low 

temperatures, dominates the DBT behavior in BCC metals. 

3.1. Double-Kink Structure in Srew Dislocation 

In the plastic deformation of BCC-W, the distinct core structures and energy states of 1/2〈111〉

screw dislocations are intrinsically linked to their double-kink nucleation mechanisms [37–39]. As 

illustrated in Figure 4 [27,28], screw dislocations exhibit four distinct core structures: Easy core, Hard 

core, Split core, and Saddle point, with significant energy disparities among them. The Easy core, 

minimum energy due to high atomic bond symmetry, while the Split core, maximum energy from 

severe lattice distortion. This energy gradient dictates the dynamic behavior of screw dislocations, 

enabling slip via the double kinks mechanism. Screw dislocations reduce slip resistance by forming 

a double kinks structure, which surmount the Peierls potential; the extension of these double kinks 

toward both ends of the dislocation is also influenced by the Peierls valley. As depicted in Figure 5 

(a) [16], the effect (i) and effect (ii) on the Peierls valley and Peierls potential of screw dislocations 

following the substitution of solute atoms for Fe atoms at the dislocation core. According to the 

Cottrell's dislocation theory [40], the restricted screw dislocation motion at low temperatures arises 
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from high Peierls potential that hinder thermally activated double kinks formation, leading to 

dislocation pile-ups and subsequent brittle fracture. During dislocation motion, screw dislocations 

predominantly reside in low-energy Peierls valleys [41], and screw dislocations must overcome 

periodic Peierls potential. When positioned in the Peierls valley, dislocations encounter minimal 

resistance to expansion, allowing localized kinks folds to form under thermal activation. These kinks 

subsequently propagate along the dislocation line under shear stress, eventually forming the double 

kinks structure depicted in Figure 5 (b). The edged components at the kink steps reduce the activation 

energy of the extension, causing double kinks to extend to both ends, thus driving the whole screw 

dislocation forward, but this structure makes the screw dislocation slip path complex leading to 

increased lattice friction and difficult slip. If the double-kink nucleation is insufficient, the dislocation 

motion is blocked and drive the material toward brittle fracture. Consequently, the nucleation and 

migration of double kinks structures are dominated by thermally activated processes and exhibit the 

strongest temperature dependence [17,42–44]. The combination of limited lateral slip of the screw 

dislocations and rapid movement of the edge dislocations in BCC metals leads to the destruction of 

the mixed dislocation structure and the formation of long straight screw dislocations [45]. At low 

temperature, the disparity between fast-moving edge dislocations and slow-moving screw 

dislocations prevents the evolution of an effective dislocation source, insufficiently producing mobile 

dislocations and inducing brittleness. As temperature increases, thermal activation facilitates double 

kinks formation [10]. For instance, the effective formation of screw dislocation double kinks in metal 

W is approximately 1.05 eV [36], which lies near the DBT threshold. Minor temperature reductions 

significantly suppress double-kink nucleation. 

 

Figure 4. Core structures of the 1/2〈111〉screw dislocation in BCC-W and its energetic changes [27,28]. (a) easy; 

(b) hard; (c) split cores; (d) saddle configuration; (e) Peierls barrier; (f) straight path between split and hard cores. 
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Figure 5. (a) Schematic diagram of the influence of solution atoms on the screw dislocation slip energy barrier 

[16]; (b) Schematic diagram of double kinks. 

Trinkle, et al. [12,13,17] demonstrated through first-principles calculations and experimental 

studies that certain solute atoms, such as Re and Pt, can effectively enhance the formation of double 

kinks in screw dislocations of BCC metals. These solutes significantly reduce dislocation motion 

resistance by lowering the formal energy barriers associated with double kinks formation, thereby 

promoting their nucleation and growth. 

Screw dislocations overcome slip resistance by forming double kinks structures, which must 

overcome the Peierls potential. The expansion of these double kinks toward the dislocation ends is 

also influenced by the Peierls valleys. The Peierls-Nabarro stress dominates the dislocation motion, 

with solute atoms contribute to the nucleation of the double kinks by reshaping the electronic 

structure of the core of the dislocation and the strain field. Wakeda, et al. [16] further revealed through 

first-principles calculations that solute atoms can promote double kinks formation by reducing the 

energy difference (∆E) and Peierls potential associated with screw dislocations transitioning from the 

Easy core to the Hard core. For example, Silicon (Si) significantly lowers the Peierls potential by 

reconstructing the electron cloud or inducing lattice distortion, reducing ∆E from 150.6 meV in pure 

Iron (Fe) to approximately 50 meV. P reduces ∆E and the Peierls potential through charge transfer 

and bond electron cloud rearrangement, enabling screw dislocations to form double kinks even at 

low temperatures. Aluminum (Al) through its light atomic size effect and electronic interactions, 

modifies the local stress field within the dislocation core,lowering the formal energy barrier. In pure 

Iron (Fe), Aluminum (Al) reduces ∆E from 150.6 meV to approximately 80 meV, thereby facilitating 

double kinks formation. These mechanisms highlight how solute atoms promote BCC metals double 

kinks formation by altering core energetics and electronic configurations. 

3.2. Low-Temperature Mobility of Screw Dislocations 

The low-temperature mobility of screw dislocations constitutes the critical limiting factor for the 

low-temperature DBT in BCC metals. The F-R dislocation sources play a pivotal role in screw 

dislocation multiplication: Insufficient screw dislocation mobility at low temperatures reduces the 

number of mobile dislocations, leading to stress concentration and brittle fracture initiation. While 

edge dislocations can slide relatively easily, they alone cannot fulfill the extensive plastic deformation 

demands, particularly at low temperatures when screw dislocations are significantly less mobile than 

edge dislocations. This disparity hinders effective self-proliferating of dislocations, resulting in stress 

concentration and brittle fracture, and causes a sudden DBT in BCC metals. The motion of screw 

dislocations requires overcoming the Peierls potential through the formation of double kinks via 

thermal activation. As demonstrated in Figure 6 [36] illustrates the structural evolution of rolled 

Tungsten (W) at different temperatures, visually demonstrating the recovery of screw dislocation 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 May 2025 doi:10.20944/preprints202505.0278.v1

https://doi.org/10.20944/preprints202505.0278.v1


 10 of 18 

 

motion with increasing temperature. Below DBTT, the relative motion rate ratio between screw and 

edge dislocations (α = vs/ve) decreases significantly. The nucleation and migration of double kinks in 

screw dislocations become increasingly difficult, leading to reduced motion and dislocation source 

failure. Consequently, the material cannot relieve stresses through plastic deformation, resulting in 

brittle fracture dominance. Near DBTT, rising temperatures promote the thermal activation of screw 

dislocations, which enabling some to migrate and bend. This enhances dislocation source efficiency 

and crack tip blunting capability initiate the DBT. Above DBTT, thermal activation facilitates rapid 

nucleation and migration of double kinks, allowing screw dislocations to move as bent mixed 

dislocations. This effectively suppresses crack nucleation and propagation, enabling significant 

plasticity and completing the DBT [13]. As the temperature increases further, the mobility of screw 

dislocations accelerates, with double kinks nucleating and migrating rapidly. Screw dislocations 

move as bent mixed dislocations, releasing stress and inhibiting crack propagation, thereby 

imparting toughness to the material. At low temperatures, the mobility of screw dislocations is 

limited by the nucleation rate of double kinks. Although the edged component of double kinks 

reduces the extension activation energy, the overall energy barrier for nucleation results in screw 

dislocations mobility several orders of magnitude lower than that of edge dislocations. Additionally, 

the elevated critical initiation stress of screw dislocations at low temperatures further restricts their 

mobility. Solute atoms can effectively modulate this process by perturbing the local stress field, 

thereby reducing the activation energy for double-kink nucleation in screw dislocations and 

promoting their initiation at low temperatures. Woodward, et al. [17] demonstrated that Re solute 

atoms in Mo-Re alloys attract screw dislocations cores, lowering the energy barrier for double-kink 

nucleation. Below 350 K, the presence of Re solute significantly enhances the nucleation rate of double 

kinks and improves the mobility of screw dislocations. 

The low-temperature ductility and DBT of BCC metals are predominantly governed by the 

mobility of screw dislocations at low temperatures. This dominance arises because, unlike edge 

dislocations, the mobility of screw dislocations is essential for activating and proliferating F-R 

dislocation sources, which facilitates extensive plastic deformation in BCC metals under low 

temperatures conditions. The low-temperature mobility of screw dislocations is closely tied to the 

number of double kinks on the dislocation. The edged component at the kink step allows the kink 

pair to expand to both ends of the screw dislocation with a smaller activation energy, thus driving 

the entire screw dislocation forward. 

 

Figure 6. Evolution of dislocation structures in rolled tungsten before and after DBT [36] (b—Burgers vecter). (a) 

pre-existing dislocations before testing; (b) below DBTT; (c) at DBTT; (d) above DBTT. 

4. Dilute Solid Solution Softening Effect 

The dilute solid solution softening effect refers to a unique phenomenon where low -

concentration solutes (alloy content < 1 at. %) induce metal softening at low temperatures. This effect 

arises from solute-induced lattice distortions that reduce the Peierls potential, thereby weakening 

dislocation pinning and promoting the motion of screw dislocations. [46–48]. The mechanisms 

include: (1) solute-induced local atomic rearrangement that lowers double-kink nucleation (Peierls 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 May 2025 doi:10.20944/preprints202505.0278.v1

https://doi.org/10.20944/preprints202505.0278.v1


 11 of 18 

 

mechanism); (2) kink slip bypass pinning points; (3) cross-kink promoting unpinning. Additionally, 

the attraction interaction between solutes and dislocations enhances dislocation mobility by reducing 

double-kink nucleation energy barriers (e.g., Re in W-Re and Mo-Re alloys), decreases critical 

resolved shear stress (CRSS), improves plastic deformation capability, and delays brittle fracture. This 

effect is particularly pronounced in BCC metals, manifesting as a significant decrease in low-

temperature flow stress. 

4.1. Dilute Solid Solution System and Softening Effect 

A dilute solid solution system refers to solid solutions with solute atomic concentrations (alloy 

content < 1 at. %), within the matrix lattice without forming ordered phases or precipitates. While 

solute atoms typically act as solid solution strengtheners by hindering dislocation motion, the dilute 

solid solution softening effect describes a unique phenomenon where specific solute additions lead 

to material softening at low temperatures. This effect occurs because solute atoms reduce the Peierls 

potential associated with screw dislocation double-kink nucleation, thereby weakening the pinning 

effect on dislocations. By lowering the energy barriers for kink formation and propagation, solute 

atoms enhance dislocation mobility, reduce CRSS and improve plastic deformability. Additionally, 

this softening mechanism promote the plastic deformation capability of the material and delay the 

occurrence of brittle fracture. 

The dilute solid solution softening effect is a unique phenomenon caused by low-concentration 

solutes (alloy content < 1 at. %) enhancing dislocation mobility through mechanisms involving 

reduced Peierls potential and enabling mechanisms such as kink-slip and unpinning. In dilute solid 

solution systems, the motion of screw dislocations is governed by three primary mechanisms, as 

illustrated in Figure 7 [49]. 

 

Figure 7. Structure and motion of screw dislocations in dilute solution systems [49]. 

(1) Peierls mechanism [50–53]: In dilute solid solutions, solute atoms induce local lattice 

distortions that facilitate dislocation motion by reducing the energy required for double-kink 

nucleation. This directly weakening of the Peierls potential, thereby promoting material softening. 

(2) Kink slip mechanism [49]: In dilute solid solution systems, where solute atom concentrations 

are low, dislocations are more likely to bypass pinning points via kink slip. This reduces the pinning 

effect and lowers resistance to dislocation motion, enabling kinks to extend more readily and causing 

material softening. 

(3) Cross-kink and unpinning mechanisms [49,54]: The formation of cross-kink relies on solute-

induced multi-slip surface kinks. In dilute solid solution systems, solute atoms promote kink 
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formation and pinning, but the resistance to kink extension remains low. This allows dislocations to 

unpin and continue gliding, resulting in the softening behavior of the material. 

4.2. Dilute Solid Solution Softening Mechanim 

The dilute solid solution softening mechanism appears to be the effect of solute atoms on 

dislocation motion, and the essence is the effect of screw dislocation double kinks structure. Solute 

atoms reduce the nucleation energy barrier of double kinks by interacting with the dislocation core, 

thereby promoting dislocation mobility and material softening. Weertman, et al. [43] study 

demonstrated that solute atoms facilitate localized atomic rearrangements along dislocation lines, 

enabling double kinks formation at lower stress levels. The motion of screw dislocations at low 

temperatures depends on the nucleation and migration of double kinks. Solute atoms lower the 

nucleation barrier by modifying the local energy landscape of the dislocation core. In pure BCC 

metals (e.g., Iron (Fe)), periodic energy barriers of uniform height arise from the Peierls potential [55–

57]. In contrast, solute atoms in dilute solid solutions reduce the energy barrier for double-kink 

formation, particularly in regions along the dislocation line where localized solute fluctuations 

enhance kink nucleation. However, solute atoms increase the migration barrier for kinks, as kinks 

must overcome the maximum energy barrier along the dislocation line [13]. Figure 8 [16] illustrates 

that solute atoms are positioned centrally and migrate along the screw dislocation line by overcoming 

energy barriers. In dilute solid solution systems at low temperatures, solute additions alter the double 

kinks structure of screw dislocations [58,59], thereby softening the metallic matrix [17]. Additionally, 

attractive forces exist between solute atoms and dislocation lines. At low concentrations, these 

attractive solutes exert a pulling effect on the dislocation core, reducing the Peierls potential for 

dislocation motion. This interaction promotes dislocation mobility and ultimately leads to material 

softening. 

 

Figure 8. The schematic of effects of a solute atom on the energy surfaces for screw dislocation slip motion [16]. 

(a) transformation of the dislocation core structure during the slip process; (b) energy differences in dislocation 
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core structures; (c) the values of Eint(0) are plotted as functions of the change in the γ-surface ∆γ in panels; (d) 

the values of ∆EM are also plotted as functions of the change in the γ-surface ∆γ in panels. 

The dilute solid solution softening in BCC metals is effectively promoted by certain solute atoms 

that enhance screw dislocation double kinks formation in dilute solid solution systems. Curtin, et al. 

[12] demonstrated that in W-Re alloys, low concentrations of Re interact attractively with screw 

dislocation cores, reducing the activation energy for double-kink nucleation. The local stress field 

perturbations caused by Re lower the resistance to kink extension, facilitating screw dislocation slip 

at low temperatures; Density functional theory (DFT) calculations indicate that Re solute interactions 

with screw dislocations significantly reduce nucleation energy barrier. Experimental data show a 30% 

reduction in yield stress for W-1% Re alloy at 300 K compared to pure Tungsten (W); Wiener Process 

Model (WPM) predicts that Re addition makes double-kink nucleation the dominant mechanism by 

reducing energy fluctuations during migration, ultimately achieving low-temperature softening. In 

Fe-Si alloys, low concentrations of Silicon (Si) atoms reduce the nucleation energy barrier for double 

kinks formation through local lattice distortions. Energy fluctuations induced by Silicon (Si) atoms 

promote double kinks formation, lowering the Peierls potential and enhancing low-temperature 

mobility of screw dislocations. Both the Discrete Rigid-Kink Model (DRKM) and the Stochastic Rigid 

Kink Model (SRKM) demonstrate that Si atoms reduce nucleation energy barriers, shifting plastic 

deformation from kink-controlled to migration-controlled, ultimately resulting in material softening. 

Trinkle [17] noted that in Mo-Re alloys, the softening effect is most pronounced at low temperatures 

(77 K) with an 8% Re concentration, where yield stress is reduced by about 30% compared to pure 

Molybdenum (Mo). Double kinks deformation cores dominate this softening, directly confirming the 

solute-facilitated softening mechanism. In Mo-Pt alloys, strong attractive interactions between 

Platinum (Pt) concentration (alloy content ≪ 1 at. % ) solutes and dislocations significantly reduces 

the double-kink nucleation energy barrier, resulting in initial softening. Ghafarollahi, et al. [12] 

studied Fe-Si alloys and found that Silicon (Si) atoms reduce the energy barrier to double-kink 

nucleation through localized energy fluctuations, thereby promoting low-temperature softening. 

Wakeda, et al. [16] discovered that solute atoms modify the local bonding environment in screw 

dislocation cores through chemical misfit, thereby modulating the Peierls barrier and achieving 

solute softening. A strong correlation exists between chemical misfit (∆γ) and interaction energy 

(Eint(0)) in Figure 8 (c, d) [16], independent of ΔEM, indicating that solute atoms significantly influence 

the local energy state of screw dislocations in the Easy-core by altering the local chemical bonding 

environment (e.g., the difference in the strength of Fe-solute and Fe-Fe bonds). Solute atoms (e.g., Si, 

Cu) exhibit negative ∆γ values by lowering local bonding energy, stabilizing the Easy-core and 

reducing the energy difference between the transition state Hard-core and M-points. This lowers the 

Peierls potential and promotes dislocation slip, manifesting as low-temperature softening; Sc forms 

strongly attractive dislocation-solute interactions through chemical misfit, creating energy valleys 

that reduce the activation energy for double-kink nucleation. This accelerates dislocation slip rates, 

enhances low-temperature dislocation mobility, decreases CRSS and ultimately manifests as solute 

softening. 

The core mechanism of dilute solid solution softening in BCC metals lies in solute atoms 

effectively promoting the double-kink nucleation and propagation by modulating the bonding 

environment, energy fluctuations, and perturbing the stress field at screw dislocation cores. This 

mechanism provides crucial theoretical guidance for the designing high-performance BCC alloys. 

5. Potential of Dilute Solid Solution Softening in Lowering DBTT 

The DBTT is the critical temperature at which a metallic material transitions from a ductile to a 

brittle behavior, and lowering the DBTT enhances low-temperature ductility. The dilute solid 

solution softening mechanism significantly lowers the DBTT through solute atom microalloying and 

dislocation dynamics regulation, the effect originates two primary aspects: on the one hand, 

controlling impurities and inclusions is crucial. It is widely accepted that the low-temperature 
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toughness of low-alloy steels after rare earth (Re) addition is attributed to inclusion modification and 

grain boundary purification. Modern research and metallurgical techniques have enabled the control 

of impurity elements and inclusions at very low levels. For example, Liu, et al. [60] demonstrated that 

adding an appropriate amount of Cerium (Ce) to C-Mn steel purifies grain boundaries and 

suppresses the formation of large irregular Sulphur (S) or Titanium (Ti)-containing inclusions. This 

reduces the risk of cleavage fracture in C-Mn steels at low temperatures, increases resistance to crack 

propagation, significantly improves low-temperature toughness, while lowering DBTT. However, 

such approaches remain constrained by the inherent limitations of ferrite matrix in further reducing 

the DBTT. On the other hand, the dilute solid solution softening effect after rare earth solid solution 

plays a significant role. Solute atoms (e.g., Ni, Mn, Si) promote low-temperature dislocation slip by 

reconfiguring the electron clouds in the dislocation core or inducing lattice distortions, thereby 

reducing Peierls-Nabarro stress and double-kink nucleation energy barrier. For example, Tanaka, et 

al. [61] found that adding 2 mass% Nickel (Ni) to ultra-low carbon (C) steel decreased the DBTT from 

200 K to 150 K. The yield stress was lower than that of the Nickel (Ni)-free matrix, exhibiting 

significant solid solution softening. Wakeda, et al. [16] noted that Silicon (Si) in Fe-Si alloys reduces 

the double-kink nucleation energy barrier from 150.6 meV in pure Iron (Fe) to 50 meV, leading to a 

DBTT reduction of about 50 K; Scandium (Sc) forms strong interactions with dislocations through 

chemical misfit, creating energy valleys that significantly lower the activation energy for double kinks 

formation and promote low-temperature dislocation slip dynamics. This solute softening effect 

enhances low-temperature plastic deformability by reducing the CRSS, suppressing brittle fracture 

tendencies, and ultimately leading to a significant reduction in DBTT. Hu, et al. [58] investigated the 

solute-induced softening effect of 21 alternative alloying elements (Al, Co, Cr, etc.) in BCC-W and 

found that Aluminium (Al) and Manganese (Mn) are the most promising alternative solute elements 

to Re for improving the low-temperature toughness of BCC-W, capable of significantly reducing the 

DBTT. Solute atoms (e.g., Mn, Si) enhance low-temperature toughness by reducing strain-rate 

sensitivity, thereby potentially lowering the DBTT. Uenishi, et al. [62] observed in interstitial-free (IF) 

steels that Mn/Si additions reduce low-temperature brittleness by adjusting the dislocation thermal 

activation mechanism. In the models of Sato and Meshii, et al. [48], Mn solute atoms inhibit brittle 

fracture by introducing misfit strain centers, reducing the double kinks formation energy barrier, and 

making dislocations more prone to slip at low temperatures. These findings collectively highlight the 

importance of solute atom interactions in enhancing low-temperature toughness and reducing the 

DBTT in BCC metals. 

In summary, the dilute solid solution softening mechanism, combined with the unique role of 

solute atoms, particularly rare earth elements, overcomes the limitations of traditional inclusion 

modification and offers a novel approach to reducing the DBTT. By leveraging the grain boundary 

purification capability of rare earth elements and the electron/strain effects of solutes such as 

Scandium (Sc) Nickel (Ni), a synergistic improvement in low-temperature toughness can be achieved. 

This approach not only enhances the mechanical performance of materials at low temperatures but 

also accelerates the development of high-strength, low-temperature-resistant materials for 

applications in extreme environments, such as polar engineering and aerospace. 

6. Conclusions and Prospects 

This reviews the low-temperature brittle fracture behavior and dilute solid solution softening 

effects of BCC metals. The DBT behavior of BCC metals is mainly governed by the low-temperature 

mobility of screw dislocations, whose core mechanism is the nucleation and migration of the double 

kinks. Dilute solid solution softening reduces the nucleation activation energy of the double kinks of 

screw dislocations through the action of solute atoms on the double kinks of screw dislocations and 

weakens the Peierls potential, thus enhancing the screw dislocation mobility and lowering the DBTT. 

The addition of specific alloying elements, such as Ce, Re, Ni, etc., to BCC metal can effectively exert 

the dilute solid solution softening effect, reduce the DBTT and improve the low-temperature 

toughness. Rare earth elements, due to their unique atomic and electronic structures, show significant 
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potential for enhancing the properties of BCC metals. However, the mechanisms through which these 

elements improve low-temperature toughness remain unclear and warrant further investigation. The 

principal conclusions and prospects are summarized as follows: 

Conclusions: 

(1) BCC metals exhibit fewer effective slip systems and higher dislocation motion resistance 

compared to FCC metals at low temperatures, making them prone to stress concentration and 

eventual brittle fracture. This pronounced low-temperature brittleness is attributed to the high Peierls 

potential, which hinders screw dislocation motion. The resulting dislocation pile-up triggers 

significant DBT, leading to a distinct DBTT and brittle fracture. 

(2) The DBT mechanism in BCC metals is primarily governed by the low-temperature mobility 

of screw dislocations, which overcome the Peierls potential through the nucleation and migration of 

double kinks. Their motion is thermally activated and regulated by temperature-dependent processes. 

When the ratio of the relative motion rates of the screw dislocations to the edge dislocations α ≥ 0.5, 

the screw dislocations dominate the slip surface and activate the F-R dislocation source to proliferate 

dislocations efficiently, which makes the material ductile; Conversely, when α < 0.5, the source of 

dislocations fails to proliferate, which leads to brittle fracture caused by stress concentration. 

(3) The low-temperature mobility of screw dislocations in BCC metals is dominated by the 

nucleation rate of double kinks. Overcoming the Peierls potential involves thermally activated 

nucleation and migration processes. Nucleation requires dislocation segments to surmount the 

energy barrier of the Peierls potential, while migration is influenced by residual potential barriers. 

Solute atoms reduce this energy barrier, promoting double-kink nucleation and enhancing 

dislocation slip rates. Insufficient thermal activation at low temperatures reduces nucleation rates, 

causing dislocations to become trapped in the Peierls valleys, leading to pile-up and brittle fracture. 

Alloying counteracts this limitation by systematically reducing nucleation barriers, effectively 

restoring dislocation mobility at low temperatures and mitigating brittleness. 

(4) The dilute solid solution softening effect describes how trace solute additions (alloy content 

< 1 at. %) to reduce the formal energy barrier of double kinks in screw dislocations. This is achieved 

through localized lattice distortions at low temperatures, which increase the nucleation rate of double 

kinks and enhance the low-temperature mobility of screw dislocations. By promoting the dynamic 

expansion of double kinks, solute atoms lower the Peierls potential for dislocation slip, thereby 

improving the low-temperature toughness of BCC metals and significantly reducing the DBTT. 

Prospects: 

(1) Currently, due to the limitations of low-temperature in-situ experimental techniques, 

research on the DBT mechanism of BCC metals remains focused on theoretical derivations and ex-

situ experimental validations. Further microscopic and intuitive evidence is required to substantiate 

the screw dislocation-controlled DBT mechanism and the effects of dilute solid solution softening. 

Future studies should employ multiscale approaches combining computational simulations (e.g., 

first-principles calculations, density functional theory, and molecular dynamics simulations) with 

advanced experimental characterization techniques (e.g., in-situ TEM and atom probe tomography) 

to precisely elucidate the mechanisms by which solid-solution rare earths influence the low-

temperature toughness and DBT of low-alloyed steels. 

(2) The dilute solid solution softening effect of alloying elements serves as a crucial mechanism 

for enhancing the low-temperature toughness and reducing the DBTT in BCC alloys. By developing 

an integrated design strategy that links “alloy composition - low-temperature mobility of screw 

dislocations - low-temperature toughness,” further breakthroughs can be achieved in improving the 

low-temperature toughness of BCC alloys. This approach will accelerate the research and 

development of cost-effective cryogenic alloys, meeting the demand for such materials in 

applications like polar engineering, aerospace, and cryogenic storage. 
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