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a b s t r a c t 

Ductile-to-brittle transition (DBT) is a well-known phenomenon in body-centered-cubic (BCC) metals, in- 

termetallics and semiconductor materials. A quantitative prediction of the DBT temperature, however, has 

so far remained intractable. Here, we propose a unified model based on the efficacy of dislocation multi- 

plication as the controlling factor for DBT, with the dislocation source efficiency governed by the relative 

mobility of screw versus edge dislocations. The model successfully predicts the DBT temperature of iron, 

molybdenum and tungsten, and also covers the influence of grain size, initial dislocation density, and the 

multiplicity of dislocation sources. A comparison with experiments indicates that the model captures the 

key DBT features, providing new insight into the toughness of BCC metals. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

The phenomenon of ductile-to-brittle transition (DBT) is ubiq- 

itous in materials, in particular body-centered cubic (BCC) metals 

1–6] . Upon cooling to the DBT temperature (DBTT), BCC metals 

isplay an abrupt transition from ductile deformation to cleavage 

rittle fracture, limiting the temperature window for the applica- 

ion of these materials [4–6] . The brittleness/toughness of a mate- 

ial depends on the ability of dislocations to blunt crack propaga- 

ion. Dislocation activities at the crack tip has two toughening ef- 

ects: an effective shielding of the crack from the applied load, and 

he blunting of the crack tip that tends to concentrate the stress 

o further open the crack [4–6] . Crack-tip plasticity comprises two 

istinct processes, nucleation of dislocations at or near the crack 

ip, and their propagation away from the crack. Consequently, two 

ompeting mechanisms based on the difficulty in either disloca- 

ion nucleation [5] or dislocation movement [6] are proposed to 

xplain the DBT in BCC metals. Specifically, the DBT properties of 

CC metals is closely related to the nucleation and gliding of dis- 

ocations, in particular, the ½ < 111 > screw dislocation, which 

as a dissociated, three-dimensional core structure [7–9] . The low- 

emperature plasticity of BCC metals is thought to be controlled 

y the kink-pair mechanism of screw dislocations, which displays 

 strong temperature-dependent behavior [6–11] . Therefore, there 

s a debate as to whether the nucleation or glide of screw disloca- 
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ions controls the DBT. Moreover, the physical mechanism under- 

ying the DBT is still incomplete because the thermally activated 

rocesses of dislocation nucleation or migration does not directly 

ead to a sudden transition of the deformation ability of metals. 

Recently, through nanoindentation pop-in tests, the 

emperature-dependent dislocation nucleation stress and glide 

peed were quantitatively evaluated in BCC chromium (Cr) [10] . 

s expected, there is no abrupt transition in both the dislocation 

ucleation stress and the mobility of screw dislocations, thus the 

ritical feature of DBT cannot be explained. Notably, there is a 

lear correlation between the DBT and the relatively mobility of 

crew versus edge dislocations ( v s versus v e ) [ 10 , 11 ]. The relatively

obility of dislocations determines the efficiency of dislocation 

ultiplication, which governs the number of dislocations par- 

icipating in plasticity, thus controlling the brittleness/toughness 

f BCC metals. Once a critical α = v s / v e is reached, for example, 

= 0 . 7 for well-annealed coarse-grained Cr, the DBT occurs. The 

elative mobility of screw versus edge dislocation controls the 

islocation source efficiency, which can qualitatively explain the 

BT in BCC metals. Nevertheless, how to quantitatively compute 

he temperature-dependent dislocation multiplications and their 

elationship with the DBT still remains a challenge. Furthermore, 

everal experimental investigations demonstrate that the DBTT of 

 BCC metal is not a fixed value, which can be tuned via pre- 

eformation or introducing substructures [11–16] . For some cases, 

he DBTT can be reduced by more than 500 K via severe plastic 

eformation [13] . Therefore, a unified model covering both the 

emperature-dependent dislocation multiplication and the effect 
Materials Science & Technology. 
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Fig. 1. Sketch of dislocation plasticity. (a) A crystal of volume hld contains edge dislocations gliding with external shear stress, in which colorful surfaces represent the slip 

planes. (b) Plastic displacement L produces by glide of dislocations, positive ones to the right, negative ones to the left. The x i and x j represent corresponding dislocations 

slip distances. 
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f microstructural features is needed to better explain the DBT in 

CC metals. 

In the existing models [ 17 , 18 ], the crack tip plasticity [17] or the

islocation loop expansion [18] mechanism was involved to quali- 

atively explains the DBT behavior in BCC materials. In this work, 

owever, we develop a theoretical model based on the relative dis- 

ocation velocity of screw versus edge dislocations. With the cur- 

ent model, we can quantitatively forecast all the key features of 

BT in experiments, including the DBTT, the influence of grain size, 

nitial dislocation density, and the number of microstructural vari- 

nts that serve as dislocation sources. 

. Model setup 

According to the theory of dislocations [19] , the plastic defor- 

ation of a metal is mediated by dislocation glide. As shown in 

ig. 1 (a), consider a crystal of unit volume containing some mobile 

islocations, under a sufficiently high applied shear stress along 

he direction of Burgers vector b , dislocations glide causes a rel- 

tive shift distance L of the material. If a dislocation moves com- 

letely across the slip plane with the width of crystal d , it con- 

ributes b to the total displacement L ( Fig. 1 (b)). Since b is small in

omparison to d and the height of crystal h , the contribution made 

y a dislocation which moves a distance x i may be taken as the 

raction ( x i / d ) of b . Thus, if the total number of mobile dislocations

s N t , the total displacement is, 

 = 

b 

d 

N t ∑ 

i =1 

x i (1) 

nd the macroscopic plastic shear strain ε is given by, 

 = 

L 

h 

= 

b 

hd 

N t ∑ 

i =1 

x i (2) 

The ability of a metal to sustain plastic deformation is charac- 

erized by the number of mobile dislocations and their mean free 

ath. If the metal could sustain a critical plastic shear strain ( ε c ),
t is ductile; otherwise, the metal is brittle. The mean free path 

¯ i of mobile dislocations is a function of the grain size d and the 

islocation density ρt = N t for unit volume [20] , thus: 

1 

x̄ i 
= 

1 

d 
+ 

√ 

ρt 

c 
(3) 

here c is a hardening constant—a material–dependent parameter. 

n this work, we used c = 10 for calculation according to Ref. [20] .
194 
he dislocation mean free path is proportional to grain size, while 

nversely proportional to the dislocation density. 

Once the mean free path of mobile dislocations is known, the 

umber of mobile dislocations is the key to determine the plastic 

eformation of a metal. Here, we propose a theoretical formulation 

ased on the relative ratio of the screw versus edge dislocation ve- 

ocities as a factor for dislocation multiplication in BCC metals. The 

otal number of mobile dislocation ( ρt ) including two parts, one 

art is the initial mobile dislocation density ( ρi ), and the other one 

s the mobile dislocations generated during plastic deformation via 

rank-Read source ( ρF −R ), or emitted from grain boundaries (GB) 

 ρGB ) or other likely sources. Thus the total number of mobile dis- 

ocation can be expressed as, 

t = ρi + α ∗ ( ρF −R + ρGB + n ∗ ρother ) (4) 

here α = v s / v e is the efficiency of dislocation sources, which 

etermines the production rate of mobile dislocation via these 

ources. The symbol n gives the number of other types of dislo- 

ation sources. The generated dislocations from GB is written as: 

GB = 3 N g /d, where N g ( N g = 1.0 × 10 10 m/m 

2 ) is the dislocation

ength emitted from a unit area of metastable GB. The efficiency 

f dislocation source is controlled by α = v s / v e because their coor- 

inative gliding governs dislocation multiplications [ 10 , 11 ]. There- 

ore, the number of initial mobile dislocations and the ability of 

islocation multiplications determine the total number of mobile 

islocation ( ρt ) in metals, thus controlling the deformability. If the 

emperature-dependent mobility of screw and edge dislocations is 

nown, the efficiency of dislocation sources can be determined. 

The mobility of dislocation can be estimated using the follow- 

ng equation [19] , 

 = 

τb 

B ( T ) 
(5) 

here τ is the resolved shear stress and B(T) is the drag (or 

riction) coefficient. B(T) is dominated by the scattering of lat- 

ice vibrations (phonons), which is proportional to the tempera- 

ure. Dislocation mobility depends on applied shear stress, purity 

f crystal, temperature and type of dislocations. In the low tem- 

erature and low-stress regimes, dislocation mobility is governed 

y kink-pair nucleation and migration [21–23] , with the Gibbs 

ree energy for kink-pair formation, �G kp , written as �G kp = 

H kp − T �S kp . Here �H kp is the formation enthalpy, and �S kp 

s the formation entropy. The enthalpy term is usually written as 

�H kp = �H 0 { [1 − ( ττp 
) p ] 

q } , where �H 0 is a pre-factor related to 

he kink-pair formation energy, p and q are fitting parameters, τ
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Fig. 2. The variation of dislocation velocity and the relative mobility of screw vs. edge as a function of temperatures in pure (a) Fe, (b) Mo, (c) W. DBTT is determined 

according to α = v s / v e = 0 . 5 . T C is the critical temperature at which screw and edge dislocations have similar mobility. The insets highlight the variation of dislocation 

velocity around T DBT and T C . 

Table 1 

List of parameters used to estimate the dislocation mobility and DBTT in Fe, Mo and W [21–31] . The DBTT obtained from 

experiments are also involed for comparision. 

�H 0 (eV) τp (MPa) T c (K) B e (Pa s/K) B k (Pa s) p q DBTT (K)(Mod.) DBTT (K) (Exp.) 

Fe 0.84 363 350 8.8 ×10 -8 2.4 ×10 -4 0.54 1.04 250 198–230 

Mo 1.27 840 450 2.6 ×10 -7 4.5 ×10 -5 0.995 1.02 380 348–383 

W 1.63 960 800 3.3 ×10 -7 8.3 ×10 -5 0.999 1 657 600–773 
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s the applied shear stress and τp is the Peierls stress. The en- 

ropy term �S kp is simplified and approximated as a constant 

erm by, �S kp = �H 0 / T C , where T C is the critical temperature 

f materials [ 12 , 21 ]. Thus, the free energy of kink-pair formation

ecomes: �G kp (τ, T ) = �H 0 { [1 − ( ττp 
) p ] 

q − T 
T c 

} . Following the dis- 

ocation mobility law of BCC metals developed in Ref. [21] , if the 

G kp (τ, T ) > 0 , the velocity of screw dislocation can be expressed

s, 

 s = 

τb 

B k 

exp 

(
−�G kp ( τ, T ) 

2 k B T 

)
(6) 

here B k is the drag coefficient related to the kink-pair mecha- 

ism. As the stress and temperature increases to the critical value, 

he dislocation motion will transfer into a phonon-drag regime 

 �G kp (τ, T ) ≤ 0 ), which shows a linear relationship with the ap-

lied stress. In accordance with the phonon-scattering theory [21] , 

he velocity of edge dislocation can be written as, 

 e = 

τb 

B e T 
(7) 

The relative mobility, α = v s / v e , is an indicator of the effective-

ess of the dislocation sources operating in the BCC lattice [10] . A 

ufficiently high dislocation source efficiency is a prerequisite for 

nitiating adequate plasticity in the crystal to avoid brittleness. 

. Results 

Using the above model, we calculated the mobility of disloca- 

ions and the relative mobility of screw versus edge dislocations 

n pure iron (Fe), molybdenum (Mo), and tungsten (W), as shown 

n Fig. 2 . Table 1 summaries the parameters used in the disloca- 

ion mobility calculations [21–31] . The critical temperature ( T C ) is 

efined as the transition from a thermal to an athermal regime, 

t or above which the edge and screw dislocations have similar 

obility [21–24] . In this work, the T C of BCC metals are deter- 

ined according to the experimental data [24–26] . Here, we follow 

he boundary condition: once the temperature reaches the T C , the 

crew dislocation velocity equals to the edge dislocation velocity 

 �G kp (τ, T ) ≤ 0 ). Below T C , the edge dislocation has higher mo-

ility than that of the screw dislocation. Different from the kink- 
195 
air mechanism of screw dislocations, the glide of edge disloca- 

ions is governed by phonon drag, which is proportional to the 

emperature [21–23] . Therefore, the edge dislocation velocity de- 

reases rapidly with the increasing temperature, while screw dis- 

ocation velocity gradually increases with the assistance of thermal 

ctivation ( Fig. 2 ). The different trends of edge and screw disloca- 

ion mobility induce a variation of α = v s / v e with temperature. As 

hown by the blue lines in Fig. 2 , the relative mobility of screw

ersus edge dislocation displays an abrupt increase within a nar- 

ow temperature range. This is indicative of a sharp transition in 

he efficiency of the dislocation sources. Besides, the ½< 111 > {112} 

dge dislocation in iron shows kink-mediated mobility in a spe- 

ific low-stress region, indicating a trend of increasing dislocation 

elocity with rising temperatures [32] . However, this model only 

onsiders phonon-mediated edge dislocations, and the effect of slip 

lanes are not involved [21–23] . 

For a well-annealed, coarse-grained high-purity polycrys- 

alline BCC metal, the initial dislocation density is about 

i = 1.0 × 10 12 /m 

2 [ 19 , 33 ]. The multiplication of dislocations in

his case is mainly through Frank-Read sources [19] . For simplic- 

ty, we assume the maximum number of dislocations generated 

ia Frank-Read sources is ρF −R = 1.0 × 10 15 /m 

2 , which is compa- 

able to the saturated dislocation density in a heavily-deformed 

ough metal [ 19 , 34 ]. As proposed earlier [10] , if α ≥ 0 . 5 , the

rank-Read source operates efficiently; otherwise, dislocations have 

 hard time getting multiplied and the metal is brittle. The larger 

he α value, the tougher the materials. Here, we take the temper- 

ture at which α= 0.5 as the DBTT, which corresponds to a criti- 

al number density of mobile dislocations for ductile deformation 

 ρductile = 6.51 × 10 14 /m 

2 ). 

Fig. 3 (a, b) plot the total number of mobile dislocations and the 

hear plastic strain as a function of temperature. The total num- 

er of mobile dislocations is limited at low temperatures, and dis- 

ocation multiplication takes off in a narrow temperature range, 

s marked in Fig. 3 (a), which indicates the abrupt change in the 

eformation ability of metals. Similarly, the shear plastic strain 

lso displays a transition once the temperature reaches a thresh- 

ld value for Fe, Mo and W. According to the α = 0.5 criterion 

or coarse-grained BCC metals, the critical shear plastic strain for 

uctile deformation is about ε c ≈0.0 633 −0.0 696 (corresponding to 
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Fig. 3. Evolution of dislocation density and plastic shear strain with temperature. (a) Dislocation density vs. temperature in Fe, Mo and W. (b) Plastic shear strain vs. 

temperature in Fe, Mo and W. The dashed lines mark the critical mobile dislocation density and shear strain for DBT. The circles represent theoretically predicted DBTT, and 

the shaded areas show the experimental range of DBTT [ 12 , 30 , 31 ]. 
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ductile ) for Fe, Mo and W, as shown in Fig. 3 (b). Since the critical

train is small, the dislocation dynamic recovery usually occurring 

t a larger plastic strain [35] is not considered in the model. 

Actually, the variation in dislocation source efficiency deter- 

ines the total number of mobile dislocation and the magni- 

ude of shear plastic strain. In the low temperature range, the in- 

ompatibility between the fast-moving edge dislocations and the 

ard-moving screw dislocations limits dislocation multiplications 

 10 , 11 ]. As the mobile dislocations are unable to provide high

nough shear plastic strain, the metal shows brittleness below 

BTT. Once α reaches the critical value ( α ≥ 0.5), the efficient 

peration of dislocation sources generates considerable number of 

obile dislocations. As a result, the metal could carry more plastic 

hear strain, thus shows elevated toughness. The predicted DBTTs 

f Fe, Mo, and W are comparable with the experimental data, as 

hown in Fig. 3 and Table 1 . It is the difference in dislocation be-

avior of Fe, Mo, and W that leads to the different DBTT [8] . 

. Discussion 

The toughness and brittleness of BCC metals are their intrinsic 

roperties, governed by the dislocation activities, especially the rel- 

tive mobility of screw versus edge dislocations. The glide of screw 

islocations is sluggish below DBTT, however, with the edge dislo- 

ation having higher mobility at lower temperature range ( Fig. 2 ). 

his give us a chance to tune the low temperature deformation 

bility of BCC metals. 

According to experimental observations, the DBTT is strongly 

ffected by some microstructural factors, such as grain size, ini- 

ial dislocation density and alloying elements [11–16] . Hence, 

he effects of those additional factors on the DBT behavior are 

lso explored. Fig. 4 shows the influence of grain size on the 

BT behavior of Fe. Fig. 4 (a) displays a shift of the dislocation 

ensity-temperature curves to the lower temperature range as 

he grain size decreasing from 100 μm to 1 μm for Fe with 

i = 1.0 × 10 12 /m 

2 . In this case, the generated dislocations from 

Bs become significant since the fraction of GB increases sharply at 

mall grain sizes. The GB-emitted dislocations induce lower DBTT 

nd better deformability, which is consistent with the reduced 

BTT in ultrafine-grained BCC metals [14] . Furthermore, smaller 

rain size induced higher flow stress, promoting the nucleation of 

ink-pairs, thus higher mobility of dislocations and their relative 

obility, corresponding to lower DBTT [36] . With further reduc- 

ng the grain size down to nanometers, the restricted dislocations 

ombined with the GB-mediated deformation may induce plastic 
196 
nstability in metals [37–39] , corresponding to lowered toughness 

nd tensile ductility [ 40 , 41 ]. Therefore, the nanocrystalline BCC 

etals are usually brittle because of the limited mean free path of 

islocations in the nanometer-sized grains [40–43] . Fig. 4 (b) com- 

ares the computations with the experimental data of commercial 

e and ferritic steel [ 41 , 44 ]. In general, the model can predict rea-

onably well the trend of experimental observations. 

Fig. 5 (a) plots the variation of dislocation density as a func- 

ion of ρi and temperature in W. According to the critical dis- 

ocation density criteria ( ρductile = 6.51 × 10 14 /m 

2 ), the DBTT for 

ach case can be determined, as marked by the horizontal dash 

ine in Fig. 5 (a). Here, with increasing ρi , the DBTT shifts to the 

ower temperature range. This is in line with previous studies that 

re-deformation shifts the DBTT of metals to lower temperature 

11–13] . Therefore, the pre-existing dislocations are of great signif- 

cance to toughening normally brittle BCC metals [11–15] . 

According to Eq. (4) , in addition to the ρi , the number of var-

ous types of dislocation source ( n ) also affects the dislocation 

ultiplication. Since Frank-Read source and GB are not the only 

islocation sources in polycrystalline materials, especially in pre- 

eformed metals, the effect of other possible dislocation sources 

hould also be involved. Fig. 5 (b) shows the influence of n on the

islocation multiplication behaviors and DBTT. For simplicity, we 

ssume that the other dislocation sources have the comparable dis- 

ocation generation ability as the Frank-Read sources when fully 

perated. Therefore, the maximum number of dislocations gener- 

ted via other sources is set as ρother = 1.0 × 10 15 /m 

2 . The DBTT

lso shifts toward the low temperature range when more dislo- 

ation sources are operative. This trend explains the BCC metals 

ith a laminated structure or second phase particles are tougher 

ecause interfaces serve as internal dislocation sources [45–47] . 

ig. 5 (c) displays the synergy effects of ρi , d and n on the DBTT

f W. With the increasing of both ρi and n , the DBTT of W could

e markedly decreased. For coarse-grained W ( n = 0 ), enhancing 

oth ρi and n can effective reduce the DBTT, as shown in Fig. 5 (c).

he decrease rate of DBTT is faster for n < 2 and then transits

nto a slow stage with further increasing of n . This is likely be-

ause of more dislocation source variants may further decrease the 

ean free path of dislocations. However, the effect of n becomes 

nconsequential for the sample with grain size of 1 μm, because in 

his case the GB-emitted dislocations control the plasticity. When 

ll these tuning parameters are adopted, including ρi , n and d , the 

BTT of W can be reduced down to below 0 °C, which is compara- 

le to the real experimental data of cold-rolled or warm-rolled W 

n Fig. 5 (d) [ 12 , 13 ]. Our predictive model suggests that higher ρ
i 
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Fig. 4. Influence of grain size on the DBT behavior of Fe. (a) Evolution of dislocation density with grain sizes in Fe. The maximum total dislocation density is ρt = 1.3 ×
10 15 /m 

2 . (b) Grain size-dependent DBTT in Fe and steel: modeling vs. experiment [ 41,44 ]. 

Fig. 5. Influence of grain size, initial dislocation density and variant of dislocation sources on the DBT behavior of W. Evolution of dislocation density with (a) initial 

dislocation density and (b) dislocation source species in W. The maximum total dislocation density is ρt = 1.3 × 10 15 /m 

2 . (c) Regulation of DBTT in W by tuning grain size, 

initial dislocation density and number of dislocation sources. (d) Decreasing of DBTT of W with different degree of pre-deformation in experiments [ 12 , 13 ]. 

197 
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ombined with smaller grain size achieve the best toughening in 

he BCC metals [12–15] . Because not only numerous pre-stored dis- 

ocations, but the interfaces, precipitates or helium bubbles could 

perate as dislocation sources [45–50] , which can all be used to 

une the toughness of BCC metals. 

. Conclusion 

In summary, we have formulated a quantitative model that can 

redict the DBT behavior, in particular the DBTT, of various BCC 

etals, based on the relative mobility of screw versus edge dislo- 

ations, which governs dislocation multiplications via Frank-Read 

ources. The new model is also extended to include other contrib- 

tors that make mobile dislocations available, covering the influ- 

nce of the initial dislocation density, grain size and the multi- 

ude of dislocation sources, offering a useful guide for the design 

f tougher BCC metals. 
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