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Abstract: The fracture process of tungsten is dominated by the competition mechanism between the
plastic deformation and the crack propagation near the crack tip. The non-Schmid (NS) effect, which
considers the contribution of non-planar shear stress on the screw dislocation motion, is known
to significantly influence the plastic deformation of tungsten at low and medium temperatures.
However, how the NS effect influences the crack-tip plasticity and the fracture behavior of tungsten
remains to be answered. In this work, the coupled crystal-plasticity and phase-field model (CP-PFM)
was adopted to study the influence of the NS effect on the plastic deformation of un-notched tungsten
and the fracture process of pre-notched tungsten at different temperatures. It was found that the
lower the temperature, the more significant the NS effect on tungsten plasticity, which manifests in
the lower yield stress and more unsymmetrical plastic deformation when the NS effect is considered.
In contrast, the NS effect displayed the most obvious effect on the fracture behavior of pre-notched
tungsten in the medium temperature regime, which manifested as higher fracture stress, a more
significant crack-tip shielding effect, different fracture morphology, and lower crack propagation
speed. The brittle fracture response at low temperature was not affected too much by the existence of
the NS effect.
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1. Introduction

Due to its outstanding physical properties such as high melting temperature and great
resistance to irradiation, tungsten is widely used in the electronics and energy industries.
Tungsten generally exists in two major crystalline forms: « and 3. Among them, o-
tungsten has a body-centered cubic (BCC) structure and is the commonly existing stable
form, while 3-tungsten adopts a topologically close-packed cubic A15 structure containing
eight atoms per unit cell and is a metastable phase widely observed in tungsten thin
films [1,2], which was not considered in this work. The minimum working temperature of
tungsten components is generally determined by the temperature of the brittle-to-ductile
transition (BDT) [3,4]. Considering that the activation energy of the BDT process is close
to the activation energy of the kink pair on screw dislocations, it is widely believed that
the screw dislocation mobility dominates the BDT [5-9]. On the other hand, in tungsten,
screw dislocation mobility also dominates the plastic deformation at low and medium
temperatures. The non-planar core structure of screw dislocation leads to high Peierls stress
and several special features of plastic deformation [10,11] such as the temperature and
strain rate dependence and non-Schmid (NS) effect [12]. This raises a fundamental question
as to how the NS effect influences the fracture behavior of tungsten, which remains to
be answered.

The well-known Schmid law means that the dislocation motions at a given slip system
is determined by the magnitude of the resolved shear stress, and non-glide components
of the stress tensor have no influence on dislocation motion. However, in body-centered
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cubic (BCC) metals, the non-planar core structure of screw dislocations make the non-
glide stress components affect the dislocation motion, leading to the NS effect [11,13-16],
manifested as tension/compression asymmetry, twinning/anti-twinning asymmetry, and
strong loading orientation dependence, etc. Previous studies have demonstrated that the
NS effect influences the yield stress, and promotes the deformation localization of irradiated
tungsten and non-irradiated BCC metals [17-20]. Therefore, it is expected that the NS effect
will influence the plastic deformation process around the crack tip and then influence the
fracture behavior. However, very few studies have been reported, since it requires a model
that is able to simultaneously consider the NS effect of tungsten plasticity and the fracture
evolution process.

Only a few coupled models of dislocation-based plasticity (such as crystal plasticity
(CP)) and fracture (such as phase field model (PFM) and cohesive zone model (CZM))
have been developed to study the fracture behavior of metals. Regarding the CP and CZM
coupled model [21-23], the cohesive elements should first be embedded according to the a
priori knowledge of the crack paths for the CZM [24]. This kind of model has limitations in
handling the complex fracture behavior. In contrast, the CP-PFEM coupled model has the
inherent advantage in simulating complex crack behavior due to the use of PFM [25-29].
As a variational approach of fracture, PFM adopts the continuous damage variable to
describe the discrete crack topology. PFM is derived from Griffith’s theory and the first
law of thermodynamics, and can capture the fracture process without the need to trace the
fracture surface and the a priori knowledge of the crack path [30]. A few CP-PFM coupled
models have been developed to predict the complex crack processes of the cleavage failure
(or brittle fracture) [31] and the ductile fracture of metals [32,33]. However, in the above
developed models, the phenomenological CP model is generally adopted to describe the
plastic deformation, and the plastic strain rate is expressed as a function of resolved shear
stress and critical stress, which does not directly consider the mobility and evolution of
dislocation [34,35]. This kind of CP model cannot reproduce the NS effect of tungsten
plasticity well.

To overcome this limitation, we recently developed a CP-PFM coupled model based on
a unified thermodynamic framework [36] that directly considers the thermal activated kink-
pair mechanism of the screw dislocation motion and the NS effect [20,37,38], and has been
proven to be able to well capture the BDT of tungsten. Our previous work preliminarily
demonstrated the significant influence of the NS effect on crack propagation by taking
one result at 373 K as an example [36]. In the current work, systematic studies were
carried out to address the NS effect on the brittle and ductile fracture behaviors of tungsten
at different temperatures from the macroscopic and microscopic perspectives using our
recently developed unique CP-PFM model. This study will lead to a new understanding of
the correlation between screw the dislocation mobility and tungsten fracture behaviors.

2. Coupled Crystal-Plasticity and Phase-Field Model

In our previous work [36], the coupled crystal-plasticity and phase-field model (CP-
PFM) was developed to simulate the fracture behavior of tungsten at different temperatures,
which involves the evolution of the displacement, temperature, and discrete cracks. In the
proposed CP-PFM model, the CP model was adopted to describe the plastic deformation
at the macro scale based on the information of dislocation motion at the micro scale, thus
accurately describing the special plastic features of tungsten including the temperature
dependence and NS effect. The PFM model was used to describe the evolution of the
discrete crack topology using the continuous damage variable. The detailed information of
the CP-PFM model has been provided in our previous work [36]. In the following, only
some key features of this model are briefly introduced.

In PEM, the discontinuous crack is approximately described by the dimensionless
phase field variable d with a diffusive crack topology. When d = 0, the material is intact,
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while d = 1 means that the crack is fully formed. The corresponding damage field evolution
can be calculated as
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where G is the critical energy release rate, and [y is the character length parameter control-
ling the width of the diffusive crack. As [y approaches zero, the diffusive crack converges
to the discrete crack. ¥ is the tensile part of the elastic strain energy ¥¢'; K is the bulk
modulus; | is the volumetric deformation; S is the second Piola—Kirchhoff stress without
considering the material damage; C® and E° are the elasticity tensor and elastic Green strain,
respectively. The penalty parameter € is always set as a very large value to induce the
ductile fracture when the equivalent plastic strain & reaches the critical value &"/°% [39].
¥ and ¥/ are the driving energy of crack propagation and are calculated through the CP
model, which will be described in the following.

In the CP model, the dislocation motion is the carrier of the plastic deformation. The
plastic velocity gradient L. can be calculated as [11,13-16]

ip=Y P}y’ 5)
B

where superscript f means the variables on the Bth slip system; "yﬁ is the slip rate; and Pg is
the Schmid geometric projection tensor, calculated as the cross product of the plane normal
nP and slip direction mP. According to the Orowan equation, 7ﬁ depends on the mobile
dislocation density p? and dislocation velocity vf, and is expressed as [20]

7P = bpPof (6)

The motion of the screw dislocations and edge dislocations are dominated by the
thermal-activated kink-pair mechanism and the phonon drag mechanism, respectively. The
corresponding dislocation mobility laws have been established and expressed as [12,20]
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where AGy,(c,0) is the activation enthalpy of the kink-pair depending on the Cauthy
stress o and the temperature 6 [12], and considers the influence of the NS effect through
the stress ratio ©@f(c). k is the Boltzmann'’s constant; B(c, ) is the effective resistance
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coefficient of dislocation motion; 8, is the athermal transition temperature. 0 < gy <1

and 1 < gp < 2 are the fitting parameters; the unit vector nf forms an angle of —60°
with the Bth slip plane. ag, a1, a2, and a3 are the material-dependent constants and can be
determined through atomistic calculations [12]. Among them, a9 is related to the Schmid
stress tensor and the resolved shear stress, and the remaining three parameters are related
to the non-Schmid tensors concerning the twinning/anti-twinning asymmetry (T/AT) and
the effects of the non-glide stress components [20]. F is the total deformation gradient, and
FT is the transpose of F. § is the second Piola—Kirchhoff stress of the damaged material,
and calculated from the original stress Sy of the undamaged material and the degeneration
function g(d). $4¢° and S are the deviatoric and volumetric part of Sy, respectively. After

the determination of ¢ (or resolved shear stress Trﬁes) and obstacle stress be ., the effective

shear stress T(f; £ is calculated as

obs
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Note that be , considers the dislocation forest hardening and is related to the number
of considered slip systems NS, and the hardening coefficients a;. i is the shear modulus.
Considering the generation and annihilation process of the dislocations, the evolution

of dislocation density pﬁ can be calculated as [40,41]

o = (kl\/;ﬁ— ka (g, 9)9'3)7 (13)

where ky, ky are the generation and annihilation coefficients of the dislocations, respectively.

The CP-PFM model has been carefully validated in our previous work [36], which can
well capture the fracture behavior of a tungsten single crystal during the brittle-ductile
transition (BDT) process from 77 K to 800 K. The predicted mechanical response agreed
well with the experimental data, and the observed fracture morphologies were accurately
simulated [5,42,43]. Therefore, the CP-PFM model and the corresponding material parame-
ters in our previous work [36] were adopted to reveal the underlying mechanism of the NS
effect influencing the fracture behavior of tungsten in the current work.

3. Non-Schmid Effect on the Plastic Deformation of Tungsten

The first question we wanted to explore was how the NS effect influences the plastic
deformation in tungsten at different temperatures. To eliminate the influence of the material
damage evolution, the CP part of the CP-PFM model was only adopted in this section to
simulate the plastic deformation of tungsten under the two conditions, namely, with and
without the NS effect. This CP model has been carefully validated and applied to predict the
temperature-dependence and loading-orientation dependence of the mechanical response
for tungsten in our previous work [17,44]. Cylindrical dog-bone shaped single-crystal
tungsten specimens were used to minimize the boundary effect, and uniaxial loading was
applied at one end, as shown in Figure 1a. The diameter and length were 30 um and 60 pm,
respectively. The middle part of these specimens was meshed with the element size of
500 nm, and the mesh convergence was verified. The loading orientation was along [110].
The strain rate was about 0.05/s, and the temperature ranged from 150 K to 573 K.
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Figure 1. The NS effect on the yield stress of tungsten at different temperatures. (a) Boundary
condition of the cylindrical dog-bone shaped specimen. (b) Predicted yield stress under the two
conditions and the experimental data from [45,46].

Figure 1b shows the influence of the NS effect on the predicted yield stress of tungsten
at different temperatures. When the NS effect was considered, the predicted values agreed
well with the experimental data. If this effect was not considered, the predicted yield stress
was much higher in the low and medium temperature regimes, as shown in Figure 1b. The
deviation in the yield stress with and without the NS effect decreased with the temperature.
When the temperature was 573 K, there was almost no difference (see Figure 1b). Accord-
ing to the dislocation mobility laws (see Equations (7)—(11)), the NS effect considers the
contribution of non-planar shear stress on the mobility of the screw dislocations. By not
considering this effect, this contribution of the non-planar stress component was ignored,
and the dislocation velocity was underestimated, thus leading to the much higher yield
stress than the experimental data. With the increase in temperature, the mobility law of
screw dislocations is prone to being similar to that of edge dislocations, so the NS effect has
a gradually weaker effect on the screw dislocation motion and the predicted yield stress.

On the other hand, the NS effect also affected the uniformity of plastic deformation.
The evolution of dislocation density in two active slip systems of [111] (101) and [111](101)
was taken as the example to illustrate this effect at temperatures of 295 K and 573 K. As
shown in Figure 2, when the NS effect was not considered, these two active slip systems
(with the same Schmid factor) had the same dislocation density evolution, contributing to
the same plastic deformation while the NS effect led to different contributions of plastic
deformation. The increase in the dislocation density in the slip system of [111] (101) was
much faster than that of [111](101). This great difference is a direct manifestation of the
heterogeneity of plastic deformation, and the higher possibility of localized deformation. By
comparing Figure 2a,b, it can seen that the difference between [111] (101) and [111](101)
decreased when the temperature increased from 295 K to 573 K, indicating a weaker role of
the NS effect in influencing plasticity at a higher temperature.
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Figure 2. The NS effect on the dislocation density evolution of two typical slip systems at two
different temperatures of (a) 295 K and (b) 573 K.

4. Non-Schmid Effect on the Fracture Behavior of Tungsten

The fracture behavior of tungsten is well-known to exhibit strong temperature depen-
dence, which can be described as four typical fracture processes, namely, brittle fracture,
semi-brittle fracture, micro-ductile fracture, and ductile fracture. These different fracture
behaviors are induced by the competition between the plastic deformation and crack prop-
agation, as discussed in detail in our previous work [36]. In the following, we will further
explore how the NS effect influences the fracture behavior of tungsten.

A tensile load was applied on the top surface of a notched single crystal tungsten
sample, and the bottom surface was constrained in the vertical direction, namely, the [010]
direction, as schematically shown in Figure 3a. The corresponding tensile strain rate was
about 0.04/s. The element size was about 200 nm in the pre-notched tip zone (see Figure 3b),
and the critical plastic strain €, j,cx was set as 1.0. The plane strain model [36] was adopted,
which can capture the fracture behavior of the tungsten sample [42] at a low computation
cost. Five different temperatures were considered, namely, 77 K (low temperature, brittle
fracture), 295 K (room temperature, semi-brittle fracture), 478 K and 550 K (medium
temperature, micro-ductile fracture), and 800 K (high temperature, ductile fracture).
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Figure 3. The notched single crystal tungsten sample. (a) The boundary conditions. (b) Enlargement
of the mesh around the crack tip zone marked by the red dotted box in (a).

4.1. Mechanical Response

At first, we explored the influence of the NS effect on the mechanical response of the
pre-notched tungsten samples during the crack propagation process. Figure 4 shows the
engineering fracture stress and engineering fracture strain at five different temperatures
under the two conditions of considering and ignoring the NS effect. In the current work,
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Engineering frature stress (MPa)

the engineering fracture stress was defined as the maximum engineering stress during
uniaxial tensile loading for the pre-notched sample, and the corresponding strain was
defined as the engineering fracture strain. At 77 K, the dislocation motion was almost
completely suppressed due to the lack of effective thermal activation, and the NS effect
had no influence on the engineering fracture stress and engineering fracture strain of
tungsten. For the highest temperature of 800 K, the thermal activation feature of dis-
location mobility was weak. Therefore, the influence of the NS effect dramatically de-
creased, and the engineering fracture stress and fracture strain with and without the NS
effect were basically the same. However, in the medium temperature regime (namely
295 K~550 K), there was obvious difference between the engineering fracture stresses (or
fracture strains) with and without the NS effect for each temperature, as shown in Figure 4.
In this temperature regime, the screw dislocation motion dominated the plastic deformation
of tungsten, which was dominated by the kink-pair mechanism and noticeably affected
by the NS effect. Ignoring the NS effect induced lower engineering fracture stress and
engineering fracture strain for the pre-notched tungsten.
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Figure 4. Influence of the NS effect on the engineering fracture stress (a) and engineering fracture
strain (b) of tungsten at different temperatures.

4.2. Plastic Deformation near the Crack Tip

What is the underlying mechanism for the difference in the mechanical response
considering and neglecting NS effect? To answer this question, the result at the temperature
of 295 K was taken as an example to analyze the plastic deformation near the crack tip.
Figure 5a,b,e f shows the distribution of the equivalent plastic strain and the normal tensile
stress for a given engineering strain of 0.15% under the two conditions, respectively. When
the NS effect was considered, the equivalent plastic strain was larger than that without the
NS effect, and the plastic zone size [, was also larger. For mode I fracture, I, along the crack
propagation direction was inversely proportional to the square of yield stress 0y, namely,
lpz <1/ (75 [36,47]. According to the simulation results in Section 3, neglecting the NS effect
dramatically increased oy, at room temperature (see Figure 1b), which induced the smaller
plastic zone (or plastic shielding effect), as shown in Figure 5a,e. This great difference
further led to the different distribution of the normal tensile stress (see Figure 5b,f) and
damage state (see Figure 5c,g). The larger plastic zone (due to the NS effect), on one hand,
reduced the absolute value of maximum tensile stress for a given engineering strain, and
on the other hand, pushed forward the maximum tensile stress some distance away from
the crack tip, which contributed to the larger engineering fracture stress and fracture strain.
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Figure 5. Distribution of equivalent plastic strain, normal tensile stress and damage state, and
evolution of the dislocation density for the semi-brittle fracture of tungsten at 295 K. (a—d) considers
the NS effect, while (e—h) neglects this effect. (a,e) are the distribution of equivalent plastic strain,
while (b,f) are the distribution of normal tensile stress, when the engineering strain is 0.15%. (c,g) are
the damage distribution during the crack initiation. (d,h) are the dislocation density evolution for a
given position (marked with “A”) near the crack tip before the material is totally damaged (or the
element is deleted).

We further explored how the NS effect influenced the dislocation motion of the main
slip systems suffering from the complex stress state in the crack-tip zone. For a given
position (marked with “A” in Figure 5a), the corresponding evolutions of dislocation density
under the two conditions are shown in Figure 5d,h, respectively. Without considering the
NS effect, the dislocation density evolutions of the eight main slip systems were the same
(see Figure 5h). In contrast, these eight slip systems had significant different evolutions.
The slip system of [111](110), [111](110), [111](110), and [111](110) showed a much
higher dislocation den51ty than that of ignoring the NS effect and dominated the plastic
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deformation. This is consistent with Section 3, as the NS effect breaks the homogeneity of
plastic deformation near the crack tip.

4.3. Fracture Process

In this section, we further explore how the NS effect influences the fracture process
of tungsten. Figure 6 shows the crack propagation of tungsten at different temperatures
considering and neglecting the NS effect.

(a) 77K (b) 295K (©) 478 K (d) 550K (e) 800 K

Damage State

WNS +1.0

WONS

Figure 6. Crack propagation at different temperatures. (a—e) are the fracture processes with the NS
effect, while (f-j) are the ones without the NS effect. Among them, (a,f) for 77 K and (g) for 295 K are
the crack propagation of brittle fracture; (b) for 295 K and (h) for 478 K are the crack propagation of
semi-brittle fracture; (c) for 478 K, (d,i) for 550 K are the crack propagation of micro-ductile fracture;
(e,j) for 800 K are the crack propagation of ductile fracture, and a scale factor of 0.25 is applied to better
present the deformation. “WNS” and “WONS” mean with and without the NS effect, respectively.

When the temperature was 77 K, brittle fracture occurred. The low temperature
inhibited the motion of screw dislocation and the plastic deformation in the crack-tip
zone. The crack initiated and then quickly propagated along the [010] crack plane, forming
the smooth fracture surface. The process was not sensitive to the NS effect, as shown in
Figure 6a,f.

At 295 K, when the NS effect was considered, a micro-crack first formed in the front of
the pre-notched tip due to the shielding effect of the plastic zone, as shown in Figure 5a—c.
This micro-crack expanded and connected to the pre-notched tip to form the main crack,
and a small non-smooth fracture surface appeared near the pre-notched tip. After that,
the main crack quickly propagated along the [010] crack plane, thus inducing a smooth
fracture surface, as shown in Figure 6b. This fracture morphology agreed well with the
experimental observations [42]. When the NS effect was neglected, tungsten suffered
from brittle fracture without micro-cracks (see Figures 5g and 6g). This difference can be
attributed to the different extents of plastic deformation in the crack-tip zone, as shown in
Figure 7a. The NS effect promoted the development of the plastic zone, which provided a
more effective shielding effect on the crack propagation.

At 478 K, a series of micro-cracks first nucleated and continuously expanded to form
circular voids in front of the pre-notched tip, and then their connection led to slow crack
propagation (see Figure 6¢c) when the NS effect was considered. The appearance and
continuous growth of the micro-cracks can be attributed to the significant promotion of
dislocation mobility at this higher temperature, which induced a stronger shielding effect
on the propagation and connection of micro-cracks (see Figure 7b). Accordingly, the normal
tensile stress (or the strain energy) was lower in the region between micro-cracks. The micro-
crack collapse was only driven by severe plastic deformation, leading to the formation
of micro-ductile fracture surfaces. The alternated micro-ductile fracture morphology and
micro-cleavage fracture morphology (corresponding to micro-cracks) [36] have a width of
about 2~3 pm, as marked by “w” and “d” in Figure 7b. This width was close to the distance
of the fine striations (about 2 pm) observed in the experiment [42]. However, ignoring the
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NS effect led to low dislocation mobility, and the plastic zone was much smaller near the
first micro-crack and basically disappeared in the rest fracture surface region, as shown in
Figure 7b. The fracture behavior became similar to the semi-brittle fracture, as shown in
Figure 6h. During the crack initiation process, the plastic shielding effect was relatively
strong (see Figure 7b), and the first micro-crack formed in front of the pre-notched tip. Once
the main crack formed, the reduced shielding effect could not inhibit the cleavage crack
propagation, which led to the formation of a smooth fracture surface (see Figure 6h).

Strong plastic shielding effect
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Figure 7. Influence of the NS effect on the plastic strain distribution along the crack plane for tungsten
at two different temperatures of 295 K (a) and 478 K (b).

When the temperature increased to 550 K, the NS effect had a weaker effect on the
fracture process of tungsten, and the two tungsten samples suffered from the micro-ductile
fracture, as shown in Figure 6d,i. Note that the higher temperature of 550 K contributed to
the larger distance between micro-cracks than that of 478 K by comparing Figure 6¢,d.

At the high temperature of 800 K, the NS effect was weaker, as expected. Plastic
deformation could well develop near the crack tip, contributing to a strong shielding effect.
Whether the NS effect was considered or not, the main crack initiated from the pre-notched
tip and then bifurcated (see Figure 6e,j).

4.4. Speed of Crack Propagation

Figure 8 shows the influence of the NS effect on the speed of crack propagation at
different temperatures. The speed was calculated as the mean value during the initial 50 pm
crack propagation distance from the pre-notched tip. During the micro-ductile fracture
process, the newly formed micro-crack was taken as the crack tip when determining the
crack propagation distance. To clearly show the NS effect, the speed ratio of the initial crack
propagation was calculated as the ratio of the crack propagation speed without the NS effect
to the one with this effect. At 77 K, the accumulated strain energy at the crack tip could
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not be dissipated through the limited dislocation motion and plastic deformation. The
increased strain energy quickly reached the threshold of the cleavage surface energy and
contributed to a high speed of crack propagation. The NS effect led to a negligible difference
(see Figure 8). With the increase in temperature, the higher plastic deformation contributed
to more energy dissipation. Therefore, the speed of crack propagation decreased with the
temperature (see Figure 8a). The NS effect noticeably promoted the plastic deformation
and changed the fracture process at 295 K and 478 K (see Figure 6b,c,g,h). Neglecting
the NS effect led to about a 30-80% increase in the speed of the initial crack propagation
(see Figure 8b). When the temperature increased to 550 K, the difference in the crack
propagation speed was smaller than 20%, as shown in Figure 8b.

(2)

oo
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(=)

—&— With non-Schmid effect (b)
—0— Without non-Schmid effect]

z =
: g
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Figure 8. Influence of NS effect on the speed of crack propagation at different temperatures. (a) Speed
of initial crack propagation from 77 K to 550 K. (b) Speed ratio of the initial crack propagation, which
is the ratio of the initial crack propagation speed without the NS effect to the one with this effect and
was calculated from (a).

5. Conclusions

In this work, the coupled crystal-plasticity and phase-field model (CP-PFM) was
adopted to investigate the influence of the NS effect on the plastic deformation and the frac-
ture process of tungsten at different temperatures. The following conclusions were gained.

The NS effect had the strongest effect on the plastic deformation of the un-notched
tungsten at a lower temperature. Neglecting the NS effect will lead to a higher yield stress
and more homogeneous plastic deformation.

The NS effect had the strongest effect on the fracture behavior of notched tungsten at
a medium temperature. At low temperature, the brittle fracture occurred and the plastic
deformation was neglected around the crack tip of tungsten, so the NS effect played almost
no role. At high temperature (above 0.2 Ty,), the weak effect of the NS effect on plastic
deformation further led to their weak effect on fracture behavior. Neglecting the NS effect
will lead to lower fracture stress, a higher fracture propagation speed, more homogeneous
plastic deformation around the crack tip, different fracture morphologies, and even a
change in the fracture type at medium temperature.
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