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The inherent brittleness of the refractory metal tungsten represents a major challenge for its application as divertor material in future nuclear fusion reactors. Grain 
refinement to the ultrafine-grained regime is a promising strategy to increase the fracture toughness of W, but it also promotes intercrystalline crack growth. 
Therefore, the strengthening of grain boundary cohesion in W is of great importance. In this work, grain boundary doping with B and Hf, two elements that were 
identified in previous work to increase bending strength and ductility, is applied to ultrafine-grained W. The fracture toughness is measured utilizing small-scale 
testing techniques. Fracture mechanical experiments on the microscale provide a plethora of challenges to correctly assess size-independent toughness values, 
which are presented and discussed within this work. It was found that the toughness of W can be under- and overestimated, depending on the sample dimensions and 
plastic zone size. When assessing the valid and size-independent fracture toughness measured for the differently doped W specimen, doping with the strengthening 
element B maintained the already remarkably high toughness of the undoped ultrafine-grained W of around 20 MPa√m. The samples doped with Hf even improved 
the fracture toughness to values of up to 27 MPa√m. Hence, the effects of GB doping on the fracture toughness of ultrafine-grained W are explored, while 
simultaneously the influence of sample dimensions on measured fracture toughness is discussed. These insights are expected to have a great impact on the devel
opment of superior materials for use in harsh environments, as well as the application of small-scale fracture mechanical experiments, as used, for example, in the 
assessment of control samples in nuclear technology.   

1. Introduction 

Exhibiting the highest melting point of any pure chemical element 
(3422 ◦C), high intrinsic strength and many more favorable properties 
[1], tungsten is frequently considered for high-performance applications 
in the harshest environments, for example as structural material in the 
divertor part of nuclear fusion reactors [2–7]. However, the limited 
ductility and inherent brittleness of the refractory metal oftentimes 
represent critical obstacles for a successful and safe employment of W in 
such applications. In recent years, many strategies to improve ductility 
and fracture toughness of W have been investigated [3,4,7–9] and a 
reduction in grain size by either cold-rolling [10–13], wire-drawing 
[14–17] or severe plastic deformation (SPD) [18,19] showed prom
ising results in elevating the overall mechanical properties. As the 
smaller grain size and, consequently, larger amount of grain boundaries 
within W favor a preferential intercrystalline fracture mode [20–23], 
strengthening the grain boundary (GB) cohesion has potential to further 
enhance the mechanical properties and especially toughness of W. By 
applying the concept of grain boundary segregation engineering (GBSE) 
[24–32] and by selecting ab-initio informed doping elements [33,34], it 

was shown that doping of ultrafine-grained (ufg) W with B and Hf can 
significantly improve the bending strength and bending ductility [35], 
respectively. 

In this work, the effect of these doping elements on the fracture 
toughness of ufg W, fabricated by high-pressure torsion (HPT), is 
investigated. As the sample volume of such SPD-processed materials is 
limited and a microstructural gradient is present, small-scale fracture 
mechanical experiments have to be utilized. By far the most popular test 
configuration on the microscale is the notched cantilever bending test 
[36–45] (see Fig. 1). For semi-brittle materials, such as ufg W, the 
application of such experiments is rather challenging, as the decent 
ductility and extremely small sample dimensions lead to validity issues 
[38,40,46]. Thus, in this work fracture mechanical experiments are 
performed for different cantilever dimensions of the various undoped 
and doped materials. The validity of the experiments and the micro
mechanical mechanisms behind perceived invalid toughness values are 
discussed. These insights are not only valuable for the concrete case at 
hand, but for micromechanical fracture experiments as a whole. 
Small-scale fracture mechanical tests can also play an important role in 
the application of W in fusion reactors: In order to evaluate the risk of 
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continued operation, it is common practice in nuclear fission energy to 
place control samples made out of the structural reactor-material inside 
the reactor. This way, the control sample experiences the same envi
ronmental conditions, such as irradiation and corrosion, as the 
employed reactor material. Therefore, in order to assess the mechanical 
property changes over time due to these environmental effects without 
stopping the fission operation and disassembling the reactor, one can 
simply test this control sample. These mechanical tests have in recent 
years increasingly been performed in smaller and smaller dimensions, in 
order not to “waste” any control sample material for the years to come 
[47–49]. It is reasonable to assume that a similar approach can be 
employed in novel nuclear fusion reactors. Additionally, irradiation 
studies on potential reactor materials are frequently performed using 
ion-irradiation, instead of time-consuming neutron irradiation. Here, 
the evaluation of mechanical properties using small-scale testing tech
niques is inevitable, given the shallow penetration depth of ions and 
therefore limited volume of irradiated material [44,47–56]. Hence, the 
correct evaluation of fracture toughness on the microscale for a material 
such as ufg W is crucial. 

Therefore, this work investigates the effect of GB doping on the 
fracture toughness of ufg W, while in addition important remarks on the 
sensitive topic of sample dimensions for valid small-scale fracture ex
periments are made. 

2. Material and methodology 

2.1. Material 

The materials investigated in this work are ufg W samples as pro
duced in [35]. The undoped, boron-doped and hafnium-doped samples 
from this work are all fabricated from powders using a combination of 
cold-compacting, annealing and subsequent HPT deformation at 400 ◦C 

under a nominal pressure of 12 GPa for about 1 rotation [35,57]. The 
amount of B and Hf doping elements was adjusted to between 3 and 5 at. 
%. A boron-doped sample underwent an additional low-temperature 
annealing at 500 ◦C for 5 h after the HPT processing, which resulted 
in a hardening-by-annealing effect and a more pronounced GB segre
gation of B. This sample is hereinafter marked “W-B ann.”. The result 
from this fabrication process are specimen disks with a diameter of 6 mm 
and a thickness of ~0.6 mm. These material disks show a microstruc
tural gradient from the disk center to the edge, with the desired 
microstructure and a grain size of 140–160 nm only being present at the 
outer regions of the sample disks at a radius of 3 mm. 

An overview of the described microstructural features and GB 
chemistry of the respective materials is depicted in Fig. 2. SEM micro
graphs and measured grain sizes of the ufg W variants are shown in 
Fig. 2a–d. Fig. 2e displays results from APT measurements of B content 
at GBs. It is apparent that annealing of the B-doped material leads to a 
pronounced segregation of B at and around the GB compared to the 
unannealed W-B material. Fig. 2f shows an EDX map of large HfO2 
particles present in the Hf-doped ufg W sample, suggesting that Hf at
tracts and binds O and therefore indirectly strengthens GBs in W. Fig. 2g 
displays the microstructure of the annealed B-doped material captured 
by STEM. 

2.2. Small-scale fracture mechanical tests 

Due to the aforementioned microstructural gradient within the 
sample disks and limited sample volume containing the studied micro
structure, the fracture toughness of the materials was investigated by 
small-scale fracture mechanical experiments. For this purpose, cantile
vers were fabricated at the desired location, i.e. at a radius of 3 mm from 
the disk center, using a dual-beam FIB-SEM (LEO 1540 XB and Zeiss 
Auriga, both Zeiss GmbH, Germany) and a small pre-notch was intro
duced to the cantilevers using a FIB milling current of 30 pA (see Fig. 1). 
Cantilevers with approximate dimensions of 3 × 3 × 10 µm as well as 8 
× 8 × 30 µm were fabricated for all investigated materials. Additionally, 
a combined femtosecond laser (Origami 10 XP, Onefive GmbH, 
Switzerland) [58] and FIB approach was utilized to prepare larger 
cantilevers (approximate dimensions of 30 × 30 × 110 µm) in both the 
undoped W and the hafnium-doped sample. The ratio of initial crack 
length and sample width a0

w was kept constant at approximately 0.1 for 
all investigated sample dimensions. Examples for (already tested) can
tilevers with different sample dimensions and their fracture surfaces are 
shown in Fig. 3. All cantilevers were fabricated with the crack growth 
direction towards the sample disk center (radial direction). As even the 
largest cantilever dimensions are still rather small for a semi-brittle 
material such as ufg W, the small scale yielding criterion [40,46,59, 
60] (Eq. (1)) is not met for any specimen and linear elastic fracture 
mechanics is not applicable to the cantilever experiments: 

B, (w − a0) > 2.5
(

KQ

σy

)2

(1)  

With B being the sample thickness, w the sample width and a0 the initial 
crack length of the FIB-milled notch (compare with Fig. 1). KQ repre
sents the conditional critical stress intensity factor of the material 
measured in the experiment and σy the yield strength of the material. 
Note that it is common practice in fracture mechanics to denote the 
sample width with a capital W. However, to avoid confusion with the 
chemical symbol for the element tungsten, a lower case w was chosen as 
symbol for the sample width in this work. According to Eq. (1), the 
thickness and ligament length of each specimen has to be at least 110 µm 
in order to fulfill the criterion and to be able to apply linear elastic 
fracture mechanics (LEFM) on undoped ufg W. 

As no sample fulfills Eq. (1), elastic-plastic fracture mechanics 
(EPFM) has to be applied instead in order to derive valid fracture 
toughness values [46]. As a measure of fracture toughness within EPFM, 

Fig. 1. Micromechanical testing setup for notched cantilever bending fracture 
experiments. 
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the experimental J-Integral is a well-established option [37,61]: 

J =
K2⋅(1 − υ2)

E
+

η⋅Apl

B⋅(w − a0)
(2)  

With υ being the Poisson’s ratio and E the Young’s Modulus of the ma
terial (for tungsten: υ = 0.28 and E = 410 GPa [1]), η is a constant factor 
equal to 1.9 and Apl is the plastic area under the force-displacement 
curve of the experiment (i.e. the plastic work). The stress intensity fac
tor K is calculated via [36,37,59]: 

K =
F⋅LC

B⋅w3/2 ⋅ f
(a

w

)
(3)  

with LC being the distance between the point of loading and the notch 
(see Fig. 1). 

The geometry factor f
( a

w
)

was calculated using FEM simulations [37] 
to be: 

f
(a

w

)
= 4⋅

3⋅
(

a
w

)0.5⋅
(
1.23 −

(
a
w

)
⋅
(
1 − a

w

))
⋅
(
− 6.09 + 13.96⋅

(
a
w

)
− 14.05⋅

(
a
w

)2
)

2⋅
(
1 + 2⋅

(
a
w

))
⋅
(

1 −
(

a
w

)1.5
)

(4)  

where a represents the current crack length. 
As is apparent in Eq. (4), it is essential for EPFM experiments that the 

Fig. 2. Microstructure overview of investigated samples. SEM micrographs and indication of average grain sizes of (a) undoped W, (b) W-B, (c) annealed W-B and (d) 
W-Hf. (e) APT measurements of B content at GBs in W-B and annealed W-B, respectively. (f) EDX map showing HfO2 particles in W-Hf samples. (g) STEM image of W- 
B ann. material. 

Fig. 3. SEM images of cantilever samples of different sizes and their fracture surfaces after testing. A small W-B cantilever (a,d), a medium sized W-B ann. cantilever 
(b,e) and a large undoped W cantilever (c,f). Cyan scale bars represent 150 nm, which is the approximate grain size for all materials. 
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crack length is tracked throughout the whole experiment. This can either 
be done visually from the in-situ videos (manually or automatically with 
digital image correlation) or by frequent/continuous measurement of 
the sample stiffness throughout the experiment [62–67]. In this work, 
the stiffness of the cantilever is measured in regular steps by performing 
partial unloading segments during the experiment. Using the stiffness 
gained from the loading/unloading slopes, the current crack length can 
then be derived using the following FEM-based equation [62]: 

a
w
= 1 − 2.897

(
k
k0

)

+ 10.618
(

k
k0

)2

− 23.620
(

k
k0

)3

+ 24.497
(

k
k0

)4

− 9.600
(

k
k0

)5

(5)  

Where k is the current cantilever stiffness and k0 is the stiffness the 
cantilever would have without any crack. k0 can be calculated from the 
first sample loading, where both the stiffness and the initial crack length 
a0 are known [66,67]. 

The cantilevers were tested in-situ inside a LEO 982 SEM (Zeiss 
GmbH, Germany) using an UNAT-SEM indenter (Zwick GmbH & Co KG, 
Germany) equipped with a conductive diamond wedge indenter tip 
(Synton-MDP AG, Switzerland). The applied strain rate of the experi
ments was set to 0.001 s− 1 at the notched region for all cantilevers. 

Post-mortem images were taken with an SEM (Tescan Magna, Tescan 
Orsay Holding, Czech Republic). 

3. Results 

3.1. Interpretation of results 

The analysis of EPFM experiments is not as straight-forward as for 
LEFM experiments, where fracture toughness values are determined via 
a simple equation and by measuring sample dimensions and the critical 
load. Instead, the J-Integral - crack extension (J-Δa) curve, also referred 
to as the R-curve, has to be calculated using the recorded force- 
displacement data in conjunction with Eqs. (2)–(5). 

A representative example of such a J-Δa curve for a medium-sized 
undoped W cantilever is displayed in Fig. 4a. As apparent, one can fit 
two straight lines in the R-curve. The first, steeper line is commonly 
called “blunting line”. Here, crack extension occurs primarily through 
blunting of the crack tip, hence the name. The second, less steep regime 
represents actual crack growth or tearing. In the case of Fig. 4a this line 
increases with ongoing crack extension, indicating stable crack growth 
and an increasing crack growth resistance throughout the experiment. 
To receive a fracture toughness value from such a J-Δa curve, ASTM 
recommends to shift the blunting line to a crack extension of 0.2 mm and 

use the intersection of this parallel shifted line with the R-curve as a 
critical Jc0.2 value [59]. Obviously, this is not very helpful for small-scale 
tests, as the sample dimensions are considerably smaller than 0.2 mm. 
Therefore, this work relies on the initiation toughness Ji as a measure for 
fracture toughness, as has been used in microscale experiments before 
[37,68,69]. Ji represents the plastic energy needed to initiate regular 
crack growth and can be found at the intersection of the two fitted lines 
(Fig. 4a). The initiation toughness is especially well suited to charac
terize microsamples, as it is, contrary to the rest of the R-curve, geom
etry independent as long as certain specimen size requirements are 
fulfilled [46]. Another possible approach to make the evaluation of 
fracture toughness from J-Δa curves accessible to both the micro- and 
macroscale is to shift the blunting line by half of the crack tip opening 
displacement (CTOD) instead of 0.2 mm [38,62,70]. However, the 
measurement of CTOD is in many cases impractical. Yet, since CTOD 
was investigated in this work as well (see Section 4b), the fracture 
toughness deduced from this method was compared to the Ji values for 
all cantilevers showing stable crack growth. The difference between the 
values gained by the two methods was negligible for most samples, 
verifying the application of either method to assess fracture toughness 
values from J-Δa curves. 

This kind of analysis can only be performed for stable crack growth 
and if the material shows R-curve behavior. Some samples presented 
within this work showed unstable crack growth, meaning the cantilever 
failed immediately by reaching a certain critical load and displacement 
after the blunting phase. A comparison of the load-displacement data of 
two experiments showing stable and unstable crack growth is shown in 
Fig. 4b and 4c, respectively. As is apparent, even for samples breaking in 
unstable manner some plastic deformation occurs before total failure. 
Since a J-Δa curve for such a sample would only consist of the blunting 
line, the J value at the failure point (Jc) is determined and utilized as a 
measure for fracture toughness for these samples. The comparison of Ji 
of the stable breaking samples to such critical J-Integral values Jc is in 
the opinion of the authors reasonable, as Jc is essentially equal to the 
initiation toughness of a material without increasing crack growth 
resistance, i.e. without R-curve behavior. 

For a better comparability between fracture toughness values of 
commonly used LEFM experiments and the EPFM experiments utilized 
in this work, Ji and Jc values can be converted to KJ,i and KJ,c values, 
respectively, using the following equation [71]: 

KJ,i/c =

̅̅̅̅̅̅̅̅̅̅̅̅̅
Ji/c⋅E
1 − υ2

√

(6)  

within a plane strain assumption. 

Fig. 4. a) Analysis of fracture toughness from J-Δa curves in EPFM experiments for a medium-sized undoped ufg W cantilever. (b, c) Representative load- 
displacement curves for stable (b, medium-sized cantilever) and unstable (c, large cantilever) crack growth in undoped ufg W. 
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3.2. Fracture toughness 

Fig. 5 shows the fracture toughness of all tested samples. Ji is shown 
for samples that exhibit stable crack growth (open symbols), whereas Jc 
is shown for samples that fail in an unstable manner (solid symbols). It is 
immediately apparent that cantilevers of the same material but different 
sample dimensions can show vastly different toughness values and crack 
growth behavior, indicating the presence of a size effect and questioning 
the validity of some experiments, as will be further elaborated in the 
discussion section. Note that one large W-Hf cantilever (marked with 
“*”) contained a micron sized oxide particle at the fracture surface 
directly beneath the initial notch, suggesting that the measured fracture 
toughness of this specimen is an underestimation of the actual material 
toughness). The relative error in Ji and Jc was calculated following the 
principle of propagation of uncertainty and assuming a possible mea
surement error of 1 pixel for each sample dimension. It amounts to 
values between 0.5 and 1% for all tested samples. As this relative error is 
very small, we refrain from the use of error bars in Fig. 5 and the 
following figures, as they would not be visible. 

The small cantilevers (3 × 3 × 10 µm, triangle symbols in Fig. 5) of 
all tested materials show stable crack growth and similar toughness 
values of around 300–700 J/m2 or 12–18 MPa√m. The medium-sized 
cantilevers (8 × 8 × 30 µm, square symbols in Fig. 5) display less uni
form behavior. While some samples exhibit stable crack growth and very 
high toughness values of up to over 2000 J/m2 (30 MPa√m), others 
show unstable failure and toughness values of around 1000 J/m2 (20 
MPa√m). It is interesting to note, that the materials that show unstable 
failure (W-B and W-B ann.) were found in microcantilever bending tests 
to have a higher bending strength than the undoped W and W-Hf ma
terial [35]. For the larger cantilevers (star symbols in Fig. 5), all samples 
showed unstable crack growth behavior. The fracture toughness was 
measured to be 1040 J/m2 (21.5 MPa√m) for the undoped W sample 
and 1860 J/m2 (28.8 MPa√m) as well as 1480 J/m2 (25.6 MPa√m) for 
the W-Hf samples, respectively. 

All fractured surfaces show clear signs of intercrystalline failure 
(delamination) with a share of ductile failure (shearing), regardless of 
material, cantilever dimensions or stability of crack growth. It is clearly 
evidenced in Fig. 3 that the size of characteristic features of the fracture 
surfaces correspond well with the approximate grain size of 150 nm 
(cyan scale bars) for all sample dimensions. Moreover, previous work on 
doped and undoped ufg W [35] used EBSD to confirm the intercrystal
line failure mode of this material. 

4. Discussion 

4.1. Validity of fracture experiments 

Following the results of micro- and meso-scale fracture mechanical 
experiments, some remarks on the validity of the experiments are in 
order. Given the comparably large sample dimensions, it is safe to as
sume that the large cantilevers of undoped and Hf-doped ufg W repre
sent valid EPFM experiments. These cantilevers, together with the 
medium-sized W-B ann. cantilever and one W-B cantilever, show un
stable failure and similar toughness values. This raises the question 
whether the instability of crack growth might be an indicator for a valid 
EPFM experiment on ufg W. 

The validity criterion of EPFM J-Integral experiments is commonly 
given as: 

B, (w − a0) > c
JQ

σy
(7)  

Where JQ is the conditional J-Integral fracture toughness gained from 
the experiment, σy is the yield stress of the material and c is a pre-factor. 
Values ranging from 10 to 50 are reported in literature for this pre-factor 
[37,38,40] and the official standard by ASTM gives a value of 10 [71]. 

Fig. 6 shows the fracture toughness of all tested samples, this time 
displayed against the rearranged validity criterion of Eq. (7) on the x- 
axis. The smaller dimension among sample thickness B and ligament 
length (w − a0) is used for each specimen. The yield strength is taken 
from bending experiments performed on the same material in [35]. Of 
course this is not the same value as a yield strength gained from tensile 
tests, which is why some points might not be placed with highest ac
curacy, but it serves as a good estimate and provides comparability 
between the samples. It should be noted that the yield strength is the 
same for all tested cantilever sizes. It has been shown before for different 
ufg metals, including W, that the grain size regime of 100–200 nm does 
not lead to size effects regarding strength or plastic deformation on the 
studied µm scale, as a sufficient number of grains span the sample 
cross-section [72–74]. Jc,true represents the valid J-Integral fracture 
toughness of the material, which is gained from the experiments with 
the largest sample dimensions for each material (as they are assumed to 
represent valid EPFM experiments). These experiments all displayed 
unstable crack growth. The term J

σy 
is proportional to CTOD and plastic 

zone size [46]. Therefore, the x-axis in the graph represents the ratio of 
sample dimensions to plastic zone size or the pre-factor c in the validity 

Fig. 5. Fracture toughness (Ji or Jc) of all tested cantilevers gained from EPFM experiments on all investigated ufg W materials. Open symbols represent experiments 
with stable crack growth, solid symbols display unstable failure. (*: cantilever contained oxide particle on fracture surface just below initial notch). 
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criterion of Eq. (7). 
It is apparent in Fig. 6 that above a certain x-value (in this concrete 

case ~30) all samples fail in an unstable manner and show comparable 
fracture toughness values (regime “γ”). This strongly suggests that above 
this value the experiments are valid and the measured fracture tough
ness equals the real, size independent, fracture toughness of the mate
rial. Naturally, the largest cantilevers fulfill this condition easily. For the 
medium-sized cantilevers, only the higher strength materials (W-B ann. 
and one out of two W-B) fulfill this condition, as the higher yield 
strength leads to a smaller plastic zone within the cantilever. Here it is 
worth noting that the W-B material has one cantilever on either side of 
the validity line. This is because the cantilever sample on the left side 
had slightly smaller dimensions than the sample on the right side. The 
medium-sized cantilevers made of softer material and all small cantile
vers cannot fulfill the validity criterion (c > 30), but they show vastly 
different fracture toughness values. While the smaller samples under
estimate the real fracture toughness (regime “α”), the invalid medium- 
sized cantilevers overestimate it (regime “β”). Before an explanation 
for this peculiar behavior can be attempted, a more detailed analysis of 
the fracture behavior is required and will be performed next. 

4.2. Analysis of the crack tip opening displacement 

To provide further information on fracture behavior and apparent 
toughness, another widely used option to measure fracture toughness 
within EPFM was utilized: the crack tip opening displacement (CTOD). It 
was proven before that both the J-Integral and CTOD can be used to 
measure the correct fracture toughness of EPFM samples and are con
nected via [37,71,75,76]: 

CTOD = dn
J
σy

(8)  

Where dn is the Shih factor, which is equal to 0.78 for plane strain 
conditions and a non-hardening material. 

Given the in-situ nature of the experiments in this work, the CTOD at 
crack growth initiation (CTODi, for stable crack growth) or the critical 
CTOD before failure (CTODc, for unstable crack growth) can be 

measured directly from the videos recorded during the experiments. Due 
to the fast scanning speed of the SEM during the tests, the resolution of 
the images is limited, which is why the CTOD was measured multiple 
times for each sample to provide an accurate average value. The results 
of the CTOD measurement can be seen in Fig. 7a. The small cantilever 
samples exhibit a similar trend than in Fig. 6, showing smaller CTOD 
values with a linear increasing trend. Fig. 7b shows the J-Integral 
calculated from CTOD results using Eq. (8) and a Shih factor of 0.78. 
While the J-values of the unstable failing samples are very similar to the 
J-values gained from Eqs. (2)–(5) (with the exception of the annealed W- 
B sample, see also Fig. 10a), the values of the stable failing samples are 
rather different and show a dissimilar, more linear trend. It should be 
mentioned that, in ductile materials, the CTOD at the surface is usually 
smaller (before crack growth initiation) or larger (after crack growth 
initiation) than the “valid” CTOD in the midsection of the sample [77]. 
However, since the values of JCTOD and Jc are so similar for the unstable 
failing samples, it is assumed that for the current failure mode (i.e. a 
complex mixture of intercrystalline and ductile fracture), the CTOD at 
the surface and within the sample are comparable. 

4.3. The role of sample dimensions on perceived fracture toughness 

When considering some of the standard validity criterions used in 
fracture mechanics, e.g. Eqs. (1) and (7), a common misconception 
which can arise is that the two critical sample dimensions, i.e. the lig
ament length w − a0 and the sample thickness B, each have a similar 
effect on the fracture behavior of the material, as the same criterion is 
applied to either measurement. In reality, the implications of the two 
dimensions are vastly different. The ligament length (in combination 
with the plastic zone size) determines if the test specimen exhibits small 
scale yielding, large scale yielding or failure through plastic collapse, 
and therefore governs the validity of applying LEFM or EPFM concepts. 
The sample thickness, on the other hand, influences the stress state in 
front of the crack tip. A large sample thickness leads to predominantly 
plane strain conditions and consequently a high stress triaxiality at the 
crack tip. On the surface of the sample, plane stress conditions prevail. It 
can be easily deduced that with decreasing sample thickness the influ
ence of this plane-stress dominated region increases, leading to lower 

Fig. 6. Fracture toughness (Ji or Jc) of all tested cantilevers over the smallest dimension of the cantilever times yield strength divided by valid fracture toughness of 
the material. The x-value is proportional to the ratio of sample dimension to plastic zone size in front of the crack tip and resembles c in Eq. (7). For further analysis, 
the fracture samples are classified in regimes “α”, “β” and “γ”. (*: cantilever contained oxide particle on fracture surface just below initial notch). 
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overall stress triaxiality in the test specimen [75,78,79]. It has to be 
mentioned that strictly speaking, a specimen fulfilling the ligament 
length criterion but not the thickness criterion still represents a valid 
fracture mechanical experiment. However, as the influence of the plane 
stress condition increases, the measured fracture toughness becomes 
thickness dependent. This thickness dependent toughness increases with 
decreasing B, as long as the process zone stays small compared to the 
sample thickness [46]. Therefore, it is common practice to determine the 
sample size independent “plane strain fracture toughness”, that can only 
be measured in samples thick enough to show predominantly plane 
strain conditions and high stress triaxiality throughout the crack front. 
In commonly used macro-sized LEFM experiments, one hardly ever 
measures such a thickness dependent fracture toughness, as the criterion 
is very strict (Eq. (1)) and it is much more likely to run into validity 
issues regarding the ligament length criterion (assuming ligament length 
and sample thickness are in the same order of magnitude) [75]. In EPFM 
experiments, however, where sample dimensions are smaller and/or 
plastic zone sizes are large, it can become a lot more likely to measure 
thickness dependent fracture toughness, as the ligament length criterion 
is far more forgiving and the influence of the sample thickness on stress 

triaxiality is the same as in LEFM experiments. 
When the apparent fracture toughness is plotted against the sample 

thickness B (Fig. 8), one can visualize a similar trend in all ufg W vari
ants. Small samples show a low fracture toughness, stable failing 
medium-sized samples display a higher fracture toughness, and unstable 
breaking samples fall into the regime of a constant, thickness- 
independent fracture toughness. It is interesting to note that the peak 
of high toughness values increases with increasing plastic zone size 
(ratio of J

σy
) and also moves towards larger sample thicknesses. The in

crease of fracture toughness for the samples in region “β” in Fig. 6 (peak 
region in Fig. 8) can be explained by a significant influence of plane 
stress conditions leading to the assessment of a thickness-dependent 
toughness. The results from CTOD analysis confirm this, as the JCTOD 
values are significantly lower than the Jc values for regime “β” samples. 
This is because the Shih factor dn of 0.78 is only valid for plane strain 
conditions and has to be adapted if samples show increased plane stress 
influence and lower triaxiality [76]. As only the unstable failing samples 
(region “γ”) display comparable values of JCTOD and Jc, this suggests that 
predominantly plane strain conditions are only present in these samples, 
while all others exhibit primarily plane stress influenced conditions, 

Fig. 7. (a) Measured crack tip opening displacement at crack growth initiation (CTODi) or before failure (CTODc) for all tested samples. (b) J-Integral fracture 
toughness based on CTOD measurements. (*: cantilever contained oxide particle on fracture surface just below initial notch). 

Fig. 8. Fracture toughness (Ji or Jc) of all tested cantilevers over sample thickness B. For each individual material the apparent fracture toughness shows a similar 
trend with increasing thickness. Dashed lines represent a guide for the eye. (*: cantilever contained oxide particle on fracture surface just below initial notch). 
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which would require an adaption of the Shih factor for more detailed 
analysis. 

However, the decrease in toughness of the thinnest samples within 
region “α” cannot be reasoned by such a thickness effect. Since no sig
nificant plastic deformation of the sample was observed in the in-situ 
experiments, plastic collapse of the ligament [60], i.e. the breakdown 
of large-scale yielding conditions, can be ruled out as well. Given the fact 
that all these samples are small cantilever specimen and that the ratio of 
sample dimensions to plastic zone size is comparable to some region “β” 
samples, it is expected that these specimen are increasingly influenced 
by sample geometry and less by material properties. It is well known that 
a (cantilever) bending sample experiences a stress and strain gradient, 
with tensile stress states on one and compressive stress states on the 
other side. It can be followed easily that such a gradient will be a lot 
steeper for a smaller specimen. By introducing a crack/notch to the 
specimen, the stress field in front of the crack tip, as well as the fracture 
process zone, are influenced by both the crack tip itself and the bending 
stress gradient field. The fracture process zone is commonly defined as 
the region where micromechanical processes occur that contribute to 
crack propagation [46,75]. This rather loose definition ranges from pore 
formation and coalescence in ductile materials, dislocation emission 
from the crack tip and their propagation, crack bifurcation and 
tunneling in semi-brittle materials to the breaking of individual atomic 
bonds in ideally brittle materials. In ductile materials this fracture pro
cess zone is typically in the order of a few CTOD, yet it might be even 
larger in the case of a mixed ductile and intercrystalline fracture, as is 
the case in the present study [46]. It seems from the data in Figs. 6 and 8 
(regime “α”) that once the fracture process zone reaches past the neutral 
fiber of the bending cantilever, the compressive part of the stress and 
strain gradient influences the fracture process zone and impedes its 
further expansion. As a consequence, stresses can be dissipated less 
effectively from the crack tip and failure occurs at lower loads and 
fracture toughness values. This also explains the low CTOD results for 
the smaller samples in Fig. 7, as a restricted fracture process zone leads 
to a smaller CTOD. A similar argument can be made for a restriction in 
plastic zone size (and therefore amount of plastic deformation), leading 
to lower fracture toughness through less effective dissipation of crack 
driving force. 

As an accurate assessment of the fracture process zone is near 
impossible, a closer analysis of the plastic zone size will be attempted 
next instead. FEM simulations were performed using the free CalculiX 
2.17 solver [80], on three representative cantilever sizes: small, medium 
and large. The 2-dimensional simulations were conducted using 8-node 
quadrilateral plane strain elements (CPE8) with linear elastic isotropic 
material assumptions. As the aim was to investigate the opening stress 
behavior over the whole crack growth direction including the bending 
gradient the common use of crack tip elements with specific side-node 
positions (to obtain an element corner singularity) was neglected. The 
simulated stresses σxx in front of the crack tip (at the load of crack 

growth initiation or the transition from blunting to tearing) are dis
played in Fig. 9. By considering the yield strength of undoped ufg W 
known from bending tests (~3.28 GPa) [35], one can estimate the size 
and shape of the plastic zone in these cantilever samples as the region 
where the simulated stress equals or exceeds the yield strength. As dis
played in Fig. 9, this plastic zone (blue shape) resembles the “butterfly” 
shape commonly encountered in fracture experiments. This can now be 
compared to common plastic zone models, such as the Irwin model, 
which describes the (plane strain) plastic zone size in a semi-infinite 
body as such [75,81]: 

rpl =
1

6π⋅
(

K
σy

)2

(9) 

The plastic zone calculated after Irwin is about 2.3 µm big for 
undoped ufg W and is displayed as a representative green circle in Fig. 9. 
It is immediately apparent that the size of the plastic zone inside the 
small cantilever, calculated using the stress field provided by FEM, is 
immensely restricted compared to the plastic zone the material would 
experience in a semi-infinite tension sample (Irwin model). This re
striction is less severe in the medium-sized cantilever and almost non- 
existent in the large sample. It should be mentioned that, due to the 
simplicity of both the FEM simulation and the Irwin model, the results in 
Fig. 9 should not be used for quantitative assessment of the plastic zone 
size (or the margin of the restriction thereof), but rather as an attempt to 
qualitatively explain the drop due to the strongly reduced energy 
dissipation in the small samples with consequently low fracture tough
ness for very small cantilever specimen. The stress field simulated by 
FEM is representing plane strain conditions, not taking into account any 
thickness effects. Note that 3-dimensional strain gradient plasticity FEM 
[82–84] or cohesive zone models [85,86] could capture the effect of the 
bending gradient on the plastic zone and fracture toughness more 
accurately. However, these demanding simulation approaches are well 
beyond the scope of this work, but an interesting option for future 
detailed investigation of the presented or similar experiments. 

To summarize, the apparent fracture toughness values in Fig. 6 can 
be explained as such:  

• Samples that are large enough exhibit unstable fracture and more or 
less constant fracture toughness values (region “γ”). They fulfill the 
thickness criterion of predominantly plane strain conditions in front 
of the crack tip and can be seen as valid “plane strain fracture 
toughness” values. These specimen fully describe the sample size 
independent fracture behavior of the materials. The fact that all these 
specimen show unstable crack propagation is further evidence of 
predominantly plane strain conditions, as it is known that plane 
stress influenced conditions (such as in region “β”) promote R-curve 
behavior and stable crack growth [46]. Given the large sample di
mensions, no significant influence of the bending gradient on the 

Fig. 9. FEM simulations showing the influence of the bending stress gradient on the size of the plastic zone, compared to the classic Irwin model, for undoped ufg W.  
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specimen stress and strain distribution, and therefore plastic zone 
size, are expected.  

• For the medium-sized cantilever specimen that show stable crack 
growth and high fracture toughness values (region “β”), the influence 
of the sample thickness cannot be underestimated. It is expected that 
for these specimen marked with “β” in Fig. 6, an increased influence 
of plane stress conditions and, consequently, a lower overall stress 
triaxiality within the process zone are present. This results in a 
thickness dependent and higher perceived fracture toughness 
compared to predominantly plane strain conditions. For such sam
ples, the crack will most likely start propagating in the center of the 
specimen when the plane strain fracture toughness value is reached, 
while the increase in apparent fracture toughness stems from the 
surface near regions where crack growth lags behind [46]. Compared 
to the increase in plastic zone size from the predominantly plane 
stress affected stress state, the bending stress gradient in these 
samples is expected to only have a negligible influence on the plastic 
zone, as the fracture process zone does likely not extend past the 
neutral fiber. Note also that region “β” for the annealed W-B material 
is almost non-existent. As this material has an extremely high 
strength, and hence small plastic zone, the geometrical influence of 
the bending gradient dominates over the increasing plane stress 
conditions, which is why we categorized even the data points with 
slightly higher toughness (small “hump” in the trending line) under 
regime “α”, i.e. severely influenced by the bending gradient.  

• The small cantilever samples marked in region “α” experience a 
significant influence from the bending strain gradient on the fracture 
process zone. Additionally, the impact of the bending stress on the 
stress field in front of the crack tip is shown by FEM simulations to 
reduce the size of the plastic zone substantially, as compared to the 
plastic zone the material would form in a semi-infinite sample (Irwin 
approximation; see Fig. 9). As both the plastic zone and fracture 
process zone are being restricted, stresses can be dissipated less 
effectively from the crack tip, leading to earlier failure and a lower 
apparent fracture toughness. In these small samples, the plastic zone 
and fracture process zone get severely restricted, which clearly 
outweighs the thickness effect of predominantly plane stress condi
tions. The larger the sample or harder the material gets, the less the 
influence of this strain gradient becomes, explaining the slight in
crease of toughness for the small samples in Fig. 6. 

4.4. The effect of doping elements on fracture toughness of ufg W 

Naturally, only the experiments to the right of the line in Fig. 6 
(regime “γ”) show the size-independent fracture toughness and can thus 

be used to compare the different materials with each other. Fig. 10a 
displays these values (converted to KJ values using Eq. (6)) gained from 
J-Integral and CTOD analysis for all investigated samples. For materials 
with multiple valid fracture experiments (W-B ann. and W-Hf), the mean 
toughness values are displayed. Overall, the fracture toughness of the 
ufg W materials show remarkably high values of around 21 MPa√m, 
clearly outperforming single-crystalline and other ufg W samples, for 
which values of around 6–12 MPa√m are reported in literature [18,37, 
43,68,87]. Previous work on bulk HPT-processed ufg W by Faleschini 
et al. reports similar fracture toughness [18,19]. The RT-toughness 
values measured in this work are even higher than the fracture tough
ness of cg W above the BDTT [43,87], therefore clearly fulfilling the 
application requirements in nuclear fusion reactors [2–4], at least for the 
given testing direction. 

The agreement between the fracture toughness measured by the two 
different methods is given for all materials, except the annealed W-B 
sample. As the measurement of the CTOD from in-situ images is more 
prone to errors (a measurement error of 1 pixel (~30 nm) would result 
in a fracture toughness error of about 2 MPa√m, a measurement error of 
3 pixel (~90 nm) would misevaluate the fracture toughness by about 5 
MPa√m), the more conservative stance is taken and the lower toughness 
gained from J-Integral analysis is assumed to be the true fracture 
toughness for this material. However, given the immense strength in
crease that was discovered in bending tests on this material [35], this 
slight decrease in toughness to 17 MPa√m is more than being 
compensated for. While the B-doped and unannealed sample shows a 
similar fracture toughness to the undoped material, the fracture 
toughness of the ufg W material doped with Hf shows a significant 
improvement to values of 27-28 MPa√m. This is not particularly sur
prising, as Hf was the only doping element that was able to improve 
bending ductility in [35] and, especially for ufg and nanocrystalline 
materials, ductility and fracture toughness are closely interlinked due to 
the intercrystalline nature of failure. The extent of improvement of 
fracture toughness by Hf doping is, however, astounding. As deduced in 
[35], Hf does not strengthen the GBs in W directly, but indirectly by 
removing oxygen from the boundaries and binding them in HfO2 oxides 
(see Fig. 2f). This seems to be rather effective, given the outstanding 
improvements in bending ductility and now fracture toughness. 

Fig. 10b shows average bending strength (from [35]) and fracture 
toughness of each investigated material and the ufg W sample fabricated 
by Faleschini et al. [19] for comparison. Hohenwarter et al. [21] 
introduced the product of strength and toughness as an easy and 
accessible measure for damage tolerance of materials. The dashed iso
lines in Fig. 10b represent this product. It can be seen that all doped and 
annealed variants show a clear improvement of damage tolerance 

Fig. 10. (a) Comparison of fracture toughness values (KJ) gained by J-Integral and CTOD analysis. (b) Average bending strength against valid fracture toughness 
(KJ,c) of all investigated ufg W materials. Dashed isolines represent the product of strength and toughness in (MPa)2√m. 
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compared to the undoped ufg W sample, with W-Hf (~ 100 000 
(MPa)2√m) and W-B ann. (~ 125 000 (MPa)2√m) demonstrating the 
highest values and even outperform coarse grained Ni, coarse grained Fe 
and nanocrystalline Fe [21] (solid isolines in Fig. 10b), respectively. 

5. Conclusion 

In this work, through the application of small-scale EPFM experi
ments on doped and undoped ufg W, two major conclusions can be 
drawn:  

• EPFM experiments at the microscales for semi-brittle materials such 
as ufg W (and for ductile materials) have to be performed with great 
caution and with the effects of sample dimensions on the apparent 
fracture toughness in mind. For especially small cantilever samples 
the effects of the bending strain gradient on the fracture process 
zone, as well as the bending stress gradient on the crack tip stress 
field and, consequently, the plastic zone size, have to be considered. 
A severely restricted fracture process zone and plastic zone can lead 
to lower apparent fracture toughness values. If the sample di
mensions are sufficiently large to avoid being severely affected by 
the bending gradient, one has to be careful that the sample is thick 
enough to not experience increasingly plane stress affected condi
tions, which can lead to a sample size dependent and higher apparent 
fracture toughness. A safe pre-factor of at least 30 in Eq. (7) (ratio of 
smallest sample dimension to plastic zone size), thus stricter than in 
macroscopic standards, is recommended for the correct evaluation of 
a size-independent fracture toughness.  

• The sample size-independent fracture toughness of undoped W can 
be increased from ~20 MPa√m to almost 30 MPa√m with the 
addition of Hf as a doping element. The addition of B maintains the 
toughness, while an additional heat treatment can lead to a slight 
decrease in fracture toughness but immensely increases the strength 
of the material, improving the overall damage tolerance of ufg W. 

The insights from this work are expected to be valuable for the 
application of ufg W in extreme environments, such as nuclear fusion 
technology, and for the potential future development of a small-scale 
fracture test routine for control samples in harsh conditions and for 
limited materials, as well as for scientists and material research centers 
dealing with such issues, such as the International Fusion Materials 
Irradiation Facility (IFMIF). 
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