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A B S T R A C T

As refractory metals are increasingly subjected to extreme service conditions, a comprehensive understanding of 
their fundamental deformation mechanisms has become indispensable, particularly considering the persistent 
discrepancies between predicted and experimentally observed behavior under complex stress fields. Therefore, 
nanoindentation on the principal crystallographic planes of pure tungsten single-crystals was performed and 
revealed a strong influence of crystal orientation on indent appearance, hardness and incipient plasticity. For the 
(100) surface we observe a confined plastic zone with pronounced pile-up and highest hardness of 5.18 ± 0.07 
GPa among the three orientations. Unusually long streaks of dislocations form on the surface of (110)-oriented 
samples demonstrating tungsten's non-Schmid behavior. The (111) surface exhibits hitherto unreported 
appearance of slip and highest pop-in loads.

1. Introduction

In the past decades tungsten has become a leading candidate as 
barrier material in extreme environments. Plasma-facing components in 
nuclear fusion reactors face neutron bombardment for example. Nano
indentation has been widely used to study these irradiation effects 
[1–12].

Complex stress fields in indentation deformation give rise to influ
ence of stress components other than those on principal slip systems. 
Particularly in body-centered cubic (BCC) structures non-Schmid 
behavior is considered a key factor in plastic behavior and can signifi
cantly influence the mechanical material response [13]. While prior 
nanoindentation work has addressed crystallographic orientations 
[2,10–12,14,15], key aspects such as residual indent morphology are 
often missing or insufficiently resolved. Experimental observations 
remain sparse compared to extensive simulations elucidating underlying 
mechanisms of incipient plasticity via molecular dynamics and discrete 
dislocation dynamics simulations [16–23]. This gap is particularly 
relevant for tungsten, whose non-Schmid behavior challenges the pre
dictive capability of current models.

An early microindentation study examined the (100), (110), (111) 
surfaces of tungsten and reported highest hardness and pile-up on (100) 

[24]. Likewise, Zayachuk et al. found higher pile-up in (100)-oriented 
grains than in (111) with orientation-independent hardness for large 
nanoindents [25]. Regarding smaller tip radii, Yao et al. reported 
highest stress for pop-in on (100) but contrarily no differences in 
hardness [2]. Beake et al. also found higher plasticity initiation stress for 
(100) than for (111) while measuring higher hardness on (111) and 
attributed these observations to a higher surface roughness and dislo
cation density in their (111) sample [14]. The last two studies showed 
surface roughness on the order of a few nm and did not report indent 
appearance. Surface observations revealed strong orientation depen
dence of pile-up morphology [15]. In the past years, studies mostly 
focused on irradiation effects or high-temperature testing using large 
indenters with tip radii of several μm [26–28]. Das et al. performed a 
series of experiments with focus on irradiation effects [10–12] and re
ported little orientation dependence on indent morphology in unirra
diated samples [10].

Here, we present a systematic study of the three primary orientations 
of tungsten. Using Berkovich nanoindentation, for its common use in 
hardness testing, complemented by high-resolution topography map
ping and electron channeling contrast imaging (ECCI), we directly 
correlate mechanical response with underlying deformation mecha
nisms. We reveal orientation-specific effects that are not captured by 

* Corresponding author at: Department of Materials Science and Engineering, Graduate School of Engineering, Kyushu University, 774 Motooka, Nishi-ku, Fukuoka 
819-0395, Japan.

E-mail address: ohmura.takahito@nims.go.jp (T. Ohmura). 

Contents lists available at ScienceDirect

International Journal of Refractory  
Metals and Hard Materials

journal homepage: www.elsevier.com/locate/IJRMHM

https://doi.org/10.1016/j.ijrmhm.2026.107907
Received 20 April 2026; Received in revised form 28 May 2026; Accepted 6 June 2026  

International Journal of Refractory Metals and Hard Materials 140 (2026) 107907 

Available online 14 June 2026 
0263-4368/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

mailto:ohmura.takahito@nims.go.jp
www.sciencedirect.com/science/journal/02634368
https://www.elsevier.com/locate/IJRMHM
https://doi.org/10.1016/j.ijrmhm.2026.107907
https://doi.org/10.1016/j.ijrmhm.2026.107907
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrmhm.2026.107907&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


existing simulations.

2. Materials and methods

The samples studied were three tungsten single crystals with surfaces 
(100), (110) and (111) and a purity of >99.999 wt% provided by Fur
uuchi Chemical Corporation (Japan). Each crystal was grown 

independently via the floating zone method along its respective crys
tallographic orientation. The manufacturer cut the single-crystals me
chanically into discs of 10 mm diameter and 5 mm thickness. The as- 
received tungsten discs were subsequently prepared by the authors. 
Without further annealing, mechanical grinding was done using SiC 
abrasive papers down to grit size of 8 μm followed by polishing with 
diamond suspensions down to 1 μm particle size. Finally, samples were 
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Fig. 1. Surface scans. (a)-(c) Indent maps on the tungsten crystal surfaces (100), (111) and (110). The insets in (b) and (c) show the height profiles along the 
respective black lines. Images (d)-(f) show the respective magnified scans of single indents. The stereographic projections in the top-left corners show the three sides 
of an indent (red lines) relative to the indicated poles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 2. Electron channeling contrast images. Indents on tungsten surfaces (a) (100), (b) (111) and (c) (110). The latter is exposing long dislocation streaks in 〈111〉
directions with Schmid factor zero. The enlarged area shows part of a dislocation streak. (a)-(c) correspond to (d)-(f) in Fig. 1. The red arrows point in the 〈111〉
directions of slip. Solid arrows are parallel to the surface (Schmid factor zero) while dotted arrows include an angle with the surface. Stereographic projections of 
each orientation are provided. Green lines are traces of {110} planes coinciding with groove orientation on the (111) surface. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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electropolished using an ice-cold aqueous solution of 2 wt% NaOH to 
yield surfaces with root mean square roughness of well below 1 nm as 
determined by 10 × 10 μm surface scans.

One hundred nanoindents were performed per sample on a TI950 
TriboIndenter (Bruker, USA) with a loading rate of 1 mN/s up to a peak 
load of 10 mN using a well-worn diamond Berkovich tip. For all indents 
the elastic contact could be approximated by the Hertz theory for a 
spherical contact at the initial stages of the loading curve, therefore an 
effective tip radius was estimated from the Hertzian model [29] to be 
approximately 700 nm. It is important to note that this value is model- 
dependent; while the Hertzian fit strongly supports a spherical-contact 
approximation during the initial elastic loading regime, it does not 
definitively confirm that only the spherical portion of the indenter was 

in contact. To validate this effective radius, independent calibration was 
performed on a pure iron reference sample, which agrees with the 700 
nm estimate (Supplementary Material section I). Moreover, a 5% error 
of estimated radius only manifests as a 3% deviation in computed shear 
stresses – insignificant for present qualitative comparison between 
samples. Indenter tip area function and instrument compliance were 
carefully calibrated with six indentations performed in dynamic con
stant stiffness mode on a fused silica reference sample with contact 
depths ranging from 20 nm to 180 nm following the Oliver–Pharr 
method. Hardness was assessed at contact depth from the peak load and 
the corresponding area determined from a standard polynomial area 
function for the Berkovich geometry (see Supplementary Material sec
tion II). Above 80 nm contact depth the computed hardness values 
remained constant indicating the validity of the area function for deeper 
penetration depth. Indents were observed in the scanning mode of the 
TI950 TriboIndenter.

Electron backscatter diffraction (EBSD) was used to determine the 
crystal orientations in an electron microscope Crossbeam 550 (ZEISS, 
Germany) equipped with an e-FlashHD electron backscatter detector 
(Bruker Nano GmbH, Germany) using a step size of 110 nm, an accel
eration voltage of 20 kV and a beam current of 10 nA. The same voltage 
and current were used for ECCI under a working distance of 5.5 mm.

3. Results and discussion

Indentation resulted in differences in mechanical response and 
particularly in residual imprint appearance. Fig. 1 shows the scanning 
probe microscopy images of the three tested orientations.

While indents on (100) in Fig. 1(a) and (d) show a confined plastic 
zone, (111) surfaces show grooves of up to 5 nm depths and radiating 
out from the indent enclosing exact 120◦ angles (Fig. 1(b) and (e)). 
(110)-oriented samples exhibit long X-shaped streaks that rise 1–2 nm 
above the surface (Fig. 1(c)). ECCI images in Fig. 2 reveal dislocations 
from up to ~100 nm below the surface [30]. While dislocations are 
visible close to the indents for (100) and (111)-oriented samples in Fig. 2
(a) and (b), the streaks of the (110) crystal in Fig. 2(c) extend more than 
ten times the imprint size from the indent. Characteristic dark and bright 
contrast of dots seen in the inset of Fig. 2(c) indicate end-on dislocations 
of opposite dislocation line vector and thus dislocation dipoles. The 
fading contrast between the dipoles and perpendicular to the streaks 
could mean that the streaks are formed by dislocation half-loops. In that 
case, the line orientation perpendicular to the direction of propagation 
would agree with the appearance of punched out half-loops of prismatic 
dislocations [15,31]. We will link these features with crystallographic 
considerations and results from mechanical testing.

Table I compares data from nanoindentation for the three crystal 
orientations. Samples having (111) and (110) surface orientation show 
very close hardness and depth values whereas indenting on the (100) 
surface resulted in the highest hardness and smallest depth. Selected 
load displacement curves from nanoindentation that show values closest 
to the average values are presented in Fig. 3(a).

We did not observe any noticeable difference in pre-existing dislo
cation density and the surface roughness was carefully controlled to 
appear almost identical for all three crystals. Moreover, the data suggest 
that indentation size effects alone are unlikely to explain the full 
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Fig. 3. Nanoindentation results. (a) Representative load displacement curves 
for the tungsten crystal surface orientations (100), (110) and (111). The elastic 
part was fitted with an elastic Hertz contact. (b) Cumulative distribution of 
maximum shear stresses at pop-in τmax for the respective orientations. Each data 
point corresponds to a first pop-in event and solid lines are fits of Gaussian 
distributions to the data points. The inset shows the average values of τmax with 
error bars indicating standard deviations. Note that for the (111) sample only 
pop-ins that occurred within the tested load regime could be considered.

Table 1 
Comparison of data from nanoindentation and EBSD for the three crystal orientations with surfaces close to (100), (111) and (110). Values are presented as mean ±
standard deviation. Euler angles are given in the Bunge convention.

(100) (111) (110)

Hardness [GPa] 5.18 ± 0.07 4.53 ± 0.42 4.66 ± 0.06
Contact depth [nm] 238 ± 2 258 ± 15 253 ± 2
Maximum depth [nm] 258 ± 2 274 ± 14 270 ± 2
Max. Schmid factor for slip system (for uniaxial compression) {110} 〈111〉 0.408 0.272 0.408

{112} 〈111〉 0.471 0.314 0.471
Euler angles of crystal with respect to sample (φ1;ϕ;φ2) 225◦ ; 2◦; 138◦ 359◦; 44◦; 0◦ 128◦; 53◦; 226◦
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hardness difference, while some contribution from depth dependence 
cannot be excluded (see Supplementary Material section II). Accord
ingly, the difference may arise from the inherent deformation charac
teristics of each orientation.

In the following, our results indicate that stress components 
perpendicular to the slip plane play a major role. As these are also not 
captured by considering an indentation Schmid factor, we judge that it is 
sufficient to treat the Schmid factor as a reference and assume uniaxial 
conditions.

The maximum Schmid factor has same magnitude for common BCC 
slip systems for the (100) and (110)-oriented samples and is in any case 
higher than that of (111) (see Table 1). Therefore, the former two are 
expected to be oriented in softer directions. However, as the opposite is 
observed, the reason likely lies in how dislocations nucleate and prop
agate. Slip in tungsten generally takes place on {110} and {112} planes 
in 〈111〉 directions at ambient temperature. Assuming uniaxial 
compression in the direction of loading, the (100) orientation has four 
equivalent directions in which dislocations with 〈111〉 Burgers vector 
can be activated (dotted red arrows in Fig.2(a)), while orientations (111) 
and (110) only have three and two, respectively (dotted red arrows in 
Fig.2(b) and (c)). If dislocations are nucleated in all four directions, they 
might interact and impede each other's mobility and therefore increase 
resistance to deformation and thus hardness. Dislocations around the 
indent on the (100) face appear to be of mixed character without a 
preferred slip mode, resulting in a confined plastic zone, consistent with 
this interpretation.

In all samples plasticity starts with pronounced pop-in, detected here 
as displacement burst of at least 1 nm. On the (111) surface, pop-in 
occurred in 63 indentations; the remaining 37 indentations exhibited 
purely elastic deformation and were systematically excluded from all 
reported statistics. The other two samples showed pop-in at all 
indentations.

Fig. 3(b) shows the cumulative distributions of the corresponding 
maximum shear stresses τmax at pop-in (calculated as in [29]). They 
appear in a reverse trend compared to hardness (inset in Fig. 3(b)), 
suggesting that the factors governing hardness and pop-in are funda
mentally different. Pop-in for (100) and (111) orientations agree with 
the expected Gaussian distributions. In the (100) case, the mentioned 
availability of four 〈111〉 directions coupled with relatively high Schmid 
factors may provide an increased likelihood for a weak spot to be sus
ceptibly oriented within the stressed volume to allow incipient plas
ticity. Consequently, as plasticity initiation is determined 
probabilistically, this could explain the lowest average stresses on the 
(100) surface.

In the (111)-oriented crystal, firstly, resolved shear stresses are ex
pected to only act in three 〈111〉 directions with maximum Schmid 
factor (Fig. 2(b)). Secondly, for these the Schmid factor is lower 
compared to those of the other crystal orientations (Table 1). Because of 
these two reasons, the probability of reaching high stress presumably 
increases, which may result in higher required loads to induce sufficient 
stress locally for pop-in. Loading on the (110) surface can only activate 
two Burgers vectors with nonzero Schmid factor. This is statistically 
disadvantageous for incipient plasticity, thus the probability of reaching 
high stress is expected to increase with respect to (100). Interestingly, 
the upper half of the distribution deviates significantly from a Gaussian 
distribution as pop-ins occur within a tight range of stresses. This points 
to a transition of incipient plasticity from heterogeneous dislocation 
nucleation in the bulk to a different competing mechanism that is acti
vated when the stress condition reaches a certain threshold. This 
mechanism could be linked to a punching out of dislocation half-loops, 
of potentially prismatic character, that move parallel to the surface, in 
directions with Schmid factor zero (solid red arrows in Fig. 2(c)), 
resulting in the observed long streaks. Schmid's law alone cannot ac
count for causing the stresses perpendicular to the compression axis, 
suggesting a contribution from non-Schmid stress components.

Regarding the (111) surface, the two indents with the smallest 

displacement burst and lowest pop-in load also lacked detectable 
grooves (bottom left indent in Fig. 1(b)). Therefore, a certain stress 
threshold at pop-in is apparently required for their formation. The 
grooves are aligned with traces of intercepting {110} planes as marked 
with green lines in the stereographic projection in Fig. 2. No other traces 
align with the observed groove orientations. Accordingly, the grooves 
are expected to be the result of pronounced slip. Interestingly with ECCI, 
no clear dislocation contrast was observed in the grooves up to a tilt of 
50◦ from the backscatter detector (Fig. 2(b)). EBSD with a lateral reso
lution of about 100 nm [32] revealed no change in orientation along the 
groove, in agreement with slip. To the authors' knowledge, such pro
nounced slip lines in nanoindentation have not been reported before. 
Nanoindentation on BCC (111) faces is uncommon for small-scale 
methods like nanoindentation as they do not form stable surfaces, like 
face-centered cubic metals, but instead nanoscopic terraces. This might 
be the reason why this effect has previously been overlooked.

4. Conclusions

Nanoindentation on the principal crystallographic planes of pure 
tungsten single-crystals revealed a strong influence of crystal orientation 
on material response. Incipient plasticity on the (100) surface occurred 
at lowest loads which might be related to the high number of potentially 
activated slip systems. On the surface of the (110)-oriented crystal, 
emission of dislocation streaks was observed for all pop-in events, sug
gesting the influence of non-Schmid behavior. The number of effective 
slip systems is only half that of (100), which might account for the in
crease in pop-in load. Finally, statistically highest resistance to incipient 
plasticity was observed for the (111) surface orientation, where the 
presence of three slip systems with only low Schmid factors could be 
responsible. Pronounced slip during pop-in manifests as grooves on the 
surface. These findings clearly demonstrate that plasticity initiation at 
the small scale is highly sensitive to crystallographic orientation.
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