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A B S T R A C T   

Molybdenum has numerous advantageous functional and high-temperature properties. However, plastic defor-
mation as well as structural applications are limited due to a propensity for brittle, intercrystalline failure, 
especially at low temperatures. It is well known that oxygen segregations have a detrimental effect, whereas it is 
assessed that carbon and/or boron have a beneficial effect on grain boundary cohesion. An advanced approach 
for the improvement of these interfaces is segregation engineering, e.g. the addition of cohesion enhancing el-
ements segregating to the grain boundaries. To investigate early stages of crack formation, three-point bending 
tests on recrystallized commercially pure and boron micro-doped molybdenum were conducted between − 28 ◦C 
and room temperature. The tensile-loaded top surface of the specimens was examined post-mortem close to the 
final fracture area via scanning electron microscopy. The occurring separations of grains are investigated for 
distinct features and the chemical composition of the interface is complementary measured by atom probe 
tomography.   

1. Introduction 

The demand for high-performance materials with a combination of 
functional and structural properties is ever increasing. The refractory 
metal Mo offers a unique set of properties due to its high melting point, 
its mechanical strength up to elevated temperatures as well as its high 
thermal and electrical conductivity in combination with a low thermal 
expansion coefficient. The broad field of applications include medical, 
lighting and electronic technologies [1]. However, there is depending on 
the processing state one limitation for structural applications of tech-
nically pure Mo, which is a low deformability at room temperature (RT). 
Especially in the recrystallized state, Mo is prone to fail in an inter-
granular manner. Beside the high brittle-to-ductile transition tempera-
ture, the inherently weak grain boundaries (GBs) [2–4] and detrimental 
segregations, e.g. O, present at these boundaries are the cause of this 
behavior [5–7]. Nevertheless, there are other elements such as C and/or 
B which are assessed to have a beneficial effect on interface cohesion 
[8–10]. These elements can therefore be used to tailor the strength of the 
interfaces by deliberately introducing doping elements, an approach 

known as segregation engineering [11,12]. 
The obvious defect initiation sites in single-phase materials are the 

GBs [13]. At these interfaces dislocation movement is generally impeded 
and consequently local strains increase [14–17]. If a geometry change 
on this local scale cannot be accommodated, voids or micro-cracks 
nucleate and de-cohesion of the material occurs [18]. To examine the 
damage nucleation, instable crack propagation should be avoided. 
Testing in bending configuration offers the possibility to load the sample 
with a stress and strain gradient over the sample thickness. Therefore, 
crack initiation should start at the highest loaded extreme fibre and the 
driving force for crack propagation should be reduced [19]. In this 
study, three-point-bending experiments were carried out on samples 
made from technically pure and B micro-doped Mo to elucidate the onset 
of fracture after plastic deformation. 

2. Materials and methods 

The samples were powder-metallurgically produced by Plansee SE 
(Reutte, Austria) and rolled to different thicknesses, labelled as plate and 
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sheet. One material is technically pure Mo, the other has B as a dopant, 
added in small amounts as described in [20]. The concentrations of 
important accompanying elements in the recrystallized specimens are 
summarized in Table 1. The variation and differences of impurities are 
within expected ranges. 

Samples with dimensions of 12 × 4 × 1 mm3 were cut and one 
surface was ground and polished with SiC abrasive paper and 3 μm 
diamond suspension. Afterwards, a final electro-polishing step for 70 s 
with 25 V in 12.5 vol.-% H2SO4 in ethanol removed the deformation 
layer. Three-point-bending experiments were conducted between RT 

and − 28 ◦C on a Kammrath and Weiß GmbH (Dortmund, Germany) 
bending module in a cooling chamber. The deformation velocity was set 
to 5 μm/s and the sample was loaded until failure or a maximum 
displacement of 3000 μm, corresponding to a bending angle of about 
90◦. 

Electron backscatter diffraction (EBSD) as well as atom probe to-
mography (APT) tip preparation were carried out using a FEI 3D Dual-
Beam workstation (Thermo Fisher Scientific, Waltham, USA) equipped 
with an EDAX Hikari XP EBSD system (AMETEK Materials Analysis 
Division, Mahwah, USA). A Tescan CLARA field-emission scanning 
electron microscope (SEM) (TESCAN ORSAY HOLDINGS, a.s., Brno, 
Czech Republic) was used to capture micrographs of the tensile-loaded 
sample surface. The APT tips were prepared by the lift-out technique 
as described in [21] and measured on a CAMECA LEAP 3000X HR 
(AMATEK Materials Analysis Division). Measurement parameters were a 
laser energy of 0.6 nJ at 250 kHz, 60 K temperature, and a target 
evaporation of 0.5%. The software IVAS 3.6.14 was used for the 
reconstruction and analysis of APT data. 

3. Results 

The two material variants were subjected to the same rolling 

Table 1 
Concentrations of accompanying elements in technically pure Mo sheet and B 
micro-doped Mo plate; # concentration in the sintered ingot (pre-material for 
sheet and plate). Concentrations determined via: * inductively coupled plasma - 
optical emission spectrometry, ** combustion analyses, *** carrier-gas analyses.  

Element Pure Mo [μg/g] B-doped Mo [μg/g] 

B* < 5 10 
C** 5 12 
O*** 20 9 
N*** < 5 < 5 
P* < 10 < 10#  

Fig. 1. Inverse pole figure maps of (a) pure Mo sheet and (b) B-doped Mo plate material with grain sizes calculated as equivalent diameters. The loading direction 
during bending experiments is in the horizontal direction (see text). RD…rolling direction, TD…transverse direction and ND…normal direction. 

Fig. 2. a) Endured displacement as a function of temperature during bending for the two material variants. Samples indicated by circles were chosen for crack length 
analysis; b) proportion of intergranular cracks in relation to the overall GB length as a function of displacement until failure. 
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procedure and the microstructures were analyzed by EBSD. A thourough 
investigation of microstructure and texture is documented in [22]. The 
grain sizes of pure Mo sheet (35 +/− 16 μm) and B-doped Mo plate (39 
+/− 14 μm) are almost identical as can be seen in Fig. 1. Therefore these 
two sample variants were compared. The normal direction is most prone 
to separations and hence was chosen as the loading direction for samples 
from plate material. Due to the thinner specimens in case of sheet ma-
terial, these samples were loaded in the transverse direction. 

Three-point-bending test were carried out between − 28 ◦C and RT 
until catastrophic failure of the sample or a significant load drop was 
evident during the experiment. Fig. 2a displays the displacement of each 
specimen as a function of test temperature. The shaded area indicates 
the scatter of different samples of one material variant. Pure Mo sheet 
material clearly displays the brittle-to-ductile transition, whereas B- 
doped Mo plate samples show larger variance, even at the lowest tem-
perature of − 28 ◦C. The circular markings indicate samples chosen for 
SEM analysis. The tensile-loaded surface near the final fracture plane 
was imaged post-mortem in backscattered electron contrast. The length 
of cracks was measured with the image processing software ImageJ [23] 
and put into relation to the overall GB length of the investigated area 
(for more detail see [22]). The calculated relative proportions of 

intergranular cracks are displayed in Fig. 2b. Samples from pure Mo 
sheet show the expected trend of higher relative crack length in accor-
dance with increasing endured deformation before final fracture. The 
sample, which failed after 2687 μm bending displacement, recorded 
15.4% separated GBs. The B-doped Mo plate specimens display the same 
trend of higher proportion of intergranular cracks with greater defor-
mation up to a maximum of 5.1% of open GBs. However, the two B- 
doped samples with the highest displacement until failure were unloa-
ded after a significant load drop in the test record. This is indicative of 
significant crack propagation in the microstructure without immediate 
fracture of the whole sample. 

Beside the investigation of intercrystalline separations, the length of 
transcrystalline fracture was also recorded. Fig. 3 shows the amount of 
transgranular cracks in relation to the GB length. The B-doped samples 
show comparatively higher amount of transgranular separations 
compared to pure Mo. The two samples loaded to 2330 μm and 2150 μm 
(cross-hatched bars in Fig. 3) were unloaded after a significant load drop 
and do not show extensive transcrystalline separations. The samples 
with catastrophic failure are grouped according to the test temperature. 
The amount of transgranular cracks is on average 1.6% for samples 
tested at − 20 ◦C compared to 0.8% at 0 ◦C. Between the pure Mo sheet 
samples, the amount of transgranular cracks are higher with increasing 
deformation up to 0.33%. The sample tested at 2 ◦C is shown as hatched 
bar in Fig. 3 and displays lower transgranular separations. 

In order to evaluate the presence of segregations at the GB, APT 
measurements were conducted on both pure and B-doped Mo. Fig. 4a 
displays the reconstruction of one successful measurement of doped 
material with B and Mo atoms visible. The displayed region of interest 
was used for the calculation of the 1D-concentration profiles shown in 
Fig. 4b. The interfacial excess values can be calculated with the use of 
ladder-diagrams as demostrated in [24,25]. The B-doped material ex-
hibits increased segregation of B and C (>2 atoms/nm2), whereas the 
highest interfacial excess value in pure Mo is P with 0.35 atoms/nm2 

accompanied by other expected impurities for technically pure Mo [5]. 

4. Discussion 

During bending the loading above the elastic limit results in the 
activation of dislocation sources within the grains and at the GBs. With 
increasing deformation the dislocations are pushed towards the gener-
ally impenetrable GBs [15,26]. If the resulting stress of the accumulated 
dislocations exceeds the cohesive strength of the GB before additional 
deformation in the neighboring grain is enabled, the boundary separates 
resulting in a GB crack [18,27,28]. After initiation, the crack follows the 
path of least resistance as long as enough driving force is provided. The 

Fig. 3. The amount of transcrystalline cracks in proportion to the GB length is 
displayed for the analyzed samples. Cross-hatched bars indicate the two sam-
ples, which were unloaded after a significant load drop during bending. 

Fig. 4. a) Reconstruction of a GB from B-doped material measured by APT. Only Mo and B atoms are shown; b) 1D-concentration profile of the region of interest 
shown in (a). For more details see text. 
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test arrangement in bending mode results in a stress and strain gradient 
within the samples. Therefore, several GBs separate at the tensile-loaded 
extreme fibre without immediate fracture of the whole sample. Only 
when one of these cracks reach a critical size, the bending sample fails in 
catastrophic manner. It is noteworthy that the final fracture plane is 
intercrystalline for pure Mo and transcrystalline in the case of B-doped 
material. This is consistent with experiments of doped sintered parts as 
shown in [12]. Nevertheless, the presence of intercrystalline separations 
in both material variants is proof that the damage initiation happens at 
the GBs. Only further crack propagation favors different paths for the 
two materials. 

After bending, the tensile-loaded top surface of the samples were 
investigated by SEM micrographs. The separations of GBs near the final 
fracture plane give an indication of how readily damage nucleates for 
the two sample material variants. The length of open GBs in regard to 
the overall GB length of the investigated surface area gives, therefore, a 
comparable and quantitative measure of the propensity to GB failure. 
Both variants show the expected trend towards higher amount of sepa-
rated GBs with greater bending displacement. However, the values for B- 
doped material are widely reduced. The proportions of transgranular 
separations also show distinct differences between the material variants. 
B-doped material experiences a higher amount of transgranular sepa-
rations than pure Mo. The two samples loaded to the highest bending 
displacements suffered a significant load drop during the experiment. 
This corresponds to a notable crack extension and the samples were 
unloaded afterwards. As a consequence, the amount of GB cracks at the 
surface of the extreme fibre might be underestimated. The small amount 
of transcrystalline cracks in these two samples, however, indicate that 
the majority of transgranular separations appear at the moment of final 
catastrophic failure due to additional deformation during the propaga-
tion of the final crack. At the lower temperature of − 20 ◦C more sepa-
rations through the grains are present compared to samples tested at 
0 ◦C. This might be caused by a reduced possibility to accommodate the 
pile up of dislocations at lower temperatures. 

Since the two investigated material variants, pure Mo sheet and B- 
doped plate, have a comparable microstructure, the differences in 
fracture behavior predominately stem from the segregations at the GBs. 
Mo has intrinsically weak GBs as shown for example in atomistic sim-
ulations [4]. However, the presence of segregations play a crucial role. O 
has a detrimental effect and further weakens the interface [6]. On the 
contrary, B and also C are shown to improve cohesion [9,10,29]. Beside 
the already reported effect of change in fracture mode, our experiments 
show that also damage initiation is affected in a beneficial way. Due to 
the doping of B into technically pure Mo, the presence of GB separations 
is drastically reduced, as can be seen in Fig. 2b. The amount of GB cracks 
in relation to the overall GB length for the B-doped material is reduced to 
one third of pure Mo. 

5. Conclusions 

In this study, bending tests have been performed to initiate GB failure 
on the tensile-loaded surface of technically pure and B micro-doped Mo 
samples. The length of separations is recorded from SEM micrographs 
and put into relation to the overall GB length. This value gives a com-
parable and quantitative value for the propensity to intercrystalline 
damage nucleation. The proportion of relative GB crack length is higher 
the more bending deformation is endured. The presence of cohesion 
enhancing dopant elements like B reduces the separated GB length to 
one third compared to technically pure Mo. Transgranular separations 
are most prominent in B-doped material which fractured in catastrophic 
manner. On samples, which were unloaded after a significant load drop, 
only limited transgranular cracks are observed. This suggests that these 
transcrystalline cracks only appear during final fracture. 
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