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ABSTRACT

Mo;Si crystals having crystallographic out-of-plane orientations close to (001),
(011)and (123) were studied by nanoindentation to better understand the hard-
ness anisotropy. The Mo;Si precipitates were grown in a Mo-17.55i-6B alloy and
identified by electron backscatter diffraction. Pronounced material pile-up around
the indents was observed, which causes inaccuracies in the projected contact
area determined using the Oliver-Pharr method of around 30% compared to the
real one. Based on the analysis of scanning electron micrographs, the projected
contact areas and thus the hardness values were determined. To rationalize the
observed pronounced orientation dependence of the hardness of Mo3Si, we sug-
gest an easy-slip-cutting model accounting for the available slip systems as well
as the upward flow of material along the surface of the cube-corner indenter tip.
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Introduction

With high melting points above 2000 °C, Mo-Si-B
alloys show great potential as future high-tempera-
ture materials. Their mechanical properties may even
exceed the properties of single-crystal nickel-based
superalloys and make Mo-5i-B alloys attractive candi-
dates as turbine blade materials [1]. The Mo-Si-B alloys
within the Berczik triangle [2], which consists of the
molybdenum solid solution (Mo) and two interme-
tallic phases, i.e., M0;5i and MosSiB,, attract the most
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attention because they combine the good fracture
toughness of Mo, the high creep resistance of Mo;5i
and MosSiB, and the good oxidation behavior due to
the formation of a protective borosilicate layer on the
alloy surface [3-7].

The Moy,-Mo035i-MosSiB, near-eutectic direction-
ally solidified alloys have outstanding creep resist-
ance [8-10]. Recently, the preferential growth of (001)
Moy, // (001) MosSi // (100) MosSiB, along the solidi-
fication direction has been reported [11, 12]. Therefore,
considering the low fracture toughness and ductility of
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the Mo-Si-B alloys at room temperature [1], the inves-
tigation of the orientation-dependent plastic deforma-
tion behavior of Mo, M0;5i and MosSiB, phases at
room temperature is of great interest.

Mo has a body-centered cubic (bcc) crystal struc-
ture. Due to the non-planar atomic core of screw dis-
locations in a bec crystal structure [13-16], the orien-
tation-dependent plastic deformation behavior of Mo
at room temperature can be influenced by the tension-
compression asymmetry, strain rate and occurrence of
anomalous slip [17-20].

MosSiB, phase shows a narrow solubility range
around the MosSiB, stoichiometry [21] and has a
body-centered tetragonal crystal structure D8, [22].
In the unit cell of MosSiB,, there are 20 Mo, 4 Si and
8 B atoms. After the investigation on the orientation-
dependent plastic deformation behavior of MosSiB,
at room temperature by performing micropillar
compression tests, the critical resolved shear stress
was determined for the observed slip systems, i.e.,
(001)(100),{110}{110)and {01 1}(111)[23].

Mo3Si has a narrow solubility range of
23.5-24 at.% Si [24] and exhibits the A15 crystal struc-
ture [25]. In the unit cell of the Mo;Si crystal, the posi-
tions of the Si atoms are at the cubic corners and the
center, while a Mo—Mo chain can be found on each
cubic plane. Mo-Mo chains lie along (010) direc-
tions and are orthogonal to one another [26]. The lat-
tice parameter of Mo;5i is 4.897 A, and the shortest
Mo-Mo distance is 2.449 A corresponding to nearly
half of the lattice parameter [27].

Regarding the orientation-dependent plastic defor-
mation behavior of Mo;Si at room temperature, the
hardness of Mo3Si single crystals, which was meas-
ured by using a Berkovich tip with the maximum
load of 20 mN, in (1 00), 22.5 + 0.5 GPa, is almost same
as that in (110), 22.0 + 0.7 GPa, but 8 % higher than
that in (111) [28]. This range of hardness agrees well
with the hardness of a Mo;5i nanocrystalline coating,
23.0 + 0.5 GPa, which was measured by using a Berko-
vich tip with the same maximum load (20 mN) [29].
However, it is not consistent with the hardness meas-
ured by using a Vickers indenter with the maximum
load of 5 N, where a lower range of hardness and a dif-
ferent hardness anisotropy were observed, i.e., hard-
ness in (100), 14.5+0.1GPa, is 2 % and 5 % higher
than in (111) and (110), respectively [30]. It could be
due to the crack effect at the maximum load of 5 N.
The orientation-dependent plastic deformation behav-
ior of the Mo35Si phase, which is the phase with the
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highest volume fraction in the Mog-Mo35i-Mo5SiB,
near-eutectic alloys [10, 31], is the focus of the present
work.

Knowledge of the slip systems of Mo3Si helps to
understand its orientation-dependent plastic defor-
mation behavior. Based on transmission electron
microscopy (TEM), the {100}(010) slip systems were
reported for Mo3Si in a Mo3Si-Mo5Siz-Mo5sSiB, sam-
ple after 5 % deformation in the temperature range
1240 °C to 1320 °C [32]. The {100}(010) slip systems
were confirmed in an undeformed as-cast Mo;Si-Mos
Siz alloy [26]. Because of the strong bonding along the
Mo-Mo chain, slip along the direction of the chain,
i.e., along {100}(001), is more difficult than the slip
along the direction perpendicular to the chain, i.e.,
{100}(010) [26]. Furthermore, slip along (110) and
(111)directions would break the Mo-Mo chains. Thus,
{100}(010) slip systems are the easiest in Mo;Si at
room temperature [26]. At 1325 °C, not only {001}
but also {012} slip planes were reported [33] based
on a slip trace analysis of hot compressed Mo;Si sin-
gle crystals. Assuming that the plastic deformation
of Mo;Si obeys Schmid’s law at 1325 °C and the dif-
ference between the critical shear stresses of different
slip systems is small, the hot compression of Mo;5i
single crystals along (111) and (110) revealed criti-
cal shear stresses of the {100}(010) and {012}(100)
slip systems with the initial compressive strain rate of
1073571 at 1325 °C of 365 MPa and 358 MPa, respec-
tively, which are almost the identical [33].

In this work, we studied the orientation-depend-
ent hardness of the Mo;Si phase in a Mo-Si-B alloy at
room temperature by nanoindentation with a cube-
corner tip. Different grain orientations were identi-
fied by electron backscatter diffraction and indented
inside a scanning electron microscope facilitating
precise positioning of the indents. The experimentally
determined orientation-dependent hardness will be
discussed employing an easy-slip-cutting model with
active slip systems identified using Schmid’s law.

Experimental details

A 15 g button of the alloy Mo-17.55i-6B (composition
given in at.%) was produced by conventional arc-
melting under Ar atmosphere using pure Mo (99.95
wt%), 51 (99.999 wt%) and B (99.5 wt%) chips or flakes.
To achieve good homogeneity, the button was flipped
and re-melted five times. Its chemical composition
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was confirmed by inductively coupled plasma optical
emission spectroscopy (ICP-OES, iCAP 7600, Thermo
Fisher Scientific, USA). Subsequently, a piece of the
sample was cut from the button and prepared for elec-
tron backscatter diffraction (EBSD) and nanoindenta-
tion. After grinding to 2000 grit, the specimen was
polished with 15 pm, 6 pm, 3 pm and 1 pm diamond
suspensions and finished with 50 nm amorphous col-
loidal silica suspension.

EBSD (NordlysNano, Oxford Instruments, UK)
integrated into a Zeiss Merlin scanning electron micro-
scope (SEM, Zeiss Microscopy, Oberkochen, Germany)
was performed with a scan step smaller than 0.65 pm
to characterize the crystallographic orientation of the
grains in the Mo-S5i-B specimen. From the six different

Figure 1 EBSD band
contrast images showing the
Mo, Si phase. The crystal
orientations close toa (00 1),
b(011),and c(123)are
marked in red, green, and
blue, respectively. Other
orientations of Mo;Si are
shown in white. The scan
steps used in (a), (b) and

(c) are 0.64 pm, 0.53 pm
and 0.37 pm, respectively. d

Inverse pole figure showing
the three crystal orientations
selected.

mapping areas (spanning a region of 0.318 mm?) that
were scanned by EBSD, three crystallographic ori-
entations of the Mo;Si phase, which have the largest
misorientations between each other, were selected for
testing (Fig. 1). In the further discussion, we will refer
to the nominal crystallographic planes identified. The
misorientations between the nominal and measured
crystallographic planes are summarized in Table 1.
Nanoindentation experiments were conducted
using a Hysitron PI 88 SEM Picolndenter (Bruker,
USA) equipped with a diamond cube-corner tip inte-
grated into a Zeiss Merlin SEM (Zeiss Microscopy,
Oberkochen, Germany). A preload of 0.1 mN was
applied to establish contact between tip and sample.
Then, the sample was loaded at a constant indentation

Table 1 Misorientations
between the nominal
crystallographic orientations

Nominal planes Nominal orientations

Measured orientations Misorientations Number of
indents performed

and the measured ones based (hkD) (9. 9.0, (@,.D.0,) [deg] to5mN to 8 mN
on ﬂLe Euie_r anies ans the . ©on (31°,0°,54.1°) (31°,119°,541° 119 17 6
number of INCENs perioriie ©11) (265°,45°,0°) (265°,41.1°,7.1°) 62 25 10
in each measured orientation

(123) (66.6 °,36.7°,26.6°) (66.6°,41.8°,299° 5.5 36 12
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strain rate of 0.05 s~! to the maximum load. Indents to
maximum loads of 5 mN and 8 mN were performed,
and numbers of the indents are listed in Table 1. The
two loads were selected to check the influence of an
indentation size effect [34]. As reported by Swadener
et al. [28], the hardness of Mo35i crystals determined
using a Berkovich tip did not show an indentation size
effect for depths > 40 nm and was almost constant after
an initial pop-in. After holding the maximum load for
5 s, the tip was unloaded within 30 s.

The hardness H,,, was determined based on the
evaluation of the projected contact area from SEM
micrographs using Eq. (1), where P, is the maxi-
mum load and A, is the real projected contact area.
Since we needed to exclude inaccuracies in the hard-
ness values due to pile-up or sink-in effects, we did
not apply the well-known Oliver-Pharr method [35],
but analyzed the micrographs of the residual indents
and determined the contact areas using the GNU
Image Manipulation Program (GIMP) as exempli-
fied in Fig. 2. SEM micrographs were shown to be

Figure 2 The contact area
was determined based on
SEM analysis of the indented
regions: a the indents exhib-
ited significant pile-up result-
ing in b large differences
between the real contact area
(blue lines) and the ideal one
(green lines). ¢ Schematic
illustration of the real and
ideal projected area with
pile-up. The real contact area
was approximated by the blue
lines along the curved edges
of the indents as exemplified
in (b).
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very effective in determining the projected contact
area of indents and, subsequently, the hardness of
materials [35—40].

To estimate the pile-up effect on the hardness, we
also determined the hardness H;4, defined in Eq. (2),
where A;g., is the ideal projected area of the residual

indent (Fig. 2c). The hardness ratio Fpj._,, defined in
Eq. (3) then reflects the pile-up effect.

Hieal =% )
Higeal =% @)
Fpooap = 8eal e ©

ideal
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Figure 3 Typical SEM
micrographs of indents into
Mo, Si grains with out-of-
plane orientations close to
(001),(011),and(123).
Indentation experiments to
two maximum loads of 5 mN
and 8 mN were conducted.
The material pile-up around
the indents appears less
pronounced close to (00 1)
for both maximum loads
compared to the other two
directions.

Results

Indentation with the cube-corner tip caused a signifi-
cant pile-up in each of the three crystal orientations
investigated (Fig. 3). The hardness H,,, quite clearly
shows anisotropic behavior for the maximum load
of 5 mN with the highest value close to (001) and
decreases by 10 % and 20 % for the orientations close
to (011) and (123), respectively (Fig. 4). For 8 mN
maximum load, the real hardness close to (001) is
the same compared to the lower load, while close
to (011) and (123) the hardness values are higher
by 5 % and 9 %, respectively (Fig. 4). For both maxi-
mum loads, the material pile-up around the indents
appeared more pronounced for the orientations close
to (011) and (123) than close to (001). However,
the effect of the material pile-up evaluated for the
indents to 5 mN shows almost no anisotropy, while
the pile-up effect for the 8 mN indents is clearly ani-
sotropic (Fig. 4) with an increase of 8 % and 11 % for
(011) and (123), respectively, relative to (001).

Discussion

To rationalize the dependence of the hardness of WC
and ZrB, on the crystallographic orientation, an easy-
slip model [41, 42] was suggested assuming the acti-
vation of slip systems according to Schmid’s law. The
easy-slip model was based on the assumption that the
plastic stress field around a Berkovich tip is compres-
sive stress perpendicular to the surface of a conical tip

close to (001) 500 nm

close to (011) 500 nm || close to (123) 500 nm

with the same included half-angle as the axis-to-face
angle of a Berkovich tip. This model has been applied
to rationalize the orientation-dependent hardness of
many hexagonal crystals [41-45], but its application
on a cubic crystal has not yet been reported. In the fol-
lowing, we will discuss the observed hardness anisot-
ropy of Mo;Si based on an extended easy-slip model.

I Pr.x =5 mN
BEZA Prax = 8 mN

= = N
o w o
T T T

Hardness, Hrea [GPa]
wv

o

e
N

Fpile—up [-]
o
=

e
<)

(001)
Crystallographic planes (close to)

(011) (123)

Figure 4 Hardness value H,,; (see the top chart) and the effect
of material pile-up (see the bottom chart) for the three orienta-
tions close to (001), (011) and (123). The hardness exhibits
anisotropic behavior at both 5 mN and 8 mN, while the pile-up
effect reveals clear anisotropic behavior only at the maximum
load of 8 mN.
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The easy-slip model, however, does not consider the
formation of a pile-up around the indent as seen in
this study, i.e., the situation of material flow upward
along the surface of an indenter tip. Such mate-
rial flow, though, plays an important role in plastic
deformation according to the cutting mechanism [46].
Here, we propose an extension of the easy-slip model
to describe the hardness dependence on the crystal-
lographic orientations, which we will describe below.
The suggested easy-slip-cutting model can account
for the significant material pile-up around indents
observed in Mo;Si.

Easy-slip-cutting model

We base our suggested easy-slip-cutting model on
three assumptions: (i) The plastic stress field around
a cube-corner tip can be reduced to plane stress, where
the maximum shear stress 77 | is oriented parallel to
the surface of the tip (Fig. 5a). The stress is distributed
homogeneously around a conical tip with the included
half-angle of 35.3 °, which is the axis-to-face angle of a
cube-corner tip. The corresponding plane stress state
is shown at the angle w between the x-axis and the

Figure 5 Schematic illustra- ()
tion of the main assumption

of the suggested easy-
slip-cutting model: a the
maximum shear stress 7,
is oriented parallel to the sur-
face of the tip; b plane stress
state in the material indented
by a cube-corner tip; ¢ trans-
formation of the plane stress
state using Mohr’s circle; d
transformed deviatoric com-
pressive plane stress state.

projected direction of ¢ on the x-y-plane (Fig. 5b). (ii)
The plastic deformation around the indent is caused
by the slip of dislocations, which distribute homoge-
neously on each slip plane. The slip of dislocations is
activated when the maximum resolved shear stress of
a certain slip system reaches the critical resolved shear
stress, which is invariable for the same kind of slip sys-
tem. (iii) Twelve slip systems (Table 2) are considered
as potential slip systems for Mo3Si at room tempera-
ture, based on the TEM observation of dislocations
in MosSi [26]. Note that assumptions (ii) and (iii) are
identical to the ones made in the easy-slip model [41].

According to Hill et al. [47], |67 |, which is the hydro-
static compressive stress, has a linear relation with the
maximum shear stress |T§nax,a>| as reflected in Eq. (4). To
simplify the calculation, the stress state is transformed
to the principal stress state by anticlockwise rotation
of the original stress state by 45 ° using Mohr’s circle
as illustrated in Fig. 5c. From this principal stress state,
the deviatoric compressive stress state in Fig. 5d can be
obtained by eliminating the hydrostatic stress, which
does not contribute to plastic deformation.

(b)

(d)
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Table 2 Potential slip . . . .
. i n, v, i n, v; i n; v, i n, v,
systems of Mo,Si at room
temperature [26] 1 (100) ([010] 2 (100) [010] 3 (100) [010] 4 (100) [010]
5 (010) [001] 6 010) [001] 7 010y [0011 8 010) [00T1]
9 (001) [100] 10 (01 [100] 11 (©oI) [100] 12 01) [100]

A slip system is described in terms of slip plane n; and slip direction v;, which are given in the form

of Miller indices

*

* —_—
|6w| - klrmax,w

(4)

Regardless of the unknown values of k and |T:nax,w|
in Eq. (4), the hardness ratio in different orientations
can be calculated as follows. The hardness is calculated
based on Eq. (5), where 6* is the average hydrostatic
stress perpendicular to the surface of the indenter tip.
The ratio of the projected area A and the contact area
between the indenter tip and material A. depends
mainly on the geometry of the indenter tip; thus, A/A,
in Eq. (5) is constant. For a certain crystallographic
orientation, the maximum resolved shear stress| 7,y ,|
is a function of . |7,y ,| for a given @ can be calcu-
lated by selecting the maximum Schmid factor among
all potential slip systems using Eq. (6), where « and
p are the angles between the slip direction, the slip
plane normal and the direction of the deviatoric stress.
|6 | can be calculated in Eq. (7), which is derived by
substituting Eq. (4) into Eq. (6). Applying assumption
(ii), the maximum resolved shear stress|z,, .| can be
replaced by the critical resolved shear stress 7.4 in
Eq. (8) when dislocation slip is activated. Then, ¢* can
be obtained through integration over the maximum
Schmid factor around the indenter tip using Eq. (9).
Finally, the hardness ratio between two different ori-
entations can be determined in Eq. (10).

P _o"A
H=== i
P_o (5)
[T max.l =f (@) = max[(cos a cos f); ,1(lo. | — |6, |)
=2max(mi,w) I T:nax,w |

o | = Tmaxel 7

@' 2max(m; ,)k v

T

CI'SS

Tmaxo| =Tass = 10,] = 2max(m; ., )k
i,w

* TCI‘SS

_E 2r
zJ0

max(m; ,,)do

H < f02” max(rm,a,)(:la))2

Hy <f02” max(ml-lw)da)>1

(10)

Model evaluation

As a first step, we applied the easy-slip model [41-43]
assuming a Berkovich tip and considering the slip sys-
tems of Mo;Si (Table 2). In agreement with the experi-
mental findings of Swadener et al. [28], the easy-slip
model predicts a hardness anisotropy, while the hard-
ness decrease for the (011) and (111) crystallographic
planes would be higher than observed experimentally
(Fig. 6a), where the measured relative hardness val-
ues were not corrected for the pile-up effect [28]. Fur-
thermore, we applied the easy-slip model assuming
a cube-corner tip. However, the easy-slip model fails
to predict the hardness anisotropy measured in this
work (Fig. 6b).

The comparison of the data with the easy-slip-cut-
ting model is presented in Fig. 7a and shows good
agreement with the change in hardness for the dif-
ferent crystal orientations and both maximum loads
of 5 mN and 8 mN. The differences in the hardness
at the two different loads could be related to the sur-
rounding material; since we indented Mo3Si grains
embedded in a harder matrix, i.e., Mo,-Mo03S5i-Mos5iB,
eutectics [48] and Mo3Si-MosSiB, eutectics [48] (Fig. 8),
there might be a more pronounced contribution of the
surrounding material to the hardness of the higher-
load indents. However, the use of a cube-corner tip
may have a larger effect since the friction between tip
and indented material cannot be neglected [49]. Fric-
tion would increase when the contact area between
indenter face and material increases and would also
affect the pile-up forming around an indent [49]. In

@ Springer
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Figure 6 a Comparison of the relative hardness change for
(001),(011)and (11 1)crystals based on the experimental hard-
ness reported by Swadener et al. [28] using the Berkovich tip
and the relative hardness calculated applying the easy-slip model
assuming a Berkovich tip [41-43]. b Comparison of the relative
hardness measured in this work and that calculated by applying
the easy-slip model [41-43] assuming a cube-corner tip.

addition, tip rounding will influence the formation of
the plastic zone and has a stronger effect at smaller
depths. Furthermore, in the (001) grains, we often
observed small cracks for both maximum loads (left
panel in Fig. 3), which very likely reduce the hard-
ness values and mask the hardness differences seen
for the other grain orientations. The application of the
easy-slip-cutting model with the slip systems of Mo;5i
listed in Table 2 is thus promising, and the hardness
anisotropy close to (001), (011) and (123) crystallo-
graphic planes can be further rationalized by the dis-
tribution of the Schmid factor. According to Table 2,
seven slip systems will be activated (listed with index

@ Springer

i=1,2,3,4,5,7, 10) close to (001), six slip systems (i
=1,3,6,7,9,10) close to (011), and seven (i=1, 2, 3,
6, 7, 10, 11) close to (123) (Fig. 7b—d). Although the
number of activated slip systems for the orientations
close to (001),(011)and (123)is comparable, the dis-
tribution of the Schmid factor (vs. the rotation angle
w) close to (12 3) appears more continuous (Fig. 7d),
while rather significant minima for the Schmid factor
can be observed for the two other crystal orientations,
i.e., closeto (001)and (011). Thus, the hardness close
to the (12 3) orientation is expected to be the lowest as
also observed experimentally. For the crystal orienta-
tion close to (001), the main activated slip systems
(1-4) have the same or opposite slip plane and slip
direction, which results in two pronounced valleys
or minima in the Schmid factor graph (Fig. 7b). By
contrast, in the distribution of the Schmid factor for
the orientation close to (011), one deep valley located
between the slip systems 1 and 9 can be seen (Fig. 7c).
Therefore, the hardness of the orientation close to
(001) should be higher than the one close to (011).
The easy-slip-cutting model predicts the orientation
dependence of the hardness of Mo3Si using a cube-
corner tip for the different crystallographic orienta-
tions (Fig. 9). The crystallographic plane family {001}
has the highest hardness, while the family of the {111}
planes has the lowest one. As shown in the inverse
pole figure of the relative hardness (Fig. 9), the hard-
ness decreases gradually from the corners at {001} to
the cornersat{111}and {011}

Summary

The hardness of Mo;Si, close to crystallographic planes
(001),(011)and (123), was investigated by nanoinden-
tation using a cube-corner tip at room temperature. Due
to the piled-up material observed around the indents,
the hardness was determined based on the evaluation of
the projected contact area imaged by SEM. Our findings
can be rationalized by applying the easy-slip-cutting
model, which is based on the easy-slip model and takes
the material pile-up into account, which is caused by
the deformation along the surface of the indenter tip
and the anisotropy of the potential slip systems of Mo;Si
at room temperature. Our findings are summarized as
follows:

1. The experimentally determined hardness values at
the maximum loads of 5 mN and 8 mN reveal an



J Mater Sci (2024) 59:277-288 285

Figure 7 a Comparison of
experimentally determined
hardness anisotropy and

the anisotropy based on the
easy-slip-cutting model for

the three orientations studied.

A good agreement between

. . — 0.2
experimental and predicted 0.85
values can be seen. b—d Dis- 01
tributions of the Schmid 050 00 N7 AR
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factor of the potential slip Crystallographic planes (close to) Rotation angle, w [deg]
systems (Table 2) around the
: (9 (d)
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slip-cutting model (close coseto
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(d) (12 3)). The dashed black
lines designate the maximum
Schmid factor at every w.
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Figure 8 Microstructure (EBSD phase mapping with a scan step of 0.225 pm) of the alloy Mo-17.5Si-6B. The shaded area in the left
figure is shown magnified in the right figure. Mo, Si grains are almost surrounded by the binary and ternary eutectics.

orientation dependence, with the hardness close

3. Based on the easy-slip-cutting model, we evaluated

to (011) being lower than that close to (001) but
higher than the hardness close to (12 3).

The hardness values calculated using the easy-
slip-cutting model show good agreement with the
experimental results. The hardness anisotropy
can thus be explained by the distribution of the
Schmid factor of the potential slip systems around
the indenter tip.

the hardness anisotropy of MosSi in all crystallo-
graphic planes and showed that the hardness of
Mo;Si is highest in {001}, while the lowest value
is expected in {111}.

@ Springer
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Figure 9 Inverse pole figure of the hardness variation of Mo;Si
with the crystallographic out-of-plane orientations of the Mo;Si
crystals indented in this work (cross symbol). The hardness ani-
sotropy was calculated based on the easy-slip-cutting model
assuming a cube-corner tip.
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