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Intermetallic y-TiAl-based alloys are commonly used as structural materials for components in high-temperature
applications, although they generally suffer from a lack of ductility and crack resistance at ambient temperatures.
Within this study, the process-adapted 4th generation TNM™ alloy, exhibiting a fully lamellar microstructure, was
examined using notched micro-cantilevers with defined orientations of lamellar interfaces. These configurations
were tested in situ using superimposed continuous stiffness measurement methods during loading with
simultaneous scanning electron microscopy observations. Subsequently, the video signal was used for visual crack
length determination by computer vision and compared to values calculated from in situ changes in stiffness data.
Applying this combinatorial approach enabled to determine the J-integral as a measure of the fracture toughness
for microstructurally different local crack propagation paths. Thus, distinct differences in conditional fracture
toughness could be determined from 3.7 MPa m'” for y/y-interface to 4.4 MPa m"? for a,/y-interface.

The use of intermetallic y-TiAl-based alloys in aerospace and
automotive applications, e.g., as turbine blades, inlet valves or
turbocharger wheels, enables to enhance the efficiency and
engine performance. This allows to reduce CO, and NO,
emissions effectively [1, 2, 3, 4]. The material’s low density of
3.9-4.2 g/cm®, which results in high-specific yield strength
and specific Young’s modulus, enables lightweight designs
[2]. Up to temperatures of 800 °C, y-TiAl-based alloys exhibit
good oxidation resistance and creep properties. However,
they generally suffer from poor ductility and fracture toughness
at room temperature (RT) [2, 5, 6]. Depending on chemical
composition, the amount of impurities, applied heat treat-
ments, phase fractions, and morphology of the present phases,
fracture elongations of up to 5% have been measured in
standardized tensile tests at RT [5, 7, 8].

The process-adapted 4th generation TNM™ alloy, with a
nominal composition of Ti-43A1-4Nb-1Mo-0.3C-0.3Si-0.1B
(in at.%), solidifies via the B-Ti(Al) phase (disordered body-
centered cubic (bcc), A2 structure) and enables an almost
texture-free cast microstructure [2, 9, 10]. To enhance the

operating temperatures and improve the creep properties, the
reduction of detrimental microstructural components by heat
treatments is an effective method [11, 12]. The omission of
the B,-TiAl phase (ordered bcc, B2 structure) and globular
y-TiAl grains (yg,) (ordered face-centered tetragonal, Ll
structure) results in a fully lamellar (FL) microstructure [9,
10, 12, 13, 14]. This is realized by solution annealing within
the o-Ti(Al) single-phase field region (disordered hexagonal,
A3 structure) followed by a stabilization annealing slightly
above the envisaged service temperature [9]. During these
heat treatments, the chosen parameters influence grain size
and lamellar spacing of the evolving o,/y colonies, as reported
in Refs. [10, 13]. In the course of this, at temperatures below
1175 °C, the o-phase transforms to the ordered o,-TizAl
phase (ordered hexagonal, D0, structure) due to short-range
diffusion [2, 15]. The resultant FL microstructure is known
to exhibit a superior combination of strength and creep
properties but suffers from a lack of ductility [5, 9].
Nevertheless, in several studies, the formation of cracks
along semicoherent o,/y interfaces is reported to take place
due to the limited number of available glide systems [16, 17,
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18, 19]. This results in a preferred crack propagation along the
aforementioned interface type due to local stress concentrations
within o,/y colonies [20, 21, 22, 23, 24]. Macroscopic specimens
exhibiting an FL microstructure generally attain higher fracture
toughness and J-integral values. This is reasoned by the positive
effect of colony boundaries and, consequently, the orientation of
0,/y colonies with respect to the crack path [16, 21, 25, 26, 27,
28,29, 30, 31, 32]. Crack deflection, ligament bridging, pull-outs,
mechanical twinning or slip in y lamellae and the development
of microcracks in front of and parallel to the crack tip within col-
onies furthermore improve the fracture properties [27, 31, 33,
34]. Hence, misorientation between crack propagation direction
and lamellar alignment is beneficial [24, 35, 36]. Furthermore,
crack-tip blunting by ductile phases, shear ligament toughening,
twinning, and crack-tip interface debonding are also considered
to enhance the crack resistance at the micro-scale [12, 35, 37].
Therefore, the deformability of y lamellae due to mechanical
twinning or slip of dislocations within the plastic zone in front
of the crack tip and the interaction with adjacent vy or o, lamellae
has to be considered [19, 21, 23, 32, 38, 39].

The current work aims to investigate the fracture behavior
of lamellar interfaces of an FL y-TiAl-based alloy and to deter-
mine the decisive factors on crack propagation at the micro-
scale. These results are achieved by in situ testing of miniatur-
ized notched cantilevers, whereby the pre-notches exhibit a dis-
tinct orientation and position concerning o,/y and y/y
interfaces, respectively. Using continuous stiffness measure-
ment (CSM) and computer vision (CV), the crack length
related to a specific displacement, the corresponding condi-
tional fracture toughness (Kj,), and the J-integral were deter-
mined [21, 40, 41, 42]. This allows gaining fundamental
knowledge of local processes as well as their interplay with dif-
ferent interface types within o,/y colonies as a basis for strate-

gies to enhance the fracture resistance of TiAl alloys.

The specimens exhibit distinct differences in mechanical
response concerning their lamellar alignment and type of tested
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TABLE 1: Summary of the tested cantilevers including their dimensions [see
Fig. 1(b)], orientation dependency of the ay/y interfaces to the expected
crack plane (type (Il) or (L)) and deviation angle ¢ of ay/y lamellae to the
desired orientation.

w B ac L L
(um) (Hm) (pm) (um) (Hm) ©)
m_c1 267 2.15 0.945 12.10 12.99 7.7
m_c2 3.07 2.59 0.876 13.76 15.50 7.7
n_c3 2.46 2.72 0.966 12.14 13.58 -77
(n_ca 2,55 274 0.889 9.67 11.37 7.7
(n_cs 2.59 2.82 -2 -2 11.39 -7.7
L_C1 2.54 2.23 0.816 13.09 15.95 03
L_C 2.71 229 1.056 11.80 1439 03

The accuracy of the measurements was determined to be + 0.02 um,
representing the maximum standard deviation of at least four individ-
ual length measurements for each dimension.

“Unnotched cantilever.

interface. Thus, in the following, cantilevers exhibiting perpen-
dicular and parallel o,/y interfaces regarding their presumed
crack plane are discussed separately. The specimen positions
and orientations were chosen in a way that the lamellar struc-
ture of the 0,,/y colonies is aligned either perpendicular (type
(L)) or parallel (type (II)) to the assumed crack propagation
plane of the cantilevers [see Fig. 1(c)]. The dimensions of the
fabricated cantilevers and their orientation to the containing

grains are listed in Table 1.

Continuous stiffness measurement

The measured force- and dynamic compliance-displacement
data from in situ experiments are displayed for (II)_C2 speci-
men in Fig. 2(a). Due to the high scanning speed, varying
stages of crack development can be differentiated. Here, posi-
tion (1) marks the initial state at the beginning of data record-
ing. The corresponding SE images are displayed in Fig. 2(b).
Position (2) indicates the last data point before unstable crack
growth arises. This event is accompanied by a drastic decrease
in force and an increase in compliance as well as displacement.
In position (3) the crack arrests, followed by a stable dynamic
compliance with increasing force, suggesting again elastic

type (L)

type ()

Figure 1: (a) Overview of three cantilevers with an angle of 29.6° to the hosting sample taken in the scanning electron microscope (SEM) with secondary electron
(SE) contrast. The original a,/y colony is visible in BSE contrast and highlighted with gray contrast for better visibility. (b) SEM-SE side view of a notched TNM*
cantilever with designated a, and y lamellae parallel to the expected crack propagation plane. (c) Sketches of the two different cantilever types, including their
lamellar orientation of a, and y-phase as tested herein.
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Figure 2: (a) Measured force- and dynamic compliance over displacement data, determined during the in situ CSM experiment of (I1)_C2 cantilever within the SEM.
The gap between (2) and (3) indicates unstable crack growth along an a,/y interface. In (b), selected frames of the recorded video depict the evident states: (1)
prior loading, (2) directly before unstable crack growth, (3) directly after unstable crack growth, and (4) at the end of the in situ experiment are shown.

loading at the crack tip. Thereafter, the force continues to grad-
ually decrease, while the dynamic compliance increases, sug-
gesting again crack propagation up to a maximum
displacement of 5 um at position (4).

As described in the experimental part, the continuous stiff-
ness is calculated from the inverse of the dynamic compliance.
Furthermore, it is used for crack length and J-integral determi-
nation, which is described in detail in the "Methodology"

section.

Fracture parameter

The determined force-displacement and J-integral over crack
length data of tested cantilevers from type (II) with predomi-
nant interlamellar crack growths are displayed in Figs. 3(a)
and 3(b), respectively. The specimens witnessed drastic drops
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in force-displacement data, correlating to sudden unstable
crack events along the respective interfaces. However, also
minor force drops without simultaneous crack propagation
are visible in Fig. 3(a) during early loading, indicating twinning
or dislocation movements on activated glide systems [21, 23,
43]. Finally, a drastic force drop accompanied by extensive
crack elongation indicates interface cleavage followed by the
termination of the experiment. Determined J-integral values
were calculated according to Eq. (3), as detailed in the data
evaluation and analysis part.

The fracture parameters at final fracture or in the presence
of a primary crack event are listed in Table 2, whereas Ky and
conditional fracture toughness from the J-integral (K,;) are cal-
culated from Egs. (2) and (6), respectively. The listed K, values
are calculated in the stable crack propagation regime prior to

unstable crack events and constitute therefore the conditional
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Figure 3: (a) Force—displacement and (b) J-integral over crack length data from micro-cantilever experiments with parallel orientation of the tested interfaces to the
notch. Black arrows indicate minor force drops in (a) and non-fatal fracture events in (b).
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TABLE 2: Calculated fracture toughness and J-integral (J) values of tested
cantilevers.

Interface Kq Jei Joi J Kq,j

) (MPay/m)  (/md)  (/m?  (/m?d)  (MPay/m)
ncr vy 34 57 88 145 54

iy 35 61 492 553 105
N_C2  aly 44 98 130 228 6.8
a3 o 36 64 85 149 54

aly +a; 32 52 165 217 6.5
(D_C4 YA+ Ygiob 37 64 % 162 56
L_Cr oy 33 57 134 191 59
L v 37 72 97 169 55

In the case of the specimen (II)_C1 and (II)_C3, two data sets are given
for the primary translamellar fracture event of a single lamella and final
fracture along different interfaces, respectively. In the case of the (II)
_C4 specimen, Ygop indicates an additional globular y grain along
the crack path. The given values of type (L) cantilevers correspond to
the first significant drops in force-displacement data. Their positions
are marked in Fig. 4 by black arrows. Tested interfaces are defined as
v/y, indicating solely perpendicular y lamellae in the tested specimen
volume.

fracture toughness. Relating parameters were determined at the
corresponding position of K;. The elastic and plastic parts of
the J-integral are determined according to Egs. (4) and (5)
and are displayed as ] and J,;. Furthermore, the tested inter-
face types were validated by post-mortem SEM investigations
and, therefore, constitute the actual tested interfaces.

In addition to type (II) specimens, cantilevers with their
expected crack plane perpendicular to the lamellar direction
were tested (type (L)). This experimental setup was suggested
to result in translamellar crack propagation and corresponding
force-displacement curves are displayed in Fig. 4. Backscattered
electron (BSE) images of type (L) cantilevers showed merely y
lamellae with different y/y interfaces along the cantilevers sec-
tion. Thus, a Young’s modulus of 180.6 GPa was calculated
with the Voigt model taking into account the strong anisotropy
of elastic constants in the y-phase [44]. The determined max-
imum forces at the base of type (L) cantilevers are notably
lower compared to type (II) cantilevers. However, substantiated
in the absence of the o,-phase, a quite ductile specimen behav-
ior was determined. The determination of fracture parameters
was implemented correspondingly to the case of type (II) can-
tilevers. Therefore, calculated Ky and J-integral values of type
(L) cantilevers are listed in Table 2. Due to the absence of
unstable crack events, the positions of drastic force drops
were used for the determination of K, (black arrows in
Fig. 4). Owing to the absence of o, lamellae within the tested

cantilevers, the interface type was defined as y/y interfaces.

Crack propagation and fracture analysis

In the case of the (II)_C1 specimen, the notch was introduced

within a broad y lamella, and therefore, two different crack
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Figure 4: Force-displacement data of cantilevers exhibiting their expected
crack propagation plane perpendicular to the a,/y lamellae. Therein, distinct
force drops without simultaneous crack growth are marked by arrows, indicat-
ing the positions of respective data points from Table 2.

events were identified by fracture analysis and CSM determina-
tion [Fig. 5(a)]. Prior to the first event, the crack propagated
translamellar through the massive y lamella. At a J-integral
value of 145 J/m” a minor discontinuity with a simultaneous
crack growth of 31 nm is marked in Fig. 3(b) by an arrow.
At this point, the translamellar failure of the narrow y
lamella is assumed to take place [black arrow in SEM-SE
image, Fig. 5(a)] and indicates the first crack event.
According to Eq. (2), the determined K; amounts to
34 MPa\/ m for the failure of the y lamellae.

During the second crack event, interlamellar crack propaga-
tion along different y/y interfaces took place. Here, the J-integral
reached a maximum value of 553 J/m” upon considerable crack
propagation of 512 nm, according to CSM determination.
During in situ testing, shearing and final tearing of a ligament
were observed in the SEM video, as reported in Ref. [23]. This
ligament constitutes part of a failed y lamella which is marked
by white arrows in Fig. 5(a) and outlined in the sketch by split-
ting the fracture path. Using Eq. (6), Ky; values of 5.4 and
10.5 MPa\/ m were determined for the translamellar failure of
a single v lamella and final interlamellar crack growth along
y/y interfaces, respectively [18]. Furthermore, solely the share
of J, increased from the first to second fracture event
(Table 2). This indicates severe effects from plastic deformation,
again evidenced by the formation of a distinct plastic zone at the
bottom side of the cantilever. Along the fractured surface in
Fig. 5(a), this plastic zone is visible as an undefined fractured
zone, which was additionally enhanced during the fatal bending
in the aftermath of the experiment.

The second specimen (II)_C2 was notched near an o,/y
interface and failed at higher force but lower displacement val-

ues compared to the (II)_Cl1 specimen. The crack propagation
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Figure 5: Sketch of the observed crack path along different interface types as well as a side view of the cantilever (top) and SEM-SE images of the corresponding
fractured surfaces (bottom) are displayed. (a), The fracture along a y/y interface, (b) an a,/y interface, (c) an a,/y interface as well as an a;, lamella, and (d) the
simultaneous crack propagation along a globular y grain and y/y interface are depicted. Arrows indicate cleaved interfaces as described in detail within the respec-

tive section.

was determined to be constant during the first segment of load-
ing [see Fig. 7(a)]. The determined K value at the onset of fatal
fracture of 667 nm amounts to 4.4 MPa\/ m and, therefore,
constitutes the highest measured value in this study. The calcu-
lated J-integral raised to 228 J/m? before the first unstable crack
propagation and is significantly higher compared to the first
fracture event of (II)_C1 specimen along a y interface. Here,
the elastic and plastic share of the measured J-integral are
both equally elevated in contrast to the first fracture event of
(II)_C2 specimen. Afterward, the crack was decelerated by
the combined effect of crack deflection at {-TisSi; silicide par-
ticles and minor plastic zone formation at the bottom side of
the cantilever. These particles were pulled out of the y interface
and stuck within the o, lamella [Fig. 5(b)]. Due to the strong
affinity of Si to Ti and the a,-phase, their globular shape and
position along the interface, these particles are assumed to be
C-TisSis silicides as reported in Refs. [9, 45].

The force-displacement curve of the (II)_C3 specimen
behaves similarly to the already discussed (II)_C2 specimen,
despite the deviation angle ¢ pointing toward the opposite
direction. This is explained by the fact that the (II)_C3 and
(IT)_C5 cantilevers were fabricated mirror-inverted to enable

higher occupancy within the limited extent of the selected

@]
I
e

0,/y colony. Again, the fractured surface unveiled numerous
{-TisSi; particles and also a part from an o, lamella could be
identified. Due to the presumed strengthening effect of
C-TisSis silicide particles on the o,/y interface, the crack was
forced to propagate through the enclosed o, lamella to the fac-
ing 0,/y interface exhibiting no strengthening particles [Fig. 5
(c), white arrow]. This may be the reason of the lower maxi-
mum force level and consequent lower K, value of
34 MPa\/ m of this cantilever [Fig. 3(a)] [46]. As already
observed in Fig. 3(b), the major amount of these particles
remained on the o, interface. A study regarding the interface
structure of C-TisSi; particles within the y-phase unveiled in-
[47].
Therefore, different interface types and orientation relation-

and semicoherent interface types to be cleaved

ships between the y-phase and polygonal or needle-shaped
C-TisSis particles were reported and may contrary influence
the cleavage energy. During in situ testing, initially steady
crack growth was determined by CSM until a J-integral of
149 J/m®. Then, sudden crack propagation of 11 nm could be
observed [Fig. 3(b)]. This first crack event was presumably
linked to the delamination of the o, lamella segment.
Afterward, the crack again propagated steadily for 17 nm to a

J-integral of 217 J/m?, followed by a second crack event

Figure 6: For specimen (L)_C1 (a) a sketch of the observed crack path through y lamellae with (b) the corresponding fractured surface and (c) a side view showing
the crack path are displayed. Since the type (L) cantilevers were located at the same position within the a,/y colony, corresponding lamellae were tested and only

one representative sketch and fractured surface are displayed.
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Figure 7: (a) Force-time data and (b) crack length-time data, determined by CSM and CV, of the (II)_C2 cantilever are displayed. Furthermore, positions from 1-4
marked in (a) and (b) correspond to the detailed SEM images in (c). These micrographs represent side-view snapshots of the in situ SEM video and contain two
horizontal lines to highlight crack growth during the experiment. Given angles indicate the bending angle in contrast to the unloaded cantilever.

extending 665 nm. According to in situ observations and frac-
ture analysis, the o,/y interface and the o, lamella were cleaved
during this fracture event. Hence, the strengthening effect of
the particles at the o,,/y interface forced the crack to the oppos-
ing interface and consequently the o, lamella cleaved. This is
substantiated by observations of Heatherly et al. [48] who iden-
tified the cleavage of o, lamellae as a primary failure mecha-
nism within o/y colonies. On the right-hand side of the
fractured surface in Fig. 3(c), the cleaved o, lamella is
encountered.

The notch in the (II)_C4 cantilever was located within a
coarse v lamellae and the specimen also contains an elongated
globular v grain within the expected crack path. In Fig. 5(d), a
sketch of the reconstructed crack path and an SEM image of
the fractured surface are depicted. Based on CSM, the crack
evolved with a steady propagation rate over the first 95 nm.
Here, only minor drops were detected in the force-displace-
ment curve, which may be linked to the activation of disloca-
tion movement or mechanical twinning processes within the
v-phase. Based on the in situ CSM experiment, the J-integral
reached a maximum value of 162 ]/m> prior to unstable
crack propagation. This is in good accordance with the (II)
_C1 value before translamellar unstable crack growth through
a coarse y lamella. Here, with a conditional fracture toughness
of 3.7 MPa\/ m and a calculated K of 5.6 MPa\/ m, enhanced

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

values in contrast to (II)_CI1 cantilevers could be determined.
Thereafter, the specimen failed by concurrent crack growth
through the globular vy grain and coarse y lamella. The deflec-
tion of the crack path along a presumed {111} splitting plane
within the globular y grain may be responsible for the
enhanced fracture properties compared to the (II)_Cl1 speci-
men [28, 36, 49, 50]. Therefore, the presence of globular y
grains within o,/y colonies may be considered as beneficial
for the case of improved fracture toughness. Furthermore, the
crack front within the coarse y lamella reached a subjacent
v/y interface, which is highlighted by a white arrow in (d).
During the experiment, no evident plastic zone evolved at the
bottom side of the cantilever.

In the case of type (L) specimens, the notch was introduced
perpendicular to the lamellar interfaces and, therefore, in gene-
ral exhibits translamellar crack propagation. Furthermore, the
absence of the o,-phase within the tested cantilevers could be
determined by SEM investigations and leads to relatively duc-
tile behavior.

As visible in Fig. 4, determined force-displacement curves
of (L)_C1 and (L)_C2 specimens are almost identical in the
first section. Therefore, both of the tested cantilevers are
regarded as identical. Here, a constant slope and constant
crack elongation could be determined until position (1) in
Fig. 8. In the following, force-displacement curves of
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Figure 8: (a) Force-time data and (b) smoothed crack length—time data, determined by CSM and CV, of the (L)_C2 cantilever are displayed. Further, positions from
1-4 are marked in (a) and (b) corresponding to detailed images in (c). These micrographs are side-view snapshots of the in-situ SEM video and contain two hor-
izontal lines to indicate crack growth during the experiment. Furthermore, the displayed bending angle indicates the deviation from the initial orientation of the
cantilever in the advance of the experiment. In (c) (4), a black arrow denotes the presence of a band-like structure, visible on the cantilever’s surface. Within the
supplementary material (Supplementary Fig. S2), an SE SEM image displays the band-like structure in higher resolution and magnification.

specimens (L)_C1 and (L)_C2 both contain minor force drops
including a distinct increase of displacement (see black arrows
in Fig. 4). Hence, the sudden activation of glide systems within
the y-phase with emerging twins or dislocation movements are
presumed [43].

The translamellar crack propagation is sketched in Fig. 6(a),
including SEM images of the fractured surface shown in Fig. 6(b)
and a side view of the tested (L)_C1 cantilever in Fig. 6(c). The
ragged surface indicates severe plastic deformation during crack
propagation. Furthermore, no distinct cleavage plane is visible
and the crack was stopped at a y/y interface [Fig. 6(c)].

Furthermore, Ky was determined after Eq. (2) at a desig-
nated force of 275.5 uN for (L)_C1 and 319.5 uN for (L)_C2
specimen, which leads to conditional fracture toughnesses of
3.3 and 3.7 MPa\/ m, respectively. Since the cantilevers were
positioned at an equal lateral height within the hosting o,/y
colony, similar y lamellae were targeted during testing.
Hence, the results of (L)_C1 and (L)_C2 cantilevers can be
considered as equivalent. However, lower K values were deter-
mined due to the loss of strength of a y/y arrangement in con-
trast to an o,/y composite [6]. Therefore, the absence of o,/y
interfaces enables ductility and higher deformation durability

without or at least only with minor crack propagation

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

compared to type (II) specimens [17, 51]. However, a similar
mean J-integral value of 180+ 11 J/m? for translamellar crack
propagation through a y lamella as in the case of the (II)_Cl
cantilever was determined.

Computer vision evaluation

In Fig. 7, the calculated crack length after CSM is compared
with the crack length determined by the CV method from
the in situ SEM video of (II)_C2 cantilever, constituting a rep-
resentative for type (II) specimen. For better visibility, both
crack length data sets were smoothed applying a Lowess filter
[52]. Here, different positions in Figs. 7(a) and 7(b) are marked
to indicate stable crack growth (1), the maximum of stress
intensity prior to unstable crack growth (2), the first data
point after crack arrest (3), and the end of the experiment
(4), respectively. The crack length data, evaluated by the
CSM method, decreased to an initial value of about 866 nm
and further indicates stable crack growth with increasing dis-
placement. This behavior is attributed to the initial contact
stiffness at the onset of the experiment, due to the contact
effects of the indenter [41]. During stable crack growth, the

determined crack lengths are almost coincident between the
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two methods. The onset of unstable crack growth was first
detected by the CSM method, which is reasoned by the limited
scan speed of the SEM with 6 frames/s. The evaluated crack
propagation during the unstable crack event marked in
Fig. 7(b) by (2/3) amounts to 713 and 822 nm for the CSM
and CV methods, respectively. Corresponding side-view SEM
images in the SE mode are displayed in Fig. 7(c). However, a
notable deviation of 441 nm between these methods in position
(4) is visible. This behavior can be explained, on the one hand,
by the formation of a distinct deformation zone at the bottom
side of the cantilever and, therefore, in an increased effective
cross-section. On the other hand, the CV method is merely
able to track the crack path in one dimension. The fractured
surface in Fig. 5(b) indicates an inconsistent crack growth
along its cross-section. Here, the crack propagates further on
the left-hand side of the fractured surface, featuring the visible
part during in situ testing. Therefore, a combination of these
effects is considered as responsible for the deviation.
However, data analysis regarding toughness values and
J-integral were only performed prior to first detected unstable
crack growth and are, therefore, unaffected by this phenome-
non occurring at large deflections and crack extensions.

Also, for type (L) cantilevers, the crack length was deter-
mined by the CSM and CV methods, respectively. The corre-
sponding force- and crack length-time data for the (L)_C2
cantilever are displayed in Figs. 8(a) and 8(b). Numbers from
1 to 4 indicate the respective positions of SEM micrographs
recorded during in situ experiments [Fig. 7(c)]. The a,, calcu-
lated by CSM includes an initial contact phenomenon during
the first seconds of the experiment. However, an average devi-
ation of 48 £ 6 nm is determined between the different meth-
ods until position (2). Therefore, a significant force drop
evident in (a) (2) is accompanied by no measurable crack prop-
agation in (b) (2), indicating mechanical twinning or disloca-
tion slip events on an activated [111] plane within the
prevailing v lamella [21, 31, 34, 50, 53]. The result of severe dis-
location activity is visible as a band-like structure in (c) (4) and
highlighted by an arrow. Furthermore, an increasing deviation
in determined crack lengths from position (3) is noted. This
deviation increases with the emerging blunting of the crack
tip and increasing bending angle. A decreasing crack length
as determined by the CSM method would indicate an apparent
increase in stiffness during the experiment. Under the consid-
eration that the Young’s modulus remains constant, geometric
changes of the cantilever must be taken into account to explain
this. Furthermore, a minor slip of the wedge-shaped indenter
away from the notch was noticed during the experiment.
However, according to Eq. (1), this would lead to a decrease
of k,. Therefore, the effective cross-section of the cantilever is
increased due to a combined effect of crack-tip blunting and

the formation of a plastic zone at the bottom side of the

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

cantilever [54]. This behavior becomes noticeable for bending
angles above 7.1° or a displacement of 2.23 um and, therefore,
does not affect the results of Table 2. Apart from this, an
increasing angle results in a change of the alignment of the
wedge and the tested cantilever. This may influence the contact
stiffness between the indenter and the specimen, thus resulting
in a deviation of the calculated crack length at higher load-line
displacements. Furthermore, a minor deviation of the crack
from the ideal notch plane was determined at the positions 3

and 4, which may also contribute to the observed discrepancy.

Young’s modulus

Since the elastic properties are crucial in analyzing the data, an
additional unnotched cantilever featuring similar dimensions
as specimen (II)_C4 was fabricated to validate calculated stiff-
ness values and to verify the calculated Young’s modulus for
type (II) specimens. This cantilever also exhibited a negative
deviation angle ¢ of —7.7° between lamellar orientation and
presumed crack propagation direction due to the cantilever
arrangement during fabrication. Furthermore, the distance
between the base and the indenter (11.39 pm) was kept cons-
tant compared to (II)_C4 specimen. Furthermore, the initial
stiffness of this unnotched cantilever (k,) was determined
from the corrected compliance. This compliance was aug-
mented by subtracting the smoothed base compliance, consist-
ing of the contact and machine compliance, which was
determined at the base of the tested cantilever. The k, value
could then be determined to be 1548 N/m in the case of the
(II)_C5 cantilever. Using Eq. (1), a Young’s modulus of
186.8 GPa for the specimen (ITI)_C5 was determined, which is
in excellent accordance with the modulus of 189 GPa calculated
after the Reuss model (see the "Data evaluation and analysis"
section). At this point, it should be noted that the determina-
tion of the Young’s modulus is quite sensitive to minimal
errors of the used parameters. Especially, caution in the deter-
mination of the dimensions B, W, and L is required. Therefore,
a high standard deviation of the determined Young’s modulus

is expected.

In general, type (II) specimens exhibit very similar force-dis-
placement curves, containing an initial elastic part denoted
by a constant slope. Furthermore, a matching stable crack elon-
gation could be determined by CSM and CV. This is accompa-
nied by minor but sudden drops visible within the force-
displacement data of Fig. 3(a) (black arrows). These drops indi-
cate the formation of twins or the activation of discrete dislo-
cation glide events within y lamellae on specific {111} planes

[27, 53]. Based on acoustic emission experiments, the
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development of mechanical twins within the y phase is acti-
vated earlier and more pronounced as dislocation induced
deformation [55, 56]. The formation of twins is furthermore
considered as a major deformation mechanism in micro-
mechanical specimens and within the plastic zone in front of
the crack tip [17, 30, 31, 43]. Hence, the role of ordinary dislo-
cations increases with increasing deformation [56].

The measured conditional fracture toughnesses from type
(II) specimens are in good agreement with results from poly-
synthetically twinned TiAl alloys exhibiting a similar lamellar
orientation, where maximum values of 3.6 or 3.4 MPa\/m
were observed [6, 43]. Halford et al. [18] determined a mean
Kq value of 3.7 MPa\/ m for interlamellar fracture mode
regarding the so-called TiAl-Alloy 7. Consequently, higher val-
ues could be measured by increasing the translamellar ratio of
the fractured surface [18].

The elevated Ky and J-integral values (Table 2) along o,/y
interfaces from type (II) specimen are in agreement with the
computational results of the work of separation energies for
different y interface types and a,/y interface within a binary
TiAl alloy [36, 57]. Kanani et al. [57] proposed that the sepa-
ration energies of an o,/y interface exceed those of different
v interface types. According to Yoo and Fu [51], the cleavage
energy of different y/y interfaces ranges between 4.2 and
4.4 J/m?, whereas it amounts to 4.5 J/m?* for o,/y interfaces.
An increased concentration of interstitials leads to a reduction
of the cleavage energy of the o,/y interfaces to 3.8 J/m’.

The determined K values of type (II) specimens behave
similarly, except specimen (II)_C1, where a distinct plastic
zone is formed at the bottom side of the cantilever.
Furthermore, the presence of 0.3 at.% of C in the TNM"
alloy leads to an increased hardness of the o,- and y-phase
and is predominantly enriched within o, lamellae [45, 58].
The results of this study confirm a higher fracture strength of
0,/y interfaces despite the assumed embrittling effect of C
within o, lamellae [58]. This is evoked by the higher solubility
of C and Si within the o,-phase compared to the y-phase.
Therefore, compared to polysynthetically twinned y-TiAl
slightly higher K, values are achieved for the TNM" alloy.
The stabilization annealing step of the heat treatment at
900 °C for 3 h leads to a decreasing mean width of o, lamellae
and concomitant precipitation of {-TisSis silicides along with
repeating o,/y interfaces [9, 59, 60, 61]. Karadge et al. [60] pro-
posed the movement of C from o,/y interfaces into the center
of o, lamellae based on energy-filtered transmission electron
microscope (TEM) investigations. This is reasoned by the
increasing size of octahedral sites by decreasing misfit strains
along the o,/y interface to the center of the adjoining o, lamel-
lae [49, 60, 62]. In contrast to this, Si is enriched along o,/y
interfaces and if the solubility level is reached, {-TisSi; silicides

are precipitated [9, 59]. Therefore, during testing, failure along
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v/y interfaces and translamellar o, fracture is preferred. This
may be explained by the assumed strengthening effect of
persistent {-TisSi; silicides, enabling to compensate the embrit-
tling effect of C within a,/y colonies. However, the strengthen-
ing effect of {-TisSi; silicides located along the o,/y interface
could not be precisely quantified. Nevertheless, the crack was
deflected from its intended path, which indicates a distinct
toughening effect for an increasing number of particles [63].
Though, due to different {-TisSi; morphologies and interface
types, the strengthening effect could not be confirmed doubt-
lessly [47].

Concluding, fracture parameters, crack propagation, and
force-displacement data of type (II) specimens confirm a semi-
brittle interlamellar fracture behavior along y/y and o,/y inter-
faces [64].

In the case of type (L) specimen, lower Ky values were
determined due to the loss of strength of a y/y laminate in con-
trast to an o,/y arrangement [6]. Calculated K ; values and ele-
vated Jp, fractions compared to Jq values indicate a major
influence of plastic deformation during the experiments.
According to Appel and Wagner [50], deformation of the
v-phase primarily takes place on {111} planes by ordinary dis-
locations and mechanical twinning. When the crack follows
{111}, planes, it is deflected at y/y interfaces due to the crystal-
lographic orientation change of the y lamellae. In front of the
crack tip, the formation of deformation twins within the several
micron-sized plastic zone was reported [17, 43, 50]. During the
in situ testing of the (L)_C2 cantilever, a band-like structure
evolved on the surface and is visible in Fig. 8(c) [21, 27].
This indicates twinning or high dislocation mobility and, there-
fore, distinct ductile behavior of this specimen condition. Ding
et al. determined the importance of mechanical twinning
within a polysynthetically twinned TiAl alloy and identified
the formation of twins in front of the crack tip as the main rea-
son for crack growth [43].

Regarding the results of CSM and CV measurements, the
determined crack lengths are in good accordance until the
cleavage of the o,/y interface of (II)_C2 specimen. The mea-
sured deviation between both data sets in position (3) of
Fig. 7(b) was determined to be 145 nm. Considering the incon-
sistent fractured surface in Fig. 5(b), a reduced mean crack
propagation of 167 nm as indicated by CV was observed.
Besides this, the already mentioned geometric changes during
testing may explain the deviation in position (4).

Furthermore, the determined crack lengths from CSM and
CV measurements of (L)_C2 specimen are in good accordance
up to a displacement of 2.23 um, which is located between
position (2) and (3) in Fig. 8. Due to the formation of a plastic
zone accompanied by the appearance of a glide step on the
surface of the cantilever and the blunting of the crack tip a

geometric change of the cantilever ensues. Furthermore, a
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deviation of contact stiffness originating from the geometric
details of the used indenter tip, due to the changing contact
angle must be taken into account. However, considering a
straight crack front, the complementary CV method enables
to access valid crack lengths during the entire experiment.
Thus, the translamellar crack propagation was determined to
be constant during the loading part of the experiment. The
force-displacement data and the observation of a band-like
structure indicate a distinct ductile behavior of the investigated
material during translamellar fracture experiments [64].

These findings are in contrast to macroscopic tests on the
investigated alloy, where a rather brittle behavior is reported
[5]. To enhance the fracture toughness of the entire o,/y col-
ony, strengthening of the weakest interface type is required.
Furthermore, the number of o,/y interfaces can be increased
by a sufficient heat treatment to decrease the lamellar spacing.
The amount of o, phase and {-TisSi; silicides may be opti-
mized by the alloying concept in order to enlarge the number
of strengthened o,/y interfaces. However, macroscopically
thinner lamellae within the o,/y colonies would result in a
strain localization along the colony boundaries and thus higher
tendency for crack initiation [32, 39]. Also, a change in the o,/y
ratio and significantly lower lamellar spacing are reported to
affect coherency [19, 62]. Furthermore, the presence of small
globular y grains along different interfaces may improve frac-
ture behavior. To obtain balanced mechanical properties and
optimized fracture behavior, all contributing length scales
must be considered and evaluated as reported in Refs. [11,
12, 53].

The minimal size of the calculated plastic zone exceeds the
dimensions of the fabricated cantilevers by far [65]. Therefore,
the fracture toughness according to ASTM E399 is not
size-independent and thus shown values are of conditional

nature.

Within this study, micro-sized cantilevers with a parallel or
perpendicular orientation of o,/y lamellae to the expected
crack propagation plane (type (II) or (L)) were successfully fab-
ricated from a fully lamellar intermetallic TNM" alloy. These
cantilevers were tested at RT in situ with simultaneous CSM
during loading and supplementary recording of in situ SEM
videos. This allows the determination of crack propagation
based on continuous stiffness and CV methods for both speci-
men types. Ky, J-integral, and the resulting K ; were calculated
and compared with data from the existing literature allowing

the following conclusions to be drawn:

(i) Based on the force-displacement data, the formation of

glide steps and the existence of a distinct plastic zone at

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

the bottom side of certain cantilevers, a semi-brittle to
ductile fracture behavior of the investigated TNM" alloy is
assumed to prevail in micro-scale.

(i) Kq values range, in case of type (II) cantilevers, between
3.2 and 4.4 MPa\/ m for y/y and o,/y interfaces,
respectively. Type (L) cantilevers reached 3.3 and
3.7 MPa\/ m due to significant lower attained force levels,
based on the lack of o, lamellae in the tested volumes.

(iii) Furthermore, the highest J-integral value of 553 J/m? was
determined for a y/y interface in the case of a type (II)
cantilever. This was substantiated in the good
deformability of a rather broad y lamella, exhibiting an
adequate number of available glide or twin planes next to
the crack tip.

(iv) Bridging of o, and v ligaments, crack deflection due to
globular y grains along y/y interfaces and an assumed
strengthening effect based on the presence of {-TisSis
silicides along o,,/y interfaces could be identified for
type (II) cantilevers.

(v) Due to the lack of 0, lamella and the presence of numerous
available slip systems within the y-phase, gradually blunting
of the crack tip and a ductile material behavior was
determined for type (L) cantilevers. Furthermore, during in
situ experiments, they exhibit a steady crack propagation
without pronounced unstable events.

(vi) In situ crack length determination by CSM and an ex situ
evaluation of the recorded video signal by CV was
implemented for selected specimens. While both generally
agree well upon force drops or severe crack propagation
events, a distinct deviation in determined crack lengths
was observed for type (L) cantilevers at large bending

deflections.

Concluding, fundamental knowledge concerning fracture
behavior of different interface types of an advanced 4th gener-
ation TiAl alloy was gathered. Hence, the understanding of
critical material parameters and, thus, the basis for improve-
ments regarding crack propagation in fully lamellar microstruc-

tures is provided.

Material

The material investigated in this study is based on the TNM
alloying concept improved by nominal additions of 0.3 at.% C
and 0.3 at% Si. The actual chemical composition is Ti-
43.3A1-4.02Nb-0.96M0-0.12B-0.34C-0.31Si (in at.%) and is
denominated as TNM" alloy [2, 9, 10]. It was processed by
plasma arc melting (PAM) and supplied by Hanseatische
Waren Handelsgesellschaft mbH & Co KG, Bremen, Germany.

After casting, the material was subjected to a hot isostatic
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pressing (HIP) procedure at 1200 °C and 200 MPa for 4 h to
homogenize the microstructure and reduce residual casting
porosity. The material’s microstructure investigated in the pre-
sent study was adjusted in atmospheric condition in a high-
temperature furnace Carbolite RHF 1600 equipped with three
type-S thermocouples. The heat treatment according to Klein
et al. [9], enabling the precipitation of y lamellae within the
supersaturated o, grains, leads to the formation of o,/y colonies,
which represent the FL microstructure subjected to the detailed
analyses reported here. The resultant mean lamellar spacing was
248 nm, including a standard deviation of 150 nm [10]. This was
determined by conventional TEM using a Philips CM 12 micro-
scope in the edge-on condition of the TNM™ specimen [66].
Two different o,/y colonies with no preferred orientation are

found in Supplementary Fig. S1.

Experimental setup and specimens

The tested cantilevers were fabricated by focused ion beam
(FIB) milling with subsequently decreasing currents from
5nA for coarse cuts down to 20 pA for final polishing
and notch cutting. The aforementioned FIB column is operated
within a scanning electron microscope (SEM/FIB; Zeiss Auriga
Laser platform, Carl Zeiss AG, Oberkochen, Germany). Their
final dimensions, position, notch depth, and orientation of
the o,/y lamellae were determined from micrographs recorded
by the use of SE and BSE detectors attached to the SEM/FIB
workstation. All measurements were conducted manually
using Image] v1.5.3. The symbol (L) in the designation indi-
cates a perpendicular and the symbol (II) a parallel alignment
of the ay/y lamellae to the notch and, therefore, to the pre-
sumed crack propagation direction. This should lead in the
case of type (II) and (L) cantilever to an interlamellar and
translamellar crack growth, respectively. However, a minor
deviation to the requested orientation was determined by
SEM and is denoted as angle ¢ in Table 1. The fracture tests
were conducted in situ in an SEM (LEO 1540XB, Carl Zeiss
AG, Oberkochen, Germany) using a Hysitron pico-indenter
PI-85 (Bruker Corporation, Billerica, USA) equipped with a
60° wedge-shaped conductive diamond tip (Synton-MDP,
Nidau, Switzerland) and a CSM module. During testing, a
loading rate of 10 uN/s and a maximum displacement of

5 um was used.

Data evaluation and analysis

The aforementioned experimental setup allows to constantly
record the compliance and therefore to continuously evalu-
ate the stiffness of the cantilevers [41]. The measured force-
displacement and dynamic stiffness data were acquired at a

rate of 300 points/s and the respective corresponding in situ

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

images were captured at a rate of 6 frames/s. The initial
stiffness of the unnotched cantilever k, is calculated by clas-

sical Euler-Bernoulli beam theory according to Eq. (1):

3
where E denotes the Young’s modulus of y-TiAl with
189 GPa for type (L) cantilevers at RT, which was calculated
after the Reuss model for layered composites according to
the moduli of the o,- and y-phase with 160 and 200 GPa,
respectively [46]. Furthermore, L, B, and W represent the
bending length, width, and height of the cantilever. An SE
image of a cantilever including its geometrical dimensions
is illustrated in Fig. 1(b). The dynamic stiffness k, for the
actual data point n was evaluated by the inverse of dynamic
compliance and is assessed by the continuous compliance
measurement during the experiment. Subsequently, the
actual crack length (a,) was calculated after an analytical
approach following Alfreider et al. [40].

Following ASTM E399, linear elastic fracture mechanics
(LEFM) requires a minimum dimension of the initial crack
length (a.) and B concerning the magnitude of the plastic
zone, which is defined as 2.5-K12C/(r§ [65, 67]. Here, Kic
and o, represent the material’s fracture toughness and the
yield strength, respectively. This would result in a required a.
and B values of 10pum and a resulting minimum L of
129 um. This specimen size would exceed the mean
0,,/y-colony size within the microstructure of the investigated
TNM" alloy and necessitates smaller dimensions of the fabri-
cated cantilevers (Table 1) [5, 6]. Therefore, LEFM is not
valid, the conditional stress intensity factor (K,,) for the actual
data point 7 is calculated using the following equation accord-
ing to ASTM 399 [65]:

F,-L a
Ky =g/ () @

where F, denotes the actual load, L. the cantilever’s length to
the notch, and f(a,/W) denotes the geometry factor after
Wourster et al. [67]. Furthermore, taking into account the plastic
part, the J-integral based on elastic—plastic fracture mechanics
is calculated using the iterative method according to ASTM
1820 [68, 69, 70]. The J-integral for actual data point (J,,) is
derived from the sum of elastic /¢ and plastic J¥' parts follow-
ing Egs. (3)-(5).

o =T5 + T8, 3)
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According to Schafrik [71], the Poisson’s ratio v for a
binary TiAl alloy at RT amounts to 0.233. The plastic work
at the actual data point n, entitled AP

n>

corresponds to the
area below the load-displacement curve subtracted by the elas-
tic work and is calculated by numeric integration [41, 69].
Here, occasional negative Agl values due to noise in the mea-
sured data are set to zero and are, therefore, not regarded as
valid data points in the calculation of JPl. The constants 1
and Y’ possess values of 1.9 and 0.9, respectively [41].

To compare K, values from LEFM with calculated
J-integral values, Eq. (6) is used [67, 72]:

Jg-E
Kq,jz,/lq_—vz. (6)

After in situ testing, the microcantilevers were bent to an
angle of at least 45° to enable analysis of the fracture surface
using SEM.

Besides the CSM-based approach, the crack propagation
during the experiments was further analyzed by CV methods
on the visible specimen surface during the experiment [38,
42]. Therefore, the image is binarized and the crack flank is
extracted without the necessity of surface speckle patterns
[21, 34, 42]. The crack length is measured in the x- and
y-direction by assuming a fixed point at the sample top surface
where the crack was initialized. To improve the accuracy of this
method, drift correction was applied to eliminate influences
due to thermal and mechanical shifting. Typically, an error
of + 3 pixels, relating to crack-tip detection and recognition
errors, arises. To enhance the quality of crack detection, differ-
ent filters, e.g, non-local means and Gaussian are used.
However, the determined crack length accuracy depends on
magnification, signal-to-noise ratio and image resolution, as

well as the image acquisition rate.
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