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� The fracture toughness of the
amorphous Cr2AlC coating is
significantly higher than for the
crystalline Cr2AlC coatings.

� The microstructure has a minor
influence on the fracture toughness of
crystalline Cr2AlC coatings.

� Crystalline Cr2AlC shows brittle
intercrystalline fracture.
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a b s t r a c t

Bulk MAX phase materials were investigated heavily in the last decades due to their advantageous com-
bination of metallic and ceramic properties. In recent years, MAX phases also gained the interest of the
protective coatings community. Cr2AlC is a very promising material, since the crystalline MAX phase can
be deposited at comparatively low (550 �C) substrate temperatures. Another advantage of the Cr2AlC
MAX phase is its self-healing ability. The goal of this investigation was to characterize the fracture tough-
ness of Cr2AlC protective coatings using in situ SEM micro-cantilever tests and to determine the influence
of different microstructures on the fracture behavior. Surprisingly, the fracture toughness is only moder-
ately affected by the microstructure of the crystalline samples investigated here, which reveal a fracture
toughness ranging from 1.8 ± 0.1 MPam1/2 to 2.4 ± 0.2 MPam1/2.
In contrast to that, it could be shown that there is a significant increase in fracture toughness for the

amorphous coating with identical chemical composition (4.1 ± 0.5 MPam1/2) of almost twice the fracture
toughness compared to the crystalline coatings. The detrimental influence of grain boundaries in the
crystalline coating and the lack of grain boundaries in the amorphous sample might explain the formid-
able fracture toughness.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last decades, MAX phase materials were extensively
investigated due to their beneficial combination of metallic and
ceramic properties [1–8]. Their chemical compositions can be rep-
resented as Mn+1AXn, here M is an early transition metal (e.g.: Cr,
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Ti, V, Ta, Nb. . .), A is an A-group element (e.g.: Al, Si,. . .) and X is
either C or N [2,3,6–8]. In general, they have a layered microstruc-
ture along the c-axis, where, depending on the configuration, dif-
ferent alternating MX layers are intersected by a single A layer
[2]. A more detailed description of the microstructure and the
resulting properties can be found in [2,7,8].

Bulk MAX phases revealed interesting property combinations of
good e.g. electrical conductivity and/or ductility (metallic) in com-
bination with improved thermal shock resistivity and/or oxidation
resistance (ceramic) [3,7]. Major challenges in MAX phases
research include the synthesis of single phased material at low
temperatures [1,7–9].

The above discussed MAX phase property combinations under-
line the potential for application as protective coatings which is
explored with increasing interest [6,10–17]. Early on, it was shown
that MAX phase microstructures can be produced using different
deposition techniques, e.g. chemical vapor deposition (CVD) or
physical vapor deposition (PVD) processes [6]. To synthesize crys-
talline MAX phase coatings, it was necessary to use deposition
temperatures up to around 900 �C [6,10,14]. Such high tempera-
tures limit the substrates that can be used for the deposition pro-
cess. Recently, it became possible to deposit crystalline MAX phase
coatings at significantly lower deposition temperatures [18,19]
allowing the deposition onto technologically relevant substrate
materials, e.g. steels, without degradation of the substrate proper-
ties. Cr2AlC, one of the MAX phases, is a very promising candidate
for protective coating applications as Cr2AlC coatings form a passi-
vating alumina layer upon oxidation [20] and Cr2AlC shows self-
healing behavior [21–23]. In previous investigations, it was shown
that evolution of both, the crystal structure (disordered solid solu-
tion vs ordered MAX phase) and the microstructure (columnar vs
equiaxed morphology) of Cr2AlC coatings can be affected by the
synthesis strategy adopted [24]. Specifically, post-deposition
annealing treatments of the amorphous coatings resulted in the
formation of equiaxed MAX phase grains [18,19]. Furthermore, it
was revealed that the microstructure changes can be tracked
remotely via a change in resistivity without invasive experimental
methods [19].

For bulk Ti3SiC2 MAX phase material a decrease in fracture
toughness from coarse grained (>50 lm) to fine grained (<10 lm)
was observed [25]. Gilbert et al. [25] suggested that the reason
for the improved fracture toughness of the coarse grained material
are crack bridges, which are occurring more often in the coarse
grained material, and thus, increase the measured fracture tough-
ness. An investigation on Cr2AlC reported, that there is a similar
influence of the grain size, revealing a fracture toughness of ~ 4
MPam1/2 for fine grained material, with a grain size of 1–3 lm, to
about ~ 6 MPam1/2 for a coarse grained material, with a grain size
of ~ 35 lm [26]. A more recent study [27] reported a fracture
toughness of ~ 8 MPam1/2 for a grain size between 1 and 3 lm for
bulk Cr2AlC. Another investigation on bulk Cr2AlC reported that
the fracture toughness is strongly depending on the texture of
the material and can range from ~ 2 MPam1/2 to ~ 12 MPam1/2 for
a fine grained (~2 lm grain size) material [28].

Therefore, it is reasonable to assume that the fracture behavior
of bulk MAX phases, especially Cr2AlC, are also affected by texture,
defects and other processing induced factors [26–28]. Also it is evi-
dent that the currently available literature does not allow for a cau-
sal discussion of the impact of grain size on the fracture behavior of
MAX phases.

Determining the mechanical properties of hard coatings can be
very challenging due to their thicknesses of only a few lm, which
in turn limits the available techniques. One of the most common
techniques is nanoindentation, which gives an estimate of the
hardness and the indentation modulus of the coating [29–31].
Another important mechanical property for hard protective coat-
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ings, that is recently getting in the focus of the hard coating com-
munity due to the advancements in micro-mechanical sample
preparation and testing, is the fracture toughness [32–37]. In the
literature, a lot of different methods are presented to determine
the fracture toughness using micro-mechanical testing [38–42].
Of these, the micro-bending cantilever method according to Matoy
et al. [38] is the most established one and it is the one best suited
for hard coatings. In bulk materials it was shown that the
microstructure can have a pronounced influence on the fracture
mechanical response of a material [43–46]. Therefore, micro-
bending cantilever experiments were performed to investigate
the fracture behavior of Cr2AlC coatings and the influence of the
deposition parameters on the microstructure and, hence, on the
fracture behavior of the coatings.
2. Experimental

Cr2AlC coatings were deposited in an industrial deposition
chamber (CemeCon) and a laboratory deposition chamber. In
Table 1, a list of the coatings is found and subsequently the depo-
sition parameters are described in detail.

The Cr2AlC coatings were deposited by direct current (DCMS)
and high power pulsed magnetron sputtering (HPPMS) in an indus-
trial chamber (CC800/9, CemeCon AG, Wuerselen, Germany). A
powder metallurgical composite Cr:Al:C target exhibiting a stoi-
chiometry of 2:1:1 was employed (PLANSEE Composite Materials
GmbH, Lechbruck am See, Germany). 10x10x0.5 mm3 single crys-
talline MgO (100) substrates (Crystal GmbH, Berlin, Germany)
were kept at floating potential and were heated to 565 �C prior
to deposition. Additionally, samples were synthesized without
intentional heating by DCMS. The chamber base pressure was
below 0.5 mPa for all depositions. A time-averaged power of
1000 W resulted in a target power density of 2.3 W cm�2 in case
of DCMS and a target peak power density of approximately
460 W cm�2 in the case of HPPMS at a frequency of 250 Hz and a
duty cycle of 1.25%. For DCMS depositions, a substrate to target dis-
tance of 50 mm and a deposition pressure of 0.19 Pa were set,
whereas for HPPMS depositions, the values of 75 mm and 0.39 Pa
were used, respectively.

The DCMSRT, as-dep sample was deposited following the proce-
dure described by Stelzer et al. [19].

A sample (DCMSRT anneal) synthesized by DCMS without heating
during deposition was subsequently annealed in a vertical tube
vacuum furnace at 650 �C with no holding time and a heating
and cooling rate of 5 Kmin�1. The base pressure was below 0.3 mPa.

The Cr2AlC coating produced in the laboratory chamber
(DCMSlab 600�C) was deposited onto the same 10x10x0.5 mm3 MgO
(100) substrate by DCMS. The substrate was located at a distance
of 100 mm from a 50 mm circular magnetron. A powder metallur-
gical composite Cr-Al-C target with a 2:1:1 composition (Plansee
Composite Materials GmbH, Germany) was used for the deposi-
tion. The substrate was heated to 600 �C prior to deposition as cal-
ibrated by a thermocouple. The base pressure of the deposition
system with the heated substrate was approximately 0.1 mPa.
The Ar deposition pressure was 1.0 Pa. The magnetron was pow-
ered with a DC power supply MDX 2.5 kW (Advanced Energy,
USA) operated at a constant DC power of 200 W. The substrate
was kept electrically floating.

The Cr2AlC coating for the electron energy loss spectroscopy
(EELS) investigation was deposited on a single crystalline Al2O3

(0001) substrate using DCMS with similar deposition parameters
as the DCMS coatings deposited onto MgO described above.

The thickness of all the deposited coatings was approximately
4 lm.



Table 1
List of deposited Cr2AlC coatings. Direct current magnetron sputtering (DCMS); High power pulsed magnetron sputtering (HPPMS); without intentional heating (RT).

Deposition Chamber Deposition Process Substrate Temperature Annealing Temperature Sample Name

CemeCon DCMS 565 �C – DCMS565�C
Laboratory Chamber DCMS 600 �C – DCMSlab, 600�C
CemeCon HPPMS 565 �C – HPPMS565�C
CemeCon DCMS RT – DCMSRT, as-dep
CemeCon DCMS RT 650 �C DCMSRT, anneal

Fig. 1. In a) a detailed view of a through thickness notch is shown and b) depicts an overview image of a micro-bending cantilever. The notch is made into the surface of the
deposited coatings.
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Microstructural and chemical characterization was done using
focused ion beam (FIB) lift out transmission electron microscope
(TEM) samples, which were prepared using a Thermo Fisher Scien-
tific dual beam ‘‘Scios 2 HiVac” system. STEM bright field (BF) and
high-angle annular dark field (HAADF) images were taken on a
JEOL 2200FS TEM with an acceleration voltage of 200 kV, equipped
with a 100 mm2 energy dispersive X-ray (EDX) detector from JEOL.

A qualitative phase analysis of the DCMS565�C, DCMSlab, 600�C,
HPPMS565�C and the DCMSRT, anneal samples was done using X-ray
measurements on a Seifert Type ID3003 with a Huber 4- Cir-
cle + XYZ goniometer and a Co-source with 40 kV / 30 mA power
setup. As a detector, a Meteor0D – energy dispersive point detector
was employed. The beam diameter was around 1 mm. A step width
of D2H of 0.05� and a count time per step of 5 s were used.

Cantilevers from the center region of the coated MgO wafers
were prepared using an Auriga dual beam Ga-ion FIB from Zeiss
with a 30 kV acceleration voltage. The cantilevers were machined
with a cross section of around 3.5 lm � 3.5 lm and the length of
the cantilevers was chosen so that the distance between the inden-
ter and the notch could be at least five times the height of the
beam, to be sure that predominantly mode I loading is occurring,
as proposed by Brinckmann et al. [47]. Coarse cutting was done
with a Ga current of 16 nA and 2 nA and final polishing with a cur-
rent of 240 pA. The notch was made using a current of 50 pA with a
distance from the base of the beam similar to the height to prevent
any influence during loading from the fixed end of the beam. An
overview SEM image of a beam is depicted in Fig. 1b and a detailed
view of the through thickness notch is shown in Fig. 1a.

The in situ cantilever tests were performed in a Gemini500 SEM
from Zeiss using an ASMEC UNAT2 in situ indenter with a loading
rate of 20 nm/s. For each coating microstructure, at least five bend-
ing beams were tested. The evaluation was performed according to
Matoy et al. [38] with the following equations for the geometry
factor f(a/W) and KQ.
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Here, a is the notch depth and W is the height of the beam. Fmax

is the load at fracture of the cantilever, B the width of the sample
and L the distance between notch and indenter tip.

To determine if the measured KQ is a sample size independent
mode I fracture toughness (KIC), the criteria according to ASTM
standard E399-90 for macroscopic testing [48] were used. At first,
all the samples should show a linear elastic load–displacement
curve and, secondly, the minimum required sample size require-
ments need to be met. The minimum required sample dimensions
were calculated according to following formula:

a;B;W � a � 2:5
KQ

ry

� �2

ð3Þ

Nanoindentation measurements were performed on a Hysitron
TI 950 Tribometer equipped with a Berkovich diamond tip to deter-
mine the hardness values of the coatings. The yield strength is
therefore very roughly estimated according to Eq. (4), the rule of
thumb from Tabor [49], who developed this method for steel.

ry½GPa� ¼ Hardness½GPa�
3

ð4Þ

For the electron energy loss spectroscopy (EELS) measurement,
a cross section TEM lamella of Cr2AlC on single crystalline Al2O3

was prepared using a Thermo Fisher Scientific dual beam ‘‘Scios
2 HiVac” FIB. The high angle annular dark field (HAADF) imaging
and EELS in scanning transmission electron microscopy (STEM)
were conducted with a Gatan GIF Quantum ERS energy filter on a
probe-corrected Thermo Fisher Scientific Titan Themis STEM at
300 kV acceleration voltage. During EELS acquisition, the energy
resolution was set to 1 eV and the spectra were recorded using a
5 mm aperture at a dispersion of 0.10 eV per channel.
3. Results

All Cr2AlC coatings deposited at elevated substrate temperature
had a columnar microstructure, as shown by the STEM BF-images
in Fig. 2a–c. In addition, the images indicate a brighter contrast at
the grain boundaries, as can be seen in Fig. 2a-c. For the DCMSRT, as-
dep sample, the STEM investigations revealed an amorphous



Fig. 2. In a)-c) the STEM BF images of the Cr2AlC coating deposited at elevated substrate temperatures, a) DCMS565�C, b) DCMSlab, 600�C and c) HPPMS565�C, are depicted. All
samples show a more or less elongated microstructure, which is common for sputtered coatings, with bright contrast features at the grain boundary. d) and e) depict the
samples deposited without intentional heating. In d) the sample with the subsequent heat treatment at 650 �C is shown. It has an equiaxed microstructure without any
features at the grain boundary. In e) the sample shows no microstructural features, which is indicative of an amorphous microstructure.

Fig. 3. a)–c) depict HAADF STEM images of the DCMS565�C, DCMSlab, 600�C and HPPMS565�C samples with corresponding EDX maps of Al and Cr, respectively. a) and c) clearly
reveal pores at the grain boundary for the DCMS565�C and HPPMS565�C sample. For the HPPMS565�C sample, pores are only found in the upper half of the coating. In b), the EDX
maps indicate an additional Al-rich phase at the grain boundaries.
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microstructure without any pronounced features in the BF STEM
image (Fig. 2e). The DCMSRT, anneal sample, which was deposited
4

without intentional heating and subsequently annealed at 650 �C,
showed an equiaxed microstructure (Fig. 2d).



Fig. 4. a) Overview TEM BF image of the investigated coating deposited onto Al2O3. b) HAADF STEM image recorded at higher magnification from a grain boundary region as
indicated in a). The marked areas reveal positions at which the EELS-spectra were recorded. c) EELS O-K spectra for each area (marked in b) are shown. Only the area
containing the grain boundary reveals a significant O-signal.

Fig. 5. X-ray diffraction results for the DCMSRT, anneal sample showing the (002)-
and (101)-peak (indicated by arrows), which suggest the occurrence of the ordered
MAX phase crystal structure.

Table 2
Fracture toughness from the in situ micro-bending experiments and the hardness from n
sample size according to Eq. (3) for the fracture toughness experiments, to be valid linear el
the hardness measurement is the standard deviation performed tests for each coating. Fu

Sample Fracture Toughness (MPam1/2) Hardness (GPa) Estimated Yield

DCMS565�C 1.8 ± 0.1 8 ± 2 2.7
HPPMS565�C 2.0 ± 0.2 16 ± 2 5.3
DCMSlab, 600�C 2.3 ± 0.1 10 ± 2 3.3
DCMSRT, anneal 2.4 ± 0.2 15 ± 0.4 5.0
DCMSRT, as-dep 4.1 ± 0.5 14 ± 0.2 4.7
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The HAADF images in Fig. 3 support the findings of the BF
images of features at the grain boundary for the DCMS565�C,
DCMSlab, 600�C and the HPPMS565�C sample. For the DCMSRT, as-dep

and the DCMSRT, anneal sample no pronounced features are found,
they appear to have a homogeneous composition (not shown).
Additional EDX measurements confirmed the HAADF findings of
a homogeneous composition for both samples deposited without
intentional heating. For the samples deposited at elevated sub-
strate temperatures, the EDX maps of Cr and Al shown in Fig. 3
revealed that the features at the grain boundaries for the DCMS565�-
C and HPPMS565�C samples, Fig. 3a and c respectively, appear to be
pores, while the DCMSlab, 600�C sample shows an enrichment of Al
at the grain boundary. The O-map is intentionally left out since
the O-K and the Cr-L peaks of the EDX spectra are very close to
each other and cannot be distinguished in the accuracy of the per-
formed EDX measurements.

The (S)TEM EELS measurements of the Cr2AlC coating on Al2O3

revealed an increased O content at the grain boundary compared to
the grain interior. A qualitative comparison of O concentration at
the grain boundary and the grain interior is depicted in Fig. 4.
revealing an increase of the O-content at the grain boundary region
compared to the grain interior.
anoindentation. Additionally, the estimated yield stress and the minimum required
astic experiments, is listed. The error given for the fracture toughness experiments and
rthermore, the observed microstructure is listed.

Strength (GPa) Minimum Required Sample Size (mm) Microstructure

1.2 Crystalline columnar
0.4 Crystalline columnar
1.2 Crystalline columnar
0.6 Crystalline equiaxed
2.0 amorphous



Fig. 6. Exemplary load–displacement curves for one sample of each coating.
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XRD measurements revealed for all the crystalline samples a
MAX phase crystal structure, as to be expected for Cr2AlC. An
exemplary diffractogram for the equiaxed DCMSRT, anneal sample
is shown in Fig. 5 where the presence of the (002) and (101)
peaks, which are marked with arrows, indicate the formation of
Fig. 7. Fractographs of the a) DCMS565�C, b) DCMSlab, 600�C, c) HPPMS565�C, d) DCMSRT, a
depicted. The second fracture surface was lost during the in situ SEM micromechanical te
surfaces. The green squares highlight the fracture surfaces. Above the fracture surface of e
references to colour in this figure legend, the reader is referred to the web version of th
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the MAX phase structure. Both peaks are, in comparison to the
disordered solid solution structure, unique to the MAX phase
[25].

The results of the in situ micro-bending beam experiments are
listed in Table 2. All samples show a linear elastic load–displace-
ment curve. This is depicted in Fig. 6 for one sample of each inves-
tigated coating.

The given error of the measurements is the standard deviation
from the evaluated coatings (five samples for each coating). Frac-
ture toughness changes which are clearly distinguishable (consid-
ering the error bars) are referred to as significant, while
overlapping error bars between different samples are referred to
as minor changes.

The hardness values extracted from the nanoindentation mea-
surements, the estimated yield strengths according to [49] (Eq.
(4)) and the minimum required sample dimensions according to
Eq. (3) are found for each material in Table 2.

In Fig. 7, SEM images of the fracture surfaces for the investi-
gated coatings are depicted. There, elongated features are found
on the surfaces of the DCMS565�C (Fig. 7a) and HPPMS565�C
(Fig. 7c) sample. The DCMSlab, 600�C (Fig. 7b) showed some elon-
gated feature, but additionally, a rough appearance of the fracture
surface is visible. It was not possible to preserve both fracture sur-
faces for the DCMS565�C, DCMSlab, 600�C and HPPMS565�C coatings.
Therefore, one has to be careful with the interpretation of the frac-
tographs. Since all the fracture surfaces, for each individual coating,
nneal and e) DCMSRT, as-dep. In a), b), c) and e) one side of the fracture surfaces are
sting. In d) both fracture surfaces are depicted, the red line divides the two fracture
ach sample, the smooth surface of the pre-notch is visible. (For interpretation of the
is article.)
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show similar features, it is assumed that those are representative
for the corresponding coating. Fig. 7d depicts a very rough fracture
surface for a DCMSRT, anneal sample. In this case, both fracture sur-
faces could be preserved and one can clearly see the crystalline
appearance of the fracture surface. The grains that are pulled out
from one side can be found on the other. An exemplary fracture
surface for the amorphous material is depicted in Fig. 7e. There
are no pronounced features on the fracture surface and it appears
to be smooth. Only in the lower part of the fractograph, a kinking of
the crack away from the straight through fracture is revealed. This
feature is found on all the fracture surfaces for the DCMSRT, as-dep
samples and the origin thereof is unclear at this point in time.
4. Discussion

The fracture mechanical results appear surprising, since all the
crystalline samples, with different microstructures, reveal only a
minor difference in their fracture toughness.

The fracture toughness measured for the investigated crys-
talline Cr2AlC coatings range from 1.8 to 2.4 MPam1/2, which include
the lower limit of 1.9 MPam1/2 reported for bulk fine grained mate-
rial (grain size of around 2 lm) [28].

It has to be pointed out, that a correlative discussion on the
morphology affected fracture behavior of Cr2AlC coatings and Cr2-
AlC bulk materials is flawed by the strongly different grain sizes,
which are for the bulk materials at least one order of magnitude
larger than the coating thickness.

The DCMS565�C sample, with 1.8 ± 0.1 MPam1/2, is the one with
the lowest fracture toughness and the DCMSlab, 600�C and the
DCMSRT, anneal, with 2.3 ± 0.1 MPam1/2 and 2.4 ± 0.2 MPam1/2, respec-
tively, are the ones with the highest fracture toughness. The
HPPMS565�C sample is in between those two with a fracture tough-
ness of 2.0 ± 0.2 MPam1/2. Therefore, it is evident, that the synthesis
induced differences in crystalline microstructure studied here
exhibit only a minor influence on the fracture toughness behavior.

A completely different picture was revealed by the DCMSRT, as-
dep sample with the amorphous microstructure. This sample has
a fracture toughness of almost twice the one from the crystalline
samples (4.1 ± 0.5 MPam1/2). Such a high fracture toughness is
above the limit allowing to use linear elastic fracture mechanics,
to determine a sample size independent fracture toughness KIC

according to the ASTM E399-90 standard, since the minimum
requirements regarding the sample geometry are not met, at least
within the constraints (yield strength was estimated via the hard-
ness obtained with nanoindentation) used in this investigation.
Hence, the fracture toughness for the DCMSRT, as-dep sample has
to be considered a conditional sample size dependent fracture
toughness KQ, not a sample size independent critical mode I frac-
ture toughness (KIC), as for the crystalline samples. In general, there
are several open questions regarding measurements of the fracture
toughness of amorphous materials with small scale cantilever test-
ing. (i) it is not established how the occurring shear bands are
influenced by the strain gradient in the small-scale cantilever upon
testing. (ii) another point is raised by Pippan et al. [50] that one has
to be careful with the interpretation of small-scale fracture testing
results, when the microstructural features are not small compared
to the sample dimensions. In the case of an amorphous material, it
is not straight forward what to define as microstructural feature.
Therefore, one should be careful with the conclusions drawn from
micro-bending beam experiments of amorphous materials.

The fracture surfaces of the samples at elevated deposition tem-
perature (DCMS565�C, DCMSlab, 600�C and HPPMS565�C) show elon-
gated features. This corresponds well to the TEM findings, which
revealed a columnar microstructure for these samples. The sample
deposited without intentional heating and subsequently annealed
7

(DCMSRT, anneal) has a very rough fracture surface (Fig. 7d), suggest-
ing an equiaxed microstructure, which was confirmed by the STEM
BF images (Fig. 2d). A smooth fracture surface without any pro-
nounced features is occurring for the sample deposited at without
intentional heating (Fig. 7e). This is corresponding well to the
STEM findings of an amorphous crystal structure for this sample
(Fig. 2e).

The STEM (HAADF and EDX) investigations explained the minor
difference in fracture toughness of the crystalline samples. It was
found that the DCMS565�C sample, the one with the lowest fracture
toughness, showed several features at the grain boundary in the BF
and HAADF STEM images. These features were analyzed in more
detail utilizing EDX in the STEM and those features appear to be
pores at the grain boundaries. These pores occurred across the
entire thickness of the DCMS565�C coating at different grain bound-
aries of the elongated grains. In case of the HPPMS565�C sample, the
pores only occurred in the upper half of the deposited coating. For
the lower half of the coating, a dense microstructure was observed.
At first sight, the DCMSlab, 600�C showed a similar appearance of
pores in the BF and HAADF STEM image as the DCMS565�C sample.
However, the EDX analysis revealed, that the features at the grain
boundaries in the DCMSlab, 600�C sample are enriched in Al. The
EELS measurement performed on a Cr2AlC coating on Al2O3 (simi-
lar to the DCMSlab, 600�C) suggest that the Al enriched at the grain
boundary is occurring in the form of Al-oxide in the DCMSlab,
600�C sample. The DCMSRT, anneal sample did not reveal any pro-
nounced features in the STEM investigation, thus suggesting a
dense and homogeneous coating.

Taking all these findings under consideration, the difference in
the fracture toughness observed in the investigated crystalline
coatings may be explained as follows. The pores observed for the
DCMS565�C sample across the entire coating thickness and the
HPPMS565�C sample only in the upper half lower the fracture tough-
ness by ~ 20% compared to the equiaxed-dense coating (DCMSRT,
anneal). In addition, it is revealed that the Al-oxide segregations,
found at the grain boundary of the DCMSlab, 600�C sample, is not
detrimental to the fracture toughness of the coating compared to
the equiaxed (DCMSRT, anneal) microstructure. Furthermore, the
SEM images from the fracture surfaces of all crystalline coatings
reveal intercrystalline failure along the grain boundaries resulting
in similar fracture toughness values and, hence, suggesting the
grain boundaries being the preferred crack path for the crystalline
material. Therefore, it seems that the type of crystalline
microstructure (equiaxed or columnar) has a minor influence on
the fracture toughness of the investigated Cr2AlC coatings. It is rea-
sonable to assume that the comparatively low fracture toughness
is due to the here identified porosity and/or oxygen segregations
at the grain boundaries. Although, it is interesting to note that
the fracture toughness values of the here investigated MAX phase
Cr2AlC coatings coincide with the lower limit of fracture toughness
values reported for bulk fine grained Cr2AlC [28]. Furthermore,
atom probe tomography on equiaxed coatings synthesized with
identical processing parameters clearly showed the presence of
oxygen rich regions [51], which may also have an adverse effect
on fracture toughness. It may be speculated that a reduced porosity
at the grain boundaries and a reduced oxygen incorporation during
synthesis and/or atmosphere exposure may increase the coatings
fracture toughness and that the extent of the increase depends
on the coating morphology.
5. Conclusions

It was shown that the microstructure does have a minor influ-
ence on the critical mode I fracture toughness (KIC) of the here
investigated crystalline Cr2AlC coatings with an ordered MAX
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phase crystal structure. In contrast to the crystalline coatings, a sig-
nificantly higher conditional fracture toughness (KQ) was measured
for the amorphous sample. The superior fracture toughness of the
amorphous coatings compared to the crystalline coatings may be
rationalized based on their inherent lack of weak grain boundaries.
Combining the findings from this investigation with the ones from
Stelzer et al. [19], where Cr2AlC phase transformations were
tracked by resistivity measurements, it can be concluded that Cr2-
AlC is an extremely interesting choice for application as protective
and at the same time self-reporting coating. Since the fracture
toughness, differs greatly between crystalline and amorphous
phases, as shown here, it is proposed that phase transition induced
changes in fracture toughness can be tracked by resistivity
measurements.
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