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a b s t r a c t 

Recently, it was shown that annealing of nanolamellar CVD fcc-Ti 1-x Al x N at temperatures of 1000-1200 °C re- 
sults in the formation of complex phase fields consisting of still intact nanolamellar face centered cubic (fcc) 
zones, side by side with non-lamellar fully decomposed and transformed fcc and wurtzite (w) zones. It can be as- 
sumed that the observed phase fields and their microstructure strongly correlate with their mechanical properties. 
Consequently, this work focuses on the investigation of the effects of spinodal decomposition and fcc →w phase 
transformation of a nanolamellar CVD fcc-Ti 0.2 Al 0.8 N coating on the corresponding global and local mechani- 
cal properties. The sequence of spinodal decomposition and fcc →w phase transformation of a compact coating 
sample was investigated by in situ high temperature synchrotron X-ray diffraction up to a maximum temperature 
of ~1250 °C. Conventional nanoindentation experiments on the surfaces of samples annealed between 900 to 
1300 °C in vacuum were performed to illustrate the age hardening and overaging behavior. Finally, the influence 
of the observed phase fields on the local mechanical properties was investigated by correlative SEM/EBSD and 
nanomechanical mapping experiments on a cross-section of a coating annealed at 1050 °C. Maps of the lateral 
microstructure, phase composition, Young´s modulus and hardness of the coating were successfully obtained with 
a resolution of ≤ 100 nm. The lateral phase fields could be clearly identified and correlated with the observed me- 
chanical properties. The results indicate that age hardening of nanolamellar CVD fcc-Ti 0.2 Al 0.8 N coatings occurs 
homogeneously, while overaging is associated to the fcc →w transformation and thus, locally confined. 
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. Introduction 

In the last decade, chemical vapor deposited (CVD) Al-rich Ti 1-x Al x N
oatings for cutting tools in the machining industry have been subject of
xtensive research [1–13] . Although thermally activated CVD coatings
re usually assumed to grow close to their thermodynamic equilibrium
tate, metastable purely face-centered cubic (fcc)-Ti 1-x Al x N coatings
ith relatively high Al-content can be realized utilizing this technique
1 , 4 , 8 , 10 , 13] . A unique feature of those Al-rich CVD fcc-Ti 1-x Al x N
oatings, that has been repeatedly reported, is the formation of a
elf-assembled nanolamellar microstructure of alternating Al-rich
nd Ti-rich lamellae with a periodicity of several nm [4 , 6 , 8 , 14] .
he high global Al-content of such coatings results in a superior
xidation resistance and hardness which, in combination with the
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nique microstructure, yields superior cutting performance compared
o conventional fcc-Ti 1-x Al x N coatings [ 1–4 , 9 , 10 , 13] . 
Although the microstructural evolution of metastable fcc-Ti 1-x Al x N

oatings at elevated temperatures is of major relevance for age harden-
ng and subsequent overaging, which has been extensively investigated
or physical vapor deposited (PVD) Ti 1-x Al x N coatings in the last
ecades, there are only a few studies for the CVD counterpart so far.
arly studies by Endler et al. [1 , 2 , 10] reported on annealed Al-rich CVD
cc-Ti 1-x Al x N coatings, not of explicitly nanolamellar type at this point,
ndicating spinodal decomposition and subsequent fcc →wurtzite (w)
hase transformation. Later, Todt et al. [4] and Köpf et al. [13] showed
ronounced age hardening and subsequent overaging of explicitly
anolamellar CVD fcc-Ti 1-x Al x N and provided a comparison to PVD
oatings. Todt et al. [4] as well as Paseuth et al. [6] confirmed
. 
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ecomposition and subsequent fcc →w phase transformation of
anolamellar CVD fcc-Ti 1-x Al x N coatings by ex situ investigations on
nnealed samples. However, while the phase evolution during decom-
osition and fcc →w transformation might be satisfyingly revealed by
x situ approaches, a thorough illustration of the strain and strain free
attice parameter evolution during annealing can only be provided
y in situ experiments. Recent studies covered in situ high tempera-
ure X-ray diffraction (HT-XRD) experiments performed on compact
amples, but missed to reach temperatures high enough to cover the
hole sequence of decomposition and fcc →w phase transformation
7 , 15] . Consequently, the governing mechanism for age hardening and
ubsequent overaging of nanolamellar CVD fcc-Ti 1-x Al x N coatings, in
articular the role of the individual lamellae, is still not fully described.
Recently, the authors investigated the thermal stability of a

anolamellar CVD fcc-Ti 0.2 Al 0.8 N coating by in situ synchrotron HT-XRD
xperiments using a powdered sample of the coating. The obtained re-
ults were compared with ex situ experiments on compact samples [8] .
his work provided a comprehensive description of the spinodal decom-
osition and fcc →w transformation sequence of nanolamellar Al-rich
VD fcc-Ti 1-x Al x N coatings. After annealing at intermediate tempera-
ures between 1000-1200 °C, intact nanolamellar fcc areas were found,
oexisting side by side with non-lamellar fully decomposed and trans-
ormed fcc + w zones. Accordingly, it can be assumed that the observed
hase fields determine the local mechanical properties of such coatings.
s a consequence, the global mechanical properties, such as Young´s
odulus and hardness, obtained by nanoindentation experiments on the
oating surface might not represent a thorough image of the nanome-
hanical properties of such samples. 
The intention of this work is, on the one hand, to confirm our previ-

usly proposed decomposition and transformation sequence [8] and on
he other hand, the investigation of global as well as local effects of the
bserved phase fields on the nanomechanical properties of nanolamellar
l-rich CVD fcc-Ti 1-x Al x N coatings. Thus, a compact CVD fcc-Ti 0.2 Al 0.8 N
oating sample was investigated up to a temperature of ~1250 °C us-
ng in situ synchrotron HT-XRD. Surface nanoindentation measurements
n polished coating surfaces of six samples, annealed in vacuum at dif-
erent temperatures ranging from 900 to 1300 °C, were performed. In
ddition, a coating cross-section of a sample annealed at 1050 °C, ex-
ibiting intact nanolamellar as well as decomposed and transformed
cc + w areas, was prepared and documented by means of scanning elec-
ron microscopy (SEM) and electron backscatter diffraction (EBSD). Sub-
equently, dynamic-elastic modulus mappings and quasi-static elastic-
lastic indentation mappings were collected with a resolution ≤ 100 nm
nd cross-correlated with the SEM and EBSD results. 

. Experimental methods 

The nanolamellar Al-rich CVD fcc-Ti 1-x Al x N coating investigated
ithin this work was deposited with an industrial scale CVD reactor
f type Sucotec SCT600TH using TiCl 4 , AlCl 3 , NH 3 , H 2 , N 2 and Ar as
recursors. Cemented carbide samples, pressed and sintered to SNUN
20412 geometry (according to ISO 1832), with a composition of 92
t.% WC, 6 wt.% Co and 2 wt.% mixed carbides, served as substrates.
rior to deposition of the ~2.5 μm thick fcc-Ti 0.2 Al 0.8 N coating, a ~400
m thick fcc-TiN baselayer was deposited to prevent interdiffusion be-
ween coating and substrate. For the deposition of the fcc-Ti 0.2 Al 0.8 N
oating, the AlCl 3 :TiCl 4 ratio was set to 6.1:1, at a deposition temper-
ture of 790 °C and a total pressure of 4.5 kPa. The total gas flow was
01 l/min, resulting in a deposition rate of ~1 μm/h [8 , 9 , 16] . 
In situ synchrotron HT-XRD measurements were performed at

he high energy materials science beamline P07 at DESY (PETRA
II, Hamburg, Germany) up to a temperature of ~1250 °C in high
acuum applying a heating rate of 10 Kmin − 1 . The sample was heated
nductively via the substrate and the temperature was controlled by
 thermocouple directly welded to the substrate material. Diffraction
atterns were collected in steps of ~2 °C in transmission geometry using
 2D detector, a photon energy of 87.1 keV and an X-ray beam size of
400 × 100 μm 

2 (long axis aligned parallel to the coating interface).
or phase analysis and lattice parameter evaluation, the strain free
irections [17] of the recorded diffraction images were integrated along
he azimuthal direction and resulting diffractograms were analyzed
y means of a sequential peak fitting procedure using the software
ruker Topas 6. The macroscopic lattice strains were estimated from
he distortion of the Debye-Scherrer rings, as described in Ref. [18] . 
Different stages of decomposition and fcc →w transformation were

eproduced by annealing in vacuum at 900, 1000, 1050, 1100, 1200
nd 1300 °C, for 5 minutes each. A HTM RETZ high vacuum furnace op-
rated at a base pressure < 5 × 10 − 4 Pa was used to anneal the samples,
pplying a heating rate of 20 °C/min and a system dependent cooling
ate [8] . Nanoindentation experiments on the surface of the annealed
amples were performed to investigate the global hardness and reduced
odulus using a UMIS nanoindentation system provided by Fischer-
ripps Laboratories. On each sample, 25 individual indents in a load
ange of 15-25 mN were conducted, resulting in an indentation depth of
140-200 nm, corresponding to less than ~10 % of the fcc-Ti 0.2 Al 0.8 N
oating thickness. 
XRD measurements for phase analysis of the as deposited coating

s well as the coatings annealed at 1050 °C and 1200 °C were carried
ut using a Bruker D8 Advance diffractometer. The diffractometer was
quipped with a Cu K 𝛼 X-ray tube ( 𝜆= 1.5418 Å), parallel beam op-
ics (i.e. Göbel mirror), a secondary equatorial Soller collimator (0.12°
cceptance) and an energy dispersive Sol-X detector. Scans were per-
ormed from 20-85° 2 𝜃, using grazing incidence mode at an incidence
ngle of 2° and a step size of 0.02° [8] . A Zeiss Auriga 40 Crossbeam
EM, equipped with an EDAX Hikari XP Super EBSD camera and an Or-
ay Physics Cobra Z-05 focused ion beam (FIB) extension was applied for
ross-sectional SEM and EBSD investigations of the as deposited coating
nd the coating annealed at 1200 °C. Cross-correlative SEM/EBSD inves-
igations and cross-sectional nanomechanical measurements of the coat-
ng annealed at 1050 °C were carried out on a coating cross-section. For
hose experiments, special attention has to be paid to the sample prepa-
ation. Thus, the sample was sputter coated with a ~1 μm thick Au pro-
ective layer prior to preparation, which avoids edge rounding and re-
ults in decreased curtaining (i.e. roughness) and other focused ion beam
FIB) artifacts during the preparation process. Further, it provided me-
hanical support for the indenter tip, beyond the coating surface, during
canning probe microscopy (SPM) imaging and subsequent indentation
esting. After deposition of the protective Au layer, a preliminary coat-
ng cross-section was prepared by broad Ar + ion beam polishing using
 Hitachi IM4000 + ion milling system. The broad Ar + ion beam polish-
ng was followed by final FIB polishing of an area of ~20 μm width at
ow beam currents, after deposition of an additional ~0.4 μm thick Pt
ayer on top of the region of interest (ROI), using the Zeiss Auriga 40
rossbeam SEM/FIB. For improved navigation/orientation during SPM
maging and subsequent image correlation, the FIB polished area was
dditionally referenced by two “X ” shaped markers within the substrate
egion, on the left and right hand side of the ROI. After preparation
f the coating cross-section, the ROI was documented by SEM imag-
ng and EBSD mapping using a Zeiss Gemini SEM 450 quipped with an
xford Systems Symmetry EBSD camera. After documentation, prior to
he nanomechanical experiments, the coating cross-section was plasma
leaned for 12 h using an Evactron Zephyr 25 plasma cleaner. 
Nanomechanical testing on the prepared coating cross-section was

erformed utilizing a Hysitron TI 950 TriboIndenter equipped with a
erfomech control module, a nanoDMA transducer and a Northstar di-
mond cube corner indenter. Prior to modulus mapping measurements,
he sample was aligned using continuous SPM imaging. After alignment,
 4 × 4 μm 

2 SPM image of the ROI was captured. During modulus
apping, the dynamic load amplitude was set to yield a dynamic
isplacement amplitude of ~0.3-0.6 nm within the Ti 0.2 Al 0.8 N coating.
fter collection of three individual image sets (gradient, topography,
hase and amplitude), the corresponding modulus maps were calcu-
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Fig. 1. Phase evolution versus temperature (a) and normalized phase intensi- 
ties, strain free lattice parameters and macroscopic lattice strain (b) of a CVD 
fcc-Ti 0.2 Al 0.8 N coating determined using in situ synchrotron HT-XRD. 
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ated. For quasistatic indentation testing, an array of 35 × 50 indents
ith a spacing of 100 nm was aligned to cover the ROI, resulting in a
otal map size of ~3.5 × 5 μm 

2 with a total number of 1750 indents.
he indentation measurements were performed applying a constant
aximum load of 200 μN, yielding a contact depth of ~20-30 nm, de-
ending on the particular position and the corresponding encountered
hase field. Prior and after mapping, the indenter tip was calibrated
ithin the utilized contact depth range, using a fused silica standard ref-
rence sample (reduced modulus of E r = 69.6 GPa). The obtained area
unctions were reviewed within the calibrated range by succeeding in-
ependent reference measurements. Subsequently, the mapping results
ere evaluated using pre- and post-map area functions and interpolated
ccordingly. 
The applied load and indent spacing were selected to result in a clear

eparation of the individual indents, where the indent spacing was ~2-3
imes the width of the residual imprint of the indents, which has been
ecently reported as sufficient criterion to yield proper quantitative map-
ing results [19 , 20] . To verify this criterion, a 5 × 15 array of indents
as made on a fused silica sample with same spacing but an adjusted
eak load of 50 μN, yielding a similar contact depth (~20 nm) and thus
omparable conditions for evaluation of the influence of the narrow in-
entation spacing on the quantitative evaluation. In addition, the influ-
nce of tip wear occurring during the extensive mapping procedure was
valuated by a post-map fused silica measurement, within the observed
ontact depth range, using the initial tip area function. Both measure-
ents revealed hardness and reduced modulus data lying within 5 % of
he expected reference values, indicating that neither the narrow indent
pacing nor pronounced tip wear were of any concern for the performed
xperiment. 

. Results and discussion 

.1. In situ investigations of microstructural and strain evolution during 
nnealing 

The phase evolution versus temperature obtained during the in
itu synchrotron experiment is depicted by the contour plot shown in
ig. 1 a. The corresponding normalized phase intensity can be found in
ig. 1 b. Both confirm the findings of our previous work for the sequence
f decomposition and subsequent fcc →w phase transformation of CVD
cc-Ti 1-x Al x N coatings [8] . Up to a temperature of ~950 °C, i.e. ~150
C above deposition temperature, the fcc microstructure is still intact
nd no major changes – except the peak shift to lower values – in
he phase composition are observed. As the temperature further rises,
etween 950-1150 °C, increasing intensities of fcc-TiN 

1 and w-AlN 

1 in
he contour plot in Fig. 1 a, as well as in the intensity plot in Fig. 1 b are
bserved, while fcc-Ti 0.2 Al 0.8 N 

2 significantly decreases. This clearly in-
icates spinodal decomposition and subsequent fcc →w transformation.
bove ~1150 °C, the fcc-Ti 0.2 Al 0.8 N has completely decomposed and

ransformed into fcc-TiN and w-AlN. 

1 Due to a certain degree of mutual solubility, the decomposition and trans- 
ormation products of fcc-Ti 1-x Al x N are usually rather considered as Ti-rich fcc- 
Ti,Al)N and Al-rich w-(Al,Ti)N than fcc-TiN and w-AlN, in particular for in- 
ermediate stages of decomposition and transformation. Nevertheless, for sim- 
licity, the newly formed phase fractions are referred to as fcc-TiN and w-AlN 
ithin this manuscript. 
2 In a previous work [8] the authors showed that diffractogramms of 
anolamellar CVD fcc-Ti 1-x Al x N coatings can be desribed by two fcc phases with 
lightly different lattice parameter. One representing Ti-rich and the other rep- 
esenting Al-rich constituents of the nanolamellar structure, these were con- 
equently referred to as fcc-(Ti,Al)N and fcc-(Al,Ti)N, respectively. However, 
ithin the present work, due to the different setup and a possible overlap of 
he fcc-TiAlN 200 and h-Co 002 reflections throughout decomposition, a strict dif- 
erentiantion of both constituents was not possible. Thus the predominant fcc 
hase is simply referred to as fcc-Ti 0.2 Al 0.8 N. 
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Throughout the whole sequence of spinodal decomposition and
cc →w transformation, the lattice parameters of fcc-Ti 0.2 Al 0.8 N and w-
lN, shown in Fig. 1 b, exhibit their expected positions. A minor, almost
inear increase with temperature that can be related to the inherent ther-
al expansion of the phases is observed. Only the lattice parameter of
he Ti-rich phase constituents formed during spinodal decomposition
nitially reveal a lattice parameter which is significantly shifted towards
cc-AlN. This implies that these phase fractions still contain a consid-
rable amount of Al in the beginning. With increasing temperature, a
trong non-linear shift towards the expected position of fcc-TiN is ob-
erved, indicating out-diffusion of AlN. The shift proceeds until the lat-
ice parameter of pure fcc-TiN is reached at ~1150 °C, evidencing that
pinodal decomposition and fcc →w transformation are completed. For
etter identification of the described shift, the lattice parameter ver-
us temperature of pure fcc-TiN is depicted by a dashed line in Fig. 1 b.
he corresponding data was determined using a powdered CVD fcc-TiN
oating. 
The evolution of the macroscopic lattice strain, presented in Fig. 1 b,

hows a clear correlation with the observed phase evolution and gives
 first indication about the age hardening behavior of the coating. The
oating in the as deposited state revealed tensile strains which would
orrespond to a tensile residual stress of ~1450 MPa, if X-ray elastic con-
tants according to the Neerfeld-Hill approximation are considered for
he given global chemical composition [21–23] . This is in good agree-
ent with the findings of Paseuth et al. who reported values of similar
agnitude for a nanolamellar CVD fcc-Ti 0.18 Al 0.82 N coating [7] . Upon
eating, a transition from tensile to compressive strain was found at the
eposition temperature of ~790 °C. At ~950 °C, the coating already
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Fig. 2. In-lens SE-SEM images and EBSD phase maps (a) and corresponding ex 
situ diffractograms (b) recorded from the as deposited state, the intermediate 
and the final state of a CVD fcc-Ti 0.2 Al 0.8 N coating after annealing for 5 min in 
vacuum, respectively. 
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xhibits moderate compressive lattice strain of ~0.1 %, which would
orrespond to compressive residual stress of ~350 MPa, if calculated
sing room temperature X-ray elastic constants. Since it can be assumed
hat the coating is primarily subjected to thermal stress as long as no
hase transformations occur, this value seems rather reasonable for a
VD coating upon heating above deposition temperature, considering
he mismatch in thermal expansion coefficients of substrate and coat-
ng [24] . In this context, also an influence of the TiN baselayer might
e assumed due to the slightly different thermal expansion of TiN and
i 1-x Al x N [25] . However, since the difference in thermal expansion be-
ween the two layers is significantly less than the difference between the
oating layers and substrate, the influence of the comparatively thin (0.4
m) baselayer is supposedly small. Further, CVD TiN does neither show
hase transformations nor pronounced recovery or relaxation within the
nvestigated temperature range [26] , thus the strain offset caused by
he TiN baselayer will be constant and is assumed to be smaller than
he actual measurement error. The linear behavior instantly changes as
pinodal decomposition sets in, which results in a pronounced increase
n compressive residual strain, reaching its maximum of ~0.6 % at
1000 °C, corresponding to a compressive stress of about ~2000 MPa,
stimated in the same way as above. Although shifted towards higher
rocess-related negative strains, a similar behavior was previously re-
orted for PVD Ti 1-x Al x N-based hard coatings, which had, however, a
uch lower Al-content [27 , 28] . By means of phase field simulations it
ould be shown that upon spinodal decomposition of fcc-Ti 1-x Al x N into
cc-TiN and fcc-AlN only minor changes in the observed strain can be
xpected [28] . Subsequently, the initial formation of w-AlN domains,
hich obtain a larger molar volume compared to fcc-TiAlN and fcc-
iN, were considered to significantly increase the compressive strains
nd thus the hardness of the investigated coatings, as already suggested
arlier by other authors [29 , 30] . However, upon further annealing, the
aximum in compressive strain decreased again, which was related to
he increasing size of w-AlN domains [28] . Consequently, the signifi-
ant increase in compressive strain of the coating investigated within
his work is interpreted as an indication for pronounced age harden-
ng, which is expected to show its maximum at a temperature of ~1000
C. In accordance with the works discussed above [27 , 28] , the strong
ncrease in compressive strain is observed as long as a predominantly
cc-Ti 0.2 Al 0.8 N matrix is present. At higher temperatures, the compres-
ive strains decrease again as the fcc →w transformation proceeds. At
his point, the matrix can be assumed to predominantly consist of w-
lN, which accommodates domains of fcc-TiN and some remaining fcc-
i 0.2 Al 0.8 N. Accordingly, the maximum in compressive strain can be as-
umed to define the border line between age hardening and overaging,
ince decreasing strain and increasing w-phase fraction results in a pro-
ounced reduction of the hardness [31] . Above 1150 °C, neither the
hase composition nor the lattice parameters nor the strain do change
ignificantly anymore. Due to the relatively high global Al fraction of the
oating and in accordance with our previous findings [8] , it can be as-
umed that a w-AlN matrix with embedded fcc-TiN globules is formed,
epresenting the fully decomposed and transformed microstructure. A
urther increase in annealing temperature primarily affects the shape
nd size of fcc-TiN globules within the w-AlN matrix due to ongoing
ecrystallization and growth of the precipitates. The obtained results in-
icate, that despite the substantially different chemical composition and
icrostructure in the as deposited state, and some process related dif-
erences in the magnitude of the initial strain, the evolution of strains
nd thus very likely also the age hardening behavior of state-of-the-art
VD and CVD Ti 1-x Al x N are comparable. 

.2. Ex situ investigations of microstructural evolution within selected 

amples after annealing 

In addition to the in situ synchrotron HT-XRD experiment, three
epresentative microstructural states, i.e. as deposited state, interme-
iate state annealed at 1050 °C and fully decomposed and transformed
tate annealed at 1200 °C, were investigated by means of SEM, EBSD
nd ex situ XRD. The respective results are summarized in Fig. 2 a and
. At the bottom of the in-lens secondary electron (SE) SEM images
hown in Fig. 2 a, the ~0.4 μm thick fcc-TiN baselayer and the ~2.5 μm
hick Ti 0.2 Al 0.8 N coating can be clearly identified. For all microstruc-
ural states, the initial Ti 0.2 Al 0.8 N microstructure with grain sizes in the
ower micrometer range can still be observed. Within the Ti 0.2 Al 0.8 N
ayer, a discontinuity at ~1/3 of the coating thickness is visible, which
as caused by process instabilities as described previously [8] . How-
ver, this instability did obviously not affect further growth of the ini-
ial fcc-Ti 1-x Al x N structure, as evidenced by the EBSD phase map of the
s deposited state shown in Fig. 2 a. The EBSD phase map as well as
he XRD pattern ( Fig. 2 b) of the as deposited coating reveal a predomi-
ant fcc structure with only insignificant amounts of w-phase. For eas-
er phase identification, standard peak positions taken from respective
CDD PDF cards for fcc-TiN, fcc-AlN, w-AlN and WC are provided within
he diffractograms in Fig. 2 b [32–35] . The intensity of fcc-TiN observed
n the as deposited coating can be related to the baselayer, WC peaks
tem from the substrate. 
As expected from the in situ synchrotron HT-XRD experiment, the

oating annealed at 1050 °C appears somewhat inhomogeneous in the
n-lens SE-SEM image, which is confirmed by the EBSD phase map, re-
ealing significantly less fcc indexed areas compared to the as deposited
tate. This can be assigned to partial spinodal decomposition and fcc →w
hase transformation, as described in detail in our previous work [8] .
arger zones, which are indexed by EBSD can be related to still intact
anolamellar areas, while non-indexed areas can be attributed to de-
omposed and transformed fcc →w zones. Although pure w-AlN zones
f comparable size might be indexed easily via conventional EBSD, the
ne dispersion of globular fcc-TiN particles within the w-AlN matrix
eems to impede indexing of w-AlN, while the fcc-TiN globules are too
mall to be indexed [8] . In particular, next to the substrate larger areas
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Fig. 3. Global (i.e. surface) hardness and reduced modulus of the CVD fcc- 
Ti 0.2 Al 0.8 N coatings annealed for 5 min in vacuum (obtained by nanoindentation 
on the coating surface). 
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f the Ti 0.2 Al 0.8 N coating seem to be still intact, whereas the upper part
ppears to be already mainly decomposed and transformed with minor
slands of still intact fcc structure. These observations are corroborated
y the corresponding ex situ XRD pattern shown in Fig. 2 b, which in-
icates that already significant amounts of w-phase have formed, while
till a considerable fraction of fcc-Ti 0.2 Al 0.8 N is maintained. It can be
oncluded that zones with darker contrast within the in-lens SE-SEM
mage, which correlate with fcc indexed zones in the EBSD map, repre-
ent still intact nanolamellar fcc-Ti 0.2 Al 0.8 N zones. Non-indexed regions
epresent already decomposed and transformed fcc-TiN and w-AlN ar-
as, co-existing side by side with the still intact zones [8] . 
Within the coating annealed at 1200 °C, here considered as final

tate, the EBSD phase map also only reveals minor fractions of still fcc
ndexed regions, that cannot unambiguously be correlated with the in-
ens SEM image anymore. The corresponding XRD pattern reveals fcc-
iN and w-AlN, while fcc-Ti 0.2 Al 0.8 N cannot be clearly identified any-
ore. 

.3. Evolution of global modulus and hardness after annealing 

The evolution of hardness and reduced modulus, investigated by
anoindentation measurements on the surfaces of the samples annealed
t different temperatures, is shown in Fig. 3 . The trends in hardness and
educed modulus can be consistently correlated with the observed mi-
rostructures during annealing. Up to annealing temperatures of 900 °C,
o significant changes of microstructure or phase composition were ob-
erved. The fcc-Ti 0.2 Al 0.8 N grains were still well indexed using EBSD
nd within SEM images no major changes were found [8] . This is in
ood agreement with the roughly constant hardness of ~31.5 GPa up to
his temperature. After annealing at 1000 °C, the microstructure still re-
ains predominantly fcc, giving good indexing results for EBSD, without
ny major changes in SEM imaging [8] . However, the hardness shows a
aximum of ~36.5 GPa at 1000 °C, which can be explained by the ini-
ial spinodal decomposition and the observed maximum in compressive
train as shown in Fig. 1 b. The reduced modulus does not reveal any
ignificant changes up to this temperature. After annealing at higher
emperatures, the hardness as well as the reduced modulus show a pro-
ounced decrease. This can be explained by the ongoing of fcc →w trans-
ormation, resulting in a significantly increased w-phase fraction, and
y the decrease of compressive strain. The zone highlighted in grey in
ig. 3 indicates the range within which age hardening will occur. After
nnealing at 1050 °C, the standard deviation of the reduced modulus
hows the highest spread, which is indicative for the highly inhomo-
eneous microstructure, consisting of still intact fcc areas side by side
ith decomposed and transformed fcc and w areas. This leads to the
ssumption that the pronounced anisotropy in microstructure results
lso in a pronounced anisotropy in mechanical properties on the local
cale. Still intact areas most likely retain a high hardness and a reduced
odulus comparable to the age hardened state, while decomposed and
ransformed regions might already exhibit comparatively low values
ypical for overaged states. If the temperature is further increased, the
till intact fcc-fraction diminishes, resulting in a more homogeneous mi-
rostructure again (at least on the mesoscopic scale), accompanied by
 further decrease of hardness and reduced modulus. The arrows on
op of Fig. 3 indicate this region of overaging as well as the range of
ecrystallization and growth, which is predominantly characterized by
icrostructural changes, i.e. growth of the precipitates, while the phase
omposition represents already the final state. Within this range, the
educed modulus remains constant while the hardness still slightly de-
reases and finally reaches its minimum value of ~26 GPa after anneal-
ng at 1300 °C. Similar trends in hardness were previously reported by
odt et al. and Köpf et al. for nanolamellar CVD fcc-Ti 1-x Al x N coatings,
ho also found annealing temperatures of ~1000 °C to result in maxi-
um hardness, followed by a constant hardness decrease if the temper-
ture is further increased [4 , 13] . 

.4. Cross-sectional modulus mapping after annealing at 1050 °C 

A section of the in-lens SE-SEM image of the intermediate state sam-
le covering the ROI is shown in Fig. 4 a. Areas with somewhat different
ontrast, identified as intact fcc zones, are framed by the white dotted
ines and fcc as well as fcc + w zones are indexed accordingly. The same
ection, superimposed by the corresponding EBSD phase map is shown
n Fig. 4 b. The majority of remaining single phase fcc areas, in particu-
ar larger regions, are identified by EBSD and can be clearly correlated
ith the in-lens SE-SEM image. A minor fraction of presumably remain-
ng fcc zones was not properly indexed via the EBSD measurement, most
ikely due to the rather small size of the remaining islands and maybe
lso due to rather high coherency strains, which might negatively af-
ect pattern recognition. Nevertheless, the correlation of in-lens SE-SEM
mage and EBSD map further supports the identification and interpreta-
ion of the individual phase fields within the in-lens SE-SEM image by
rightness and contrast. Next to the fcc-TiN baselayer a large fcc zone
s observed, which extends at its highest point beyond the discontinuity
o ~1/2 of the coating thickness. Above this large fcc phase field, the
ajority of the coating is defined by decomposed and transformed ar-
as, consisting of w-AlN with embedded globular fcc-TiN precipitates.
n addition, smaller single phase fcc fields are still present within larger
ecomposed and transformed areas, representing small islands of intact
anolamellar structure. Especially in the middle of the image, on top
f some grains, significant fcc indexed remains are observed, which are
lso marked in Fig. 4 a. Further, the annealing treatment obviously pro-
oked a certain degree of segregation and agglomeration most probably
f fcc-TiN (dark) and w-AlN (bright), as can be concluded from the dark
pots (e.g. below the discontinuity) and brighter seams (e.g. along the
iscontinuity and along grain boundaries). 
For the modulus mapping, the ROI was centered and aligned prop-

rly using SPM imaging. Subsequently, the dynamic oscillation of the
ndenter tip was initiated. A 2D map of the recorded displacement am-
litude data, which is required to calculate modulus mapping images, is
hown in Fig. 4 c. Already the contrast within this image indicates signif-
cant lateral differences of the elastic properties within the investigated
egion. In fact, the obtained differences in dynamic displacement seem
o correlate well with the identified fcc and fcc + w phase fields. Consid-
ring that intact nanolamellar fcc areas coexist with non-lamellar de-
omposed and transformed fcc + w areas [8] , the observed differences in
ynamic displacement can be interpreted to represent the differences
n moduli of both states. Intact fcc areas that were confirmed via EBSD,
till exhibit a relatively high modulus, similar to the as deposited or even
ge hardened state, consequently resulting in a lower dynamic displace-
ent. In contrast, decomposed and transformed fcc + w areas observe a
ignificantly lower modulus related to a mixture of significant amounts
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Fig. 4. Contrast enhanced in-lens SE-SEM image (a), superimposed with an EBSD phase map (b), corresponding displacement amplitude map (c) and modulus map 
(d) of the intermediate state CVD fcc-Ti 0.2 Al 0.8 N coating annealed for 5 min at 1050 °C. 

Fig. 5. Hardness map of the intermediate state CVD fcc-Ti 0.2 Al 0.8 N coating an- 
nealed for 5 min at 1050 °C, obtained by nanoindentation on the coating cross- 
section. 
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f w-AlN and some fcc-TiN, thus yielding a much higher dynamic dis-
lacement. In addition, the aforementioned local segregations and ag-
lomerations within individual grains, along the discontinuity and along
rain boundaries can be identified. Thus already from the displacement
mplitude data, a clear correlation of the microstructure and the lo-
al elastic properties of the investigated coatings can be deduced. This
s confirmed by the evaluation of the modulus mapping measurement,
hown in Fig. 4 d. It exactly resembles the expected behavior and fits
ell to the SEM/EBSD investigations. For fcc indexed regions, a com-
lex modulus of slightly above ~400 GPa is estimated and the fcc + w
hase fields are estimated to exhibit ~300 GPa. Both values agree well
ith the values obtained by surface indentation measurements of age
ardened and overaged states. 
.5. Cross-sectional hardness mapping after annealing at 1050 °C 

Since the observed elastic properties unambiguously correlate with
he microstructure of the investigated coating, a similar behavior can
lso be assumed for the lateral hardness distribution. Intact fcc areas
re expected to exhibit a hardness in the range of intact or age hardened
iAlN (~32-36 GPa). In contrast to that, decomposed zones should
eveal values corresponding to the overaged or recrystallized state
~24-28 GPa). The results obtained from the hardness mapping are
ummarized in the contour plot shown in Fig. 5 . Similar to the dynamic
lastic modulus mapping, the hardness mapping confirms the lateral
nhomogeneity caused by the different phase fields. In the substrate,
obalt clusters can be identified, exhibiting a comparatively low hard-
ess compared to the neighboring WC grains. Close to the interface, a
ontinuous layer can be recognized, representing the fcc-TiN baselayer
ith a moderate hardness of ~22 GPa. The interface appears somewhat
urved, which is an artifact stemming from a slight periodic drift of the
ndividual indent lines with respect to their vertical position during the
easurement. Above the fcc-TiN baselayer, the intact fcc- Ti 0.2 Al 0.8 N
rea below the discussed discontinuity can be identified, showing a
ardness of ~36 GPa, which correlates well with the hardness of the age-
ardened state (see Fig. 3 ). Above this area, the decomposed zone with
 significantly lower hardness of ~28 GPa can be seen. Again, this is in
ccordance with expected values for decomposed and transformed fcc-
iN and w-AlN and agrees well with the global hardness value observed
or the overaged state in Fig. 3 . Within the predominantly decomposed
one, even the small intact islands, which were detected by EBSD and
he modulus mapping, can be identified. In addition, the surface topog-
aphy of the coating is clearly visible, followed by the soft protective
u layer. 
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Fig. 6. Schematic microstructural evolution of Al-rich nanolamellar CVD fcc-Ti 1-x Al x N coatings at elevated temperatures. 
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.6. Schematic representation of microstructural evolution at elevated 

emperatures 

Considering the results obtained in the present and in our previous
tudy [8] , we were able to gain a comprehensive understanding of
he spinodal decomposition and fcc →w transformation sequence of
anolamellar CVD fcc-Ti 1-x Al x N coatings at elevated temperatures. The
llustration shown in Fig. 6 describes the evolution of the microstruc-
ure during annealing starting from the initial state, over spinodal
ecomposition, which is accompanied by age hardening, to the fcc →w
ransformation followed by overaging. In the as deposited state, the
oating consists of alternating Al-rich and Ti-rich fcc nanolamellae,
ith a periodicity of several nm. The Ti-rich nanolamellae, representing
fcc-Ti 0.5 Al 0.5 N, effectively stabilize the Al-rich species, with a high
l content of ~fcc-Ti 0.1 Al 0.9 N [7 , 8 , 14] . Since the stabilizing Ti-rich
amellae are significantly thinner than the Al-rich lamellae, as reported
n our earlier work [8] and by other authors [4 , 7 , 14 , 15 , 17] , the global
l metal fraction in the coating can be as high as ~0.8, while the
oating still maintains a predominantly fcc-structure. Due to their
elatively high Al content, the Al-rich lamellae do not show pronounced
igns of spinodal decomposition at elevated temperatures. However, the
i-rich species undergoes spinodal decomposition [8] , accompanied by
istinctive age hardening due to significantly increased strains. Further
ncreasing the temperature results in the growth of Al-rich clusters
ithin the decomposed Ti-rich lamellae, until they reach a critical
ize and transform from fcc to their stable w-modification [36] . In
urther consequence, the formerly stabilized Al-rich lamellae lose their
emplate and larger zones within the coating transform simultaneously,
nitiated by the newly formed Al-rich clusters. Due to the high global Al-
raction, a w-AlN matrix forms which accommodates globular fcc-TiN
recipitates. Previously we could show that those precipitates have a
istinct orientation, showing an explicit relation to the w-AlN matrix as
ell as to the initial nanolamellar fcc-Ti 1-x Al x N grains [8] . On the global
cale, the increasing fraction of w-AlN matrix and fcc-TiN particles,
hich both have a significantly lower hardness and Young´s modulus
han the fcc-Ti 1-x Al x N, result in a constantly decreasing hardness and
oung´s modulus. On the local scale, it needs to be considered that
ithin intermediate sample states, intact nanolamellar areas coexist
ide by side with completely decomposed and transformed zones.
hus, the global mechanical properties do not thoroughly describe the
ocal mechanical properties, which depend on the lateral distribution
f the different phase fields and consequently are highly inhomoge-
eous. Although the w-AlN matrix with embedded fcc-TiN particles
esembles a local inhomogeneity at a much smaller scale, a certain
lobal homogeneity is regained again when the whole coating is fully
ecomposed and transformed. With further increasing temperature,
ome fcc-TiN segregates at the grain boundaries and fcc-TiN particles
mbedded within the matrix grow and accumulate [8] . Simultaneously,
he hardness continues to decrease, while the Young´s modulus stays
onstant. In this condition, at annealing temperatures > 1200 °C, the
oating can be considered to be in its final microstructural state. 

. Conclusions 

Within the present study, the phase and strain evolution of an Al-
ich nanolamellar chemical vapor deposited (CVD) face-centered cubic
fcc)-Ti 0.2 Al 0.8 N coating at elevated temperatures was determined and
orrelated with a series of annealed samples, representing different mi-
rostructural states. The results corroborate previous findings about the
equence of spinodal decomposition and subsequent fcc →wurtzite (w)
ransformation of CVD fcc-Ti 0.2 Al 0.8 N coatings and could be correlated
ith age hardening and subsequent overaging. The coating annealed at
000 °C, which coincides with the temperature that showed the highest
ompressive strains during the in situ synchrotron experiment, exhibited
ronounced age hardening and thus, the highest hardness of all samples.
ith decreasing compressive strain and increasing w-AlN fraction, both,
ardness and Young´s modulus significantly declined, which is indica-
ive for overaging. For intermediate sample states, just above the tran-
ition from age hardening to overaging, a microstructure composed of
anolamellar fcc phase fields co-existing side by side with non-lamellar
ecomposed and transformed fcc + w phase fields was observed, sug-
esting anisotropic lateral mechanical properties. Consequently, cross-
ectional SEM/EBSD investigations were employed and correlated with
ross-sectional modulus mapping and indentation mapping measure-
ents, to assess the role of the phase fields on local anisotropy and their
ffect on the global mechanical properties, age hardening and overaging
f nanolamellar CVD-Ti 0.2 Al 0.8 N. Finally, a schematic was created visu-
lizing the microstructural evolution of nanolamellar CVD fcc-Ti 1-x Al x N
t elevated temperatures. The obtained results provide the basis for a
edicated nanoscale design of strain and stress, ultimately allowing to
reate materials with tailored age hardening behavior. 
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