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A B S T R A C T

Physical vapor deposited coatings are widely utilized as surface protection for metal and ceramic components 
operating in harsh environments. However, research on the high-cycle fatigue (HCF) life of hard-coated metal 
substrates has reached contradictory conclusions, leaving it unclear whether ceramic coatings enhance or 
compromise their fatigue resistance. To improve reliability and extend service life, this study explores the re
sidual stress-dependent influence of arc evaporated TiAlN-based thin films on the fatigue life of Ti-6Al-4V. 
Therefore, different stress-modifying approaches were implemented, including a substrate bias variation, a 
Tantalum based alloying strategy, and a specific interlayer design. The combination of high-cycle fatigue tests, 
synchrotron-based experiments providing depth-resolved stress profiles, and the formulation of a linear-elastic 
stress-failure model resulted in the following identified relationships: (i) A threshold level in the residual 
compressive stress state must be present in TiAlN-based coatings to prevent deteriorating HCF performance 
introduced by failure of the ceramic nitride. (ii) Once the residual compressive stress field is able to shift fatigue 
crack nucleation into the bulk titanium alloy, the HCF life increases. (iii) The further the residual tensile stress 
peak is shifted from the bulk material surface — achieved through an optimized residual stress design imple
menting a metallic interlayer beneath the TiAlN-based top coating — the greater the improvement in HCF 
strength. Overall, this approach achieved an unprecedented HCF enhancement exceeding 50 % compared to 
uncoated Ti-6Al-4V (from 420 MPa to 628 MPa at 107 load cycles), highlighting the importance of an in-depth 
understanding of stress gradients within coating-substrate combinations.

1. Introduction

Ti-6Al-4V is widely used in aerospace industry due to its high specific 
strength, excellent corrosion resistance and validated long-term fatigue 
data [1]. Yet, its insufficient wear resistance can be problematic in 
components subject to tribological contacts above 500 ◦C [2–5]. To 
address these concerns, physical vapor-deposited ceramic coating ma
terials have proven to be an effective surface-strengthening technique 
[6–9] – in particular nitrides, such as TiAlN-based coatings well-known 
from tooling and forming applications. At first glance, the deposition of 

a brittle ceramic coating appears generally unfavorable for the fatigue 
properties of a ductile metallic component. Due to the strong direc
tionality of their atomic bonds, the dislocation mobility of ceramic 
materials is typically severely restricted [10]. In contrast to metals, ce
ramics are unable to relieve the localized stress peaks at the crack front 
by plastic deformation. Consequently, ceramic bulk and coating mate
rials are characterized by a low fracture toughness and a tendency to 
exhibit unstable crack growth past the initial fracture event [11,12]. 
Accordingly, Zauner et al. [13] demonstrated that the micro-scale fa
tigue response of isolated ceramic coatings (variety of CrN, CrB2, or 
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Cr2O3) is constrained by the intrinsic fracture strength. In their in-depth 
study, microcantilever beams were exposed to cyclic loads close to the 
critical stress intensity and withstood up to 107 load cycles without 
inducing any noticeable material damage or structural changes. 
Nevertheless, these findings do not explain how ceramic coatings affect 
the fatigue properties of underlying metallic substrate materials. Un
derstanding the importance of each influencing parameter is critical to 
eliminating diminishing correlations and making its application safer 
and more predictable.

Consequently, the impact of ceramic nitrides such as TiAlN-based 
coatings on the fatigue life of titanium alloys has been the subject of 
several studies so far. Up to date, it is known that the stress state 
[14–17], thickness [15,18], quality [16,18,19], and mechanical prop
erties [18,20,21] of the ceramic coating play an important role. Unfor
tunately, most of the assumptions are based on limited fatigue data, and 
no general optimization approach has yet been developed. Nevertheless, 
current studies agree that the conventional “notch effect” model — 
which claims that coating failure promotes and accelerates fatigue crack 
initiation due to increased stress concentration on the substrate near 
interface [22–24] — is unable to describe the experimentally observed 
changes in fatigue fracture morphology and crack nucleation location 
for coated Ti-6Al-4V [17,21]. Thus, Bai et al. [17] put forth a “film 
induced cracking of substrate“ model that exhibits a sharp transition 
between the following two failure modes.

Under elevated stress (typically low-cycle fatigue (LCF) regime), the 
ceramic coating cannot withstand the large deformation of the metallic 
substrate. As a result, premature coating fracture results in substrate 
cleavage cracking. Consequently, the detrimental effect of thin film 
rupture can only be alleviated by reducing the kinetic energy of the 
crack reaching the coating interface. For a fixed coating thickness, 
microstructure toughening, increased compressive stresses, or the 
introduction of a ductile interlayer may reduce the crack velocity below 
its critical value. Thereby, the underlying titanium alloy is prevented 
from fracturing and its low-cycle fatigue limit is improved. In contrast, 
at reduced applied stresses (typically high-cycle fatigue (HCF) regime), 
coating failure is caused by substrate dislocation pile-up and slip step 
formation at the coating-substrate interface. As the crack extends to
wards the surface, the interface near substrate region is subjected to 
increasing stress concentrations, which eventually results in subsurface 
shear fracture. Hence, once the ceramic coating is capable of suppressing 
the formation of persistent substrate slip steps without cracking, the 
high-cycle fatigue properties of the material combination are enhanced.

In early 2023, Wang et al. [21] confirmed and extended Bai’s pro
posed fatigue crack initiation model, by examining the fracture 
morphology and quantifying the geometric dislocation density of 
ceramic coated Ti-6Al-4V substrates. In contrast to the uncoated tita
nium alloy, where dislocations slip out of the free surface during cyclic 
loading, dislocation accumulation is observed at the coating-substrate 
interface. If the brittle coating cannot resist cracking, notch effects 
lead to increased stress concentrations on the substrate and promote the 
initiation of subsurface fatigue crack initiation. However, as soon as film 
rupture can be prevented, the local stress concentrations at the interface 
are relieved by the distribution of dislocations and the buildup of sec
ondary slip systems. As a result, crack nucleation shifts deeply into the 
interior of the titanium alloy, where it is likely caused by differing elastic 
modulus of adjacent grains. Consequently, in order to optimize the high- 
cycle fatigue strength of a ceramic coating on top of a metallic substrate, 
it is of critical importance to suppress coating fracture even at elevated 
subsurface strains and to push crack initiation far into the bulk material.

Although the proposed stress-sensitive fatigue crack initiation 
mechanisms appear to be well founded, the model has yet to be exper
imentally correlated with PVD deposition parameters in order to ulti
mately establish a quantitative relationship between load cycles and 
load amplitudes. Therefore, the presented study comprehensively 
screens three different approaches adapting the stress evolution and 
relation between coating and substrate material: (i) varying stress states 

by deposition parameter modification, (ii) alloying concept adapting the 
coating material itself, (iii) and a specific interlayer design. An in-depth 
understanding is provided by a set of high-resolution techniques such as 
HR-TEM, t-EBSD, ToF-SIMS, transmission X-ray nano diffraction, and 
combined micro-mechanical synchrotron-based experiments. Finally, 
the findings are incorporated into a linear-elastic stress-failure model, 
which provides analytical proof of the identified relationships and 
guidelines to further enhance the fatigue life of hard-coated metallic 
components.

2. Experimental procedures

2.1. Coating deposition

TiAlN-based thin films were deposited on customized Ti-6Al-4V fa
tigue specimens (ASTM B265-20 Grade 5; Rm = 1009 MPa; Rp0.2 = 983 
MPa; H = 335.8 HV5) using cathodic arc evaporation in an industrial 
PVD system (Oerlikon Balzers, INNOVA 1.0). For each deposition pro
cess, six-inch powder-metallurgically manufactured targets from Plan
see Composite Materials GmbH were operated in a pure N2-atmosphere: 
Either four TiAl targets with equal atomic percentages or four TiAlTa 
targets with a composition of 45/45/10 at. %, respectively. For samples 
prepared with a metallic interlayer a pure Ar-atmosphere and two Ti 
targets (purity 99.6 %, Plansee Composite Materials GmbH) were 
operated. For all deposition runs a variety of materials were mounted on 
the two-fold rotating columns of the substrate carousel: low-alloy steel 
(90MnCrV8, ∅ 22 × 5.6 mm3), polished Ti-6Al-4V (10 × 10 × 1 mm3), 
polished austenite (20 × 7 × 0.8 mm3) and (1011)-oriented sapphire 
(10 × 10 × 0.53 mm3). For all fatigue tests, pre-notched custom-made 
Ti-6Al-4V fatigue samples have been used – see Fig. A1a in the Appen
dix. Prior to each deposition run, the arithmetic mean of the surface 
height (Sa) of the area between both notches (2.25 mm2) and the exact 
notch geometry of the fatigue samples were determined using a Keyence 
VHX6000 digital microscope (see also Fig. A1c in the Appendix). Sub
sequently, all substrates were pre-cleaned in an ultrasonic bath using 
acetone and ethanol for five minutes each. The cleaned fatigue speci
mens were clamped on the sample end opposite to the notch and placed 
on a rotating support structure inside of the vacuum chamber. This 
ensured a continuous three-fold rotation during deposition, promoting 
the formation of a uniform coating on all sides of the fatigue specimen 
and in particular the notch area. As soon as an adequate vacuum was 
reached, the chamber was heated to 450 ◦C, followed by an argon 
etching step at a gas pressure of 0.22 Pa. Then, a 300 nm thin titanium 
interlayer was coated on selected samples at a bias voltage of − 150 V. 
Therefore, the targets were subjected to an arc current of 160 A. Sub
sequently, each titanium aluminum nitride based top-coating was 
deposited at a total N2 pressure of 3.2 Pa and an arc current of 200 A. For 
the residual stress variation, the bias voltage (US) was either set to − 20, 
− 40 or − 80 V, respectively. Moreover, the deposition time was adjusted 
individually to achieve a total film thickness of about 4500 nm for all 
coating states.

2.2. Coating characterization

To quantify the top-coating thickness and thus the deposition time, a 
calotte grinding test was conducted with the BAQ kaloMAX II and the 
resulting wear marks were evaluated with the Keyence VHX6000 digital 
microscope. However, a more precise method was necessary for the 
determination of the interlayer thickness. Therefore, coated Ti-6Al-4V 
substrates were cut in half with a Struers Accutom-10, heat embedded 
using Struers CitoPress-30 and polished with a Struers TegraPol-31 
system. Finally, scanning electron microscopy (SEM) was employed to 
analyze the cross sections with a backscattered electron detector (BSD) 
on a ZEISS Sigma 500 VP. For each coating, the determination of the 
chemical composition, energy dispersive X-ray spectroscopy (EDS) was 
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carried out in top-view configuration with an EDAX EDS detector (15 kV 
acceleration voltage). Furthermore, the structural constitution was 
analyzed by X-ray diffraction (XRD) using a PANalytical XPert Pro MPD 
system with a Cu-K α radiation source (λ = 1.5418 Å) in the Bragg- 
Brentano geometry. High resolution transmission electron microscopy 
(HR-TEM) on a FEI TECNAI F20 system (200 kV acceleration voltage) 
provided information on the growth characteristics and grain size dis
tribution. In addition, transmission electron backscatter diffraction (t- 
EBSD) was utilized to gain deeper insights into the characteristics of the 
interface, grain size, and crystal orientation. Accordingly, transmission 
Kikuchi diffraction patterns were acquired using EDAX Apex 3.0 soft
ware and subsequently post-processed with EDAX OIM 8.6.

Indentation hardness (H) and Young’s modulus (E) of the TiAlN- 
based thin films were determined using a CSIRO UMIS nano
indentation system equipped with a Berkovich diamond tip. Prior to the 
measurements, the system was calibrated with a fused silica standard (E 
= 72.5 GPa, H = 10 GPa). To improve the surface quality of the arc 
evaporated coatings for the indentation tests, all samples were polished 
with diamond paste to remove macroparticles and achieve a smooth 
surface. Subsequently, 31 indents ranging from 3 to 45 mN were per
formed and analyzed according to Oliver and Pharr [25] and Fischer- 
Cripps [26]. To minimize substrate interference, only indentations 
with a depth of less than 10 % of the coating thickness were considered. 
In addition, micromechanical bending experiments were conducted to 
obtain the fracture toughness (KIC) of selected coating states. Therefore, 
pre-notched (bridge notch type) micro-cantilevers were prepared by 
focused ion beam (FIB) milling using Ga+-ions with an acceleration 
voltage of 30 keV and an ion current down to 50 pA on a ThermoFisher 
Scios II – in accordance with the guidelines set forth by Brinckmann 
et al. [27]. The free-standing thin film material was then placed in a 
Zeiss Sigma 500 VP and in-situ loaded by the diamond wedge tip using a 
FemtoTools FT-NMT04 nanoindentation system under displacement- 
control (10 nms− 1) until fracture. Afterward, we evaluated the contin
uously recorded force–displacement data of the purely linear-elastic 
material behavior according to Matoy et al. [28]: 

KIC =
FmaxL
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where Fmax is the maximum load applied, L is the length between the 
pre-notch and the indenter tip, B is the width of the cantilever, H is the 
height of the cantilever, and a is the depth of the FIB-made notch.

For the evolution of the residual in-plane stress state of the TiAlN- 
based top-coatings, the sin2(ψ)-method was employed [29]. Accord
ingly, a PANalytical Empyrean system equipped with a Cu-K α radiation 
source (λ = 1.5418 Å) was operated in Bragg-Brentano configuration. 
From the recorded XRD data, the interplanar spacing (dhkl(ψ)) was 
determined by peak fitting using the Highscore Plus software package 
[30]. To account for the actual anisotropic behavior of elasticity in 
crystalline thin films, diffraction elastic constants, shkl

1 and 1
2s

hkl
2 , of the 

(200)-diffraction peak were calculated using the single crystal elastic 
constants of cubic Ti0.5Al0.5N [31] and the inverse Kröner model via the 
software package IsoDEC [32].

A TOF-SIMS 5 instrument from ION-TOF GmbH, Münster, Germany, 
was utilized to study potential correlations between the deposition 
process and nitrogen diffusion of a plasma annealed, a TiAlTaN, and a Ti 
& TiAlTaN coated fatigue specimen. The plasma annealed sample, 
which was placed fully covered in the chamber of the PVD system so that 
it was only exposed to the temperature program of the deposition pro
cess, served as a reference for the coated samples. To address the known 
insensitivity of time-of-flight secondary ion mass spectrometry (ToF- 
SIMS) for detecting pure nitrogen [33] — despite its high sensitivity and 
versatility for chemical characterization of inorganic and organic 

surfaces and interfaces [34] — was addressed by measuring the CN– 

signal in a provided methane atmosphere. This offers the advantage of 
tracking the nitrogen sensitively as the carbon was then the non-limited 
component. A focused 25 keV Bi+ ion beam was used as a primary ion 
source to generate secondary ions within a common field of view (FOV) 
of 100 × 100 µm2. All measurements were conducted with a pulse length 
of 13 ns and 128 × 128 pixels in sawtooth rendering. The chosen mea
surement mode, in negative polarity, was the high current bunched 
(HCBU) mode, which offers high mass resolution (11000) and DC- 
currents of 15 nA [35]. To obtain depth information, the dual source 
column (DSC) was operated with 2 keV Cs+ ions (300 × 300 µm2, 160 
nA) for sputtering, and an extraction bias of − 20 V was applied to the 
extractor. For charge compensation, the electron flood gun (21 V) was 
activated to measure depth profiles in non-interlaced cycle mode (10 s 
sputtering; 0.5 s pause). The depths of the analysis craters were 
measured using a Dektak XT profilometer from Bruker to convert the 
sputter time scale to a depth scale.

2.3. Fatigue testing

Within this study, a so far unprecedented approach was followed for 
high-cycle fatigue testing using a dynamic mechanical analyzer (DMA) 
in a single cantilever geometry. To our knowledge, this non-standard 
method has only been employed for low-cycle fatigue testing of thin 
samples of zirconium alloys [36,37] as well as nanocomposite [38,39] 
and shape memory alloy [40] wires. All fatigue experiments were con
ducted with Ti-6Al-4V fatigue specimens in single cantilever configu
ration at room temperature, an applied stress ratio (R) of − 1, and a 
frequency (f) of 10 Hz. High-cycle fatigue tests that reached 106 load 
cycles without failure were stopped and considered as the fatigue limit 
of the coating-substrate combination. The general dimensions of the 
custom-made Ti-6Al-4V fatigue specimens are illustrated in Fig. A1a, 
and their fully equiaxed microstructure is shown in Fig. A1b in the 
Appendix.

Prior to each measurement, the sample was mounted evenly with a 
torque wrench, to avoid twisting or distortion. Subsequently, the non- 
contact and low-mass direct drive motor of the utilized TA In
struments Discovery DMA 850 precisely applied a constant sinusoidal 
deformation force (P) in the range of 7.5 to 17.5 N. This vertical cyclic 
movement of the actuated clamp resulted in an inhomogeneous stress 
distribution. The stress value peaked in the outermost fiber of the 
specimen and decreased linearly along the cross section until it reached 
zero at the axis of symmetry of the specimen. Due to the single cantilever 
configuration, the boundary conditions are 

w(x = 0) = 0, ẃ (x = 0) = 0, ẃ (x = l) = 0 (3) 

with w being the displacement in z-direction (see Fig. A2a). Thus, the 
bending moment distribution results in 

MB(x) = P
(

l
2
− x

)

(4) 

with the maximum bending moment (MB,max = P l
2) located directly at 

the clamps. Linear theory of elasticity yields 

σB,max =
MB,max

W
=

3Pl
bt2 (5) 

where l is the distance between the two clamps, t is the sample thickness, 
and b is the sample width. However, with respect to the geometry of the 
fatigue specimens designed and used in this work, σB,max represents only 
the nominal stress. The sharp stress peak in the notch root must be 
accounted for by the introduction of a notch coefficient (kB) 
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kB =

2(1 + ν)
̅̅
a
ρ

√

(3 + ν)arctan
̅̅
a
ρ

√
−

(1− ν)
̅̅
a
ρ

√

a
ρ+1
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where the reduced half sample width at the notch is denoted by a, while 
ρ represents the radius of curvature [41]. Since all specimen are 
mounted so that the notch is precisely aligned with the fixed clamp (see 
Fig. A2b, c), the maximum applied stress at the notch is given by 

σK,a,max = σB,maxkB = S (7) 

To establish a qualitative relationship between load cycles (N) and load 
amplitude (S), the Basquin relationship 

log(N) = Ca − Cblog(S) (8) 

was used on a double logarithmic scale. By approximating the test re
sults, the constant values of the fatigue coefficient (Ca) and the fatigue 
exponent (Cb) were determined.

2.4. Synchrotron X-ray nanodiffraction experiments

All X-ray nanodiffraction experiments were carried out at the 
nanofocus endstation of beamline P03 of PETRA III at “Deutsches 
Elektronen-Synchrotron” DESY (Hamburg, Germany). This high- 
brilliance synchrotron facility can focus monochromatic X-ray beams 
to a rectangular probe cross-section of 250x250 nm2. The positioning of 
the entire nanoindenter (FemtoTools FT-NMT04) and sample arrange
ment was conducted using a hexapod (tilt alignment) and linear nano
positioning stages (X-, Y-, and Z-alignment). The Debye-Scherrer rings 
were captured by an Eiger X M9 photon-counting detector, with each 
frame acquired over a duration of 10 s. The precise alignment of the 
detector relative to the sample position was calibrated using a stan
dardized LaB6 reference powder.

To investigate the residual stress gradients of TiAlN-based coated Ti- 
6Al-4V specimens, transmission X-ray nanodiffraction experiments were 
carried out [42]. Therefore, the polished cross-section of a coated sub
strate was first precisely aligned with the monochromatic high-energy X- 
ray beam (λ = 0.6294 Å, 19.7 keV), so that its focal point was located in 
the center of the coating and the substrate-coating interface was parallel 
to the beam direction. Subsequently, the sample was scanned vertically 
three times with a step size of 100 nm, starting in the air above the 
coating and ending a few micrometers deep in the substrate. The sample 
was shifted 5 µm in the Y-direction after each measurement to capture a 
different cross-section segment during each line scan. For further details 
regarding the sample-beam alignment and the referenced coordinate 
system see Fig. 1a.

Coupled microcantilever bending and transmission X-ray nano
diffraction experiments were conducted to analyze the resulting stress 
behavior of coated Ti-6Al-4V. Accordingly, the previously mentioned 
FIB workstation was employed to ion-mill thick microcantilevers 
(l × b × h = 92 × 29 × 24 μm3) exhibiting a notch geometry comparable 
to that of the fatigue specimen. Before each measurement, the mono
chromatic X-ray beam (λ = 0.8266 Å, 15.0 keV) was positioned at the 
pre-notch. At the same time, the diamond wedge tip of the nano
indentation system was located at the free end and centered along the 
width of the 4 µm coated Ti-6Al-4V cantilever sample (see Fig. 1b). Area 
scans were performed to characterize the cross-sectional area around the 
pre-notch position of unloaded and in-situ loaded specimens. These 
scans covered a 40 × 16 mesh grid in steps of 250 nm along the Z-di
rection and 500 nm along the Y-direction.

Subsequently, the recorded diffraction patterns were processed using 
the open-source software package DPDAK [43] and an in-house written 
MATLAB script [44] or the X-ray diffraction data analysis suite Pydidas 
[45]. By integrating the diffraction rings in segments of 10 ◦ from δ = − 5 
to 95 ◦ , the interplanar spacing (dhkl(δ)) for a specific orientation δ was 
retrieved. Under the assumption of isotropic material behavior and 
biaxial stress state, the orientation-dependent lattice strain (εhkl(δ)) is 
expressed as [29] 

εhkl(δ) =
dhkl(δ) − d0,hkl(δ*)

d0,hkl(δ*)
(9) 

Accordingly, for a given orientation δ, it solely depends on the inter
planar spacing of the unstressed material (d0,hkl(δ*)), which itself can be 
obtained by performing a linear regression of the dhkl(δ) − sin2(δ). By 
considering small Bragg angles (θ) and the fundamental equation of X- 
ray stress analysis [29] 

εhkl(ψ) =
1
2
shkl
2 σr,‖sin2(δ) − 2shkl

1 σr,‖ (10) 

the residual in-plane stress (σr,‖) can be evaluated from the distortion of 
Debye-Scherrer rings expressed by the term [46] 

∂dhkl(δ)
∂sin2(δ)

= σr,‖
1
2
shkl
2 d0,hkl(δ*) (11) 

The diffraction elastic constants, shkl
1 and 1

2s
hkl
2 , of various diffraction 

peaks were calculated utilizing the single crystal elastic constants of 
cubic Ti0.5Al0.5N [31] (s200

1 = − 0.585 × 10− 3 GPa− 1; 1
2 s200

2 = 3.075 ×

10− 3 GPa− 1; s111
1 = − 0.482 × 10− 3 GPa− 1; 12 s111

2 = 2.764 × 10− 3 GPa− 1) 

or hexagonal α-titanium [47] (s101
1 = − 2.797 × 10− 3 GPa− 1; 1

2 s101
2 =

Fig. 1. (a) Schematic representation of the synchrotron transmission nanodiffraction experiments. The crystallinity of the material leads to diffraction of the incident 
X-ray beam, and the Debye-Scherrer rings are recorded by a 2D detector [48]. (b) For in-situ bending of the microcantilever (l x b x h = 92 x 29 x 24 μm3), the 
diamond wedge tip of the nanoindentation system was placed at its free end.
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11.407 × 10− 3 GPa− 1; s102
1 = − 2.682 × 10− 3 GPa− 1; 1

2 s102
2 = 11.072 ×

10− 3 GPa− 1) and the inverse Kröner model through the software pack
age IsoDEC [32].

3. Results

In order to assess the significance of the numerous fatigue variables 
identified in literature, three different approaches focusing on the re
sidual stress state (and related measures) were conducted: (i) modifying 
the bias voltage for stress variation, (ii) widening the ternary Ti1− xAlxN 
to a quaternary Ti1− x− yAlxTayN system to influence the mechanical 
properties and stress states, and (iii) introducing a metallic titanium 
interlayer for an interface-based stress design. With regard to (ii), 
tantalum was selected as the doping element, given that the enhanced 
properties of the resulting metastable solid solution are well docu
mented in the literature [7,49–54]. For simplicity, each investigated 
coating system is hereafter defined by the following nomenclature: 
Those systems without an interlayer are characterized by their chemical 
composition and their residual stress state, for example 
Ti0.56Al0.44N− 1.29. In addition, interlayer systems are marked by 
Ti & Ti0.48Al0.38Ta0.14N− 1.64. In order to facilitate the reference to the 
chemical composition, the ratio of nitrogen to metal has been normal
ized to 1. All details can be found in Table 1. Prior to the detailed pre
sentation and discussion of the experimental fatigue results, it is 
important to clarify some general properties of the coating states for the 
subsequent discussion.

3.1. Structural, chemical, and mechanical constitution

Each coating state was deposited with a thickness of approximately 
4500 nm on fully equiaxed Ti-6Al-4V fatigue specimens using cathodic 
arc evaporation. Due to the strongly fluctuating and uneven surface 
conditions of the uncoated fatigue samples (Sa ranging from 0.5 to 1.5 
µm within the region between both notches), it can be concluded that 
the surface texture of the coated substrates is not significantly affected 
by the presence of macroparticles (see Fig. A1c). It should be noted that 
the surface of the fatigue specimens was deliberately left unpolished 
after manufacture in order to more accurately reflect the real conditions 
in which the parts would be coated, thereby ensuring that the results are 
as relevant as possible to practical manufacturing scenarios. Examining 
the chemical composition, each Ti1− xAlxN coating exhibits an aluminum 
content (x) of x 44 at.%, indicating the well-known Ti substitution by Al 
in the face centered cubic structure [55–57]. Furthermore, the 
Ti1− x− yAlxTayN coatings contain a tantalum content (y) of 14 at.%, thus 
falling in the proposed range of further enhanced thermo-mechanical 
properties [7,49–51]. Moreover, XRD measurements confirmed, that 
all TiAlN-based coatings are exclusively present in the face-centered 
cubic crystal structure, and no unwanted hexagonal wurtzite phase 
formed (see Fig. 2). Since the thermo-mechanical properties of TiAlN 
coatings are closely related to their phase evolution, already the tran
sition to a dual phase structure is detrimental [8,58]. In accordance with 

literature, the incorporation of the larger Ta atoms into the face- 
centered cubic crystal lattice resulted in pronounced peak shifts to 
lower 2θ angles, suggesting uniformly increased lattice parameters and 
thus higher residual compressive stress [51,59]. Consequently, X-ray 
stress analysis yields a residual stress in the film plane (σr,‖) between 
− 1.6 and − 2.2 GPa – see Table 1. In comparison, Ti56Al44N deposited at 
the same bias voltage (US = − 40 V) exhibits σr,‖ ranging from − 1 to − 1.5 
GPa. Furthermore, the bias variation led to the anticipated residual 
stress modification. Especially at US = − 20 V, the compressive stress 
state decreased significantly to − 0.24 ± 0.06 GPa. However, for the 
coating deposited at a bias voltage of − 80 V, only a slight additional 
increase of the residual stress in the film plane to − 1.70 ± 0.09 GPa was 
achieved. Accordingly, the heavier ion bombardment resulted in an 
imperfect crystal lattice and non-uniform micro-strains, as indicated by 
the prominent broadening of its XRD peaks [60]. In addition, the 
introduction of the thin titanium interlayer had a negligible effect on σr,‖

Table 1 
Detailed overview of the residual stress and mechanical properties of the synthesized coatings. From left to right, the following abbreviations are used: Bias voltage 
(US), Residual in-plane stress (σr,‖), Indentation hardness (H), Young’s modulus (E) and Fracture toughness (KIC).

Coating system US[V] σr,‖[GPa] H[GPa] E[GPa] H/E[-] H3/E2[GPa] KIC[MPa√m]

Ti0.56Al0.44N− 0.24 − 20 − 0.24 ± 0.06 26.09 ± 1.40 406.15 ± 17.93 0.064 ± 0.004 0.11 ± 0.02 −

Ti0.56Al0.44N− 1.51 − 40 − 1.51 ± 0.15 26.84 ± 1.83 413.44 ± 13.59 0.065 ± 0.005 0.11 ± 0.02 2.78 ± 0.20
Ti0.56Al0.44N− 1.29 − 40 − 1.29 ± 0.13 27.72 ± 1.86 393.53 ± 18.86 0.069 ± 0.006 0.13 ± 0.03 −

Ti0.56Al0.44N− 1.70 − 80 − 1.70 ± 0.09 31.35 ± 1.02 397.54 ± 15.11 0.079 ± 0.004 0.20 ± 0.03 −

Ti & Ti0.56Al0.44N− 0.95 − 40 − 0.95 ± 0.15 27.76 ± 1.71 438.30 ± 17.83 0.063 ± 0.005 0.11 ± 0.02 2.69 ± 0.10
Ti0.48Al0.38Ta0.14N− 2.23 − 40 − 2.23 ± 0.11 27.57 ± 0.71 414.15 ± 18.66 0.067 ± 0.003 0.12 ± 0.02 2.64 ± 0.16
Ti0.48Al0.38Ta0.14N− 2.16 − 40 − 2.16 ± 0.17 28.91 ± 2.06 407.92 ± 15.62 0.071 ± 0.006 0.15 ± 0.03 −

Ti & Ti0.48Al0.38Ta0.14N− 2.20 − 40 − 2.20 ± 0.18 26.67 ± 1.50 410.13 ± 11.94 0.065 ± 0.004 0.11 ± 0.02 2.52 ± 0.34
Ti & Ti0.48Al0.38Ta0.14N− 1.64 − 40 − 1.64 ± 0.14 30.33 ± 1.61 381.30 ± 16.74 0.080 ± 0.005 0.19 ± 0.03 −

Fig. 2. Bragg-Brentano X-ray diffraction patterns of the as-received Ti-6Al-4V 
substrate and the investigated coating systems. References taken from [61–64].
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of the TiAlN-based top-coating.
Nanoindentation experiments of Ti56Al44N deposited at US = − 40 V 

confirmed hardness (H) values of about 27 GPa, which is in close 
agreement to previous studies [65,66]. By increasing the bias voltage to 
− 80 V, a rise in hardness to 31 GPa was observed. In general, this 
behavior can be attributed to the increased defect formation and slightly 
enhanced stress state [67]. Furthermore, since the Young’s modulus (E) 
for all Ti56Al44N thin films was found to be approximately 400 GPa (see 
Table 1), the H/E and H3/E2 ratios increased slightly to 0.08 and 0.20 
GPa, respectively. According to literature, this may indicate an 
improved resistance to plastic deformation and improved ductility of the 
ceramic coating [21]. Nevertheless, this correlation should be inter
preted with caution, as it does not account for the influence of plasticity 
and advanced architecture on coating toughness [68]. Interestingly, the 
alloying of tantalum had only a minor effect on the mechanical prop
erties. Similar to the ternary coating states, indentation hardness 
remained around 28 GPa and Young’s moduli around 400 GPa for all 
Ti0.48Al0.38Ta0.14N coatings. As a consequence, the H/E and H3/E2 ratios 
hardly differ from each other (see Table 1). Likewise, the fracture 
toughness (KIC) evaluated by micro-mechanical cantilever bending tests 
was barely influenced by the addition of Ta (KIC = 2.64 ± 0.16 MPa

̅̅̅̅̅
m

√

for Ti0.48Al0.38Ta0.14N− 2.23). Contrary to recent studies [49], this fracture 
toughness value is lower than that observed for the ternary system 
(2.78 ± 0.20 MPa

̅̅̅̅̅
m

√
) and quite similar to that found by Bartosik et al. 

[69], who obtained 2.7 ± 0.3 MPa
̅̅̅̅̅
m

√
for Ti40Al60N. Therefore, Ta 

alloying of about 14 % on the metal sublattice did not result in enhanced 
mechanical properties. As the same overall trend was evident for the 
interlayer systems, it can be inferred that the introduction of the thin 
titanium interlayer had a negligible effect on the mechanical properties 
of the TiAlN-based top coating. A comprehensive summary of all the 
stress states evaluated by the sin2(ψ)-method as well as mechanical 
properties obtained from nanoindentation and micromechanical 
bending experiments is shown in Table 1.

3.2. Fatigue characteristics of uncoated and coated Ti-6Al-4V specimen

In order to provide a reference for the fatigue behavior of the coated 
specimens, the uncoated fully equiaxed Ti-6Al-4V specimens were tested 
first. At an applied stress ratio of − 1 and a frequency of 10 Hz, the single 
cantilever experiments resulted in a HCF limit of about 420 MPa. Based 
on this, the subsequently recorded fatigue properties of the different 
coating approaches were correlated and presented in the following.

In agreement to Sivagnanam Chandra et al. [14], the variation of the 
bias voltage and hence stress state caused a significant change in the 
fatigue life of the hard coated titanium alloy (see Fig. 3a). With a HCF 
strength of 387 MPa, the deposition of Ti0.56Al0.44N− 0.24 at US = − 20 V 
yields a decrease of 33 MPa or 8 % in comparison to the uncoated Ti-6Al- 
4V. Presumably, the residual compressive stress state of the coating 
(σr,‖ = − 0.24 ± 0.06 GPa) was too low, as each force amplitude (P) 
caused overall tensile stresses in the thin ceramic film 
(σK,a,max + σr,‖150MPa > 0). As a result, slip step formation at the 
coating-substrate interface likely contributed to premature coating 
failure and a diminished HCF strength of the coating-bulk material 
combination [21]. In addition, the overall tensile stress field increased 
the coating crack velocity at larger stress amplitudes, which reduced the 
LCF properties of the underlying titanium alloy.

However, already at a bias voltage of − 40 V (σr,‖ = − 1.29 ± 0.13 
GPa), the fatigue limit of the coated specimens increases drastically – see 
green data points in Fig. 3a. Compared to the uncoated Ti-6Al-4V fatigue 
samples, the recorded HCF strength of 508 MPa is an improvement of 88 
MPa or 21 %. Furthermore, a shift of the S − N curve to a higher number 
of load cycles to failure can be observed in the low-cycle regime 
(N < 105). For the specimens coated at US = − 80 V (σr,‖ = − 1.70 ± 0.09 
GPa), a further improved fatigue behavior is obtained, with the HCF 
limit found to be 540 MPa (+120 MPa or +29 %). With respect to the 

“film induced cracking of substrate” model, it must be assumed that the 
pronounced residual compressive stress field of Ti0.56Al0.44N− 1.29 and 
Ti0.56Al0.44N− 1.70 successfully prevented film rupture by suppressing 
strain localization of the cyclically built-up slip bands. Thus, the fatigue 

Fig. 3. Fatigue behavior of the different synthesis approaches in relation to the 
uncoated Ti-6Al-4V fatigue specimen: S − N curves obtained by (a) varying the 
bias voltage, (b) alloying with tantalum, and (c) introducing a titanium inter
layer. High-cycle fatigue tests that reached 106 load cycles without failure are 
marked with a red cross. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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crack nucleation was shifted to the interior of the titanium alloy, where 
crack initiation is expected to be due to the fracture of brittle α grains. 
Furthermore, the accumulation of dislocations at the interface leads to a 
long-range back stress inhibiting the emission of additional dislocations 
and facilitates the formation of secondary slip systems [21,70]. As a 
result, the increased compressive stress state of the ceramic coating may 
not only improve the HCF fatigue properties of the underlying Ti-6Al-4V 
by changing its fatigue crack initiation mechanism, but also by relieving 
local stress concentrations at the coating-substrate interface. Thus, the 
following conclusions emerge: A sufficiently high residual compressive 
stress state must be present in TiAlN-based coatings (σK,a,max + σr,‖≪0), 
otherwise its deposition will result in reduced fatigue performance. 
However, once this condition is met, the higher the residual compressive 
stress of the thin film, the higher the HCF strength of the material 
pairing.

Additional evidence of the previously established hypothesis is pro
vided by the fatigue behavior of the Ti0.48Al0.38Ta0.14N coated Ti-6Al-4V 
specimens (see Fig. 3b). As indicated in section 3.1, the incorporation of 
the larger tantalum atoms did not alter mechanical properties but 
increased residual compressive stress states. Thus, a distinct residual 
stress-dependent increase in fatigue characteristics emerges. Overall, an 
improvement of 208 MPa or 50 % compared to the uncoated titanium 
alloy was recorded for Ti0.48Al0.38Ta0.14N− 2.23, as the material pairing 
reached 106 load cycles with no noticeable change in strain or stiffness 
at an applied stress amplitude of 628 MPa. By looking at the S − N curves 
presented in Fig. 3c, the introduction of a ductile titanium interlayer 
appears to be not further beneficial to the fatigue properties. The coat
ings with interlayer perform nearly identical to their counterparts 
without interlayer, but all clearly enhanced compared to the uncoated 
Ti-6Al-4V specimens.

However, a different trend becomes evident, when the recorded data 
is examined from a residual stress perspective, see Fig. 4. In comparison 
to the coating states without an interlayer, an improved relationship 
between residual stress state and high-cycle fatigue limit emerges — 
filled squares without interlayer versus semi-filled triangles with inter
layer. Consequently, the interlayer systems demonstrate the capacity to 
withstand greater load amplitudes at reduced residual top-coating 
stresses. These findings prompt the question: What is responsible for 
the observed phenomenon? A potential explanation may be provided by 

Bai et al. [19]. Based on a finite element analysis, they identified a 
notable reduction in localized stress concentrations at the coating- 
substrate interface of Cr & TiN coated Ti-6Al-4V compared to coated 
substrates without the thin Cr interlayer. The authors proposed that the 
enhanced deformability of the metallic interlayer mitigated the detri
mental effects of brittle coating fracture on the underlying Ti-6Al-4V 
substrate. However, it may be that their top-coating lacked a suffi
ciently pronounced residual compressive stress state, as physical vapor 
deposited TiN can exhibit lower average residual compressive stresses 
than TiAlN [66]. Accordingly, the assumed mechanism cannot explain, 
how the interlayer improves the fatigue properties, when premature film 
cracking is successfully prevented (i.e. σK,a,max + σr,‖≪0) and crack 
nucleation is pushed deep into the interior of the titanium alloy.

3.3. Depth-resolved stress analysis

To assess how the different coating approaches influence the residual 
stress state of the material pairing, synchrotron X-ray nanodiffraction 
experiments were performed on coated Ti-6Al-4V substrates. For this 
purpose, polished cross sections of four selected coating systems were 
scanned vertically three times with a step size of 100 nm. All investi
gated states were grown at the same bias potential of − 40 V, specifically 
Ti0.56Al0.44N− 1.51, Ti & Ti0.56Al0.44N− 0.95, Ti0.48Al0.38Ta0.14N− 2.23, and 
Ti & Ti0.48Al0.38Ta0.14N− 2.20. Subsequently, the average residual in-plane 
stress states (σr,‖) were evaluated and plotted over the height of the 
sample, with the zero-crossing located exactly at the coating-substrate 
interface (see Fig. 5).

In summary, all four coating states exhibited more or less constant 
residual stress states across the thickness of their TiAlN-based top 
coatings. The discontinuous section of the coating stress profile in 
Fig. 5b is likely caused by macroparticles or evaluation inaccuracies. In 
addition, the data confirms the anticipated increase in residual 
compressive stress due to the doping of tantalum: With an average total 
residual compressive stress of − 1.18 ± 0.21 GPa for Ti56Al44N (Fig. 5a) 
and − 1.70 ± 0.22 GPa for Ti0.48Al0.38Ta0.14N (Fig. 5c), it raises by 
approximately − 0.52 ± 0.31 GPa. This is well within the range of the 
residual compressive stress increase ( − 0.72 ± 0.19 GPa) determined by 
conventional XRD of the same coating states (Ti0.56Al0.44N− 1.51 and 
Ti0.48Al0.38Ta0.14N− 2.23). Nevertheless, slight deviations may occur due 
to the different geometries and surface conditions of the substrates used: 
While the conventional XRD stress measurements were performed on 
the long, narrow and intentionally unpolished Ti-6Al-4V fatigue speci
mens, the synchrotron X-ray nanodiffraction experiments were carried 
out on square and polished Ti-6Al-4V substrates. Moreover, it is evident, 
that the titanium interlayer has little effect on the stress state of the top- 
coating, as the average residual stress of the TiAlN-based thin film is 
calculated to be − 1.01 ± 0.26 GPa (Ti & Ti0.56Al0.44N, Fig. 5b) and 
− 2.03 ± 0.22 GPa (Ti & Ti0.48Al0.38Ta0.14N, Fig. 5d), respectively. 
However, contrary to expectations, the Ti interlayer itself exhibits a 
tensile stress field. The residual stress appears to be transferred to the Ti- 
6Al-4V substrate, where it decreases linearly until a stress-free state is 
reached (around 1.5 µm away from the interface). In contrast, residual 
compressive stresses are present at the interface of the coating-substrate 
pairing without interlayer. As the distance from the interface increases, 
compressive stresses decrease and tensile stresses are measured. Thus, 
the thin metallic interlayer clearly causes a significant change in the 
residual stress profile of the interface near region without affecting the 
mechanical and residual stress properties of the hard top-coating. This 
observation raises the question of its origin, and even more importantly, 
if it relates to the improved relationship between residual stress state 
and high-cycle fatigue limit of the interlayer systems studied. Thus, 
possible reasons for the modified residual stress gradient are discussed in 
the following and correlated with HR-TEM, t-EBSD, and ToF-SIMS in
vestigations. Subsequently, a simple linear-elastic stress-failure model is 
proposed in subsection 3.4 to explain the enhanced fatigue behavior of 

Fig. 4. Effect of the residual stress state of arc evaporated TiAlN thin film 
systems on the HCF strength (106 load cycles) of coated Ti-6Al-4V fatigue 
specimens. The filled squares represent coating systems without an interlayer, 
whereas the semi-filled triangles indicate those that include a thin interlayer. 
For reference, the fatigue limit of the uncoated Ti-6Al-4V specimens is plotted 
as a dotted line.
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the interlayer systems.
In general, the resulting residual stress in a polycrystalline thin-film 

is determined by a large number of interrelated causes, and their relative 
contributions typically cannot be disentangled easily. Nevertheless, a 
distinction is usually made based on their origin in the film evaporation 
process: Extrinsic residual stress, on the one hand, arises from factors 
like thermal gradients and processing conditions. Intrinsic residual 
stress, on the other hand, originates from inherent characteristics of the 
material, such as lattice defects or phase transformations during film 
growth [29,71]. The primary source of extrinsic residual stress is due to 
different coefficients of thermal expansion (CTE) of the film and the 
substrate. However, since a pure α-Ti interlayer was deposited on an 
α+β titanium alloy and the thermal expansion coefficient of TiAlN 
coatings at the elevated deposition temperature of 450 ◦C is only slightly 
different from that of bulk titanium [72,73], the influence of thermal 
stresses should play a minor role. Contrary to the general trend of 
increasing CTE with decreasing grain size [74], Panigrahi et al. [75] 
additionally reported no significant difference in the expansion coeffi
cient of nanocrystalline titanium compared to its micron-sized coun
terpart. Thus, the tensile stress field at the coating-substrate interface of 
the interlayer systems is likely to originate from intrinsic phenomena. 
Before discussing possible causes, however, it is worth taking a closer 
look at the growth morphology and grain distribution at the various 
coating-substrate interfaces (see Fig. 6). Interestingly, both quaternary 
systems are characterized by a layered chemical contrast. This periodic 
enrichment of the heavier tantalum is presumably due to the two-folded 

rotation of the substrates during deposition. Furthermore, the thin ti
tanium interlayer is clearly visible in the HR-TEM bright field images, 
see Fig. 6b, d. Based on the irregular dark and bright areas, an increased 
defect density and a larger portion of grain boundaries can be assumed. 
The latter assumption is confirmed by t-EBSD presented in Fig. 7b, as the 
small α titanium grains of the interlayer become visible. Moreover, the t- 
EBSD analysis reveals different growth morphologies for the Ti inter
layer and the TiAlN-based top-coating. While the metallic interlayer is 
characterized by untextured globular grains, the ceramic coating ex
hibits much large columnar grains. These grow perpendicular to the 
coating-substrate interface, with the highest grain density at the site of 
nucleation (see Fig. 7a). It is worth noting that the competitive growth of 
the TiAlN-based top-coatings results in a fairly uniform top surface. 
Returning to the question raised earlier, the increased number of grain 
boundaries of the interlayer could well be responsible for the tensile 
stress during polycrystalline film growth. According to Ref. [76], the 
interatomic forces acting at the boundaries tend to close any gaps pre
sent, thereby subjecting the neighboring crystallites to tensile stress. 
However, the pronounced tensile stress field at the coating-substrate 
interface is more likely the result of crystallite coalescence in the 
initial stages of the interlayer growth [77]. Assuming a perfect array of 
hexagonal crystallites growing on the substrate, and ignoring any sliding 
constraints imposed at the coating-substrate interface during sponta
neous coalescence, the upper limit of tensile stress in the film can be 
estimated by 

Fig. 5. Residual stress gradients at the coating-substrate interface determined by transmission X-ray nanodiffraction experiments. For comparison purposes, all 
synchrotron-tested coating systems were synthesized at the same bias voltage: (a) Ti0.56Al0.44N− 1.51, (b) Ti & Ti0.56Al0.44N− 0.95, (c) Ti0.48Al0.38Ta0.14N− 2.23, and 
(d) Ti & Ti0.48Al0.38Ta0.14N− 2.20.
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σmax =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2γsv − γgb

a
E

1 − ν

√

(12) 

where γsv and γgb represents interfacial energies and E
1− ν the biaxial 

modulus of the elastically isotropic crystallites [78]. By taking charac
teristic values for our Ti interlayer (ETi = 110 GPa [47], νTi = 0.32 [47], 
γsv,Ti = 2.6 Jm− 2 [79], γgb,Ti = 1 Jm− 2 [80]) and an average grain size of 
2a = 150 nm, the maximum tensile stress is found to be σmax = 3.01 

Fig. 6. HR-TEM bright field images of the coating-substrate interfaces, which were studied by transmission X-ray nanodiffraction experiments. The layered structure 
of the TiAlTaN thin films suggests a periodic enrichment of the heavier tantalum due to the two-folded substrate-rotation during cathodic arc evaporation.

Fig. 7. (a) TEM bright field cross section image of a Ti & Ti0.48Al0.38Ta0.14N coated Ti-6Al-4V substrate. (b) Transmission EBSD image of the area marked in Fig. 7a, 
revealing the fine-grained morphology of the α titanium interlayer. (c) ToF-SIMS depth profiles of a plasma annealed, a Ti0.48Al0.38Ta0.14N, and a Ti & 
Ti0.48Al0.38Ta0.14N coated Ti-6Al-4V fatigue specimen.
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GPa. Seel et al. [81] confirmed the tensile stress generation during 
coalescence-grain boundary zipping. However, using finite element 
simulations, they found that the Nix-Clemens model [78] generally leads 
to an overestimation. Thus, they predicted smaller stress values, which is 
more consistent with our experimentally measured interface tensile 
stress state, as shown in Fig. 5b, d. In addition, the high melting point of 
Ti leads to strongly reduced atomic mobility, which limits stress relax
ation and results in more persistent tensile stresses during subsequent 
film growth [82,83]. Yet, it is important to note that the monochromatic 
X-ray beam can only be focused to a probe cross section of approxi
mately 250 nm. Combined with the fact that our Ti-6Al-4V substrate 
produces the same diffraction patterns as our Ti interlayer, the quanti
tative stress evaluation of the interlayer must therefore be treated with 
caution.

Nevertheless, transmission X-ray nanodiffraction measurements 
clearly indicate that the deposition of the 300 nm thick Ti layer modified 
the stress gradient at the subsurface of the underlying Ti-6Al-4V (see 
Fig. 5). As described earlier, in contrast to the residual tensile stressed 
interface of the interlayer system, residual compressive stresses are 
present at the subsurface of the coating-substrate pairing without 
interlayer. A possible explanation for this behavior may be, that the Ti 
interlayer acts as a diffusion barrier during the reactive deposition 
process. In the absence of a metallic interlayer, nitrogen atoms can 
diffuse into the activated near-surface region of the Ti-6Al-4V bulk 
material, where they are usually incorporated at interstitial positions of 
the crystal, which could explain the observed residual compressive 
stress field [84]. However, the ToF-SIMS depth profiles of a plasma 
annealed, a Ti0.48Al0.38Ta0.14N, and a Ti & Ti0.48Al0.38Ta0.14N coated Ti- 
6Al-4V fatigue specimen revealed that the CN– signal drops rapidly at 
the interface in all cases (see Fig. 7c). Although the interfaces are further 
roughened by the gradual material removal during the ToF-SIMS sput
tering process, which may limit the precision of the depth scale, the 
common trend is clearly visible. Therefore, the near-surface region of 
the Ti-6Al-4V substrate was not nitrided during the deposition process. 
Thus, the Ti interlayer did not act as a diffusion barrier. Presumably, the 
tensile stress field within the interlayer is transmitted across the coating- 
substrate interface in a strain-based manner. As the distance from the 
interface increases, the induced lattice compressions gradually decrease 
until they reach equilibrium at a certain depth. However, additional 
experiments are needed to fully understand the intrinsic origin and 
underlying mechanisms of the altered residual stress gradient.

4. Discussion

As outlined in section 3.2, once a sufficiently pronounced residual 
compressive stress is present in the TiAlN-based top-coating 
(σK,a,max + σr,‖≪0), the HCF strength of the material pairing improves in 
comparison to the uncoated substrate. Regarding the “film induced 
substrate cracking” model, the fatigue crack nucleation is thereby shif
ted to the interior of the titanium alloy, where crack initiation is related 
to fracture of brittle α grains. According to Ref. [21], the deposition of a 
TiN/AlN superlattice coating enhanced the fatigue properties by push
ing the crack source 50 to 250 µm into the Ti-6Al-4V substrate. Although 
not discussed in their work, it is worth noting that such multilayer 
coatings can easily achieve average residual compressive stresses of up 
to − 4 GPa owing to their two-layer periodicity in the nanometer range 
[85–88]. Therefore, it seems reasonable to assume that the high residual 
stress state of the TiN/AlN superlattice coating caused the observed shift 
of crack nucleation. Let’s now additionally consider that the residual 
stresses of coated substrates must always obey macroscopic equilibrium 
conditions, i.e., the forces and moments associated with them must be 
compensated over depth. It becomes clear that the compressive stress 
gradient in the thin film leads to a tensile stress peak in the substrate 
[29]. Combined with the cyclically applied load, the tensile stress field 
inside the Ti-6Al-4V bulk material can ultimately activate dislocation 
motion in the available slip planes. Since plastic deformation in the 

hexagonal closed packed α grains is severely restricted in contrast to the 
body centered cubic β phase, fatigue cracks initiate along slip bands 
within the α grains for fully equiaxed microstructures [89]. Conse
quently, not only the improvement of the compressive stress state of the 
top-coating, but also the modification of the residual tensile stress state 
in the subsurface seems to be of paramount importance for the HCF 
behavior of hard coated Ti-6Al-4V.

In this regard, valuable insights are provided by a numerical study by 
Baragetti et al. [90], who investigated the relationship between fatigue 
behavior and stress gradients of notched and smooth TiN coated Ti-6Al- 
4V specimens. After conducting fatigue experiments, a three- 
dimensional finite element model was used to gain a deeper under
standing. Interestingly, the simulated deposition process led to similar 
residual stress profiles for both geometries: Under loading conditions, 
the total subsurface tensile stress peaked at a distance of 30 to 80 µm 
from the coating surface. Based on fracture surface analysis of coated 
specimens, the numerical maximum tensile stress field was finally 
correlated with fatigue crack initiation. As a result, the researchers 
concluded that the application of physically vapor deposited nitride 
coatings can inhibit surface crack initiation and trigger subsurface crack 
nucleation in the area of the maximum tensile stresses. Apart from this 
study, however, the influence of residual tensile stresses in the bulk 
material has generally been overlooked, as recently noted by Zhang 
et al. [16]. To address this shortcoming and analytically study the 
resulting residual stress gradient within the Ti-6Al-4V substrate, the 
recorded stress gradients and fatigue properties of the material pairing 
have been incorporated into a simple linear-elastic stress-failure model.

4.1. Experimental foundation of linear-elastic stress-failure model

In a first step, the residual stress gradients of Ti0.48Al0.38Ta0.14N− 2.23, 
Ti & Ti0.48Al0.38Ta0.14N− 2.20 and Ti & Ti0.56Al0.44N− 0.95 were evaluated 
over larger depths into the substrate. Fig. 8 clearly shows, that the thin 
Ti interlayer alters the residual stress gradient of the Ti-6Al-4V spec
imen. For the coating-substrate pairing without interlayer, residual 
compressive stresses are present at the interface. As the distance from 
the interface increases, the compressive stresses decrease, so that slight 
tensile stresses (oscillating around zero) are observed at a depth of 
− 8000 nm (see Fig. 8a). In contrast, the residual tensile stress state of 
the interlayer seems to be transferred at the coating-substrate interface 
in a strain-based manner. Subsequently, the stresses decrease linearly, so 
that residual compressive stresses are present beyond a depth of 
approximately − 1000 to − 2000 nm. Compared to Ti & Ti0.56Al0.44N 
(Fig. 8c), the Ti & Ti0.48Al0.38Ta0.14N (Fig. 8b) coated specimen achieves 
higher compressive stress values on average. Presumably, this is due to 
the more pronounced residual compressive stress state of the 
Ti0.48Al0.38Ta0.14N top-coating, as their mean values differ by about 
− 1.03 ± 0.34 GPa (see Fig. 8b, c).

Subsequently, the material response of TiAlN coated Ti-6Al-4V to a 
static load was investigated with the objective of determining whether 
the deformations could be described by linear-elastic computations. 
Accordingly, the coating-substrate interface surrounding the pre-notch 
position of the 24 µm thick microcantilever was studied in detail both 
before and during in-situ loading. The resulting in-plane stress maps for 
each loading scenario are given in Fig. 9. In the unloaded state, the 
Ti0.56Al0.44N coating grown at − 120 V bias potential, exhibits nearly 
constant residual compressive stresses with an average value of 
σ(r,‖) = − 3.43 ± 0.15 GPa. In contrast to the previously discussed results 
of the unloaded cross sections, however, pronounced tensile stresses are 
present in the Ti-6Al-4V substrate within the first 4 µm from the inter
face (σ(r,‖) = 0.62 ± 0.17 GPa). By considering the reduced ratio of 
substrate to coating thickness, it becomes evident that a much faster 
transition from compressive to tensile stresses is to be expected, given 
that the overall residual stresses should again be fully relaxed. 
Furthermore, it is important to note that no coating delamination was 
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observed. This suggests that the residual stresses at the interface did not 
undergo the presented abrupt change of sign (see Fig. 9a). A continuous 
transition is the more probable scenario, although it cannot be resolved 
due to the beam diameter of approximately 250 nm. Nevertheless, 
loading the microcantilever with 10 mN (Fig. 9b) and 20 mN (Fig. 9c) 
results in a significant compressive stress reduction in the upper section 
of the coating. To identify and isolate the impact of the static load 
application, the unloaded stress distributions were subtracted from the 
loaded ones, thereby deriving the relative change in the in-plane stress 
state. In addition, the row-average of the stress data corresponding to 
comparable vertical positions on the cantilever cross section was 
calculated (see Fig. 9d). The data shows a linear change of the in-plane 
stress state across the investigated region, with a notable discontinuity 
at the coating-substrate interface. To enable the evaluation of the 
experimental outcomes, the linear-elastic stress gradients for both load 
cases were calculated analytically. Assuming isotropic material behavior 
and the validity of the Bernoulli hypotheses, the position of the neutral 
fiber (z0) can be calculated as follows 

Fn =

∫

σ(z)dA =

∫

E(z)ε(z)dA =

∫

E(z)
z − z0

ρ dA = 0 (13) 

→z0 =

∑
iEizs,iAi
∑

iEiAi
(14) 

with Ei representing the Young’s modulus, Ai the area, and zs,i the dis
tance between the center of gravity and the reference axis of the material 
section being considered. Subsequently, the linear-elastic stress gradient 
(σ(z)) is given by applying the principle of moment equilibrium to the 
beam cross section 

M =

∫

σ(z)dA =

∫

E(z)
z − z0

ρ dA = Fql (15) 

→σ(z) = E(z)(z − z0)
Fmaxl

∑
iEiIi − z0

∑
iEizs,iAi

(16) 

where Fmax is the maximum bending load applied, l signifies the length 
between the pre-notch and the indenter tip, and Ii denotes the area 
moment of inertia of the examined material section. The resulting 
calculated stress profiles of a TiAlN coated Ti-6Al-4V cantilever under 
identical loading conditions is depicted in Fig. 9e. In general, the 
analytically determined stress gradients are found to be in excellent 
agreement with the experimental ones. As the neutral fiber is solely a 
function of the cantilever’s geometry and material combination (see Eq. 

(14), it is situated in both loading cases at a depth of approximately 4 µm 
within the titanium alloy. Thereafter, tensile stresses increase linearly, 
until the coating-substrate interface is reached, at which point a 
discontinuity is observed once again. By looking at Eq. (16), it becomes 
evident that this phenomenon is a consequence of the mismatch in 
elastic modulus between the materials involved. Therefore, returning to 
the objective of this experiment, testing at this reduced length scale has 
clearly demonstrated that even at elevated stress peak values of about 1 
GPa in the outermost fiber, the nitride coated titanium alloy exhibits 
purely elastic deformation. Consequently, the linear theory of elasticity 
is an appropriate framework for describing the applied stress gradients 
of the single-cantilever fatigue tests, which exhibit peak stress values 
below 1 GPa, and thus for establishing the stress-failure model.

4.2. Mathematical formulation and constraint-based solution

As stated in the beginning of Section 4, the maximum residual tensile 
stress peak within the substrate can serve as a nucleation site for dislo
cation motion along slip planes, thereby initiating subsurface fatigue 
cracking under cyclic loading. Yet, the farther this tensile peak is located 
within the Ti-6Al-4V bulk material, the smaller the contribution of the 
applied stress amplitude, which always reaches its maximum in the 
outermost fiber of the specimen (see Fig. 9e). Thus, a deeper tensile peak 
within the substrate should result in an improved fatigue performance, 
as it requires higher applied forces to initiate dislocation motion and 
ultimately trigger fatigue failure. To test this hypothesis and evaluate 
how different residual stress designs influence the fatigue-critical stress 
distribution, it is essential to track the position of the residual tensile 
stress peak within the substrate.

Therefore, the general objective of the linear-elastic stress-failure 
model is to derive the complete residual stress gradient as a function of 
the experimentally determined near-surface residual stress state and its 
investigated relation to the fatigue properties of TiAlN coated Ti-6Al-4V. 
Overall, it incorporates two input variables: (i) the residual stress state 
of the top-coating and (ii) whether an interlayer is present or not (rep
resented as “No Interlayer system” and “Interlayer system” in the 
equality constraints). In order to establish a link between coating stress 
and fatigue specimen failure, the residual compressive stress of the top- 
coating is correlated with the recorded high-cycle fatigue strength of the 
material combination. Consequently, the relationship depicted in Fig. 4
is linearly approximated for both interlayer and non-interlayer coating 
systems. Given that each top-coating stress state (σr,‖) is now associated 
with an applied stress peak in the outermost fiber of the notched spec
imen (σK,a,max), it is possible to calculate the related applied stress 

Fig. 8. Depth resolved stress profiles of TiAlN coated Ti-6Al-4V specimen. Each cross section was scanned 8000 nm deep into the titanium alloy using a mono
chromatic high-energy X-ray beam (λ = 0.6294 Å) at the nanofocus endstation of beamline P03, PETRA-III, DESY.
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gradient (σK,a(z)) using linear elastic computations. This stress gradient 
is a close estimate to that at which fatigue failure should occur for the 
specific coating-substrate pairing during the single cantilever fatigue 
testing. In general, the applied stress gradient (σK,a(z)) peaks in the 
outermost fiber and decreases linearly until it reaches zero at the axis of 
symmetry of the specimen. We define this stress-free axis as the “neutral 
fiber” and the origin of the model’s coordinate system, thereby dividing 
the specimen into two symmetric halve. Since each custom-made fatigue 
specimen is coated evenly on all sides, the coating starts in the model at 
±hs

2 = ±350 μm. Due to the fully reversed loading condition (R = − 1), 
each half of the specimen alternately experiences compressive and 
tensile stress with each load cycle. Thus, both the geometry and loading 
conditions are symmetric and only one half of the coated substrate is 
considered from this point onward.

In accordance with the numerical study by Baragetti et al. [90], a 
parabolic stress profile 

f(z) = az2 + bz + c [GPa] for 0 ≤ z2 < z < z1 ≤ 350 [μm] (17) 

is assumed for the unmeasured part of the Ti-6Al-4V substrate. However, 

the subsurface region is modeled based on the varying stress gradient 
characteristics observed via transmission X-ray nanodiffraction mea
surements, which have been extensively discussed throughout this work. 
As a result, five unknowns (a, b, c, z1andz2) remain, which are solved 
using the following five equality constraints: 

I : ∊c

(
hs

2

)

= ∊s

(
hs

2

)

… No Interlayer system (18) 

II : z1 =
hs

2
… No Interlayer system (19) 

I : f(z1) = 0.2σc … Interlayer system (20) 

II : z1 =
h
2
− 10 … Interlayer system (21) 

III :
∫z2

z1

f(z)dz =

∫z1

hs
2+hc

σr,‖(z)dz … Both systems (22) 

Fig. 9. Experimental and analytical in-plane stress response of a TiAlN coated Ti-6Al-4V microcantilever subjected to static load conditions. For the experimental 
stress analysis, an array of 40 × 16 diffraction scans were conducted along the Z- and Y-axes, with the center located at the notch root of the cantilever. Overall stress 
map at the interface of the (a) unloaded, (b) 10 mN and (c) 20 mN loaded microcantilever. (d) Corresponding cross-sectional row-average of the difference between 
the experimentally obtained loaded and unloaded stress data. (e) Analytically determined linear-elastic stress gradient of a Euler-Bernoulli cantilever beam with the 
same properties as the studied microcantilever.
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IV : f(z*) + σK,a(z*) = ξ0,prism … Both systems (23) 

V : f(z2) = 0 … Both systems (24) 

For the coated titanium substrates without interlayer, equal coating and 
substrate strain at the interface is assumed to prevent plastic deforma
tion or delamination (I : ∊c(

hs
2) = ∊s(

hs
2)). Furthermore, the parabolic 

stress gradient starts directly at the boundary between coating and 
substrate (II : z1 = hs

2 = 350 μm). In contrast, the interlayer systems are 
characterized by a tensile stress field at the interface and a compressive 
stress field in the subsurface (see Fig. 8). Synchrotron based experiments 
have shown, that these compressive stress values increase as the residual 
compressive stress state of the top-coating becomes more pronounced. 
Therefore, this trend is accounted for in the first 10 µm of the residual 
stress profile. After that, the parabolic stress gradient sets in (I : f(z1) =

0.2σc, II : z1 = hs
2 − 10 = 340 μm). For both systems, however, the size 

and shape of the stress gradient is defined by the same constraints. First, 
the parabolic stress profile must balance all residual stress states of the 
thin film to achieve macroscopic equilibrium (III :

∫ z2
z1

f(z)dz =
∫ z1

hs
2+hc

σr,‖(z)dz). Furthermore, the residual tensile stress field inside of 

the fully equiaxed Ti-6Al-4V substrate should exactly be able to initiate 
plastic deformation during high-cycle fatigue experiments. Research has 
demonstrated that at the onset of plasticity, three distinct slip families 
can be active in the α phase of titanium alloys [91]. Of these, prismatic 
slip exhibits the lowest initial critical resolved shear stress (ξ0,prism), 
making it the most favorable plane for dislocation movement [92,93]. 
Accordingly, once the combined stress value reaches this threshold, it 
can theoretically be assumed that dislocation motion starts and fatigue 
crack initiation occurs. In the context of the linear-elastic stress-failure 
model, the combined stress value is defined as the sum of the tensile 
stress peak of the parabolic stress gradient (f(z*)with ∂f(z*)

∂z = 0) and the 
linear elastic applied stress state at the location of the peak (σK,a(z*)). It 
is crucial to highlight again that the parabolic stress profile (f(z)), which 
is calculated for a specific top-coating stress state, is superimposed with 

the applied stress gradient (σK,a(z)), which is consistent with the 
empirical trend observed in Fig. 4. In light of these considerations, the 
equality constraint is expressed in the form of IV :

f(z*)+σK,a(z*) = ξ0,prism = 0.39 GPa. Finally, the parabolic stress 
gradient must reach an unstressed state once all conditions are fulfilled 
(V : f(z2) = 0).

Assuming that premature coating failure is effectively suppressed by 
the sufficiently pronounced residual compressive stress state of the 
TiAlN-based top-coating (i.e., σK,a,max + σr,‖ ≪ 0), the linear-elastic 
stress–failure model reveals the following trend: The greater the 
compressive stress state of the ceramic coating, the deeper the tensile 
stress peak of the parabolic stress gradient is shifted into the interior of 
the titanium alloy. This behavior is clearly evident in Fig. 10a, which 
displays the residual stress gradients of TiAlN coated Ti-6Al-4V fatigue 
specimens subjected to four different thin film stress states indicated by 
vertical green lines (σr,‖ = − 0.5, − 1.0, − 1.5 and − 2.0 GPa, respec
tively). Each film stress state results in a different location of the tensile 
stress peak within the substrate, denoted by z*. A coating stress state of 
σr,‖ = − 0.5 GPa shifts the peak by only 8 µm, whereas an elevated 
compressive stress state of − 2 GPa pushes it as far as 86 µm away from 
the coating-substrate interface (i.e., hs

2 − z*). Thereby, it increases the 
material’s tolerance to applied stress, as higher external loads are 
required to reach the critical resolved shear stress in the substrate and 
ultimately initiate fatigue failure.

By comparing these results with the residual gradients of the Ti & 
TiAlN coated Ti-6Al-4V specimens shown in Fig. 10b, it becomes evident 
that adapting the stress state at the interface significantly affects the 
location of the tensile stress peak within the bulk material. This effect 
seems to be particularly pronounced at lower residual compressive stress 
levels in the top-coating, as the incorporation of a thin Ti interlayer leads 
to a deeper positioning of the tensile stress peak compared to specimens 
without an interlayer, despite exhibiting the same film stress states. For 
instance, a coating stress state of σr,‖ = − 1 GPa results in a peak shift of 
21 µm for a TiAlN-coated specimen (see Fig. 10a), whereas the addition 
of a tensile-stressed Ti interlayer increases this distance to 35 µm from 
the coating–substrate interface (see Fig. 10b). Furthermore, a 

Fig. 10. Resulting residual stress gradients within the substrate for four different TiAlN top-coating stress states (σr,‖ = − 0.5, − 1.0, − 1.5 and − 2.0 GPa, respectively, 
indicated by vertical green lines): (a) without (“No Interlayer system”) and (b) with a thin α titanium interlayer (“Interlayer system”), determined by the linear-elastic 
stress-failure model. The neutral fiber (where σK,a(z) = 0) defines the origin of the model’s coordinate system. Insets in subplots (a) and (b) show magnified views of 
the residual stress gradient at the coating–substrate interface, altered by residual stress design. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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comparison between Ti0.56Al0.44N− 1.29 and Ti & Ti0.56Al0.44N− 0.95 reveals 
that both configurations result in tensile stress peaks located approxi
mately 33 µm from coating–substrate interface, despite the top-coating 
stress state of the interlayer system being reduced by nearly 0.35 GPa 
compared to the system without an interlayer. This is in good accor
dance with the recorded fatigue data, as both coating states exhibited 
comparable HCF properties (see Fig. 3c). Yet, this effect appears to 
diminish with increasing stress state in the top-coating. For σr,‖ = − 2.0 
GPa, the crack nucleation is found for both systems at about 260 µm 
from the neutral fiber (see Fig. 10a and b).

Overall, the linear-elastic stress-failure model clearly demonstrates 
that modifying the location of the resulting residual tensile stress peak 
within the substrate is key to improving the high cycle fatigue strength 
of TiAlN-based coated Ti-6Al-4V. Accordingly, the altered substrate 
stress gradient appears to be responsible for the experimentally observed 
ability of interlayer systems to sustain higher load amplitudes under 
lower residual compressive stresses in the top-coating. Thus, interlayer- 
based residual stress design strategies offer a valuable alternative to 
excessively increasing the residual compressive stress state in the top- 
coating — which can be problematic due to risks such as coating 
delamination, buckling, or blistering and may sometimes be infeasible 
due to the constraints and performance requirements of the material 
system [67,71,94] — to effectively enhance the HCF performance of 
ceramic coated titanium alloys.

5. Conclusion

The assessment of the physical, chemical, and mechanical properties 
of stress-altered coating states clearly demonstrates that the fatigue 
characteristics of hard coated Ti-6Al-4V are predominantly influenced 
by the residual stresses present in the TiAlN-based thin films. In addi
tion, the study emphasizes the critical importance of residual stress 
design for further enhancing the HCF strength of ceramic coated metal 
substrates. For the first time, it was successfully demonstrated, that the 
implementation of a thin Ti interlayer resulted in a beneficial modifi
cation of the residual stress gradient at the coating-substrate interface. 
Overall, the deposition of a 4500 nm thick Ti & Ti0.48Al0.38Ta0.14N− 2.20 

coating resulted in an improvement of 216 MPa or 51 % compared to the 
uncoated Ti-6Al-4V fatigue specimen. Thus, the following conclusions 
emerge: 

1) A sufficiently pronounced residual compressive stress state must be 
present in the TiAlN-based top-coating (σK,a,max + σr,‖≪0), otherwise 
its deposition will result in reduced fatigue performance. Presum
ably, as soon as each load cycle causes overall tensile stresses in the 
thin ceramic film (σK,a,max + σr,‖> 0), slip step formation at the 
coating-substrate interface leads to premature coating failure. Sub
sequently, notch effects induce further stresses on the interface near 
region, promoting subsurface crack initiation and a diminished HCF 
strength of the material combination.

2) Once the residual compressive stress field of the TiAlN-based top- 
coating is able to suppress the formation of cyclically built-up slip 
bands (σK,a,max + σr,‖≪0), fatigue crack nucleation is shifted into the 
interior of the titanium alloy, resulting in enhanced HCF properties.

3) The incorporation of high-brilliance resolved stress profiles into a 
simple linear-elastic stress-failure model revealed, that the deeper 
the residual tensile stress peak is shifted into the bulk material, the 
greater the HCF strength improvement.

4) Finally, the introduction of a tensile stressed titanium interlayer at 
the coating-substrate interface causes tensile stresses in the first 1 to 

2 µm of the bulk material, followed by a pronounced compressive 
stress field. As a consequence of the altered stress gradient, the re
sidual stress-dependent HCF performance of TiAlN coated Ti-6Al-4V 
additionally improves, circumventing the need to push compressive 
stress levels in the top-coating to their limits.

In conclusion, the study not only resolves previous contradictory 
findings regarding the detrimental versus beneficial effects of hard 
ceramic coatings on fatigue performance but also establishes clear 
criteria for optimizing coating design. In particular, it demonstrates that 
an optimized residual stress distribution, achieved through controlled 
process parameters and an appropriate interlayer design, is key to uti
lizing the potential of TiAlN-based coatings to extend the service life of 
Ti-6Al-4V components.
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Appendix

Fig. A1. (a) Dimensions of the custom-made Ti-6Al-4V fatigue specimen. (b) Light microscope image of the fully equiaxed microstructure of the fatigue specimens. In 
the polished and etched sample, the α-phase appears bright, while the β-phase appears dark. (c) Top-view digital microscope images of the notch region of a fatigue 
specimen (top) before and (bottom) after deposition of .

Fig. A2. (a) Schematic of the bending mode during single cantilever fatigue testing. (b) & (c) Images of the fully mounted DMA test configuration.

Data availability

Data will be made available on request.
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