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A B S T R A C T

Nanocrystalline thin films find extensive applications due to their high mechanical strength and wear resistance. 
However, the challenge is to prevent unwanted grain growth during operation, especially at high temperatures, 
due to the increased grain boundary volume, which elevates the system's overall energy. Addressing this issue 
necessitates identifying optimal heat treatment conditions and selecting appropriate chemistry to stabilize grain 
boundaries. This study investigates the grain growth and phase evolution within Ti-Cr-Zr magnetron sputtered 
nano multilayers with 5 and 10 nm individual layer thickness, subjected to vacuum heat treatment at 1100 ◦C for 
5 and 10 min. Characterization involved X-ray Photoelectron Spectroscopy (XPS), X-Ray Diffraction (XRD), and 
Transmission Electron Microscopy (TEM). During deposition, evidence of diffusion was observed as the multi
layers formed Cr4TiZr, TiCr2, and Cr2Zr, phases. The Ti-Cr-Zr nanoscale system multilayers with 10 nm indi
vidual layer thickness also exhibited the emergence of Ti0.3Zr0.7 phase. During heat treatment grain growth 
occurred, after 10 min an average grain size of 173.7 nm and 119.1 nm was noted for the Ti-Cr-Zr nanoscale 
system multilayer with 5 nm and 10 nm individual layer thickness, respectively. The different growth rates are 
attributed to their distinct interfacial volumes, influencing the reaction velocity due to the variations in nano- 
layer thickness. No new phases were formed after heat treatment for the case of 10 nm individual layer thick
ness coating. However, 5 nm individual layer coatings showed the emergence of Ti0.3Zr0.7 phase, not present 
after deposition. In conclusion, this research achieved the desired nano grain stabilization of the Ti-Cr-Zr system 
nanoscale multilayers after heat treatment at 1100 ◦C for 10 min. This process led to the complete decomposition 
of the multilayer structure, resulting in the formation of grains smaller than 200 nm, marking a significant step 
toward the effective control of grain growth in nanocrystalline materials.   

1. Introduction

Nanocrystalline metallic materials can exhibit high mechanical
strength [1–3] and wear resistance [4,5], as well as, desirable chemical 
and physical properties such as superior resistance to corrosion [6] and 
irradiation [7]. Nanocrystalline thin films hold considerable attraction 
for a diverse range of applications, including electronic devices, optical 
coatings, wear-resistant surfaces, and decorative components. The 
literature continues to introduce innovative applications and novel de
vices in this field. These materials have attractive properties due to their 

high interface density and lattice imperfections. Nonetheless, the sig
nificant grain boundary volume increases the system's overall energy, 
consequently promoting grain growth [8]. Remarkable enlargement of 
grain size at temperatures considerably lower than those conventionally 
needed for material processing, such as powder consolidation or sheet- 
metal forming, has been documented [9,10]. Notably, certain in
vestigations have even reported coarsening occurring at ambient room 
temperature [11–13]. To address this issue, modifications are important 
to establish structurally and energetically stable interfaces, effectively 
mitigating unwanted grain growth [14,15]. Thus, it is imperative to 
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the phases diagram. Depending on the thermodynamics and kinetics of 
mass and heat transport within nanoscale metal systems, the evolution 
of various phases in these regions of the diagrams may or may not occur 
[46]. 

Thus, the main objective of this research is to analyze the effect of the 
heat treatment at 1100 ◦C for 5 and 10 min within the Ti-Cr-Zr nano 
metallic multilayers with 5 and 10 nm layer thickness. Given that the 
grain size in the as-deposited state is influenced by the thickness of in
dividual layers, a few-nanometer layer thicknesses were chosen. 
Furthermore, considering that nanoscale layer thicknesses can influence 
the diffusion pathways necessary for transformations, this parameter 
was systematically varied. The total interfacial area is indirectly 
controlled through the selection of layer thicknesses and the number of 
layers. When maintaining the total coating thickness at 4.5 μm, Ti-Cr-Zr 
nanoscale system multilayers with 10 nm individual layer thickness 
feature twice the interfacial area and nano-layers in comparison to the 
system with 5 nm individual layers. This control over multilayer struc
ture provides the means to tailor reaction speed [47]. In order to facil
itate the possibility of intermetallic formation during high-temperature 
heat treatment, a temperature of 1100 ◦C was chosen This temperature 
aligns with the known reaction temperature for the formation of in
termetallics between the binary systems Ti–Cr and Cr–Zr, as indicated 
in the phases diagrams [41,42]. This study primarily focuses on un
derstanding the phases transformations, decomposition of the multi
layers, and grain growth during the initial minutes of the heat treatment. 
Subsequent work will observe the behavior of the coatings as heat 
treatment duration increases. The objective is to note weather, after 10 
min of heat treatment, the grains maintain their nanoscale dimensions 
and if any precipitates or new phases are formed. These finds are ex
pected to yield substantial enhancements in the material's mechanical 
and tribological properties, which will be subject to future investigation. 
These discoveries will offer valuable insights into the interplay of 
composition, deposition, layer thickness and heat treatment parameters 
that govern the microstructure, properties, and behavior of nano 
metallic multilayers. 

2. Experimental details

2.1. Coating deposition

Nanostructured multilayers consisting of pure Ti, Zr, and Cr layers 

Fig. 1. Ternary phase diagram of Ti-Cr-Zr system at 1100 ◦C.  

introduce alterations to the grain boundaries within nanocrystalline thin 
metallic films. Appropriate selection of deposition techniques, thin film 
growth, thin film thickness and other characteristics are essential. 

The initial step involves the production of materials with nanoscale 
grains. An effective strategy to achieve this goal entails the fabrication of 
coatings through magnetron sputtering. This technique not only yields 
the intended initial nanostructure morphology but also offers numerous 
advantages such as precise control over film thickness, uniformity, high 
purity and good adhesion to the substrate [16]. Following this, sub-
jecting these films to a carefully tailored heat treatment can lead to grain 
boundary segregation, precipitation, and/or formation of new phases at 
the grain boundaries. These phenomena play a significant role in sta-
bilizing the grain boundaries and hindering the undesirable progression 
of grain growth, thereby preserving the wanted properties of the 
nanostructures even at elevated temperatures [2,17–20]. By carefully 
selecting the appropriate materials and optimizing parameters for the 
heat treatment process, such as temperature and duration, the stability 
of the coatings can be assured. However, a challenge is to determinate 
those parameters and choose the chemistry that achieves this grain 
boundary stabilization. 

The stability of grain sizes in binary nanocrystalline systems has been 
extensively investigated across a wide range of materials, such as 
Cu–Zr, Cu–Hf, Hf–Ti, W–Cr, Fe–Mn, Ta–Hf, among others 
[3,19,21–25]. However, the exploration of phase and microstructure 
formation in a ternary Ti-Cr-Zr thin film system with varying nano-layer 
thicknesses annealed after deposition remains unknown. These metals 
are notorious for their mechanical properties, corrosion and wear 
resistance [26–28]. Laves phases can be found in the binary sub-systems, 
such as Cr2Ti, Cr2Zr, which exhibit promising mechanical properties, as 
well as corrosion and oxidation resistance [29,30]. These phases, cate-
gorized as a significant class of topologically close-packed structures, 
have been extensively reported in metallic materials, including Ti-based 
alloys [31,32]. Consequently, Laves phases have found widespread 
utility in both structural and functional applications. For instance, they 
can enhance the mechanical properties of alloys [33,34], serve as 
hydrogen storage materials [35,36], function as corrosion [37] or wear- 
resistant coatings [38], and even exhibit magnetic properties [39]. 
These phases are characterized by their chemical formula, AB2, with A 
and B representing the larger and smaller atoms, respectively. Further-
more, the ternary system shows the feature of mutual solid solubility 
under specific conditions, leading to the formation of diverse thin film 
microstructures after annealing, thus adding complexity and interest to 
the system. Furthermore, the diffusion and formation of intermetallic 
compounds hold the potential to enhance grain stability at the nanoscale 
[21,40]. Murdoch and Schuh [2] developed an approach for calculating 
the segregation enthalpy of binary systems and estimate if a dopant has 
potential to segregate to the grain boundary. In the case of the binary 
systems Ti–Cr, Zr–Cr and Ti–Zr, they present positive ΔHseg indi-
cating potential to solute segregation [2]. Consequently, it is anticipated 
that Ti-Cr-Zr system nanoscale multilayer systems will exhibit nano 
grain stabilization at high temperatures by the formation of precipitates. 
According, to Ti–Cr phase diagram, at 1100 ◦C, either a β-(Ti,Cr) solid 
solution or TiCr2 intermetallic can form depending on the atomic per-
centage of each element [41]. Similarly, the Zr–Cr phase diagram in-
dicates the potential for the formation of a β-(Zr,Cr) solid solution or 
ZrCr2 intermetallic at 1100 ◦C [42]. In the Ti–Zr phase diagram, a β-(Zr, 
Ti) solid solution can be observed at 1100 ◦C [43]. Additionally, in the 
ternary Zr-Ti-Cr diagram, the phases body cubic center (BCC_A2), hex-
agonal close packed (HCP_A3) and Laves (C15) can be formed at 800 ◦C 
[44]. Zr and Cr serve as β-stabilizing elements in Ti–Zr alloys. Notably, 
even with a 5 % content of Cr, a stabilization of β phase is observed [45]. 
At 1100 ◦C, the expected phases include BCC_A2 Ti0.3Zr0.7 (with the 
possibility of some Cr presence), C14_Laves TiCr2, and C15_Laves Cr2Zr 
(with little or no Ti solubility), according to Thermo-Calc approach 
shown in Fig. 1. Varying the design of multilayers, such as the thickness 
of individual layers, corresponds to different compositional points on 



2.3. Coating characterization 

X-ray diffraction (XRD) was performed to identify the phases in the
as-deposited and heat-treated coatings. XRD patterns were collected 
using a Panalytical MRD-XL X-ray diffractometer in Bragg-Brentano 
mode, utilizing Mo-Kα radiation (0.7093 Å). X-ray photoelectron spec
troscopy (XPS) analysis was conducted to investigate the chemical depth 
profiles of the initial conditions of the as-deposited Ti-Cr-Zr stacking 
sequence multilayers. A K-alpha X-ray photoelectron spectrometer sys
tem was used with a micro-focus tube with Al-Kα radiation, an etching 
time of 10 s/step using an Ar cannon and a 2000 eV beam energy were 
used to determine the chemical depth profiles. The etch rate for the 
Ta2O5 using Ar ions was utilized in the calculations [50]. Transmission 
electron microscopy (TEM) analysis of as-deposited and annealed sam
ples was conducted to observe the multilayer structure, grain size, grain 
boundary distribution, grain orientations and the distribution of the 
phases. The cross-section samples were prepared by ion beam milling. 
TEM images were acquired using an FEI TECNAI G2 F20 HRTEM mi
croscope. Dark-Field (DF-TEM), High-Angle Annular Dark-Field 
(HAADF), High-Resolution (HR-TEM) and Selected Area Electron 
Diffraction (SAED) images, as well as Energy dispersive spectroscopy 
(EDS) line analysis, were performed at 200 kV. Furthermore, Scanning 
Transmission Microscopy (STEM) images and EDS maps were done in 
focused ion beam (FIB) prepared lamellas of the 10-min heat treated 
coatings using a Thermo Fisher FEI Titan Cubed Themis TEM operating 
at 300 kV at the LNNano. The cross-section lamellae were prepared on a 
Thermo Fisher Dual Beam Scios 2 microscope also at LNNano. Grain 
sizes were determined through the analysis of DF-TEM and STEM images 
using ImageJ software. 

3. Results

3.1. As-deposited coatings

Ti-Cr-Zr system nanoscale multilayers with 5 and 10 nm individual 
layer thickness were fabricated by magnetron sputtering. The depth- 
resolved XPS results in Fig. 2 provide insights into the Ti-Cr-Zr as- 
deposited coatings. When examining the multilayers with 5 nm indi
vidual layer thickness, Fig. 2a, a mixed composition is observed, indi
cating some level of intermixing. However, as the nanolayer thickness 
increases, a clear modulation in chemical composition becomes more 
pronounced, in the case of a 10 nm periodicity, Fig. 2b. This variation 
suggests the presence of distinct layers richer in chromium, others in 
zirconium, and others in titanium. 

Fig. 5 shows the XRD results for the as-deposited Ti-Cr-Zr system 
nanoscale multilayers. The gray and green lines represent as-deposited 
coatings with individual layer thickness of 5 and 10 nm, respectively. 
These diffractograms clearly exhibit multiple reflexes, indicative of the 
polycrystalline and nanocrystalline nature of the materials. Most of the 
reflexes are relatively broad and do not readily correspond to individual 
phases. However, in the case of the 5 nm as-deposited coating, the 
diffraction peak with an approximate center around 16◦ extends to po
sitions associated with both the (100) crystallographic orientation of 
pure Ti (ICSD #253841) and (022) crystallographic orientation of pure 
Zr (ICSD #253515). Nevertheless, this peak is so broad that it also en
compasses positions linked to other phases. Consequently, it is chal
lenging to definitively assign this broad signal to a single pure metal 
phase. A similar situation is observed for the 10 nm coating. The dif
fractions of the as-deposited coatings suggest the presence of pure metal 
and intermetallic phases such as Cr2Zr (ICSD #52072) and Cr4(TiZr) 
(ICSD #626922), though further confirmation is necessary through 
other characterization techniques. Cr2Zr was anticipated and known as 
Laves phase, while Cr4(TiZr) is a relatively unknow phase in the litera
ture being mentioned in 1980 as a C14 structure phase [51] and as a 
Bergman cluster in 1997 [52]. 

HAADF-TEM imaging of the Ti-Cr-Zr system nanoscale multilayers 

were fabricated using DC magnetron sputtering on polished, c-oriented 
sapphire substrates measuring 10x10x1 mm. Prior to the deposition 
process, these substrates were cleaned in an ultrasonic bath with acetone 
for 15 min. The Ti, Zr, and Cr sputtering targets were cleaned by pre- 
sputtering for 5 min at the same power to eliminate potential surface 
contaminants. A shutter mechanism ensured that the substrates 
remained uncoated during this preparatory phase. These depositions 
were conducted under a pressure of 0.4 Pa, with the residual gas pres-
sure being approximately 5 × 10 6 mbar before the introduction of the 
high-purity Ar 6.0 (99.9999 % purity) working gas. The applied power 
to the targets was set at 80 W (radio frequency - RF) for Zr, 40 W (direct 
current - DC) for Ti and 60 W (DC) for Cr. The cylindrical targets, with a 
diameter of 75 mm, were symmetrically arranged at 90◦ in the deposi-
tion chamber and affixed to a water-cooled Cu holder. The purity of the 
respective targets was Zr 3 N5 (99.95 %), Ti 4 N5 (99.995 %), Cr 3 N5 
(99.95 %). The multilayer architecture was achieved in the top-down 
sputtering process, employing sequential deposition in a stop-and-go 
mode. This was facilitated by a rotating substrate holder positioned at 
a vertical distance of 50 mm from the targets. By varying the dwell time 
beneath each target, distinct layer thicknesses were achieved in corre-
spondence with the applied powers. During the sequential deposition of 
the multilayers structure, a shutter mechanism was utilized, without the 
application of a substrate bias (i.e., the substrates were grounded) and 
without substrate heating. The purpose of employing the shutter 
mechanism was to guarantee the deposition of one metal from a pure 
target at a time. Consequently, while depositing a pure titanium layer, 
the chrome and zirconium targets were shielded to prevent their depo-
sition. Similarly, when depositing a layer of pure chrome, the titanium 
and zirconium targets were protected, and this process was repeated for 
each subsequent layer. Therefore, the multilayers consisted of alter-
nating pure metals layers, with the final top layer consisting of pure Cr. 
The total thickness of the coatings was 4.5 μm. The study focused on 
investigating the Ti-Cr-Zr stacking sequence along with two different 
layer periodicities of 5 and 10 nm. 

2.2. Heat treatment 

The ternary Ti-Cr-Zr system nanoscale multilayers were annealed at 
1100 ◦C for 5 and 10 min, following the recommendations of [48]. These 
annealing processes were conducted under vacuum conditions with a 
pressure approximately equal to 10 3 mbar. It was done inside a quartz 
vertical tube furnace. The used furnace is equipped with vertical 
movement capability, allowing control over the sample's exposure to 
heat. When the furnace was in the lowered position, the samples 
remained outside of it. Conversely, as the furnace ascended, the samples 
were inserted into the furnace, where they were subjected to the desired 
temperature conditions. The heat treatment process can be divided into 
four stages. In stage 1, the furnace was heated while the samples 
remained outside at room temperature and vacuum pressure. The 
heating hate was 20 ◦C/min, taking approximately 54 min to reach 
1100 ◦C, starting from room temperature. In stage 2, the furnace reached 
the target temperature and moved upward, allowing the samples to be 
placed inside. Both the samples and the tube furnace were at room 
temperature, causing the furnace temperature to drop quickly to around 
850 ◦C. However, within just 15 min, the furnace rapidly regained 97 % 
of the target temperature. In stage 3, the actual heat treatment duration 
started for 5 or 10 min. Finally, in stage 4, the tube with the samples was 
taken from the furnace and cooled with blown air at room temperature 
without breaking the vacuum. The cooling rate was high, and the 
samples took about 7 min to reach approximately 65 ◦C. This deliberate 
choice in cooling speed was made to observe the initial phase's trans-
formation, as a slower cooling process would allow further trans-
formations to occur. Thermodynamic equilibrium calculations were 
carried out using the program Thermo-Calc and the TCFe13 database 
[49] which contains a proper description of the binary and ternary di-
agrams of the elements Ti, Zr, and Cr.



with 5 nm of layer thickness (depicted in Fig. 3a) shows a discernible 
multilayer structure comprising three distinct layers. Among these, one 
layer appears darker, while the other two exhibit a subtly varied gray
scale tone. The layers exhibited a thickness of approximately 4.3 nm. An 
EDS line scan, illustrated in Fig. 3b, shows the distribution of Cr, Zr, and 
Ti across the deposited layers. The periodicity of 5 nm is maintained 
even with the diffusion and mixture of the elements during deposition. 
Notably enriched layers featuring higher concentrations of Ti, Cr, and Zr 
manifest at 5 nm intervals. Quantitative analysis reveals the composition 
of the Ti-enriched layer to be approximately 76.0 at.% of Zr, 15.4 at.% of 
Ti, and 8.6 at.% of Cr. Similarly, the Cr-enriched layer shows an 
approximate composition of 78.5 at.% of Zr, 18.7 at.% of Cr, and 2.8 at. 
% of Ti. The Zr-enriched layer demonstrates a composition of approxi
mately 94.4 at.% of Zr and 5.6 at.% of Cr. In Fig. 3c, the SAED image can 
be observed. It reveals the presence of pure Ti and several intermetallic 
compounds, including Cr4TiZr, TiCr2, and Cr2Zr. Notably, superimposed 
rings are noticeable in the Cr4TiZr (012) and Cr2Zr (311) diffraction 
patterns. The Cr2Zr (040), TiCr2 (027) and Cr4TiZr (214) rings appear 
broader, suggesting a certain degree of amorphism. 

In Fig. 4 (a), the HAADF-TEM image of the 10 nm individual layer 
thick multilayers is shown. It also reveals the presence of three distinct 
layers: one exhibiting a darker shade, while the other two shows shades 
of gray. These layers measured approximately 7.6 nm in thickness. 
Additionally, the SAED analysis identifies the presence of pure Zr, as 
well as intermetallic phases including Cr2Zr, Cr4TiZr, Ti0.3Zr0.7, with the 
substrate Al2O3 also being detected. Remarkably, in the diffraction 
patterns, the presence of superimposed rings can be observed in the 
Al2O3 (221) and Cr4TiZr (013) reflections. The TiCr2 (019) ring appears 
broader, indicating a certain level of amorphous structure. 

3.2. Heat-treated coatings 

A comparison of the x-ray diffractograms obtained from the as- 
deposited coatings and after heat treatment at 1100 ◦C for 5 and 10 
min is presented in Fig. 5. After heat treatment, a noticeable change in 
the XRD patterns of both coatings is observed. The intensities of the 
diffraction's peaks associated more favorably with the pure metals in the 
coatings decrease after heat treatment is observed, accompanied by an 
increase in the intensities of diffraction peaks corresponding to the 
intermetallic phases Cr2Zr and Cr4TiZr. A decrease in the peaks broad
ening is observed after heat treatment. This can be due to grain growth 
and stress annihilation. In addition, it can be observed a noticeable 
difference in the XRD patterns when comparing the as-deposited and the 
heat-treated for 5 min coatings with those subjected to 10 min of heat 
treatment. The former two (as-deposited and after 5 min of heat treat
ment) exhibited more intense peaks corresponding to Cr4TiZr (041) and 
Cr2Zr (662). However, after a 10-min heat treatment, these peaks 
decrease in intensity, while the peaks associated to Cr4TiZr (112) and 
Cr2Zr (311) become more intense. This transition can be attributed to a 
change in orientation of these phases. Initially, during deposition and in 
the beginning of the heat-treatment (up to 5 min), the nucleation of new 
grains with epitaxial relationships with adjacent grains presenting the 
initial orientation may have occurred. However, between 5 and 10 min 
of heat treatment, as the grain growth process occurred, competition 
among different grain orientations happened, resulting in another 
orientation that minimized grain boundary energy. The initial grain 
orientation can also be influenced by the substrate orientation. Grains in 
the deposited coating have the capacity to nucleate and grow with the 
same crystallographic orientation as the substrate, a phenomenon called 

Fig. 2. XPS depth profile of Cr2p, Ti2p, and Zr3d of Ti-Cr-Zr system nanoscale multilayers with (a) 5 and (b) 10 nm layer thickness.  

Fig. 3. (a) Cross-sectional HAADF-TEM image, (b) EDS line scan and (c) SAED image and scheme of identification of phases of as-deposited Ti-Cr-Zr with 5 nm 
layer thickness. 



epitaxial growth [53]. This interaction of nucleation, epitaxy, and grain 
growth dynamics contributes to the observed changes in the XRD pat
terns. Notably, despite the vacuum conditions during the heat treat
ment, oxidation occurred, as evidenced by the detection of TiO2 (ICSD # 
115504), CrO2 (ICSD # 115492), and ZrO2 (ICSD # 47794) oxides. This 
oxidation is notably more pronounced in the case of the 5 nm coatings. 

Fig. 6 presents cross-sectional DF-TEM and HR-TEM images of the 5 
nm individual layer thick Ti-Cr-Zr system nanoscale multilayers after a 
heat treatment at 1100 ◦C for 5 min. In Fig. 6a, the DF-TEM image re
veals that the grains retained their nanoscale dimensions, with an 
approximate size of 5.0 nm, even after this high-temperature treatment. 
HR-TEM images in Fig. 6b-c show the microstructure, highlighting the 
presence of the intermetallic phase Cr4TiZr and the solid solution phase 

Ti0.3Zr0.7 in the region shown, and areas where the material maintains 
its pure metal state (notably Zr in the region shown). 

The results of the TEM characterization of the Ti-Cr-Zr system 
nanoscale multilayers with 5 nm thickness after an extended heat 
treatment at 1100 ◦C for 10 min are presented in Fig. 7. The STEM image 
in Fig. 7a reveals evident grain growth, with grains now measuring an 
average of 173.7 nm in size. The presence of several grains exhibiting 
deformation and elongation can be observed. Additionally, twin defects 
can be visualized within some of these grains. In the EDS map, it is 
evident that the elongated grains with twin defects exhibit a high Zr 
content (Fig. 7f). Nano-sized precipitates are distributed along grain 
boundaries and can also be found within the grains, with an average size 
of 19.4 nm. Grains rich in Cr presented an equiaxed shape, and there are 

Fig. 4. (a) Cross-sectional HAADF-TEM image and (b) SAED image and scheme of identification of phases of as-deposited Ti-Cr-Zr with 10 nm layer thickness.  

Fig. 5. Diffractograms obtained from Ti-Cr-Zr system nanoscale multilayers with 5 and 10 nm layer thickness as-deposited and after heat treatment at 1100 ◦C for 5 
and 10 min. 



Fig. 6. Cross-sectional analysis of Ti-Cr-Zr system nanoscale multilayers with 5 nm layer thickness after heat treatment at 1100 ◦C for 5 min: (a) DF-TEM, (b) HR- 
TEM and (c) HR-TEM image of another region. 

Fig. 7. Cross-sectional analysis of Ti-Cr-Zr system nanoscale multilayers with 5 nm layer thickness after heat treatment at 1100 ◦C for 10 min: (a) BF-STEM, (b) HR- 
TEM, (c) SAED image, and EDS maps for (d) Al, Ti, Cr and Zr, (e) Cr, (f) Zr, (g) Ti, (h) Al, and (i) O. 



analysis, Fig. 3b. Although some diffusion occurred during deposition, 
as can be seen by XPS, TEM and XRD results, Figs. 2–5, the multilayer 
structure was achieved with three distinct layers shown in HAADF-TEM 
images in Figs. 3a and 4a. The darker layer corresponds to the Zr- 
enriched layer as Zr is a heavier element compared to Cr and Ti. The 
other two layers with similar tones of gray color correspond to the Ti and 
Cr-enriched layers as they have similar Zr content. It can be noted that 
these layers have an average thickness of 4.25 nm and 7.6 nm for the 5 
nm and 10 nm thick multilayers, respectively. These dimensions are 
slightly smaller than the expected 5 and 10 nm, attributable to layer 
diffusion during the deposition process, as evidenced by the XPS and 
EDS analysis shown in Figs. 2 and 3b. Another potential factor 
contributing to this deviation could be attributed to imperfect sample 
preparation. When images are not captured in a strictly parallel orien
tation with respect to the coatings, the actual thickness values might 
deviate from those observed in the images. 

Although enriched layers can be noticed, a mixed composition is 
indicated, with each layer containing Ti, Cr, and Zr. The detection of 
intermetallic compounds further affirms the intermixing and phase 
formation of the deposited pure metals. The reason why the as-deposited 
samples do not simply consist of distinct, stacked layers of Ti, Cr and Zr 
lies in the energetic nature of the incoming particles responsible for film 
formation, which consist of metal atoms of specific weights. Regarding 
the electrical potential of the individual targets, i.e., the target voltage, 
these metal atoms possess a defined energy as they impact on the 
growing surface, thereby facilitating adatom mobility and localized 
diffusion. Additionally, even though the substrates are grounded, i.e., 
substrate voltage is zero Volts, they still acquire a specific, small po
tential relative to the plasma. This potential is induced by electron 
bombardment, which heats the substrate slightly and further enhances 
atom mobility. Consequently, self-diffusion and the diffusion of Ti in Cr, 
Ti in Zr and similar interactions need to be considered within the system. 
In industrial PVD coatings, the interface width has been reported to 
exceed 1 nm [54]. This dimension represents a significant fraction of the 
volume within the 5 and 10 nm individual layer thickness of the 
multilayer system. Therefore, it is reasonable to anticipate that the 
interface would provide conditions for easier diffusion pathways. 

Vacuum deposition technique methods establish precise hetero
structures, characterized by customized interfacial areas and minimal 
void volumes. The total interfacial area is indirectly influenced by fac
tors such as the selection of layer thicknesses, the number of layers 
included, and the inherent material properties. For instance, the crys
talline structures of the materials, where Ti and Zr exhibit hexagonal 
characteristics, while Cr has cubic structure, play a crucial role in 
shaping the interfacial properties. This compatibility between these 
material structures further impacts the characteristics of the interface. 
Moreover, vacuum-based deposition methods offer an environment of 

Fig. 8. Cross-sectional analysis of Ti-Cr-Zr system nanoscale multilayers with 10 nm layer thickness after heat treatment at 1100 ◦C for 5 min: (a)DF-TEM, (b) HR- 
TEM and (c) HR-TEM image of another region. 

Cr-rich precipitates in the grain boundaries as well (Fig. 7e). Some ox-
ygen contamination from the substrate or from the atmosphere during 
heat treatment is detected within the coating (Fig. 7i). Aluminum 
contamination from the substrate is also present, as it is shown in 
Fig. 7h. Further analysis using HR-TEM enabled the identification of 
grains consisting of Cr4TiZr and Ti2Cr in the region shown in Fig. 7b. 
Additionally, the SAED analysis not only detected the presence of the 
intermetallic compounds Cr4TiZr and Ti2Cr but also the co-existence of a 
Ti0.3Zr0.7 phase, Fig. 7c. 

Fig. 8 shows the results of the TEM analysis of the Ti-Cr-Zr system 
nanoscale multilayers with 10 nm layer thickness subjected to heat 
treatment at 1100 ◦C for 5 min. The DF-TEM image, as shown in Fig. 8a, 
reveals the formation of distinct nanoscale grains with an approximate 
size of 7.6 nm. Furthermore, HR-TEM analysis depicted in Fig. 8b 
identifies the presence of the intermetallic compound Cr4TiZr in the 
region shown, with varying orientations. Additionally, the existence of 
TiCr2, Ti0.3Cr0.7, and Cr2Zr phases is evident. In another region of the 
same sample, some grains retained their pure metal states (Ti and Zr), 
coexisting with the presence of the intermetallic compound Cr4TiZr, as 
shown in Fig. 8c. 

The results of the TEM analysis of the Ti-Cr-Zr system nanoscale 
multilayers with 10 nm thickness that underwent the heat treatment at 
1100 ◦C for 10 min are shown in Fig. 9. The STEM image shows grains 
with an average size of 119.1 nm, as seen in Fig. 9a. Similar to the Ti-Cr- 
Zr system nanoscale multilayers with a 5 nm thickness, twin defects are 
also evident in some of these grains exhibiting a Zr-rich composition 
(Fig. 9f). Notably, the precipitates in this case show more pronounced 
growth, presenting an average size of 111.2 nm and a Cr-rich compo-
sition (Fig. 9e). This coating also exhibits Al and O contamination 
(Fig. 9h-i). Detailed examination through HR-TEM and SAED images, as 
seen in Fig. 9 b-c, reveals the presence of intermetallic compounds, such 
as Cr4TiZr, and Cr2Zr and the solid solution phase Ti0.3Zr0.7. 

4. Discussion

4.1. As-deposited coatings

The XPS findings, shown in Fig. 2, indicate that nanoscale multi-
layers in the system Ti-Cr-Zr with thinner nanolayers (here intentionally 
5 nm individual layer thickness) exhibit higher diffusion during the 
deposition process compared to those multilayers with thicker nano-
layers (here intentionally 10 nm individual layer thickness). It is obvious 
that with increasing nanolayer thickness a clear modulation in chemical 
composition becomes more pronounced. Furthermore, this observation 
highlights the remarkable precision and high quality of the magnetron 
sputtering deposition technique in creating nano-layers that closely 
approach the intended thickness, also confirmed by the EDS line 



utmost purity for thin film growth and open access to nanoscale di
mensions. The ability to control multilayer composition and structure 
enables to manage for example reaction velocity in reactive multilayers 
[19,47,55,56]. Multilayers can undergo self-sustained exothermic re
actions at high temperatures or when appropriately activated. These 
reactions are characterized by the propagation of a reaction wave front 
that advances through the energetic multilayer. In such vapor deposited 
multilayers, the relatively high reaction rates can be attributed to the 
combined influence of thin layers and favorable reaction kinetics. The 
underlying factors contributing to this phenomenon include a substan
tial interfacial area per unit volume, achieved using thin reactant layers, 
as well as high purity and minimal void volume. In practical terms, the 
velocity of the reaction wave front within a specific reactive multilayer 
system can be tailored by adjusting the thickness of the individual bi
layers. Designs featuring thinner multilayers and a large interface area 

per unit volume tend to achieve higher propagation speeds due to 
reduced effective diffusion lengths [47]. 

While no exothermic reactions were observed in the Ti-Cr-Zr nano
scale system multilayers, it is important to note that mass and heat 
transport may have occurred during deposition. A relevant example can 
be found in Ru–Al multilayers, which constitute a rather exothermic 
system. In this case, a low heating rate has been reported to be effective 
in suppressing exothermic reactions, at least in very small local areas. 
This approach offers control over phase formation, ultimately leading to 
the desired result, such as the formation of the B2 phase RuAl [46]. The 
Ti-Cr-Zr system is notably complex. However, given the emergence of 
new phases during deposition process, it is possible that there is reac
tivity of the multilayers, especially in local areas. 

The two as-deposited coatings exhibit remarkable similarity, both 
containing pure metal phases, along with the intermetallic phases Cr2Zr, 

Fig. 9. Cross-sectional analysis of Ti-Cr-Zr system nanoscale multilayers with 10 nm layer thickness after heat treatment at 1100 ◦C for 10 min: (a) STEM, (b) HR- 
TEM, (c) SAED image, and EDS maps for (d) Al, Ti, Cr and Zr, (e) Cr, (f) Zr, (g) Ti, (h) Al, and (i) O. 



treatment: For the Ti–Cr–Zr nanoscale system multilayers with 10 nm 
individual layer thickness, after 10 min of heat treatment, the same 
phases formed during deposition were present, Cr2Zr, Cr4TiZr and 
Ti0.3Zr0.7, without the formation of any new phase. Notably, they also 
show that thinner nanolayers allow for faster diffusion, phase formation, 
and grain growth. This accelerated rate can be attributed to the greater 
interface volume, which in turn enhances reaction velocities. 
Conversely, in the Ti–Cr–Zr system nanoscale multilayers with 10 nm 
layer thickness, the precipitates exhibited a more pronounced growth, 
Fig. 9a, compared to the Ti–Cr–Zr system nanoscale multilayers with 5 
nm individual layer thickness, Fig. 7a. This precipitate growth can act as 
mechanical and thermodynamic impediment to grain growth in the 
Ti–Cr–Zr system nanoscale multilayers with 10 nm layer thickness. A 
study revealed that high-temperature stabilization was achieved for 
Fe–10Cr–xZr and Fe–18Cr–xZr alloys through two potential mech
anisms: Zener pinning of grain boundaries by Zr(FexCr1-x) intermetallic 
precipitates (a kinetic mechanism) or the segregation of Zr to grain 
boundaries (a thermodynamic mechanism). The results showed that the 
stabilized average grain size measured was 82 nm, whereas the Zener 
pinning model predicted a grain size of 168 nm. This additional stabi
lization was attributed to the thermodynamic mechanism [40]. Strate
gies in kinetic to hinder grain growth in nanocrystalline metals includes 
mechanisms as Zener pinning [57–59] or solute drag [60–62]. These 
mechanisms involve the constrained mobility of a secondary phase be
tween crystallites, effectively reducing undesirable motion along grain 
boundary. Frequently, microstructures are stabilized through the com
bined effects of thermodynamic and kinetic approaches by introducing 
segregation dopants elements. This results in both grain boundary 
segregation and the emergence of second-phase particle that effectively 
pin grain boundaries [40,63,64]. Regarding the Ti–Cr–Zr system 
nanoscale multilayers, no conclusive evidence of Zr segregation to grain 
boundary was observed. Nevertheless, it is notable the presence of 
intermetallic formation and precipitates, thus it can impact grain growth 
by mechanically and thermodynamically impeding the movement of 
grain boundaries. 

It can be observed that, in both cases, with layer thickness of 5 and 
10 nm, the multilayer structure was entirely decomposed after heat 
treatment at 1100 ◦C for 10 min, Figs. 7a and 9a. This led to layer 
diffusion and the noticeable formation of grains. Additionally, STEM 
observations of both cases, multilayers with 5 and 10 nm layer thickness, 
after 1100 ◦C for 10 min, revealed the presence of twins, Figs. 7a and 9a. 
Previous research has established a strong correlation between the 
development and growth of annealing twins and grain growth. Specif
ically, the quantity and dimensions of these twins escalate with 
increasing time and temperature. This phenomenon is attributed to two 
distinct mechanisms responsible for twin nucleation and migration: 
variations in grain boundary mobility among faceted grain boundaries 
and the intersection of advancing grain boundaries with pre-existing 
twins [9]. Both of these mechanisms can be observed in the Ti-Cr-Zr 
system nanoscale multilayers. 

5. Conclusions

The investigation into grain growth and phase formation within Ti-
Cr-Zr system nanoscale multilayers fabricated by magnetron sputter
ing with 5 and 10 nm layer thickness, subjected to heat treatment at 
1100 ◦C for 5 and 10 min It was done through X-ray Photoelectron 
Spectroscopy (XPS), X-Ray Diffraction (XRD) and Transmission Electron 
Microscopy (TEM) analysis. During the deposition process, evidence of 
diffusion was apparent as the multilayers manifest the formation of 
Cr4TiZr, TiCr2 and Cr2Zr phases. The 10 nm individual layer thickness 
coating also presented the formation of Ti0.3Zr0.7 phase. During heat 
treatment, there was a reduction in the presence of pure metals, 
accompanied by an increase in the presence of the phases already 
formed during the deposition. After 5 min of heat treatment, grain sizes 
of 5.0 nm and 7.6 nm were observed for the Ti–Cr–Zr system nanoscale 

TiCr2 and Cr4TiZr. The 10 nm structured coating also contains the 
Ti0.3Zr0.7 phase. The presence of Cr2Zr, TiCr2 and Ti0.3Zr0.7 was ex-
pected, as these phases were already indicated in the Cr–Zr [42], Ti–Cr 
[41], Ti–Zr [43] and Zr-Ti-Cr phase diagrams, Fig. 1. Of particular 
significance are the Laves phases, Cr2Zr, TiCr2, as they hold great 
promise due to their favorable mechanical properties, corrosion resis-
tance, and oxidation resistance [29,30]. 

4.2. Heat-treated coatings 

XRD diffractograms shown in Fig. 5 indicate that after heat treatment 
at 1100 ◦C diffusion processes occurred since the initial minutes. The 
multilayers exhibited diffusion of the elements, resulting in an increased 
presence of the intermetallics, Cr2Zr and Cr4TiZr, and a decrease in the 
proportion of pure metallic elements. Utilizing nano metallic multilayers 
enables precise modulation of phase formation within binary systems 
during annealing processes [21]. This effect is particularly notable due 
to the enlarged interface density inherent to nanoscale multilayers, 
which accelerates the velocity of phase transformations. As a result, 
thermal reactions can be elucidated at lower temperatures and/or 
shorter time, offering a significant advantage. Phase formation is 
dependent on the nanoscale multilayer architecture. An example of this 
is the formation of the intermetallic RuAl phase from the elemental 
layers, achieved at 600 ◦C through a meticulously designed multilayer 
structure [46]. Another example is the formation of an amorphous W3Cr 
intermetallic compound at a notably reduced temperature of 1000 ◦C 
[21]. The distinctive multilayered arrangement exerts a significant in-
fluence on the kinetics of phase separation, effectively guiding the 
process toward the generation of solid solutions. Furthermore, a study 
has shown a notable grain growth behavior within nanocrystalline thin 
copper films compared to their conventional coarse-grained materials. 
Within this context, the mobility of grain boundaries in nanocrystalline 
copper film surpasses that of microcrystalline one, accompanied by a 
significant reduction in the activation energy required for grain growth. 
Consequently, this material demonstrated the ability to undergo grain 
growth even at low temperatures [9]. These findings provide evidence of 
structural transformations and the formation of intermetallics during the 
initial minutes of the heat treatment process. 

The TEM images, Figs. 6–9, show the grain growth of the Ti–Cr–Zr 
system nanoscale multilayers. In the case of Ti–Cr–Zr with 5 nm layer 
thickness, the grains exhibited an average size of 5.0 nm after under-
going a 5-min heat treatment at 1100 ◦C, Fig. 6a. However, after a 10- 
min treatment, the grains grew significantly, reaching an average 
grain size of 173.7 nm, Fig. 8a. Although the initial layers were only 5 
nm thick, the metals are reactive, and with the energy provided by 
heating, these layers easily decompose and the elements diffused to form 
grains 35 times larger than the initial layer. The magnetron sputtered 
film composed of Cu–Nb binary system also experienced rapid grain 
growth after heat treatment at 1000 ◦C for 1 min under vacuum, 
showing a grain size of 468 ± 185 nm [3]. The Ti–Cr–Zr system 
nanoscale multilayers with 10 nm layer thickness presented an average 
grain size of 7.6 nm after 5 min of heat treatment, Fig. 7a, and this size 
increased to 119.1 nm after 10 min, Fig. 9a. As anticipated, these find-
ings demonstrate that the average grain size enlarged with longer heat 
treatment durations, as grain growth is a process governed by diffusion 
and thermally initiated mechanisms. For comparison, Ni–Zr magnetron 
sputtered coating exhibited an average grain size of 40 ± 12 nm after 1- 
min heat treatment at 1100 ◦C under vacuum conditions [3]. This grain 
size is larger than what was observed for Ti–Cr–Zr nanoscale system 
multilayer subjected to a longer heat treatment (5 min) at the same 
temperature. 

Regarding the phases present before and after heat treatment, for the 
Ti–Cr–Zr nanoscale system multilayers with 5 nm individual layer 
thickness subjected to a 10-min heat treatment, the previously formed 
phases of Cr4TiZr and TiCr2, already present during deposition, was still 
present. Additionally, a new phase, Ti0.3Zr0.7, appear after 5 min of heat 
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multilayers with 5 and 10 nm layer thickness, respectively. Remarkably, 
a significant grain growth was noted after 10 min of heat treatment, 
resulting in average sizes of 173.7 nm and 119.1 nm for the Ti–Cr–Zr 
system nanoscale multilayers with 5 and 10 nm layer thickness, 
respectively. This discrepancy in growth rates between the 5 and 10 nm 
multilayers can be attributed to their differing interfacial volumes which 
subsequently affect the reaction velocity due to the varying thickness of 
the nano layers. Furthermore, the multilayers with 10 nm layer thick-
ness exhibited larger precipitates compared to those with a 5 nm layer 
thickness, measuring 111.2 nm and 19.4 nm, respectively. These vari-
ations in precipitate growth notably influenced the restriction of grain 
growth in the Ti–Cr–Zr system nanoscale multilayers with 10 nm layer 
thickness. Despite grain growth, the coating continued to exhibit 
nanoscale dimensions as intended. The Ti–Cr–Zr system nanoscale 
multilayers with 5 nm individual layer thickness formed a new phase 
after heat treatment that was not present after deposition, the Ti0.3Zr0.7 
phase On the other hand, the Ti–Cr–Zr system nanoscale multilayers 
with 10 nm individual layer thickness did not exhibit the formation of 
any new phase during heat treatment. Additionally, STEM analysis 
revealed the presence of twins in both the 5 and 10 nm layer thickness 
multilayers after 10 min of heat treatment. These twin defects are ex-
pected to form during the growth of nano grains. In conclusion, the 
desired nano grain stabilization of the Ti–Cr–Zr system nanoscale 
multilayers after heat treatment at 1100 ◦C for 10 min was achieved 
with the entirely decomposition of the multilayer structure and forma-
tion of grains smaller than 200 nm. As future consideration, it is crucial 
to conduct further observations to investigate the grain growth after 
extended heat treatment durations and ascertain the sustained preser-
vation of the nanoscale grain sizes. 
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